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Comparison of Topographic and Physiographic Properties Measured
on the Ground withThose Derived from Digital Elevation Models

Abstract
With the widespread availability of digilal .le!ation nodels (DEIU) and fegi(nral surleys of \oils. ropographic a.d phlsiographic
featlrres of lan dsc apes are now morc casily char aclcri^d. Wilhir south$ e stem Orego n l9 l lield plots werc rcgislcird \lidin .r
gcographic infonnalion syslem (ClS) to digilized topographic and soil\ coverages and propertjcs cxlraclcd from the digital co!-
cragcs cortparcd wilh lhose estimated in the field. The initi.rlcomparison showed nrnjor diftircnccs in eslimates ofaspect. slope.
al1d maxinum a!ailable soii \\'ater content (e), althongh the location ofplots showcd gcneral agreement \!ith elelation\ fecofded
on the maps. To extrapolrte climrtic data and interfrei h,vdrologic rcsponscs accLrarely. an uu|on ted search prccedufe xas
de!eloped $hereb)- the initi.rl location of each plot was. il necesrarv, shiiicd !rithin speciijed bouDds to give closer rgfeement
$ith licld e\limates of aspect. slope. rnd €. Specifically, the search routine scqucntiall! idcn(i1ics rhe rearest 100 nl-resolution
ccll $ilhi. a scarch radius of 3 or 5 cells ir which diffefences afe within 1 22.5'of arDect. t 20ti; c'l sloDc- ard in close\l
agrccmcnl rith flcld .stimates of 0. The search procedufe fesulted in imtroled agreement $ilh ficld csrimarcsi rrs = 0.82 fbr
aspccl. 0.56 lor slope. 0.51 ibr 0. To obtain these inrprovemenls required that the initial plot localions be shilted, oD the .rvera8e.
l89n widir the 3 pixel search rrdnrs. and ,135 m wilhin the 5 pixel radius. wirh thc lcnain analysis procedures de!eloped in $i\
paper. it is po\sible to (^ercome many problems associarcd wi!h rcgisrcring the prccise location of field pkxs upon digirizcd
topogfaphic and \oil maps. The pfocedure is parricularly appropria(c in siruddons where lhe environmental fegimes associarcd
\iith r \pecified field location are to bc cxtrapolatcd across landscapes. The approach also pernits.r uealth of historical sur!c--
plot dat.r io be incoryorrted inro a G1S ibrmat ard to bc spatially cxtnded.

Introduction

Basjc infbrmation on geographic location, eleva-
tion. slope and aspect are collected in most soil
and vegetation surveys. Additionally. soil prop-
erties are often characterized to provide estimates
of maximum availablc soii watgr storage in mm
(01 and drainage conditions. Indilectly, these to
pographic and physiographic ftatures atTect the
gro\\"th and distribution of vegetation as well as
the hydrologic response oflandscapes to precipi
tation (Running et al. 191i9: Running 1994, War-
ing and Running 1998). Although soil surveys
-uenerally provide broad estimates ofe. a number
of studies har,e demonstrated that local spatial
variation oftopographic t 'eatures helps to explain
much ofthe variation in soil waler capacit)- (50m
to 200 n) (Band 1986: Band et al. 1993: Nemani
ct al. 1993). Compared to traditional methods of
estimating 0 frorr soil serics dah. cstimates de-
rived fiorn digit lelevation nodels (DEM) plo
vide additional intbrmation bccausc topographic
data are cdlectecl at higher resolution than soil
senes oata.

The po . . ih i l i t r  o f  .p r t i r l l l  c la . \ i l ' \  i rg  ( \ t in r i r te \
o l  tenu in  r  r r i rb i l in  u  i th  in  r  t l i g i t c l  enr  i ronnr ,  n t
has becilme possible with the development of ter
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rain analysis programs and DEMs. The general
trend in rcpresentations ofter:rain for environmental
modell ing has been to move fion broad. conti
nental and regional scales. to finer scalcs more
suited to the modelling ofsurface hydrology, veg
clation and soil propefties. This trend can be ar
tributed to improvements in methods for rcprc-
senting fine scaLe topographic shape and sfucture,
suppofied by the steady increasc in the speed and
storagc capacity of computing platfbrms.

Finc scalc DEMs. with spatial resolutions from
5 to 100 m, are typically used fof spatially dis-
tdbuted hydrological modelling (Binley and Beven
1992. Zhang and Montgomcry 199,1) and for the
analysis of soil propefiies (Cessler et al. 1996.1.
Thc deterrrination of appropriate spatial scales
for hydrological modelling is an active research
issuc (Bloschl and Sivaplan 1995). Tenain at-
tributes can be refe[ed to as DEM dcrivtrtives as
their calculation is based upon tjrst-order and
sccond-order derivatives ofa continuous 3 D sur',
face. The surface can be based on a combination
of discrete ti les. grids. or triangular regular nct-
works (TINs). or contour scgmcnts. In any case.
thc algorithms are approximations of those for
continuous surfaces. Moore et al. ( 1991 ) reviewed
the applications of digitrJ temain modeling and



listed the major primary terrain attributcs that c$rld
be derived liom a DEM and their application.

Grid based DEMs arc developed directly from
standard digital topographic data $,hich lray in-
clude spotheights. ele!ation contours. stream lines
and dams and lakes. The nethod produces DEMs
which rcspect surtace shape ald drainage. lt can
use sffeam linc data, without l lssociated eleva-
tion data. to aid the representation ofsurface drain-
age. The ready availability of DEMS does not impl)
however, that they are *ithout error and otien are
not always availablc at the most applopriate scale
(Hutchinson 1999). In addition. there are a num-
ber of potential errors associated with DEMs that
are indepcndcnt of scale:
(a) coastal and 1li,it areas nay be represented as

tefflrces due to slope calculations made where
tlal areas altcmate with narrow baods ofsteeper
slopes.

(b) interpolation enols mav result ovcr surfaces
caused by methods failing to interprel con-
tour data concctly.

(c) local peaks not modeled at their corect height
and will appetir to be flattened duc to poor
placement of basc spot height data.

(d) oilsets related to slopc direction and steep
ness on one side ofa topographic fcaturc wil l
re:u l l r n ,rI ! ' \ efe\l i l l l ,1te ol cl<\ ation on onL'
side and an undercstimate olr the other

Linkirg historical dala collected at specific
points within the DEM requires adjusting for cr-
rors that may occur in assigning the init ir l loca-
tion ol'plots to maps that dilIer in accuracv fron]
those now availablc and were located without
global positioning satell i le (GPS) technology.
Fortunately, it is now possible, using automatcd
searching logic 1o cxanrine the geographic posi
tion of each plot location \\"ith respect to its local
terain ard pledict its most likclv geographic po
sition on current DEN{S.

The objective of this paper is to prcscnt a ap-
proach whichcompares plot-basedrneasurenents
of terrain variables u'ith calculations made from
a 100 rn-resolution DEM and enploys an algo-
rithm that searches, within a defined radius. DEM
cells to prcdict the most l ikely position ofthe plot
within the landscape. Once loctrtcd, estimates of
slopc and aspect are extmcted liom the DEM and
0 is predictcd with a generalized model derived
ftom topographic and soil series data.

Study Area and Data

The region of southwest Oregon lying bcLween
the southern Cascade Mountains and Paciflc Coast
is an area of grcat diversity in climate, geology.
i lnJ  \e fe l  l i on .  The dc |e lop ing  pa l re rn .  in  \eg
etation diff'er. depending on the topographic lo-
cation and dilferences in palent material. At lower
elevations near thc coast, Port-Orford cedar
(Chanaec\pari.s lawsonizr" (A. Murr) Parl.) and
Douglas fir (Pseudot.suga ilet;lesil (Mirb.)
Franco) ar{] conrmon on noist sites. At higher
elevation where a wintcr snowpack accumulates,
Shasta red tir (ADi?r r nttgnrf ut't ar sha.sten s is MtnT
Lemm.) and mountain hemlock (Isriga merteas-
irara (Bong.1 Carr.) dominute. At mid elevations
on drier sites, Douglas-fir is ofien accompanied
b\ tanoak(Lithocarp rr derisiflonrs (Hook. &Am.)
Rchd.). western white pine (.PinLls nu)tlt icol. l
Dougl. ex D. Don) and sugar pine (Piirrn lamDerr-
lara Dougl.). On the most cxlreme sites with shal
low soils or inhospitable parent matcrials derived
fron serpenlinc or peridotite, ponderosa pine
(Pinus porulerosa Dougl. ex Loud), canyon live
oak (Qrieirirs cllr\'.\oLepsis Liebm.) and Jeffiel'
pine (Pirnrs jeffre,r'i (Grev. and Balf../) are present
(Whittaker 1960. Franklin and Dymess 1973).

Plot Data

From lglJl to l9E3 a series of temporary plots
were established as a fbrest growth modelin-e
project $'ithin the solrthwesl Orcgon Forestry In
tensified Research Prograrn (Hann and Ritchic
1988. Hann and Wang 1990. Hann and Larsen
|  9q  l ) .  A  to ta  I  o l ' .18-+  l i  ' re . r  . tund.  rang ine  in  s  i zc
tion 2 to 47 ha were sclccted lirr lield sampling.
A total of 391 tenporarv research pJots were es
tablished in thcse stands covering an areaof54.000
km'. The resealch plots wore placed in a cluster
design of,1to 10 sanrpling units over L5 to 4 ha.
A modrl soil pit was dug at the sampling unit
judged to bc thc most represeltative of thc clus-
ter based on soil atlr ibutes. The aspect and slopc
were measured ard the dcplh and soil texture
describcd blr horizons do\\,r] to 1.,1 m or to bed-
rock were recorded. Thc maxinrum available soil
\ \ J lc r  c ( ,n lcnr  f0 l  r r i rs  e . t i tna ted  br  l i , , ' un l in !
fbr variatior in soil texlure and rock content down
to the maximum defined depth (Hann 1983.). The
geographic location and clevation ofeach plot was
estimated trom LI.S.G.S. 15 minute topoglaphic
maps. For the remainder of this papcr. the lilope.
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aspect. elcvation and geographic position of the
sarnpling unit which contained the soil pit wil l
be used to rcpresent the plot as a wholc.

DEI\,4 Data

Digital elevation data fbr southwestem Oregon
$'ere obtained from the Dcfense MappingAgency
(DMA. Portland Oregon) with an initial pixel reso-
Iution of 80 m. The data \\"ere then rectified to
1(Xlm pixel resolution and rcgistered on the Uni
versal Transversc Mercator map plojection. A
gcncral description ofthe DEM propefties is pre
sented in Tablc 1.

TABLE L Propcrlics o1 the Digitized Elelation Nlodel lbr
Souihrcslcn1 Oregon.

){orthingEasr ing Cel ls ize (m)

Top Leli
Bol||nn Right

105500 ,1805000
598000 ,16,10000

100
100

A number oftenain attdbutes were calculated
fron the DEM surflce. The first and simplest
variable to extract was sitc elevation. The slope
of each pixcl was calculated by fitting a plane to
the ditlerence in elevation bctween a central cell
and the imlrediatclv adjacent 3 X 3 aray of 100
m cells. The direction that the plane faced de-
fined the aspect fbr the central cell tbllowing the
averagc maximum technique described b1'
Zeverbergen and Thorne ( 1987) and Moore et al.
(1991). To deflne the direction of water f low
through the central ccll, the steepest descent of
each cell in the 3 X 3 an'ay was estimated fbl-
lou ing the methods of Jenson and Dominguc
(19138). The 1low accumulation was calculated on
a cell by cell basis to take accounl of the total up-
slope area that draincd into and through a selected
ccntral cell.

The Conpound Topographic lndcx (CTI)
(unitless) was computed as a function of the con
tibuting area up-slope of a cenlral ccll and the
slope at that central cell (Moore et al. 1991). The
CTI is calculated as:

t  - t r  1 . ,  r l r
r . rn rp I

Wherc a is the up-slope contributing area and
B is tbe slope.

In areas *ith negligible slope, a CTI value of
0.001 was assigned. This \alue is smaller than
that oblaincd tiom a 100 rn data set dift'cring in
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ele!ation by I m. The CTI was originally used in
hydrologic modelsfbr small basins withhigh values
indicating a greatcr l ikelihood of a saturatcd con-
tributing area (Kirkby and Weynan 197,1. Bevcn
and Kirkby 1979; Beven and Wood 1983). The
higher values ofCTI tend to be found at the lower
pafls of watersheds and in convcrgent hollow ar-
eas associated with soils of low hydraulic con-
ductivity or areas with more gcntle slope than
average (Bevcn and Wood l983). Soil depth and
silt and clay content tcnd to increase from idge
tops to the valley bottoms (Singer and Munns
1987). Soil erosion is also related to the direction
of water flow, with the rates highly dependent
upon the degree that soils rcmain saturated (Zheng
et al. 1996).

Soils Data

Therc is a wide variety information on soils avail
able al varying spatial scales. Within the Unired
States. the U.S. Department of Agriculture's
(USDA) Natural Resources Conscrvation Service
(NRCS). formerly the Soil Conservation Service
(SCS), leads the National Cooperative Soil Sur-
\e )  a \CSS'  and i .  re .pon. ih le  Iu r  eo l lec r ing . . ro r -
ing. maintaining, and distributing soil survey in
fomation for privately owned lands in the United
States.

Forregional scale mapping and monitoring thc
Shte Soil Geographic (STATSGO) data base is
the most appropriate because it has been com
piled at a consistent scale for all of the United
States (United States Department of Agriculture
1991). STA|SGO soil data are compiled from morc
detailed State Survey Geographic Data Basc
(SSURGO) soil sulrey maps and infomation on
geologv. topography. climate. and vegetation,
supplemented by images derivcd through remote
sensing frorr satellites. Using the United States
Geological Sun'ey's (USCS) l:250,000 scalc, I -
by 2-degree quadlangle scries as a map base, thc
soil data are digit ized as l ine segments to comply
with national guidelincs and standards. STAISCO
soil data e often inadcquate fbr local or even
rcgion.rl rnodeling. e.pecidll in m,.runruinous arca'.
The.e  incdcqurc ie .  re l lec t  the  r r r i l t i on  p rerenr
within cells, insufficient sampling of each map-
ping unit. and diff iculty of drawing boundalies
betu'een two different mapping units (Burrough
19ii6. Mark and Csil lag 1990). Never the less.
the STATSCO database provides the only availablc



state- wide mtipping of soil attributes ctrrried out
tn a conslstent manner.

For each soil series, the thickness of each soil
horizon and its nean available soil u'ater capac
ity was computed and sunrmedfbrthe entireprolile
to provide an estimatc of 0 for cach polygon. This
vector coverage was then convefied to faster for
mat with a spatial resolution (size of the cell) of
250 m, approximatcly equivalcnt to a 1:250,000
scale. If an individual cell was composed ofpo)y-
gons representing more than one soil sedes, the
spatially dominant series was selected.

Soil Water l\,4odel

Although it was possible to develop regressions
bet*een fleld estimates ofe and those interpreted
from the STAISCO data set. there are advantages
in attempting to predict 0 direcLly from hydro-
logical models. First. regression relationships
canlot be used in regions where STATSCO data
are not available and sccond, static modcls makc
it difficult to assess the dynamic impact of large
storms and the implications ofroad building and
other activities oD water movement. Zheng et al.
(1996) proposed a simple model k) estimate0 using
the nean values of 0 fiom the STAISCO data set
to transfbrm the tlne-scrle variation deflned with
the CTl. Equation 2 shows that a gcneral positive
rclationship exits between CTI and 0 (in mn) such
that:

STATSCO 0 or other relevant data. The lunction
of Mr is to re-scale the CTI values that are less
than or cqual to its mcan at a rate fbr which the
median value of CTI is equal to 0.rn,..,,.

When a pixel's CTI value is greater than its
mean, th(] coefficicnt M, is used in Equation 2
and is estinated by equation ,+:

n
a

where 0,r., ...u,.u. is the maximum 0 occurring
in the STATSCO database fbr the region and CT\,.,
is the nraximum CTI value with an occuryence
rate at least 1%. Again, 0-,. can be cstimated for
a given spatial extent liom maximum STATSCO
layer or from other relevant data. The function of
M. is to rc-scalc CTI values that are larger than
the CTI mean at the rute that makes the defined
maximum CTI vriue equal to e,"",.

In this study, Mr fbr Southwestem Oregon (100
m pixel resolution) was 17.4 / (0.5 * (3.8 + 1.3))
= 6.8. The maximurn calculated CTI value $'ith
an occurence rate ofovel l7o was determined to
be l6.3. A value of 40 cm was used fbr the maxi-
mum 0 ftom STAISCO to detemine M, for South-
western Oregon. These different maximum val
ues are close to the maximum value of0 estimated
from field survcys (Table 2).

TABLE 2. Summary ofinput data used in ihe search routine
1l) rc posilion licld plots.

Data set
STATSCO Plor Dara
(6) (mm) (61 (mn)where M, and M. are case specific coefficients.

one of which is chosen tbr each pixeI. Zheng et
.t l. (1996') showed that the distributions of the
calculated CTI when compared to 0 as obtained
fiom STATSCO datasets were always smaller$ith
longer tails in the high end. Thus, two scalars are
needed to avoid transtbrming right-skewed dis-
tributions of CTI into dght skewed distributions
of 0. When a pixel's CTI value is Iess than or
equrl to its mean, the coefficient M,, is used in
Equation 2. M, is determined ir equation 3 by:

d= 1\{ ,N'l.l ln( ,a,rlo) 12)

6  , , , , , , ( 3 )
{ 1 5  1 C Z  + C 2 . , .  l

wherc CTI-,, and CTI -.," arc modc and mcan
values of the calculated CTI, respectively and
0..,,,r,,, is the mean value 0 firr l given spatial
extent. estimated from either the mean of the

G lS  Search  A lgor  thm

An iDitial test of the accuracy of thc init ial plot
positions and the compatjbil i ty of the elevahon.
slope, and aspect data with the cell-bascd prcdic-
tions was completed for all 391 plots. Based on
this initial comparison, a search algorithm was
developed to intcrrogate individual pixels u ithin

Pixel Resolution 0n)
Number Pl0ts
\umbcr Pollgons

Mean
\{arimum
\{ i . imunr
N{ode

100

330139,r
3 .8
21
0
1 . 3

250

l: l  l , l

168
,100

5 t

3 9 1

111
269
39

l5l
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a specil ied rectangular subset of cclls (known as
a boxcar) that exhibit similar slope, aspect. and e
attributes as those recorded in thc fie1d.

tl cach plot was located accurately. and the
tefialn attributes were all calculated without cr-
rot then the central pixel il the boxcar would
sharc all the attdbutcs recorded at the field plot,
a srtuation that rarely happens.

The lormal computation presented in thc al-
gorithnr can be described in equation 5.

f r f r  l n  r l P  l v r  t  s 1 . , r f . 0 \  P t \ , p , , ! s t . l . ,  r t  . : l

nhere W,, is the re-conlputed geographic posi-
tion ofplot P. P(Aspect. Slope. 0),./ are the tenain

attributes for the cell coincident with the original
plot location on thc DEM, and P(Aspect, Slopc.
0) is the aspect, slope and 0, as recorded in the
field at the plot location. The search is undertaken
fbr all cells from n = I to n = m u'here rn is the
number of cells.

The oper r t ionr l  s tep .  r rc  .ho \  n  J i i rg rcmm. l l i -
cally in Figure I and are applied for eiich plot as
tbllows:
. Initiall)'. the plot aspect is compared to the aspect

of all cells in a specified boxcar l l lrcr. If any
cells have aspects that l ie within I 22.5'. rhe
cel1s are tagged as acceptable candidates.

Figurc L Procedures for sclcclirg rells \|idr attributes ir closen o\'crall alreement to lbosc descfibed fnnn field Dreasurcnrcnts.
Plol centre is indicaled b) \laf with thc search foutine mo!il1g ir a clockwisc direcrion as indicatcd arrows. 1 hc sc
quence tiom uppcr ]eli lo lo$ef righ! is lierachical: ( lst) aspccr. (2nd ) slope. (3 i) e. und finallt. rcpositiming of rhc
ploL. AWSC: A\.'ailablc \Varef Soil Capaci!t: DEN{: Digiral elc\adon modet.
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. This process is repeated on the slope layer with
cclls having values uithin t 20% ol the plot
slope being tagged as acccptable candidates.

. All cells in the search region are thcn ranked
based on thc above classii ications. with cells
having t\\,o successful passcs (i.e., both aspect
and slope being within the specificd thresh-
olds) ranked the highest (code 3), followed by
plots with aspecls within specific thresholds
but not slopes (code 2). cells with slopes cor-
r-ect but not aspect (code 1). and finally cells
whcrc ncither the DEM slope nor aspect lays
within the specificd thrcsholds.

. Only cells with thc maximurn code;Lre kept;
all other cells ale discarded. For all remaining
possibte candidates. the predicted 0 of each
cell is extracted and compared to the value of
0 rccordcd at the plot. The cell with the high-
est code based on aspect and slope suitabil ity
and the smallest absolute difference between
e prcdictcd by the DEM and measured in the
tield was then selected as thc new plot posi-
t ion .

lmplicit in this approach is a hierarchy in the
. rpp l i c  t ion  o f  the  th |csho id .  u  r lh  p l , \ l  i l \ l r c l  in
this projecl sclccted rs the nrost impolant ter
rain variable to match. This is primarv due to the
stfong ellect of aspect o1l mdiation. especiall] at
silcs with high iatitudes. For example, the incor
rect positioning ol the plot location based on as-
pcct by loci, it ing it on an exposed rather than pro-
tecl(d aspccl. (Jn hJr e l mljor cfl, , t , 'n its . urecl
environmcntal description.

ln this implementrtion. aspect and slope are
1lrst natched wilh thc plot estinrates. The com-
parison ofe is only undertaken in thc final phase.
As a result, if cells surrounding the odginal plot
position have predicted e valucs identicalto those
mcasurcd in the field and the slope and aspects
do not lie \\,ithin the selected thrcsholds, the cells
arc not candidates lbr plot selection.

The CIS-search algorithm *as inplemenlcd
al 2-boxcar fi l ter sizes, the first with a maxlmum
boxcar filter of5 pixels frcm the plot ccnter (equat-
ing to a maximum radius of 848 rn from the original
p lo t  po . i l i on)  rnd  a  .ec , - rnd .  n t , r | r .  t , rnser r l r i re
search l imit with I maxinrum of 3 pixels from
the plot center (equivalent to a maximum radius
of 565 m frorn the original plot position). Statis-
tical analysis was undetrken in the STATISTICA
solirvare package (Statsoft 1995).

Results

Extrcmes in elevation exffacted t'[om thc DEM
(with a cell resolution of 100 m) over the study
area range from sea level (0 m) to 2840 m with a
mean elevation of 850 m and a standard devia-
tion of 507 m. This can be compared to the high
est elevation in the study legion (Mt. Mclouglin
at 289:lmASL). Figure 2(a) shows the tiequency
distributions of the field measured slopes of the
391 plots and the slopes extracted for the cells
con'esponding to the odginal plot positions. Fig
ure 2(b) shows the frequency distribution of as-
pects lbr the 391 plots and thc aspects extracted
tbr all corresponding cells.

The two aspect distributions show similar ffends
with I or 26lc differences in thc number of plots
in each of thc 16 categories of aspect. Both dis-
tributions indicate that thefe are fewcr p]ots lo-
cated in an easterly than westerly direction. Thc
moi t  common f ie ld  mea.ured  J \pee l  \ ra \  in  r
southerly direction. while the maxirrum number
of cells from the DEM are located in northerll'
directions. The slope distributions are distinctly
different with large variations in the number of
plots in each of the slope percentage classes. A
major effect of thc 100 m spatial resolution of
the DEM is to impose a smoothing lunction on
its representation ofterain. which rcsults in many
high licquencv spatial t'eatures such as ridgcs and
gullies being smoothed by the DEM algodthm at
thc 11X) m cell scale. Consequently, slopcs com-
puted from the DEM are less steep than those
measurcd in the field. Thus in Figure 2a DEM
cells have slopes grealcr than 60 % yet 3 q. ofthe
391 tield plots have slopes excecding 60 %. There
fore, there is a nuch greater percentagc of cells
fuom the DEM plots in the lower slope classes
than estinated at each plot.

A Kdmogorov-Smimov statistic provides a
method to vcrity the simjlarity of the two disrri-
butions by tcsting if the samples are representa-
tive of the same distribution. The Kolnogorov-
Sminov asscsses the hypothesis thattwo samplcs
(the field data and thc data extracted liom the DEM)
were drawn fron diflercnt populations. The test
is sensitive to differences in the gcncral shapes
of the distributions in the two samples and if rhc
test is statistically signilicant results in the rejec-
tion ofthe hypothcsis that the DEM data matches
the field observations (Kolmogorov l94l). Thc
testindicates thatthc distributions and the vadances
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(a)

Slope (Percent)

Figure 2a. Frequency distributions of slopes as measured in the field at their original locations and those derived fron DEM

(b)

0 30 60 90 120 150 180 210 240 270 300 330 360
Aspect (degrees)

Figure 2b. Frequenct distributions of a\pect as nreasufed in the field at therf original locations and as derived ffoln DEM.
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of the DEM and plot data tbr both slopes and
aspects are significantly different at the 0.05 level,
with the differences in slope distributions and
variances being highly significant (P < 0.01).

Figurc 3a shows the field estimates of eleva-
tion (in meters) plotted against the elevation of
the 391 cells correspond closely to values mea
sured atthe original plotlocations. Figure 3b shows

the tield estimates of aspcct (in degrees) plotted
against the aspect ofthe 391 cells recorded at the
original plot locations and Figure 3c for the slope
estimates (in pcrccnt.). These results indicate that
while the elevations are in good agreement, the
correspondence of DEM estimates of the slopes
and aspects with data recorded at the 391 plots is
poor, paticularly tbr thc latter attribule.
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Figufe 3a. Relationship betwecn elcvation recorded ar the original locations in the field and that
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Figure 3b. Relationship betlveen aspecrrecorded ar lhc original locations in the field and thar predicted $ith

the DEN{ (rr = 0.23. DEM Aspccl = 0.,t9 * Plot Aspect + 9.1.6. n=l9l P < 0.0001)
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The good agreemcnt between the elevations
recorded at the plots and those exfacted from the
DEM indicate that, while the gcographic loca-
tion of the plots and the terrain cells may not di-
rectly correspond, thc locations arc generally within
close proximity, and dif'terences are mainly as-
sociated $'ith local vadations in slopc and aspect.

Figures,la and b show thc relationship between
the field aspects and DEM aspccts in the new
positions deterntined with the GIS sear.ch algo-
rithm. Two sets ofresults are prescnted using the
3-and the 5 pixel-radius-scarch boxcar filters. The
ligures show the hierarchy of the search proce
dure with the code 3. 2. and I results represcnted
as ditlerent syrrbols. ln a number of cases. thc
plot mcrsured aspect and slopes could not be
matched to any cells in the DEM search filters.
In  the  5  p ixe l rad ius .3 .3Tc  o fp lo ts  (n=13)  cou ld
not be matched. with 3.6 7r unmatched (n=l:f)
using the 3 pixcl radius. As a result. these plots
uere rcmured lrom lhe dalr\cl rnd are n.'t in
cluded in thc presentation of the rcsults.

Figures.lc ud d show the relationship betwecn
the field slopes and the slopes of rhe DEM cells
in the new positions determined using the GIS
search algorithm. Again both sets of searches arc
preserted and the figures shorv thc hierarchv with
thc  Lode 3 .  2  rnL l  I  idenr r l ied .  F igurc .4e  rnd  I
shows the predicted versus measured e as extracted
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at new plol positions for both rhc 5-and 3-pixel
boxcar-search windows.

Figurc.la and b show rhal there is a signifi-
cant increase in the colrespondence between ll.S-
pect measured at the plot and that al the reposi-
tioned plot locations extracted from thc DEM. ln
the case of5-pixel radius, the majority ofthc plors
(84%) have been coded 3. which indicates thar
both the slope and the aspect ol the repositioned
plots were within the slope and aspect threshold
classes. Additionally, 87. of plots were coded 2
which indicates aspect of the repositioned plots
were within the threshold established although
no cells with slopes within the prescribed thresh-
old could be located. Bccause of the 360. rcpre-
sentation ofaspect. values < 22.5o or > than 347.5.
transf'er to the NE or NW quadrants; This results
in their location appcaring to be more erroneous
than is actually the casc on the scatter plot.

The distribution ofplots with code I (plors with
slopc within thc slope thresholds but no agrce-
ment with aspect) appears to be random over the
range ofaspect indicating that, in spite ofmatch-
ing slopes. there was a continual misnatch at some
plots. The results ofthe larger search $,indow (5
pixels) is a tighter clumping of the measured ver-
sus predicted aspects along the I :l line with more
cells classified as code 3 and less as code 2 than
resulted u'ith the more conservittive window. Thc
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percentage of plots that produced a code I (as-
pect incorect, slope corrcct) ( 157' for thc 5 pixel
fllter and 8dl,: for the 3 pixel filter) indicates that
the most of the plots more easily fell within the
slope threshold than with the aspect thrcsholds.

Figure 4c and d indicate that, like the aspect
comparison, there is a significant improvement
in the agrcement between measured slopc and that
extracted at the new locations from the DEM. The
wider search window providcs a slightly closcr
matching ofthe tield observations with those de-
rived with the DEM. With wider window, thc codcs
2 and code I assignments are also less fi'equent.
The eilect of topographic srnoothing at l00m
spatial resolution can be seen with an overall bias;
a field measured slope of 80% corresponds to
approximately 707o on the 100m DEM.

Figurc 4d and c shorv thc rclationship bctween
the measured e and that predicted by the DEM at
the new celi positions using the search algorithm
lor both the 5 and 3 pixcl boxcar windows. The
results. as expected, are similar to the slope and
aspect analysis with signitlcxntly improved rela-

tionships. The search with a 5-pixel radius prt>
duced a signiticantly tighter correspondence with
the plots than that with a 3-pirel radius. This is
expcctcd as the algorithm in its final step attempts
to minimize the difference between field eslimatcs
and modeled 0 over all the cells with the maxi
num codc value. Because the 5-pixel radius
has a larger number of cel1s. a tightcr relation-
ship between the obsen'ed and predicted val-
ues results. There appears to be no significant
pattern in thc location of the code 2 or code I
values in these figures. Overall, modcl predic-
tions tend to underestimate 0 valucs rccorded
in the field.

Figule 5 shorvs statistics on the distanccs re-
quired to move the odginal plot positions to kr-
cations where tellain attributes are in closeragree
mcnt. Thc distributiurs rre sho*n tbr- both the
3-and -5-window searchcs. Dctails ofthe distances
can be seen in Table 3. Ovcrall. thc mean nrove-
ment of the plots 1() thcir ncw location using the
5-pixel radius search window was,135 m and rvith
the 3-pixel radius,289 m (Tablc 3).
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Figure 5. Histogram of distances moled from original locations of plots using 5 and 3 pixcl radius $il1dos s rcspectivelv.
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TABLE 3. S unl mat] of distance statislics rclalcd lo repositioning lield plots u \ing hierarchical lcarch rcudne \!itb two windou

SiTe of Search
Rrdius (p ixels l

\{aimuln
Distancc onl Distance (m)

Mern
Dinancc (n, Di\tance\ (m)

7.19
.16l t.1.8

1t2
269

r65
95

Discussion

Thc hicrarchical-search approach presented here
provides an approach ofrcpositioning plots, u'hose
position was originally detemrincd on dif'ferent
base nraps and uithout access to global position-
ing tcchnologli. The approach relies on utilizing
thel ge number oftopographic and physiographic
dalascls that usually accompany field surveys.

As desclibed in thc introduction, DEMs are
rarely uithout enor and are often unavailable at
thc most appropriate scale (Hutchinson 1999). An
inherent assumption of this technique is that the
tenain lrtffibutes extracted from thc DEM are re-
alistic rcpresentations of the local tenain. Finer
scale resolution DEM are currently becoming
availablc ovcr the continental U.S. r ' i th spatial
resolutions of 30 m. Obviously, the techniques
dcveloped in this paper can be applied to these
fine scalc DEMs. An added beneflt of utilizing
these finer scale DEMs is thc nrore accurate rep-
resentation ofUne scale topographic features such
as slopes and gu1lies.

Civen potential erors in both llcld location of
plots and in the interpolation tiom DEM surfaces,
the approach described in this paper provides a
link between the two types of data sets by posi-
tioning the plots on the DEM, not by their abso-
lute geographic locations but by attempting to
match theirrecorded ten'ain elrvtonment as closcly
as possible. In nany cascs where gxtrapolation
of climatic data and modeling ofgrowth and dis-
tribution arc involved. the actual geographic po

Literature Cited
Band. I-.E. 19E6. Topogftrplic prutition of $ateNheds $,ith

digilal elevation models. Wnter Resorrces Rcscarch
l 2 : 1 5 - 1 1 .

Iland.I-.E.. PclcAon. J.R. \-en ni. R. rnd S.$'. Running. 1993.
Ecos\stem processes at thc $atcrshed scale: iDcof-
poratiig hill slope hldrolog). Agricultural and For
est  \ feteorolog\  63:93 l16.

sition of a plot is generally not as relcvant as en-
suing that the environmental rcgimes. which arc
conelated with terrain attributes, are similar. [n
the case of solar radiation. the aspect and slope
are particularly crit ical. because assignment ofa
no h slope to a south aspect u'ith 25" slope at 45"
Latitude results in a dift'erence of more than 250
7r. In such cases, the actual plot position on the
DEM may be some hundreds of mctcrs fiom the
originally recorded plot position without intro-
ducing significant errors in modeling.

Ac knowled geme nts

Dr David Hann was principally rcsponsible fbr
the collcction. cdlation, and maintenance 01'the
extensive forest plot dataset. I thank Dr Hann lbr
allowing access to the dataset and lbr his will
ingness to provide additional data when required
and comments of the manuscript. Mr. Stephen
Brown labored long andhard in preparing the DEM
tbr analysis. His professionalism and help was
greatly appreciated. I express thanks to Richard
Wadng. Mr. Phil Hurvitz, and an anonymous rc-
viewer for constructive criticism on early dlafts
of this paper

This research was undefiaken at Depaftment
of Forest Science, Orcgon State Universit). Or-
egon while the author was on leave from CSIRO
Forestry and Forcst Produots, Australia. The re-
search q'as supported by funds tiom the National
Aeronautics and Space Adn.inistration (NASA)
on Grtint NAG5-7506.

Beven. K.J. and NI. l. Kirkby. 1979. A physicall\ ba\cd. lrri
able connibuting area odcl olbasir hydfology. Ht-
drological Scicncc Bullerin l'1:13-69.

Beven. K.J. and E. F $bod 1983. C.rtchment ge(rmorphology
and the dfnamic\ of runoiT conlribulil1g arers. Jour-
nal  of  H,vdrolog) 65:139'158.

Binley,  A.  and Be\en.  K.  1992. Thrcc dimensionaL nocle l ing
ofhillslopc hldrolo$-. Hydfological Processes 6i 3,17
359.

Comparison of Ground Measuremcnts with Digital Elevation Modcls 129



Blo\chl ,  G. and Sivaplan,  NL 1995. Scale issucs in hydro
logical modeling: a revie!v. Hydrological Proce\ses
9 :  3 1 1  3 3 0 .

Buffough. PA. 1986. Princip]esl)1 geographical intbmratio.
\yslems for land resoufces assessment. Clarerdon
Press. Oxlbrd.

Frankl in.  J .F.  and C.T.  D)mess.  1973. \ . 'a tuf t l  \ tgetal ior  o l
Oregon und \}ashingron. USDA Forcst Scr\ice Gen-
eralTechnical  Repof PNW-8. Pof land,  OregoD.

Gessler. PE.. McKenzic. N.J. and tlutchinson. N4.l'r. 1996.
Pfogress h soil-landscape mftleling and spadal pfc

diction of soil aitributes for en!ironnentrl models.
Procccdings of thc Third International Conference/
$brkshop on Integrating GIS and Environnental
Modcling. National Cenler for Geogfaphic Informa-
tion and Anal),sis. Santa Barbara, CA. CD RONI rnd
\!orld Wide wtb. hup r//!\ w!r'. ncgia.ucsb. edu/conf/
Si\NTA FE CD-ROl\,1/lnah.html.

Hann. D.W l9 8l. Ficld proccdures lor measurement of siand-
iDg trees. Depanmenr ol Forest Rcsourccs. Orcgon
State University, Corvallis. Oregon.

Hann. D.W and ["i.W Ritchie 1988. Height gro$th mte of
Douglas-Fir: ,{ comparison of model lbm1s. Forcsi
Scicnce 3, l i l65 l?5.

Hann. D.$'. and C.H. \\'rug 1990. Nlo(ality equations ior
indiridual !.ccs in the mixed conifer-7one of south-
west Ofegon. Forest Reseffch Ltboralor]. Oegon Slatc
Lin i \ers i ty ,  Cor\a l l is .  Oregon. Research Bul letn 67.

Hann. D.$. .rnd D. R. Lanen 199 i. Diametcr gro$th equa-
tions for founeen tree species iD soulhwen Oregon.
Forcsr Research Laboratory. Oregon Stale Unive|sit).
Reseafch Bulletin 69. Cor\allis. Orcgon..

Hurchinson. I\{.F. I999. Modelling \patial and tempoml vari-
abilit) of clinrate and tenain. http//:cresl0.anu.edu.au/
h!d$ cb,/hutch/hutch2.htm1.

Jen\on S. K. and J. O. Domingue. 1988. Extt.acling bpographic
struct re fron digital elelalion data fbr geographic
inlinrnalion sr_slcm anal) sis. Phologramnretric Engi-
neerirg and Remote Scnsing 5,1i1593 i600.

Kirkby. V.J. and D.R. $'e)nan. 197-1. N'leasufenent of con-
tributing are.r ir \ery srlall drainagc basins. Scnrlnar
Papcr Series B. No. 3. Dept. of Geogmphy. Lrniver-
s i ty  ofBf is to l .

Kolmogoro!  A.  19,11 .  Conf idence l imi t \  for  an unkno$ n dis-
tfibution function. Annals ofNlalhcnalics and Statis
I ics. l2: .161-63.

Ret'eived 17 August 1999

Acceptetl I 7 February' 2000

Mark. I).\'I. and F. Csillag. 1990. The nature of boundaries
on Areu Cl.rss" maps. Canographica 27: 65 68.

Nfoofe. L D.. R. B. Gra] son, and A. R. Ladson. 1991. Digrtal
lerrain 'nodelling-a revie$, of hydrologrcxl. geomof-
phological and biological applicalions. H,vdrological
Proce\se\  5: l -30.

\en ni. R.R.. Running. S.w.. Band.l-. and I). Pccrson. 1993.
Regional  hydro-ecological  s imulr t ion system: An i l -
lunralion oI thc inlcgration of ccosyslem inodels in
GIS. Pages 296-101 1, NLF. Goodchild. B.O. Parks
and I-.T. Stcyaert (ediiort Environnental Modeiing
$i& GIS. Oxlirrd Unilcrsit) P.css. Nc\," York.

Running.  S.$ ' . ,  Nemani ,  R.R.,  Peterson.  D.L. .  Band. L.E. .
Pot ts.  D.F. .  Pierce.  L.L.  and M.A. Spanner.  1989.
Nlapping rcgional lbrest e\apolranspiralion and pho
ros,vnthcsis by couplillg satellite data \\ith ecosvstem
sinNlal ion.  Ecologr '  70:  109( l l  I  01.

Running. S.W 199,1. Tcsting FOREST BCC ecosystem pro
cess sirrulations rcross aclimatic gradient in Oregor.
Ecological  Appl icat ions 4:218-2.17

Singcr.  M.J.  and D.N. Munns.  1987. Soj ls :  An introduct ion.
Nlacmillan publishing compm). Nc!v York.

Srarsofr Inc. 1995 STATISTICA for Windo$\ IComputef
progrttln nanuall. Sulsoll lnc.. 2300 Ean l,lth Slrcct.
Tulra. Oklahoma.

United Stetes Departnenl l)1 Agriculture. 1991. Slrlc Soil
Ceographic l)aia Base (STATSGO). Soil Con,ielaa-
don SeI!ice. Misccllancous Publicalion No. 1,192.
Washington D.C.

\Var ing.  R.H..  and S.W. Running.  1998. Forest  ecosystenr
analysis: an,lllsis atmuhiplc scalcs. Acadcrnic Prcs\.
San Diego. California.

Whittaker, R.H. 1960. Vegektion of the Siskilou mountains.
Orcgon and California. Ecological Monographs l0:
219,338.

Zcvcrbergen. L. w. and C. R. Thorrre. 1987. Qurntiiatile
anal]\is of land \urlacc lopography. Earth Surfacc
Pfocesses and Lrndfbrns 12: 17 56.

Zhang.w and D.R. Montgomery.  199,1.  Digi ta l  e le lat ion
model grid sirc. landscapc rcprcscntation. andh,vdro
logic s imulat ion $:ater  Resoufces Rese ch30:1019-
1 0 1 8 .

Zhcng. I ) . .  Hunt.  E.R..  and S. \V.  Running.  1996 Compar ison
of a!ailable soil \later capacily estimated liom topog
raphr and soil serie\ information. Landscape Ecol-
o g !  I  l r l  l , l .

130 Coops


