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iriDROGRAPH SIMULATION HODELS OF niE HILLSBOROUGH AND ALAFIA 

RIVERS , FLORIDA: A PRELUiiNARY REPORT 

By 

James F. Turner, Jr. 

ABSTRACT 

Mathematical (digital) models that simulate flood hydrographs from 

rainfall records have been developed for the following gaging stations 

in the Hillsborough and Alafia River basins of west-central Florida: 

Hillsborough River near Tampa, Alafia River at Lithia, and North Prong 

Alafia Rive~ near Keysville. These models, which were developed from 

historical streamflow and rainfall records, are based on rainfall-runoff 

and unit-hydrograph procedures involving an arbitrary separation of the 

flood hydrograph. These models assume the flood hydrograph to be 

composed of only two flow components, direct (storm) runoff, and base 

flow. Expressions describing these two flow components are derived 

from streamflow and rainfall records and are combined analytically to 

form algorithms (models), which are programmed for processing on a 

digital computing system. 

Most Hillsborough and Alafia River flood discharges can be simulated 

with expected relative errors less than or equal to 30 percent and flood 

peaks can be simulated with average relative errors less than 15 percent. 

Because of the inadequate rainfall network that is used in obtaining 

input data for the North Prong Alafia River model, simulated peaks are 

frequently in error by more than 40 percent, particularly for storms 

having highly variable areal rainfall distribution. 
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Simulation errors are the result of rainfall sample errors and, to 

a lesser extent, model inadequacy. Data errors associated with the 

determination of mean basin precipitation are the result of the small 

number and poor areal distribution of rainfall stations available for 

use in the study. Model inadequacy, however, is attributed to the basic 

underlying theory, particularly the rainfall-runoff relation. 

These models broaden and enhance existing water-management capabilities 

within these basins by allowing the establishment and implementation of 

programs providing for continued development in these areas. Specifically, 

the models serve not only aa a basis for forecasting floods, but also for 

stmulating hydrologic information needed in flood-plain mapping and 

delineating and evaluating alternative flood control and abatement plans. 
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INTRODUCTION 

Serious water-management problems are being caused by flood-plain 

development in the Hillsborough and Alafia River basins. Encroachment 

by urban development of the flood-prone areas has greatly increased in 

recent years. 

Large-scale flooding in these areas has not occurred since 1960. 

Conseouently, construction of waterfront homes on the flood plain has 

become commonplace, particularly along the lower reach of the Hills

borough River in the large urban area of northeast Tampa and Temple 

Terrace. Large-scale encroachment of urban developments on low-lying 

areas of the Alafia River basin have been mintmal, although numerous 

agricultural developments and small residential sub-divisions and trailer 

parks are appearing on the flood plain. Prevention of floods in these 

areas would allow development to continue safely. Interim measures 

include r:oo~-plain zoning and early flood warning. The Southwest 

Florida Water Management District has long recognized the need to be 

able to predict reliably the flow of these streams under various hydro

logic conditions and in 1968 entered into a cooperative study with the 

u. s. Geological Survey to develop flow simulation models for these 

basins. 

Flood-control measures for the Hillsborough River have been proposed 

by the U. s. Corps of Engineers and are described in their report, 

Comprehensive report on four river basins, Florida, 1961. They propose 

the construction of numerous flood-retention reservoirs on many head

water tributaries, and a by-pass canal. The by-pass canal would divert 
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a significant part of flood water from the Hillsborough River to Tampa 

Bay, thereby preventing flooding of the Tampa-Temple Terrace area except 

under most extreme conditions. Additional drair.eige improvements are 

also proposed for the upper reaches of the basin. 

To aid in the e·: aluu:ion of the effects of these proposed flood

control structures, re :i. iable streamflow infonnation is needed, especiall :: 

the magnitude and frequency of floods. Because streamflow records are 

not available for most of the proposed reservoir sites, flow stmulation 

methods would be usefu l in deriving streamflow in formation that could 

be used in pxeconstruction evaluations. 

Flooding of the Alafia River ·. ·:sin has not caused the same kinds 

of problems that exist in the Hillsborough River basin. Nonetheless, 

reliable streamflow information for the Alafia River basin will assist 

in the orderly development of that basin. 

The objective of the investigation is to develop mathematical models 

that simulate segments of the streamflow hydrograph. Stmulated streamflow 

discharges will be used in evaluating and implementing flood control 

and abatement programs within these basins. Simulated streamflow 

discharges will also be useful in flood-frequency and flood-routing 

s tudies associated with the development of flood maps in both basins. 
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Model development covers two distinct phases in the project. 

During the first phase, computer models that simulate just the flood 

hydrograph were developed for 1 gaging station in the Hillsborough 

River basin and 2 gaging stations in the Alafia River basin. These pre-

l~inary flood prediction models, which are based on unit-hydrograph 

and rainfall-runoff procedures, are described in the following sections 

of this report. 

To expand and improve the flow simulation (prediction) capability 

on the Hillsborough River, the second phase of the investigation pri-

marily involves development of a hydrologic model of the entire basin 

and application of this basin-wide model in: (1) flood forecasting; (2) 

evaluating alternative flood-control measures; and (3) flood plain 

delineation and flood-mapping studies. This basin-wide hydrologic model 

will incorporate subbasin models developed at selec~ed gaged points on 

all main-stem tributaries. Subbasin flow will be stmulated at each of . . 

these points, routed through flood-control structures, and then dawn-

stream to the main channel where the flow will be accumulatet"i and 

routed downstream until discharged from the basin. In ad~.tion to flood 

s~ulation, the basin model will also include a provision for stmulating 

£air-weather flows from known ground-water conditions. The basin model 

also will provide information needed in maintaining desired water levels 

in the lower Hillsborough River for both dry and flood periods after 

flood-control measures become effective. Because the basin-wide model 

will be used in simulating streamflow under an extensive range of pre-

vailing hydrologic conditions, methods and techniques more sophisticated 

than those described in this report are being considered as a basis for 

continued model development. 

12 



Data networks are being realigned and expanded to provide the 

additional information required in developing the basin model. Detailed 

hourly rainfall data within each subbasin will be obtained along with 

some information on ground-water conditions in the areas. Recording

stream gages will be operated at one or two critical points on the 

Hillsborough River main stem. 

Continuation of model studies i n the Alafia River basin will 

primarily involve application of the hydrograph models developed in the 

first phase in flood forecasting and in simulating streamflow informa

tion that will be used ~n developing flood maps of selected stream 

reaches. Additional raingage coverage is also being obtained in the 

Alafia River Basin to improve predictive capability of the models. 

This study represents the first attempt by the Geological Survey 

to simulate floods on Florida streams by the application of unit-hydro

graph and rainfall-runoff procedures. 
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Purpose and Scope 

The purpose of this report is to document progress on the initial 

phase of the invest" sation, including a description of the flood-hydro

graph models developed for the following gaging stations: Hillsborough 

River near Tampa, Alafia River at Lithia, and North Prong Alafia River 

near Keysville. Although work has been done on the development of 

hydrograph models at other gaging stations in the Hillsborough River 

bas in, results of these analyses are at various stages of completion, 

and therefore are not included in this report. 

The models developed in this investigation consider the flood hydro

graph to be composed of only two components--direct (storm) runoff and 

base flow. Derivation of the analytical expressions describing direct 

runoff and base flow is based on unit-hydrograph theory with an arbitrary 

base-flow separation of the flood hydrograph. 

The relationships that form the actual basis of the models are 

determined from observed streamflow and precipitation records. These 

relationships include:(l) a characteristic (or average) unit hydrograph; 

(2) a rainfall-runoff relationshipi and (3) equations describing the re

cession characteristics of a stream during flood periods. 

The simulation models de9cribed in this report were derived by 

linking these basic relationships in forming composite computational 

routines. These routines are then programmed for processing on a digital 

computer. Mathematical formulation of the computational processes is 

given in matrix notation to simplify descriptions of the actual arith

metic involved in flow simulation. Computational routines are given in 

analytical form in lieu of abstract flow charts that usually accompany 

computer programs. 
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R~liability of the models is judged on the basis of a comparison 

of stmulated and observed floods used in model development. Calculated 

relative errors beeween observed and simulated flood discharge are used 

as indicators of the expected errors that could exist in flood discharges 

simulated from rainfall. 
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Location and Extent of Area 

The area covered by this report consists of the Hillsborough and 

the Alafia River basins in west•central Florida (fig. 1). Ihe study 

area extends nor t' lrom Tampa to the Withlachoochee River basin, 

and as far east as Lakeland to the Peace River basin. It is bordered 

on the south by the Little Manatee River basin, on the west by Hillsborough 

Bay, and farther north by the Anclote and Pithlachascotee River basins. 

The Hillsborough and Alafia basins, which have a combined area of about 

1,100 square miles, lie in parts of Hillsborough, Pasco, Hernando, and 

Polk counties. The area is outlined on the map shown in figure l. 
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Cltmate and Physiography 

The climate of both basins is about the same. rhe mean annual 

temperature for both basins is about 72°F (22.2°C) and mean annual 

precipitation ranges from 53 to 55 inches. The western sector of the 

area of investigation probably experiences more severe thunderstorms 

than any other area in the United States. A large tropical disturbance 

or regional storm, however, is expected only once every 2 years on the 

average, and a hurricane is expected only once every 5 years on the 

average. 

Although annual rainfall over both basins is about the same, annual 

runoff (in inches) from the Alafia River basin is 13 percent greater 

than runoff from the Hillsborough basin. This difference is attributed 

principally to differences in topographic characteristics of the two 

basins and to some extent to differences in geology. Topographic relief 

of these basins is significantly different. The mean channel slope 

of the Hillsborough River is about 1.5 feet per mile; the slope of the 

Alafia River is more than 3.0 feet per mile. 

The Hillsborough River basin contain~ many natural lakes, sinkholes, 

and swamps (6 to 7 percent of total basin area). It also receives flood 

water via an overflow channel from the Withlacoochee River (see fig. 1). 

The Alafia basin is characterized by numerous manmade features such as 

open•pit phosphate mines (5 to 10 percent of the basin). 
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DA!A AVAILABLE 

The development of hydrograph simulation models depends on the 

availability of streamflow and rainfall records. Streamflow data used 

in model development include records collected at the following gaging 

stations: Hillsborough River near Tampa, Alafia River at Lithia, and 

North Prong Alafia River near Keysville. Precipitation data 

include rainfall records collected by National Oceanic and Atmos

pheric Administration (NOAA) near Tampa, St. Leo, Lakeland, Bartow, 

and Plant City. Locations of these and other data sites related to the 

study are shown in figure 1. Specific locations and other pertinent 

information regarding records are summarized in table 1. 
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Map Index 
Number!/ 

. 
1 

2 

3 

4 

5 

6 

7 

Table 1.--Summary of streamflow and rainfall networks related to model development 

Station N•e Location Instrument Data Per~od of 
Obtained Record 

Alafia River, North Prong 1.2 miles north Water-level Stage and Hay 1950-
near Keysville, Fla.(Drain- of Keysville, Hilla- recorder discharge present 
age area, 135 sq mi). borough County 

Alafia River at Lithia, 1.1 miles northwest Oct. 1932-
Fla. (Drainage area, 335 of Lithia, Hilla- -do- -do- present 
sq mi • borough County 

Hillsborough River at At Fowler Avenue, a/ Stage (read Oct. 1933-
Fowler Ave., near Tampa, Hillsborough County Staff gage- once daily) Dec. 1939, 
Fla. (Drainage area, 630 and dis- Jan. 1961-
sq mi). charge present 

Hillsborough River near At Tampa Reservoir Water-level Stage and Oct. 1938-
T8111pa, Fla. (Drainage Dam, Hillsborough recorder discharge present 
area, 650 sq mi). County~/ 

With lacoochee-Hillsborough 2. 9 miles east of Stage ande/ Feb. 1930-
overflow near Richland,Fla. Richland, Pasco -do- discharge- Sep. 1931, 

County Sep. 1950, 
July 1958-
March 1960, 
April 1960-
ore sent 

Saint Leo~./ At St. Leo, Pasco a/ Rain gage- Rainfall Sep. 1944-
Countv present 

Hillsborough d/ At Hillsborough Sep. 1943-River - -do- -do-State Park, Fla. River State Park present 

I 
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Table 1.--Summary ~f atre .. flov and rainfall networks related to model development (continued} 

Blackwater Creek near 4.4 mllea northwest 
Rain gage!./ 8 Knights, Fla. of Knlshta, Hilla- Rainfall June 1970-

boroush County present 

9 Tampa WSO, Fla.£/ At T8mpa Internat'l Rain gage -do- June 1946-
Airport, Hillsborough p_reaent 
County 

10 Peeble Creek near Tampa, At Pebble Creek Golf Aug. 1970-
Ffa. and Country Club, a/ present 

approxbaately 11 Rain gage- -do-
miles northeast of 
Tampa, Hillsborough 
County 

11 Bia Cypress Creek near 1.0 mile northeast of -do- -do- June 1970-
Ehren, Fla. Land 0 1 Lakes, Hilla- present 

boroush County 

12 Lakeland WSO, Fla.£1 At Lakeland City Hall Rain gage -do- May 1915-
Polk County present 

13 Plant City, Fla.£/ tt Ptagt Citi• Hilla- ~a in gage!!/ -do- Oct. 1892-
orouRl Coun:v p_resent 

14 Circle - X Airport near At Circle - X Airport, 
Mulberry, Fla. 5.0 miles northwest oj -do- -do- June 1970-

Mulberry, Polk County present 

15 South Prong Alafia 3.8 miles southwest oj -do- -do- Aug. 1970-
River near Bradley Bradley Junction, Pot• present 
Junction, Fla. County 

16 Bartow, Fla. At Bartow, Polk Count) -do- -do- Aug. 1895-
present 

:~Non-recording d/ ; 1operated by Florida Park Service 
- Prior to Oct. 1945 gage vas operated at site 

2.1 miles upstream. 
£.1 Operated by the National Oc "' .. :1 ic and Atmospheric 

Administration (Environmental Data Services). 

f/Record intermittent 
-Map index numbers refer to site locations 

shown on map in figure 1 
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Streamflow Records 

Many factors affect the accuracy of streamflow records because of 

the manner in which flow is determined. Discharge is normally obtained 

by developing a rating curve that shows graphically the relation between 

periodic flow measurements and simultaneously observed stream stages. 

Estimates of continuous flow can be made from a continuous record of 

stage by using this rating curve. Ratings for many streams remain 

extremel y stab l e; others change constantly or shift in response to phy• 

sical changes in the stream channel. As these rating changes occur, new 

or modified rating curves must be developed to insure accurate flow 

records. 

The errors associated with the discharge records collected at the 

Hillsborough River near Tampa gaging station are primarily the result 

of the computational technique used in determining flow. Discharge at 

this station is affected by stage of the Tampa Reservoir and setting of 

radial gates in the spillway. Obtaining data needed to compute daily 

discharge is difficult because of frequent non-scheduled changes in gate 

opening~. 

Errors associated with the discharge records collected at the Alafia 

River gaging stations result primarily from unstable ratings associated 

with scour and deposition occurring in the stream ~hannels. Accuracy of 

the streamflow records collected at the gaging stations listed in table 1 

is generally fair, and the errors associated with the flood data probably 

do not exceed 10 to 15 percent. 

Physical changes occurring in both basins could alter their flow 

regime. One change in the Hillsborough basin that may affect streamflow 
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is construction and operation of the Withlacoochee-Hillsborough overflow 

channel. This channel permits flood waters from the Withlacoochee River 

to be dlverted into the headwaters of the Hillsborough River (fig. 1). 

Strecmflow records collected at this site indicate that the effect of 

this diversion on the Hillsborough River is probably negligible during 

moderate-sized floods. Open-pit phosphate mines in the Alafia River 

basin alter the natural flow reg~e of the basin by increasing surface 

retention. This effect probably has varied over the entire period far which 

streamflow ~ecords have been collected in that basin because the number 

of abandoned mines has constantly increased. 
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Rainfall Records 

Because of the erratic movement of small storms over a large area 

such as the Hillsborough and Alafia River basins, the task of adequately 

sampling rainfall is difficult without a relatively dense network of rain 

gages. For this reason, the Geological Survey operates five nonrecording 

rainfall stations in this area to supplement data from the NOAA rainfall 

stations (table 1). The Geological Survey rainfall stations, which are 

read daily by local observers in accordance with standard NOAA procedure, 

provide data needed in computing reliable mean basin rainfall for storms 

having highly variable rainfall rates. When large regional storms occur, 

a reliable estimate of areal distribution of rainfall may be derived 

from a smaller number of rain gages. In spite of these problems, the 

accuracy of all the rainfall data used in this study is considered good. 
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DEVELO~ffiNT OF HYDROGRAPH S]MULATION MODELS 

In this investigation, developme~t of hydrograph simulation models 

involves three phases: (1) determining the primary or physical components 

of the flood hydrograph; (2) expressing these components analytically; and 

(3) de~ermining a procedure to combine these expressions in a hydrograph 

model. Models developed in this investigation assume the flood hydro

graph to be composed of only two components--direct runoff and base flow. 

These flow components are defined in an arbitrary separation of the flood 

hydrograph, and corresponding analytical expressions are derived on the 

basis of rainfall-runoff and unit-hydrograph theories and observed stream

flow and rainfall records. 

The data used in model development are selected in a survey of 

concurrent streamflow and rainfall records to isolate simple independent 

storms. Flood hydrographs corresponding to these selected storm periods 

are empirically separated into two distinct hydrographs --direct (storm) 

runoff and base flow. Observed rainfall and the direct runoff 

part of the separated hydrographs are used jointly in developing a rain

fall-runoff relationship. A characteristic or average unit hydrograph is 

computed from the direct runoff part of the separated hydrograph. 

In this report, a unit hydrograph refers to u1e successive flow 

rates, for equal intervals of time, at which 1 inch of direct runoff 

covering an entire area is discharged from that area. The rainfall-runoff 

relationship and the unit hydrograph are used as the basis for simulating 

the direct runoff part of the flood hydrograph. 
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Relations that are used in this study to approximate the base-flow 

part of the flood hydrograph include an average base-flow recession curve 

and base-flow increase. The baae•flov recession curve is baaed on data 

taken from the recession limb of the selected flood hydrographs. Base· 

flow increase, however,is computed from a relationship involving the 

maximum ordinate of the direct-runoff and base-flow recession segments 

of the separated flood hydrographs. 

Digital simulati. n models are fort ad by combining the rainfall-runoff 

relation, unit hydrograph, average base-flaw recession curve and base

flaw increase relation to obtain composite computational routines which 

are subsequently programmed for processing on a digital computer. 

This report cites, in addition to mathematical descriptions of the 

models, a numerical example concerning the simulation of a flood with the 

Hillsborough River model. This example demonstrates the computational 

steps involved in actual simulation. 

Symbols used in the analytical ezpressions are given in ta~le 2. 

To show the relative magnitude of error that could exist in computed 

floods, storms that are used in developing the models are s~lated and 

compared vith observed hydrographs. 

In this report, direct runoff refers only t~ rainfall that 

appears promptly in the stream channel; all other flow components are 

referrP~ to as base flow. 
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Table 2. List of svmbols used in analytical expressions 
in this report. 

Daily rainfall observed at Bartow, in inches. 

Storm duration coefficient. 

Base-flow increas~ in cubic feet per second. 

Number of direct runoff values, n, plus the number of unit 

hydrograph ordinates, m, minus 1. 

L Daily rainfall observed at Lakeland , in inches. 

m Number of unit h)j rograph ordinates. 

n Number of direct runoff values. 

p Mean basin rainfall, in inches. 

PC Daily rainfall observed at Plant City, in inches. 

Qbf Column matrix of simulated base-flow hydrograph ordinates 

(k-rows by 1-col.). 

The ith element of the simulated base-flow hydrograph matrix, 

~f· in cubic feet per second. 

Recession discharge, corresponding to the ith time interval 

on the base-flow recession curve,in cubic feet per second. 

Qsr Column matrix of simulated direct runoff hydrograph ordinates 

(k-rows by 1-col.). 

Column matrix of simulated flood hydrograph ordinates (k-rows 

R Column matrix of direct runoff values (n-rows by 1-col.). 

r Direct runoff (for specified time intervals), in inches. 
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Table 2.--List of symbols used in analytical expressions 
in this report (continued) 

r' Adjusted direct runoff (for spec l fied time intervals), in 

inches. 

Radj Column matrix of adjusted direct runoff values (n•rows by l·col.). 

S Daily rainfall observed at St. Leo, in inches. 

Sd Storm duration, in hours. 

s Direct peak runoff, in cubic feet per second. 

T Daily rainfall observed at Tampa, in inches. 

t Time index (referring to the number of time intervals past 

the highest recession curve discharge). 

~t Duration of the unit hydrograph or the time increment used in 

hydrograph simulation; values used in this study were computed 

as 20 percent of the time lag between the center of maaa of 

rainfall an'~ the center of mass of direct runoff. 

UH Matrix developed from unit hydrograph ordinates (k-rova by 

n-eola.). 



Hydrograph Theorv 

Hydrograph Separation 

In this study relations that are used in model development require 

an arbitrary separation of the flood hydrograph. The separation method 

used is illustrated by the sketch shown in figure 2. Separation of flooJ 

hydrographs involves estimating the position of the interface beeveen 

direct runoff and base-flow. The interface consists of three segments. 

The first extends from the beginning of the storm to the t~e of the 

peak, and the second extends backward from a point on the hydrograph 

where nearly all direct runoff has ceased, to one t~e interval ( t of 

fig. 2) after the flood peak. The two recession curve segments are then 

connected by a straight line (segmant three), and the difference in 

discharge is referred to in this report as base-flow increase (see fig. 2). 
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Unit Hydrograph 

Two assumptions are used in developing average unit hydrographs in 

this investigation: (1) the flood hyirograph is composed only of tvo 

components, base-flow and direct runoff (see fig. 2); and (2) 

that direct runoff can be estimate4 from observed flood hydro-

graphs using the arbitrary separation technique illustrated by figure 2. 

Using these assumptions, a set of direct-runoff hydrograph ordinatea is 

computed for each of the selected storm periods by subttacting consecutive 

base-flow discharges from corresponding flood discharges. This calcula

tion is made at equal time intervals throughout the entire flood hydro

graph. A set of unit hydrograph ordinates is computed for each storm 

by dividing each of the computed direct-runoff ordinates by the accumu

lated or total direct runoff, in inches. An average unit hydro-

graph for the stream is obtained by finding the arithmetic mean of 

corresponding ordinates using the maximum ordinate as a base of reference. 

The time ihcrement,~t, or unit-hydrograph duration, used in unit 

hydrograph computation (the~t of fig. 2) should be sufficiently small 

to preaerve the shape of the flood hydrograph, particularly the peak~ 

In this study, duration of the unit hydrograph is calculated as 20 per

cent of the ttme lag between center of mass of runoff and center of mass 

of rainfall. 

A more complete discussion of unit-hydrograph theory is given by 

Chow (1964). 
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Rainfall-runoff Relationshios 

A rainfall-runoff relation is based on mean basin rainfall and total 

direct runoff for various storms. In developing this relation, the 

selected flood hy~rogr~phs are partitioned into their two components 

(fig. 2), and total direct runoff for each flood period is computed in 

inches. Mean basin rainfall is calculated from observed rainfall by the 

application of areal weighting factors derived from Theissen polygons, 

as described in Chow (1964, p. 9-28). These weighting factors are 

referred to in this re?ort as Theissen-weighting coefficients. A graphical 

relation is then determined by plotting total direct runoff as the dependent 

· variable and mean basin rainfall (total observed during the storm) as the 

single independent variable. An equation that best describes the relation 

between these two variables is determined. Because incremental values 

of direct runoff are required in the stmulation process, it is assumed 

in this study that these values can be calculated directly from the 

rainfall-runoff relations using incremental values of mean basin rainfall. 

The unit of time associated with these incremental values is equal to the 

duration of the unit hydrograph ~t of fig. 2). 
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Direct· runoff Rydrograph 

The direct~r~n ., ff hydrograph, or that rart of the flood hydrogr~ph 

which excludes base flow,is simulated using the rainfall-runoff relation 

and average unit h~Jrograph. The manner in which these two relations ate 

used in simu , ~ting the runoff hydrograph initially involves the deter

mination of mean basin rainfall. Rainfall is obtained for time intervals 

equal to the time increment or duration of the unit hydrograph ~t on 

fig. 2) at selected gages located at points in and near the basins. 

Mean basin rainfall is determined by the application of Thiessen~ 

weighting coefficients. Mean basin rainfall is used as an 

input to the rainfall-runoff relation to determine an array of runoff 

values for an entire storm at intervals of time equal to the duration 

of the unit hydrograph. Each of these runoff values is multiplied 

by each of the ordinates of the unit hydrograph to determine the time~ 

discharge distribution from the bas~n. An individual runoff hydrograph 

is generated for each runoff value that is applied to the set of uni~ 

hydrograph ordinates. Since the hydrographs are computed from runoff, 

the beginning point of each hydrograph is spaced (with regard to time) 

in the same sequential pattern as the runoff values. The direct-runoff 

hydrograph is determined from these seQuentially spaced hydrographs 

by the addition of ordinates. 

Where possiLl e, adjustment to runoff is made to compensate for 

erratic rainfall patterns and storm duration. These adjustments are 

made prior to application of the unit hydrograph. 



Base-flow Hydrograph 

The base-flow part of the flood hydrograph represents ground-water 

discharge entering the stream. It is comput~d using two rel ~tions 

describing assumed base-flow characteristics of the stream during flood 

periods·, namely :(1) an average base-flow recession curve ; and (2) 

a base•flow increase relation. 

An average base-flow recession curve is developed by averaging 

discharges taken from the recession limbs of observed flood hydrographs. 

A simple exponential equation is fitted to the average recession curve 

and used in the simulation process for calculating base-flow recession 

discharges. 

A base-flow increase relation is derived in a regression analysis 

of direct peak runoff and base-flow increase values estimated graphically 

from observed flood hydrographs separated according to the sketch shown 

in figure 2. An equation of the average base-flow increase relation is 

used vith the average base-flow recession equation in simulating base· 

flow hydrograph discharges. Use of the base-flow increase relation, 

like the rainfall-runoff relation. assumes application on an incremental 

time basis. 

Base-flow hydrograph computation begins vith stream discharge prior 

to the storm. From this initial flow condition, srquential base-flow 

discharges are computed down the average recession curve until the first 

base-flow increase occurs. At this point, a new (higher) position on 

the recession curve is determined by adding the base-flow increase value 

to the last base-flow value computed. Base-flow increase is obtained 
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from the base-flow increase relation using the peak of the first simulated 

runoff hydrograph. Computation of base-flow discharges resumes until the 

second base-flow inct~ase occurs. At this point, the stair-stepping 

procedure is repeated, and computation continues until the base-flow 

hydrograph is completed. 

For the Hillsborough River model, daily runoff values are l dgged one 

day (added to the next runoff value) when runoff on a previous day is 

zero. In effect, therefore, two runoff peaks may occur on the same day. 

When this occurs, the sum of these two peaks is used in determining base

flow increase for that particular day. However, in actual computation, 

lags are achieved in .a prior runoff adjustment process that is discussed 

in later sections of this report. Time lags are not used in the Alafia 

River models. 



Flood Hydrograph 

A generalized diagram of the primary elements associated with the 

development and linkage of the base-flow and runoff hydrographs is 

shown in figure 3. As indicated in this diagram, successive values of 

mean basin rainfall are used as an input to the rainfall-runoff rela

tion in obtaining an array of direct-runoff values for a storm. Each 

direct-runoff value is then applied to the unit hydrograph in simulating 

the direct-runoff hydrograph. The ground-water contribution or base-flow 

hydrograph is simulated by means of the derived base-flow recession and 

base-flow increase relations using flow conditions prior to the storm 

as initial input. The direct-runoff hydrograph and the base-flow hydro

graph are combined to form the storm hydrograph. 
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General !1athematical Statement of 11.1odels Developed 

in this Studv 

In order to conveniently devel op computer programs that will do 

the arithmetic in hydrograph simulation, the actual computational 

routines are expressed where possible in analytical form. Because 

of the nature of the basic format and large volume of data involved 

in hydrograph simulation, the routines are expressed as a combination 

of matrices and simp le analytical expressions. In general, the basic 

underlying relations describing the simulatior. process will be used 

in generating matrices (data arrays) that describe segments of the 

computational routines; subsequent manipulation of these matrices 

allows considerable simplification in describing the actual computational 

routines. 

The general procedure tha t applies to the simu~ation of flood 

hydrographs in this study can be expressed by the following matrix 

relation, where the matrix of the simula:ed flood-hydrograph ordinates, 

Qt' is given by 

where 

{1) 

Q • Matrix nf simulated direct- runoff . 
sr hydrograph ordinates; and 

Qbf • Matrix of simulated base-flow 
hydrograph ordinates. 
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where 

Direct-Runoff Hydrograph 

The storm-runoff matrix, Q , is defined by 
sr 

0 =UHxR 
sr 

(2) 

LH = Matrix of the unit-hydrograph 

ordinates; and 

R = Matrix of direct-runoff values. 

Although the structure and dimension of the set of matrices given 

b v equations l and 2 rna;· vary slightly for each model, the general forms 

are nearly identical and are combined in the following manner to yield a 

general statement of t he models: 

The direct-runoff vector, R, is defined as 

R = 

r 
n 

(3) 

(4) 

where the direct-runoff elements are computed by use of the derived 

rainfall-runoff relations and subsequent adjustment coefficients. 
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The stom -ru<1off matrix, Qsr' is determined by multipl ying the unit

hydrograph matrix, l-l . h ·· :-he direct -runoff v~ctor, R, in the following 

manner: 
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r3 
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The dimensions of these matrices are as follows: 

Matrix Dimension 

UH kxn 

R nxl 

Q kxl 
sr 

(Qsr ) 

(qsr)l 

(qsr)2 

(q ) 3 sr 

where k is the number of direct-runoff values, n, plus the number of unit-

hydrograph ordinates, m, minus 1. 
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Base- flow Hydrograph 

The base-flow vector, Qbf' is defined by 

(qbf)l 

(qbf)2 

Q;)f 

(6) 

where base-flow discharge, (qbf)t• is computed by means of an 

analytical expression based on the derived base-flow increase and 

recession relationships, and by conditional linkage routines. Because 

of the variation of base-flow routines between the models, each will 

be discussed in detail in later sections of the report. 
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F 1 ~ud Hydrograph 

The total flood-hydrographvector, Qt' is formed by the following 

summation: 

~(qsrll l l <%tll l l (qt)l l 
I (qb£)2 i Qt = I (qs r) 2 + = 1 (qt)z 

I 
I I 

I 

l I I ! I 

(7) 

I 
; 

l ( q~r\ I l (q:)k J l(qb~)k 
Since the models involve the multiplication and addition of two 

matrices, brief numerical examples are given below to demonstrate the 

arithmetic procedure. 

Multiplication of matrices: 

• 

Addition of matrices: 

[:] + 
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4 X 2)l 
ox z)j 

[
( 7 + 1) l . [ 8] 
(s + o) s 

(9) 
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HILLSBOROUGH RIVER HODEL 

The simulation model of the Hillsborough River is nearl y the same 

as the generalized model given by equation 3 except for a modification 

for runoff adjusement. The matrix of simulated daily flood discharges, 

Q is given by 
t' 

Qt 

where UH 

R d . a J 

Qbf 

= 

= 

UHxRd. 
a J 

Hatrix of 

Matrix of 

Matrix of 

+ Qbf (10) 

dail y unit-hydrograph ordinates; 

adjusted dail y direct runoff; and 

da 'ly base-flow discharges. 

Runoff hvdrograph . --As inr .d ted by equation 10, the runoff hydro-

graph matrix is formed by multiplying the unit-hydrograph matrix and the 

ad j usted runoff matrix. 

The 24-hour unit·hydrograph ordinates, used in forming the unit-

hydrograph matrix shown in equation 5, are in the following list and 

also are shown graphically in figure 4. These ordinates indicate 

successive daily average rates at which 1 inch of direct runoff 

(covering the entire drainage area) would be discharged from the 

Hillsborough River basin at the gaging station. 

44 



~ 6000 
O&a.. 
U&a.. 
1£.10 
(/) z 5000 

:l 
0::0: 

"" CL t; 4000 

~"" u,O: 
w-
..._ 0 3000 
u&a.. 
-0 
CD 
:l X 2000 ou 
~z 

""-
~ ~ 1000 
:I: 
u 
(/) 0 L---J---~---L--~----L---L---~---L~~--~ 
0 

0 2 4 6 8 10 12 14 16 

TIME I DAYS 

Figure 4.--Graph showing average 24-hour unit hydro
graph for the Hillsborough River near 
Tampa. 

18 20 



Time, 

_.,.. . ., 

in days 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

.. . I I .•. . .. 

Discharge, 
'per second 

direct 

in cubic feet 
per inch of 
runoff 

............................................. 
.. . ....... . 

............................ 

................. . ..... . ..................... ................. ................................. 

..... ...... . ........... . ....... 

46 

0 
1,000 
2,500 
3,000 
4,000 
4,500 
5,000 
1,800 
1,600 
1,300 
1,000 

800 
600 
500 
400 
300 
200 
100 

0 



Daily direct runoff (in inches), which is applied to the unit hydrograph 

in computing the direct-runoff hydrograph, is determined by use of the 

rainfall-runoff relation shown in figure 5. The equation for this 

relation, which is based on 13 storms, is as follows: 

. r a -0.03 + O.lSS{p) + O.Ol(p) 2 ; (r a 0 for p ~0.2) (11) 

where p ~ Mean basin rainfall, in inches. 

Mean basin rainfall is computed from daily rainfall observed at 

Tampa, St. Leo, and Lakeland, by use of the following equation: 

p 2 0.17T + 0.32L + O.SlS (12) 

where T a Daily rainfall observed at Tampa, in inches; 

L = Daily rainfall observed at Lakeland in inches; ~d 

s s Daily rainfall observed at St. Leo, in inches. 

The constants shown in equation 12 are Thiessen-weighting coefficients. 

To mintmize simulation errors that occur as a result of unusual rain-

fall patterns, daily direct runoff, r, is adjusted by multiplying each 

value by the appropriate empirical weighting coefficient listed in 

table 3. These coefficients were derived by trial and error adjustment 

of runoff from several storms having extremely variable rainfall. For 

these erratic storms, calibration errors were significantly reduced by 

application of the adjustment factors. 

Additional runoff adjustment that is made prior to actual simulation 

involves lagging daily direct-runoff values that follow a day on which 

no direct runoff occurs. Under this condition, a runoff value that is 

preceeded by a zero value is added to the next daily runoff value and 

assumes a value of zero in the runoff sequence. This adjustment scheme 

is used because of the lag in basin response time, or the time berween the 

onset of rainfall and the ap~earance of direct runoff in the stream. 
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Table 3.--Schedule of direct-;unoff coefficients for the Hillsborough 
River near Tampa. Fla, 

Variation in basin rainfall Co~fficient 

T-ti. > 6 inches, and s < 1.5 inches 0.49 

T+S > 6 inches, and L < 1.5 inches .68 

L+S > 6 inches, and T < 1.5 inches .83 

T+L - 0, and s > 3 inches .51 

T+S - 0, and L > 3 inches .32 

L+S - 0, and r > 3 inches .17 

r - daily rainfall observed at Tampa; 

L - daily rainfall observed at Lakeland; 

s • daily rainfall observed at St. Leo. 
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Base-flow hydrograph.--The simulated base-flow hydrograph is computed 

using a multiple relation involving the recession characteristics of the 

stream. This multiple relation is based on an average recession curve 

and base-flow increase. 

The average recession curve developed for the Hillsborough River is 

shown in figure 6. The equation of this relation, which gives recession 

discharge, qi, in cubic feet per second, is as follows: 

qi = Gs + 7900(10) -o. 0363 

where t = Time, in days. 

(13) 

Base-flow increase is obtained from the graph of base-flow increase 

versus peak runoff, shown in figure 7. The equation of this relation, 

which gives daily base-flow increase, d, in cubic feet per second, is 

as follows: 

d a 15 [! - (10) 0•
00019

s] + 0.56ls (14) 

where s • Direct peak runoff, in cubic feet per second. 

However, in the simulation process, direct peak runoff, s (see fig. 1), 

is computed by multiplying the maximum unit-hydrograph ordinate (5,000) 

by each daily direct-runoff value (see col. 15, table 4); there-

fore, equation 14 can be reduced to 

d • 15 ~ - (10) 
0

• 
95

rJ + 2,800r' (15) 

where r' • Adjusted daily direct runoff, in inches. 

By combining equations 13 and 15, this multiple relation can now 

be expressed as, 

where t • 

(recession) 

~s + 7900 OOl -o · 036~ + 

Time in days; and 

(increase) 

E·(l0)
0

•
95

r'] + 2800r'l (16) 

r' = Adjusted daily direct runoff, in inches. For i <8, r' • 0. 

so 
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As indicated by eaua tion 15, da i l :' base-floy di::icharges are compt; ted 

by the recession par t of equation 16 for the first seven days after 

precipitation began. On the eighth day (and on the eighth day following 

each of the days during which runoff ~ccurred) daily base-flow discharge 

is computed by use of both parts of equation 16. 

ThP. entire base-flow generation process is time dependent. There-

fore, whenever base-flow increases occur, entry to the recession curve 

is determined by a new time index computed by 

t z -27.77 log10 [(qbf)i - 85 J 
7900 

(17) 

where (qbf)i = Base-flow discharge, in cubic feet per second. 

The initial time index is also determined by use of equation 17, sub· 

stituting initial base flow for (qbf)t. Equation 17 is the inverse of 

equation 16, when adjusted daily direct runoff is equal to zero. 
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Numerical examo l~ .--A simplified numerical example of the computa

tional procedure that is used in synthesizing the flood hydrograph 

(January 13 through Fe~ruary 12, 1948) for the Hillsborough River near 

Tampa is shown in table 4. Daily rainfall (columns 1, 2, and 3 of 

table 4) is used with equation 12 to compute daily mean rainfall (column 

4) for the Hillsborough River basin. Daily mean rainfall is then used with 

equation 11 to compute daily direct runoff and is adjusted according to 

the schedule of direct-runoff coefficients listed in table 3. Each 

daily direct-runoff value that is preceded by a day on which no runoff 

occurs is added to the next daily runoff value. Adjusted daily direct 

runoff is listed in column 5. 

Each adjusted daily direct runoff is then applied to each ordinate 

of the 24-hour unit hydrograph (column 6), and their products listed 

(columns 7-13). Positioning of the first non-zero product of these 

col umns corresponds to the date on which runoff begins. For example, 

daily direct runoff is zero for January 13 and 0.19 inch for January 14. 

Each ordinate of the unit hydrograph listed in column 6 is multiplied by 

0.19 inch and listed in column 7 beginning on January 13. Columns 8-13 

are computed in a similar manner. 

The ordinates of the direct-runoff hydrograph (column 14) are row

by-row summations of the values listed in columns 7-15. For example, 

direct runoff for January 24 (column 14) is computed in the following 

manner: 

(152 + 342 + 50 + 135 + 120 + 420) = 1,219 cfs (18) 

Daily direct peak runoff (column 15) is the maximum value in each 

of the columns 7-13. These peak values are used in computing base-flow 

increase (column 16) by use of equation 15 or the Hillsborough base-flow 

increase relation shown in figure 7. 
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Ordinate s o f t he base - fl ow hydro~raph (column 17 ) are computed by 

use of the Hillsborough iJ ase-flow recession curve shown in figure 6, an 

initial base flow of 2~ 9 cfs, and the base-flow increase values (column 16 ) . 

The reason 229 cfs is used as the initial base flow is that several days 

prior to the storm the discharge of the Hillsborough River averaged about 

229 cfs. This initial value is shown for January 12 in column 17. The 

next dail y base-flow value, 219 cfs, is determined by entering the curve 

shown in figure b for a time value 24 hours greater than the time value 

corresponding to initial base flow. Subsequent base-flow values are 

obtained in the same manner, provided no adjustment is reCJu~.red for 

base-flow increase. t.Jh en a base-flow increase occurs, it is added to 

the base-flow on the same day to form the base flow for the next day. 

Ordinates of the simulated flood hydrograph (column 18 of table 4) 

are computed by edding the direct-runoff hydrograph ordinates (column 14) 

to the base-flow hydrograph ordinates (cohunn 17). 
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Computer Proce3sing 

The Hillsborou5~ River model has been programmed in FORT~~ IV-G 

and in basic machine la~guage for processing on a wANG system owned by 

the U. S. Geological Su rvey (Tampa). Both prograns have been completed 

and are operational. A complete listing of the FORTRAN program is given 

in the following section. However, because processing of the W~~G program 

is done locally, a listing of that program is not given, except for out

put format. Except for convenie:tce of processing the i.[ANG program, no 

preference is given for using either the FOk . .AN or t-lANG program. 

Format and sequence of data input cards.·-Three different types of 

data cards are required as input to the program. The first shows the 

number of days of rainfall used in simulation; the second shows base 

flow on day prior to the storm; and the third shows the date and daily 

rainfall amounts observed at Tampa, Lakeland, and St. Leo. 

The program will only accept storms of at least 10 days in duration 

and base-flow discharges less than 1,000 cfs. However, flood peaks 

resulting from storms of less than 10 days in duration can be computed 

by adjusting the data in the following manner. Card 1 should indicate 

10 days, and additional rainfall data cards (needed to compute 10 days 

of record) should be punched showing zero rainfall for all rainfall stations. 

When discharge (prior to the storm) at Tampa Reservoir cannot be 

determined, an arbitrary value of 850 cfs should be used. An initial 

discharge value that exceeds 1,000 cfs must be punched on card 3 as 

having a value of 999 cfs. 
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Data-card formats are shown in the following list: 

Data Card 

1 

2 

3 

Cols. 

2-3 

1-3 

1-2 

3-4 

5-6 

9-12 

15-18 

21-24 

Data Punched 

Total number of days of rainfall; 

Daily mean discharge observed at Tampa Dam 

on day prior to d y of initial rainfall, in cfs; 

Month (must show 2 digits); 

Day 

Year 

(must show 2 digits); 

(must show 2 digits); 

24-hour rainfall observed at Tampa, in inches; 

24-hour rainfall observed at Lakeland, in inches; 

24-hour rainfall observed at St. Leo, in inches. 

Program output.--Rainfall data for August 1-30, 1967 were processed 

through the Hillsborough River program, and the computer output follows: 
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(7o C81'i61 .... tl II :iC t. 1 
0 82167 
ll Siit1 
" 8 Zlb 1 
tr H67 
082!61 
c fltt.J 
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l'l At. tiA'>I~ JUINFALlt 

0 .o J 
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0 .'I~ 
tl.O 
O.ll 
0.25 
0.83 
o.ac 
O.l~ 
o.oa 
0.12 
l . 52 
1.82 
0.67 
Oo!>l 
0.)2 
o.H 
O.H 
o.oJ 
0.!>9 
0.8~ 

o.)) 
o.za 
o.o~ 

o.o~ 
o. Jt 
0.22 
0.26 
0.14 
o.o 

---· 
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Output from WANG program.--Although the input data are identical, 

program output formats for the WANG and FORTRAN programs are different. 

A copy of the WANG program output shows not only simulated discharge at 

Tampa Reservoir Dam for the period March 15 to April 11, 1960 but also 

expected stage at Fowler Avenue (data point 3, fig. 1; see also table 1). 

Evet. though the stage-discharge rating curve for the Fowler Avenue gage 

is provisional, the projected stage data serve as a general guide to 

expected flood elevations in this reach of the Hillsborough River. For 

a projected daily discharge of ~000 cfs or less, error in stage should 

be 1 foot or less. Errors in projected stage would be larger for dis

charges less than 5,000 cfs, and smaller for discharges greater than 

5,000 cfs. Additional errors could result f~ unknown rating shifts 

that may occur. 



( l-IANG PROGRAM OUTPI ' ) 

SUIJLATED rLOOD HYDROCRAPH FOR HILLSIOROUQI RIVER NEAR TAMPA FLA 

STORM BEGINNING ON l-15-60 

MYS RUNOFF (INCIES) DISCHARGE (CFS) STAGE (n ,ltSL) 

1 .oo 110 19.33 
2 1.87 2539 24.59 
3 .44 5754 28.11 
4 .06 7312 30.08 
5 .oo 9524 11.57 
6 .oo 10898 32.39 
7 .oo 12086 ll.Ol 
8 .oo 10684 32.27 
9 .oo 10137 11.95 

0> 10 .oo 9459 31.53 ..,. 
11 .oo 8264 10.74 
12 .00 7290 30.02 
ll .oo 6396 29.29 
14 .oo 5728 28.68 
15 .oo 5135 28.10 
16 .oo 4575 17.49 
11 .oo 4041 26.85 
18 .oo 1531 26.18 
19 .oo 3144 25.61 
20 .oo 2785 25.03 
21 .oo 2546 24.61 
22 .oo 2347 24.23 
23 .oo 2167 23.87 
24 .oo 2001 23.51 
25 .oo 1849 23.16 
26 .oo 1109 22.82 
27 .oo 1579 22.48 

Note: (a) Daya are n~ered conaeeutively. beginning with the fir•t day of precipitation; 

(b) Staae refera to the expected water elevation at the Fowler Avenue gage. 



Simulation Errors 

Errors inherent in simulated flood flows obtained from the Hills

borough River model consist primarily of model errors and sample errors 

associated with rainfall data. Since errors in the rainfall data are not 

practical to assess on the basis of available information, these two 

error components cannot be conveniently separated and will be considered 

jointly in a discussion of stmalation errors. 

In demonstrating the range of errors to be expected in data simu

lated by means of the Hillsborough River model, many storms (other than 

those used in developing the model) should be processed through the model 

and compared with actual flood data. However, since ind•pendent storms 

are so few, 13 storms used in developing the model were reconstructed and 

compared with observed discharges during these storm periods. Even though 

a comparison of simulated and observed storms used in developing the model 

may be biased, the comparison of these storms serves as a general 

indication of errors to be expected in other floods simulated by the 

model. 

Flood hydrographs of all the storms used in developing the Hills

borough River model have been simulated and are shown along with the 

actual flood hydrographs in figures 8, 9, 10 and 11. 

To illustrate the difference between simulated and observed hydro

graphs, a relative error was computed for each simulated flood discharge. 

Relative errors were calculated at each day on the hydrographs by taking 

the difference in observed and simulated discharge and dividing this 

difference by observed discharge. These calculated relative errors 
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(neglecting signs ) were analyzeJ collectively to obtain a frequenc y 

distribution. Sixty -seven percent of the simulated discharges have errors 

less than or equal to 30 percent. Fifty-five percent of the simulated 

discharsea have errors of 20 pe - cent or less, and 30 percent of 

the simulated discharges have errors of 10 percent or less. The aver

age relative error between observed and simulated flood peaks is 14 

percent. 

Simulated and observed flood discharges (averaged over the entire 

storm) are shown as a plot in figure 12. Data shown in this plot 

indicate that, on the average, simulated flood volumes te1.d to be just 

slightly (6 percent) larger than actual flood volumes. This difference 

is not considered significant because of the small sample of data used 

in the analysis. Comparison of the simulated and observed peak die

charges, however, indicates that, on the average, observed peaks are 

5 to 11 percent larger than simulated peaks. A plot of simulated and 

observed peaks is also shown in figure 12. 

A comparison of the time of occurrence of peaks indicatea that, 

on the average, stmulated peaks tend to lag no more than about 1.25 days 

behind observed peaks. 
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ALAFIA RIVER MODEL 

The model developed for the Alafia River at Lithia is the same as 

the general model given by equation 3 except for the adjustment that is 

made to compensate for variation in storm duration. The equation of the 

Alafia River model, which has an 8-hour computational period, is as 

follows: 

where 

- (19) 

l~ ~ Ma t rix of 8-hour unit-hydrograph ordinates; 

~adj 2 Matrix of adjusted 8-hour direct-runoff values; and 

Qbf • Matrix of s~ulated 8-hour base flow discharges. 

Runoff hydrograph.--As i ndicated by equation 19, elements (discharges) 

of the runoff hydrograph are formed by multiplying the unit-hydrograph 

matrix and the adjusted direct-runoff matrix. The adjusted direct-

runoff matrix reflects adju~tment for variation in storm duration. 

Ordinates of t .e average unit hydrograph are tabulated below and shown 

graphically in figure 13. 
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These ordinates indicate, on the average, successive 8-hour rates 

at which 1 inch of direct runoff will discharge from the Alafia 

River basin at the gaging station. Because 8 hours is the ttme basis, 

or duration of the unit hydrograph for this station, all computations 

are made accordingly, including the derivation of 8-hour values of direct 

runoff from the rainfall-runoff relation shown in figure 14. The equa

tion of this relation is 

r • 0.28p (20) 

where r = Direct runoff, in inches; and 

p z Mean basin rainfall, in inches. 

Mean basin rainfall is computed from daily rainfall records collected 

at Bartow and Plant City and from hourly records collected at Lakeland. 

The process involves the following application of Thiessen-veighting 

coefficients: 

p - 0.40B + O.SOPC + O.lOL (21) 

where B - Daily rainfall observed at Bartow, in inches; 

~- Daily rainfall observed at Plant City, in inches; and 

L - Daily rainfall observed at Lakeland, in inches. 

Because 8-hour mean basin rainfall is required in actual simulation, 

daily values of mean basin rainfa l l are calculated by use of equation 21 

and subdivided according to the 8-hour rainfall distribution at Lakeland. 

These subdivided (8-hour) values are used as direct input to the model. 

Adjustment for variation in storm duration is made on the basis of the 

relation between storm duration and an average ratio involving ordinates 

.of the average unit hydrograph and ordinates of the individual unit hydro-
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graphs used in the analysis .. The equation of this relation, which is shown 

graphically in figure 15 is as follows: 

where 

- 1.60 - 0.0073Sd 

cd • Average ratio of the average unit hydrosraph 

to the individual storm unit hydrographs; and 

s • Storm duration, in hours. 
d 

{22) 

Because the direct-runoff hydrograph is formed by a process involving 

multiplication of the average unit-hydrograph ordinates and direct runoff, 

the unit-hydrograph adjustment coefficients can be applied directly to 

runoff. Therefore, equation 22 is combined with the rainfall-runoff 

relation to yield 

r' [ o.z6P J 
• ~· 60 - 0. 007 3S d_ . 

(23) 

where p - Mean basin rainfall, in inches; 

Sd • Storm duration in hours. 

The multiple relation given by equation 23 is used in computing 8-hour 

direct runoff (adjusted for storm duration) that is used in simulation. 

Base-flow hydrograph.--Discharges that make up the Alafia River 

base-flov hydrograph are computed by use of a relation based on an 

average recession curve and a base-flow increaae curve. The equation 

of the Alafia River recession curve, shown in figure 16, is as follows: 

where 

q -i 
S,000{0.96)t {24) 

q
1 

• Recession discharge, in cubic feet per second; and 

t • 1tme, in 8-hour intervals. 
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The eouation for t he base-flow increase relation (fig. 17) is 

as follows: 

d = 0.238s (25) 

where d = Base-flow increase, in cubic feet per second; and 

s z Direct peak runoff, in cubic feet per second. 

However, be:ause direct peak runoff, s, is considered a function of the 

maximum unit·hydrograph ordinate (3600 cfs) and a~j usted 8-hour direct 

runoff, eouation 25 can be re-written as 

d = 858r' (26) 

where r 1 2 Adjusted 8-hour direct runoff, in inches. 

Eq~ations 24 and 26 are combined to form the following multiple relation 

that is used in computing base-flow discharges: 

5000(0.96)t + 858r'; (r' • 0, for (27) 

i <8). 

where t 2 Ttme, in 8-hour intervals; and 

r' • Adjusted 8-hour direct runoff, in inches. 

Actual calculation of the base-flow hydrograph begins by considering 

the flow conditions preced ~ng direct runoff from a given storm. The 

initial ttme step, as well as all subsequent time steps that must be 

found after a base-flow increase, is calculated by 

J 
(28) 

where (qbf)i • base-flow discharge, in cubic feet per second. Equation 

28 is the inverse of equation 27 when adjusted 8-hour direct runoff is 

equal to zero. 
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The Alafia River model operates in basicall y the same manner as 

the r illsborough River model (table 4). The primary differences between 

these two models are : 

(1) The Alafia River model time basis is 8 hours, rather than 24 

hours; 

(2) Runoff values are not lagged one time unit when preceded by 

a zero value; and 

(3) Runoff adjustments are made for storm duration rather than 

for variation in storm pattern. 

The Alafia River model has not been programmed in FORTRAN for processing 

on a large digital computer, but it has been programmed for processing 

on the WANG system. 
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Simulation Errors 

To illustrate the relative accuracy of flood discharges simulated 

by use of the Alafia River model, flood hydrographs were obtained for 

each of the storms used in the analysis. These simulated and observed 

hydrographs are shown in figures 18 and 19. 

Relative errors were computed for the simulated 8·hour flood 

discharges plotted in figures 18 and 19. Relative error is computed 

as the ratio of the difference in observed and simulated discharge to 

observed discharge. The computed relative errors (neglecting signs) 

were analyzed collectively to obtain a frequency distribution. Sixty

six percent of the simulated (8-hour) discharges have relative errors 

equal to or less than 30 percent. Fifty-four percent of the simulated 

discharges have relative errors equal to or less than 20 percent, and 

34 percent of the simulated discharges have relative errors less than 

or equal to 10 percent. The average relative error between observed 

and simulated flood peaks is 12 percent. 

Times of occurrence of the simulated peaks are randomly distributed 

about times of the observed peaks. The average difference in time of 

occurrence is about 16 hours. 

A plot of simulated and observed average flood discharges is shown 

in figure 20. These data indicate that simulated average flood discharges 

could be as much as 8 percent greater than observed flood volumes for 

large storms, and 4 percent less than observed flood volumes for gmall 

storms. 

A plot of simulated and observed flood peaks is also shown in 

84 



7000 I r, 
7000 ~ \ 

6000 
\ 

. 6000 \ 
\ 

5000 \ 
~000 

' \ 
4000 \ 4000 \ 

\ 

3000 
\ 

3000 ' \ 
\ 

2000 ' 2000 
' ' CJ 

z 1000 0 
u 
w 
(/') 0 0 
a:: 15 20 25 I~ 20 2~ w 
(l. 

MARCH SEPTEMBER 
.... 1960 1959 w 
LU u.. 

u ----SIMULATED 
-
(X) OBSERVED :::> 
u 

2000 
LU 
t:l 
a:: 1000 ct 
J: 
u 
(/') 6000 1~00 -c 

5000 

4000 1000 

3000 

2000 ~0 

1000 

0 0 
20 25 
MARCH JANUARY 

1959 1959 
Figure 18.--Graphs showing simulated and observed flood hydrographs for 

the Alafia River at Lithia. 

85 



4000 

3500 

3000 

2500 

2000 

1500 
0 
z 
0 1000 u 
w 
C/) 

500 
a: 
w 
a.. 

0 
1--
w 
w 
LA. 

(.) 

II) 

~ 
(.) 

• 1600 
w 
<.!) 

a: 1400 < 
~ 
(.) 
C/) 1200 
0 

1000 

800 

600 

400 

200 

0 

I 
I 

20 

... 

25 

AUGUST 
1957 

I I 

I \ 
I \ , \ 

I \ 
I \ 

' \ , 
I 
I 

' I 
I 
I 
I 

I 

25 

NOVE~BER 

1952 

4 500 

4000 

3500 

3000 

2500 

2000 

1500 \ 

' \ 
1000 ' ' ' 

.... _ 
500 

0 

30 

SEPTEMBER OCTOBER 

---- SIMULATED 

OBSERVED 

7000 

6000 

5000 

4000 

3000 

2000 

-- 1000 ~ 

0 

30 15 

/ 
I 

" 

1953 

I 
I 

I 
/ 

/ 
/ 

/ 

20 

OCTOBER 
1952 

' ' ' ' ' ' ' ' 

25 

Fig~re 19.--Graphs showing simulated and observed flood hydrographs for 
the Alafia River at Lithia. 

86 



-a 5 
u.~z 
(!)0 
Cl:u 4 
<w 
:Cc.n 
(.) 3 
~Q: 
OUJ 

a. 
0 2 
01-
OUJ 
~"' t.t. 

UJU 
C)-
4(11:1 
Q:~ 
UJU 
> t. 0 .8 
<o 

0 C.f) 0.6 
L.Ua 
1-z 
4(< 

~c.no4 
;:::) ;:::) . 
2o 
-J: c.n...,. 

0 
z 
0 
(.) 

.,UJ 
UJC.f) 
C) a: 
a::UJ 
<a. 
~ 
u...,. 
~loU 
Ot.U 
~ 

~(.) 
<-
UJCX) 
~~ 

(,) 

ct. 

"'o .... 
<en 
...Jo 
~z 
2< 
-en 
en~ 

0 
X ..... 

9 
8 
7 
6 

5 

· 4 

3 

2 

0.4 0.6 0.8 I 2 3 4 
OBSERVED AVERAGE FLOOD DISCHARGE, 

THOUSANDS ~ CUBIC FEET PER SECOND 

OBSERVED PEAK DISCHARGE, THOUSANDS 
OF CUSIC FEET PER SECOND 

Figure 20.--Graphs showing relations between 
simulated and observed discharge 
(peak and average flood) for the 
Alafia River at Lithia. 

87 



figure 20. The average relation between the peaks indicates that 

simulated peaks are overestimated 3 percent for small storms and under

estimated 20 percent for large storms. Even though the data shown in 

figure 20 indicate that some bias may exist in a flood simulated by the 

Alafia model, this bias is believed to result primarily from rainfall 

coverage rather than model error. In any case, a statistical adjust

ment is not merited for the apparent bias on the basis of available data 

used in this analysis. 
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NORTH PRONG ALAFIA RIVER MODEL 

The model developed for ~he North Pring Alafia River near Keysville 

is similar in form to the model developed for the Alafia River at Lithia. 

The matrix of the simulated 4-hour flood-hydrograph ordinates, Qt, is 

given by 

Qt "" UH X R + Qbf (3) 

where UH = Matrix of 4-hour unit-hydrograph ordinates; 

R = Matrix of 4-hour direct runoff; and 

Qbf = Matrix of simulated 4-hour base-flow discharges. 

Runoff hydrograph.--The ordinates used in forming the unit-hydrograph 

matrix, UH, represent successive 4-hour average flow rates at which l·inch 

of direct runoff would be discharged from the North Prong Alafia 

basin (at the gaging station). These ordinates, which were derived by 

averaging uni,-hydrograph ordinates of 12 independent storms of varying 

intensity and duration, are listed below and shown graphically in figure 

21. 
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Four-hour direct runoff used in simulation is computed by use of 

the relation shown in figure 22. This graph vas obtained by plotting 

mean basin rainfall and storm runoff from 12 storms. The equation that 

best fits these data is 

r • 0.15(p) 1"2 (29) 

where r • Direct ~.1off, in inches; and 

p • Mean basin rainfall, in inches. 

Mean basin rainfall, p, is computed from daily rainfall observed 

at Bartow, Plant City, and Lakeland, using the following relation 

involving Thiessen-weighting coefficients: 

p • 0.27B + 0.33L + 0.40PC (30) 

where B • Daily rainfall observed at Bartow, in inches; 

L • Daily rainfall observed at Lakeland, in inches; and 

PC • Daily rainf~ ll observed at Plant City, in inches. 

In flood s~lation, mean basin rainfall for 4-hour intervals is 

required. M~an basin precipitation can be derived from daily rainfall 

records from T"lant City, Lakeland, and Bartow by use of equation 30. 

Daily values are then subdivided into 4-hour values using the Lakeland 

record. 

Base-flow hydrograph.--Four-hour base-flov discharges are computed 

by use of a composite relation on the baeis of an average recession curve 

and a base-flow increase relation. The average receseion curve developed 

for the North Prong Alafia River is shown in a plot in figure 23 and the 

base-flow increaee relation is shown in figure 24. The equation of the 

recession curve, which gives discharge, qi, in cubic feet per eecond, 

io 

= 3050(0.946)t (31) 

where • Time, in 4-hour interv1ls. 
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The equation of the base-flow increase relation, which gives base-

flow increase, d, in cubic feet per second, is 

d - 0.408s (32) 

where s :a Direct peak runoff, in cubic feet per second. 

Because direct peak runoff is computed from the maximum unit•hydrograph 

ordinate (3630 cfs) and 4-hour direct runoff, equation 32 can be reduced 

to 

d == 148lr (33) 

where r • Four-hour direct runoff, in inches. 

Equations 31 and 33 are combined to form a composite analytical 

expression that is used to compute discharges of the base-flow hydrograph. 

This equation, which gives 4-hour base-flow discharge, (qbf)i' in cubic 

feet per second, is 

t 3050(0. 946) + 148lr; (r • 0, for i < 11) (34) 

where t • Time, in 4-hour intervals; and 

r • Four-hour direct runoff, in inehes. 

As indicated by equation 34, base-flow increases are scheduled to 

occur during the first time interval following direct peak runoff. Accord-

ingly, 11 base-flow discharges are calculated prior to the first base-flow 

increase. 

The manner tn whicn equation 34 is used to compute base-flow discharge 

involves the determination of an initial time index, t, from base-flow 

conditions that exist prior to the appearance ofdirect runoff. Under these 

conditions, 4-hour direct runoff is equal to zero, and equation 34 can 
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(35) 

where (qbf)i • Base~flow discharge, in cubic feet per second. 

Equation 35 not only enables determination of the initial ttme step on 

the recession curve at which s~lation of the base-flow recession begins, 

but also allows computation of all subsequent time steps or reentry 

points on the recession curve following increases in base flow. After 

the base-flow hydrograph has been computed by use of equations 34 and 

35, these discharges are combined with corresponding direct runoff dis-

charges to form the flood hydrograph. 
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Simulation Errors 

Hydrographs of observed and simulated floods are shown in figures 

25, 26, and 27. These hydrographs were simulated from hourly rainfall 

records collected at Lakeland because of the proximity of this gage to 

the basin. Rainfall records collected at Plant City and Bartow were 

not used in simulating these storms because of the large errors associated 

with the determination of 4-hour mean basin rainfall from daily rainfall 

record. The s imulated hydrographs had an unsatisfactory level of accuracy 

for most storms. Therefore, it is concluded that the North Prong Alafia 

River model cannot be used with confidence in simulating floods from 

existing rainfall records. Even though most of the stmulated hydro

graphs do not compare well with observed hydrographs, the simulated 

hydrographs of November 25 and December 5, ~953, shown in figure 25, and 

January 12, 1964, shown in figure 27, are similar to the observed floods. 

Simulated peaks for these three storms are in error by no more than 20 

percent and lie within one time unit (4 hours) of the actual peak. 

Open pit phosphate mines may aff~ct the flood peaks in this basin, 

but the extent of this effect cannot be determined from the data shown 

in figures 25, 26, and 27. The number of phosphate mines in the basin 

has increased since 1953, but simulated hydrographs do not indicate that 

earlier storms have less error than later storms. 

Data on simulated and observed flood peaks plotted in figure 28 

indicate a significant bias for discharges greater than about 2,500 

cfs. Within this range, simulated peaks are significantly smaller 

than observed peaks. For discharges less than 2,000 cfs, no bias is 

detected in the data. 
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SUMMARY AND CONCLUSIONS 

Flood hydrograph models based on modified unit·hydrograph and 

rainfall-runoff theories were developed for the following stream gaging 

stations in west-central Florida: Hillsborough River near Tampa, 

Alafia River at Lithia, P~d North Prong Alafia River near Keysville. 

These models broaden and enhance existing water-management capabilities 

within these basins especially with respect to implementation of flood 

control measures. The models serve primarily as a means for fore

casting floods. 

Stmulation errors associated with the models are believed to result 

primarily from rainfall sample errors and to a lesser extent from model 

inadequacy. Rainfall sample errors result from the small number and 

poor areal distribution of rainfall stations available for use in the 

study. Model inadequacies result from insufficiences in the basic 

underlying theory of the models as well as errors in the relations 

(rainfall-runoff relationships, for example) used in developing the models. 

Even though an in-depth discussion of model inadequacy reaches far beyond 

the scope of this report, the manner in which the hydrograph is separated 

affr cts derivation of subsequent relations that are actually used in 

model development. 

Relative errors between observed and stmulated flood discharges 

were computed for each storm used in model development. A relative error 

was computed for each stmulated flood discharge and each flood peak. 

Relative errors were analyzed collectively to obtain a frequency dis-

tirbution. Statistics comput in this analysis and relative errors 
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for simulated flood peaks are listed below for the Hillsborough and 

Alafia River models. 

Model -Number of 'Percent of Simulated clischarges ~verage ~elative 
storms having lelative errors equal to error of limula-

or less than lercent indicated ted flood l'eaks 
Percent in percent 

10 20 30 

Hillsborough 12 30 ss 67 14 
River 

Alafia River 8 34 54 66 12 

North Prong 12 (Er ~rs greatet than 40 perc ent) 
Alafia River 

The data for the Hillaborough and Alafia River models indicate a 

high degree of correspondence between stmulated and obaerved floods and 

flood peaks. On the basis of these data, it is concluded that these two 

models can be used to predict floods and flood peaks associated with large 

regional storms having homogeneous rainfall patterns within reasonable 

ltmits of accuracy. 
. 

Relative errors for the North Prong Alafia River model generally 

exceed 40 percent. However, with adequate rainfall input, stmulation 

errors probably would be lowered to the aa~e order of magnitude as for 

the Hillsborough and Alafia River models. 

Because only a small number of atorms was used in the analyaes, the 

data listed above should be considered only as general guides to the mag-

nitude of errors that could possibly be expected in simulated floods. 

A larger number of storms, other than those used in model development, 

would be required to establish atatiatically acceptable prediction errore. 

Use of the models deacribed in this report to forecast floods is 
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limited to some extent by the availability of current rainfall data. 

From a cursory examination of these models, it could be surmised that 

total storm rainfall and associated time distribution would be needed 

to forecast a particular flood bydrograph. However, it should be noted 

that in an actual application of the models to forecast an impending flood, 

total storm rainfall may not be available. Under this condition, pre

dictions would be made on the basis of current rainfall amounts with 

subsequent forecast as future rainfall information becomes available. 

This procedure can be used on a daily or shorter time interval basis; 

however, the limitation which is imposed by rainfall data availability 

is characteristic of ~ost predictive models employing rainfall-runoff 

methods and is not just characteristic of the Hillsborough, Alafia, 

and North Prong Alafia River models. 

Models described in this report only simulate with acceptable 

accuracy floods associated with large regional storms having homogeneous 

rainfall over the entire basin. However, the Hillsborough River model 

will be improved and expanded to all~ simulation of reliable flood hydro

graphs associated with non-regional storms having heterogeneous rainfall 

amounts and ~ - w~l coverage by including application of more sophisticated 

s imulation techniques on subbasin areas. Subbasin floods would be simu

lated for each principal tributary and then routed through existing control 

structures downstream to the main-stem. Tributary discharge would be 

accumulated with the main-channel flov and routed down the main channel 

and subsequently out of the basin. Subbasin flood simulation by this 

approach would require better rain-gage coverage, involving a consider

able expansion of the present networks. Measurement of rainfall in each 
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of the subbasins would be required in order to significantly reduce 

simulation errors resulting from highly variable rainfall patterna • 
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