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Landscape evolution models: a software over these scales. For example, soil creep may be
review inconsequential during a single flood, but cause mas-

T. J. Coulthard* Institute of Geography and Earth Sci-SIV€ changes over 20 000 years. Conversely, the exact

ences, University of Wales, Aberystwyth SY23 3DB, UK location of a brai(_jed_river section may prove irrel-
evant when considering thousands of years of val-

Introduction and context ley aggradation, but very important when looking at

The late 1970s saw the development of a series sotﬂorter timescales, for exa”.‘p.'e where to construct a
bridge. To overcome the difficulties with changing

phys.lcally based computer models that used a MeSDatial scales, the models reviewed here use three dif-
of grid cells to represent a landscape and channel gt

. rent techniques. CASCADE (Braun and Sambridge,
work (Anhert, 1976). These simulated landscape ev(-
lution by routing water across this mesh and changi 272. a:(_:l CHHI‘: (T;Cﬁe.Et '?el” dl?)?ga,l 2000|Luse_§m o
the grid cell elevations to represent fluvial and slop plive irreguiar mesh instea regufar gnd, s

erosion. With an increase in the power and availabﬁ- at areas where there is frequent activity (near river

ity of computers in the late 1980s and early 1990§,ha.nnels) have more nodes and thus more (_jeta|l t.han
ill slope where there may be comparatively lit-

enhanced models were developed with more accur o ;
representations of fluvial and slope processes (Kirkb e activity. GOLEM (Tucker and Slingerland, 1994)

1987; Willgooseet al., 1991, 1994; Howard, 1994; hd SIBERIA (WiIIgoos_eet al, 1991, 1994) solve
Tucker and Slingerland, 1994). These new modeﬁg's by using a sub-grid cell representation of the
have revealed how interactions between, for exampféver channel. CAESAR (Coultharet al‘z 1998, 1999,
hydrology, fluvial erosion, slope processes, tectonfl)00) @pproaches this problem by using a large mesh
uplift, climate and lithology influence the drainag®’ Small cells, and concentrating 95% of the mod-
network and catchment form. Current developmentglS’ time on the active cells near the channel, whilst
again aided by enhanced computational capacity, haQ}_%nodlcally checking the hill slopes. The problem of
seen an increase in the size of catchment studiegdifferent temporal scales has been tackled by alter-
more detailed process representation, the use of '8 how hydrological, channel, geological and slope
irregular mesh instead of grid cells (Braun and Sanfyocesses are repres_ented within the models. Depend-
bridge, 1997; Tuckeet al., 2000), and the applicationNd Upon the application, some models have chosen to
of these models to real river catchments to examis@lculate erosion and deposition on a short term event
genuine environmental issues (Coulthatcal, 2000; based scale (e.g. CAESAR and CHILD), whereas oth-
Evans and Willgoose, 2000). ers use long term averages over 100 year time steps
These models are important to both hydrologist$-9. CASCADE). _
and geomorphologists, as they take a holistic view, All of these models are now available to download
regarding the catchment as a whole, whereas fr@r free (with the authors’ permission) and the full
quently hydro'ogy and geomorphic Change are mo&J_RLS are ||Sted in the AppendIX to thIS reVieW. There
elled as separate entities. As W|||gowea| (1994) are other models that are not covered in this review,
argued, the hydrology can determine the catchme®td their omission is in no way a representation of
form, yet the catchment form can alter the hydrologyheir calibre. Furthermore, this review provides only
This is increasingly relevant, given the onset of rapid brief guide to these modelling packages, for a more
global warming (Mann, 2000) as these models givié-depth evaluation, the reader is advised to examine
us tools to explore the effects of changes in climatée websites and consult the extensive literature.
on hydrology and the whole river catchment.
However, modelling landscape evolution is esp&SIBERIA
cially hard, due to the large number of processes Opey
ating over a wide range of spatial and temporal scales ;
and how the importance of these processes chan%eééw een hydro_log_y, tectonics and catchment form
ver geomorphic timescales. It uses a grid of square
_ cells and for every iteration the model determines a
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IBERIA was designed to examine the relationships
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exceedsa threshold(determinedby the resistanceof

the slope material) then fluvial erosion will occur
and material moved from one cell to anotheralong
the steepestine of descentimportantly, this allows
the channelnetwork to grow or contract,according
to the amountof dischage. This is coupledwith a
modelto simulatediffusive slope processessuchas
soil creep,rain splashandrock slides,so that mate-
rial from slope cells could be moved to channels
and erodedfrom the system.lInitial applicationsof

SIBERIA were usedto investigatethe interactions
betweerhydrologyandcatchmenform, andhow tec-
tonicsanderosioncombineto form a ‘dynamic equi-
librium’ of channelnetwork morphology. Recently
SIBERIA has beenimproved to incorporatemulti-

ple flow routing, slope weathering,armouring and
the ability to introduce fixed engineeredstructures
(e.g. a bank) into the landscapelt has also been
validatedagainstexperimentalnd field geomorpho-
logical dataandis presentlybeingappliedto several
environmentalproblems (Willgoose, personalcom-

munication) including the stability of a mining site

(EvansandWillgoose, 2000).

SIBERIA is part of a suite of landscapeanalysis
programsandwasobtainedby following instructions
on the website.It cameas a zip file containingan
executabléfile for a PC and severalsetsof example
data. The programis also available as FORTRAN
code that can be compiled on machineswith an
F77 compiler. The websitealso featuresan excellent
detailedmanual,thatis downloadablen .pdf format.
This containsan introductionto the modeland a list
of all the parametersetailinghow to alterthemand
what effect they can have. This allows the userto
input a DEM or landscapgpossibly generatecby a
GIS packagepndsetthe slopeprocesgsatesandother
model parameters.

The model operationwas straightforward. After
compiling andrunningthe code,the userwaspromp-
ted to enter the name of input files for the initial
elevationand a boundaryfile. If nonewere entered
the model useddefault settingsof a randomly gen-
erated mesh. Further prompts askedthe user what
type of output was required and how often. 1000
time steps (which dependingupon the parameters
chosenmay simulate 1000yearson a highly ero-
sive site or 100000 yearson a hardersurface)took
approximately5 min with a 40 x 40 mesh.The size
of grid meshthat can be usedis restrictedby the
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memoryof the computer,anda larger grid cancon-
siderably slow the operationof the model. During
the run, SIBERIA flashedup text basedrepresen-
tations of the drainagenetwork and elevations,that
were useful to check on the progressof the simu-
lation. SIBERIA also periodically savedthe grid cell
elevationsandotherparameterso anoutputfile. This
alloweda completedrun to be re-startedrom its fin-
ishing point, and the data could be plotted to show
the surfaceelevations(Figure 1). An openGLyvisual-
ization packagds alsoavailablefor SIBERIA output
files. In summary SIBERIA wasvery quick, straight-
forward, testedandwell documented.

GOLEM

GOLEM was developedto look at long term land-
scape evolution (100000 to 10000000 years) and
linkagesbetweererosionandtectonicslt usessquare
grid cells (c.1 km x 1 km), routeswater down the
line of steepestiescentand includesrepresentations
of diffusive slope processesWherea grid cell con-
tains a channel, GOLEM allows two types, bedrock
and alluvial. This importantly allowed the model to
makethe distinctionbetweersupplylimited (bedrock
channelsiandtransportlimited catchmentgalluvial).
This is coupledto modelsof weatheringand sedi-
mentproduction,sothe effectsof anarid environment
(with low weatheringrates)can be comparedo that
of a humid climate. Furthermore GOLEM incorpo-
ratesa tectonicmodelthatallowsthe userto simulate
uplift causeddy theremovalof sedimentanddepres-
sioncausedy sedimentoading. TuckerandSlinger-
land (1994) used GOLEM to show that there were
clear differencesbetweenlandscapeshat developed
in supply and transportlimited environments,and
that escarpmentetreatwas causedby a combination
of bedrockincision, low sedimentproduction (sup-
ply limited) andflexuraluplift which helpedmaintain
erosion.Sincetheseinitial applicationsGOLEM has
beenaugmentedyy severalimportantadditions.The
modelcannow berunin the‘regional’ or ‘catchment’
mode,which assumeshe model usesdifferentscale
grid cells (1 x 1 km? comparedto 50 x 50 m?) and
treatsthe processesslightly differently to compen-
sate. Different sedimenttransportlaws can be used
andstratigraphiesanbe integratedsothatthe model
can havedifferentlayersof rock with variableresis-
tancedo erosionandslopefailure anglesThis allows
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Figure 1. Outputfrom SIBERIA, from a 40 x 40 mesh,displayedusing ARCMAP

for examplethe simulationof the erosionof a softer
grit/sandstonen top of a harderlimestone.

GOLEM is freely available for non-commercial
purposesandwaseasilydownloadedrom its website,
alongwith sampledataanda seriesof Mattlab exten-
sionsfor visualization.GOLEM is written in a single
C file and was easily compiledon severalplatforms
(Linux 6.2,NT C compiler,Digital andSUN worksta-
tion weretried). Thewebsitecontainsauseful(though
incomplete)manualthatdescribedhe model’'sopera-
tion andthe parametersnvolved. As with SIBERIA,
GOLEM allowed the userto input their own initial
surface.

Running GOLEM was simple and the model read
aninputfile thatdefinedthe procesparametersSome
variables,suchasthe size of the grid mesh,required
alterationsto the source code and re-compiling.
GOLEM ran at a similar speedto SIBERIA, but
containedho real-timeoutput.At the endof the simu-
lation, severaldatafiles werewritten containingsur-
face elevationsand drainageareainformation. The
codewas clear and easily changedso the elevations
were output as a grid insteadof a list of numbers
to allow integrationinto ARC-INFO (Figure2). To
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summarize,GOLEM was quick and straightforward
in operationandusefulfor examininglongtime scales
andthe effectsof tectonicuplift andloading.

CASCADE

CASCADE differs significantly from previousmod-
els, as it usesan irregular meshor TIN (Triangu-
lar Irregular Network) insteadof a squaregrid. This
meshis derivedusingDelaunaytriangulationandero-
sionanddepositionis carriedout betweerthe natural
neighboumodesof themesh.This meanghatin areas
wherea high spatialresolutionis required(river chan-
nels)morenodescanbe usedthan,for exampleon a
hill slope.The meshis self-adaptinganddeformable,
so that nodescanbe addedor movedduring simula-
tions, allowing, for example,a new river channelto
be addedto a hill slope.The model usesthe ‘Cas-
cade’algorithmto calculatethe channelnetworkand
route water to the lowest neighbour.Other methods
(e.g. GOLEM) requirethe nodesin the meshto be
orderedso that water can flow from highestto low-
est, which can be time-consuming.The CASCADE
methodis a ‘bucket passingalgorithm’ (Braun and
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Figure 2. Outputfrom a GOLEM run, generatedrom ARCMAP, with a 130 x 130 grid

Sambridge 1997)whereeachnodeis given a ‘buck-
etful’ or setamountof waterandaskedo passt to its
lowest neighbour.After this, all nodesthat have not
receivedany waterarelocal ‘maxima’ and placedat
thetop of alist. This processontinuesuntil all nodes
havebeenaccountedor, resultingin anorderedist in
afractionof thetime. CASCADE hasbeenappliedto
long term, large areasimulationsof millions of years,
where eachnode spacingis approximatelyl km. It
integratesasicdiffusive slopeprocessesvith simple
fluvial erosionand depositionbasedupona carrying
capacity.
Theadaptablérregularmeshhasallowedthe simu-
lation of complexgeometriegandthe easyintegration
of tectonics,in particularhorizontalmovementSuch
situationsare hard to model with a fixed or regular
meshandexcellentexamplesareshownin Braunand
Sambridge(1997). They also claim that the irregu-
lar meshovercomesomeof the problemsassociated
with usinga regulargrid, whereforcing the waterin
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only eight directionscanresultin an artificial sym-
metry developing.

CASCADE is not for open distribution and to
download, the user must first contact Jean Braun
for a usernameand password.When downloaded.
CASCADE came as a tar file containing several
FORTRAN and C sub-programghat requiredcom-
pilation on a Unix machine. The code, however,
refusedto compile on Linux 6.2, but was fine on
a Digital machineand SUN workstationafter alter-
ationswere madeto the ‘makefile’. Oncein opera-
tion, CASCADE was the only model reviewedhere
to offer a graphical output of the model evolution
(Figure 3). This showeda plan view of the landscape
anddrainagenetwork,with differentcolourspotscor-
respondingto the elevations.The default simulation
(10000 time stepsof 100 years)ranin approximately
10 minutes on a fast Unix machine and produced
output files of topographyand dischage character-
istics. No manual or user guide was available, but
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Figure 3. A screershotof CASCADE running. This showsa centralescarpmenieingeroded.The spotscorrespondo nodesof theirregular
mesh.Reproducedy permissionof JeanBraun, ResearctBchoolof Earth SciencesAustralianNational University

parametergontrolling the erosionandtectonicfunc-
tionscould be alteredby editingthe FORTRAN code,
then recompiling. CASCADE also allowed any ini-
tial surfaceto be loadedas X, Y and Z values.In
summary, CASCADE offers a different methodol-
ogy using novel algorithmsthat is ideal for com-
plex geometriesand horizontal tectonic movement,
but presentlycontainssimple processepresentations
andprovedcomplexto use.

CHILD

CHILD alsousesan adaptabléarregularmeshor TIN

of nodesderivedfrom Delaunaytriangulation.Water
is routed from node to node by the steepestslope
usingthe CASCADE algorithm, but insteadof using

a fixed time step, every model iteration represents
a storm event. This ‘event’ has a rainfall intensity
and duration that are usedto drive a hydrological
model (thereis a choice of four), which calculates
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how much water to add to eachnode. The fluvial
erosionand depositionfor this storm eventare then
determinedand the elevation of the node updated
accordingly. CHILD incorporatesa more elaborate
representatioof fluvial processesalculatinga chan-
nel width and depth within the node. This drives
detachmentnd transportlimited sedimenttransport
rules, a meanderingmodel and overbankdeposition
routine.FurthermoreCHILD allowsthe userto spec-
ify differentgrain sizes,aswell asrecordthe ageof
deposits,which enablesthe modelto constructsim-
ple alluvial stratigraphiesTectonicuplift canalsobe
included, but not horizontalmovementas per CAS-
CADE. CHILD hasbeenappliedto river catchments
for timescalesranging from thousandsto millions
of years,thoughfor longer simulationsstorm events
have to be ‘enlamged’ to representseveralyears of
erosionand deposition.

CHILD was available by e-mailing Greg Tucker
from the CHILD website, but distribution may be

Hydrol. Process. 15, 165-173 (2001)
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Figure4. Examplesof the irregular meshusedby CHILD. The first image detailsa catchmentexperiment,whereasthe secondshowsa
sectionof meanderingchannel

# Fine
T Mediom

Coarse

Figure5. Resultsfrom the simple CAESAR demonstratiorof alluvial fan formation, and a confluencesectionfrom a larger simulation,
detailingdifferencesn surfacegrain size

subjectto alicensingagreementlt is writtenin C++ machine, though Tucker (personalcommunication)
and cameas a zipped tar file containingnumerous statedthat CHILD will be made compatible with

files and directories.Compilationwas awkward,and Linux andotherUnix systemsA highly detailedman-
the program could only be compiled on a Digital ual can be downloadedfrom the CHILD website,
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alongwith a seriesof technicalreportsthat describe
themodelandsomeexamplesMost of the parameters
for CHILD arereadfrom aninputfile at run-timethat
allows the userto changefor example,climate, the
hydrologicalmodel, erosionmodel, hydraulic geom-
etry constantsaandthe meanderingnodel. The initial
surfacecan be generatedby the model, read from
a datafile asX, Y, Z co-ordinatesor evenreadas
an input from an ARC-INFO grid file. Output from
the modelis generatedt time intervals specifiedin
theinputfile, andincludesASCII files detailingnode
elevationsslopesdrainageareasflow directionsand
surfacegrain size.In summary,CHILD is a sophis-
ticated,well documentednodelwith many excellent
features.However,it was hard to compile and, due
to its complexity, the sourcecodemay be difficult to
modify.

CAESAR

CAESAR was designedto operateover timescales
from 10to 10000 yearsandusesmany (up to several
million) small squaregrid cells (from 1 m to 50 m)
to representhe landscapeThis permits CAESAR to
modelfluvial processesn greaterdetail by allowing
the channelto spanseveralgrid cells, insteadof rep-
resentingit within a single larger cell or node. An
hourly rainfall recordis usedto drive a hydrological
model that calculatescell dischage, which is then
routedacrossthe catchmenusing a novel ‘scanning’
multiple flow algorithmthatnegateshe needfor sort-
ing grid elevationsUnlike steepestiescenimethods,
this allows divergentflow, for exampleat an alluvial
fan or in a braidedsection,andalsoremovessomeof
the artificial symmetrycreatedoy forcing all the flow
in one direction. CAESAR also modelsthe erosion
of up to nine different grain sizes using an active
layer systemenablingthe formation of bed armour
and alluvial stratigraphiesThis is combinedwith a
variabletime stepcontrolledby erosionrates,so that
during a large flood, the time stepmay drop to a mil-
lionth of a secondyet expandto an hour during low
flows. Representationsf soil creepand massmove-
mentare alsointegrated. CAESAR hasbeenapplied
to small catchmentin the Yorkshire Dales (<4 m?)
with 2 m grid cells to model catchmentresponseo
climateandland-usechange(Coulthardet al., 2000),
sedimentvavesandalluvial fan evolution(Coulthard
etal., 1998), as well as at larger scales(400 km?)
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with 50 m grid cells (Coulthardand Macklin, 2000).
Furthermore,the results of these simulations have
beenvalidatedwith field datafrom flood recordsand
alluvial stratigraphiesHowever,as CAESAR oper-
atesover smaller timescales,it fails to incorporate
long term processessuch as rock weathering,soil
generatiorand tectonicuplift.

CAESARwaseasilydownloadedrom thewebsite,
and cameasa zip file containinga Windows 95, 98
and NT compatibleexecutabléile, with samplesets
of data.Threeversionswere available with different
restrictionson the size of the grid mesh (smaller
versions were designedfor machineswith limited
memory). The sourcecodewas not freely available,
though the authorsmay be willing to releaseit for
someuses.Thewebsitealsocontaineda basicmanual
explaining someparts of the model’s operationand
the parametersaswell asa thesischapterproviding
a more detaileddescriptionof the model.

Running CAESAR simply involved double click-
ing the executabldile. This broughtup atext window
that provided basic information as to how far the
model had progressednd information on waterand
sedimendischages.A datafile wasreadatthebegin-
ning of therunthatcouldbealteredto changehesize
of the grid, grain sizes,slopefailure angles,vegeta-
tion cover and other model parametersThe model
periodicallyproducedASCII grids of the surfaceele-
vationsthatcouldbereadby ARC-INFO, aswell asa
file detailingthe modelstratigraphy.The demonstra-
tion modelsreleasedn the websitewere limited to
simulatefor a maximumof 10 years,but longerterm
versionscanbe createduponrequestA 10-yearsimu-
lation of alluvial fan developmenbna300 x 100grid
took approximatelyl4 hours.In summary,CAESAR
wassimpleto useandproducedavery high resolution
output, but its ability to modellong term simulations
(>10000 years)is limited by the long run timesand
basicslopeprocesgepresentation.

Summary

Whilst similar in concept,thesemodelsall havedif-

ferent ways of modelling landscapeevolution, and
consequenthsomeare bettersuitedfor certainappli-
cationsthanothers.The choiceof modelwill depend
heavilyuponthe natureof the application,andto help
potentialusers the following four categoriesumma-
rize the suitability of the modelsreviewed.
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1. Resolutionspatialandtemporal Most of the mod-
elsreviewedherecanbe appliedovera wide range
of time andspacescalesHoweversome(e.g.CAS-
CADE and GOLEM) are better suited for large
scale,long term simulationswhereasothers (e.g.
SIBERIA, CAESAR and CHILD) may be bet-
ter for shorterperiods,where higher resolutionis
required.However,with all thesemodelsit should
berememberedhatincreasinghe numberof mesh
nodesand study period significantly lengthenghe
durationof a modelrun.

. ProcesgepresentationCHILD, CAESARandto a
lesserextentGOLEM all modelfluvial processem
more detail, including grain size and stratigraphy.
Furthermore, CAESAR also models the channel
topographywith divergentflow and CHILD incor-
poratesameanderingnodel.ConverselySIBERIA
andGOLEM containbetterrepresentationsf slope
processesincluding rock weathering. CAESAR
fails to include tectoniceffectsand CASCADE is
the only modelto allow horizontaltectonicmove-
ment.All the modelshavebeencomparedo natu-
ral drainagebasinsusing drainagenetwork char-
acteristics,but only SIBERIA has been directly
validatedto measurectrosionrates,and CAESAR
to datedflood deposits.

.Easeof use None of the modelsreviewed here
can be describedas user friendly. None of them
presentlyhavea graphicaluserinterface(GUI) and
CASCADE s the only modelto offer anyreal-time
graphicaloutput. Furthermoreto operatesomeof
thesemodels,a modicum of Unix and compiling
experiencds required.Direct programmingskills
arenot essentiato operateany of thesemodels but
are usefulwhen modifying parameterand model
configuration However,it mustbe recognizedhat
these programsare researchtools and therefore
a greateremphasisis placedon the final outputs
rather than user friendliness. Of those reviewed,
SIBERIA and GOLEM were the easiestto use
with the code and parametersbeing simple to
modify. The programmingrequired for irregular
meshesis more complex and, as a consequence,
CASCADE and CHILD werefar moreintricatein
structure.Furthermore,existing raster DEMs are
more easilyintegratednto the regulargrid models
thanirregulargrids.
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4. Areaof application Thevariationsbetweerprocess
representatiorand scale meansthat some mod-
els are better suited to simulating certain areas.
For example CAESAR wasdevelopedor smaller
temperatecatchmentsso presentlyhasno approx-
imationsfor semi-aridslopeprocessedn contrast,
GOLEM and SIBERIA have more flexibility in
their slope modelsand also allow for weathering
effects, enablingthem to be appliedin arid envi-
ronments Additionally, if the modelis requiredto
simulatea complexcatchmentwith, for example,
entrenchedneandersCASCADEandCHILD with
their irregularmeshmay prove more suitable.

Future directions and conclusions

Futuretechnicaldevelopment$or thesemodelscould
include the developmentof a Windows basedfront
endandthe applicationof parallelprogrammingech-
niques.This could for exampleallow different sub-
catchmentgo be modelled simultaneouslyon sepa-
rate processorsindeedBraunand Sambridge(1997)
describehow some of CASCADE’s code is easily
scalablefor parallel processing.Given these tech-
nigues thessizeresolutionof catchmenstudiedwould
in theory only be limited by the numberof proces-
sors available (though a law of diminishing returns
applies).

Future applicationsof thesemodelsinclude using
grain size modelling (CAESAR and CHILD) and
stratigraphygeneratiorfor the 3D modelling of allu-
vial architecturesTheseprocessdriven modelsmay
prove ideal for this purposeas, insteadof requiring
sedimentaryinputs to the basin, they generatetheir
own from contributingcatchmentsFurthermoreyer-
sions of CAESAR are presentlybeing developedto
simulate the long term storageand re-mobilization
of heavymetal contaminatedsedimentswithin river
catchmentsHowever, one areathat urgently needs
addressings accuratemodelvalidation. Most of the
modelsreviewedhere have beenrun extensivelyon
abstractrandomlygenerateadatchmentsbutin order
to believe the model results,simulationsneedto be
carriedout and validatedwith real catchmentsThis
is difficult, as these models simulate thousandsto
millions of yearsof evolution.But by usingretroval-
idation, thatis by simulatingthe pastand comparing
the resultsto presentday landscapeswe can treat
the models’ results with confidence.The increased
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