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Abstract
Slmulating the impact offife ir I broad scrlc Dlnamic vegetrtm Ntodel (DGVN{) uscd ior global change inpact rsse\sments
rcquircs cornponent\ and concept\ nor pltrl ofcxisting lire modeling s!stenls. The locus shiil\ iioln fire behavior and drnger at the
small scrlc to the s,v\ie m- stec ific inp.rc ts of lirc rl the broad scale (i .e.. fi rc severity ). MCFIRE, a broad scale lire severity nnxle I
$e rue cuncnll) dcrcloping as tart of oLrf NIAPSS CIENTURY l)GVl\'I. simulrte\ the occurrenc. und inpacls (1.e.. vegeniion
nn)rtalit) ltlld lucl consu ption) of fehrivel] iriiequcnt and L'xtrenre event\ hi\t(nically responsiblc lbr lhc ajorjt,v offire
di\turbance ro ecosvstcrns. The occunence of se!ere fire ii nrurgl,v related io s,vnoptic-scale climatie condilion! prcducing

exrended drousht. $hich is indicared in N{CFIRE b) the lo$ n)oislure content of lafge dead fuels. Due lo c|)lrslrainls posed by
rurfentLy r\ uihblc dilaset!. q e ha\ e been clelelopins our DCi V N{ m odel o n a re lativel} llne scale ddlr g d a( a landscape scale.
but w e $ ill implcnrc nt rhe mode I rt felional ro globll lcal cs on much co.Lr\er drtr grids. Constrain I s on thc broad scale implcl
of sc\crc fre imposed bI the line sc.rlc hclcrogc ciq of fuel prcl]erties \\'ill be rcprtscntcd in our coarse scale 'iimulalion\ br"
sub grid pararnctcriTations of the fire behavior ,lnd cfiicrs algorithms for distinct land surircc llpcs. Ecosystem structufe rnd
function arc olic con\rained b! disturb.rnce. so il is crilical ro inclrde di\turb.rnce processes in d-,-namic vcgetation models used
to r\scs\ the porcntral broid scale impact of gbbal ch.rngc. Tlc abiliry Io \imulaie rhe inpact of ch.rngcs in llrc sc\erity on
\ egetrtion and rhc rruno\phcrc has been .r centftrl fbcus in rh. dc\clopmenr of the NIAPSS-Century D)nrmic Clobal Vcgciation
\'lodel.

lntroduction

SimulaLing broad scale disturbancc is the l.r,.rz
incognita <:l t\re modcling (Sinard l99l). Pro-
cess-based llrc behavior models are commonly
uscd 10 sinulate the real-time behavior of indi
vidual t ires (Andrews 1986) or to rate daily f ire
danger (Bradsha* et al. l9E3) at the scale of a
stald of vegetation or a forest district. But tlre-
rclated processes at temporal scalcs longer than
a day ard spatirl scalcs larger than a lbrest dis-
trict are poorly understood, and empirical dala
arc gcnerally lot available at these scales
(N{cKenzie et al. 1996). Ncvertheless. there is an
increasingly crit ical need to relate $ildland llre
to bloader scale issucs such as the potential irn-
pact ol global climate change on tcrrcstial eco
systems (Ryan 1991. Glrdner et al. 1996). The
composition and function ofecosystems arc con-
slrained by disturbance, and ecosystem change
often occurs as abrupt transitions due to changes
in disturbance regimes (Dar,is ancl Botkin 1985).
Global cljmatic changc is predicted to alter sig-
niticantly disturbance patterns (Ovcrpcck et al.
1990) and thus ccosyslen change could be sud-
den and cxtensive. Fire rcgimes may be cspecially
scrsit ive to climatic change (Clark 1990). and
charges in the frequcncy and severity oftire could

have greltcr impacts on ofthe rates ofecosystem
change than more direct ellects of gkrbal warm
ing. I l addition to the impact on terrestial eco
slistems. more severc t'irc regimes could also re
sult in a gleater transicr of carbon to the
atmosphere, thus c()ntributing even fufiher to global
u'arnring ancl ecosysLem instabilit,v (Neilson and
King 1992. Neilson et al. 199,+). The abil ity to
simulate yegetation change and ttcdbacks to the
atmosphere due to changes in fire severity is a
key requirement for the broad-scale Dynamic
Global Vegetation Modcls (DGVM) cullentl.v
ulder development for use in global change im
pact assessments (McKenzie et al. l996).

In this paper wc describe the MCFIRE model.
a broad-scale fire severity model we are develop-
ing tbr use in our MAPSS-CENTURY DGVM.
MCFIRE i .  bc ing  der  e loper l  u r , 'u t tJ  l , \u r  rcqu i r  s -
ments for simulating changes in broad-scale fire
severit.v under a changing climate. Thc first was
the d)'namic simulation offucl constraints on hre
behavior, thrt is. changes in fuel noisture and
f'ucl loading with changes in climate. Fuel mois-
ture is directly t ied to climate. but controls or] the
d"vlamics of luel loading arc more indirectly re
lated through climatic etlects on lcgclation pro
ductivity and decomposition (Agee 1993).
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The second requilement was to dvnamicallv
simulate the various impacts of f ire that deter
nrine fire seveity (Simard 1991). Unlike physi
cally-bascd measurcs of f ire behavior (e.g.. rate
of spreird. f ircl ine intersity. etc.) and thc vuious
indices of f ire danger. measures of broad-scale
l' irc scverity are necessarily systcnr-specific. For
cxanrpJe, tire severity from thc standpoint of the
impact on ecosystenls includes the portion ofthe
vegetation killed. the amount ofbiomass consumed,
and the loss of soil nutients. Emissions of differ
enl -gaseous and particulate specics are an appro-
priatc measure ofthe impact on thc atmosphere.

The third requirement was the abil ity to prc-
dict the tining ancl Jocation of severe firc cvenrs.
In order 1o simulate the broad scale imptrct oftire,
it lrray not be necessary to model firc bchavior
and el'fects across the entjre mnge of firc inten-
sity and ertent that occur on a landscape. Thc
vast oraiodty of fircs. * hi1e irnpofiant in the main-
tenarce of ecoslstcm properties and the spatiai
heterogencity of landscapes. may neverlhcless be
insignificant lrom the standpoint of broad-scale
lirc scvelity. Only a ven, low pcrccntage offlres
are. in lact, responsible fol a very high percent-
age of thc fire-caused damage to ecoslslcms. the
atmosphere. and society (Str-auss et al. 1989). Thcse
iDfrequenl. high-intensity l ires oflarge extcnt are
cL) r ) l  mor l l )  . r . s r r r i i r le r . i  u  i th  . r  spee i f i i . . l r r  p t i r -
scalc sequence of u,eather events that greatly re
duces the spatial heteroger]eily in f'uel tlamrna
bil it) and ttrther increases thc burn connectivit!
of thc landscape through wind-drivcn enhance-
nenl of f irc sprerd. Tvpically a blocking high
pressure slstem. with a duration of a month or
lrorc. promotes extreme and extensivc dq;ing of
lucls due to prolonged high tcmperatures. low
humidit). and l ight winds. Paftial or conplete
brerkdown of the high pressure ridge lbllowed
by a cold l iont passage or the buildup ofconvec
lional st(n-ors provide the l ightning th t ignites
and wind that promotes the spread olone or ntore
fircs through the drought conditioned. highly ilam
rnable luels (Johnson 1992). Essentially the same
r.elationship benveen thc incidence of high severitl
t lre and this spccific synoptic-scale weather sc-
quence has becn rcported 1br s)'stems as dispar-
ate as the boreal lbrcsts of Canada (Bessie and
Johnson 1995). t l 're marit ime coniterous forests
of the Prcil ic Nofthwest (Hufi rnd Agee 1980.
Picklbrd et al. 19801, and the ponderosa pine for-
ests ofthe southwcstern United States (S$ctnam
and Belancouft 1990).

And finally, since our DCVM will e\'entu-
ally bc implernented at grid ccll resolutions of 10
km or greatcr. spatial heterogeneitv at the sub
grid level in factors like firel moisture and lord-
ing had to be accounted lor in our coarse scale
simulations oflire behavior and eft'ects. The relative
hetcrogeneity of luels and werther in space and
timc is a fundamental determinant of l ire sever-
ity. so simplitying assumptions of homogeneity
characteistic of tire modeling systcms at liner
levels of scale (McKenzie et al. 1996) are not
appropriate in a broad-scalc fire severity modcl.
Greatcr spatial heterogeneit), of fuel propelties.
weather. and topography gencrally promotes lower
fire scverity at landscape kr regional scales. Firc
seve ty at the stand level may be high at specific
positions in the landscape, but at thc broader scale
and under normal weather conditioDs. sprtial het-
. r  g r 'ne i t1  tend\  to  p rodu(c  I  l , ' uer ' .e re r i t )  rc -
girre characterized by a patchy distribution of
smirl ler f ires (Minnich 1983; Hcinselman 1985).
Forces that alter spatial hetero-qeneity tend to al-
ter the intcnsity and extent of fire. For example.
timber harvcsting svstens that incrcase the liag
mentation of the landscape can reduce connec-
tivity lrom the standpoinr of fire spread (Grccn
lq lq .  Turner  e l  u l .  laSot .  thu .  , le , .  rea . inc  l ver -
15 : r  f i r c . rze .  On the  o thcr  han, l .  l l re .uppre . . ion
policies tend to increase both the hoorogeneity
and flammrbil ity of landscapcs and can lead to
rnore extensive and higher intensity f ire (Habeck
J985). Insects and wind can increase or reduce
landscape tiagmentalion. depending on the scale,
pattern. and intensitv of the disturbance. with
consequcnce effects on the broad-scale fire re-
e imc fKn igh l  l ( )81 , .  F i re  b1  i t . c l l ' .  , ' r  in  qqncsn
with olhcr agents ofdisturbance. crn alter the le\€l
o l  .p r t ia l  h . te ropene i t l  thus  i r r f lucnc inp  the  .e
verity of subsecluent events (Lotan et al. I 985).

MAPSS-CENTUBY DGVM Overview

We are developing thc MAPSS-CENTURY
DGVM |o assess the potential impact of global
climate change on ccosystem stmcturc and func-
lion at wide runge of spatial scales tiom the land-
scape to the globc. The DGVM consists of three
linked models (Figure l): a biogeographic rule-
base model extractcd fiom MAPSS. the Mapped
Atmeipherc Plant Soil Systern (Neilson 1995).
the CENTURY biogeochemical rnodel (Parton et
al. 1992, 1993), rnd the new MCFIRE model.
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CENTURY

MCFIRE

Fjgurc l. l-inkages and leedb cks umong thc thrcc odules conpfising the \{APSS CINTURY Dynamic Vegetation lvlodel.

VFCE"IATION TYPE

Thc MAPSS rule based model prcdicls the
spatio{emporal distdbutioD of 21 different veg-
etation classcs dellned by the Vegetation/Ecosystenr
Modeling and Analysis Project (VEMAP parrici-
prnts 1995). The rule base distjnguishes vegcta-
tion classes according to climatic zone. rvoody
rnd gr i r . '  l i te - l ' , ' n r  J lm inrnce.  and reget l t ion
density. Themal and effective moislure iltdices
are dcrived liom climatic tine-series data thal are
inputs to the DGVM. and thresholds of these in-
dices in the rule base are used to predict climatic
zonc and lifefolm dominance (e.9., tempcrate
evergreen ncedleleaf coniler with C3 grass. or
subtropical deciduous shmb with C4 grass) at a
pixel. Threshold values ofthe aboveground plant
bionass simulated bl the CENTURY bio
geochcrnical model are used to position thc veg-
etation type along a gradient of vegetation den
sity from desert glassland to shrub ortrcc savanna
to closed forest. Vegetation succession in the
DGVM is rnodclcd as shifts ir the relative domi-
nance ofindividual lit'efomrs. Succession is driven
by long tem trends in the cl imatic input data rela
tivc to the climatic thresholds in thc rule-base
model. Climatically-i nduced vegetation tnnsitlons
occur on an amual t ime-step in the DGVM. and
only after the occurence of a simulaled distur
bance cvcnt (i.e.. severe fire).

CENTURY is a biogeochcnical nodel that
simulaLcs carbon ard nutient dynamics tor grass-

CARBON POOIJ
SOIL MOISTURE

land. savanna. trnd forest ecosystems. The ditler-
cnt ecosystems have diflerent plant production
submodels which uc linkedto common submodels
lbr soil organic matter and hydrology. The CEN-
TURY modcl rcquires a sepamte parameteriza-
tion to simulate biogeochernicrl cycling in cach
of the VEMAP vegetation classes. The prinarl'
t'eedback from thc MAPSS mle base to the CEN-
TURY model is the specification of vegetation
class fbr selection of thc proper CENTURY pa
rameter set. Aboveground bi0mass simulated by
CENTURY is the feedback to the MAPSS rule-
base that detemines shjfis along the vegctation
density gradient (e.g., from forest to savanna).

The MCFIRE model simulatcs thc occunence.
behavior, and cffects ofsevere fire in the DGVM.
As noted above, the occurrence of a simulatcd
fire in thc nodel triggers a re evaluation of the
vegetation class by the MAPSS rulc-base. Fire
et'fects (i.e.. plant motality and live and dead bio-
mass consunption) are estimated by MCFIRE as
a lunction of simulated fire bchavior and regeta
tion structure. Fire effects feedback to the CEN-
TURY model as adjustments b levels of thc di1'-
terent live and dcad carbon and nut ent pools.

The MCFIRE Model

The lbllowing is a briel description of the overall
structure and functionality ofthe MCFIRE model
(Figure 2).

tsrord Scrl< Fire Sererit l in rr DGVM q.r



MODEL IN?LITS

TEMPERATL]RE
PRECIP]TATION
RELA1TYE HTA,IID]TY
VEGETATION CI,ASS
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CRO\IN LENGT}I

DBH

Figufe I  F lo$ diagram ibr  thc \ {CFIRF mft lu lc.
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Vlodel Inputs

Data inputs to ihe MCFIRE modcl are the sane
long-lcrnr t ime series data used by thc cntirc
DGVM. These clata include averuge monthly tem-
pcrature. total monthl! precipitation, and avcr-
age monthly relative hurnidity. Wind speed is
treated as a constant in the model due to the un-
availabil ity ol long term. distributed data. In ad-
dition to climatic drta. MCFIRE requires the veg
etation class pro\,ided by the MAPSS rule-basc.
and the aboveground livc and dead biomass and
soil moisture pror,ided by CENTURY

Fucl lnoisture and llre behavior-is modelccl
at a dail5, t ime step in MCFIRE, so thc monthly
values of the clinratic dala are used to generate
psucclo-daily data. In the case oftemperaturc and
relarive humidity. daily data are genented by simple
linear internolation between monthly values. For
precipitation. the nonthly totals arc divided by
the nunber of events in each month. and these
psuedo-daily values are randomly assigned to days
within each month. The number ofevents in each
month is estimated using a regression lunction
derived from wcather station data archived by the
National Climate Data Center (WeathcrDisc As-
sociates 1990).

Fuel I\,4o sture and Loading

T l rc  per .e r r t  In t , i \ lu |c  : rnL l  ue igh t  pcr  un i t  l re l
of fucls are estimated lbr tbur dead fuel classes
(i.e.. l-, l0-. 1(X)-. and 1000-hr fuels) and three
live fuel classes (i.e.. overstory leaves and un-
derstory woody and herbaceous vegetation). We
use a combination ofthe Canadian Fine Fucl Mois-
ture Code (van Wagncr 1987) and the National
Fire Danger Rating S"-sLen (Bradsharv et al. 1983)
cqualions to estinate the moisture content ()1'
the lbur dead tuel classcs. Live |uel n'roisture 1s
cstimated from an index of plant $ater strcss
(Hou'rrd 19781. The index is a function of the
pcrcent soil moisture simulated by the CENTURY
h5,drology submodule.

The MCFIRE model obtains cstimates of l ive
and dead biomass in a few aboveground pools
lron the CENTURY model. The biomass rs par-
tit ioned into fuel classes using l ife-form specific
allometric functions that tirst estimatc avcrage plant
dimensions (c.g.. bole diameter and canopy height)
l'rom biomass. and ther the allocation of biom-
ass into dit lerent stluctural componcnts (e.g..

leaves. small and largc branches, and boles) that
correspond to the difterent luel size classes.

Potentia F re Behavlor and Effects

Both :urface ud cro\\n l lre behJ\ i! 'r ure .irnu-
Iated in MCFIRE. Surfacc firc bchavior is lrod-
eled using thc Rothemral ( 1972) fire spread equa
tions as inplemented h the National Fire Danger
Rating System (B radshaw ct al. 1983). Crown lire
init iation is simulated using Van Wagner's (1993)
fbrmulation. Indices of tirc bchavior (e.g.. fireline
intensity, rate of spread, and the residence time
ofllaming and smoldering combustion) are used
in the simulation of f ire effects in temrs of plant
mortality and fuel consunption.

If a crorvn file is initiated in the model. posc
t l re  rn r ,n  l i l )  r ' i  rburcBr , run t l  l i r c  b i t rm. r :s  i .  as
sumed to be complete. Otherwise. crown morlal-
ity is a conbined effect of crown scorch and
cambial kill sirnulated in MCFIRE. Crown scorch
is a function (Peterson and Ryan 1986) of leLhal
scorch heighL (Van Wagner 1973) and the aver
age crown height and length as determined by
the allometric functions ofbiomass. Cambial kill
is a function (Peterson and Ryan 19136) of the
duration of lcLhal heat and the bark thickness es
timated lrom average bole diameter. A tunction
of crown scorch and cambial kil l  (Pctcrson and
Ryan 1986) is uscd to cstimate the percentage
mortality of the crown biomass.

The mortality of live roots due to a simulated
lire is estimated from the depth of lethal heating
in the soil. Thc dcpth of lethal heating is mod
clcd as a l'unclion of the duration of flaming and
glowing combustion at the surface (Petefson and
Ryan 1986). We derived the depth vs. duration
rclationship fron'r empirical data presented by
Steward et al. ( 1990).

ln the case of a simulated crown flre, we as-
sume live leaves and branches are completely
consuned. Otherwise, l ive leaves are consumed
and live branches are transferred to the dead car-
bon pooJs in CENTURY in proportion to the per-
centage nrortality of the crown. The bole biom-
ass of killed trccs or shrubs and the biomass of
killed roots are also transferred to dead carbon
pools. The consumption ofdead biomass is mod-
eled as functions of the moisture contcnt of thc
ditlerent luel size classes (Peterson and Ryan
l9E6). Dead tuel consumption t 'eeds btrck to
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CENTURY as reductions in the dead carbon and
nutrient pools.

F-ire Occurrence

The potential lire effccts simulated in the modcl
do not teedback to the CENTURY model unless
MCFIRE dcternrines that a fire has occurred. The
occurence of fire in the rnodel is tfiggered by
threshold values of extended drought and ajoint
probabil ity offire ignition and spread (Figure 3).
We use thc moisture content of the dcad 1000-hr
fuel class as an indicator of extended drought.
Large dead fuels are very slow to absorb and re-
lease moisture (Fosberg et al. I 9 81 ). so their per-

cent noisturc contcnt is a good index ofextended
periods of either dry or wet conditions.

When the 1000-hr fuel moisture drops below
acalibrated drought tbreshold in the model. a simu-
lated fire will occur if therc is also a greater than
50% probability of fire ignition and spread. To
calculate ajoinr probability of ignition and spread,
we use an estimate of fine fuel flarnmability and
a mtio oflhc simulated rate of spread to a critical
rate of spread for rcportable fires (Bradshaw et
r l . .  lqS l ) .  T  igh tn ine  r .  thc  ign i r ion  sourec  i r  an-
other constraint on fire occurrence. Cur:rently we
are using a very cmde climatic indicator of the
presence or absence of l ightning.

1900 1910 1920 1930 1940 1950 '1960 1970 t980 1990

1900 1910 1920 1930 '1940 1950 1960 1970 1980 1990
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When both the drought and ignition/spread
thresholds ale exceeded, a fire event is triggered
in the rnodcl. h the exainple presentcd in Figure
3. llve tire events wcre tdggered dur-ing a 1(Xlyr
simulation.

Development and Preliminary Testing of
thE DGVM

Much of thc development and init ial tcsting of
MCFIRE and the rest ofour MAPSS CENTURY
DGVM is taking place rvithin a 12.5 square kilo
meter stud,v u-ea that is part of Wird Cave Na-
tional Park (WCNP) in the Black Hil ls ol South
Dakota. The implementation of thc DGVM at
WCNP is one part of a largcr slLldy to assess the
impact of global change on the Centrl l Grass-
Jands Region at landscrpc to regional scales
(Neilson et al. 1996.). The primary advanLage of
l l lst implementing the nlodel at the landscirpe-
scale is the availabil ity of model input data. We
$'ere rble to geDelate a 100-yf monthly climatic
dataset for the study lrea that is disttibuted on a
50 r re te r  1 r ' i . l  r r rd  ine lude.  r l l  the  nere . : .L r )  in -
puts to the DGVM. Long-tcrm, distdbuted cli-
mate datasets at broader scales are not currcntly
rvailable, although a histolical gridded climate
dataset tbr thc conlenninous United Statcs at a
60 km rcsolution will be produced by theVEMAP
pnrjcct in 1998 (Kittel et rl. 1997).

As a nodel testbed. WCNP offers the addi-
tional advantagc of including several of thc Cen
tral Grassland vegetation typcs simulated by the
DCVM, including temperate evergrccn conifer'

WCNPFORESTCELL
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and lnixed tbrests, lemperate evergreen savanna.
both C3 and C4 grasslands, and deciduous hard-
woods in ripariarVu'etter-arers. Herc wc sl]ow sollte
results tbr three data cells representlng the ever'-

! reen j , , r i f c r  lo rc . l .  e \  ( r i re (n  ( , ,n i l ' e f  . i r \ . rnn i r .
rnd C.X grassland types (Figures 4-6.).

Results ti)r thc cvergreen coliler fbrest (Fig-
ure :l) show a gradual increase in tree leaf biom-
ass l iom init ially low levels over the 100 yerr
simulation. About midway through the simula-
tion. tree leafbiomass crosses thc threshold level
for the transition from grassland to savanna, and
ther becomes high cnough near the end of the
simulation to be interprcted as closed lbrest by
the MAPSS rule basc. Live grass biomass exhib-
its a steady declinc due to increasingly greater
competition with the overstory tirr light. watcr.
and nutrients. Climatic conditions in this cell, which
represents the moist cxtreme of a noisture gradi-
ent in the study arca, are never sufticiently dry to
trigger a severe fi rc over the 100 years of simula-
t10n.

The results 1br the evergrccn conifer savalna
cell (Figure 5) demonstrate the effect of includ-
ing the inrpact of f ire in the DGVM. With tirc
turned oti in the model. the results (Figure 5a.)
are similar to those lbr the forcst cell (Figure .1),

although climatic conditions at thc savanna cell
arc somewhat drier. Tree leaf biomass reaches a
level intelpreted by the MAPSS rule base as char-
actedstic of fbrest. not savanna. With lire turned
on. the potential tree leaf biomass is reduced to
savanna levels by simulated flres that rctum ev

-- Grass Leaf
- Tree Leaf

E

E
in

figurc ,1. Tree and li\'e gras\ bionrss \inulated by the N{APSS'CENTURY DVGNl in a Wind Cale Nrtional P,rrL iwCNP) data
grid cell repfesenting evergr.cn conifer foresl

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
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ery twenty )'eal s on averlgc (Figurc.lb). Live grass
biornass exhibits a repetit ive cycle. wirh t 'ast re-
grow$ in thc absence olcompetition from uoodl
vegetatlon. and thcn a gradual decline with in
creasin-s competit ion unti l consumption by the
next t ire event.

\'[odel sinulation results li)r the C:l grassland
cc]] (Fi-eure 6) indicate that l ire is also ncccssar'"-
to mainlain thc vcgetation structure obsened at
the dry'' extreme of thc moisture gradient. With
out tire (Figur.e 6a). tree leafbiomass vclv gradually
reaches a levcl simil iar b that maintained b)'t ire
in the savanna cell (Figule 5b). and livc grass bio-
nass is very low. With the inclusion of f ire in the
\ imu l r l i , ' n  lF igure  6b t .  t t ce  l cu I  b io rn : rs .  i .  re -
duced to lcvclsbelow the grasslurd sa\"ru]a thresh-
old b1'fires retuming on the averrge every 30 years.
and li le glass biomass increascs to a level com-

Grass Leal
- Tree Leal

Grass Leaf
- Tree Leaf

nrcnsurrte with those observcd along grassland
( rJn \cc t .  in  wcNP ro l i rn r .  pe | ron l l  comrnun i -
cation).

Incorporating Sub-Grid Heterogeneity
into Broad-Scale Simulations

When running our nrodel on the WCNP data grid.
wc can sat'ely assume that the spatial distdbution
ol factors like fuel moisture and tirel loading arc
relatively homogcneous with each of thc 50 rn
grid cells. This is a crit ical assumption because
thc  a lg l l i th r r rs  l r \ed  lo  n rod( i  f i re  bchur  i , ' r  wer '<
de\e lopcJ  J I  r  \ l i rn ( l  le \e l  under  lhc  i rs \uml r i , ' n
ofhomogcneity in flel properties (Rothcrmel 1972:
McKenzie 1996).

Howevcr, once we obtain the VEMAP his-
torical gridded climate dalasct. we wil l be
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implementing oul DGVM on a coarscr 60 km grid
within thc Central Crasslands legion and across
the entire conterminous United States. Eventu
ally u'e also expect to implemcnt our DCVM glo-
bally at even coar-ser resolutions. For thcsc sirnu-
l r l ion . .  uur  c \ \u rnp l r , ,n ,  ' i \ \  i l h in r 'e l l  hon togene i t )
wil l no longer be tenable. There *i l l  be consid-
erable patchiness in thc occurrence and intensity
of severe fire in any area the size of one of thcse
coarse grid ccl1s. Much ofthi! patchiness wil l be
lelated to variation in topographically-controlled
tackrrs like slope steepness. aspect, and vegeta-
tion charrctcristics that deternline luel propefiies.
Thus to adequately represent llrc behavior and
effects for coarse glid cclls as a whole. we must
account fbr the spatial heterogeneity within grid
cells.

Land suftace type (I-ST) parameterization has
emerged as one rncans ol rnodeling sub glid cell

- Grass Leaf
- Tree Leaf

- Grass Leat
- Tree Leaf

heterogeneity in regionrl climate models (Avissar
and Pielke 1989. Pielke and Avissar l990). An
LST is a portion of the grid cell that is
phvsiographically distinct. Forexamplc, all north-
tacing slopes within a specitied elevational band
can be represented in aregional model as a single
LST with aspecilied uea, although in reality north-
facing skrpes rnry be scattered throughoutthe cell.
Within the grid-ccll. spatial pattems of the dif-
ferent LSTs are not explicit ly modeled. Grid cel1
outputto the atmosphere equals the area-weighted
mean of the LST outputs.

For examplc, we used a 90 n digital eleva-
lion model (DEM) and a topographic shading al
gorithm (Frew 1990) to distinguish eight dit ' fer-
enl LSTS in a l0 km cell centcred over the H.J.
ADdrews Experimental Forest in the southern
Oregon Cascades (Figure 7). We also used a
Gaussian tilter on the DEM to exanine the effecls
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Figufe 6. Tfee rnd ln e gra!s hiorn.lss sinrulrtd by lhe VAPSS-CENTI-rRY l)VGNi in e \Yind Cl!e N.rtional Park (WCNP)data
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steep) in a 10 kln cell c.nrrcd over the H.J. Andrels LTER in the Oregon Crscade Nlounlains. Contour inten'rl i\ l0t)

of thrce different smoothing levels on the LST
distribudon. Exposure to radiation and slope steep-
ncss, chamcteristics likely to influence tuel nmis-
ture and tire behavior, werc selected k) distinguish
the LSTS in this example.

Once LSTs have been distinguished withir a
coarse grid ccll. our DGVM will bc parameter-
ized tbr each LST via a downscaling ol the grid
ccll level input data. Of key importance in for-
mulating the downscaling methods \\"ill be rela-
tionships between climate alld elevatlon, slope.
and aspect (Daly et al. 199,1). We nill derive these
relationships by modeling the climate in select
regions across the United States at both ttne and
coa$e rcsoiutions. Once the DGVM is param
eterized. we will run thc model once lbr each LST.
calculating the results ti)r the entire grid cell as
an arca-weighted average of the results 1br each
LST. For example. the amount of gaseous and
pafticulate emissions enritted to the atmosphere
by a firc simulated within a coarse grid cell would
be calculated as the average of thc emlssloDs
emitted ftom each LST weighted by the k)tal cell
arca occupied by each LST.
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Discussion

In order to constmct a broad-scale fire model for
use in assessing the potential impact of globtl
ihcn !e  on  f i re  'e re r i t ) .  , ' nc  o f  our  ke1 requ i re -
ments rvas thc ability to model the impact of cli-
mate change on llel dynrmics via effects on the
growth ard decomposition of vegetation. Dynamic
simulation of fuel loading was accomplished by
linking MCFIRE to the CENTURY biogeochem
istry model to providc estinates of the sizes of
diff'ercnt live and dead carbon pools that could
be allometrictlly convefied to loadjngs in dil1er-
ent fuel classes. Other tire bchavior models rve
examined (e.g., Bradshaw 1983, Andrews 19E6)
used static lucl models to define typical fuel lotrds
in a l imited number of broadly dclined vegeta
tion types. One exception is the FIRE-BGC model
(Keane et al. 1996) which.like MCFIRE. is coupled
rvith a biogeochemistry model. However, FIRE-
BGC is fundamentalJy a lbrest -eap nodel in both
process and scale. and requires a very detailed
parameterization and initialization for rnultiplc
specics. As such. rl''e were unablc lo adapt it for
use as the type offire sevcrity modelrequired by



our DGVM (i.c., broad-scalc. lit'c-fbrm based. and
globally-parameterized) .

Another requirement \\"as to dynamically simu-
late llre occuffence in the DGVM. For the pur
poses of global changc impact assessment, we
ielt it was critical not to impose fire frequencies
on our model. but rather let them be an emergent
propeny of the simulations. In other long-term
fire sin.rulations ofwhich we are aware (e.g.. Keane
eta l .  1996a,  1996b:  Turnere ta l .  1989) .  l i re  oc-
cunence is usually some function of the histori-
cal tire frequencies observed in specific vegeta-
tion types.

ln MCFIRE. thc use of a low drought thresh-
old to trigger fire occurrence (e.g.. 147. moisture
content ef 1000-hr fuels in WCNP example) re-
stricts the type of silrulated fires to relatively in-
ticqucnt. severe events. The 20 and 30 year tire
retum intervals that were simulated for the WCNP
savanna and grassland cells respectively are sut-
l lcient to constrain woody biomass to levels that
produce a corect classification of these vegeta-
tjon types by the MAPSS rule-base. Hower''er. these
return intenals arejusl wilhin the ranges repoficd
tbr Black Hif ls pcrnderosaptne (Pinus ptnderoso
Dougl. ex Laws.) savanna (12'25 years) and dry
rnixedgrass prairie (20-30 years) (Wright and Baily
1982). Lower severity f ires not associated with
extended drought pcriods also contribute to ob-
serYed return intervals, but the occurence oflow
scvcrity f irc is diff icult to model deterministicallv
due to its inherently stochastic nature. We rec
ognize the importance of low scvcrity fire in the
maintenance of ecosystem properties and the spatial
heterogeneity of landscapes. But befbre we de-
tenline whelher or not a spccial provision needs
to be made for low severity fire in the MCFIRE
model. we need to examine the pedbrmance of
oru cunent strategy for stafiing tlrcs over a broader
range of vegetation types and within thg context
of our land sudace type paramete zation scheme.

Running MCFIRE for individual LSTs wil l
tend to produce a mixture of different fire sever
ity levels within coarse-scale grid cells, especially
incells that are topographically diverse. The spatial
pattern of f ire severity within a cell wil l not be
explicitly simulated, but the cell wide el'fect of
ditfcrcnt lcvcls offire severity !\,ill be represented
in the area weighted average of the fire effccts
simulated fbr the individual LSTs. Process-based
fire growth models such as the FARSITE model
(Finney l994) and cellular autonata (Turner and

Romme 1994, Gardner et al. 1996) and percola-
tion (Von Niessen and Blumen 1988) models have
been used to simulate fire spread. shape. and con-
tagion at the scale of the wate$hed or landscape.
Thcir use for explicitly simulating the spatial pat
teming of fire severity within coarser-scale cells
would pose serious difficulties in terms of both
parameterization and computerresources (Keane
and Long 1998). ln coa$e-scale applications of
our DCVM. the fbcus is less on spatial pattem
within cells and more on accurate cell-\\'ide av-
erages ofpropefties that leedback to even coarser-
scale General Circulation Models. Fortine-scale
app l ic r t ion .  o lourDCVM.  i t  rn r l  be  rp r , 'p r iu te
simulate lire spread among grid cells when enough
data arc available to adequately piiLrametedze a
fire growth mode[. In coarse-scale simulations,
among-cell contagion of fire events will be pro-
moted by the use of the drought index to trigger
fire occunencc in MCFIRE, because episodes of
extended drought are often regional and unitbrm
in extent.

The MCFIRE model, l ike the rest of our
DGVM, is still a work in progress. Our plans for
future enhancements of MCFIRE include a more
robust lightning occurrcnce 1'unction which will
be derived tiom data provided by the National
Lightning Detection Network (Reap and
MacGonnan 1989). A tire emissions lunction
(Ward and Hdrdy 199 i) willalso be added to model
the impact of simulated fires on the atmosphere.
Alterthe coarse scale. gridded climate dataset for
the centerminous United States developed by the
VEMAP project is acquired, the DGVM will be
run for the entire United States under both his-
bric and potential future climates. For the his-
torical portion of the continental-scale simulations.
we will validate the output ofthe MCFIRE model
using fire records obtained fiom the U.S. Forest
Service.

Terrestrial ecosystems are often constrained
by disturbance, and changes in disturbance re-
gimes can lead to abrupt changes in ecosystem
\ tmcture  and lunc t ion .  F i re  i .  the  pr i rnar )  nu tu-
ral disturbance in many different ecosystems. and
fire regimes may be especially sensitive to cli-
mate change. A lack of understanding regarding
the reponse ofbroad-scale tire severity to climate
change limits our abil ity to predict potential
changes in ecosysten structure and function and
teedbacks to the atmosphere (McKenzie et al.
1996). [t is crit ica] to account for the role offire
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in dynamic vegetation models used to assess the
potential impacts of climate change. In prelirni-
naq'tests of the MCFIRE module in the MAPSS
Century DGVM. thc accuratc siInulation of eco-
system structure and function under curent
climatic conditions is dcpcndcnt upon fire eft 'ects
in the model simulations, especially at the inter-
tace betrveen lbrest and grassland.
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