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ABSTRACT 

A physically-based, user friendly, hydrologic 

computer simulation model was developed for pinyon-juniper 

woodland watersheds. The data requirements are minimum, 

requiring vegetation conditions, basic soil survey 

information, and daily values for precipitation and 

temperature. The model predicts runoff from cleared and 

uncleared watersheds by simulating hydrologic processes on 

a daily basis. 

The model was tested with data from small pinyon-

juniper watersheds in central Arizona. A crack-forming 

vertisol was the dominant soil type, and a special feature 

for addressing its effects on runoff was included. No 

significant difference between predicted and observed 

annual runoff was found at the ninety-five percent 

confidence level. 
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INTRODUCTION 

PROBLEM 

Models that predict resource responses to land 

management practices can be useful planning tools for land 

managers. When resource responses can be predicted, an 

array of management options can be evaluated and the land 

manager can plan with a greater probability of achieving 

goals, reducing some of the risks involved with 

investments. 

In the pinyon-juniper (P-J) woodlands of the western 

United States, research is available to guide the 

development of resource response models that reflect land 

management options for this vegetation type. This project 

addresses the development of a hydrologic model for P-J 

woodlands that could be used alone or as a component of a 

multiple-resource model. 

OBJECTIVE 

The objective of the project is to develop a user-

friendly physically-based computer model which simulates 

the hydrology of P-J woodlands and predicts annual water 

yield from these lands; the model should be capable of 

describing the hydrology of cleared and uncleared P-J 

sites. This objective will be met by using available P-J 

research to guide the modeling of individual hydrologic 



10 

processes. 

To make the model usable, the data requirements will 

be minimum. This constraint will be met by restricting 

the driving variables to daily precipitation and 

temperature (maximum and minimum), and by limiting model 

parameters to those which can be directly estimated (e.g., 

basal area, crown cover) and those that can be easily 

found in soil survey reports (e.g., soil depth, texture). 

The criterion for determining the reliability of the model 

will be how well it predicts the annual runoff that was 

measured from small watersheds with basalt-derived clay 

soils in central Arizona. Much of the research reported 

in the following literature review and throughout the 

manuscript was conducted on the watersheds that were used 

to calibrate and test the model. 
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LITERATURE REVIEW 

HYDROLOGY OF THE PINYON-JUNIPER WOODLANDS 

Overview 

"Pinyon-juniper" refers to lands occupied by the 

pinyon pine species fPinus edulis. P. monophvlla. P. 

cembroides) and juniper species (Juniperus osteosperma. J. 

monosperma. J. deppeana. J. scopulorum. and J. 

occidentalis) that occur in relatively pure stands or 

mixed with each other. In the western United States, P-J 

covers about 60 million acres, three-fourths of which 

occurs in the Basin and Range and Colorado Plateau 

physiographic provinces (West et al. 1975). 

Dortignac (1960) states that "pinyon and juniper 

woodland is easily identifiable but much less readily 

classified." The occurrence of P-J woodlands can not be 

explained presently by specific soils, geology, climate, 

and plant associations, and therefore, no "typical" 

hydrologic regime of P-J woodlands can be described 

(Hawkins 1987). Therefore, P-J hydrology should be 

approached on a site-by-site basis in order to avoid 

misrepresentation caused by generalizations. 

Complex soil-climate-plant relationships shape the 

hydrologic responses from wildland watersheds, and in 

addition to the difficulties in modeling complex 

processes, land use can impact the processes 
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significantly. Examining the individual hydrologic 

processes provides a good way to describe, understand, and 

predict the hydrologic system. The processes comprising 

the water budget approach are precipitation, interception, 

infiltration, evapotranspiration, and runoff, and focusing 

on these often has been the approach to P-J hydrology 

studies. 

Precipitation 

The P-J type occurs over a range of climatic 

conditions; elevations are generally from 4,000 to 8,000 

feet, and precipitation is from 10 to 20 inches per year. 

Precipitation falls on P-J as rain and snow. 

Baker (1982) and Dortignac (1960) described the 

effects of seasonal distribution of precipitation on the 

timing of streamflow generated from P-J. In central 

Arizona, where frequent summer thunderstorms occur, Baker 

(1982) reported that summer rainfall was sufficient to 

recharge soil water and initiate late summer streamflow 

only 2 out of 10 years because of the high 

evapotranspiration rate. He found that intermittent 

periods of winter snowmelt recharge the soil water and 

prime the watershed for the spring snowmelt runoff, and 

that resulting streamflow usually ends in April. 

In contrast, Dortignac (1960) examined runoff from 

watersheds in New Mexico that received a greater 
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proportion of annual precipitation as summer thunderstorms 

than the central Arizona watersheds. These watersheds 

produced nearly all of the annual measured runoff in July 

through October as a result of intense convective storms; 

more than half the precipitation in that period fell at 

intensities greater than one inch per hour. 

In the Great Basin, a Mediterranean climate with 

characteristic lack of summer moisture dominates (Everett 

and Sharrow 1985). Here, rainfall intensities for a given 

return period and duration are among the lowest in the 

U.S., and most storms are insufficient to cause direct 

runoff (Hawkins 1987). Runoff is generated from high 

intensity rainstorms or from lower intensity storms when 

the soil profile is relatively wet. 

Interception 

A few studies have yielded information about 

interception in P-J woodlands. In Arizona, Skau (1964a) 

developed a throughfall equation significant at the one 

percent level based on gross rainfall per storm and a 

canopy density index: 

Y = 0.044 + 0.865X1 - 0.216X2 

where Y = throughfall (inches) 
XI = gross precipitation (inches) 
X2 = canopy density index obtained with the 

canopy camera (decimal fraction) 

He found that stemflow was only 1 to 2 percent of storm 

precipitation. 
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Collings (1966), also in Arizona, developed an 

equation for summer-storm throughfall based solely on 

storm precipitation and found no significant difference in 

throughfall between Utah juniper and pinyon pine, or among 

the sizes of the trees. He found that interception 

reached a maximum of 0.072 inches by the time that 0.5 

inches of precipitation had fallen (this equation is 

presented later). In northeastern California, Young et 

al. (1984) found no difference in throughfall between the 

snowy and rainy seasons; interception averaged 42% of the 

precipitation received by the canopy for a three year 

period. 

Infiltration 

Numerous studies, as summarized by Dortignac (i960), 

have shown decreased infiltration rates as a result of 

grazing. One of these studies showed that after two years 

of livestock and recreation exclusion, infiltration rates 

increased from 0.98 to 1.42 inches/hr. for dry surface 

soil and from 0.57 to 1.13 inches/hr. for surface soil at 

field capacity. Decreased rates were attributed to 

reductions in live vegetation and litter on the site and 

to destruction of soil structure by trampling. Similarly, 

Buckhouse (1975), as reported by Gifford (1976), found 

that reduction in infiltration rates from grazing appears 

to be cumulative, and that the effects of a single grazing 
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season can be detected. On one sandy loam site in 

southeastern Utah, four years of protection was needed to 

restore the pre-grazing infiltration rate. 

Gifford (1976) summarized the effects of chaining and 

subsequent debris treatment on infiltration for P-J sites 

on sandy loam soil. He found little difference in 

infiltration rates between chained and undisturbed sites, 

but windrowing of debris on chained sites decreased the 

infiltration rate because of severe site disturbance. On 

these sites, Gifford observed from 1.2 to 5 times the 

runoff of undisturbed and debris-in-place sites. He 

related that Buckhouse (1975) found reduced infiltration 

rates on one of these sandy loam sites with the debris 

burned in place and suggested the possibility of formation 

of a water repellent layer. 

Evapotranspiration and soil moisture 

A three-year study in southern Utah by Gifford (1975) 

showed that in Utah juniper, annual evapotranspiration 

nearly equals annual precipitation, and much of the 

difference is lost through interception. 

Shaw and Gifford (1975) explained up to 99% of the 

variability in pinyon and juniper sap velocity with an 8-

variable multiple regression equation; they also found 

that sap velocity in juniper was less dependent on 

environmental factors. They pointed out that pinyon and 
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juniper trees transpire year-round. 

An earlier study by Gifford and Shaw (1973) showed an 

increase in soil moisture at depths greater than 60 cm for 

all or part of the year following P-J removal. Skau 

(1964b) also studied the effect of juniper clearing on 

soil water, and found no significant difference in soil 

water content between cleared and natural juniper stands 

in the top 24 inches of soil; he did not study soil 

moisture beneath the 24-inch depth. Everett and Sharrow 

(1985) found increases in post-harvest soil moisture 

levels at the 15 and 30 cm depths in P-J stands, but these 

disappeared after four years. They speculated that a 

combination of increased understory vegetation 

transpiration, solar radiation, and wind caused the 

decline. 

Runoff and water yield 

From about the middle 1950's to the middle 1970's, 

much interest was shown for increasing water yield from P-

J woodlands by removing the trees to reduce the 

transpiration of soil water; it was speculated that the 

increased soil water content might increase the runoff 

from the cleared lands. 

Clary et al. (1974) evaluated the streamflow response 

on small watersheds in central Arizona after P-J removal. 

A 306-acre Utah juniper watershed that was cleared by 
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chaining showed no water yield increase; the soil pits 

produced by this method were speculated to have mitigated 

any additional runoff that the site might have generated. 

A nearby 100-acre alligator juniper watershed was cleared 

with power saws, and this treatment also failed to produce 

significant increases in runoff. Collings and Myrick 

(1966) examined the water yield from a larger P-J 

watershed (213 square miles) in Arizona that was partially 

cleared, and found no significant increase in streamflow. 

Thirty-eight percent of the watershed had been cleared, 

about two-thirds by chaining and one-third by prescribed 

burning. 

Significant streamflow increase was shown on a 360-

acre watershed where the pinyons and junipers were killed 

with a herbicide (Baker 1984; Clary et al. 1974). The 

increase was attributed to reduction of transpiration and 

soil shading by standing dead trees, which increased soil 

moisture and enabled precipitation to more effectively 

produce runoff. 

Researchers have indicated that P-J watersheds with 

deep soils normally do not receive full recharge of the 

soil mantle, even in the winter when evapotranspiration is 

low (Dortignac 1960; Gifford 1975; Myrick 1971), which 

limits the potential for increasing stream baseflow. 

Baker (1984) found that on shallow volcanic soils of the 
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Beaver Creek watersheds in Arizona, snowmelt and sometimes 

rainfall events completely saturate the soil mantle and 

produce a high proportion of direct runoff. 

Dortignac (1960) stated that although most water 

yield from P-J woodland is surface runoff, some increase 

in subsurface yield might be seen by inducing greater 

infiltration on shallow soils with geology favorable for 

return flow or baseflow. He also suggested that 

management for increased surface runoff might cause 

erosion and sediment problems. 

MODELING OF PINYON-JUNIPER HYDROLOGY 

Different approaches to have been taken to modeling 

the hydrology of P-J woodlands. Myrick (1971) described a 

physically-based model developed to predict runoff from 

small storms on P-J watersheds. The model predicted soil 

moisture, infiltration, and storm runoff, with rainfall as 

the only input. A single wet year of record was used to 

calibrate the model, and it was tested with several years 

of record from undisturbed watersheds. The model 

predicted from 34% higher to 28% lower than observed 

annual runoff. When applied to a cleared watershed, the 

model predicted up to 50% lower than the observed runoff 

for the first two years following clearing, and for the 

third and fourth year it predicted 54% and 118% greater. 

The researcher determined that the effects of clearing 
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were inconclusive because the model was based on a single 

year of record. 

Hawkins (1976) examined the use of SCS runoff curve 

number method in P-J watersheds in northern Arizona, and 

concluded that the method often does not provide good 

runoff prediction in this vegetation type. He suggested 

that curve numbers should be determined from local 

watershed observations, and that the watershed be divided 

into sub-areas of similar hydrologic characteristics when 

appropriate. 

Lane and Barnes (1987) demonstrated the use of a 

simple monthly water balance for P-J based on mean monthly 

temperature and precipitation. The model improved the 

prediction of mean monthly runoff over that of using 

precipitation alone, and matched the seasonal trends in 

observed runoff. Lane suggested that a daily water 

balance model of the same conceptual framework might 

improve the accuracy of the water balance calculations. 
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MODEL DEVELOPMENT 

GENERAL STRUCTURE 

The model adapts the physically-based framework of a 

hydrologic model (Rogerson 1976, Larson et al. 1978) 

developed for ponderosa pine ecosystems. Revision was 

required because the hydrology of P-J differs from that of 

ponderosa pine in the magnitudes and relative importance 

of the processes. Also, changes in the methods for 

modeling some of the hydrologic processes were made. 

The model treats a watershed as a homogeneous unit 

and does not account for spatial variation of soil or 

vegetation characteristics. The model operates on a daily 

time step and requires daily precipitation, and daily 

maximum and minimum temperatures. A summary of the input 

and output is given in Table 1, and the model flow chart 

is shown in Figure 1. 

At the start of the simulation, the user enters 

values for the soil and vegetation parameters in response 

to prompts, and the model runs, pausing at the end of each 

year for further direction. If the model is to simulate 

the next year, the ending soil water conditions carry over 

for the start of the next year. The output format can be 

either a daily or an annual summary. The programming code 

and samples of the output formats are in Appendix A. 

A water budget and soil moisture accounting approach 
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Table 1. Input and output variables. 

USER INPUT: 

basal area (square feet per acre) 
woodland canopy cover (percent) 
snowmelt degree-day index for January 1 
interflow runoff efficiency (percent) 
field capacity (percent) 
porosity (percent) 
soil depth (feet) 
saturated hydraulic conductivity (inches/hr.) 
output format (annual or daily) 

OUTPUT: 

Annual Format (water year totals) 

precipitation (inches) 
throughfall (inches) 
runoff (inches) 
soil water change (inches) 
potential evapotranspiration (inches) 
actual evapotranspiration (inches) 
deep seepage (inches) 

Daily Format (each day of the water year) 

day of year 
precipitation (inches) 
throughfall (inches) 
infiltration (inches) 
runoff including interflow (inches) 
interflow or subsurface stormflow (inches) 
potential evapotranspiration (inches) 
actual evapotranspiration (inches) 
snow water equivalent (inches) 
available soil water content of 

the soil profile (inches) 
plus: annual format output items 
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c START 3 
INPUT: 

^soil factors 
fveg. factors J 

INPUT: 
'daily ppt. 

'daily temps. 

YES calculate < 

interception 
snow 

calculate 
infiltration 
and runoff 

calculate 
snowmelt 
and runoff 

calculate 
interflow and 
deep seepage 

YES 

YES 

another 
day 

another 
year 

? 

snowmelt 
? 

field 
capacity 

? 

calculate soil 
water distri
bution and 
evapotranspir. 

STOP 3 

Figure 1. Flow chart for the model. 
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was used to keep a mass balance between precipitation and 

its disposition to interception, infiltration, 

evapotranspiration, runoff, and deep seepage from the soil 

profile. 

The soil profile is divided into an upper zone and a 

lower zone. The upper zone is the top 24 inches of soil; 

this depth was chosen because it coincides with the depth 

below which Gifford and Shaw (1973) found soil water 

changes in response to P-J clearing. Skau's study (1964b) 

also showed little change in soil moisture to this depth 

after juniper clearing. The lower zone is the remainder 

of profile that would be classified as soil, below which 

water would be considered deep seepage or ground water 

recharge. 

Soil moisture is accounted separately in the upper 

and lower layers, and by modifying the evapotranspiration 

from the lower soil zone, the model attempts to simulate 

hydrologic changes from the clearing of P-J woodlands. 

INTERCEPTION 

Daily precipitation is assumed to come from a single 

storm, and the model calculates canopy interception for 

storms less than 0.5 inches with the equation developed by 

Collings (1966): 

I = P - 0.09P1*25 - 0.87P1*16 (1) 

where I = interception (inches) 
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* 

P = storm precipitation (inches) 

When precipitation is greater than 0.5 inches, the canopy 

interception is set to the maximum value of 0.072 inches. 

Though the relationship was found using summer 

thunderstorms, it is also assumed to hold for snowstorms. 

Interception is calculated for the portion of the 

watershed with canopy cover. The weighted average of the 

precipitation in inter-canopy and the throughfall under 

the canopy (precipitation minus interception) is 

calculated. This "weighted throughfall" is assumed to 

reach the soil surface in an even distribution over the 

watershed (both beneath and outside the canopy). The 

error involved in this assumption becomes smaller as 

precipitation per event becomes larger because canopy 

interception reaches a maximum value. In addition, wind-

driven rain and snow might help to create the even 

distribution that is assumed. Snow and rain are treated 

this way. 

Throughfall intensity 

Average rainfall intensities, derived from average 

storm sizes and durations within five storm size classes 

for winter and summer storms, are shown in Table 2. 

Storms within a size class are assigned the given 

intensity, and storm duration is calculated by dividing 

the precipitation amount by the intensity. 



Table 2. Precipitation characteristics for pinyon-
juniper watersheds, Beaver Creek, Arizona, 
(from Campbell and Ryan 1982.) 

storm average average average 
size storm storm rainfall 
class size duration intensity 
(inches) (inches) (hours) (in./hr.) 

Utah juniper - winter 

02-.25 0.10 2.99 0.033 
26-.50 0.37 8.79 0.042 
51-.75 0.63 15.00 0.042 
76-1.00 0.86 19.36 0.044 
1.00 + 1.69 29.54 0.057 

Utah juniper - summer 

02-.25 0.08 1.50 0.053 
26-.50 0.36 3.69 0.098 
51-.75 0.60 4.54 0.132 
76-1.00 0.87 8.63 0.101 
1.00 + 1.63 7.35 0.222 

alligator juniper - winter 

02-.25 0.10 2.99 0.033 
26-.50 0.37 9.78 0.038 
51-.75 0.62 14.21 0.044 
76-1.00 0.86 20.53 0.042 
1.00 + 1.92 30.16 0.064 

alligator juniper - summer 

02-.25 0.10 1.39 0.072 
26-.50 0.36 4.33 0.083 
51-.75 0.62 5.33 0.116 
76-1.00 0.87 5.74 0.152 
1.00 + 1.58 8.68 0.182 
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After interception and storm duration are calculated, 

the weighted throughfall intensity is calculated by 

dividing the weighted throughfall amount by the storm 

duration. The intensity is assumed uniform throughout the 

storm. Because interception is calculated for the entire 

storm and the resulting throughfall intensity is uniform 

for the storm duration, the canopy interception builds 

steadily throughout the storm and reaches the amount 

calculated from equation (1) at the end of the storm. 

INFILTRATION 

The infiltration routine uses the Green and Ampt 

(1911) equation. All of its parameters have physical 

meaning, which helps in assigning values to them from 

soils data. 

The equation is: 

f = Ks [ 1 + (M(S/F)) ] (2) 

where: f = infiltration rate at a given time (in./hr.) 
Ks = saturated hydraulic conductivity (in./hr.) 
M = saturated volumetric water content 

(effective porosity) minus current 
volumetric water content of the soil 

S = effective capillary suction at the wetting 
front (inches of water) 

F = cumulative infiltration since the storm 
beginning (inches) 

Values for "S" and "Ks" were estimated from measurements 

of different soils by Rawls et al. (1983). Infiltration 

is controlled by the upper soil layer, and if the soil 

water distribution in that layer is not uniform (described 
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in the next section), the model uses the average current 

volumetric water content to calculate "M". 

Storms are analyzed by 5-minute intervals 

progressively throughout the storm duration, and the 

average infiltration rate for each interval is calculated. 

The difference between the throughfall amount, which is 

uniform, and the maximum infiltration amount for the 5-

minute period determines infiltration and overland flow 

amounts. Surface runoff (overland flow) occurs only when 

throughfall exceeds maximum infiltration for the period; 

it is the difference between the two amounts. 

SOIL MOISTURE DISTRIBUTION 

A simple approach for estimating soil moisture 

changes from infiltration, evapotranspiration, interflow, 

and deep seepage was used in the model. Simplification of 

soil water redistribution was necessary because of the 

complexity of soil water movement and the mathematics that 

describe it. 

The model uses the concepts of permanent wilting 

point (pwp), field capacity (fc), available water (AW), 

and available water capacity (AWC). The value of fc, as 

well as effective porosity (equation (2)), has practical 

meaning, in this model, only in relation to the pwp, which 

is the assumed minimum value for volumetric soil water 

content; the differences between fc and pwp, and porosity 
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and pwp, define the water holding characteristics of the 

soil. The AW is the amount of water in the soil above the 

permanent wilting point, and AWC is the amount of water 

that the soil can hold between field capacity and 

permanent wilting point. These are defined as: 

AWC = (fc - pwp) (3) 
where 

AWC = available water capacity (inches of 
water per inch of soil) 

fc = field capacity (inches of water per 
inch of soil) 

pwp = permanent wilting point (inches of water 
per inch of soil) 

and 
AW = (smc - pwp) (4) 

where 
AW = available water (inches of water per 

inch of soil) 
smc = soil moisture content, a value between 

or equal to permanent wilting point and 
field capacity and in the same units 
(inches of water per inch of soil) 

Field capacity and permanent wilting point, and, 

consequently, AW and AWC vary by soil texture. 

When the soil moisture content (smc) is greater than 

pwp, it is uniform for the water penetration depth in the 

layer (Figure 2). It is possible for the water 

penetration depth to be less than the depth of the soil 

layer, and, in this case, the soil moisture content 

beneath the penetration depth is assumed to be permanent 

wilting point. Therefore, a layer can have a maximum of 

two soil moisture content values. This happens only when 

available water penetration depth is less than the layer 
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D - soil layer depth 
R - soil water penetration depth 
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AWC - available water capacity 
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Figure 2. Distribution of infiltration in the upper or lower soil layer. 
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thickness; one soil moisture content value must be pwp, 

and the other (the upper part of the soil layer) is a 

value between pwp and fc. 

With infiltration, the penetration depth (if less 

than the soil layer depth) increases only if the 

infiltration amount exceeds the unfilled pore space 

illustrated in Figure 2. Otherwise, the soil moisture 

content increases and the penetration depth remains the 

same. Water is transmitted from a layer only when 

infiltration exceeds the total unfilled pore space of the 

layer (Figure 2). Evapotranspiration from either soil 

layer reduces the soil moisture content but not the 

penetration depth, except when permanent wilting point is 

reached and the penetration depth goes to zero. 

The model changes the soil moisture content (smc) for 

each soil layer at the time that infiltration or 

evapotranspiration is computed, as opposed to using a net 

daily soil water change for making a single adjustment. 

Evapotranspiration is calculated each day, while 

infiltration is calculated only for days with 

precipitation. 

EVAPOTRANSPIRATION (ET) 

Potential ET is calculated daily with Hamon's (1961) 

equation: 

PET = (C) (D2) (SV) (5) 
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where: PET = potential ET (inches per day) 
C = a coefficient 
D = possible hours of sunshine in 12-hour units 

SV = saturated water vapor density (absolute 
humidity) at the average daily temperature 
(grams/cu.m) (from Mather, 1974) 

The coefficient "C" is chosen that gives annual PET values 

that are accepted for the region (this is addressed in 

calibration). 

The actual evapotranspiration (AET) rate is less than 

or equal to the potential rate (PET), and it is a function 

of the ratio of available water (AW) to the available 

water content (AWC): 

AET/PET = f(AW/AWC) (6) 

The model calculates AW/AWC using the soil moisture 

content (smc) that is associated with the conceptual 

block of soil water (Figure 2): 

AW/AWC = (smc - pwp)/(fc - pwp) (7) 

When the water penetration depth is less than the soil 

layer depth, the model does not calculate the average 

smc as it does for "M" in equation (2). The purpose of 

this is to keep the ET rate high for events that wet the 

surface of a dry soil. If smc is equal to pwp, the ratio 

AW/AWC is equal to zero, and the model will calculate 

evapotranspiration equal to zero. 

The function AET/PET = f(AW/AWC) varies with soil 

texture, and the model uses the functions proposed by 

Zahner (1967). The function for a clay soil is shown in 
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Figure 3. 

Evaporation is first calculated from water stored in 

the P-J mixed canopy (if any) and is assumed to proceed at 

the potential rate. If the water held in the canopy is 

greater than PET, it is reduced by PET, and 

evapotranspiration ends for that day. Otherwise, PET is 

reduced by the amount of canopy water evaporated, and 

evapotranspiration is next calculated from the upper soil 

layer. If this is less than PET, the PET is reduced again 

by AET from that layer, and evapotranspiration is 

calculated from the lower layer. Combined AET from the 

canopy and the soil layers cannot exceed the potential. 

SNOW AND SNOWMELT 

Rain versus snow 

Precipitation is considered snow if the day on which 

it falls has an average temperature 32 degrees Fahrenheit 

or lower, and the average temperature of the last three 

days (including the current day) is 32 degrees Fahrenheit 

or lower. The second requirement attempts to insure that 

the ground is cold enough for snow accumulation. 

Daily snowmelt 

Snowmelt is calculated with the temperature index 

method (U.S. Army Corps of Engineers 1956) with the 

equation: 

M = k(Ta - Tb) (8) 
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Figure 3. Actual evapotranspiration rate as a function of soil 
water content for clay soil (from Zahner 1967). 
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where M = total melt for the day (inches of water) 
k = degree-day index (inches/day/degree F) 
Ta = daily high temperature (degrees F) 
Tb = base temperature (degrees F) 

When "Ta" is less than or equal to "Tb" no snowmelt takes 

place. The value for "Tb" was set at 40 degrees 

Fahrenheit. 

Snowmelt is slower under the woodland canopy than in 

the inter-canopy open space, so the model keeps track of 

separate degree-day indices "k" for open and covered 

areas. The user enters the open area degree-day index for 

January 1, which is assumed to be the minimum annual 

value. This value is multiplied by a transmissivity 

factor to give the degree-day index for covered areas, and 

then both indices are increased daily (forward and 

backward from January 1) to reflect increased direct solar 

radiation and snowpack ripeness. These relationships are 

summarized in Figure 4. 

Overland flow from snowmelt 

The snowmelt computation can occur on days with or 

without rain; if snow is predicted, no snowmelt is 

calculated on that day. When snowmelt occurs on a day 

with rain, the melt calculated with equation (8) is added 

to the precipitation amount. The result is that the 

snowmelt is uniformly distributed over the storm duration 

and is accounted for in the overland flow calculation for 



NOTE: TR = transmissivity of canopy to solar radiation 
TR = 10 ** (0.144 - 0.229 log(basal area)) for basal area 25 sq.ft./acre 
TR = 1 - 0.013(basal area) for basal area 25 sq.ft./acre 
UNDER-CANOPY = OPEN times TR 

Degree-day 
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Jan. 1 'OPEN' degree- changes (increase or decrease) 
day index by 0.01 per 30 days 

UNDER-CANOPY 
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Calender date 

Figure 4. Variation of the degree-day index with time for open and canopy covered areas. 
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rainfall (already described) using equation (2). 

For days without rainfall, overland flow from 

snowmelt is also calculated using equation (2) , but with a 

snowmelt rate instead of a throughfall rate. To arrive at 

a snowmelt rate, a snowmelt duration is calculated; the 

duration is assumed to be the number of hours that the 

temperature is above the base temperature "Tb" in equation 

(8) . This is calculated from the maximum temperature of 

the current day along with the minimum daily temperatures 

occurring before and after it. Assumptions are that the 

temperature change is linear between maximums and 

minimums, and that the daily minimum temperature occurs at 

6 A.M. and the maximum occurs at 2 P.M. By calculating 

the temperature every hour along the temperature line, the 

model counts the number of hours that exceeds the base 

temperature. 

With the daily snowmelt from equation (8), and the 

duration of the melt, the model produces an average melt 

rate that is used in conjunction with the infiltration 

equation (2) to calculate overland flow; as with rainfall, 

5-minute intervals are used. 

SUBSURFACE STORMFLOW and DEEP SEEPAGE 

Overland flow occurring in response to rainstorms and 

snowmelt has been described in preceding sections. The 

model generates subsurface stormflow, or interflow, on 
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days when the field capacity of the entire profile is 

exceeded, which can result from rainstorm or snowmelt 

infiltration. 

Subsurface stormflow is calculated as a percentage of 

the amount of water in excess of field capacity, and this 

percent value is called "interflow runoff efficiency", or 

IRE. Deep seepage also is calculated when field capacity 

is exceeded but after interflow is subtracted. It is 

assumed to be either the amount remaining over field 

capacity, or the amount that can drain from the profile in 

a day at two-thirds of the saturated hydraulic 

conductivity rate, whichever is less. 

ADJUSTMENT FOR CRACKING SOIL 

With preliminary runs, it was clear that the cracking 

soils presented a problem. Summer runoff prediction was 

consistently high, even with extensive adjustment of 

parameter values (out of the clay soil range reported in 

literature) for field capacity, porosity, and Ks. 

A solution to this problem was developed based on a 

study by Stirk (1954), in which he flooded cracking soils 

that were at different initial water contents, and 

measured the average infiltration rate after 2 hours. He 

observed a relatively steady increase of the average 

infiltration rate as the initial conditions went from 

field capacity to permanent wilting point, and a rapid 
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increase when initial conditions were approximately 

wilting point and drier (Figure 5). His conclusion was 

that "for uncultivated [cracking] soils the rate of water 

entry increases continuously with decreasing water 

content, reflecting increase in crack volume with 

progressive shrinkage." 

Based on this, the simplest approach was to vary 

saturated hydraulic conductivity (Ks) as a linear function 

of the total soil moisture content of the upper soil 

layer, and to change the slope when moisture approaches 

permanent wilting point, both shown in Figure 6. Because 

Ks became a variable, it is called "apparent Ks." The 

break in slope was fixed at two-tenths of the available 

water capacity, because the wilting point was taken as the 

minimum possible soil moisture. A maximum Ks value of l .o 

inches per hour was chosen to give a steep slope as the 

soil approaches permanent wilting point, and the lowest Ks 

value was set at 0.012 inches per hour based on data from 

Rawls et al. (1983). 



Note: pF 2.0 is approximately field capacity, 
pF 4.2 is approximately permanent wilting point. 
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Figure 5. Average 2-hour infiltration rate versus initial soil 
moisture condition for cracking clay soils (from Stirk 1954). 

U> v£> 



Apparent 
saturated 
hydraulic 
conductivity 

(Ks) 

(inches/hr.) 

Ks-A 

Ks-B 

Ks-T 

Ks-A - maximum apparent Ks 

Ks-B - 'breakpoint' apparent Ks 

Ks-C - minimum apparent Ks 

PWP 

M-

0.2 AWC 

AWC 

FC 

-H 
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MODEL TESTING 

SITE DESCRIPTION 

Four small P-J watersheds that were part of the 

Beaver Creek Watershed Evaluation Program on the Coconino 

National Forest in central Arizona were chosen as test 

sites. Three of the watersheds are in the Utah juniper 

type at an elevation of about 5300 feet, and the other is 

alligator juniper at about 6300 feet. A summary of the 

watershed characteristics is given in Table 3. 

The area has summer and winter wet seasons, which are 

characterized by convective and frontal storms, 

respectively. Annual precipitation averages about 18 

inches in the Utah juniper and about 21 inches in the 

alligator juniper. In both juniper types, about 65 

percent of precipitation occurs in winter (October through 

April). May and June are the driest months and March and 

August are the wettest months (Campbell and Ryan 1982). 

The snowpack in these juniper types typically is shallow 

and intermittent (Baker 1982). 

A soil survey of the area (Williams and Anderson 

1967) shows that each of the four watersheds is dominantly 

very stony clay with 0 to 10 percent slopes. The soil 

series is a vertisol formed from basalt and cinders, which 

has cracks one-half to two inches wide and 15 to 20 inches 

deep when they are dry; the cracks are absent when the 
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Table 3. Characteristics of Beaver Creek Watersheds, 
(from Clary et al. 1974.) 

basal 
Watershed area 
number (sq.feet 
and type acres per acre) 

pre-treatment length 
crown of 
cover record 
(percent) (water years) 

1 (Utah) 306 (no data) 28 + / - 2  1958-1973 
history: cabled, slash burned; 1963 

2 (Utah) 125 57 + / - 7  30 + / - 2  1958-1981 
history: control - no treatment 

3 (Utah) 360 53 + / - 7  28 + / - 2  1958-1981 
history: herbicide, no removal or 

burning; 1968 

6 (alligator) 100 24 + / - 3  29 + / - 1  1958-1973 
history: felled, no burning, regrowth 

restricted; 1965 
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soil is wet. The stones, up to 12 inches across, occur 

almost entirely at the surface and cover 30 to 50 percent 

of the surface area. The effects of the stones on 

infiltration and water holding capacity of the soil were 

not considered in the model. The rest of the profile shows 

little differentiation and is about 44 inches deep, with 

either basalt or cinders below the soil mantle. 

The Forest Service measured runoff from each 

watershed with calibrated flumes, and precipitation was 

measured with a network of gauges and adjusted for each 

watershed with the Theissen method. Daily maximum and 

minimum temperatures also were recorded in a network of 

gauges; one was near watersheds 1, 2, and 3, and another 

was near watershed 6. The temperatures from these 

stations were taken to represent the watersheds nearby. 

Regression equations for both maximum and minimum 

temperatures between the two gauges were used to fill in 

periods of missing temperature data for each gauge. 

CALIBRATION 

Sensitivity 

The first half (12 years) of the hydrologic record 

for watershed 2, the control, was used for model 

calibration. The model was most sensitive to changes in: 

1. soil field capacity 
2. soil porosity 
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3. saturated hydraulic conductivity (Ks), and 
4. interflow runoff efficiency (IRE) 

Calibration was limited to adjustments of these 

parameters. 

Changes in basal area, percent crown cover, and the 

snowmelt degree-day index caused little change in the 

predicted runoff. Basal area and percent canopy cover 

were available for the watersheds from Clary et al. 

(1974). A degree-day index of 0.04 (inches/day/degree F) 

was chosen, and for the calibration period, this value 

resulted in a mean snowmelt rate of 0.054 inches/hour with 

a standard deviation of 0.014 inches/hour for forty-six 

predicted snowmelt events (without rain). 

Calibration procedure and results 

The best parameter values were determined by testing 

for the smallest sum of squared differences between 

predicted and observed annual runoff (James and Burges 

1982) for the calibration period. Because of uncertainty 

in initial soil moisture conditions in the first water 

year, its results were not included in the evaluation; 

however, it was simulated to produce initial conditions 

for the following year. After systematic testing of 

parameter combinations, the following resulted in the 

smallest sum of squared differences (mentioned above): 

field capacity = 49 percent (inches/inch) 
porosity = 52 percent (inches/inch) 
apparent Ks (breakpoint) = .20 inches/hr. 
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IRE = 26 percent (inches/inch) 

The field capacity and porosity fall in the textbook range 

for clay soils. The apparent Ks is in the clay soil range 

only when the soil is relatively wet. Permanent wilting 

point was 29 percent for all calibrations. 

The annual PET for the area, as well as values for 

11D" in Hamon's PET equation (5), were taken from 

Thornthwaite (1948), which showed the annual PET on Beaver 

Creek in the 24-30 inch category. Setting Hamon's 

coefficient "C" equal to 0.0055 resulted in the annual PET 

values shown in Table 4. 

TEST PROCEDURES 

The hydrology of each watershed was simulated with 

the calibrated parameters and appropriate vegetation 

parameters up to and including the year of treatment. For 

the following years, basal area and canopy cover were set 

to zero, resulting in the elimination of canopy 

interception and differential snowmelt between open and 

canopy covered areas. Three post-treatment lower soil 

layer ET options were tested for each of the treated 

watersheds based on the AET/PET = f(AW/AWC) concept 

presented in equations (6) and (7). The options are: 

A. AET/PET =0.1 
B. AET/PET = no change from pre-clearing 
C. AET/PET = (AW/AWCJ/2; this would be an extension of 

least-slope segment in Figure 3; AET/PET 
would always be less than or equal to 0.5 



Table 4. Annual potential evapotranspiration (PET) 
calculated with Hamon's (1961) equation. 

PET (inches) * 
WATER 
YEAR gauge 1 gauge 9 

1959 31, .49 25. .36 
1960 32, . 15 25. .92 
1961 30, .37 24. .92 
1962 30, .12 23. .92 
1963 31, .23 25. .06 
1964 28. .56 23. .85 
1965 28. .11 22. .95 
1966 31. .09 25. .40 
1967 30. .06 24. .17 
1968 30. .30 24. ,21 
1969 31. .40 25. ,32 
1970 31. .44 25. ,40 
1971 30. .19 24. ,45 
1972 31. .50 25. ,00 
1973 30. ,07 25. ,12 
1974 30. .88 
1975 30. ,75 
1976 29. ,92 
1977 31. ,67 
1978 32. ,14 
1979 30. ,86 
1980 31. ,76 
1981 33. 56 

AVERAGE: 30.85 24.74 

** gauge 1 represents watersheds 1,2,3. 
gauge 9 represents watershed 6. 
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They are referred to by letter (A, B, or C) in the 

following sections. 

TEST RESULTS 

An annual and seasonal tabulation for all simulation 

results are in Appendix B. A summary of the simulations 

is given in Table 5, with the means and standard 

deviations of differences between predicted and observed 

annual runoff (James and Burges 1982). A negative mean 

indicates a net under-prediction for the period and a 

positive one indicates the opposite. 

A paired-difference t-test at the 95 percent 

confidence level showed no difference between the 

predicted and observed annual runoff for any of the 

simulations. For watershed 6, the post-treatment options 

predicted significantly different from each other at the 

95 percent confidence level (each option was different 

from the other two). 

Calibration and pre-treatment periods 

Prediction on watershed 3 in the pre-treatment period 

was nearly the same as the calibration period of watershed 

2, which is not surprising because of the same time 

period. The pre-treatment results for watershed 1 show a 

difference from watersheds 2 and 3 because it was about 

half of the same period. For watershed 6, the alligator 

juniper watershed, the magnitudes of the mean annual 
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Table 5. Means and standard deviations of differences 
between predicted and observed annual runoff. 

Units are inches. 

PRETREATMENT POSTTREATMENT ** 

mean std.dev n* mean std.dev n* 

Watershed #1 0.279 0.340 5 A. -0.181 0.565 10 
B. -0.284 0.563 10 
C. -0.269 0.551 10 

Watershed #2 0.072 0.266 11 0.082 0.381 12 
(calibration) (post-calibration) 

Watershed #3 0.031 0.221 10 A. 0.182 0.777 13 
B. 0.006 0.567 13 
C. 0.021 0.577 13 

Watershed #6 -1.250 1.918 7 A. -1.487 2.621 8 
B. -2.198 2.769 8 
C. -2.081 2.651 8 

* 

** 

n = number of years 

AET/PET ratio from lower soil layer: 
A. - equal to 0.1 
B. - same as pretreatment 
C. - equal to (AW/AWC)/2 
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errors (Table 5) indicate a systematic error greater than 

for the simulations of the Utah juniper watersheds. 

Post-treatment periods 

For watershed 1, the model predicted high before 

juniper clearing and low afterwards, with option A giving 

the best overall results (Table 5). Predicted versus 

observed runoff with option A is represented in Figure 7. 

The options made no difference in prediction for watershed 

1 in seven of the ten post-treatment years; these were the 

driest years. The two greatest differences between 

predictions were 0.91 and 0.18 inches, both in wet years 

(1966 and 1973). For these years, options B and C showed 

similar predictions and the differences came from option 

A. In the another wet year (1965), all three options were 

within 0.05 inches of each other. 

On watershed 2, the control and calibration 

watershed, prediction for the post-calibration years was 

nearly the same, overall, as the calibration period; the 

simulation result for this watershed is shown in Figure 8. 

For watershed 3, options B and C resulted in better 

overall performance (Table 5); option B is shown in Figure 

9. Prediction was high using option A, largely a result 

of over-prediction of about one and a half inches in each 

of two years. Options B and C lessened this over-

prediction in both years (1979 and 1980) by about an inch. 
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Figure 7. Predicted vs. observed annual runoff, watershed 1. 
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For another wet year (1973), option A predicted about 0.1 

inches high, and both B and C predicted about 0.15 inches 

low, a difference of about 0.25 inch. For a fourth wet 

year (1978), all three options predicted within 0.05 

inches of each other, exceeding observed runoff by about 

0.7 inches. For the other nine years, the driest years, 

the different options predicted exactly the same runoff. 

For watershed 6, options B and C also showed close 

agreement, with differences from option A. However, the 

model consistently under-predicted for the pre-treatment 

period as well, and elimination of the systematic error 

should be made before the post-treatment options are 

compared. However, the best performance was from option 

A, which is shown in Figure 10. 

Summarizing, option A predicted best for watershed 1, 

though prediction among the options varied for only three 

of the ten post-treatment years. Options B and C, with 

nearly equal predictions, were better than option A for 

watershed 3; runoff predictions among the options differed 

for four of the thirteen post-treatment years. 
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DISCUSSION 

POST-TREATMENT OPTIONS 

The post-treatment options for estimating AET from 

the lower soil zone resulted in different runoff 

predictions only in wet years. In the drier years, 

simulated runoff was not sensitive to differences in lower 

zone soil water content resulting from the different AET 

options. 

On watershed 1, the effects of soil pits created from 

cabling were not addressed in the model, though Skau 

(1961) estimated that these pits could reduce surface flow 

by 0.09 to 0.27 inches annually, depending on the nature 

of the storms. The soil disturbance could have reduced 

the predictive ability of the model in that period. Also 

not addressed in the model were the shading effects of 

standing dead junipers on watershed 3, which Baker (1984) 

cited as a contributing reason (along with reduced 

transpiration) that the watershed showed significant water 

yield increase after treatment. 

The effects of the different treatments and different 

post-treatment time periods for watersheds 1 and 3 make 

comparison of the lower zone ET options between watersheds 

inconclusive. The only wet year common to the post-

treatment periods of these two watersheds was 1973. 
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MODEL LIMITATIONS 

Model resolution 

Using daily summary values of precipitation and 

temperature introduces error into the hydrologic modeling. 

With precipitation, one problem comes from storms that 

span two (or more) days, because they are interpreted as 

separate events. For an example, referring to Table 2 

shows that the rainfall intensity from a one inch storm is 

always greater than if two storms produced a total of one 

inch of rain. Because winter storms in both juniper types 

that are greater than one inch average more than 24 hours, 

this circumstance probably occurred in the simulations. 

In itself, using average rainfall intensity by storm size 

introduces error, as would spatial variation of 

precipitation. 

Another limitation is using mean daily temperature to 

determine if precipitation is rain or snow. When the 

daily maximum and minimum temperatures span the freezing 

point, especially wide margins, prediction is uncertain. 

Related to this, heat exchange between the soil and air, 

or between the soil and accumulating or accumulated snow, 

is beyond the resolution of the model, as is heat transfer 

from rain to the snowpack. Daily summary temperatures 

also affect the ability to predict snowmelt and 

evapotranspiration. 
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Assumptions 

The assumption that deep seepage was not limited by 

less permeable material underlying the soil may not have 

been a large source of error in the Utah juniper, but it 

appears to have been a critical assumption for the 

alligator juniper type, watershed 6. With greater 

precipitation and lower potential ET, the soil profile in 

the alligator type would exceed field capacity more 

frequently, causing the model to simulate deep seepage 

more frequently. The simulation results for watershed 6 

showed that deep seepage in wet years was substantial in 

light of the statement by Baker (1982) that only 2 out of 

the 20 watersheds studied at Beaver Creek have shown "any 

indication of water loss through deep seepage" (he did not 

state which watersheds these were.) In the wet years 

referred to previously (1965, 1966, and 1973), option C 

calculated 2.82, 2.46, and 7.83 inches of deep seepage, 

respectively for watershed 6. 

Further, if the annual predicted deep seepage for 

watershed 6 is added to the annual runoff calculated, most 

of the runoff predictions that were low would have been 

improved; this case, with option C, is shown in Figure 11 

(compare to Figure 10). Simply adding the deep seepage to 

the annual predicted runoff in this way gives only an 

indication of the changes in predicted runoff that might 
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Figure 11. Predicted vs. observed annual runoff, watershed 6, 
where annual runoff equals annual storm runoff plus 
annual deep seepage. 
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result, because it by-passes the calibration that would be 

needed for a major change in assumptions (i.e., no deep 

seepage), and it also does not include the effects that 

this change would have on the other hydrologic processes 

simultaneously being modeled. However, analyzing 

watershed 6 simulations with this method resulted in 

option C giving the best overall prediction, and would 

yield the following summary statistics used in Table 5: 

mean S.D. 

pre-treatment -0.424 0.913 
post-treatment -0.369 0.789 

If these results are approximately what would result from 

re-calibration and re-testing, runoff prediction can 

probably be improved for watershed 6. More thorough 

statistical analysis would be appropriate only after 

modification and calibration of the deep seepage 

algorithm. 

The need for adjustment of the deep seepage 

computation for the Utah juniper watersheds is unclear. 

For watershed 2, the wet years 1965, 1966, and 1973 

resulted in simulated annual deep seepage values of 3.18, 

1.16, and 4.98 inches; however, the difference between 

predicted and observed runoff for these years was 2, 4, 

and 9 percent of observed runoff, respectively. For 

watershed 6 in the same years, the differences were 56, 

34, and 43 percent (option C). 
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The apparent failure of the deep seepage assumptions 

for watershed 6 and lack of failure for the other three 

watersheds suggests the possibility of different sub-soil 

conditions. Watersheds 1, 2, and 3 are contiguous, while 

watershed 6 is situated about four miles away. However, 

other factors may be responsible for the dissimilarity in 

the simulation results, even though deep seepage seems to 

be the most apparent explanation. For example, the 

regressions between temperatures showed about six degrees 

Fahrenheit less for the daily maximum and minimum in the 

alligator juniper type, and snow accumulation might be 

significantly different from the Utah juniper type. Thus, 

systematic error in runoff computed from snowmelt might 

contribute to the results for watershed 6. Another 

possibility is that soil characteristics, for example, 

soil depth, are different on watershed 6. The sensitivity 

of the model to soil depth was not tested, but because it 

defines AWC, the calibrated parameters would be expected 

to change with a change in soil depth. 

MODEL IMPROVEMENT 

An array of modifications that more completely 

describe physical hydrologic processes could be explored. 

These could include additions for topographic influences 

(i.e. slope and aspect), depression storage, and 

interception by associated species. Relatively simple 
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modifications for these could be guided by hydrology 

textbooks and literature; for example, some interception 

data for litter, herbaceous plants, and other woodland 

species and are summarized by Branson et al. (1981). 

Incorporating a function to address the differences 

between the hydrology of the under-canopy and the inter-

canopy areas might improve the model. Renard (1987) 

suggests that the inter-canopy areas are much more 

important in producing surface runoff because the 

infiltration rate is less, due mainly to organic matter 

and soil profile differences. The model already includes 

a term for percent canopy cover, so this modification 

would be a logical next step in development. 

If soil water utilization changes with the density 

and age of P-J stands, including such relationships would 

benefit the model. In addition, if runoff prediction is 

to be made over time, a vegetative growth or re-growth 

function probably is needed, especially for addressing 

post-treatment hydrologic changes, when vegetation changes 

are particularly dynamic. 

These modifications, and others, may improve the 

model, even with the limitations imposed by the current 

assumptions and the resolution of input data. 

MODEL APPLICABILITY 

The models physically-based hydrologic simulation 
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uses soil and vegetation parameters specific to the 

watershed being modeled. It follows that physically-based 

models should be capable of simulating different 

watersheds by accounting for the physical conditions. For 

this reason, the model should be applicable, with 

calibration, to watersheds with different soil and 

vegetation conditions. The features built into the 

current version for vertisol soils can be easily 

eliminated if necessary. 
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CONCLUSIONS 

The simulated annual runoff from all four watersheds 

was not significantly different from observed runoff at 

the 95 percent confidence for all simulations, including 

pre-treatment periods and different options that were 

tested in post-treatment periods. The three methods for 

calculating post-treatment evapotranspiration from the 

lower soil layer predict runoff differences from each 

other only in relatively wet years. Though not 

statistically different from the other options, option A 

was the best post-treatment predictor for watershed 1; and 

similarly, options B and C (nearly equal prediction) were 

better predictors for watershed 3. Post-treatment options 

predicted significantly different from the other two (at 

the 95 percent confidence level) for watershed 6, but this 

is inconclusive in light of the apparent systematic error 

encountered in the simulations. 

The simulations for watershed 6, the alligator 

juniper type, showed the most prediction error (Table 5), 

but simple modifications and calibration could probably 

improve the accuracy of the simulation for this watershed. 

The deep seepage assumption was probably most responsible 

for the poor results in the alligator juniper type, but 

other modeling error might have contributed. 

Because of its physically-based structure, the model 
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should be applicable for P-J watersheds in regions other 

than where it was tested; the special features for 

vertisols can easily be removed if necessary. The average 

precipitation intensities built into the model (which were 

developed from the test watersheds) would have to be 

assessed. 

The model is programmed to give daily estimates of 

the water balance components, but given the resolution of 

the input data, the model cannot always represent the 

daily hydrology with accuracy. For this reason, the model 

is best suited for annual, seasonal, and monthly 

predictions. 



APPENDIX A: 

COMPUTER PROGRAM CODE 

WITH 

EXPLANATORY NOTES 

AND 

SAMPLE OUTPUT FORMATS 
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q********************************** ********************** 
c Program for P-J water yield simulation 
C * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * *  

C 

character * 15 infile, infile2, outfile, 
1 anobro(6), pilot(6) 
dimension jul(366),prec(366),temp(366), 
1 tavg(366),qo(366),wsacres(6),tlow(366) 
common /watr/ iverb,effic,storag,strmax,sfact, 
1 capl,a,b,poros,sat,fc,pwp,tpen,bpen, 
2 smct,smcb,tdepth,bdepth,lzo 
data wsacres/306.,125.,360.,0.,0.,100./ 
data anobro/1ql',•q2',1q31,'q4',1q51,1q61/ 
data pilot/'ptl1,•pt2','pt3','pt4','pt5','pt6'/ 

c file #10 - annual comparison of predicted versus 
c observed flow (output file) 
c file #11 - observed annual yield (inches) 
c from superfile (input file) 
c file #12 - file to monitor daily pred. and obs. runoff 
c file #13 - program control file (iansl,ians2,leap) 
c file #14 - file to monitor anything you choose 

close(lO) 
close(ll) 
close(12) 
close(13) 
close(14) 
open(14,file = 'monitor1, status = 'unknown') 
open(10,file='stats',status='unknown1) 
write(10,150) 
open(12,file='day.prn',status='unknown') 

C 
close(8) 
WRITE(6,*)' PRECIPITATION input filename ?• 
READ(5,3) INFILE 
open(8,file = infile, status='old1) 

c 
close(9) 
WRITE(6,*)' TEMPERATURE input filename ?• 
READ(5,3) INFILE2 
open(9, file = infile2, status='old') 

c 
close(7) 
WRITE(6,*)' WATER BALANCE OUTPUT filename ?• 
READ(5,3) OUTFILE 
open(7,file = outfile, status='unknown') 

c 
WRITE(6,*)' Beaver Creek watershed number ?' 
READ(5,6024) NUMBER 
acres = wsacres(number) 
open(11,file = anobro(number), status='unknown') 
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open(13,file = pilot(number), status=1unknown1) 
c 
c call subroutine watqst to initialize parameters 
c 
8 call watqst(basal,fcovr) 

c 
c read in ppt and temp data 
c 
9 read(13, *)iansl,ians2,leap 

ird = 365 
if(leap.eq.1) ird = 366 
do 1 i = 1, ird 
read(8,6022)jul(i),pptl,ppt2,qo(i) 
read(9,6023)temp(i),tlow(i) 
tavg(i) = (temp(i) + tlow(i)) / 2.0 
prec(i) = pptl + ppt2 

1 continue 
c 
c heading 

write(6,6000) 
write(7,6000) 

c 
C SIMULATION SECTION 

11 call xyield(basal,temp,tlow,prec,jul, 
1 ird,tavg,qo,acres,fcovr) 

c 
c returning to main program for further directions 
c (run the next year?) 

if(IANSl.eq.2) then 
go to 12 

else 
end if 

c (change basal area and forest cover percent?) 
c (here, enter values for 'basal' and 'fcovr') 

if(IANS2.eq.1) then 
fcovr = 0.0 
basal = 0.0 
go to 9 

else 
go to 9 

end if 
c 
12 STOP 
c 
c FORMAT STATEMENTS 

3 format(a) 
150 formate (P) YEAR (O) YEAR (P)SUMM (O)SUMM 

1 (P)WINT (O)WINT') 
6000 format(//,5x,'P-J WATER YIELD SIMULATION') 
6022 format(9X,i3,6X,f2.0,lx,f2.2,5X,f7.0) 
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6023 format(lx,2(f3.0)) 
6024 format(i2) 

end 
c 
c****************************************************** 

c 
subroutine xyield(basal,temp, 
1 tlow,prec,j ul,ird,tavg,qo,acres,fcovr) 
dimension jul(366),prec(366), 
1 temp(366) ,tavg(366) ,qo(366) ,tlow(366) 
common /watr/ iverb,effie,storag,strmax,sfact, 
1 capl,a,b,poros,sat,fc,pwp,tpen,bpen, 
2 smct,smcb,tdepth,bdepth,1zo 

c 
c initial variables 

crnmax = 0.072 * fcovr 
iday=0 
sprec=0. 
sdisch=0. 
qobsumm=0. 
qobwint=0. 
qsumm=0. 
qwint=0. 
sqdsumm=0. 
sqdwint=0. 
spet=0. 
sevt=0. 
stfal=0. 
ssp=0. 
fintvl=5.0 

c 
C SNOWMELT PARAMETERS (constants) 

if(basal.le.25.0) then 
tr = 1.0 - 0.013 * basal 

else 
tr=10.0**(0.144-0.229*alogl0(basal)) 

end if 
c 
c detailed output header 
c 

if(iverb.eq.2) then 
write(7,6005) 
write(7,6020) 

else 
endif 

c 
c BEGIN NEW DAY OF SIMULATION 
C 

30 iday=iday+l 
if(iday.eq.1) smi = storag 



jday = jul(iday) 

UPDATE SNOWMELT PARAMETERS (variable by day) 

t2 = tlow(iday) 
t3 = temp(iday) 
if(iday.eq.365.or.iday.eq.366) then 

t4 = tlow(iday) 
else 

t4 = tlow(iday+l) 
endif 

INITIALIZE DAILY WATER BALANCE 
sinfil=0. 
thrfal=0. 
rofdg=0. 
q=0. 
s=0. 

cold = (tavg(iday)+tavg(iday-l)+tavg(iday-2))/3.0 

precip=prec(iday) 
if(precip.eq.0.0) go to 31 

THROUGHFALL 
if(precip.le.0.5) then 

thrfal=0.873*(precip**l.156)*fcovr+ 
1 0.09*(precip**l.25)*fcovr+precip*(1.-fcovr) 
else 

thrfal=(precip-0.072)*fcovr+precip*(1.-fcovr) 
endif 
if(thrfal.lt.0.0) thrfal=0. 
crown = crown + (precip - thrfal) 

i f(crown.gt.crnmax) then 
thrfal = thrfal + (crown - crnmax) 
crown = crnmax 

else 
endif 

stfal = stfal + thrfal 

SNOW OR RAIN ? 
if(tavg(iday).le.32.0.and.cold.le.32.0) then 

weo = weo + thrfal 
wef = wef + thrfal 
we = weo * (1.-fcovr) + wef * fcovr 
go to 32 

else 
rain = thrfal 
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end if 
c 
c RAINFALL DURATION 

durat = dura(jday,precip) 
n = nint(durat/fintvl) 
drate = rain / float(n) 

c 
C RAIN ON SNOW EVENT POSSIBLE 

if(we.gt.0.0.and.temp(iday).gt.40.0) then 
call melt(fcovr,t2,t3,t4,we,weo,wef,s,smr,j day,tr) 
drate = (rain + s) / float(n) 
call upper(tdepth,tpen,poros,fc,pwp,a,b,smct, 

1 sfact,xks,st) 
call infil(jday,n,xks,st,capl,drate,q,sinfil) 
go to 32 

else 
endif 

c 
c REGULAR INFILTRATION (no snowmelt involved) 

call upper(tdepth,tpen,poros,fc,pwp,a,b,smct, 
1 sfact,xks,st) 

call infil(j day,n,xks,st,capl,drate,q,s infil) 
go to 32 

c 
C HERE IF NO PRECIPITATION 

31 continue 
c 
c SNOWMELT (no rain) 

if(we.gt.0.0.and.temp(iday).gt.40.0) then 
call melt(fcovr,t2,t3,t4,we,weo,wef,s,smr,j day,tr) 
n = nint((s/smr)*12.0) 
if(n.It.1) n = 1 
drate = s / float(n) 
call upper(tdepth,tpen,poros,fc,pwp,a,b,smct, 

1 sfact,xks,st) 
call infil(jday,n,xks,st,capl,drate,q,sinfi1) 
write(14,147)s,sinfil,q,smr,n 

147 format(lx,4(f7.3),i4) 
else 
endif 

c 
c if no infiltration, bypass soil water distribution 
c 

32 if (sinfil.eq.0.0) go to 60 
STORAG = STORAG + SINFIL 
i f(storag.gt.sat)then 

q = q + (storag-sat) 
storag = sat 

else 
endif 
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if(storag.gt.strmax) then 
smct = fc 
smcb = fc 
tpen = tdepth 
bpen = bdepth 
go to 60 

else 
endif 

c 
C SOIL WATER DISTRIBUTION CALCULATION SECTION. 
c Will not go through this section if 1) there 
c is no infiltration, or 2) if the infiltration 
c amount causes the entire profile to exceed field 
c capacity (this is monitored by 'storag' and 'strmax'). 
c For these conditions, see block directly above. 
c 
C TOP LAYER OF SOIL 

if(tpen.eq.0.0)then 
tpen = sinfil / (fc-pwp) 
smct = fc 
go to 500 

else 
endif 
xxx = sinfil / (fc-smct) 
if(xxx.gt.tpen) then 
addi = sinfil - (fc-smct) * tpen 
smct = fc 
tpen = tpen + addi / (fc-pwp) 

else 
addi = 0.0 
smct = smct + sinfil/tpen 

c tpen does not change, only smct 
endif 

500 if(tpen.gt.tdepth) then 
trans = (tpen-tdepth)*(fc-pwp) 
tpen = tdepth 

else 
trans = 0.0 
go to 60 

endif 
c 
c 
C BOTTOM LAYER OF SOIL 
C 

i f(bpen.eg.0.0)then 
bpen = trans/(fc-pwp) 
smcb = fc 
go to 600 

else 
endif 
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yyy = trans / (fc-smcb) 
if(yyy.gt.bpen) then 

addi = trans - (fc-smcb) * bpen 
smcb = fc 
bpen = bpen + addi / (fc-pwp) 

else 
addi =0.0 
smcb = smcb + trans/bpen 

c bpen does not change, only smcb 
endif 

600 if(bpen.gt.bdepth) then 
perc = (bpen-bdepth)*(fc-pwp) 
bpen = bdepth 

else 
endif 

c 
c INTERFLOW (also, skip to here if no precipitation 
c to check for recession flow from previous day) 
60 if(storag.gt.strmax)then 

rofdg=(storag-strmax)*effic 
pinch = (storag - rofdg) - strmax 
sp=aminl(pinch,(24.0 * sfact * 0.667)) 
ssp = ssp + sp 
iflag = 1 

else 
sp = 0. 
rofdg = 0. 

endif 
c 

q=q+rofdg 
c 
c store values for annual summary 
50 if(precip.gt.O.O.or.q.gt.O.O) then 

sprec=sprec+precip 
sdisch=sdisch+q 

else 
endif 

c 
c POTENTIAL EVAPOTRANSPIRATION (from 'function evpt') 

celci = (tavg(iday)-32.)*5,/9. 
pet = evpt(jday,celci) 
spet = spet + pet 
hamon = pet 

c 
c CANOPY EVAPORATION (at potential rate) 

if(crown.gt.pet) then 
crown = crown - pet 
ett = 0.0 
etb = 0.0 
go to 55 
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else 
pet = pet - crown 
crown = 0.0 

endif 
c 
c EVAPOTRANSPIRATION, TOP LAYER (from 'function aet1) 

if(tpen.eq.0.0) then 
ett = 0.0 
go to 54 

else 
csmp = (smct-pwp) / (fc-pwp) 
layer = 1 
ett = aet(pet,csmp,basal,layer,Izo) 

endif 
c 

c 

c 

c 

etlim = tpen * (smct-pwp) 

if(ett.ge.etlim) then 
ett = etlim 
tpen = 0.0 
smct = pwp 

else 
smct = smct - (ett/tpen) 

c tpen does not change, only smct 
endif 

c 
pet = pet - ett 

c 
C EVAPOTRANSPIRATION, BOTTOM LAYER 
54 if(bpen.eq.0.0) then 

etb = 0.0 
go to 55 

else 
csmp = (smcb-pwp) / (fc-pwp) 
layer = 2 
etb = aet(pet,csmp,basal,layer,Izo) 

endif 

etlim = bpen * (smcb-pwp) 

if(etb.ge.etlim) then 
etb = etlim 
bpen = 0.0 
smcb = pwp 

else 
smcb = smcb - (etb/bpen) 

endif 
c 
55 et = ett + etb 

sevt = sevt + et 
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c 
storag = storag-et-sp-rofdg 

c 
c this block executes if storag is or has topped strmax 
c 

i f(storag.ge.strmax)then 
smct = fc 
smcb = fc 
onhold = storag-strmax 

else 
onhold = 0.0 
if(iflag.eq.1)then 

adj ust=(strmax-storag)/(tdepth+bdepth) 
smct = fc - adjust 
smcb = fc - adjust 

else 
end if 

endif 
iflag = 0 

c 
c track total soil moisture (inches) by penetration 
c depths and soil-moisture-contents as a check 
c on •storag* (also in inches) 

tcon = tpen * (smct-pwp) 
bcon = bpen * (smcb-pwp) 
check = tcon+bcon+((bdepth+tdepth)*pwp)+onhold 
smdiff = ABS(check-storag) 
if(smdiff.ge.0.001)write(6,*) 
1 • WARNING:STORAG.NE.CHECK' 
aw = tcon + bcon 

c 
c detailed output (daily water balance summary) 

i f(iverb.eq.2)write(7,6 0 3 0)jday,precip,q,hamon, 
1 et,thrfal,aw,sinfil,we,rofdg 

c 
c the following keeps track of the cumulative sum of 
c squared differences of observed and predicted DAILY 
c flows (calibration tool, etc.), and also keeps 
c track of pred. and obs. runoff by summer or winter 

if(q.gt.0.O.or.qo(iday).gt.0.0) then 
qob = (qo(iday) * 12.)/(43560. * acres) 
sqd = (ABS(q-qob)) ** 2.0 
if(jday.ge.121.and.jday.le.273) then 

sqdsumm = sqdsumm + sqd 
qsumm = qsumm + q 
qobsumm = qobsumm + qob 

else 
sqdwint = sqdwint + sqd 
qwint = qwint + q 
qobwint = qobwint + qob 
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endif 
else 

qob = 0.0 
endif 

c 
c write(12,6069) jday,q,qob 
c 
c on the LAST DAY of the water year, do ANNUAL 
c predicted vs. observed comparison, and find change 
c in soil moisture content over the year 
c 

i f(iday.eq.ird)then 
smf = storag 
deism = smf - smi 
read(11,6071) qseen 
write(10,6073) sdisch,qseen,qsumm,qobsumm, 

1 qwint,qobwint 
go to 70 

else 
go to 30 

endif 
c 
C ANNUAL WATER BALANCE SUMMARY 
70 write(6,6050) spree,sdisch,deism,sevt,ssp,stfal, 

1 spet 
write(7,6050) spree,sdisch,deism,sevt,ssp,stfal, 

1 spet 
c 

return 
c 
c format statements 
c 
6005 format(///,' WATER MEASUREMENTS ARE INCHES ') 
6020 format(/,2x,1DOY PPT RO PET ET', 

1 ' THRFAL AW INFIL WE ROFDG1,/) 
6030 format(lx,i4,9(lx,f5.2)) 
6040 format(3(lx,i2,,a3, f7.2, f6.2)) 
6050 format(/,1 TOTAL PRECIPITATION: ',f7.2,/, 

1 TOTAL WATER YIELD: 1,F7.2 
2 SOIL WATER CHANGE: 1,F7.2 
3 TOTAL EVAPOTRANSPIRATION: 1,F7.2,/ 
4 DEEP SEEPAGE: ',F7.2,/, 
5 TOTAL THROUGHFALL: 1,F7.2 
6 TOTAL PET : 1,f7.2) 

6069 format(lx,i3,3(lx,f6.3)) 
6070 format(lx,i3,2x,i2,,a3,2(lx,f7.4)) 
6071 format(27x,f5.3) 
6073 format(6(lx,f7.3)) 

end 
c 
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c****************************************************** 

c 
subroutine melt(fcovr,t2,t3,t4,we,weo,wef,s,smr, 
1 j day,tr) 
common /mlt/ omeltl 

c 
dmelto=0.03/90.0 
dmeltf=dmelto*tr 

c 
IF (JDAY.GE.274) THEN 

0MELT=0MELT1+((366.-FLOAT(JDAY))*(DMELTO)) 
FMELT=(OMELTl*TR)+ 

1 ((366.-FLOAT(JDAY))*(DMELTF)) 
ELSE 

omelt = omeltl + (float(jday)*dmelto) 
fmelt = (omeltl*tr) + (float(jday)*dmeltf) 

ENDIF 
c 

c 

c 

c 

c 

c 

base = t3-40. 

wo = omelt * base 
if(wo.gt.weo) wo = weo 
weo = weo - wo 
if(weo.lt.0.0)weo=0.0 

wf = fmelt * base 
if(wf.gt.wef) wf = wef 
wef = wef - wf 
if(wef.It.0.0)wef=0.0 

s=(wo*(1.-fcovr)+wf*fcovr) 
we = wef*fcovr + weo*(l.-fcovr) 
smax = base*omelt*(l.-fcovr) + base*fmelt*fcovr 

ihr = 0 

do 87 m = 1,8 
y = t2 + ((t3-t2)/8.) * float(m) 
if(y.gt.40.0) ihr = ihr + 1 

87 continue 

do 88 m = 1,16 
y = t3 - ((t3-t4)/16.) * float(m) 
if(y.gt.40.0) ihr = ihr + 1 

88 continue 

smr = smax/float(ihr) 

return 
end 
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C 

c**************************************************** 

c 
subroutine upper(tdepth,tpen,poros,fc, pwp, a, b, 

1 smct,sfact,xks,st) 
c 

if(tpen.eq.tdepth) then 
st = poros - smct 

else 
avgsmct = pwp + (((smct-pwp)*tpen)/tdepth) 
st = poros - avgsmct 

end if 
c 

awe = tdepth * (fc-pwp) 
break =0.2 * awe 
wetslope = ((b-sfact)/(awe-break))*(-1.0) 
dryslope = ((a-b)/(break))*(-1.0) 
x = (smct * tpen) - (pwp * tdepth) 
if(x.ge.break) then 
xks = wetslope * (x - break) + b 

else 
xks = dryslope * x + a 

endif 
c 

return 
end 

c 
c******************************************************* 
c 

subroutine infil(jday,n,xks,st,capl,drate,q,sinfil) 
c 

do 40 i=l,n 
if(i.eq.l) then 

tmp = 500. 
else 

tmp = xks * (1.0+((st*capl)/sinfil)) * (5./60.) 
endif 

c 
if(drate.gt.tmp) then 
rogr = drate - tmp 
yinfil = tmp 

else 
rogr = 0.0 
yinfil = drate 

endif 
c 

sinfil=sinfil+yinfil 
q=q+rogr 

40 continue 
c 
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return 
end 

c 
c******************************************************* 

c 
function dura(jday,precip) 
dimension summ(5),wint(5),amt(5) 
data SUmm/O.0533, 0.0976, 0.1322, 0.1008, 0.2218/ 
data wint/0.0334, 0.0421, 0.0420, 0.0444, 0.0572/ 

c data summ/0.0719, 0.0831, 0.1163, 0.1516, 0.1820/ 
C data wint/0.0334, 0.0378, 0.0436, 0.0419, 0.0637/ 

data amt/0.25, 0.50, 0.75, 1.0, 999.9/ 
c 

do 21 k=l,5 
if(precip.le.amt(k)) then 

dura = (precip/wint(k))*60. 
if(jday.ge.121.and.jday.le.274) 

1 dura=(precip/summ(k))*60. 
go to 22 

else 
endif 

21 continue 
c 

22 return 
end 

c 
c***************************************************** 
c 

function evpt(jday,celci) 
dimension lmonth(12),daylt(12) 
data lmonth/31,60,91,121,152,182,213,244, 
1 274,305,335,366/ 
data daylt/0.87,0.85,1.03,1.09,1.21,1.21,1.23, 
1 1.16,1.03,0.97,0.86,0.85/ 
data c/0.0055/ 

c 
C CALCUALTE PET WITH HAMON'S EQUATION 

do 77 i = 1,12 
if(jday.le.lmonth(i)) then 

go to 78 
else 
endif 

77 continue 
c 
78 d = daylt(i) 

sv = 4.6355 +0.3216*celci +0.0119*celci**2 
1 +0.0002*celci**3 

evpt = c * (d**2) * sv 
c 

return 
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end 
c 
c************************************************** 
c 

function aet(pet,csmp,basal,layer,lzo) 
c 

if(lzo.eq.2) go to 97 
IF(basal.eg.0.0.and.layer.eg.2) then 

if(lzo.eg.1)then 
aet = pet * 0.1 

else 
aet = pet * (csmp / 2.0) 

endif 
go to 98 

ELSE 
ENDIF 

c 
97 if(csmp.le.0.333) then 

aet = pet * (csmp / 2.0) 
else 

if(csmp.gt.0.333.and.csmp.It.0.666) then 
aet = pet * csmp 

else 
aet = pet 

endif 
endif 

c 
98 return 

end 
c 
c****************************************************** 
c 

subroutine watgst(basal,fcovr) 
common /watr/ iverb,effic,storag,strmax,sfact, 
1 capl,a,b,poros,sat,fc,pwp,tpen,bpen, 
2 smct,smcb,tdepth,bdepth,lzo 

c 
C WHAT IS THE BASAL AREA 

10 WRITE(6,6005) 
READ(5,*) BASAL 
IF(BASAL.LT.0.) GO TO 10 

C 
C CALL WLTQST FOR SNOW MELT INPUT DATA 

CALL MLTQST (fcovr,effic) 
C 
C SOIL PARAMETERS 

pwp = 0.29 
capl = 12.45 
sfact = 0.0118 

C 



C READ TOTAL SOIL DEPTH 
30 WRITE(6,6040) 

READ(5,*) DEPTH 
IF(DEPTH.LT.0.0) GO TO 30 

c 
c READ FIELD CAPACITY 

write(6,6042) 
read(5,*) fc 
fc = fc/100. 

c 
C READ POROSITY 

write(6,6043) 
read(5,*) poros 
poros = poros/100. 

c 
c READ MAXIMUM apparent Ks 

write(6,6044) 
read(5,*) a 

c 
c READ BREAKPOINT apparent Ks 

write(6,6045) 
read(5,*) b 

c 
C DIVIDE SOIL INTO LAYERS 

tdepth = 24.0 
soilin = depth * 12.0 
bdepth = soilin - tdepth 

c 
C SET INITIAL SOIL WATER CONDITIONS 

sat = soilin * poros 
strmax = depth * 12.0 * fc 
storag = depth * 12.0 * (pwp + ((fc-pwp)*0.2)) 
tpen = tdepth 
bpen = bdepth 
smct = pwp + (fc-pwp)*0.2 
smcb = pwp + (fc-pwp)*0.2 

C 
C WHAT TYPE OF OUTPUT DO YOU WANT 
40 WRITE(6,6070) 

READ(5,*) IVERB 
IF(IVERB.LT.1.OR.IVERB.GT.2) GO TO 40 

C 

c choose lower soil zone option 
c LOWER SOIL ZONE AET OPTION (for post-clearing) 

write(6,6071) 
read(5,*) lzo 

C 
C FORMAT STATEMENTS 
6005 FORMAT(/,IX,' BASAL AREA IN SQ.FT./ACRE ? ') 
6040 FORMAT(/,IX,' SOIL DEPTH IN FEET ? ') 
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6042 format(/,lx,' FIELD CAPACITY in percent ? ') 
6043 format(/,lx,1 SOIL POROSITY in percent ? •) 
6044 format(/,lx,1 Ks at its MAXIMUM ?', 

1 •(ie, open cracks) ') 
6045 format(/,lx,"what is Ks at its BREAKPOINT ? ') 
6070 FORMAT(/ , IX,1THERE ARE TWO TYPES OF OUTPUT;1,/,4X, 

1 '1 - SUMMARY',/,4X,'2 - DETAILED', 
2 /,IX,'OUTPUT FORMAT DESIRED ? ') 

6071 format(/,lx,'LOWER ZONE AET OPTION?1,/,4X,•1 - A', 
1 //4X,« 2 - B',/,4X,'3 - C',//, 
2 ' WHICH OPTION?') 
END 

C 

C***************************************************** 
C 

subroutine mltqst (fcovr,effic) 
common /mlt/ omeltl 

c 
c canopy cover 

10 write(6,6000) 
read(5,*) FCOVR 
fcovr=fcovr/100.0 
IF(fcovr.lt.0.0.or.fcovr.gt.1.0) go to 10 

c 
c degree-day index on January 1 for open area 

20 write(6,6020) 
read(5,*) omeltl 
if(omeltl.It.0.0) go to 20 

c 
c interflow runoff efficiency 

30 write(6,6030) 
read(5,*) effic 
effic=effic/100.0 
if(effic.It.0.0.or.effic.gt.1.0) go to 30 
return 

c 
c format statements 
6000 FORMAT(/,' AREA COVERED BY CANOPY IN PERCENT ? ') 
6020 FORMAT(/,' OPEN AREA DEGREE-DAY INDEX (1-JAN) ? ') 
6030 FORMAT(/,' INTERFLOW RUNOFF EFFICIENCY (percent)? ') 

END 
C 

c********************************************************* 

c 
c LIST OF VARIABLES and CONSTANTS 
c 
c 
c A - apparent saturated hydraulic conductivity at its 
c maximum; inches per hour 
c ADDI - the portion of infiltration that would cause 
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c an increase in the penetration depth of 
c available water in either the upper or lower 
c soil layers; inches 
c ADJUST - an adjustment to 'smct' and 'smcb' necessary 
c when profile has exceeded and then fallen 
c below field capacity during one day; in./in. 
c AET - calculated actual evapotranspiration; inches 
c AMT - upper limit of storm size class; inches 
c ANOBRO - see 'program notes' below 
c AVGSMCT - average soil moisture content of the 
c upper soil layer; inches per inch 
c AW - available water in soil profile; inches 
c AWC - available water capacity of the upper 
c soil layer; inches 
c B - apparent saturated hydraulic conductivity at its 
c breakpoint; inches per hour 
c BASAL - basal area; square feet per acre 
c BASE - base temperature for snowmelt; degrees F 
c BOON - available water in lower soil layer; inches 
c BDEPTH - thickness f the lower soil layer; inches 
c BPEN - penetration depth of available water 
c in the lower soil layer; inches 
c BREAK - 0.2 times AWC of the upper soil layer; inches 
c C - 'c' coefficient for Hamon's (1961) PET equation 
c CAPL - capillary rise; inches 
c CELCI - daily average temperature; degrees C 
c CHECK - total water content of the profile calcualted 
c by layers as a check against 'storag' 
c COLD - average of the last three days average 
c temperatures; degrees F 
c CROWN - water stored in the canopy; inches 
c CRNMAX - maximum canopy water storage; inches 
c D - current value for 'daylt' 
c DAYLT - 12-hour units of daylight by month 
c DELSM - soil water change over the water year; inches 
c DEPTH - soil depth in feet 
c DMELTF - daily increase in forested area degree-day 
c index; inches per day per degree F 
c DMELTO - daily increase in open area degree-day 
c index; inches per day per degree F 
c DOY - day of year (in the detailed output) 
c DRATE - weighted throughfall for a five minute period 
c during infiltration; inches 
c DRYSLOPE - slope of 'apparent* Ks vs. soil moisture 
c line when upper layer available 
c soil water is less than 0.2AWC 
c DURAT - duration of storm event; minutes 
c EFFIC - interflow runoff efficiency; inches per inch 
c ET - combined daily AET from both soil layers; inches 
c ETB - daily AET from the lower soil layer; inches 
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c ETBMAX - max. daily AET from lower soil layer; inches 
c ETT - daily AET from upper soil layer; inches 
c ETLIM - available water in upper or lower soil layer 
c at time of ET calculation; inches 
c EVPT - calculated PET 
c FC - field capacity of the soil; inches per inch 
c FCOVR - area covered by forest; percent 
c FINTVL - recalculation time interval 
c during infiltration; (= 5.0 min.) 
c FMELT - forested area degree-day index; 
c inches per day per degree F 
c IANSI - indicator to quit or to run next year 
c IANS2 - indicator to change 'basal' and 'fcovr' 
c IDAY - counter to stop simulation at day 365 or 366 
c IFLAG - indicator that profile is/has exceeded field 
c capacity on this day (also see 'adjust') 
c IHR - snowmelt duration; hours 
c IRD - number of days in year (365 or 366) 
c IVERB - indicator for output format 
c JDAY - julian day (day of year) 
c JUL - julian day as read from the data file 
c LAYER - indicator for determining if ET is being 
c calculated for the upper or lower soil layer 
c LEAP - leap year indicator 
c LZO - lower soil zone (post-clearing) AET option; 
c only in effect when 'basal' = 0 
c LMONTH - julian days of the last days of months 
c N - number of 5 minute intervals during infiltration 
c OMELT - open area degree-day index; 
c inches per day per degree F 
c 0MELT1 - open area degree-day index on January 1; 
c inches per day per degree F 
c ONHOLD - soil water in excess of profile field 
c capacity at the end of daily water budget 
c calculations; inches 
c PET - calculated daily potential 
c evapotranspiration; inches 
c PINCH - soil water in excess of profile field 
c capacity after interflow has been subtracted 
c but before deep seepage is calculated; inches 
c POROS - porosity of the soil; inches per inch 
c PRECIP - same as 'prec' 
c PREC - daily precipitation read 
c from data file; inches 
c PWP - permanent wilting point; inches per inch 
c Q - runoff on a day including overland flow 
c and subsurface stormflow (interflow); inches 
c QOBSUMM - observed summer streamflow; inches 
c QOBWINT - observed winter streamflow; inches 
c QSEEN - annual observed flow for water year; inches 
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c QSUMM - simulated summer streamflow; inches 
c QWINT - simulated winter streamflow; inches 
c RAIN - equal to 'thrfal' 
c ROFDG - subsurface stormflow (interflow); inches 
c ROGR - surface runoff for five minute period; inches 
c S - daily weighted snowmelt (open,forested); inches 
c SAT - water content of profile at saturation; inches 
c SATCOND - 'apparent' saturated hydraulic conductivity 
c SDISCH - cumulative simulated runoff in the 
c water year; inches 
c SEVT - cumulative AET in the water year; inches 
c SFACT - saturated hydraulic conductivity; inches per 
c hour (the value is the minimum 'xks') 
c SINFIL - cumulative infiltration for a rainfall, rain 
c on snow, or snowmelt event ; inches 
c SMF - soil water content of the profile on the last 
c day of the water year; inches 
c SMI - soil water content of the profile on the first 
c day of the water year; inches 
c SOILIN - soil profile depth; inches 
c SMCB - soil moisture content for that part of the 
c lower soil layer that is above permanent 
c wilting point; inches per inch 
c SMCT - soil moisture content for that part of the 
c upper soil layer that is above permanent 
c wilting point; inches per inch 
c SP - daily deep seepage; inches 
c SPET - cumulative PET in the water year; inches 
c SPREC - cumulative water year precipitation; inches 
c SQD - sgaured difference between daily predicted 
c and observed runoff 
c SQDSUMM - cumulative 'sqd' for summer 
c SQDWINT - cumulative 'sqd' for winter 
c SSP - cumulative water year deep seepage; inches 
c ST - unfilled pore space of the upper soil layer; 
c inches per inch 
c STFAL - cumulative water year weighted throughfall; 
c inches 
c STORAG - soil water content of the entire 
c profile; inches 
c STRMAX - soil water content of the entire profile 
c at field capacity; inches 
c SUMM - summer precipitation intensities by 
c storm size class; inches per hour 
c SV - saturated vapor pressure; gm/cu.m 
c T2 — current 'tlow' 
c T3 - current 'temp' 
c T4 - following days 'tlow* 
c TAVG - daily average temperature; degrees F 
c TCON - upper soil layer available water; inches 
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c - TDEPTH - depth of the upper soil layer; inches 
c TEMP - daily high temperature; degrees F 
c THRFAL - daily weighted throughfall; inches 
c TLOW - daily low temperature; degrees F 
c TMP - maximum possible infiltration for a five 
c minute period; inches 
c TPEN - penetration depth of available water in 
c the upper soil layer; inches 
c TR - transmissivity of the canopy to solar radiation; 
c decimal percent 
c TRANS - the portion of infiltration that would enter 
c lower soil layer from upper layer; inches 
c WE - water equivalent of the snowpack; inches 
c WEF - under-canopy snowpack water equivalent; inches 
c WEO - open area snowpack water equivalent; inches 
c WETSLOPE - slope of 'apparent1 Ks vs. soil moisture 
c line when upper layer availalbe soil 
c water is greater than 0.2AWC 
c WINT - winter precipitation intensities by 
c storm size class; inches per hour 
c WO - daily snowmelt in the open; inches 
c WF - daily snowmelt under the canopy; inches 
c WSACRES - see 'program notes' below 
c XKS - 'apparent' saturated hydraulic conductivity 
c XXX - depth to which infiltration would penetrate the 
c upper layer at the current 'smct*; inches 
c YINFIL - infiltration for five minute period; inches 
c YYY - depth to which infiltration would penetrate the 
c lower layer at the current 1smcb *; inches 
c 
c******************************************************** 
c 
C SAMPLE PROGRAM CONTROL FILE 
C 

c NOTE: Only the first three values with spaces 
c between them are read; anything after those 
c on the same line are ignored (for example, '58'). 
c The values cause the program to: 
c 1. continue or stop after the current year 
c (the first value; l=continue); 2. change the values 
c of basal area and canopy cover (the second value; 
c l=change); 3. treat the year as a leap year 
c (the third value; l=leap year,i.e., 366 days). 
c 
c Sample file: 
c 
c 1 2 2 58 
c 1 2 2 59 
c 1 2 1 60 
c 1 2 2 61 
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c NOTE: if 1 summary• output is selected, only the 
c annual water balance summary (above) is 
c written to the output file. 
c 
c******************************************************* 



APPENDIX B: 

PREDICTED AND OBSERVED RUNOFF 

BY WATER YEAR AND SEASON 

(SUMMER AND WINTER) 
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WATERSHED 1: PREDICTED AND OBSERVED RUNOFF 
BY YEAR AND SEASON 

WATER ANNUAL SUMMER WINTER 
YEAR 

pred. obs. pred. obs. pred. obs. 

pre-treatment 

1959 0.00 0.00 0.00 0.00 0.00 0.00 
1960 1.13 0.81 0.00 0.02 1.13 0.79 
1961 0.44 0.21 0.12 0.20 0.32 0.01 
1962 1.07 0.24 0.00 0.01 1.07 0.23 
1963 0.01 0.00 0.00 0.00 0.01 0.00 

post-treatment 

option A 

1964 1.54 1.22 1.49 1.09 0.05 0.13 
1965 3.31 4.20 0.00 0.00 3.31 4.20 
1966 3.04 2.95 0.00 0.00 3.04 2.95 
1967 0.00 0.04 0.00 0.03 0.00 0.00 
1968 0.07 0.65 0.00 0.00 0.07 0.65 
1969 0.27 0.27 0.00 0.00 0.27 0.27 
1970 0.50 1.82 0.47 1.74 0.03 0.08 
1971 0.00 0.01 0.00 0.00 0.00 0.01 
1972 0.24 0.03 0.00 0.00 0.24 0.03 
1973 5.89 5.49 0.00 0.00 5.89 5.49 

option B 

1964 1.54 1.22 1.49 1.09 0.05 0.13 
1965 3.36 4.20 0.00 0.00 3.36 4.20 
1966 2.13 2.95 0.00 0.00 2.13 2.95 
1967 0.00 0.04 0.00 0.03 0.00 0.00 
1968 0.07 0.65 0.00 0.00 0.07 0.65 
1969 0.27 0.27 0.00 0.00 0.27 0.27 
1970 0.50 1.82 0.47 1.74 0.03 0.08 
1971 0.00 0.01 0.00 0.00 0.00 0.01 
1972 0.24 0.03 0.00 0.00 0.24 0.03 
1973 5.71 5.49 0.00 0.00 5.71 5.49 

(continued) 
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(watershed 1, continued) 

option C 

1964 1.54 1.22 1.49 1.09 0.05 0.13 
1965 3.36 4.20 0.00 0.00 3.36 4.20 
1966 2.27 2.95 0.00 0.00 2.27 2.95 
1967 0.00 0.04 0.00 0.03 0.00 0.00 
1968 0.07 0.65 0.00 0.00 0.07 0.65 
1969 0.27 0.27 0.00 0.00 0.27 0.27 
1970 0.50 1.82 0.47 1.74 0.03 0.08 
1971 0.00 0.01 0.00 0.00 0.00 0.01 
1972 0.24 0.03 0.00 0.00 0.24 0.03 
1973 5.72 5.49 0.00 0.00 5.72 5.49 

WATERSHED 2: PREDICTED AND OBSERVED RUNOFF 
BY YEAR AND SEASON 

WATER ANNUAL SUMMER WINTER 
YEAR 

pred. obs. pred. obs. pred. obs. 

calibration period 

1959 0.00 0.00 0.00 0.00 0.00 0.00 
1960 1.09 0.81 0.00 0.02 1.09 0.79 
1961 0.48 0.39 0.18 0.38 0.30 0.01 
1962 0.99 0.23 0.00 0.00 0.99 0.23 
1963 0.00 0.00 0.00 0.00 0.00 0.00 
1964 1.63 1.51 1.38 1.49 0.25 0.02 
1965 3.85 3.93 0.00 0.00 3.85 3.93 
1966 2.36 2.46 0.00 0.00 2.36 2.46 
1967 0.00 0.14 0.00 0.13 0.00 0.01 
1968 0.22 0.44 0.00 0.00 0.22 0.44 
1969 0.24 0.16 0.00 0.00 0.24 0.16 

(continued) 
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(watershed 2, continued) 

post-calibration 

1970 0.38 0.79 0.35 0.77 0.03 0.02 
1971 0.00 0.01 0.00 0.01 0.00 0.00 
1972 0.22 0.06 0.00 0.01 0.22 0.05 
1973 5.57 5.11 0.00 0.00 5.57 5.11 
1974 0.00 0.00 0.00 0.00 0.00 0.00 
1975 0.10 0.01 0.00 0.00 0.10 0.01 
1976 0.29 0.12 0.00 0.00 0.29 0.12 
1977 0.00 0.00 0.00 0.00 0.00 0.00 
1978 4.42 3.51 0.00 0.00 4.42 3.51 
1979 4.11 3.87 0.00 0.00 4.11 3.87 
1980 5.45 6.05 0.00 0.00 5.45 6.05 
1981 0.02 0.03 0.00 0.03 0.02 0.00 

WATERSHED 3: PREDICTED AND OBSERVED RUNOFF 
BY YEAR AND SEASON 

WATER ANNUAL SUMMER WINTER 
YEAR 

pred. obs. pred. obs. pred. obs. 

e-treatment 

1959 0.00 0.00 0.00 0.00 0.00 0.00 
1960 0.98 0.80 0.00 0.02 0.98 0.78 
1961 0.20 0.23 0.07 0.22 0.13 0.01 
1962 0.63 0.17 0.00 0.00 0.63 0.17 
1963 0.00 0.00 0.00 0.00 0.00 0.00 
1964 1.33 1.26 1.24 1.25 0.10 0.01 
1965 3.37 3.65 0.00 0.00 3.37 3.65 
1966 2.31 2.10 0.00 0.00 2.31 2.10 
1967 0.00 0.04 0.00 0.04 0.00 0.00 
1968 0.23 0.50 0.00 0.00 0.23 0.50 

(continued) 
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(watershed 3, continued) 

post-treatment 

option A 

1969 0.50 0.49 0.00 0.02 0.50 0.47 
1970 0.27 1.89 0.24 1.01 0.03 0.88 
1971 0.00 0.03 0.00 0.00 0.00 0.03 
1972 0.27 0.14 0.00 0.00 0.27 0.14 
1973 6.00 5.91 0.00 0.00 6.00 5.91 
1974 0.00 0.00 0.00 0.00 0.00 0.00 
1975 0.12 0.03 0.00 0.00 0.12 0.03 
1976 0.27 0.21 0.00 0.00 0.27 0.21 
1977 0.00 0.01 0.00 0.01 0.00 0.00 
1978 4.42 3.72 0.00 0.01 4.42 3.71 
1979 5.14 3.47 0.00 0.00 5.14 3.47 
1980 6.73 5.42 0.00 0.01 6.73 5.42 
1981 0.02 0.05 0.00 0.05 0.02 0.01 

option B 

1969 0.50 0.49 0.00 0.02 0.50 0.47 
1970 0.27 1.89 0.24 1.01 0.03 0.88 
1971 0.00 0.03 0.00 0.00 0.00 0.03 
1972 0.27 0.14 0.00 0.00 0.27 0.14 
1973 5.74 5.91 0.00 0.00 5.74 5.91 
1974 0.00 0.00 0.00 0.00 0.00 0.00 
1975 0.12 0.03 0.00 0.00 0.12 0.03 
1976 0.27 0.21 0.00 0.00 0.27 0.21 
1977 0.00 0.01 0.00 0.01 0.00 0.00 
1978 4.46 3.72 0.00 0.01 4.46 3.71 
1979 4.25 3.47 0.00 0.00 4.25 3.47 
1980 5.56 5.42 0.00 0.01 5.56 5.42 
1981 0.02 0.05 0.00 0.05 0.02 0.01 

option C 

1969 0.50 0.49 0.00 0.02 0.50 0.47 
1970 0.27 1.89 0.24 1.01 0.03 0.88 
1971 0.00 0.03 0. 00 0.00 0.00 0.03 
1972 0.27 0.14 0.00 0.00 0.27 0.14 
1973 5.74 5.91 0.00 0.00 5.74 5.91 
1974 0.00 0. 00 0.00 0.00 0.00 0.00 

(continued) 



93 

(watershed 3, continued) 

1975 
1976 
1977 
1978 
1979 
1980 
1981 

0.12 
0.27 
0 . 0 0  
4.47 
4.29 
5.71 
0 . 0 2  

0.03 
0.21 
0.01 
3.72 
3.47 
5.42 
0.05 

0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  

0 . 0 0  
0 . 0 0  
0.01 
0.01 
0 . 0 0  
0.01 
0.05 

0.12 
0.27 
0 . 0 0  
4.47 
4.29 
5.71 
0 . 0 2  

0.03 
0.21 
0 . 0 0  
3.71 
3.47 
5.42 
0.01 

WATERSHED 6: PREDICTED AND OBSERVED RUNOFF 
BY YEAR AND SEASON 

WATER ANNUAL SUMMER WINTER 
YEAR 

pred. obs. pred. obs. pred. obs. 

pre-treatment 

1959 0.02 0.09 0.00 0.04 0.02 0.05 
1960 2.80 3.89 0.20 0.13 2.60 3.76 
1961 0.42 0.54 0.17 0.04 0.25 0.50 
1962 2.21 4.17 0.00 0.00 2.21 4.17 
1963 0.04 0.06 0.00 0.04 0.04 0.02 
1964 0.45 0.66 0.00 0.02 0.45 0.65 
1965 4.08 9.37 0.00 0.01 4.08 9.36 

post-treatment 

option A 

1966 4.12 6.23 0.00 0.03 4.12 6.20 
1967 1.47 1.12 0.00 0.01 1.47 1.11 
1968 1.79 3.61 0.00 0.00 1.79 3.61 
1969 3.62 4.90 0.00 0.01 3.62 4.89 
1970 2.14 2.48 1.42 1.90 0.73 0.59 
1971 0.02 0.30 0.01 0.05 0.00 0.25 
1972 3.11 2.10 1.51 0.09 1.60 2.01 
1973 9.90 17.31 0.10 0.09 9.80 17.22 

(continued) 



(watershed 6, continued) 

option B 

1966 4.11 6.23 
1967 0.93 1.12 
1968 0.91 3.61 
1969 2.76 4.90 
1970 0.82 2.48 
1971 0.01 0.30 
1972 2.17 2.10 
1973 8.77 17.31 

option C 

1966 4.11 6.23 
1967 0.93 1.12 
1968 1.08 3.61 
1969 2.94 4.90 
1970 0.88 2.48 
1971 0.01 0.30 
1972 2.29 2.10 
1973 9.17 17.31 

00 0.03 4.11 6.20 
00 0.01 0.93 1.11 
00 0.00 0.91 3.61 
00 0.01 2.76 4.89 
74 1.90 0.08 0.59 
01 0.05 0.00 0.25 
40 0.09 0.78 2.01 
10 0.09 8.67 17.22 

00 0.03 4.11 6.20 
00 0.01 0.93 1.11 
00 0.00 1.08 3.61 
00 0.01 2.94 4.89 
78 1.90 0.10 0.59 
01 0.05 0.00 0.25 
40 0.09 0.89 2.01 
10 0.09 9.07 17.22 

0 
0 
0 
0 
0 
0 
1 
0 

0 
0 
0 
0 
0 
0 
1 
0 
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