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I. INTRODUCTION 

The value of hydrologic knowledge and data is especially 

evident in the design of any project that involves the use of 

natural watercourses or of the adjacent flood plains. In order 

to reduce flood damages and to prevent the loss of lives, 

hydrologists seek to develop accurate and rapid methods of 

predicting the timing and magnitude of peak flood discharges. 

Predicting watershed response via a watershed simUlation system 

is also useful for land use planning, in designing hydraulic 

structures, and in analyzing pollutant propogation. 

The Hydrologic Cycle 

The discharge hydrograph r~presents the manner by which the 

contributing watershed responds to the rainfall process of the 

hydrologic cycle. Figure 1 shows schematically the hydrologic 

cycle. Streamflow ultimately finds its source as precipitation 

in the form of rain, snow, or hail. Moisture from rain and 

snow melt is subject to runoff, evaporation, and infiltration. 

Precipitation falling directly on water surfaces and adjoining 

impervious areas contributes immediately to streamflow. 

Part of the rain that falls in the initial stages of a storm 

is stored on the vegetal cover as interception. Usually, 

interception storage capacity is filled early during a storm; 

thus, during a small storm a large percentage of the rain is stored 

as interception. In a large storm the amount of water in 

1 
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interception storage is insignificant. The volume of water that 

reaches the land surface is the rainfall less the interception 

storage. Figure 2 shows the disposition of storm rainfall. 

Rain that reaches the land surface is stored in surface 

depressions as depression storage and as a film on the surface 

as surface retention. Water in depression storage and surface 

detention is subject to infiltration and evaporation. Surface 

depressions become filled when the rainfall rate exceeds the 

infiltration and evaporation rates combined. Overland flow results 

from surface detention and from overflowing depression storages. 

Infiltration and evaporation can also reduce the volume of overland 

flow. Portions of the overland flow drain into channels and 

portions drain to larger depression storages. 

Infiltration is the predominant process on the land surface. 

Water in all phases of the runoff cycle on the land surface is 

subject to infiltration. Water that passes into the soil surface 

as infiltration becomes interflow, groundwater flow, or goes into 

subsurface storage. Interflow is that portion of infiltrated 

moisture that flows within the unsaturated soil profile and 

eventually contributes to streamflow. Interflow occurs above the 

water table or phreatic surface and is somewhat subject to 

evapotranspiration. Infiltration below the water table becomes 

groundwater flow. Groundwater flow is flow through a saturated 
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soil, and eventually groundwater flow drains to a stream channel. 

Quantitative disposition of infiltrated water depends upon relative 

capacities of interflow, groundwater flow, and subsurface storage 

volumes. 

The rate of infiltration is the depth per unit time that 

water will infiltrate into a unit area of soil. Infiltration rates 

are significant in determining watershed response. Figure 3 shows 

a typical infiltration rate curve. Horton (23, 24) found that 

infiltration rates decrease logarithmically with time. Factors 

such as soil types, vegetal cover, moisture content, and season 

of year affect the infiltration rate. 

Evaporation is one part of the hydrologic cycle that returns 

water vapor to the atmosphere. Water stored in interception 

eventually evaporates as does some fraction of the water in 

depression storage~ surface detention, overland flow, and channel 

flow. Rates of evaporation are not only dependent upon solar 

radiation, but are also affected by air temperature, vapor 

pressure, and wind speed. Evaporation from soil moisture occurs 

at a rate dependent upon the availability of water in the soil, that 

is, the evaporation opportunity. A saturated soil yields water 

to evaporation at a rate equal to the evaporation rate from water 

surface of the same temperature. Snow surfaces are also subject 

to a small amount of evaporation. 
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Of the water absorbed by plant roots, virtually all is 

returned to the atmosphere as vapor by transpiration. Rates of 

transpiration are controlled by water available to the plants, 

solar radiation, temperature, and minimally by the type of plants. 

For most hydrologic applications, evaporation and transpiration 

are considered together as evapotranspiration. The rate of 

evapotranspiration is quantified by potential evapotranspiration 

which is a parameter that defines the amount of evapotranspiration 

that would occur if sufficient moisture were available. 

A watershed's response to the hydrologic cycle is a function 

of basin characteristics. The location of the watershed is 

related to the climate which controls the water and energy 

available to the processes in the hydrologic cycle. Elevation, 

for instance, can be correlated with temperature, vapor pressure, 

and amount of precipitation. 

Geomorphology also plays a significant role in determining 

basin response. The types of soils and mantle characteristics 

affect infiltration and groundwater processes. Slope, shape of 

the basin, stream channel network, and the size of the basin are 

all significant to watershed response to precipitation. Ground 

cover and man's intervention by land use relate to streamflow, 

groundwater, and evaporation. Thus in summary, the hydrologic cycle 

is a complex process that ;s dependent upon many variables. 
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Watershed Models 

liThe ability to accurately predict behavior is a severe test 

of the adequacy of knowledge in any subject" (35). Since the 

historical data of precipitation, streamflow, and evaporation are 

the only parameters generally available for hydrologic analysis, 

and because the hydrologic cycle is difficult to quantify, the 

rainfall-runoff process is not easily simulated mathematically 

even though the process is readily described. Relationships such 

as the rational formula, in which discharge is a function of a 

runoff coefficient, rainfall intensity, and watershed area have 

proved useful for small design problems but are inadequate when 

used to model watershed behavior. 

Much work has been done with electronic analogies to watershed 

behavior with analog computers (33). However analog models must 

be programmed and calibrated for each watershed simulated. 

Graphical solutions, such as the Index type models, to the 

rainfall-runoff problem were developed (18,21,28,36,37), and 

subsequently adapted to digital computers. However the Antecedent 

Precipitation Index (API) type model is composed of empirical 

relationships that model the streamflow but do not model the 

processes involved. 
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State of the art, watershed simulation is now accomplished 

with conceptual type digital computer models {32,35,38). Conceptual 

models mathematically simulate the various processes in the 

hydrologic cycle. By numerical optimization techniques, the 

equations describing the components of watershed response are 

calibrated to fit the historical data for the simulated watershed. 

Such models are complex and require excessive computer time and 

storage. 

Objective 

The objective of this research is to apply an API type of 

rainfall-runoff relationship to the Maury River basin in order 

to develop discharge hydrographs for use in an implicit flood 

routing model developed for the James River by Contractor and 

Wiggert (5,6,7). 

The Study Area 

The Maury River rises in the Appalachian Mountains of West 

Central Virginia. The Maury drains most of Rockbridge County 

and parts of Augusta and Bath Counties. On its journey to the 

James River, the Maury flows through Buena Vista, and Lexington 

is one mile to the west of the Maury. Figure 4 shows the Maury 

River basin. 
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An area of 839.3 square miles is drained by the Maury River 

and its tributaries. From the most distant point on the drainage 

divide, near the headwaters of the Cowpasture River at elevation 

3802 feet above mean sea level, the Maury River drops 3101 feet 

over an 80 mile course to its confluence with the James River at 

elevation 701. The Maury River joins the James River some 281 

miles upstream of the mouth of the James River. The Maury River 

and its tributaries flow generally in a southerly direction. The 

greatest north-south dimension of the basin is 52 miles and the 

greatest east-west dimension is 30 miles. 

The climate of the Maury River basin is classified as humid 

temperate. Average annual precipitation ranges from 38 to 40 

inches. A record 6 hour rainfall of 27 inches fell on August 19 

and 20, 1969,near the adjacent Montebello precipitation gage. 

Temperatures range from -200 F to 980 F with an average temperature 

of 360 F. Annual evaporation is 43 to 56 inches with 80% occurring 

from April to October. For 36 years of record the average annual 

runoff is 13.58 inches. The Maury River basin conta"ins no large 

urban areas but is approximately 70% forested. Additional 

geohydrologic information is given in Appendix B. 

The geology of the basin is characteristic of West Central 

Virginia. Sedimentary rocks generally underlie the Maury basin. 

Most of the basin is underlain by quartzites, sandstones, shales, 

and limestones of Mississippian, Silurian, and Devonian age. The 
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remainder is underlain by Ordovician and Cambrian shales, limestones, 

and dolomites. Two major faults run through the basin, the 

Pulaski-Staunton fault and the Blue Ridge fault. Both faults trend 

northeast-southwest with the Pulaski-Staunton fault located near 

the center of the basin and the Blue Ridge fault located on the 

eastern edge of the basin. Also the Blue Ridge fault divides the 

basin into two physiographic prov;nceswhich are the Valley and 

Ridge physiographic province to the southeast, and the Blue Ridge 

physiographic province to the northwest. 

Soil association distributions are also found in northeast­

southwest bands. Dekalb-W;ekert-Hayter~Jefferson is the soil 

association in the western region of the basin; Frederick­

Hagerstown-Berks soil association comprises the central band; 

and the eastern edge is the Porters-Chester-Clifton-Ramsey soil 

association (43). 

Basin topography consists of linear, northeast trending 

ridges and valleys. The Valley and Ridge physiographic province 

is a mountainous region of folded and thrust-faulted sedimentary 

rocks. The Blue Ridge physiographic province is similar in 

surface topography to the Valley and Ridge province. 



II. LITERATURE REVIEW 

Hydrologists and engineers have collected hydrologic data in 

order to develop methods to simulate watershed response. The 

rational formula, while being adequate for simple storm drainage 

problems, has not proved worthwhile for general application. 

Since the hydrologic cycle, when expressed mathematically, is 

very complicated, a manual procedure developed by Sugawara was the 

first comprehensive model developed (35). Graphical methods were 

developed (8,21,39) to predict runoff from rainfall. With the 

advent of digital computers, graphical coaxial methods were 

. expressed mathematically and adapted to digital computers. 

Eventually more refined conceptual models (32,33,34,38) were 

developed and the present state of the art is a conceptual digital 

computer model. Several agencies use computer adapted conceptual 

rainfall-runoff models to predict flood stages (38,46,47). Other 

agencies use computer models to generate flood hydrographs from 

precipitation data for general hydrologic analysis (36,37,45). 

The following schemes will be discussed: the graphical 

coaxial model, the Soil Conservation Service curve number method, 

the Corps of Engineers Hydrologic Engineering Center method, and 

the Stanford watershed model. 

13 



14 

The Coaxial Model 

Kohler and Linsley (21) analyzed a large number of storms and 

developed a graphical correlation to predict the total storm 

runoff from various storm parameters. Generally antecedent 

precipitation index or API, time of year, storm duration, and 

storm rainfall were correlated graphically to predict either 

storm runoff or basin recharge. Figure 5 presents a typical 

graphical coaxial relation. 

API was used as an index to upper level soil moisture. It is 

a decay function of precipitation. When precipitation does not 

occur API is given as 

(1 ) 

where AP1t = the antecedent precipitation index at time, t, in 

inches; 

APlo = the initial antecedent precipitation index at t=o, 

in inches; 

K = a recession constant ranging from 0.85 and 0.98; and 

t = time in days. 

Letting t equal unity, 

(2) 

When precipitation occurs, then the days precipitation is added to 

the API, or 

API t = API t _1 K + PRECIP t -1 (3) 
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3 

Figure 5 A Typical Graphical Coaxial Rainfall-Runoff Relation (39) 
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where PRECIPt = the precipitation falling on day t. 

Since surface runoff does not contribute to the residual soil 

moisture then a more accurate measure of antecedent soil moisture 

would be the APl t plus the basin recharge for day t) but the 

additional accuracy does not justify the computation. 

Time of year also affects runoff) and week number relative to 

the calendar year is also correlated. Thus a season quadrant is 

used. From Figure 5 it can be seen that the seasonal affects 

are cyclic. 

Storm duration also affects runoff. Thus a storm duration 

quadrant is used. Again from Figure 5 it is seen that runoff 

·dec~eases with increased storm duration. 

Precipitation ;s the total volume of water that is available 

to the runoff process and a precipitation quadrant is provided. 

Depending on the desired results precipitation can be either 

total storm precipitation or incremental precipitation. 

The results can be total storm runoff, incremental runoff, 

or basin recharge. 

Development of a coaxial model 

Assuming basin recharge ;s the desired result, then API is 

plotted against observed basin recharge for a large number of 

storms) say fifty or greater. Each point is then labeled with its 

respective week number. Then a family of curves is fitted 

through common week numbers. The aforementioned steps produce a 

first approximation of the season quadrant. Figure 6a depicts the 

procedure. 
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Next a storm duration quadrant is developed. The basin 

recharge computed from API and. week number is plotted against 

observed basin recharge and storm duration labeled for each point. 

A set of curves is fitted through common storm durations. 

Figure 6b depicts this procedure. 

The relationship is next refined by considering total storm 

precipitation. In a similar fashion basin recharge computed from 

the season quadrant and the storm duration quadrant ;s plotted 

versus observed basin recharge. Points are labeled as to storm 

precipitation and a set 'of curves are fitted through points of 

equal precipitation. Development of the precipitation quadrant 

is shown in Figure 6c. 

Finally computed basin recharge is plotted against observed 

basin recharge to allow for determination of the accuracy of the 

relation as shown in Figure 6d. Accuracy is improved by refining 

sets of curves by entering the plots in reverse order and adjusted 

by entering the charts with observed basin recharge in the accuracy 

quadrant, proceeding to the line of storm precipitation, hence to 

the storm duration curve, then to the week curve and finally API 

is read from the axis. If the API found in the above manner is 

not sufficiently close to the observed API for that storm, then 

the week curve is adjusted accordingly. The remaining quadrants 

are likewise refined. 
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Instead of basin recharge total storm runoff can be the final 

result. Total storm runoff is the total volume of runoff associated 

with a storm event; however for river forecasting purposes, 

runoff from ; ncrementa 1 ti me p·eri ods is preferable. 

Anincremental runoff coaxial relationship is derived from an 

existing coaxial chart for total storm runoff. For a large number 

of storms accumulated runoff is calculated time increment by 

increment. Incremental runoff is the difference between successive 

accumulations. Using a unit hydrograph of one increment duration 

the storm hydrograph is calculated by multiplying the ordinates 

of the unit hydrograph by the incremental runoff, lagging the 

resulting incremental hydrographs, and summing. The calculated 

storm hydrograph is then compared to the observed storm hydrograph 

and adjustments made to the calculated incremental runoff until 

the computed hydrograph and the observed hydrograph are sufficiently 

similar. API is recalculated for each interval with incremental 

precipitation. Then using the adjusted API, incremental runoff, 

week number, and incremental precipitation, a new coaxial chart 

is developed as previously described, but since the relation ;s 

incremental a duration quadrant is not required. 

The United States Weather Bureau (18) introduced a retention 

index to facilitate incremental coaxial relations. Retention 

index reflects the water in interception and depression storage 
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and as such is a short term moisture index. Retention index is 

also a decaying function but the recession factor is less than that 

for API. Retention index is assumed to be zero at the start of the 

storm event and is increased with precipitation. Figure 7 shows an 

incremental coaxial relationship using retention index. 

The United States Weather Bureau (18) has adapted the coaxial 

type of rainfall-runoff relation to the digital computer. The 

curves involved in a coaxial relation can be expressed as higher 

order polynomial equations. Using historical climatalogical 

and hydrologic data, constants in the polynomials can be derived 

with numerical optimization techniques. Comparisons of computed 

and observed runoff are good for mean daily flow. 

Although the graphical and the computer coaxial relation can 

successfully approximate the rainfall-runoff data with which the 

relations were calibrated, the coaxial relation does not describe 

the rainfall runoff phenomenon in terms that can be related to 

basin or storm characteristics. 

Soil Conservation Service Curve Number Method 

The Soil Conservation Service of the United States Department 

of Agriculture designs and builds hydraulic structures. For these 

purposes, SCS developed a method to predict storm runoff from 

rainfall (45). Generally the SCS method has been developed from 
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data from small nonurban watersheds. The SCS curve number method 

estimates direct runoff which consists of channel runoff, surface 

runoff, and subsurface flow in unknown proportions. 

Development of the curve number method 

From a double mass analysis as shown on Figure 8, and neglecting 

initial abstraction it can be shown that: 

F Q sa = p 

when Ia = 0, where 

F = the actual retention; 

$' = the potential maximum retention (F -sS'); 

Q = the actual runoff; 

P = the potential maximum runoff; and 

Ia = the initial abstraction. 

Also from Figure 8~ 

F = P-Q 

Substituting (5) into (4) and, solving for Q yields 

Q = p2 
P + $' 

The initial abstraction is taken into account 

with (P-Ia) and $' with S, where $ = S· + la, and 

possible retention. Rewriting (4) and (5) gives, 

F = Q 
S P - Ia 

F = (P - la) - Q 

by replacing 

S = the total 

and 

(4) 

(5) 

(6) 

P 

(7) 

(B) 
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Time From Beginning of Rainfall 

Figure 8 Double Mass Curve of Rainfall and Runoff (45) 
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where S = st + Ia; 

Q < (P - Ia); and 

F < s. 

Combining (7) and (8) and solving for Q yields 

Q = (P - Ia)2 
(P - Ia) + S 

(9) 

Equation (9) is the rainfall-runoff relationship including the 

initial abstraction. (P - ra) is the total possible runoff, that 

is, the precipitation less the initial abstraction and S is the 

total possible retention. 

Retention parameters 

A succession of storms, say one per day for a week, will reduce 

the magnitude of S each day because the infiltration rate, transmission 

rate, or soil storage capacity will have been reduced. The controlling 

factor will not have had the opportunity to recover its rate or 

capacity through weathering, evapotranspiration, or drainage. 

There is a lower limit to S. Even after several large storms over 

two to three days S will remain virtually constant. Also an upper 

limit exists for S beyond which S will not recover unless the 

watershed complex is altered. 

The change in S is a function of antecedent moisture conditions 

or AMC. AMC is a moisture relating parameter that reflects the 

total rainfall for a five day period preceding the time being 
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studied. Three levels of AMC are used: AMC I is the lower limit 

of moisture or the upper limit of S, AMC II is the average 

condition, and AMC III is the upper limit of moisture or the 

lower limit of S. 

S was estimated by plotting total storm runoff against 

rainfall. Errors in S result from errors in average watershed 

rainfall, but these errors are small. 

The total basin retention consists of all the losses that 

occur from precipitation. Evapotranspiration, surface and 

subsurface storage, and interception all are a part of S. Fare 

those losses that occur after runoff begins, and Ia are those 

losses that occur before runoff commences. 

la, the initial abstraction, consists mainly of water lost 

to interception, infiltration, and the filling of surface storages 

all of which occur before runoff begins. Ia was calculated from 

many storms on several small watersheds as being the accumulated 

rainfall to the time that runoff begins. Figure 8 shows Ia. 

Errors in Ia are due to difficulty of determining time when 

rainfall commenced because of storm travel and lack of 

instrumentation, difficulty in determining when runoff began, and 

the inability to determine how much interception prior to runoff 

later contributes to runoff. Standard errors of estimates for I~ 

are large. 
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Usi~g the values of 5 and Ia as developed above~ 5 was 

correlated with Ia and it was found that 

Ia = 0.25 (10) 

Equation (10) shows that 20% of the potential, maximum retention 

is la. The remaining 80% is mainly the infiltration that occurs 

after runoff begins. This is controlled by the rate of infiltration 

at the soil surface, by the rate of transmission in the soil profile, 

or by water storage capacity of the soil profile. Figure 9 shows 

the retention parameters. Combining (10) and (9) yields 

Q = (P - 0.25)2 
P + 0.85 (11 ) 

Equation (11) is the rainfall-runoff relationship used in the SCS 

method of estimating direct runoff from storm rainfall·. 

Introduction of curve number 

Equation (11) shows that direct runoff is a function of 

precipitation and a basin retention parameter S. To aid in 

interpolating, averaging, and weighting operations, a transformation 

of S is introduced as the curve number. The transformation ;s 

CN = 1000 
5 + 10 (12) 

where CN = the curve number. 

Curve number is a function of soil types, vegetative cover, 

land use, hydrologic conditions, and antecedent moisture conditions. 

50il types are divided into four groups used to determine hydrologic 

soil cover complexes. When runoff from an isolated storm is of 
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P > Ia 
S > Ia + F 
F = P - Q - Ia 

Rainfall (P) 

(F) 

Time 

Rate of 
Infiltration 

Curve 

Figure 9 Retention Parameters in SCS Curve Number Method '(45) 
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interest as in flood hydrology, the soil properties can be 

represented by a hydrologic parameter, i. e. the minimum rate of 

infiltration obtained for a bare soil after prolonged wetting. 

This infiltration potential is the qualitative basis for the 

four group classification. Table I gives the four soil groups. 

Land use includes watershed cover including vegetation, litter-mulch, 

fallow soil, water surfaces, and impervious surfaces. Land 

treatment applies mainly to agricultural practices including 

terracing, grazing control and rotation of crops. 

Hydrologic condition relates the surface retention capability 

of the soil cover complex. The hydrologic conditions 

qualitatively range from poor to good as the soil cover complex 

retains less to more moisture. Antecedent moisture conditions are 

considered as wet, average, and dry. Appendix C presents tables 

that show curve numbers for various hydrologic soil cover complexes 

and antecedent moisture conditions. 

Procedure to produce flood hydrographs 

The above method can be used to compute a flood hydrograph. 

First the watershed is surveyed to determine hydrologic soil cover 

complex. Antecedent moisture conditions and curve numbers are 

next determined. Using the aids given in Appendix C, the curve 

number is refined more for each hydrologic soil cover complex. 
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TABLE I SCS HYDROLOGIC SOIL GROUPS (45) 

A. (Low runoff potential) Soils have high infiltration rates even 

when thoroughly wetted and consist chiefly of deep, well to 

excessively drained sands or gravels. These soils have a high 

rate of water transmission. 

B. Soils have moderate infiltration rates when thoroughly wetted 

and consist chiefly of moderately deep to deep, moderately 

well to well drained soils with moderately fine to moderately 

coarse textures. These soils have a moderate rate of water 

transmission. 

C. Soils have slow infiltration rates when thoroughly wetted 

and consist chiefly of soils with a layer that impedes 

downward movement of waters, or soils with moderately fine to 

fine texture. These soils have a slow rate of water trans­

mission. 

D. (High runoff potential) Soils have very slow infiltration rates 

when thoroughly wetted and consist chiefly of clay soils with a 

high swelling potential, soils with a permanent high water table, 

soils with a claypan or clay layer at or near the surface, and 

shallow soils over nearly impervious material. These soils 

have a very slow rate of water transmission. 
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The curve number is averaged for the watershed. Accumulated 

precipitation for time increm,ents during the storm event are 

next determined. Using Equations (11) and (12) the accumulated 

runoff is calculated. The incremental runoff is the difference 

between successive accumulated runoff values. Applying unit 

hydrograph methods to the calculated precipitation excess or 

runoff produces the flood hydrograph. 

Model applications and constraints 

Assuming accurate precipitation values, the accuracy is 

dependent upon the proper selection of curve number. Experience 

and sound judgement are essential for successful application of 

the curve number method. Since the curve number method was 

formulated for small rural watersheds, larger watersheds must be 

broken down into smaller subbasins to accurately apply the method. 

Urban areas have presented some problemsfbr SCS due to the impervious 

surfaces in urban watersheds. Presently SCS is considering an 

urban revision to the method. Errors can result if curve number 

is not reinvestigated for each season. For example, a field could 

be in corn, a row crop, one season with a curve number of say 75 

and in ground cover the next season with a curve number of 64. 

The SCS curve number method of estimated direct runoff from 

precipitation was developed as an aid in designing small flood 

retention structures. A design frequency storm is developed for 



32 

the watershed under study and the runoff predicted using the rain­

fall-runoff relation. River forecasting can be accomplished with 

the curve number method and the method is readily adapted to. the 

digital computer. Althou~h simple to use, the SCS rainfall-runoff 

relation does not quantify the various processes that compose the 

hydrologic cycle, but considers the watershed characteristics 

in terms of 'tthe 1 umped parameter.), namely the curve number. 

Corps of EngineerslHydrologicEngineering Center Method 

The Corps of Engineers r Hydrologic Engineering Center formulated 

a predictive rainfall-runoff relationship to aid the Corps· efforts 

in flood control (36,37,40). Figure 10 shows the method of 

modeling river behavior. 

Precipitation excess is calculated by reducing the precipitation 

available for runoff bya loss rate function. A unit hydrograph is 

next applied to the precipitation excess to produce a streamflow 

hydrograph, which is then hydraulically routed. 

Loss rate function 

where 

The loss rate function is given by 

L = K1P1
E 

L = the loss rate in (inches), 
hour 

Kl = a coefficient decreasing with ground wetness, 

Pl = the precipitation rate in (ificheS), and 
our 

E = an exponent depending on the variations of factors 

within the basin, 0 ~ E < 1.0 

(13 ) 
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Precipitation Excess 

Unit Hydrograph 1---------iJ~ 

IFlow Routing 

Figure 10 Hydrologic Engineering Center Method (40) 
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When E = 0 the loss rate is independent of the rainfall intensity 

but when 0 < E < 1, the loss rate is a function of rainfall 

intensity. Hydrograph reconstruction'indicates that E ranges from 

0.3 to 0.9. Frequently E is used as"-0.7 for uniformity. 

The loss rate coefficient K in Equation (13) decreases with 

ground wetness and is given by 

(14 ) 

where Ko = the loss rate coefficient at the start of the storm, 

C = the coefficient controlling the rate of decrease of K" and 

Ll = the accumulated loss during the storm. 

To account for initial soil moisture deficiency, Equation (13) is 

usually modified to 

(15 ) 

where K' = a modified coefficient given by 

(16 ) 

L where IT < 1.0~ and 

D = the initial soil moisture deficiency in inches. 

The general loss rate function is shown in Figure 11. 

Procedure for hydrograph reconstruction 

Streamflow and precipitation gages are first selected for the 

study region. The tributary areas should be within a size range 

comparable to the tributary watershed sizes. 
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LOSS = (K, + K') . RAINE 

~ ~ K' = 0.20(1 - L/O)2 (for LID ~ 1) 
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Figure 11 General Loss Rate Function (40) 
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The gaged areas a 1 so should have ro.ughly the same soi 1 types t 

land use, and vegetal cover." Precipitation and flow data are 

collected at each gage so that basin average precipitation, 

applicable to each subbasin being studied, can be computed during 

reconstruction. 

For each streamflow gage and storm, the recession flow for 

antecedent runoff is determined. The recession coefficient for 

each storm and gage ;s then calculated from a semi-logarithmic 

plot of recession flow versus time. Using computer optimization 

techniques the starting value of the loss coefficient, Ko, on an 

exponential recession curve for rain losses is computed. Ko is a 

function of infiltration capacity and thus depends upon soil types, 

land uses, and vegetal cover. Next the amount of initial 

accumulated rain loss during which the loss rate coefficient 

increases is calculated. This initial loss is dependent upon 

antecedent soil moisture deficiency and is also calculated by 

an optimum gradient search method. C in Equation (14) is 

computed as the ratio of rain loss coefficient on an exponential 

loss curve to that K corresponding to 10 inches more of accumulated 

loss. C can be considered as a function of the ability of the 

basin surface to absorb precipitation. The value of C for each 

storm and gage is also optimized by computer. E the precipitation 
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exponent in Equation (13) is calculated for each storm and gage 

by computer optimization. 0 the initial soil moisture deficiency 

is similarly calculated for each storm and gage. Using the 

values calculated above,regional values of E and C are selected. 

After an initial set of coefficients is selected, the calculated 

rainfall loss is deducted from the basin average precipitation 

to yield an incremental precipitation excess. The time increment 

corresponds to the duration of a previously derived unit hydro­

graph. Applying the unit hydrograph to the calculated precipitation 

excess, lagging, and summing the resultant incremental hydrographs 

yields a reconstructed storm hydrograph. The observed and 

reconstructed hydrographs are compared and the various constants 

adjusted if necessary_ 

Model application and constraints 

All the parameters are lumped temporally and spatially. If 

area averages are not appropriate, then a smaller subarea should 

be used. Also the time interval used should be small enough so 

that averages over the interval computations are applicable. 

An important limitation is that the HEC model is not a 

continuous model. The HEC model can be applied to single storm 

events or for multi-storm events sufficiently close in time. No 

provision is made for loss rate recovery during periods of no 

precipitation. This limitation restricts the use of the HEC 

model as a forecast tool. 
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In order to use the KEC model as a predictive model, the 

'lnitial lo~s' rate Ko and the initial soil moisture deficiency D 

would have to be determined. Ko and D could be calculated by 

considering Ko and D as a function of season and antecedent 

moisture conditions for, a given watershed. 

Like the SCS method the HEC model does not quantify the 

rainfall-runoff cycle by actually modeling the process, The 

phenomenon is accurately simulated but the simulation does not 

follow the correct physical process. 

Stanford Watershed Model 

Crawford and Linsley (39) developed a rational detailed 

quantitative model of the hydrologic cycle, The Stanford 

watershed model was one of the first attempts to simulate on 

a digital computer the individual components comprising the 

hydrologic cycle. Incoming moisture is allocated to each of the 

several hydrologic components which are each modeled by a separate 

routine. Just as the hydrologic cycle on the land surface can 

be considered as moisture into the system - moisture out of the 

system, the Stanford model is basically moisture into the 

stream, i,e. precipitation - moisture out of the system, i.e. 

streamflow, evapotranspiration. 
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Model concepts 

The water budget of an area is mathematically simulated by a 

soil water accounting process that is expressed as 

where SM = the soil moisture status; 

P, = all natural or applied water, i.e. precipitation; 

(MLg) = the minor gains; 

(ML,) = the minor losses; 

Q = the stream flow; 

PC = the deep percolation; 

ET = the evapotranspiration; and 

t = a subscript denoting time. 

From continuity Equation (17) becomes 

a SM 
a t 

a{Q+PC+ET+ML1) 
a t 

Equation (18) is solved by calculating each of the individual 

components over the time interval ~t. 

( 18) 

Precipitation and potential evapotranspiration are the major 

data inputs. Temperature and radiation data are used if snowmelt 

is to be considered. Moisture conditions are either known or 

assumed, from which computation commences and is continued until 

the input data is exhausted. Three soil moisture storages and 

any existing snowpack receive the incoming precipitation. 
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Variable soil moisture profiles and groundwater conditions 

are represented by upper zone, lower zone, and groundwater 

storages. Overland flow, infiltration,interflow, and inflow to 

groundwater storage are controlled by upper and lower zone 

storages. Initial watershed response to rainfall is simulated 

by the upper zone which is of primary importance for smaller 

storms and for the first few hours of larger storms. The 

lower zone controls watershed response to major storms by 

controlling longer infiltration rates. Base flow into stream 

channels and deep seepage is supplied from the groundwater storage. 

The model considers all of the storages susceptible to evapo­

transpiration. Finally total inflow to the channel is simulated 

and the hydrograph routed. Mean daily flows, hourly flows, and 

monthly flows can be simulated by the Stanford watershed model IV. 

Figure 12 shows the structure of the model by means of a flow chart. 

Model components 

Volume of precipitation, snowmelt, plus the surface detention 

carryover which is available to infiltration is the moisture· 

supply. 

Interception is governed by watershed cover and the current 

volume of water in interception storage. All precipitation enters 

the interception storage until some preassigned value is reached. 

Evapotranspiration occurs for interception storage at a rate equal 

to the input potential evapotranspiration rate. 
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Precipitation onto the water surface and impervious areas 

contiguous to the stream channel contributes to direct surface 

runoff, This impervious fraction of the watershed is represented 

by a preset parameter. Other impervious areas not directly 

connected to a stream channel are represented by direct infiltration 

functions of the model as water falling on these surfaces is 

eventually subject to flow over pervious surfaces. 

Direct infiltration is continuously simulated by two inter .... 

locking calculations. The two calculations describe the direct 

infiltration into the soil profile and the increases in temporary 

storages that result in delayed infiltration. Available moisture 

is first subject to the cumulative watershed infiltration capacity 

functions that model overall watershed reaction, and control direct 

flows into the long term lower zone and groundwater storage. Water 

that remains in surface detention after direct infiltration to the 

lower zone ;s calculated and ;s subject to operations of the upper 

zone storages. Diversion of overland flows into depression 

storages, soil fissures, and dry or disturbed surface soil is 

modeled by the upper zone. Both the upper and lower zone are 

assigned nominal storage capacities. 

Upper zone storage controls delayed infiltration simulation 

in the model. Moisture not directly infiltrated to the lower 

zone will augment water in surface detention storage which either 

becomes interflow, overland flow or goes into upper zone storage. 
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Upper zone inflow rates are independent of rainfall intensity, but 

upper zone storage capacity is low. The volume of water stored 

in the upper zone and the nominal upper zone storage controls 

overland flow surface detention. Evapotranspiration removes water 

from the upper zone storage at the potential rate. 

Delayed infiltration or percolation occurs from the upper 

zone to groundwater and to the lower zone when 

u Z S L Z S 
U Z SN > L Z SN 

(19 ) 

where U Z Sand L Z S = the current water in the upper and lower 

storages respectively, and 

U Z SN and L Z SN = the nominal storages for the upper and 

lower zones respectively. 

Percolation is a function of U Z S, U Z SN, L Z S, L Z SN, and a 

preassigned value CB. Interflow occurs from the upper zone as a 

function of interflow detention storage, IDS; and a preassigned 

daily recession constant, DRC; or 

Interflow = IDS(l 

Figure 13 shows the model's concept of the disposition of 

moisture subject to the action of the upper and lower zones, 

and Table II presents the disposition as land surface response. 

(20) 
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Figure 13 Model Disposition of Moisture Subject to Infiltration (39) 
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Th,e lower zone control s groundwater flow, groundwater storages, 

and deep seepqge, The quantity of groundwater infiltration to 

storage is dependent upon band c which are functions of preassigned 

constants, L Z S, and L Z SN, Groundwater flow is a function of 

groundwater storages, a preassigned recession constant, and the 

groundwater slope. Percolation to deep or inactive groundwater 

storage is modeled as a function of a preassigned value and the 

inflow to groundwater storage. Lower zone storage is also subject 

to evapotranspiration and is simulated as a function of the 

potential evapotranspiration, L Z S, L Z SN, and a preassigned 

constant. 

Evapotranspiration removes moisture from water on the land 

surface and from within the soil profile. From the upper zone, 

moisture is subject to evapotranspiration at the potential rate, 

while evapotranspiration opportunity controls evapotranspiration 

from the lower zone. The area of surface water, which is an 

input parameter, is subject to evapotranspiration also at the 

potential rate. Potential evapotranspiration will result in 

actual evapotranspiration, a water loss, only if water is available. 

The model first attempts to satisfy potential evapotranspiration 

from interception storage and the upper zone in that order and 

then from the lower zone. 

Overland flow is simulated by the continuity equation: 
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(21) 

where D2 ~ the surface detention at the end of the time interval 

~t; 

D1 = the surface detention at the beginning of the time 

interval dt; 

AD = the increment of water added to surface detention 

during the time increment At; and 

~ = the rate at which overland flow drains into the stream 

channel. 

The routing of overland flows is modeled using preassigned values 

of slope, length, and roughness. 

If snowmelt is considered, the model utilizes temperature, 

short wave radiation, and precipitation data to calculate snowmelt 

and the amount of precipitation stored in the snowpack. Energy 

relationships are used to determine water released from snowpack. 

Once water available to stream flow is calculated channel 

routing is done by using an empirical storage routing method. 

The nlodel assumes the overflow hydrograph is based upon a time~ 

area histogram and an instantaneous rainfall. 

Watershed parameters 

Some twenty-eight parameters are used in the model to 

describe the watershed and thus quantify hydrologic response. 

There are four groups of parameters. 
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TABLE II: LAND SURFACE RESPONSE AS A FUNCTION OF 

MEAN MOISTURE SUPPLY, X (39) 

Component x < b 

Net Infiltratton 5(2 x ",,_ 
2b 

Increase in Interflow )'(2 
~ ~) Detention 2D (1 

Increase in Surface x2 
Detention 2 c.b 

Percentage of Increased 
Detenti on Ass i gned to 100Cl - ~) 
Interflow 

b < x < c,b 

b 
"2 

- b x x ... Z" '2c:D 

5<2 
2 c.b 

x > c.b 

b 
"l 

b(c - 1) 
"2" 

x = c.b 
-2-

1 00 ( 1- x 2 ) 1 00 (c - 1) 
2 c.b(5( - ~) (~~ _ 1) 
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Initial moisture status is quanti,fied by five parameters. 

Th.ese parameters describe the water content on the land surface~ 

within the soil profile, and in the groundwater. Each parameter 

is estimated for a first simulation run of the model, and then 

adjusted as required, 

Parameters obtained from watershed characteristics comprise 

the second group. Such parameters are measurable from topographic 

maps and field surveys. Included are drainage area, slope, 

area of water surface, impervious fraction of watershed adjacent 

to stream channels; Manning·s roughness values, length of overland 

flow, and the fraction of watershed area from which moisture is 

lost from groundwater through phreatophytes. 

A third group consists of parameters estimated from historical 

records. Parameters for interception, evaporation, and variables 

relating to the stream channel system are included. 

The last group contains parameters which are estimated from 

trial adjustments. In the model these parameters direct the 

allocation of incoming moisture to the various storages, control 

flow regimes, and control seasonal variation and water yields. 

Since the model ;s sensitive to this group and parameters in the 

group do interact, several computer optimization runs may be 

needed to determine an optimum set. 
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Model operation, 

Th~ model utilizes input data from any number of recording 

precipitation gages and a hydrograph ;s generated for a series of 

stations along the stream channel. A large watershed is divided 

into subbasins which are tndividually modeled. Each subbasin 

, should contain at least one daily or storage rain gage~ but one 

or more subbasins may utilize' the same recording gage~ Flow to 

the downstream end of the stream channel in a subbasint or flow 

point, is calculated. Inflow from each subbasin is simulated 

independently so that areal variations in precipitation and 

watershed characteristics can be represented. The model calculates 

the flow hydrograph at each flowpoint from the discharge calculated 

for the adjacent upstream subbasin and the inflow from the 

contributing subbasin. There:is no limit to the number of flow 

points that can be simulated. 

Model application and constraints 

The model is capable of simulating mean daily flows. hourly 

flows, and monthly flows. Both small and large watersheds are 

within the range of capability of the model. Linsley and 

Crawford (30) applied the model to watersheds ranging from 0.38 

square miles to 1300 square miles of drainage area with good 

results. For mean daily flows, the correlation coefficient for 

observed and simulated flows ranged from 0.9907 to 0.9928 and 

the standard errors were low~ 
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Shanholtz (32) applied the model to two rural watersheds of 

786 and 893 acres, Estimates of annual runoff were within 

measurement accuracy while monthly estimates were within 5% of 

the observed monthly discharges. However estimates of maximum 

mean daily peak discharges were erratic, and although the absolute 

error was small, the percentage error was large due to the small 

water yield. 

Shanholtz (32) made the following conclusions regarding the 

Stanford watershed model: 

1. Considerable familiarity with the model is necessary 

to arrive at an optimal set of values for those 

parameters requiring trial and adjustment, 

2. Care must be exercised when using the model to 

generate streamflow for an area in which no historical 

streamflow records are available for comparative 

purposes. 

3. The model, like all current deterministic watershed 

models, is not an exact formulation of the process 

occurring within the hydrologic cycle and therefore 

must be used accordingly. 

4. The model can provide approximations for the practicing 

engineer which would be difficult to obtain otherwise. 
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5, By judicious use of the model, insight can be obtained 

on the effect of speciftc changes within the system 

being synthestzed. 

6~ For the most part, the model appears to simulate the 

hydrologic process within the accuracy of basin input 

data. 

7. Modification of the upper zone storage allocation 

procedure appears to be necessary to better simulate 

the response from small storm events. 

Of the four schemes discussed, the Stanford watershed model is 

the most versatile, the most accurate, and by far the most 

complicated. A great understanding of the model is necessary to 

utilize the model to its fullest extent. More computer capability 

is required for the Stanford model than for the other three yet 

the core storage required is not excessive as it is of the order 

of 180,000 bytes for simulation runs. The Stanford model ;s well 

suited for flood peak predictive purposes once proper calibration 

is attained. No mention is made in the literature as to the 

accuracy of the flow routing procedures. 

Since the development of the Stanford model, other conceptual 

models of the rainfall-runoff process have been introduced (38,46,47). 



III. THE MODEL 

Justification of Selection 

Selection of a method to predict runoff from precipitation 

depends upon the anticipated use and the ease of application of 

the method. The desired use of the method presented herein was 

to provide a precipitation excess generator to calculate runoff 

values to be used in an implicit flood routing scheme. It was 

desired to transform precipitation into surface runoff which by 

applying unit hydrograph methods would yield a stream-flow 

hydrograph. 

Criteria for selection of a method also included the ease of 

application both to the existing flood routing program and to the 

river basins being modeled. Therefore the selected method was 

desired to be simple and readily programmable. It was essential 

that model calibration be made utilizing readily obtainable 

hydrologic and meteorologic data for the modeled river basin. 

Both the SCS curve number method and the Corps HEC model 

were best suited to design type applications and not actually 

formulated for river forecasting. The Stanford watershed model 

was suited for use as a river forecasting tool, but the Stanford 

model was an extensive complicated program. Considerable 

modification would have been required to utilize the Corps' or 

SCSI methods and some changes would have been required to use the 
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Stanford model. Because too much computer storage would have 

been needed to store the various curves of a coaxial API type model, 

it too was not considered further. However a mathematical model 

similar in concept to the graphical API model was selected. 

Model Description 

The model used in the present study is an API type rainfall­

runoff model developed by the Tennessee Valley Authority (28). 

The model predicted surface runoff from rainfall, API, and calendar 

week number. Two equations with five coefficients and three 

parameters expressed the relation. 

Model Development 

TVA began by considering a mathematical API model as developed 

by the U. S. Weather Bureau. Successive restrictions were imposed 

on the U. S. W. B. version until the model was as concise as 

possible. 

The season quadrant of the coaxial model was retained 

conceptually by the Weather Bureau. A winter condition, or high 

flow curve, and a summer condition, or low flow curve, were the 

extremes that defined the operating region as shown in Figure 14. 

TVA defined the winter and summer extremes as exponential 

expressions which were: 

R1w = wc + wa {e-wb.API} (22) 

and 

RIs = sc + sa (e-sb.API) (23) 
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where wa, wb, and wc = model coefficients for the winter curve; 

sa, sb, and sc = model coefficients for the summer curve; and 

sand w = subscripts denoting summer and winter, 

respectively. 

To interpolate between the winter and summer extremes the 

Weather Bureau devised an interpolation function as shown on 

Figure 15. A Fourier approximation, which has the effect of 

defining a continuous smooth, function, was applied to the straight­

line segments of Figure 15 so ,that the breakpoints between the 

seasons could be determined analytically. Using the interpolation 

function the interpolation relationship for RI became: 

RI = R1w + (R1s ~ R1w) S1 

where SI = the season index as given in Figure 15. 

The season quadrant required nine parameters at this stage of 

development. 

A duration quadrant as used in the coaxial model was not 

included. 

(24) 

A mathematical relation for the surface runoff quadrant of the 

coaxial method as developed by the Weather Bureau was utilized by 

TVA. Surface runoff was given by: 

1 
SRO = (RFN + DN)N - D (25) 
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where SRO = the storm surface runoff in inches; 

RF = the storm rainfall in inches; 

D = the deficiency parameter; and 

N = the degree of curvature parameter. 

The expression for the surface runoff relation was Equation (25) 

which was asymptotic to a 45 degree line, i.e., incremental 

rainfall equaled incremental runoff, which had an intercept 

equal to D. Figure 16 shows the surface runoff relation. D and 

N were related to the seasonal relation by: 

D = da + db RI dc (26) 

and 

N = na + nb Rl nc (27) 

where da, db, and dc = model coefficients that define D; and 

na, nb, and nc = model coefficients that define N. 

At this stage of development, the model contained fourteen 

coefficients. TVA determined the values of the fourteen coefficients 

by a method of steepest descent optimization technique that 

minimized the sum of the square of the errors. As expected, the 

accuracy of the results of this mathematical relation was comparable 

to those obtained with the original coaxial model. However, 

the solution was oscillatory and did not converge. The lack of 

convergence was attributed to an over-determined model or too 

many interrelated coefficients. 
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Figure 16 Surface Runoff Relation (28) 
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In order to reduce the number of coefficients, the model 

coefficients were analyzed to determine model sensitivity to each 

coefficient. Those that least affected the results were deleted 

or fixed. Each improvement was based upon an error analysis and 

a study of the interactions of coefficients. 

First the N relationship was simplified. Equation (27) was 

eliminated and N in Equ~tion ('25) was replaced by n. Thus n was 

not a function of RI. Simultaneously wc and sc in Equations (22) 

and (23), the seasonal extreme equations, were replaced by a 

single coefficient c which assured that season curves would not 

cross. c l-imited the value of R1s and R1w as API grows larlJe. 

Next, dc in. Equation (26) was set to unity thus D became linearly 

equivalent to RI, and Equation (26) was eliminated. At this stage 

of refinement Equation (24) remained unchanged; Equatio~(26) and 

(27) were eliminated; and Equation (25) was revised to: 

1 
SRO = (RFn + Rln}n - RI (28) 

Equation (22) became: 

R1w = c + wa (e-wb.API) (29) 

and Equation (23) was rewritten as: 

R1s = c + sa (e-sb.API) (30) 

The model then was defined by four equations with nine coefficients. 
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This model produced better results than preceding versions 

yet only two coefficients, nand c, were converging. A study of 

the convergency patterns yielded the fact that an interaction 

existed between the interpolation function and the season curves. 

Therefore, the interpolation function was restricted and the 

Fourier approximation coefficients were eliminated. The remaining 

coefficients were forced to adjust to compensate for errors 

arising from the restriction of the interpolation functions. 

Figure 17 presents the restricted interpolation function. The 

restriction of the interpolation function resulted in the elimination 

of three coefficients and fixed the seasonal breakpoints at 11,27 

and 42 weeks. 

With the six coefficient model, rapid convergency was usually 

obtained. However since most of the storm data was for winter 

storms, the coefficients, sa and sb in Equation (30) sometimes 

became unreasonable because the data was not sufficient to define 

RIs. Therefore TVA forced each storm to influence both season 

curves by replacing Equations(24), (29) and (30) with a single 

equation: 

RI = c + (a + d.SI) e-b.AP1 (31) 

where a, b, c, and d = model coefficients. 

Also SI was limited to -1.0 for the winter extreme and to 1.0 for 

the summer extreme. The final model was defined by two equations 

with five coefficients and a seasonal interpolation function, i.e. 

Equations (28)and (3;) and Figure 17. 
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TVA tested the model for a variety of watersheds in Tennessee 

rang; n9 from 37.8 square mi 1 es to '1784 square mi 1 es of dra i nage 

area. Table III shows that the results from the TVA model were 

slightly better than from the coaxial model. 

TVA found that the coefficients given in Table III were in 

general consistent which implied that the coefficients were 

reasonably stable and were not uniquely associated with a 

particular data set. In order to project a solution set of 

coefficients to other watersheds or to future events, the 

coefficients were required to be consistent. TVA demonstrated 

that a solution could be projected in time with reasonable accuracy. 

Also it was determined that the model coefficients were sensitive 

to watershed characteristics, but unfortunately the transfer of 

a solution set to anotherwaters~ed was found to be very subjective. 

The model did not project well into other watersheds. 

Data Requirements 

The data required to calibrate the TVA model to a particular 

watershed could be found in the historical records. Discharge 

hydrographs for stream gaging stations were required to calculate 

the surface runoff. Mean daily flow hydrographs were used to 

determine the total volume of storm runoff. API and rainfall were 

calculated from data obtained from recording and nonrecording 

precipitation gages. Week number for each storm was taken from the 

abscissa of the mean daily flow hydrograph. 



TABLE III TVA MODEL - SUMMARY OF RESULTS (28) 

Prediction Statistics 
Drainage TVA Model Coefficients No. TVA Model Coaxial 

Watershed Area (Mi 2) a d b c n Storms (SSE2 R (~SE2) R 
In. ) In. 

Obey River 220 8. 1 4.7 0.64 1.3 1.89 133 3.74 0.98 3.52 0.98 

Wolf River 105 8.8 5.7 1.64 1 .3 2.39 28 
(0.028) 

1.66 0.97 2.41 0.95 
(0.059) 

Chestuee Creek 117 14.0 9.2 0.44 2.1 1.73 138 2.81 0.97 6.13 0.94 
Nr. Dentvi11e (0.020) 

Chestuee Creek 37.8 15.6 9.3 0.41 0 1.70 114 1.88 0.98 3.60 0.97 
Nr. Zion City (0.016) 

Q) Elk River 1784 14.2 10.8 0.43 1.4 1.77 100 2.20 0.94 2.89 0.92 w 
(0.022) 

S. Fork Holston River 813 12.8 9.4 0.47 1.6 1 .66 113 2.90 0.92 3.98 0.89 
(0.026) 

Clinch River 528 13.7 11 .0 0.69 1 .0 1 .71 136 2.66 0.89 4.76 0.80 
(0.020) 

Big Sandy River 205 12.5 10.4 0.98 1.9 1 .90 129 3.00 0.96 2.79 0.96 
(0.023) 

Tuskasegee River 655 7.9 12.8 0.31 12.3 1.65 166 2.50 0.94 3.44 0.92 
(0.015) 

NOTE: Values ;n parenthesis are SSE 
No. Storms . 

SSE = sum of squares error 

R = correlation coefficient 
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If the TVA model was to be used to calculate total storm 

runoff then API, rainfall and week number would have been required 

for each storm. 

When utilizing the model to compute storm runoff hydrographs, 

hourly rainfall, beginning API, and week number were required. 

Also certain watershed describing parameters were required. Such 

parameters included API decay coefficient, watershed area, length, 

and slope. A unit hydrograph was also needed. 

Selected 'Study Area 

The Maury River basin was selected for application because the 

required data was readily available. Period of record for the 

streamflow gage Maury River near Buena Vista was 1938 through 1973. 

Precipitation data was generally available for the years 1948 

through 1972 for the applicable precipitation stations. The 

Virginia Division of Water Resources provided a six hour unit 

hydrograph for the Maury River near Buena Vista. Appendix B 

contains information concerning gaging and precipitation stations 

in the Maury River basin. 

Watershed characteristics also contributed to the selection 

of the Maury River. Having a drainage area of 646 square miles 

at the Buena Vista gage, the Maury River was within the range of 

watershed sizes determined by TVA. Similarity with other upper 

James River basin watersheds was a factor in the choosing of the 

Maury River since the model was to be incorporated in a flood 
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routing system for the James River. Calibrated also were the 

Jackson and Rivanna Rivers,' but these were not considered 

further due to poor calibration results. 



IV. MODEL APPLICATION 

The TVA rainfall-runoff model consisting of two equations with 

five coefficients was adapted for use on an IBM 370 - model 155 

computer. Calibration of the model was made for the Maury River, 

the Jackson River, and the Rivanna River. Rainfall and discharge 

data for the water years 1961 through 1970 was utilized for model 

calibration. With the solution set of coefficients that was 

determined for calibration, the model was then applied to an 

individual storm. 

Da ta Prepa ra t ion" for CaJ i bra t ion 

Data required to calibrate and apply the model included 

discharge hydrographs, daily precipitation, hourly precipitation, 

API, week number, and a unit hydrograph. 

Discharge hydrographs were utilized to determine surface 

runoff. Hydrographs of mean daily discharge were plotted by a 

Calcomp plotter from values obtained from the United States 

Geological Survey's gage "Maury River near Buena Vista" (42). Base 

flow was separated from direct runoff for each storm event. The 

separation was done by hand after procedures developed by 

Linsley (39). The volume of storm runoff was then calculated by 

planimetering the area under the hydrograph and converting the area 

to inches of runoff. For complex hydrographs with more than one 

peak, each peak was separated by constructing a recession 
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curve between peaks as shown on Figure 18. Storm runoff was 

determined for 124 storms, but after combining smaller storms 

and eliminating some storms, only 87 storms were used for 

calibration. Storm runoff ranged from 0.02 inches to 1.34 

inches, and the average runoff was 0.42 inches. This information 

was stored on eighty column computer cards. 

Daily precipitation totals were obtained from climatological 

data which had been stored on ~agnetic computer tape by 

Mr. Curtis W. Crockett, former Climatologist for Virginia. 

Precipitation data were transferred to computer cards for the 

entire period of record. Four stations in the Maury River basin 

were selected for calibration purposes on the basis of concurrent 

periods of record. The four stations were Buena Vista, Deerfield, 

Goshen, and Lexington. In many 'instances daily totals were 

missing; and when a missing value occurred, the value was set to 

the average daily rainfall for that station. For all four stations 

the average daily rainfall was 0.10 inches. The period of record 

was January 1960 to December 1970, or 4100 days. 

Model Calibration 

The calibration program was written in Fortran IV. Containing 

284 source statements, the program required approximately 150,000 

bytes. For each set of initial values of coefficients, usually 

sixty to one hundred and twenty seconds of computer time were 

required to reach a solution. Originally the calibration program 
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Figure 18 Separation of Complex Hydrographs (39) 



69 

was written for the Virginia Polytechnic Institute and State 

University's IBM 370/155 computer with real storage. However 

the majority of the calibration runs were made on Virginia 

Commonwealth University's IBM 370/145 virtual storage system. 

The program was compatible for both systems; however time and 

storage requirements did vary. Appendix D contains a calibration 

program listing. Organization of the program is given on 

Figure 19, and consists of an input block, an optimization of 

coefficients block, an error analysis block, and an output block. 

Input to the calibration model was all contained on eighty 

column computer cards. Included as input were the initial values 

of the five coefficients, a, b, c, d, and n, which were based 

upon those values used by TVA (28). Parameters relating to 

optimization and other program operations were also input data. 

Storm information including week number, storm runoff, API, and 

rainfall were the final input records. 

The method of steepest descent was used to calculate an 

optimized set of coefficients. Figure 20 shows a flowchart of 

the opt"imization procedure. 

The iterative procedure commenced from an initial set of 

coefficients as provided in the input data. Values of the 

coefficients as determined by TVA were used as guides in selecting 
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the initial set of coefficients. Each initial coefficient XCI), 

was incremented by some amount DX(I) to yield Y(I), the trial 

coefficient. V(I) was expressed as: 

V(I) =X(I) + DX(I) 

where V(I) = the trial coefficient value; 

X(I) = the initial coefficient value; 

DX(I) = the change increment; and 

(32) 

I = a subcript indicating each coefficient, i.e. when 

I = 1, 2, 3, 4,.5; the coefficient was a, b, c, d, 

n respectively. 

DX{I) was given by: 

DX(I) = 00(1) * XlI) (33) 

where 00(1) = the fractional change in XCI). 

For each trial coefficient V(I), surface runoff for each 

storm J was computed as: 

VCRO(l,J) = f(Y(l)., X(2), X(3), X(4), X(5» 

VCRO(2,J) = f(X(l), Y(2), X(3), X(4), X(5» 

VCRO(3,J) = f(X(l), X(2), V(3), X(4), X(5» 

VRCO(4,J) = f(X(l), X(2), X(3), V(4), X(5» 

yeRO (5 ,J) = f(X(l), X(2), X(3), X(4), V(5» (34) 

where VCRO(l,J) = the calculated surface runoff for storm J 

that was a function of the trial coefficient 

Y{I) and the remaining initial coefficients. 
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Surface runoff for the initial set of coefficents was computed 

as: 

XCRO(J) = f(X(l), X(2), X(3), X(4), X(5» (35) 

where XCRO(J) = the surface runoff for storm J computed as a 

function of the initial coefficients. 

A sum of squares error over the storm list was computed for 

each trial coefficent and for the initial set. -For the trial set, 

1 NOS 
SSEY(I) = NOS E (YCRO(I,J) - ARO(J»2 (36) 

J=l 

where SSEY(I) = the sum of squares error for each Y(I); 

NOS = the number of storms; and 

ARO(J) = the observed surface runoff for storm J. 

For the initial set: 

1 NOS 
SSEX = NOS E (XCRO(J) - ARO(J»2 

J=l 
( 37) 

where SSEX = the sum of squares error for the initial coefficient 

set X. 

SSEY(I) was then compared to SSEX to determine which was less, 

that is, whether X(I) was a better value than Y(I). If SSEY(I) 

was less than SSEX, the X(I) for the next iteration became Y(I) 

and 00(1) did not change. If instead SSEX was less than or 

equal to SSEY(I), then XCI) for the next iteration did not change, 

but 00(1) became -00(1). If for two consecutive iterations SSEX 
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was less than or equal to SSEY{I), the DO(I) became ~ 00(1). The 

iterative procedure then repeated itself beginning with Equation 

(32), and utilized the new'initial values of X(I) and OO(I) as 

calculated from the preceeding iteration. 

The iterative procedure was terminated when one of two 

conditions was met. A maximum number of iterations was specified. 

When this maximum number of iterations was exceeded, optimization 

was terminated. Iteration also ceased when for all five X(I) the 

absolute value of OX(I) was less than or equal to one percent of 

X(I). 

With each iteration, output containing current trial and 

initial values of coefficients was provided~ This output aided 

in analysis of convergence patterns and in debugging. 

An error analysis was then performed for the optimized 

coefficients. The error analysis was intended to provide a 

means to evaluate the accuracy of the optimized coefficients. 

Included in the error analyses were the errors in computed runoff 

for each storm and the runoff error for each storm expressed as 

a fraction of the storm rainfall. The remainder of the error 

analysis is presented as Table IV. Data items that yielded very 

poor results for all solution sets were replaced by items giving 

less error. 
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TABLE IV. SAMPLE ERROR ANALYSIS 

Average Value of (ARO-CRO)/RAIN = 0.060 
Average Value of ABS((ARO-CRO)/RAIN) = 0.225 
Average Value of ABS(ARO-CRO) = 0.254 in. 
Sum of (ARO-CRO)**2/NOS = 0.1174 sq. in. 

No. of Times ARI was set to RISET = 0 
Correlation Coefficient Relating ARO to CRO = 0.772 
Standard Error of Estimate = 0.346 in. 
Mean CRO = 0.412 in. Mean ARO = 0.452 in. STD DEV CRO = 0.452 in. 

STD DEV ARO = 0.544 "in. 

Distribution of Errors •... Error = (ARO-CRO)/RAIN 
Lower Limit Upper Limit No. Percentage 

0.90 1 .00 0 0.0 
0.80 0.90 0 0.0 
0.70 0.80 1 1 .0 
0.60 0.70 3 2.9 

0.50 0.60 2 2.0 
0.40 0.50 6 5.9 
0.30 0.40 6 5.9 
0.20 0.30 16 15.7 

0.10 0.20 8 7.8 
0.00 0.10 12 11.8 

-0.10 0.00 14 13.7 
-0.20 -0.10 19 18.6 

-0.30 -0.20 5 4.9 
-0.40 -0.30 6 5.9 
-0.50 -0.40 3 2.9 
-0.60 -0.50 1 1 .0 

-0.70 -0.60 0 0.0 
-0.80 -0.70 0 0.0 
-0.90 -0.80 0 0.0 
-1.00 -0.90 0 0.0 
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Calibration Results 

The calibration procedure was performed for five sets of 

initial values of the coefficients~' These initial sets were 

based upon values derived for watersheds in the Tennessee Valley 

by TVA (28). From the TVA derived coefficients, the high, low, 

and average values for each of the five coefficients, were 

calculated. Table V lists the initial values and the final 

optimized values. 

Each initial set converged to a unique set of coefficients. 

The range of values of the final coefficients can be seen in 

Table V. It was obvious that the final range was somewhat related 

to the initial range, however with c this was not the case. The 

coefficients b, c, and n, ranged within ~ 36, 67, and 19 percent 

of the average value respectively, while a and d had ranges of 

111 and 122 percent. Generally the greater the initial value 

was, the greater the final value. From Table V it can also be 

seen that the final values were usually greater than the initial 

values. The order in which the coefficients converged is also 

presented in Table V. For all initial sets, n converged first 

while c converged last. This convergence pattern indicated that 

n was least sensitive to changes in the other four coefficients 

while c was most sensitive to the four other coefficients. 



TABLE V. CALIBRATION RESULTS FOR MAURY RIVER NEAR BUENA VISTA 

Initial and Final Values Statistics for Final Values 
of Coefficients Standard 

Correlation Error of No. of 
Set a b c d n Coefficient Estimate SSE Iterations 

( in. ) (in. 2) 
1 Initial 7.90 0.31 1.00 4.70 1.60 

Final 10.100 1.688 1 .601 7.722 1.794 0.870 0.190 3.097 40 

2 Initial 11 .75 0.98 6.65 8.75 2.00 
Final 18.118 1 .651 2.466 14.281 1.559 0.863 0.191 3.115 41 

3 Initial 15.60 1.64 12.30 12.80 2.39 
Final 25.297 1.812 2.775 20.039 1 .512 0.866 0.187 3.010 36 

4 Initial 7.90 0.31 12.30 5.00 1.65 
........ 
........ 

Final 10.794 1.239 2.896 9.059 1.557 0.838 0.208 3.784 67 

5 Initial 8.59 1 .21 1 .01 5.45 1.75 
Final 8.992 1.554 1.408 6.089 1.824 0.864 0.196 3.271 39 

Solution Order of Convergence 
Set 1 2 3 4 5 

1 n a b d c 

2 n b d a c 

3 n b d a c 

4 n d b a c 

5 n a d b c 
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Coefficients at band d showed no marked pattern in the order in 

which each converged. A study of the percentage change that 

each coefficient underwent from initial to final values indicated 

that order of convergence was not dependent on how close the 

initial value was to the final value. 

From the data presented in Table V, it can be seen that each 

initial coefficent set converged to a different final set. The 

five coefficients apparently were significantly interrelated. 

Based upon the data in Table V and the optimization method used, 

it could not be determined if the global optimum coefficient set 

was obtained or if only a local optimum set was reached. Since the 

final coefficients were comparable to those coefficients derived 

by TVA (28), the final values were considered reasonable. 

Maury River solution,sets were compared with TVAls solution 

sets. The correlation coefficients for Maury River solution sets were 

comparable to TVA's solution sets. TVA's correlation coefficients 

were generally closer to unity than those calculated for the 

Maury River. A sum of squares error comparison was also made; 

but to take into account the number of storms used, the sum of 

squares errors was divided by the number of storms. The modified 

sum of squares errors as calculated herein and the modified sum of 

squares errors as calculated by TVA were again comparable. Table III 
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and Table VI show that the errors for the Maury River solution 

sets were similar to the errors for the TVA solution sets, but 

the TVA sets generally provided somewhat greater accuracy. 

An error analysis was performed for each final coefficient 

set. Table VI gives a summary of the error analysis. On the basis 

of Table VI, solution sets 1 and 3 were considered to give the 

best results, and solution set 3 was deemed to be the overall best 

set. Figure 21 shows actual runoff plotted against computed runoff 

for solution set 3. The standard error of estimate for sets 1 and 3 

were slightly less than 50 percent of the mean actual runoff. The 

average values of ABS(ARO-CRO) were generally one third of the 

mean actual runoff. To compare the errors, ABS(ARO-CRO), with the 

total water involved in each storm, RAIN, the average value of 

ABS(ARO-CRO)/RAIN was calculated. The average absolute error was 

11.5 percent and 10.6 percent of the storm rainfall for solution 

sets 1 and 3 respectively. Thus the absolute error was large with 

respect to runoff and small with respect to rainfall. Figure 22 

gives the distribution of errors as a percentage of rainfall. 

From Figure 22 it can be seen that the average percentage error 

was in the range of 2 percent, but the distribution was skewed 

to the positive side. A positive percentage error occurred 

when the actual runoff exceeded the computed runoff, thus using 

solution set 3 a lower calculated than actual runoff was 

anticipated. The positive skew was seen for all Maury River 

solution sets. 
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TABLE VI. SUMMARY OF ERROR ANALYSIS 

1 

Average value of 0.046 
(ARO-CRO)/RAIN 

Average value of o. 115 
ABS((ARO-CRO)/RAIN) 

Average Value of O. 142 
ABS(ARO-CRO), in. 

Sum of (ARO-CRO)**2/NOS t 0.0356 

Correlation Coefficient 0.870 

Standard Error of 0.190 
Estimate, in. 

Mean CRO, in. 0.398 

STD DEV CRO, in. 0.384 

Mea n ARO, in. 0.422 

STD DEV ARO, in. 0.384 

ARO = the actual runoff, 
CRO = the computed runoff, and 
RAIN = the storm rainfall,in. 

t sq. in. 

Solution Set 
2 3 4 

0.023 0.016 0.023 

0.107 o. 106 0.105 

0.137 0.136 0.139 

0.0358 0.0346 0.0435 

0.863 0.866 0.838 

o. 191 o. 187 0.208 

0.418 0.423 0.421 

0.369 0.362 0.376 

0.422 0.422 0.422 

0.384 0.384 0.384 

5 

0.049 

0.118 

0.145 

0.0376 

0.864 

0.196 

0.395 

0.385 

0.422 

0.384 
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Figures23 through 27 show percentage errors and the magnitude 

of errors plotted against various input data. From these 

figures it was concluded that the calibration results errors were 

not correlated with API, rainfall, week number, or runoff. 

The magnitude of errors equal to the differences in actual 

and calculated runoff seemed reasonable when considering the 

possible magnitude of error associated with data preparation. 

Only four precipitation stations were considered for the calibration, 

and some error resulted from the lack of rain gages in the 646 

square mile basin. A standard error of approximately 17 percent 

could be expected for the precipitation average for a basin with 

four rain gages in 646 square miles (29). Error could also have 

resulted from inaccurate separation of direct runoff from baseflow. 

It was felt that separatio~ errors were the greatest sources of 

error. In many instances, the association of a rainfall event 

with a runoff event proved difficult, and errors resulted from 

the association process. The errorsin API could be attributed 

to the erro~ in basin average precipitation. Each type of data 

input introduced some error into the calibration. 

Data Preparation for Storm Simulation 

Hourly precipitation values were used to simulate individual 

storm response. The only recording precipitation station that was 

used was Montebello Fish Nursery which is located to the southeast 
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of the Maury basin. The hourly rainfall totals were also taken 

from a magnetic tape which was provided by the National Climatic 

Center. 

Six hour precipitation totals were determined for the basin. 

First, six hour totals were calculated for the recording station 

by: 
t + 6 

RAIN6(J) = E HRAIN(I) - (38) 
I = t 

where RAIN6(J) = the six hour precipitation total for the period 

J beginning at time t; and 

HRAIN(I) = the hourly precipitation value for time I. 

Next nonrecording stations'daily totals were adjusted to reflect 

the precipitation falling during the same time interval. This 

was done because the nonrecording stations did not all read the 

rain gage at the same hour. Adjustment was made by proportioning 

daily totals. 

The proportionment was written: 

P I 

t = Pt· TREAD + Pt+ 1 (2400 - TREAD) 
2400 

where Pt - = the adjusted daily precipitation for day t, 

midnight to midnight; 

(39) 

Pt = the unadjusted daily precipitation for day t, for 

the 24 hour period ending at TREAD; and 

TREAD = the hour the 24 hour precipitation total is 

collected. 
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Using the adjusted values of daily precipitation, the basin average 

daily precipitation was then computed as: 

NOS 
PBt = E pit .• Te. 

i = 1 ,1 1 
(40) 

where PSt = the basin average daily precipitation in inches for 

day t; and 

Tei = the Thiessen coefficient for precipitation station i. 

Next the basin average daily precipitation was proportioned into 

four periods of six hours each. The proportionment was expressed 

as: 

4 

4 
= PBt · RAIN6{J) · ( E 

I = 1 
RAIN6(I»)-1 + RAIN6(J) · Tei (41) 

when E RAIN6(I) :;-0; and 
I = 1 

where HPB
J 

4 

Te. 
1 

I 

= the 6 hour basin average precipitation ftir 

the 6 hour interval J; 

= the basin average daily precipitation for 

day t; 

= the Theissen coefficient for the recording 

precipitation station; and 

= the 6 hour intervals for day t. 

If L RAIN6(I) = 0, the HPSJ became zero unless PSt was nonzero, 
1=1 

in which case: 

(42) 
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Thus the six hourly basin average precipitation was calculated to 

be a Thiessen weighted value that was proportioned in time according 

to the recording precipitation station. 

API was calculated by Equation (3) from the daily average basin 

precipitation. Week numbers for storm events were taken from the 

time axis of the mean daily discharge hydrograph. A six hour unit 

hydrograph was provided by the former Virginia Division of Water 

Resources. 

Model Application to Single Storm Events 

Although the results for the Maury River solution sets 

were not as accurate as 'those obtain~d by TVA (28)~ the Maury 

solution sets were deemed accurate enough to use for single storm 

simulation. Solution set 3 was selected on the basis of the error 

analysis. The storm of August 19-20, 1969.or Hurricane Camille 

was selected for simulation on the basis of data availability. 

A tri-hourly hydrograph was available for the Maury River near 

Buena Vista for the storm period {48}. Hourly and daily precipitation 

data were readily available from the National Weather Service. 

Information about the August 1969 storm is presented in Appendix 

E. A storm in December 1967 was also selected but lack of hourly 

precipitation data resulted in unreasonable results. 

The storm simulation program was written in PL/l for use on 

the Virginia Commonwealth University's and the VPI&SUls computers. 
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Approximately 40,000 bytes of storage and 15 seconds of compile 

time were required. A flow chart of the storm simulation program 

is presented in Figure 28, and a listing of the program is 

contained in Appendix E. 

The storm simulation program generated precipitation excess 

from precipitation data. Information concerning precipitation 

stations was provided as input. Hourly and daily precipitation 

data, initial API, week number, and the unit hydrograph were 

also input data. Six hour incremental precipitation was 

calculated as previously described and incremental API was 

determined by: 

API t = APlt-l KO. 25 + HPBt 

where t = the six hour interval. 

Using Equations (28) and (31) and Figure 17, the precipitation 

excess for each six hour increment was calculated for the six 

hour basin average precipitation. 

(43) 

API was limited to a maximum value above which precipitation 

excess was set equal to precipitation. The use of a limiting 

value of API was to provide the simulation program the means to 

reflect a watershed with all precipitation losses satisfied. 

Several trial runs were made to determine the best limiting value 

of API; and a value of 3.00 inches was selected. 
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Precipitation Station Data 
Daily Precipitation 
Hourly Precipitation 
Thiessen Coefficients 
Unit Hydrograph 

Fill in Missing Precipitation Data 

Calculate 6 Hourly Precipitation From 
Hourly Precipitation Data 

Adjust Daily Precipitation Data for Reading Time 

Calculate 6 Hourly Precipiation From Daily Precipitation 
Proportional to Hourly Precipiation Data 

Calculate 6 Hourly Basin Average Precipitation From 
Thiessen Weighted 6 Hourly Precipitation Data 

Calculate 6 Hourly API 

Calculate 6 Hourly Precipitation Excess From TVA 
Equations 

Calculate Discharge Hydrograph by Multiplying Precipitation 
Excess by Unit Hydrograph Ordinates, Lagging and Summing 

Fi gure 28 General Flowchart Of Storm Simulation Program 
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The hydrograph of streamflow was then synthesized from the 

unit hydrograph of six hour duration and the calculated precipitation 

excess. Each six hour incremental precipitation excess was 

multiplied by the ordinates of a six hour hydrograph to yield the 

streamflow hydrograph resulting from each incremental precipitation 

excess. Each incremental hydrograph was lagged by six hours from 

the precedin.g. incremental hydrograph. 

The total streamflow hydrograph was calculated by summing the 

various incremental hydrographs for each time interval. Figure 29 

depicts this process. A selected base flow was then added to each 

ordinate. 

Storm Simulation Model Results 

The storm simulation program was run for the Camille storm of 

August 1969, and Figure 30 shows the computed hydrograph plotted 

with the observed hydrograph. Several aspects of the hydrographs 

were considered. 

Those characteristics of the hydrographs which were compared 

were total volume of runoff, magnitude of peak flow, timing, rising 

limb, recession limb, and ba~ flow. The computed and the observed 

hydrographs had similar shapes, but the computed curve contained 

a greater area. As shown in Figure 30 the computed hydrograph 

represented 7.9494 inches of total runoff, while the observed 

hydrograph yielded 4.591 inches of total runoff. Computed total 

runoff was 173 percent of observed total runoff. The magnitudes 
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of the peak flows showed less difference. A peak discharge of 

108,765 cfs was calculated. This calculated peak was 104% of 

the observed peak discharge which was 105,000 cfs. The rising 

limbs of the computed and observed hydrographs began approximately 

at the same time but the computed curve led the observed curve 

slightly. At the points where the hydrographs reached the U.S.G.S. 

peak base discharge of 6,200 cfs, the computed plot led the 

observed plot by 11 hours. The computed peak occurred 3 hours 

before the observed peak. Again reflecting the greater computed 

volume of runoff, the observed hydrograph approached base flow 

before the computed hydrograph and at the U.S.G.S. peak base 

discharge the observed led the computed by 9 hours. On the 

rising limbs of the hydrographs,the slopes of the curves were 

similar. On the falling limbs, the computed hydrograph took 

more time to recede, and the computed slope remained steeper 

longer. The shape of the recession curves were similar in the 

lower ranges but the computed curve dropped to the preselected 

base flow once runoff was terminated. 

Discussion of Simulation Results 

Unlike the calibration results in which calculated total 

runoff generally was less than observed total runoff, the 

simulation results showed calculated runoff and runoff rates to be 
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greater than observed runoff rates. The differences between 

calculated and observed runoff could have possibly been attributed 

to erroneous model coefficients, erroneous incremental rainfall 

or API related errors. 

The model coefficients used were those determined in solution 

set 3 of the calibra~onprocess. When the coefficients were 

calculated they were optimized on the basis of total storm runoff 

and beginning API. Since the simulation program calculated 

incremental runoff from incremental rainfall and API, some error 

could have been expected from the use of calibration-oriented 

coefficients. 

Accumulated error was not limited to coefficient related errors. 

Errors in incremental rainfall could also have resulted in 

accumulated error which is ~eflected in Figure 30. Six hourly 

incremental precipitation was calculated from seven nonrecording 

and one recording precipitation stations. The timing of the 

precipitation was controlled by the recording station at Montebello 

Fish Nursery, which is located out of the basin; and to some 

extent by the time of reading correction applied to nonrecording 

stations. The magnitude of precipitation errors could have 

affected the results also. In the eight precipitation station 
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network used, the daily precipitation for August 20, 1969, 

ranged from 6.87 inches to 1.80 inches, and in the report of 

the August 1969 flood, Camp and Miller (48) reported greater 

24 hour precipitation in the Maury River basin than was found 

in the Weather Service1s data. Thus it was reasonable to 

expect some error from the use of the adjusted Thiessen weighted 

incremental rainfall. 

Errors in precipitation also affected API. Errors in API 

resulted in erroneous values of RI in Equation (31) and in SRO 

in Equation (28). The most significant API related errors may 

have resulted from setting incremental precipitation excess 

equal to incremental rainfall when the API exceeded a preselected 

value. The limiting value of API was reached early on the rising 

limb of the hydrograph at 0600 hours on August 19, 1969. 

Because the incremental hydrographs were combined by 

superposition, each error in incremental precipitation excess 

could have been reflected for a time equal to the time base of 

the unit hydrograph. Therefore if incremental errors in 

precipitation excess were all the same sign, overall error 

would increase with time. 
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It was believed that erroneous model coefficients were 

the most significant sources of error. Because the model 

coefficients were calibrated for total storm runoff, and 

because the August 1969 storm was of such great magnitude, it 

'was believed that errors resulting from erroneous model 

coefficients were more significant than precipitation or 

API related errors. Errors in precipitation increments were 

felt to be less significant than coefficient related errors, 

but comparably as significant as the errors resulting from the 

limiting value of API. Because the separation in time of the 

observed and computed peak flows was small the timing of calculated 

incremental precipitation was believed to be reasonable. The values 

of storm precipitation for each precipitation station ranged from 

1.8 to over 9 inches, and it was felt as a result some error was 

introduced. The error resulting from the limiting value of API 

was believed to be comparable to precipitation related errors. 

However, it was felt that the limiting value of API was reasonable 

because from Figure E2 that the slopes of the accumulated rainfall 

and accumulated runoff curves were equal near the time API reached 

the limiting value, that is, the rainfall rate equaled the runoff 

rate. 



v. CONCLUSIONS AND RECOMMENDATIONS 

The rainfall-runoff model developed by TVA was calibrated 

for the Maury River basin using total storm runoff. The calibrated 

model was then used to simulate the August 1969 storm. 

The following conclusions are made based on results of 

this study: 

1. The optimization procedure used in calibrating the model did 

not determine the global optimum solution set of coefficients. 

2. The calibration results showed that the best coefficient 

solution set yielded greater sums of squares errors for the 

Maury River basin than the TVA solution sets for the TVA basins. 

However, the results were comparable. 

3. Errors of calibration results showed that percentage errors for 

individual storm runoff were not correlated with API, week 

number, precipitation, or runoff. 

4. The computed hydrograph for the August 1969 flood was very 

sensitive to the selection of a limiting value of API, and 

the small difference between computed and observed peak 

discharge was somewhat forced by the selection of the limiting 

value of API. 

5. The timing of the computed August 1969 flood hydrograph 

compared well with the observed hydrograph because of the 

use of a limiting value of API above which runoff equaled 

rainfall. 

101 
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6. Total runoff computed for the August 1969 flood was 173 

percent of the observed total runoff, but was less than total 

storm rainfall. 

7. The model was not refined sufficiently to apply to the 

implicit flood routing scheme. 

The following recommendations are made based on the results of 

the study: 

1. Calibration of the model should be made for incremental runoff 

simulation and total runoff simulation. 

2. The calibrated model should be verified against a less extreme 

event. 

3. A better method of determining when incremental runoff equals 

incremental rainfall should be determined. 

4. Additional model refinement should be done in order to incorporate 

the model in an implicit flood routing program. 
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The following notations are used in the text of this thesis 

and are applicable to the equation~ stated: 

a 

APIo 

AP1t 

ARO(J) 

b 

c 

= model coefficient; 

= antecedent precipitation index for day 0, inches; 

= antecedent precipitation index for day t, inches; 

= observed surface runoff for storm J, inches; 

= model coefficient; 

= coefficient controlling the rate of decrease of 

the precipitation loss rate coefficient; 

c = model coefficient; 

CB = a percolation coefficient; 

CN = SCS curve number; 

o = deficiency parameter; 

d = model coefficient; 

da,db,dc = model coefficients defining 0; 

00(1) = percentage change in model coefficient; 

Di = surface detention of time i, inches; 

ORC = interflow detention storage daily recession 

OX{I) 

E 

ET 

F 

constant; 

= change in coefficient; 

= precipitation loss rate exponent; 

= evapotranspiration, inches; 

= actual retention of precipitation, inches; 
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HPBJ = six hour basin average precipitation for the 

six hout interval J, inches; 

HRAIN(I) = hourlyp~ecipitation value for hour I, inches; 

la = initial abstraction of precipitation, inches; 

IDS = interf10w detention storage, inches; 

K = API recession'coefficient; 

K' = modified precipitation loss rate coefficient; 

Ko = initial precipitation loss rate coeff'icient; 

Kl = precipitation loss rate coefficient decreasing 

L 

Ll 

LZS 

LZSN 

MLg 

MLl 

N 

n 

na,nb,nc 

with ground wetness; 

= precipitation loss rate, inches. 
hour ' 

= accumulated precipitation loss during a storm; 

= current water in lower zone storage, inches; 

= nominal lower zone ~torage, inches; 

= minor water gains, inches; 

= minor water losses, inches; 

= degree of curvature parameter; 

= modified degree of curvature parameter; 

= model coefficients defining N; 

= number of storms; 

= potential maximum runoff, inches; 

= precipitation rate, inches. 
hour ' 

= bas"in average daily precipitation for day t, inches; 



p. 
t 

Q 

q 

RAIN6(J) 
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= deep percolation, inches; 

= precipitation falli~g during day t, inches; 

= all natural or applied water at time t, inches;' 

= adjusted daily precipitation for day t, inches; 

= actual storm runoff, inches; 

= overland flow rate inches. , hour' 

= six hour precipitation total for period J, 

inches; 

RF = storm rainfall, inches; 

RI = runoff index; 

R1s = summer runoff inde~; 

R1w = winter runoff index; 

S = total possible precipitation retention when 

Ia > 0, inches; 

S' = potential maximum retention of precipitation 

neglecting la, inches; 

sa,sb,sc = summer model coefficients; 

S1 = season index; 

SMt = soil water status at time t, inches; 

SRO = surface runoff, inches; 

SSEX = sum of squares error for initial model coefficient 

set, inches2; 

SSEY(I) = sum of squares errors for each Y(I), inches2; 
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t = time, days; 

TC i = Thiessen coefficient for nonrecording 

precipitation station i; 

TCr = Thiessen coefficient for the recording precipitation 

station; 

TREAD = hour the 24 hour precipitation total is read; 

UZS = current water in upper zone storage, inches; 

UZSN = nominal upper zone storage, inches; 

wa,wb,wc = winter model coefficients; 

x = mean moisture supply, inches; 

x = moisture supply, inches; 

XCRO(I,J) = computed surface runoff for storm J, initial model 

coefficient I, inches; 

X(I) = initial coefficient value; 

YCRO(I,J) = computed surface runoff for storm J, trial model 

coefficient I, inches; and 

Y(I) = trial coefficient value. 
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TABLE BI STREAM GAZETTEER OF THE MAURY RIVER BASIN (11) 

Drainage Miles 
Stream Name Area Length Elevation Elevation Mouth In Above 

(S9. Mi . ) Miles at Source at Mouth Latitude Longitude County Mouth 

MAURY RIVER 839.30 80.3 3,802 701 37037'25 11 790 26 1 41" Rockbridge 280.8 

Calfpasture 236.87 39.7 3,802 1,325 37°56'57" 79°27 1 36" Rockbridge 40.6 
River 

Ramseys Draft 21.44 12.6 3,860 1,792 38°14'20" 790 20'14" Augusta 30.3 

Hamilton Br. 19.47 9.5 3,320 1,625 38°10'2911 79°24'18 11 Augusta 23.6 

37031 '05 ft 79°29'41" 
-.-I 

Mill Creek 46.03 20.5 2,720 1,390 Rockbridge 4.9 -.-I 

~ 

Bratton ek. 28.86 10.8 2,472 1,368 37°58'09" 79°30 1 15" Rockbridge 3.4 

Guys Run 7.32 5.5 3,250 1,346 37°57'35 11 79°28 1 34" Rockbridge 1.8 

Little 83.06 23.0 3,800 1,325 37°56'57 11 79°27'36 Rockbridge 40.6 
Calfpasture 
River 

Smith Creek 13. 16 6.9 2,940 1,447 38°03'04 11 79°23'36 11 Augusta 10.9 

Cove Run 9.74 5.9 2,520 1,392 38°01 1 13" 790 25 1 58" Rockbridge 7.0 

Hays Creek 80.51 18.8 1,938 1,090 37°53'53" 790 24 1 25" Rockbridge 34.7 

Moffatts Ck. 13.59 9.5 1,925 1 ,370 370 55 1 3111 79°17 1 35" Rockbridge 10.8 

Walker ek. 27.87 10.4 2,081 1 ,137 37°55 1 3211 790 23' 15" Rockbridge 3.3 

CONTINUED 



TABLE BI STREAM GAZETTEER OF THE MAURY RIVER BASIN (11) - CONTINUATION 

Drainage Mil es 
Stream Name Area Length Elevation Elevation Mouth In Above 

(Sq.Mi.2. Miles at Source at Mouth Latitude Longitude Count~ Mouth 

Kerrs Creek 35.50 11 .6 2,460 912 37°48'49" 79°26'31 Rockbridge 22.4 

Mill Creek 10.95 8.5 1,710 885 37°47'23" 79°24'58 11 Rockbridge 18.9 

South River 91.97 17.9 1,600 859 37°46'04 11 79°23 1 04" Rockbridge 15.2 

Saint Marys 15.87 7. 1 3,230 1,600 37°55 1 48 11 79°09'43 11 Augusta 17.9 
River 

--.I ...... 
Irish Creek 26.41 13.5 2,880 1,008 37°48'44 11 79°19 1 03" Rockbridge 5.3 (J'1 

Buffalo Creek 123.66 15.5 1,136 ' 740 37°40'35 11 79°25'35" Rockbridge 4.5 

So. Buffalo 21.26 9.8 1,920 1,136 37°44'2411 79°34' 19" Rockbridge 15.5 
Creek 

No. Buffalo 20.62 7.5 2,156 1,136 37°44'24" 79°34'19" Rockbridge 15.5 
Creek 

Colliers Ck. 36.75 9. 1 3,285 1,060 37°45'23 11 79032'36 11 Rockbridge 12.7 

Broad Creek 12.80 7.4 1,445 880 37°42 1 59" 79°29'11" Rockbridge 5.8 



GAGE NO. GAGE NAME 

195 

255 

205 

215 

225 

240 

Jomes River ot 
Buchonon , Vo. 

Jom~s River ot 
Hole ombs fibclc , Vo. 

Colfpasture River 
above Mill Creek 

Maur y River at 
Rock Bridge Boths 

Kerrs Creel 
neor Lexington, Vo. 

Maury River near 
Buena 

o 
CLIFTON FORGE 

See Table aU 

Figllre B t 
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TABLE BII DESCRIPTION OF STREAM GAGING STATIONS (42) 

DISCHARGE - (cfs) 
Drainage2 Instantaneous 

Gage Location Area {mi. ) Average Peak Min. Daily 

# 0195 Lat. 37031'50" 2084 2431 105,000 202 
James River at Long.79040'45 11 (15.84 1ll) March, 1913 Sept. 1966 
Buchanan, Virginia Botetourt Co. YR 
(Feb.1898 - Sept.1974) Mile 301.2 

# 0255 Lat. 37°30'04" 3259 3551 150,000 223 
James River at Long.79015 1 46" (14.80 ~) Aug. 1969 July 1930 
Holcombs Rock, Va. Bedford County 
(Jan.1900 - Sept.1974) Mile 268.6 

--' 
--' 

# 0205 Lat. 37059'16 11 144 158 
...... 

20,900 0 
Ca1fpasture River above Long.79029'38" (14.90 .!i!) Oct. 1972 Sept. 1959 
Mill Creek at Goshen, Va. Rockbridge Co. . YR 
(Oct.1938 - Sept.1974) 

# 0215 Lat. 37°54'1611 329 362 33,000 5.8 
Maury River at Long.79025'20 11 (14.94 ~~) March 1936 Sept. 1966 
Rockbridge Baths, Va. Rockbridge Co. 
(Oct.1928 - Sept.1974) 

# 0225 Lat. 37°49 1 3211 35 35.6 23,000 4.0 
Kerrs Creek near Long.79026'36 11 (13.70.!!!.) Sept. 1950 Aug. 1932 
Lexington, Virginia Rockbridge Co. YR 
(Oct.1926 - Sept.1974) 

# 0240 Lat. 37°45'45" 646 646 105,000 37 
Maury River near Long.79023'30" (13.58 ~) Aug. 1969 Sept. 1966 
Buena Vista, Va. Rockbridge Co. 
(Oct.1938 - Sept.1974) 



GAGE NO. GAGE NAME 

I 

2 

3 

4 

5 

6 

7 

8 

McDowell 

Craigsville 

Goshen 

Kerrs Creek 

Lexington 

Montebello Fish 

BUl'na V isfa 

Deerfield 

o 
CLIFTON FORGE 

Figure 82 
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TABLE BIll DESCRIPTION OF PRECIPITATION GAGING STATIONS 
IN THE VICINITY OF THE MAURY RIVER BASIN 

Preci pi ta'tion Latitude Type of Period of Observation Thiessen 
Station Longitude Gage Record Time Coefficient 

McDowell 38°20' Non- Jan. 1963 .. 0700 0.09 
# 5414 79°30' Recording Present 

Craigsville 38°05 1 Non- Jan. 1963- 0700 0.23 
# 2064 79°23' Recording Present 

Goshen 37°59 1 Nori- Jan. 1948- 0700 0.19 
# 3470 79°30' Recording Present 

Kerrs Creek 37°51' Non- July 1948- 0700 o. 12 .-I 
.-I 

# 4565 79°32' Recording Present 1..0 

Lexington 37°47 1 Non- July 1948- 1800 0.07 
# 4876 79°26' Recording Present 

Montebello Fish 37°51 1 Recording July 1942- On the Hour 0.09 
Nursery, #5609 79°06' Present 

Buena Vista 37°43' Non- July 1948- 0700 0.06 
# 1159 79°22; Recording Present 

Deerfield 38°10' Non- Aug. 1948- 0800 O. 15 
# 2315 79°22' Recording Present 
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CALFPASTURE RIVER 
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Figure 83 Profile of the Maury River (11) 
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Time - Hours Discharge .. CFS 

0 0 
6 4380 

12 15060 
18 20650 
24 15640 
30 6910 
36 3330 
42 1870 
48 1110 
54 650 
60 360 
66 160 
72 80 
78 30 
84 0 

I 
o 6 12 18 24 30 36 42 48 54 60 66 72 78 84 

TIME (Hours) 
Figure 85 Six Hour Unit Hydrograph for the Maury River Near Buena 

Vista, Virginia (Virginia Division of Water Resources) 
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TABLE BIV DESCRIPTION OF SOIL ASSOCIATIONS (43) 

Delkalb, Weikert, Hayter, Jefferson. This association ;s 
characterized by shallow to deep soils formed in the weathered 
products of sandstone and shale. The drainage patterns are well 
defined. The Delkalb soils have brown to yellowish brown fine 
sandy loam and stony fine sandy loam surface layers and brownish 
yellow fine sandy loam subsoils. The Weikert soils have grayish 
brown loam surface soils where they are present. Hayter soils 
have brown loam surface soils and strong brown fine sandy clay loam 
to clay loam subsoils. The Jefferson soils have brown fine sandy 
loam surface soils and yellowish brown fine sandy clay loam subsoils. 
Inclusion of soils similar to Jefferson with gragipan 30 inches or 
more below the surface are common. Other inclusions are limestone 
soils that range from deep to shallow with silt loam surfaces and 
clay subsoils and colluvial and alluvial soils that range from well 
to poorly drained. 

Frederick, Hagerstown, Berks. This association is characterized 
by deep to moderately deep soils formed in the weathered products of 
limestone and shales with monor inclusions of sandstone. The 
drainage patterns are not well defined due to sinks in the drainage 
ways. The Frederick soils have brownish yellow silt loam surface 
layers and yellowish red to red clay subsoils. The Hagerstown 
soils have reddish brown silt loam surface layers and reddish 
brown to red silty clay loam to clay subsoils. The Berks soils have 
yellowish brown silt 10qm surface layers and brownish yellow silt 
loam to silty clay loam B horizons. There are minor inclusions of 
colluvial and alluvial soils that are well to poorly drained. 

Porters-Chester-Clifton-Famsey Association. This association 
is characterized by moderately deep to very shallow, well drained to 
excessively well drained soils on the Blue Ridge Mountains. The 
topography is mostly steep to very steep, with some sloping and 
moderately steep relief on the mountaintops and in the hollows. 
Parent material includes granite, granodiorite, greenstone, and 
quartzite. The drainage patterns are well defined. Most of the 
surface soils are brown stony loams to stony silt loams. Subsoils, 
where present, are brown to reddish brown light clay loams. Most 
of these soils are stony types. There are many areas of stony land 
and rocky land. There are minor areas of Tusquitee soils and stony 
colluvium in the hollows. 
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TABLE C1 CURVE NUMBERS FOR HYDROLOGIC SOIL-COVER COMPLEXES (45) 

(Antecedent moisture condition II, and Ia = 0.2 S) 

Cover H~drologic soil grouQ 
Land Use Treatment Hydrologic A B C 0 

or practice condition 

Fallow Stra i.ght Row 77 86 91 94 

Row Crops Straight Row Poor 72 81 88 91 
II Good 67 78 85 89 

Contoured Poor 70 79 84 88 
II Good 65 75 82 86 
.. and terraced Poor 66 74 80 82 
II tI It Good 62 71 78 81 

Small Grain Straight Row Poor 65 76 84 88 
It Good 63 75 83 87 

Contoured Poor 63 74 82 85 
II Good 61 73 81 84 
It and terraced Poor 61 72 79 82 
tI II u Good 59 70 78 81 

Close-seeded Straight Row Poor 66 77 85 89 
legumes* II Good 58 72 81 85 
or Contoured Poor 64 75 83 85 

rotation u Good 55 69 78 83 
meadow 11 and terraced Poor 63 73 80 83 

II \I II Good 51 67 76 80 

Pasture Poor 68 79 86 89 
or range Fair 49 69 79 84 

Good 39 61 74 80 
Contoured Poor 47 67 81 88 

II Fair 25 59 75 83 
II Good 6 35 70 79 

Meadow Go.od 30 58 71 78 

Woods Poor 45 66 77 83 
Fair 36 60 73 79 
Good 25 55 70 77 

Farmsteads 59 74 82 B6 

Roads (dirt)t 72 82 B7 B9 
(hard surface)t 74 84 90 92 

* Close-drilled or broadcast. 
t Including right-of-way. 
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TABLE Clr CURVE NUMBER CONVERSION TAaLE FOR ANTECEDENT 
MOISTURE CONotTtONS (45) 

1 2 3 4 5 
Curve Starts· 

CN for Condi,'tion eN for Conditions S Values* Where P = 
II l III CinchesJ (inches) 

laO 100 100 0,,00 0.00 
95 87 98 .53 , 11 
90 78 96 1 . , 1 .22 

85 70 94 1.76 .35 
80 63 91 2,50 .50 
75 57 88 3.33 .67 

70 51 85 4.28 .86 
65 45 82 5.38 1.08 
60 40 78 6.67 1.33 

55 35 74 8. 18 1.64 
50 31 70 10.00 2.00 
45 26 65 12.20 2.44 

40 22 60 15.00 3.00 
35 18 55 18.60 3.72 
30 15 50 23.30 4.66 

25 12 43 30.00 6.00 
20 9 37 40.00 8.00 
15 6 30 56.70 11.34 

10 4 22 90.00 18.00 
5 2 13 190.00 38.00 
0 0 0 Infinity Infinity 

* For eN in Column 1. 
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J t~ C r: ;<.; T I U E 
t .. S R CL= ;\ S Q + ( ({ r { I ) X ( 5 ) .. ,b F, I ~:'''~ X ( S ) } -;: ~, ( 1 .. I J\ 1. 5 ) ) - t~ I - t, S C ( I J ) 

(. ~';:2 

C: 111 J=1,5 
OX(J}=J)lJ)~XIJ) 

Y(Jl.::: X(J)+LX{J} 
1 1 1.... T If'; U E 

R I { 1 ) = x { 3 ) + ( Y { 1 ) +;< ( .:;.: ) ~:' S ! ) X p ( - x ( 2 ) ~;: ;:, p 1 ( I ) ) 
I (2. } = x ( 3 ) i· , X ( 1 ) + x { 4 ) ". ~ r j x P { - v ( .:. } 7:~ P I { I ) ) 
I (,3 } = y { ~, } + { x ( 1 ) + {'i};~ S I} L X P { -;: ( 2 ) I { I } ) 

1'; r- S R' i ~ i {' I, ~ ( F 1 5 • :; 1 F 1 _. ) 
r; I {,+) = x ( ) 1- ( X { i ) t Y { ·'t 1 5 I ) ;, £. X? { - x ( 2 ) 0 :L ( I ) } 

I ( .:) ) -= x { )t· ( A { 1 } + x ( t} S i ) ~. r: X { - >'; ( ? ) ',- C I ( 1 ) ) 
K CS=!\~·CJS 

C" 112 K=1,4 

........ 
W 
N 



c t,· { I--:"} X { ) j 

112 C"'\ T I U:': 
( j=y(S) 

o 1i::: J=l,-j 
( ;: I ( J ) • L [ • ,,~ .} G T 1 13 1 

GJ TO 11.3L 
1 13 1 C::=;\ T [ ;,~ U t: 

'3;' ~ ,',' T ( 'G t ,J I < (": i: ==~. J = t, I it f' X { 1 ):;. ., f- 1= • :3,' (4.) = I, F 1 ) .5,' S'1= 'fF :5 • 2 , 
£..', 5.2,' I{J)==',cIJ.=~,' (J):::: ·,14,' 1= ',!) 

?I{J}:::: IS T 

1132 C ru~u 
1:: ;:. .] ..;.~ T {J ~ I { , t I 4 , • ) :::: , , Fl. ) 

S F~-J { J j ( :'( f ( i i ~: ::'~ ~: ( J ) + J ( J) ;:~ C '\ { J ) } :. ~, ( 1 • I ( J ) ) - C' i \ J , 
E R .-' ( J J = l {S') (J) - ~ S l I ) } } ~: ~: 2 
TOT~ (J)= E- CR{J)I ~CS+rCTtR(J) 

113 C TI1\,UE 
11 T I i,;U E 

~ R I T c ( u ,lIt) X ( 1 ) , y ( 1 ) , X ( 2 ) , Y ( .2 , t X ( ), Y ( 7; }, X ( !t ) , Y ( 4 ), X ( 5 J , Y ( 5 ) 
AS;":,C::::~SRGIF:i\ S 

c 
C E V ,0 L U 1.\ T I D\J F I 1\ C ('.; E- ;\ T D V t. L iJ S ( Ace :" p!\ 1:', 1 S I u .'J 0 FER K:J '), S ( & C H·~ i'J G E S 0 FIN C 
C 

CC 22 J=1,5 
I :::: ( ,!;. 5 ~ ( !, S ) .. G T • 5 ( Tel E ' ( ,..I ) » X ( J ) :::: Y ( J ) 
I~{~GS'4SRJ).LT. 8S{TCT (JIl) GO Te 221 
GC TO i.. 2 

221 CCt:T I lJ 
J (J) -OC(J) 
IF-=F(J)-=IFf(J)+l 

I F ( 1 F F ( J ) • G c .? } D ( J ) = C • 5 ~: 0 0 ( J ) 
IF(IFF(JJ.G:.2} IF (J)= 

.2 2 2 t: ':';\ T I ~: U ;: 

....... 
w 
w 



c 
c 

2 2 C ;j r'~ T Hi U E 
Il.=Il+l 

:1') i:C:::\iAT(- s:;~d:-~P?;+ i:'E i\(. IrE ,jT1C;'JS i:XC[::EDED:~ :.<1>;u ALL-J',\cD' 
&, r EXtCUTIC1\ Te: "I \Tf:D') 

CG 225 I=l,.J 
22 5 ,:J? 1 T E ( e , 5.J) I L , I , ~ { I j , Y ( I ) , T [, 1 t R ( 1 ) , I: C ( I ) ,,:\ S ;~ C 

IF (Il .GT. IZ AX) ~C Te 3002 
I\: = I) 

DC 33 J=l,:5 
IF'~dSICX(J)IY{JJ).lT. J.Ol ) GG Ie 331 

GC T 3:)2 
331 CGi\TINUE 

f~=N+ 1 
CC(J)=O. 

33 2 ( C N T Ii\! U E: 
If(~.GE.5) GC Te 2000 

33 crH~T IN U 

) . l n ,­
'- .v"-' V 

GG TO 1 J '~ 

C t~ TIL E-
ff: F. I T {0 t :; 1 } ( ;. ( J j ,J 1, ':> ) 

~.:.. 1 F C F: ,~. T ( • ;::: I ,. ;:. I ;\ 1\ L v f~ llJ c S G F t,~,CyC, ,~ES?~CTI~:lY 

c=:v LUt'-TIrf~ l- r=l .~l \//iLUE:S CC ~f2,C,C,N 
:.; E 1 T t: ( 2; r 6 j 

f,.?~l .3) 

6 C F C P ;~ T ( fit " S T r '7 f\ ,:::: • ' r S X , t,<::: "", 5 X f' PI', 5 X , t -:;; i \ J ,5 x. tee:' D U T t. 0 
E>dJ F F J , :J X, ' '\ C T t: L LL' ' F f,:> x 1 '':. C - C ' , ' CAe -: f) I.'] DC') 
&1~DG-SR[ll AI") 

7 OJ j';'-i PI ( r 5 , T 1 7 , 1 ~ t T '2 ,_, , F 5 • ? ,T It ,F • 2, f 4 ': t F j • ;: ,T (~,:= • 2 , 
f" T;) ,F [] • 3, .,. t' ,'3;= 7 • 3 , F 1 c: •. ~ , 

SSc=J. 
t~_ t.--! =;J • 

i" 5 T =: • 

--' 
W 
-f!:'a 
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r.~_ 

.x 
:11 
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1-4 

rr: 
.. ::r 
I --tf'\ -X. 

" 

-LD 

x 

V' 
C) 
~< 
Lf 

""" u., (\j 

f( 1(, , .'~ 

VI 
C] ...... 
.2:. (j 

" <f 

<J 

+ I- VJ (':. 
V'I V': f') :'.::" VI 

>< \.l 
.j., '.'J 

I I . l :~ . 

" V) -j' 

"-
.. .< ,') ~J' 

x 
'" .,(, I.L 

VJ 

" 
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(( ( .... J 
1./') ....... 

-1. : . .') (/1 ,",'" 
".'1 

...-4 1-1 • N i') ~..... lL ....... ( .. ) <J, <1 ~l: + C) 
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..:J C") .......;:; I- V) 1-1 .-:-.J ry', cr: 'X V') I,,, .... 1. U I tL r~) ,,~j 

.. 'X 

U V) 

o 

1.1. Lt,' 
LL 
l.J .. 1: 

+ r- ...... '\.) 
t- U! ((' (""; (~,\ 

V'::J .. 
:;.~ 7 ...0 -0 '>01) 

,,-_ I U <r ..... n:: 4, V) I. .... ) ',c. II II t_l (/j :.1_ <C '-.) 
" .-I 0 In 

LL II II .~ 
'...l, "'-J I-l 
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-' ;~~ r::C f~l ....... L t:Y' ,/) <1 t_l :'-21 l'" I.L) LI_ t Lj ~ 

I- I.;' !! U 

-" 1--. r'~ ....... 
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n 1 r- C~ '1 A T { I h V r;y (~G ~ V i~ l U E C F (p ~ : - c ~ c ) / 0, A I \: , , F 6 • 3 ) 
K 'ot S T ~ = R S T I ;'\j S 
~~ITE(6,8:J ~ST~ 

~, 1T[( c,S3) S~C 

93 CR;'IAT(' SUi" CF- (,!'lr~c-s C):-:~, /,,::.l~ -= ·,F-l,_.(t) 
Vi~' I T E ( 6 f 8 a ) I r~ I 

3 <3 FOR .1'1 ;l T ( , f·'l C. ;.~ F T i i" S to:: 1 ~'J lJ SSE T T '=:' ,~, I S t T:::: " 16 ) 
€ C F G P ;·LG T ( , t, V :: ~",:::.{; <: \I l u E ( F J\ l~ 5 { ~ r c - C"' C } = I, f {; • :; ) 
5 v G p, ;·1 Ii T ( I 4 , 1.3 , 14 X , f ,; • j , :.3 X , Ft. 3 ,4 X ,r • 3 ,.~ x , f ~1 • j , 3){, ~'J • 3 
4 0 F Q :"'1 ~ T ( • J I " I i I I ,1 7 :< , • x ( I ) , , 7 X, 'Y ( 1 ) I, X,, T':: T - r:, ( I ) f, ~,<,' D 0 ( I ) J 

[.,9X,':~S C'} 
CALL CCRREl 
wRITf(c,Sl} 
~'l R I T E ( b , 9 2 ) 

91 F':'? ATt'u',' 
9 2 F r; -i A T ( t L 

DO ,1-4 J=1, 2J 
ClZ=Cl 
1)1=02-0.1 
1 CCUhIT=O 

[R=:J. 
C G 4 -t 1 I:: 1 , i\ ~J S 

D J S T ;.:' I 'j L T I :-;~ C F E i: C g S ••• E F 
, L 1 r~ I T U P P.< lId I T 

I F ( f~, (I). LT. C Z J G :::: T L1-t 1 
I f ( E :< :~ ( I ) • (2 • 0 i... L ):; ,_, T l~ ·i 'i 1 
ICCLJ'~T=ICCU;,T+l 

PE =ICCL~T~100./~ ~S 

!t41 C[;:\lTI!~UE 

5 f G R:1 ~ T ( r= t 1., ,F 1 :: • L , I 1 1 , F 1 1 • 1 ) 
"r" I T = ( 6 , ? 5) 0 L, Z Z , i C l v'.n', P F 

c ~:;:::: ( A ~ C - C ::; 'J ) I ~'\ /\ I :~ I ) 

f"C. P .:;:.C~~~T AGE 

(. r= C :.:! A T ( • t" V:': ! G:= v ~1 l U eft, 'i S ( { ,~c C -: C) I !:, I , , F 1'-; • j ) 

.-t 4 C ~.= TIN U E 
C 7 r C ',J T ( • .: I " :::: c ,~ :". :: L Y SIS • ) 

t ) .-I 

W 
Ol 



,.. 
L 

c 
c 

IS~T=P',IS T+J.l 
I F ( I ~ I • l L. • --:) G :-; T :j -,) J i 

3 J 0 ;: C 1\ T i j l..-

e T 5']C1 
3)J2. :>=\;TI~Ju:: 

v~ :;;. IT:: ( 6 ,3:) ) 
3 J,) 1 C . T I' J U :: 

ct>C!5,iJ);' S,(>:!I},I=l,;;;i 
L·='.IT:::< ,7C ... 2.)( (l),l=l,:)) 

7 _ 2. r= ...' '\ T { J 1 r , ",~ 

tJ c:; 7 l. 3 I = 1 , S 
eJ{I}= J D(I) 

7 J J j S C Ii TIl'; U E 
r; Ti 7JJJ 

S T -I) 
E~C 

: .; ':. '/' I T I !:, L V l L E: S C t= t, t , C , -:; f i\ 

SU2.RJLT i f\ Te ~ALCUL1T~ SE~SC~AL I\OEX 

SL r;',JL11 s U:' S n. ( I ) 
CJY~~ 18LK1I SI,I~\(140),SISET 
~~=I~N'Il 

IF(I \(I)-11}lJ,1~,2G 
10 CCNTI~U~ 

Si=S152T 
GC Te 11 

20 C'J,; T I \U 
I F { I.~ ;'~ ( I ) -...: 7 ) 3 j ,".) ~ , ~ ~ 

3C CCi\T I L 
i"i= {l .- S r Sf T} /10. 
3=1.-\~~2.7 • 
S r ;.~ ~.; f\ + H 

= f,:5 F 1 ) • It ) 
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UNHY: P~OCEOUR~ GPTICNS '~AIN); 

1* PKCGH.A>1 TU C1NPUTE CISCHt,?G hYD OGDAPhS =""1 
OEClARE(K,M,I,J,Kl,K2,Jl,J2 ,N,ZCnU~T )DECIMAL,FlO~T; 

DECL'~RE{8.~SrN) CH4Ri\CTER(8'); 
OEClARE(NAME{9») CHA~AcrER(40)~ 
DEC L ARE R A I N ( 245) I NIT 11\ l { (24 5 ) :: ) ; 

DECLARE RAIN6(150J INITIAL «150)S); 
DECLARE(NOS,LAG, RISET,COUNT,APIMAX, 

10(9), CT(9), ALL(9J,TBASE,T3ASE6,UH(3C},API(25G),TREAO(9), 
TSTO~M, WK, HOURS,HSTCRM,PQ~CIP(q,?5),HRAIN(2,48J},X(5), 

ce, rOTAL,Rt,SI,SRC,CPTl,T,QH(85), BASEQ,l 
)flGAT; 

SU1SI~~: P OCEDURE(wKN,SII}; 
JY,~ SUgRDUTINE Til Cf\lC.ULl\TE SE~\SG~.-\l I~;Of::X*1 

DECLARE(WKN,SII,SISET,B,~,Cl )FlOAT; 
SISET=-i.O ; 
IF WKN<=ll.O THEN SII=SISET; 
ELSE IF WKN<=27.0 THEN GO TO 51; 
ELSE IF WKN(=42.0 THEN 511=1.0; 
ELSE GO TO 52; 

GO TO S4; 
S1: M=(1.-5ISET)/16.0; 
B=1.-M*27.; 
GO TO S3; 

52: M=(SISET-l.l/11. 
B=1.-~1*42. ; 

S 3: S I I -= ~~ * ~'4 K N + B j 
54: RETURN; 
END SUBSIN; 

J* *1 
(SUBSCRIPTRAN ): 

HGRAPH: PROCEDURE( Il,EXCESS}; 

-..II 

,.&::::I. 
-..II 



1 * S U3 R 0 ur I NET 0 :~U l TIP l Y UN I THY DR C G RAP H 0 R. [J I N /.\ T f S R Y 6 H kIN eRE :-1 E N TAL 
PRECIPITATION TO 03TAIN DISCHA~GE ~YDROGRAPH*I 

1* *1 
OEClA~E(EXC[SStll )FlCAT; 

OECLARE( I?,II,IJ )FIXfD BINARY; 
11-=11; 

12-=Il-1.+TBASE6; 
H2: no IJ-=l TO TBASE6; 
ON SUBSCRIPTRANGE PUT DATA ( II,I2,IJ); 

QH(II1=QH(lI)+UH(IJ)*EXCE5S; 
IF II>=B~. THEN GO TO 52; 
11=11+1; 
END H2; 

1* IF TRAFEL TI~E fPOM GAGE TO MOUTH )3HR LAG BY 6 HOURS *1 
IF 11<=1. THEN GO TO $1; 

GO TO S2; 
51: IF lAG(3.0 THEN GO TO 52; 
l3: DO 11-=12 BY -1 TO II; 
QH(II+I)=QH(II); 

END L3; 
S 2: q E T U R r, ; 

eND HGRhPH; 
1* *1 

AI: PUT PAGE; 
T=O. ; 

OPTl=1; 
DPTl=O ; 

lCDUNT=O; 
N=O; 

RISET=O.3 
I ,'f. I N PUT ';' I 

. 
~ 

1* B~SIN PARAMETERS *1 

..... 
~ 
N 



GET EDIT(8ASIN)(A(SO)); 
PUT EDIT(BASIN)(A(3C»; 
GET LIST(NCS,LAG,APIMAX ); 
PUT SKIP; 
PUT EOIT{NJS,lAG,APIMAX )(F(3),F(S,1),F(S,Z) 
GE T LIS T ( ( X ( I) 0 C 1=1 TO 5»; 
PUT SKIP; 
PUT EDIT{(X(I) DO 1=1 TO S»(SF(6,Z»); 
GET llST(TBl~SE); 

PUT SKIP; 
PUT EDIT(TBASE)(F(S)); 
TB~SE6=TRASE/6. ; 
GET DIT«UH{I) DO 1=1 TOTBASE6» 

(COLUM~(1),20 F(8,Q»); 
PUT SKIP; 
PUT EOIT«UH(Il DO 1=1 TO TBASF6))(lOF(S,Ol); 

*1 
1* METEOROLOGIC CCNDITICNS *1 
GET LIST(API(ll,TSTGRM,Z,WK}; 
PUT SKIP; 
PUT ED I r LAP 1 ( 1 ) t T S TOR r"", Z ,WK) (F ( 5,2) , F (4) , F ( 5,2) , F ( 3 ) ) ; 
GET lIST (8AS l; 
PUT SKIP; 
PUT EDIT (8ASEQ)(F(7»; 
HOURS=TSTOR~*24.; 

HSr'JRfvj=HOURS/6. ; 
l2: 00 I=lTC NOS; 
GE TED I T {N 1\ \1 E ( I ) tID ( I ) ., C T ( I 1 , :\ II ( 1 ) t T REA 0 ( I J ) 
(COLUMN{1),A(40J,F(6),2 F(S,2),F(S») ; 
PUT E iJ I T (t\ A r-' E ( I) , lot I ) t C T ( I ) ., .~ L L ( I ), T REA n ( I ) ) 
(CnlUMN(I},A(4C),f(6),2 F{S,2),F(S») ; 

IF IC{I)(O. THEN GO TO L21: 

) ; 

....... 

..r::.. w 



GO TO l22; 
1* L21 IS FOR DAILY PRECIP STATICNS*I 
L21: GET EOIT{(PRECIP(ItJ) 00 J=l TO TSTORM» 

(COLUMN(l), 12 F{6,2)} ; 
PUT SKIP; 

PUT EDIT{(PRECIP(I,J} DC J=l TO TSTORM» 
(COLU~N(l), 12 F(6,2) ; 

GO TO L23; 
1* HOURLY PRECIP STATTONS*I 
l22: N=N+l ; 

GET EDIT({HRAIN(N,J) DC J=l TC HOURS») 
(COLUMN{l), 12 F(6,2») ; 

1* *1 
PUT SKIP; 

PUT EOIT(IHRAIN(N,J) DC J=l TO HOURS») 
(COLU~N(l), 12 F(6,Z» ; 

l23: END L2; 
1* CALCUlATICN OF AVE 6 HOURLY BASIN PRCCIP*I 

QH=BASEQ; 
L3: 00 J=l TO TSTORM; 
cc=o. 

Kl=J*4-3; 
K2=J":4; 
Jl=J*24-22-1; 
J2=J*24; 

. , 

l31: DO 1= 1 Te NOS; 
N=I-7; 

IF 10(1»0. THEN GO TO l4L; 
ELSE IF PRECIP{I,J)=99.<J<) THEN ((=C(+CT(I); 

ElS~ GO Tn L310; 
GO TO LS; 

1* Tl~}E OISTRI(,UTIT ION ,\DJUSTFfNT FfJR Sf AT IO~lS Nr'iT PEf:..JP..JG .,\T 

--/. 

,.J::I. 
~ 



2400 HOU~S *1 
l310: IF J = TSTORM THEN GO TO l311; 

PR Eel P ( I ,J 1 = {P RE C I P ( I , J +-1 ) * (2~'J • - T REA n ( I ) ) + P H EC I P ( I , J ) ~~ T REA 0 ( I ) ) I 
2400.; 

GO TO l312; 
l311: PRECIP(I,J)=PRECIP{I,JJ*TREAD(I)/240G.; 

L312: RAIN(JJ=RAIN(J)+CT(I)*PRECIP{I,J); 
GO TO l5; 
I ~::. R 0 UTI NET 0 c..\ leu l ATE 611 h • INC R [ ;-1 E :"J TAL R A I N F'" II f- R C :'-1 H;] U R l Y R A I \l 0 A T A 

*1 
L41: DO K=Jl T[ J2; 

IF HRAIN(N,KJ=99.99 THEN HPAI1~(N,K)=t.LL(I)/(24.); 

END l41; 
l42: DO K=Kl TO K2; 
M=K~6.-5. ; 
RAIN6(K)=RAIN6(K)+(hRAIN(N,M)+HP~IN(N,M+1)+HRAIN(N,M+2)+HRAIN{~t 

M+3)+HRAIN(N,M+4)tHRAIN(N,M+5))*CT(I); 
END l42; 
l5: END l31; 
RAIN(J)=RAIN(J)*tl.+CC); 
TOTAl=RAIN6(Kl)+RAIN6(Kl+l)+RAIN6(Kl+Z)+RAIN6{Kl); 
l6: DO K=Kl TO K2; 
IF TOTAL<=O. THEN GO TO l61; 

RAIN6(K)= RAIN6(K)*(1.+1.1 T~TAL*~AIN(J)J; 
L61:IF(RAIN(J) )O.,&(RAIN6(K)=O.) TPfN R~lN6(K)=RAIN(J)/4.; 

END l3; 
1* TO BE RE~1CVE 0 *1 
1* OUTPUT OF RAINo *1 
PUT SKIP; 
PUT LIST" 6 HQUR INCRE,\1ENTAl PRECIPITATION 't; 
PUT SKIP; 
pur LI STI' TIME IN HOU?S X 6 Rl\l~~ (IN)'); 

--' 
.;:.. 
c.n 



Ill: 00 K=lTO K2; 
PUT EDIT (K,RAIN6(K» COL ( 1 ) , F ( 1, J ) , X ( 17), F ( 10,4) ) ; 

END ZZl; 
1* TO BE REMOVED *1 
PUT PAGE; 
PUT LIST(' OUT PUT OF RESULTS ~rJO ASSORTED GOODIES'); 
PUT SKIP; 
PUT LIST(' TIME{6HRt 6HR RAIN(IN) API(IN) 

RI SRO(lN)'); 

*1 
1* COMPUTE RUNOFF 

COUNT=O.; 
CALL SUBSIN(WK,SI); 
L7: 00 J=l TO K2; 
COUNT-=CDUNT +1; 
API(J+ll=API(J)*l**O.2StRAIN6(J); 

IF COUNT <28 THEN GO TO L73; 
CCUNT=O.; 
hK=WK+l; 

IF WK>S2 ThEN WK=l; 
CALL SLBSIN(WK,SI); 
l70: PI=X(3J+(Xl1)+X(4)*SIJ*EX D (-X{2) API(J»; 
IF RI<=O. THEN GO TO L72; 
ELSE GO TO l73; 
L72: PUT EOITC' RI<=O FOR J == ·,J)(.l\,f(S»)(' 

C' RI = ',RI)( A,F(lJ,2»; 
RI .= gTSET; 

L73:SRQ==(?AIN6(Jl**X(S)+RI**X(5)* (l./X{S»)-RI; 
If API{J) )= l\PU~~,X THEN SRO .= RAIN6(J); 

IF SRO<O. THEf'J SRO=O.; 
PUT SKIP; 

51= ',SI}{A,F(5,2») 

PUT EOIT(J,RAI~6(J),APl(JJ,_RI,SqO) (F(SJ,2F(20,2',2 (15,2»); 

-..J=::a a-



CALL HGRAPH{J,SRO); 
IF OPTl=.l THEN GO fO L1l; 
GC TO La; 

L7l: PUT SKIP; 
PUT EDIT" INCREMENTAL HYDRCJGRA?H, T!~"E = " J,' ~;:o HOURS') 

(A,F(4), ,1\); 
PUT SKIP; 
PU T LIS T (I T I :,,1 E (6HK) Q ( Cf 5) • ) ; 
PUT EDIT«(I,QHII) DC 1=1 TO HSTORM» 
(COL{I), F{S),E{20,'t))j 
L8: END L1; 
1* OLT PUT *1 
PUT SKIP'S); 

PUT EDIT{' FINAL HYDROGRAPH FOR ',BASIN)(A,~(80}); 

PUT SKIP; 
PUT LIST(' Tli-1E (HOURS) CISCli;t\RGE (CFS)'); 

T =0.; 
19: DO 1=1 TO HSTORM ; 
PUT EDIT{T,QH(I}) { COl(1),F(1~),F(2C)J; 
T=T+6.; 
END 19; 
GO TO Al; 
END UNHY; 

..... 

.j::::l 

....... 



TABLE E1 DAILY PRECIPITATION FOR AUGUST 1969 STORM (inches) 

Date in August 1969 
Station 13 14 15 16 17 18 19 20 21 22 23 24 

Buena Vista 0.00 0.01 0.00 0.36 1 .36 0.00 1.48 4.00 0.00 0.00 0.00 0.00 

Craigsville 0.00 0.00 0.06 0.50 0.62 0,06 0.67 3.02 0.00 0.00 0.00 0.00 

Deerfield 0.00 0.01 0.03 0.58 0.68 0.06 0.40 2.00 0.00 0.00 0.00 0.00 

Goshen 0.00 0.00 0.01 0.10 0.48 0.18 0.73 6.14 0.00 0.00 0.00 0.00 

Kerrs Creek 0.00 0.00 0.00 0~33 0,57 0.00 0.92 6.87 0.00 0.00 0.00 0.00 
...... 

Lexington 0.00 0.01 O. 17 1 ! 13 0,00 0.70 0.02 4.95 0.00 0.00 0.00 0.00 
-+==-co 

McDowell 0.00 0.00 0.00 O~08 0.61 0.18 0.02 1.80 0.00 0.00 0.00 0.00 



TABLE Ell HOURLY PRECIPITATION FOR MONTEBELLO FISH NURSERY FOR AUGUST 1969 STORM 

Date Time 
August 
1969 1 2 3 4 5 6 7 8 9 10 11 12 

13 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

14 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.01 0.00 
p.m. 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0,00 0.00 0.00 0.00 

--' 

16 a.m. 0.46 0.05 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.02 0.08 0.49 ~ 
'-0 

p.m. O. 11 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 

17 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

18 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.95 0.41 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

19 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0,00 0.95 0.98 1 .01 1 .03 1,06 1 .02 

20 a.m. 1 .02 1.06 0.95 0.56 0.59 0.70 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 

21 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CONTINUED 



TABLE Ell HOURLY PRECIPITATION FOR MONTEBELLO FISH NURSERY FOR AUGUST 1969 STORM - CONTINUED 

Date Time 
August 

1969 1 2 3 4 5 6 7 8 9 10 11 12 

22 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

23 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

24 a.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
p.m. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

--' 
(J1 

0 
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TABLE EIII DISCHARGE FOR MAURY RIVER NEAR BUENA VISTA 
FOR AUGUST 1969 STORM (48) 

Time Discharge Time Discharge Time Discharge 

Aug. 18 Aug. 20 Aug. 22 

0300 1,170 0300 55,000 1200 2,420 
0600 1,080 0600 87,000 2400 1,660 
0900 935 0900 105,000 Mean 2,510 
1200 877 1200 79,000 
1500 846 1500 59,000 Aug. 23 
1600 922 1800 28,000 
1630 1,230 2100 20,400 1200 1,360 
1700 1,840 2400 14,200 2400 1 ,070 
1730 3,370 Mean 56,000 Mean 1,360 

--' 1800 5,640 (J1 

1830 5,790 Aug. 21 Aug. 24 w 

1900 4,960 
2000 3,570 0300 10,500 1200 1,000 
2200 2,850 0600 8,300 2400 968 
2400 2,730 0900 6,790 Mean 1,010 

Mean 1 ,720 1200 5,710 
1500 5,010 Aug. 25 

Aug. 19 1800 4,620 
2100 4,000 1200 935 

0300 3,310 2400 3,530 2400 810 
0600 3,880 Mean 6,060 Mean 912 
0900 4,880 
1200 6,010 Aug. 26 
1500 7,950 
1800 10,100 1200 782 
2100 13,400 2400 754 
2400 20,400 Mean 782 

Mean 8,740 
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APPLI,CATI:ON OF A RAINFALL .. ·RUNOFF MODEL 

TO THE MAURY RIVER BASIN IN VIRGINIA 

by 

Thomas Mayfield Slaydon 

(ABSTRACT) 

Several rainfall-runoff models were investigated in order to 

select a precipitation excess generator for an implicit flood routing 

scheme for the James River. The Maury River basin was chosen for 

testing the model. Because of ease of application and data 

requirements,an antecedent precipitation index type of model was 

selected. 

The model utilizes two equations to predict total storm runoff 

from storm and lumped basin parameters. Five coefficients describe 

the basin's hydrologic behavior and the storm parameters include 

precipitation, API, and week number. 

Calibration was performed by optimizing the basin coefficients 

by the method of steepest descent. After minor modification the 

model was utilized to predict six hourly incremental runoff. By 

applying unit hydrograph theory, a streamflow hydrograph was computed. 

The model was tested for the August 1969 flood. Agreement between 

computed and observed hydrographs was good with regard to the magnitude 

of the peak flows and the overall timing, but the computed runoff 

volume was considerably greater than the observed volume. 


