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Vlew One 
Ey~PU/llC 1063618 796991 
I<H~~t: 1063437 79809S 
AGL. 500 Al: 1 70 Ptch. 12 .79 
R\lrlge: 216.71 

Vlew Three 
Ey~PoínL 1063437 798095500 
Target 1064070795436 
AGL: 500 Az 166 Ptch 004 
RH1Ue 5466. 12 

Place l . Perspec(ive views of Ihe sludy area. 
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VIf;;:W Twu 
Ey~PolI){ . 1062152 79766\ 
T~lrye(. 1063220 795996 
AGL: 800 Az: 147 Ptch. 16.9 
RZlnge.3783.56 

Al! Views produced using DEM 10-25 
and Aerial Photo Series C-1204 
Nos: 281.282 & 283 

KEY 10 PARAMETERS 

AGL !A"ov\~ GruUlltI Lt:vd) HCI~Jh¡ (111 IlH!ler ~ ) 
(lf EY~~J.lOllll PU:;IU()I) 

A¿ (AZIIIHIIIl) A1IVk o: Vlf!W (, lul.k\Nl ~ t: :I" ,n 
Nurll\ 

Ptcl1 (PI(I:h) AII~Jlt : Uf EYP.jlUIII( r,: I . dIVt' lt) 

I-!UrlllJll 

R <\lI~t : R,lIHJt: Uf V I I·; \i\J ' l l llll Eyt :P'JIII [ 111 

l\Jdlflll';d MI !t.., ,> 
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Plates 2 and 3. Photographs of the study area . 
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Ke} wOl'ds dlg!lIS1l1g, gnd, scale, accurdcy, concIatlOll, co,! 

Short tille Accuracy of DCM-denvcd a¡(¡lude and slope valucs 

Ackno\\ ledgcmenh rhls proJect \Vas flnanccd by lhe "Ccoreglonal Fund lo SUppOJ1 

Methodologlcallmtlauves' , ti speclal rcsearch fund created by the MIIlIstry of Devclopmcnt 

CooperatlOn of lhe Nethellallds, and later Jomed by lhe SWIS<; Dcvclopmcnt CoopclallOn The 

InternatlOl1,tl Servlcc [or Nattonal AgnculturaI Research (ISNAR), ¡he Nelherlands, has be en 

deSlgnaled lhe Mandgemcnt Agent lor thlS Fund 

1 Co~respondlng a~thoT 
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All ~,ahmtwl1 of the accur.lcy of DEM-dcnvcd alhludc and slopc '.llues 

A ostract TIllS proJect W1S sct up lo in\ estlgatc {he level of 'H.::CUf1cy w!llch C'ln be c-xpcctcd rór slope and altltude 

v11ues denved from lo\V eost Dlgltal Elevahon Models (DhMs) L1gh! gllddcd DLMs \Vere generdted from dlglllsed 

canto", mapó 1t a lange of sea les (froOl I 10 000 to I 200,000) alld U&ll1g a fange of contour ",t<rvals (25 m 50 m and 

100 In) A Control DCM \V1S then produced usmg large scale acml photographs (1 28 000) "hleh \Vere 1 eglStered for 

auto extnctlOn ofz v11ucs uSlIlg Helava sol tv, are and accur1cy tcstcd usmg 91 dlfferclllmily measured GPS ground 

control pO mis 1 he DCM sholled a vertlcll RMSE of 4 26m wlllch "well \Vltlun the accurac) standards for a level 

one DCM 1S stlpulated b) the usas fhe altltude md slope readmgs de", cd from each ofthe <Ight test models were 

then compared to the values den ved from the Control to 1SSCSS the relatlonslllp bctwceo the cosl of producllOn of 1 

DEM '1nd the accuracy ofthe resulls ll1C rclatlonslllp bet\\ccn ccll Slze and slope CO!TchtlOn was also exammed 

Severa! recommcndatlOllS are rnade regardll1g optllll1l prodllctJon methods for a DLM ba:,cd on appilcltlon nceds 



3 
IntroductlOll 

A digital elcvallon model (DCM) IS a thlee-dllnenslOnal compulensed model of Ihe earth's 

surface used lo slore lopographlc aUllbules 111 dlgltal fOlm I hese models have been developed 

wlth1l1 (he ficld ofGeographlcal lnformallon Systems (GIS) and are a valudble SOlllce o[ data for 

agncullural research Tlle lllfOlmallOn Ihey provlde can be med as 1I1pul lo a wlde range of 

ploJects such as soil croslonmodell1l1g (Vcrlessy el al 1990), CIOp sUltabdlty (Bradley el al 

1994), dra1l1age baS1l1mollllonng and flood control (Roscnlhal el al 1995) hydrologlwl run-off 

model11l1g (MacMlllan el al 1994), land class¡flcdllon (Roblson el al 1992, Dlkau 1989), 

vlewshed dnalysls (Lee 1991, Smart el al 1991) and pollullon di ,pel Slon modelllllg (Woodrow 

1993) They are a1so belllg used 111 Ihe fie1d of Rell10le Senslllg lo aId geometnc and radlOmelne 

correcllon of ,dtelille lInages (Conese el al 1993) 

lt IS wldely acknowledged Ihat Ihe produets of a GIS will re!1ecl and III some cases 

augment, any errols present III Ihe source data (GoodchJ!d and Gopal 1989) Llkewlse, the 

acclllacy of a DCM and ItS products IS dependenl on the quailty of Ihe allllude data from whlch 

the surface has becn genelated 

To generate dnd slore DEMs, many data sources can be used rangll1g flOm analyliLal and 

softcopy photogrammetJy of slereo salelilte lInaglllg and den al photographs (Day and Mullel 

1988, Welch and Papacharalampos 1992 fOutlll and Beaudolll 1995) to the dlgltlsalion of 

topographlc maps (Cklundh and Martensson 1995) and ground surveys (McLaren and Kenme 

1989) The mnge of dala sources [Of denvll1g DCM surfaces IS dlverslfyll1g rapldly, and Ihe 

sourccs need lo be II1vestJgated and asse,sed for Ihelf leilabilJty Accuracy assessmcnts ofDEMs 
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and thcll products appcar III sClentItic Journals (SklClmore 1989, ¡\dkll1s and Merry J 994, Bolstdd 

and Stowc J 994, Brown ami Barra 1994, Gao 1997) I he Ul1lled States Geologlcal Survey 

(USGS) publIshcd a se! of accuracy speclÍlcahons fOl thelr own DI:M products In 1990 (USGS 

1990) lo date no mlernatlonal standard s eXlst lo WhlCh a DCM should confonn lo lcnd 

leglIHnacy lo ItS resultmg delta Many of the accumcy assessmenls thal have been performcd are 

spcClfic lo a smglc ddla source product 111 a partlculm typc of landscape 

fmdmgs from current rescarcb m thls ficld are non-lransferable 01' lllapp)¡cable to lhe dala 

and complcx landscapcs encounlcrcd ll1 (¡0lllcal hIllsldc dlca, Howevel, the CcnllO 

InternacIOnal de Agncult\lla ¡ IOp¡cal (CfAT) nc<.ded mformallon lO vahdatc DEMs llllhen 

agncultUlal model~ for ¡he hIlls¡dcs oftropIcal Amenca ¡\ furthcr problem for CIAT research 

programs was ¡he lack of mformatloll regmdmg the costs assocl3ted wIth producll1g a DEM and 

theIr relatlOl1slup wlth ¡he level of accuracy that CJI1 be expecteel 1 he data sources for producll1g 

DEM, thal are beltevcd lo be more acclllatc are also undcrstood lo be more expens¡ve (Rlund 

1992), although IIulc II1vestIgatton has becn maele 01' IbIS rclallonshlp and of quantlfyll1g lhe levcl 

of peI formancc of data 111 lbe low-cost categone~ 

Spectlic ObJccllves of lhe proJect were lO 

- Detenmne Ihe level of accuracy 01 ,Iope and altttude valucs elcl"Ivcd flOm DEMs lhal have 

been produccd uSJOg dIfrercnt sca\cs of C 1rtographIc dala 

- Examll1c ¡he lelatlOllslllp bctwccll II1creased accUlacy of a DEM and corrcspomhng 

II1creases ll1 lhe '-os! 01 produc(¡on 



, 

- Cxamll1e the telatlOnshtp between cell resolulton and the corrcldlton between "true" ami 

den ved slope values 

- Cxamll1e lllgh error occurrences document whet e they are, develop reasons for thetr 

oeeun enee, and work tOW3t ds reduell1g them 

Fmally tt was hoped to ll1etea~e the user's awmcncss ofthe levcl of aeeuraey they can expcet of 

DCMs bCll1g used 

2 Mcthods 

I he evaluatton was dtvtded 111(0 fout phases (see 2 1 to 2 4) caeh ofwhtch deals wtth a 

parttculm stage ofthc rcscarch, devclopmcnt, and asscssmcnt ofmnc DCMs I:tght ofthese 

models WCt e produccd uSll1g a rangc of topographtc l1lap~ a~ sourcc ddta, and the mnth uSll1g 

lllghly accurdte, large-scale ,tereo photogrdphy fhe nll1th was constdetcd to represent "ltue" 

altttude and was devcloped to act a, a conltol fhls model was quaJ¡ty controlled USll1g many 

Global Post\tomng System~ (GPS) ground conltol pOll1ts (GCPs) collected ll1 the field 

2 1 Study 01 ea 

5 

The study arca was selcc\cd ll1 an atea constdered typtcal of\he ltoptcal Amencan htllstdes 

DCClslon-makers needed accurate and up-to-date Il1forma1ton DCMs plOvtde aspect, altttude 

dnd slope data that can be used as ll1pu\ \0 agncultural and hydrologtcal stmulatt'Jn modcls whtch 

are used to understand the consequenccs 01 propo~ed changcs to the agt oeco~y"tem of the arca 

In ruggcd landscapc, such as that encountcrcd ll1 htllstdes, hetght and 3spect ehange drama1tcally 



over ~hort dlstances, and en ors can accrue Iapld Iy 111 the dbsenee o[ dense (and expenslve) 

dataset<; Thus, DI:Ms must be ehecked for aeeuraey before bClllg mcluded m any deelslon 

support system 

6 

1 he slte ehosen covers 30 km' wlthll1 lhe RIO OVCJas walelslwd 111 lhe Andean foothIlls of 

sOlllhern ColombIa (Ilgllre 1) Jt was eonsldered sUllable because of lIs physleal characlen<;(¡cs, 

manageabIllly, accesslbIllly and the avmlabIlny of data 1 he rcglOll has an elevallon range of 

1400 lo 2200 m and ean be consldeled typlcal of many hIl1slde arcas found 111 lhe Andean reglOns 

of South Amenca 1 wo ldl ge nver<; wlth complex nel\Vorks of lrlbutarles dlssect It 1 hCIC are 

many v-shaped valleys wlth óteep lowel s10pes and lllgh plam are as 1 hu<; the slte was 

eonsldered lo have a suffielent range oftopoglaphy on wllleh to test the Icpre<;entalIonal 

capabIl¡(les of DI:Ms fOl hIlIsldes 

801h cartographle and pholographlc data were aVallable fOl the al ea at a range of scales 

CIA T \Vas mvolved 111 a \Vatershed study 111 lhe area and thus had aIread y recorded several photo­

control p01l1ts and had set up a perl1lanent GPS conlrol stallon nearby The area had lo be of 

manageable slze 111 lerms oftl111e spent 111 lhe rield COl1lpllter model Slze (number and dlvcrslly of 

pixels for lasler slorage), complexlty and processll1g lime Jt \Vas consldered that 30 km' was 

large enough to 1I1clude a di verse range oflandscdpe fedlures yel sl1lall enough lo be handled 111 

an efficlent manner The area IS easIly accesslble by car and lhe lOad network wllhm the area IS 

good However because of steep slopes 111 lhe are a and lile roads bC111g lmgcly unpaved many 

becol1le Impa<;sable after heavy rall1fall Thlls ad fieldwork Ilad lo be conducte(, 111 lhe dry 

season 
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2 2 Dala collee/lOn ond pi epal 01/011 

[Ive topograpluc maps [rom I 10,000 lO 1 200,000 wcre u,ed as cartoglaphlc mpullo 

create the test DCMs Tbe InslItuto Geografico AUgUStlll Codazzl (IGAC) produced thesc maps 

1 hey me hOIl70ntally leferenccd uSlllg a natlOl1al113nsvcrsc MClcator PloJedlOn wlth lhe centr,¡l 

mcndJan pOSlllOned lhrough Bogota, lile capital 01 Colombia fhey are vertlcally leferenced 

llSlllg Mean Sea Level In Bllcnavcntllla, a cIty localcd on Ihe PacIlic coa,!, 150 km 1l00lh-west of 

(he sludy arca The contour hiles wcre denved [rom uenal pholographs usmg acro-tnangulated 

pho(o-ldcntJfiablc pOInts collected by IGAC Colomblan maps have no documenled accuracy 

specIlicallons The contour and nVCI ares were dlgItlsed rol' each model ror Ihe 30-km' study 

arca and also for a 500-m zone of llllerpolallon sunoundlllg Its boundaJY 

Names were asslgned lo lhe DCMs accordll1g lo Ihe scale of Ihe ll1pul dala source and lhe 

vertlcalll1tcrval bclwccn contollls dlglllsed lo produce thcm Fm example, Model 10-25 was 

produced from a 10pographlC map wlth a SOUlce scale 01' 1 10,000 wllh a vertical con tour ll1terval 

01' 25 m and Model 25-100 [rom a lopographlc map wlth a so urce scale of 1 25,000 Wlth a 

vertIcal contour IIllclval of 100 m rlgure 2 shows lhe time takell to prepare each 01' the modcls 

The tdsks mvolved m plepanng and corrcctmg a DEM can be dIVIdcd 1I1to se ven categones 

Calculatmg values refers to the proccss of manually asseSSll1g alld markIllg altltude 

valucs on lhe maps lO case lhe dlglllsmg proccss 

2 DlgItISmg lllcluclcs lhe ,cltlllg up ofllc pomls dnd dlglllSlllg 01 all conlour Imes, 

nvers and spot hClghts 
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3 rol' rCVI:'lon and correctlon Ihe dlgltlscd maps are Ihen compdred to the ongmals lo 

dctcct error, such as wn!our mlsplaccmenl or mlssmg ares 

8 

4 When cnlcnng and revl'img attnbutes altltudc mfO! mdhon IS addcd dnd crrors sough! 

The time laken for \I11S process depcnds mamly on contour mlervaJ rather Ih,m 011 (he 

scalc orthe map 

5 fol' map JOll1111g edges are mutched where mOle Ihan one map sheet 15 used 

6 In pre-proces5mg for lIutcllll1S0l1S' the dala are Ihcn prepared fOl mpul lo 

Ilutchmsons' mlcrpolallOn algonthm (see undel 23) Thls II1volves cnsullng thal all 

slreams are pOll1tmg downstream and thal a known slI1kholc covcragc IS prcparcd 

whclc neccssary The ¡atler 15 a coverage Ihal contams mformallon about natural 

depreSSlOl1S 01' walerholes 111 the landscape and IS used lo ensurc Ihclr presel vatlon 111 

the final DEMAIl olher deplcs'¡¡ons wele Ireated as data clrors and removed Other 

pre-processll1g steps reqUlre plepanng an I11tcrpolallon bOllndary and generah~lI1g 

contour Imes lo 11111111111se data concentrallon along contours 1 he tIme taken fOl thls 

slage mercases as map s~alcs mercase 

7 1 he final stage IS error correctIon Somc enors only beco me apparen! afler an l11lllal 

DCM IS produced and checked for aectuacy Contollf compansons and slope profiJe'i 

can reveal nver~ that do nol follow valley floors l11com:ctly coded contour~ and 

mlSSl11g lake~ and aredS needl11g supplemcnldl Jllllude ddld MOle enors oi tlus klnd 

lend lo occur 111 coverages thal have been dlgltlsed n'om ~ll1aller-s",lk data bccallSC of 

lhe close proX1111lty of contours on the map ami the dala complexJly ] hll~ map slze 



Cost 

and tIme spenl on tlllS phase al e mverscly rc1atcd, thal IS, lhe smaller lhc scale the 

more posl-processll1g work IS nccdcd lo maX1l11lSe return from thc data 

9 

1 he costs dlsplayed 111 FIgure 3 provlde a useful mdlcator of tllC worth of each model whcn 

eXal11111mg level 01 accuracy In latcI sectlons In cdlculatll1g costs Il was assumed thal a traIncd 

dlgltIsmg operator could perform tasks 1-5 whereas task, 6 and 7 would rcqlllre someone wlth a 

hlgher skIlllevel, Includmg a good knowlcdge of OI:M productlon I11clhods and lllterpolallOn 

algOllthms 1 hus, cosls wCle calculalcd accordlllg to wage levels, asslgmng US$8 pcr hour for 

tasks 1-5 and US$15 per hom for tasks 6 and 7 

The dlflerences III cosl appear mlIlll11al wllh regard lo modcls 100-50 25-100, 100-100 and 

200-100 Howcvcr, lhe Sl7e of the sludy drca IS rclalIvcly small (30 km') und mlnor dlfferenccs at 

thls level could lead lo slglllficanl savlllgs when workmg wlth larger areas The eslIn1dtcd cosls 

per square kIlometre are shown below A degree of caulIon should be exerClsed If USlllg tllls to 

calculate OI:M productlOn costs for larger areas 

Co,t per l110del pCI square kIlomelre (US dollars) 

Models 

10-25 lO-50 25-50 100-50 10-100 25-100 100-100 200-100 

3367 2487 1980 18 43 2057 18 17 1723 17 10 

ConsldcratlOns such as the numbcr of map sheels that the 31 ea covers should bc taken mto 

account because oflhe addIllOnal lasks mvolved m ",tllchmg" l11ullIple map sheets togelher 
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DEMs that mclude large tracts of flatter terram would co~t much less because oflhe reductlon m 

contour Imcs and lhe mClcasc m resolullOn reqUlrcd lo lepresent lhem (see under 23) Jt can also 

reasonably bc assumed that a~ thc SIZC oflhe area mCleascs the co,l-per-square-kIlomelre wIlI 

decrcasc In such ca~es large amounls of data can bc handled snnultaneously savmg processmg, 

checkmg and vcnficalIon IImc pcr UOll area of land 

AddllIonal co~ts have not be en mcluded hClc (e g, hardware, software, IUnnmg costs, map 

acqUlslllon, and trammg) bccause they may vmy glcally flOm one orgam~alIon to another The 

figUles shown aboye should be consldered lo acl as a good mdlcalor ofthe rela(¡ve cost of 

producmg each DEM all other factors bemg equal 

Although these cosls may appear lugh, they should be comldeled 111 context wlth lhc worlh 

ofthe mformatlon rleld survey costs would be much lugher If an attempl was made lo collect 

altltude, slopc and aspect data m a legular gnd pattern ovcr such a laIge area Much lIme and 

expense would also be mClured 111 translalmg field survey results lo dlgllal fOlm for analysls 

DEM produclIon does have hlgh mlllal co~t~, but oncc produccd lhe modells easy and cheap to 

mampulate and Cdn be lIltegrated lIltO a wlde range of agncullUlal apphca(¡on~ 

23 DCM PI OductlOIl 

The procedurc for gencrallllg a DCM from lopogrdphlc map~ can bc dlvlded lIlto lhree 

stages Fusl, a data structure IS chosen wllh wluch to repl escnt thc surface and, III the case of 

raster reprcscntatIon, an appropnate cell SIZC selected Nexl a melhod of lIlterpolatlon IS selected 

lo lransform lhe source data to a contllluous clevdllOn sur/dce rmally, some standard error 
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checkmg procedurcs should be undertakcn to ensure that the O[lvl15 an accUlale rellectlOn ofthe 

dala used to produce II 

A choice can bc made Hom dlffercnt data struclures lo slore the elevallOn data The mos! 

commonly used are the rnangulatcd lnegular Nelwork whereby eonllgllolls, planar trldngles are 

fiUed (o the mput data pomts (Peuckcr el al 1978) and Ihe Glld (or Rastcr-based) data qtructurc, 

WhlCh uses a matllX 10 store clevatlOl1 valllc, at regular !lllelval~ A Crrd strUÓetUlc was chosen for 

tlllS sllIdy for severallCaqOns Frrsl and most Impollant lis formal IS ca~y lo mampulatc lo denve 

secondary charactensllcs [rom the surfacc (e g , qlope or aspcct) and Ihe ,r7e of Ihe data blocks 

can be slandardlscd lor multlplc-glld compansons Well-Sllllcd lo overlay and olher spallal 

analy';ls proccdweq, Ihe Gnd slruc(lIre can be Ill1ked (o (he many olhcr coverages m CTA T lhal 

are also stored 111 Ihls formal FlIlally, (he data a/C stored 1]] a compact SllllClulC USll1g rtIl1 lenglh 

cncodll1g a compresslon teehmque thal slorcs long qequences 01' nurnber~ as smgle refelences 

Eleven mode!s were produced al a resolullon of 5 m and later aggregated lo larger cell ql7CS lo 

mvesllgate Ihe rcla(lOnslllp betwcen eell Sl7e and slopc vdlues The tcchmque makes II posslble 

lo open and work wlth a many gnds Sll11Ullancously 

When USll1g a Glld stluctllre the most Importan! cOll<;ldelatlolllS lhe Slze ofas pixels Thls 

15 known as Ihe gnd eell resolullon 1 he resolutlOll choscn wIII (hrcctly affeel lhe level of 

generahsallOn mtroduced to lhe data as II delenmnes Ihe SI7e of each block of Tand (ha! a smgle 

value represenls III lhe gnd TI11S rs par(¡cularly 11l1portdlll when delermmlllg slopc values 

because II afreels lhe surfaee arca thal conlnblllcs lo eaeh slope valuc calculalIon J\lthough as 

small a cell ~lZC as posslble IS deslrable to "lIt" lh" tCHall1 dosclv lhe SI7e ChOSCll must .lIso 



cnable effiClenl handling and storage of dala ctnd attempt lo minI mIse data redundallcy A 

rcsolutlOn of 5 m was ehoscn as a base resolutlOn for eaeh of the models for the foilowll1g 

rcasons 

rhe complc'(Jty oflhe landscape or Ihe level of detall prescnt m the landscape 

2 Thc level of detall avmlable m the so urce data 

Important detml may be losllf a ccll resolutlOn IS overlappmg two Ol more contoUl 

lmes 111 ~leep arcas Reldllllllg as much orlhe ll1put dala ¡¡, posslblc IS deslrable 

wllhout gcnerahsmg 11 and loslIlg valuable ll1formatJon 

3 The pro]eCI appltcatlOn 

rhe nalurc of the applIcallOll IS also Slgl1l ficanl 111 scJcct1l1g a ceil rcsolutlon 

WIlh a largc-scale proJcct where only a general Idea 01' the reglOns wlth hlgh 

altltude anel slope are rcqUlred, more can be ga1l1cd by generahsll1g Ihe surface 

(processlI1g tImes WIU be faster and plOduc\1on costs lowcr) Ihan by 

represenlll1g It wlth tlne detall In lhe CIA TI hllsldes Program, agricultural 

modelhng proJects are typlcally conccll1cd wIlh small-scalc fanmng plots 

where many of lhe farms have less Ihan 5 ha ofland 

Allmodels were produced al a resolutlon 01 5 m and later agglegaled lo lurgel cel! Sl7CS lo 

mvestlgate the rclalIonshlp between cel1 slze and qlope v,llucs 

To plOduce a DEM, a method of lI1tcrpolalloll must be dcvcloped lO lransform a set of 

12 
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dlscrcte altnude data pomls (1 e , con tour dala and spot hClghls) lo a contll111011S dalaset (1 e , a 

DCM) Numerous algonlhms eXIsl for thl5 purpose (e g, Knglllg, Invcrsc Dlslancc WCIghtlng, 

Lmear RegressJOn Analysls and SplInes) and a chOice betweel1 lhem should be based 011 lhe 

natule of lhe mput data, lhe type of landscape and (he dala sllUctUJe chosen lo ~tore Ihe DEM 

ror Ihe prescnt purposc, HUlchll1son's (1989) mclhod of mlerpolallon was ehosen lo generalc tbe 

DCMs, based 011 Its proven performallce III a senes 01' accuracy tesis conducted In smlllar terram 

m Octobcr 1993 (Rmcon, 1995) Gao (1997) slatc~ tha! Hulchlllson's mcthod ofgllddmg Ifuscd 

for mterpolatlOn may achICve a Illgher level of accuracy The mcthod uses a glld-bascd tcchmque 

of IteratIve filllte-dlfferenccs that honours Input allIlude data pomls and dramagc channels 

aC'-'OIdll1g to a user-dcfined ~et of "dccept 01' I'cJcet" lolcJanccs A successlvcly <;l11dlJer gnd was 

placcd over Ihe mput pOll1ts and valucs <.,akulaterl for the cell centres l1<;l11g the data thallall 

wllhm each cell Followmg cach Iteratlon, dramage was assessed thwugh Ihe 1110del and pOl11t'i 

were elmunaled thal block flowpalhs by les s tlmn a specJ1icd amount lo cnable dramage 

Where errors were delccted by contour COl11panson, profil1l1g 01' lustogram analysls, (hc 

mput data \Vas correctcd and Ilulchmson's mclhod of 1I11el polalloll rel un lo produce a new modcl 

The process was pcrformed lleratlvely unlJl the oplunal modcl was produccd rhls result<; 111 a 

contmuous surface Ihat 15 depresslOnless and dramable, that 15 It contams no walls or smkholes 

that would prevent slmulaled waler Irom flowmg lo lhe cdgcs 01' lhe DEM Thus, II IS valuable 

for use 111 conJunclIon wltl1 agncultural and hydrologlcal dataset, lo allevlate any unnatural 

"lcrraclI1g" erfcet, a 10W-PdSS 3 x 3 filler was used lor srnoolhmg 
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2 4 Fleld conll o/ 

Two sels ofGCPs wele needed lo produce and quahty check lhc Control OLM The ¡¡rsl 

set was uscd lo georefercncc the photographs and lo provlde vertlcally rcferenccd data, and the 

sccond sello compute the OEM's vertical accuracy II1Is second sel mcluded over 100 pOlllts 

thal were selected throughoul lhe arca usmg a random-stHlUfied sample As thls proJcct 

1l1vestJgates accuracy, lhe GCPs had lo be <lccurate lO wltl1m one half of one pixel resoJullOn of 

the computed Or;M (1 e, 25m) To achleve thls level ofprecl<;lOn, C1Allugh-plCCISlO11 GPSs 

(Lelea Syslcms 2000) were used lo provldc ficld conlrol 

Thlrly-four random localIons were plcsclcctcd anel vIslted or as clo,c by as posslble 

dependmg on accesslbIllty Al each ofthcsc locatlons a numbcr Ofp0111(S were coJlected, sltualcd 

up lo 20 m aparl, fol' 126 checkpomts I welve photo-conlrol pomls wer<.- selected from the aenal 

pholographs lo use as reference conlrol for the O~M 

Maclaren and Kenl1lc (1989) stated lhal large-scalc stereo photographs arc a lughly 

accurale, although cxpcnslve, mean~ ofproducmg a three-dllnenslOnal modcl ofthc telram rOl 

thls study, a model was produced usmg stCICO photograph, at a scale of I 28,000 1 bIS was 

assumed lo Icpresent the truest model of tbe terram and was used as a control lo assess the value 

of the models produccd usmg lopographlc mups 

A sel of three stcrco photographs was sclected for lhe arca accordmg lo thelf contrast 

qualIty, scale (1 28,000), date (1989), propOlllon of c10ud cover dnd metadata avallablllty The 

ncga(¡ves were tben purchased from IGAC 111 Bogota, and 'ient lo the USA lo be commerela1!y 

scanncd uSll1g a hlgh-resoJutlOn scanner (25 mlerons) The GCPs collected ll1 Ihe second 
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ficldwork were then used to gcographlcally lefelence the photographs and hClght values 

determll1ed usmg a soft-copy tcrrall1-mappmg package (1 ¡clava), wl11ch IOAC provlded Alll!ude 

was no! adJusted for forest cover or hlgh-vegelatlon 

Arcas Iha! had hecn lI1tcrpolated were ldentlficd through pholo-analysls and aulomatlcally 

excJudcd whcre a helght dcvtatlon of 15 m or morc was "pparcnt betwccn the Contlol DrM al a 

5-IllICSolutlon and a parallcl model dcvelopcd at a lO-m ILsolutlon A mask-gnd wa~ produced 

WhlCh, as lts na me suggests, effcctJvely ma~ks out lhe arcas where cloud or uncerlamly m helght 

values were apparent leavll1g 90 lclIable OCPs for error chLckmg The mask-gnd was then used 

to elnull1ate the same arcas from each of the cartographJcally denved DCMs A ~econd mask was 

created to elImll1ate cdge arcas fmm the COlUplltcd slopc valllcs (1 e, whele lc~s (han Illnc ofthe 

cell, m a 3 x 3 wmdow contamecl data) 

In accO! dance wlth the accuraLy standards ~peclfied by lhe USO,), d Level One DCM (1 e , 

denved photogrammetncally) should have a vert,cal rOOI mean square Cllor (RMSE) ofno! mOfe 

than 7 m The maXlITlUm RMSC pen111tted IS 15 m, (USOS 1990) The RMSr: IS defincd as 

( 1 ) 
RM<;L ~""--~ ...... -

11 

where z, = mterpolatcd DEM elevallon of a test pOll1l, Z¡ tfue elevatlon of a lest pOlnt ancl n = 

nllmber of test pomts In IhlS stllcly the computcd RMSC was 4 26 m--wcll wlthlll the USGS 

crror spcclficatlOns for a Level One DEM Ofthe checkpollllS 11..slcd 83% wele wlthm 5 m of 

lhe DEM-dc11vcd z-value, WlllCh 1'> a good fil con,¡denng that lhe DCM Lcll rcsoluhon was 5 m 

Verlleal errors o[ IIp lo 4 or 5 m pel 5-m ground mtcrval can be anlIClpated m a complcx 
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landscape such as thl~ In cffect, 10% ofthl- pOlnlS showcd an error greatel than 50 m and 15% 

showed more (han 30 m MdXIIl111m error was 244 ll1 Note that transfonnatlOn of the elevabon 

for WGS84 and of IGAC ll1aps has bccn completed bascd as a lit between GPS valllcs (WGS89) 

and map value The WGS84 surface was conslstently lughcI than IGAC wlth a mean dlffelenee 

of265 m Each orthe DEMs was assesscd for accuracy based on then degree of slnlllanly lo lhe 

Control Model 

3 Results amI dl~cusslOn 

The followmg analysls and concluslOns rely on the assumplton thal (he Control Modcl 

reple~ents "trulh" ll1 the ficld Several factOls ShOllld be kcpt 111 1111l1d regardmg lhe rcsults oflhls 

analysls 

The prcscnce of n015e III Ihe central model 

BiaS m GCPs' sclecllOn 

IGAC maps' accuracy standard, 

Results are spcc¡[ic to thls type oí" landscape 

3 1 All1lude 

The models were firsl assesscd wlth regald lo (he acclIfdcy of lhelr allIlllde vallle~ Tablc 1 

shows (he descflptlvc ~(alIS(les for each oflbe DCMs Aftcr rcmovmg c10ud flOm ca~h ofthe 

models 991,573 cclls (24 79 km') were evaluated Al firsl glancc the figures m1ablc Ilcvcal a 
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hlgh dcgrec of slImlanty between the modcls Note ¡hat (he tange of altJtude values nanows for 

models 1-9 as the preCISlon of the sourcc dala deereases fhls IS beeausc the altltude values were 

detenmned uSlllg an averagmg te~hl1lque WhlCh, together wlth lhe l<lck 01' mput "peak" or "pIt" 

data m ¡he small-seale models produces a smoothll1g cffeel resulllllg III "hlgher lows" and "lowcr 

hlghs" ¡han those that CXlst 011 lhe "tlue" altllude model A test oreorrelallOll \Va, thcn perfofmcd 

011 cach pan of models lo plOVldc an 1ll1l!all11dlcatlOn ofthe rclallOnshlps bctwecll "lrue" and 

calculaled al(¡tude values 

AII populallons were normah,cd usmg z-scores J hcn the eOlrelatlon coeft1clcnt (1) 

was calculatcd for each palr of modcls uSlIlg lhe lotal populallons (1 e , over 900,000 

values) Thus al! of the I-values can be eonsldcrcd slgl1lJicunt al lhe 100% probabdlly 

level Thc conclatlon matnx ll1 Table 2 shows results It clcmly shows a slrong poslllvc 

relalJonshlp bctween eaeh ofthe modcls aud Ihe "true" surface, wllh all values for I Iymg 

close lo 1 ° Some prehmmary ohscrvallons can be drawn flOm tfllS data wlth rcspeel lo 

the re!altve strcngths of the models rlrsl, lhe correlatlon coefficlents m eolumn one for 

model 10-25 (O 9977) and modcl 10-50 (O 9972) aJe sll11llar I he vallle fOil 0- 1 0015 only 

shgblly lower (O 9933) Al! these 11l0dels were based Oll Ihe same map scale (1 10,000) 

but a dlffcrent number of contour Imcs dlgllIsed 111 each caqe The clo,cness ofthese 

figures suggests tha! It may be more cost-efficlcnllo dlglllse evcry second Ol mdeed 

evcI y fourth contour on a 1 10,000 map rather than cvery smglc contour Second, the 

coefficlents fol' lhe dcgrce of correlatlOl1 betwccll the Control as comparcd wJth model 25-

100 (O 9886) and model 100-50 (O 9866) Imply lhat Ihe con tour Il1tcrvalltsclf IS llot Ihe 



only determllung factor In t11lS case, Ihe dosel' eonlour mterval of 50 m produLcd a 

model thal was actually Icss 511111 lar lO "true" altttude Ihan dlgJtI~mg wIlh a contour 

mterval of 100 m because O[ lhe dllTerence m basc map scale thal was used ThllS, a 

larger scale wlth less contoUl Imes may be pl'eferablc to a <;mallel scale map w1th mOle 

conlours TlllS suggcsls Ihal lhe conlour mlerval and lhe base map scale should be 

consldel'ed together befo re selectll1g the oplImal data sourcc for a Dr:M 

18 

'1'0 examlllC the absolutc dlfferences tha! eXIS! bctween Ihe moclels, the altltude values were 

lhen comparccl lo "(me' altltude on a eell-by-cell basls fhe dlfferenees were reclassed mIo error 

categones and resulb charted (FIgure 4) for 111lS study, a hClghl cllfference orup lo 7 m was 

eonsldered "good", bearmg m mmd the smfaee arca or ea eh cell (25 m') ilnd tbe probabdlly for 

he1ghl alteratIon wlthll1 eaeh II1cllVldual wmdow A dlffclcnce ol' up lO 15 m m hergh( allows a 

two-cell hOrIzontal plaeemenl error, wl1lch 15 eons1dered rc,rltsllc glvcn the scales of the mput 

data sourees Although not desuable, tblS was consldcred acceptable tDf the type of modclllng 

undertaken Thus, the pereentage of each model tha( fall~ wlthm c!assLs 1 and 2 13 lermcd 

"usablc" and IS helcafler regarded as an mdleator of lhe value or each orthe models 

NOle lha! m modell0-25 (FIgure 4), 91% ofthe cells ale consldered usabl .. , as opposed lo 

only 50% III model 200-100 al lhe othcr end of (he scale lIowever, Ihese ligures should be 

consldered w1lh regard to lhe time laken to produce cach of Ihe moclels (shown m 1talles) 

Models 100-100 and 200-100 show pOOl' rcsults, bul cOl1sldered wItil regard lo the shor! llme 

taken lo produce them (almost one tl1lrd of lhe tllne and conscquLnl expense of model 10-25), and 

tben tbey may be a reasonable opllon fDr producmg a general rcprescntatlon of the terram Model 
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100-50 has only 54% of usable terram, WhlCh IS nol 111uch bettel than lhcse 1l10dcls and actually 

took 10llger to produce than 1110deI25-100, wll1ch ,hows betler lesults (60%) 

Ir a cut-off level ofthc usabllity of a model,s sct at 68% (1 e, ovcr 68% ofthe cells must be 

wllhm 15 m of "!ruc" altItude otherwlse we callnot use ¡he modc1), only four modcls are worthy 

01' further dlScusslon 10-25, 10-50,25-50 and 10-100 Slgl1llkantly, they mcJude al! thlee 

models thal relied on Ihe 1 10 000 scaJe map as a base data SO\l!ce TlllS Imphes thal eVenlr a 

conlour mlervalls doser Oll a smaller-scalc map, Ihe leve! ol' detall thal IS Josl regardlllg hnc 

posltlOnmg WlIl have knock-on cffecls m Ihe proccss of produclIlg a DCM 

Of the four models, the dlfferenccs that OCCUI betwcen models 10-25 and 10-50 are so 

111111l111al thal the 10-50 11l0dells prefc.rable to lhe ! 0-25 111 lerms of I!lne anel costs savcd 10 Ihe 

productJOn plOcess (11 takes less thdl1 75% oflhe tune takcn lo Ploduce model 10-25 and IS 

US$250 cheaper) Models 10- ¡ 00 and 25-50 also show Sllllllat lcvels of accUlacy, w1lh 71 % and 

77% of each (respcctlvely) falhng wlthm an aeccptable level of aCCliraey As they take abon! the 

same tune lo produce und modc110-100 co~ts onJy US$! 27 more per km', a declSlon betwcen 

Ihem may dcpend on othcr factors such a, thclr ablhly to represent sJope accurately (~ec undcr 

3 2) Another factor affcclmg lhe declslOn may be how long IS spcnl on each mdlvldual phase ol' 

the productlOn process ror examplc, Ihe total tImes muy be sImIlar but rlgure 2 clearly shows 

Ihat the amount of tIme spenlm the dlg,t'smg laboratory (tasks 1-4) IS lower for model 10-100 

Th,s means that a hlgher proportlOn ofthe processmg t,me for thlS modclls spent on ta,ks tha! 

reqUlre a hlgher skllllevcl 11 muy be deslwblc lo dlstnbule lhe labom such Ihal Ibe more Inghly 

skllled personneJ \VIlI have more tllne for olher work 
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Clearly an mfonned declslOn should be based on an undel ~tandmg of Ihe tune and money 

avallable, togcther wlth the level of accurdey reqmred Mode! lO-50 appears to provlde a good 

comprolTIlSe al lhe top end of the ficld and model 25-50 could be used to produce a less accuralc, 

allhough usable model al Ihree-quatlclS oflhe cosl The modcls produced usmg 1 100,000 amI 

l 200,000 sourcc scalc data have lelattvely low standards of accUlacy and thelr use should be 

aVOldcd lf Il1tcndmg to conduct research al a locallcvel (as In lhls case) 

32 Slope 

A number of algonlhms can be used for denvmg slope valucs fiom a DCM Moslofthese 

operate by fittmg a ftlllctlOn lo [om or more of (he clghl elevallOn vallles lhat sllrlound the central 

ce1l (I:,vans 1980) A 3 x 3 analysls wlI1dow or "kernel" 18 pas;;ed over lhc gnd and slopc valllcs 

are asslgned to each cell ba<¡ed on the rcldtlonshlp betweenll~ helght value and the hClghts of Its 

Immedlale nClghbours CalculatlOll melhoels mcludc detclmll1lng tbe slopc of lhe steepcst fall 01 

nse (Goetz, clled m Theobald 1992), calculalmg ellreCllOllal filllte dlfferences wlthm the WlI1dow, 

WIUl and wlthou! wClghted kernels, (Sharpnack and Akm 1969 110m 198 J) and usmg multlple 

Imear rcglesslOll to fit a surface lo (he data pomls (Sktdmore 1989) The lalter a,sesses 1I0rn's 

metbod for aecllraey (seleeted for tlus study) atld comparcs 1I favourably wlth sevclal othcl 

comll1on methods fOf calclllalmg slope 



Zo; Z+f-

2-0 ZOO Z+O 

Z ZO- 2+_ 

3 x 3 rlltcr 

[(Z++ + 2 Z+O + Z+_) - (Z_+ + 2 Z-O + Z_)] /8t{rc 
[(ZH + 2 ZO+ + ZA) - (Z; _ + 2 ZO- + Z __ )] 181lJi 

Slope x fO/ 200 => !anx = )(p" 1 + q,,') 

whe!" 8ifn. lS Ihe glld cell resolutlOn from we')! lo edst and 8tjJv fr0111 south to north 

32 J DevwliOll 111 \'lope values 

( 2 ) 

Tablc 3 shows the descnptIve stallstIcs tal each ofthc slope models Allhollgh Ihe 

range ofvalucs melcases as the accuraey ofthe mpllt data decrcases, 11 ShOllld be noled 

tha! the mean slope valllC IS lower As the standard devtallon rcmams re1al1vely stable 

tlllS sllggesls that hlghcr lOcldenccs of lower slope values occur 111 the models wllh lower 

data dcnsJty That 18, 1t appedfS as lflhe slope vallles aJe belllg llnderestnnaled when 

replesented by models prodllccd from smaller-scale data '10 examme tlllS observatlOn 

m more detml, nme samples of 475 cells eaeh wcrc taken from lhe normahscd 

poplllallons ofthe modcls rlrst, Analy,¡'i ofVananee (lhe I -ratio test) was used as 

desenbed 111 bbdon (1981) lo establ15h Ir a slgl1lJkanl dlrfcrcnce eXIsled bctwcen lhe 

populallons The rollowmg hypolheses were set 
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110 Samplcs were tdken from Identlcdl populatlOns 

l-I, Al leasl one sample was laken from a populallon wlth a slgl1lficantly dlffcrent 

dl&tnbutlOn lo the other ,amplcs 
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An F-value 01' 18 09 was computcd and the Null Hypolhesls rCJcclcd al lhe O 0001 probablllty 

Ievel The Tukey-Kmmer Studenllsed Rangc (Honcstly Slgl1lficant Dlfference) Test \Vas then 

uscd lo examll1e Ihe cllaraeler and extent ofthc dlffcrcnces that cXlstcd bctween each of lhe 

populatlOns (Kramcr 1956) TlllS 15 a mulllplc compallson ll1eans test sIl1lllar to the ¡-test but lhe 

probab¡\lly of concluslve errors 15 10wcr as lhe Maxlmum LxpenmentWlse Elror Ra!e (or 

probablllty tha! Ihe null hypolhesls wlll be falscly ICJected) IS contlOllcd, assumll1g equal sample 

SI7es (S AS Inst1tule ¡ne 1988) A palr of samplc mean s are consldcred lo be sIgl1lficantly 

dlfferenllf 

(3 ) 

where q( a k, v) IS lhe a-level cntlcal value of a sludentIsed lange dlstnbutIon of k mdepcndent 

normal random varIables wlth v degrees of Jreedom 

Three "1 ukey" groupmgs were tdcntlfied and are h~ted m Table 4 Usmg lhe Idenufied 

groupmgs tl can be smd that (he mean slope values computcd by Illodel~ 25-100, 100-100 and 

200-100 dlffcr slgmficantly from lhe "Irue" slopc val\les and are ul1dere~tllnatll1g by an average of 
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5° The slope values calculated bv Models ¡ O-50 25-50 ¡ 00-50 and 10-200 are between 2° and 

4° lesE than the "true" slope values the latter two models tendmg towards the larger errors 

Model ¡ 0-25 IS the only one thar exhlblts no slgmficant mean devIatlon from the "true" slope 

values 

These findmgs confinn the assumptlon that models den ved from small-scale map data (1 e , 

1 100 000 or 1 200 000) tend to underestlmate slope values Jt can be explamed by the lack of 

topographlc detall avallable m rhe source data, WhlCh lcads lo larger tracts of mterpolated land 

values Because of the natme of most mterpolatlon algornhms used (hese values wdl be plaeed 

along an unreahstlcally smooth scaje between known data pomts Although these findmgs are 

speclfic to the methods of mterpolatlOn and type of landscape rhal were modelled for thls study 

clearlv a general correcllOn factor shoujd be apphed lo models den ved from small-scale data 

The correctlon factors below can be used as a "rule-of-thumb" compensat1on for generahsed 

slopes In studles where only small-scale maps are avallable 

Correcnon factors (CF) for underesnmated slope vaJues (Cell resoJutlOn ~ 5 m) 

Model 
F (dcgrees) 

J 0-25 
O 

10-50 25-50 100-50 
+2 +2 

10-1 00 25- J 00 lOO-lOO 200-100 
+4 +5 +5 -5 

CorreJanon coefficlents were then calculated for each of the slope gnds as compared to the 

Control Model usmg the methodology prevlOusJy descnbed The low corrcla!lOn values 1l11tIally 

calculated (Table 5) reílect the mherenl structuraJ dlfferences betweenlhe Control DEM and ¡he 

models derl\ ed through mterpolatlOn 

T o decrease the roughness of lhe lerram VISible m lhe Control Model and allevlate mmor 
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errors m elevatlOn values the surface was smoothed usmg a 3 x 3 low-pass filler The correlatlon 

coeffiClents after ¡hlS ImtJaI smoothmg ofthe data sbow some lmprovement (Table 5 column 3) 

bul lhese figures are Stll1 too low 10 produce a lrust'Worthv estlmate of slope values The models 

could be smoolhed repeatedly ro Iron out lhe surface unduJallOns and (hus merease the eorrelatlOn 

between "true" and ealculated slope The resultmg slopes would be more slm!lar but lughly 

g~nerahsed and would represent a surface area far larger than (wlce the cel! Slze because of thp 

averagmg of nelghbounng cells lO achleve the smoothed effeet Thus lt was consldered 

undeslrable lo smooth the data further and alternatlvc cxplanatlOns were exammed for lhe hlgh 

mternal devJatlOn between the DEMs 

3 2 2 Po/enlla! sources 01 el rOl 

A lhrough analysls ofpotentlal 'iources of errors In bolh the referenee DEM and landseape 

factors showed that most errors were caused by structural dlfferences \\lthm the models The 

h1gh resolutJOll ofthe DEMs lS the most mfluenllal factor affectmg the level of detall (1 e, surface 

undulatlOns) m lhe rnodels Although mmlmlsmg the cel! Slze to mamlrun terram complexlty for 

altltude values IS deslrable, lhe local errors thd! result from thls level of deta¡] contnbute heav¡]y 

10 lhe devlaUon of slope values The only way 10 mercase slope accuracy m lhlS case 15 to 

merease the slze of the area lhat the slopes represent 01' select a coarser resolutJOn by averagmg 

thus avoldmg local error and producmg more generahsed slope values The relauonshlp betwecll 

cell resolutlOll and slope correlatlOn was therefore exammed 10 deterrmne whether an optlmal cel! 

resolutlon ¡hat would ref1ect lhe quahty ofthe mput data eould be reeommended for each ofthe 
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models 

FIgure 5 llJustrates the effee! ¡hat mcreasmg Ihe cel! Slze has on ¡he correlanon of slope 

values It clearly shows that as the cell Slze 15 mcreased ¡he degree of correlatlOn mereases 

sharply up to a SIl! pom! after WhlCh the rate of change slows tendmg towards 1 O Jt seems safe 

10 assert lhat thlS s¡JI pomt 15 the lowest ¡he cell Slze can go to produce a reasonable defimnon of 

slope Below thlS level unwanted nOlse 15 present m the data 'lbs graph clearly shows Ihat a 

dlfferent cel! SIZe SUlts a dlfferent level of mpuI data Note that the models wlth a wlder conlour 

mterval have conslslently lower correlatlOn wllh "Irue" slope desplle a hlgher degree of 

correlatlon to "true" altltude (FIgure 6) Thls confirms the lmportance of a narrow conlour 

mterval to mamtam accurale mtra-cel] relatlOnshlps Therefore lt 15 lmportant to determme the 

cel! Slze best SUlted to the level of detall avallable m (he source data 

To detennllle su eh cel! Slze (he correlatlOn coefficlents were first compared wlth the 

mternal cell devJatlOns to detennme a means of definlllg a level at WhlCh the I -value represents a 

usable model The level of 6° was chosen as (be cut-off for ¡he accurate representatlon of slope 

Beyond lhlS level errors were consldered too hlgb for use m agncultural databas es FIgure 6 

shows the relatlonshlp between ¡he correlatlon value and (he proportl0n of (he model that falls 

wlthm 6° of "twc" slope Thus (he regresslOn lme can be used to detennme (he quaht) of a morlel 

at any resolutlOl1 wlth regard to the proportlon consldered usable Jf a cut-off pomt of 68% (1 e , 

over 68% ofthe model must be Wllh1ll6° of "true" slope) IS set a model w¡JI only be accepted 

Wllh a correlatlOn coefficlent ofO 66 or more (1 e 68 [85 7J[0 66] + 11 228) 

USll1g thlS method anrl referrlllg lO Table 4 it can be detennmed al wha! resolunon each 
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model could be consldered "usable" for slope 111us, In thls case (wlth a cut-off of r 066) It can 

be srated that models 10-25 and 10-50 are bes! represented wlth a cell Slze of20 m, mode! 25-50 

at 40 m, and models 10-100 and 25-100 at 70 m Models 100-50 100-100 and 100-200 are no! 

consldered usable wlth a cell slze of less than 120 m Usmg Table 4 wJth FIgure 6 a cell slze and 

model can be selected that smt ¡he level of accuracy reqmred However It should be stressed 

agam that mcreasmg the resolutiOn results m larger and larger slope surfaces bemg rCTlresented 

Before usmg any of the denved slope gnds, whether these generaltsed slopes are good enough for 

the apphcatlon must be declded In the case of a HlllSldes Research ProJect, a cell slze of 30 m 15 

probably the maxlmum level of preclSlon al wluch to work In thls case only models 10-25, 10-

50 and 25-50 are consldered usable The other models may provlde a good general representatlOll 

and a relalive lIldlcator of hlgh or low slope arcas bul cannot be relted upon for large-scale 

modelhng purposes 

4 ConcluslOns 

In producmg a DEM from topographlc maps enlargmg ¡he mterval between dlgltlsed 

contours can save time and e~pense Thls research mdlcates that II would be cost-effectlve to 

dlgltlse every n" contour on a map ralher than every smgle lllle provlded the new lIltervalls less 

Ihan 25 m wlder than ¡he ongmalmterval when modellmg altltude or slope 111ls mterval can be 

Increased to 50 m wlder ¡han ¡he ongmal contour mterval m cases where modelllllg altltude only 

IS reqUlred Wlth regard lO slope determmatlOn the conlour mterval has more mfluence Ihan the 

map scaJe m provldlllg reahsllc slope representatlOns Models \\ Ilh a wlde contour mterval were 

less accurate m modellmg slope al aeceptable resolutlOl1s (under 40 m), regardless ofthe scale of 
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¡he so urce map 

Cartographlc data sources al a scale ol' 1 100,000 or 1 200 000 wlth a comour mterval of 

100 m or more provlde msufficlem detall to accurately represen! slope In the hll\Slde areas Bul 

Ifthese are the only so urce avallable m a deslgnated research area lt ma\ be posslble lO estJmate 

"true" slopes by applymg a correetlon factor to the ealculated slope values Small-scale maps 

such as these have been proven to ronSlstently underestlmate slope by an average of 5° 

However, even lf a correctlOn factor IS apphed, hlgh mCldences of error w1I1 probably occur and 

thls method 15 recommended only as a last resor! 

The optlma\ cell resolulIon of a DEM 15 no! necessanly "the smaller the better" lf mtendmg 

(O derive slope values m a complc>.. landscape A resolutlOn that IS too small mcorporates too 

much nOlse (1 e , local devlatlOns) m the data and can lead to erroneous slope calculatlons In 

selectmg a cell slze to model slope both the type of landscape and the level of detaIlm the source 

data must be taken mto account \l/¡th a base map scale of 1 100 000 the bes! resolutlOn 15 

upwards of 70 m desplte the deslrabIllly of modellmg thls kmd of Jandscape at less If the base 

map scale 15 unable 10 represent slope aceurately at the deslred resolutlon (1 e up to 30 m) then It 

should be consldered unsUltable as al! mput data source for the D EM 

Although ¡ow-pass filters can be used lo "!fon out" local errors 10 the surface they should 

no! be used too hberally as such melhods are ultlmately affectmg lhe slope values m lhe same 

way as mcreasmg ¡he ceJl Slze Name!y slopes denved from multl-filtered data wIlI be 

representmg a surface arca ¡hat IS severa! times larger Ihan the ceJlIlself 

Wlth regard to usmg D[Ms den ved from topographlc maps as a source for geo-correclmg 
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remote!y sensed Images onlv scales of 1 10 000 and 1 25 000 (less rehable) would apparently be 

usable As lhe slopes den ved usmg Boms' algonthm represent up 10 tWlce lhe cell Slze a 

resolulIOn of 15 m would be consldered deslrable lo provlde slope mpul to a 30-m resolutlOn 

satellnc lmage Unless usmg a dlfferent algonthm stereophotos or other methods should be 

consldered as a more sUltable data source from v; hlCh lo derive the DEM 

Flllallv and mos! ¡mportantl) Ihls mformatIOn goes some way towards orovldmg users wlth 

an awareness of the level of accuracy tha! lhey can expect of a DEM Clearly lhe scale of the 

source data from Whlch 11 has been produced lS fundamental to lhe dependablltty of ¡he model 

Care should be taken to obtam speclficatIOns regardmg productIOn melhods and error checkmg 

procedures and thelr results before attemptmg to mcorporate a DEM or any of Its den ved 

products mIo a spatlal modelhng S) stcm 

Refercnces 

ADKINS, K , and MERRY C, 1994, Accuracy assessment of elevatlOll data sets usmg the 

Global PosltlOnmg System Photogrammetl IC Engmeenng al1d Remate Sensmg 60 

195-202 

BOLSTAD, P , and STOWE, T, 1994 An evaluatlon of DEM accuracy elevanon, slope, and 

aspect Photogrammen IC Engllleenng and Remare Sensmg, 60 1327-1332 

BRADLEY R, JONES, R J , and SIDDONS, P, 1994 A land mformatlOl1 S) stem for 

envlfonmental nsk assessment Mappmg AWaI eness, 8 20-23 



1 
1 
il 
I 

• 

29 
BRO\V?.J, D and BARA T, 1994, RecogmtlOn aná reductlon of systematlc error m elevatlon 

and denvatlve surfaces from 7 5- mmute DEMs Phorog/ ammetnc Engmeermg and 

Remole Sensmg, 60 189-194 

CONESE, e GILABERT M A MASELLI, F and BOTIAl L, 1993 Topograpblc 

normahzatlon ofTM scenes through tbe use of an atmosphenc correctlOn method and 

DIgItal Terram Models Phologl ammelllc Engmeelll1g and Remole Sensmg 59, 1745-

1753 

DA Y, T and MULLER, A 1988 Quahty assessment ofDlgJtal ElevatlOll Models produced by 

automatlc stereomatchers from SPOT lmage paJrs PhologJ ammelrlc Record 12,797-

808 

DIKAU, R 1989, DIgItal rehefmodcls In landfonn analysls In Three lbmenslOnal 

app{¡callOns m Geographlc Infol mallOn Svstems cdaed by ¡ Raper (London Taylor 

and FrancIs), pp 51-77 

EBDON, D 1981, Slatlstlcs 111 geog/aphy A practlcal approach (Oxford Basll Blackwell) 

EKLUNDH L, and MARTENSSON, U 1995, Rapld gcneratlOn ofDlgltaI Elevatlon Models 

from topographlc maps ¡mel natlonal J01ll nal 01 Geogl aphlcal InfO/ mallon Systems, 9 

329-340 

EV ANS, S, 1972 General geomorphometry denvauves of altItude and desenpuve statIstlcs 

In Spatwl analys/s In geomorphology edlted by R J Chorley (London Methuen) pp 

17-90 



= 

1 

I 

1I 
I 

r 

30 
EVANS, S 1980 An mtegrated system ofterram analysIs and slope mappmg Zelfschnfifur 

Geomorph%gle 36274-295 

GAO J, 1997, ResolutlOn and accurac) ofterram representatlOn by gnd DEMs at a mlcro-scale 

Inlerna/lOnal ]ournal ofGeographlcal Infollnal10n Sysrems, 11, 199-212 

GOODCHILD, M and GOPAL S (edltors), 1989, Accuracy of spallal databases (London 

Taylor and Francls) 

HORN, B K, 1991, HJlI shadmg and the reflectance map In PlOceedmgs Insl/tute of 

Electncal and Electromcs Engmeers 69 14-47 

HUTCHINSON, M F, 1989, A new procedure for gnddmg elevatlOn and stream 1me data wlth 

automatlc removal of spunous plts JoU/nal of Hydrology, 106,211-232 

KRA,MER C y , 1956 ExtenslOn of mu]tIple range tests to group means wlth unequal numbers 

ofrephcatlOns BlOmelrICS 12,307-311 

LEE J, 1991, Analysls ofvlslb¡Jlty sltes on topographlc surfaces [nlema/lOna/JoU! na/ of 

GeoglQpJllcal Infol mallOn Syslems, 5, 413-429 

MACMILLAN, R A, FURLEY, P A and BEALEY RO, 1994, Usmg hydroJoglcaJ mode1s 

and Geographlc InformatlOn Systems 10 asSlst wlth the management of surface water m 

agnculturallandscapes In Landscape ec%g)! and GIS edIted by R Bames-Young D 

Oreen, and S COUSlllS (London Taylor and Francls), pp 181-209 

MCLAREN, R , and KENNIE, T 1989, VIsuallzatlOn of digItal terram models Techmques and 

apphcatlOns In Three dimenSIOnal app!zcallons 111 geographlcalll1formar/On syilems 

edlted by J Raper (London Taylor and Francls) pp 79-98 



31 
PEUCKER T, FO\VLER R J LlTTLE, J ) and :V1ARK D M 1978, The tnangulated 

Irregular network In Proceedmgs, Amerrcan Soclel) ojPhofoglammel1y Digital 

Tenam Models Symposwm (St LOllls ASP), pp 516-540 

RHIND, D 1992, Data access, chargmg and copYright and thelr ImphcatIOns for Geographlcal 

InformatlOn Systems InlernatlOnal Journal oj Geographlcal Jnjormal/Ol1 Syslems 6 

13-30 

RINCON M 1995, VahdaclOn de modelos de elevacIOn dIgItal MSc Thesls Uruversldad del 

Valle, Cah, ColombIa AvaIlable from Centro InternacIOnal de Agncultura TropIcal 

320 pp 

f ROBlSON, D M JONES P G, and CARTER, S E. 1992, A geographlcal mformatlOn .. 
li ;..-

approach for stratlfymg tropIcal Latll1 Amcnca lo ldennp. research problems and 

opportumtlcs m sustamable agnculture In Landscape Ecology and Ag¡ oecosyslems 

edlted bv R G H Bunce, L Ryszkowksl and M G Paolett.I (Flonda CRC Press Inc) pp 

J97-215 

ROSENTHAL W D SRINIVASAN, R and ARNOLD J G, 1995, Altematlve mer 

management US1l1g a lmked GIS hydrology model In TransactlOns oj/he American Soclety 

oj Agllculrwal Engmecls, 38, 783-790 

SAS InslItute lnc, 1988 SASIETSJY Usel '5 Gwde VClSlon 6 Fu sI EdltIon (Cary SAS lnstItute 

Ine) 



32 
SHARPNACK, D and AKlN, G 1969 An algonthm for computmg slope and aspect fram 

elevatlOns Photogrammetrzc Engzneerzng and Remate Senszng 35 247 SKlDMORE A 

1989, A companson of techmques for calculatmg gradlent and aspect fram a gndded 

dlgltal elevatlOn model InternatlOnal Journal olGeog/aphIcallnformatlOn Systems, 3, 

323-334 

SMART J MASON, M, and CORRIE G 1991, Assessmg the vIsuallmpact ofdevelopment 

plans In GIS applIcatlOns zn natural resources P, oceedzngs olGIS 90 SymposlUm 

edlted by M Helt and A Shortreld, (Canada) pp 295-303 

THEOBALD, D, 1992, Accuracy and bIas Issues m surface representatlOn In Accuracy 01 

1 spatzal databases edlted by M Goodchlld (London Ta)lor and FrancIs) pp 99-107 

TOUTIN, T ,and BEAUDOIN, M, 1995 Real-tlme extractlOn ofplanlmetnc and altlmetnc 

11 features from dIgItal stereo SPOT data usmg a dIgItal vIdeo plotter Photogrammetrzc 

1 Engzneenng and Remate Senszng 61 63-68 

USGS (Umted States GeologIcal Survey), 1992 Standards for DIgItal ElevatlOn Models 

NatlOnal Mappmg Pragrams Techmcal Instruments http //nrndpow9 er usgs gov 

VERTESSY, R, WILSON C J SILBURN D M, CONNOLL y R D, and CIESIOLKA A, 

1990 PredIctmg eraslon hazard areas usmg dIgItal terram analvsIs In Resem ch needs 

and applzcatlOns to I educe el os IOn and sedImenlatlOn In tI opIcal hIghlands Proceedzng 

01 PH SymposIum, AHS AISH pubhcatlOn 192 298-308 



1. ... 

, 

33 
WELCH, R and P AP ACHAIV\LAMPOS D 1992 Three-dlmenslOnal terram vIsual!zatlOn 

on personal computers An apphcatlOn wnh stereo SIR-B Images Phologrammetnc 

Engllleerlllg and Remate SenslIlg 58 71-75 

WOODROW, D 1993, EnVlronmental app!Jcatlons of GIS m the water mdustrv Maglse, 7 

22-23 



34 
rabie I Descrlptlve s!atlS!lcs for al(!tude models 

Model Alutude (m) 

MInlillUm Maxlmum :"v1ean Standard Range 

I Control 15566 21888 18~, 4 1357 6'-'''' .., ~k _ 

• 2 1025 15586 21884 1&63 1 i373 6298 
, 
! 3 1050 15584 2171 9 1861 9 137 i 6135 

1 4 2550 1561 5 21748 1861 O 1352 613 3 

5 10050 15609 2172 9 18605 1377 612 O 

i 6 lO 100 1593 I 2138 O 18614 134 O 5449 .. 

11 
7 25 100 1567 1 21334 1859 I 1299 5663 

8 lOO 100 15858 21408 18,99 1343 ,55 O 

r 9 200 100 15846 21512 18585 131 7 ,666 

;; 

;¡ 
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Table 1 CorrelatlOn mamA for almude models 

Control 10 25 1025 1050 lO 50 100-50 lOO 50 lOO 100 200 lOO 

Control 1 0000 

1025 09977 10000 

" 
10 50 09972 09989 10000 

, 
.i 2550 09952 09962 09965 10000 

1 10050 09866 09894 09902 09908 10000 

ID 100 09933 09944 09957 09930 09879 10000 

1 25 lOO 09986 09893 09895 09920 09862 09914 10000 

1 
100 lOO 09844 09863 09872 09875 09937 09894 09907 I 0000 

200 100 09803 09808 09816 09814 09821 09819 09821 09836 10000 

{ 
r 
~ .. 
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rabie 3 DescrIptlve statlstlcs for slope models Slope values represen! a 10m surface area 

Model Slope value' 

Ma~lmum Mean Standard Range 

Control 735 20 O 105 73 5 
~ 

f 2 1025 769 194 112 769 1. 

1 
3 10 50 71 1 177 105 71 I 

4 2550 806 177 la 8 806 

t 5 lOO 50 829 161 107 829 

6 10 100 713 163 102 71 3 , 
1 7 25100 73 o 156 104 73 o 

< 8 100 100 729 15 I la 3 729 

t 9 200 lOO 827 149 107 827 

., 
T -• 

rnmlmum slope \alue 15 O for all models 
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Tab!e 4 Tukeys Studentlsed (Honestl\ SJgmfjcant DJfference) Range Test tor DJgnal Ele\atlOn 

Mode! slope POpulallOns' 

Mode! Contro!¡.t 

10 25 A 420242 02 

Control A 4 18432 00 
-! 

.! 10 50 AB 396079 1 8 

r 2~ 50 AB 395840 1 8 

[ 
10050 BC 376228 34 

f 10100 BC J 69269 39 .. 
25 100 C 3 )63489 48 

t' , 
100 100 e 354960 49 -. 

f 200 100 e 354269 50 

~ 

--

Cntlcal \alue ofStudentlsed Rango ~ 4389 l1lJnlmum SD ~ O 2713 005 df 4266 MSE 

2 ModeJs marked \\ ah the same lencr are not consldered slgmficantl\ drfferent 
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Table) CorrelatlOD coefficlents for slope models as compared to true sJope 

ModeJ CoefflClem correJatlODs r 

Control model lmprovement m r 

Ra\\ data Atier smoothmg 
'1 , 
..t 

f Control 1 00000 1 00000 None 

2 1025 041353 047412 006059 

r 
~ 

3 lO 50 039581 045263 005682 

4 2550 034262 039042 004780 

1 5 lOO 'O 026454 030137 003683 

, 6 10100 O 27210 030867 003657 

! 
7 25 100 027334 030945 003611 

8 IDO 100 022452 025464 003012 

9 200 100 024281 027580 003299 
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(mlssmg-need a map of 30 Un' wlthm RIO Ovejas watershed m the Andean foothIlls of southern 
ColombIa) 

FIgure l LocatIOn of the slud) area 
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