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Abstract. Since its development in 2010, the SPITFIRE global fire model has had a substantial impact on the field of fire
modelling using dynamic global vegetation models. It includes process-based representations of fire dynamics, including ig-
nitions, fire spread and fire effects, resulting in a holistic representation of fire on a global scale. Previously, work has been
undertaken to understand the strengths and weaknesses of SPITFIRE and similar models by comparing their outputs against
remotely sensed data. We seek to augment this work with new validation methods and extend it by completing a thorough
review of the theory underlying the SPITFIRE model to better identify and understand sources of modelling uncertainty. We
find several points of improvement in the model, the most impactful being an incorrect implementation of the Rothermel fire
spread model that results in large positive biases in fire rate of spread, and a live grass moisture parametrization that results
in unrealistically dry grasses. The combination of these issues leads to excessively large and intense fires, particularly on the
dry modelled grasslands. Because of the tall flames present in these intense fires, which can cause substantial damage to tree
crowns, these issues bias SPITFIRE toward a high tree mortality. We resolve these issues by correcting the implementation of
the Rothermel model and implementing a new live grass moisture parametrization, in addition to several other improvements,
including a multi-day fire spread algorithm, and evaluate these changes in the European domain. Our model developments
allow SPITFIRE to incorporate more realistic live grass moisture contents, and result in more accurate burnt area on grasslands
and reduced tree mortality. This work provides a crucial improvement on the theoretical basis of the SPITFIRE model, and a
foundation upon which future model improvements may be built. In addition, this work further supports these model devel-
opments by highlighting areas in the model where high amounts of uncertainty remain, based on new analysis and existing

knowledge about the SPITIFRE model, and identifying potential means of mitigating them to a greater extent.



20

25

30

35

40

45

50

1 Introduction

Fire is an important component of the earth system, influencing global carbon cycles and modifying vegetation (e.g. Archibald
et al., 2018; Bowman et al., 2009). Because of these global scale impacts, Dynamic Global Vegetation Model (DGVM)-based
fire models have been developed with the goal of simulating fire on a global scale and incorporating vegetation feedbacks in
predictions of future fire regimes. One such model, the SPread and InTensity of FIRE (SPITFIRE) global fire model was first
introduced by Thonicke et al. (2010). It is designed for use with DGVMs, and models fire processes on coarse temporal and
spatial scales, most often at a 0.5° by 0.5° grid resolution, and daily time steps. It has been implemented in several DGVMs
since its development for the Lund-Potsdam-Jena (LPJ) model, including the LPJ managed Land model (LPJmL), LPJ-GUESS,
ORCHIDEE and JS-BACH (Schaphoff et al., 2018a; von Bloh et al., 2018a; Lasslop et al., 2014; Lehsten et al., 2009, 2015;
Yue et al., 2014, 2015). In addition to these direct implementations of the SPITFIRE model, the derived model LPJ-LMfire
was developed in 2013 by Pfeiffer et al. (2013), and the derived model LPX was developed by Prentice et al. (2011). Ward
et al. (2018) adapted the crown scorch component of SPITFIRE for a crown fire parametrization in the fire mdel LM3-FINAL.
Detailed information on each model can be found in their respective basis papers, and a summary is available in Rabin et al.
(2017). Some key differences between these applications and the original version include updated lightning ignitions (LPX,
LPJ-LMfire, and ORCHIDEE), parametrizations for differences in human fire use (LPJ-LMfire), a population density effect on
fire duration (JS-BACH), stochastic burning of vegetation patches (LPJ-GUESS), and empirically derived regional scaling of
burned area (ORCHIDEE).

The SPITFIRE model has been used for a number of model application studies including, e.g.: Wu et al. (2015), comparing
LPJmL-SPITFIRE and LPJ-GUESS-SIMFIRE in the European domain, Driike et al. (2023), examining the impact of fire on
Amazon forest regrowth under future climate change using LPJmL-SPITFIRE, Felsberg et al. (2018), examining the impact of
lightning data temporal resolution on JSBACH-SPITFIRE model results, and Hantson et al. (2015), using JSBACH-SPITFIRE
to model anthropogenic influences on global fire size distributions. LPJ-LMfire has also been widely used for studies including,
e.g.: Boulanger et al. (2022), analysing future performance of tree species in Québec, Canada, Chaste et al. (2018), comparing
model results to observations in eastern boreal Canada, Emmett et al. (2021) developing a local-scale model based on LPJ-
LMfire, and Kaplan et al. (2016), applying LPJ-LMfire to a historical study of Europe during the Last Glacial Maximum.
Due to its widespread application in global fire modelling, SPITFIRE and its derived models form the basis of a substantial
proportion of the models used for the Fire Model Intercomparison Project (FireMIP), with 4 of the 11 models used for the first
phase of the project being SPITFIRE-based (Rabin et al., 2017). The FireMIP ensemble of models, in various configurations,
has also been used in a number of studies including, e.g.: Hantson et al. (2020), analyzing the performance of FireMIP models,
Li et al. (2019), using the model ensemble to simulate historical fire emissions, Lasslop et al. (2020), studying the effect of fire
on tree cover in the FireMIP models, Andela et al. (2017), showing that FireMIP models generally do not represent the decline
in burnt area observed in satellite data, Forkel et al. (2019a), comparing burnt area drivers in FireMIP models to a random

forest model, and Teckentrup et al. (2019), performing sensitivity analyses on the FireMIP models.
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The SPITFIRE model has therefore had, and continues to have, a substantial impact on the field of predictive fire modelling
on a global scale. Understanding the sources of uncertainty in the model is therefore important for contextualizing work done
with the model itself or with ensembles in which the model plays a substantial role. Many of the studies discussed analyze these
sources of uncertainty using an a posteriori approach, in which the results of model simulations are interpreted in the context of
satellite observations (see in particular Forkel et al., 2019a; Hantson et al., 2020; Andela et al., 2017; Teckentrup et al., 2019).
Here, we supplement and extend this work by examining the fundamental components of the SPITFIRE model in the context
of the theory on which they are based. By returning to the underlying theory, and examining its importance at DGVM scales,
we help fill a critical research gap between those examining fire at local scales, and those undertaking fire modeling at a global
scale.

The sources of uncertainty in the SPITFIRE model can broadly be grouped into four classes: inaccuracies in the imple-
mentation of previous research into the model, unrealistic results from equations designed for the model, general modelling
simplifications, and uncertainty associated with model inputs. In the first two cases, we analyze the nature and impacts of these
sources of uncertainty and provide potential solutions or road maps toward solutions. In the third and fourth cases we provide a
general discussion of the nature of these simplifications to provide a better understanding of use cases for SPITFIRE. We focus
in particular on two major issues that we identify in the model: an incorrect implementation of the Rothermel fire spread model
and unrealistically low live grass moisture contents. This paper is organized into a brief description of the model, the results of
several validation tests, an identification of sources of uncertainty in each component of the model, an improved model version
in the European domain, and an outlook discussing the current status of SPITFIRE with a road map for future developments.
The results shown here also focus on SPITFIRE embedded in the LPJmL DGVM, in particular versions 4 and 5.7, and on the
European domain. Because of this, some of the more detailed technical changes apply more specifically to the LPJmL imple-
mentation, while broader discussions of the equations underlying SPITFIRE are more general. We have highlighted where we
are aware of differences in SPITFIRE implementations within other DGVMs that alter the impacts of certain parametrizations.

The present work is organized into a brief methods section, giving a general description of the SPITFIRE model, the forcing
data used, two new validation methods we have developed, and the model runs at the European scale that we have performed
to test these developments. The subsequent results and discussion section is organized into a discussion of the two major issues
that were identified in SPITFIRE, followed by further discussions of individual model components, results of model tests in the
European domain, and a section describing the current status of the model. The sections describing specific model developments
and potential future developments are summarized in Figure 1 for readers who are interested in individual developments or

model components.
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Figure 1. Summary of model changes implemented in LPJmL5.7-SPITFIRE, and general areas for potential future development in SPIFIRE
that are identified in this work, organized according to the model’s structure. The key changes discussed in this manuscript are the repaired

implementation of the Rothermel model and the realistic live grass moistures (the first two bullet points in the fire spread component). The

Model Improvements in
LPJmL5.7-SPITFIRE

Potential Areas for Future

Development

Updated to LPJmL5.7 with
internal litter moisture
calculations and nitrogen
cycle (Section 3.2.5)

Development of fire-specific
PFTs (Appendix C3)
Establishment and mortality
on a finer time scale
(Appendix C2)

(

(

No major changes in this work

More detailed human ignition
models (Appendix B1)
Improved timing of lightning
ignitions (Appendix B1)

(

(

* VPD-based FDI made default

(Section 3.2.3)

Not highlighted in this work |

(

(

Repaired the implementation
of the Rothermel model
(Section 3.2.1)

Implemented realistic live
grass moistures (Section
3.2.2)

Implemented an improved live
fuel moisture of extinction
(Section 3.2.2)

Implemented a multi-day fire
spread algorithm (Section
3.2.4)

Implemented live grass curing
(Section 3.2.5)

Repaired bugs causing
overwriting of live grass mass
and exclusion of a grass
portion in fire spread
calculations (Section 3.2.5)
Implemented a fire intensity-
based wind speed limit
(Section 3.2.5)

More concrete
parametrization of fire
duration (Section 3.2.4)
Fuel bulk density
parametrization at a grid cell
scale (Section 3.4.1)

Fine fuel surface-area-to-
volume ratio that varies
between PFTs (Appendix B2)
Dead fuel moisture of
extinction that varies between
PFTs and climates (Appendix
B2)

Implementation of crown and
ground fires (Appendix B2)
Implementation of firefighting
(Appendix B2)

Accounting for terrain and
fuel bed arrangement
(Appendix C1)

Accounting for daily and sub
grid cell variations in wind
speed (Section 3.4.2)

(

(

Corrected residence time
calculation for cambial
damage (Section 3.2.6)
Changed default crown
structure to align with
previous literature (Section
3.2.6)

Aligned combination of crown
scorch and cambial damage
with previous literature
(Section 3.2.6)

Not highlighted in this work |

New validation methods
(Section 2.3)

Code Prepared for further
developments

« Adjustments to tuning and
validation procedure (Section
3.4.3)

individual model components are further described in Figure 2
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2 Methods
2.1 Model structure

SPITFIRE is a holistic fire model that models fire occurrence, spread, and effects (Thonicke et al., 2010; Schaphoff et al.,
2018a; Driike et al., 2019). The structure of the model is shown in Figure 2. We provide a brief introduction to the model here,
for a detailed description see the referenced work.

The version of SPITFIRE forming the basis of this work is SPITFIRE embedded in the LPJmL version 4.0 DGVM, i.e.
the most recently published global version of SPITFIRE (Schaphoff et al., 2018a). We use this model version as the starting
point of our work because it represents the published status of LPJmL-SPITFIRE before the changes made here. This DGVM
divides global vegetation into 11 Plant Functional Types (PFTs). These are divided into 3 tropical, 4 temperate and 4 boreal
types. The 3 tropical PFTs are: TrBE — Tropical Broadleaved Evergreen trees, TrBR — Tropical Broadleaved Raingreen trees,
and TrH — Tropical Herbaceous, i.e. tropical grasses. The 4 temperate PFTs are: TNE — Temperate Needleleaved Evergreen
trees, TBE — Temperate Broadleaved Evergreen trees, TBS — Temperate Broadleaved Summergreen trees, and TH — Temper-
ate Herbaceous, i.e. temperate grasses. The boreal PFTs are: BBS — Boreal Broadleaved Summergreen trees, BNS — Boreal
Needleleaved Summergreen trees, BNE — Boreal Needleleaved Evergreen trees, and PH — Polar Herbaceous, i.e. polar grasses.
In a given grid cell, each PFT has a dynamically calculated uniform size (in all dimensions including height and diameter),
corresponding to an average individual of that PFT, and all PFTs contribute to the same, grid cell averaged fuel bed. Note
that this description does not apply to other vegetation models in which SPITFIRE is implemented. For example, LPJ-GUESS
uses a cohort approach with different age classes per PFT, and accounts for stochasticity by simulating multiple patches (e.g.,
Lehsten et al., 2009, 2015). The number and types of PFTs varies between DGVMs as well, for example the JSBACH version
used in phase 1 of FireMIP has 12 PFTs, including shrubs (Rabin et al., 2017; Lasslop et al., 2014).

For new model developments, we use the most recent version of LPJmL — version 5.7, to incorporate the most recent
updates (Wirth et al., 2024). The major differences between this version and version 4 are the implementation of the global
nitrogen cycle, originally developed for LPJmL version 5.0, a description of which can be found in von Bloh et al. (2018a),
and the implementation of a new litter parametrization that includes a new litter layer, which decomposes over time and is
renewed through vegetation mortality and leaf turnover (Lutz et al., 2019). This component is discussed in further detail in
Sect. 3.2.5. The model code for versions 4 and 5 of LPJmL are available from Schaphoff et al. (2018b) and von Bloh et al.
(2018b) respectively. Our simulations include human land use, which mainly affects fire in LPJmL through determining the
total amount of natural land within a grid cell.

As shown in Figure 2, modelled ignitions are scaled by the fire danger, spread according to the fire spread component,
and impact vegetation according to the fuel consumption and mortality components. Component 1 of the SPITFIRE model
determines the number of ignitions that may potentially become spreading fires in a grid cell on a given day. These ignitions
originate from two sources: 1) human-caused ignitions that are calculated using a function of population density and the

tendency of the population of a given grid cell to start fires, and 2) lightning-caused ignitions that are based on a stationary



115

120

125

130

SPITFIRE

* Nesterov Index-
based

* Tuned,
Nesterov Index-
based

* VPD-based

Burnt Area = Ignitions X Fire Danger x Fire Size

Fire-Vegetation Feedbacks

Figure 2. Structure of the SPITFIRE model. Grey writing indicates alternate versions of the fire danger index.

dataset. The lightning ignition component of the model assumes that 20 % of lightning strikes are cloud-to-ground and 4 % of
these cloud-to-ground strikes cause ignitions.

Subsequently, in component 2, the number of ignitions is scaled using a Fire Danger Index (FDI) with a value between 0
and 1. This index captures the proportion of ignitions that successfully become spreading fires. There are three versions of this
FDI that have been implemented in different versions of SPITFIRE, shown in grey in Figure 2. All versions aim to account for
the role of moisture and fuel bed composition in determining the likelihood of a spreading fire following a potential ignition
event.

The original version of the FDI, described in Thonicke et al. (2010), is a function of a previously existing fire danger index,
the Nesterov index. The Nesterov index is calculated cumulatively over days in which there are less than 3 mm of precipitation,
and is a function of daily maximum temperature and dew point temperature. A weighted-average relative moisture content of
the fuels being burnt is then calculated based on an exponential function of the Nesterov index and the geometry of the particles
making up the fuel bed. The ratio of this moisture content to the moisture of extinction is used as the FDI.

This original parametrization was modified in Schaphoff et al. (2018a), with the surface-area-to-volume ratio dependent
parameters replaced by tuning parameters that have separate values for each PFT. Finally, Driike et al. (2019) introduced an FDI
parametrization based on the vapour pressure deficit (VPD) that combines an earlier parametrization by Pechony and Shindell
(2009) with PFT-specific tuning parameters. Both updates retain the original, fuel class-weighted Nesterov parametrization for
the dead fuel moisture content from Thonicke et al. (2010), only applying the changes to the FDI.

The fire spread component, component 3, of SPITFIRE is based on the Rothermel fire spread model (Rothermel, 1972)
with modifications by Albini (1976). The fuel loads required for the Rothermel model are provided by the DGVM in which

SPITFIRE is embedded, fuel bulk densities are a function of PFT-specific values, and the surface-area-to-volume ratio of the
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fuels within a fuel class is assumed to be uniform across all PFT’s. Live fuel moistures are calculated as a function of modelled
soil moisture. The impact of slope on fire spread is neglected and the average daily wind speed across the grid cell is used to
calculate the rate of spread. Each fire lasts for a duration that is calculated as a function of the FDI. All fires are assumed to
be elliptical, with a size given by the rate of spread, the fire duration, and a wind-speed dependent length to breadth ratio on a
particular day in a grid cell. The burnt area for a given day is thus calculated as a product of the number of ignitions, the FDI,
and the fire size for that grid cell and day (all fires on a given day in the same grid cell have the same input parameters and,
therefore, size).

The effects of this burnt area on simulated vegetation, shown in component 4, is twofold: a portion of the modelled litter
bed and live fuel is consumed due to the fire, and modelled trees may undergo mortality due to either cambial damage or
crown scorch. modelled bark thickness, heights, and crown base heights are used in these calculations, generally calculated
dynamically by the coupled vegetation model. The probability of mortality due to cambial damage is calculated based on the
bark thickness and on modelled fire characteristics. The probability of mortality due to crown scorch is calculated based on the
height at which calculated flames have an impact on tree crowns, the modelled crown base and top heights, an assumed cylin-
drical crown structure, and PFT-specific resistance parameters. The two probabilities of mortality are combined by assuming

that they are independent. The altered fuel beds and vegetation, in turn, impact subsequent simulated fires.
2.2 Model forcing data

The solar radiation, precipitation, temperature, wind, and humidity data required to run the model at the 0.5° scale were
obtained from the WFDES bias-adjusted ERAS data set (Cucchi et al., 2020). For the 0.07° European domain runs we use
ERAS land data regridded to the FirEUrisk grid (Mufioz-Sabater et al., 2021; Chuvieco et al., 2023). Lightning data is derived
from the the LIS/OTD monthly, historical lightning data set (Christian, 2003), interpolated to a daily time step as described in
Thonicke et al. (2010). Population density for these runs was obtained from the HYDE 3.1 data set (Klein Goldewijk et al.,
2010).

2.3 New validation methods

Validation of DGVM-based fire models often involves comparisons of maps and time series of model-computed burnt area to
burnt area products from satellite-based datasets. We conduct this comparison for LPJmL-SPITFIRE using the GFED4s dataset
(Randerson et al., 2015). In addition, we develop two new methods for validating SPITFIRE results. In the first, we split the
global burnt area into grid cells that are dominated by tree PFTs and those that are dominated by grass PFTs, i.e. their Foliar
Projective Cover (FPC) covers over half of the cell. In the case of the modelled burnt area we use the modelled FPC for this
division, and in the case of the satellite-based data we divide the burnt area using the PFT distributions determined by Forkel
et al. (2019b). This allows us to gain additional insight into the modelled results by examining whether the global burnt area in
the model arises from similar fire-vegetation dynamics as the observed data.

The total burnt area calculated by the model is the result of several model components, as shown in Figure 2, and this poses

a challenge for determining where errors in the burnt area arise. For example, halving the number of ignitions and doubling
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the fire size results in the same final burnt area. To gain additional insight into the fire spread component, we introduce a
second new validation method. For this, we add a feature to LPJmL-SPITFIRE that allows it to operate using prescribed fire
starts (we use the term fire starts here to distinguish these successful ignitions that result in steady-state fire spread from the
total modelled ignitions, i.e. these fire starts are not reduced by the fire danger index, whereas the ignitions are). We use the
Global Fire Atlas dataset and start fires in the same grid cell, and on the same day as the fires in the Global Fire Atlas (Andela
et al., 2019). We then compare the burnt area calculated by aggregating all of the fires in a given grid cell from the Global
Fire Atlas to the burnt area calculated by LPJmL4-SPITFIRE using these prescribed fire starts. By doing so we circumvent the
considerable uncertainty due to the modelling of ignitions and fire danger to focus on the factors that affect the rate of spread

and, therefore, fire size.
2.4 New model version at the European scale

To examine the impact of our model updates, we create a preliminary model version specifically for the European domain. We
choose this area as a test case because we aim to restrict the amount of variability the model has to account for on a global
scale and due to the involvement of the SPITFIRE model in the FirEUrisk project (https://fireurisk.eu). The new model version
uses data available through the FireEUrisk project at a 0.07° grid cell resolution, also allowing for less sub-grid variability than
the usual 0.5° scale. A full new version of the SPITFIRE model is reserved for further work pending additional testing and
operation on a global scale. We designate this updated model version as LPJmL-SPITFIRE1.9, reserving the label LPJmL-
SPITFIRE2.0 for a version that has been tested at the global scale.

We compare the results of the new model version with the standard SPITFIRE model. For this comparison we implement
both model versions in LPJmL5.7, with its included litter moisture (developed by Lutz et al., 2019, and described in detail in
Section 3.2.5). To allow for a direct comparison of the fire spread and mortality processes, we apply the new tuning parameters
and the multi-day fire spread that we develop in this work to the old model version as well. In all other respects, the new model
version contains the new improvements and the old model version does not. We then analyze the differences in burnt area and
rate of spread between the two model versions, also using the PFT-split burnt area validation method. Note that due to the lack
of a prescribed firestarts input at the 0.07° resolution, we do not perform the prescribed ignitions validation for this smaller
scale version, and reserve such tests for future larger scale versions in which the preliminary fire duration function we develop

in this work can be further updated as well.

3 Results and discussion

3.1 Examination of LPJmL4-SPITFIRE using new validation methods

LPJmL4-SPITFIRE shows a reasonable agreement in terms of annual global burnt area with the satellite-derived data set GFED
4s (Randerson et al., 2015), as shown in panel ¢) of Figure 3. Spatially, shown in panels a) and b), there is some disagreement

with the validation data, with, e.g., India experiencing substantially too high burnt area, while burnt area in Australia and
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at high northern latitudes is underestimated (perceptually uniform colourmaps in this paper were created using colorcet, see
Kovesi, 2015). Other spatial patterns, including the large burnt areas in parts of Africa are reasonably well captured.

The validation using burnt area split by PFT is shown in panels d) and e) in Figure 3. Note that the sum of the two panels d)
and e) is not the total burnt area in panel ¢) because many grid cells where there is non-negligible burnt area contain a substantial
proportion of managed land in addition to the natural fraction, resulting in neither trees or grasses covering over half of the grid
cell. These time series reveal a substantial bias in the manner in which the global burnt area is distributed. Overall, the amount
of burnt area in grid cells dominated by trees is substantially too low, while grid cells dominated by grasses show a large
positive bias. Therefore, the burnt area, while showing some agreement on a global scale, does not appear to arise from the
correct physical mechanisms. We show the equivalent figure for the LPJmL4 version of SPITFIRE incorporated in LPIJmL57
in Figure S1. Because calibrating this version is out of the scope of the present work, the total burnt are is substantially too
high. However, panels d) and e) show the same overall results, i.e. too much fire on grass-dominated grid cells and too little on
grid cells dominated by trees.

Figures S2 to S8 in the supplement show additional detail for this comparison. Figures S2 and S3 show a comparison between
the observed and simulated grass PFT distribution and a mapped comparison of the burned area in grid cells that are dominated
by grasses respectively. They illustrate that, while there is some disagreement between the reference PFT distribution data
and those that are simulated, the grass-dominated grid cells that burn are, generally speaking, in broadly the same geographic
regions. The burnt area in individual grass-dominated grid cells is also much higher in LPJml4-SPITFIRE. Therefore, LPJmL4-
SPITFIRE appears to have a propensity for causing too much fire on grasslands.

Figures S4 and S5 show the same comparisons for tree-dominated grid cells. Figure S4, showing the reference and simulated
tree PFT distributions, shows that there is a large reduction in simulated tree PFTs in fire-prone regions. This is further illus-
trated by the large burned area in tree-dominated grid cells coming from a much larger area, shown in Figure S5. Therefore, fire
in LPJmL4-SPITFIRE appears to greatly reduce the amount of simulated treecover relative to a reference dataset, suggesting
excessive tree mortality. Figures S6 to S8 show the information in panels d) and e) of Figure 3 by individual PFTs.

The validation using prescribed firestarts is shown in Figure 4. The model, panel b), calculates much lower burnt area given
the prescribed fire starts than the cumulative burnt area of the respective fire sizes, shown in panel a). The only minor exception
is a region in southern Africa, visible also as a small region of greater burnt area in the model in panel c). Andela et al. (2019)
identify this region as having a high ignition density and small fire sizes (see their Figure 8). That a high ignition density is
required to produce appreciable burnt area in LPJmL4-SPITFIRE suggests that individual fires in the model are quite small
and, therefore, a large number of them is required. An equivalent figure with LPImL57, Figure S9, shows a similarly strong
reduction in burnt area when implementing prescribed firestarts. Therefore, the validation using prescribed firestarts offers
additional insight into the model that was not available from the original burned area maps. Motivated by the discrepancies
found using the new validation methods, we thoroughly examine the model structure to identify sources of uncertainty that

may contribute to these issues.
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Figure 3. Comparison of LPJmL4-SPITFIRE burnt area with GFED 4s validation data. Maps of burnt area in panels a)-b) show a general
alignment in assigning large portions of the global burnt area, in ha, to the African continent. However, there are regions of substantial
geographic disagreement, particularly in India and Australia. The time series plot in panel c) shows a reasonable agreement in global annual
burnt area between modelled and validation data sets. Comparisons of burnt area in grid cells that are over 50 % covered by tree PFTs in

panel d) show a substantially lower modelled burnt area. A comparison of burnt area in grid cells that are over 50 % covered by grass PFTs

in panel e) shows a strong excess in modelled burnt area.

3.2 Improvements on errors and uncertainties in SPITFIRE

Two substantial errors in SPITFIRE are an incorrect weighting of parameters in the Rothermel (1972)-based rate of spread
calculation that results in unrealistically severe fires that spread too rapidly, and unrealistically low modelled live grass mois-
tures. In combination with the incorrect weighting factors, this can cause a strong bias towards simulated fires on grasslands as

opposed to forests. In some cases, e.g. due to model tuning, other parts of the model can compensate for these errors somewhat,
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Figure 4. Comparison of burnt area per grid cell from fires in the Global Fire Atlas to the burnt area per grid cell when starting the same
fires in the LPJmL4-SPITFIRE model (panels a) and b) respectively). Given the same fire starts LPJmL4-SPITFIRE produces a substantially
lower burnt area across the vast majority of regions. The difference map in panel ¢, showing the modelled burnt area minus the validation

data, further illustrates this.

3.2.1 Errors in the implementation of the Rothermel Model

As described in Sect. 2.1, the rate of spread calculation, which implements the widely used Rothermel model, is a core compo-
nent of SPITFIRE. We discovered several logical discrepancies between the Rothermel model, given in the original publication
by Rothermel (1972) and updated by Albini (1976), and its implementation in SPITFIRE. These are described in detail in Ap-
pendix A. The main discrepancies arise from the manner in which different fuel components, separated by size and by dead
or living status, are treated when they are combined in the model. Rothermel (1972) and Albini (1976) introduced weighting
schemes based on the contribution of each component to the overall surface area of the fuel bed, and treat dead and live fuels
separately. Contrary to this, SPITFIRE uses a weighting scheme based on contributions to the overall mass of the fuel bed or, in
the case of fuel loads, neglects the weighting factors entirely, allowing for values up to three times the desired amount. The fuel
classes are then combined into a version of the Rothermel model designed for uniform fuels, rather than the non-uniform fuels
present, and that, therefore, does not treat living and dead fuels separately, despite their substantially different characteristics.
To analyze the impact that these errors in the application of the Rothermel equation have on SPITFIRE model results,
we compare the output of the Rothermel equation with and without errors. For this purpose, we implement the rate of spread

calculations from SPITFIRE independently from LPJmL ("offline") using MATLAB (The MathWorks Inc., 2021), and develop
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an additional code that correctly implements the Rothermel equation for non-uniform fuel beds, which we verify by reproducing
several plots in Scott and Burgan (2005). We take the intermediate step of implementing this in MATLAB as it allows us to
examine the behaviour of the SPITFIRE implementation of the Rothermel model in a much more efficient way than conducting
large amounts of model runs with specified inputs, an application for which the SPITFIRE code was not set up. This MATLAB
implementation also allows us to further verify our understanding of the Rothermel model, and to produce results for specific
fuel and wind speed configurations that we can use for model verification of the new SPITFIRE version, described in further
detail later in this section.

To compare the two approaches, we focus on the rate of spread, as this is the main output of the Rothermel model; the fire
size, as the sum of fire sizes makes up the burnt area, an important output of SPITFIRE; and the scorch height, the distance
from the ground that flames have an effect on the vegetation, a major factor in determining vegetation mortality. In SPITFIRE,
the probability of mortality due to cambial damage is set to the fraction of a tree crown for a given PFT that is below this
scorch height. For further details see Sect. 3.2.6. To compare the fire size between the Rothermel and SPITFIRE approaches,
we use the elliptical fire spread approach from SPITFIRE, and to compare the scorch height we calculate the fireline intensity
using the approach in Albini (1976). This approach is slightly different from the fuel consumption-based approach used in
SPITFIRE. However, we adopt it here for the sake of a more direct comparison. The equation for scorch height, in m, is given

by:
SH=FxI?, (1)

where, I is the fireline intensity, in kW m™"', and F is a PFT-specific scaling parameter.

We conduct this comparison for three Scott and Burgan fuel models that capture different balances between live and dead
fuels (Scott and Burgan, 2005). The Scott and Burgan fuel models are a set of parameters that describe various types of fuel
beds in a manner that can be input into the Rothermel equation. The three we use in this work are TL3, moderate load conifer
litter, which includes only dead fuels; TU2, moderate load humid climate timber-shrub, which includes dead and living fuels;
and GR6, moderate load humid climate grass, which is dominated by live fuels. The choice of these fuel models was also
motivated by the work of Aragoneses et al. (2022) who found that these are the most widespread fuel models across Europe of
the timber litter, timber understory, and grass fuel model types. Following the plots in Scott and Burgan (2005), we set the live
fuel moistures to 0.6 for the herbaceous fuels and 0.9 for the woody fuels. For dead fuel moisture contents we reproduce the
scenarios in Scott and Burgan (2005), where the very low fuel moisture scenario has moistures of 3 %, 4 %, and 5 % for the 1-,
10-, and 100 hour dead fuel classes, and each subsequent scenario increases these moisture contents by 3 percentage points.

The comparison between the SPITFIRE and Albini (1976) implementations of the Rothermel equation for fuel models TL3
and TU2 are shown in Figure 5. Subplots a) and b) show the impact of the errors on the difference between the SPITFIRE rate
of spread and the correct rate of spread, with the SPITFIRE rate of spread being generally higher at low wind speeds and lower
at higher wind speeds. The effect of this on fire size is shown in subplots ¢) and d). Because the rate of spread difference at low
wind speeds is very large compared to the rate of spread, there is a very high peak, up to 2000 % for TL3 and 900 % for TU2,
at lower wind speeds in terms of the percent difference (SEXTEIRE—correct , ()% petween the SPITFIRE implementation

correct
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and the correct one. This difference becomes slightly negative at high wind speeds. While the most extreme difference is only
observed at low wind speeds, this may still pose a substantial problem for the model, as the daily and grid cell averaged wind
speeds that are used as inputs are often in this lower range (the impact on actual model results can also be seen in Sect. 3.3).

This impact of the errors in the SPITFIRE Rothermel implementation on the rate of spread and sub-components of the
Rothermel model also cause a substantial bias in the scorch height. As shown in panel e) of Figure 5, in the TL3 model this
reaches values up to 1900 % and, in contrast to the impact on fire size, remains high for all values of wind speed shown, with a
minimum percent difference for the wind speeds we analyze of about 400 %. This same pattern, with somewhat lower biases, is
also visible for the TU2 model in panel f). To illustrate this more tangibly we have calculated the difference between the scorch
heights by setting the F' factor in Equation 1 to 0.1. This value is within 0.01 of the values for all PFTs aside from Tropical
Broadleaved Evergreen trees, Tropical Broadleaved Raingreen trees, and Temperate Broadleaved Evergreen trees, which have
values of 0.149, 0.061, and 0.371 respectively. As shown in panels g) and h), the difference in scorch height rises rapidly,
reaching several meters at at wind speeds below 2 km h~! for both of the fuel models shown. This strong bias towards high
scorch heights is likely to lead to excessive tree mortality, as further shown in comparative model runs in Sect. 3.3.

In addition to these upward biases, there is an additional dynamic that can be seen by comparing the fuel models in Figure
5. Namely, the upward bias on fire size decreases with increasing presence of live fuel. TL3, which contains no live fuels
has the highest biases and TU2, which contains some live fuels has lower biases. This is to the extent that the mostly live
GR6 fuel model, shown in the supplement in Figure S10, permits no fire spread at all. Therefore, realistic live grass moistures
should often lead to complete fire extinction on grasslands in SPITFIRE. The reason why there is still fire on grasslands in
LPJmL4-SPITIFIRE despite this extreme damping is due to extremely low modelled live grass moistures, which we discuss in
the subsequent section.

To rectify these issues, we have rewritten the implementation of the Rothermel equation in the SPITFIRE model to ensure
that the SPITFIRE rate of spread calculations match those in Albini (1976). Due to the large amount of space that a detailed
description of the Rothermel model would require, we have included only the equations from the Rothermel model relevant to
the discussion above in Appendix A. For a full overview of the model we recommend Andrews (2018).

We have verified the corrected implementation by reproducing selected results in Scott and Burgan (2005). Specifically,
we tested the model with several runs for each of the TL3, TU2, and GR6 models, conducted using both the MATLAB
implementation of the Rothermel model that was, in turn, tested against Scott and Burgan (2005) and the new, corrected
implementation of the Rothermel model in the SPITIFRE code. In all cases, we use the low dead fuel moisture scenario, with a
live herbaceous fuel moisture of 60 %, a live woody fuel moisture of 90 %, and the wind speed limit from Andrews et al. (2013).
The full results of this comparison can be found in Table S1 in the supplement. The highest difference in terms of rate of spread
that we find is 2 % and the highest difference in terms of Fireline intensity is 3 %. These differences occur in the TL3 fuel
model at a wind speed of 300 m min~—!, which produces a relatively low intensity and rate of spread compared to the other fuel
models tested. These differences amount to only 0.04 mmin~! in the rate of spread and 2.67 kW m ™! in the fireline intensity.
These small differences can most likely be attributed to rounding errors in the model code. The updated implementation of

the Rothermel model in SPITIFRE therefore performs accurately. For further technical details on the implementation of this
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Figure 5. Comparison between outputs of the SPITFIRE implementation of the Rothermel equation and the correct implementation created
by Rothermel (1972) and Albini (1976). Comparisons are done for the TU2 and TL3 fuel models, moderate load, humid climate timber-shrub
and moderate load conifer litter respectively, of Scott and Burgan (2005). Differently coloured lines indicate different dead fuel moisture
contents, following the moisture content scenarios of Scott and Burgan (2005). For all plots the herbaceous live fuel moisture content is set

to 60 % and the woody live fuel moisture is set to 90 %.

320 parametrization in the model, please consult the model code provided with this article, and we also provide the MATLAB

implementation of the Rothermel model.
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3.2.2 Live fuel moisture parametrization

LPJmL-SPITFIRE only calculates fire spread in live herbaceous fuels, this section therefore focuses on the live grass moisture

parametrization contained in the model.

Sources of error

As alluded to in the previous section, and shown in Figure S10, the manner in which the live and dead fuel moistures are
combined in SPITFIRE leads to a combined M that is often quite high. This is to the extent that it can be above the maximum
combined moisture of extinction used in SPITFIRE of 30 %, on an oven-dry mass basis, when calculated for realistic live fuel
moistures and fuel beds that contain a large live fuel component (note that e.g. in NFDRS 2016, described, e.g., in Andrews
(2018), and Scott and Burgan (2005) 30 % is the minimum allowed live fuel moisture). However, as shown in Figure 3,
despite this tendency of the parametrization to produce high combined fuel moistures when given realistic live grass moistures,
SPITFIRE simulates an excessive amount of fire in grasslands. To examine this apparent contradiction, we implement a live
grass moisture output in LPJmL4-SPITFIRE, and subsequent versions. We find that the live grass moisture is unrealistically
low, often to an extent that it does not comport with the conditions required for grasses to survive.

Live grass moistures above 100 % on a dry mass basis are often observed in the literature (e.g. Mendiguren et al., 2015;
Brown et al., 2022; Yebra et al., 2019). Because these values occur frequently and are a natural part of the dynamics of grass
phenology, a successful live grass moisture parametrization must be able to reproduce this. By its construction, the SPITFIRE
live grass moisture parametrization cannot exceed 100 %, as visible in Figure 6 a). Further, there are many regions, particularly
on the Iberian Peninsula where the live grass moisture on average is below 10 %. In detail, the live grass moisture in SPITFIRE
is given by:

1
M1 —2), 2

10
MfJg = Inax(O 9

"9

(Equation B2 in Thonicke et al., 2010), where M, ; is the moisture content of the top soil layer relative to saturation (note
that for consistency in our variables we adopt the variable naming from Andrews (2018) rather than their forms in Thonicke
et al. (2010)). The use of a soil moisture that is relative to its saturation point in Equation 2, which has a maximum value of
100 % by definition, results in a maximum live grass moisture of 100 %. In addition, as shown in Figure S11 in the supplement,
the simulated live grass moisture is even lower when considering only months in which modelled fire occurs, illustrating the
extremely low live grass moisture values that are required to permit fire spread in SPITFIRE.

Panels b) and c) of Figure 6 show the mean live grass moisture during the 3 winter months of December to February and the
three summer months of June to August from 2003 to 2016. Because the live grass moisture is entirely dependent on the soil
moisture in the current parametrization, dormancy of grasses during the winter has no impact on their moisture content, and the
live grass moisture during the winter, panel b), is, incorrectly, higher than in the summer, panel c), for most of the temperate and
northern regions in Europe (see e.g., Bristiel et al., 2018; Keep et al., 2021; Sjostrom and Granstrom, 2023). In the LPJ-GUESS
implementation of SPITFIRE, the issue of these seasonality dynamics was improved upon by treating phenologically inactive

grasses as dead fuel, assigning to them the dead fuel moisture.
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Figure 6. Original and updated live grass moisture parametrizations in LPJmL5.7-SPITFIRE on a 0.07° resolution in the European domain.
Panels a) through c) show the original SPITFIRE parametrization from Thonicke et al. (2010), in % of liquid mass to oven-dry mass. Panels
d) through f) show a growing season index-based parametrization for the live fuel moisture following NFDRS2016. Panels g) through i)
show a newly developed live grass moisture parametrization based on LPJmL phenology. The columns show, from left to right, the mean
live grass moisture from 2003-2016, the mean moisture content during the winter months of December to February, and the mean moisture
content during the summer months of June to August, during the same time period. The two new livegrass moisture parametrizations show
general agreement on average and during the months in which there are modelled fires. Note that the live grass moisture applies only to the
component of the grasses that is not cured. Therefore, depending on the extent of curing and the dead fuel moisture, the overall moisture

content of the grasses may be substantially lower.

Finally, the live grass moisture of extinction, My, of 20 % used in SPITFIRE is substantially lower than many realistic live
grass fuel moistures. In Albini (1976), for example, the live fuel moisture of extinction is set to, at minimum, the dead fuel
moisture of extinction (which in SPITFIRE is 30 %). Therefore, the value of 20 % is not supported by previous literature. In

the subsequent section we introduce new parametrizations.

Improvements to the treatment of live grass moisture in SPITFIRE
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The issue of high live grass moistures resulting in excessive fire extinction is solved through the corrected weighting scheme
in the implementation of the Rothermel equation. Specifically, Equation A11 is replaced with a separate treatment of live and
dead fuel moistures, allowing for fire at higher live grass moisture contents. In addition to this, we have implemented the live
fuel moisture of extinction parametrization from Albini (1976) to replace the previous, excessively low, live grass moisture of
extinction. These corrections now allow for more accurate, higher, live grass moistures to be implemented into the model.

In addition to the more accurate live grass moistures described below, we introduce a frequently-used curing function to
account for transitions of grasses between dormant and active states. This curing function, originally developed for the 1978
version of the US National Fire Danger Rating system and published in Burgan (1979), and also described in detail in Scott
and Burgan (2005), transfers grass fuel loads from the living fuel category to an additional dead fuel category depending on
its moisture content. Grasses that contain over 120 % water relative to their oven-dry mass are considered fully green, and are
fully treated as live fuels, and grasses that contain less than 30 % water are considered fully cured and their load is transferred
entirely to a dead fuel class. In between these endpoints, the proportion of fuel transferred is a linear function of the live grass
moisture. The proportion of the live grasses that is transferred to a dead fuel class is given the same moisture content as the
finest, 1 h, dead fuel class and the moisture of extinction of the dead fuels.

This treatment of live grass moisture, for example, can represent conditions in which grasses are dormant in winter, and
therefore have a moisture content that is passively determined by weather conditions, followed by a greenup period in spring.
This greenup period is an important factor for fire behaviour in many grass-dominated regions, because the onset of warmer
temperatures does not immediately translate to to green grasses, resulting in a well-aerated, dry, fine fuel-dominated litter bed
that is prone to high rates of fire spread (see, e.g., Sjostrom and Granstrém, 2023; Burgan, 1979). Note that in the subsequent
discussions of live grass moisture parametrizations and in Figure 6, the live grass moisture refers only to the moisture content
of the proportion of the grasses that is not cured. Therefore, in regions, such as temperate Europe in winter, with a live grass
moisture content of 30 %, i.e. fully cured, the moisture content of the fuel is purely determined by the dead fuel moisture, and
the live grass moisture is, therefore, not representative of the overall fuel moisture. Similar considerations apply when there are
partially cured fuel beds in extremely dry regions. As an extreme example, a live grass moisture of 50 % on a day where the
fine dead fuels are completely dry (this may occur due to the much faster response of dead fine fuels to local weather conditions
compared to live grasses), corresponds to an overall moisture content of the cured and not cured grass components of 11 %.
We include these examples to help clarify the subsequent results but it should be noted that, because of the separate treatment
of dead and live fuels, this overall moisture content is not directly used in the fire spread calculations and it is possible for the
dead fuel component to burn while the live fuels do not ignite.

To calculate these new, more accurate live grass moistures, we introduce two updated approaches. The first of these is a
simple adoption of the herbaceous live fuel moisture parametrization from NFDRS2016, the US National Fire Danger Rating
System (described in, e.g., Andrews, 2018). Because this parametrization is dependent only on weather data and not the output
of the DGVM to which SPITFIRE is coupled, it can be easily ported to models other than LPJmL, and is not affected by issues
in modelled DGVM phenology. This parametrization is based on the Growing Season Index (GSI), developed by Jolly et al.

(2005), and calculates a vegetation phenological status by combining three functions: one of temperature, one of photoperiod,

17



395

400

405

410

415

420

425

and one of vapour pressure deficit. Each of these functions has a range from zero to one and these functions are multiplied
together so that each individual equation can limit the phenological status of vegetation. This combination is shown in Equation
3:

iGSI = iVPD x iphoto x itemp. 3)

Here, iGSI refers to the daily growing season index. A 21-day running average of the iGSI is calculated to arrive at the
GSI and this is converted into a live grass moisture parametrization by setting a threshold value of 0.5 below which the grass
is dormant and using a linear relationship with endpoints of 30 % live grass moisture at a GSI of 0.5 and 250 % live grass
moisture at a GSI of 1. As noted in Krueger et al. (2022), this parametrization, although in use in the US, has not yet been
thoroughly tested. Therefore, we also introduce a new live grass moisture parametrization that can be used for European runs
of the SPITFIRE model.

As stated in Krueger et al. (2022), and further supported by other work, including Brown et al. (2022), soil moisture plays
an important role in shaping fire dynamics. One effect, of particular relevance here, is that the soil moisture is an important
parameter in determining herbaceous live fuel moisture. The GSI, in essence, includes this effect by proxy, via the VPD
function. The LPJmL DGVM has existing phenology functions that act in a similar manner to the GSI but use the soil moisture
calculated in the model rather than the VPD (an approach that was also suggested as a potential adjustment for modelled
phenology by Jolly et al. (2005)). We develop a new live grass moisture parametrization by making use of the phenology
functions of the grass PFTs in LPJmL, giving each function a greenup threshold below which the grass is considered dormant,
and fitting a linear function of the grass phenology to live grass moistures reported by Forkel et al. (2023). These functions are

shown in Figure 7, and the equation for livegrass moisture is:
Mf,lg = klg X phen, (4)

subject to the condition that 30 < M; ;, < 250, which we adopt from the GSI approach. Here, ki, is an empirically-derived
scaling factor and phen is the phenological status of the grass as determined in LPJmL (a description of how phenology is
calculated in LPImL can be found in Forkel et al., 2014). This phenological status is a function of mean daily air temperature,
total daily shortwave radiation, and modelled daily soil water content. The scaling factor ki, is determined by defining a point
in the empirical data, i.e. a greenup threshold, where livegrass moisture begins to increase with phenology.

To ensure that the observed live grass moistures used to arrive at this parametrization are not overly impacted by other live
fuels, we select only grid cells that contain over 50 % cover by a specific grass PFT, and over 75 % natural vegetation, to fit these
functions. This also has the benefit of focusing on grid cells in which the Forkel et al. (2023) dataset has been shown to be most
accurate, i.e. non-forested areas. The shape of these derived functions, as seen in Figure 7, agrees well with data for temperate
grasses, which is the herbaceous vegetation type present in the majority of Europe in the model (R? of 0.663). The function for
polar grasses shows less strong agreement, with an R? of 0.29, perhaps due to the observed live fuel moisture being larger than
30 % for many points before the greenup threshold. Future parametrizations may experiment with different live grass moisture

contents at the beginning of greenup. In general, however, the observed data agree well with the conceptual framework for the
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GSI-based live grass moisture from NFDRS2016 that the live grass moisture increases linearly with increasing phenological
status after a greenup threshold is reached.

The combined live grass moisture for a grid cell is then calculated using a mass-weighted average of the moisture con-
tent for each herbaceous PFT. For the current work, we limit this new parametrization to the European domain, reserving a
global parametrization for future work. The live grass moistures produced when these parametrizations are integrated into the
vegetation model are shown in the second and third rows, panels d) through i), of Figure 6. Both parametrizations produce
live grass moisture values that reflect the seasonal cycle of live grass moisture content for temperate and Nordic regions in
Europe in which the grass is dormant in winter and active in summer. The LPJmL phenology-based live grass moisture shows
a lower minimum in this cycle with generally dryer grasses in winter than the GSI-based parametrization. The GSI-based
parametrization shows a slight divide between eastern and western Europe in the live grass moisture that is not present in the
phenology-based LFMC. This may be due to differences in the VPD included in the GSI parametrization that do not carry over
into the soil moisture, and are therefore not present in the LPJmL phenology-based parametrization (for this reason this divide
is also not seen in the old live grass moisture parametrization).

While the new live grass moisture parametrizations are brought more into agreement with established methods and the newly
introduced LPJmL phenology-based live grass moisture shows a reasonably strong fit to satellite observations, some spatial
incongruencies with observed data remain. In particular, the live grass moisture in the summer in Mediterranean regions may
be too high. As shown in the observations of Chuvieco et al. (2009) and Mendiguren et al. (2015), and examined experimentally
for select species by Bristiel et al. (2018) and Keep et al. (2021), Mediterranean grasses often enter dormancy in the summer.
This would correspond, in the case of dormancy of all grasses in a grid cell, to a live grass moisture of 30 %, i.e. the minimum
value, and, through the curing function, all of the grass would be transferred to the dead fuel category. That this is not the case
in the modelled values may be for two reasons:

The first reason may be the parametrization of the grass PFTs in the LPJmL vegetation model version used for these results.
In the model, the Temperate Herbaceous PFT covers much of Europe and, since there is only one phenology function for
each PFT, albeit with different inputs given grid cell conditions, temperate grasses across Europe follow the same response
to stresses. Because of this, differences in adaptation to drought stress may not be captured, and modelled grasses in the
Mediterranean may exhibit tendencies to remain active under hot and try conditions, as were observed for individuals from
further northern regions by Bristiel et al. (2018) and Keep et al. (2021). Therefore, the excessive activity during dry periods
may be a result of the manner in which vegetation is divided into PFTs by LPJmL not allowing for the differences at an intra-
specific level observed by Bristiel et al. (2018) and Keep et al. (2021) to manifest in the modelled results. In addition to these
intra-specific adaptations, the use of broad PFTs can also result in the loss of inter-specific differences (as discussed by, e.g.,
Fischer et al., 2018). This topic of the division of PFTs and its impact on model results is discussed further in Appendix C3.
The issue of differences in adaptation, of course, applies to the GSI-based grass moisture as well, which is currently based on a
single phenology (although it may be possible to adjust the thresholds used in the GSI equations on a regional basis in future).

The second reason for the high modelled grass moistures in Mediterranean summers may be due to over-estimations of

live grass fuel moisture content in remotely sensed data under very dry conditions. Our modelled values, while exceeding
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those observed by Mendiguren et al. (2015) on the ground, are in much better agreement with values that they calculate based
on satellite observations of vegetation greenness, and that only depart substantially from the on-the-ground values during the
summer months. This potentially suggests a general challenge in deriving grass moisture from remotely sensed data, and future
versions of the live grass moisture parametrization in SPITFIRE may be further improved by also including local observations
(e.g., those in Yebra et al., 2019).

These uncertainties in the live grass moisture parametrization are mitigated somewhat by the fact that there are years, as
shown in Figure 2 of Chuvieco et al. (2009), in which Mediterranean grasses may remain active. These years are exceptions
rather than the rule, but they indicate that the modelled error is on the level of raising the frequency of an infrequent occurrence,
rather than creating entirely unrealistic conditions. In addition to this, the separate treatment of live and dead fuels, and the
new live grass moisture of extinction, which is generally higher than the dead fuel moisture of extinction, result in live grasses
that can still burn at higher moisture contents, and that fires can continue to burn in dead fuels even if this higher moisture
of extinction in live fuels is exceeded. Together with the curing function, which transfers a portion of grass to the dead cate-
gory beginning at 120 %, meaning that Mediterranean grasses in the summertime are generally treated as partially cured, this
substantially reduces the impact of the too high grass moistures, as shown by the model output in Sect. 3.3, particularly when
compared to the previous parametrization.

Due to the mitigating factors above, the generally good agreement with satellite observations shown in 7, and the substantial
improvement over the original live grass moisture parametrization in SPITFIRE, the updated live grass moistures shown here
represent a strong development in the context of SPITFIRE, and in including soil moistures in live grass moisture calculations.
Because further refinements of these parametrizations likely require changes on the DGVM side as well, they are outside of the
scope of the current work, in which our developments focus on the major issues in the existing SPITFIRE parametrizations.

We discuss the remaining, lesser sources of uncertainty, in the SPITFIRE model in the order of the model structure in Figure

3.2.3 Fire danger index

As mentioned previously, there are 3 versions of the FDI implemented in different versions of SPITFIRE. The first, original
formulation given in Thonicke et al. (2010) is different from the formulation in Venevsky et al. (2002) upon which it is based.
While Venevsky et al. (2002) use an exponential function of the Nesterov index together with a tuning parameter to arrive at
the FDI directly, Thonicke et al. (2010) apply the Nesterov Index to calculate the dead fuel moisture as an intermediate step
to calculating the FDI (Equation 6). To our knowledge, this equation remains untested against observed fuel moistures and an
examination of its ability to predict dead fuel moisture may be relevant to versions of SPITFIRE that depend on it. To improve
upon these issues, we replace this untested parametrization with a new dead fuel moisture parametrization that makes use of
a dynamic, LPJmL-based litter moisture calculation developed by Lutz et al. (2019) (described further in Section 3.2.5). This
allows us to replace the Nesterov-based FDI with the VPD-based FDI that was more recently developed for SPTFIRE by Driike
et al. (2019).
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Figure 7. New PFT-specific live grass moisture functions in LPJmL-SPITFIRE. Here, phenology refers to the numerical phenological status

of the grasses, i.e. how active they are, as calculated in LPJmL using the parametrization from Forkel et al. (2014). Points indicate measured

values.

3.2.4 Fire duration function

The fire duration function in SPITFIRE is shown for reference in Figure S12 in the supplement, and given by Equation 14 in
Thonicke et al. (2010):

_ 241
tire = 1 -+ 240e—11.06xFDI" o)

This function has a maximum value of 241 minutes and the functional form has a step-like nature such that at low FDI

values the fire durations are extremely low, followed by a sharp increase around FDI values of 0.5. This results in fires with
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durations that are often substantially below the 241 minute maximum. In practice, fires in the LPJmL4-SPITFIRE model have
a median duration of about 30 minutes. In addition, the SPITFIRE model does not allow for fires that continue burning over
several days, despite this being a common phenomenon (see e.g.Andela et al. (2019) where the median fire duration globally is
3 days). Dividing multi-day fires into separate single day fires suffers from the issue that the elliptical fire spread in SPITFIRE
results in a quadratic dependence of fire size on fire duration. Therefore, e.g., two single day fires have a combined fire size
only half as large as one two day fire, all else being equal. This substantial downward bias in fire size is a large compensating
error that prevents the large positive biases, due to the incorrect weighting factors in the fire spread component of the model,
from causing highly overestimated modelled burnt areas. Now that these upward biases have been corrected, however, it is
possible to implement a more realistic fire duration function.

For this purpose, we have introduced a multi-day burning algorithm into SPITFIRE. This allows fires that begin burning on
one day to continue into the next, with an adjustable maximum number of days. We have currently implemented an FDI-based
condition for stopping the spread of these multi-day fires, where all fires in a given grid cell are extinguished if the FDI reaches
a value below 0.005. This condition operates in addition to the previous condition in SPITFIRE that fires are extinguished if the
calculated fireline intensity is below a specified threshold. These conditions, in particular the FDI threshold, are set as initial
placeholders and further work is required to develop a fire extinction function that can properly capture the conditions under
which fires no longer spread. One benefit of the multi-day fire approach we introduce is that it allows for the existence of fires
that experience less fire spread on some days, e.g. due to lower wind speeds, but continue burning and experience more spread
on subsequent days.

The principle mechanism underlying the multi-day fire algorithm is that the major axis of the elliptical fires in SPITFIRE
grows according to the daily wind speed and fuel bed parameters. The length-to-breadth ratio is calculated using the mean
wind speed over the full set of days that the fire spreads, assuming that the fire spread continues broadly in the same direction
each day. These simplifications are necessary based on the current model inputs and the state of knowledge of fire spread at the
SPITFIRE scales. The fundamental challenge is that including changes in spread direction would require the use of coarse grid
cell averaged wind directions in addition to the current grid cell averaged wind speeds. These directions can be quite variable on
the smaller scales at which a fire spreads and, therefore, may not be sufficiently represented by the grid cell average. Because of
these simplifications, the algorithm we have introduced should be considered experimental, and requires further development
and research to apply fully. However, it represents a pathway for removing the bias caused by including only single-day fires.

In addition to the multi-day algorithm, we have implemented the possibility of setting a daily maximum fire duration more
than 4 hours in the model, allowing fires to burn longer on a given day. However, the step-like shape of the function, and
the fact that modelled FDI values are generally substantially lower than the location of the step in the function, results in
daily fire durations that are often less than 30 minutes. As a preliminary solution, we have also introduced the possibility of a
user-specified minimum fire duration into the equation and replaced the factor of -11.06, which was set so that an FDI of 0.5
corresponds to 1/2 of the maximum fire duration of 241 minutes, with an adjustable parameter. The new equation is:

tﬁre,max +1
1+ (tﬁre,max/tﬁre,min — l)ekﬁredurauon xFDI*

(6)

tfire =
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Where, tfire,max and tgre,min are the maximum and minimum fire durations respectively, in minutes, and Egreduration 15
a tuning parameter that controls the slope of the function before it saturates towards the maximum duration. A plot of this
function is shown in Figure S13 in the supplement.

These updates improve upon a conceptual limitation in SPITFIRE, and establish a technical framework in the model code
for calculating multi-day fire spread. Therefore, they act as a strengthened platform upon which to build more detailed fire
duration functions. These functions are written so that, if desired by the user, the previous SPITFIRE fire duration function can
be simply recovered by adjusting options in the model. The updated multi-day fire spread algorithm also differs from the one
implemented in LPJ-LMfire by Pfeiffer et al. (2013) in the duration of fires per day, since Pfeiffer et al. (2013) use the original
daily fire duration function, and in the extinction criteria, since we choose a more flexible criterion based on the FDI rather

than one that is based only on changes in fuel moisture due to precipitation.
3.2.5 Fire spread

To resolve the uncertainty regarding the Nesterov-based fuel moisture content described in the FDI section above, we replace
the fuel moisture parametrization with the new parametrization developed for LPJmL by Lutz et al. (2019). This parametriza-
tion contains a full water balance for the litter that includes interception of precipitation by the litter, infiltration and runoff from
the litter, and a temperature-based evaporation function. In addition to providing a stronger theoretical basis for the dead fuel
moisture content, this has the benefit of creating greater internal consistency in LPJmL-SPITFIRE. Further improvements to
the dead fuel moisture content component of the model may be made in future by distinguishing between the moisture content
of different fuel size classes using, e.g., the Nelson dead fuel moisture model (Nelson, 2000; Carlson et al., 2007). We have
made provisions for this in the model code by treating the moisture content of the different fuel classes separately, giving each
the current uniform value. Values from a future parametrization can therefore simply be input into the model.

In addition, we discovered an LPJmL-SPITFIRE-specific bug in the fuel load of live grass, in which the amount of live grass
was scaled by the phenology to represent curing. However, the cured component of the grass was then not accounted for. Our
introduction of the curing function has resolved this issue.

Another LPImL-SPITFIRE-specific bug was fixed in which the total amount of burnable live grass is overwritten during a
loop over each PFT. The former version resulted in the total amount of consumable live grass being equal to the amount given
by the final PFT. This reduction may account in part for why the extremely severe fires caused by the biases discussed above
did not result in non-physically high fire carbon emissions.

Finally, to avoid excessive burning on open grasslands, we adopt the wind limitation function previously applied to JSBACH-
SPITFIRE by Lasslop et al. (2014) in LPJmL-SPITFIRE. This function is a version of the original wind limit from Rothermel
(1972), updated by Andrews et al. (2013). We also include the original wind limit function as an alternative option. In our
tests, due to the relatively low values of grid cell and daily averaged wind speeds, this wind limit is often not reached, but we

introduce it to provide for future parametrizations that may include higher wind speeds.
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3.2.6 Mortality

We identified several potential improvements in the cambial damage mortality function in SPITFIRE. The cambial damage
function is largely based on the work of Peterson and Ryan (1986), with a few modifications. In contrast to Peterson and Ryan
(1986), who use a weighted averaging scheme to arrive at the residence time, the residence time in SPITFIRE is calculated
using a simple ratio of the amount of fuel consumed to Rothermel’s reaction velocity, I'. In this ratio, the amount of fuel
consumed is simply calculated using an average of the amount of 1-, 10-, and 100h fuel consumed, i.e. a sum of the three
values divided by three. In Peterson and Ryan (1986) the fuel consumption of different fuel classes is combined into a common
value using a weighting based on the amount of fuel bed area that is covered by the individual components. To address this, we
simplify the residence time equation to the simple function of fuel surface-area-to-volume ratio given by Albini (1976). The
surface-area-to-volume ratio input into this parametrization results from the Rothermel weighting scheme described previously,
and therefore accounts for fuel bed heterogeneity in a more conceptually sound manner.

In the subsequent step of the cambial mortality function, the amount of time that the vegetation experiences lethal heat 77, is
calculated from the residence time. In Peterson and Ryan (1986) this value is 5 times the residence time, whereas in SPITFIRE
this value is only 2 times the residence time. As there is no conceptual reason for this difference, we reinstate the value of 5.
This substantially lower residence time may have also compensated somewhat for the excessive fire intensity caused by the
biases in the application of the Rothermel equation.

The equation for the probability of mortality due to cambial damage that is based on this burning time is given in Equation 19
of Thonicke et al. (2010). We discovered some disagreement between this equation and the cited literature, Peterson and Ryan
(1986), on which it is based. Specifically. Peterson and Ryan (1986) combine cambial damage and crown scorch into a single
equation, in their Equation 11, whereas SPITFIRE treats the two separately and combines the probabilities of mortality due
to cambial damage and crown scorch under the assumption that these are independent. This assumption does not necessarily
agree with the physical processes of mortality wherein, e.g., a more intense fire produces more heat as well as taller flames,
and is therefore more likely to both damage the cambium and scorch the crown of a tree. We therefore implement the Peterson
and Ryan (1986) probability of mortality calculation as a simplified parametrization that removes the uncertainty associated
with the theoretical basis of the SPITFIRE functions. This also allows for an easier interpretation of model results and forms a

basis for future work improving the mortality parametrization. The equation is given by:
Py = /™05, ()

Where ¢y is the fraction of the crown that is scorched, determined using the scorch height and tree geometry, 7, is the critical
time for cambial damage, in minutes, and 77, is the amount of time, in minutes, that a tree experiences lethal heat.

Finally, the equation for the ¢y parameter, the parameter describing the fraction of a tree crown that is killed by fire, in
Peterson and Ryan (1986) is based on a paraboloid crown structure. In SPITFIRE this was replaced with a cylindrical crown
structure, reducing the amount of the crown that is near the ground (this change is also present in the adaptation of the ¢y

parameter for the crown fire parametrization in Ward et al. (2018)). Because the new fire spread formulation avoids excessive

24



605

610

615

620

625

Table 1. Tuning parameters for the European model version, o parameters are the FDI scaling parameters for each PFT, tfre,min and tare,max
are the minimum and maximum daily fire durations in minutes, Kgreduration 1 the slope factor applied to the daily fire duration, Kignitions 1S

the scaling factor applied to human ignitions, and fire days is the maximum number of days for which fires are allowed to burn

AOTrH aOTH QpH QTBE QTNE QTBS OBNE QOBNS QBBS tﬁre,min tﬁre,max k/‘ﬁreduration kignitions fire dayS

4 4 7 10 10 10 15 15 15 120 480 -8 165 3

crown scorch due to high-intensity fires, we return to the formulation of Peterson and Ryan (1986) for the sake of conceptual

uniformity and the more realistic crown structure described therein.
3.3 Updated model version at the European scale

The results shown here are preliminary in nature and intended to ensure that the changes made to the model perform reasonably.
In addition to implementing the changes described in previous sections, we have conducted a thorough code cleanup and have
introduced a new changelog in the model. For the new model version we have re-tuned the parameters for the European domain.
We follow the standard tuning approach for the model and use the PFT-specific a parameters as the main tuning parameter, but
also tune various ignition and fire duration parameters listed below. The values of these parameters for each PFT are shown in
Table 1. We set the fire duration to a minimum of 2 hours and a maximum of 7 hours. The maximum number of consecutive
days that a fire can burn is set to 3. On managed grasslands, which forms a small portion of the modelled grid cells, these
parameters are set to a minimum of 1 minute, a maximum of 2 hours, and a maximum of 1 day respectively. In the fire duration
function, Equation 6, the factor, kgreduration, multiplying the FDI is set to -8 from the previous -11.06, allowing a more gradual
rise in fire duration with increasing FDI. Finally, in the human ignitions function, Equation B1, the coefficient at the start of the
equation, which we now call Eignitions, Was changed from 30 to 165. We have applied a fairly liberal tuning to these parameters
as there is no clearly established value for them currently, and our current aim is largely to compare the impact of the changes
we have introduced.

The comparison between the new SPITFIRE version and the old SPITFIRE version implemented in LPJmL5.7 is shown
in Fgiure 8. The old model version shows the same biases in grasslands as the version implemented in LPJmL4 (shown
previously in Figure 3). Namely, there is an extreme overburning in grassland-dominated grid cells, illustrated particularly in
panel f), despite forested grid cells, in this case, showing rough agreement for many years. The new model version shows a
substantial improvement in this regard, showing better agreement in grass-dominated grid cells and reasonable agreement in
tree-dominated grid cells. This improvement is visible in central areas of the Iberian peninsula, for example, where modelled
grasslands (see Figure S14) result in higher burnt area in the old model version than the new. The improvement in this division
is particularly noteworthy since this division was not used as a target when tuning the model, with only the broad spatial pattern
and annual burnt area being targets. The new model version also results in a much lower average rate of spread, shown most
clearly in panel i), and a reduction in the amount of trees that undergo fire mortality, shown in Figure S14 in the supplement.

Therefore, the positive biases shown in Figure 5 had a substantial impact on model results that is now reduced. The higher
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burned area in tree-dominated grid cells for the old model version in Europe, shown in panel e) of Figure 8 and contrasting the
global results in panel d) of Figure 3, may suggest a less extreme tree mortality in Europe, also illustrated by the lack of any
complete gaps in the tree FPC map in Figure S14.

Some issues remain in the new model version, however. Most importantly, the model’s lack of ability to reproduce regions of
high burnt area, such as Portugal, illustrates that there remain factors determining burnt area that the model currently does not
capture, including fire suppression, fragmentation effects, and greater flammability of some species of vegetation. In addition,
there is substantially too low burnt area in eastern Europe in the new model version. This may be due to an under representation
of ignition factors in that region, as the rate of spread, shown in panel i), remains high in this area. A more detailed study of
this region is out of the scope of this work, but future work may examine the modelling of these sources of ignition further.

The fixes to the implementation of the Rothermel equation result in substantial reductions in the rate of spread and the
elimination of regions where there are extremely high rates of spread in the old model version. Due to the lack of reliable
spread rates in satellite-based products, we reserve the testing of modelled rates of spread against local data for future work.
Overall, the new model version shows a substantial improvement in the relative amount of fire in forested grid cells as opposed
to those dominated by grassland, and has a substantially corrected theoretical basis. It can therefore be adopted as a foundation

upon which to build future model versions.
3.4 Model status

We have identified several sources of uncertainty in the SPITFIRE model. The most important of these are the inaccurate imple-
mentation of the Rothermel equation and the unrealistically low live grass moistures. We resolve these issues in part by correct-
ing the implementation of the Rothermel equation in SPITFIRE and by introducing new live grass moisture parametrizations.
These parametrizations produce much more realistic live grass moistures. The applied LPJmL phenology-based parametriza-
tion, in particular, represents an innovative approach to incorporating soil moisture in the calculation of herbaceous live fuel
moisture, an important development, the need for which has been identified in previous studies (Brown et al., 2022; Krueger
et al., 2022; Jolly et al., 2005). Our test of the new SPITFIRE version in the European domain shows that it is capable of
broadly representing burnt area, similar to the previous model version, while providing a substantially strengthened theoretical
basis.

Because of the extensive changes we have made to the LPJmL-SPITFIRE model, and the uncertainties we have discovered,
it is relevant at this point to discuss the current status of the model. In addition to summarizing the changes that we have
made, we include a discussion of sources of uncertainty that should be taken into account when using the model and that may
be improved upon in future. While many of these sources of uncertainty are familiar to those experienced with fire-enabled
DGVMs, we include a detailed discussion here both for the sake of transparency and to support future work. It is our aim to
clarify these sources of uncertainty for those unfamiliar with the SPITFIRE model but who may be users of model results, are
new adopters of the model, or may have expertise in other areas of fire research that could be used to help develop improved
model parametrizations. In many cases the improved model foundations that we have presented here enable these improvements

to be made to a greater extent. For example, the ignitions parametrizations can now be improved using more realistic data as
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Figure 8. Impact of changes to the LPJmLS5.7-SPITFIRE model in the European domain. Maps in panels a) through ¢) show mean burnt area
per grid cell over the 2003-2014 simulation time period. Time series in panels d) through f) show total annual burnt area over the simulation
domain. Tree burnt area and grass burnt area refer to burnt area in grid cells whose area is made up of over 50 % tree PFTs and Grass PFTs
respectively. Panels g) through i) show maps and time series of the rate of spread calculated in the new and old model versions. The time
series in this row contains the mean annual value rather than the annual sum as in the row above. The new model version shows a substantial
improvement in the relative amounts of burnt area in forests compared to grasslands. It is also less volatile, with less extreme inter-annual

variability.

they no longer need to compensate for the upward biases in the fire spread component of the model. It should be noted that
the impact of these sources of uncertainty is dependent on the application to which the model is put, and the specific use case
should be considered when interpreting their importance. The changes made to LPJmL-SPITFIRE, and key areas that remain

for future development, that were summarized in Figure 1, are discussed in detail below.
3.4.1 Uncertainties and areas for future development in specific model components

Areas for future development in specific model components are discussed in Appendix B. For the ignitions component, we

highlight the uncertainty of the human ignitions parametrization and the temporal averaging of lightning ignitions that leads
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to small fractions of an ignition each day that may not align with the timing of associated precipitation (Appendix B1). These
components, in particular, have gained greater scope for future developments through the model improvements in this work,
since they are no longer required to compensate for excessive fire spread. For the fire spread component, we highlight sim-
plifications in the moisture of extinction and surface-area-to-volume ratios that may reduce model accuracy as well as aspects
that could be important to fire spread that are currently not modelled (Appendix B2). A particular detail about the fire spread
component that emerged in our literature analysis, and where a new parametrization remains necessary is the calculation of

fuel bulk density.

Fuel bulk density

A major outstanding issue in the fire spread component of the model is its treatment of the fuel bulk density, i.e. how tightly
packed the fuel beds are, an important input in the Rothermel model. In its fire spread component, SPITFIRE uses literature-
based values for the fuel bulk density for each plant functional type. These values are then modified by the following equation
given in table Al in Thonicke et al. (2010):

1 n
po=—=">_ poprr(wo,im+0.2wo,10n + wo,100n) ®)

PFT=1
Here, n is the number of plant functional types in a given grid cell, pp prr is the PFT-specific fuel bulk density value, in
kg m—23, and Wy, 1s the fuel load in fuel class x, in kg m~2. The justification for this equation is based on a statement in
Brown (1981) that when the 10-hour fuel class is eliminated from calculations, the calculated bulk densities averaged 80
percent of their previous values. Equation 8 does not have this effect. Rather, it leads to a scaling of the bulk density depending
on how much total fuel load is present. Therefore, this question of parametrizing fuel bulk density in an aggregated, grid

cell-scale manner remains open, and a new parametrization is required.
3.4.2 The impact of model resolution

In addition to the sources of uncertainty that we have highlighted above, there are several sources of uncertainty that arise due
to the resolution of SPITFIRE and attached DGVMs. In several cases, which we highlight, these sources of uncertainty can be
better mitigated due to the improved theoretical basis for SPITFIRE that we have established in this work.

Model resolution is one area where global fire models, necessarily, differ from predictive models used in an operational
context such as FARSITE and FlamMap (Finney, 1998, 2006). There are three domains in which resolution plays an important
role in the SPITFIRE model. The first is the spatial resolution, i.e. the size of the grid cells, the second is the temporal resolution,
and the third is the separation of global vegetation into PFTs. In all of these cases a certain coarseness is required to feasibly run
the model on a global scale. We include a detailed discussion of these three domains as guidance for model users in Appendix
C.

We particularly highlight the effects of the information given to SPITFIRE by associated DGVMs and cases where these
differ from one DGVM to another. Questions of vegetation size, arrangement, and what times during the year fuel beds are

replenished are particularly relevant, as well as the choice of PFTs and how they align with fire characteristics for the regions
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under study. Spatially, challenges may be posed by calculating fire spread in fuel beds that are homogenized across a grid cell,
and that therefore do not contain fragmentation effects or changes in fire behaviour between differently vegetated sub-grid
regions (Appendix C1). Temporally, annual time steps of vegetation establishment and mortality may impact regions with
bimodal fire seasons where vegetation is replenished in the middle of the year, and regions where the fire season encompasses
the turn of the year, resulting in unrealistic developments in modelled fuel beds (Appendix C2). A common issue in several
DGVMs in which SPITFIRE is integrated is the lack of a shrub PFT for regions in which shrubs are important parts of the fire
regime, e.g. chaparral-covered regions of California and parts of the Mediterranean where shrubs pay a key role in post-fire
dynamics (Weise et al., 2016; Baudena et al., 2020). To help address this, we have made provisions in our updated fire spread
parametrizations to facilitate the inclusion of shrubs in future (Appendix C3). As a representative example, and one that is most

relevant to the model improvements in this work, we highlight the impact of model resolution on wind speeds here.

Relevance for the incorporation of wind speeds

An area where the model improvements presented in this work can contribute substantially to future developments is the
wind speeds input into the Rothermel model. These are particularly subject to the impacts of model resolution. Spatially,
interactions between terrain and wind, in particular, could be examined more closely, as complex terrain can have a substantial
effect on wind speeds local to the flame front in a manner that is not reflected by the grid cell average wind speed (see, e.g.,
the strong wind speed variance across domains with complex terrain shown by Jung and Schindler, 2020). Temporally, wind
speeds are often lower at night than during the day (e.g., Ephrath et al., 1996; He et al., 2013). Therefore, the daily averaged
wind speed currently used as an input to the model may not be reflective of the wind speed during the hours in which fires are
most likely to spread. Future work could examine the feasibility of using averaged wind speeds over the hours during which
the VPD meets some threshold for fire spread, as discussed in the context of fire duration in Sect. 3.2.4, or, more simply,
whether midday wind speeds may be more appropriate as an input parameter than the daily average. With the removal, in the
new SPITFIRE version, of the large positive biases in rate of spread and scorch height caused by the previous implementation

of the Rothermel model it may be possible to incorporate these higher wind speeds effectively.
3.4.3 Model tuning and validation

The fact that the issues we have highlighted, particularly the bias in the implementation of the Rothermel equation and the
unreasonably low live grass moistures, were able to remain undetected in previous versions of SPITFIRE, suggests that more
detailed validation procedures may be beneficial to future model versions. In this work, we developed two new validation
methods, namely the division of burnt area by vegetation and the use of prescribed firestarts, that have shown an ability to
identify underlying issues not revealed by standard validation procedures. This suggests that the proposed validation methods,
in addition to the more detailed methods already in use in the FireMIP project (Rabin et al., 2017), may be highly useful in
future developments. An additional element that was highlighted by the results in this work is the potential ability of model

tuning to obfuscate biases by creating errors that compensate for one another (as illustrated, for example, by the reasonable
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agreement of mapped burnt area in Figure 3 that did not arise from a reasonable balance of fire spread and ignitions as shown
in Figure 4).

Model tuning is a key component of the development process for global models in general and process-based global fire
models in particular (e.g., Hourdin et al., 2017; Hantson et al., 2016). Because compounding errors can often arise due to, e.g.,
measurement uncertainties in observed input parameters or modelling uncertainties in modelled input parameters, tuning fire
model equations based on observed data is often necessary if the goal is to align model output with these data. In the case of
the SPITFIRE model, process parametrizations are generally tuned to achieve agreement between modelled and satellite-based
mean burnt area maps, as well as annual time series of burnt area, over the modelled domain. Generally, the parameters used
for model tuning are those which are the most uncertain due to a lack of data constraining their values. Most commonly, the
number of human ignitions and the PFT-dependent scaling parameters applied to the fire danger index are the main levers by
which model outputs are optimized. These parameters are adjusted by hand until the maps and time series in question achieve
acceptable agreement with their observed counterparts. It should be noted as well that the DGVMs coupled to SPITFIRE
contain their own tuning processes that are similar to this approach albeit with different targets (e.g., von Bloh et al., 2018a;
Scheiter et al., 2013). Therefore, the manner and targets of the tuning procedure may be a point of consideration for future
users of SPITFIRE, particularly if values from particular sub-components of the model are desired outputs. For example, an
application in which the number of fires is an important output, in addition to the burnt area, would benefit from a tuning
procedure that takes into account the prescribed fire starts validation at an intermediate step.

More generally, and importantly for future predictions, the fact that the validation dataset is used to inform the model tuning
approach in an iterative manner results in a substantial transfer of information from the former to the latter that weakens the
model validation, as the validation dataset is no longer an independent source of information. In objective tuning methods,
as discussed by Hourdin et al. (2017), and applied to the SPITFIRE model for a South American domain by Driike et al.
(2019), it is common practice to divide data into separate datasets for training and for testing, resulting in a reduced transfer of
information. The objective tuning approach is not a panacea, however, as it can result in tuning parameters that are not physi-
cally justified, and this must therefore be carefully monitored by modelers. However, if such unphysical parameters are arrived
at, this can also be valuable information about the model, as it indicates model biases that may require reparameterization
(Hourdin et al., 2017).

The division of validation data into training and test datasets could also be implemented for cross-validation of the hand
tuning approach commonly used in SPITFIRE. The performance of SPITFIRE in grid cells that are not used in the tuning
process would give a more robust estimate of model performance outside of its training data (see, e.g., the general discussion of
cross-validation in Morin and Davis, 2017). The issue of increasing uncertainty outside of the training data may also be visible
in the strong agreement of global fire models, in general, within the time period for which satellite data is available, but their
strong divergence outside of that time period (e.g. Teckentrup et al., 2019). While such upgrades to the model tuning approach
in LPJmL-SPITFIRE are out of the scope of the current manuscript, we have sought to discuss our model tuning approach
transparently to allow for greater clarity in the interpretation of model results, and suggest the cross-validation approach here

for future, full SPITFIRE versions.
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3.4.4 Conditions for best performance of LPJmL-SPITFIRE1.9

Based on the qualitative and quantitative analysis in this work we can outline the conditions under which we anticipate the
770 best model performance for model versions based on LPJmL-SPITFIREI.9. Note that not meeting all of these conditions
does not preclude satisfactory model performance, they simply indicate ideal conditions. Also, because of the possibility for
model tuning to balance errors in one spatial region with errors in another, these conditions do not necessarily correspond to
the accuracy of final model results in specific geographic regions. However, a focus on these regions may be effective when
conducting model developments. The conditions for best model performance given the current status of the model are ones

775 where:

The coupled vegetation model accurately represents fuel beds.

The species that dominate the fire regime align with the plant functional types of the DGVM (e.g. the fire regime is not
dominated by shrubs in a DGVM that doesn’t model them).

— Potential human ignitions occur steadily throughout the year (although successful ignitions may still vary considerably
780 due to meteorological conditions), and lightning ignitions do not vary substantially between years, or are not a major

ignition source.

— Fires are generally short in duration, and are therefore less subject to the uncertainties in propagating longer duration

fires.

— The fire regime in a given location is dominated by surface fires, and fire suppression does not have a strong impact on

785 overall burnt area.

— The region has a subhumid or humid climate, as defined by Scott and Burgan (2005), to ensure the dead fuel moisture of

extinction in SPITFIRE is accurate.

Vegetation in a grid cell is homogeneous, and evenly distributed.

Terrain in a grid cell is flat.

790

Fires occur toward the middle of the year in DGVMs that calculate annual establishment and mortality.

Wind speeds are temporally and spatially homogeneous, and wind directions are steady.

4 Conclusions

We have undertaken a thorough review of the global fire model SPITFIRE to identify and better understand the sources of
uncertainty in the model, and the cause of several known issues in the model results. We have found that two major sources of

795 error exist in the model. First, the model contains an incorrect implementation of the Rothermel fire spread model that can result
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in substantially too large and too intense fires. Second, the model contains a live grass moisture parametrization that results
in unrealistically low moisture contents. We correct these issues with a corrected implementation of the Rothermel model and
a novel live grass moisture parametrization for the European domain. Other sources of uncertainty are identified and partially
corrected. This results in an updated version of the model that is more aligned with the physical basis of wildland fire spread
and allows for future additions of more accurate parametrizations to other parts of the model. The updated model retains the
ability of previous model versions to broadly represent spatial patterns of burnt area. Results in the European domain show a
reduction in excessive burning on modelled grasslands and reduced tree mortality. Further work is required to test the SPITFIRE
model in the global and European domains and to address challenges of the modelling scale and required reparametrizations.
By improving the theoretical basis of the SPITFIRE model and highlighting directions of future model development we have
sought to create a foundation upon which such work can be built. The new live grass moisture parametrization we introduce
here, in particular, is an example of such a development, as the model no longer requires unrealistic live grass moistures for the

fire spread component to function, allowing for a representation that better captures seasonal moisture dynamics.

Code and data availability. The current version of LPJmL is archived on Zenodo at DOI: 10.5281/zenodo.11105506 (Schaphoff et al.,
2024) under the AGPLV3 license. The exact version of the model used to produce the results used in this paper is archived on Zenodo at DOI:
10.5281/zenodo.11473451, along with the MATLAB implementation of the Rothermel model, and input data and scripts used to produce the

plots for all of the simulations presented in this paper.
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Appendix A: Detailed errors in the SPITFIRE implementation of the Rothermel Model
Al Background on the Rothermel equation

The Rothermel equation, Equation Al, is a semi-empirical rate of spread equation first developed by Rothermel (1972). Fun-
damentally, it derives the rate of spread of a fire by dividing the rate at which energy is released towards a section of fuel by

the amount of energy that is required for that section of fuel to ignite. In detail:

R
pbeQig

, (A1)

where R is the rate of spread,in m/s, I is the reaction intensity, i.e. the rate at which energy is released by the fire, in
W m™2, £ is the propagating flux ratio, the proportion of that energy that is transmitted to the subsequent part of the fuel bed,
and ¢, and ¢4 are factors that describe the effect of wind and slope on the propagating energy flux. In the denominator, p;

is the bulk density of the fuel, in kg m—3

, € is the effective heating number, i.e. the proportion of a fuel particle that must be
heated to ignition for combustion to occur, and ), is the amount of energy required to heat a kilogram of fuel to ignition, in
Jkg™! (Rothermel, 1972; Andrews, 2018).

The individual parameters of Equation A1 are functions of further fuel bed parameters, including the fuel bed depth, surface-
area-to-volume ratio of the fuel particles, fuel moisture content, fuel moisture of extinction and heat content. In the case of a
uniform fuel bed, the surface-area-to-volume ratio and moisture content implemented in the Rothermel equation are simply
the moisture content and surface-area-to-volume ratio of the uniform fuel particle size. In the case of a non-uniform fuel bed,
Rothermel (1972) introduced a weighting system based on the contribution of individual fuel size classes to the overall surface
area of the fuel bed. The commonly used formulation of this weighting system is the updated version described in Albini
(1976). In this system, the fuel bed is divided into living and dead fuel categories as well as different fuel size classes. Each
category and size class has a weighting factor, f;;, assigned to it, where 7 connotes the living and dead fuel categories and j

connotes the different fuel size classes. These factors are calculated using:

0ijWo,ij / Pp,ij
fij = (A2)
Y Y 0iwo,i/ Ppis

where 05 is the surface-area-to-volume ratio of a fuel class, in m~ 1, wo,4; 18 the oven dry fuel load of the fuel class, in kg/mQ,
and py,;; is the particle density of the fuel in the fuel class, in kg m~3. The summation in the denominator signifies a summation
over all components within the dead or alive fuel category, <. The numerator in Equation A2, therefore, is the total surface area

of a given fuel class in a unit area of the fuel bed, and the denominator is the total surface area of all classes over that same
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unit area. This results in a weighting by fuel surface area. As an example, the combined, representative surface-area-to-volume

ratio of the dead fuel category (¢ = 1) would be:

o1=Y f1,01; (A3)
J

One subitlety, added to this approach by Albini (1976), is the inclusion of the g;; weighting factors for combining fuel loads.
These factors are similar to the f;; factors, with the distinction that they gather the individual fuel classes into bins based on
their surface-area-to-volume ratio and assign a single weighting factor to all fuel classes in a bin. This circumvents a conceptual
issue in the original Rothermel equation where the f;; factors result in differing combined fuel loads depending on how the

fuel classes are partitioned (Albini, 1976; Andrews, 2018). The g factors for each size bin are calculated using:

Zbinfij7 lfO'Z 0.54Cm_1
9ij = -
0, otherwise

A2 TImplementation of the Rothermel equation in SPITFIRE

Fundamentally, the main error in the implementation of the Rothermel equation in SPITFIRE results from an application of the
Rothermel equation for a uniform fuel bed to the non-uniform fuel beds present in the vegetation models with which SPITFIRE
operates. Rather than applying the form designed for a non-uniform fuel bed, the variance in fuel bed parameters is accounted
for by combining them according to an incorrect weighting scheme. In this scheme, the surface area-based weighting factors
were neglected in the implementation of the Rothermel equation and a different weighting approach was taken, whereby most

of the components are weighted by their contribution to the total fuel bed mass, e.g.:
wWo,ij
o=2.D it (A5)
iog

where wy is the total oven-dry fuel load of the fuel bed (Thonicke et al., 2010). The standard weighting system shown in

Equation A2, due to its weighting by contribution of each fuel class to the total surface area of the fuel bed, is more heavily
weighted toward fine fuels. The SPITFIRE weighting system in Equation AS, however, is more heavily weighted towards
coarse fuels as they are heavier and therefore contribute to a greater proportion of the overall fuel bed’s mass.

In addition to the lack of f;; factors in SPITFIRE, the g;; factors are omitted entirely, and the fuel load that is inserted into
the Rothermel equation is a simple sum of the individual fuel loads:
wo =Y woj, (A6)

i

(Thonicke et al., 2010). This contributes an even larger source of error since the replacement of a weighted average by a

simple sum can increase the fuel load by a factor up to the number of individual fuel components there are (e.g. if there are 3

fuel classes the sum may be 3 times larger than the average).

34



880

885

890

895

900

905

Further, an element of the Rothermel equation that is lacking from SPITFIRE is the separate treatment of dead and live fuels.

For example, the reaction intensity in the non-uniform fuel bed Rothermel equation is calculated using:
Ip= I"Zwo7i(1 — S7,i5)hitingins,is (AT
i

where I" is the optimum reaction velocity of the fuel, in min—1!, St is the mineral content of the fuel component, h; is the
weighted average heat content of the fuel bed component, in kJ kg™, 775/, is a moisture dampening coefficient and 75 ; is a
mineral damping coefficient (Andrews, 2018; Albini, 1976). The moisture damping coefficient is calculated using:
My, Mysi\° Mysi\°
i =1—259—=>—+5.11 : -352(——=—) , A8
nM, Mx,i + (M:n,z> M:n,i ( )

where My ; is the moisture content of a fuel component, in kg water per kg oven dry mass, and M, ; is the moisture

of extinction of that fuel component. As shown in Equations A7 and A8, the moisture contents of the dead and alive fuel
components are treated separately before being combined in the Rothermel equation. In the implementation of the Rothermel
Equation in SPITFIRE, however, the moisture contents of the dead and live fuel components are combined using the following

series of equations:

Qo — —ln(Mf,g)/NI (A9)

wWo,1 wo,2
+ (65
Wo Wo

Mf,combined = eXp(_l X (al ) X NI), (AIO)

where NI is the Nesterov Index (see Thonicke et al., 2010). Note these equations are present in the SPITFIRE code, docu-
mented in Schaphoff et al. (2018b), and alluded to in Pfeiffer et al. (2013). However, they are not explicitly given in Thonicke
et al. (2010). Equations 8 and 9, together with Equation 6 in Thonicke et al. (2010), can simply be combined into a single

equation:

w1 wo 2

Mf,combined = ijlllo Mff;o . (A11)

Effectively, SPITFIRE uses a combined moisture content that is a weighted geometric mean of the dead and live fuel moisture

contents and places this in the Rothermel equation for uniform fuels, despite operating on non-uniform fuel beds.
Appendix B: Sources of uncertainty in specific model components
B1 Ignitions
Human ignitions
Human ignitions in SPITFIRE are calculated using a simple function of population density and a parameter that describes

the propensity of humans in a given grid cell to cause ignitions. The full equation is (combining Equations 3 and 4 in Thonicke

et al. (2010))

Niig = 30Ppa(Np)e™%>*VPp /100, (B1)
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where Pp is the population density, individuals per km?, and a(Np), ignitions per individual per day, is the propensity of
people in a given grid cell to cause ignitions. This function was based on theoretical considerations, including findings by
Archibald et al. (2009) for southern Africa, that suggest a relationship between population density and the number of ignitions
that increases until reaching a maximum at intermediate population densities, followed by a decrease. The a(Np) parameter
was derived for some regions using local fire databases and used as a tuning parameter for others. This parametrization does
not explicitly take into account different fire management practices, and how these practices depend on local conditions.
Connecting this parametrization to these measures, as has been explored, e.g., by Perkins et al. (2022), is an avenue of future

model development that may improve burnt area distribution in SPITFIRE.

Lightning ignitions

The five years of the LIS/OTD monthly data set used in SPITFIRE were averaged in the original parametrization to produce
one year of monthly values that was then interpolated to a daily lightning data set. This results in a consistent, low amount
of lightning ignitions, with a small fraction of an ignition on most days. Because of this, the lightning ignitions are also de-
synchronized from any precipitation that may accompany them. The impact of temporal resolution on lightning ignitions has
also been explored by Felsberg et al. (2018), showing a small impact on a global scale but greater effects regionally. Alternative
lightning ignition parametrizations for use in SPITFIRE-related models have been suggested by Pfeiffer et al. (2013) and Kelley
et al. (2014) that may help to remedy this. Because these models are SPITFIRE-related, testing their implementations in future
versions of SPITFIRE may be straightforward. Further model development may also be based on newer lightning datasets,
e.g. Kaplan and Lau (2021), that allow for a better understanding of inter-annual variability in lightning ignitions and their
impact on burnt area. Given the new datasets available, and the improved model foundations here, revisiting the lightning
parametrization in SPITFIRE may be a fruitful area of research, particularly for regions that are remote from human activity

and in which lightning is, therefore, the dominant source of ignitions.

B2 Fire spread

Surface-area-to-volume ratio

The SPITFIRE model undertakes some simplifications in its fuel bed parameters that may be built upon in future work.
This includes uniform surface-area-to-volume ratios for fuels across all vegetation types. While this is common for the coarser
size classes, the surface-area-to-volume ratios of the 1-hour fuel classes generally show some distinction between e.g. leaf-
dominated fuel beds and needle-dominated fuel beds. The Scott and Burgan (2005) fuel models, for example, have 1-hour
surface-area-to-volume ratios that range from 1500 to 2200 ft—' (49.2 to 72.2 cm 1), not including shrub fuel models, whereas
SPITFIRE uses a uniform value of 2021 ft=* (66 cm™1). Since the surface-area-to-volume ratio is a key parameter for cal-
culating many of the variables in the Rothermel model, potential model improvements may be made by varying the 1-hour

surface-area-to-volume ratio for different vegetation types.
Dead fuel moisture of extinction
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The dead fuel moisture of extinction in SPITFIRE is a uniform value of 30 %. This is distinct from, e.g., the Scott and
Burgan (2005) fuel models, where M geaq has a range of 15-40 %, with values depending on the type of vegetation and
climate. Therefore, variable dead fuel moistures of extinction are another potential improvement for the SPITFIRE model.
A challenge in this regard would be determining an appropriate manner for constructing a cross-walk between the Scott and

Burgan (2005) fuel models and the LPJmL PFTs as the fuel models depend on both vegetation and climatic parameters.

Crown and ground fires

Future model developments may expand the fire spread component of the SPITFIRE model to include other forms of fire
behaviour. Currently, the model only models surface fire spread, but crown fires and ground fires are also major contributors to
fire dynamics. Crown fires have been incorporated into DGVMs previously by, e.g., Ward et al. (2018), and are important due
to the increased vegetation mortality they may cause, and high spread rates present in them. Ground fires, among other factors,
play a substantial role in arctic fire dynamics and may therefore be relevant to future modelling endeavours that focus on fires

at high latitudes (McCarty et al., 2021).

Convective and terrain-driven fires

Another dynamic that may be relevant for future inclusion in the SPITFIRE model is the effect of atmospheric stability on
fire growth and the potential for larger and more severe fires during extreme pyroconvection events (e.g., Senande-Rivera et al.,
2022). In addition, terrain can act to promote fire spread through increased rates of spread when fires are spreading up slopes
(although, at a grid cell scale this effect may be counteracted somewhat through the barriers to fire spread that complex terrain

creates).

Fire suppression
Finally, a dynamic that can impact the incidence and spread of fires, and is currently not included in the model, but may

improve modelling accuracy in future, is the impact of fire suppression on fire size and incidence.

Appendix C: The impact of model resolution
C1 Spatial resolution

Wildland fires are an inherently multi-scale phenomenon, with conductive heat transfer that can occur on the scale of microns up
to fire-atmosphere interactions that can occur on scales of tens of kilometers (e.g., Collin et al., 2011; Potter, 2012). Because
of this it is often necessary to include empirically-derived equations in process-based models to account for sub-grid-cell
processes. In the case of SPITFIRE, a substantial factor that is not currently accounted for is the arrangement of fuel beds at a
sub-grid level. Fuel bed heterogeneity may arise from terrain, the spatial arrangement of vegetation, and human influence, and
it can have strong effects on determining the final shape and size of fires (e.g., Sharples, 2009; Brown, 1981; Narayanaraj and

Wimberly, 2011). We therefore highlight this as an area of potential future model development.
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The spatial arrangement of fuel beds can also be influenced by previous fires, and this leads to an issue in LPJmL-SPITFIRE
specifically due to the manner in which fuel consumption is calculated. In the case of fuel consumption, the current approach in
the model is to apply fuel consumption to the entire grid-cell-averaged fuel bed, scaled by the burnt area. Because of this if, e.g.,
5 % of the grid cell is burnt with sufficient intensity to consume the entirety of the fuel, the model treats this as 5 % of the total
grid cell fuel bed being “skimmed off.” This can substantially weaken fuel feedbacks in grid cells where a low portion of the
grid cell is burnt, due to the small reduction in fuel load. In LPJ-GUESS-SPITFIRE this issue is mitigated by including burnt
patches as separate stands, allowing for strong, local effects of fires. This approach may be an avenue for improvement of other
SPITFIRE implementations, and it may be preferable for users of SPITFIRE to work with an implementation in LPJ-GUESS

if these feedbacks are important to their use case.
C2 Temporal resolution

SPITFIRE operates on a daily time step and many processes in the DGVMs with which it is coupled generally operate on an
annual time step. Processes on the daily time step generally use daily-averaged values to calculate parameters such as the dead
fuel moisture content. Because fire spread largely occurs during the day (e.g., Balch et al., 2022), there may be some bias in
applying daily averaged values as inputs and model accuracy may be improved in future by considering inputs on the basis
of the times of day during which fire spread occurs. For example, the 1 h dead fuel moisture is highly subject to sub-daily
variations and may be better captured if calculated using daytime values.

Regarding the time step of DGVMs, in LPJmL, for example, while mortality due to fire is calculated on a daily time step,
the background mortality and establishment of vegetation occur on an annual time step. This is particularly relevant for fires
in the southern hemisphere or areas in the tropics where fire spread occurs at the end of the year (see, e.g., Giglio et al., 2013),
because it can result in fires on December 31st that experience substantially less standing vegetation and lower litter loads
than fires on January 1st. In regions where depleted fuel beds are regenerated by a monsoon season, and that therefore show a
bimodal fire season (Archibald et al., 2009), the annual establishment time step may result in substantially under-loaded fuel
beds in the second half of the year relative to their real-world counterparts. Therefore, this annual time step may impact the
seasonality of fires in many parts of the world and should be considered if fire seasonality is a desired model output. Future
work in this direction may improve this issue by spreading mortality and establishment around the year, rather than confining

them to the year’s end.
C3 Dibvision of global vegetation into PFTs

The final manner in which model resolution impacts results is the division of global vegetation into individual PFTs. This is
necessary as it is infeasible to model every species and sub-species difference of vegetation globally. However, this can pose
challenges, particularly since the PFTs in DGVMs are often not chosen to reflect the differences in their response to fire (e.g.
Fischer et al., 2018). For example, the Boreal Needleleaved Evergreen PFT represents a wide variety of tree species including,
e.g., spruces and pines. Because spruces generally have a fundamentally different structure, with branches that extend much

closer to the ground, they are more likely to experience crown scorch (e.g., Lacand et al., 2023). Further research into fire-

38



1005

1010

specific PFTs may include studies of specific vegetation adaptations to fire as discussed, e.g., by Harrison et al. (2021), or
the inclusion of shrub PFTs in DGVMs that do not include them, since shrubs can be an important factor in fire and post-fire
dynamics (e.g. Baudena et al., 2020). To allow for the inclusion of shrubs in future we have included a, currently empty, live
woody fuel category in our implementation of the Rothermel model so that shrub parameters can simply be input into the fire
spread calculations.

Another example key to LPJmL-SPITFIRE is the uniform tree height and diameter for a given PFT in a given grid cell that
the LPJmL DGVM operates with (Schaphoff et al., 2018a). When combined with the tree-height and -diameter based mortality
functions of SPITFIRE, this poses a challenge in accurately representing the mortality of vegetation that can be quite hetero-
geneously sized in actual fact, but is uniform in the model. Future developments in DGVMs that allow for heterogeneous tree
sizes, as has been incorporated into LPJ-GUESS, may reduce the uncertainty in this regard, and the importance of vegetation

heterogeneity should be considered when applying SPITFIRE to a desired use case.

39



1015

1020

1025

1030

1035

1040

1045

References

Albini, F. A.: Computer-based models of wildland fire behavior: a user’s manual, Tech. rep., USDA Forest Service, Intermountain Forest and
Range Experiment Station, Ogden, UT, 1976.

Andela, N., Morton, D. C., Giglio, L., Chen, Y., Van Der Werf, G. R., Kasibhatla, P. S., DeFries, R. S., Collatz, G. J., Hantson, S., Kloster,
S., Bachelet, D., Forrest, M., Lasslop, G., Li, F., Mangeon, S., Melton, J. R., Yue, C., and Randerson, J. T.: A human-driven decline in
global burned area, Science, 356, 1356—1362, https://doi.org/10.1126/science.aal4108, 2017.

Andela, N., Morton, D. C., Giglio, L., Paugam, R., Chen, Y., Hantson, S., van der Werf, G. R., and Randerson, J. T.: The Global Fire Atlas
of individual fire size, duration, speed and direction, Earth System Science Data, 11, 529-552, https://doi.org/10.5194/essd-11-529-2019,
publisher: Copernicus GmbH, 2019.

Andrews, P. L.: The Rothermel surface fire spread model and associated developments: A comprehensive explanation, Gen. Tech. Rep.
RMRS-GTR-371. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station. 121 p., 371,
https://doi.org/10.2737/RMRS-GTR-371, 2018.

Andrews, P. L., Cruz, M. G., and Rothermel, R. C.: Examination of the wind speed limit function in the Rothermel surface fire spread model,
International Journal of Wildland Fire. doi: http://dx.doi.org/10.1071/WF12122, https://doi.org/10.1071/WF12122, 2013.

Aragoneses, E., Garcia, M., Salis, M., Ribeiro, L. M., and Chuvieco, E.: Classification and mapping of European fuels using a hierarchical-
multipurpose fuel classification system, Earth System Science Data Discussions, pp. 1-38, https://doi.org/10.5194/essd-2022-184, pub-
lisher: Copernicus GmbH, 2022.

Archibald, S., Roy, D. P, Van Wilgen, B. W., and Scholes, R. J.: What limits fire? An examination of drivers of burnt area in Southern Africa,
Global Change Biology, 15, 613-630, https://doi.org/10.1111/j.1365-2486.2008.01754.x, 2009.

Archibald, S., Lehmann, C. E. R., Belcher, C. M., Bond, W. J., Bradstock, R. A., Daniau, A.-L., Dexter, K. G., Forrestel, E. J., Greve, M.,
He, T., Higgins, S. 1., Hoffmann, W. A., Lamont, B. B., McGlinn, D. J., Moncrieff, G. R., Osborne, C. P., Pausas, J. G., Price, O., Ripley,
B. S., Rogers, B. M., Schwilk, D. W., Simon, M. E, Turetsky, M. R., Werf, G. R. V. d., and Zanne, A. E.: Biological and geophysical
feedbacks with fire in the Earth system, Environmental Research Letters, 13, 033 003, https://doi.org/10.1088/1748-9326/aa%ad, 2018.

Balch, J. K., Abatzoglou, J. T., Joseph, M. B., Koontz, M. J., Mahood, A. L., McGlinchy, J., Cattau, M. E., and Williams, A. P.: Warming
weakens the night-time barrier to global fire, Nature, 602, 442448, https://doi.org/10.1038/s41586-021-04325-1, number: 7897 Publisher:
Nature Publishing Group, 2022.

Baudena, M., Santana, V. M., Baeza, M. J., Bautista, S., Eppinga, M. B., Hemerik, L., Garcia Mayor, A., Rodriguez, F., Valdecantos, A.,
Vallejo, V. R., Vasques, A., and Rietkerk, M.: Increased aridity drives post-fire recovery of Mediterranean forests towards open shrublands,
New Phytologist, 225, 1500-1515, https://doi.org/10.1111/nph.16252, 2020.

Boulanger, Y., Pascual, J., Bouchard, M., D’Orangeville, L., Périé, C., and Girardin, M. P.: Multi-model projections of tree species per-
formance in Quebec, Canada under future climate change, Global Change Biology, 28, 1884—1902, https://doi.org/10.1111/gcb.16014,
2022.

Bowman, D. M. J. S., Balch, J. K., Artaxo, P, Bond, W. J., Carlson, J. M., Cochrane, M. A., D’Antonio, C. M., DeFries, R. S., Doyle,
J. C., Harrison, S. P., Johnston, F. H., Keeley, J. E., Krawchuk, M. A., Kull, C. A., Marston, J. B., Moritz, M. A., Prentice, 1. C.,
Roos, C. L., Scott, A. C., Swetnam, T. W., Van Der Werf, G. R., and Pyne, S. J.: Fire in the Earth System, Science, 324, 481484,
https://doi.org/10.1126/science.1163886, 2009.

40


https://doi.org/10.1126/science.aal4108
https://doi.org/10.5194/essd-11-529-2019
https://doi.org/10.2737/RMRS-GTR-371
https://doi.org/10.1071/WF12122
https://doi.org/10.5194/essd-2022-184
https://doi.org/10.1111/j.1365-2486.2008.01754.x
https://doi.org/10.1088/1748-9326/aa9ead
https://doi.org/10.1038/s41586-021-04325-1
https://doi.org/10.1111/nph.16252
https://doi.org/10.1111/gcb.16014
https://doi.org/10.1126/science.1163886

1050

1055

1060

1065

1070

1075

1080

1085

Bristiel, P., Gillespie, L., @strem, L., Balachowski, J., Violle, C., and Volaire, F.: Experimental evaluation of the robustness
of the growth—stress tolerance trade-off within the perennial grass Dactylis glomerata, Functional Ecology, 32, 1944-1958,
https://doi.org/10.1111/1365-2435.13112, 2018.

Brown, J. K.: Bulk Densities of Nonuniform Surface Fuels and Their Application to Fire Modeling, For. Sci., 24, 667-683, 1981.

Brown, T. P., Hoylman, Z. H., Conrad, E., Holden, Z., Jencso, K., and Jolly, W. M.: Decoupling between soil moisture and biomass drives
seasonal variations in live fuel moisture across co-occurring plant functional types, Fire Ecology, 18, 14, https://doi.org/10.1186/s42408-
022-00136-5, 2022.

Burgan, R. E.: Estimating live fuel moisture for the 1978 National Fire Danger Rating System, Gen. Tech. Rep. INT-226, U.S. Department of
Agriculture, Forest Service, Intermountain Forest and Range Experiment Station, Ogden,UT, https://www.frames.gov/catalog/5573, 1979.

Carlson, J. D., Bradshaw, L. S., Jr..Nelson, R. M., Bensch, R. R., and Jabrzemski, R.: Application of the Nelson model to four timelag
fuel classes using Oklahoma field observations: Model evaluation and comparison with national Fire Danger Rating System algorithms,
International Journal of Wildland Fire. 16: 204-216., 16, 204-216, https://doi.org/10.1071/wf06073, 2007.

Chaste, E., Girardin, M. P., Kaplan, J. O., Portier, J., Bergeron, Y., and Hély, C.: The pyrogeography of eastern boreal Canada from 1901 to
2012 simulated with the LPJ-LMfire model, Biogeosciences, 15, 1273-1292, https://doi.org/10.5194/bg-15-1273-2018, 2018.

Christian, H. J.: Global frequency and distribution of lightning as observed from space by the Optical Transient Detector, Journal of Geo-
physical Research, 108, 4005, https://doi.org/10.1029/2002JD002347, 2003.

Chuvieco, E., Gonzilez, 1., Verdd, F., Aguado, I., and Yebra, M.: Prediction of fire occurrence from live fuel moisture content measurements
in a Mediterranean ecosystem, International Journal of Wildland Fire, 18, 430—441, https://doi.org/10.1071/WF08020, 2009.

Chuvieco, E., Yebra, M., Martino, S., Thonicke, K., Gémez-Giménez, M., San-Miguel, J., Oom, D., Velea, R., Mouillot, F., Molina,
J. R., Miranda, A. L., Lopes, D., Salis, M., Bugaric, M., Sofiev, M., Kadantsev, E., Gitas, I. Z., Stavrakoudis, D., Eftychidis, G.,
Bar-Massada, A., Neidermeier, A., Pampanoni, V., Pettinari, M. L., Arrogante-Funes, F., Ochoa, C., Moreira, B., and Viegas, D.: To-
wards an Integrated Approach to Wildfire Risk Assessment: When, Where, What and How May the Landscapes Burn, Fire, 6, 215,
https://doi.org/10.3390/fire6050215, 2023.

Collin, A., Bernardin, D., and Séro-Guillaume, O.: A Physical-Based Cellular Automaton Model for Forest-Fire Propagation, Combustion
Science and Technology, 183, 347-369, https://doi.org/10.1080/00102202.2010.508476, 2011.

Cucchi, M., Weedon, G. P., Amici, A., Bellouin, N., Lange, S., Miiller Schmied, H., Hersbach, H., and Buontempo, C.: WFDES5: bias-adjusted
ERAS reanalysis data for impact studies, Earth System Science Data, 12, 2097-2120, https://doi.org/10.5194/essd-12-2097-2020, 2020.

Driike, M., Forkel, M., von Bloh, W., Sakschewski, B., Cardoso, M., Bustamante, M., Kurths, J., and Thonicke, K.: Improving the
LPJmLA4-SPITFIRE vegetation—fire model for South America using satellite data, Geoscientific Model Development, 12, 5029-5054,
https://doi.org/10.5194/gmd-12-5029-2019, publisher: Copernicus GmbH, 2019.

Driike, M., Sakschewski, B., von Bloh, W., Billing, M., Lucht, W., and Thonicke, K.: Fire may prevent future Amazon forest recovery after
large-scale deforestation, Communications Earth & Environment, 4, 1-10, https://doi.org/10.1038/s43247-023-00911-5, 2023.

Emmett, K. D., Renwick, K. M., and Poulter, B.: Adapting a dynamic vegetation model for regional biomass, plant biogeography,
and fire modeling in the Greater Yellowstone Ecosystem: Evaluating LPJ-GUESS-LMfireCF, Ecological Modelling, 440, 109417,
https://doi.org/10.1016/j.ecolmodel.2020.109417, 2021.

Ephrath, J. E., Goudriaan, J., and Marani, A.: Modelling diurnal patterns of air temperature, radiation wind speed and relative humidity by

equations from daily characteristics, Agricultural Systems, 51, 377-393, https://doi.org/10.1016/0308-521X(95)00068-G, 1996.

41


https://doi.org/10.1111/1365-2435.13112
https://doi.org/10.1186/s42408-022-00136-5
https://doi.org/10.1186/s42408-022-00136-5
https://doi.org/10.1186/s42408-022-00136-5
https://www.frames.gov/catalog/5573
https://doi.org/10.1071/wf06073
https://doi.org/10.5194/bg-15-1273-2018
https://doi.org/10.1029/2002JD002347
https://doi.org/10.1071/WF08020
https://doi.org/10.3390/fire6050215
https://doi.org/10.1080/00102202.2010.508476
https://doi.org/10.5194/essd-12-2097-2020
https://doi.org/10.5194/gmd-12-5029-2019
https://doi.org/10.1038/s43247-023-00911-5
https://doi.org/10.1016/j.ecolmodel.2020.109417
https://doi.org/10.1016/0308-521X(95)00068-G

1090

1095

1100

1105

1110

1115

1120

Felsberg, A., Kloster, S., Wilkenskjeld, S., Krause, A., and Lasslop, G.: Lightning Forcing in Global Fire Models: The Importance of
Temporal Resolution, Journal of Geophysical Research: Biogeosciences, 123, 168—177, https://doi.org/10.1002/2017JG004080, 2018.
Finney, M. A.: FARSITE: Fire Area Simulator-model development and evaluation, Res. Pap. RMRS-RP-4, Revised 2004. Ogden, UT: U.S.

Department of Agriculture, Forest Service, Rocky Mountain Research Station. 47 p., 4, https://doi.org/10.2737/RMRS-RP-4, 1998.

Finney, M. A.: An overview of FlamMap fire modeling capabilities, in: Fuels Management-How to Measure Success: Conference Proceed-
ings, pp. 213-220, USDA Forest Service, Rocky Mountain Research Station, Portland, OR, 2006.

Fischer, R., Rodig, E., and Huth, A.: Consequences of a Reduced Number of Plant Functional Types for the Simulation of Forest Productivity,
Forests, 9, 460, https://doi.org/10.3390/f9080460, 2018.

Forkel, M., Carvalhais, N., Schaphoff, S., v. Bloh, W., Migliavacca, M., Thurner, M., and Thonicke, K.: Identifying environmental controls
on vegetation greenness phenology through model-data integration, Biogeosciences, 11, 7025-7050, https://doi.org/10.5194/bg-11-7025-
2014, 2014.

Forkel, M., Andela, N., Harrison, S. P., Lasslop, G., van Marle, M., Chuvieco, E., Dorigo, W., Forrest, M., Hantson, S., Heil, A., Li, F.,
Melton, J., Sitch, S., Yue, C., and Arneth, A.: Emergent relationships with respect to burned area in global satellite observations and
fire-enabled vegetation models, Biogeosciences, 16, 57-76, https://doi.org/10.5194/bg-16-57-2019, 2019a.

Forkel, M., Driike, M., Thurner, M., Dorigo, W., Schaphoff, S., Thonicke, K., von Bloh, W., and Carvalhais, N.: Constrain-
ing modelled global vegetation dynamics and carbon turnover using multiple satellite observations, Scientific Reports, 9, 18757,
https://doi.org/10.1038/s41598-019-55187-7, 2019b.

Forkel, M., Schmidt, L., Zotta, R.-M., Dorigo, W., and Yebra, M.: Estimating leaf moisture content at global scale from passive microwave
satellite observations of vegetation optical depth, Hydrology and Earth System Sciences, 27, 39-68, https://doi.org/10.5194/hess-27-39-
2023, 2023.

Giglio, L., Randerson, J. T., and Van Der Werf, G. R.: Analysis of daily, monthly, and annual burned area using the fourth-generation global
fire emissions database (GFED4), Journal of Geophysical Research: Biogeosciences, 118, 317-328, https://doi.org/10.1002/jgrg.20042,
2013.

Hantson, S., Lasslop, G., Kloster, S., and Chuvieco, E.: Anthropogenic effects on global mean fire size, International Journal of Wildland
Fire, 24, 589-596, https://doi.org/10.1071/WF14208, 2015.

Hantson, S., Arneth, A., Harrison, S. P., Kelley, D. L., Prentice, I. C., Rabin, S. S., Archibald, S., Mouillot, F., Arnold, S. R., Artaxo, P.,
Bachelet, D., Ciais, P., Forrest, M., Friedlingstein, P., Hickler, T., Kaplan, J. O., Kloster, S., Knorr, W., Lasslop, G., Li, F., Mangeon, S.,
Melton, J. R., Meyn, A., Sitch, S., Spessa, A., van der Werf, G. R., Voulgarakis, A., and Yue, C.: The status and challenge of global fire
modelling, Biogeosciences, 13, 3359-3375, https://doi.org/10.5194/bg-13-3359-2016, 2016.

Hantson, S., Kelley, D. 1., Arneth, A., Harrison, S. P., Archibald, S., Bachelet, D., Forrest, M., Hickler, T., Lasslop, G., Li, F., Mangeon, S.,
Melton, J. R., Nieradzik, L., Rabin, S. S., Prentice, I. C., Sheehan, T., Sitch, S., Teckentrup, L., Voulgarakis, A., and Yue, C.: Quantitative
assessment of fire and vegetation properties in simulations with fire-enabled vegetation models from the Fire Model Intercomparison
Project, Geoscientific Model Development, 13, 3299-3318, https://doi.org/10.5194/gmd-13-3299-2020, 2020.

Harrison, S. P., Prentice, 1. C., Bloomfield, K. J., Dong, N., Forkel, M., Forrest, M., Ningthoujam, R. K., Pellegrini, A., Shen, Y., Bau-
dena, M., Cardoso, A. W., Huss, J. C., Joshi, J., Oliveras, 1., Pausas, J. G., and Simpson, K. J.: Understanding and modelling wildfire
regimes: an ecological perspective, Environmental Research Letters, 16, 125 008, https://doi.org/10.1088/1748-9326/ac39be, publisher:
IOP Publishing, 2021.

42


https://doi.org/10.1002/2017JG004080
https://doi.org/10.2737/RMRS-RP-4
https://doi.org/10.3390/f9080460
https://doi.org/10.5194/bg-11-7025-2014
https://doi.org/10.5194/bg-11-7025-2014
https://doi.org/10.5194/bg-11-7025-2014
https://doi.org/10.5194/bg-16-57-2019
https://doi.org/10.1038/s41598-019-55187-7
https://doi.org/10.5194/hess-27-39-2023
https://doi.org/10.5194/hess-27-39-2023
https://doi.org/10.5194/hess-27-39-2023
https://doi.org/10.1002/jgrg.20042
https://doi.org/10.1071/WF14208
https://doi.org/10.5194/bg-13-3359-2016
https://doi.org/10.5194/gmd-13-3299-2020
https://doi.org/10.1088/1748-9326/ac39be

1125

1130

1135

1140

1145

1150

1155

He, Y., Monahan, A. H., and McFarlane, N. A.: Diurnal variations of land surface wind speed probability distributions under clear-sky and
low-cloud conditions, Geophysical Research Letters, 40, 3308-3314, https://doi.org/10.1002/grl.50575, 2013.

Hourdin, F., Mauritsen, T., Gettelman, A., Golaz, J.-C., Balaji, V., Duan, Q., Folini, D., Ji, D., Klocke, D., Qian, Y., Rauser, F., Rio, C,,
Tomassini, L., Watanabe, M., and Williamson, D.: The Art and Science of Climate Model Tuning, Bulletin of the American Meteorological
Society, 98, 589602, https://doi.org/10.1175/BAMS-D-15-00135.1, 2017.

Jolly, W. M., Nemani, R., and Running, S. W.: A generalized, bioclimatic index to predict foliar phenology in response to climate, Global
Change Biology, 11, 619-632, https://doi.org/10.1111/j.1365-2486.2005.00930.x, 2005.

Jung, C. and Schindler, D.: Integration of small-scale surface properties in a new high resolution global wind speed model, Energy Conversion
and Management, 210, 112 733, https://doi.org/10.1016/j.enconman.2020.112733, 2020.

Kaplan, J. O. and Lau, K. H.-K.: The WGLC global gridded lightning climatology and time series, Earth System Science Data, 13, 3219-
3237, https://doi.org/10.5194/essd-13-3219-2021, 2021.

Kaplan, J. O., Pfeiffer, M., Kolen, J. C. A., and Davis, B. A. S.: Large Scale Anthropogenic Reduction of Forest Cover in Last Glacial
Maximum Europe, PLOS ONE, 11, e0166 726, https://doi.org/10.1371/journal.pone.0166726, 2016.

Keep, T., Sampoux, J., Barre, P., Blanco-Pastor, J., Dehmer, K. J., Durand, J., Hegarty, M., Ledauphin, T., Muylle, H., Rold4n-Ruiz, I.,
Ruttink, T., Surault, F., Willner, E., and Volaire, F.: To grow or survive: Which are the strategies of a perennial grass to face severe
seasonal stress?, Functional Ecology, 35, 11451158, https://doi.org/10.1111/1365-2435.13770, 2021.

Kelley, D. I., Harrison, S. P., and Prentice, I. C.: Improved simulation of fire—vegetation interactions in the Land surface Processes and
eXchanges dynamic global vegetation model (LPX-Mv1), Geoscientific Model Development, 7, 2411-2433, https://doi.org/10.5194/gmd-
7-2411-2014, 2014.

Klein Goldewijk, K., Beusen, A., and Janssen, P.: Long-term dynamic modeling of global population and built-up area in a spatially explicit
way: HYDE 3.1, The Holocene, 20, 565-573, https://doi.org/10.1177/0959683609356587, 2010.

Kovesi, P.: Good Colour Maps: How to Design Them, Tech. Rep. arXiv:1509.03700, arXiv, https://doi.org/10.48550/arXiv.1509.03700,
arXiv:1509.03700 [cs] type: article, 2015.

Krueger, E. S., Levi, M. R., Achieng, K. O., Bolten, J. D., Carlson, J. D., Coops, N. C., Holden, Z. A., Magi, B. 1., Rigden, A. J., Ochsner,
T. E.,, Krueger, E. S., Levi, M. R., Achieng, K. O., Bolten, J. D., Carlson, J. D., Coops, N. C., Holden, Z. A., Magi, B. 1., Rigden, A. J.,
and Ochsner, T. E.: Using soil moisture information to better understand and predict wildfire danger: a review of recent developments and
outstanding questions, International Journal of Wildland Fire, 32, 111-132, https://doi.org/10.1071/WF22056, 2022.

Lacand, M., Asselin, H., Magne, G., Aakala, T., Remy, C. C., Seppd, H., and Ali, A. A.: Multimillennial fire history of northern Finland
along a latitude/elevation gradient, Quaternary Science Reviews, 312, 108 171, https://doi.org/10.1016/j.quascirev.2023.108171, 2023.
Lasslop, G., Thonicke, K., and Kloster, S.: SPITFIRE within the MPI Earth system model: Model development and evaluation, Journal of

Advances in Modeling Earth Systems, 6, 740-755, https://doi.org/10.1002/2013MS000284, 2014.

Lasslop, G., Hantson, S., Harrison, S. P., Bachelet, D., Burton, C., Forkel, M., Forrest, M., Li, F., Melton, J. R., Yue, C., Archibald, S.,
Scheiter, S., Arneth, A., Hickler, T., and Sitch, S.: Global ecosystems and fire: Multi-model assessment of fire-induced tree-cover and
carbon storage reduction, Global Change Biology, 26, 5027-5041, https://doi.org/10.1111/gcb.15160, 2020.

Lehsten, V., Tansey, K., Balzter, H., Thonicke, K., Spessa, A., Weber, U., Smith, B., and Arneth, A.: Estimating carbon emissions from
African wildfires, Biogeosciences, 6, 349-360, https://doi.org/10.5194/bg-6-349-2009, 2009.

43


https://doi.org/10.1002/grl.50575
https://doi.org/10.1175/BAMS-D-15-00135.1
https://doi.org/10.1111/j.1365-2486.2005.00930.x
https://doi.org/10.1016/j.enconman.2020.112733
https://doi.org/10.5194/essd-13-3219-2021
https://doi.org/10.1371/journal.pone.0166726
https://doi.org/10.1111/1365-2435.13770
https://doi.org/10.5194/gmd-7-2411-2014
https://doi.org/10.5194/gmd-7-2411-2014
https://doi.org/10.5194/gmd-7-2411-2014
https://doi.org/10.1177/0959683609356587
https://doi.org/10.48550/arXiv.1509.03700
https://doi.org/10.1071/WF22056
https://doi.org/10.1016/j.quascirev.2023.108171
https://doi.org/10.1002/2013MS000284
https://doi.org/10.1111/gcb.15160
https://doi.org/10.5194/bg-6-349-2009

1160

1165

1170

1175

1180

1185

1190

Lehsten, V., Arneth, A., Spessa, A., Thonicke, K., Moustakas, A., Lehsten, V., Arneth, A., Spessa, A., Thonicke, K., and Moustakas,
A.: The effect of fire on tree—grass coexistence in savannas: a simulation study, International Journal of Wildland Fire, 25, 137-146,
https://doi.org/10.1071/WF14205, 2015.

Li, F., Val Martin, M., Andreae, M. O., Arneth, A., Hantson, S., Kaiser, J. W., Lasslop, G., Yue, C., Bachelet, D., Forrest, M., Kluzek, E., Liu,
X., Mangeon, S., Melton, J. R., Ward, D. S., Darmenov, A., Hickler, T., Ichoku, C., Magi, B. L, Sitch, S., van der Werf, G. R., Wiedinmyer,
C., and Rabin, S. S.: Historical (1700-2012) global multi-model estimates of the fire emissions from the Fire Modeling Intercomparison
Project (FireMIP), Atmospheric Chemistry and Physics, 19, 12 545-12 567, https://doi.org/10.5194/acp-19-12545-2019, 2019.

Lutz, F., Herzfeld, T., Heinke, J., Rolinski, S., Schaphoff, S., von Bloh, W., Stoorvogel, J. J., and Miiller, C.: Simulating the effect
of tillage practices with the global ecosystem model LPJmL (version 5.0-tillage), Geoscientific Model Development, 12, 2419-2440,
https://doi.org/10.5194/gmd-12-2419-2019, 2019.

McCarty, J. L., Aalto, J., Paunu, V.-V., Amold, S. R., Eckhardt, S., Klimont, Z., Fain, J. J., Evangeliou, N., Venildinen, A., Tchebakova,
N. M., Parfenova, E. 1., Kupiainen, K., Soja, A. J., Huang, L., and Wilson, S.: Reviews and syntheses: Arctic fire regimes and emissions
in the 21st century, Biogeosciences, 18, 5053-5083, https://doi.org/10.5194/bg-18-5053-2021, 2021.

Mendiguren, G., Pilar Martin, M., Nieto, H., Pacheco-Labrador, J., and Jurdao, S.: Seasonal variation in grass water content estimated from
proximal sensing and MODIS time series in a Mediterranean Fluxnet site, Biogeosciences, 12, 5523-5535, https://doi.org/10.5194/bg-12-
5523-2015, 2015.

Morin, K. and Davis, J. L.: Cross-validation: What is it and how is it used in regression?, Communications in Statistics - Theory and Methods,
46, 5238-5251, https://doi.org/10.1080/03610926.2015.1099672, 2017.

Muiioz-Sabater, J., Dutra, E., Agusti-Panareda, A., Albergel, C., Arduini, G., Balsamo, G., Boussetta, S., Choulga, M., Harrigan, S., Hers-
bach, H., Martens, B., Miralles, D. G., Piles, M., Rodriguez-Fernandez, N. J., Zsoter, E., Buontempo, C., and Thépaut, J.-N.: ERA5-Land:
a state-of-the-art global reanalysis dataset for land applications, Earth System Science Data, 13, 4349-4383, https://doi.org/10.5194/essd-
13-4349-2021, 2021.

Narayanaraj, G. and Wimberly, M. C.: Influences of forest roads on the spatial pattern of wildfire boundaries, International Journal of
Wildland Fire, 20, 792-803, https://doi.org/10.1071/WF10032, 2011.

Nelson, R. M.: Prediction of diurnal change in 10-h fuel stick moisture content, Canadian Journal of Forest Research, 30, 1071-1087,
https://doi.org/10.1139/x00-032, 2000.

Pechony, O. and Shindell, D. T.: Fire parameterization on a global scale, Journal of Geophysical Research: Atmospheres, 114,
https://doi.org/10.1029/2009JD011927, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2009JD011927, 2009.

Perkins, O., Matej, S., Erb, K., and Millington, J.: Towards a global behavioural model of anthropogenic fire: The spatiotemporal distribution
of land-fire systems, Socio-Environmental Systems Modelling, 4, 18 130-18 130, https://doi.org/10.18174/sesmo.18130, 2022.

Peterson, D. L. and Ryan, K. C.: Modeling postfire conifer mortality for long-range planning, Environmental Management, 10, 797-808,
https://doi.org/10.1007/BF01867732, 1986.

Pfeiffer, M., Spessa, A., and Kaplan, J. O.: A model for global biomass burning in preindustrial time: LPJ-LMfire (v1.0), Geoscientific Model
Development, 6, 643-685, https://doi.org/10.5194/gmd-6-643-2013, publisher: Copernicus GmbH, 2013.

Potter, B. E.: Atmospheric interactions with wildland fire behaviour — I. Basic surface interactions, vertical profiles and synoptic structures,

International Journal of Wildland Fire, 21, 779-801, https://doi.org/10.1071/WF11128, 2012.

44


https://doi.org/10.1071/WF14205
https://doi.org/10.5194/acp-19-12545-2019
https://doi.org/10.5194/gmd-12-2419-2019
https://doi.org/10.5194/bg-18-5053-2021
https://doi.org/10.5194/bg-12-5523-2015
https://doi.org/10.5194/bg-12-5523-2015
https://doi.org/10.5194/bg-12-5523-2015
https://doi.org/10.1080/03610926.2015.1099672
https://doi.org/10.5194/essd-13-4349-2021
https://doi.org/10.5194/essd-13-4349-2021
https://doi.org/10.5194/essd-13-4349-2021
https://doi.org/10.1071/WF10032
https://doi.org/10.1139/x00-032
https://doi.org/10.1029/2009JD011927
https://doi.org/10.18174/sesmo.18130
https://doi.org/10.1007/BF01867732
https://doi.org/10.5194/gmd-6-643-2013
https://doi.org/10.1071/WF11128

1195

1200

1205

1210

1215

1220

1225

1230

Prentice, 1. C., Kelley, D. I., Foster, P. N., Friedlingstein, P., Harrison, S. P, and Bartlein, P. J.: Modeling fire and the ter-
restrial carbon balance: MODELING FIRE AND LAND CARBON BALANCE, Global Biogeochemical Cycles, 25, n/a—n/a,
https://doi.org/10.1029/2010GB003906, 2011.

Rabin, S. S., Melton, J. R., Lasslop, G., Bachelet, D., Forrest, M., Hantson, S., Kaplan, J. O., Li, F.,, Mangeon, S., Ward, D. S., Yue, C,,
Arora, V. K., Hickler, T., Kloster, S., Knorr, W., Nieradzik, L., Spessa, A., Folberth, G. A., Sheehan, T., Voulgarakis, A., Kelley, D. L.,
Prentice, 1. C., Sitch, S., Harrison, S., and Arneth, A.: The Fire Modeling Intercomparison Project (FireMIP), phase 1: experimental and
analytical protocols with detailed model descriptions, Geoscientific Model Development, 10, 1175-1197, https://doi.org/10.5194/gmd-
10-1175-2017, 2017.

Randerson, J. T., Van Der Werf, G. R., Giglio, L., Collatz, G. J., and Kasibhatla, P. S.: Global Fire Emissions Database, Version 4.1 (GFEDv4),
ORNL DAAC, https://doi.org/10.3334/ORNLDAAC/1293, 2015.

Rothermel, R. C.: A Mathematical Model for Predicting Fire Spread in Wildland Fuels, Intermountain Forest & Range Experiment Station,
Forest Service, U.S. Department of Agriculture, google-Books-ID: AfyMv5SNBSjoC, 1972.

Schaphoff, S., von Bloh, W., Rammig, A., Thonicke, K., Biemans, H., Forkel, M., Gerten, D., Heinke, J., Jigermeyr, J., Knauer, J., Langer-
wisch, F., Lucht, W., Miiller, C., Rolinski, S., and Waha, K.: LPJmL4 — a dynamic global vegetation model with managed land — Part 1:
Model description, Geoscientific Model Development, 11, 1343—1375, https://doi.org/10.5194/gmd-11-1343-2018, publisher: Copernicus
GmbH, 2018a.

Schaphoff, S., von Bloh, W., Thonicke, K., Biemans, H., Forkel, M., Gerten, D., Heinke, J., Jigermeyr, J., Miiller, C., Rolinski, S., Waha, K.,
Stehfest, E., de Waal, L., Heyder, U., Gumpenberger, M., and Beringer, T.: LPJmL4 Model Code, https://doi.org/10.5880/PIK.2018.002,
2018b.

Schaphoff, S., von Bloh, W., Rammig, A., Thonicke, K., Biemans, H., Forkel, M., Gerten, D., Heinke, J., Jigermeyr, J., Langerwisch, F.,
Lucht, W., Rolinski, S., Waha, K., Ostberg, S., Wirth, S. B., Fader, M., Driike, M., Jans, Y., Lutz, F., Herzfeld, T., Minoli, S., Porwollik,
V., Stehfest, E., de Waal, L., Beringer (Erbrecht), T., Rost (Jachner), S., Gumpenberger, M., Heyder, U., Werner, C., Braun, J., Breier, J.,
Stenzel, F., Mathesius, S., Hemmen, M., Billing, M., Oberhagemann, L., Sakschewski, B., and Miiller, C.: LPJmL: central open-source
github repository of LPJmL at PIK, https://doi.org/10.5281/zenodo.11105506, 2024.

Scheiter, S., Langan, L., and Higgins, S. I.: Next-generation dynamic global vegetation models: learning from community ecology, New
Phytologist, 198, 957-9609, https://doi.org/10.1111/nph.12210, 2013.

Scott, J. H. and Burgan, R. E.: Standard fire behavior fuel models: a comprehensive set for use with Rothermel’s surface fire spread model,
Gen. Tech. Rep. RMRS-GTR-153. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station.
72 p., 153, https://doi.org/10.2737/RMRS-GTR-153, 2005.

Senande-Rivera, M., Insua-Costa, D., and Miguez-Macho, G.: Towards an atmosphere more favourable to firestorm development in Europe,
Environmental Research Letters, 17, 094 015, https://doi.org/10.1088/1748-9326/ac85ce, 2022.

Sharples, J. J.: An overview of mountain meteorological effects relevant to fire behaviour and bushfire risk, International Journal of Wildland
Fire, 18, 737-754, https://doi.org/10.1071/WF08041, 2009.

Sjostrom, J. and Granstrom, A.: A phenology-driven fire danger index for northern grasslands, International Journal of Wildland Fire, 32,
1332-1346, https://doi.org/10.1071/WF23013, 2023.

Teckentrup, L., Harrison, S. P., Hantson, S., Heil, A., Melton, J. R., Forrest, M., Li, E., Yue, C., Arneth, A., Hickler, T., Sitch, S., and Lasslop,
G.: Response of simulated burned area to historical changes in environmental and anthropogenic factors: a comparison of seven fire

models, Biogeosciences, 16, 3883-3910, https://doi.org/10.5194/bg-16-3883-2019, 2019.

45


https://doi.org/10.1029/2010GB003906
https://doi.org/10.5194/gmd-10-1175-2017
https://doi.org/10.5194/gmd-10-1175-2017
https://doi.org/10.5194/gmd-10-1175-2017
https://doi.org/10.3334/ORNLDAAC/1293
https://doi.org/10.5194/gmd-11-1343-2018
https://doi.org/10.5880/PIK.2018.002
https://doi.org/10.5281/zenodo.11105506
https://doi.org/10.1111/nph.12210
https://doi.org/10.2737/RMRS-GTR-153
https://doi.org/10.1088/1748-9326/ac85ce
https://doi.org/10.1071/WF08041
https://doi.org/10.1071/WF23013
https://doi.org/10.5194/bg-16-3883-2019

1235

1240

1245

1250

1255

1260

1265

The MathWorks Inc.: MATLAB version: 9.10.0 (R2021b), https://www.mathworks.com, 2021.

Thonicke, K., Spessa, A., Prentice, I. C., Harrison, S. P., Dong, L., and Carmona-Moreno, C.: The influence of vegetation, fire spread
and fire behaviour on biomass burning and trace gas emissions: results from a process-based model, Biogeosciences, 7, 1991-2011,
https://doi.org/10.5194/bg-7-1991-2010, publisher: Copernicus GmbH, 2010.

Venevsky, S., Thonicke, K., Sitch, S., and Cramer, W.: Simulating fire regimes in human-dominated ecosystems: Iberian Peninsula case
study: A REGIONAL SCALE FIRE MODEL, Global Change Biology, 8, 984-998, https://doi.org/10.1046/j.1365-2486.2002.00528 .,
2002.

von Bloh, W., Schaphoff, S., Miiller, C., Rolinski, S., Waha, K., and Zaehle, S.: Implementing the nitrogen cycle into the dynamic
global vegetation, hydrology, and crop growth model LPJmL (version 5.0), Geoscientific Model Development, 11, 2789-2812,
https://doi.org/10.5194/gmd-11-2789-2018, 2018a.

von Bloh, W., Schaphoff, S., Miiller, C., Rolinski, S., Waha, K., and Zaehle, S.: LPJmL5 Model Code, https://doi.org/10.5880/PIK.2018.011,
2018b.

Ward, D. S., Shevliakova, E., Malyshev, S., and Rabin, S.: Trends and Variability of Global Fire Emissions Due To His-
torical Anthropogenic Activities, Global Biogeochemical Cycles, 32, 122-142, https://doi.org/10.1002/2017GB005787, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/2017GB005787, 2018.

Weise, D. R., Koo, E., Zhou, X., Mahalingam, S., Morandini, F., and Balbi, J.-H.: Fire spread in chaparral — a comparison of lab-
oratory data and model predictions in burning live fuels, International Journal of Wildland Fire. 25(9): 980-994, 25, 980-994,
https://doi.org/10.1071/WF15177, 2016.

Wirth, S. B., Braun, J., Heinke, J., Ostberg, S., Rolinski, S., Schaphoff, S., Stenzel, F., von Bloh, W., and Miiller, C.: Biological nitrogen
fixation of natural and agricultural vegetation simulated with LPJmL 5.7.9, EGUsphere, pp. 1-29, https://doi.org/10.5194/egusphere-
2023-2946, 2024.

Wu, M., Knorr, W., Thonicke, K., Schurgers, G., Camia, A., and Arneth, A.: Sensitivity of burned area in Europe to climate change, atmo-
spheric CO2 levels, and demography: A comparison of two fire-vegetation models, Journal of Geophysical Research: Biogeosciences,
120, 22562272, https://doi.org/10.1002/2015JG003036, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2015JG003036, 2015.

Yebra, M., Scortechini, G., Badi, A., Beget, M. E., Boer, M. M., Bradstock, R., Chuvieco, E., Danson, F. M., Dennison, P., Resco de Dios,
V., Di Bella, C. M., Forsyth, G., Frost, P., Garcia, M., Hamdi, A., He, B., Jolly, M., Kraaij, T., Martin, M. P., Mouillot, F., Newnham, G.,
Nolan, R. H., Pellizzaro, G., Qi, Y., Quan, X., Riafio, D., Roberts, D., Sow, M., and Ustin, S.: Globe-LFMC, a global plant water status
database for vegetation ecophysiology and wildfire applications, Scientific Data, 6, 155, https://doi.org/10.1038/s41597-019-0164-9, 2019.

Yue, C., Ciais, P, Cadule, P., Thonicke, K., Archibald, S., Poulter, B., Hao, W. M., Hantson, S., Mouillot, F., Friedlingstein, P., Maignan,
F., and Viovy, N.: Modelling the role of fires in the terrestrial carbon balance by incorporating SPITFIRE into the global vegetation
model ORCHIDEE - Part 1: simulating historical global burned area and fire regimes, Geoscientific Model Development, 7, 2747-2767,
https://doi.org/10.5194/gmd-7-2747-2014, 2014.

Yue, C., Ciais, P, Cadule, P., Thonicke, K., and van Leeuwen, T. T.: Modelling the role of fires in the terrestrial carbon balance by incor-
porating SPITFIRE into the global vegetation model ORCHIDEE - Part 2: Carbon emissions and the role of fires in the global carbon
balance, Geoscientific Model Development, 8, 1321-1338, https://doi.org/10.5194/gmd-8-1321-2015, 2015.

46


https://www.mathworks.com
https://doi.org/10.5194/bg-7-1991-2010
https://doi.org/10.1046/j.1365-2486.2002.00528.x
https://doi.org/10.5194/gmd-11-2789-2018
https://doi.org/10.5880/PIK.2018.011
https://doi.org/10.1002/2017GB005787
https://doi.org/10.1071/WF15177
https://doi.org/10.5194/egusphere-2023-2946
https://doi.org/10.5194/egusphere-2023-2946
https://doi.org/10.5194/egusphere-2023-2946
https://doi.org/10.1002/2015JG003036
https://doi.org/10.1038/s41597-019-0164-9
https://doi.org/10.5194/gmd-7-2747-2014
https://doi.org/10.5194/gmd-8-1321-2015

