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ABSTRACT 

Three hydrologic simulation models of different 

resolutions were evaluated to determine model response to 

predicting runoff under changing vegetation cover. Two 

empirically-based regression models (Baker-Kovner Streamflow 

Regression Model and ECOSIM) and one multiple component 

water balance model (Yield) were modified, using FORTRAN 77 

and calibrated on a southwestern ponderosa pine ecosystem. 

Statistical analysis indicate no significant difference 

between the Baker-Kovner and Yield models, while ECOSIM 

consistently under predicts by as much as 50 percent from 

the observed runoff. This is mainly attributed to a 

sensitivity to the insolation factor. Yield is the best 

predictor for moderate and high flows, to within 10 and 20 

percent respectively. Of the four watershed treatments, the 

light overstory thinning on Watershed 8 yielded the best 

response for all three models. This is in contrast to the 

strip-cut treatment on Watershed 14 which consistently over-

predicted, in large part due an inaccurate estimation of 

snowpack evaporation on the exposed, south-facing strip-

cuts. Runoff responses are highly influenced by the 

precipitation regime, soil and topographic characteristics 

of a watershed as well as by a reduction in 

evapotranspiration losses from changes in vegetation cover. 
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INTRODUCTION 

The push in the early to mid 1900's for economic 

expansion in the western U.S. was assisted by, among other 

developments: the "harnessing" of hydroelectric power, the 

technology to access ground water resources and the intense 

use of pesticides and fertilizers. These technological 

developments made it feasible from a perspective then 

considered economical, to implement in Arizona and 

elsewhere, large-scale agriculture, ranching and mining 

ventures, and recently, urban expansion. All of these 

activities were and continue to be at the expense of the 

region's water reserves. 

This has not only produced a tremendous strain on the 

region's water resources but persists in creating political 

tension. As these resources become even more limiting, 

competition for their control and use will increase. 

Given that the water resources of the southwest, 

particularly the Colorado basin, have been partitioned out 

and assigned to interests which extend far beyond the 

physical boundaries of the basin, it is not surprising that 

research in augmenting the state's water supply has been and 

continues to be a major focus of state and federal agencies. 
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One of the early research programs directed at 

augmenting surface water resources in the southwestern U.S., 

was the Beaver Creek Watershed Evaluation program (Brown et 

al. 1974). Situated in north central Arizona this project 

was designed to evaluate the impact of land management 

measures on water yield. Water augmentation through 

vegetation manipulation is defined as, in the case of Beaver 

Creek, altering the watershed vegetation cover through 

thinning and clear cut silvicultural practices, with the 

intent of reducing evapotranspiration losses, maximizing 

snowpack accumulation and minimizing snowmelt runoff losses. 

PROBLEM 

The present study addresses the problem of evaluating 

the reliability of different hydrologic simulation models in 

assessing the impact of vegetation management on water 

yield. Data from four ponderosa pine pilot watersheds at 

Beaver Creek will be used in testing the three models. 

OBJECTIVES 

The overall objective of the study is to determine 

which, if any, of the selected models are capable of 

responding to changes in vegetation cover. Specifically the 

objectives are: 
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1. to determine how effectively the models represent the 

physical system, in this case for southwestern ponderosa 

pine forests; 

2. to test the accuracy and precision of the models; and 

3. to evaluate the models in terms of their applicability to 

contributing to resource allocation decisions. 
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LITERATURE REVIEW 

The earliest watershed management study was established 

in 1910 at Wagon Wheel Gap, Colorado. The objectives of the 

study were similar to current water yield studies, where 

effects of deforestation on water yield, sedimentation, and 

soil erosion were monitored. Fifteen years of data were 

collected on two paired watersheds (Van Haveren 1981). 

The prototype study for the Beaver Creek Experimental 

Watershed was the subalpine Fraser Experimental Forest, 

established in 1935 as part of 12 regional forest 

experimental stations authorized by Congress in 1928. This 

study is considered to be a classic study due to its long-

term record of 28 years which surpassed the earlier 15 year 

record of the Wagon Wheel Gap study. The last of these 12 

experimental stations to be established was the Rocky 

Mountain Forest and Range Experimental Station whose 

administrative responsibilities included the Frazer 

Watershed and Beaver Creek watershed (Alexander 1987). The 

first watershed study in the Frazer Experimental Forest was 

a paired calibrated watershed study. The discharge from two 

similar watersheds, the Fool Creek and East St. Louis 

watersheds (714 and 2,198 acres respectively) were 
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calibrated for 11 years prior to altering the vegetation 

cover. The objectives at Frazer were to determine the 

impact of timber harvesting on both sediment yield and total 

water yield. Fool Creek watershed was treated while East 

St. Louis was left as the control watershed. Timber 

treatment on Fool's Creek in 1954 involved establishing 

alternating strips of cleared and natural subalpine forest, 

reducing the forest cover by 40 percent. The results from 

the Fool Creek study during the first 28 years of 

posttreatment data showed, under normal climatic conditions, 

an average water yield increase of 3.2 inches (Troendle and 

King 1985). In a more recent analysis of the Fool Creek 

area, Troendle and Kauffman (1987), noted a 9 percent peak 

snowpack water equivalent increase for the entire watershed, 

which they attribute to reduced interception loss. They 

also found that snowpack patterns and the amount of 

accumulation are not uniquely influenced by clearcut 

vegetation removal but can also be influenced by changes in 

stand density. 

The Fool Creek experiment continued to show an increase 

in streamflow 30 years after the initial treatment (Kauffman 

et al. 1987) whereas at the Beaver Creek Experiment 

watershed, increased yields after 6 posttreatment years had 

ceased (Baker 1982). 
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Increased land use activity in the Salt-Verde Basin, one 

of Arizona's principal water producing areas, prompted in 

the 1950's, a request by ranchers and water user 

associations to the United States Forest Service, to 

investigate ways to augment the region's surface water 

supply and to increase forage production. The outcome of 

this request was a research project entitled "Arizona Water 

Management Project, Beaver Creek." A study investigating 

the economic feasibility of increasing water yield resulted 

in the Barr report (Barr 1956) which laid the foundations 

for the Arizona Watershed Program. The Beaver Creek 

Watershed Evaluation Program was one of several watershed 

projects chosen. The primary objective was to measure the 

effect of vegetation management on water yield, with 

consideration also given to sedimentation, wildlife habitat, 

recreation and water quality. 

Between 1957 and 1962, 18 pilot watersheds were 

established. The first 6 pilot watersheds were within the 

Utah and Alligator Juniper zones located between 5000 ft and 

6300 ft, the remaining 8 were located in the ponderosa pine 

at elevations of 6800 ft and greater. No significant 

increases in water yield were obtained from mechanical 

removal (following herbicide application) of pinon-juniper 

overstory although evaporation losses were reduced. This 
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was attributed to shading provided by the dead trees (Baker 

1984). Runoff from each of the watersheds was measured with 

calibrated flumes and precipitation values were obtained 

through a network of rain and snow gauges. 

Vegetation management practices in the ponderosa pine 

type consisted of two types of overstory removal; 

clearcutting and thinning. One exception was a forage study 

to monitor the impact of grazing where vegetation was 

converted to grasses. Percent basal area removal in the 

ponderosa pine varies from 100 percent to 32 percent with 

different stand densities and spacings. Treatment responses 

as, summarized by Brown et al. (1974), vary based on 

watershed treatment, with water yield influenced by 

variation in annual precipitation and other factors not 

associated with treatment. Overall water yield increases of 

one to two inches per year over a 5 year period were 

realized. Baker's (1986a) analysis of a longer period of 

data, extended to 1982, concluded water yield is greatly 

influenced by precipitation amount and distribution, basin 

physiography and soil type. Mean increases of 15 to 45 

percent are possible on the clay loam soil type present at 

Beaver Creek when basal area is reduced to between 30 and 

100 percent. These increases generally cease, particularly 

on basins with dominant southerly aspects 6 years after 
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treatment on clearcut basins and after three years on basins 

with thinning and strip cuts treatments. 

Hydrologic characteristics for the Beaver Creek 

Experimental Watershed have been reviewed by several authors 

(Brown et al. 1974; Baker 1982,1986a; Rich and Thompson 

1974; FFolliott and Thorud 1974) and are summarized as 

follows: streamflow distribution follows winter 

precipitation patterns with 97 percent of total annual flow 

for ponderosa pine accounted for by winter precipitation in 

the form of snow, rain or mixed snow and rain events. 

Runoff patterns are variable in this area due to the type 

and timing of the precipitation event. In a later study on 

the diversity of streamflow response, Baker (1987) observed 

that the highest long-term runoff efficiency was within the 

ponderosa pine zone. Daily hydrograph peaks are lower than 

on the watersheds with juniper. This is attributed to a 

less dense overstory effect on the juniper watersheds which 

produce higher snow melt rates. Climatic conditions 

withstanding, a seasonally continuous snowpack may produce a 

small steady base streamflow throughout the winter with a 

major runoff during spring melt. If rain on snow occurs and 

saturates the snowpack, melt and consequent runoff may occur 

at that time. Conversely, intermittent snowfall following a 

dry period where the snowpack has melted will contribute 
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very little to runoff (Brown et al. 1974). Streamflow in 

May is accounted for as residual snowmelt with soil-plant 

moisture demands sufficiently high in the summer to produce 

little if no runoff from summer storm events, even for 

storms of 25 and 50 year return periods (Baker 1982). There 

is little soil water storage change from one year to the 

next as there is a dry period from the end of winter to the 

summer rains, likewise a drying period occurs prior to 

winter precipitation. Due to orographic effects, 

precipitation increases with elevation as does 

evapotranspiration. Little water is lost to deep 

percolation due to the relatively impermeable volcanic 

bedrock (Beus et al. 1966) and Rush and Smouse (1968). 

Vegetation management studies for the purpose of 

increasing water yield have also been carried out in 

watersheds representing Arizona's mixed conifer forests 

(Rich and Thompson 1974). This is a highly diversified 

forest type where ponderosa pine is generally less than 60 

percent of the stand with the remaining species mainly 

spruce, pine, and douglas.fir types. An example of 

watershed studies in mixed conifer forests is the Workman 

Creek study site located in the Sierra Ancha Experimental 

Forest in central Arizona. The largest of the three 

watersheds established was 521 acres. Each of the 
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watersheds supported a perennial stream. Soils varied from 

clay to clay loam. Precipitation averaged 32 inches with 

winter precipitation approximately 66 percent of the annual 

total. Streamflow prior to treatment averaged from 3.19 

inches to 3.42 inches. The treatments were as follows: the 

North Fork was converted to grass in four separate steps, 

all involving the removal of various species of trees; from 

riparian broadleaf trees to mainly douglas fir removal from 

moist sites and ponderosa pine removal from dry sites. All 

treated sites were replaced with grasses. The results 

varied from no significant yield from the conversion of 

riparian areas, to yields averaging 45 percent higher as 

determined from pre and post regression analysis. An 

analysis of covariance combined for wet and dry sites 

averaged a 96 percent higher yield. 

The South Fork of Workman Creek is an area of 

merchantable timber where treatment reflected the effects of 

individual tree selection on water yield and sedimentation. 

Overall 45 percent of total basal area was removed, either 

intentionally or by wildfire. Runoff did not show an 

increase when compared to the control watershed, the Middle 

Fork Watershed, yet when cleared a second time, leaving a 40 

square foot per acre basal area of ponderosa pine, the 

results were similar to the North Fork watershed. 
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Changes in stormflow characteristics, associated with 

increased water yield in mixed conifer forests were 

considered by Hibbert and Gottfried (1987). Their studies 

showed exponential increases with storm rainfall after 

various treatments, attributed to the sensitivity of 

channels to vegetation removal and soil disturbance. 

However when compared to the non-storm flow volumes, the 

increase was insignificant. An exception was an increase in 

runoff on the South Fork equivalent to 2 percent of the 

storm rainfall. This increase, however, was readily 

absorbed downstream within a distance of a mile or so. 

Another experimental mixed conifer site, though 

predominantly ponderosa pine, is the Castle Creek Watershed 

site in the central highlands of Arizona. Treatment 

objectives were to improve timber stand management by 

practices such as removing damaged, over-crowded and overly 

mature trees. Seven years of data, from 1967 to 1973, 

indicate increases of 29 percent on the West Fork of Castle 

Creek (Ffolliott and Thorud 1974; Rich and Thompson 1974). 

Increases for the mix conifer types were determined by pre 

and post regressions specific to the areas described above. 

According to Hibbert (1983), reduction of 

evapotranspiration in order to increase the available water 

for surface or subsurface flow is possible only when the 
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following criteria are met: a minimum threshold 

precipitation of 18 inches and vegetation is replaced with 

one that uses less water, i.e. a species that is shallow-

rooted and dormant much of the time. Chaparral is an 

example of a vegetation type that is ideal for conversion to 

grass. Included within this zone for Arizona are 50 or more 

shrub species with the most common being shrub live oak. 

Experimental watersheds such as the Three Bar watersheds 

near Roosevelt Lake where conversion of non-grass species to 

grasses resulted in water yield increases up to 6 inches. 

Differences in yield increased up to the ninth year after 

chemical treatment with yields averaging 8.6 inches per year 

(Brown 1970). Hibbert (1983) states that increases of 0.039 

inch of water yield for each 0.15 inch of precipitation are 

possible above the 16 inch threshold level. 

Water yield studies in regions outside the southwestern 

United States generally consider timing of runoff and water 

quality issues to be more critical than quantity. Examples 

of studies in the northeastern U.S., the Pacific northwest 

and the Sierra Nevada region illustrate this point. 

Douglass (1983) discusses the potential for water yield 

in the eastern U.S. through developing yield prediction 

models for hardwood and conifer forests. The applicability 

of these models in a region with rainfall and runoff 
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variability, diverse vegetation, land use and ownership 

patterns, requires generalizing their use as water yield 

predictors. 

Concerns in vegetation management in the eastern U.S. 

tend more toward water quality and timing of runoff than 

water yield. Models were developed to predict water yield 

from partially and totally cleared hardwood and conifer 

forest stands on four sites within the Appalachian range. 

Basal area and annual potential insolation are input 

variables for the nonlinear hardwood model. Regrowth or 

establishment by other species results in an initial 

logarithmic decreases in water yield back to pretreatment 

conditions. The water yield model for hardwoods, based on 

this logarithmic relationship, predicts the size of yield 

increase for any given year after treatment. Predicted 

responses were between 2 and 14 percent of the observed 

increase, depending on the size of the watershed. The 

conifer model, which had not been tested at the time of 

writing, is similar to the hardwood model with adjustments 

made for yield increases in the first year to account for 

differences in evapotranspiration. According to the author, 

potential for managing eastern forests for water yield is 

constrained by private ownership of the forested watersheds. 

Depending on the region, federal ownership of land varies 
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from 1 percent to 17 percent. While the best opportunities 

for water augmentation occurs on forested municipal 

watersheds, these watersheds occupy only 4 to 5 percent of 

the land base, of which only 29 percent of the municipal 

watersheds are owned by the municipalities. 

A second review by Harr (1983) looks at water 

augmentation in the Pacific Northwest. Although Oregon and 

Washington are water-rich regions, both experience the 

highest consumption demand when yield is at its lowest i.e. 

July through September. For Oregon and Washington, where 77 

percent and 90 percent respectively, of the forest are 

classified as commercial forest, water yield studies which 

focused on the effects of logging used the paired watershed 

technique. Sustainable yields are greatly influenced by 

timber rotation. Results indicate water yield increases of 

4 to 21 inches after treatment, depending on whether the 

plot was a partial or clear cut. Harr estimates that 

sustainable water yield increases are at best only 3 to 6 

percent of annual yield, due to competition with forest 

management practices which limit the size and areas suitable 

for water augmentation practices. These increases, however, 

are difficult to detect given that they fall within the 

acceptable range of measurement errors. Interestingly, in 

some local areas, a reduction of fog interception and drip, 
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following logging and the establishment of riparian 

phreatophytes may have decreased summer flows. As an 

example, Harr describes a study along the Oregon coast where 

20 inches more annual precipitation has been measured under 

the forest canopy than in the open. 

For the Sierra Nevada's, characterized by deep 

snowpacks, moderate ET and high precipitation, manipulating 

the timing of snowmelt is of more importance than yield. A 

review by Kattleman (1982, et al. 1983) focus on methods to 

reduce evaporation losses by maximizing shading. One such 

technique, the "honeycomb" patch clearing method, involves 

harvesting a forest into patches surrounded by uncut forest. 

The openings are less than a tree height wide thus 

minimizing the solar radiation and long wave reradiation 

from trees, resulting in lower radiational cooling in the 

openings than under the canopy. The objective is to 

increase snowpack accumulation and delay runoff. Snow 

surveys show 40 percent more water equivalent in the 

openings, however management constraints limit the area that 

can be treated. 

A reoccurring comment in most of the literature 

reviewed, including the Beaver Creek study, is the 

constraint to water resource improvement projects by 

watershed economics. As Harr (1983) stated, the uncertainty 
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of the quantity of water produced, in addition to who will 

be responsible for absorbing the costs associated with 

sustainable water yield programs is often unresolved after 

the experimental phase. 

IMPACT ON THE HYDROLOGIC CYCLE 

The timing and amount of streamflow has long been 

thought to be influenced by vegetation, particularly forest 

vegetation. Appropriate climatic factors are critical and 

limiting in the Southwest where evapotranspiration in the 

lower vegetation zones exceeds precipitation for most of the 

year. The amount of water yield from a watershed depends on 

soil and climatic conditions, the size of the watershed and 

drainage network and channel transmissivity. An effective 

tool for measuring the impact of the hydrologic cycle on 

water yield is through a simplified water budget equation. 

One such equation is : 

Water Yield = P - ET - (+- S) - L (1) 

where P is precipitation, ET is evapotranspiration , L are 

losses due to deep percolation and ground water seepage and 

S is change in storage. Some or all of subsurface seepage 

may reach the stream channel at some point though probably 

not without some loss. If there exist some carryover of 

snowpack water equivalent during breaks in the winter 
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precipitation season, the following water budget is more 

appropriate (USACE 1956): 

Qgen = P - (W2 - Wl) - L (2) 

where: 
Qgen = generated runoff 

P = basin precipitation 
(W2 - Wl) = initial (Wl) and final (W2) water 

equivalents, in inches 
L = Li + Qsm + Let 

where: 
Li = interception loss 

Qsm = change in soil moisture 
Let = evapotranspiration loss 

This condition is generally met in the Beaver Creek 

Watershed ponderosa pine zone where winter precipitation 

occurs from October to April and accounts for an average 60 

percent of the annual precipitation, and 93 percent of 

annual streamflow (Baker 1982) . 

Interception, evapotranspiration and snowpack 

accumulation are particularly affected by changes in 

vegetation cover and are discussed separately. 

Interception 

Annual precipitation in the Beaver Creek ponderosa pine 

zone ranges generally between 18 and 35 inches with a mean 

of 25 inches. Snowfall accounts for 37 percent of the 

precipitation with an average annual peak water equivalent 

of 4 inches (Baker 1982). Summer rainfall interception 



estimates were measured for pole-size ponderosa pine in 

central Arizona. Throughfall, interception, and stemflow, 

run 71 to 88 percent, 1 to 8 percent and 11 to 25 percent, 

respectively (Brown et al. 1974). Snowfall interception, 

less well known at Beaver Creek, is estimated between 18 and 

22 percent. Interception loss is that portion of 

precipitation retained by the canopy and is either utilized 

as leaf storage or is loss to evaporation. A reduction in 

canopy density will thus increase the moisture available for 

either soil storage or runoff. Determining the effect of 

canopy reduction on water yield requires knowing both the 

canopy storage capacity and storm characteristics. Zinke's 

(1967) summary of interception studies presented for North 

America, reports a storage capacity of 0.12 inches for the 

species Pinus ponderosa Laws , the pine type at Beaver 

Creek. This value represents a threshold holding capacity 

and will be used when computing predicted water yield, as 

presented later in this study. An earlier study by Johnson 

(1942), where interception of young ponderosa pine in 

Colorado was measured to determine runoff potential, 

concluded an initial storage values between 0.03 to 0.05 

inch. These results, however, are site specific. Rowe and 

Hendrix (1951) concluded, in a study on interception of 

second-growth ponderosa pine in California, that 
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throughfall, stemflow and interception loss are directly 

related to storm size. They also noted that an average of 

four percent more precipitation reaches the forest floor 

during snow than rainstorms, thus interception losses were 

less than during rain and rain-on-snow events. For storms 

greater than 0.5 inches, throughfall and interception losses 

show a straight-line relation to storm precipitation. For 

storms less than 0.5 inch, the relationship between 

interception loss and precipitation is curvilinear. For the 

ponderosa pine, canopy saturation is reached at 0.12 inches 

at which point the interception losses level out (figs.l and 

2). On the Beaver Creek ponderosa pine watersheds, out of 

an average of 68 storms a year, more than half of the storms 

are 0.25 inch or less, fewer than 8 percent of the summer 

storms exceed 0.75 inch and only 19 percent of the winter 

storms exceed 1.0 inch (Campbell and Ryan 1982). 

Thinning treatments where canopy density is affected, 

will impact on interception (Johnson 1942). A correlation 

may exists between the degree of interception, stem-density 

and stem-size, whereby crown canopy development is affected 

by stand density. In addition, understory and litter 

interception are processes affected by watershed treatments. 

The water-holding capacity of lodgepole pine and spruce-fir 
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litter is about 125 percent that of its dry weight (Kauffman 

et al. 1987). 

Evaporation 

Baker's (1982) study on hydrologic regimes at Beaver 

Creek estimates mean annual evapotranspiration (ET) to be 

19.94 inches from ponderosa pine watersheds. ET frequencies 

in the 75th percentile are between 14 and 21 inches and 

between 24 and 36 inches for the 25th percentile. ET occurs 

on four surface categories: external surfaces of leaves and 

stems; internally within the plant; at the soil surface and 

on the snowpack surface, with radiant heat, stated in a 

simplified manner, as the main source of vaporization. 

Though basal area in the pine averages twice that of the 

Utah Juniper, lower temperatures and lower ET stress produce 

a mean annual ET loss 18 percent less than the Utah Juniper. 

Since ET is a complex process involving factors such as 

water vapor concentration, energy sources (temperature, 

wind, solar radiation) and water availability, altering 

forest cover will produce changes in ET parameters (Swanson 

1987). The effect of vegetation manipulation on ET will 

differ in extent according to which processes are affected. 

Goodwell's (1967) study of watershed treatments on ET show 

that complete vegetation removal, or clearcutting, will 
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eliminate evaporation from the external and internal plant 

surfaces. Snowpack evaporation will increase, as was also 

noted by Baker (1986a) and others, when openings are 

enlarged and shade to the snowpack is decreased. Soil 

evaporation will increase if crown cover is minimal or 

absent. Goodwell's study also mentions that partial 

removal, particularly thinning, can minimize the maximum 

interception and radiant energy absorption. Root 

distribution, evapotranspiration rates, net radiation, wind 

patterns and turbulence are affected when modifying the area 

of transpiring surfaces through vegetation management. 

However, a review by Douglass (1967) on the effects of stand 

density on evapotranspiration, illustrate that streamflow 

responses to basal area reduction are small if not 

insignificant when less than 20 percent of a well-stocked 

stand is removed. Large cuttings, though, can produce a 

change in streamflow during both the growing and dormant 

seasons. 

Snowpack Accumulation 

Forest treatments at Beaver Creek were designed to 

increase water yield by minimizing winter snowmelt and the 

length of the runoff period and to maximize the spring 

snowmelt rates (Hansen and Ffolliott 1968). Snowfall 
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accounts for approximately 37 percent of annual 

precipitation in the Beaver Creek ponderosa pine zone, with 

an average peak snowpack water equivalent of 4 inches. 

Snowpacks in the pine are generally continuous while often 

intermittent in the pinon-juniper zone (Baker 1982). Forest 

cover modifications and the effect on snowpack accumulation 

has been studied by several researchers. Within the Beaver 

Creek watershed, extensive work was carried out by FFolliott 

and Thorud (1969), FFolliott and Hansen (1968), Ffolliott et 

al. (1965), and Ashton (1967) who worked in the central 

Arizona White Mountain highlands. Examples of work carried 

out in the Fraser Experimental forest are Troendle et al. 

(1988) and Troendle (1982). Andersen (1960) and Kattleman 

(1982) reported on snowpack studies in the California Sierra 

Nevada. 

It is generally accepted that long-term water yield 

from a watershed that has undergone vegetation treatment is 

not as much influenced by the amount of precipitation as by 

the characteristics of the snowpack with respect to aspect, 

slope and size of the opening. Ashton's study (Ashton 1967) 

on stand densities of 0, 65 and 190 square feet of basal 

area illustrate that snow evaporation decreases with an 

increase in stand density. Ffolliott and Hansen's (1968) 

study at Beaver Creek to determine the affect timber 
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stocking, elevation and snowmelt trends on peak snowpack 

accumulation, concluded a water equivalent (WE) increase 

from less than 1 inch to over 7 inches when the basal area 

factor was reduced from 250 to less than 25 square feet of 

basal area per acre. A Beaver Creek study to determine the 

effect of aspect and strip versus clear cuts (Hansen and 

Ffolliott 1968), found snowpack accumulation to have 

increased on north, east and west stripcuts resulting in 

higher melt rates with less water lost to infiltration and 

more as runoff. No changes were observed on south slopes. 

Optimal clearing spacing, either as patch work or as strip 

cuts to produce a zone of maximum snow redistribution and 

still provide some shading, varies among the different 

authors from 1 to 5 times the tree height (Troendle 1982; 

Andersen 1960). Troendle et al. (1988) concluded from their 

comparative study on flux differences for storms and non-

storm periods between forest and clearing that 

redistribution of intercepted snow after snowfall has ceased 

is negligible. 

How effectively one can influencing the timing and 

duration of snowpack runoff, from the studies reviewed, 

depends more on reducing evaporation losses and sublimation 

rather than increasing snowpack accumulation through wind 

redistribution. 
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REVIEW OF WATER YIELD MODELS 

Hydrologic water yield prediction models have been 

developed and utilized in most of the watershed studies 

described in this review. For the paired watershed studies 

in particular, sufficiently long hydrologic records exist to 

provide for statistically significant analysis. Hydrologic 

simulation models provide the resource manager with the 

means to assess on-site effects of watershed treatment. The 

transfer of hydrologic models from one region or ecosystem 

to another depends on meeting the input requirements (i.e. 

data availability) and how accurately the model simulates 

the physical and biological processes from one region to the 

next. 

Of particular interest are water yield models developed 

for southwestern mountain systems. Leaf and Brink (1973b) 

developed a model designed for the Rocky Mountain sub-

alpine vegetation zone. The Subalpine Water Balance Model 

(WATBAL), simulates the total water balance on a continuous 

year-round basis. WATBAL was tested and verified on the 

Deadhorse Creek watershed at the Frazer Experimental Forest 

watersheds. 

An earlier snowmelt simulation model (Leaf and Brink 

1973a) was used as the design core from which WATBAL 

evolved. WATBAL simulates winter snow accumulation, the 
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energy balance, snowpack conditions and the resultant melt. 

Figure 3 represents a flow diagram for WATBAL. This model 

is composed of a core which performs the water balance 

routine and peripheral subroutines which account for the 

multiple processes occurring within a water balance 

accounting model. WATBAL consists of three parts. One, the 

classification of the precipitation event as rain or snow, 

based on input temperature data. Two, interception, 

evaporation and snowpack energy subroutines, and three, the 

melt subroutines. Data requirements are climatological 

(daily precipitation and maximum and minimum temperatures); 

snowpack data and watershed characteristics (soil types, 

slopes and aspects,vegetation type). WATBAL is not a 

streamflow simulation model nor does it have a subsurface 

routing component and is therefore not directly capable of 

delivering water to the channel. Where basin hydrographs 

are dominated by seasonal snowpack and melt runoff, there 

does however, appears to be a correlation between excess 

water and streamflow (Troendle and Leaf 1980). It is thus 

possible, according to Troendle (1979) to simulate runoff 

though a time-serial hydrograph. 

Another physically based hydrologic model, used to 

estimate water yield at Fool Creek watershed, is WRENSS-HP 

(Swanson 1987). WRENSS-HP uses the WATBAL model for 
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Figure 3. Flow chart of WATBAL. From Leaf and 
Brink (1973b). 



estimating evapotranspiration (ET) yet differs from WATBAL. 

While WATBAL calculates daily ET based on daily inputs of 

precipitation and temperature for a particular watershed, 

WRENSS-HP produces seasonal ET values within a broad 

climatic regime. WATBAL routes daily runoff values, 

generated from the difference between precipitation and ET, 

through a storage component from a calibrated watershed, to 

produce estimates of daily streamflow. WRENSS-HP does not 

have a storage component. Instead, the estimated change in 

annual yield is determined from differences in annual 

baseline ET data obtained from a control (untreated) site 

and from the treated watershed. For partially cleared 

areas, WRENSS-HP, snow is distributed according to tree 

height equivalent measurements and whether the surface of 

the cut is aerodynamically rough or not. The data 

requirements again differ from WATBAL in not requiring 

specific climatic or streamflow data. Snowpack evaporation 

is a function of wind speed therefore average winter and 

spring wind speeds are necessary. Seasonal precipitation, 

timber volume data, basal area for pretreatment and 

posttreatment sites, area and topographic aspect are all 

required. WRENSS -HP was applied to the Fool Creek 

watershed, allowing for a good comparison to WATBAL if 

extensive results from WATBAL were available for comparison. 
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Swanson (1987) concluded that differences between the 

predicted and observed yields are not particularly effected 

by the precipitation data used as long as the data is from 

the same vicinity. On one watershed, the predicted yield was 

40 percent of the observed. WRENSS-HP uses seasonal or 

multiple year averages. However, changes in storage have a 

significant effect on predicted versus observed yield 

therefore periods of 5 to 10 years should be used. 

Solomon et al. (1976) developed a model to simulate 

snowmelt. Unlike WATBAL or the WRENSS-HP model, this model, 

called SNOWMELT, addresses the problem of intermittent 

snowpack conditions commonly found in the southwestern 

United States. MELTMOD, the original subalpine snowmelt 

model (Leaf and Brink 1973a) used in the WATBAL version, 

when applied to southwestern forests resulted in excessive 

snowmelt rates at the end of the melt season. Model 

inadequacies, with regard to southwestern watersheds, such 

as the inability to respond to alternating freeze-thaw 

cycles and the unavailability of solar radiation data, 

necessitated some modifications. 

The model simulates snow accumulation, a daily energy 

balance, and the resultant snowmelt. SNOWMELT structure is 

similar to WATBAL in that it has routines for classifying 

the precipitation event and for defining the melting process 
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in terms of an energy budget (fig. 4). The input variables 

are more numerous than the WATBAL or the WRENSS-HP models. 

They are: maximum and minimum temperature, precipitation, 

percent cloud cover, forest density, a radiation 

transmissivity coefficient, an initial snowpack water 

equivalent, a threshold temperature for snowpack 

reflectivity and a solar insolation index calculated with 

topographic, atmospheric absorption and solar angle data. 

The model was verified on 7 watersheds in Arizona, including 

Beaver Creek. Aside from problems encountered during data 

collection, SNOWMELT transmissivity and forest cover density 

were found to have a strong influence on the daily energy 

budgets, in turn affecting the predicted snowpack water 

equivalent (Solomon et al. 1976). 

Models developed for the ponderosa pine watersheds at 

Beaver Creek include the Baker-Kovner Streamflow Regression 

model (Brown et al. 1974) which is described later, and 

Rogers'System theoretic Hydrologic Model (Brown et al. 1974; 

Rogers 1973). This model assumes the ecosystem can be 

divided into homogeneous land units and distinct channel 

reaches. The input variables include vegetation and 

physiographic characteristics. Water and energy balances 

are computed for each unit and water yield is routed to the 

channel system. Major processes modeled are soil and 
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Figure 4. General flow chart for program SNOWMELT. From 
Solomon et al. (1976). 
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surface water balance, ET, canopy interception, snowpack 

water and energy balances. The model was tested on 

watersheds 12 and 13 on the Beaver Creek Experimental 

Watershed. With 12 years of data the predicted mean was 97 

percent of the observed mean for watershed 12 and within 63 

percent of the observed mean for watershed 13. Peak flow 

- volumes however were outside the error limits (Brown et al. 

1974). Rogers (1963) suggests possible sources of 

significant error appear to be both climatic error inputs 

and error in adequately modeling the effects of treatment on 

soil and vegetation parameters. He concluded that further 

extensive testing was necessary before the model could be 

properly evaluated. 
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SITE DESCRIPTION 

GENERAL 

Beaver Creek Experimental Watershed is located in north 

central Arizona, approximately 35 miles south of Flagstaff 

on highway 17, on lands administered by the Coconino 

National Forest (fig. 5). The entire watershed is bounded 

by approximately latitudes 34 34' and 34 48' north and 

longitude 112 27' and 111 28* west. The Beaver Creek 

watershed covers about 275,000 acres (750 square miles), and 

is a sub-basin of the Salt-Verde basin. The Salt-Verde 

basin is in one of the major water-producing regions of 

Arizona with half of the runoff originating from the 

ponderosa pine highlands (Brown et al. 1974). Beaver Creek 

Experimental watershed consists of twenty pilot watersheds 

established by the United States Forest Service (USFS) 

during the period of 1956 to 1962 and represents four 

vegetation zones (fig. 6). 

The present study is concerned with water yield 

prediction from the ponderosa pine (Pinus ponderosa Laws.) 

watersheds. These watersheds are designated by numbers 8, 

12, 14 and 17 and were chosen for this study because of 
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their respective vegetation treatments as well as the 

available hydrologic record. 

The Beaver Creek drainage system is within the Colorado 

Plateau province. The Mogollon Rim marks the geomorphic and 

structural boundary between the Verde Valley to the south 

and the Colorado plateau to the north. In general, Beaver 

Creek Watershed is a gently southwest sloping lava plateau 

upon which remain dissected volcanic vents whose highest 

elevation is 7900 ft, with a vertical rise of 600 ft. 

Collapse features are generally minor in size with the 

exception of Stoneman Lake which is thought to be a 

collapsed caldera occupied by a lake and approximately 300 

ft of lacustrine sediments. 

The Beaver Creek Watershed is classified as temperate 

and continental (Campbell and Ryan 1982) with a mean 

temperature of 50 Fahrenheit. Precipitation occurs during 

both summer and winter seasons with storm patterns 

characterized as convective and frontal storms, 

respectively. In the ponderosa pine zone, mean temperatures 

range from a low of 26 Fahrenheit in January to 66 

Fahrenheit in July. Annual precipitation in the pine zone 

averages 25 inches with 64 percent falling during the winter 

season between October to April (Brown et al. 1974). 

Streamflow runoff follows the winter precipitation pattern 
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with 97 percent of total annual flow occurring as snowmelt 

or direct winter rainfall (Baker 1982). A Soil Conservation 

Service soil survey of the Beaver Creek Experimental 

Watershed project was conducted by Williams et al. (1967). 

Soils in the ponderosa pine watersheds are of volcanic 

parent material. Ninety percent of the soils on the study 

watersheds are defined as the Brolliar Series, occurring on 

slopes ranging from nearly level to steep (30 percent). 

These soils, classified as very stony to stony clay and clay 

loams, have been observed on the study watersheds to be 1 to 

2 feet deep in certain localities though these are generally 

described as 2 to 3 feet deep. Infiltration is moderate 

(0.2 to 0.8 inches per hour), permeability slow (0.05 to 0.2 

inches per hour), and water holding capacity low to moderate 

(6 to 18 inches). Basaltic cobbles cover up to 70 percent 
J 

of the surface. Field observations noted surface material 

range up to boulder size fragments. An important process of 

weathering is in situ fracturing of boulders along cooling 

planes. Subsurface horizons retain this stony character. 

The Siesta-Sponseller series account for the remaining 

10 percent of the ponderosa pine watershed soils. These 

soils are derived from pyroclastic material, mainly ash and 

cinders, on slopes of 3 to 15 percent, except when on the 

sides of cinder cones where slopes average 40 percent. 
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Siesta-Sponseller, classified as stony silt loams, are 

occasionally deeper than the Brolliar, extending 3 to 5 feet 

deep. They are distinguished from the Brolliar series by a 

silt loam surface layer and thicker clay to clay loam 

subsurface horizons. Infiltration rates in the Siesta-

Sponseller are similar to the Brolliar though the 

permeability rate is slightly higher (0.2 to 0.8 inches per 

hour). Water holding capacity is also higher than the 

Brolliar: greater than 18 inches. Both of these soils are 

classified by the Soil Conservation Survey as possessing a 

high potential for sustained yield. Sustained yield, as 

described by Williams et al. (1967) refers to the capacity 

of soils to supply water to streams over several months. As 

discussed earlier, this depends upon the amount of snowpack 

accumulation and timing of runoff. 

GEOLOGY 

Geologic investigations carried out on behalf of the 

Rocky Mountain Forest and Range Experiment Station in 

conjunction with the Beaver Creek Watershed inventory 

studies by Beus et al. (1966), Rush and Smouse (1968) and 

Scholtz (1969), provides stratigraphic, structural and 

geomorphic information vital to understanding watershed 

hydrology in the study area. It is for this reason that the 
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author feels it necessary to go into some geologic 

discussion relative to the evolution of the Beaver Creek 

drainage network and runoff characteristics. 

The stratigraphy of Beaver Creek consists of Cenozoic 

volcanic rocks underlain by late Paleozoic sedimentary beds. 

The stratigraphy of the Verde valley, which includes the 

type section for the Beaver Creek watersheds, is summarized 

by Beus et al. (1966) and outlined as follows: 

CENOZOIC 

- Quaternary: 

- Tertiary: 

MESOZOIC 

- Triassic: 

Recent: terrace and stream deposits (30ft) 
Pleistocene: rhyolitic flows, tuff, sed 
(400ft) 
Late-volcanic flows, cinder cones, 
Early-sandstone, silt, limestone sediments 
(3,800ft) 

Moenkopj Fm; silt,shale,sandstone (100ft) 

PALEOZOIC 

- Permian: 

- Pennsylvanian: 

PRECAMBRIAN: 

Kaibab Fm: limestone,calc. sandstone 
(300ft) 
Coconino Fm: sandstone (400-650ft) 
Supai Fm: sandstone,mudstone,limestone and 
dolomite (1500-1600ft) 

Intrusives, metamorphic volcanics 
(20,000+ ft) 

The stratigraphic type section from which Beus et al. 

(1966) have derived the stratigraphy for the ponderosa 
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pine watersheds (fig.7) is located in Wet Beaver Creek 

canyon the southwest sector of the Beaver Creek Watershed 

boundary. No Paleozoic formations outcrop in Watersheds 8, 

12, 14 or 17. However inclusions of limestone from the 

Kaibab Formation and sandstone from the Coconino indicate 

that these sedimentary rocks underlie the Cenozoic 

volcanics. An erosional unconformity between the Paleozoic 

and Mesozoic formations attests to upheaval resulting in an 

almost complete erosion of Mesozoic formations within the 

region. Cenozoic volcanics, ranging in thickness from 450 ft 

up to 1000 ft near the cinder cones, underlie the ponderosa 

pine watersheds. Quaternary alluvium locally overlies the 

Cenozoic volcanics. Four major stages of volcanic activity 

were recognized in Beaver Creek (Beus et al. 1966) and are 

summarized in ascending order as follows: lower most bedded 

tuffs and breccias in contact with the Kaibab; olivine 

basalt flows with inter-flow tuffs; volcanic flows of 

andesitic composition; and cinder cones and thinner lava 

flows. These four phases, referred to as stage I to stage 

IV are relevant to the study because there is probably a 

fundamentally important relationship between the subsurface 

water yield losses and the bedrock underlying the 

watersheds. 
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Stage I volcanics are weakly cemented, quite permeable 

and porous tuffs. The overlying non-continuously fractured 

volcanic flows might precludes them as an important storage 

for percolating water 

Stage II volcanics are horizontal lava flows with 

significant horizontal extent, which form the bedrock of 

watershed 12 and more than half of watersheds 8 and 14. 

Columnar jointing is common, and characteristically these 

vertical cooling fractures do not extending above or below 

each individual flows. Tuff and tuff breccia beds do exist 

at the base of some of the flows, indicating the potential 

for a zone of transmissivity and sublateral flow. Since 

these flows have not been traced to existing vents, Beus et 

al. (1966) suggest the flows originated from fissure 

eruptions with southwest flow direction, covering up to 10 

square miles. Most original flow surfaces have weathered 

and are presently obscured by soil profiles. 

Stage III and IV volcanics capped the lava flow with 

more viscous flows traceable to existing cinder cone vents. 

Thirty such cones exist within the Beaver Creek Watershed. 

High volumes of pyroclastic debris, particularly ash and 

cinder deposits veneer the surface, as witnessed on 

watershed 8 where part of"the watershed flanks Lake Mountain 

cinder cone. Numerous dikes are present in the area, 
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observed on watersheds 12 and 14 as well as on the north 

wall of Wet Beaver Creek Canyon. Beus et al. (1966) suggest 

that these dikes may serve as conduits for surface runoff 

loss, though the writer cannot substantiate this by field 

evidence. 

Drainage patterns on the Beaver Creek Watershed 

developed on the stage III and IV volcanic surface, 

initially as a subparallel system following the plateau 

slope. Later, this drainage pattern was obstructed by 

volcanic vents and tectonic fractures which diverted most of 

the drainage in the central area into Wet Beaver Creek, 

which then flows into the Verde River. Watershed 17, in the 

northwest sector, is structurally controlled with runoff 

draining into Woods Canyon (Rush and Smouse 1968). 

The dominant structural features in Beaver Creek are 

joints of tectonic origin with a major trend N35W, known as 

the Lake Mountain trend, though scarps and grabens 

attest to north-south fractures. Figures (8 and 9) 

illustrate regional structural features within the Verde 

basin, and the effect of structural features on groundwater 

movement (Twenter and Metzger 1963). 

Of particular relevance to the present study are the 

geologic factors affecting runoff. These have been 

summarized as follows by Beus et al. (1966) and Rush and 
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Vasod-^xJ , l<\ 
Cnltonwood 

Cl'cmcnrrpn 
Cornvillfl 

Mlftgu* 

Ouch Mtn 
Wtt Biavii McGu fcfMh Soring 5 — |  :  Q U C K H O R H  F A U L T  

Vi<nl« 
* »^>lTurlilMrtn 

CZ7̂ %,P 

U««f SiMin* 

iwT41 y' ft*0 

w**% /Maoc Map compiled by F. R. Twen* 
M. E. Cooiey, and J. P. Aker 

EXPLANATION 

Anticline 

Fault 0 

(J, npt/iiinun nilb; 0, tlmonlhnmui 

QQQO 

Structure contour 
Drawn on top of Kaibab limenton*; 

projected and dathed in arrait 
• ii'Aer0 Kuitmh it alini'iit, Ciwluur 

interval 'iiltiJ'rrt 

"ipuf 

Verde Valley.boundary 

Figure 9. Map showing the structural features of the Verde 
Valley. From Twenter and Metzger (1963). 



60 

Smouse (1968) with additional data included from field 

observations. 

The drainage system for the most part is slope 

controlled, providing for a southward subparallel system of 

closely spaced streams, in principal providing for runoff 

accessibility. 

The stage III volcanic rocks of andesitic and basaltic 

origin, when not weathered or fractured, are the least 

porous and least permeable of the Beaver Creek rock types 

and possess a high runoff efficiency. When weathered, the 

olivine basalts produce montmorillonite clayey soils and 

basalts containing the feldspar labradorite break down to 

kaolinite clays. The volcanic parent material consisting of 

cinder and ash deposits, though very porous, do not provide 

for deep percolation due to the impermeable underlying 

volcanic flows deposits. The bedded pyroclastic material 

between the flows may serve as a conduit for lateral flow of 

water should surface water have penetrated through the 

vertical jointing. 

Structural jointing and faulting may be effective 

conduits for water transmission. A field study on four of 

the pilot watersheds at Beaver Creek (Scholtz 1969) 

indicated aerially-mapped faults and fractures representing 

areas of potential stream channel transmission loss. One 
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such location on the Watershed 12 drainage was field checked 

by the author where Scholtz had indicated seeps. This was 

not confirmed in the field. However, discrepancies in model 

water yield predictions may be in part explained by losses 

due to structural features such as weathered fracture zones. 

STUDY WATERSHEDS 

Four of the 14 pilot watersheds in the ponderosa pine 

zone were chosen as study sites to represent a range of 

vegetation treatments and to measure their respective impact 

on water yield. Table 1 summarizes the watershed 

characteristics. Timber density values utilized in the 

model simulations, are outlined on table 2. Annual 

precipitation and runoff characteristics for each watershed 

are illustrated on figures 10-13. 

Watershed 8 

The northern flank of Lake Mountain cinder cone lies 

within Watershed 8 which is situated to the northeast of 

Stoneman Lake. The watershed covers 1802 acres and drainage 

form east to west. The watershed was instrumented in 1957 

and underwent vegetation treatment in 1974. The vegetation 

treatment consisted of the original 102 square feet per acre 

basal area thinned to a post-treatment density of 87 



Table 1. Summary of Project Watershed Characteristics 

Watershed Number 8 12 14 17 

Area (acres) 1802 455 1349 299 

Slope (%) 10 7 11 7 

Dominant Aspect W SW SW w-sw 

Soil Type* Br/ 
Sp-Si 

Br Br Br/ 
Sp-Si 

Mean Annual Q (in.) 8 7 5 8 

Mid Area Elevation(ft. .) 7342 7342 7240 6979 

Mean Annual PPT(in.) 27 24 26 29 

Mean Winter PPT(in.) 19 15 17 19 

Treatment Year 1974 1967 1970 1969 

light 
Treatment Type thinning 

clear 
cut 

strip 
cut 

heavy 
thinning 

Percent Overstory 
Removal 

33 100 57 77 

Average Insolation 
Index ** 

0.69 0.72 0 . 7 3  0 . 7 1  

Forest Cover (%) 
Pre - Treatment 
Pre - Treatment *** 

80 
53 

80 
0 

80 
34 

85 
19 

* Br = Brolliar series; Sp-Si = Sponseller and Siesta 
series 

** average value from original study Baker (pers. comm. 
1989) and present study 

*** post-treatment overstory removal as a percentage of 
estimated pre-treatment forest cover 
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Table 2. Vegetation Density in Basal Area 
(square feet per acre) for the Project 
Watersheds 

Year Ws 8 Ws 12 Ws 14 WS 17 

1958 102 
1959 104 105 114 
1960 105 105 115 
1961 107 105 116 
1962 109 106 117 
1963 111 106 118 119 
1964 112 106 120 120 
1965 113 106 122 122 
1966 115 106 122 124 
1967 117 0* 122 126 
1968 119 2* 123 128 
1969 120 3* 124* 30* 
1970 123 4* 52* 31* 
1971 124 5* 54* 31* 
1972 126 6* 56* 32* 
1973 129 7* 58* 33* 
1974 87* 10* 60* 34* 
1975 88* 12* 63* 34* 
1976 88* 12* 65* 34* 
1977 88* 13* 66* 34* 
1978 90* 13* 68* 35* 
1979 91* 13* 72* 35* 
1980 93* 15* 74* 35* 
1981 94* 15* 76* 35* 

* Posttreatment years 
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square feet per acre. The treatment was designed to 

simulate the effects of a common silvicultural treatment. 

Stands of trees less than 12 inches in diameter breast 

height (dbh) were reduced to 60 square feet per acre and 

larger diameter trees reduced to 70 square feet per acre. 

Overstory reduction averaged 33 percent of the initial 

overstory. 

Watershed 12 

Watershed 12 covers 455 acres and has a southwest 

drainage. It was instrumented in 1958. Nine years later, 

the watershed was clearcut resulting in a decrease in basal 

area from 104 square feet per acre to 0 square feet per 

acre. This type of treatment clearly represents the most 

radical form of vegetation removal and thus serves as a good 

gauge from which to measure not only water yield but 

sediment load as well. The merchantable timber was removed 

and the remaining slash windrowed in subperpendicular rows 

to the slopes in order to serve both as traps and shade for 

snow accumulation (an aside is whether the windrows assisted 

in trapping sediment as well). The windrows were positioned 

at least 98 feet apart and stacked 5 feet high. 
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Watershed 14 

Watershed 14 covers 1349 acres with a dominant southwest 

aspect. Watershed 14 was gauged in 1959 and treated in 

1970. Thirty-three percent of the watershed was cut in 

irregular strips, averaging 60 feet wide while the 

alternating 120 foot wide strips were thinned, amounting to 

twenty-four percent removal, to a basal area of 80 square 

feet per acre. A total of 57 percent of the overall 

overstory was removed. The slash was burned in the cleared 

strips. 

The purpose of this treatment was two-fold. One, to 

minimize snowmelt travel time from the upper reaches to the 

channel via the downslope oriented stripcuts. Two, the 

irregular strip cuts were intended to be more aesthetically 

pleasing than an earlier evenly spaced stripcut treatment on 

watershed 9 which was deemed too unsightly for the public 

eye! Watershed 14 is the second largest of the study 

watersheds and the most complex due to variations in slope, 

aspect and distance of overland flow to channel outlet. 

Watershed 17 

Watershed 17, located in the northwest sector of the 

experimental zone, was one of the last watersheds to be 

established. The watershed covers 299 acres, and was 
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instrumented in 1962. This site underwent a heavy thinning 

treatment in 1969 whereby 77 percent of the original 120 

square feet per acre of basal area was removed. Evenaged 

stands of 30 square feet per acre were left standing and 

slash windrowed in a manner similar to watershed 12. 

The close proximity and linearity of the watershed's 

boundaries to the drainage provide for closer proximity of 

watershed area to the channel than in the previously 

described watersheds. 
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MODEL DESCRIPTION 

The hydrologic models selected for comparison in this 

study were chosen for their current use in multiple resource 

planning and to provide for a comparative analysis of models 

of varying complexity. Evaluating hydrologic models in 

terms of their applicability to contributing to resource 

allocation decisions is facilitated here by evaluating the 

sensitivity of the model structure and variables to 

vegetation manipulation. The models analyzed in this study 

provide a comparison between simpler, empirically-based 

multiple regression models, the Baker-Kovner and ECOSIM 

models, and a more complex, multi-component, physically 

based model, exemplified by the Yield model. Of particular 

interest is how these models perform in southwestern 

ponderosa pine ecosystems. All three models were written in 

FORTRAN 77. The Baker-Kovner and ECOSIM programs are 

provided in the appendices and Yield as developed for pj in 

the Mattern (1989) reference. 

BAKER-KOVNER STREAMFLOW REGRESSION MODEL 

The Baker-Kovner model was developed in 1973 to 

evaluate changes in water yield as a result of silvicultural 
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treatments on the ponderosa pine Beaver Creek Watersheds. 

Pretreatment data, totalling 148 observations from 12 

watersheds including the two control Watersheds (13 and 18), 

were utilized in establishing regressional relationships. 

Winter precipitation ranged from 8 to 28 inches, insolation 

from 0.66 to 0.74 and basal area from 0 to 125 square feet 

per acre. Though it is an empirical model, the objective 

was to develop a model reflecting some of the 

characteristics of ponderosa pine hydrology. 

The Baker-Kovner model uses three input variables. 

Inasmuch as runoff in Beaver Creek correlates best with 

winter precipitation, the precipitation variable is defined 

as precipitation occurring between October 1 and April 30 of 

a given water year. The second variable, timber density, is 

defined as square feet per acre of basal area. The third is 

an insolation index, defined as the ratio of potential 

insolation falling on a surface with slope-aspect of the 

watershed to that falling on a surface normal to incoming 

radiation (Rogers et al. 1984). The solar declination angle 

occurring on February 23 was chosen as a time representative 

of maximum snowmelt. Two sets of insolation indices have 

been used in this study. The first, computed by the author 

from averaged slopes and aspects, with respect to each 

watershed and the second set, those utilized by Baker in the 
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development of the model. Baker's indices were derived from 

slope and aspect averaged from timber inventory points 

(Baker pers. comm. June 1989). 

The regression equation is as follows: 

Y = -5.72 + 0.83 (XI) + 0.42(X2) - 0.24(X2)(X1) °-92 (1) 
0.92 - 0.007(XI) 2(1 - EXP - (X3)/45)) 3 

Where: 

Y = Annual streamflow (in.) 
(XI) = Winter precipitation (in.) 
(X2) = Insolation as a decimal fraction 
(X3) = Timber basal area in square feet/acre 

The regression equation developed by Baker and Kovner 

represents interactive relationships between winter 

precipitation and timber density and precipitation and 

insolation. Though the relationship between precipitation, 

streamflow and insolation is linear; timber density and 

streamflow reflect a curvilinear relationship (Brown et al. 

1974). The coefficient of determination, R 2, for the 

Baker-Kovner model was computed as 0.69. 

It was generally felt by the authors of this model 

that given the limited data set (which averaged 12 years), 

there was insufficient data to accurately estimate linear 

and nonlinear coefficients. This raised questions as to how 

effectively the model represents the physical processes 

within this particular ecosystem. Results from this earlier 
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study as compared to the current analysis will be addressed 

further on. 

The Baker-Kovner model served as the basis for the 

second hydrologic model, ECOSIM, to be reviewed and 

evaluated. 

ECOSIM 

ECOSIM is the acronym for Ecosystem Component 

Simulation Model, developed by researchers at the Rocky 

Mountain Forest and Range Experiment Station (Rogers et al. 

1984) to assist land managers in estimating the impact of 

management practices on forest ecosystems. ECOSIM was 

developed from resource data collected on the Coconino and 

Apache-Sitgreaves National forests in Arizona and on the 

Lincoln National forest in New Mexico. 

It is an analytical system, modeling physical and 

ecological processes representing resources, processes and 

practices designed to simulate a range of silvicultural 

activities. The multiple subcomponents were designed to be 

interactive when used as a planning guide for natural 

resource management. 

Individual model components are; tree growth and stand 

development, herbage production, water yield, soil loss, 

scenic beauty, forest floor accumulation and wildlife 



activity. This study is concerned primarily with the 

hydrologic component within ECOSIM referred to as Water 

Yield. 

Unlike the Baker-Kovner model which was designed 

specifically for ponderosa pine, ECOSIM was developed from 

ponderosa pine and pinon-juniper watersheds data covering 

the period between 1960 through 1979. Data sets included 

the 20 pilot watersheds in addition to 17 subwatersheds. 

These subwatersheds, situated within the boundaries of the 

original pilot watersheds, were established post 1972 and 

range in size from 10 to 150 acres. Precipitation, 

insolation and overstory basal area were measured for each 

subwatershed. The objectives were to select areas that 

maximized homogeneity in order to reduce effects on water 

yield due to varying soil types, slope, and aspect. The 

data has yet to be analyzed (Baker pers.comm. August 1989) 

however, Rogers et al. (1984) indicate that data from 13 of 

the watersheds located within the 12 ponderosa pine 

watersheds were used in developing the ECOSIM model. The 

total data set thus included 303 observations from 29 

watersheds from both ponderosa pine and pinon-juniper 

watersheds. Post-treatment data accounts for 36 percent of 

the data base, though which treatments were sampled was not 

specified (Rogers et al. 1984). 
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As with the Baker-Kovner model, calibration for ECOSIM 

was not watershed specific. The data was analyzed 

collectively from control and treated watersheds, 

irrespective of treatment type. The input variables are 

identical to the Baker-Kovner model. 

ECOSIM is based on the assumption that water yield from 

a given watershed depends on meeting minimum threshold 

levels for precipitation and timber basal area. Total yield 

is expressed as the sum of water yield from an untreated 

watershed plus an additional amount resulting from a 

reduction in basal area below the stated threshold level. 

Simply put: WATER = BASE + ADD where BASE refers to water 

yield from the untreated watershed and ADD being additional 

water yield resulting from treatment. 

Data from untreated watersheds were used in developing 

the BASE portion of the model. The authors, Rogers et 

al.(1984) assume a precipitation threshold of 8.185 inches 

below which water yield would be zero. The precipitation 

component of BASE is therefore based on the difference 

between winter precipitation (defined as the sum of total 

precipitation occurring between October 1 and April 30 of 

any given water year) and the threshold, and is combined as 

an interactive term with the insolation index factor. The 

Water Yield component of ECOSIM is as follows: 



BASE = (WP - THRESHOLD) * PREFAC * SOLAC (2) 

Where: 

PREFAC = (( WP - 8.185)/4000) 0,7727 
SOLAC = 1.0 - EXP - (( 1 - SOL/1.448)/0.4955) 15,08 
SOL = Insolation Index 

BASE is assumed to be independent of basal area due to 

the assumption that there exists a threshold level in an 

untreated watershed above which changes in basal area have 

no significant effect. Additional water yield obtained from 

a treated watershed is dependent on a basal area below this 

threshold, which the authors define as 99.1 square feet per 

acre. The authors have assumed that the threshold level 

represents the point where interception and 

evapotranspiration are in equilibrium with available water 

sources and thus no excess water would be present for water 

yield augmentation. Below this basal area the relationship, 

ADD is as follows: 

ADD = (WP - THRHLD - BASE) * BASOL (3) 

Where: 

BASOL = 5 ((99.1 - BA)/99.1) 2,094 (1 - SOL) 1,95 
SOL = Insolation Index 
BA = Basal Area in square feet/acre (as determined 

from inventory studies) 

ADD is equal to zero if the basal area is less than or 

equal to 99.1 square feet per acre and BASOL cannot be 

greater than 1. Based on 399 observations, the R2 value 
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for ADD is 0.74. For BASE, the R2 is 0.81, derived from 

220 observations. 

YIELD 

The third model to be reviewed is a multi-component 

system of higher resolution than the previously described 

models. 

Yield is a physically-based hydrologic simulation model 

with a user interface to facilitate model calibration. This 

allows for its use outside the watersheds it was designed 

for. Yield has had several prototypes. Initially Yield was 

designed for ponderosa pine watersheds in the Ouachita 

Mountain drainage (Rogerson 1976), and later revised by 

Larson et al. (1978) as one component of a multiple module 

model developed to assist natural resource land-use 

planners. In the Larson et al. (1978) version, the Yield 

model was integrated into a multiple component system which 

included modules for estimating responses of forest 

overstory, forest understory, litter accumulation, 

evaluating animal habitat, carrying capacities and 

population dynamics. This is in addition to the module 

known as WATER which assessed sedimentation, water quality 

and water yield. 
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The program within WATER which models water yield from 

a watershed, known as Yield, was developed to represent 

ponderosa pine and pinon-juniper southwestern ecosystems. 

There have been two recent updates to this model, one by 

FFolliott and Guertin (1988) and by Mattern (1989) whose 

work is the topic of a Master of Science thesis. Although 

Yield was theoretically designed to model both pinon-juniper 

(pj) ponderosa pine, the model performed less effectively on 

the pj watersheds. Mattern revised the Larson et al. (1978) 

Yield model to better represent the pj hydrologic system and 

thus improve on the model's water yield predictability. The 

Yield model used in the present study is the Mattern 

revision, evaluated on the Beaver Creek ponderosa pine 

watershed data set and later compared to the Baker-Kovner 

and ECOSIM models. The same data set is utilized for Yield 

as for the Baker-Kovner and ECOSIM models. 

Mattern's water budget and soil accounting routines are 

applicable to ponderosa pine systems with certain changes. 

These are: changes in the algorithm used for computing 

throughfall; the interception storage capacity value; 

calibrating the more sensitive soil variables such as field 

capacity, porosity, and the saturated hydraulic conductivity 

coefficients; modifying the subsurface flow and deep seepage 
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component, and transforming the evapotranspiration 

subroutines. 

Once the user is satisfied with how the model simulates 

the hydrologic system vis-a-vis the water budget and soil 

accounting routines, input changes necessary to calibrate or 

validate the model for the region concerned are easily 

facilitated. The user interface allows the operator to 

manipulate such variables as basal area, forest cover and 

soil characteristics, thereby providing both the resource 

manager and the computer programmer with direct usability. 

Parameters not accessed through the user interface such as 

those required for the infiltration routine, which will vary 

given different soil types, and throughfall intensities as 

determined from local rainfall storm characteristics, appear 

as data statements in the program. 

The watershed is treated as a homogeneous unit in that 

soil, vegetation and topographic variability, inherent in 

most watersheds, are not accounted for. For example, the 

user interface allows for one soil type, one forest cover 

input, and one soil depth. This presents some problems for 

the ponderosa pine watersheds which do exhibit soil and 

topographic variability. 

This model operates on an input of daily precipitation, 

streamflow and temperature data. Files have been edited and 
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compiled for the four study ponderosa pine watersheds, 

utilizing the fullest data set possible. Watersheds 8, 12, 

and 14 have record periods from 1959 to 1981. Recorded data 

for Watershed 17 begins in 1966 due to a delayed start in 

recording temperature and humidity. The files have been 

designed to correspond to the water year i.e. from October 1 

to September 30 of each recorded year, and uses the julian 

day as the daily counter. This is a daily time step model 

where the water budget and soil moisture accounting routines 

are simulated on a daily basis with the output recorded as a 

daily, seasonal and annual summary. 

The soil profile is separated into an upper and lower 

zone. Mattern designated a depth of 24 inches to the upper 

layer. This was based on earlier studies where post 

clearing soil moisture changes in the upper layer were 

observed. For the ponderosa pine, total soil depth is 

defined by the root zone which in Beaver Creek corresponds 

to bedrock. The upper layer is differentiated from the 

lower layer by the surface soil texture difference, which in 

some soils is a silt loam. 

Daily predictions are made of snowmelt, surface runoff, 

soil moisture change, evapotranspiration, subsurface flow 

and deep seepage. Annual summary outputs are total 

precipitation, water yield, soil moisture change, 
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evapotranspiration, deep seepage, throughfall and total 

potential evapotranspiration. In discussing the model 

structure, changes that have been made, with respect to the 

Mattern model will be indicated. 

At the start of the program, the user is asked for the 

following inputs: precipitation and temperature files; soil 

type; soil depth; field capacity; soil porosity; Hamon*s 

"c" coefficient (introduced by the author as a calibration 

variable); interflow runoff efficiency (a coefficient 

describing the percentage of soil moisture above field 

capacity designated as subsurface interflow); degree-day 

index and forest canopy cover. As will be discussed later, 

the original evapotranspiration options were omitted from 

the current program. 

As the flow chart on figure 14 illustrates, whether the 

model estimates water yield from a rain event, a snow event 

or a rain on snow event depends upon the average temperature 

for each day that has a recorded precipitation. In order 

for it to be considered a snow event, the day receiving 

precipitation and the previous three days must have an 

average temperature of 32 degrees Fahrenheit in order to 

insure that the ground is cold enough for snow accumulation. 

Rain on snow events occur if snowpack water equivalent is 
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greater than 0.0 inches and daily high temperature is 

greater than 32 Fahrenheit. 

Once precipitation has occurred, crown canopy 

interception is calculated. For ponderosa pine, the water 

storage capacity (which is assumed to be the same for snow) 

has been estimated at 0.12 inches (Zinke 1967). When 

precipitation is greater than 0.5 inches, maximum canopy 

interception is set to 0.12 and interception is calculated 

for the percent forest cover indicated. For the inter-

canopy areas, the weighed average precipitation is 

calculated. 

Throughfall is assumed to be uniformly distributed over 

the forest floor. Throughfall intensity, the weighed 

throughfall amount divided by the storm duration, is 

determined from rainfall intensity which has been calculated 

from known storm characteristics (Campbell and Ryan, 1982) 

as illustrated on table 3. 

The throughfall algorithm was modified from Mattern's 

model to better represent the ponderosa pine system. 

Ffolliott and Guertin's (1988) throughfall equation, 

developed for ponderosa pine is used and is as follows: 

If precipitation is less than 0.5 inch then: 

Thrfll = (0.982 x ppt) - (0.00423)(basal area) (4) 
(ppt - 0.046) 

Otherwise: 
Thrfll = (ppt - 0.12)fcover + ppt(l - fcover) 
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Table 3. Rainfall Characteristics for Ponderosa Pine 
(from Campbell and Ryan, 1982) 

Storm Size Av.Storm Av. Storm Av. Rainfall 
Class (in.) Size (in.) Duration (hrs) Intensity 

(in/hr) 

Summer/Winter Summer/Winter Summer/Winter 

0. 02 - 0. 25 0. 10 0. 10 1.54 3.11 0. 0649 0. 0321 

0. 26 - 0. 50 0. 36 0. 36 4.11 9.27 0. 0875 0. 0388 

0. 51 - 0. 75 0. 60 0. 62 8.28 14.67 0. 0724 0. 0422 

0. 76 - 1. 00 0. 87 0. 87 8.49 17.16 0. 1024 0. 0506 

> 1.00 1. 68 1. 94 11.17 30.58 0. 1504 0. 0634 
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Figure 1 and 2 (pages 27 and 28) illustrate the relationship 

between throughfall and interception loss for ponderosa 

pine. Storms and soil infiltration are accounted for in 5-

minute intervals. The infiltration subroutine is a two 

layer routing system. Water is transmitted from the upper 

layer when total infiltration exceeds the unfilled pore 

space, or the available water holding capacity, which is 

defined as the field capacity minus the permanent wilting 

point. Infiltration is computed only on days with a 

precipitation event. A layer can have a maximum of two soil 

moisture contents if water penetration is less than the soil 

layer depth where one moisture content will be at the 

permanent wilting point and the other at some point between 

this and field capacity. Assumptions are made that the soil 

moisture content is uniform to the penetration depth. The 

Green and Ampt infiltration equation (Rawls et al. 1983) is 

used to calculate infiltration and is as follows: 

f = Ks ( 1 + ( M(S/F)) (5) 

where: Ks = saturated hydraulic conductivity (in./hr) 
M = effective porosity minus volumetric water 

content 
S = effective capillary suction (inches) 
F = cumulative infiltration (inches) 

In the Yield model, M is combined into the S/F factor, 

which is defined as the unfilled upper layer pore space 
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times the capillary rise divided by the cumulative 5-minute 

infiltration component. Surface runoff occurs when 

throughfall or direct precipitation in the inter-canopy 

areas exceeds the maximum amount of infiltration allowed for 

the storm duration or a 5-minute interval. If soil 

saturation is reached, referred to as the calculated storage 

function, and is greater than the soil water content for the 

entire soil profile, runoff occurs. 

As in many soil moisture accounting models of this 

kind, the water and energy processes are not occurring 

simultaneously, as one would expect in the natural system, 

but sequentially. For example, water movement into the 

bottom layer occurs when the penetration depth of the top 

layer exceeds the depth of the top layer. Overland flow 

occurs only when both soil layers have exceeded field 

capacity and ET calculated from the top layer when PET had 

exceed the canopy moisture content. Evapotranspiration 

occurs daily thus affecting the soil moisture balance which 

is changed for each layer incrementally at the time of 

evaporation or infiltration. 

Evapotranspiration is calculated on a daily basis, 

beginning with moisture stored in the canopy. If this is 

greater than the daily potential PET, the amount of moisture 

is reduced accordingly and no further ET occurs for that 
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day. If the reverse is true, where PET exceeds the canopy 

moisture, than the model routes the ET subroutine to the top 

soil layer after computing the canopy ET. PET is defined by 

Hamon's equation: 

PET = (C) (D) 2 (SV) (6) 

where: C = a coefficient 
D = possible hours of sunshine in 12 hour units 
SV = saturated water vapor density at the average 

water vapor density 

One of the calibration variables used in this study is the 

"c" coefficient. 

The actual evapotranspiration rate , AET, is defined as 

the ratio of available water, AW (soil moisture content 

above the permanent wilting point minus the permanent 

wilting point) over the water holding capacity,AWC (field 

capacity minus the permanent wilting point). Since PET is 

thought to be equal to or greater than AET, AET is 

determined as the above ratio times PET or, 

AET = PET (AW/AWC). In Mattern•s model, the user has the 

option to select three different posttreatment lower soil 

AET functions. This was a technique developed to address 

changes noted in the pj watersheds upon clearing. These 

options were not utilized for the ponderosa pine watersheds 

since less information was available on soil moisture 

changes due to vegetation manipulations and only on 

Watershed 12 was the vegetation removal 100 percent. The 
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AET subroutine was eliminated and AET computed as 

PET(AW/AWC) for both the top and bottom soil layers. 

The snowmelt routine uses the temperature index method 

where the depth of water released from the snowpack is 

temperature-dependent and predicted on a daily time-step. 

The equation is as follows: 

M = k (Ta - Tb) (7) 

where M = total melt for a day (in.) 
k = open area degree-day index (defined for 

the ponderosa pine as 0.03) 
Ta = daily high temperature (Fahrenheit) 
Tb = base temperature (Fahrenheit) 

Base temperature is equal to 32 Fahrenheit. Snowmelt occurs 

on days with or without rain but not if snow is predicted. 

The duration of snowmelt is determined from the number of 

hours the base temperature is above 32 Fahrenheit. On days 

without rain, the 5-minute infiltration routine is used to 

route infiltration and overland flow. If rain occurs, 

moisture available from snowmelt is combined with that 

occurring from the precipitation event and subsequently 

routed. 

Snowmelt processes are different and slower under 

canopy versus open space, therefore the model accounts for 

two degree-day indices. The covered index, defined as 'k' 

in the temperature index equation, is multiplied by a 
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transmissivity factor, tr, if the basal area is greater than 

25 square feet per acre. Tr is defined as: 

^ (0.144-0.229alog10(basal area) 

If the basal area is less than 25 square feet per acre, the 

transmissivity is equal to: 

tr = 1 - 0.013 (basal area) (9) 

To reflect changes in solar radiation and snowpack ripeness, 

both indices are increased 0.01 per 30 days (from January to 

April) or decreased (from November to January) with January 

1 the minimum value. 

Subsurface flow or interflow is defined as storage 

minus the soil moisture content for the entire profile times 

the coefficient termed the "interflow runoff efficiency" 

(IRE). The IRE is the percent above field capacity that 

becomes subsurface interflow which in theory eventually 

reaches the channel. The IRE is a very effective "fudge" 

factor for increasing water yield during calibration since 

it is the most sensitive of all the all the parameters that 

were calibrated. 

Deep seepage is considered a loss to the system. It is 

defined as moisture in exceedence of interflow times two-

thirds the saturated hydraulic conductivity, Ks. 
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methods and procedures 

The objectives of this study are to evaluate the 

performance of three hydrologic simulation models designed 

to predict water yield under changing vegetation conditions. 

Two of these models, Baker-Kovner and ECOSIM are empirical 

and based on multiple regression equations. The third model, 

Yield, is a multiple component water balance accounting 

system. 

There are three aspects to the present study. One is 

data management; to organize existing hydrologic data into a 

form compatible for use. The second is the translation of 

mathematical equations; into FORTRAN language for the Baker-

Kovner and ECOSIM models, and in modifying and calibrating 

Yield to meet conditions specific to the ponderosa pine 

ecosystem. The third is an evaluation of the models as to; 

accuracy, advantages of using a high resolution model over a 

low resolution model, and reliability of the models in 

assessing the impacts of different vegetation management 

treatments on water yield. The interpretation and 

useability of a model output depends upon the objectives of 

the user which in part is affected by the resolution of the 

model, model accuracy, and the quality of input data. 
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In order to provide data of statistical significance, 

the pilot watersheds on Beaver Creek were calibrated for pre 

and posttreatment effects with a paired control watershed. 

In a paired watershed study, a watershed similar in 

physiographic features, soils and hydrologic properties to 

the treated watershed is designated as the control 

watershed. Both treated and untreated watersheds are 

instrumented, then calibrated for a number of years prior to 

vegetation modifications. While 20 pilot watersheds exist 

within the Beaver Creek Experimental zone, this study is 

primarily concerned with water yield responses from four of 

the ponderosa pine watersheds. These sites represent a 

range of silvicultural treatments, from 100 percent clearcut 

to a light thinning treatment where 33 percent of the 

initial basal area was removed. 

For the pilot sites chosen, Watershed 13 is the control 

for Watersheds 8, 12, and 14, and Watershed 18 is the 

control for Watershed 17. The control and the treated 

watersheds were instrumented and calibrated for streamflow 

and precipitation. Each watershed was equipped with a 

streamflow gauge and a network of standard and recording 

rain gauges. Anticipating substantial sediment loads from 

the treated watersheds, a supercritical trapezoidal flume, 

designed to measure sediment-laden flows from ephemeral 
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streams (Baker 1986b), was installed at the mouth of each 

watershed. In the latter stages of work on the Beaver Creek 

Evaluation program, pretreatment and posttreatment yield 

responses were analyzed and compared to the control 

streamflow response. 

DATA INPUT 

The climatic data utilized for this study was collected 

over a 27 year period by United States Forest Service (USFS) 

researchers and personnel working on the Beaver Creek 

Watershed Evaluation Program. Precipitation, temperature 

and humidity, and streamflow gauges were installed on the 20 

pilot watersheds. 

The University of Arizona, in 1987, obtained from the 

Rocky Mountain Forest and Range Experiment Station, magnetic 

tapes of Beaver Creek data, including the hydrologic data. 

These files were reorganized onto personal computer disks to 

facilitate accessibility to the data and latter re-formatted 

for the current project into a form compatible with the 

input requirements necessary to run the hydrologic 

simulation programs. Two of the three models, the Baker-

Kovner regression model and ECOSIM, use annual streamflow 

and winter precipitation data while the third model, Yield, 

operates on a daily time step. 
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Hvdroloqic Data 

Streamflow data is classified by storm event, daily, 

annual and seasonal volumes and peak flow. Flow volumes 

were calculated and recorded by USFS personnel using the 

following equation: 

QI = Q2 + Ql/2 (t2 - tl) (10) 

where QI is the volume of streamflow recorded in a 5 minute 

interval (t2 - tl) then integrated over a 24 hour period. 

Standard and recording gauges measured precipitation. The 

precipitation values used in this study are daily average 

precipitation calculated by the Thiessen method of combining 

the records of gauges located throughout the respective 

watershed. 

Vegetation Data 

Timber inventories and silvicultural studies were an 

integral part of the Beaver Creek management plan. All 

three models utilize timber basal area, measured as square 

feet per acre, as the vegetation parameter. Data from basal 

area inventories of the major tree species were obtained 

from the USFS for each of the study watersheds. A line 

graph plot was prepared for each site in order to project 

known basal inventory points to years where no inventories 
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were taken. Timber inventories averaged four per watershed 

per 25 year period. This is an accepted technique for 

extrapolating data for years when no inventory was taken, as 

illustrated by Moeur and Ek (1981). 

Solar Radiation Data 

Insolation index, used as a parameter for the Baker-

Kovner and Ecosim models, measures the direct beam solar 

radiation on the earth's surface. Insolation indices were 

obtained for each watershed by computing and averaging slope 

and aspect as determined from area USGS topographical maps. 

Insolation indices were then obtained from slope and aspect 

tables developed by Rogers et al. (1984) who used the method 

described in Fons et al. (1960). The indices thus 

determined were then compared to the indices used by the 

authors of the Baker-Kovner model. The indices in the 

latter case were determined from slope and aspect data 

recorded at each of the timber inventory points. An 

insolation index was calculated from each inventory point 

and averaged for the entire watershed. 

Temperature Data 

The Yield model is the only model with a temperature 

data requirement. The input data files were modified to 
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accommodate temperature data. Hygrothermographs in weather 

instrument shelters continuously recorded temperature and 

humidity at seven locations throughout Beaver Creek 

Watershed. Five of these locations were within the 

ponderosa pine watersheds. For the present study, data from 

two of the five gauges were utilized. Gauge 20 was located 

on Watershed 8 and served Watersheds 8, 12 and 14. The 

second, gauge 35, was situated on Watershed 17. Regression 

equations were developed using the two gauges in order to 

correct for missing temperature data. 

Field Observations 

Field visits to the Beaver Creek Experimental station 

provided additional insights to the project. The study 

watersheds were initially visited with one of the committee 

members and the former project hydrologist for the Beaver 

Creek Experimental Watershed, Dr. Malchus Baker. Two later 

trips involved general field checking of soil profiles, the 

status of regrowth on the treated watersheds, regional and 

watershed geology and drainage characteristics. 

MODEL TESTING AND CALIBRATION 

The Baker-Kovner and ECOSIM regression models were 

initially developed from lumped pretreatment hydrologic and 
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vegetation data without respect to watershed specificity or 

silvicultural treatment. The present study attempts to test 

the models sensitivity to specific watershed treatments and 

to parameter changes. Yield was the only model to be 

calibrated. 

Baker-Kovner Model 

There are two sets of insolation indices presented in 

this study. Baker-Kovner was run on these two sets to 

determine whether the predicted runoff would be 

significantly affected. 

ECOSIM Model 

In developing the ECOSIM model, one of the assumptions 

made by Rogers et al. (1984) is the presence of a minimum 

threshold basal area of 99.1 square feet per acre, above 

which changes in basal area will not contribute to increased 

water yield. Regression analysis from earlier work in 

Beaver Creek (Brown et al. 1974) indicated that for a mean 

winter precipitation between 15 and 22 inches, water yield 

increases occur below 120-130 square foot per acre basal 

area. Although pretreatment basal area at Beaver Creek does 

not generally exceed 120 square feet per acre, a basal area 

of 140 square feet per acre was chosen to represent an upper 
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limit applicable to denser ponderosa pine forests. ECOSIM 

was run multiple times using various combinations of the two 

sets of insolation indices and basal areas of 140 and 99.1 

square feet per acre. 

Yield Model 

Inasmuch as Yield was modified for use in ponderosa pine 

ecosystems, calibration was required. Mattern (1989) 

determined that the Yield model is most sensitive to changes 

in the following parameters: soil field capacity; soil 

porosity; saturated hydraulic conductivity and interflow 

runoff efficiency. The author added Hamon's PET coefficient 

as a variable. 

Which calibration technique to use is widely open for 

debate. James and Burgess (1982) reviews several 

statistical methods used to measure the degree of agreement 

between predicted and observed quantities, which depend on 

whether the modeler is interested in absolute error or 

relative error with respect to some other point of origin. 

Another commonly used calibration function is the sum of 

squared differences, as illustrated by Mattern (1989); Baker 

and Rogers (1983) and discussed by Clarke (1973). The 

calibration routine employed for the current study evaluates 

the "goodness of fit" by a ratio method simplified from a 
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method developed by Cundy and Brooks (1981). This method is 

particularly useful when more than one parameter is being 

compared, for example streamflow volumes, peaks and timing 

of peaks because the resultant statistic is dimensionless. 

The present study, however, is only concerned with water 

yield and therefore uses one mean ratio, simulated runoff 

divided by the observed runoff, as a measure of goodness of 

fit. Using the ratio method, a best fit is a mean of 1.0 

and a standard deviation of 0.0. 

One problem that arises when calibrating with several 

parameters, is singling out which watershed characteristics 

have the greatest effect on runoff prediction. Ideally, as 

the relationship between model parameters and watershed 

characteristics become better known, fewer parameters would 

need to be estimated thus allowing the calibration to make 

better use of field data (James and Burges 1982). 

During the initial stages of calibrating Yield for 

this study, the systematic pattern search method was 

employed (James and Burges 1982). It became apparent that 

there are too many parameters and variables in the Yield 

model, given the calibration ratio utilized, to be an 

effective method of minimizing error to the degree 

necessary. 
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The initial setting was based on a subjective judgement 

of what the values would be given field experience, soil 

data and the literature, as it relates to ponderosa pine 

ecosystems. Into the iterative process two factors became 

apparent; one, Yield is most sensitive to changes in the 

interflow runoff efficiency factor (IRE) and two, 

calibrating for a mean ratio of 1.00 produces a consistent 

under prediction of medium (5-9 inch) to large (10 inch and 

above) flows at the expense of a good or over prediction for 

low flows (0-4 inch). Inasmuch as Yield accounts for 

seepage losses (this being probably more theoretical than 

actual) over estimating flows less than 3 inches while 

underestimating large flows seems more realistic given that 

neither channel transmission losses nor overland or 

subsurface flow routing are included in the model. On the 

average, a mean ratio at or near 1.00 tended to over predict 

low flows by 13 percent; under predict medium flows by 65 

percent and large flows by 300 percent. Given that the 

precipitation record includes abnormally low as well as high 

years, it was decided to calibrate the model for the mean 

flow, which was determined as 7.47 inches. A margin of 

error of 15 percent was allowed which is considered 

reasonable since gauged streamflow within 10 percent is 

considered good (Cundy and Brooks 1981). 
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Watershed 8 was designated the calibration watershed due 

to the length of pretreatment record (1959-1973) and its 

inclusion of abnormally high (particularly 1973) and low 

precipitation years. Settings calibrated on Watershed 8 

were run on the complete records for Watersheds 12, 14 and 

17 in order to evaluate their respective performance. 

The following are the final calibration settings: 

* interflow runoff efficiency = 60 (in./in.) 
* field capacity = 15 (in./in.) 
* porosity = 45 (in./in.) 
* saturated hydraulic conductivity = 0.25 
(in/hr) 

* Hamon's PET coefficient = 0.006 

The soils on the four pilot watersheds used in this 

study have been classified as either very stony to stony 

clay loams or stony silt loams (Williams et al. 1967). 

Porosity, hydraulic conductivity, and porosity fall within 

this range. Yield best performed on a hydraulic 

conductivity set for silt loam for all four watersheds, and 

the soil selection sets the permanent wilting point and 

wetted front capillary pressure. These values, 8 percent 

and 3.5 inches, respectively, were permanent settings during 

the calibration. 
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MODEL EVALUATION 

In the Results and Discussion section, each of the three 

models are evaluated separately using the statistical and 

graphical procedures outlined below, then comparatively. 

Statistical Analysis 

When evaluating simulation models for best performance 

there are several approaches one can use. Evaluating model 

errors is one method of comparing a model's performance. 

Aitken (1973) differentiates between random and systematic 

error; random error occurring when the model show no 

tendency to over or under estimate and systematic error 

occurring when error persists over an interval of time. 

Baker and Rogers (1983) and Pitman (1978) in comparative 

studies on rainfall-runoff models, use a series of 

statistical tests proposed by Aitken. In Baker and Rogers 

(1983), the models were calibrated using the sum of squared 

deviation as the objective function. Four other objective 

functions were used to measure model performance based on 

the proximity of the models' computed or predicted value to 

the ideal value. 

Some of the same statistical methods are used in the 

present study, however an objective method such as the sign 
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test to differentiate between random and systematic error 

was not used. While random error, accounted for by data 

collection or data input error can be assumed to exists, 

systematic error can be inferred by deviation of 

regressionally plotted data points from the 45 degree line. 

For the Beaver Creek data set, while a 10 to 15 percent 

precipitation and streamflow error is expected, the 

temperature data, which affects only Yield, is subject to 

greater error (pers. comm. Baker 1989). 

The present study did not use objective functions to 

measure performance. Instead, model performance is measured 

through a statistical summary of the annual predicted runoff 

values to the annual observed runoff values for each of the 

four study watersheds. The following statistical tests were 

performed: (i) Mean and standard deviations, in order to 

measure the model's ability to reproduce the observed mean; 

(ii) Coefficient of Determination (R2), to measure the 

degree of association or linearity in the observed and 

predicted flows (not whether the parameters themselves are 

linear, a distinction stated by Clarke (1973)); (iii) 

Coefficient of Efficiency (E) to measure the degree of 

conformity between the predicted and observed runoff values, 

indicated graphically as a deviation from the 45 degree line 

on the scatter plots, and numerically as a value less than 
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the R2" Data may be highly correlated according to the R 2 

value, however a lower E value indicates the regression line 

does not plot randomly around the 45 degree line (Aitken 

1973). 

Error Analysis 

A second procedure used is what the author terms the 

error ratio method. It is identical to the ratio described 

in the Yield model calibration and used by Cundy and Brooks 

(1981). This ratio, defined as the simulated or predicted 

value divided by the observed value, measures the degree to 

which the model has under or over predicted runoff. This 

ratio has been used to calculate the following: (i) mean 

annual error for the complete hydrologic record; (ii) 

pretreatment and posttreatment mean annual error; (iii) 

model performance when predicting flows according to size. 

Flows are classified as follows; low flows, from 0 to 4 

inches, moderate flows, from 5 to 9 inches and high flows 

from 10 inches and larger; (iv) Yield seasonal mean error 

where summer is the daily summation of runoff for the period 

from May through September and winter is October through 

April. 
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Graphical Analysis 

Graphics are an effective tool in the presentation of 

results, particularly in the present study where the reader 

is asked to digest a fairly voluminous amount of material, 

given the number of models being compared not only to each 

other but with respect to the different watershed 

treatments. Model results have been presented in the 

following graphical format: (i) regressional scatter plots 

(ii) comparative yearly hydrographs of observed runoff and 

model prediction runoff; (iii) annual mean error scatter 

plots. 

Model Comparison 

One of the thesis objectives is to evaluate the models 

in relation to their ability to represent the physical 

system, in this case, the ponderosa pine ecosystem. How 

well the individual models respond has been discussed above. 

In this final analysis, the three models, Baker-Kovner, 

ECOSIM and Yield are compared and contrasted to one another 

using the results of the evaluation procedures already 

outlined. In addition, the author developed a multiple 

regression equation from the current project data set using 

basal area, winter precipitation and observed runoff. 
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RESULTS MID DISCUSSION 

Model performance will be reviewed in a two-fold 

manner. One, in order to evaluate individual model 

performance and accuracy in predicting water yield. Two, 

collectively for the purpose of determining which model 

output best minimizes error when comparing time series data 

and whether trends exist which relate model performance to 

differences in vegetation treatment. 

BAKER-KOVNER REGRESSION STREAMFLOW MODEL 

General trends for the Baker-Kovner model indicate a 

tendency to under predict runoff when comparing estimated 

runoff to observed flows of 4 inches or more (figs. 15-18). 

With the exception of Watershed 14, all of the study 

watersheds yield a mean error ratio of less than 1.0. 

Statistical Analysis 

Figures 19-22 illustrate the regressional relationships 

for the Baker-Kovner runoff versus the observed runoff. 

Table 4 summarizes the results of a statistical analysis 

(Appendix D) computed for the four study watersheds. 
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Figure 17. Observed and Baker-Kovner runoff for 
Watershed 14. 
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Figure 18. Observed and Baker-Kovner runoff for 
Watershed 17. 
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Figure 21. Scatter plot of observed versus Baker-Kovner 
runoff for Watershed 14. 
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Figure 22. Scatter plot of observed versus Baker-Kovner 
runoff for Watershed 17. 
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Table 4. Statistical Analysis for the Baker-Kovner 
Model 

Project 
Watershed 

R 2 E BK Obs. 
Mean Mean 

-inches-

Watershed 8 0.94 0.64 5.64 8.59 

Watershed 12 0.96 0.69 4.70 7.41 

Watershed 14 0.95 0.96 5.11 5.23 

Watershed 17 0.94 0.85 7.15 8.95 

As the figures and Table 4 illustrate, a relatively 

strong linear relationship exist for all watersheds. 

However, as the E values indicate, all of the watersheds 

with the exception of watershed 14 have a bias towards under 

predicting. Watershed 14 and to a lesser extent, Watershed 

17, show the least amount of bias and the least percent 

relative error from the observed annual mean flow (2 and 20 

percent predicted under the mean, respectively). 

Error Analysis 

Table 5 indicates that significant differences exists 

when data is grouped according to pretreatment and 

posttreatment years and according to size of flow. 
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Table 5. Mean Error Ratio Distribution by Watershed 
for the Baker-Kovner Model 

(1) 
Ws 
# 

(2) 
Low 
Flow 

(3) 
Mod. 
Flow 

(4) 
High 
Flow 

(5) 
Pre-
Tmt 

(6) 
Post-
Tmt 

8 1.18 0.78 0.62 1.05 0.56 

12 0.81 0.63 0.61 0.79 0.65 

14 2.16 0.81 0.86 1.82 1.45 

17 0.98 0.84 0.76 0.93 0.83 

Mean 1.28 0.76 0.71 1.45 0.87 

(1) project watershed number 
(2) Flows < 5 in/yr 
(3) Flows 5-10 in/yr 
(4) Flows > 10 in/yr 
(5) Mean error for runoff prior to silvicultural 

treatment 
(6) Mean error for runoff post silvicultural treatment 



Ill 

The predicted runoff for the pretreatment runoff 

exceeds the observed for Watersheds 8 and 14 (the lightly 

thinned and strip cut treated watersheds, respectively), 

while Watershed 12 and 17 (clear cut and heavily thinned, 

respectively) under predict by 10 to 35 percent. Post-

treatment responses are least favorable for Watersheds 12 

and 8 which under predict by 35 to 44 percent, respectively. 

In contrast, watershed 14 over predicts by 45 percent. 

Predominant south-facing slopes on Watershed 14 may account 

for higher evapotranspiration losses then were accounted 

for. Most of the watershed hydrologic records have 

abnormally high winter precipitation years during the post-

treatment periods. It was therefore of interest to 

determine whether a correlation existed between error ratios 

for high flows (defined as 10 inches or greater) and post -

treatment data. Such a trend does exist for all watersheds 

with the exception of 14 where high flows, which account for 

an average of 30 percent of the total flows, are under 

predicted by 40 to 25 percent. 

Model performance was also evaluated by calculating 

predicted over observed error ratios for the complete annual 

record (figs. 23-26). The results are summarized in Table 
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Figure 23. Baker-Kovner error ratio for Watershed 8. 
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Figure 24. Baker-Kovner error ratio for Watershed 12. 
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Figure 26. Baker-Kovner error ratio for Watershed 17. 
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Table 6. Mean Annual Error Ratios for the 
Baker-Kovner Model 

Project Watershed Mean Std. Dev 

Watershed 8 0.91 0.69 

Watershed 12 0.70 0.46 

Watershed 14 1.64 1.26 

Watershed 17 0.87 0.36 

Overall 1.03 0.69 

From table 6 and the statistical data provided, 

Watershed 17 appears to respond most accurately to the 

Baker-Kovner model. 

Model Examination 

The Baker-Kovner model represented in this study, while 

true in form to the original model (Appendix A), uses 

different insolation values than those reported by Baker 

(pers.comm. June, 1989). Insolation indices for each 

watershed in the original study were obtained from averages 

of slope and aspect data taken at timber inventory points on 

each watershed during silvicultural research conducted in 

the early years of the Beaver Creek Experimental Watershed 

project. The present author chose to determine slope and 

aspect directly from topographical maps, inasmuch as a user 

may not have access to timber inventory data. Table 7 



115 

compares the predicted annual runoff means and standard 

deviations for both sets of indices, referred to as Baker-

Kovner (BK) and Project index. 

Table 7. Baker-Kovner Comparison of Predicted Annual 
Runoff Means Using the two Sets of Insolation 
Indices 

Predicted Insolation Index 
Annual Runoff 

BK Project 
Mean Mean 

-inches-

BK 
Index 

Proj ect 
Index 

Watershed 8 5.80 5.64 0.67 0.72 
Std. Dev. 4.07 4.00 

Watershed 12 4.80 4.70 0.70 0.74 
Std. Dev. 4.42 4.37 

Watershed 14 5.30 5.11 0.70 0.76 
Std. Dev. 4.44 4.36 

Watershed 17 7.34 7.15 0.68 0.74 
Std. Dev. 5.80 5.70 

The results indicates a model sensitivity to insolation 

indices on the order of a 2 to 3 percent error factor. The 

Baker-Kovner model was developed on 14 years of data, from 

1961 to 1973. Brown et al. (1974) found this data set 

limiting in being able to accurately estimate the 

coefficients, particularly since this included only 5 years 

of posttreatment data. Their initial results show a 20 

percent under prediction. This falls within the range found 
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in the present study, which includes an average of 23 years 

of data, including 12 years of posttreatment data. While 

the earlier study indicates that this under prediction is 

consistent when comparing predicted runoff to with high 

flows, the current study shows a wider range of 10 to 40 

percent under prediction when compared to observed flows 

greater than 10 inches. 

In reviewing results from the Baker-Kovner model, the 

present study again confirms findings by Brown et al. (1974) 

which predicted an average streamflow of 4.0 inches when the 

total winter precipitation is 16 inches and basal area is in 

the range of 116 square feet per acre. However this average 

yield increases with increases in winter precipitation for 

both pre and posttreatment basal area. 

ECOSIM 

Given that ECOSIM is modeled after the Baker-Kovner 

regression model, similar general trends for ECOSIM are 

expected. Figures 27-30 suggest this is the case, though 

overall ECOSIM runoff shows a marked decrease in yield 

prediction accuracy. 



12 1 

117 

i'I i i i 1 i i r™ | i 1 i i i i i 'P i 
58 59 60 81 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 

Year 

D Observed + ECOSIM 

Figure 27. Observed and ECOSIM runoff for Watershed 8. 
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Figure 28. Observed and ECOSIM runoff for Watershed 12. 
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Figure 29. Observed and ECOSIM runoff for Watershed 14. 
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Figure 30. Observed and ECOSIM runoff for Watershed 17. 



Statistical Analysis 

Results from tests for linear and statistical 

relationships are summarizes in Table 8. 

Table 8. Statistical Analysis for the ECOSIM 
Model 

Proj ect 
Watershed 

R 2 E ECOSIM Obs. 
Mean Mean 

-inches-

Watershed 8 0.93 0. 60 5.10 8.59 

Watershed 12 0.97 0. 40 2.84 7.41 

Watershed 14 0.93 0. 65 2.60 5.23 

Watershed 17 0.95 0. 47 4.98 8.95 

While the R 2 values indicate a linear correlation of 

predicted versus observed runoff, the low E values are an 

indicator that ECOSIM significantly under predicts runoff. 

This is illustrated in figures 31-34. Predicted deviations 

from the observed annual mean average 48 percent under 

prediction (designated as a minus) for the four watersheds. 

The range of relative percent error, from -41 percent for 

Watershed 8 to -62 percent for Watershed 12 suggest that 

ECOSIM is not particularly sensitive to any one 

silvicultural treatment. 
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Figure 31. Scatter plot of observed versus ECOSIM runoff 
for Watershed 8. 
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Figure 32. Scatter plot of observed versus ECOSIM runoff 
for Watershed 12. 
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Figure 33. Scatter plot of observed versus ECOSIM runoff 
for Watershed 14. 
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Figure 34. Scatter plot of observed versus ECOSIM runoff 
for Watershed 17. 
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Error Analysis 

Table 9 summarizes mean error ratios computed for the 

ECOSIM model. 

Table 9. Mean Error Ratio Distribution by Watershed for 
the ECOSIM model 

(1) 
Ws 
# 

(2) 
Low 
Flow 

(3) 
Mod. 
Flow 

(4) 
High 
Flow 

(5) 
Pre-
Tmt 

(6) 
Post-
Tmt 

8 0.92 0.65 0.60 0.86 0.48 

12 0.52 0.43 0.47 0.53 0.44 

14 1.02 0.41 0.45 0.90 0.67 

17 0.59 0.56 0.55 0.62 0.54 

Mean 0.76 0.51 0.52 0.73 0.53 

(1) Project watershed number 
(2) Flows <5 in/yr 
(3) Flows 5-10 in/yr 
(4) Flows >10 in/yr 
(5) Mean error runoff prior to silvicultural treatment 
(6) Mean error runoff post silvicultural treatment 
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The ECOSIM model under predicts both pretreatment and 

posttreatment data sets. The average posttreatment 

performance is 47 percent under the observed with a high of 

-56 percent as indicated by watershed 12. Pretreatment 

responses are better, averaging 27 percent below the 

observed with watershed 8 and 14 performing within the 14 to 

10 percent under prediction range. Low flows (less than 4 

inches) tend to be slightly over estimated for the Watershed 

14. Moderate and high flows are consistently under 

estimated for all four watersheds by an average of 48 

percent below the observed flow. 

Table 10 summarizes the mean annual error ratios for 

predicted versus observed runoff, as illustrated on figures 

35-38. 

Table 10. Mean Error Ratios for the 
ECOSIM Model 

Proj ect 
Watershed 

Mean Std. Dev 

Watershed 8 0.75 0.51 

Watershed 12 0.48 0.27 

Watershed 14 0.79 0.63 

Watershed 17 0.57 0 . 2 2  

Overall 0.65 0.41 
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Figure 35. ECOSIM error ratio for Watershed 8. 

0.3 -3 

I I I 
12 16 

observed Runoff (in.) 

Figure 36. ECOSIM error ratio for Watershed 12. 
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Observed Runoff (in.) 

Figure 37. ECOSIM error ratio for Watershed 14. 
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Figure 38. ECOSIM error ratio for Watershed 17. 
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The mean record responses of watersheds 8 and 14 to 

ECOSIM suggest the pretreatment period, with its higher 

basal area density, influences the overall response. 

Model Examination 

ECOSIM is designed to be an additive process. 

Predicted water yield is the sum of yield from the untreated 

watershed plus whatever is produced after treatment. Two 

assumptions are; one, no yield occurs if the ADD portion of 

the equation has a basal area less than 99.1 square feet per 

acre and two, no yield is produced from the BASE portion if 

winter precipitation is less than 8.185 inches. These two 

assumptions alone probably attribute to ECOSIM's poor 

performance. While winter precipitation rarely drops as low 

as the threshold, all of the pretreatment years exhibit 

basal areas above the ECOSIM threshold value which reduces 

the ADD contribution of the ECOSIM equation to zero. 

Therefore one would expect the posttreatment mean to be 

higher than pretreatment mean, as indicated on Table 20. A 

regression analysis on original Baker-Kovner data set (Brown 

et al. 1974) illustrates that for a winter precipitation 

value of 15 inches, which is slightly under the mean winter 

precipitation for the study watersheds, streamflow appears 

to increase when basal area is reduced below a timber 
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density of 140 square feet per acre. Based on this and 

personal communications with Baker (April 1989), additional 

runs were performed using a combination of basal area 

thresholds of 140 and 99.1 square feet per acre along with 

the two insolation indices used in the Baker-Kovner section 

(i.e. the project index and the index used by Baker in 

developing the Baker-Kovner model). Table 11 illustrates 

the results of these test runs. The first term in the 

heading is the insolation index, the second term the basal 

area value. 

ECOSIM responds significantly to changes in insolation 

and to a lesser extent to changes in basal area. This 

confirms a similar statement by Rogers et al. (1984) in the 

original study. To illustrate the effect on water yield 

when changes in vegetation density and insolation occur, 

consider the different scenarios for Watershed 8. Case 1: 

insolation index is decreased from 0.72 to 0.67 (Baker -

Kovner index) while basal area is maintained at 99.1. The 

result is a 36 percent increase in predicted water yield. 

Case 2: only basal area is changed, from 99.1 to 140 square 

feet per acre. The result is a 3 percent increase. Case 3: 

insolation is decreased and basal area is increased. The 

result is a 38 percent increase in water yield. This trend 

is present in the other watersheds to a greater or lesser 
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extent depending on how much of a difference there is 
\ 

between changes in the insolation index and what vegetation 

treatments were performed on the watershed. 

Table 11. Mean Annual Runoff for ECOSIM Test Runs on 
Combinations of Basal Area (BA) and 
Insolation Indices (INS.) 

(1) (2) (3) (4) 
Project 

(5) 
Proj ect 

(6) 
BK 

(7) 
BK 

INS: BA 
0.72:99. 1 

INS: BA 
0.72:140 

INS:BA 
0.67:99. 1 

INS:BA 
0.67:140 

Ws 8 M 
S 

8.59 
7.08 

5.10 
4.23 

5.25 
4.35 

6.93 
5.75 

7.06 
5.85 

INS:BA 
0.74:99. 1 

INS: BA 
0.74:140 

INS: BA 
0.70:99. 1 

INS:BA 
0.70:140 

Ws 12 M 
S 

7.41 
6.87 

2.84 
2.86 

3.53 
3.53 

4.80 
4.59 

4.88 
4.66 

INS:BA 
0.76:99. 1 

INS: BA 
0.76:140 

INS:BA 
0.70:99. 1 

INS:BA 
0.70:140 

Ws 14 M 
S 

5.23 
5.11 

2.60 
2.46 

2.81 
2.74 

5.18 
4.81 

5.39 
5.05 

INS:BA 
0.74:99. 1 

INS: BA 
0.74:140 

INS:BA 
0.68:99. 1 

INS:BA 
0.68:140 

Ws 17 M 
S 
8.95 
6.83 

4.96 
4.16 

5.23 
4.45 

7.73 
6.33 

7.98 
6.58 

(1) Watershed number 
(2) M (Mean) and S (Std. Dev.) 
(3) Observed annual mean runoff (in.) 
(4) ECOSIM mean annual runoff values from basal area and 

insolation indices derived from present study. 
(5)-(7) ECOSIM mean annual runoff values from 

combinations of basal area and insolation indices. 
Refer to text. 
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YIELD 

The third model to be reviewed is a physically-based, 

soil moisture routing system. The Yield FORTRAN program as 

modified for the present study has not been included in this 

text. The pinon-juniper version can be obtained from 

Mattern (1989). Modifications of the Yield program for use 

in ponderosa pine ecosystems have been described in the 

Methods and Procedure section. 

General trends for the Yield model indicate a 

relatively good fit with a tendency more towards over 

prediction than under prediction (figs.39-42). 

Statistical Analysis 

Results from a linear analysis are given in Table 12 

and illustrated as scatter plots in figures 43-46. 

Table 12. Statistical Analysis for the Yield Model 

Proj ect 
WAtershed 

R 2 E Yield Obs. 
Mean Mean 

-inches-

Watershed 8 0.93 0.64 8.09 8.59 

Watershed 12 0.93 0.68 6.06 7.41 

Watershed 14 0.94 0.85 7.34 5.23 

Watershed 17 0.98 0.89 8.74 8.95 
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Figure 39. Observed and Yield runoff for Watershed 8. 
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Figure 40. Observed and Yield runoff for Watershed 12. 
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Figure 41. Observed and Yield runoff for Watershed 14. 
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Figure 42. Observed and Yield runoff for Watershed 17. 
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Figure 43. Scatter plot of observed versus Yield 
runoff for Watershed 8. 
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Figure 44. Scatter plot of observed versus Yield 
runoff for Watershed 12. 
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Figure 45. Scatter plot of observed versus Yield 
runoff for Watershed 14. 
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Figure 46. Scatter plot of observed versus Yield 
runoff for Watershed 17. 
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As the scatter plots Indicate and the low E values 

confirm, Yield tends to over predict low flows (less than 5 

inches) while under predicting higher flows. Watershed 14 

is again an exception where all predicted runoff points over 

predict. Possible explanations for inadequate 

evapotranspiration losses for Watershed 14, as presented 

earlier, may be more pertinent for the Yield model which 

does not simply assume ET losses, as in the earlier models, 

but has a specific algorithm for ET processes. Watershed 17 

appears to have the best response which may be due to a 

shorter distance to the channel of overflow, in contrast to 

the other watersheds which exhibit more complex slope 

geometries. Inasmuch as Yield does not have a watershed 

routing component, Yield may be more effective where travel 

times to the channel are short. When comparing the mean 

annual runoff to the observed, Watershed 17 has the best 

response with a 2 percent under prediction, in contrast to 

Watershed 14 which over predicts the annual mean by 40 

percent. 

Error Analysis 

Run on the final calibration settings (discussed in 

the Methods and Procedure section), the mean annual ratio 

for the pretreatment years on the control watershed, 
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designated as Watershed 8, is 1.78 with a standard deviation 

of 1.43. Yield was run on the other three watersheds using 

the calibrated coefficients on the pretreatment years, in 

order to validate or test the model's performance outside of 

the control watershed. The annual mean and standard 

deviation, as determined by the calibration program 

(Appendix C) for Watersheds 12, 14 and 17 are reported in 

Table 13. 

Table 13. Mean Validation Error Ratios for 
Pretreatment Data 

Mean Std. Dev. 

Watershed 12 1.47 1.27 

Watershed 14 2.80 2.88 

Watershed 17 1.06 0.27 

As Table 14 indicates, the medium flow ratio, 

calculated for the entire record, for flows between 5-9 

inches for Yield is within 12 percent for watersheds 12 and 

14 and within 2 percent for watersheds 8 and 17. This 

indicates that the calibration coefficients for medium flows 

were within the desired range for the ponderosa pine 

watersheds. 
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Table 14. Mean Error Ratio Distribution by Watershed for 
the Yield Model 

(1) (2) (3) (4) (5) (6) 
Ws Low Mod. High Pre- Post-
# Flow Flow Flow Tmt Tmt 

8 2.18 1.00 0.84 1.77 0.74 

12 3.10 0.88 0.62 2.16 1.53 

14 5.60 1.17 1.00 3.90 3.77 

17 1.61 1.02 0.83 0.97 H
 

• to
 
o
 

Mean 3.12 1.02 0.82 2.20 1.81 

(1) Project watershed number 
(2) Flows < 5 in/yr 
(3) Flows 5-10 in/yr 
(4) Flows > 10 in/yr 
(5) Mean error for runoff prior to silvicultural 

treatment 
(6) Mean error for runoff post silvicultural treatment 



However, for the overall mean ratio, computed for the 

complete record, Yield consistently over predicts runoff. 

This is skewed due to a predominance of low flows which 

alone over predicted on an average 200 to 500 percent (figs. 

47-50) and account for over 45 percent of the flows. When 

computing error from flows of less than 1 inch, the error 

can be as high as 16 times the observed, resulting in an 

overall mean ratio that over dampens the presence of higher 

flows. Watershed 14 consistently over predicts the overall 

runoff value. This was consistent during calibration 

regardless of the coefficients used. A possible 

explanation, mentioned earlier, is that the model 

evapotranspiration routine does not accurately reflect 

losses on Watershed 14. 

While Yield is structurally and in numbers of parameters 

a more complex program than the Baker-Kovner and ECOSIM, 

what makes Yield unique to the three is its resolution and 

type of output. Yield produces daily, seasonal and annual 

runoff, in addition to evapotranspiration (ET) throughfall, 

potential evapotranspiration (PET), and deep seepage. On a 

daily time step, Yield records the soil moisture accounting 

system in five-minute infiltration intervals. A problem 

with relying on daily output is the difference in data 

resolution. The soils data, basal area and forest cover 
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Figure 47. Yield error ratio for Watershed 8, 
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Figure 48. Yield error ratio for Watershed 12. 
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Figure 49. Yield error ratio for Watershed 14. 
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Figure 50. Yield error ratio for Watershed 17. 
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inputs are uniform for each watersheds,and therefore does 

not account for heterogeneity within the watershed boundary. 

The snowmelt and infiltration routines are run on 5 minute 

intervals, thus requiring the daily input data to be as 

accurate as possible. Precipitation and temperature input 

variables can be the source of systematic error in the Yield 

model. For example, using daily summary values for 

precipitation and temperature introduce error as was 

mentioned by Mattern (1989). Storms lasting 2 or 3 days are 

treated as separate events which reduces rainfall intensity, 

and in turn the interception and infiltration components of 

the model. The use of mean temperature can affect the 

model's ability to accurately predict whether a 

precipitation event is rain, snow or mixed and in term 

affect snowmelt and evapotranspiration calculations. 

Yield's seasonal output (Appendix D) allows for a 

comparison of model performance with respect to how well the 

snowmelt and summer and winter infiltration routines 

function. 

MODEL COMPARISON 

The three models reviewed in this study can be 

evaluated in terms on one, their mean predicted runoff 
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values; two, pretreatment and posttreatment runoff; three, 

runoff relative to the specific watershed treatments; four, 

in terms of data requirements, useability and output 

resolution and five, in comparison to water yield results 

derived from multiple regression equations developed from 

the complete project data record. 

Comparative model results (figs. 51-54) are summarized 

in Table 15 from Appendix E. 

Table 15. Comparison of Annual Runoff Means for the 
Three Hydrologic Models 

Obs. Q Baker-
Kovner 

ECOSIM 

-inches-

Yield 

ws 8 Mean 8 . 5 9  5 . 6 4  5 . 1 0  8 . 0 9  
Std. Dev. 7 . 0 8  4 . 0 0  4 . 2 3  5 . 0 8  

w s  1 2  Mean 7 . 4 1  4 . 7 0  2 . 8 4  6 . 0 6  
Std. Dev. 6 . 8 7  4 . 3 7  2 . 8 6  3 . 4 8  

w s  1 4  Mean 5 . 2 3  5 . 1 1  2 . 6 0  7 . 3 4  
Std. Dev. 5 . 1 1  4 . 3 6  2 . 4 6  4 . 3 7  

w s  1 7  Mean 8 . 9 5  7 . 1 5  4 . 9 6  8 . 7 4  
Std. Dev. 6 . 8 3  5 . 7 0  4 . 1 6  5 . 0 2  

Error ratios, used to evaluate individual model 

performance in the previous section, are compared in Table 

16. 
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Figure 52. Comparative model runoff for Watershed 12 
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Figure 54. Comparative model runoff for Watershed 17. 
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Table 16. Comparison of Annual Mean Error Ratios 
for the three Hydrologic Models 

—Predicted Runoff /Observed Runoff— 

Baker-
Kovner 

ECOSIM Yield 

WS 8 Mean 0.91 0.75 1.47 
Std. Dev. 0.69 0.51 1.12 

WS 12 Mean 0.70 0.48 1.77 
Std. Dev. 0.46 0.27 1.67 

WS 14 Mean 1.64 0.79 3.84 
Std. Dev. 1.26 0.63 4.69 

WS 17 Mean 0.87 0.57 1.14 
Std. Dev. 0.36 0.22 0.52 

The models can also be compared to pretreatment and 

posttreatment responses, as illustrated on Table 17. 
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Table 17. Comparison of Percent Relative Error* for 
for Pretreatment and Posttreatment Mean Annual 
Runoff 

A. Pretreatment Response 

Ws # Baker ECOSIM Yield 
—percent— 

8  -  5  -  3 4  + 1 0  
12 - 32 - 56 +8 
14 0 - 50 + 59 
17 - 27 - 49 + 13 

B. Posttreatment Response 

Ws # Baker ECOSIM Yield 
—percent— 

8 - 38 - 44 - 18 
12 - 42 - 53 - 28 
14 - 3 - 50 +28 
17 - 17 - 42 - 9 

* Percent relative error = (predicted -
observed)/observed 

Based on the results outline in this section and 

detailed in the tables and figures already referred to, the 

model performance is summarized as follows: 

* As a comparison to the present study, the results from 

Rogers et al. (1984) indicate an R2 of 0.61 for Baker-

Kovner and an R2 of 0.74 for ECOSIM. These are statistics 

derived from the entire data set without specificity to 

certain watersheds or silvicultural treatments. While 

ECOSIM's performance is superior to the Baker-Kovner model 



146 

in the Rogers study, these statistics are low when compared 

to the current study. Both models were originally developed 

and tested on non-site specific data whereas they are being 

presently evaluated on sites which have undergone specific 

vegetation treatments. Averaging the four watershed annual 

means obtained in the present study yields 5.65 (in/yr) for 

Baker-Kovner and 3.87 (in./yr) for ECOSIM. This contrasts 

with the Rogers et al. (1984) results which average 3.09 

(in/yr) for the Baker-Kovner model and 3.16 (in/yr) for 

ECOSIM. 

* based on the predicted mean runoff, Baker-Kovner and Yield 

perform comparably. ECOSIM predicts on the average 38 

percent lower than Baker-Kovner for the overall record, 34 

percent for posttreatment years and 37 percent lower for 

pretreatment years. 

* all models, with the exception of Yield for Watershed 17, 

show an increase in runoff for the post treatment period, 

relative to the pretreatment period. However, the percent 

error deviation from the mean (Table 19) indicates that all 

three model have poorer performance when predicting 

posttreatment mean flow. 
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* Yield is the best predictor for moderate and high flow 

runoff as it is currently calibrated. 

* the Coefficient of Determination, R 2, in measuring the 

degree of association between observed and predicted runoff 

is comparable for Baker-Kovner and Yield models. ECOSIM 

produce the lowest R2 and exhibits the most bias, given the 

low E values. 

* when evaluating model performance vis-a-vis the different 

watershed treatments, no one model consistently out performs 

another for all treatments. On an overall error ratio, 

Baker-Kovner performs best on Watershed 8, ECOSIM on 

watersheds 8 and 14 and Yield on watershed 17. 

* The output resolution for the Yield model provides 

predicted and observed runoff values for summer and winter 

periods. While the winter period is the dominant 

contributing factor to annual runoff, there does exist 

summer runoff, albeit minor for most years. However, as the 

output tables in Appendix D show, summer runoff does occur, 

particularly for high precipitation years such as 1973 and 

1979. Were the Baker-Kovner and ECOSIM models designed to 

account for summer runoff as well as winter snowmelt their 
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annual runoff values would improve with respect to the 

observed flow. 

The results show a great diversity in model response 

and some unexpected surprises. For example, if one accepts 

that the BASE portion of the ECOSIM equation contributes 

significantly to the output, one would expect ECOSIM to 

perform better on the posttreatment data, since the basal 

area for all four watersheds, regardless of treatment is 

below the 99.1 basal area threshold value. This is not the 

case and ECOSIM's best overall performance on watershed 8 

and 14, watersheds with the least number of posttreatment 

years, suggests that another parameter may be more 

significant. As was discussed in the ECOSIM section, the 

insolation index appears to be significantly sensitive to 

the model, not basal area. 

The Baker-Kovner model was developed from Beaver Creek 

pretreatment ponderosa pine data. A comparison of the 

earlier results, where the model was run on 14 years of data 

and on three watersheds (two were control watersheds) 

predicted an average of 20 percent below the observed (Brown 

et al. 1974). The current prediction average for 23 years 

of data (with the exception of watershed 17 which as 19 

years) averaged over the four watersheds is a 22 percent 

under prediction. 
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In contrast to the Baker-Kovner and ECOSIM regression 

models, a multiple regression equation was developed on the 

current project data set using basal area, winter 

precipitation and observed runoff. It is summarized on 

Table 18. 

Table 18. Project Regression Mean Annual Runoff 

Project Watershed Mean Std. Dev. 

•inches-

Mean Error 
Ratio 

Watershed 8 8.23 6.90 1.14 

Watershed 12 7.48 6.67 1.20 

Watershed 14 5.23 4.99 1.22 

Watershed 17 8.95 6.71 1.11 

Overall 7.47 6.32 1.17 

This regression averaged 17 percent over prediction 

from the observed data. 

Yield is a multiple component model attempting to 

simulate hydrologic processes. Some of these processes may 

not be well understood for this region. An example is the 

subsurface flow and deep seepage routines. Little field 

work exists to determine what a realistic subsurface loss to 

fractured or weathered bedrock might be and whether this 

•loss' returns to the stream channel. In order to increase 

the water yield value during calibration, changing the 
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interflow runoff efficiency factor (IRE) was the most 

effective parameter for affecting large changes in runoff. 

This assumes that in the case of the final calibration 

settings, that 60 percent of moisture above field capacity 

becomes subsurface interflow and eventually reaches the 

channel. This is a gross assumption, at least for ponderosa 

pine where research is lacking in this area. One aspect of 

the Beaver Creek watersheds visited is the very stony 

characteristic of the surface and subsurface soil layers, 

where up to 80 percent stony cover was noted on Watershed 12 

and 14. It is probable that overland flow begins soon after 

the rain or snowmelt event begins therefore altering the 

amount of moisture available for routing through the profile 

as described in the model. In addition, the soil depth 

entered in the user interface portion of Yield is assumed to 

be constant for the entire watershed, which again is a gross 

assumption for Beaver Creek. Though a depth of 3 feet was 

used in calibrating the Yield model, soil depth is in fact 

probably much less, certainly on the steeper slopes and 

where vegetation is sparse. The sensitivity of Yield to 

soil depth was not tested (Mattern, 1989), which may be 

another source of systematic error since soil depth defines 

the available water capacity. 
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Some of the areas for model improvement as discussed by 

Mattern (1989) are; the inclusion of topographic factors 

such as slope and aspect which play a significant role in 

snowpack accumulation and melt, as reviewed by Hansen and 

Ffolliott (1968) and Baker (1986); interception for 

association species (in the case of Watershed 12, Gambel Oak 

re-colonized the area with the first years thereby 

increasing posttreatment ET); and accounting for 

hydrological differences between under and inter-canopy 

area. 
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CONCLUSIONS 

This study presents the reader with a comparative 

analysis of three deterministic hydrologic models designed 

for use in southwestern ponderosa pine ecosystems. 

How well these models predict runoff in response to 

changes in vegetation over time, or which model should be 

recommended, will depend on the user objectives. 

The three models evaluated, namely the Baker-Kovner 

Streamflow Regression model, ECOSIM and the Yield model 

contrast one another significantly in the following ways: 

- Baker-Kovner and ECOSIM are empirical models whose 

relationships and coefficients represent a physical system 

and thus their application is specific to southwestern 

ponderosa pine forests on volcanic soils. 

- Yield is a physically-based, higher resolution model, 

developed for pinon-juniper and ponderosa pine. With 

parameter changes, Yield could be extrapolated to watersheds 

with non-volcanic soils but with similar hydrologic regimes 

and interception characteristics. 

- The low resolution Baker-Kovner and ECOSIM models are 

suitable where annual runoff prediction and thus winter 

runoff, are desired, inasmuch as these models do not account 
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for summer evapotransporation losses. Yield, on the other 

hand is more suitable where monthly, seasonal or annual 

predictions are required. 

- Yield is structurally better able to respond to climatic 

variables due to the input temperature variable which 

determines the type of precipitation event. 

While all three models possess to some extent, random 

and systematic errors, Yield, by its more complex nature, is 

more sensitive to error input. Yield is a process-oriented 

model whose complexity, derived from simulating several 

water balance processes, makes it vulnerable to two types of 

errors; one, error from misrepresenting a natural, physical 

process; two, user-induced error, resulting from the input 

of either poor quality field data or an inaccurate selection 

of soil and forest cover variables required as user input in 

the interface routine. 

It should be emphasized that while the water yield 

predictions determined in this study are good indicators of 

model performance, they are not quantitatively indisputable 

given that: yearly basal area values were extrapolated from 

a few known inventory points, insolation indices vary (as 

discussed) and posttreatment percent canopy cover 

(pertaining to the Yield model) was not available and thus 

had to be estimated. Snowpack retention and timing of 
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snowmelt are influenced by exposure to solar radiation which 

varies with aspect and the size and percent of canopy 

openings. It is therefore important that estimates for 

insolation and canopy cover be as representative as 

possible. 

Determining which model is a better predictor of runoff, 

as discussed in the previous section, will depend upon 

whether the user is interested: in pretreatment or 

posttreatment prediction; low, medium or high precipitation 

years and concurrently low, medium or high observed flows; 

winter or summer seasonal runoff; mean annual predictions or 

whether the user's objectives are more sensitive to under 

prediction versus over prediction. 

Overall, the Baker-Kovner model performance is 

comparable to Yield, and better if Yield's tendency to over 

predict is considered undesirable. While ECOSIM's 

performance is significantly poorer when compared to Baker-

Kovner and Yield, when compared to runoff predictions using 

a lower insolation index (equivalent to that used in 

developing the Baker-Kovner model), ECOSIM's performance 

approaches that of Yield. An important question arises as 

to whether the extra effort needed to collect data of higher 

resolution for use in a more complex model, such as Yield, 

is warranted. If one is interested in gross mean annual 



runoff values, then probably not. However, seasonal or 

monthly prediction requires a more detailed modeling of the 

water and energy balance processes, particularly since the 

evapotranspiration processes are different for the winter, 

where sublimation of the snowpack is more influential in 

determining the amount of winter runoff than ET losses, a 

criteria for summer moisture loss. 

The insolation indices determined by the author are in 

a sense subjective, since slope and aspect were averaged 

over each watershed rather than giving preference to the 

dominant aspect. 

In an analysis of water yield increases derived from 

pretreatment and posttreatment regressions, Baker (1986a) 

developed regression equations for six of the ponderosa pine 

watersheds, including the four (Watersheds 8, 12, 14 and 17) 

used in the present study. Using the mean annual water 

yield observed for the control watershed during the 1958 to 

1981 period of record, the results concluded that no clear 

relationships could be shown between the degree of timber 

reduction and water yield increase. Moreover, runoff 

response is heavily influenced by a variable precipitation 

regime, which results from the present study can attest to. 

While Watershed 12 produced an initial mean increase of 60 

percent the first year (2.48 inches), after treatment, the 
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increases were negligible after 6 years. For the strip cut 

watersheds (for example Watershed 14) the first year 

increase was 1.32 inches and ceased after the fourth year. 

Whether these water yield prediction models can be of 

use to resource managers in assisting in resource allocation 

decisions depends again on the resolution of the output 

required. A different yet perhaps more important question 

is whether vegetation management to increase water yield is 

a viable and environmentally sound use of Arizona's natural 

resources. What is relevant to the question of viability is 

whether the yield produced from Arizona ponderosa pine 

watersheds produces enough of an increase to justify a 

continual timber management program to the watersheds. This 

would be necessary if the increase was to be sustained over 

time to maintain gains derived from a reduction in 

interception and evapotranspiration losses. 
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APPENDIX A. COMPUTER PROGRAM FOR THE BAKER-KOVNER 
STREAMFLOW REGRESSION MODEL 
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C PROGRAM FOR THE BAKER-KOVNER REGRESSION MODEL 

CHARACTER*15 OUTFILE 
INTEGER YR 
DIMENSION PPT(23),BA(23) 
DATA PPT/9.58,18.97,12.49,16.09,10.8,13.97, 

* 24.13,19.66, 
* 12.33,18.15,20.5,14.73,10.92,11.44,44.2,11.56,17.49, 
* 14.94,8.85,23.84,26.26,28.8,12.19/ 
DATA BA/114,115,116,117,118,120,121.62,121.8,12 2,12 3, 

* 124,52,53.73,56,58,60,63,64.83,66,68,72,74,76/ 
WRITE(*,10) 

10 FORMAT(• OUTFILE NAME?') 
READ(*,13)OUTFILE 

13 FORMAT (A) 

OPEN(11,FILE = OUTFILE, STATUS = 'NEW1) 
DO 25 I = 1,23 
AA= -(5.72) + 0.83*PPT(I) + 0.42*.76 
BB= —0.24*0.76*(PPT(I)**0.92) 
CC= —0.007*(PPT(I)**2.0) 
DD= (1-EXP(—(BA(I)/45)))**3 
Q= AA + BB + CC*DD 

IF (Q.LT.0.0) Q = 0.0 
WRITE(11,1500)Q 

1500 FORMAT(' PREDICTED ANNUAL 
STREAMFLOW(IN.):',5X,F9.2) 

25 CONTINUE 
STOP 
END 
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APPENDIX B. COMPUTER PROGRAM FOR THE ECOSIM MODEL 
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PROGRAM FOR ECOSIM MODEL 

CHARACTER*15 OUTFILE 
REAL SOL,WY,AA,BB,CC,DD,EE,FF 

DIMENSION WP(23),BA(23) 
DATA WP/8.4,17.69,12.23,16.14,10.66,14.06,22.58, 
17.74,11.16,15.08,16.17,11.57,7.73,9.27,32.47, 
9.17,13.46,14.1,8.16,22.42,25.16,26.04,11.46/ 
DATA BA/104.75,105,105.5,105.76,105.85,105.9,106, 
106,0,2,3,4,5,6,7,10,11.92,12,12.75,13,13.5, 
14.61,15/ 
THRHLD = 8.185 
SOL =0.74 

WRITE(*,10) 
FORMAT(' OUTFILE NAME?') 
READ(*,13)OUTFILE 
FORMAT (A) 

OPEN(11,FILE = OUTFILE, STATUS = 'NEW') 

EQN. IN SIMPLIEST FORM IS WATER YIELD = BASE + ADD 

WHERE 
BASE = (WP - THRHLD)*PREFAC*SOLAC 
ADD = (WP - THRHLD - BASE) * BASOL. ADD = 0 IF BA>= 
99.1 FT2/AC 
AA = PREFAC 
BB = SOLFAC 
CC = BASOL 
FF = BASE 
G6 = ADD 

DO 20 I = 1,23 

AA = (ABS((WP(I) - 8.185)/4000))**0.07727 
BB = 1 - EXP(—(((1 - SOL/1.448)/0.4955)**15.08)) 
CC = (5*(ABS(((99.1 - BA(I))/99.1))**2.094))*((1 -

SOL)**1.95) 
EE = (WP(I) - THRHLD) 
FF = EE * AA * BB 
GG = (EE - FF) * CC 
WY = FF + GG 
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IF( WP(I).LT.8.185.AND.BA(I).GE.99.1) THEN 
WY = 0.0 

ELSEIF( WP(I).GT.8.185.AND.BA(I).LT.99.1) THEN 
WY = FF + GG 

ELSEIF(WP(I).GT.8.185.AND.BA(I).GE.99.1) THEN 
WY = FF 

ELSEIF(WP(I).LT.8.195.AND.BA(I).LT.99.1) THEN 
WY = GG 

ELSE 
ENDIF 

IF(WY.LT.O.O) WY = 0.0 
WRITE(11,67)WY 

67 FORMAT(' WATER YIELD = •,5X,F9.2) 
20 CONTINUE 

STOP 
END 



162 

APPENDIX C. COMPUTER PROGRAM FOR THE YIELD CALIBRATION 
ROUTINE 
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C CALIBRATION PROGRAM FOR YIELD MODEL 

character *15 infile, outfile 
dimension sumsqdif(3) 

c 
WRITE (*,154) 

154 FORMAT (• INPUT FILE NAME ?',/) 
READ (*,13) INFILE 

c 
c WRITE (*,155) 
C155 FORMAT (• OUTPUT FILE NAME ?',/) 
c READ (*,13) OUTFILE 
c 

close (7) 
C close (8) 

OPEN (7, FILE = INFILE, STATUS = 'OLD') 
C OPEN (8, FILE = OUTFILE, STATUS = 'unknown') 
c 
C **** DO LOOP 56 READS -1 OF TOTAL # OF YRS SINCE YR 1 

OMITTED 
do 55 n = 1,3 
sumsqdif(n)=0.0 

read(7,*) 
read(7,*) 

do 56 i = 1,8 
read(7,*) ap,ao,sp,so,wp,wo 
if(n.eq.l)then 

p=ap 
o=ao 

else 
if(n.eq.2)then 
p=sp 
o=so 

else 
p=wp 
o=wo 

endif 
endif 

c 
ed = p-o 

c 
sumsqdif(n) = sumsqdif(n) + abs(ed)**2.0 

56 continue 
rewind (7) 

55 continue 



write(8,*)' ANNUAL SUMMER WINTER• 
write(8,80)svunsqdif (1), sumsqdif (2), sumsqdif(3) 
write(6,*)• ANNUAL SUMMER WINTER' 
write(6,80)sumsqdif(1), sumsqdif(2), sumsqdif(3) 
format(a) 
format(lx,3(f8.3)) 
end 



APPENDIX D. YIELD MODEL SEASONAL OUTPUT 
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Table 1. Yield Model Seasonal Output for Watershed 8 

(1) (2) (3) (4) 
Year Summer Summer Winter Winter 

Predicted Observed Predicted Observed 
-inches- -inches-

1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

0 .00  
0.04 
1.12 
0.00  
0 . 0 0  
0.38 
0.24 
0 .00  
1.01 
0 . 0 0  
0 .00  
2.83 
0.75 
0 .00  
0 .02  
0 . 0 0  
0 .00  
0.48 
0.19 
0 .00  
0.83 
0.21 
0 . 0 0  

0 .00  
0.04 
0.10 
0 . 0 0  
0 . 0 0  
0 . 0 2  
0 . 2 6  
0 . 0 0  
0.05 
0.03 
0 . 0 2  
1.67 
0 . 0 2  
0.00 
5.72 
0 .00  
0.11 
0.46 
0 . 0 0  
0.01 
1.25 
0.94 
0 . 0 0  

1.50 
7.88 
4.23 
8.89 
2.97 
5.33 

11.83 
9.57 
4.70 
8.83 
11.17 
4.62 
2.61 
5.10 
20.65 
3.46 
7.53 
7.55 
3.15 
14.00 
15.91 
16.61 
0.55 

1.06 
7.52 
2.34 
9.22 
0.52 
2.58 
13.47 
10.60 
3.19 
8.64 
11.39 
1.96 
1.37 
3.12 
15.83 
1.57 
7.39 
7.57 
0.50 
17.07 
17.82 
21.69 
2.81 

(1) Yield predicted summer runoff 
(2) Observed summer runoff 
(3) Yield predicted winter runoff 
(4) Observed winter runoff 
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Table 2. Yield Model Seasonal Output for Watershed 12 

(1) (2) (3) (4) 
Year Summer Summer Winter Winter 

Predicted Observed Predicted Observed 
-inches- -inches-

1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

0.00 
0 . 0 0  
1.12 
0 . 0 0  
1.06 
0.66 
0 . 0 0  
0 . 0 0  
1.83 
0 .00  
0.00  
2.58 
1.42 
0 . 2 6  
1.31 
0 . 0 0  
0 . 0 0  
0.21 
0 . 2 6  
0 . 0 0  
0.48 
0 . 0 0  
0.33 

0 . 0 0  
0 . 0 0  
0.15 
0.00  
0.11 
0 .00  
0 .00  
0 .00  
2.41 
0 . 0 2  
0.01 
3.69 
0.51 
0 . 0 6  
0.51 
0 . 0 0  
0 .00  
0.05 
0 . 0 0  
0.03 
0.19 
0 . 0 0  
0.29 

1.08 
6 . 2 6  
3.33 
6 . 8 0  
2.57 
4.54 

10.21 
7.79 
2.75 
5.34 
6.04 
2.60 
1.23 
3.84 
15.27 
2.31 
4.31 
5.06 
1.97 
10.08 
11.37 
11.35 
2.91 

0.19 
5.59 
1.62 
7.62 
0.62 
3.15 
12.46 
9.90 
2.40 
10.11 
10.65 
2.10 
1.00 
2.38 
27.08 
0.41 
6.09 
5.73 
0.46 
14.85 
17.79 
18.18 
2.13 

(1) Yield predicted summer runoff 
(2) Observed summer runoff 
(3) Yield predicted winter runoff 
(4) Observed winter runoff 

, % 
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Table 3. Yield Model Seasonal Output for Watershed 14 

(1) (2) (3) (4) 
Year Summer Summer Winter Winter 

Predicted Observed Predicted Observed 
-inches- -inches-

1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

0 .00  
0 . 0 0  
1.28 
0 .00  
0.77 
1.02 
0.10 
0 .00  
1.93 
0 . 0 0  
0 . 0 0  
2.94 
2.33 
0.70 
0.20 
0 .00  
0.15 
0.20 
0.32 
0 .00  
0.58 
0.09 
0.25 

0.00  
0 .00  
0.04 
0 .00  
0.01 
0.05 
0.05 
0 . 0 0  
0.97 
0 .00  
0 .00  
1.63 
0.30 
0.04 
1.12 
0 .00  
0 .00  
0 .08  
0 .00  
0 . 0 0  
0.15 
0.07 
0.01 

1.58 
7.12 
3.43 
6.64 
2.48 
4.62 
10.92 
8.97 
3.33 
7.05 
8.41 
4.33 
3.04 
5.01 
22.25 
3.58 
6.58 
5.56 
2.27 
10.89 
11.96 
12.73 
3.21 

0.09 
4.43 
0.95 
5.38 
0.28 
2.04 
9.90 
7.45 
1.30 
5.92 
7.24 
0.72 
0 . 6 6  
3.27 

19.29 
0.67 
4.12 
3.80 
0.14 
11.38 
10.35 
13.16 
1.18 

(1) Yield predicted summer runoff 
(2) Observed summer runoff 
(3) Yield predicted winter runoff 
(4) Observed winter runoff 
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Table 4. Yield Model Seasonal Output for Watershed 17 

(1) (2) (3) (4) 
Year Summer Summer Winter Winter 

Predicted Observed Predicted Observed 
-inches- -inches-

1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

0.46 
0 .00  
0.77 
0 . 0 0  
2.65 
0.24 
0.00  
0.03 
0 .00  
0 . 0 0  
0.21 
0.00 
0 .00  
0.29 
0.37 
0.24 

0.04 
0 .00  
0.10 
0.01 
4.13 
0.11 
0 . 0 0  
1.47 
0.02 
0.07 
0.20 
0 . 0 0  
0 .00  
0.29 
0.34 
0.03 

10.41 
8.69 
7.25 
9.19 
4.67 
2.54 
3.85 
18.56 
3.39 
6 . 6 8  
7.77 
2.80 
13.65 
15.15 
16.93 
3.10 

13.27 
9.20 
6.63 
9.65 
3.73 
2.36 
4.18 
23.86 
1.99 
6.32 
7.41 
0.96 
14.91 
18.87 
19.56 
2.39 

(1) Yield predicted summer runoff 
(2) Observed summer runoff 
(3) Yield predicted winter runoff 
(4) Observed winter runoff 



APPENDIX E. HYDROLOGIC MODEL RESULTS 



Table 1. Hydrologic Model Results for Watershed 8 

Year Obs. Q Baker- ECOSIM Yield 
Kovner 

-inches- -inches-

1958 11.91 5. .56 4.52 
1959 1.05 0. .71 0.55 1.50 
1960 7.56 6. .58 5.54 7.92 
1961 2.44 3. .22 2.50 5.35 
1962 9.22 6. .22 5.24 8.89 
1963 0.51 1. .91 1.46 2.97 
1964 2.60 3. .90 3.11 5.71 
1965 13.73 8. .85 8.15 12.07 
1966 10.60 6. .59 5.70 9.57 
1967 3.23 3. .69 2.96 5.71 
1968 8.67 6. .73 5.89 8.23 
1969 11.41 8. .45 7.80 11.17 
1970 3.63 3. .76 3.05 7.45 
1971 1.39 1. .11 0.89 3.37 
1972 3.31 1. .78 1.40 5.09 
1973 23.07 13. .69 16.62 20.67 
1974 1.57 1. .78 1.28 3.46 
1975 7.51 6. .25 4.98 7.53 
1976 8.03 6. .12 4.87 8.03 
1977 N/A 1. .28 0.91 3.34 
1978 18.60 11. .00 9.88 14.00 
1979 22.12 12. ,65 11.92 16.74 
1980 22.63 13. .63 13.34 16.82 
1981 2.81 0. .00 0.00 0.55 

Mean 8.59 5. .64 5.10 8.09 
Std. Dev. 7.08 4. .00 4.23 5.08 



Table 2. Hydrologic Model Results for Watershed 12 

Year Obs. Q Baker- ECOSIM Yield 
Kovner 

-inches- -inches-

1959 0.19 0.00 0.06 1.09 
1960 5.59 5.16 3.33 6.26 
1961 1.77 2.19 1.33 4.45 
1962 7.61 4.34 2.75 6.80 
1963 0.73 1.28 0.78 3.63 
1964 3.15 3.21 1.98 5.20 
1965 12.45 7.56 5.21 10.21 
1966 9.90 5.18 3.35 7.79 
1967 4.81 2.22 1.68 4.58 
1968 10.13 4.95 3.93 5.34 
1969 10.65 5.71 4.53 6.04 
1970 5.79 2.50 1.85 5.19 
1971 1.51 0.00 0.00 2.65 
1972 2.44 0.91 0.56 4.10 
1973 27.60 17.15 13.84 15.40 
1974 0.41 0.83 0.49 2.31 
1975 6.10 3.80 2.74 4.31 
1976 5.77 4.25 3.08 5.27 
1977 0.46 0.13 0.00 2.23 
1978 14.89 10.04 7.59 10.08 
1979 17.98 11.94 9.08 11.85 
1980 18.17 12.54 9.49 11.35 
1981 2.41 2.41 1.63 3.24 

Mean 7.41 4.70 2.84 6.06 
Std. Dev. 6.87 4.37 2.86 3.48 



Table 3. Hydrologic Model Results for Watershed 14 

Year Obs. Q Baker- ECOSIM Yield 
Kovner 

-inches- -inches-

1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

0.10 
4.43 
1.00 
5.38 
0.30 
2.10 
9.95 
7.44 
2 . 2 8  
5.92 
7.23 
2.36 
0.92 
3.32 

20.41 
0 . 6 6  
4.11 
3.87 
0.14 

11.38 
12.53 
13.24 
1.18 

0.59 
5.63 
2.24 
4.17 
1.28 
3.03 
7.91 
5.89 
2.13 
5.15 
6 . 2 6  
4.17 
1.74 
2.05 

20.13 
2.09 
5.66 
4.11 
0.34 
9.13 

10.25 
11.44 
2.33 

0.31 
2.81 
1.05 
2.01 
0.61 
1.44 
4.29 
3.01 
1.00 
2.58 
3.25 
1.96 
0.77 
0.91 

11.57 
0.92 
2 . 6 6  
1.87 
0.16 
4.52 
5.18 
5.91 
1.01 

1.58 
7.12 
4.70 
6.64 
3.25 
5.65 
11.02 
8.97 
5.26 
7.05 
8.42 
7.26 
5.36 
5.71 

22.44 
3.58 
6.73 
5.76 
2.59 
10.89 
12.56 
12.82 
3.46 

Mean 5.23 5.11 2.60 7.34 
Std. Dev. 5.11 4.36 2.46 4.37 



Table 4. Hydrologic Model Results for Watershed 17 

Year Obs. Q Baker- ECOSIM Yield 
Kovner 

-inches- -inches-

1963 0 .80 1.66 1.04 
1964 4 .16 3.46 2.22 
1965 13 .04 8.24 6.06 
1966 13 .31 7.40 5.31 10.84 
1967 9 .20 6.29 4.38 8.69 
1968 6 .73 5.44 3.72 8.02 
1969 9 .66 9.04 6.21 9.19 
1970 7 .85 4.99 3.27 7.32 
1971 2 .46 1.04 0.58 2.78 
1972 4 .18 1.08 0.60 3.85 
1973 25 .34 20.41 14.85 18.59 
1974 2 .01 2.32 1.41 3.39 
1975 6 .39 6.70 4.43 6.68 
1976 7 .60 7.16 4.76 7.98 
1977 0 .95 1.07 0.60 2.80 
1978 14 .90 13.06 9.50 13.65 
1979 19 .17 15.81 11.19 15.44 
1980 19 .90 17.74 12.69 17.30 
1981 2 .42 2.39 1.44 3.34 

Mean 8 .95 7.15 4.96 8.74 
Std. Dev. 6 .83 5.70 4.16 5.02 
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