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ABSTRACT

Natural hydrologic factors help limit the extent to which land

disturbed by man's activities, such as surface mining, can be returned

to a productive state. In the western United States the available

moisture is frequently the most important factor. This factor causes

soil moisture to be low and ground water contributions to runoff to be

miniscule. A deterministic watershed model is developed by which

estimates of soil moisture, peak flows, runoff volumes and erosion can

be obtained. With this information, decisions regarding recontouring

and revegetation can be made with greater confidence.

The watershed model is designed to readily accept changes in

topography, which allows proposed surface configurations to be evaluated

without physically recontouring. The model is composed of five

components: evapotranspiration, interception, soil moisture movement

(infiltration and evaporation), surface runoff routing, and

sedimentation. On a 2.2 ha watershed on Black Mesa, Arizona, actual

infiltration and runoff rates were compared to simulated infiltration

and runoff rates. The results were very good.
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CHAPTER 1

INTRODUCTION

Prior to the second half of this century, most of the mining

operations in the United States were conducted according to frontier

traditions which espoused little, if any, regard for the condition of

the land being mined, either during or after completion of mining

activities. Such practices resulted in large areas of American

landscape being laid to waste. There were a few early efforts to

regulate mining operations; the eventual prohibition of hydraulic mining

in the Sierra Nevadas provides an example (Daily 1973). However, recent

years have witnessed mounting public concern and pressure which have

resulted in significant legislative regulation of mining practices and

post—mining site conditions. Today, mine operators are required to

recontour and seed their spoils, leaving them in approximately the same

condition as the surrounding landscape.

Tremendous amounts of money are currently being spent on the

reclamation of mine spoils according to the guidelines laid down by

Congress in numerous environmental regulations and laws. Unfortunately,

little can be done to reduce the magnitude of these expenditures without

the development of a new body of knowledge regarding the properties and

conditions of the soils that remain after the completion of mining

activities. In mine reclamation a knowledge of the hydrologic

1
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characteristics of the soil is important -- specifically the water

holding capacity and infiltration characteristics. With such knowledge,

important hydrologic effects can be estimated, i.e., runoff, erosion,

and soil moisture content. For similar storms, water will run off of

steeper slopes more readily than shallow slopes, causing the

infiltration amount to be reduced and erosion to increase. Also,

different amounts of water will infiltrate into the soil for each

different soil type. For example, more water will infiltrate into a

sandy soil than a clay soil, causing more runoff and erosion on the clay

soil, given the same slope. This means that a soil with slow

infiltration capabilities needs to be regraded to shallower slopes to

reduce the runoff and erosion capabilities and to increase the soil

moisture content. With such hydrologic information, it will become

possible to recontour mine spoils to configurations that will promote

optimum land use with a minimum of regrading effort and expense.

Perhaps the most important indicator of the success or failure

of a reclamation effort is revegetation of the mined land. In the arid

western United States, where surface mining activities are rapidly

accelerating, reclamation efforts and land use alternatives are severely

restricted by the limited availability of water. In order to obtain

maximum benefit from the water that is present, it is highly desirable

to predict soil moisture conditions and water runoff. Such knowledge is

important for the selection of plant species for revegetation that will

be adapted to the mined site and in the design of erosion control

systems and stock ponds. Computer simulation provides a useful tool for

the prediction of hydrologic variables. Precipitation events can be
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predicted by stochastic precipitation models; this knowledge may, in

turn, be used in deterministic watershed models for the estimation of

'soil moisture storage and runoff.

Stochastic precipitation models utilize existing precipitation

records to obtain parameter estimates for derived distribution

functions; a means is thereby developed for simulating a time series of

precipitation events. Fogel, Duckstein, and Sanders (1971) devised an

event-based stochastic precipitation model to predict areal

precipitation based upon probability distributions of associated

precipitation random variables, such as events per season, precipitation

per event, etc. Later Duckstein, Fogel, and Davis (1975) also developed

an event-based stochastic model for winter storms. Hekman (1977)

combined ideas from these two . studies with a temperature model to

develop an annual precipitation model. Hekman's model also accounts for

the production of water from melting snow.

Many large scale deterministic watershed models, such as the

Stanford Watershed Model (Crawford and Linsley 1966) and the USDAHL-74

Model (Holtan et al. 1975), are not suited for use on reclaimed lands

because they are generally inaccurate on small areas. Greater accuracy

can be obtained from models that simulate the physical hydrologic

processes. Fischer (1976) developed a watershed model for use on

reclaimed surface mines in the arid southwestern United States.

However, Fischer's model is limited in its application because the

routing procedure does not readily accommodate changes in topography.

The purpose of the present study was to develop a deterministic

watershed model that:
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1. utilizes precipitation as an input;

2. routes soil moisture and monitors its storage;

3. calculates soil infiltration and evaporation;

4. routes surface water through a square grid system, and readily

accepts values of slope and aspect for each square from a computer

mapping model.

The last item is very important because, through the use of a computer

mapping model, slopes and aspects of proposed surface configurations can

be simulated. The watershed model may then be applied to the proposed

reclamation site and the hydrologic effects evaluated, without

necessitating actual regrading of the area.

The watershed model to be described, consists of five

components: evapotranspiration, interception, soil moisture movement

(infiltration and evaporation), surface runoff routing and

sedimentation. The evapotranspiration and interception components

utilized by the model are based upon those devised by Fischer (1976).

The soil moisture procedure is based upon the work of Hanks (Hanks and

Bowers 1962; Nimah and Hanks 1973), but has been simplified in order to

increase the speed of the model. The surface runoff routing is based on

work by Huggins and Monke (1968, 1970). The sediment component was

developed by Auernhamer (In prep.) specifically for use with the routing

technique.

Chapter 2 discusses the study area upon which the watershed

model was calibrated and validated. The model and the specific

operations of the model are also presented in that chapter. The third
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chapter discusses the model's calibration, validation and limitations.

A sample problem has also been included. Chapter 4 presents the

conclusions derived from this study.



CHAPTER 2

METHODOLOGY

The object of this study is to develop a watershed model for use

in reclamation decisions on coal mine spoils in the southwestern United

States. These coal mines are located in arid or semiarid areas where

the availability of water, specifically, soil moisture, restricts the

revegetation process. Because different vegetative species require

different soil moisture conditions, the most adaptable species for the

existing soil moisture should be planted. Thus it becomes necessary for

this model to monitor soil moisture, so the plant species most adapted

to survive under these soil moisture conditions can be established on

the regraded spoils. By monitoring the soil moisture, an accurate

estimate of the antecedent moisture can be obtained and thus a more

accurate infiltration rate. This infiltration rate will again

indirectly increase the accuracy of the hydrograph. An accurate

hydrograph is important because the velocity of flow effects the erosion

and type of impoundment structures necessary to store the runoff. If

runoff enters an impoundment faster than the discharge rate, the

structure may fail. Similarly, if sediment is not heeded, the structure

may fill. Another factor which would greatly increase the watershed

model's value as a reclamation tool is its ability to readily accept

simulated topographic inputs. In this way many proposed land

6
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configurations can be evaluated and the surface configuration providing

the optimum land use can be found.

Study Area 

The area chosen for this study was the Black Mesa Coal Mine

owned by Peabody Coal Company, located on the Black Mesa near Kayenta in

northeastern Arizona. The School of Renewable Natural Resources,

University of Arizona, established a 2.2-ha experimental watershed (J-3

watershed) on the regraded spoil material in 1972. The instrumentation

on the J-3 watershed includes a 2-foot H-flume, an evaporation pan, a

recording rain gauge, four neutron probe access tubes, four runoff plots

(4 ft x 10 ft) and a 6-meter ring infiltrometer. The surface geometry

of J-3 is shown in Figure 1. The average slope is 5.2% with the average

aspect being 150 0 . This watershed was used for calibration and

validation because of its longer period of record and because the

watershed was stabilized to the flume.

The composition of the spoil material ranges from very fine clay

particles to large rocks. Samples show that the average texture is 38%

sand, 34% silt, and 28% clay, the composition of a clay loam. The spoil

is structureless, and tends to crust on the surface when wetted.

Surface crusting may diminish as the spoil surface becomes more

developed with organics. The depth of the spoil ranges from 5 meters to

20 meters.

The most common plant species on the experimental watershed is

Russian thistle (Salsola kali). It is an annual that reseeds naturally

after recontouring. Russian thistle grows every year except during very
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Figure 1. Surface geometry of J-3 experimental watershed.
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dry periods, and at maturity achieves a ground cover of approximately

40%. Other plant species, e.g., clover and alfalfa, have been

introduced after regrading but only grow during wet years.

The annual precipitation ranges from 17.4 mn to 47.7 cm, with an

average of 27.9 cm (Fischer 1976). Summer events occur as small

convective cells which produce intense localized precipitation. Winter

storms are a product of large frontal systems which generally produce

uniform precipitation over large areas.

Watershed Model

Two hydrologic characteristics of mine spoils make possible the

development of a simplfied watershed model. First, there is no

interf low because all of the existing bed rock has been broken up in the

excavation process. Second, ground water can be ignored because, with

the exception of washes, there is no water table near the surface. The

remaining hydrologic processes pertinent to mine spoils are

evapotranspiration, interception, infiltration, runoff routing, and

erosion.

The watershed model developed in this study is composed of five

basic parts: evapotranspiration, interception, soil moisture movement

(infiltration and evaporation), surface runoff routing, and sediment.

The evapotranspiration and interception routines are those presented by

Fischer (1976). Soil moisture movement is based on work done by Hanks

(Hanks and Bowers 1962; Nimah and Hanks 1973). Because Hanks' model was

considered to be extremely cumbersome as a watershed model component,

the soil moisture movement was rewritten and only resembles Hanks' work
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work in theory. The surface runoff routing component is based on the

runoff model by Huggins and Monke (1968, 1970), but was also changed to

work better with the objectives of the model. The sediment component

was developed by Auernhamer (In prep.) for the Huggins and Monke type of

surface runoff routing.

Evapotranspiration

Average maximum monthly potential evapotranspiration rates for

the area are used as an index in determining potential evaporation and

potential transpiration. At plant maturity the potential transpiration

rate is a percentage of the potential evapotranspiration rate, dependent

upon the ground cover. For example, if the ground cover is 20% at

maturity the potential transpiration rate is 20% of the potential

evapotranspiration rate. The ground cover percentage increases

exponentially from zero to a maximum at plant maturity. The potential

evaporation rate is the difference between the potential

evapotranspiration rate and the potential transpiration rate.

Inasmuch as evaporation and transpiration are very small during

the night and vary during the day, the potential rates are changed

according to the time of day. This is done using a sinusoidal function,

which produces maximum potential rates at 2:00 p.m. and lasts from 8:00

a.m. to 8:00 p.m. At all other times the potential evaporation and

potential transpiration rates equal zero.

The actual transpiration and evaporation are calculated in the

soil moisture component of this model and are not allowed to exceed the

potential amounts. The potential evaporation only limits the actual
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evaporation, while potential transpiration is used to calculate the

actual transpiration.

Interception

During precipitation events, an amount of water is intercepted

depending upon the vegetative type and density. The water not

intercepted is available for infiltration and runoff. When

precipitation occurs the interception amount is subtracted from the

percentage of water capable of being intercepted by the vegetation. The

amount of precipitation is then averaged over the whole area. For

example, if 0.01 cm of water falls on an area with a ground cover of 40%

which can intercept 0.05 cm of water, all the water falling on the

vegetation is intercepted; therefore, 0.006 cm of water reaches the

ground. This continues until the interception demand is satisfied. At

the conclusion of a precipitation event, the intercepted amount is

evaporated from the vegetation at the potential evaporation rate.

Soil Moisture Movement

Darcy's equation for vertical flow (Hillel 1971) is:

dTq --=	 + 1)
dX

(1)

where q is velocity of flow,

K is the unsaturated hydraulic conductivity,

T is the suction potential,

X is the vertical distance downward (depth), and

d denotes a derivative.
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Rearranging Equation (1) yields the following expression for

moisture flow into any depth increment:

I = (hi - hi+1 + G)K/AX	 (2)

where I is the movement rate (cm/hr),

h is the suction of the soil (cm),

LX is the length of the depth increment (cm),

K is the unsaturated hydraulic conductivity (cm/hr),

G is the gravitational factor ( AX), and

i refers to the depth increment.

Moisture flows from areas of low suction to areas of high

suction, with a positive I corresponding to downward moisture flow, and

a negative I corresponding to upward moisture flow. When there is no

difference in suction, moisture moves downward at the unsaturated

hydraulic conductivity rate.

Equation 2 only repositions moisture within the soil profile.

An equation is therefore needed to remove soil moisture when evaporation

occurs, and add soil moisture when infiltration occurs. The rate that

water enters or leaves a soil is governed by the soil hydraulic

conditions at the surface. Keeping this is mind, the soil moisture flow

equation can be modified to represent infiltration or evaporation as

follows:
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EOI =-- (S - h + G)K/AX
	

(3)

where EOI is the evaporation or infiltration rate (cm/hr),

S is the surface suction (cm),

h is the suction at 1 cm depth (cm),

G is the gravitational factor (1 cm),

AX is the length of the depth (1 cm), and

K is the hydraulic conductivity at the surface.

The amount evaporated is subtracted from the moisture at the

surface, while the infiltration amount is added. If the evaporation

rate calculated is greater than the potential evaporation rate, the

potential evaporation is used. Likewise, if the infiltration rate is

greater than the precipitation rate when runoff isn't occurring, the

infiltration is made equal to the precipitation rate.

There are two assumptions that govern the soil moisture movement

process. First, the maximum amount of water leaving a depth increment

is half of the difference between the moisture contents of the cell from

which the water leaves and the cell to which the water goes. In this

way the cell receiving the water is not allowed to become wetter than

the cell from which the water came. Second, when infiltration is

occurring, water moving downward from the surface soil cell is not

allowed to exceed the infiltration rate.

Actual transpiration rates are calculated from the water content

of the soil, rooting density, and potential transpiration. In
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from the soil by the plants' roots is transpired. Thornthwaite and

Mather (1955) suggest that the amount of moisture extracted by the roots

is linearly related to the soil moisture content. For example, if the

soil moisture is half the saturated soil moisture content, the

transpiration rate is half the potential transpiration rate.

Transpiration occurs until the soil is oven dry (Thornthwaite and Mather

1955).

Rooting density for each depth increment is needed in order to

estimate transpiration. The potential transpiration for the time

interval is multiplied by the percentage of roots in each depth

increment to get the amount of possible transpiration resulting from

each depth increment. This amount is then multiplied by the ratio of

average soil moisture in the depth increment to the saturated soil

moisture to get the actual transpiration amount coming from each depth

increment. The soil moisture in each increment is reduced by the

calculated transpiration. The transpiration from each increment is

added together to get the total actual transpiration amount, over the

time interval. It should be noted that the actual transpiration will be

equal to the potential transpiration only when the soil is completely

saturated.

The basic steps of the soil moisture process are listed below.

1. Values of suction and hydraulic conductivity are calculated

for the soil moisture conditions at each depth increment.

2. Transpiration losses are calculated for each depth

increment, and subtracted from the soil moisture content.
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3. Soil moisture movement for each depth increment is

calculated and soil moisture is redistributed.

4. Evaporation/infiltration is calculated and subtracted/added

to the surface soil moisture condition.

Soil moisture conditions for each depth are updated via the

above procedure during each model time cycle increment.

Surface Runoff Routing

The watershed model developed in this study was basically

designed to be used with a computer mapping model. Particulars of the

mapping model will not be discussed other than to note that it will fit

a square grid to a watershed and will produce slope and aspect for each

square. Huggins and Monke (1968, 1970) developed a surface runoff model

which requires that a watershed be divided into square elements. The

elements are kept sufficiently small to insure uniformity of the

topographic and vegetation features. Knowing the aspect and slope of

these elements, water can be easily routed through the watershed.

Because each grid square is assumed to have a uniform slope, all

the water running off the slope will travel parallel to the aspect.

After bisecting a square element according to the aspect, as in Figure

2, it is noted that part of the runoff will enter one element and the

rest will enter another element. The amount of water received on each

element depends upon the area into which the transmitting element is

bisected. The total amount of water leaving each element is calculated

using Manning's equation modified for overland flow (Musgrave and Holtan

1964) as follows:



Q 2
	

4	

Q 1

Figure 2. The direction of flow off a watershed square
element.

16



V -= 4.65 (5) 2 (R) 2 13 / n

where V is the velocity of flow (cm/sec),

S is the slope (%),

R is the hydraulic radius, equal to depth of flow (cm),

n is Manning's roughness coefficient, and

4.65 is the coefficient for metric units.

Each element is divided into its two runoff areas using a

tangent function. The original aspect of each element is used to

determine into which two elements its runoff will enter. Then the

aspect is redefined so that it is greater than 0 and less than or equal

to 90. The tangent function uses the modified aspect to divide the

element into two percentages; thus one percentage of the total outflow

from an element goes to one element and the rest goes to the other

element (Figure 3). The following paragraph provides an example.

One cm of water will be routed off a 50 meter by 50 meter square

element. The slope and aspect are 0.05 and 231° respectively. The

runoff will last over a time period of 0.02 hours. The original aspect

dictates that the receiving elements will be directly to the south and

west, assuming that the top of the element is north. The largest

percentage of runoff will be received by the element to the south.

Modifying this aspect so it is greater than 0° and less than or equal to

90 ° gives a value of 51° (231 ° - 180°). This modified aspect yields

17

(4)
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. [ 	A2  ]

A1 + A2  

A2  

Q2   

Al                            

Q 1
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Figure 3. The quantity of flow coming from a bisected watershed
square element.

Q1
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percentages of 62% and 38%, in the tangent function. Running the slope

and depth of water through Manning's equation with a roughness

coefficient of 0.1, a velocity of 33.7 cm/sec is obtained, or distance

traveled by the runoff of 24.3 meters in the 0.02 hour time interval.

Because the elements are 50 meters square, only 49% of the water runs

off. Thus, 0.301 cm of water (0.49 x 0.62 x 1.0) is added to the

element directly to the south and 0.185 an of water (0.49 x 0.38 x 1.0)

are added to the element to the west.

Sediment

The sediment component was designed for the routing sequence of

this model by Auernhamer (In prep.). Erosion takes place as rainfall

detachment or flow detachment. Rainfall detachment is the erosion

caused by rain striking the soil surface. Flow detachment is the

erosion caused by overland flow. The equation for rainfall detachment

was obtained through regression analysis by Auernhamer (In prep.) as

follows:

RD == 15.29 (P
1.23 ) / (D .898 )
	

(5)

where RD is rainfall detachment concentration (g/l),

P is rainfall amount (cm), and

D is event duration (hours).

The equation for flow detachment was developed by Meyer and Wischmeier

(1969) and modified by Auernhamer (In prep.) as follows:
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FD	 Cl (S x V)
2 1 3
	

(6)

where FD is the flow detachment (g/l),

S is the slope (%),

V is the velocity of flow (cm/sec), and

Cl is a parameter that reflects the erodability of the soil.

The amount of sediment from rainfall detachment is added to the

amount eroded from overland flow for each square. This amount is not

allowed to exceed the sediment transport capacity calculated for each

square. The transport capacity was developed by Meyer and Wischmeier

(1969) and modified by Auernhamer (In prep.) as follows:

TC	 C2 (S x V)
5/3	

(7)

where TC is the sediment transport capacity (g/1),

S is the slope (%),

V is the velocity of flow (cm/sec), and

C2 is a parameter dependent upon the soil type.

The total sediment available for routing on each square is then routed

through the watershed.

Model Operation

Listed below is the operating sequence of the watershed model.

The flow chart appears in Figure 4.

I. Input data is read into the program.
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Figure 4. Flowchart of the watershed model.
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2. A time interval is calculated.

3. Potential transpiration and potential evaporation are

calculated for the time interval.

4. Soil moisture movement is calculated.

5. Infiltration or evaporation is calculated.

6. If the soil moisture movement is too large, go to step 2.

7. Calculate interception losses if raining, or evaporate

intercepted water if vegetation is wet.

8. Calculate transpiration and redistribute soil moisture.

9. Subtract/add evaporation/infiltration amount from the

surface soil moisture conditions.

10. Routing sequence:

a. If it is not raining and water is not being routed, then

go to step 11.

b. If raining, calculate rainfall detachment.

c. Add the amount of water available for runoff to each

square, if rainfall is greater than infiltration; otherwise,

subtract the amount infiltrated and evaporated from each

square.

d. Route the sediment and water on each square.

11. Print output.

12. Check time to see if event has ended; if it has, read in new

precipitation data.

13. If job is finished, stop; otherwise, return to step 2.
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A list of the input variables and how they appear on the cards

is contained in Appendix B. Model outputs are listed below:

1. infiltration or evaporation rates, and precipitation or

potential evaporation rates over each time interval;

2. the total amount of evaporation and transpiration for the time

interval;

3. runoff and sediment concentration with time;

4. total runoff (area-cm), total outflow (cf), peak flow (cfs), and

sediment yield (kg); and

5. soil moisture with depth.



CHAPTER 3

RESULTS AND DISCUSSION

Calibration

The watershed model was developed with the idea of requiring the

minimum amount of effort for calibration. Actually, calibrating the

model is the process of obtaining accurate estimates of the required

data. The required inputs are:

1. potential evapotranspiration;

2. plant cover characteristics;

3. relationship of hydraulic conductivity and soil suction to soil

moisture content;

4. Manning's roughness coefficient; and

5. slope and aspect of the square elements.

The potential evapotranspiration can be calculated from one of the three

methods outlined in the following paragraph. The plant cover

characteristics can be obtained from observation or from the literature.

The relationship of hydraulic conductivity and soil suction to soil

moisture content can be obtained from laboratory analysis, or, if the

texture is known, from Figures 5 and 6. An initial estimate of

Manning's roughness coefficient can be obtained from a method outlined

by Cowan (1956) and Chow (1959), but a more accurate estimate must be

obtained by trial and error. If a computer mapping model is used,

24
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VOLUMETRIC WETNESS (vol./vol.)

Figure 5. Soil moisture content vs soil matrix suction for three
general soil types. (Hillel 1977)
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Figure 6. Soil moisture content vs. hydraulic conductivity for three
general soil types. (Hillel 1977)
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values of slope and aspect can easily be obtained. If not, slope and

aspect can be measured from a topographic map of the watershed. The

following paragraphs outline methods of obtaining estimates of each

parameter, and the method and values used for this study.

The model was designed to use average monthly values of

evapotranspiration. Daily or average weekly evapotranspiration were

believed too detailed and contained too many variables in calculation

for practical use, particularly considering the insensitivity of the

model output to changes in this parameter. The model divides potential

evapotranspiration into potential evaporation and potential

transpiration. Potential evaporation is used to limit actual

evaporation while potential transpiration is used to calculate actual

transpiration. Only when the soil is saturated are the actual rates

equal to the potential rates. Because of this, an extremely accurate

estimate of potential evapotranspiration is not necessary. The Pruitt,

Blaney-Criddle, and Thornthwaite methods provide estimates of average

monthly evapotranspiration. Pruitt (1960) developed a method for

determining average monthly evapotranspiration rates, which uses a

series of coefficients to convert pan evaporation to evapotranspiration.

The coefficients vary with pan location relative to the ground and with

ground surface condition, i.e., bare or vegetated. Both the

Blaney-Criddle and Thornthwaite methods use mean monthly temperature and

mean monthly daylight hours as parameters. However, the simpler to use

Blaney-Criddle method employs a crop factor which allows consideration

of plant cover effects, while the Thornthwaite method employs an

exponent related simply to the annual heat index. Because the
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Blaney-Criddle method uses a factor related to plant cover effects, it

is recommended in arid and semiarid areas (Gray, McKay and Wigham 1970).

Because pan evaporation data was available on the watershed, Pruitt's

method was used for estimating potential evapotranspiration. The values

used appear in Table 1.

The plant cover inputs are:

1. the starting time of plant growth (days);

2. the time when the plant cover is mature (days);

3. the time when the vegetation dies (days);

4. the percent ground cover at maturity (%); and

5. the average interception capabilities of the vegetation (cm).

These values are used to calculate the potential transpiration and

interception. Estimates of these parameters were obtained from the

literature or from observation (Table 2). The model also requires

estimates of root densities to determine the actual transpiration rate.

Root density was obtained by estimating the percentage of roots observed

at several depths in a typical soil profile.

The relationships of hydraulic conductivity and soil suction to

soil moisture content are required to determine soil moisture movement,

infiltration rates, and evaporation rates. These relationships can be

determined from laboratory analysis of soil samples. However, they can

also be approximated from the curves in Figures 5 and 6, if the soil

texture is known. Laboratory analysis required to develop the necessary

relationships is difficult and expensive. In addition, analysis of

large numbers of samples would be necessary because of the high
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Table 1. Values of average hourly potential evapotranspiration by
month for the J-3 area, Black Mesa, Arizona.

Month Hours
Potential

Evapotranspiration
(cm/hr)

January 0 - 744 0.003

February 745 - 1416 0.010

March 1417 - 2160 0.016

April 2161 - 2880 0.026

May 2881 - 3624 0.036

June 3625 - 4344 0.038

July 4345 - 5088 0.034

August 5089 - 5832 0.029

September 5833 - 6552 0.025

October 6553 - 7296 0.016

November 7297 - 8016 0.010

December 8017 - 8760 0.005
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Table 2. Vegetation characteristics of the Russian thistle cover type
on Black Mesa experimental watershed.

Start of Vegetative Growth

Day of Vegetative Maturity

Day Vegetative Cover Dies

Percent Ground Cover

Interception by Ground Cover

Root Density with Depth

Day 120

Day 150

Day 304

40%

.07 area-cm

0 - 5 cm 0 %

5 - 10 cm 5%

10 - 20 cm 5%

20 - 30 cm 20%

30 - 40 cm 50%

40 - 50 cm 20%
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variability of spoil material. For these reasons and to simplify the

use of the model, the conductivity and suction functions were

approximated from the relationships given in Figures 5 and 6.

Manning's roughness coefficient has the largest effect upon the

shape of the output hydrograph. Unfortunately, it cannot be measured

directly and was originally developed for channel flow only. Normally

the coefficient is obtained by comparing the actual channel

characteristics with those of hypothetical channels for which

coefficients have been estimated. Cowan (1956) developed a procedure

whereby Manning's roughness coefficients can be estimated for very small

channels; this procedure is outlined in Chow (1959). Using Cowan's

procedure, values of Manning's roughness coefficient were found to range

from .086 to .127 for surface conditions on the reclaimed spoils. A

value of .1 was found by trial and error to produce the closest

agreement in shape between actual and predicted hydrographs.

The model is designed to be used with a computer mapping model.

Rasmussen (1978) developed a mapping model which divides the watershed

into smaller square elements and provides the average slope and aspect

for each element. The mapping model only requires the watershed

boundaries and enough elevation points within the watershed to produce a

contour map. Obviously, the more elevation points there are, the more

accurate the final output. If a computer mapping model was not used,

values of slope and aspect for each element could be obtained by hand

from a contour map of the watershed. The values of slope and aspect for

the J-3 watershed were obtained from Rasmussen's computer mapping model.
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The size of the watershed elements has an important effect on

the efficiency of execution of the watershed model. The velocity of

runoff from each square is obtained from Manning's equation modified for

overland flow (Equation 4). The distance the water moves is calculated

by multiplying the velocity by the time interval. If the distance

traveled by the water is greater than the length of the square, all the

water runs off. When this happens, there exists a situation where more

water should be routed in that time interval. This causes not enough

water to be routed in the time interval and results in a large lag time.

To alleviate this, the time interval must be shortened. The shorter the

time interval, the more computations per storm, which slows down the

model and ultimately costs more. Thus, to optimize time, the elements

should be lengthened, but not so much as to make a square elements

irregular in slope and aspect.

Tables 3, 4, and 5 were developed with Manning's equation

modified for overland flow (Equation 4) and provide a means of

estimating the minimum size of an element. The estimate used should be

the largest value of either the value from the depth of water expected

on the steepest slope or the value from the depth of water expected on

the outlet of the watershed. The depth of water expected on the

steepest slope can be obtained by multiplying the highest rainfall rate

expected by the time interval. The depth of water expected at the

watershed outlet can be estimated from the maximum expected outflow.

For the J-3 watershed, a square with side lengths of 50 meters was used,

with a time interval of 0.04 hours.
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Antecedent moisture has a large effect on the amount of runoff,

so a correct initial estimate is needed. A good estimate generally can

be obtained immediately after a runoff event, when the soil will be at

its highest water content. Once started, the program will then

continuously keep track of soil moisture.

Validation 

The watershed model estimates evaporation and infiltration from

the surface conditions and the distribution of soil moisture in the

spoil material. It is extremely hard to obtain estimates of the

evaporation process in the field without the aid of extensive and

complex instrumentation. Even with the greatest of care this

instrumentation can be subject to significant instrumental and sampling

errors. Infiltration, though, is much easier to measure. In the

watershed model infiltration, evaporation, and soil moisture movement

are calculated from the same equations. Thus, it was assumed the model

produced good estimates of infiltration, then its estimates of

evaporation and soil moisture movement would also be reasonable.

Therefore, three infiltrometer runs were made on the spoil material with

a sprinkler type infiltrometer, which simulates terminal velocities and

was developed by J. Morin and constructed by the Water Resources

Research Center at The University of Arizona. Water was applied at a

rate of 6.35 cm/hr (2.5 in/hr) over a duration of one hour. The

infiltration curves obtained in these three runs were averaged together

to obtain a representative infiltration curve for the watershed. A 6.35

cm/hr (2.5 in/hr) storm with a duration of one hour was input into the
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watershed model. The resulting infiltration rates over time were

plotted and compared with the experimental infiltration curve. As can

be seen in Figure 7, the two curves are nearly identical, thereby

documenting the accuracy of the model in predicting infiltration. Thus

the assumption is made that the evaporation and soil moisture movement

processes are reasonable.

The hydrograph produced by the model is indirectly affected by

all the components of the model, although the one factor that most

influences the hydrograph is the routing sequence. The routing sequence

affects the shape of the hydrograph while the other components affect

the starting time of the hydrograph. Thus, the overall workings of the

model can be assumed to be acceptable if the final hydrograph is a good

facsimile of the actual hydrograph. Accordingly, four runoff producing

precipitation events were input into the watershed model. The resulting

generated hydrographs were compared to their actual counterparts and are

discussed in the following paragraphs. The hyetographs of the four

storms appear in Figure 8.

The simulated hydrograph for the 8-11-75 storm is shown in

Figure 9. The initial moisture conditions were estimated from preceding

rainfall data, and refined by trial and error. The resulting hydrograph

compares very well with the observed hydrograph, slightly overestimating

the peak but slightly underestimating the volume. Also, the two

hydrographs have a close correspondence to the time to start, peak, and

end at close to the same time.

The simulated hydrograph from the second event, occurring on

9-7-75, is shown in Figure 10. The initial moisture conditions for this
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hydrograph were also estimated from previous rainfall data. The

simulated hydrograph overestimates the peak flow and volume, but

corresponds well with the starting, peaking and ending times.

The simulated hydrograph from the 9-12-75 storm is shown in

Figure 11. The initial moisture conditions used for this storm are the

same as the 9-7-75 storm. The simulated hydrograph again compared very

well with the observed hydrograph, slightly overestimating the peak and

time to peak but slightly underestimating the volume.

The last simulated hydrograph is from the storm on 9-5-76, and

is shown in Figure 12. The initial moisture conditions for this storm

were estimated from a preceding runoff producing event, not used for

validation because of a rain gauge malfunction. The compared

hydrographs look very good, with the simulated hydrograph slightly

overestimating the peak flow and volume. Again the hydrograph

corresponds well with the starting, peaking, and ending times.

It may be noted that all the simulated hydrographs have a

shallow flow before the abrupt increase in the rising limb, while the

observed hydrograph does not. This is because the observed flow has to

fill the stilling well in the flume while the simulated flow does not.

Also flumes are limited to the minimum rate of flow they can measure

while this model is not.

Limitations

Every computer model has its limitations, and the model

developed in this study is no exception. This 
model is limited in terms

of accuracy, areal application, and time of execution.



SIMULATED OUTFLOW - 93.9 M 3

OBSERVED OUTFLOW -102.1 M 3
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Figure 11. Comparison of the observed and simulated outflow from the
9-12-75 storm on the J-3 watershed, Black Mesa, Arizona.
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The accuracy of this model can be increased by increasing the

precision of the input parameters. Often, the extra time and money

spent in increasing the accuracy may be wasted when precision is not

essential for making a decision. As was shown in the validation

section, the preciseness of this model is well within the range accepted

for many land management decisions.

This model is not recommended for very small watersheds (less

than 1 ha), nor is it recommended for very large watersheds (greater

than 10 sq km). If the watershed is small the size of the grid squares

will have to be small in order to get a reliable hydrograph. When the

grid squares are small the time increment has to be small which causes

the model to be extremely slow. There is also a limit to the number of

grid squares that can be used. The larger the number of squares the

slower the model becomes. Also the size of the square should not become

too big, because it conflicts with the assumption that the slope and

aspect are uniform within a square.

A big limitation for any model is the time it takes to finish a

job. Often more accurate but slower models are rejected in favor of

faster, less accurate models. It is to the user's advantage to use the

fastest model that will meet the accuracy desired. To give an estimate

of the time requirements of this model, it was run on a CYBER 175 at The

University of Arizona, with 25 years of simulated precipitation data.

The precipitation simulation was done with a model developed by Hekman

(1977). The sample run is outlined in the next section. The time and

cost of this run are presented in Table 6.
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Table 6. Cost and execution time of the watershed model applied to
the 2.2 ha J-3 experimental watershed, Black Mesa, Arizona.

Years Executed

Total Time

Total Cost

Time/Year

Cost/Year

Precipitation Events

Time! Event

Runoff Events

Time/Event

Cost/Event

25

41.494 sec.

$9.62

• 1.660 sec.

$.39

811

.051 sec.

231

.165 sec.

$.04
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Sample Run 

Accurate estimates of long term hydrologic effects, such as the

50-year peak flow, the 50-year runoff volume, and average annual

sediment, are necessary in designing hydrologic related structures,

i.e., impoundments, stock ponds, culverts, etc. Without accurate

estimates of these hydrologic effects the structures may fail and cause

considerable damage and inconvenience. Obtaining these estimates can be

extremely difficult when an area has been freshly regraded, as in

reclamation. The watershed model developed in this study can overcome

this lack of data when used in conjunction with a precipitation model.

Providing representative precipitation data is available for an area, a

precipitation model can simulate precipitation data that can be used by

the watershed model to produce a long term runoff record. In this

manner, accurate estimates of peak flow, volume of flow, and sediment

can be obtained for areas with little or no runoff data.

As a demonstration, 25 years of simulated data were input into

the watershed model developed in this study and applied to the J-3

experimental watershed. The precipitation data was simulated by a

precipitation model developed by Hekman (1977), using parameters

representative for the J-3 area, as determined by Fischer (1976). The

statistics of the hydrologic effects are shown in Tables 7 and 8, while

the execution time and cost are given in Table 6.

Using the data presented in Table 7, a stock pond receiving

runoff from the J-3 watershed should receive about 50,000 cu ft of water

and 14.5 kg of sediment annually. Because the variability of these two

effects is high, the stock pond should be designed accordingly. Without
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Table 7. Statistics on the output from 25 years of simulated
precipitation events on the J-3 watershed.

Type of Event Total
Events

Events/
Year

Standard
Deviation

Precipitation events 811 32.4 7.9

Runoff events 251 9.9 4.8

Average annual volumes =-- 1,420 m 3

Standard deviation 504

Average annual sediment = 14.5 kg

Standard deviation = 10.7

Table 8. The 50-year and 100-year runoff volumes and peak flows on
the J-3 watershed, calculated from 25 years of simulated
precipitation events, using the Log Pearson Type III method.

50 Year
	

100 Year	 Skew

Maximum volume per

runoff event	 21,700 cu.ft. 25,000 cu.ft. 	 -.67

Peak flow	 24.2 cfs	 28.8 cfs	 -.62
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an estimate of the variability, the stock pond could easily be

underdesigned and fail by flooding or being filled with sediment sooner

than the time period designed for. Due to time and accuracy it may be

advantageous to make judgements with hydrologic parameters estimated by

long runoff records rather than by empirical equations.

Many times the 50-year runoff event is estimated by

incorporating the 50-year storm into a runoff equation. This method of

estimating the 50-year runoff event cannot be used in the preparation of

legal documents because the 50-year storm will not necessarily produce

the 50-year runoff event. The 50-year runoff event can only be found by

using a time series of runoff events. If no runoff data is available,

the timer series must be simulated using a watershed model and simulated

precipitation data. This was done on the J-3 watershed with the results

occurring in Table 8.



CHAPTER 4

CONCLUSIONS

This study presented a deterministic watershed model, designed

for aiding land management decisions. Because the model readily accepts

inputs from a computer mapping model and a stochastic precipitation

model, its uses are many. With these inputs, hydrologic impacts can be

assessed on future mining operations, construction sites, farming areas,

etc.

A computer mapping model can supply proposed land configurations

to the watershed model and the hydrologic effects can be evaluated. By

comparing effects, a land manager can make judgements on many land use

alternatives with a confidence he would normally not be afforded.

The stochastic precipitation model provides the advantage of

decision-making on the basis of a long-term precipitation record. An

estimate of 50 years of runoff data can be generated from 50 years of

simulated precipitation data. This procedure can be useful in the

preparation of environmental assessments and other documents on which

decisions may be based.

An important feature of this model is the soil moisture movement

routine. Because moisture is continuously routed through the soil, a

soil moisture profile can be obtained at any time desired. This

provides a more accurate estimate of the antecedent moisture conditions,

and a more accurate estimate of the infiltration rate. In arid areas,

50
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where available soil moisture is important for plant growth, the soil

moisture movement routine can be helpful in making decisions as to what

type of plants an area should be revegetated with.

Another important feature is the runoff routing technique.

Because runoff is routed from square to square within the watershed, the

lag time is incorporated and a more accurate hydrograph can be obtained.

The use of squares allows for spatial variations in erosion

characteristics by calculating erosion for each square. The squares

also make possible the easy incorporation of the computer mapping output

into the watershed model.

The calibration of the model can be accomplished with a

knowledge of evapotranspiration, vegetative characteristics, soil

moisture curves, a roughness coefficient, slope, and aspect. Of all of

these only the roughness coefficient is obtained by trial and error.

The biggest limitation of the model is the area to which it can

be applied. The nature of the routing process dictates that each square

be small enough to be uniform in slope and aspect. This would mean that

the area the model is applied to should be fairly mall (less than 10 sq

km).

The speed and accuracy of this watershed model further enhance

its utility as a tool for the land manager. Hydrologic characteristics

can be easily obtained for any small watershed, provided the input

variables are accurate.
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PROGRAM ATE"i. (INPUT, OUTPUT ,PUNC11,TAPE1,TA PE2, TA PE3, TAPE4,
2TAPE5=INPUT, TAPE6=OUTPUT, IAPE7=-- PUNCH, I APEb,IIPE9)

DIMENSION ASPSLO (50,50) ,CHASTO (50,50)
DIMENSION QSTO (50, 50) , CEGSTO (50, 50)
DIMENSION TET (4) , V ( 14) , VV (4) ,PET (12) ,PETILIE (12)
DIMENSION POT EN (55) , CONK (55) ,SMC (55) -
DIMENSION	 DEPTH (10) ,	 (10) , DEINF (10) , CON (10) ,SMD (10)
DIMENSION TIMAR (50) , FIN (10) ,ROOTDEN (10) ,SIACK (50)

**********************************************************************rnm*

	 WATER 	  DETERMINISTIC WATERSHED MODEL 	
• WRITTEN BY WAYNE 5FEKAS, WATERSHED EANAGENENT DEPARTMENT, RENEWABLE
• NATURAL RESOURCES, THE UNIVERSITY OF ARIZONA, SPRING Of 1978.

• MODELS EVAPOTRANSPIRATION, INTERCEPTION, SOIL MOISTURE NOVEMBNI
• ( INFILTRATION / EVAPORATION ), SURFACE RUNOFF ROUTING, AND SEDIMENT.
• EVAPOTRANSPIRATION AND INTERCEPTION WERE DEVELOPED BY FISCHER AND
• MODIFIED BY BERNAS. SOIL MOISTURE MOVEMENT WAS DEVELOPED BY BERKAS
• USING DARCY"S EQUATION FOE UNSATURATED FLOW, IDEA CANE FROM HANKS.
• SURFACE RUNOFF ROUTING CAME FROM HUGGINS AND NONNE, REWRITTEN BY BERNAS.
• SEDIMENT WAS DEVELOPED BY AUERNHAEER.

******************************************************************************

READ (5, 1182) ELM, EL, IPRINT,ISTACK
EL 1=1

• 10 CONTINUE
READ (5, 1182) NINC, ND
NINCT=NINC+1

C• *** READ INPUT DATA FOR SOIL MOISTURE CALCULATIONS

READ(5,1192)	 (DEPTH (I) ,I=1,NINCT)
READ (5,1192)	 (ROOTDEN (I) ,1= 1, NINCT)
READ (5, 1193)	 (POTEN (I) ,I=1,ND)
READ (5, 1193)	 (CONK (I) ,1= 1,N D)
READ (5, 1192)	 EST.ART,ESTOP,EDEAD,TPET,VEGSTOR

C *** READ IN POTENTIAL EVAPORATION

READ(5,1197) (PET (I) ,I=1,12)
READ (5, 1183) (PET IEE (I) ,I=1, 12)

C *** READ INPUT DATA FOR ROUTING CALCULATIONS.
C *** iltiEN TAP123 = 0, READ ASPI, SLOPE, AND ELEV PROM CARDS

C *** ASPECT IS READ IN FIRST TEEN SLOPE

KOUNT=0
READ (5, 11%) TAP123,TAP9,RUFNES,SLEN,PRCEL
IF (TAP123. EQ.1.) GO TO 40
READ(5,1182) 11,31
IF (PRCEL.. EQ. 1. ) WRITE(6, 5041) 11,31

DO 20 1=1,11
READ (5,1297) (TIEAR(J) ,J= 1,J 1)
IF (pRcEL. EQ. 1.) WRITE (6,1297) (TIMAR (J) ,J=1,01)

DO 20 J=1,J1
ASPSLO (1,0) =FLOAT (INT (TIMAR (J) *1000.) )

IF (TIEAR (3) . NE. 0.3) KOUNT=KOUNT+1

20 CONTINUE
IF (PRCEL.EQ. 1.) WRITE(6,5051) 11,31

DO 30 1=1,11



EFAD (5, 1297) (TIMAR (J) ,J=1,J1)
IF (Pi.L.EL.E. 1. ) *RITE (b, 1197)	 (J) ,J=1,J1)
DL 33 0=1,31
ASP51.0 (I, 3) = ASPSLO (1,3) +TICIAR (J)

30 CONTINUE
GO TO 70

40 CONTINUE
READ (1,5010) ILOW,ICOL

(PRCI.L.1.8. O.)	 (6,5041) IR015.,ICOL
IF (PRCEL. EQ. .2. 0)	 WRIT E (7, 5010) IROW,ICOL
DU 50 I=1,IROU
READ (1,5020) (TIMAR (J) ,J= 1, ICOL)
DO 45 J=1,ICOL
IF (TIMAR (J) EQ.O. 0) GO 10 43
TIHAR (J) =360.0- (TIMAR (J) -90.0)
IF (TIMAR (J) . GT-360.	 TIMAR (J)=TIMAR (3)-360. 0
KOLINT=ROUNT+ 1

43 ASPSLO (I,J) =FLOAT (INT (TIMAR (J) *1000. ) )
45 CONTINUE

IF (PRCEL. NE. O.) WRITE (6,1297) (IIMAR (J) ,J=1,ICOL)
IF (PRCEL. EQ.2. 0) WRITE (7, 1297) (TIMAL (J) ,J=1,ICGL)

50 CONTINUE
READ (1, 5010) IR0i,ICOL
IF (PRCEL. NE- O. ) WRITE(6, 5051) IROW,ICOL
IF (PRCEL. EQ.2. 0)	 WRITE (7,5010) IROk ,ICOL
DO 60 I= 1, IROW
READ(2, 5020) (TIMAR (J) ,J=1 ,/COL)
IF (PLICEL. NE. O. ) WRITE (6, 1297) (TIMAR (J) ,J=1,ICOL)
IF (PRCEL-EQ-2. 0) WRITE (7,1297) (TIEAR (J) ,J=1,ICOL)
DO 60 J=1,ICOL
kSPSLO (I,J) =ASPSLO (I,J) +TIMAR (J)

60 CONTINUE
I1=IROW
J1=ICOL

70 DO 80 1=1,60
80 TIMAR (1)=0.0

HECTAR=KOUNT*SLEN*SLEN/10000.

C *** READ Ik POINTS OF INTERIOR HYDROGRAPHS (X, Y)
C *** (X, Y) IS THE LOCATION THE WATER IS ROUTED TO.

READ (5,1195) OHYD,IHYD

100 CONTINUE
READ (5, 1192)

	
DETT,TIMEI ,C UHT

READ (5, 1192)
	

(SII (I) , I=1, ILINCT)

C *** WRITE VALUES FOR H20 CONTENT VS POTENTIAL,
C *** HYDRAULIC CONDUCTIVITY AND DIFFUSIVITY.

SMC (1) =0.0
DO 140 I=2, ND

140 smc (1) =smc (i-1) +.01
NE= ND/2
WRITE (6, 1240)
WRITE (6, 1245)
DO 150 I=1,NE

150 WRITE (6, 1250) SSC (I) , POTEN (I) , CONN (I) ,SHC (I+NE) , POTEN (I+NE)
2CONK (I+NE)
DO 160 I=1, NINCT
INTERP=IN1 ( (SM (I) +. 01) *100.)
RZMA IN= (SM (I) +.01) *100.-INTERP

160 HN (I) = (POTEN (INTERP+ 1) -POT EN (INTERP))*REHAIN+POTEN (INTPRP)
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C *** CAECiLATE AND 'WRITE OUT INITIAL CONDITIONS.

WRITE (6,1285)
URITE (t,1150) BLM, ML PRIN1,ISTACK,NINC, ND
WRITE (6,1290)
i:FITE (6,1155)	 DET: , TIMEI ,CUMT
WHITE (C, 1270)
WRITE (6,115o)	 ESTARI,ESTOP,EDEAD,TPET,VEGSTOR
WRITE (6,1152)
WRITE (6,1154)
DO 190 1=1,4

190 WRITE (6,1158) I,PLT (I) , (I+ 14) ,PET (I+4) , (1+8) , PET (1+8)

C• *** INITIALIZATION

195 FILL=0.0
AB=0.
ABD=0.
IBA=0
ISAT=0
KPET= 1
IPR=0
IPP=1
SIIELD=0.0 $ QPEAK=0.0 $ QSUM=0.0 $ QDLPTH=0.0
POTHI=0.0
POTLO=POTEN (1)
AK3=0.5/ (ESTOP—EST ART)
TIME=TIMEI
DELT=DETT
IF (MLE.NE. 1) GO TO 101
DO 196 K=1, NINCT

196	 (K) =SMC (ND-1)
WRITE (6,1170) ML 1

C

• *

4 * READ IN RAIN
C *** WHEN TAP9 = 0, READ RAINFALL DATA (VV (I) ) 1 RO M CARDS

• 101 DO 105 1=1,50
105 STACK (1)=0.0

IST= 1
IF (IST ACK. EQ. 1) READ (5,1195) NSTACK

IF (TAP9-EQ -0.) GO TO 110

READ (9) (VV (I) ,I= 1,3)

IF (EOF (9) .NE. 0.0) GO TO 760

GO TO 120
110 READ(5,1183) (VV (I) ,I=1,3)

Ik (EOF (5). NE.0.0) GO TO 760

IF (ISTACK- NE. 1) GO TO 120

DO 115 IJ=1,3
115 STACK (13+IST) =VV (1J)

151=1.5'1+4
IF ((IST/4) .L T. NSTACK) GO TO 110

120 DO 130 1=1,3
IF (ISTACK.EQ. 1) VV (I) =STACK (1+1)

130 V (I+ 1) =VV (I)
KC =1
II (ABS (TIME—V (KC+ 1)) .LT.. 0001) KC=3

IST=5
EVTDJR=STACK (NSTACK*4) —STACK (2)

IF (ISTACK. NE. 1) EVTDUR=V (4)—V (2)

AMOUNT=0.0
DO 135 1=3,50, 14
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135 AMoUNT=AMOUN2+STACK (I) * (STACK (1+1) -STACK (I-1) )
IF (ISTACK. NE. 1) ALOUNT=V (3)*EVTDUE
IF (ISTACK. NE. 1) GO TO 170
kRITL (6,1160)
KB=ESTACK*4
DO 136 KI=1,KB,4
KA=KI+ 1
K0= KI+3
WRITE(6,1165) (STACK (KE) ,KE=KA,KD)

136 CONTINUE

170 CONTINUE
ABC=0.
IRITE=0

C *** DETERMINE POTENTIAL EVAPORATION AND POTENTIAL TRANSPIRATION

200 IF (ADD. EQ. 1.0) KC=1
(TRITE-EQ. O. AND. KC.EQ.3) 1RITE(6,1200)

210 IF (TIME. LE. PETIME (KPET) ) GO TO 220
KPET=KPET+ 1
GO TO 210

220 V (1) =PET (KPET)
DO 250 1=2,4,2
IP=I/2
IF (V (I-1) .GE.0.0) GO TO 240
TNT (IR) =V (I-1)
IF (TIME/24..LT.ESTART) GO TO 230
IF (TIVIE/24.. GT.EDEAD) GO TO 230
FACTOR=6.-AK3* (V (I) -ESTART*24.)
IF (FACTOR. LT.-675.) FACTOR=-675.
IF (FACTOR. GT. 675. ) FACTOP=675.
V (I- 1) =TET (IR)-TET (ID) *TPET/ (1. +EXP (FACTOR) )
GO TO 240

230 V (I-1) =TET (IR)
240 PTRANS=TET (IR) -V (I-1)

IF (V (I-1) .GE. 0.0) PTRANS = 0.0
IF (TRITE. EQ. O. AND. KC. EQ. 3) WRITE (6,1213) V (I) ,PTRANS, V (1-1)

2TET (TR)
250 CONTINUE

IF (IrlITE. EQ.1. OR. KC. E. 1) GO TO 260

URITE (6,1265)
DO 180 I=1, NINCT

180 WRITE (6,1210) DEPTH (I) ,	 (I) ,RN (I) ,ROOTDEN (I)

TRITE= 1
IF (IPRINT.EQ.2) GO TO 260

WRITE (6,1230)
WRITE(6,1231)

260 EOR=V (KC)
PTRANS=TET( (KC +1) /2) -V (KC)

IF (EOR. GE. 0.0) PTRANS=0.0

C *** CALCULATE TINE INCREMENT

270	 (DELT.I.T.DETT) DELT=DETT

IF (EOR.GT. O. 0.0R. AB. EQ.1.0) DELT=DETT/2.

DE LT DE LT *2.
IF (DELT.GT.6.0) DELT=b .0
IF (ABD.EQ. 1.0) GO TO 290

IF ( (TIME+DELT) . V (KC+1) ) DELT=V (KC+1) -TILE

IF (DELT.GT.. 0001) GO TO 290

DELT=. 0001
TIME=TIMz+DELT
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GC TO 270

C *** CHECK TIME OF DAY. El=0.0 AT NIGHT.

290 IF (EON-GE-0.0) GC TO 300
TIEED= ( (TIME+DELT) /24.-1NT ( (T111E+DELT) /24) ) *24.
TIMEL= (TIME/24.-INT (TIME/24) ) *24.
SlIMD=SIN ( (TIMED-8.) /24.*2.*3. 14159)
IF (STIMD. LT. 0.0) STInD=0.
STIML =SIN ( (TILEL-8.) /24. *2.*3.14159)
IF (STIML. IT. O. 0) ST1E1=0. 0
L'OR=V (NC) *ABS ( (STIED+STIMI )/2. )
PTRANS=PTRANS*AES ( (STIMD+STIML) /2.)

300 11 (LOB. GE. 0.0) PTitA1\ S=0.0
IF (IBA . EQ. 1) GO TO 410

C *** CALCULATE NEW PRESURE POTENTALS

DC 310 I=1,NINCT
INTERP=INT ( (S (I) +.01) *100.)
REMAIN= (St1 (I) +.01) *100.-INTERP
HE (I) =POTEN (INTERP) - (POTEN (INTER P) -POTEN (INTERP+ 1) ) *REMAIN
IF (INTERP. GE. (ND-1) ) HN (1)=0.0

310 CONTINUE
5E2= (SM (2) -S (1) ) /DEPTH (2) +Sti (1)
INTERP=INT ( (S112+. 01) *100.)
REMAIN= (SM2+. 01) *100.-INTERP
HN2=POTEN (INTERP) - (POTES (INTERP)-POTEN (INTERP+1) ) *REMAIN
IF (INTERP.GE. (ND-1) ) HS (I) =0.0

C *** CONDUCTIVITY CALCULATIONS

INTERP=INT USN (1) +.01) *100.)
REMAIN= (Sli (1) +.01) *100.-INTERP
CONSUR= (CONK (INTER P+ 1) -CONK (INTER?) )*LEMAIN+CONK (INTREP)

IF (EOR.GT. 0.0.0R.AB.EQ.1. 0) CONSUE=CUNK (ND-1)
DO 320 I=1,NINC
INTERP=INT ( (SM (I) +SM (I+1) +.02) *50.)
REMAIN= ( (SM (I) +SM (I+1) +.02)*50.) -INTERP

320 CON (I) = (CONK (IIITERP+1)-CONK (INTEEP) )*REMAIN+CONK (INTERP)

C *** CALCULATE INFILTRATION OR EVAPORATION

IF (AB. EQ. 1.0) GC TO 340
IF (EOR) 330,350,340

330 EVOIN= (POTLO-HN2+ 1. ) *CONSUR
IF (EVOIN.LT.E0R) EVOIN=EOR
GO TO 360

340 EVOIN= (POTHI- 5 N2+ 1.) *CONSUR
IF (EVOIN.GT.O. O. AND.A.B. NE. 1.0) EVOIN=EOR

IF (EOR. GT. 1.5. AND. EVOIN.GT.E0R) EVOIN=EOR

GO TO 360
350 EVOIN=0. 0

C *** CALCULATE MOISTURE MOVEEENT FOR EACH DEPTH

360 DELT1=DELT
DEINE (1) = ( (HN (1) -RN (2) +DEPTH (2) -DEPTH (1) ) / (DEPTH (2) -DEPTH ( lj ) ) *CON

2 (1)
IF (DEINF (1) .GT.EVOIN.ANL. EVOIN.GT. 0.0) DEINF (1) =EVCIN
IF (EVCIN. GT. DEINF (1) . AND. ISAT. EQ.1) EVOIN=DEINF (1)
DO 380 I=2,NINC
DEINF (I) = ( (HN (I) -HN (1+1) +DEPTH (I+ 1)-DEPTH (I) ) / (DEPTH (1+1)-DEPTH (I)
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2) ) *CON (I)
IF (DF.INF (I) . GT. E/OIN. AND. EVOIN.GT.	 0) DEIt,F (I) =EVGIN*.9sJ

373 VI LUX=DEINT (I) *DELT1
IF (ABS (VFLUX) LE.. 15) GC TO 3 80
DELI 1=DELT 1*. 5
GO TO 370

330 CONTINUE
IF (DELT1.LE.DETT/5.) GO TO 385
IF (EV OIN. LT. EOR. AN E.. EV OIN. GT.0.0. OR. AB.	 1.0) DELT1=DETT/5.

385 IF (ISAT. EQ. 1) GO TO 400
390 VFLUX=EVOIN*DELT1

IF CABS (VFLUX) .LE.. 15) GC TO 400
DELT1=DELT1*. 5
GO TO 390

430 IF (ABS (DELT—DLLT1) .LT..001) GO TO 410
DE LT= DELT 1
IBA=1
GO TO 290

410 IBA=0
IF (EV OIN. LT. EOR. AND. EOR.LE.0.0) EVOIN=EOR

C• *** INTERCEPTION CALCULATIONS

IF (EOR. LE.O. 0)	 GO TO 470
IF (TIME/24..I.T.ESTART.AND. TIME/24.. GT. EDEAD) GO TO 470
IF (FILL. GE. VEGSTOR) GO TO 470
IF (TIME.GT.3624.) GO TO 420
VEGDEN=0. 05
GO TO 440

420 IF (TINE. GT.5088. ) GO TO 430
VEGDL1=0. 15
GO TO 440

430 VEGDEN=0.25
440 FILL=FILL+EOB*DELT

IF (FILL.LE. VEGSTOR) GO TO 450
FILL 1=FILL—VEGSTOR
DELIN= (EOR*DELT—FILL 1) REOR*DELT)
EOR= (EOR * (1— VEGDEN) *DELIN) + (EOR *(1—DELIN) )
FILL=VEGSTOR
GO TO 460

450 EOR=E0R*(1.—VEGDEN)
460 IF (EV OIN. GT. WE) EVOIN=EOR
470 IF (EOR. LT.0.3. AND. FILL.GT. 0.0) FILL=FILL+ (LOR*DELT)

IF (FILL.LT. 0.0) FILL=0.0

C• *** CALAULATE TRANSPIRATION LOSSES

TRANS=0.
IF (EOR.GE. O. 0) GO TO 500

DO 475 I=1, NINCT
475 SMD (I) =0.0

DO 480 I=1, NINC
TRANSF= ( (SM (I) +SM (I+1) ) /2.) /SMC (ND-1)

SD (I) =SED (I) +PTRANS*ROOTDEN (I) *TRANSF*DEL1/2.

SliD (1+1) =SIID (I+1) +TRINS*ROOTDEN (I) *T RANSF*DELT/2.

480 TEANS=TRANS+PTRANS*ROOTDEN (I) *TRAN8F*DELT

DO 490 I=1, NINCT
490 SE (I) =SM (I) +SED (I)
500 CONTINUE

C• *** REDISTRIBUTE SOIL MOISTURE

IF (EV OIN. LT. 0- 0) SE (1) =SM (1) + (EVOIN*DELT)
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DC 510 I=1,NINC
VF LUX=DEINF (I) *DELT
IF ( ( (St1 (I) -SM (1+1) ) *DEINF (I) ) .LT.0.0) VILUX=0. 0
IF (ABS (VFLUX) . GT. ABS ( (Sr, (I) -SM (1+1) ) /2.) ) Vr LUX= (SE (I) -St: (I+ 1) ) /2.
IF (ISAI. EQ. 1. AND. I. EQ. 1) VFLUX=DEINF. (I) *DLLI
SC (I) =SE (I) -VFLUX
SI; (1+1)=51'1(.1+1) +VFLUX
IF (Sti (I) .LT.O. 0) St; (I) =0.0
IF (sn (i) . LE. StIC (ND-1)) GO TO 510
SM (1+1) =SM (1+1) +SM (I) -StIC (ND-1)
St1 (1) =sr,c (ND-1)

510 CONTINUE
IF (S (NINCT). GT. St1C (ND-1) ) SLI(NINCT)=StiC (ND-1)
EXINF=0. 0
St11=Sr, (1) 4- (Er OIN*DELT)
IF (AB. EQ.1. U.AND.ISAI.EQ. 1) GO TO 520
IF (LB. EQ. 0.0) ISAT=0
IF (EV OIN. LE.O. 0) GO TO 540
IF (SM 1 .LT.StiC (ND-1) ) GO TO 530

520 EV OIN= (SMC (ND-1) -SM (1) ) /DELI
SM (1) =SMC (ND-1)
ISAT= 1
IF (EVOIN.LE.E0R.OR.E0R.LE.0.0) GO TO 540
EXINF= (EOR-EVOIN) *DELT
SM (2)=SM (2) +EXINF
IF (A13. NE. 1.0) EVOIN=EOR
GO TO 540

530 Sti (1) =S:11
540 CONTINUE

TIME=TIME+DELT

C *** CHECK FOR ROUTING ENTRY POINT.
C *** DETERMINE SEDIMENT CONCENTRATION (MG./L.)
C *** DUE TO RAINFALL DETACHMENT

IF (EOR.GE.O. 0) GO TO 550

EV AP=EVOI N*DELT
RDET=0. 0
IF (AB. EQ. 1.0) EV AP= EOR*DELT

GO TO 560
550 EVAP=0.0

RDET=15.2 9*AMOUNT**1.23/E VTDUR**. 898

560 IF (E01t. LE. O. O. AND. AB. EQ.0.0) GO TO 690

(E0R-EVOIN)*DELT
IF (R.LE.0.0) GO TO 565

IF ( (R+EXINF) LE-0.0) GO TO 563

SM (2) =St; (2) -EXINF
8= it+EXINF
GO TO 565

563 Sti (2) =Sti (2) +R
R=0.0

565 IF (R. LE. O. O. AND. AB.RQ. 0.0) GO TO 690

ABC=AB
AB=0.
DO 610 1=1,11
DO 610 J=1,J1
ASPT=FLOAT (INT (ASPSLO (I ,J) ) /1000.

IF (ASPI. EQ.0.0) GO TO 590

4STOR=OSTO (I, J) +13+ (CHASID (I,J) -FLOAT (INT (CHAST.0 (1,J) ) ) ) *100U.

IF (QSTO (I,J) EQ.0.0) GO TO 570

CRARGE=CAGSTO (I, J) /QSIO (I,J) +RDET+FLOAT (IN 1 (CHILSTO (9, 1) ) )

GO TO 560
570 CHARGE=RDET+FLOAT (INT (CEASTO (I,J) ) )
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580 IF (OSTOR.GT. 0.0) GO 'IC 600
590 CHARGE=0.0

1)ST1)0.0
600 QSTO(I,J)=0.0

CliGSTO (I,J) =0.0
610 CHASTO (I, J)=FLOAT (TNT (ChAR GE) ) +QSTOR/1001).

C *** ROUTING

DO 170 I=1,I1
1)0 670 0 =1, 3 1
CHARGE=FLOAT (INT (CHASTO (I, J) ) )
QSTOR= (CHASTO (I,J) -FLOA7 (TNT (CHI1STO (I ,J) ) ) ) *1000.
ASPT=FLOAT (INT (ASPSLO (I,J) ) ) /1000.
IF (ASPT. EQ. U. 0) GO TO 670
IF (90..LT.ASPT.AIN1). ASPT.I.E.180.) GO TO 620
IF (180.. LT. AS PT. AND. ASPT. E.270. ) GO TO 630
IF (207..I.T.A SPT. AND. ASPT.LL.360.) GO TO 640
AS= AS PT
IQ 1=I
0Q1=J+ 1
IQ2=I- 1
3Q2=3
GO TO 650

620 AS=ASPT-90.
IQ 1=I+ 1
JQ1=J
11) 2=1
JQ2=J+ 1
GO TO 650

630 AS=ASPT-180.
IQ 1=I
3Q1=3-1
IQ2=I+1
JQ2=J
GO TO 650

640 AS= ASPT-270.
IQ 1=1-1
JQ1=J
1Q21
JQ2=J-1

650 SLOPE=ASPS1.0 (I ,J) -FLOAT (INT (ASPSLO (I , J) ) )

IF (SLOP - E.0. 0) SLOPE=.0001

C *** ROUTING OPERATIONS

IF (AS. EQ.90.0) GO TO 661

IF (AS.GT. 45.0) GO TO 662

1) 1= (TAN (AS/57.29578) ) /2.0
Q2=1.0-Q1
GO TO 663

661 Q1=1.0
Q2=0.0
GO TO 663

662 02= (TAN ( (90.0-AS) /57.29578) )/2.0
Q1= 1.0-Q2

663 TF=4.65* (SLOPE**. 5)* (QSTOR** (2. /3.) ) /1,UFNES
ELODET= (SLOPE*IF) ** (2./3.) *3.5
TRCAP= (SLOPE*TF) ** (5./3.) *150.
IF (FLODET+CHARGE. GT. TRCAP) GO TO 664

CHARGE=FLODET+CHARGL
GO TO 665

684 CHARGE=ThCAP
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665 OF=TF*36.*DELT
QT= OF/S LE N
IF (QT..GT. 1.0)	 •I=1.0
CHGSTO (IQ1,JQ1)=CHGSTO (IQ1,JQ1) +CHARGE*Q1*QT
CHGSTO (102, 2) =CHGSTO (102 ,J02) +CHARGE 4-Q2* 01

AFGE=CHARGE- (CB ARGE*QI)
Q1=Q1*QT*QSTOR
42=Q2*QT*OTOli
QSTOR= Q.STOR-(QSTOR*QT)
QSTO (101,101) =QSTO (101 ,JQ1) +Q1
QSTO (I Q2, JQ2)=QSTO (IÇ2,..1Q2) +02
CHASTO (1,3) =FLOAT (INT (CHARGE) ) +QSTOR/1000.

670 CONTINUE
HY DRO=QSTO (IHYD,JHYD)
IF (HYDRO. EQ.0.0) GO TO 690
HYDR01= (HYDRO*35.31467*SLEN*SLE11) / (360000.*DELT)
HYDNO2=HY DRO*SLEN*SLEN/ (BECTAR*10000.)
SLOAD=CHGSTO (IHYD,JNYD)
ILOAD=SLOAD/HYDRO
SYIELD=SYIELD+TLOAD*HYDR02*HECTAR
QDEPTH=QDEPTHi-HYDRO2
QSUM=QSUM+HYDRO1*DELT*3600.
IF (QPEAK.LT.HYDR01) QPEAK=HYDRO1
IF (HY DRO. GT. O. 0) AB= 1.0

690 CONTINUE

C *** PRINT OUTPUT.

IF (IPRINT. NE. 1) GO TO 710
WRITE(6,1260)
WRITE (6,1210) DEPTH (1) , SE (1) , HN (1) ,CONSUR,EVOIN

DO 700 I=2,NINCT
700 WRITE (6,1210) DEPTH (I) , SL1 (I) , HN (I) ,CON (I-1) ,DEINF (I-1)

WRITE (6,1225)
710 CONTINUE

If (AB. EQ. 1.0) GO TO 713

IF (IPRINT.EQ. 2) GO TO 715
WRITE (6,1213) TIEE, DELI, EV AP, TRANS,EVOIN,EOR

GO TO 715
713 IF (IPRINT. EQ. 2. AND. IPR.NE. 1) GO TO 714

IF (IPRINT.NE.2.0R.IPP. NE. 1) GO TO 716

WRITE (6,1230)
WRITE (6,1231)

716 IPP=0
E RITE (6,1213) TIME,DELT,EVAP,TRANS,EVOIN,EOR, HY WW1, TLOAD

714 IPh=IPF+ 1
IF (In. EQ.6) IPN=1

715 IF (AB. NE.O.O.OR. ADC. NE. 1.0) GO TO 717

WRITE(6,1235) IHYD,JHYD
WRITE (6,1397) HECTAR, SLEN, RUFN ES
WRITE(6,1315) QDEPTH
WRITE (6,1320) QSUM
WRITE (6,1325) QPEAK
WEITE (6,1330) SYIELD
AB=0.0 S ABC=0.0 $ ABD=U. 0
SYIELD=0.0 $ QPEAK=0.0 $ QSUti=0.0 $ QDEPTb=0.0

IPR=0
IPP=1

C *** READING IN RAIN AND EVAPORATION

717 IF (ABD. EQ. 1.0) GO TO 200

IF (ABS (TIME-V (4)) . GT.-0001)GO TO 840
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IF (STACK (IST -1 ).LE.STACN(IST+1).AND.ISTACN.LC.1) GU TO 740Il- (ISTACK.LQ.1) GO TO 101
IF(TAP9.EQ.0.0) GO TO 730
LAD (9) (VV(I),I=1,3)

IF(E0F(9).NE.0.0) GO TO 760
EVTDUR=VV(3)-VV(1)
AN0UNT=V(3)*EVTDUR
GO TO 740

730 READ(5,1163) (VV(I),I=1,3)
IF(E0F(5).NE.0.0) GO TO 760
EVTDUR=VV(3)-VV(1)
AMOUNT=V(3)*EVTDU8

740 DO 750 1=1,3
IF(ISTACK.EQ.1) VV(I)=STACK(I+IST)

750 V(I+1)=VV(I)
IST=IST+4
KC=1
IF(ABS(TIME -V(2)).LT..0001) KC=J
IF(TIME.GE.CUET.AND.AB.EQ.0.) GC TO 870
GO TO 170

760 ABD=1.
GO TO 860

C *** READ IN NEW EVENT.

840 IF(ABS(TIME -V(2)).L1.0.0001) KC=3
IF(TIME.GT.V(4)+.0001.AND.ABD.EQ.0.0) GU 20 860
GO TO 200

860 CONTINUE
IF(ABD.EQ.1..AND.AB.EQ.1.) GO TO 200
WRITE(6,1255)
WRITE(6,1265)
DO 680 I=1,NINCT

880 WRITE(6,1210) DEPTH(1),SM(I),HN(1),ROOTDEN(I)
IF(ML.LT.ML1) GO TO 870
ML1=ML1+1
IF(MLM.EQ.1) GO TO 195
IF(MLE.EQ.2) GO TO 10
IF(NLM.EQ.3) GO TO 100

670 CONTINUE
STOP

*** *** *** *** *** *** *** FoRmAT sTATEmENTs *** *** *** *** *** *** *** ***

1150 FORMAT(18 ,6110)
1152 FORMAT(//,18X,51HPOTENTIAL EVAPOTRANSPIRATION FOE EACH MONTH (CM/H

2R),/)
1154 FORMAT(9X,3(8X,*MONTH*,4X,*PET*))
1155 FOREAT(18 ,2X,F5.3,2(5X,F10.4),5X,F10.2,5X,F10.1,5X,F10.4)
1156 FORrAT(1H ,2X,3(F5.1,5X),2(F5.3,5X))
1158 FOREAT(10X,3(I10,F10.3))
1160 FOREAT(180,12X,24HINTENSITIES OF THE STORM,/,1H0,9X,

2298TIEE BEGIN CM/HR	TINE END,)
1165 FORMAT(10X,F10.4,F8.4,F12.4)
1170 FORMAT(181,10X,4HYEAR,I4,/)
1182 FOREAT(4I3)
1183 FOREAT(8F10.2)
1192 FORMAT(7F10.2)
1193 FORMAT(8E10.2)
1195 FORMAT(1013)
1190 FOREAT(8F5.3)
1197 FORMAT(16F5.3)
1200 FO8MAT(/,1H0,5X,6HTIME END,5X,68PTRANS,10X,3HEOR,12X,36PET)



1210 FORMAT (11E12.5)

1213 FORLAT(1H ,4X,F10.5,4(F1J.5,5X),5X,F10.5,5X,f10.3,5X,E12. ․ )
1220 FURMAT(1H1)
1225 FORMAT(1H0)
1230 FORMAT(180,///,1H , 2 1,50(1H*),51,128OUTPUT DATA ,5X,5U(1H*,,//)
1231 FOr'MAT(lh ,18X,4 HTIML ,10 X ,5 HTOTAI,10X,5HTOTAL,OX,14hLVAPUrAZIOh OF

2,4X,11HEVAPORATION,/,111	 END,3X,8hI1TLEVAL,5X,
34211EVAPORATION TRANSPIRATION INFIITRATION,10X,7110R RAIN,10X,
46 8 11 UNOFF,6X,14HSEDIMLNI CONC.,/,1h ,6X,713(hOJR5),4X,76(HOLIRS),9X,
54H(CM),11X,4 h(CM) ,9 X ,9 h(CM/HOUR),10X,9h(CM/HOUR),10X,St(CFS),9X,
b5H(G/L),/)

1235 FORMAT(1H0,//,5X,3511THE COORDINATES OF THE OUTFLOW ARE ,1H(,I2,1H,
2,I2,1H),)

1240 FORMAT(1111,10X,2(30h	 WATER	 POTENTIAL CONDUCTIVITY,2JX))
1245 FORMATOR ,10X,2(36h	 SC(I)	 20TEN(I)	 CONK(I)	 ,20X),/,

21H ,10X,2(3611	 (0/0 VOL)	 (CE)	 (CM/HR)	 ,2UX),/)
1250 FORFAT(18 ,10X,31.12.5,20X,3E12. ․ )
1255 FORMAT(///,1h ,E,X,308FIVAL SOIL MOISTURE CONDITIONS)
12o0 FORMAT (///,9H	 DEPIH,7X,4hSOIL,7X,7HSUCTION,5X,21HCO1DUC— INFIL

2TRATION,/,1H ,13X,8hMOISTUPE,4X,9HPOTENTIAL,4X,OLTIVITY,/,
310H DEPTEI(I),6X,58SM(I),7X,5HBV(I),6X,oHCON(I),5X,
48hDEINF(I),/)

1265 FORMAT(/,9F10	 DEPTH,7X,4HSOIL,7X,711SUCTION,7X,4HROOT,/,1H ,13X,
28HMOISTURE, 4 X,9HPOTENTIAL,5X,7HDENSITY,/,10H DLPTH(I),6X,5BS(I),
37X,5HHE(I),6X,10BROOTLEN(I),7)

1270 FORMAT(1H0,2X,OHESTA.RT,41,5EESTOP,5X,5HEDEAD,6XHIPLI,4X,
27HVEGSTOR)

1285 FORMAT(/, 1 H 0 ,8X,3HMLM,7X,211EL,6X,RHIPRINT,4X,RHISTACK,6X,3hINC,7X,
22HND)

1290 FORMAT(1H0,3X,4HDETT,8X,5HTIMEI,10X,4HCUMT)
1297 FORMAT(8F10.3)
1315 FOR1AT(/,180,3X,23HTOTAL RUNOFF IN AREA—CE,4X,E12.5)
1320 FORFAT(1H0,3X,27HTCTAL CUTFLON IN CUBIC FEET,E12.5)
1325 FOREAT(1H0,3X,16HPEAK FLOW IN CFS,11X,E12.5)
1330 FORMAT(1110,3X,27HSED/MENT YIELD IN KILOGRAMS, E12.5,/)
1397 FORMAT(/,1110,10X,5HAREA=,F8.2,911 HECTARS.,/,

21E ,10X,9HCELLS ARE,F7.2,14H METERS SQUARE,/,
3111 ,10X,14HMANNIN"S N IS,F7.3)

5010 FORMAT(2I5,4F12.5)
5020 FORMAT (8F12.5)
5041 FORMAT(1111,*----- AZIMUTH 	 *,10X,I4,* ROVS*,I4,* COLJMNS*)
5051 FORMAT(1B1,*_—_— SLOPE 	 *,10X,I4,* ROkS*,I4,* COLUMINS*)

END
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APPENDIX B

LISTING OF INPUT VARIABLES

Below is a listing of the input variables as they occur on the

cards and the order in which the cards occur. The number in parentheses

to the right of the variables is the format that the variables are read

in on.

Data card 111

MLM, ML, IPRINT, ISTACK 	 (413)

MLM	 1 if many years of data are to be run through
the program, or if all the data are the same.

2 if soil data are different for each job.

3 if same soil data but each job starts at a
different time and different soil moisture
conditions.

ML	 The number of jobs to be run.

IPRINT	 0 outputs evaporation, infiltration, rain or
evaporation, sediment, and hydrograph.

1 outputs the same as above plus the soil
moisture conditions with each time interval.

2 outputs only the hydrographs and sediment.

ISTACK	 When 1, storm event is divided into different
intensities.

Data card #2

NINC, ND
	

(413)

NINC	 The number of depth increments.

64



65

ND
	

Number of entries in the water content
potential table. Note. Entries are re-
quired for water content of zero and one
above WATH value.

Data card #3

DEPTH(I), I, = 1, NINC + 1	 (7F10.2)

DEPTH(I)	 Depth increment array. Thickness of each
depth increment (cm).

Data card #4

ROOTDEN(I), I = 1, NINC + 1	 (7E10.2)

ROOTDEN(I)	 Root density at maturity. A percentage of
roots per depth interval.

Data card #5

POTEN(I), I = 1, ND	 (8E10.2)

POTEN(I)	 Soil moisture characteristic curve of pressure
potential. Starting at 0, incremented at a
water content of .01.

Data card #6

CONK(I), I = 1, ND	 (8E10.2)

CONK	 Soil moisture characteristic curve of hy-
draulic conductivity. Starting at 0, incre-
mented at a water content of .01.

Data card #7

ESTART, ESTOP, EDEAD, TPET, VEGSTOR	 (5E10.2)

ESTART

ESTOP

EDEAD

Days from initiation of run to start of cover
growth.

Days from initiative of run to maximum cover
growth.

Time in days until vegetative cover dies.
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TPET
	

Decimal fraction of transpiration/evapo-
transpiration. Is also equal to % ground
cover.

VEGSTOR	 Estimnted potential interception.

Data card #8

PET(I), I	 1, 12

PET(I)

Data card #9

PETIM(I), I= 1, 12

PETIM(I)

(16F5.2)

Potential evapotranspiration array with a
value for each month (cm/hr).

(8F10.2)

Time array corresponding to PET(I). Months
given in hours.

Data card #10

TAP123, TAP9, RUFNES, SLEN, PRCEL 	 (5F5.3)

TAP123	 When 0, read SLOPE and ASPT from cards.

TAP9	 When 0, read rainfall data (VV(I)) from cards.

RUFNES	 Mannings roughness coefficient.

SLEN	 The length of the watershed grid squares
(meters).

PRCEL	 When 1, writes out ASPT and SLOPE.

When 2, punches ASPT and SLOPE on cards and
writes out ASPT and SLOPE.

Data card #11 (optional if TAP123 0)

Il, Jl
	

(213)

II	 The maximum number of rows the watershed
occupies.

Jl
	

The maximum number of columns the watershed
occupies.



67

Data card #12 (optional if TAP123 = 0)

TIMAR(J)	 (8F10.3)

TIMAR(J)	 The azimuth of the steepest slope on the
square element. Put into the array ASPSLO
(I,J). Note, the top of the grid is 360 0 .
0 0 is used when the element is not con-
tained in the watershed.

Data card #13 (optional if TAP123 == 0)

T1KAR(J)	 (8F10.3)

TIMAR(J)	 The steepest slope on the square element
(ft/ft). Put into the array ASPSLO(I,J).

Data card #14

JHYD, IHYD	 (213)

JHYD
	

The column number of the watershed square
where the water runs off.

IHYD	 The row number of the watershed square
where the water runs off.

Data card #15

DETT, TIMEI, CUNT 	(3F10.2)

DETT	 The time increment to start with, and the
lowest to use, hours.

TIMEI	 The cumulative time at start of computation.

CUNT	The time at end of computation.

Data card #16

SM(I), I == 1, NINC + 1

SM(I)	 The water content as a function of depth
beginning at top.
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Data card #17 (optional if ISTACK =-- 1)

NSTACK	 (I3)

NSTACK	 The number of different intensities for
each storm event.

Data card #18 (optional if TAP9 = 0)

VV(I), I= 1, 3	 (3F10.3)

VV(I)	 Boundary conditions array. Given as cumula-
tive time at beginning of storm precipitation
rate cm/hr, cumulative time at end of storm
(time in hours).



APPENDIX C

LISTING OF VARIABLES IN WATERSHED MODEL

Listed below are the important variables of the watershed

model. If a variable is not in this list it is considered a transfer

variable for the small routine it is used in. For example, FILL1 is

the transfer variable for FILL. Do Loop Counters are also excluded.

AB	 Flag, 1 when routing, 0 when not routing.

ABC	 Flag, 1 when finished routing.

ABD	 Flag, allows completion of job run when EOF
encountered.

AMOUNT

AS

ASPSLO(I,J)

ASPT

CHARGE

CHASTO(I,J)

CHGSTO(I,J)

CON(I)

CONK(I)

CONSUR

Total rainfall for the event (cm).

Aspect reading between 00 and 90 0 .

Array that holds the aspect and slope of
each square element.

The aspect of each square element (degrees).

Sediment concentration (g/l) on each cell.

Array that holds sediment concentration and
water depth on each grid square.

Sediment weight being held until next
iteration (g).

The average conductivity of each depth
increment (am/hr).

The conductivity array associated with soil
moisture characteristic curve (cm/hr).

The conductivity at the soil surface (cm/hr).

CUMT	 The time at the end of computation (hours).
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DEINF ( I ) The water movement rate for each depth in-
crement, when negative, water flows against
gravity, when positive, water flows with
gravity.
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DELIN	 The percentage of precipitation intercepted.

DELT	 The time interval (hours).

DEPTH(I)	 The distance from the soil surface to the
bottom of each depth interval (cm).
DEPTH(1) == 0.0.

DETT

EDEAD

EOR

ESTART

ESTOP

EVAP

EVOIN

EVTDUR

EXINF

FACTOR

FILL

FLODET

HECTAR

The largest time interval allowed during a
precipitation event (hours).

The time in days until vegetation cover dies.

Evaporation or rain rate, negative when
evaporating, positive when raining (cm/hr).

The time in days until the initiation of
ground cover growth.

The time in days until maximum ground cover.

The actual amount of evaporation for the time
interval (area-cm).

The actual evaporation or infiltration rate
for the time interval, negative for evapora-
tion, positive for infiltration (cm/hr).

The event duration.

The infiltration amount exceeding the rain-
fall amount.

The exponent in potential transpiration cal-
culations.

The amount of water subtracted out of rain-
fall until vegetation abstractions are O.

Concentration of sediment resulting from
overland flow detachment (g/l).

The area of the watershed (hectares).

HN(I)	 The suction at the bottom of each depth
increment (cm).
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HYDRO	 The depth of water on the outflow element
(cm).

HYDRO1
	

The runoff (area-cm).

HYDRO2	 The runoff (cf).

IBA
	

Flag which skips part of the program when a
time interval has been changed.

ICOL	 The number of columns when reading off of
permanent file.

IHYD	 The row number where outflow occurs.

INTERP	 Integer in the interpolation process.

IPRINT	 Output flag. Consult input variable list.

TRITE	 Flag which skips writing out headings for
each time interval.

IROW	 The number of rows when reading off of per-
manent file.

ISAT	 Flag that allows soil surface to remain
saturated as water is running off.

1ST	 Counter for STACK.

ISTACK	 When 1, storm is divided into different
intensities.

Il	 The number of element rows on the watershed.

JHYD	 The column number where outflow occurs.

Jl	 The number of element columns on the water-
shed.

KOUNT	 Counts the number of square elements con-
tained within the watershed.

ML	 The number of jobs to be run.

MLM	 1 if same data are to be used for each job;
2 if different for each job;
3 if same soil data, but each job starts at
different time and different soil moisture
conditions.
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ML1	 Counts the number of jobs run.

ND	 Number of entries in the water content vs.
potential and conductivity table. ND should
be one more than the amount needed.

NINC	 The number of depth increments.

NSTACK	 The number of different intensities for each
storm.

OF	 Distance of flow off of each square element.

PET(I)

PETIME(I)

POTEN(I)

POTHI

Monthly potential evapotranspiration array
(cm/hr).

Time array corresponding to monthly potential
evapotranspiration array (hours).

The potential array associated with soil
moisture characteristic curve (cm).

The suction when the soil is saturated (cm).

POTLO	 The suction at 0 soil moisture content (cm).

PRCEL	 I writes out ASPT and SLOPE;
2 punches ASPT and SLOPE on cards.

PTRANS	 The potential transpiration rate for the
time increment.

QDEPTH	 The total outflow at each measuring site
(area-cm).

QPEAK	 The peak flow at each measuring site (cf s).

QSTO(I,J)

QSTOR

QS1.1M

Image array of QSTOR, holds water until end
of time increment.

Depth of water in each square element.

The total runoff volume at each measuring
site (cfs).

QT	 Percentage of water leaving the square

element.

The amount of water added to each square

element for each time interval; negative if
infiltrating and evaporating; positive when
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precipitation rate is greater than infil-
tration rate.

RDET	 Concentration of sediment in surface water
caused by rainfall detachment.

REMAIN	 Remainder in the interpolation process.

ROODEN	 The percentage of roots in each depth incre-
ment.

RUFNES	 Manning's roughness coefficient.

SLEN	 Side length of square element (meters).

SLOAD	 Weight of sediment corresponding to each
increment volume in HYDRO (g).

SLOPE	 The slope of each grid square (%).

SM(I)	 The soil moisture at the bottom of each
depth increment.

SMC(I)	 The soil moisture associated with the
potential and conductivity arrays character-
istic of the soil.

SMD(I)	 Transfer variable for SM, used in transpira-
tion calculations.

STACK(I)	 Array containing the different intensities
for each storm.

STIMD	 Sine function used to calculate potential
transpiration.

STIML	 Sine function used to calculate potential
transpiration.

SYIELD	 Total weight of sediment yielded at outlet
(kg).

TAP123	 Flag, when equal to one, read ASPT and SLOPE
from permanent file, when equal to zero,
read from cards.

TAP9 Flag, when equal to one, read rainfall data
(VV(I)) from permanent file, when equal to
zero, read from cards.
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TET	 The monthly potential transpiration rate.

TF	 Velocity of flow calculated for each square
element (cm/sec).

TIMAR(I)	 The time associated with each runoff value
in the hydrograph array.

TIME	 The current time in the program (hours).

TIMED	 The time of day including the time increment
(hours).

TIMEI	 The initial time (hours).

TIMEL	 The time of day not including the current
time increment (hours).

TLOAD	 The sediment concentration for the given
time increment (g/l).

TRANS	 The actual amount of transpiration for the
time interval (area-cm).

TRANSF	 The average moisture content in a depth cell.

TRCAP	 Sediment transporting capacity of runoff
(g/l).

V(I)	 Array containing potential evapotranspiration
rate (cm/hr), time end, precipitation rate
(cm/hr), time end (hr).

VEGDEN	 Ground cover density (%).

VEGSTOR	 Vegetation storage, the amount of water a
plant can intercept (area-cm).

VFLUX	 Volume of water movement in each depth
increment.

VV(I)	 Array containing beginning time of the storm
(hr), precipitation rate (cm/hr), ending
time of storm (hr).
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