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Chapter 15

of Osnabrtick (Esser 1990; 1987;1986). The HRBM
is a model of the terrestrial biosphere calculating the
distribution (pools) and the turnover (fluxes) ofcarbon
on a monthly scale for a 0.5 x 0.5. grid (624n gnd
elements) of geographical latitude and longitude. It is
driven by mean monthly data for precipitation, tem-
perature, and cloud freeness, and by a soil fertility
factor. The climate data are based on annual long-
term means providing a constant climate situation
(Leemans and Cramer 1991). In addition, a land-use
scenario based on data of Richards et al. (1983) and
Olson et al. (1983) is included. Grid elements are
cleared or afforested following the numerical develop-
ment of the population until 2050 as predicted by the
Food and Agricultural Organization (FAO l99l).

The HRBM is characterized by a modular structure.
The modules (or subroutines) deal with separate and
different issues from other modules. All modules are
adaptable to other carbon cycle models due to defined
interfaces between the modules and the main pro-
gram. Therefore, the HRBM was utilized for the
results published in this chapter. For the flrst fire
modeling approach by Mack (1994), the biome model
of Prentice et al. (1992) was used, which is also in-
corporated as a subroutine in the HRBM.

The Module of Yegetation Fires in the HRBM
The fire module provides several fluxes which then can
be included in a o'generic" carbon cycle model. These
fluxes fall into three classes, termed burning (BL, burn-
ing loss), mortality (ML, mortality loss), and black
carbon formation (CP, charcoal production).

The burning fluxes transport carbon from the phy-
tomass (PH) and litter (I) compartments to the at_
mosphere. Mortality fluxes add to the litter production
from phytomass. Black carbon formation fluxes trans-
port carbon from phytomass and litter to the black
carbon pool.

All of these fluxes are assumed to be proportional
to the corresponding source pool that is affected by
fires. For instance, the flux "burning of aboveground
herbaceous (ha) phytomass" is proportional to the
amount of carbon in the aboveground herbaceous
phytomass compartment: PHBL6: const x pH6.

The calculation of the different proportionality fac-
tors is based on four coefficients, burning probability
(cburn), burning efficiency (cbef), burning mortality
(cbmo), and the black carbon formation cofficient
(cbch).

The burning probability (cburn) in a given month
determines the frequency of fires. Every month, this
probability is used together with a random number

generator to decide whether the respective grid element
will not be affected by fires, or will be totally burned in
this month.

The burning fficiency (cbef) determines the amount
of carbon emitted into the atmosphere by pyrolytic
processes. The completeness of combustion is charac-
teized by cbef. The burning mortality (cbmo) deter-
mines the amount of phytomass that dies during a fire
without being transformed into CO2 or black carbon.
The black carbon formation cofficient (cbch) deter-
mines the amount of carbon converted to black carbon.
In general, each coefficient depends on the material
(i.e., it is different for herbaceous and woody material,
and for phytomass and litter), and on the biome that
dominates in the grid element.

Fonning Groups of Biomes
Regarding the influence of the biome type on the vari-
ous coefficients, it is possible to distinguish three major
groups: forests (I); shrub formations (II); savannas,
grasslands, and deserts (III). Forests are divided into
four subgroups for the purpose of calculating mortal-
ity coefficients. Table 15.1' shows the biomes of the
IIASA-biome model (Prentice et al. 1992) as they are
assigned to the three groups.

Determining the Fluxes
Please note that all fluxes and coefficients are calcu-
lated for each grid element; those indices are omitted
for the sake of readability. The four compartments
(herbaceous/woody, above- /belowground) are de-
noted by the indices ha, hb, wq, wb.

All fluxes have a common structure. They contain a
logarithmic factor which reflects the time-integratod
interpretation of a coefficient, coeff, as the fraction of
affected-to-total area of the respective grid element. If
one takes only a single depleting flux F (e.g., burning
loss) into account, a pool P loses carbon according to

dPldt: -r' : fln(l - coeff) . p

Integrated over one month, the resulting carbon
amount is

P : Po .(l - coeff)

This is the fraction that corresponds to the area not
affected.

Burning (PHBL, LBL) Only aboveground pools are
directly affected. There are four burning fluxes:

PHBLha: -ln(l - cbefp17,1,).PH6

PHBL.a: -ln(l - cbefps,,).PH,o
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ible 15.1 IIASA-biomes grouped for burning characteristics

::.ts (I) Shrub formations (II)
Savannas, gasslands, and
deserts (II)

bgroup Ia
Taiga
Cold mixed forest
Cool conifer forest
Cool mixed forest

bgroup Ib
Cold deciduous forest
Tenperate deciduous forest

iproup Ic
BroadJeaved evergreen forest/
*erm mixed forest"

bgroup Id
kraing tropical seasonal forest
Tropical rain forest
Cool grass/shrubb

Tundra

BroadJeaved evergreen forest/
warm mixed forest"

Xerophytic woods/scrub

Ice/polar desert

Cool grass/shrub

Hot desert

Semidesert

Warm gas/shrub

Tropical dry forest/savanna

y for calculating burning probability and for calculating buming efrciency
y for calculating burning probability.

I for calculating dead fne fuel moisture content.

[.ILi" : -ln(l - cbefa,T)' L6

tl[* : -ln(l - cbefL,,)' L,o

hlity (PHML) Belowground herbaceous phy-
Emess is not affected. It is assumed that the woody
rrtr from both above- and below-ground die together,
Hore they share a common coemcient. There are

foemortality fluxes:

fllfiltl4u: -ln(l - cbmol).PH6

i-mJfr*: -ln(l - cbmow)'PH,o

h Cerbon Formation (PHCP, LCP) Black car-
hm brmation occurs only above ground. Ttre blqck
ffiw formation cofficient (cbch) is determined by
&&&rrsch (1994) as that part of the charcoal which is

mfoced by vegetation fires and which is biologically
m dccomposable. cbch is calculated separately for
Mseous and woody material.

Trfue are four fluxes:

;mfPr : -ln(l - cbchpn,n)' PHno

m*: -1n(1 - cbchpp,,)'PH"o

[fiF;: -ln(l - cbchu.n)'Lno

N?* = -ln(l - cbch1,.)' L*o

h-ne the Coefficients
fu fumcoefficients cburn, cbef, cbmo, and cbch are

il&rl[led using several auxiliary variables, namely the

humidity index (hi), the dismeter at breast height (dbh),

the percmtage of litter in the total aboue-ground herba-
ceous material (cur-the "curing factor"), and the
deadfine fuel moisture content (frnc). The first three are

straightforward, but the fuel moisture content itself
depends on two other numbers, the culTent values for
temperature (t) and relative humidity (rhi duing
flres, or a short time before fires.

In forests, burning efficiency, mortality, and black
carbon formation of woody phytomass drops with in-
creasing diameter'of the trees. The o'affected fraction"
of the wood, ),(dbh), is a function of dbh which de-

creases linearly with increasing diameter. l, lies in the
range 0 to 1 and is assumed to be 1 if not stated
otherwise.

Auxiliary Variables The humidity index (fti) is an
applied precipitation (Pr) to temperature (7) ratio by
Gaussen (cit. by Kreeb 1983). It has been widely used

by Walter and Lieth (1960) in their climate diagrams
to distinguish between humid and arid months.

P,T
ht-- 2mm l'C (15.1)

As stated above, cur is the fraction of aboveground
herbaceous litter in relation to the total aboveground
herbaceous plant materi al lin "/o].

,u,:rffio.rcov"
The diameter at breast height (dbh) is used to deter-

mine the burning efficiency and the mortality coeffi-

(r s.2)
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cient in nontropical forests. The equation was em-

pirically derived using the data published by Cannell

itglD.'ail, depends on the amount of herbaceous and

woody phytomass.

dbh :0.856 . lO 4 ' PHo8s7 'exp(-0.904 ' rc-s PH)
(15.3)

The temperature during fires, lJ, is calculated from

the monthlY mean temPerature:

tt:0.64'T+14.'7 (15.4)

The relative humidity during fires, rh1, is calculated

from the humidity index hi, except for forest biomes,

where an influence was not found. Therefore, rh1 is set

to an empirically derived constant value in forests:

Sauannas. Grasslands, and Deserts (III) fmc ts cal-

culated for grassland and desert biomes using the

Australian Grassland Fire Danger Meter (GFDM t

Mark 5:

. 97.7 - 4.06 rh1 1000

Imt '" 
r, ,' i:U"" - 0.00854 ' rhL -: - 30-o

Regarding the biome tropical dry forestf sauanna,Ihe

equation was adapted by leaving out the proportion oi

ubou.-g.ornd herbaceous litter at the total above-

ground herbaceous plant material (cur):

,., - 
91 7 - J o6' rl" 

o.oo854' ,h,' I,-6.U

Burning Probability Burning probability (cburn) is

denved from the humidity index. The less humid a

regron is. the higher is cburn. It is calculated for differ-

ent groups of biomes.
The equations were empirically derived using data

lor fire cycles on a monthly time scale from Wein and

N{oore (lg7g) (transition zone between boreal and cool

temperate forest in Nova Scotia, Canada) for forests

(I), Brown et al. (1991) (fynbo$ for shrub forma-

tions (II), Braithwaite and Estbergs (1985) as well as

Lamotte et al. (1985 cit. by Menaut et al. 1991) and

Menaut (pers. comm.) in savannas for savannas'

grasslands, and deserts (IIl). Thelre cycle is defined

as the average time span needed to burn an area equal

to the entire area of interest (Romme 1980)' This

approach assumes thal cburn is the reciprocal value of

the fire cycle (expressed in months).

Under certain conditions no fire is possible, cburn :
0 (see Mack 1994 for a detailed explanation):

if too cold: lr < 0'C
if too humid: hi > 50

if fuel too wet: Jmc > 25%
(35%for biome grouP (III))

if fuel too sparse: fuel type and minimum amount
of above-ground Plant material
dePend on the biome group:

( t{ + 13.e

r ) t1 +t0.6' 
Il; Iu,',

( 0 75 'rh1

l o s: ,r,,

"'- \ 0.92 rhl

I t.oo ,t,

il clf > 0.9

if 0.9 > clf > 0.55

if 0.55 > clf > 0.1 '

otherwise

if clf > 0.9

if 0.9 > clf > 0.55

il 0.55 > cl/ > 0.1

otherwise

,h, _ { 0.5 ftr - 40.5 everywhere. except

' I Y.q in lorests
(15.5)

Dead Fine Fuet Moisture Content Fine fuel moisture

content (fmc) of burned material is calculated from

current uullr.t for temperatwe (t7) and relative hu-

midity (rhy) dtingfires or a short time before fires and

from the iroportion of aboveground herbaceous litter

at the toial ubou"grouod herbaceous plant material

(czr). Different equations are used for different groups

of biomes.

Forests (I) Fine fuel moisture content is calculated

following parts of the Canadian Forest Fire Weather

Index System (CCFWIS) (van Wagner 1987):

fmc :0.942.rh]ats * ll 'exp((rhy - 100)/10)

+ 0.18 ' (21.1 - t/)' (r - exp(-0.11s 'rft7))

Shrub Formations ( II ) Hete, fmc is determined using

Burgan's method to calculate fuel moisture content in

fynbos (Burgan 1987):

,l
0.03229+0.262577'rh"

- 0.0010404 .to.rho if rh, < 10

1 .'7 54402 * 0.160107 ' rh,,

- 0.026612' t, il 10 < rho < 50

21.0606 - rh,
. (0.00063 . /, + 0.0112)

+0.005565 'rh2,

0.483199'rh. otherwise

to and rho ate used to correct I and rh1 fot lhe

influence of radiation. Radiation is derived from the

cloud freeness cfi, ranging from 0 (complete cloud

cover) to 1 (blue skY).
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Table 15.2 Calculation of the coefficients related to burning, depending on biome groups (gen. meats general formulas)

Biome group I Biome group II Biome group III

depends on dbh"

see text

gen.

gen.

same as 'wa'"

see text

1.0b gen.

I o.oz'

\ s,,

cbefra,n

cbefps,n

tbef, u

cbefr.n

cbmop

cbmo*o

cbmop,

cbmo*6

Tropical dry forest/savanna

otherwisegen.

gen.

llen.

0 (no litter)r

gen.h

0k

same as woody, above groundr

gen.

0.25d

gen. ( all dead)E

[ 0' Tropical dry forest/savann.

\ srr) otherwise

For temperate deciduous forests, cbefpn.n is set to 0{Albini 1992)'

b. Some investigations pror" t'rrut t(. uuove ground herbaceous phytomass in shrub formations is totally consumed by vegetation fires (Cass e:

al. 1984; Grilin and Friedel 1984; van Wilgen 1982)'

". 
ft i, i, based on an investigation by Hopkins (1965) in the Okolomeji Forest, Nigeria.

d. studiesmadebyFrost(lgg5)resultedinloweruu.ni.rg"m"i.nciesLfwoodylitierinsavannascomparedtoherbaceouslitter'Accordingti
these studies, a value of 2570 is estimated.

e. Due to lack of data, it is assume6 that the mortality coefficient of herbaceous phytomass is identical with the mortality coefficient of wooci'

phytomass. However, the restriction holds that the sum oru".ning efficicncy, rnoituiity coefficient, and black carbon formation coeflicient mar

not exceed unity. Therefore, we have

, I 1 lcbef p,1 1, + cbchpn,n) if cbmo* i cbef ,,,,0 I cbchpa'n ) |
cDm()h - 

\rh*,,,, otherwise

ffiduetotheavai1ab1edataprovidingre1ationsbetweendbiandmorta1itycoefficient:
cbeJ p11.1,: max(0, -5.93 dbh + 1.0)

(1s.17)

(1 5.1 8)

f.Duetothecompletecombustionofherbaceousphytomass,rbzolissetto0'
g. This was p.ou.d by Bragg (1982) in the prairie-(Nebraska)'

h. See also van Wilgen 1982; Barro and Conrad t991; Gree" 1981; Griffin and Friedel 1984; Kilgore 1973; Minnich 1983; Rutherford anc

Westfall 1986; Vogl and Schorr 1972; Wright et aI 1979'

i. The trees are a<lipted to lrequent fires and therefore resistant'

.1. Or. to lack of data, cbmo* is assumed to be identical wilh cbmo" in shrub formations'
'k. It is assumed that the belowgrountl herbaceous phytomass is not affected by fires.

l. Duetolackofdata,itisassrimedthatthebelowgroun<lpartsofaplantdietogetherwiththeabovegroundparts.

1992 for temperate deciduous forests). The amount of
burned flne woody material is negligible compared to

the largely unaffected stem wood of the trees' There-

fore, cbefps,, is set to zeto.

Broad-leaued Ertergreen ForestfWarm Mixed Forest

( Ic ) The equation is based on investigations in Pinus

spec. stands (Storey and Merkel 1960; Lindenmuth

1960 cit. by Wright 1978).

Black Carbon Formation Coemcient The general black

carbon formation coefficient (cbch)increases with lower

burning efficiency. A linear interdependence is assumed'

chmqx denotes the maximum black carbon forma-

tion coefficient (Comery et al. 1981; Fearnside 1991:

Kuhlbusch 1994) and is set to 0.02. The formula is

valid only for reasonably high values of efficiency'

cbch -- chmax' (1 - cbef), cbef > 0.1 (15.15

A modified version of this formula is used in forest

biomes (subgroups Ia to Ie): Regarding the herbaceous

phytomass and the woody phytomass in forests, burn-

ing efficiencies less than 0.5 are common. In this case, a

proportional relation between burning efficiency and

black carbon formation coemcient is assumed to pre-

vent unrealistically high black carbon formation co-

efficients with very low burning efficiencies.

cbch: chmax' (0.5 - lcbef - 0.51), cbef > 0'l (15'16)

cbmo* -
lf dbh > 0.191

otherwise
(15.13)

{1,,u .dbh+o4s

Tropical Rain and Tropical Seasonal Forests ( Id)

According to studies by Uhl and Kauffman (1990) at

least 50% of the woody phytomass was transfolmed to

litter.

cbmo, : Q.J (15.14)
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