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Abstract

A new fire model is proposed which estimates areas burnt on a macro-scale (10-100 km).
It consists of three parts: evaluation of fire danger due to climatic conditions, estimation
of the number of fires and the extent of the area burnt. The model can operate on three
time steps, daily, monthly and yearly, and interacts with a Dynamic Global Vegetation
Model (DGVM), thereby providing an important forcing for natural competition. Fire
danger is related to number of dry days and amplitude of daily temperature during these
days. The number of fires during fire days varies with human population density. Areas
burnt are calculated based on average wind speed, available fuel and fire duration. The
model has been incorporated into the Lund-Potsdam-Jena Dynamic Global Vegetation
Model (LPJ-DGVM) and has been tested for peninsular Spain. LPJ-DGVM was modified
to allow bi-directional feedback between fire disturbance and vegetation dynamics. The
number of fires and areas burnt were simulated for the period 1974-94 and compared
against observations. The model produced realistic results, which are well correlated,
both spatially and temporally, with the fire statistics. Therefore, a relatively simple
mechanistic fire model can be used to reproduce fire regime patterns in human-
dominated ecosystems over a large region and a long time period.
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Introduction

Fires have a large impact on vegetation and ecosystem
structure. By killing vegetation, fires open closed can-
opies and facilitate seed germination for certain species,
thereby influencing both the seed pools and vegetative
propagules in the soil. Fire is important in the life cycle of
many plant species and for their competitive abilities,
thereby contributing to the structure of plant commu-
nities. Associated with fire is a release of carbon into the
atmosphere. On the global scale, the total biomass burnt
is about 4.5Pg C yearfl, of which more than 2.5Pg C
year ' are released in savannah and forest ecosystems
(Levine, 1996). This value is comparable to other major
fluxes in the global carbon budget (5.5Pg C year ' for
industrial emissions, about 2Pg C year ' ocean uptake,
1.5Pg C yearf1 land use) (IPCC, 1995). Therefore, fire is
an integral part not only in vegetation succession, but
also in global biogeochemical cycles.
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A variety of models (see review in Gardner ef al., 1999)
have been developed to describe fire effects in natural
ecosystems. Statistical fire models (e.g. Johnson & Gutsell,
1994), using Weibull probability distributions as a func-
tion of stand age imply a static fire regime. Application of
such concepts to new environmental conditions (i.e. an-
other study region or changed climatic conditions at the
site) would require new parameterisations. An analysis
of the ecosystem component responsible for changes in a
particular fire regime cannot be identified using this
modelling approach. To study various facets of the
vegetation—fire interaction, an explicit simulation of fire
dynamics (fire ignition and spread conditions) and its
effects on vegetation regeneration (fire intensity, area
burnt and subsequent successional dynamics) is re-
quired. Such a mechanistic modelling approach would
allow studies under changing environmental conditions.
Physical models (Rothermel, 1972; Albini, 1976), later
adapted to Chaparral ecosystems by Davis & Burrows
(1994), simulate fire dynamics explicitly and can be ap-
plied at small scales (hectares to square kilometres). To
model fire dynamics at scales of coarse-scale vegetation
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dynamics (i.e. at a spatial resolution of 100~10000 km?
and at daily to annual time steps, but applied over an
investigation period of several decades), a generalization
of this concept as well as its parameterisations are
required.

Different generalizations have been made regarding
scaling and in modelling fire dynamics, and its effects
on vegetation dynamics. These studies differ in their in-
terpretation of process relevance at coarser scales.
Lenihan & Neilson, 1998) uses a combination of physical
models to describe fire occurrence and spread in the
model MCFIRE. Keane (1996b) uses Weibull probability
distributions in FIRE-BGC for fire ignitions. Fire behavior
and spread is then explicitly modelled using physical
models FARSITE (Finney, 1994). This approach fixes the
fire weather conditions causing fire ignition to the histor-
ical pattern and therefore ignores any changes in the fire
weather system. Consideration of human and natural
ignition sources, such as in CRBSUM (Keane et al.,
1996a) in which probability functions are used, can be
used as a tool for fire management and land use strategies.
Thus, a fire weather index, interpreting the fire danger in
certain climatic conditions, combined with a rather mech-
anistic formulation of human-caused ignitions would be
the preferable tool to model fire occurrence. This would
allow a more realistic representation, since in some eco-
systems 85-97% of the fires are human-caused (Moreno
et al., 1998; Shvidenko et al., 1998). The need for improved
coarse-scale fire models, which can also be used for
practical fire management, has been identified by Keane
& Long (1998). The successional pathway approach to
model post-fire succession at the coarse-scale in
CRBSUM, does not consider new successional dynamics,
which could develop in a changing environment. This
can be done using a vegetation model, which simulates
vegetation processes dynamically.

The main problems simulating coarse-scale fires at the
regional scale were described by McKenzie et al. (1996) as
follows:

o A lack of data on the ecological effects of fire at coarse
spatial resolution complicates model development and
validation.

e Process-based fire models were built for fine scales
(from hectares to square kilometres) and thereby
assume ecosystem homogeneity, which is no longer
the case at regional scales.

e Landscape patterns influence both ignition and fire
spread; however, these patterns are poorly (if at all)
described on a coarse scale.

The importance of specific fire-relevant processes
depends on the spatial and temporal scale, which needs

to be recognized when their functional representation
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in fire models is applied at a different scale. Therefore,
generalizations of the model concept, re-parameterisation
and validation of the modelled processes become
necessary.

In order to improve our understanding of fire regimes
and their effects on vegetation dynamics, and consider-
ing the new requirements, we have developed the model
Reg-FIRM (Regional FIRe Model). This model simulates
general fire dynamics based on physical models and
explicitly considers different ignition sources. It is
designed for fire simulation at coarse spatial scales
(100-2500km?) and can be adapted for calculation on
daily, monthly or yearly time steps.

The Reg-FIRM is designed as a further development
of our previous fire model Glob-FIRM (Thonicke et al.,
2001), which combines the fire history concept (Johnson
& Gutsell, 1994) with process-orientated fire modelling.
Glob-FIRM simulates fire regimes at the global scale and
coarse-scale fire-vegetation interactions.

We incorporated Reg-FIRM into the Lund-Potsdam-
Jena Dynamic Global Vegetation Model (LPJ-DGVM,
Sitch et al., 2002) to allow dynamic interactions between
fire and vegetation. Reg-FIRM provides area burnt for
the DGVM by estimating the number of fires, which
depends on climatic fire danger, both human and
natural-caused ignitions, and the average size of a fire
in a grid cell.

In this study the regional fire model Reg-FIRM was run
inside the LPJ-DGVM at a daily and monthly time step
for the period 1974-94 at a spatial resolution of 0.5° x 0.5
longitude/latitude across the Iberian Peninsula, as an
example of a fire-prone ecosystem with dominance of
human-caused fires. Using this tool we want to study
the role of the different fire drivers on the spatial and
temporal pattern of fire. Here, we show that a simple
non-statistical formulation can integrate the wvarious
reasons for human-caused fires. This approach, a gener-
alization of physical models to describe fire spread is
sufficient to reproduce the observed pattern at the
regional scale.

Methods

Fire effects are a product of fire ignitions, number of
fires, fuel characteristics and the persistence of posi-
tive burning conditions over space and time, resulting
in fire spread during a certain fire duration, and cer-
tain area burnt. Post-fire conditions then determine
vegetation regeneration, which feeds back on the fire-
driving conditions through new fuel development
and species flammability. By separately calculating
number of fires and area burnt, the model allows a
direct comparison to the available fire statistics. The
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following equation is the basis of the regional-scale fire
model:

>~ SNg.(dn)
 Niire(t)

PB(t) = 1)

Sgrid
where PB(t) is the fraction of a grid cell burnt up to time ¢
(between zero and one), Ng.(f) is the number of fires in
the period (0, t), Snfire is the area burnt by the fire number
N, dy is the duration of this fire and Sgq is the area of a
grid cell. In the following section, the design of the model
components will be described in detail.

This model concept implies that within one time step
fires burn with the same characteristics and have an
equal impact on the final area burnt. Additionally, the
applicability of the equation is limited by the lowest
value of Sggq, which should not be less than 100 km?2.
Otherwise, the complete grid cell would burn and fire
spread to neighbouring cells would have to be incorpor-
ated into the model. Therefore, the equation does not
describe extremely large convective fires, but considers
rather average fire conditions. These relatively rare
events may be described using special statistical and
physical methods reviewed elsewhere (Valendik et al.,
1978; Moritz, 1997).

Equation 1 can be applied in three modes, with a daily,
monthly or yearly time step. Implementing the equation
with a daily time step assumes stochastic ignition, dur-
ation of fire and application of fine-scale physical models
of fire spread (Van Wagner, 1969; Rothermel, 1972;
Albini, 1976). By integrating fire behavior and fire effects
over a simulation year, one obtains the annual area burnt,
which corresponds to the fire regime of a grid cell. The
fire regime for a grid cell can also be assessed annually,
although less accurately, using mean annual values of
number of fires and mean area burnt if we assume
that all the fires during the year have an equal impact.
This approach is less computationally expensive (for
instance, by excluding daily weather simulation) and
also enables one to obtain the response of the fire regime
to climate driving forces on a monthly and yearly time
step.

Implementation

We assume that at the regional scale fire disturbance in
an ecosystem can be described by the following pro-
cesses: occurrence of fire danger associated with dry
weather; fire ignition, possibly affected by human activ-
ity; fire spread, forced by available fuel and wind; fire
termination due to weather or suppression activities; and
fire-induced vegetation mortality (see, e.g. Whelan, 1995).
With a total fuel load of less than 200 gCm > no ignition
and fire spread is possible (see Thonicke et al., 2001).

Fire danger

Since most fires are initiated in the litter layer, a series of
models are required to simulate wetting and drying pro-
cesses in the ground fuel layer during changing weather
conditions. Several fire rating systems have been propo-
sed which estimate the ignition potential of fuel, mainly
as variations of the Canadian Forest Fire Weather Index
(Van Wagner 1987), the American National Fire-Danger
Rating System (Deeming et al., 1974) or the Nesterov
Index which is widely used in Russia (Nesterov, 1949).

We use the Nesterov Index (NI) for the fire danger
rating mainly because it is a relatively simple equation
and does not require variables such as daily wind speed
or daily humidity, for which accurate data are practically
unobtainable over large regions. A comparison of
Canadian and Russian fire danger systems with the sat-
ellite measurements in 1992 for Central and Eastern
Siberia shows that both rating systems successfully
tracked the increasingly extreme fire danger condition
(Stocks et al., 1996). The Nesterov Index, however, is the
only suitable one for estimation of ignition potential in
comparison with the other two rather complex fire rating
systems, because it drops to zero rapidly after a small
amount of rain.

The Nesterov Index was derived as an empirical func-
tion reflecting the relationship between fire and weather
based on historical data (Nesterov, 1949). It is calculated
using daily temperature (at 15h), dew-point temperature,
and precipitation. The difference between the two tem-
peratures is multiplied by the daily temperature and
summed over the number of days since the first day, in
which precipitation dropped below 3 mm:

Na
NI(Ng) = Z Taaity(d) * (Taaity(d) — Taew(d))  (2)
if P(d)< 3mm

where NI(N,) is the Nesterov Index (°C ?)for day N, and
d is a positive temperature day with a precipitation of less
than 3 mm. When the daily precipitation exceeds 3 mm,
the Nesterov index falls to zero. NI values between 300
and 1000 are considered to be moderate for ignition
potential. NI values ranging between 1000 and 4000 rep-
resent high ignition potential, while values above 4000
represents extreme potential for ignition.

The following equation is a discrete approximation of
the NI:

il (TmaX(d) + Tmin(d))

NINg) = > >
if S<m,
N I:(Tmax(d) _2‘— Tmin(d)) _ (Tmin(d) — 4) (3)
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where the summation is made over the dry days with a
positive minimum daily temperature and when the rela-
tive soil moisture S(d) in the upper soil layer, expressed
in relative volumetric units, is less than the moisture of
extinction m,, above which fire can not spread (Albini,
1976). In the model, a value of 0.3 for woody and 0.2 for
herbaceous vegetation types is taken for m, (Thonicke
et al., 2001). Tmin(d) and Tmax(d) are daily minimal and
maximal temperatures, while (Tpnin(d)-4.0) represents a
simple approximation of Tgew(d), the daily dew point
temperature (Running et al., 1987).

Expressing equation 3 as a continuous function we
obtain on a daily time step:

Ny

NI = [ £(5(6)

0

) l(me(fe)2 - Tmin(t)2>

4 + 2#(Tmax () + Tmin(t))dt:|

(4)
S(t)

2
where f(5(f)) = exp (— W*(W) ) is a simple probability
function for a dry day. Estimates of NI at monthly and
yearly simulation time steps are based on monthly or

seasonal averages of Tpin(d) and Tpax(d):

T™m 2 _ Tm 2
NIm :<( max 1 max) +2* (Trrﬁax + T]r]rim))

m
Ng

! Jf(su))dt (5)

0

and

2 2
(Trsnax - Trsnin )
NIg=|>——2 4+ 2x (T3, +T5

4 max min )

! Jf(sa))dt (6)
0

where NI, represents the accumulated Nesterov Index
for month m (with positive minimum daily tempera-
tures), assuming minimal and maximal temperatures
TR and T2 are constant during the month and equal
to their mean values. N is the total number of days in
month m. The integral over f(S(t))dt for the time N
describes the season of critical fire conditions in the fuel
bed and is named hereafter as the length of the fire
season. NI; is the accumulated Nesterov Index for an
entire season with positive minimal daily temperatures,
and TS, TS5 are averaged over this period. N is

max’/ ~ min d
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number of days with positive minimum daily tempera-
tures in a year.

The fire danger index FDI, based on the Nesterov
Index, should interpret qualitative risk terms such as
low, moderate, high and extreme ignition potential in
quantitative terms. A smooth risk probability function
for fire danger with a daily time step is

FDI(N) = 1 — exp(—a * NI(Ny)) (7)

while for average monthly and annual values of FDI we

receive
. NI,
FDI(m) = NI J (1 — exp(—axNI))d(NI)
m 0
1
=1+ 2+ NL, * (exp(—a*NL,) —1)  (8)
and

FDI(s) =1+ , ! * (exp(—o* NI;) — 1) 9)

* NI
respectively.

The tuning parameter o (°C™?) can be used to provide
different values of probability for low, moderate, high
and extreme ignition risks, based on NI values. It is set
at 0.000337 resulting in upper limits for daily FDI of
approximately 0.1 for low, 0.3 for moderate, 0.75 for
high and 1 for extreme ignition potentials according to
(9). It can be redefined when detailed observations are
available.

Number of fires

Nowadays, human-caused fires dominate over fires in-
duced by lightning in many natural ecosystems, e.g.
lightning-caused fires accounted for only 3% of the fires
that occurred in Spain between 1974 and 1994 (Moreno
et al., 1998). Even the more remote regions have a larger
number of human-induced fires than lightning-caused.
For example, lightning caused only 13.7% of the fires
in the boreal zone of Russia between 1986 and 1995
(Shvidenko et al., 1998).

A simple estimate of the number of lightning-caused
fires | per area and day of fire season can be derived from
the total number of lightning-caused fires during 20 years
in Spain (5663 (Moreno et al., 1998) within a total area of
505 10° km?, assuming a season length with fire danger
equal to 200days (Melekhov, 1978; Korovin, 1996). The
derived value of [, equal to 0.028 of lightning fires per day
per million hectares is similar to a value of 0.015 for the
boreal zone of Russia (Telitsyn, 1988). We took a value of
[=0.02 as a constant rate for this version of Reg-FIRM.
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Ignition sources related to human activity are rather
different. The majority are related either with recreation
or labour activities of humans, the remaining related to
intentional clearing of vegetation (Goldammer & Jenkins,
1990). Generally, human-caused fires are concentrated
near human settlements or transportation routes, i.e. are
related to the spatial distribution of human population
and the accessibility of natural ecosystems (see Pausas &
Vallejo, 1999; for the case of Iberian Peninsula). On the
other hand, human ignition potential depends on eco-
nomic status and life style. With growth of urban popu-
lation, people tend to spend more labour and recreation
time within cities. Therefore, human-caused ignitions are
hypothesized to be dependent on the population density
to which various life styles are assigned as a simple
approximation.

The following simple composite function describes the
total daily number of possible ignition causes, human
and natural, for a grid cell:

Nig(Na) = (k(Pp) * Pp * a(Ng) + 1) * Sgria (10)

where N, is the total number of ignitions for a day Nyin a
grid cell, Pp, is the population density per km?in a grid
cell, Sgyiq is the area of a grid cell in million ha. k(Pp) is a
scaling function representing different ignition potentials
of humans in densely populated and scarcely populated
regions due to differences in spatial patterns of human
settlements and the exposure of humans to natural eco-
systems. We took the known function of fire danger,
in terms of population density representing exposure of
humans to natural ecosystems, following Telitsyn (1988),
and expressed in relative units:

k(Pp) = 6.8 + P, (11)

The function implies that an average person in scarcely
populated regions like Australia, Canada or Russian Asia

potentially produces three to four times more ignitions
(because of longer activities within natural ecosystems)
than, for example, an average person in densely popu-
lated regions of Europe.

Human ignition potentials

The stochastic variable a(N;) is the number of ignitions
produced by one human during day N; multiplied by a
factor 10* (in order to scale the population density per
million ha). We assume that this stochastic variable is
distributed exponentially (i.e. a probability density func-
tion for a(Ny) is A*exp(—Aa)). The mathematical expect-
ation (1/)) of this distribution depends on life style and
wealth status of humans. For example, a value 1/1=0.1
is obtained using the annual average number of fires
during the period 1980-89 for northern circumpolar
countries together with their human population (Stocks
1991). The mathematical expectation has the physical
meaning that almost one out of ten humans produce
one ignition in a natural ecosystem during the person’s
active labour and/or leisure lifetime (30 years). Such a
rather heuristic hypothesis results, for example, in 0.25
ignitions in a day per one million hectares for regions
with a population density of two persons per km?, which
is in agreement with the value observed for northern
regions of the Russian Far East with the same population
density (Shvidenko et al., 1998). For peninsular Spain the
value 1/1=0.22 is obtained from the number of human-
caused fires (pasture burning, caused by negligence or
intentional) during the period 1974-94 (Moreno et al.,
1998; Table 6) and the average human population
density over the region. The uniformly distributed
random number p; used to calculate the value of a(N,)
is given by:
Inp,

a(Ny) = - (12)

Number of ignitions Ng(N,)

0 Australia, 50 France,1 00 150 Germany, 200
Extremadurea Valencia Lisbon

Fig. 1 Number of possible ignitions for a
day per million ha N;(N,) related to
human population density.

250 300
Population density
(Person per km?)
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where A=1/0.22. Figure 1 illustrates the number of igni-
tions following equation 10.

Therefore, the annual average number of fires Niie(s)
for a grid cell can be estimated as:

Niire(s) = FDI(s) J F(S#)dt * (y* P+ 1) % Sgra, (13)

When Tppin >0

where 7 is a constant equal to 1.496 and O is equal to 0.43
for peninsular Spain (see 10, 11 and 12). The number of
fires in a month can be calculated in the same way as the
annual calculation (see 11-13).

Equation 13 has almost the same mathematical formu-
lation as the equation used by the Russian forestry prac-
tice to estimate the annual number of fires per million
hectares over large administrative units:

Niire(s) = C(s) * Ny(s) * (8 P}’ +1) (14)

where C(s) is a fire danger coefficient, based on the
Nesterov Index, Ny(s) is the number of days with moder-
ate, high and extreme fire danger, estimated using the
Nesterov Index, and 6 is a coefficient of population fire
activity for a region (Melekhov, 1978). However, esti-
mates of C(s), Ny(s) and ¢ can be rather complex in this
method. Therefore, equation 13 with the underlying ap-
proximations is used in the model concept.

Humans tend to have different motivations to ignite
fires, reflecting regional differences in their socioeco-
nomic background. These need to be taken into account,
when estimating human ignition potentials for a given
region. Examples of regional variation are presented
below. Ranges for the constants ® and y (and a(N;)) can
be estimated for a region, given the other variables in
equations 1 and 13 are known apriori or can be assumed,
and a distribution of area burnt by population density
classes is identified. The values of constants will be esti-
mated for Africa to prove the validity of the approach for
all regions. This is done using the mean percentage of
area burned in each population class relative to the total
extension of the class itself for the period 1985-91 (see
Table 10 in Barbosa et al., 1999).

Indeed, the mean annual percentage of area burned
PBean by population density can be approximated as
(see 1,13):

PBuean = FDInean [ f(S(t)dt * (y * PS + 1) x Sire  (15)

When %mgan >0

where FDIlpnean is mean value of the fire danger
index, [ ;.. Ty 0 F(S(+))dt is the average length of fire
season, Sgire is the average fire size in million hectare. For
Africa FDIpean is set to one, the average length of fire
S€ason [y pon ... 50 f(S(t))dt to 182days (half a year,
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see Barbosa ef al., 1999), and lightning fires (/=0) are
neglected. From these variables, the average fire size for
Africa is the most uncertain, since long-term observations
are missing. For example, for Kenya the average fire size
varies from 347 ha in 1990 to 40 ha in 1999 (Ndambiri &
Kahuki, 2001). Therefore, average fire size Spire is set to
15010~ million ha, which is the average value for shrub-
lands according to Keane & Long (1998).

The values for ® and y (and a(N,)) are calculated
through logarithmic regression of PBycan bY Pp. PBmean
was obtained from satellite observations, where two
methods, Scl and Sc2, were used to detect area burnt
(Barbosa et al., 1999). The first method (Scl) is believed
to overestimate the total area burned, while the second
(S5¢2) is probably near to the minimum value for burned
area estimations. The values of ® and y (and a(N,)),
obtained for the Sc2 method, are close to those used for
peninsular Spain: ® =0.4; , y=1.93 and a(N,) =0.28. For
the Sc1 method these values are equal to ® =0.4, y=3.43
and a(N;) =0.51. Therefore, the exponent ®, describing
the spatial distribution of human settlements in relation
to fires, does not vary much by geographical region (see
also equation 14). On the other hand, the number of
ignitions produced by one human during the day, a
(Ng), can differ several times, depending on life style
(rural vs. urban, traditional vs. modernized) and land
use practices among regions.

Fire spread

Active fires increase in size depending on their rate of
spread, as the flame front moves through the fuel bed
and favourable burning conditions continue over time
(defined as the duration of a fire). The rate of spread is
driven by wind and fuel characteristics. The more energy
the flame front can build up, the faster the fire can
spread. The combined influence of these factors results
in a specific geometric shape, the fire perimeter, from
which the area burnt can be deduced. The impact of
topography, another important driving factor, is not con-
sidered at this stage.

Here, the fire spread model on a daily time step is
based on the hypothesis that we can not distinguish
between different burning conditions of each fire in a
grid cell and the assumption, that all fires, started in
one day, have the same (stochastic) duration and (con-
stant) rate of spread:

PF(N;) = 7 U(Ny) * d(Ny). (16)

PF(N,) is the perimeter of the fire, U(Ny) is the frontal fire
rate of spread, d(N;) is a stochastic duration of fire initi-
ated in a day N; This method generalizes fire-spread
functions for single fire events to the application at the
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regional scale. Within one day the probability that within
one grid cell (note the cell size chosen at the regional
scale) burning conditions are notably different between
each fire, is very low. We used an exponential distribu-
tion for the duration of fire (the probability density func-
tion being prexp (- pd)), with a mathematical expectation
approximately equal to one day (1.0). This distribution
function provides a good fit to the histogram for duration
of fire incidents, based on 50 year fire statistics for Russia
(Korovin, 1996). Values for d(N,) are obtained from equa-
tion 12 with A=pu=1/1.0

Rate of spread U(Ny) is estimated using the Rothermel
(1972) approach to fire spread modelling, but in a rather simpli-
fied form, as proposed by Telitsyn (1988, 1996):

U(Ny) = Up(Ny) * (1 LA W(Nd)B> (17)

where Uy(N,) is the rate of spread for the backing fire (i.e.
without wind) in m s, W(N,) is the wind speed inm s,
A and B are constants (Rothermel, 1972). We fixed both
the constants A and B to 1.0, according to Telitsyn’s (1996)
approximation, and do not simulate wind speed, assum-
ing an average value of 3.7m/s according to Vazquez &
Moreno (1998). The constant value of wind speed was
taken because of the general absence of a coarse-scale
wind model with daily resolution.

The rate of spread for a backing fire was approximated
by Telitsyn (1988, 1996) from heat balance equations for
inward burning within the fuel bed:

o Eie (T} = T§) =p(Na) = [e(t — to) + L+ o(Ny)]
* Uo(Ny) (18)

where ¢ is the Stefan-Boltzman constant 5.7x1078 ] m—>

K% s E; is the inward emissivity of the ‘flame-fuel’
system. Ty and T are the absolute temperatures of the
flames and fuel surface in K, respectively. p(N;) is the
bulk density of the fuel bed in kg m~> cis specific heat of
fuel inJ kg~ ' C ' and ¢, is the ignition temperature of fuel
in °C. t; is the temperature of fuel surface in °C, L is the
latent heat of evaporation 2.6 10°] kgf1 and w(N,) the fuel
moisture content expressed as a mass fraction.

Assuming that some of the parameters are constant, as
given in published data (Davis et al., 1959; Rothermel,
1972; Demidov & Saushev, 1975), we obtain the following
approximation for Uy(Ng)

3 % Ei
(Ny) * (16 + o(Ny) * 100)

Uo(Ny) = (19)
p
when T;=1200K, Ty=293K, C;=1400]J/kg c,
t;=2300°C, to=20°C (Telitsyn, 1996).
We take the soil moisture S(t) in the upper 50 cm of the
soil as a surrogate for the fuel moisture content and p(Ng)

as the fuel bulk density, weighted by local vegetation
types:
3 x E,‘

Uo(Ng) = Zw(j)p/(Nd) (16 + S(Ng) * 100) (20)
]

where w(j) is the fractional ratio of a given vegetation
type j at the location. Since fuel bulk densities differ
between vegetation types j, fuel flammability will vary
according to vegetation composition.

The inward emissivity of the ‘flame-fuel’ system E;
varies for low-intensity fires between 0.1 and 0.3,
and between 0.3 and 0.7 for fires of moderate intensity
(Thomas, 1965; Demidov & Saushev, 1975; Telitsyn,
1996).

The perimeter shape of a wind-driven fire can often
be approximated by an ellipse (Van Wagner, 1969).
According to this approximation the ellipse will have an
elongated semi-major axis in the wind direction and the
smaller axis represents the progress of the backing fire
(Albini, 1976). Complex exponential regression equations
for parameters of elliptical models for areas burnt by
wind speed were elaborated at the Northern Forest Fire
Laboratory, Missoula, USA (see Albini, 1976). An appli-
cation of these equations within a range of wind speeds
between 0 and 4m/s results in a ratio of semi-major to
semi-minor axes for an elongated ellipse of between 0.45
and 0.6; a value of 0.5 for a wind speed of 3.7m/s. This
two-to-one relation between the length and width of area
burnt is often observed for fires in the boreal zone
(Melekhov, 1978). It allows us to make simple estimates
of area burnt assuming that it is approximately one half
the area of a circle with a diameter equal to the elongated
axis of the downwind driven ellipse:

PF2(N,
Stire = 0.5 * (Na) (21)
* T
A simplified version of the last equation

(Sfire = 0.04+PF?) is applied for practical purposes by the
Russian Forest Service to obtain a rough estimate of fire
spread (Far Eastern Forest Institute, 1987).

The average annual fraction burnt is relatively straight-
forward to derive, if one assumes that fuel physical par-
ameters are constant (i.e. average rate of spread U is
constant) during a year (see 1, 13, 6 and 20):

 Niire(s) % g

PB(s) (22)

8 % Sgrid * ,U'Z

The monthly fraction burnt can be calculated in the
same way.
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The Lund-Potsdam-Jena Dynamic Global Vegetation Model

Reg-FIRM was incorporated into the Lund-Potsdam-Jena
Dynamic Global Vegetation Model (LP]-DGVM, Sitch
et al., 2002) and tested over peninsular Spain for the
period 1974-94. The vegetation processes relevant to
fire, in terms of driving fire and fire effects, will be
described in the following section.

The LPJ-DGVM was constructed in a modular frame-
work. Individual modules describe key ecosystem pro-
cesses, including vegetation establishment, resource
competition, growth and mortality. Vegetation structure
and composition is described by nine plant functional
types (PFTs), which are distinguished according to their
plant physiological (Cs, C4 photosynthesis), phenological
(deciduous, evergreen) and physiognomic (tree, grass)
attributes. Other land cover types, including agriculture
and pastures, and the historical impacts of land-use on
vegetation dynamics are not considered here. The model
is run on a grid cell basis with input of soil texture,
monthly fields of temperature, precipitation and percent-
age sunshine hours. Each grid cell is divided into frac-
tions covered by the PFTs and bare ground. The presence
and fractional coverage of an individual PFT depends on
its specific environmental limits, and on the outcome of
resource competition with the other PFTs. The annual
values of foliar projective cover of PFTs in a grid cell
were used as the fractional ratios of different vegetation
types w(j) in order to estimate average rate of fire spread
in the fire model (see equation 20).

The two-layer soil water balance model is based on
Haxeltine & Prentice, 1996. Moisture in each layer, ex-
pressed as a fraction of water holding capacity S(Ny) , is
updated daily. Percolation from the upper to the lower
layer, and absolute water holding capacity are soil tex-
ture dependent. The value of S(N,;), used in the fire model
(see equations 13, 19), is also affected by the water use
efficiency of the vegetation in the LPJ-DGVM. Extensive
water use by a PFT can increase the fire risk by lowering
soil moisture content.

A REGIONAL SCALE FIRE MODEL 991

Establishment and mortality are modelled on an
annual basis. Plant establishment, in terms of additional
PFT individuals, depends on the fraction of bare ground
available for seedlings to successfully establish. Natural
mortality is taken as a function of PFT vigour, and cor-
responds to an annual reduction in the number of PFT
individuals. Dead biomass enters one litter pool and two
soil pools. Mortality also occurs due to fire since the areas
occupied in a grid cell by each PFT decreases proportion-
ally to the total area burnt. The number of individuals
surviving a fire is defined for each PFT (expressed in
terms of a fraction, see Thonicke et al., 2001). Vegetation
types are therefore differentially affected by fire. The bare
ground opened by fire is used for establishment of seed-
lings, providing a feedback between fire and vegetation
in the LPJ-DGVM.

Data

Parameters of the fire model

The number of ignitions produced by one human a(N,)
was set to 0.22 and fire duration d(N,) to 1.0. The inward
emissivity of the ‘flame-fuel” system E; was fixed at 0.3,
assuming that fires had moderate intensity in peninsular
Spain during the simulation period. Fuel bulk densities of
the four PFTs occurring in the Iberian Peninsula as de-
fined by the LPJ-DGVM, are listed in Table 1.

Model input

All input data sets were provided at a 0.5° x 0.5-longi-
tude/latitude spatial resolutions. The monthly climate
data (precipitation and temperature) were provided by
the CCMLP project (Carbon Cycle Model Linkage
Project) over the historical period 1860-1995 and derived
from the data of Hulme (1995) and Jones (1994).
Historical CO, concentrations were derived from ice
core and atmospheric measurements (Enting et al.,
1994). Soil texture information was obtained from the

Table 1 Fuel bulk density by Plant Functional Type (PFT) used in LP]-DGVM. The values were obtained from the table of fuel
parameters for the Mediterranean region used by the Spanish Environmental Ministry (Ministerio de Medio Ambiente, Espafia) for
fire management (Merida, 1999). The 13 fuel types in this table were combined into the five appropriate PFTs of the model. PFT specific
fuel bulk density was calculated dividing the average fuel load by the average fuel depth

Plant functional types

Fuel bulk density (kg m™2)

Temperate needle-leaved evergreen tree (e.g. Abies alba, Pinus sylvestris, P. nigra, P. halepensis) 16
Temperate broadleaved evergreen tree (e.g. Quercus ilex, Qu. suber, Qu. coccifera) 10
Temperate broadleaved summergreen tree (e.g. Fagus silvatica, Quercus robur, Castania spp., Betula spp.) 10
C3 perennial grass (graminoids) 2
C4 perennial grass 2
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FAO soil data set (FAO, 1991). Population density data
from 1990 onwards were extracted from the global popu-
lation density at a 5 resolution and up-scaled to a 0.5°
grid (Zobler, 1986; FAO, 1991). The population growth
rate for the period 1974-94 was obtained from the
Spanish National Institute of Statistics (Instituto
National de Estadistica, 1999).

The model was validated by comparing simulation
output with published data of number of fires and area
burnt in peninsular Spain during the period 1974-94
(Moreno et al., 1998). These data include the geographical

distributions of number of fires and areas burnt for the
entire period and their yearly course.

Results

Geographical distribution

The simulated geographical distribution of number of
fires and area burnt over peninsular Spain during the
period 1974-94 generally reproduce the observations
(compare Figs 2 and 3 with Fig. 4 in Moreno et al.,

40°N

10°W 5°W 0°

5°E Fig. 2 Simulated number of fires per

100km? on the Iberian peninsula during

1974-94.

44°N

42°N

40°N

38°N

36°N
10°W 8w 8°W 4°W 2°W 0w
0 10 100 500 10005000 10000 ha

Fig. 3 Simulated areas burnt (ha) on the
Iberian peninsula during 1974-94.
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Number of fires

Fig. 4 Time series of the total number of
fires in peninsular Spain during 1974-94.
The dashed and solid lines represent the
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Fig. 5 Time series of the total area burnt g 3

(ha) in peninsular Spain during 1974-94. 10
The dashed and solid lines represent the

observed and simulated area burnt, respect- 1974
ively.

1998). A large area of peninsular Spain has between two
and 20 fires per 10000 ha and an area burnt between ten
and 1000ha for the two decades, which agree well with
the fire statistics for the entire period (see Fig. 2).

The spatial distribution of number of fires fits observa-
tion better than the distribution of areas burnt, reflecting
considerable differences in climate conditions and popu-
lation concentration in different regions of the country.
The largest number of fires over the 20year period
(50-100 fires per 10000 ha) were both simulated and ob-
served in the coastal zone of southern Spain in provinces
of Andalusia, Valencia and Catalonia, as well as near big
cities like Madrid and San Sebastian. The lowest number
of fires (two to nine fires per 10000 ha for 1974-94) were
both simulated and observed for the Iberian mountain
system, the Zaragoza province and the Pyrenees. The
model underestimates the number of fires in the
Galician province and in the Cantabrian Mountains
(2-50 fires per 10000ha in 1974-94 against 50-100 ob-
served fires). This underestimation is most likely related
to the high number of intentional ignitions in the region
initiated mainly in the early nineties (see Figs 5 and 12 in
Moreno et al., 1998).

Both observed and simulated geographical distribu-
tions of areas burnt for 1974-94 are generally more

©2002 Blackwell Science Ltd, Global Change Biology, 8, 984-998

smooth than for number of fires, e.g. in mountainous
regions of Catalonia, Valencia and Andalusia (see Fig. 3).
In the model, vegetation pattern influences fuel compos-
ition in these regions damping a rapid spread of fires.
Again the largest areas burnt both observed and simu-
lated (100-10000ha in 1974-94) occur in the coastal
Mediterranean zone, while areas burnt are considerably
less in the northeastern part of Spain (10-500ha in
1974-94). The model does not reproduce large areas
burnt in Galicia and the Cantabrian Mountains because
the number of fires in these regions is underestimated.

Annual dynamics of fires in Spain for 1974-94

The observed total number of fires and areas burnt over
peninsular Spain between 1974 and 1994 were extracted
from Table 1 in Moreno et al. (1998) and compared
against the simulated totals (see Figs 4 and 5).

It can be seen that observed and simulated number of
fires and areas burnt have similar annual dynamics. The
annual mean number of fires and areas burnt are well
reproduced. The simulated number of fires has the same
maximum-minimum sequence until 1988, except for
1983 (see Fig. 4). In 1983 the number of fires and areas
burnt are simulated to increase (which is opposite to fire
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statistics data) as a consequence of a considerable drop in
monthly precipitation seen in the input climate data. The
simulated and observed areas burnt generally have the
same temporal pattern, except in 1983 and 1989-90 (see
Fig. 5). In some years, the simulated number of fires
exactly matches observation, while the corresponding
annual area burnt is lower (compare year 1979 and 1980
in Figs 4 and 5). Here, simulated conditions for fire
spread differ from those observed. Discrepancies in vege-
tation composition, indirectly influencing fire spread
through specific fuel characteristics, and in simulated
moisture conditions might have reduced fire spread and
thus area burnt. A good correlation in temporal patterns
between observed number of fires and areas burnt is
obtained for peninsular Spain before 1989 (compare
with Fig. 2 in Moreno et al., 1998). The discrepancy there-
after may be an indication of possible problems in the fire
history records for these five years. Possible socio-eco-
nomic changes in land use practices in this time accom-
panied with improvements in fire management and fire
detection in Spain may be one of the explanations for the
dramatic increase in number of fires while the increase in
area burnt is lower (compare Figs 4 and 5). However, the
formulation of human-caused ignitions in Reg-FIRM may
not be sufficient to capture changes in fire causes as well
as fire management after 1989.

The observed and simulated annual trend and ampli-
tude of total areas burnt in Spain coincides well (see
Fig. 5), while the simulated number of fires has both a
smaller trend and amplitude than observed (Fig. 4).
There are a few possible explanations for such model
behaviour, e.g. soil moisture dynamics may not be simu-
lated correctly by LPJ-DGVM, or the monthly averaging
of fire danger index can produce a too rough approxima-
tion, compared with the daily fire danger index.
However, the most likely reason is absence of dynamic
land use changes in LPJ-DGVM for the simulated period.
The socio-economic changes, which have taken place in
the last decades in the southern EU countries, e.g. rural
exodus and abandonment of agricultural lands, reduced
grazing pressure, urbanization of some rural areas, are
mentioned by many authors (Rego, 1992; Vélez, 1997;
Moreno et al., 1998) as some of the main reasons of
notable changes in the number of fires and areas burnt
in these countries.

Dynamics of fires by size for the period 1974-94

The annual area distributions for peninsular Spain in
terms of numbers of fires and the surface burned were
calculated from Table 3 in Moreno et al. (1998) and com-
pared with the simulated distributions for the period
1974-94. This table contains the number of 10 x 10 km
grid cells for each case subdivided into five classes. For

the comparison exercise we reclassified the data for both
cases into two classes and summed areas, where no fires
were observed. There were a total of 220 grid cells at 0.5°
resolution for peninsular Spain, and therefore 5500 grid
cells at a 10-km resolution (assuming each large cell
contains 25 smaller ones). The two classes, from 0 to 3
fires per 100 km? (S — area with few ignitions) and more
than 3 fires per 100 km? (F — area with frequent ignitions)
were defined for the numbers of fires comparison.
Similarly for the surface burned we defined two classes:
grid cells having the surface burned less than 100 ha per
100 km? (A is the area with fires of average or small size)
and more than 100 ha per 100 km? (L is the area with large
fires). The observed distributions in 1974-94 for the four
classes at the 10 km resolution (in fractions) are presented
in Table 2.

For each year the 220 grid cells at 0.5° resolution were
allocated into the four classes, according to the simulated
numbers of fires and the simulated surface burned. The
total number of cells in the two larger classes (S-grid cells
with less than three ignitions per 100km” and A-grid
cells, having less than 100ha burned per 100 km?) was
compared against observation, obtained by multiplying
220 by the ratios from Table 2. The two larger classes
(S and A) were taken for comparison with observations
in order to investigate the model’s ability to capture
major features of fire patterns in Spain. Besides, the two
smaller classes (F-area with frequent ignitions and L area
with large fires) have a complementary dynamics.

The observed and simulated total numbers of grid cells
in the two classes have similar temporal dynamics,
although the magnitude differs slightly. The calculated
mean number of grid cells for the class S in the period
1974-94 is 207 compared with 191 observed, while the
calculated mean number of grid cells for the class A in the
same period is 192 compared with 206 observed. Such
discrepancy follows from the comparison method of two
samples with significantly different sizes (5500 and 220)
due to loss of information during sample aggregation.
Indeed, the inner heterogeneity of the grid cells at 10km
resolution within the larger 0.5° cells can considerably
affect the final distributions in the four classes. Spatial
dependency in statistical geo-referenced data analysis
(so-called modifiable area unit problem) is well recognized,
but the problem has still not been resolved (Wong, 1996).
In our case, to avoid the systematic bias of the method we
subtracted the means of the two classes from observed
and simulated time series and compared the dynamics of
anomalies. (see Figs 6 and 7)

The dynamics of anomalies for areas with few ignitions
and for areas with fires of small or average size are
simulated rather realistically. We have inversions for
simulated dynamics of anomalies for the number of
grid cells in the class S in only four years (1976, 1983,
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Table 2 Distributions of 10 km resolution grid cells for four classes in peninsular Spain during the period 1974-94 (fractions to the total)

Surface burned Surface burned > 100 ha per

Year 0-3 fires per 100 km? (S) > 3 fires per 100 km? (F) <100ha per 100km? (A) 100 km? (L)
1974 0.925 0.075 0.948 0.052
1975 0.937 0.063 0.952 0.048
1976 0.920 0.080 0.946 0.054
1977 0.959 0.041 0.976 0.024
1978 0.865 0.135 0.896 0.104
1979 0.909 0.091 0.935 0.065
1980 0.862 0.138 0.907 0.093
1981 0.838 0.162 0.902 0.098
1982 0.884 0.116 0.940 0.060
1983 0.907 0.093 0.968 0.032
1984 0.883 0.117 0.939 0.061
1985 0.815 0.185 0.866 0.134
1986 0.872 0.128 0.922 0.078
1987 0.873 0.127 0.942 0.058
1988 0.866 0.134 0.952 0.048
1989 0.779 0.221 0.881 0.119
1990 0.813 0.187 0.927 0.073
1991 0.815 0.185 0.928 0.072
1992 0.831 0.169 0.958 0.042
1993 0.852 0.148 0.975 0.025
1994 0.841 0.159 0.956 0.044

Fig. 6 Area anomalies for fires less than 3
per 100 km? in 1974-94 (units are number of
grid cells 0.5 x 0.5°). The dashed and solid
lines represent the observed and simulated

Number of grid cells (0.5 X 0.5°)

area anomalies, respectively.

1989, 1993) and a large difference in the magnitudes in
1994. The additional inversion in 1988 appears for simu-
lated dynamics of anomalies for the number of grid cells
in the class A, thus the application of the fire spread
model does not result in considerable, additional error.
The temporal patterns of areas with few ignitions and for
areas with fires of small or average size are well repro-
duced in all other years. Therefore the model is able to
reproduce major features of annual dynamics for geo-
graphical patterns of ignitions and fire regimes, although
more accurate spatial statistical analysis is needed if
observed geo-referenced data is available.

©2002 Blackwell Science Ltd, Global Change Biology, 8, 984-998

Year

However, the simulated time series have larger ampli-
tude than those observed (especially in the case for anom-
alies of areas with fires of small or average size). Most
likely only a simulation on a daily (not on monthly) time
step can produce a closer fit for these time series, because
the fire danger index and the spread of fire are sensitive
to precipitation and the wind speed.

Discussion

This study can be considered a successful application of a
relatively simple mechanistic fire model in reproducing
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Fig. 7 Area anomalies for less than 100 ha
burned per 100km? in 1974-94 (units are
number of grid cells 0.5 x 0.5°). The dashed
and solid lines represent the observed and
simulated area anomalies, respectively.

Year

both spatial and temporal dynamics of fire over a large
region and a long time period. By making simple as-
sumptions about climate and human-induced changes,
the fire model allows investigation of fire regimes on
different time scales over large geographical regions.
Processes selected to describe fire at the regional scale
are at the right level of explicitness as the agreement in
the temporal patterns demonstrates. Simulation results at
a monthly resolution show that it is possible to study fire-
vegetation feedbacks using a mechanistic approach in-
stead of stochastic modelling of fires that require more
computer resources and parameter values.

The relatively good agreement between observed and
simulated number of fires demonstrates the importance
of both the climatic fire risk and the ignition sources, on
fire occurrence (see Fig. 4). The reproduced pattern
shows the impact of inter-annual climate variability on
fire, since in this simulation study we assumed a constant
number of ignitions per human, expressed in a constant
a(N,) (see equation 10). By keeping both wind speed and
fire duration constant one can isolate the individual
impact of vegetation (see equations 16, 17 and 20). Since
a good agreement between simulated and observed area
burnt was obtained this implies that vegetation has a
dominant influence on fire. Fires cannot spread if the
fuel bed is too moist or the amount of fuel is too low,
despite multiple ignitions. However, in the case of large,
convective fires this influence is neglected due to ex-
tremely high fire intensities. Consideration of convective
fires, as an extreme fire event, lies beyond the focus of
Reg-FIRM. Therefore, the generalizations made here to
describe fire spread, and thus area burnt, at the regional
scale are sufficient to reproduce the observed pattern.

The constant value for human-caused ignitions taken
here seems to adequately represent a country-wide ag-
gregate of all different regional motivations for humans
to set fire in peninsular Spain (see Fig. 4). There are

different factors, which could contribute to improve the
simulated spatial patterns of both, number of fires and
area burnt, since inconsistencies in simulated number of
fires drive the final area burnt per grid cell (see equation 1).
The assumption that different life styles in rural and
urban areas can be assigned to a certain population dens-
ity, is very likely valid in only a few regions of peninsular
Spain. A regionally specific formulation of a(Nd) (see
equation 10), describing regionally different land man-
agement systems in terms of their motivations to set fire
especially in rural areas, could improve the simulation
results. Another potential improvement would be the
explicit consideration of land use and its changes in
Reg-FIRM, or LP]-DGVM as a whole.

This would reduce the potential area burnt in grid
cells, where land use types such as settlement areas and
permanent agriculture reduce the size of unmanaged
land. A sharpening of the hitherto smooth spatial distri-
butions of simulated area burnt would result (see Fig. 5),
whilst not affecting the validity of the model concept.

In addition, inclusion of land cover and land use
changes would lead to an increase in simulated number
of fires and area burnt in regions, where potential area
burnt increased in recent years due to the effects of land
abandonment (re-vegetation and fuel build-up and there-
fore higher connectivity of the fuel bed), and where fire
causes changed concurrently, e.g. shift from setting fire
for pasture improvement to negligence due to tourist
activities (see Pausas & Vallejo, 1999). This might contrib-
ute to improve the model performance in the northwest
of Spain.

In-depth studies should investigate the impact of these
factors on the Iberian fire regime, to get a further insight
into the interactions and feedbacks between fire regime,
land use and vegetation composition.

Another possible improvement would be to imple-
ment an explicit lightning-ignition model, recognizing
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lightning-caused ignition as a function of elevation, thus
improving the results in mountainous regions. A re-
parameterization is required if Reg-FIRM were to be
applied to new study areas, e.g. the values of lightning
and human-caused ignitions, wind speed and fire dur-
ation must be changed. Implementation of a lightning-
ignition model, however, would enhance the applicabil-
ity of Reg-FIRM to other study areas, where for example
the ratio between lightning and human-caused ignitions
is higher.

Reg-FIRM can be incorporated in any dynamic vegeta-
tion model (DVM), given the DVM can provide the ne-
cessary input to drive the fire model. It can be used to
investigate both the causes and effects of fire on vegeta-
tion and the long-term feedbacks of vegetation on the fire
regime. One example is the simulation study presented
here. The advantage of this model concept is that the
model can be calibrated and the results validated using
the type of data, which are usually collected in official fire
statistics, such as fire danger, number of fires and area
burnt. As was the aim of this study, it has been shown
that human-caused fires can be included in regional-scale
fire modelling using a mechanistic approach, and both
climatic and human ignition potentials are needed to
describe observed pattern sufficiently. The relative
impacts of climate variability and human population de-
velopment on fire dynamics can be assessed by sensitiv-
ity analysis within Reg-FIRM for representative regions,
providing insight into socio-economic and biophysical
components of global change. Therefore, Reg-FIRM can
be seen as a useful tool to study the development of
fire regime and vegetation under future global change
conditions.
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