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ABSTRACT 

There is a definite need for embedding the processes 

of model development, implementation, testing, and choice 

within a common mathematical framework. Although mathe­

matical system theory is not well known, it seems to provide 

such a framework. The methodology of mathematical system 

theory is used here to develop, implement, and test a model 

of the hydrologic behavior of a managed natural ecosystem. 

The model is defined as a mathematical system con­

sisting of four coupled components for: (1) ecosystem 

description, (2) ecosystem climate, (3) treatment effects on 

soil and vegetation, and (4) water and energy balance. It 

is assumed that an ecosystem may be divided into a set of 

homogeneous units and that the coupling between the units 

for flow routing can be determined. The model estimates the 

radiation and radiation balance on each unit. Any number of 

climatic stations may be used and the model adjusts climatic 

inputs to each unit. Major processes modelled include those 

affecting canopy interception, snow pack water and energy 

balance, mulch layer water balance, surface water balance 

and overland flow routing, evapotranspiration, soil water 

balance and interflow including routing, and channel routing. 

These balances are carried on each unit. When a treatment 

is input in the form of a new vegetation description, the 
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model estimates the effects on soil and vegetation 

parameters affecting the water balance. The change in these 

parameters with time is also modelled. 

A computer program for implementing the model was 

developed and is given together with instructions for its 

use. A procedure for developing the required input data is 

also briefly outlined* The model was not calibrated, 

although it is possible that it could be calibrated. 

A procedure for testing models throughout their area 

of application was briefly outlined and presented here. 

Following this procedure, an initial independent test of the 

model was made on two paired pilot watersheds within the 

Beaver Creek Watershed in Arizona. Twelve years of data 

were available. One of the watersheds had been clearcut 

after the seventh year while the other was a control. The 

climatic data were generally raw uncorrected data of unknown 

reliability. 

Sources of possible error and areas for improvements 

in the inputs, component models, method of implementation, 

and output were evaluated. Primary sources of error would 

appear to be in the climatic inputs and in modeling effects 

of treatment on soil and vegetation conditions. The limited 

test results do not permit one to draw any conclusions about 

the adequacy of the model for decision making applications. 

Comprehensive testing is needed with good data. Analysis of 

further testing should give specific attention to the 
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adequacy of the model for predicting factors important to 

decision making in the area of application, and should 

include an explicit procedure for the analysis of risk. 

The hydrologic model is considered unique because 

(1) it explicitly models effects of management on soil 

and vegetation parameters affecting the water and energy 

balance, and (2) the water and energy balance is carried 

on coupled homogeneous units and is in sufficient detail to 

permit evaluation of most of the effects of vegetation 

manipulation on the hydrologic behavior of an ecosystem. 

This study has shown that it is possible to build 

ecosystem models by modeling individual components, and 

coupling component models into an overall model using the 

methodology of mathematical system theory. The problem of 

implementing the models and developing programs is con­

siderably lessened. The testing procedure can be made 

precise and embedded within the system theoretic structure. 

Hence it is concluded that mathematical system theory pro­

vides a sufficiently powerful framework for the development, 

implementation, and testing of models of complex phenomenon 

such as ecosystems. 



CHAPTER 1 

INTRODUCTION AND BACKGROUND 

The challenge of meeting the increasing demands of 

man in a world of expanding population requires optimization 

of the productivity and use of the planet's managed natural 

and agricultural ecosystems; while preserving or enhancing 

environmental auality. It is possible that political 

decisions will determine the management of many ecosystems. 

These decisions should be made in the light of ecological 

knowledge and an understanding of the functional properties 

of natural ecosystems. 

Natural ecosystems are typically characterized by 

high productivity and long term stability. However, the 

yield is not always in a usable form. A basic problem in 

the development of natural ecosystems is maintaining or 

enhancing these basic characteristics when they are placed 

under management to convert yield to a more usable form. 

Man does not know to what degree ecosystem type is determined 

by factors such as climate, soil, topography, and geography. 

He does not know how such ecosystem characteristics as 

species diversity, species composition, and food chain 

complexity contribute to stability and productivity. Yet 

man frequently disrupts these natural life support systems 

1 
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and imposes his own uses on the land. These uses are often 

intrinsically unsuitable, destructive, and frequently for 

purposes of short term economic gain. Yet despite his 

capability to change the environment, his ability tc under­

stand, preserve, enhance, or to live in harmony with his 

environment remains very underdeveloped. 

If future generations are to have some freedom of 

choice in determining how they will use the land, then it 

seems that man needs to develop the ability to both under­

stand his environment and also to predict the consequences 

of his intervention in natural ecosystems for the purposes 

of development and management. These abilities should allow 

him to preserve, enhance, and live with his life support 

systems. 

1.1 Objectives 

The general objective of this study is to investi­

gate the possibility of developing the ability to model a 

natural ecosystem as a system. An ecosystem is here defined 

as a region large enough to contain a complete set of life 

supporting processes which has recognizable boundaries 

across which inputs and outputs may be easily measured. A 

natural ecosystem is one which has not been subjected to 

large scale urbanization or agricultural development. 

The general objective will be pursued in the context 

of designing a system for predicting the effects of 
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vegetation manipulation on water yield in the Salt-Verde 

Basin of Arizona. 

The specific objectives of this study are as follows: 

1. To develop a system model of the hydrologic behavior 

of managed natural ecosystems. 

2. To develop the procedure for implementing the system 

model on a digital computer for the purpose of 

studying the hydrologic behavior of natural eco­

systems under various management programs. 

3. To test the model by implementing it to study the 

effects of vegetation manipulation on specific 

experimental watersheds in the Salt-Verde Basin, 

and comparing predicted with observed yields. 

1.2 Evaluation of Alternative Watershed Management 
Programs for Arizona 

The development of population centers in Arizona has 

largely been in the desert valleys, as has the development 

of agriculture which is largely based on irrigation. The 

major sources of water supply are surface runoff and pumped 

ground water. Arizona uses over 6.6 million acre feet of 

water annually and about 90 per cent of this is used for 

irrigation farming. Less than one-third of this is supplied 

by surface runoff. Ground water reserves are declining 

rapidly and other sources of water must be found if the 

existing level of use is to be maintained. Other sources 

include more efficient use of existing supplies, 
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desalinization, climate modification, transfer f*jm other 

areas, and increasing surface runoff through vegetation 

modification. Although the Central Arizona Project will 

supply additional water to the state, there will still be a 

water deficit if the existing level of use is maintained or 

increases. Hence the logical source of additional water is 

to increase surface runoff from the watersheds. 

1.2.1 The Salt-Verde Basin 

The major source of usable surface runoff in the 

state is the Salt-Verde Basin. This is the sole water 

supply of the Salt River Valley which includes metropolitan 

Phoenix and the surrounding irrigated land. Furthermore, 

over 63 per cent of the land in the Salt River Basin is 

managed by the Forest Service and hence suitable management 

programs could readily be implemented over most of the basin. 

A map of the Salt-Verde Basin is presented in 

Figure 1.1. There are 7,920,000 acres in the basin of which 

4,920,000 acres are managed by the Forest Service. About 

one-half is drained by the Verde River which is the principal 

tributary of the Salt River. The Salt River above the Verde 

produces greater runoff per unit area than any other major 

river in Arizona. Climates within the basin range from 

arid to cool and humid, and the basin as a whole is semi-

arid. Elevations range from 1325 to over 11,000 feet. 

Annual precipitation ranges from about 9 to over 32 inches 

and averages about 20 inches. About 10 per cent of the 
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precipitation runs off and the greatest runoff occurs during 

the spring snow melt. Table 1.1 indicates the breakdown of 

vegetation types in the basin. 

1.2.2 The Barr Report 

The Barr Report (Barr 1956) investigated the 

economic feasibility of increasing water yield from the 

Salt-Verde watersheds. The report was prepared with the 

assistance of leading watershed management specialists and 

proposed a program to manage the watersheds primarily for 

water yield. The proposed program included drastic thinning 

of ponderosa pine stands, expanded eradication of pinyon 

pine and juniper, thinning of spruce to favor snow deposi­

tion, modification of stream side vegetation, and management 

of low productivity ponderosa pine areas chiefly for water 

yield. The report estimated that this program would increase 

annual runoff by 25 per cent or 285,000 acre feet. The Barr 

Report estimates of present yields and potential increases 

are given in Table 1.2. These estimates are still accepted. 

Table 1.2 shows that of the forest areas, the 

spruce-fir forest may have the highest potential for per 

acre water yield increase. However, it is felt that the 

ponderosa pine forest could give the greatest total yields 

because of its much larger area. Furthermore, it is felt 

that the increased yields would come primarily from winter 

precipitation and the spring snowmelt since this period 
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Table 1.1. Area of Vegetation Types on the Salt-Verde 
Watershed — From Barr (19 56). 

Vegetation Type 
Per Cent of Total 

Acres 

Grasslands 19.0 

Desert Shrub and Chaparral 30. 6 

Pinyo n-Juniper 27.8 

Ponderosa Pine 20.1 

Spruce-Fir 1.6 

Aspen 0.5 

Cultivated 0.4 



Table 1.2. Potential Increase in Water Yield from Treatment by Vegetation Types 
— From Barr (1956). 

Treatable Estimated 
Area Present Yield Probable Increase 

(Acres) (Inches) (Inches) (Acre-feet) 

Ponderosa Pine 
Stream banks 30,000 4.0 4.0 10,000 
Moist slopes 100,000 4.0 2.0 16,000 
Poor timber area 250,000 3.0 1.5 30,000 
Good and intermediate 600,000 4.0 1.0 50,000 
Non commercial 200,000 3.0 1.2 20,000 

Subalpine Area 
Mixed spruce fir 50,000 12.0 3.0 12,000 
Pure spruce 30,000 12.0 4.0 10,000 
Aspen 25,000 12.0 3.0 6,000 

Pinyon-Juniper 
Dense stands 200,000 1.2 0.8 13,000 
Valleys 500,000- 1.2 0.6 25,000 
Slopes 1,000,000 1.0 0.4 33,000 

Lower Riparian Area 40,000 — 18.0 60,000 

05 
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yields approximately 95 per cent of the total runoff from 

the basin. 

The Barr Report gave chaparral a low rating for 

potential water yield improvement and it was not considered 

to be a treatable type. Recent research has shown that 

chaparral has a high potential for water yield improvement 

(Hibbert 19 71, Hibbert and Ingebo 1971). The Barr Report 

apparently significantly underestimated the amount of 

precipitation and the importance of the temporal distribu­

tion of precipitation on water yield from the chaparral 

type. 

1.2.3 The Arizona Watershed Program 

The basic recommendation of the Barr Report was 

against the basic policy of the Forest Service which is to 

manage for the best combination of uses and product mix. 

The Multiple Use Sustained Yield Act of 1960 authorized and 

directed the Forest Service to manage all the renewable 

surface resources of the National Forests so that they are 

utilized in that combination which will best meet the needs 

of the American people (U. S. Congress, 1960). 

The need to determine how best to manage the water­

sheds resulted in the formation of the Arizona Watershed 

Program which is jointly operated by the research and 

administrative branches of the Forest Service. The objec­

tives of the program are to: (1) pilot test research 
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findings in vegetation management which are designed to 

increase water yield by manipulation of the vegetation 

cover, (2) determine costs of these treatments, (3) develop 

improved methods and techniques for multiple use management 

practices and for resource inventories and appraisals, (4) 

measure the positive and negative effects of vegetation 

manipulation on all National Forest resources and make an 

economic evaluation of these practices, and (5) continue 

needed watershed management research. 

The program is intended to be a coordinated effort 

to provide a sound technical base for future watershed 

management practices which consider the needs and importance 

of all forest uses. 

Beginning in 1957 the Forest Service initiated a 

series of projects to attain the objectives of the Arizona 

Watershed Program. These include the Beaver Creek, Three 

Bar, Castle Creek, Thomas and Willow Creek, Workman Creek, 

Burro Creek, Natural Drainages, Mingus, Whitespar, Tonto 

Springs, Webber Creek, Brushy Basin, and Grasslands water­

shed evaluation projects. The location of these projects is 

shown in Figure 1.1. 

Brown (1970, 1971, 1973) describes the results from 

the Beaver Creek watersheds which includes ponderosa pine 

and pinyon-juniper vegetation types. Rich (1961, 1965) 

gives results from the Workman Creek watersheds which 

include mixed conifer vegetation. The Thomas and Willow 
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Creek watersheds in the mixed conifer type are to be treated 

in the near future. The work on the Three Bar, Whitespar, 

Mingus, and Natural Drainages watersheds is discussed by 

Hibbert (1971) and Hibbert and Ingebo (1971). 

The Beaver Creek Watershed is a large 275,000 acre 

experimental watershed containing 18 gaged small pilot 

watersheds and 4 larger watersheds (Bar M, Woods Canyon, 

Rattlesnake Canyon, and Red Tank Draw) as shown in Figure 

1.2. In addition, the main drainages (Dry Beaver Creek and 

Wet Beaver Creek) are gaged as is the outlet of the water­

shed. A number of subwatersheds within the small pilot 

watersheds are currently being instrumented. There are 73 

rain gages for an average density of one per .8 square mile 

on the intensive study area. 

Figure 1.1 also shows the location of the 140,000 

acre Black River Barometer Watershed which National Forest 

Systems is inventorying to provide a base for evaluating 

the effects of management systems (Sieverts 1972, Leven 

and Stender 1967). This watershed contains some of the 

highest water yielding area in the basin and includes 

subalpine grassland and spruce-fir types. Five major sub-

watersheds of the barometer watershed are gaged. There are 

no reported results from this watershed. 

The Beaver Creek Project is by far the largest 

multiple use watershed evaluation project in the basin. 

The activities of this project are carried out jointly by 
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Figure 1.2. The Beaver Creek Watershed 
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Rocky Mountain Forest and Range Experiment Station Projects 

and National Forest Systems personnel in Region 3. Two 

Rocky Mountain Station Projects are involved. These are 

the Watershed Management Project (1611) and the Economic 

Evaluation of Watersheds in the Southwest Project (4202). 

Project 1611 is primarily involved in directing the 

Beaver Creek Pilot Watershed Program and developing resource 

response models. It is designed to determine if water yield 

can be increased through vegetation manipulation; to measure 

the treatment effects on various resources; and to analyze 

cost and benefit information associated with these treat­

ments . 

Project 4202 is primarily involved in conducting 

case studies, some of which involve developing resource 

response and management models. One case study is designed 

to re-evaluate the conclusions of the Barr Report. It 

involves an assessment of the social and economic base of 

the Salt-Verde Basin and the development of a management 

model designed to find alternative management plans con-

si ting of the combinations of wildland treatments for the 

entire Salt-Verde Basin. Each plan will maximize one of 

the following three objectives: (1) national economic 

development, (2) regional development, (3) environmental 

quality; subject to constraints on production of forage, 

water, timber, and recreation. A second case study involves 

the development of a management model to analyze multiple 
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use management on the Long Valley Ranger District of the 

Coconino National Forest, and evaluate alternative manage­

ment programs from the above three viewpoints. 

The management models developed by Project 4202 

require as inputs, output data from models which predict the 

effects of treatment on the product yields of managed 

natural ecosystems. An important phase of Project 1611 is 

the evaluation of results from pilot watersheds in the basin 

and the development of response models. 

It is apparent that there are presently few long 

term pilot watershed studies in the basin. Most studies 

are short term on small areas and the results are 

inconclusive at this time. Furthermore, the total area 

of the pilot watersheds represents a very small sample of 

the large variety of soil, topographic, geologic, vegetative, 

and climatic conditions encountered in the basin. There are 

no pilot watersheds located on sedimentary parent material 

in the ponderosa pine type, although sedimentary material 

includes some of the highest site for pine. Although there 

have been no significant water yield increases from the 

pinyon juniper pilot watersheds, these watersheds are only 

a small fraction of the estimated 1,700,000 treatable acres 

in the basin. Hence it is very difficult to transfer 

results from the pilot watersheds to other areas in the 

basin. Realizing this, Project 1611 is establishing 28 

small sub-watersheds on other strata in the ponderosa pine 



type and is putting together data from other watersheds in 

the Southwest. 

Hibbert (1967) reviewed the results of 39 watershed 

experiments throughout the world. He concluded that forest 

reduction increases water yield and reforestation decreases 

water yield. Other recent work includes Urie (1971), Lewis 

(1968), Patric and Reinhart (1971), McGuinness and Harrold 

(1971), Berndt and Swank (1970), Hewlett and Helvey (1970), 

and Swank and Helvey (1970). These results are consistent 

with Hibbert's (1967) conclusions. However, results of 

experiments on areas outside the Salt-Verde Basin may have 

limited application to the conditions exising within the 

basin. 

There are several methods of overcoming the problems 

encountered in transferring the experimental watershed data 

to other areas in the Salt-Verde Basin, Arizona, or the 

western United States. One could establish more pilot 

watersheds in order to gain a greater sample of the 

variability in the basin. This takes time and money. 

Another approach is to develop a model of a managed natural 

ecosystem and use the model to predict the effects of 

alternative management programs on product yields. The two 

approaches are obviously complementary. 

The model should be developed independently of the 

observed pilot watershed input-output data to the greatest 

extent possible. This would allow independent testing and 



16 

estimation of the reliability of the model under the various 

conditions encountered on the pilot watersheds. The need 

to test the model under a broad spectrum of conditions would 

indicate the need for pilot watersheds on conditions such 

as sedimentary material. 

This study was carried on in informal cooperation 

with the Beaver Creek Watershed Project and the Economic 

Evaluation of Watersheds in the Southwest Project. It 

represents an initial synthesis of a model of the hydrologic 

behavior of managed watersheds in the Salt-Verde Basin. 

Furthermore, it is intended to provide water yield data 

for the initial version of a system for economic evaluation 

of watershed management programs in the basin. 



CHAPTER 2 

METHODOLOGY 

The objective of this chapter is to discuss and 

justify the approach taken in the following chapters for 

modelling a regional ecosystem. This will include the 

following: (1) a discussion of the role of models in the 

study and development of regional ecosystems, (2) a dis­

cussion of the basic structure of regional ecosystems, 

(3) a discussion of existing and potential models for eco­

system management, (4) a discussion of potential uses of an 

ecosystem model, (5) a discussion of desirable attributes 

of models, and (6) a discussion of system theoretic models. 

2.1 The Role of Models in the Study and 
Development of Regional Ecosystems 

Man's increasing population, mobility, affluence, 

leisure time, and needs are placing pressures on agencies 

charged with management of the public domain for changes in 

existing management policy and land development plans. 

These pressures may be towards special use or multiple use 

goals of complementary or conflicting nature. They may 

range from those groups wanting wilderness classification 

for an area, to those wishing to open wilderness areas to 

17 
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timber harvest, or even to those wishing to develop an area 

for intensive recreation and summer home use. 

Some federal agencies, in particular the Forest 

Service, have recently been severely criticized for their , 

land management policy. Conservationist groups have 

criticized the Forest Service for their timber harvest 

practices and apparent single use emphasis on timber produc­

tion. On the other hand, the timber and housing industry-

criticizes the Forest Service for not increasing the allow­

able cut. The Multiple Use Sustained Yield Act of 1960 

authorized and directed the Forest Service to manage all 

the renewable surface resources of the National Forests so 

that they are utilized in that combination which will best 

meet the needs of the American people. 

Hence by law the Forest Service, and in the long run 

other federal agencies, are responsible to the public for 

the "proper development and use" of the public domain. 

There is a need to define the term "proper development and 

use" and there is also a need to determine the proper 

management techniques which need to be applied in order to 

achieve the desired goal. 

The need to find out how to best manage and develop 

the land has led to the establishment of numerous research 

programs. Examples of these are the Arizona Watershed 

Program, Barometer Watershed Program, and the Economic 

Evaluation of Watersheds project which were discussed in 
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Chapter 1. More recently a study of the Tonto Rim country 

of Arizona was initiated by the Forest Service in order to 

determine the effects of increased development on the area 

and to develop the most suitable management policy for that 

area. 

In any case, the final product of the study may take 

several forms. It may consist of a detailed management plan 

which outlines specifically how the region under study 

should be managed and developed. A second form may simply 

consist of a set of recommendations or alternatives de­

scribing what areas are suitable for different uses and what 

the general management policy should be for these areas. A 

' third form may consist of general recommendations as to what 

the future policy should be and the selection of suitable 

areas for different uses would be left to the future when 

the need arises. A fourth product may be a model which can 

be used in developing a management plan for the area. 

However, in any of the first three forms, the final 

outcome of the study would be based on interpretation of 

predictions made by a model applied to inventory data 

describing the area under study. Hence the important compo­

nents of the study are: (1) the inventory data used to 

describe the area, (2) the model used to make the predic­

tions, and (3) the interpretation of the predictions. 

Land management agencies have developed the capa­

bility of conducting extremely detailed and comprehensive 
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inventories of a region under study. Hence the type of 

inventory and its comprehensiveness is completely dependent 

on the resources available. 

The interpretation of the predictions is dependent 

on the following factors: (1) the competency of those doing 

the interpreting, (2) the comprehensiveness of the informa­

tion provided in the predictions made by the model, and (3) 

the nature and adequacy of the model being used in making 

the predictions. Hence given that those conducting the 

study are competent and have available comprehensive in­

ventory data for the area, then the outcome of the study is 

completely dependent on the adequacy of the model being used 

to make the predictions. 

It is this author's opinion that the greatest need 

of land management agencies is for adequate models for use in 

development of management plans. The models currently being 

used are not adequate for the job and hence the agencies are 

not capable of defending their plans and policies. In order 

to be able to say with justification that, "This plan will 

result in the proper development and use of this region," 

then the agency making that claim must be able to answer the 

question "Why?" The answer to that question should begin 

with the word "Because" and be followed by a very precise, 

detailed, explicit, and comprehensive explanation which 

correctly answers the question "Why?" It is this author's 

opinion that an agency which develops this capability will 
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receive the resources it needs to apply its capability to 

the problem of land use and development. Likewise, an 

agency which cannot answer the question "Why?" satis­

factorily will not be able to receive adequate resources to 

implement plans which may lead to undesirable results. 

The regional ecosystems whi'ch these agencies are 

managing are complex structures. The effects of a treatment 

on one part of the ecosystem may have an impact on the whole 

system or even an adjacent ecosystem. At this point we need 

to review the basic structure of a large ecosystem. 

2 . 2  The Structure of Regional Ecosystems 

The two most easily recognizable components of the 

landscape are land and water bodies. Water bodies may be 

intermittent or perennial. Terrestrial processes occur on 

the land and aquatic processes in the water. The processes 

usually interact- Terrestrial processes require water and 

aquatic processes receive water from the land. Hence 

aquatic processes are linked to terrestrial processes in an 

inseparable manner. Both the land and water bodies are 

intrinsically heterogeneous. However both land and water 

bodies may be subdivided into units we are willing to con­

sider homogeneous for management purposes. 

We may apply criteria for dividing water bodies into 

homogeneous reaches on the basis of the stream channel net­

work, occurrence of lakes or ponds, tributaries, or pollution 
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sources. We should be willing to consider each reach homo­

geneous for study and management purposes. 

Likewise, we can apply criteria for dividing the 

land into what we are willing to consider homogeneous units 

for study and management purposes. The criteria generally 

applied consider soil, slope, aspect, vegetation type, 

climate, geology, and treatment. Examples of methods of 

stratifying the landscape are provided by England (1970, 

1971), England and Onstad (1968), England and Stephenson 

(1970), Christian and Stewart (1968), and Wikstrom and 

Hutchinson (1971). 

The basic components of the units are soil, pro­

ducers, consumers, decomposers, and climate. Each of these 

components play an important role in determining the flow 

of water, energy, and nutrients through each unit. However, 

water, energy, and nutrients help determine the behavior of 

each component. There are many processes involved in deter­

mining the behavior of each component and the energy, water, 

and nutrient balance. These are discussed in detail else­

where (Sukachev and Dylis 1968, Odum 1963, Dix and Beidleman 

1969, Gates 1968). 

Landscape units may interact with each other and 

also with reaches. Similarly reaches may interact with 

other reaches. This implies that processes in one unit or 

reach may interact with processes in another unit or reach. 

In order to determine the impact of treatments on the 
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environment, we must understand these processes and the 

interactions, and develop some capability for modelling 

these phenomena. 

As an example, consider some possible effects of 

treatment on the site classification of a unit. Site 

classification in forestry is primarily used to: (1) deter­

mine productivity, and (2) to provide a basis for silvi-

cultural prescriptions and treatment (Jones 1969). Site 

quality is generally a function of soils, physiography, 

climate, geology, nutrients, and moisture supply. Similar 

considerations apply for range site classification. It is 

very probable that a treatment imposed on one land unit may 

change the site conditions on another unit. For example, 

removal of vegetation upslope may increase site quality on 

a downslope unit by increasing the moisture supply to that 

downslope unit. Nutrients and soil could also be lost from 

the upslope unit and deposited on the downslope unit. The 

treatment may also change the suitability of a unit for 

wildlife habitat and also for recreation purposes. These 

effects were demonstrated at the Three Bar watersheds where 

removal of chaparral produced a perennial stream and condi­

tions very desirable for recreation use, wildlife, and 

forage production (Hibbert 1971). 

It is probable that the correct treatment applied 

to other forested areas, not currently suitable for recrea­

tion use because of a lack of water, may bring about similar 
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changes. That is, it is possible to manipulate (for the 

better) the environmental quality to some extent through 

application of proper land management (Dubos 1972). However 

it may not be possible to conduct long-term experiments on a 

large number of areas to determine the correct treatments. 

It may be possible however to integrate our under­

standing of the behavior of components of the ecosystem into 

a model which describes the behavior of the ecosystem. 

Experiments can then be conducted on the model to determine 

the best treatment for a given watershed. Existing models 

do not permit this type of a study. 

2.3 Existing Models for Ecosystem Management 

At this point a brief review of the types of models 

being used or being developed for the purposes of public 

land management planning seems to be in order. These models 

are all used to predict effects of management on the typical 

forest products: timber, forage, water, recreation, and 

wildlife. Hence they will be discussed from this viewpoint. 

The discussion will consider the basic types of component 

models for product yields and the way in which these are 

utilized for management purposes. 

2.3.1 Types of Component Models 

Perhaps the most common model and that most fre­

quently applied is the intuitive model. The intuitive model 

is the one carried in the manager's head and is used daily 
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in decision making. As an example, the good timber marker 

has an intuitive model which presumes the response of leave 

trees if intended cut trees are removed. The model may or 

may not be accurate but it is used daily and may have long 

lasting effects on the area to which it is applied. The 

intuitive models are probably the most comprehensive models 

in use for land management planning. However, they are very 

difficult to communicate and each individual has a different 

model. They are also very qualitative and often non­

transferable. 

Another common type of model is the block diagram, 

flow chart, or box and arrow diagram. This is a very 

powerful tool for organizing one's intuitive concepts of the 

behavior of complex systems and communicating these thoughts 

to other people. However, one cannot express precisely what 

each block does or what moves along the arrows and hence 

these types of models are not adequate for precise defini­

tion or communication of models of complex systems. 

A very common type of model is the type represented 

by variables and equations. This type of model consists of 

3. list of variables and a set of equations defining the 

relationships amongst the variables. This type of model 

allows inclusion of models which do not satisfy our intuitive 

notions of system behavior. For example a model which 

requires that its state at time t depends on its state at 

some future time s + t is not acceptable (Wymore 1967). 
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The time orientation of variable and equation models 

is not always clear. An example is the common regression 

equation. Systems exist in time and hence to be intuitively 

satisfying the time orientation must be explicitly defined. 

Variable and equation models generally consider only 

a finite number of real valued variables. In modelling some 

real world systems, we may want to consider variables which 

take on different kinds of values such as functional, 

symbolic, real, complex, and so on. 

Variable and equation models are commonly summarized 

as tables, rules of thumb, charts, and graphs. These sum­

maries of models are used very frequently by managers for 

daily decision making. The assumptions and restrictions of 

the model are usually completely hidden from sight. Yet 

these summaries often form the basis for the development of 

management or treatment plans. 

Another type of model which is coming into use is 

the so-called simulation model. This is a model which is 

embedded in a computer program. It is usually not explicitly 

defined elsewhere. It may be implicitly described by flow 

charts, box and arrow diagrams, and a list of variables and 

equations. However, these descriptions are never very 

explicit and hence it is very difficult for others who want 

to examine the theory which the model embedded in the 

program represents. 
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There are several examples of simulation models 

which are being used in natural resource management. Myers 

(1968, 19 71); Myers, Hawksworth, and Lightle (1972); and 

Myers, Hawksworth, and Stewart (1971) presented programs for 

simulating the management of even-aged timber stands. Other 

programs for simulating forest management activities have 

been presented by Stewart (19 71); Gould and 0'Regan (1965); 

Hennes, Irving, and Navon (1971); and Navon (1971). 

The goal of these simulation models is to provide 

forest managers with tools for improved decision making. 

The work of Myers and others is being applied for this 

purpose. However, Myers has not explicitly described his 

models which essentially represent a theory describing the 

behavior of managed even-aged timber stands. An individual 

interested in coupling a model for predicting water yield of 

managed even-aged timber stands to the models developed by 

Myers would have to extract those models from the computer 

program listings. This task could very well discourage such 

a coupling. 

Yet such couplings are necessary if we are to 

develop models for studying the effect of watershed treat­

ments on product yields and the impact of these treatments 

on the environment. The models developed by Myers assume 

timber yield is independent of changes in the water balance 

caused by treatments. Other product models also assume a 

similar independence. 



28 

Furthermore, many of the models were developed for 

specific areas and determining the transferability of these 

models is difficult unless the models are explicitly de­

scribed and the assumptions clearly stated. Models developed 

on experimental watersheds or forests are of little value 

to society unless such models provide information which is 

transferable to other areas and other problems. 

2.3.2 Types of Ecosystem Models 

The type of model currently used for predicting 

product yields from a unit of a managed ecosystem is shown 

in Figure 2.1. This type of system is called a conjunctive 

coupling since there are no interactions between components 

of the system. The current situation seems to be a result 

of a lack of interaction between disciplines or special 

interest groups. 

An improved model might be as shown in Figure 2.2. 

Here the range is dependent on timber and water yield is 

dependent on range and timber. This type of system is 

called a cascade coupling. It is one form of improvement 

over the above model. It seems logical that wildlife could 

be dependent on the timber, wildlife, and range components 

and recreation on all four components. This would be a 

vast improvement over the conjunctive coupling. 

In the cascade couple we allowed timber and range to 

influence water but we did not allow water to influence 
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timber and range. The next logical step would be to add the 

feedback connection from water to timber and range as 

illustrated in Figure 2.3. Here we also added additional 

cascade couples. This type of coupling is called a feed­

back coupling. It is a significant improvement over the 

conjunctive and cascade models. 

The completely general coupling would be achieved if 

each component received an input from and sent an output to 

every other component. This would more or less represent 

the intuitive model which a good manager has of the eco­

system. In fact a good manager probably carries a much more 

detailed but qualitative intuitive model. 

The foregoing models are for a single homogeneous 

unit of a managed ecosystem. In order to model an entire 

ecosystem it would be necessary to couple individual models 

for each unit. This would enable one to model offsite 

effects of a treatment on an individual unit. In fact such 

a model could be used to provide a complete quantitative 

description of a managed ecosystem over time. This informa­

tion could otherwise be gained only by a comprehensive, 

detailed research program requiring extensive instrumenta­

tion. 

2.4 Applications of Ecosystem Models 

The description of ecosystem behavior over time 

which should be produced by an ecosystem model could be used 
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for many purposes. Some are obvious and others are not so 

obvious. The uses include: (1) determining the impact of 

treatments, (2) guiding data collection and research, (3) 

determining the relative suitability of the land to different 

uses and which uses are intrinsically suited to the land, 

(4) predicting environmental quality, (5) testing manage­

ment systems, and (6) designing systems for land stratifica­

tion and classification. 

2.4.1 Impacts of Treatments 

The model could obviously be used to describe the 

impact of treatments on the behavior of different components 

and the resulting effects on product yields for each unit of 

an ecosystem. It would allow study of both on-site and off-

site impacts of proposed treatments on process behavior as 

discussed in Section 2.2. The Coniferous Forest Biome 

(1971) is particularly interested in predicting the impact 

of different timber harvesting techniques on both terres­

trial and aquatic components of forest ecosystems. Hence, 

coupled to a management model, it could be used by a manager 

who would guide a search for the best set of alternative 

treatments. Hence the manager could design the best treat­

ment for a landscape unit. 

2.4.2 Guiding Data Collection and Research 

The model can be used as a guide for research and 

data collection efforts. It can be used to determine the 
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relative accuracy with which the input, initial state 

variables, and parameter values should be measured or 

determined. It can be used to help determine priorities 

for research expenditures by: (1) indicating which pro­

cesses are poorly understood, (2) which processes are very 

important or not important for understanding ecosystem 

behavior, (3) which process or component models need valida­

tion. 

2.4.3 Intrinsic Suitability 

It should be possible to determine: (1) the relative 

suitability of different land units and reaches to different 

uses or combinations of uses, and (2) the relative impor­

tance or value of the different components or processes on 

each unit to society. Such a capability would permit an 

ecological planner such as McHarg (1969) to determine that 

use or combination of uses which is intrinsically suited to 

each landscape unit. The determination of intrinsic suit­

ability considers not only the fundamental characteristics 

of the landscape unit but also the goals and values of 

society which change with time. The concept of intrinsic 

suitability allows future generations to choose uses-

intrinsically suited to the landscape whenever this is 

possible. 
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2.4.4 Predicting Environmental Quality 

Since the model will provide a complete quantitative 

description of an ecosystem, it may be possible to get a 

handle on quantitatively predicting a rather elusive 

variable: the environmental quality or the esthetic value 

of an area. This would be possible if one could define 

environmental quality in terms of measurable variables 

which could be predicted by the model. 

2.4.5 Testing Management Systems 

Given that a management plan has been developed for 

a particular ecosystem, it may be possible to use an eco­

system model for testing the management system which will 

implement this plan. A good plan is of no value if a manage­

ment system which can implement the plan does not exist. A 

land management system is essentially a system processing 

system which takes an ecosystem, and applies certain inputs 

to change the initial state of the ecosystem to the planned 

desired state within a desired time interval. The existing 

land management systems may not be the best for the job or 

even capable of doing the job. 

2.4.6 Stratification and Classification 

The problem of how to stratify and classify land 

within a heterogeneous ecosystem seems to be a particularly 

vexing problem. Each project requires a different level of 

detail and will generally repeat an inventory in order to 
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satisfy their requirements. Yet it seems that there must 

be some greatest level of detail at which the land should 

be stratified and which will provide the information needed 

by all concerned. Methods and requirements are reviewed by 

Jones (1969) and Christian and Stewart (1968). 

A good ecosystem model could be used to indicate 

the greatest level of detail needed in stratification and 

classification. Given existing information at a more 

detailed level than required one could always reduce it to 

the desired level of detail. 

2.4.7 Discussion 

It is clear that a good ecosystem model is a very 

desirable tool for both research and management, and if 

properly applied would yield results very beneficial to 

society. The development of such a model will require 

interdisciplinary teamwork, particularly with regard to 

development of component models. 

2.5 Desirable Attributes of Models 

Jameson (1972) indicated that it is almost impossible 

to couple models embedded in computer subroutines into an 

overall ecosystem model if strict rules are not followed in 

the development of the component models. He indicated that 

the various Biomes of the International Biological Programme 

have experienced this problem in spite of considerable inter­

action between component modellers. The Grasslands Biome 
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was able to develop a crude initial version of a whole eco­

system model only after adopting rather strict and limiting 

guidelines with respect to symbolism and types of equations 

which could be used (Jameson 1972). Hence it seems that the 

models which are developed should have certain desirable 

attributes. 

The component models as well as the overall model 

should possess certain attributes with respect to: (1) 

communicability, (2) explicitness, (3) consistency, (4) 

causality, and (5) transferability or utility. These 

attributes were fully discussed by Wymore (1972c) in an 

excellent discussion of the role of models in research. 

2.5.1 Communicability 

In order to be useful from a scientific viewpoint, 

a model must be communicable in order that it can be tested, 

evaluated, and validated or in order that it can serve as a 

component model of a more complicated phenomenon. If it is 

not communicable then it has value only to those who 

developed it. 

A model embedded in a computer program is probably 

the worst kind of model on the communicability scale. It 

is very difficult to determine what a computer program does, 

yet more and more models are being presented in this form. 

The Desert Biome of the U.S. International Biological 

Program has apparently chosen to present its models of 
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ecosystem processes in the form of computer programs with 

little or no literary documentation (Desert Biome 1972). 

For economic and practical reasons, however, the models 

must be readily communicable to computers in order that the 

computers may manipulate the models for the purpose of 

producing numbers useful to scientists and managers. 

2.5.2 Explicitness 

The model should be explicitly described. The 

definitions on which the model is based should be precise 

and operable. Nothing should be left as understood, but 

should be precisely defined or stated to be an undefined, 

basic assumption. Relationships should be precisely and 

completely stated. To be more precise a ". . . model is 

desirable to the extent that it is a complete mathematical 

theory within itself independent of any intuitive inter­

pretation that is placed on the symbols" (Wymore 1972c 

p. 10 ). This does not imply that one must have a complete 

and thorough understanding of the process dynamics involved 

and be able to express this understanding mathematically in 

terms of partial differential equations. It does imply 

that, regardless of the degree of understanding and the 

intuitive notions built into the equations, the model must 

be completely and explicitly described. 
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2.5.3 Consistenty 

A model of a phenomenon should be consistent with 

one's intuition or perception of the phenomenon. The model 

should be consistent from the point of view of logic. That 

is, the definitions should be logically consistent from the 

mathematical viewpoint, and so on. Finally, the model 

should be consistent with observed data. 

The last criterion does not imply that a purely 

statistical type of model should be used to satisfy this 

criterion. When possible, a model should first be stated 

explicitly in a mechanistic and deterministic form. Then 

after testing the model with available observed data, one 

can say that if the inputs are distributed in accord with a 

given probability distribution, then the output as deduced 

from the model should be distributed in accord with a 

certain probability distribution and the available observed 

data are not inconsistent with these probability distribu­

tions at a certain confidence level. This does not imply 

that the process must be stationary. 

Hence probability plays a role in determining the 

effectiveness of the model or in defining criteria for 

acceptability of the model. The model should be developed 

first and probability considerations should not be used as 

the basis for the model unless there is no other choice. 
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2.5.4 Causality 

Wherever possible models should be based on asser­

tions of causal relationships and not on arbitrary functional 

relationships which may also give consistent predictions. 

Knowledge of causal relationships which form the basis for 

the behavior of a phenomenon helps train one's intuition 

about the way things behave in the universe. 

Assumption of some arbitrary functional relation­

ship between dependent and independent variables, and use of 

data to estimate constants, provides no intuitive basis for 

determining how to answer the question "Why?" with a very 

clear and precise answer that starts with "Because ..." 

Land managers need intuitive training about what impacts of 

various treatments will have on the ecosystem. This training 

can be provided by causal models but it is doubtful if it 

can be provided by models based on arbitrary functional 

relationships. This does not imply that one cannot develop 

regression models which are based on assertions of causal 

relationships. The latter approach usually forms the start­

ing point for the development of causal models, and has pro­

vided the information on which most land management is based. 

2.5.5 Transferability and Utility 

This is more or less a catch-all criterion which 

covers the usefulness and adequacy of the model. We want 

models to provide the desired information and to be 
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applicable to problems outside the scope of the immediate 

objective. 

For instance, it would be very desirable if water 

yield models developed for the experimental watersheds in 

the Salt-Verde Basin were transferable to the rest of the 

Salt-Verde Basin. It would be even more desirable if these 

models could be used as components of an ecosystem model for 

areas of the Salt-Verde Basin and these models could be 

transferred to areas outside of the Salt-Verde Basin. 

2.6 System Theoretic Models 

A class of models which fits the above criteria for 

desirability is the set of system theoretic models. System 

theoretic models are those developed using the methodology 

of mathematical system theory formulated by Wymore (1967, 

1969, 1971, 1972a, 1972b, 1972c, 1972d). Wymore's theory 

provides a unifying framework for model development, 

implementation, testing, and evaluation for the following 

reasons: 

1. It relies for its validity on nearly perfect mathe­

matical rigor. 

2. It subsumes the theory of discrete automata and the 

theory of continuous systems. 

3. It is attempting to subsume and intertwine all 

intellectual branches leading to mathematical system 

theory including stochastic process theory, 
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information theory, general systems theory, cyber­

netics, computer science, modern control theory, 

qualitative theory of differential equations, 

discrete automata, topological dynamics, and Banach 

algebras (Wymore 1972b). 

4. It provides a rigorous framework within which to 

state system concepts precisely. 

5. It provides a framework whereby system tools such as 

mathematical models of operations research, informa­

tion and communication theory, linear control 

theory, and digital computer simulation might be 

used consistently in harmony. 

6. It permits the two important basic manipulations of 

systems: 

a. the coupling of simple system components into 

very complex systems, and 

b. the breaking down of very complex systems into 

simple system components connected by input-

output relationships. 

7. It is oriented toward the development of a method­

ology for systems engineering; i.e., towards a 

design methodology which will permit the design of a 

system satisfying given input/output specifications 

within a given technology under given measures of 

effectiveness. 



43 

8. It is intended to provide a body of communicable 

methodology. 

9. It provides a concise modelling methodology which 

permits interdisciplinary team members to develop 

consistent component models, of complex system 

components, which may be readily coupled to form a 

model of the large complex system. This permits 

rapid integration of knowledge. 

The basis of Wymore's theory is a set of postulates 

in which the concept of a system is precisely defined in 

terms of function- and set-theoretic concepts. An under­

standing of these basic postulates is essential to an under­

standing of the modelling methodology used in the following 

chapters. These basic concepts are outlined briefly in 

Appendix A. For further clarification the reader is 

referred to Wymore (1967, 1972b). 

The basic ingredients of a system theoretic model 

consist of the identification of a set of inputs, a set of 

states, and a set of state transition relationships which 

asserts a causal relation between the states and the inputs. 

The state transition relationship is a statement of a causal 

relation which tells one how to compute the state of the 

system at time t + 1 given the state of the system at time 

t and the input at time t. 
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System theoretic models are dynamic models since 

time is an integral part of the system theoretic construct. 

System outputs are provided by functions defined on the 

state of the system. 

System theoretic models are quite communicable to 

people with some mathematical training. Anyone involved in 

modelling should have this mathematical training. System 

theoretic models are easily communicable to computers. 

Hence they satisfy the communicability criterion. 

The sets of inputs, states, and state transition 

relations are precisely defined in system theoretic models. 

Hence these models are explicit. 

The system theoretic construct guarantees logical 

consistency. Proper use of intuition in defining the state 

transition relations can ensure intuitional consistency. 

Very qualitative intuitional insights of causal relations 

may be harnessed in system theoretic models to develop very 

complex and sophisticated models. The ability to harness 

intuitional insights in models is a skill which, as with 

any form of art, is developed through supervised practice. 

Consistency with data can only be obtained through 

testing and statistical manipulations. 

Assertions of causal relations are used in the 

construction of system theoretic models. System theoretic 

models can be made as complex as necessary to satisfy any 

criterion for adequacy, utility, or transferrability. This 
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is in contrast to statistical models, stochastic models, 

regression models, and box and arrow diagrams which can 

exhibit a very narrow range of complexity. 

Hence system theoretic models seem to fit all five 

criteria for desirability. All modelling done in the 

following chapters is done within the system theoretic 

construct. 



CHAPTER 3 

THE BASIC COMPONENTS OF THE WATER YIELD SYSTEM 

In attempting to analyze the behavior of a complex 

phenomenon, it is usually much easier to identify the basic 

components of the phenomenon, model the behavior of these 

independently, and then attempt to couple these components 

by modelling the way in which they are related with respect 

to input/output interfaces. The system theoretic construct 

provides the methodology for this type of coupling and this 

approach will be used in the development of the water 

balance model. The objective of this chapter is to identify 

the components of the water yield system. 

Three basic components of the system were 

identified: (l) the ecosystem characteristics component, 

(2) the unit characteristics component, and (3) the unit 

water and energy balance component. 

3.1 The Ecosystem Characteristics Component 

A regional ecosystem water balance model must have 

available to it a complete description of the general 

characteristics of the managed heterogeneous ecosystem under 

study. This includes a description of the basic physio­

graphic, vegetative, and edaphic characteristics of the 
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system as well as the climatic characteristics of the 

ecosystem. 

It is assumed the ecosystem can be divided into a 

set of homogeneous landscape units and a set of channel 

reaches. The model assumes that these units are homogeneous 

with respect to climate, soil, slope, geology, aspect, 

vegetation, and treatment. It is up to the user to define 

homogeneity. The particular application of the model will 

determine what constitutes a homogeneous unit or reach. No 

guidelines can be given until the model is tested on a 

broad basis. 

The ecosystem characteristics component will consist 

of two components: (1) ecosystem description component, and 

(2) ecosystem climate component. The first will provide a 

complete description of the physical and vegetative 

characteristics of the units and reaches at any time. The 

latter will provide a description of the general climatic 

conditions over the ecosystem at any time. 

3.1.1 Ecosystem Description 

The specific purpose of the ecosystem description 

component is to store and make available up-to-date data on 

the physical and biota characteristics of the units and 

reaches. This includes: (1) information on the spatial 

arrangement of the units and reaches required for routing 

surface and subsurface flow, (2) characteristics of each 
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vegetative type, (3) soil descriptions, (4) vegetation 

descriptions, and (5) basic physiographic characteristics 

of each unit. 

3.1.2 Ecosystem Climate 

The ecosystem climate component has three basic 

purposes. The first is to store and make available data on 

the basic climatic characteristics of the ecosystem such as: 

(1) temperature-elevation relationships, (2) precipitation-

elevation relationships, and (3) mean monthly atmospheric 

and clear sky transmissivities. (The term transmissivity 

refers to the mean zenith path transmissivity of the 

atmosphere.) 

The second purpose is to process climatic records 

and make available a description of the weather (tempera­

ture, humidity, precipitation, and wind) at any time at each 

climatic station. 

The third purpose involves prediction of short wave 

solar radiation for any time period on each unit of the 

ecosystem. The model must be capable of supplying this 

input because solar radiation: (1) is observed at so few 

stations (Phoenix, Tucson, and Page in Arizona; and 

Albuquerque, New Mexico) in the Southwest, and (2) drives 

the hydrologic cycle and life processes. 
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3.2 The Unit Characteristics Component 

A model of a managed regional ecosystem must be 

capable of modelling the effects of management on the 

parameters controlling the mass and energy flow processes. 

The current study is considering only the processes, and 

hence parameters, affecting the water balance. The water 

balance is affected by the energy balance and hence the 

effects of treatment on the energy balance must be con­

sidered to some extent, specifically the effects on the 

radiation balance. 

The effects of treatment on soil-vegetation 

parameters controlling the water balance will be modelled 

by a component called the unit characteristics component. 

This component will model the behavior of those variables 

directly affecting or controlling the water balance. This 

will include such variables as root density; mulch layer 

depth, cover, and waterholding capacity; mulch decay and 

accumulation; vegetation dormancy; overland flow parameters; 

interception parameters; albedo of vegetative surfaces, and 

so on. 

3.3 The Unit Water and Energy Balance Component 

In order to predict the effects of treatment on 

water yield the system must carry a water and energy balance 

for each unit. The purpose of this component is to model 

the processes which determine the energy and water balance. 
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The components of the water and energy balance included 

here are: (1) the canopy energy balance and microclimate, 

(2) the canopy water balance, (3) the snowpack, (4) the 

mulch water balance, (5) the soil water balance, (6) the 

surface water balance, (7) the plant water balance, and 

(8) the channel water balance. 

The energy balance and microclimate portion will 

consider the radiation balance of the canopy and surface, 

vapor pressure, potential evaporation, turbulent transfer 

coefficients, mean radiation and temperature, net radiation, 

the extrapolation of station wind, precipitation and 

temperature information to the units, and so on. 

The interception, interception evaporation, and 

canopy storage processes determine the canopy water balance 

and resulting throughfall. 

The snowpack water balance is governed by those 

processes determining snowpack melt and accumulation. 

Energy balance considerations are important in modelling the 

behavior of these processes. 

A mulch layer may have an important effect on the 

water balance of a unit. Interception, evaporation, and 

storage processes determine the water balance of the mulch 

layer. The mulch layer also protects the soil beneath it. 

The soil acts as a reservoir for the storage of 

water entering forest ecosystems. This water is available 

for plant use and for lateral or vertical movement through 
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the soil mass. The infiltration, interflow, lateral flow, 

seepage, percolation, evaporation, and redistribution 

processes are important in determining the soil water 

balance. 

The surface water balance is controlled by those 

processes determining overland flow. It is closely coupled 

to the soil water balance since the surface water balance 

directly affects the soil water balance and vice versa. 

The plant water balance embodies the transpiration 

process and those processes controlling it. The plant water 

balance affects the soil water balance and vice versa. 

One can conceivably break the channel water balance 

component into smaller components. These components would 

be a routing component and a channel loss component. The 

model developed in the following chapters will not consider 

detailed channel routing. It will consider only an account­

ing of the water which passes from the units into the 

reaches and down the channel. 

3.4 Discussion 

Four basic components were identified and briefly 

discussed. The general arrangement of these components is 

illustrated in Figure 3.1. Each component will be discussed 

and modelled in the following chapters. The discussions 

will necessarily be brief as space does not permit a 

detailed review of the literature on each component. 
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CHAPTER 4 

THE ECOSYSTEM CHARACTERISTICS COMPONENTS 

The objective of this chapter is to define the 

ecosystem description component and the ecosystem climate 

component. These receive and process all external inputs, 

and make them available to other components. This will 

include definitions of all external inputs required by the 

water yield system. The source of this input information is 

discussed in Chapter 8. The development in this and follow-

chapters assumes familiarity with material in Appendix A. 

In defining the sets the following convention is used here. 

When I say: "Let the so and so item be denoted . . . , 11 I 

mean: "Let the set of so and so items be denoted . . . . " 

For example: "Let the albedo be denoted ..." would read: 

"Let the set of albedos be denoted . . . . " 

Meanings of some sets may be vague. However, the 

purpose of this chapter is only to define the systems which 

process inputs for use by other systems. Meanings will be 

given to sets when they are used in later chapters. Units 

of the inputs are in Appendix D. 

4.1 Definition of the Ecosystem Description Component 

This component is essentially a data bank. Its 

purpose is to initially read in a complete description of 
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the ecosystem under study and then update this description 

when a treatment occurs. The description includes basic 

physiographic, vegetative, and coupling relationships 

describing the units together with the characteristics of 

each soil and vegetation type. The vegetation description 

for a unit is updated when that unit is treated. 

4.1.1 The Input Ports of ZDESCRIP 

To simplify the definition of the input ports they 

are divided into seven general classes: (1) basic sets, (2) 

physiographic, (3) soil description, (4) vegetation 

parameters, (5) couplings, (6) treatment description, and 

(7) time. The symbol for each variable is introduced, an 

intuitive meaning is attached to that variable, and the 

variables are defined in set and function theoretic terms. 

4.1.1.1 The Basic Sets. In Section 2.2 it was 

assumed that a heterogeneous ecosystem could be divided into 

a set of homogeneous units and a set of homogeneous reaches. 

A single unit is considered to be homogeneous with respect 

to the vegetative type, the age class of the vegetation, 

geology, and the soil type on the unit. Hence a set of 

vegetative types, a set of age classes, a set of soil types, 

and a set of geologic formations may be formed by consider­

ing all the vegetation types, age classes, soil types, and 

geologic formations which may be found on the ecosystem 

during the time period under study. 
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A unit which is originally homogeneous may have a 

heterogeneous treatment applied to it. Heterogeneous treat­

ments would include those which cause significant and 

lasting discontinuities in the root system or the canopy of 

the vegetative cover, and a nonuniform distribution of the 

cover. Examples of such heterogeneous treatments are strip 

clear-cutting, patch clear-cutting, and group selection 

cutting. These treatments trap snow and cause discontinui­

ties in the root system. Other species or age classes may 

replace the original vegetation. A heavy uniform thinning 

is not considered a heterogeneous treatment. 

It would not be feasible to allow one unit for each 

opening created as a result of a heterogeneous treatment. 

However, it would be feasible to allow one unit for each 

strata created as a result of the application of a 

heterogeneous treatment on an otherwise homogeneous unit 

over one cutting cycle. Hence, a strip cutting applied 

every 30 years over a ninety year cutting cycle would create 

three strata within the single originally homogeneous unit. 

Hence, after treatment the single unit will consist of a set 

of three smaller units, which will be called a treatment set. 

In order to be able to model snow redistribution processes, 

root expansion processes, wildlife movement processes, and 

so on, it is necessary to know which units are in each 

treatment set in the ecosystem. That is, there is a set of 

treatment sets for the ecosystem, and each treatment set is 
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a set of units. Also, in subdividing the ecosystem into 

units, it is necessary to include treatment considerations 

and subdivide presently homogeneous units into strata units 

on the basis of possible treatments. 

As an example, an irregular strip cut treatment was 

applied on Beaver Creek Watershed 14 in 1970. Prior to the 

treatment it was possible to delineate large homogeneous 

units with respect to soil, slope, aspect, vegetation, and 

geology. However, the treatment caused discontinuities and 

heterogeneity in the cover. Rather than attempt to delineate 

and characterize each small homogeneous unit within the 

formerly large unit, it is better to stratify the large unit 

into cut strips and leave strips, assign these strata unit 

numbers, and replace the large unit with the two small 

units. The two small units represent a treatment set and a 

number is assigned to this treatment set. This can all be 

done prior to treatment on the basis of hypothetical or 

actual planned treatments. 

Let the input ports for the number of units, the 

number of reaches, the number of possible vegetation types, 

the number of possible age classes, the number of soil 

types, and the number of geologic formations in the eco­

system be denoted NOUNITSD, NOREACHESD, NOSPECIE, NOAGES, 

NOSOILS, and NGEOL respectively; and be defined as follows: 

NOUNITSD = NOREACHESD = NOSPECIE = NOAGES = NSOILS 

= NGEOL = I+. 
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Let the set of units, the set of reaches, the set of 

vegetation types, the set of age classes, the set of treat­

ment sets, the set of soil types, and the set of geologic 

formations be denoted UNITS, REACHES, SPECIES, AGES, TSETS, 

SOILS, and GEOLOGYS respectively, where UNITS = REACHES 

— AGES = SPECIES = SOILS = GEOLOGYS C I+; each is not empty. 

4.1.1.2 Physiographic. Physiographic variables 

consist of the latitude of the ecosystem; the area, eleva­

tion, slope, aspect, soil type, and geologic formation 

characterizing each unit; and the seepage loss rate of each 

reach. 

Let the latitude of the ecosystem be denoted 

LATITUDE where LATITUDE = R[-90,90]. 

Let the area, elevation, slope, aspect, soil type, 

and geologic formation on the units be denoted AREAS, 

ELEVATIONS, SLOPES, ASPECTS, SOILASSIGNMENT, and GEOLOGIC 

respectively. Let the seepage loss rate of each reach be 

denoted SEEPAGELOSS. 

Let these 6 sets be defined as follows: AREAS 

= ELEVATIONS = FUNCTIONS (UNITS, R+), SLOPES = FUNCTIONS-

(UNITS , R[0,®)), SOILASSIGNMENT = FUNCTIONS(UNITS, SOILS), 

GEOLOGIC = FUNCTIONS(UNITS, GEOLOGYS), and SEEPAGELOSS 

= FUNCTIONS(REACHES, R++). 

4.1.1.3 Soil Descriptions. Soil characteristics 

include the depth of the surface soil layer, the total soil 
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depth, the saturated volumetric storage capacity (defined 

as the total porosity minus the water content at the natural 

lower limit of soil water storage) of both the surface soil 

and subsoil, the field capacity volumetric water content 

(defined as the porosity between the natural lower limit of 

soil water storage and that filled with water at .33 bar) of 

both surface soil and subsoil, the saturated conductivity of 

both surface soil and subsoil, the texture of the surface 

soil, the minimum depression storage depth, and the channel 

system conductivity (defined in Section 6.5) of the surface 

soil. Associated with the soil is the underlying geologic 

formation which is characterized by its saturated conduc­

tivity. 

Let the depth of the surface soil layer and the 

total soil depth be denoted SURFACESOILDEPTHS, and 

SUBSOILDEPTHS respectively; the saturated volumetric water 

content of the surface soil and subsoil layers be denoted 

SURFACECAP and SUBSOILCAP respectively; the field capacity 

volumetric water content of the surface soil and .subsoil be 

denoted SURFACEFIELD and SUBSOILFIELD respectively; the 

saturated conductivity of the surface soil capillary system, 

the surface soil channel system, and the subsoil be denoted 

CAPCOND, CHANCOND, and SUBCOND respectively; the texture of 

the surface soil, and the minimum depression storage be 

denoted TEXTURE and MINDEPRESSION respectively; and the 
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saturated conductivity of the geologic formations be denoted 

KGEOLOGY. 

Let these 8 sets be defined as follows: 

SURFACESOILDEPTHS = SUBSOILDEPTHS = CAPCOND = CHANCOND 

= SUBCOND = MINDEPRESSION = FUNCTIONS(UNITS, R[0,l]), 

TEXTUR = FUNCTIONS(UNITS, {SAND, CLAY, LOAM}), and 

KGEOLOGY = FUNCTIONS (GEOLOGYS, R+). 

4.1.1.4 Vegetation Parameters. The vegetative 

parameters, which characterize each type include: transmis­

sion factors, rooting depths, albedo, dormancy temperature, 

roughness lengths, root expansion rates, relative volume 

density at which root closure occurs, slash decay rates, 

relative ratio of slash to total volume; and the litter 

fall, equilibrium litter, and interception capacity at some 

full stocking or maximum volume condition. 

Let the transmission factor and the albedo of the 

vegetative cover be denoted TRANSMISSIONFACTORS and ALBEDO 

respectively; the rooting depths and the root closure 

density be denoted ROOTINGDEPTHS and ROOTCLOSUREDENSITIES 

respectively; and the dormancy temperature, roughness 

length, and rate of root expansion after release be denoted 

DORMANCYTEMP, ROUGHNESSLENGTH, and ROOTCLOSURERATES 

respectively. 

Let the slash decay rate and the slash to mer­

chantable volume ratio be denoted SLASHDECAYRATES and 
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SLASHRATIO respectively; and the maximum volume at full 

stocking and the associated annual litter fall, equilibrium 

litter depth, and interception capacity be denoted 

MAXVOLUMES, MAXLITTERFALLS, EQUILIBRIUMLITTER, and 

MAXINTERCEPTIONS respectively. 

Let these 13 sets be defined as follows: 

MAXLITTERFALLS = MAXINTERCEPTIONS = SLASHDEAYRATES 

= ROOTCLOSURERATES = DORMANCYTEMP = EQUILIBRIUMLITTER 

= FUNCTIONS(SPECIES, R+), ALBEDO = SLASHRATIOS = FUNCTIONS 

(SPECIES, R[0,1]), TRANSMISSIONFACTORS = ROOTCLOSUREDENSITIES 

= ROUGHNESSLENGTHS = MAXVOLUMES = FUNCTIONS(SPECIES X AGES, 

R+), ROOTINGDEPTHS = FUNCTIONS(SPECIES X AGES X SOILS, R+). 

4.1.1.5 Couplings. The basic couplings are the 

unit coupling, the reach coupling, the unit reach coupling, 

and the treatment set assignment. These are fully discussed 

in later chapters. 

Let the unit coupling, the reach coupling, the unit 

reach coupling, and the treatment set assignment be denoted 

UNITCOUPLING, REACHCOUPLING, UNITREACHCOUPLING, and 

TREATMENTSETS respectively and be defined as follows: 

UNITCOUPLING = FUNCTIONS(UNITS X UNITS, R[0,l]), 

UNITREACHCOUPLING = FUNCTIONS(UNITS X REACHES, R[0,l]), 

REACHCOUPLING = FUNCTIONS(REACHES X REACHES,{0,1}), 

TREATMENTSETS = FUNCTIONS(UNITS, SUBSETS(UNITS)). 
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If c e UNITCOUPLING and u,u'e UNITS, then c(u',u) is 

the fraction of the subsurface and surface flow frum unit u' 

which goes into unit u. A similar convention holds for 

UNITREACHCOUPLING and REACHCOUPLING. 

4.1.1.6 Treatment Description. A treatment 

description is characterized by describing the overstory 

type, the understory type, the crown closure, the understory 

volume, the overstory volume, the overstory age, the under­

story age, the fraction of slash treated, and the type of 

treatment. 

Let the overstory type, the understory type, and the 

relative crown closure be denoted OVERSTORY, UNDERSTORY, and 

CROWNCLOSURE respectively; the overstory volume, the under­

story volume, the overstory age class, and the understory 

age class be denoted OVERVOLUME, UNDERVOLUME, OVERSTORYAGE, 

and UNDERSTORYAGE respectively; and the fraction of slash 

treated and the treatment type be denoted SLASHTREATED and 

TREATMENTTYPE respectively. 

Let these 9 sets be defined as follows: OVERSTORY 

= UNDERSTORY = FUNCTIONS(UNITS, SPECIES), CROWNCLOSURE 

= SLASHTREATED = FUNCTIONS(UNITS, R[0,l])f OVERVOLUME 

= UNDERVOLUME = FUNCTIONS(UNITS, R+), OVERSTORYAGE 

= UNDERSTORYAGE = FUNCTIONS(UNITS, AGES), TREATMENTTYPE 

= FUNCTIONS(UNITS,{NONE, NATURAL, STRIP, CLEAR, THIN, 

OTHER}). 
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4.1.1.7 Time. The time variables are the current 

date, the date of the next treatment, the current time 

interval, and the current time. 

Let the date of the next treatment be denoted 

TREATMENTDATE and be defined as follows: TREATMENTDATE 

= ICOOOIOI,991231]. Let the set TIMEINTD be defined as 

follows: TIMEINTD = I[300,43200 ]. Let the sets DATE and 

CLOCK defined in Section 4.3.2., 5 be input ports of ZDESCRIP. 

4.1.1.8 Summary. Let the input ports of ZDESCRIP 

be defined as follows: INPUTPORTS(ZDESCRIP) = [NOUNITD, 

NOREACHESD, NOSPECIE, NOAGES, NOSOILS, NGEOL, LATITUDE, 

AREAS, ELEVATIONS, SLOPES, ASPECTS, GEOLOGIC, SOILASSIGNMENT, 

SEEPAGELOSS, CAPCOND, SUBCOND, CHANCOND, SURFACESOILDEPTHS, 

SUBSOILDEPTHS, SuRFACECAP, SUBSOILCAP, SuRFACEFIELD, 

SUBSOILFIELD, TEXTUR, KGEOLOGY, MAXLITTERFALLS, 

MAXINTERCEPTIONS, SLASHDECAYRATES, ROOTCLOSURERATES, 

DORMANCYTEMP, ALBEDO, EQUILIBRIUMLITTER, SLASHRATIO, 

TRANSMISSIONFACTORS, ROOTCLOSUREDENSITIES, ROUGHNESSLENGTH, 

MAXVOLUMES, ROOTINGDEPTHS, UNITCOUPLING, REACHCOUPLING, 

UNITREACHCOUPLING, TREATMENTSETS, OVERSTOR*, UNDERSTORY, 

CROWNCLOSURE, SLASHTREATED, OVERVOLUME, UNDERVOLUME, 

OVERSTORYAGE, UNDERSTORYAGE, TREATMENTYPE, TREATMENTDATE, 

TIMEINTD, DATE, CLOCK}. 



63 

4.1.2 The State Variables of ZDESCRIP 

For definition purposes, the state variables are 

divided into the same classes as the input variables. 

4.1.2.1 The Basic Sets. Let the sets NOUNITSD, 

NOREACHESD, and NOAGES defined in Section 4.1.1.1 be 

included as state variable sets. 

4.1.2.2 Physiographic. Let the sets AREAS, 

GEOLOGIC, SLOPES, SLOPELENGTHS, SOILASSIGNMENT, ELEVATIONS, 

and SEEPAGELOSS defined in Section 4.1.1.2 be included as 

state variable sets. 

There are certain radiation parameters needed to 

estimate solar radiation on the units. These are functions 

of the latitude, aspect, and slope. Let the sets T1, T2, 

SASS, COSSQ, CLAT, and SLAT determine state variables where: 

CLAT = SLAT = R[-l,l], T1 = T2 - SASS = FUNCTIONS(UNITS, 

R[-l,l]), COSSQ = FUNCTIONS (UNITS, R[0,l]). 

4.1.2.3 Soil Descriptions. Let the sets 

SURFACESOILDEPTHS, SUBSOILDEPTHS, CAPCOND, SUBCOND, 

CHANCOND, MINDEPRESSIGN, and KGEOLOGY determine state 

variables. Let the variables for the saturated water 

content of the surface soil and subsoil layers be denoted 

SURFACESOILCAP and SUBSOILCAPACITY respectively, field 

capacity water content of the surface soil and subsoil 

layers be denoted SURFACEFIELDCAP and SUBSOILFIELDCAP 
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respectively, and the variable indexing soil texture be 

denoted TEXTURE. 

Let the undefined sets be defined as follows: 

TEXTURE = FUNCTIONS(UNITS,[l.3 7 , 1 . 4 0 , 1 . 4 3 } ) , SURFACESOILCAP 

= SUBSOILCAPACITY = SURFACEFIELDCAP = SUBSOILFIELDCAP 

= FUNCTIONS(UNITS, R+). 

4 . 1 . 2 . 4  Vegetation Parameters. Let the sets 

MAXLITTERFALLS, MAXINTERCEPTIONS, SLASHDECAYRATES, 

ROOTCLOSURERATES, ALBEDO, SLASHRATIOS, TRANSMISSIONFACTORS, 

ROOTINGDEPTHS, MAXVOLUMES, DORMANCYTEMP, EQUILIBRIUMLITTER, 

ROOTCLOSUREDENSITIES, and ROUGHNESSLENGTHS, defined in 

Section 4.1.1.4, determine state variables. 

Let the litter decay rate be denoted LITTERDECAYRATE 

and be defined as follows: LITTERDECAYRATE = FUNCTIONS 

(SPECIES,R+). 

4 . 1 . 2 . 5  Couplings. Let the sets UNITCOUPLINGS, 

REACHCOUPLINGS, UNITREACHCOUPLINGS, and TREATMENTSETS, 

defined in Section 4.1.1.5 determine state variables. 

4 . 1 . 2 . 6  Treatment Description. Let the sets 

OVERSTORY, uNDERSTORY, TREAtMENTTYPE, CROWNCLOSURE, 

OVERVOLUME, UNDERVOLUME, OVERSTORYAGE, UNDERSTORYAGE, and 

SLASHTREATED, defined in Section 4.1.1.6 determine 

state variables. Let the flag which indicates whether a 
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treatment has occurred on at least one unit be denoted FLAG 

and be defined as follows: FLAG = [CHANGE,NOCHANGE}. 

4.1.2.7 Time. Let the set TREATMENTDATE defined 

in Section 4.1.1.7 determine a state variable. Let the 

total elapsed time since the start of the study or simula­

tion be denoted TOTALTIME and be defined as follows: 

TOTALTIME = I++. 

4.1.3 Definition of ZDESCRIP 

Let the ecosystem description system be a discrete 

system denoted ZDESCRIP and be defined as follows: 

INPUTS(ZDESCRIP) = X INPUTPORTS(ZDESCRIP); STATES(ZDESCRIP) 

= X[NOUNITSD, NOREACHESD, NOAGES, AREAS, GEOLOGIC, SLOPES, 

SLOPELENGTHS, SOILASSIGNMENT, ELEVATIONS, SEEPAGELOSS, T1, 

T2, SASS, COSSQ, CLAT, SLAT, SURFACESOILDEPTHS, 

SUBSOILDEPTHS, CAPCOND, SUBCOND, CHANCOND, MINDEPRESSION, 

KGEOLOGY, SURFACESOILCAP, SUBSOILCAPACITY, TEXTURE, 

SuRFACEFIELDCAP, SuBSOILFIELDCAP, MAXLITTERFALLS, ALBEDO, 

MAXINTERCEPTIONS, MAXVOLUMES, SLASHDECAYRATES, 

ROOTCLOSURERATES, SLASHRATIOS, T RAN SMISSIONFACT ORS, 

ROOTINGDEPTHS, DORMANCYTEMP, EQuILIBRIUMLlTTER, 

ROOTCLOSUREDENSITIES, ROUGHNESSLENGTHS, LITTERDECAYRATE, 

UNITCOUPLINGS, REACHCOUPLINGS, TREATMENTSETS , 

UNITREACHCOUPLINGS, OVERSTORY, UNDERSTORY, TREATMENTTYPE, 

CROWNCLOSURE, OVERVOLUME, UNDERVOLUME, OVERSTORYAGE, 

UNDERSTORYAGE, SLASHTREATED, FLAG, TREATMENTDATE, TOTALTIME}. 
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Let p e INPUTS(ZDESCRIP), x e STATES(ZDESCRIP), 

u e UNITS = I [ 1, p (NOUNITSD)], v e SOILS = I[1,p(NOSIOLS)], 

w e SPECIES = I[ 1 ,p (NOSPECIES ) ]. The following equations 

define slave variables which form the basis for the defini­

tion of the state transition function for ZDESCRIP: 

timeint = p(TIMEINT); (4.1.3.1) 

date = p(DATE); (4.1.3.2) 

time = p(CLOCK)• (4.1.3.3) 

totaltime = x(TOTALTIME) + timeint; (4.1.3.4) 

texture(v) = 1.37 if x(TOTALTIME) = 0 and 

(p(TEXTUR))(v) = CLAY, 

= 1.40 if x(TOTALTIME) = 0 and (p(TEXTUR) )(v) = LOAM, 

= 1.43 if x(TOTALTIME) = 0 and (p(TEXTUR))(v) = SAND, 

= (x(TEXTURE))(v) if x(TOTALTIME) £ 0; (4.1.3.5) 

kgol = p(KGEOLOGY) if x(TOTALTIME) = 0, 

= x(KGEOLOGY) if x(TOTALTIME) £ 0; (4.1.3.6) 

treatmentset = p(TREATMENTSETS) if x(TOTALTIME) = 0, 

= x(TREATMENTSETS) if x(TOTALTIME) ^0; (4.1.3.7) 

geology = p(GEOLOGIC) if X(TOTALTIME) = 0, 

= x( GEOLOGIC) if x( TOTALTIME ) jL 0; (4.1.3.8) 

soiltype = p(SOILASSIGNMENT) if x(TOTALTIME) = 0, 

= x(SOILASSIGNMENT) if x(TOTALTIME) £ 0; (4.1.3.9) 



surfacesoilcapacity(v) = (p(SURFACECAP))(v)*(p 

(SURFACESOILDEPTHS))(v) if x(TOTALTIME) = 0, 

= (x(SURFACESOILCAP))(v) if x(TOTALTIME) ^ 0; 

(4.1.3.10) 

subsoildepth = p(SUBSOILDEPTHS) if x(TOTALTIME) = 0, 

= x(SUBSOILDEPTH) if x(TOTALTIME) ^ 0; (4.1.3.11) 

subsoilcapacity(v) = ((p(SUBSOILDEPTHS))(v) 

- (p(SURFACESOILDEPTHS))(v))*(p(SUBSOILCAP))(v) 

if x(TOTALTIME) =  0 ,  =  (x(SUBSOILCAPACITY))(v) 

if x(TOTALTIME ) jL 0; (4.1.3.12) 

mindepression = p(MINDEPRESSION) if x(TOTALTIME) = 0, 

= x(MINDEPRESSION) if x(TOTALTIME) ^ 0; (4.1.3.13) 

nounits = p(NOUNITSD) if x(TOTALTIME) = 0, 

= x(NOUNITSD) if x(TOTALTIME) jL 0; (4.1.3.14) 

noreaches = p(NOREACHESD) if x(TOTALTlME) = 0, 

= x(NOREACHESD) if x(TOTALTIME) ^ 0; (4.1.3.15) 

area = p(AREAS) if x(TOTALTIME) = 0, = x(AREAS) 

if x(TOTALTIME) ^ 0; (4.1.3.16) 

seepagelosses = p(SEEPAGELOSS) if x(TOTALTIME) = 0, 

= x(SEEPAGELOSS) if x(TOTALTIME) ^ 0; (4.1.3.17) 

Slope = p(SLOPES) if x(TOTALTIME) = 0, 

= x(SLOPES) if x(TOTALTIME) ^ 0; (4.1.3.18) 



elevation = p(ELEVATIONS) if x(TOTALTIME) = 0, 

= x(ELEVATIONS) if x(TOTALTIME) ^ 0; (4.1.3.19) 

slopelength = p(SLOPELENGTHS) * 30.48 

if x(TOTALTIME) = 0, = x(SLOPELENGTHS) 

if x(TOTALTIME) ^ 0; (4.1.3.20) 

surfacefieldcap(v) = (p(SuRFACEFIELD))(v) 

* (p(SURFACESOILDEPTHS))(v) if x(TOTALTIME) = 0, 

= (x(SURFACEFIELDCAP))(v) if x(TOTALTIME) £ 0; 

(4.1.3.21) 

subsoilfieldcap(v) = (p(SUBSOILFIELD))(v) 

* ((p(SUBSOILDEPTHS))(v) - (p(SURFACESOILDEPTHS))(v)) 

if x(TOTALTIME) = 0, = (x(SUBSOILFIELDCAP))(v) 

if x(TOTALTIME) ^ 0; (4.1.3.22) 

soilcapcond = p(CAPCOND) if x(TOTALTIME) = 0, 

= x(CAPCOND) , if x(TOTALTIME) £ 0; (4.1.3.23) 

subsoilCOnd = p(SUBCOND) if x(TOTALTIME) = 0, 

= x(SUBCOND) if x(TOTALTIME) ^ 0; (4.1.3.24) 

soilchancond = p(CHANCOND) if x(TOTALTIME) = 0, 

= X(CHANCOND) if x(TOTALTIME) ^ 0; (4.1.3.25) 

unitcoupling = p(UNITCOUPLINGS) if x(TOTALTIME) = 0, 

= x(UNITCOUPLINGS) if x(TOTALTIME) ^ 0; (4.1.3.26) 

reachcoupling = p(REACHCOUPLINGS) if x(TOTALTIME) = 0, 

= x(REACHCOUPLINGS) if x(TOTALTIME) ^ 0; (4.1.3.27) 
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unitreachcoupling = p(UNITREACHCOUPLINGS) 

if x(TOTALTIME) = 0, = x(UNITREACHCOUPLINGS) 

if x(TOTALTIME) £ 0; (4.1.3.28) 

maxvolume = p(MAXVOLuMES) if x(TOTALTIME) = 0, 

= x(MAXVOLUMES) if x(TOTALTIME) fk 0; (4.1.3.29) 

maxlitterfall(w) = (p(MAXLITTERFALLS))(w)/3.16.10**7) 

if x(TOTALTIME) = 0, = (x(MAXLITTERFALLS))(w) 

if x(TOTALTIME) ^ 0; (4.1.3.30) 

maxinterception = p(MAXINTERCEPTIONS) 

if x(TOTALTIME) = 0, = x(MAXINTERCEPTIONS) 

if x(TOTALTIME) ^ 0; (4.1.3.31) 

slashdecayrate(w) = (p(SLASHDECAYRATES))(w)/(3.16*10**7) 

if x(TOTALTIME) = 0, = (x(SLASHDECAYRATES))(w) 

if x(TOTALTIME) / 0; (4.1.3.32) 

rootclosurerate(w) = (p(ROOTCLOSURERATES))(w)/ 

(3.16*10**7) if x(TOTALTIME) = 0, 

= (x(ROOTCLOSURERATES))(w) if x(TOTALTIME) ^ 0; 

(4.1.3.33) 

litterdecayrate(w) = (maxlitterf all (w)/ 

((p(EQUILIBRIUMLITTER))(w) + maxlitterfall(w)))/ 

(3.16*10**7) if x(TOTALTIME) = 0, 

= (x(LITTERDECAYRATE))(w) if x(TOTALTIME) ^ 0; 

(4.1.3.34) 
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dormancytemp = p(DORMANCYTEMP) if x(TOTALTIME) = 0, 

= x(DORMANCYTEMP) if x(TOTALTIME) ^ 0; (4.1.3.35) 

albedo = p(ALBEDO) if x(TOTALTIME) = 0, 

= x(ALBEDO) if x(TOTALTIME) £ 0; (4.1.3.36) 

slashratio = p(SLASHRATIOS) if x(TOTALTIME) = 0, 

= x(SLASHRATIOS) if x(TOTALTIME) ^ 0; (4.1.3.37) 

rootclosuredensity = p(ROOTCLOSUREDENSITIES) 

if x(TOTALTIME) = 0, = x( ROOTCLOSUREDENSITIES) 

if x (T Oi'ALT I ME ) £ 0; (4.1.3.38) 

transmissionfactor = p(TRANSMISSIONFACTORS) 

if x(TOTALTIME) = 0, = x(TRANSMISSIONFACTORS) 

if x(TOTALTIME) ^ 0; (4.1.3.39) 

roughnesslength = p(ROUGHNESSLENGTHS) 

if x(TOTALTIME) = 0, = x(ROUGHNESSLENGTHS) 

if x(TOTALTIME) ^ 0; (4.1.3.40) 

rootingdepth = p(ROOTINGDEPTHS) if x(TOTALTIME) = 0, 

= x(ROOTINGDEPTHS) if x(TOTALTIME) ^ 0; (4.1.3.41) 

equilibriumlitter = p(EQUILIBRIUMLITTER) 

if x(TOTALTIME) = 0, = x(EQUILIBRIUMLITTER) 

if x(TOTALTIME) £ 0; (4.1.3.42) 

azimuth(u) = (p(ASPECTS))(u) * .01745; (4.1.3.43) 

sloperad(u) = arctan((p(SLOPES))(u)); (4.1.3.44) 
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latitude = (p(LATITUDE)) * .01745 if x(TOTALTIME) = 0, 

= x(LATITUDE) if x(TOTALTIME) £ 0; (4.1.3.45) 

cass(u) = -cos(azimuth(u)) * sin(sloperad(u));(4.1.3.46) 

coss(u) = cos(sloperad(u)); (4.1.3.47) 

sass(u) = sin(azimuth(u)) * sin(sloperad(u)) 

if x(TOTALTIME) = 0, = (x(SASS))(u) 

if x (T OT ALT IME ) jk 0; (4.1.3.48) 

cossq(u) = (cos(sloperad(u)/2))**2 if x(TOTALTIME) = 0, 

= (x(COSSQ)) (u) if x(TOTALTIME) ^ 0; (4.1.3.49) 

slat = sin(latitude) if x(TOTALTIME) = 0, 

= x(SLAT) if x(TOTALTIME) ^ 0; (4.1.3.50) 

clat = cos(latitude) if x(TOTALTIME) = 0, 

= x(CLAT) if x(TOTALTIME) ^ 0; (4.1.3.51) 

surfaceso ildepth = p(SURFACESOILDEPTHS) 

if x(TOTALTIME) = 0, = x(SURFACESOILDEPTHS) 

if x(TOTALTIME) ^ 0; (4.1.3.52) 

noages = p(NOAGES) if x(TOTALTIME) = 0, 

= x(NOAGES) if x(TOTALTIME) ^ 0; (4.1.3.53) 

tone(u) = coss(u)*slat + cos(u)*clat 

if x(TOTALTIME) = 0 , = (x(Tl))(u) 

if x(TOTALTIME) ^ 0; (4.1.3.54) 
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ttwo(u) = -cass(u)*clat + coss(u)*slat 

if x(TOTALTIME) = 0, = (x(T2))(u) 

if x(TOTALTIME) ^ 0; (4.1.3.55) 

treatmentdate = p(TREATMENTDATE) if p(DATE) 

> x(TREATMENTDATE), = x(TREATMENTDATE) 

if p(DATE) < x(TREATMENTDATE); (4.1.3.56) 

treatmenttype(u) = NONE if time ^ 86400, 

= NONE if time = 86400 and treatmentdate ^ date, 

= (p(TREATMENT))(u) if time = 86400 and 

treatmentdate = date; (4.1.3.57) 

overstoryage (u ) = ( x( OVERSTORYAGE ) ) (u) 

if treatmenttype(u) = NONE and x(TOTALTIME) £ 0, 

= (p(OVERSTORYAGE))(u) if treatmenttype(u) £ NONE 

or x(TOTALTIME) = 0; (4.1.3.58) 

understoryage(u) = (x(UNDERSTORYAGE))(u) 

if treatmenttype(u) = NONE and x(TOTALTIME) ^ 0, 

= (p(UNDERSTORYAGE))(u) if treatmenttype(u) ^ NONE 

or x(TOTALTIME) = 0; (4.1.3.59) 

flag = CHANGE if time = 86400 and treatmentdate = date, 

= NOCHANGE if time £ 86400 or treatmentdate ^ date; 

(4.1.3.59) 

overvolume(u) = (x(OVERVOLuME))(u) if treatmenttype(u) 

= NONE and x(TOTALTIME) £ 0, = (p(OVERVOLUME))(u) 

if treatmenttype(u) ^ NONE or x(TOTALTIME) = 0; 

(4.1.3.60) 



undervolume(u) = (x(UNDERVOLUME))(u) if treatmenttype(u) 

= NONE and x(TOTALTIME) ^ 0, = (p(UNDERVOLUME))(u) 

if treatmenttype(u) ^ NONE or x(TOTALTIME) = 0; 

(4.1.3.61) 

crownclosure(u) = (x(CROWNCLOSURE))(u) 

if treatmenttype(u) = NONE and x(TOTALTIME) ^ 0, 

= (p(CROWNCLOSURE))(u) if treatmenttype(u) £ NONE 

or x(TOTALTIME) = 0; (4.1.3.62) 

overstorytype(u) = (x(OVERSTORY))(u) if treatmenttype(u) 

= NONE and x(TOTALTIME) ^ 0, = (p(OVERSTORY))(u) 

if treatmenttype(u) ^ NONE or x(TOTALTIME) = 0; 

(4.1.3.63) 

understorytype(u) = (x(UNDERSTORY))(u) 

if treatmenttype(u) = NONE and x(TOTALTIME) ^ 0, 

= (p(UNDERSTORY))(u) if treatmenttype(u) ^ NONE 

or x(TOTALTIME) = 0; (4.1.3.64) 

slashtreated(u) = (p(SLASHTREATED))(u) 

if treatmenttype(u) ^ NONE or x(TOTALTIME) = 0, 

= (x(SLASHTREATED))(u) if treatmenttype(u) = NONE 

and x(TOTALTIME) ^ 0. (4.1.3.65) 

Let MOTION(ZDESCRIP) = a  where a  is defined as 

follows: (a(cp,1)(x))(NOUNITSD) = nounits, 

(a(cp,l)(x))(NOREACHESD) = reaches, (a(cp,1)(x))(AREAS) 

= area, (a(cp,l)(x))(UNITCOuPLINGS) = unitcoupling, 

(a(cp,1)(x))(REACHCOUPLINGS) = reachcoupling, 



(cr ( cp, 1) (x) ) ( SOILASSIGNMENT ) = soiltype, 

(<r( cp, 1) ( x) ) (UNITREACHCOUPLINGS) = unitreachcoupling, 

(cr(cp,l)(x))(ELEVATIONS) = elevation, (a(cp,1)(x))(SLOPES) 

= slope, (cr( cp, 1 (x) ) (SLOPELENGTHS ) = slopelength, 

(CT(cp,1(x))(SURFACESOILDEPTHS) = surfacesoildepth, 

(a(cp,1(x))(CAPCOND) = soilcapcond, 

(CT(cp,1(x))(SUBSOILDEPTHS) = subsoildepth, 

( c r (cp,l(x) ) (SUBCOND) = subsoil cond , (  a  ( cp , 1 ( x) ) (CHANCOND) 

= soilchancond, ((a(cp,1)(x))(TEXTURE))(v) = texture (v), 

((ct(cp,1)(x))(MINDEPRESSION) = mindepression, 

(o(cp,l)x))(GEOLOGIC) = geology, (ct(cp,1(x))(MAXVOLUMES) 

= maxvolume, ((a(cp,1(x))(MAXLITTERFALLS))(w) 

= maxlitterfall(w), (a(cp,1)(x))(EQUILIBRIUMLITTER) 

= equilibriumlitter, (ct(cp,1)(x))(MAXINTERCEPTIONS) 

= maxinterception, ((CT(cp,1)(x))(SLASHDECAYRATES))(w) 

= slashdecayrate(w), (CT(cp,1)(x))(ROOTCLOSURERATES) 

= rootclosurerate , (<r( cp, 1)( x) ) (ALBEDO) = albedo, 

( cr( cp, 1 ( x) ) (DORMANCYTEMP) = dormancy temp, 

(CT(cp,1)(x))(TREATMENTDATE) = treatmentdate, 

(a(cp,1)(x))(SLASHRATIOS) = slashratio, 

(a(cp,1)(x))(ROOTCLOSUREDENSITIES) = rootclosuredensity, 

(a(cp,1(x))(TRANSMISSIONFACTORS) = transmissionfactor, 

( cr ( cp, 1) ( x) ) ( ROOTINGDEPTHS ) = roo tingdepth, 

( ( cr( cp, 1) ( x) ) (OVERSTORY ) ) (u ) = o verstorytype (u) , 

((a(cp,l(x))(UNDERSTORY))(u) = understorytype(u), 

((CT(cp,l(x))(TREATMENTTYPE))(u) = treatment(u), 
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((o(cp,1(x))(CROWNCLOSURE))(u) = crownclosure(u), 

( cr(cp,l) (x) ) (TREATMENT SETS) = treatmentset, 

( a( cp , 1) ( x) ) (KGEOLOGY ) = kgeol , 

((ct(cp,1(x))(UNDERVOLUME))(u) = undervolume(u), 

((a(cp,1)(x))(OVERVOLuME))(u) = overvolume(u), 

((a(cp,l)(x))(SLASHTREATED))(u) = slashtreated(u), 

(a(cp,1)(x))(SEEPAGELOSS) = seepageloss, 

(ct(cp,1)(x))(ROuGHNESSLENGTHS) = roughnesslength, 

((cr(cp,1)(x))(T1))(u) = tone(u), ((ct(cp,1)(x))(SASS))(u) 

= sass(u), ((ct(cp,1(x))(T2))(u) = ttwo(u), 

((a(cp,1)(x))(COSSQ))(u) = cossq(u), (a(cp,1(x))(CLAT) 

= clat, (ff(cp,l)(x))(SLAT) = slat, (ct(cp,1(x))(TOTALTIME) 

= totaltime, (a(cp,1)(x))(SURFACESOILCAP))(v) 

= surfacesoilcapacity (v) , ( (cr( cp , 1) (x) ) (SUBSOILCAPACITY ) ) (v) 

= subsoilcapacity(v), ((ct(cp,1)(x))(SuRFACEFIELDCAP))(v) 

= surfacefieldcap( v) , ( ( <j( cp , 1 ( x) ) ( SUBSOILFIELDCAP) ) (v) 

= subsoilfieldcap(v), (cr(cp,1)(x))(LITTERDECAYRATE) 

= litterdecayrate , ( (a( cp, 1) ( x) ) (OVERSTORiAGE ) ) (u ) 

= overstoryage(u), ((ct(cp,1)(x))(UNDERSTORYAGE))(u) 

= understoryage (u ) , ( cr( cp , 1) ( x) ) (NOAGES ) = no ages , and 

(a(cp,1)(x))(FLAG) = flag. 

4.1.4 Discussion of MOTION(ZDESCRIP) 

If one studies the definition of MOTION(ZDESCRIP) it 

is obvious that the system acts as an inventory data bank. 

It reads in basic descriptive data and parameter values. It 
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computes basic parameter values needed by other components 

of the overall system. It reads in the date of the next 

treatment and when that date arrives it reads in the new 

vegetation and treatment description on each unit that was 

treated or changed by natural growth processes. Hence it 

maintains a current description of the ecosystem. 

The system does not allow for changes other than 

vegetation manipulation. If one wanted to allow for 

changes caused by practices such as terracing, ditching, 

channel changes, reservoir construction, and so on, he 

would have to modify the system accordingly. This could 

easily be done following the basic methodology used for 

vegetation manipulation changes. 

4.2 Definition of the Ecosystem 
Climate Component 

This system acts as both a data bank and a data 

processing and generating system. It reads in and stores 

basic climatic parameters and makes these available when 

needed. It also reads in and processes one of two types 

of climatic records, either the daily record or the slope-

break record. The daily record consists of daily 

precipitation, maximum and minimum temperature, humidity, 

and wind movement. The slope break record consists of 

constant intensity precipitation increments over varying 

time intervals, maximum and minimum temperature, maximum and 

minimum humidity, and daily wind movement. For either type 



of record the system outputs the weather conditions at the 

climatic stations and estimated global radiation on each 

unit for a time interval which may vary from five minutes 

to twelve hours. 

4.2.1 The Input Ports of ZCLIMATE 

The input ports have been divided into five classes 

in order to simplify the definitions. A symbol for each 

variable is introduced, an intuitive meaning is attached to 

the variable, and the variable is formally defined. 

4.2.1.1 The Basic Sets. The basic sets here are 

the set of homogeneous units and the set of climatic 

stations associated with these units. There may be more 

than one station on the ecosystem, but only one station may 

be associated with a particular unit. 

Let the set NOUNITS be isomorphic to the set 

NOUNITSD defined in Section 4.1.2.1. Let the number of 

climatic stations be denoted NOSTATIONS and be defined as 

follows: NOSTATIONS = I+. Let the set of all climatic 

stations be denoted STATIONS where STATIONS C I+ not empty. 

Let the station to unit assignment be denoted 

STATIONASSIGNMENTS and be defined as follows: 

STATIONA SSIGNMENT S = FUNCTIONS(UNITS, STATIONS). 
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4.2.1.2 Radiation Parameters. The system estimates 

global radiation on each unit and requires physiographic 

parameters and atmospheric transmissivities. 

The physiographic parameters were defined in 

Section 4.1.2.2 and the sets for these are CLAT , SLAT, 

T1,T2, COSSQ, and SASS. 

Let the mean monthly atmospheric transmissivity and 

the monthly clear sky transmissivity be denoted 

TRANSMISSIVITIES and CLEARTRANS respectively and be defined 

as follows: TRANSMISSIVITIES = CLEARTRANS = FUNCTIONS 

(I[l,12] ,R[0,O . 

4.2.1.3 Climatic Parameters. Climatic parameters 

include those which describe the stations and climate-

elevation relationships. 

Let the type of record, daily or slope-break, be 

denoted RECORDTYPE where RECORDTYPE = {DAILY, SLOPE}. Daily 

records are generally available while slope-break records 

are available only at small experimental watersheds. 

Processing multiple non-synchronous slope break records 

would be complex and time consuming. Hence if the record 

type is slope-break, only one station is allowed. Multiple 

daily stations are permitted however. 

Let the station elevations and the anemometer height 

at each station be denoted STATIONELEVATION and WINDELEV 

respectively where STATIONELEVATION = WINDELEV 



79 

= FUNCTIONS(STATIONS, R+). Let the sets for the parameters 

of the precipitation-elevation relationship and the 

temperature-elevation relationship be denoted PRECIPELEVATION 

and TEMPELEVATION respectively where PRECIPELEVATION = 

TEMPELEVATION = FUNCTIONS(I[1,12],R3). Let the set 

UNITELEV be isomorphic to the set ELEVATIONS defined in 

Section 4.1.1.2. 

4.2.1.4 Weather Inputs. Climate is weather over 

time and the basic weather inputs are precipitation, 

temperature, humidity, and wind. Requirements differ 

depending on the record type. 

Let the basic slope break precipitation record be 

denoted PRECIPRECORD and be defined as follows: PRECIPRECORD 

= FUNCTIONS(I[1,10],I[0,24] Xl[0,60] XR[0,10]). This 

corresponds to one typical punched card record. While not 

a weather input, let the daily streamflow into the water­

shed's main channel from an upstream watershed (or base 

flow, or both) be denoted DWATERSHEDINFLOW where 

DWATERSHEDINFLOW = REACHES X R++. Let the daily humidity, 

the daily precipitation, and the daily wind movement be 

denoted DHUMID, DEPRECIP, and DWIND respectively. Let the 

daily maximum and minimum temperature and maximum and 

minimum humidity be denoted TMAX, TMIN, HMAX; and HMIN 

respectively. 
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Let these 7 sets be defined as follows: HMAX = HMIN 

= DHUMID = FUNCTIONS(STATIONS,R[0,1]), TMAX = TMIN 

= FUNCTIONS(STATIONS,R[-58,122]), DWIND = DPRECIP 

= FUNCTIONS (STATIONS , R++). 

4.2.1.5 Time. Let the variables for the month, 

day, and year be denoted MONTH, DAY, YEAR respectively 

where MONTH = lHl,12]f DAY = I[l,3l], YEAR = [0 ,99 3. The 

current month, day, and year is provided by weather data 

supplied on a daily basis. However, the slope break 

precipitation record is not provided on a daily basis but 

rather when precipitation occurs. Hence it is necessary to 

read in a record and the date of that record and wait until 

that date arrives before processing the record. Let the 

date of the slope break precipitation record be denoted 

PDATE where PDATE = I[000101, 991231 ]. 

The system operates on a real time interval which 

may vary from five minutes to twelve hours. Let the maximum 

allowable time interval be denoted MAXDT where MAXDT 

= I[300,43200]. 

4.2.1.6 Summary. Let the input ports of 3CLIMATE 

be defined as follows: INPUTPORTS(ZCLIMATE) = {NOUNITS, 

NOSTATIONS, STATIONASSIGNMENTS, CLAT, SLAT, T1, T2, COSSQ, 

SASS, TRANSMISSIVITIES, CLEARTRANS, RECORDTYPE, 

STATIONELEVATION, WINDELEV, UNITELEV, PRECIPELEVATION, 

TEMPELEVATION, PRECIPRECORD, DHUMID, DPRECIP, DWIND, TMAX, 
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TMIN, HMAX, HMIN, MONTH, DAY, YEAR, PDATE, MAXDT, 

DWATERSHEDINFLOW}. 

4.2.2 The State Variables of 3CLIMATE 

The state variables are broken into classes and 

defined in a manner similar to that in Section 4.2.1. 

4.2.2.1 The Basic Sets. Let the sets NOSTATIONS 

and STATIONASSIGNMENTS defined in Section 4.2.1.1 be 

included as state variable sets. 

4.2.2.2 Radiation Parameters. Let the sets 

TRANSMISSIVITIES and CLEARTRANS defined in Section 4.2.1.2 

be included as state variable sets. To save computational 

time in the calculation of global radiation additional 

variables are needed. These are the sun period (or month-

day) of the current date and the next day's date, the solar 

constant for that sun period, and the declination for that 

sun period which are denoted SUNPERIOD, NEWSUNPERIOD, 

SOLARCONSTANT, and DECLINATION respectively. 

The system computes the global radiation on each 

unit for the current time interval, and the ratio squared 

of actual global radiation on a horizontal surface to 

potential clear sky radiation on a horizontal surface at the 

latitude of the watershed. Let the global radiation be 

denoted GLOBALRADIATION and the ratio be denoted 

RADIATIONRATIO. 
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Let the undefined variables be defined as follows: 

SuNPERIOD = NEWSUNPERIOD = l[0101 ,1231 ] , SOLARCONSTANT 

= R[l.94,2.07], DECLINATION = R[-.411,.411], GLOBALRADIATION 

= FUNCTIONS(UNITS, R++), and RADIATIONRATIO = R[O,I]. 

4.2.2.3 Climatic Parameters. Let the sets 

WINDELEV, STATIONELEVATION, TEMPELEVATION, PRECIPELEVATION, 

and RECORDTYPE, defined in Section 4.2.1.3, be included as 

state variable sets. 

4.2.2.4 Weather Inputs. The method of processing 

maximum and minimum temperature or humidity readings 

requires that the current day's weather and the next day's 

weather be available to the system. Processing slope break 

records requires a counter and storage of a modified slope-

break record. The system also computes weather conditions 

during the current time interval for output to other 

components. 

Let the sets DPRECIP, DWIND, DHUMID, TMAX, TMIN, 

UMAX, HMIN, and DWATERSHEDINFLOW defined in Section 4.2.1.4 

be included as state variable sets. 

Let the next day's daily precipitation, wind move­

ment, average humidity, maximum and minimum temperature, and 

maximum and minimum humidity be denoted NPRECIP, NEXTWIND, 

NHUMID, NTMAX, NTMIN, NHMAX, and NHMIN respectively and be 

defined as follows: NPRECIP = NEXTWIND = FUNCTIONS(STATIONS, 

R++), NTMAX = NTMIN = FUNCTIONS(STATIONS, R[-58,122]), 
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NHMAX = NHMIN = NHUMID = FUNCTIONS(STATIONS, R[o,l]). Let 

the last day's maximum temperature and minimum humidity be 

denoted OTMAX and OHMIN respectively where OTMAX 

= FUNCTIONS(STATIONS, R[-58,122]) and OHMIN = FUNCTIONS 

(STATIONS, R[0,l])„ Let the modified slope break record be 

denoted RECORD and be defined as follows: RECORD = FUNCTIONS 

(I[l,10], I[l,86400] X R[0,10]). 

Let the precipitation, temperature, humidity, and 

wind movement for the current time interval be denoted 

STATIONPRECIP, STATIONTEMPERATURE, STATIONHUMIDITY, and 

STATIONWIND respectively, and the watershed inflow from an 

upstream watershed for the current time interval be denoted 

WATERSHEDINFLOW. Let these five sets be defined as follows: 

STATIONPRECIP = STATIONWIND = FUNCTIONS(STATIONS,R++), 

STATIONHUMIDITY = FUNCTIONS(STATIONS, R[0,1]), 

STATIONTEMPERATURE = FUNCTIONS(STATIONS, [-50,50]), 

WATERSHEDINFLOW = REACHES X R++. 

Let the counter for the slope break record be 

denoted COUNTER where COUNTER = I[l,10]. 

The system computes the mean ten day temperature for 

each unit. Let the average daily temperatures for the last 

ten days at each station and the mean ten day temperature at 

each station and on each unit be denoted TENDAYTEMP, MTEMP, 

and MEANTEMPS respectively where: TENDAYTEMP = FUNCTIONS 

(STATIONS X lCl,10], R[-50,50]), MTEMP = FUNCTIONS(STATIONS, 

R[-50,50 ] ) , MEANTEMPS = FUNCTIONS(UNITS, R[-50,50]). 
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4.2.2.5 Time. Let the current date, the next 

day's date, the current month, and the next day's month be 

denoted DATE, NDATE, PERIOD, and NEWPERIOD respectively. 

Let the current time in seconds, the length of the current 

time interval in seconds, and the total elapsed time in 

seconds be denoted CLOCK, TIMEINT, and TOTALTIME respec­

tively. Let the sets PDATE and MAXDT defined in Section 

4.2.2.4 be included as state variable sets. 

Let the undefined sets be defined as follows: DATE 

= NDATE = I[000101,991231] , PERIOD = NEWPERIOD = l[l,l2], 

CLOCK = l[l, 86400], TIMEINT = I[5,43200], TOTALTIME = I++. 

4.2.3 Definition of 2CLIMATE 

Let the watershed climate system be a discrete 

system denoted ZCLIMATE and be defined as follows: INPUTS 

(2CLIMATE) = X INPUTPORTS(ZCLIMATE); STATES(ZCLIMATE) 

= X {NOSTATIONS, STATIONASSIGNMENTS, TRANSMISSIVITIES, 

CLEARTRANS, SUNPERIOD, NEWSUNPERIOD, SOLARCONSTANT, 

DECLINATION, RADIATIONRATIO, GL OBAL RADIATION, WINDELEV, 

STATIONELEVATION, TEMPELEVATION, PRECIPELEVATION, RECORDTYPE, 

DPRECIP, DWIND, DHUMID, TMAX, TMIN, HMAX, HMIN, 

DWATERSHEDINFLOW, NPRECIP, NHUMID, NEXTWIND, NTMAX, NTMIN, 

NHMIN, NHMAX, OTMAX, OHMIN, RECORD, STATIONTEMPERATURE, 

STATIONPRECIP, STATIONWIND, STATIONHUMIDITY, WATERSHEDINFLOW, 

COUNTER, TENDAYTEMP, MTEMP, MEANTEMPS, PDATE, MAXDT, DATE, 

NDATE, PERIOD, NEWPERIOD, CLOCK, TIMEINT, TOTALTIME}; and if 
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p e INPUTS(ZCLIMATE) let STATIONS = l[l,p(NOSTATIONS)], 

UNITS = l[l,p(NOUNITS) ], clat = p(CLAT), slat = p(SLAT), 

tone = p(Tl), ttwo = p(T2), cossq = p(COSSQ)f and 

unitelev = p(UNITELEV). 

Let x e STATES(ZCLIMATE); u e  UNITS, s e STATIONS, 

and h e CLOCK. The following equations define slave 

variables which form the basis for the definition of the 

state transition function of ZCLIMATE: 

instrumentelevation = p(WINDELEV) if x(TOTALTIME) = 0, 

= x(WINDELEV) if x(TOTALTIME) jL 0; (4.2.3.1) 

precipelev = p(PRECIPELEVATION) if x(TOTALTIME) = 0, 

= x(PRECIPELEVATION) if x(TOTALTIME) ^ 0; (4.2.3.2) 

tempelev = p(TEMPELEVATION) if x(TOTALTIME) = 0, 

= x(TEMPELEVATION) if x(TOTALTIME) ^ 0; (4.2.3.3) 

stationelevation = p(STATIONELEVATION) 

if x(TOTALTIME) = 0, = x(STATIONELEVATION) 

if x(TOTALTIME) yL 0; (4.2.3.4) 

transmissivities = p(TRANSMISSIVITIES) 

if x(TOTALTIME) = 0, = x(TRANSMISSIVITIES) 

if x(TOTALTIME) ^ 0; (4.2.3.5) 

cleartransmissivities = p(CLEARTRANS) 

if x(TOTALTIME) = 0, = x(CLEARTRANS) 

if x(TOTALTIME) £ 0; (4.2.3.6) 
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maxdt = p(MAXDT) if x(TOTALTIME) = 0, = x(MAXDT) 

if x(TOTALTIME) ^ 0; (4.2.3.7) 

flag = WAIT if x(DATE) < x(PDATE), = READ if x(DATE 

> x(PDATE), x(COUNTER) = 10, x(CLOCK) ^ 86400, 

= WAIT if x(DATE) > x(PDATE), x(COUNTER) ^ 10, 

x(CLOCK) ^ 86400, = READ if x(DATE) > x(PDATE), 

x(CLOCK) = 86400; (4.2.3.8) 

counter = 1 if flag = READ, tt^ (preciprecord ) (1) £ 0 

or ^2(preciprecord)(1) ^ 0; = 2 if flag = READ, 

tt̂  (preciprecord )(1) = 0 and tt̂  ( Preciprecord )(1) = 0; 

= x(COUNTER) + 1 if flag = WAIT, recordtype = SLOPE, 

and TT1(x(RECORD) ) (x(COuNTER) ) = x(CLOCK); 

= x(COUNTER) if flag = WAIT, recordtype = SLOPE and 

rr (x(RECORD) ) (x(COUNTER) ) ^ x(CLOCK), = x(COUNTER) 

if recordtype = DAILY; (4.2.3.9) 

pdate = x(PDATE) if flag = WAIT and recordtype = SLOPE, 

= p(PDATE) if flag = READ and recordtype = SLOPE, 

= 0 if recordtype = DAILY; (4.2.3.10) 

newperiod = p(MONTH) if x(CLOCK) = 86400, 

= x(NEWPERIOD) if x(CLOCK) £ 86400; (4.2.3.11) 

period = x(NEWPERIOD) if x(CLOCK) = 86400, 

= x(PERIOD) of x(CLOCK) £ 86400; (4.2.3.12) 

recordtype = p(RECORDTYPE) of x(TOTALTIME) = 0, 

= x(RECORDTYPE) if x(TOTALTIME) ^ 0; (4.2.3.13) 
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stationassignment(u) = 1 if x(TOTALTIME) = 0 and 

recordtype = SLOPE, = (p(STATIONASSIGNMENTS))(u) 

if x(TOTALTIME) = 0 and recordtype = DAILY, 

= (x(STATIONASSIGNMENTS))(u) if x(TOTALTIME) ^ 0; 

(4.2.3.14) 

nostations = 1 if x(TOTALTIME) = 0 and recordtype 

= SLOPE, = p(NOSTATIONS) if x(TOTALTIME) = 0 and 

recordtype = DAILY, = x(NOSTATIONS) 

if x(TOTALTIME) ^ 0; (4.2.3.15) 

dwaterinflow = p(DWATERSHEDINFLOW) if x(CLOCK) = 8 6400, 

= x(DWATERSHEDINFLOW) if x(CLOCK) £ 86400; (4.2.3.16) 

minhour(h) = 10800 if h > 86400 or h < 10,800, 

= 54000 if 10800 < h < 54000, = 86400 if 54000 < h 

< 86400; (4.2.3.17) 

m(h) = 1 if h > 86400, = INTEGER(h/maxdt) + 1 

if h < 86400; (4.2.3.18) 

clock = min{m(k)*maxdt, minhour(k), 

( x( RECORD) )( counter) } if pdate = date, 

(x( RECORD) ) (counter) = 0 where k = x (CLOCK) , 

= tt^ ( x( RECORD))( counter) if pdate = date, and 

n^(x(RECORD))(counter) ^ 0, for all x(CLOCK), 

= min{m(k)*maxdt, minhour(k), 86400} if pdate 

^ date where k = x(CLOCK); (4.2.3.19) 
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newsunperiod = p(MONTH) * 100 + p(DAY) if x(CLOCK) 

= 86400, = x(NEWSUNPERIOD) if x(CLOCK) ^ 86400; 

(4.2.3.20) 

sunperiod = x(NEWSUNPERIOD) if x(CLOCK) = 86400, 

= x(SUNPERIOD) if x(CLOCK) £ 86400; (4.2.3.21) 

ndate = p(iEAR) * 1000 + newsunperiod if x(CLOCK) 

= 86400, = x(NDATE) if x(CLOCK) £ 86400; (4.2.3.22) 

date = x(NDATE) if x(CLOCK) = 86400, = x(DATE) 

if x(CLOCK) ^ 86400; (4.2.3.23) 

nprecip = p(NPRECIP) if x(CLOCK) = 86400 and 

recordtype = DAILY, = x(NPRECIP) if x(CLOCK) 

•£ 86400 or recordtype DAILY; (4.2.3.24) 

dprecip = x(NPRECIP) if x(CLOCK) = 86400 and 

recordtype = DAILY, = x(DPRECIP) if x(CLOCK £ 86400 

or recordtype ^ DAILY; (4.2.3.25) 

nhumid = p(NHUMID) if x(CLOCK) = 86400 and 

recordtype = DAILY, = x(NHUMID) if x(CLOCK) ^ 86400 

or recordtype ^ DAILY; (4.2.3.26) 

dhumid = x(NHUMID) if x(CLOCK) = 86400 and 

recordtype = DAILY, = x(DHUMID) if x(CLOCK) ^ 86400 

or recordtype ^ DAILY; (4.2.3.27) 

TT^ (record )( i) = rr^ (preciprecord ) (i ) if flag = read and 

recordtype = SLOPE, = tt2 (x( RECORD))( i ) if flag = WAIT 

or recordtype ^ SLOPE, for i e I[l,10]; (4.2.3.28) 
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tt^ (record ) (1) = 3600*tt^ (preciprecord ) (1) 

+ 60*H2(preciprecord)(1) if flag = READ and 

record type = SLOPE, = tt̂  ( x( RECORD) )(1) 

if flag = WAIT or recordtype ^ SLOPE; (4.2.3.29) 

tt^ (record )( i ) = 3600*tt^ (preciprecord )( i ) 

+ 60*TT2 (preciprecord )(i ) if flag = READ and 

recordtype = SLOPE and tt (preciprecord)(i) £ 0, 

(preciprecord)(i) ^ 0, = 86400 if flag = READ and 

recordtype = SLOPE and rr^ (preciprecord )( i ) 

= rr^ (preciprecord )( i ) = 0, = rr^ (x( RECORD) )( i ) 

if flag = WAIT or recordtype ^ SLOPE, 

for i e I[ 2 ,10 ] ; (4.2.3.30) 

ntmax(s) = ((p(TMAX))(s)-32)*.5555 if x(CLOCK) = 86400, 

= (x(NTMAX))(s) if x(CLOCK) £ 86400; (4.2.3.31) 

tmax = x(NTMAX) if x(CLOCK) = 86400, = x(TMAX) 

if x(CLOCK) £ 86400; (4.2.3.32) 

nhmax = p(HMAX) if x(CLOCK) = 86400 and 

recordtype = SLOPE, = x(NHMAX) if x(CLOCK) ^ 86400 

or recordtype ^ SLOPE; (4.2.3.33) 

hmax = x(NHMAX) if x(CLOCK) = 86400 and 

recordtype = SLOPE, = x(HMAX) if x(CLOCK) ?£ 86400 

or recordtype ^ SLOPE; (4.2.3.34) 

ntmin(s) = ((p(TMIN))(s)-32)*.5555 if x(CLOCK) = 86400, 

= x(NTMIN) if x(CLOCK) / 86400; (4.2.3.35) 
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tmin = x(NTMIN) if x(CLOCK) = 86400, = x(TMIN) 

if x(CLOCK) £ 86400; (4.2.3.36) 

nhmin = p(HMIN) if x(CLOCK) = 86400 and 

recordtype = SLOPE, = x(NHMIN) if x(CLOCK) ^ 86400 

or recordtype ^ SLOPE; (4.2.3.37) 

hmin = x(NHMIN) if x(CLOCK) = 86400 and 

recordtype = SLOPE, = x(HMIN) if x(CLOCK) ^ 86400 

or recordtype ^ SLOPE; (4.2.3.38) 

ohmin = x(OHMIN) if x(CLOCK) ^ 86400 or 

recordtype ^ SLOPE, = x(HMIN) if x(CLOCK) = 86400 

and recordtype = SLOPE; (4.2.3.39) 

otmax = x(OTMAX) if x(CLOCK) ^ 86400, x(TMAX 

if x(CLOCK) = 86400; (4.2.3.40) 

temperature(s) = (x(OTMAX))(s) + (((x(TMIN))(s) 

—(x(OTMAX))(s))/43200) * (32400 + clock) 

if x(CLOCK) ^ 86400 and clock < 10800, = (x(TMAX))(s) 

+ (((x(HTMIN))(s)-(x(TMAX))(s))/43200)*(32400 + clock) 

if x(CLOCK) = 86400 and clock < 10800, 

= (((x(TMAX)(s)-(x(TMIN))(s))/43200)*(clock - 10800) 

+ (x(TMIN))(s) if 10800 < clock < 54000, 

= (x(TMSX))(s) + (((x(NTMIN))(s)-(x(TMAX))(s))/43200) 

*(clock - 54000) if clock > 54000; (4.2.3.41) 
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humidity(s) = (x(OHMIN))(s) + (((x(HMAX))(s) 

-(x(OHMAN))(s))/43200) * (32400 + clock) 

if x(CLOCK) ^ 86400 and clock < 10800 and 

recordtype = SLOPE, = (x(HMIN))(s) + (((x(NHMAX))(s) 

-(x(HMIN))(s))/43200)*(32400 + clock) if x(CLOCK) 

= 86400, clock < 10800 and recordtype = SLOPE 

= (((x(HMIN))(s)=(x(HMAX))(s))/43200)*(clock - 10800) 

+ (x(HMAX))(s) if 10800 _< clock < 54000 and 

recordtype = SLOPE, = (x(HMIN))(s) + (((x(NHMAX))(s) 

-(x(HMIN))(s))/43200)*(clock - 54000) if clock 

> 54000 and recordtype = SLOPE, = dhumid(s) 

if recordtype ^ SLOPE; (4.2.3.42) 

nextwind(s) = (x(NEXTWIND))(s) if x(CLOCK) £ 86400, 

= (p(DWIND))(s)*160934.4 if x(CLOCK) = 86400; 

(4.2.3.43) 

dayswind = x(DWIND) if x(CLOCK) £ 86400, = x(NEXTWIND) 

if x(CLOCK) = 86400; (4.2.3.44) 

wind(s) = dayswind(s) * timeint/86400; (4.2.3.45) 

totaltime = x(TOTALTIME) + timeint; (4.2.3.46) 

precip(s) = 0 if pdate £ date and recordtype = SLOPE, 

= 0 if pdate = date and clock £ tt̂  (x(RECORD) )(counter) 

and recordtype = SLOPE, = (x( RECORD))(counter)*2.54 

if pdate = date, clock = rr^ ( x(RECORD) )( counter) and 

recordtype = SLOPE, = dprecip(s)*.16666 if 

recordtype = DAILY; (4.2.3.47) 
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timeint = clock = x(CLOCK) if x(CLOCK) ^ 86400, 

= clock of x(CLOCK) = 86400; (4.2.3.48) 

transmissivity = transmissivities(period); (4.2.3.49) 

declination = -.411 if -sunperiod e R[ll20,l23l] 

U R[ 101,123 ] and x(CLOCK) = 86400, = -.273 if 

sunperiod e R[124,218] UR[1024,1129] and x(CLOCK) 

= 86400, = -.136 if sunperiod e R[219,310] 

UR[1003,1023] and x(CLOCK) = 86400, = 0.0 if 

sunperiod e R[311,331] UR[913,1002], and x(CLOCK) 

= 86400, = .136 if sunperiod e R[40142l] 

UR[823,912] and x(CLOCK) = 86400, = .273 if 

sunperiod e R[422,518] UR[726,822] and x(CLOCK) 

= 86400, = .411 if sunperiod e R[519,725] and 

x(CLOCK) = 86400, = x(DECLINATION) if x(CLOCK) 

^ 86400; (4. 2. 3. 50) 

cdec = cos(declination); (4.2.3.51) 

sdec = sin(declination); (4.2.3.52) 

tthree(u) = tone(u) * cdec; (4.2.3.53) 

tfour(u) = ttwo(u) * sdec; (4.2.3.54) 

hourangle(h) = (h - 43,200)*(15/3600)*.01745; (4.2.3.55) 

coszenithangle(h) = cdec * clat * cos(hourangle(h)) 

+ sdec * slat; (4.2.3.56) 
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cosbeamslopeangle(u,h) = -sass(u)*sin(hourangle(h)) 

*cdec + tthree(u) * cos(hourangle(h)) + tfour(u); 

(4.2.3.57) 

airmass(h) = 1./(coszenithangle(h) + .00001); (4.2.3.58) 

solarconstant = 1.94 if declination £ R[0.341,0.411 ] , 

= 1.97 if declination e R[0.205,0.341], = 1.99 if 

declination e R[0.068 ,0.205] , = 2.02 if declination 

e R[-0.068,0.068 ] , = 2.04 if declination 

e R[-0.205,-0.068] , = 2.06 if declination 

e R[-0. 341,-0. 205 ] , = 2.07 if declination 

e R[-0.411,-0.341]; (4.2.3.59) 

directrad(u,h) = 40 * solarconstant*(transmissivity 

**opticalairmass(h)) * cosbeamsopeangle(u,h) if 

coszenithangle(h) > 0 and cosbeamslopeangle(u,h) > 0, 

= 0 if coszenithangle (h) <: 0 or cosbeamsopeangle (u ,h) 

< 0; (4. 2.3.60) 

opticalairmass(h) = airmass(h) if airmass(h) < 2.907 

= opticalpath( INTEGER (arccos(coszenithangle(h))/ 

.01745) - 60) if airmass(h) >1 2.90, where opticalpath 

e FUNCTIONS(I[1,21],R+) and opticalpath = {(1,2.90), 

(2,3.05) , (3,3. 21) , (4,3. 39) , (5,3,59),(6,3.82),(7,4.07), 

(8,4. 37) , (9,4. 72) , (10,5.12) ,(11,5. 60),(12,6.18) , 

(13,6.88),(14,7.77),(15,8.90),(16,10.39),(17,12.44), 

(18,15.36),(19,19.79) , (20,26.96) , (21,30.00) }; 

(4. 2. 3.61) 
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extraterrestrialflat(h) = 40 * solarconstant 

* coszenithangle(h) if coszenithangle(h) > 0, 

= 0 if coszenithangle(h) < 0; (4.2.3.62) 

horizrad(h) = 40 * solarconstant *(transmissivity 

** opticalairmass(h)) * coszenithangle(h) if 

coszenithangle(h) >0, =0 if coszenithangle(h) _< 0; 

(4. 2. 3.63) 

diffuseradflat(h) = (.91*extraterrestrialflat(h) 

- horizrad(h))*.5; (4.2.3.64) 

diffuserad(u,h) = diffuseradflat(h) * cossq(u); 

(4.2.3.65) 

solarrad(u,h) = directrad(u,h) + diffuserad(u,h); 

(4.2.3.66) 

n = INTEGER(timeint/2400); (4.2.3.67) 

globalrad(u) = (timeint/2400) * solarrad(u,clock) 

if n = 0, = £{solarrad(u,h):h = x(CLOCK) + j * 2400, 

j e I[l,n]} + (clock-x(CLOCK)-n * 2400) 

* solarrad(u,clock)/2400 if n > 0; (4.2.3.68) 

tendaytemp(s,j) = tendaytemp(s,j +1) if x(CLOCK) 

= 86400, = (x(TENDAYTEMP)) (s , j ) if x(CLOCK) ^ 86400, 

for j e l[l,9]; (4.2.3.69) 

tendaytemp(s,10) = ((x(TMAX))(s) + (x(TMIN))(s))/2 

if x(CLOCK) = 86400, = (x(TENDAYTEMP))(s,10) 

if x(CLOCK) ^ 86400; (4.2.3.70) 
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cleartrans = cleartransmissivities(period) ; (4.2.3.71) 

clearhorizrad(h) = 40 * solarconstant * (cleartrans 

** opticalairmass(h)) * coszenithangle(h) if 

coszenithangle(h) >0, =0 if coszenithangle(h) < 0; 

(4.2.3.72) 

cleardiffuseflat(h) = (.91 * extraterrestrialflat(h) 

- clearhorizrad(h)) *.5; (4.2.3.73) 

clearrad(h) = clearhorizrad(h) + cleardiffuseflat(h); 

(4.2.3.74) 

clearskyrad = (timeint/2400) * clearrad(clock) 

if n = 0, = £{clear(h):h = x(CLOCK) + j * 2400,j 

I[1,n]} + (clock - x(CLOCK) - n * 2400) 

* clearrad(clock)/2400 if n > 0; (4.2.3.75) 

globalhorizrad(h) = horizrad(h) + diffuseradflat(h); 

(4. 2. 3.76) 

globalhoriz = (timeint/2400) * globalhorizrad(clock) 

if n = 0, = E[globalhorizrad(h):h = x(CLOCK) 

+ j * 2400, j e I[1,n]} + (clock - x(CLOCK) 

- n * 2400) * globalhorizrad(clock)/2400 if 

n > 0; (4.2.3.77) 

ratio = (globalhoriz/clearskyrad) ** 2; (4.2.3.78) 

meantemp(s) = Z{tendaytemp(s,j):j s l[l,10]}/10 

if x(CLOCK) = 86400, = (x(MTEMP))(s) if x(CLOCK) 

= 86400: (4.2.3.79) 
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^2 (watershedinflow) = (timeint/86400 ) * (dwaterinflow) ; 

(4.2.3.80) 

^(watershedinflow) = tt^ (dwaterinflow) ; (4.2.3.81) 

bti(s) = tt^ (tempelev) (period ) + tt^ (tempelev) (period ) 

* stationelevation (s ) + rr^ (tempelev) (period ) 

* stationelevation(s) ** 2; (4.2.3.82) 

uti(u) = tt^ (tempelev) (period ) + TT^ (tempelev)(period ) 

* unitelev(u) + tt^ (tempelev) (period ) * unitelev(u) 

** 2; (4.2.3.83) 

meantemperature(u) = meantemp(stationassignment(u)) 

+ uti(u) - bti(stationassignment(u)) if x(CLOCK) 

= 86400, = (x(MEANTEMPS))(u) if x(CLOCK) jL 86400. 

(4.2.3.84) 

Let MOTION(ZCLIMATE) = A where a is defined as 

follows: ( CT ( cp, 1) ( x) ) (RECORDTYPE ) = record type, 

( cr( cp, 1) (x) ) (MAXDT ) = maxdt, ( a( cp, 1)( x) ) (CLOCK) = clock, 

( ct( cp , 1) ( x) ) (PDATE ) = pdate, ( cr( cp , 1) (x) ) (NDATE ) = ndate, 

( cr( cp, 1) ( x) ) (DATE ) = date, ( ct( cp, 1)( x) )(COUNTER) = counter, 

(cr(cp,l) (x) ) (RECORD) = record, ( ct( cp, 1) ( x) ) (TIMEINT ) 

= timeint, (ct(cp,1)(x))(NEWPERIOD) = newperiod, 

(cj(cp,l) (x) ) (PERIOD) = period, ( c r (  cp , 1) ( x) ) (NEWSUNPERIOD ) 

= newsunperiod, (ct(cp,1)(x))(SUNPERIOD) = sunperiod, 

((CT(cp,1)(x))(NTMAX))(s) = ntmax(s), ((ct(cp,1)(x))(NTMIN))(s) 

= ntmin(s), (ct(cp,1)(x))(NHMAX) = nhmax, (ct(cp,1)(x))(NHMIN) 

= nhmin, ( ( cr( cp, 1) ( x) ) (NEXTWIND) ) ( s ) = nextwind(s), 
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(a(cp,l)(x) 

(a(cp,1) (x) 

(a(cp,1) (x) 

( a (cp, 1) (x) 

((a(cp,1)(x 

((<7 (cp, 1) (x 

((a(cp,1)(x 

((a(cp,1)(x 

((a(cp,1)(x 

(ct(cp,1 (x) ) 

( a(cp,1) (x) 

(a(cp,1) (x) 

(a (cp, 1) (x) 

(a(cp,1) (x) 

(a(cp,1) (x) 

(a(cp,1) (x) 

(a(cp,1) (x) 

(a(cp,1) (x) 

= nhumid , ( 

(a(cp,1) (x) 

= dhumid , ( 

(cr(cp,l (x) ) 

( a(cp,1) (x) 

((a(cp,1) (x 

(a (cp, 1) (x) 

(a(cp,1)(x) 

(TMA.X) = tmax, ( a( cp, 1 (x) ) (TMIN) = tmin, 

(HMAX) = hmax, (CT(cp,1)(x))(HMIN) = hmin, 

(DWIND) = dayswind, (a(cp,1(x))(OTMAX) = otmax, 

(OHMIN) = ohmin, 

)(STATIONTEMPERATURE))(s) = temperature(s), 

) (STATIONPRECIP) )(s) =precip(s), 

)(STATIONHUMIDITY))(s) = humidity(s), 

) (STATIONWIND)) (s) = wind(s), 

)(GLOBALRADIATION))(u) = globalrad(u), 

DECLINATION) = declination, 

(SOLARCONSTANT ) = sol arconstant, 

(STATIONASSIGNMENTS) = stationassignment, 

(STATIONELEVATION) = stationelevation, 

(TEMPELEVATION) = tempelev, 

(PRECIPELEVATION) = precipelev, 

(WINDELEV) = instrumentelevation, 

(NOSTATION S) = nostations, 

(TOTALTIME) = totaltime, (cr( cp, 1)(x) ) (NHUMID) 

(cp,1(x))(DPRECIP) = dprecip, 

(NPRECIP) = nprecip, ( cr( cp, 1)( x) ) (DHUMID) 

(cp,l)(x))(TRANSMISSIVITIES) = transmissivities, 

CLEARTRANS) = cleartransmissivities, 

(TENDAYTEMP) = tendaytemp, 

)(MEANTEMPS))(u) = meantemperature(u), 

(RADIATIONRATIO) = ratio, 

(WATERSHEDINFLOW) = waterinflow, 
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(a(cp,l)(x))(DWATERSHEDINFLOW) = nwaterinflow, and 

((CT(cp,l)(x))(MTEMP))(s) = meantemp(s). 

4.2.4 Discussion of MOTION(ZCLIMATE) 

This component performs several functions. First it 

reads in and stores climatic parameters. Second it 

processes climatic data. Thirdly, it calculates global 

radiation on the units. 

The processing of climatic data is rather straight­

forward. The definition assumes that the diurnal variation 

in temperature and humidity may be approximated by linear 

segments and that the maximum or minimum occurs at 0300 

hours or 1500 hours. 

The calculation of solar radiation on a slope is 

based on the method developed by Garnier and Ohmura (1968, 

1969, 1970). The calculation of the diffuse component is 

based on the work of Kimball (1927, 1928, 1930) as suggested 

by List (19 58). 

Having completed the development of the ecosystem 

characteristics component, we can now develop a component 

which models the effects of changes on the soil and vegeta­

tion parameters influencing the energy and water balance. 



CHAPTER 5 

THE UNIT CHARACTERISTICS COMPONENT 

The objective of this chapter is to define a system 

which models the effects of vegetation manipulation on those 

characteristics and parameters of the soil and vegetation 

which affect the water balance on each unit. 

5.1 Characteristics Modelled 

This component will predict the effects of treatment 

on the following parameters and characteristics: (1) 

manning's n, (2) overland flow length, (3) mulch cover 

density, (4) the quantity of mulch, (5) surface soil and 

subsoil root density, (6) canopy water holding capacity, 

(7) mulch water holding capacity, (8) depression storage 

volume, (9) surface connected porosity of the surface soil 

layer, and (10) physiological resistance of the vegetative 

cover to transpiration. 

The role which these characteristics play in the 

water balance will be clarified in the definition of the 

water and energy balance system in Chapter 6. 

5.2 Definition of the Unit Characteristics 
Component 

This component essentially keeps track of the 

vegetation and litter conditions on a unit and the time 
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since each unit was treated. On the basis of these condi­

tions, it computes the water and energy parameters. It 

operates on ten day intervals unless a treatment occurs on 

one or more units. When a treatment occurs, it modifies the 

conditions on each unit and computes new parameter values 

for each unit in a way determined by the type of treatment 

applied on each unit. 

5.2.1 The Input Ports of ZSOILVEG 

Let the input ports of ZSOILVEG be defined as 

follows: INPUTPORTS(ZSOILVEG) = {UNDERVOLUMES, OVERVOLUMES, 

CANOPYTYPE, UNDERSTORYTYPE, OVAGE, UNAGE, SLASHTREATMENT, 

TREATMENT, FLAG, SURFACESOILDEPTH, SUBSOILDEPTH, SOILTYPE, 

MINDEPRESSIONDEPTH, ROOTINGDEPTH, MAXVOLUME, 

ROOTCLOSUREDENSITY, DORMANCYTEMPERATURE, MAXLITTERFALL, 

EQUILIBRIUMLITTERS, SLOPELENGTH, MAXINTERCEPTION, 

SLASHDECAYRATE, SLASHRATIO, ROOTCLOSURERATE, LITTERDECAYRATE, 

NOAGE, TIMEINT2, NOUNIT8, MEANTEMPERATURE}. 

The sets UNDERVOLUMES, OVERVOLUMES, CANOPYTYPE, 

UNDERSTORYTYPE, OVAGE, UNAGE, SLASHTREATMENT, and TREATMENT 

are defined as being isomorphic to UNDERVOLUME, OVERVOLUME, 

OVERSTORY, UNDERSTORY, OVERSTORYAGE, UNDERSTORYAGE, 

SLASHTREATED, and TREATMENTTYPE, respectively, as defined in 

Section 4.1.1.6. 

The sets SURFACESOILDEPTH, SUBSOILDEPTH, SOILTYPE, 

MINDEPRESSIONDEPTH, and SLOPELENGTH are defined as being 
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isomorphic to SURFACESOILDEPTHS, SUBSOILDEPTHS, 

SOILASSIGNMENTS, MINDEPRESSION, and SLOPELENGTH, respec­

tively, as defined in Section 4.1.1. 

The set MEANTEMPERATURE was defined in Sec­

tion 4.2.2.4. 

Let the sets ROOTINGDEPTH, MAXVOLUME, 

ROOTCLOSUREDENSITY, DORMANCYTEMPERATURE, MAXLITTERFALL, 

EQUILIBRIUMLITTERS, SLASHRATIO, MAXINTERCEPTION, 

SLASHDECAYRATE, ROOTCLOSURERATE, and LITTERDECAYRATE be 

defined as being isomorphic to ROOTINGDEPTHS, MAXVOLUMES, 

ROOTCLOSUREDENSITIES, DORMANCYTEMP, MAXLITTERFALLS, 

EQUILIBRIUMLITTER, SLASHRATIOS, MAXINTERCEPTIONS, 

SLASHDECAYRATES, ROOTCLOSURERATES, and LITTERDECAYRATES 

respectively, as defined in Section 4.1.2.4. 

The sets TIMEINT2 and NOUNIT8 are defined as being 

isomorphic to TIMEINT and NOUNITSD respectively, as defined 

in Sections 4.2.2.5 and 4.1.1.1 respectively. The set FLAG 

was defined in Section 4.1.2.6, and the set NOAGE is defined 

as being isomorphic to the set NOAGES defined in Sec­

tion 4.1.1.1. 

5.2.2 The State Variables of SSOILVEG 

To facilitate definition, the state variables are 

separated into general classes. The word definitions are 

intended to place intuitive meanings on the variables and 

are not intended to be precise. 
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5.2.2.1 Time Variables. There are two time 

variables associated with the system. The system normally 

operates at intervals of ten days and hence one variable 

keeps track of the elapsed time into a ten day period. 

Another variable keeps track of the elapsed time since 

treatment on each unit. 

Let the elapsed time in the current period and the 

elapsed time since treatment be denoted PERIODCLOCK, and 

TREATMENTCLOCK respectively and be defined as follows: 

PERIODCLOCK = I[0,864000], TREATMENTCLOCK = FUNCTIONS 

(UNITS,I++). 

5.2.2.2 Flow Parameters. The two flow parameters 

which may be affected by treatment are Manning's n and the 

overland flow length. The system predicts the values of 

these parameters on each unit. 

Let the parameter Manning's n and the overland flow 

length be denoted MANNINGSN and OVERLANDFLOWLENGTH respec­

tively, and be defined as follows: MANNINGSN = 

OVERLANDFLOWLENGTH = FUNCTIONS(UNITS, R++) . 

5.2.2.3 Mulch Variables. The characteristics of 

the mulch layer have considerable influence on other water 

balance processes. Hence, this system also models the 

behavior of the mulch layer and the effects of treatment on 

the mulch layer characteristics. The mulch layer on a unit 

is divided into two areas, one consisting of the mulch on 
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the untreated areas and the other consisting of mulch on 

the treated areas. 

Let the fraction of the area covered by mulch on the 

treated portion of the units be denoted MULCHCOVERONTREATED. 

Let the fraction of the area covered by mulch on both 

portions of the units be denoted MULCHDENSITY. Let the 

average quantity of slash and debris on the units resulting 

from treatment, be denoted TREATMENTLITTER. Let the average 

depth of mulch and debris on the entire unit be denoted 

MULCHDEPTH. Let the average depth of mulch on the units 

resulting from natural litter fall be denoted CANOPYLITTER. 

Let the sets be defined as follows: 

MULCHCOVERONTREATED = MULCHDENSITY = FUNCTIONS(UNITS,R[0,1]), 

TREATMENTLITTER = MULCHDEPTH = CANOPYLITTER = FUNCTIONS 

(UNIT, R++). 

5.2.2.4 Vegetation Variables. The system remembers 

the overstory and understory characteristics and uses these 

to calculate the relative change in the vegetative densities 

caused by treatment. It also computes surface soil and 

subsoil root densities and changes of root densities with 

time after treatment. Let the relative density of the 

overstory and understory on the units be denoted 

OVERSTORYDENSITY and UNDERSTORYDENSITY respectively; the 

relative change in density of the overstory and understory 

(due to treatment) be denoted OVERCHANGE and UNDERCHANGE 
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respectively; the total combined volume of both the under-

story and overstory be denoted VOLUME; and the surface soil 

root density and the subsoil root density be denoted 

SURFACESOILROOTDENSITY and SUBSOILROOTDENSITY respectively. 

Let these 7 sets be defined as follows: 

OVERSTORYDENSITY = UNDE RST ORY DENSITY = OVERCHANGE 

= UNDERCHANGE = SURFACESOILROOTDENSITY = SUBSOILROOTDENSITY 

= FUNCTIONS(UNITS,R[0,l] ) , and VOLUME = FUNCTIONS(UNITS,R++). 

5.2.2.5 Miscellaneous. The system estimates the 

interception capacity of both the canopy and the mulch 

layer, the surface connected porosity parameter for the 

infiltration rate equation, the maximum depression storage 

depth, and the physiological resistance of the cover. 

Let the interception capacity of the canopy and the 

water holding capacity of the mulch layer on the units be 

denoted INTERCEPTIONCAPACITY and MULCHCAPACITY, respectively; 

the surface connected porosity parameter and the maximum 

depression storage depth on the units be denoted 

SURFACECONNECTEDPOROSITY and DE PRE SSIONDE PTH, respectively; 

and the physiological resistance of the vegetative cover be 

denoted PLANTRESISTANCE. 

Let the variables b e defined as follows: 

INTERCEPTIONCAPACITY = MULCHCAPACITY = DEPRESSIONDEPTH 

= SURFACECONNECTEDPOROSITY = PLANT FIE SI STANCE = FUNCTIONS 

(UNITS,R++). 
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Figure 9.22. Streamflow for Watershed 12, 1969 — 
observed. 
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