MONTANA

STATE UNIVERSITY

Assessing vegetation patterns and hydrologic characteristics of a semi-arid environment using a
geographic information system and terrain based models
by Janelle Kay Jersey

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in Soils
Montana State University
© Copyright by Janelle Kay Jersey (1993)

Abstract:

Geographic Information Systems (GISs) and simulation models are analytical tools available to
researchers and natural resources managers; however, these technologies have limitations as well as
strengths when used in decision making. In this project:, a GIS and a terrain-based model were used to
generate spatially varying attributes, affected by topography, for a watershed in southwest Montana.
These attributes were compared to vegetation groups in the same catchment, to determine if they could
be used to predict spatial variation in vegetation patterns.

A digital elevation model (DEM), created by digitizing contour lines, was used as the primary input to
the Topographic Analysis Programs for Environmental Sciences (TAPES) model. This model
generated two terrain attributes, a solar radiation index and a soil wetness index, which were used as
indicators of soil water variation across the watershed.

A computer-based vegetation map for the area was created from six high resolution images produced
by the Airborne Data Acquisition and Registration System. Red and near-infrared wavebands were
ratioed, using the Normalized Difference Vegetation Index (NDVI), producing a new data layer. Using
an unsupervised, sequential clustering method, a map with five vegetation groups was generated from
the new NDVI data,band. The vegetation map was then registered to the data layers containing the
solar radiation and soil wetness indices.

Comparisons between the computer-generated terrain indices and the vegetation groups were
completed using correspondence analysis; Results showed that the solar radiation index values were
closely associated with vegetation groups. The soil wetness index values had a more ambiguous
relationship to vegetation groups.

The DEM used to create the terrain indices was also used as input to a distributed parameter hydrology
model which is included in the TAPES programs. A single storm event was simulated using actual
rainfall data. Large discrepancies between the simulated runoff and recorded runoff for that event were
found when the two were compared.

The GIS and modeling technologies used in this project provide a method of data analysis that is both
repeatable and transferable. Researchers, who are familiar with these tools, will find them useful in
terrain analysis projects.
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ABSTRACT

Geographic - Information Systems (GISs) and simulation
models are analytical tools available to researchers and
natural resources managers; however, these technologies have
" limitations as well as strengths when used in decision making.
In this prOJect a GIS and a terrain-based model were used to
genherate spatlally'varylng attributes, affected by topography,
for a watershed in southwest Montana. These attributes were
compared to vegetation groups in the same catchment, to
determine if they could be used to predict spatlal varlatlon
in vegetation patterns.

A digital elevation model (DEM), created by digitizing
contour 1lines, was used as the primary input to the
Topographic Analysis Programs for Environmental Sciences
(TAPES) model. This model generated two terrain attributes,.
a solar radiation index and a soil wetness index, which were -
used as 1indicators of soil water variation across the
watershed.

A computer-based vegetatlon map for the area was created
from six high resolution images produced by the Airborne Data .
Acquisition and Registration System. Red and near-infrared
wavebands were ratioed, using the Normalized Difference
Vegetation Index (NDVI), producing a new data layer. Using an
unsupervised, sequential clustering method, a map with five
vegetation groups was generated from the new NDVI data.band.
The vegetation map was then registered to the data layers
containing the solar radiation and soil wetness indices.

Comparisons between the computer-generated terrain
indices and the vegetation groups were completed 'using
correspondence analysis. Results showed that the solar
radiation index values were closely associated with vegetation
groups. The soil wetness index values had a more amblguous
relationship to vegetation groups.

The DEM used to create the terrain indices was also used
as input to a distributed parameter hydrology model which is
included in the TAPES programs. A single storm event was
simulated using actual rainfall data. Large discrepancies
between the simulated runoff and recorded runoff for that
event were found when the two were compared.

The GIS and modeling technologies used .in this project
provide a method of data analysis that is both repeatable and
transferable. Researchers, who are familiar with these tools,
will find them useful in terrain analysis projects.




CHAPTER 1
INTRODUCTION

The environment is a complex system of physical, chemical, biological, cultural
and socio-economic resources; consequently, managers and res@chers dealing with
environmental issues must be able to understand information that spans several
disciplines, ranging from: basic social issues and values to highly technical research
results (Coulsen gt al.; 1987; Devi et al., 1993; Jorgensen and Johnsen, 1981).
Individually, a manager or researcher might have expertise in one or a'few ﬁelds, but
must rely on the expertise of others for a more complete understanding of other
disciplines (Moffatt, 1990). Tools such as simulation models and Geographic
Information Systems (GISs) provide mechanisms for acquiring and integratiﬁg knowledge
. of others into a useable format. Separately models and GISs represent technologies of
significant analytical and management capabilities, however when integrated their
effectiveness is compounded providing more powerful capabilities than when used alone
(Heatwole et al., 1987; Montas and Madramootoo, 1992).

A GIS is a computerized mapping system for capture, storage, retrieval and
aﬁalysis of spatial and descﬁptive data. GIS technology provide_s for the integration of
data collected from different sources and in differeﬁt formats, allowing two or more maps

with the same spatial reference to be overlaid. This capability along with GIS analytical
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capabilities, which include the evaluation of boolean and simple mathematical
relationships between themes of data, is usefﬁl in assessing consequences of land
management practices (Coulsen et al., 1987). The accuracy of the results of analysis
using a GiS depends on the reliability of thé spatial databases (ie. dependability of data
sources éﬁd methods of data extraction) and the precision with which data layers can be
registered together (Lo and Shipman, 1990).

While GISs are excellent tools for visualization -of spatial data, they were ‘not
developed to support complex modeling of ecologicél and physical systems (Folse et al.,
1990). They can, however, be used as sources of spatial data for detailed éimulation
models. Models which focus. on spatio-temporal change of environmental systems can -
accept GIS data as input, manipulate it as needed, and write the resultan‘t data back to:
the GIS to take advantage of that subsystem’s data management capabilities (Heatwole
et al., 1987; Folse et al., 1990). Unfortunately, integrating a GIS with a simula’;ion
model can be extren;ely difficult. The-lack of standards deﬂning data formats, data
~ storage, and interface structures presents a "formidable challenge;’ to the development
of GIS/model interfaces (Heatwole et al., 1987; Power, 1993).

A mode] which deals with environmental relationships is a representation of the
knowledge of one or more researchers regarding ceftain processes which occur in a
'( natural system. The portability of computer software makes this knowledge dynamic;
by using a model, other researchers or resource managers can acquire the use of this
knowledge to integrate into their own projects. However a model is only as good as the

assumptions, relationships, and data embedded in it and a considerable level of technical
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expertise may be needed to both use a model and to interpret its results (Morgan and
McMichaeI, 1981).

Simple, easy to use models tend to be overused and the inaccuracies and
limitations in the results they produce tend to be played down or ignored (Morgan and
McMichael, 1981). On the other hand, detailed process-based models, which are better
suited to describing causative relationships in natural systems, are not used as widely as
'they coﬁld be because they require that the user have expertise with computers, with
simulation concepts, and with the specific model (Heatwole et al., 1987). Providing
good estimates of parameter values is often a problem for an inexperienced user, and in
the case of complex, dynamic models, small variations in parameters or initial conditions
can send a model infq a "chaotic trajectory” which may be difficult to control (Moffatt,
1990; Heatwole et al., 1987). Th.us, while models may have the potential of contﬁbuting
very useful information to a project, the process of extracting or interpre;ting that
information is not necessarily easy. Unfortunately, this' frequently results in more
accurate, advanced models being unavailable for use outside the research laboratofy
where they weﬂ_a developed (Morgan and McMichael, 1981).

In this thesis, two projects involving the integrationﬂ of a GIS and detailed,
process—baséd models are described. In the first project (Chapter 2), elevation data for
a small semi-arid catéhment in southwestern Montana were obtained by digitizing éontour
lines using_ a GIS and were uéed as input to a model which generates spatially variable -
terrain based a.ttributés' (Moore et al., 1993a).' Two 6f the attributes, a net radiation

index and a soil wetness index, were loaded back to the GIS for. comparison to a




.
vegetation map created by classifying digital images. Comparisons between vegetation
patterns. ana spatiél variation of the two indices were done using correspondence analysis.

In the second project (Chapter 3), elevation data for the same catchment were
used as input to THALES, a distributed parameter hydrology model (Grayson et al.,
1992a). Discharge for a single storm in July, 1990 was simulated using this model and
the results were plotted as a hydrograph and compared to observed discharge for the

same event.




CHAPTER 2

VEGETATION PATTERN PREDICTION USING

A TERRAIN ANALYSIS MODEL
Introduction

Soil water conditions markedly a_ffectf plant growth by altering the soil nutrient
'supply (Vegh, 1991). W;lter affects the nutrient supply through its influence on mass
flow (movement of nutrients through the soil to the roots in the convective ﬂOV\.l of water)
and on diffusion (movement caused by a concentration gradient) (Barber, 1984).
Conseqﬁently, as availéble soil water varies across a landscape the nutrient supply also
varies, influencing pattefns of vegetation growth (Allen, 1991). A
Studies conducted in many different ecosystems have demonstrated a correlation
between soil water and plant productivity and diversity. Fbr example, Puerto and Rico
(1992) found-that diversity in Mediterranean grasslaﬁds could be correlated with hillslope
. positions in the landscape, and postulated that both soil water availability and nutrient
levels could be mechanisms causing the variation in species diversity. In forested areas,
Gagnon and Bradfield (1987) found that several groups of vegetation on Vancouver'
Island varied spatiaﬂy with edaphic conditions, particularly with soil moisture and soil
nutrients. A moisture-nutrients gradient, in combination with a dynamics gradient based

on tree size-class data, accounts for much of the variation observed in southern
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Wisconsin forests (Peet and Loucks, 1977). Distributi_on patterns of subspecies of big
sagebrush are associated with 'competition for soil water (Morris et al., 1976). | In
northeastern Nevada, Jensen (1990) found that the transition from black sagebrush to low
sagebrush, basin big sagebrush, and mountain big sagebrush appeared to represent a
gradient of increasing available soil water. |

Interest in determining the spatial distribution of soil properties, such as soil water
and nutrient content, has been an ongoing concern for pedologists since Milne (1935)
introduced the term catena to de.scri‘bel a regular repetition. of soils on the landscape.
Across a catena, one of the primary agents affecting soil characteristics is water; as water '
moves over soils, it carries with it both dissolved and suspended materials. Hugget
(1975) stressed that processes such as water movement are not merely surﬁ;ial in nature,
but that they operate in a three-dimensional cénﬁnuum. He defined the boundaries of a
soil landécape as the drainage divide, the surface of the land and.the base of thé soil
profile. Within that soil landscape, water moves both on the surface and in the
subsurface, and in the subsurface the movement can be lateral as well as vertical
(Zaslavsky and Rogowski, 1969). Bear et al. (1968) showed that the vertical hydraulic
conductivity through asoil profile is smaller than the hydraulic conductivity parallel to
the soil léyers. Thefefore; once water enters the soil, a portion of it has a tendency to
move laterally downslope transpo;ting suspended and dissolved materials.

Hall (1983) described the process of water movement for the hillslope positions
of summit, shoglder, backslopc?, and footslope, whiéh ‘were originally defined by Ruhe

(1960, 1969). In a generalized account, Hall stated that the summit water movement in
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soil is predominantly vertical except near the transition to the shoulder. In that
transitional area, as well as in the shoulder and backslope positions, lateral flow, both

on the surface and in the subsurface, occurs, causing transportation of material as well

. as water.

The contenfion that the concentration. of nutrients, as well as their a\-/ailability dué
to higher moisture céntent, increases in downslope positions is supp_q‘rted by Gl.azoyskaya
(1968)' who made the point that soiis tl_iat are adjacent, but at different elevations, are
unite& by the lateral mi gration of chemical elements into'a single geo-chémical ljandscape.
" He referred to this. soil landscape as a " geé-chémical sbil catena" and ‘irhpl.ied that as
water moves -dO\‘Nn slope, both in the surface and sub'surfa'ce regions, it carries nutrients
as well as othér chemicals with it,.depositing th;:m on lower paﬁs of the slopes.-

Iﬁ a study on three semi-arid rangeland sites; Héneycutt et al. (1990a) proposed |
that. differential depths to maximum ciay and to maxiinum carbonate concentration, which
were found along a slope grédient, might be attributed to hillslope erosional history
and/or the effects of subsurface léteral flow, In é companion stpdy, they also fouhd"gh'ét
orgﬁnic—C, total-N, and ofganic-P cbnfents‘ often increased in a d;)wnslope difection (for -
one site the ~increasés froﬁ summit to foot’s.]olf)e were as much as 23, 19, and 42%,
-respectively) (Honeycutt et éJ.", 19905). They attributed this ch.emi;:al differéntial to a
--topographic effect. I.n‘ a st.udy conducted on stéeﬁ slobes in the Appalachiz.m Mountains;
éhemical properties of the upper 20 cm of soil varied distinctly based on siopé position
(Kalisz, 1986). Average OM, N, P,‘ Ca, Mg, ahd4 pH‘ concentrations ‘inpreased in

' dowhslope positions compared to the middle portion of slope segments. "The pattern
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created by this gradient conforms to the distribution of soil properties that results from
a gradual removal of solid and dissolved materials from linear slope segments, and the
accumulation of the m;dterials near breaks in th(f, slope (Kalisz, 1986; Gerrard, 1981).

In as much as topography controls the direction and flow of water across the
terrain, gradients of soil moisture and, perhaps to a lesser extent, soiIA_nutrient's should
be reflected by position on the landscape. By association, pattems' of vegetation should
also be reflected by landscape position. Hypothetically, spatialiy distributed topographic
attributes, generated by a model which accounts for water flow paths, should have some
correlation to vegetation patterns that exist on the modelled terrain. Beven and ‘Kirkby
(1979) were among the ﬁrst to employ a topographic indéx to predict patterns of soil
saturation. The toﬁographic index In(a/tan 8), where a is the area drained per unit
contour iength and tan 8 is the slope of the ground surface at the location, was found by
Beven and Kirkby to compare favorably with observed patterns of surface saturation.
Moore et al. (1993a) have incorporated Beven az}d Kirkby’s early work in a terrain based
model know as the Topographic Analysis ._Erograms for _Envifonmen_tal Sciences
(TAPES). TAPES generates a spatially varying soil wetness index based on hydrologic
flow paths. In this project, the capacity to predict vegetation patterns using the TAPES
soil wetness index is ev_aluated.

In addition to controlling surface and subsurface hydrologic flow patterns,
topography influences the spatial distribution of soil water by having an affect on
evapotranspiration. Hutchins et al. (1976) found, in eastefn Kentucky, that greater total

- radiation falling on a SW slope caused air temperature to be higher during the day, which
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resulted in greater 'evaporative demands for that slope compared to a NE slope. Soil
moisture readings, taken throughout 1971, consistently showed that there was more soil
moisture by §olume on the cooler NE Slope compared with the corresponding SW slope.
Franzmeier et al. (1‘969) also found south facing soil pedons to be drier than pedons in
equivalent slope positions on a north facing slope.

Because solar radiation is affected both by the angle at which a sldpe is inclined
and the direction it faces (ﬁutchins et al., 1976), net radiation amounts can vary rapidfy
over small distances. Where rainfall is inadequate to constantly recharge soil water,

"variation in net radiation will impact the distribution of soil water. The ability to predict
the spatial variation of net radiation across a landscapé could be a first step in predicting
soil water variation due to evapotranspiration losses. Traditional evapotranspiration
models (Thornthwaite, 1948; Jensen and Haise, 1963; Priestly and Taylor, 1975) are
generally one-dimensional and are intended to describe the average behavior of a system
rather than the variability within the system (Campbell and Harris, 1981). In contrast,
the TAPES model generates a spatially varying net radiation index based, in part, on the
variation of slopes and aspects across a teﬁain (Moore, 1993a). ‘In this project the
capacity to predict vegetation patterns using this index is evaluated.

The specific objectives of the project are: 1) to create digital elevation data for
a study area by digitizing c.ontour lines on topographic maps; 2) to use the TAPES mddel
to generate two spatially distributed terrain attributes, a soil water index and a net
radiation index, using the digital elevation data generated in the previous step as input

&

to the model; 3) to create a vegetation map of the study area by classifying digital
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images; and 4) to compare the spatial distribution of the computer generated terrain

attributes with the distribution of vegetation groups across the study area.

Materials and Methods

Study Area

| This study was conducted in southwestern Montana on a small tributary of the
Madison River (45° 33’ N, 111° 38’ W). The area targeted for investigation is the
watershed for the upper 1.7 km of the north fork of Cottonwood Creek, a stream with
a total lehgth of 4 km which is-located on the Montana Agricultural Experiment Station’s
‘Red Bluff Research Ranch in Madison County (Figure 1). The 210 ha study area is
charac’terized by moderate to steep slopés with elevations ranging from 1633 m (5360 ft)
at the outlet of the watershed to 1975 m (6480 ft) at its highest point. Currently, the
area is used as summer a;nd fall ﬁasture for cattle and sheep‘. Historically, the Red Bluff
area has been mined for silver and gold, and several active mines still exist in the region.
The north branch of Cottonwood Créek is spring fed and runs year around. It'is
-ﬂanked by small, interm.itten_t seeps which feed latefally into its channel. At the lower
end of thé study area, Pogacnik (1985) found the creek to have flow values ranging from
0.03 m*/sec (30 1/sec) in June to 0.01 m3./sec (10 1/sec) m September. In éddition to the
perennial flow from the headwater spring, two ephemeral tributaries e)fist and several
small seeps dot thglandscape with surface water, which is quickly reabsorbed into the

coarse textured soil and fractured bedrock.
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with the grussified metamorphic outcrops, probably cause less runoff during a rainstorm
than would normally be expected in an area with metamorphic bedrock (Aspie, 1989;
Fetter, 1980). The water table in the study area is very deep, except in small areas close
to the streambank where groundwater seepage occurs (Aspie, 1989). Sat.urated overland
flow from these seépage areas and _direct precipitation into the stream channel are the
major sources of storm runoff in this catchment (Aspie, 1989).

The soils in this area are mapped as either Oro Fino-Poin complexes or as
Shurley-Rock outcrop complexes (SCS and MAES, 1989). Approximately two-thirds of
the catchment, the northern thirci and the southern third, is mapped as\ Oro Fino-Poin
units, while the middle portion of the catchment is mapped as a Shurley-Rock outcrop
unit. So_ils.in both compl‘exes are formed in colluvium and alluvium derived from gneiss;
surface layers of these soils are primaril); sandy or gravelly loams. Table 1 descﬁbes
several generalized characteristics, particularly those associated with moisture, of the soil
series identified with these complexes.

During a previous stﬁdy in this ﬁw (Pogacnik, 1985), the following three soil
families were identiﬁed' loamy-skeletal, mixed Typic Cryorthents on north facing
slopes; loamy-skeletal, mlxed Typ1c Cryoborolls on south facing slopes; and ﬁne—loamy,.
mixed Argic Cryoborolls in the a.lluv1a1 riparian zone. These three soil families are
consistent with what would be expected in a region having both an Oro Fino-Poin

complex and a Shurley-Rock outcrop complex.
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Vegetation in this catchment is highly variable, with some southern exposures
having very sparse populations of grass species, while north facing depressioﬁs and the
lower stream bottom have dense stands of ripaﬁan vegetation. For the purposes of this
study, five categories of vegetation were derived based on a two-day ﬁeld. study
conducted in August, 1991 by R. Wallander (M.S. candidate, Reclamation Unit Dept.
of Animal and Range Sci., MSU). The category designations are as follows: Grassland,
Sagebrush, Conifers, Upland Riparian, and Bottom Riparian (stream). Species found in
~each category, as well as locations sampled are listed in Table 11 in Appendix A.

| Climate data from the weather sfation at Montana Powef’s Madison Power Hbuse,
which is approximately 6 km south of and 300 m lower than the study aiea, show 1991
temperature extremes of -23°C in January and 36°C in August. Average annual air
"tempelr.ature for the 84 years of accumulated data at this station is 8°C, and average
annual precipitation is 39 cm (NOAA, 1991). Precipitation between the months of

November and March comes primarily in the form of snow (Marlow et al., 1987).

Creation of Digital Elevation Model

Spatially distributed landscape attributes such as slope, aspect, and specific
catchment area can be derived directly from elevation data. These, in turn, can be used
to derive indices of other, more comple)g, topographic characteristics such as soil water
content and net solar radiation (Moore(et al., 1991). Computer-based terrain models
provide a means of deriving estimates for these attributes dyer lérge spatial areas in
relatively éhort amounts of time. One of the primary requirements for using a terrain

model is that the input elevation data be in a digital format.
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Three formatg for storing elevation data digitally are common: linear models
(e.g. contour lines), regular point models which take the form of alfitude matrices
(square or rectangular grids), and irregular point models which are known as
Triangulated Irregular Networks (11st and are d‘eﬁned by irregularly spaced points
forming triangular facets across a landscape (Burrough, 1986). Frequently, digital data
can be obtained in one of these formats from an agency such as the U.S. Geological
Survey (USGS). However, becaulse medium-scale digital data did not pre-exist for this
area, a contour-based Digital Elevation Model (DEM) was produced by line digitizing |
6 m (20 ft) cbntours from 1:24,000 scale USGS topographic maps.

Topographic representation of the area overlaps two quad sheets, the Norris, MT
and Bear Trap Canyon, MT quads (1989). Two contour coverages, one for the -afea
covered on each quad sheet, were digitized using ARC/INFO softv&}éré; each was
referenced to the Universal Transverse Mercator Projection (UTM) coordinate system.
In addition to needing elevation data, the terrain model used in this project produces
better results when information about stream information is included (Hutchinson, 1985)
and the hydrology model discﬁssed in Chépter 3 requires data about local high points and
saddle pointé in the catchment. Therefore, the stream network (including ephemeral
tributaries) and elevatiéns of hill tops and of saddle points were also digitized for éach
coverage. Subsequently, the individual coverages were merged to form a single data
layer containing elevation information for the stﬁdy area.

Elevation data from this contour coverage is used as input to the terrain model

/

(Figure 2 shows the interaction of the major components of this project), as well as to
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another; this process creates coordiﬁates along 5 contour that are the same distance apart.
Another function of PREPROC is to format output data that is compatible either with tﬁe
terrain model or with the hydrology model depending on options chosen by the user. If
the terrain model is to be run, contour data and stream network data are output. If the
hydrology model is to be run, contour data and elevation data for hill tops and for saddle
points are output.

For this project, PREPROC was run to obtain contour and stream network data
ina form'at usable by ANUDEM. A copy of the interactive prompts generated by this -
program and the responses used for this project are shown in Figure 17 (Appendix B).

It should be noted that it is not necessary to run PREPROC if generation of
terrain -attributes is all that is- reciuired for an area (i.e. hydrologic modeling is not
desired). The next program (ANUDEMj used in generating terrain attributes will accept
data in a variety of formats. For this prpject, the contour elevg'xtig_n data could h:atve been
cbnyerted to either a lattice or a TIN structure using ARC/INFO algorithms and that data,
could have been input to ANUDEM as x,y,z point data. The advantage to this option is
that, in addition to bypassing the PREPROC program, the series of conversion prograrﬁs

mentioned at the end of the previous section could also be bypassed.

ANUDEM. Terraiﬁ attributes can be derived from aﬁy of the three previously
discussed DEM structures; however, the grid format is computationally more efficient
to use than is either the TIN or the contour construct (Moore et al., 1991). The next
program in the TAPES model (TAPES-G) requires elevation data in grid format in order |

to take advantage of these computational efficiencies. Therefore, contour-based elevation
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data needs to be converted to a grid format before the rest of the TAPES modé‘l can be
run.
The program ANUDEM was used for this conversion (Figure 18, Appendix B).
" This program calculates regularly spaced grid DEMs, with the distance between grid |
points defined by the user, from either irregularly spaéed X,,2 point data or from
contour data (Hutchinson, 1989). Interpolation of contour data or of irregular point data
toa grid structure is a frequently used technique, but it has a weakness in that it often
introduces sinks or pits in the grid data structure. With the exception of recently
glaciated or karst topography, pits and sinks are not common across a landscape because
fluvial erosion processes will not normally produce such features, th;erefore wlhen sinks
or pits occur in an interpoléted data structure they are generally errors created during the
interpolation process _(_Ba_nd, 1986). F‘urtherr.nore, these closed depressions may cause
serious. errors- for an)"- algoﬁtﬁfn that depends on mapping hydrologfcally connected
'reéi;ns. ' ’-Ihi-sh is' of ébncern ih,fhis project because for any given po'inf on the catchfnent
the soil wetness inc_le):c is derived, in part, from the size of the area above that point
which drains‘ to or through that point.

The interpolation technique used in ANUDEM differs from other interpolation
techniques in that it includes a drainage enforcemenf algorithm which automatically
removes such artifacts as spurious sinks or pi;ts, based on user defined tolerances
(Hutchinson, 1989). In addition to the drainage enforcgment ‘algorithrﬁ which needs only
elevétiori data in order to process, hydrologic fidelity c'an be further enhanced by

including information about the stream network. The perennial stream and ephemeral
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tributaries of Cottonwood Creek were digi;tized and used in ANUDEM to take advantage
of this option.

ANUDEM outputs a grid DEM which maintains hydrologic fidelity to the actual
1andscape, The DEM produced for this project was s‘pbsequently used ;.S input to both

the TAPES-G program and the SRAD program.

TAPES-G. Terrain attributes that can be derived from elevation data fall into
two categoﬁes: primary attributes and sécondary attributes. Primary attributes are those
that can be calculated difectly from, elevation data. Table 2 presents some primary
topographic attributes which have hydrologic sigﬁi‘ﬁcance (Moore et al:, 1991 adapted
from Speight 1974, 1980). The attributes identified with asterisks in this table can only
be appraised for points along the stream nefwork, while the others are proper‘tiés which
can be derived for any point across the landscape. Secondary attribptés'are those that
are derived from combinations of primary attributés._ The soil wetness and net radiation

o

i’ﬁdices, which will be discussed later, are examples of secondary attributes.

TAPES-G is a hydrologically-based method of terrain analysis that includes’

Jenson and Domingue’s (1988) method of developing depressionless DEMS. It was use:d
(Figure 19, Appendix B) to calculate the primary topographic attributes of elevation,
siope, aspect, profile curvature, plan curvature, specific catchment area, and maxim‘um
flow path length. These attributes cha'nge continuously over a landscape; TAPES-G
emulates, this variability by calculating each attribu,te‘separately for e\./ery node in the
digital eievation model, and -subsequently stores that data along with the corresponding

. X,y coordinate in an output file.
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SRAD. Net radiation is a measure of the energy available at the ground surface
and is important because it is the fundamental quantity of energy availablé to drive the
~ processes of evaporation, air and soil heating, as well as other, émaller energy-
consuming processes such as photosynthesis (and therefore transpiration) -(Rogenbérg et
al., 1983). |
Moore et al. (1993a) note that nét radiative flux density, R,, received by an

inclined surface can be expressed as:

R, =(1 - )Ry +Ry +R ) +eL, -L =(1-a)R +L

where « is the surface albedo;'Rd-L,, Rar, and R, aré the direct, diffuse and reflected
shortwave irradiance, respectively; ¢, is the surface emissivity; L, is the incoming or
atmospheric longwave irradiance and L., is the outgoing or surface longwave irradiance.
R,, the global shortwave irradiance, is equal to Ry, + R+ R, and L,, the net longwave
irrédiance, is equal to eL;- Loy \ |

Both L, and R, are affect;e_d by topography. L, is affected by the slope angle c;f
the terrain and R, is affected by slope and aspect as well as by time of year (which
controls solar declination). In fhe northern hemisphere, steep éouth-facing aspects
recei\{e more radiation for longer time périodé than north-facing asi)ects, because the sun
has a southerly declination and steep slopes receive r_adiation perpendicularly (Coughlan
and Running, 1989).

The program SRAD calculates slope and aspect for each x,y node in the DEM and
incorporates that information into a calculation of net radiation for those nodes,

producing estimates of spatially variable net radiation over a landscape. Besides the
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DEM data which comes from ANUDEM, an additional input file is required in order to

run this program. This parameter file (Figure 20, Appendix B) inclides information
about latitude as well as temporally variable déta (i.e. different values are possible on a
month by month basis) for albedo, cloudiness factor, sunshine factor, maximum and
minimum temperatures, and leaf area index. Based on start and finish dates and time
steps specified by the user, SRAD can integrate the radiation equation over any time
period ranging from one day to one year to estimate seasonal (or énnual) radiation
values.

For the Cottonwood Creek project, net radiation values were generated using
SRAD (Figure 21, Appendix B). The resulting information was loaded to a GIS

(ARC/INFO) to form a new data layer for the area..

WET. Soil water is a driving force in many processes such as-movement of
nutrients to piant roots, plant transpiration_, and'leaching of chemicals to grOundwater;
'Over a spatially diverse area, variation in soil water may be due in part to changes in
topography. Moore et al. (1993a) use the following general expression, which accounts
for the effects of topography as well as soil properties, deep seébage, rainfall, and

evapotranspiration, to describe a soil water index, X; :

1 -
X —u{bmp [ uPdAL + [In(T,) - In(Ty]

where b; is the outflow width (m), f; is the slope angle (degrees) in the i® element, y; is
an area weighting coefficient which represents the fraction of precipitation that is

converted to runoff in each element, P; is the precipitation rate (mm d), and dA, is the
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element area (m?). T; is the transmissivity of the soil (m? d) in the i® element, and
In(T,) is the areal average value of In(T;). These last two terms cancel one another when
uniform soil properties are assumed (i.e. when transmissivity is assumed to be constant
throughout the landscape and equal to unity).

The area weighting coefficient u, where O0=<u;<1, is dependent on the
evapotranspiration (i.e., solar radiation, vegetation characteristics), deep drainage losses

and precipitation in each element. It can be written as:

nel- (E + D)) '
. P

where E is the actual evapotraqspiration (mm d*), P is the precipitation (mm d ), and
D is the deep drainage loss (mm d?) on a monthly, seasonal or annual basis.

Topographic influence in wetness index expression is found in the term:s ‘deA
and B;. The integral term in conjunction with the HPdA term ref)resents the amount of
runoff (during a rainstorm) from upslope areas (specific catchr'neﬁg area) which reaches
a particular element in a landscape. §;is fhe slope of that elemént. The slope angle will
influence what portion of precipitation and runoff reaching an element will infiltrate into
the soil and what portion will become funoff into a lower, adjoining element. - The .
program WET estimates spatially variable soil wetness indicc;s bgsed on the above
expreésion. - It uses primary attributeé generated in TAPES-G as input. Also, it uses
solar radiation data from the SRAD program as one of the parameters used to calculate

the area ‘weighting coefficient, u;. While processing, the program prompts the user for

additional information such as mean air temperature, elevation, and daily precipitation.
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As with the net radiation index, after SRAD (Figure 22, Appendix B) was run for
Cottonwood Creek, the spatially variable soil wetness indices which were generated were

loaded to a new GIS data layer.

Remote Sensing

A éomputer—based vegetatién map was needed for the compérison of terrain
att'ributes generated by the TAPES model to the spatial vaﬂaﬁon of plant groups in the
study area. Since no vegetation map, cbmputer-based or otherwise, existed for this area,
field mapping was initiated in late summer 1991. ‘To aid in the mapping effort a hand-
held GPS (Global Positioping System) receiver (Magellan Systems Corp., 1991) was used
to obtain latitude/longitude coordipate's along boundary lines between plant communities.
This proved to be extremely time consuniing for a variety of reasons: 1) in some areas -
_vegetaﬁon varies rapidiy forming many small maﬁ ﬁhits with a coﬁesponding npmber of
boundaries to be #ccounted for; 2) .depending on satellite positions the process of
obtaining a set of coordinates could take from 2 minutes to 15 minutes (using the optigﬁ
which averages multiple readings); and 3) GPS readings could not be taken in the middie
df the afternoon because satellites were out of position. |

A new remote sensing system which produces high resolution irhages became
available at this time, and the decision was made to incorporate a map produced from
this technology in this project. Field mappipg was discontinued and the data already
cdllected/ was kept as reference material to be used during 'the image classification

' /

process.
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Data Collection System. The Airborne Data Acquisition and Registration

(ADAR) System 5000, created by Positive Systems, Inc., in Kalispell, MT (Benkelman

.etal., 1990), was used to collect digital images of Cottonwood Creek. In many respects

ADAR’s product is similar to images produped by satellite technology; however, the two
systems have significant differences also. Both systems collect information based on
electro-magnetic (EM) energy that is either reflected or emitted from the earth’s surface.
In a satellite, EM energy is detected using a scanning radiometer (Harris, 1987), which
is built to divide incbmin_g energy into several different wavebands (e.g. Landsat’s
Thematic Mapper (TM) collects data in 7 bands). |

In comparison, the ADAR ‘system is éapable of gathering data in several

wavebands, but does simultaneous data collection in only four of those bands. This is -

~ because the system uses separate sensors for each waveband and only four sensors are

included in the hardware. Depending on the application of the data, any"combination of

four wavebands can be used in the ADAR system. Table 3 compares the wavebands

_ available from TM to the wavebands available for the ADAR system in September, 1991

(additional bands haw)e been added since that time).

The primary di'fference's between satellite images and ADAR’s images result from
the fact that the platform for the ADAR system is a small aircraft. Spatial resolution
(i.e. pixel size) is controlled by flying .height of the aircraft and can range from 0.5 m
to 3.0 m per pixel (compared to TM’s 30 m pixel). This is advantageous for'projects

where a };igh level of detail is required. Another.advantage of having an aircraft as host
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for the sensors is that flights can be scheduled to avoid cloudy or stormy weather that
might affect EM measurements and to select time of day to avoid morning and evening

shadows.

Image Processing. Positive Systems, the company which created the ADAR 5000
system, was éontrac‘ted to collect digital image data for Cottonwood Creek. On
September 4, 1991 several images of 2 m pixel resolution were taken of the catchment
between 1:00'. and 2:00 p.m. Positive Systems processed the raw data .and delivered 15
images on separate diskettes (approximatély 1.5 MB each) which were in a format
compatible with ERDAS, the software system used to process the .images. EachAimage
was comprised of four bands of data (Table 3) and covered an area of 1.4 km? (359,00Q
pixels).

At this time in 1991, the ADAR system was still in the early stages of being

_tested and not all factors had been 'accouht_ed for with regard to covering an area larger

than could be represénted by one image. For example, the random flight pattern that
was. used to collect the data caused préblems later. From the 15 images received, six
were identified which, when combined, would provide complete coverage of the area.
However, t\a}o' of these images were oriented west, tWo north, one northeast, and one
southwest. The first consideration, therefore, was to reorient the images SO thgt noﬁh
was consistently represented at the top of each image.

The rectification process used to reorient images involves resampling data file

/

values and can cause some loss of spectral integrity in the data. ERDAS (1991)

~ recommends classifyiﬁg an image before rectifying, because the classification will be
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more accurate using the original, unaltered data. Following their advice, eath of the
images was classified separately.

Background soil can cause significant spectral distortions in areas like the
Cottonwood Creek catchment where large areas are sparsely vegetated (McDaniel and

Haas, 1982; Frank, 1984; Huete et al., 1985). To help minimize the influence of

background soil on the classification process, a ratioing technique known as the

Normalized Difference Vegetation Index (NDVI) was used (Tucker, 1979). ‘Two bands
of data, the Near Infrared (NIR) and the Red are used to calculate the NDVI which is

expressed as:
NDVI = MR —Red
NIR +Red
 Ratioing creates a new band of data with the value of each new pixel being

equal to the ratioed values of the Red and NIR pixels at the same x,y location. It is this

- new band that 1s processed during classification. The second MR band (801 - .8902111’;1.)‘ ‘

which was collected at the study area (Table 3) was used along with the Red band (610 -
690 nm) in this calculation. |
Veéetation groups were classified from the new NDVI band usiﬂg an unsﬁpervised
sequeﬁtial clustering method which begins progessin'g with the top, left hand pixel in an’
image and sequentially compares one pixel to the other pixels, grouping them into
clusters gclasses) based on their spectral values. Eight classes were created by th'e

!

clustering process for each image. These classes were regrouped, based on information
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collected during field mapping, to form the five classes which were already identified for
this area: Grasslapd, Sagebrush, Conifer, Upper Riparian, Bottom Riparian (creek).

After all the images were classiﬁed, the four whiéh were not oriented with north
at the top were rectified to do 0. This was done by matching pixels on the image to x,y
coordinates (UTM) taken from the contour coverage which had already been- digitized
in ARC/INFO. The rectification ("rubbersheeting") was done on each image using a
second order transformation with a minimum of seven ground control points for each.

In (mier to form a composite map of the area, the six classified ifnages were
stitched tc; each other one at a time. However, even thpugh each image was rectified,
théir edges did not align perfectly. The process of stitching the images together caused
some distortion as edges in one image were “st;et’ched" to fit edges of the.r;ext i-magé.
As each additional image was added to the growing composite the distortion was
compounded. The final product was égain recﬁﬁed against the contour coverage. The
Root Mean Square Error for this process was 32 m (i.e. the pixels on the vegetation map
might b.e displaced from their true position by as much as 32 m). While this error seems
large, Bolstad (1992) suggésfs that errors of this_magnitude should be expected when
using 2-dimensional transformation techniques (i.e. those available in both ERDAS and
ARC/INFO) to rectify large scale areai photographs (or images) taken in rﬁoderate to
steep terrain.

As with the attributes created by the TAPES model, the newly created \;egetation

map was loaded as a data layer to the GIS.
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Geographic Information System

The spatially varying topographic attributes generated by the TAPES model and
the vegetation map created in the ERDAS system were put into a GIS (ARC)INFO) to
take advantage of both its data management capacity and its display capabilities. Since-
the data in the terraiﬁ attribute layers and in the vegetation la;yer had previoﬁsly been
registered to the UTM coordinate system, only minor adjustments were needed to align
these layers. Because the ceil size of the terrain attributes was 20 m (specified by the
user in the TAPES-G program) and the cell size in the vegetation layer was 2 m, ‘the
| vegetation layer ‘was resampled to produce 20 m cells. Data from‘fhe three layers were '
unload.ed to 3 separate ASCII files, which were then cc;mbined, using a FORTRAN
program written for that purpose, to produce 2 new files. One of the new files contained
net radiation and vegetation data for each x,y coordinate in the study area; the other file
contained wetness index and végetaﬁon data. 'Thé_s;e files were used as input to a

statistics package for analysis purposes.

Data Analysis

Data were ordinated using correspondence analysis (CA).. Ordination is a
technique of data explofation that reduces large matrices of data to graphs or charts‘
showing one or more axes of variation (Shumar and Andérson, 1986). The methodology
used in CA is described by Greenacre (1984). Very briefly, it is a geometric method of
quantitative analysis where data are transcribed algebraically to points . in
mulﬁdirr;ensional space. Results are generally displayed in 2-D space to facilitate ease

of interpretation.
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Results and Discussion

Four objectives were defined for t'his~ project: 1) the creatioﬁ of a digital elevation
coverage of the Cottonwood Creek catchment, 2) computation of terrain attributes from
that elevation data, 3) creation of a computer-based vegetation map of the area, and 4)
quantification of the relationship (if any) between the spatially varying terrain attributes
and the location of vegetation'u'groups found in the catchment. The results of these

endeavors are discussed in this section.

Digital Elevation Data
A GIS data layer for elevation data was created by digitizing contour lines from
USGS topographic maps (Figure 4). The.lowest contour elevation, in the northeast
portion of the catchmeﬁt; is 5360 ft (1633 m) while the highest contour, on the
southernmost hilltop, is 6480 ft (i975 m). In addition to contour information, the x,y
o coordinates; of local high points and local 'saddle points were identified because this
information is needed in the hydrology model. For that modei, the elevation 6f each
high point needs to be slightly higher than the elevation of the riearest contour and the
“elevation of each saddle i)oint must be exactly the same as the élevation of the next
higher contour (even tﬂough in reality it is lower than that elevation).
Stream data, which can be used in the ANUDEM program to help with drainage
enforcement, is included with the digital' elevation data. The stream network is

representéd‘ by numbering the different tributaries in the manner shown in Figure 4.
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Terrain Attributes

- The terrain attributes were generated by the TAPES programs. - These programs
are computationally complex and require a number of input parameters to be entered by
the user. Because the documentation describing parameter requireinénts for these
programs was minimal, an unexpectedly large amount of time had to be allocated to
determining appropriate input values.

The TAPES model generates several terrain attributes such as elevation, slope,
aspect, and plan and profile curvature in the TAPES-G program; values for longwave
and shortwave radiation aI;d temperature estimates in the SRAD program; and soil water
content, potential evapotraﬂs‘piration, and estimated actual evapotranspiration in the WET
program. The number of attributes included in this project was limited to two: the net
radiation index aﬁd the soil wetness indek. Both of these attﬁbuteé should have an
inipact on how water‘is distributed across a landscape, and in as much as available water

_ inﬂuences the type and quantity'éf plant gréWth in an area, the spatial variation of thé.s__e
indices should correlate to some degree with the spaﬁal variation of the vegetation.

!

Net Radiation Index. Net radiation indices, based in part on the slope and aspect

of a paﬁicular point on the landscape, were génerated by the SRAD‘program. Positive
nét radiation. values indicate that there is more incoming than outgoing radiation at the
ground surface. The values for the Cottonwood Creek catchment, which were calculated
for an integrated period of one )‘lear, range from +3 to +105 \-V m? (Table 4). A watt

is the basic metric unit of power and is the equivalent of one joule per second (Berry,

1991).
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