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ABSTRACT 

Lake Conroe was designed for water supply and not for 

flood control. As a result, a flood control release policy 

was not established for the reservoir. This study seeks to 

establish the effect of Lake Conroe releases on downstream 

flooding and to develop operational policies to release the 

excess stormwater from the reservoir. A computer model was 

programmed on a microcomputer (Apple lie) to simulate the 

response of the Lake Conroe watershed to a storm event and 

to provide the operators at Lake Conroe with a viable method 

of on-line simulation. The model was calibrated with data 

from four historical events and verified against simulations 

from HEC-1, a flood hydrograph model. Recommended 

operational policies on four design storms were developed 

with the objective of minimizing peak releases from the dam. 

Guidelines for developing a release scheme for any design 

storm event were established based on the results of the 

HEC-1 analysis. 
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1.0 INTRODUCTION 

Reservoirs are designed for water conservation, 

recreation,navigation, and hydro-electric power. Lake 

Conroe was designed in 1970 to supply water to the city of 

Houston via Lake Houston during severe drought periods such 

as occured in the early 50's and in 1980. The San Jacinto 

River Authority emphasize that Lake Conroe was designed for 

only two purposes: water supply and conservation 

(SJRA,1981): 

" The dam must be operated to maximize water recovery 

to meet operating expenses and retire the revenue 

bonds and meet contractual water supply commitments to 

the city of Houston.” 

Lake Conroe has a flood storage capacity of 4.5 ft 

above conservation pool even though the lake was not 

designed as a flood control reservoir. Flood releases from 

gates at the dam at Lake Conroe are estimated from charts 

and nomographs prepared by the original design engineers. 

On May 23,1983 the lake level reached a record high of 

204.5 ft msl (up from 203.5 ft msl on April 21,1979) posing 

a possible flood threat in case the storm had persisted for 

a longer period of time. The release scheme for this storm 

proved to be inadequate: the réponse was too slow, the 

variation of gate opening too great (gate opening was varied 

six times during a 24-hr period) and the lake level stood at 

204.5 ft msl for more than forty-eight hours. The need for 

à reliable method of estimating the inflow volume and peak 
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to the lake, and the need to establish the relationship 

between inflow, outflow and the effect of Lake Conroe 

releases on downstream flooding was the motivation for this 

study. 

The purpose of this research effort adresses three 

major areas. First, the response of the Lake Conroe 

watershed to any storm event was simulated and calibrated 

with data from four historical events using a flood 

hydrograph model, HEC-1 (U.S. Army,1981). The simulation 

predicted the inflow volume and peak of runoff into the 

lake. 

Second, the effect of the operating scheme at Lake 

Conroe on downstream flooding was established. Based on 

that, guidelines for the operation of the dam to control the 

release of the excess inflow volume were developed. The 

release guidelines were oriented towards using the flood 

control capacity available in the lake to reduce the inflow 

peak to a value that would minimize flooding downstream. 

Third, the possibility of providing the operators at 

the dam with a tool to implement the release guidelines on a 

real time basis was investigated. A hydrologic model 

compatible with HEC-1 was set up on a microcomputer (Apple 

lie) and calibrated with the same four historical events 

used with HEC-1. The results of the simulation on the 

microcomputer were compared with HEC-1 estimates. 
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2.0 LITERATURE REVIEW 

2.1 Reservoir Design and Management 

2.1.1 Reservoir Design Capacity and Yield 

Storage reservoirs are designed for four major 

purposes: water conservation/ flow augmentation, flood 

control, recreation and navigation, hydro-power or 

multipurpose which is a combination of two or more different 

purposes. A storage reservoir conserves the intermittent 

flow from a stream and allows a uniform rate of withdrawal 

for consumption. 

The basic characteristic of a reservoir is its storage 

capacity. Estimation of the capacity of reservoirs on 

natural sites is determined from topographic surveys. The 

area enclosed within each contour within the reservoir site 

is planimetered and an area-elevation, curve is constructed. 

The integral of the area-elevation curve is the 

capacity curve for the reservoir sometimes referred to as 

the elevation-storage relationship. The change in storage 

between two elevations can then be expressed as 

(Linsley,1972) : 

(Al + A2) 
dS = * dEl-2 (2-1) 

2 

where dS is the change in storage, A1,A2 are the surface 

areas corresponding to elevations 1 and 2 and dEl-2 is the 
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change in elevation between elevation 1 and 2. 

The maximum elevation to which the reservoir surface 

will rise during ordinary operating conditions is the Normal 

Pool Level, and the lowest elevation to which the pool is to 

be drawn under normal conditions is the Minimum Pool Level. 

The storage volume between the Minimum and Normal Pool 

Levels is the useful storage. Water below Minimum Pool 

Level is dead storage. Depending on the operation plans for 

a reservoir, the useful storage is usually subdivided into 

conservation storage and flood-mitigation storage. Fig. 2.1 

illustrates the zones of storage in a reservoir. 

The amount of water (outflow in cfs or mgd) which can 

be supplied from the reservoir in a specified period of time 

is the yield, and the maximum amount of water which can be 

supplied during the period of lowest natural flow on record 

for the stream, known as the critical dry period, is the 

safe yield. 

2.1.2 A Storage Reservoir as a Physical System 

Flood routing is used to simulate flood wave movement 

through river reaches and reservoirs. A flood wave moving 

down a channel or through a reservoir is attenuated; that 

is, its time base is lengthened and its crest is lowered. 

Reservoir storage modeling simulates the storage effect of a 

reservoir on the shape of a floodwave. 
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Fig. 2.1 - Zones of storage in a multipurpose reservoir 
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The behaviour of storage reservoirs is described by two 

basic equations: conservation of mass and conservation of 

momentum. For unsteady uniform flow in open channels the 

Saint-Venant equations are(Li,1983) : 

3V ay ay 
A — + VT — + bv + T — - Q' =0 (2-2) 
3x 5x 3t 

3 V 3V ay Q' 
— + V — + g — + - (V-u') + g(Sf - So) = 0 (2-3) 
àt 3 x 3x A 

where Q' is the added discharge per unit length of channel, 

V is the velocity, A is the cross sectional area, X is the 

distance along the reach, u' is the velocity component of 

the added discharge in the direction of the flow, Y is the 

depth of flow, Sf is the friction slope, So is the bottom 

slope of channel, g is the gravitational acceleration and T 

is the top width of the channel. 

The two equations are solved to determine the velocity 

and the friction slope in a reach. For steady uniform flow 

in a prismatic channel, the momentum equation is replaced by 

the Manning formula: 

1.49 R2/3 S
1/2 

V =  (2-4) 
n 

where V is the average velocity at a cross section, R is the 

hydraulic radius and S is the slope of the water surface 

profile which is equal to the slope of the energy line 

(friction slope) and the slope of the channel bottom. 
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For reservoir routing, the Manning equation is 

multiplied by the cross sectional area and transformed into 

a flow rating curve or a stage-discharge relation. Stage is 

directly related to the storage in a reservoir and the 

mometum equation in natural reservoirs reduces 

to(Klemes,1982): 

b 
Q = a S (2-5) 

where Q and S are outflow and storage respectively. 

The conservation of mass relationship is translated 

into a storage relation(Klemes,1982): 

Pt + Pt+dt Qt +Qt+dt 
   = st+dt - St (2-6) 

2 2 

Qt+dt = -2St+dt + Pt + Pt+dt - Qt + 2St (2-7) 

where P,Q,S are inflow, outflow and storage respectively. 

Equation (2-7) is the equation of a straight line 

(conservation line) if Q is plotted as a function of S. 

Reservoir routing is interpreted graphically by the 

intersection point of the conservation of mass line with the 

routing curve as shown in Fig 2.2 (Klemes,1982). In man¬ 

made resevoirs, however, the problem is more complicated. 

Man-made resevoirs usually have gated outlets which can vary 

the rate of outflow Q while keeping the storage constant or 

vice-versa. As a result, the rules governing the rate of 

outflow are more complex than equation (2-5). 
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Fig 2.2 - Graphical representation of reservoir routing 
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Outflow rules in man-made reservoirs are formulated as 

a set of regulations known as an Operation Policy or Release 

Rule. The storage-discharge relatioship (Fig 2.2) is 

replaced by a series of curves for a number of different 

positions of the gates. Knowing the inflow Q for a time 

period dt and the position of the gates during dt, the 

storage is determined graphically by the intersection of the 

conservation of mass line with the appropriate storage- 

dicharge curve. 

2.1.3 Mass Curve Représentât ion of Reservoir Operation 

A mass curve, also known as a Rippl Diagram, is a 

cumulative plotting of net reservoir inflow (Fig. 2.3). The 

slope of the mass curve at any time is a measure of the 

inflow rate at that time. A draft line representing a 

uniform rate of demand is superimposed on the mass curve 

such that it is tangent to the high points of the curve. 

The maximum departure between the draft line and the mass 

curve represents the reservoir capacity required to satisfy 

the demand assuming the reservoir to be full whenever the 

draft line intersects the mass curve. 

Fig. 2.3 illustrates the mass curve concept 

(Klemes, 1984 ) . Fig. 2.3.a is a plot of the historical 

inflows Q vs time. A target draft, assumed constant for 

simplicity, is superimposed on the plot and a mean flow is 

computed for the design time period. 
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Fig. 2.3 - Mass curve representation of reservoir design 
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Integrating these relationships over different time steps 

and plotting the values vs time generates the mass curve S 

in Fig. 2.3.b. A parallel to the target line is drawn 

tangent to the inflow curve and the maximum departure K from 

the curve is the required capacity of the reservoir. 

The curve S' is drawn by translating S, the cumulative 

plot of the historical inflows, by an amount equal to the 

capacity K of the reservoir. The area enclosed by S and S' 

is the mass tunnel. The shaded area above the target line 

is the available storage at time t and can be transformed 

into a storage fluctuation curve under the target as shown 

in Fig. 2.3.C. The blank area under the target line is the 

outflow from the reservoir. 

A concept more often used, however, is the residual 

mass curve which is a cumulative plot of the difference 

between the recorded inflow value and the mean inflow. The 

cumulative draft line is also expressed as a residual. Fig. 

2.4 illustrates this concept graphically. Xe is the 

residual mass curve and Xf is the translation of Xe by an an 

amount K, the capacity of the reservoir. The corridor Xe, 

Xf is the residual mass tunnel. 

Varlet(1923) introduced a technique to predict the 

optimum outflow for the design period. The technique is 

best known as the Stretched Thread Method and is associated 

with a residual mass curve (Fig. 2.4). The line of the 

stretched thread is defined as 'the shortest path through the 

corridor Xe, Xf and it represents the residual mass curve 
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Fig 2.4 - Residual mass curve 
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of the optimal outflow Y. 

This method allows one to estimate the periods of 

spill(overflow) and failure periods. If the line of the 

stretched thread overlaps with Xf for a time period dt then 

dt is a spill period. Similarly, if the line of the 

stretched thread overlaps with Xe then dt is a failure 

period. 

Probability of failure is calculated as the proportion 

of time units during which the reservoir is empty to the 

total number of time units used in the analysis. 

Reliability of reservoir operation is defined as the 

complement of the probability of failure and is expressed as 

a time-based reliability or a volumetric reliability 

(Klemes,1973). 

A time base reliability, Ra, is the number of non 

failure time units expressed as a percentage of the total 

time units. A volumetric reliability is the actual amount 

of water supplied from the reservoir expressed as a 

percentage of the total amount desired during the given 

period. 

2_. 1.4 A Storage Reservoir as a Water Management Tool 

The required capacity of a multipurpose reservoir is 

determined by establishing a release policy that would 

satisfy the demand set by the design purposes of the 

reservoir. In most cases, it is not possible to meet the 

set demand for every time period. Therefore, it is 

neccessary to optimize the releases so that the probability 
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of failure (inability to meet demand) is a minimum. 

Linear and dynamic programming techniques have been 

developed to optimize releases from a reservoir. Linear 

programming solves a set of equations(constraints) 

simultaneously to maximize releases and dynamic programming 

solves the conservation of mass equation (2-7) as a function 

of time. 

Varlet (1923) suggested a method of defining the 

optimum rules of operation. This method associates each 

value of draft y with a dollar benefit or cost value. The 

optimum draft y at time t is a value that maximizes this 

benefit function or alternatively minimizes the loss 

function. 

Varlet (1923) suggested the use of the Stretched Thread 

* 
Method to calculate y The advantages of this method is its 

simplicity and the fact that it yields an exact solution in 

a very short time. The disadvantage of this method is its 

limited applicability to a parabolic loss 

functional ernes, 1979). 

Revelle(1970) developed Chance-Constrained Linear 

Decision Rules (LDR) with the objective of designing the 

smallest possible reservoir that would meet certain 

requirements with a high probability. The chance 

constraints at the end of period t are of four types: the 

storage should be above the minimum desired level with a 

specified reliability, a certain flood storage freeboard 

volume should be available with a specified reliability, the 
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release commitment should exceed the minimum desired release 

with a specified reliability and the release commitment must 

not exceed the minimum damaging release with a specified 

reliability. 

Young(1967) developed the Monte Carlo Dynamic 

Programming or Implicit Stochastic Dynamic Programming 

technique. This technique is a deterministic dynamic 

programming procedure to find an optimum outflow series from 

a reservoir subject to a given series of inflows. Young 

defined the optimum reservoir release as a statistical 

linear function of the current value of storage and the 

current inflow, a relationship derived by regression 

analysis from the optimized outflow series. 

Revelle's technique gives the same result as Varlet's 

method but the results from Young's method do not converge 

to the exact solution given by Varlet because of the 

discretization of storage (Klemes,1979). The advantages of 

linear and dynamic programming methods is their generaltity 

and flexibility. The disadvantage is that both methods 

suffer from dimensionality problems: dynamic programming 

because of the number of state variables, linear programming 

because of the number of equations to be solved 

(Klemes,1979). 

£.1.5 Stochastic Methods in Storage Design 

1.5.1^ Generation of Synthetic Streamflow 

A frequent problem in the determination of storage 



16 

capacity is poor historic streamflow records. Statistical 

methods are used to generate a synthetic streamflow sequence 

with the same statistical properties as the historical 

record. 

"Synthetic flows do not improve poor records but 

merely improve the quality of designs made with 

whatever records are available" (Fiering & 

Jackson,1971) 

Streamflow data consists of four components : trend, 

periodicity, correlation and randomness. A time series is a 

set of observations generated sequentially in time (Box and 

Jenkins, 1976). The persistence of a time series is its 

non-random characteristic and is quantitavely represented by 

the serial correlation coef f icient, rj^, where k is the lag 

between flow events. Therefore, a lag one serial 

correlation indicates how strongly one event is affected by 

the previous event. Time series analysis has been used 

extensively in the field of stochastic hydrology (see 

Carlson et al.,1970; McMichael and Hunter,1972; McKerchar 

and Delleur,1974; Mcleod et al.,1977; Kottegado,1980; Salas 

et al.,1980 . ) 

Hazen (1914) was the first to develop a procedure for 

streamflow synthesis. Sudler (1927),Barnes (1954) and Hurst 

(1960) developed other techniques to generate streamflow 

data. Markov (1922 ) was the first to introduce a process 

in which the probability of the streamflow for a specific 

year depends only on the streamflow for the previous year 
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and is independent of the previous history of streamflows. 

The "Markov Lag One" (short memory) process was the basis of 

the developments in stochastic streamflow generation during 

the early 1960's (see Julian,1961; Yevdjevich,1961; and 

Brittan,1961). The Markov process ,however, only accounts 

for correlation and randomness. 

Thomas and Fiering (1962), Matalas (1967) and Kirby 

(1972) proposed similar models to account for periodicity 

and seasonality. Long memory models (ARIMA, Broken Line and 

Fractional Gaussian Noise models) have been proposed as 

replacements for Markovian schemes to account for Hurst's 

phenomena. 

Hurst (1960) related the range of a streamflow record 

to the length of record by: 

k 
R N 
- = (-) (2-8) 
S 2 

where R is the range of the record defined as the sum of the 

cumulative departures from the mean, S is the standard 

deviation of the time series data, N is the length of the 

time series and k is an exponent. 

For a purely random time series process, K tends 

towards 0.5 (Feller,1951) . Hurst, however, found that for a 

natural time series K has a mean value of 0.72 and a 

standard deviation of .09. Long memory models predict 

larger storage sizes since high K values in equation(2-8) 

imply long term persistence and longer and more extreme 
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events in the flow sequence. 

2.1.5.2 Probability Theory of Storage Design 

Moran (1959) suggested the use of probabilty matrix 

procedures to generate synthetic flows. The basic theory 

behind probabilty matrix procedures is that for every time 

period t, the inflow can assume different values each with a 

given probability and therefore the probability of the 

different values that the outflow or storage can assume is 

computed accordingly. 

In a mutually exclusive Moran model, inflows and 

outflows do not occur at the same time. For a reservoir 

with discrete inflows Xt, a constant draft of M during unit 

time period t, and a stored content of Zt at the begining of 

time t and assuming the reservoir is divided into K-M+l 

discrete zones 0,1,2,...K-M where 0 is the empty zone.: 

Zt+1 = 0 Zt + Xt < M (2-9) 

Zt+1 = (zt +Xt) - M M < Zt +Xt < K (2-10) 

Zt+1 = K - M K < Zt + Xt (2-11) 

For simplicity the probability analysis is illustrated 

with an example. Assume the capacity K of the reservoir is 

5 units and the demand M is 2 units. The probability of 

having 2 units in the reservoir at the end of one time 

period is equal to the sum of the probabilities of having 4 

units in the reservoir before withdrawing two units. 

In equation form: 
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P'2 = P3(Pl)+p2(P2)+pl(P3^+p0^P4) (2-12) 

where Pi is the probability of having i units in the 

reservoir initially, P'i is the probability of having i 

units in the reservoir at the end of the time period and pi 

is the probability that i units of inflow will enter the 

reservoir. 

Similarly, the probabilities for having 1,3, or 4 units 

in the reservoir at the end of a time period are developed 

and the equations are: 

p ' 3 = p3(P2+P3+P4+P5)+p2(P3+P4+P5) 

+P1(P4+P5)+po(P5) (2-13) 

p'l = p3(Po)+p2(Pi)+P1(p2)+po(P3) (2-14) 

p,o = p2(Po)+pl(Pl+Po)+po(P2+Pl+P0) (2-15) 

The four equations are expresed in matrix form: 

(P') = (T)(P) (2-16) 

where T is known as the transition matrix (components are 

pi) and (P') and (P) are column matrices (components P'i and 

Pi respectively). Equation (2-16) is solved for (P') in 

every time step to determine the probability of having i 

units in the reservoir at the end of the time step. 

This model overestimates both the probability of 

failure and the probability of spill because it assumes that 

inflows always precede outflows. In a simultaneous model 
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where inflow and outflow occur simultaneously the system of 

equations (2-9,2-10,2-11) reduces to: 

Zt+1 =0 Zt + Xt < M (2-17) 

Zt+1 = Zt + Xt - M Zt + Xt - M < K (2-18) 

Xt+1 = K Zt + Xt - M > K (2-19) 

Both models assume that inflows are independent. For a 

monthly time period this assumption is not valid and hence 

the required storage capacity would be underestimated. Also 

both models require an iterative solution if the storage 

capacity or release for a given probability of failure is to 

be determined. 

However, both models sample all years of stream flow 

records without reference to the historical sequencing 

(serial correlation is assumed zero) and hence non- 

continuous records are used as effectively as continuous 

records. The advantage of this method over other 

deterministic methods is that computed storage estimates are 

independent of starting conditions. 

Gould (1961) modified the simaltaneous Moran type model 

to account for both the seasonality and serial correlation 

of the inflows. Gould used the transition matrix with a 

yearly time period, but accounted for within-year flows by 

using behaviour analysis. 

Behaviour analysis consists of calculating the changes 

in storage content of a finite reservoir using a mass 

storage equation(McMahon,1978) : 
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Zt+1 = Zt + Qt - Dt - dEt (2-20) 

where Zt+1 is storage at end of the time period, Zt is the 

storage at the beginning of the time period, Qt is the 

inflow during t, Dt is the release during t and dEt is the 

evaporation loss from the reservoir during t. 

The computed values of Zt are plotted against time and 

the probability of failure is calculated by dividing the 

number of time periods for which the reservoir is empty by 

the total number of time periods. Using an iterative 

procedure, the capacity of the reservoir is varied until the 

calculated probability of failure is equal to the design 

probability of failure. 

If a behaviour analysis is carried out for various 

combinations of draft and probability of failure, a series 

of curves of Draft vs. Storage with a certain probability of 

failure is obtained. From this family of curves the storage 

required for any draft and probability of failure is 

obtained immediatly. Melentijevich (1966), Klemes 

(1967),and Phatarfod (1976) developed similar models to the 

Moran model to obtain expressions for the distribution of 

reservoir content in a certain time period. 

Klemes(1970) decomposed the Moran transition matrix 

into a release rule and an input component to simplify the 

problem formulation for a reservoir with complex operating 

rules. Klemes then derived the Lloyd model (Lloyd,1963) by 

introducing two succesive transitions of one variable 

instead of a single bivariate transition. The model takes 
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into account the correlation between monthly flows 

simultaneous with that between annual flows. 

2.2 Surface Runoff Prediction 

In an effort to facilitate the simulation of hydrologic 

response of watersheds, stormwater simulation models have 

been developed and applied. These models develop 

hydrographs from functional relationships between watershed 

characteristics and runoff quantity. 

Much of the early work in runoff modeling was prompted 

by information about the mechanism of soil infiltration 

(Horton,1935 ; Holtan 1961). Most hydrologic models utilize 

concepts of soil storage and infiltration to predict 

groundwater flow, interflow and surface runoff. A 

continuous computation of the water balance is possible if 

all of the physical inputs and system dynamics are known. 

A precipitation hyetograph (Fig. 2.5) is used as the 

input for all runoff calculations. The hyetograph 

represents average precipitation depths over a computation 

interval. Precipitation losses have to be accounted for in 

the calculation of rainfall excess. Precipitation losses 

refer to land surface interception, depression storage and 

infiltration. 

Interception and depression storage represent the 

surface storage of water by trees or grass or local 

depressions in the ground surface. Infiltration represents 

the movement of water to areas beneath the land surface. 
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Fig 2.5 - Rainfall excess hyetograph 
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Four methods are most commonly used to calculate the 

precipitation loss. 

The initial and uniform loss rate method assumes an 

initial abstraction followed by a constant loss rate. The 

exponential loss rate method is an exponential decay 

function that depends on the rainfall intensity and the 

antecedent losses. The equation for computing the 

precipitation loss is of the form (HEC-1,1981): 

c 
Y = (a + b) X (2-21) 

where Y is the potential loss rate in inches per hour during 

the time interval, a is the loss rate coefficient at the 

begining of the time interval, b is the incremental increase 

in the loss rate coefficient, c is an exponent of 

precipitation that reflects the influence of precipitation 

rate on basin average loss characeristics( varies between 0 

and 1.0) and X is the precipitation in the time interval. 

Holtan (1975) computed loss rates based on the 

infiltration capacity of a soil given by: 

b 
f = GIA * SA + FC (2-22) 

where f is the infiltration capacity in inches per hour, GIA 

is the product of the growth index, GI, representing the 

relative maturity of the ground cover and, A, the 

infiltration capacity in inches per hour, SA is the 

equivalent depth in inches of pore space in the surface 
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layer of the soil which is available for storage of 

infiltrated water, FC is the constant rate of percolation of 

water through the soil profile below the surface layer and b 

is an empirical exponent equal to 1.4. 

The Soil Conservation Service (SCS) developed a soil 

classification system and related the drainage 

characteristics of soil cover, land use type and antecedent 

moisture conditions. The SCS method is discussed in more 

detail in chapter 3. 

The average precipitation loss determined by any one of 

the methods for a computation interval is subtracted from 

the rainfall hyetograph as shown in Fig. 2.5. The resulting 

precipitation excess is used to compute the runoff for a 

subbasin. 

The unit hydrograph is the technique used to transform 

rainfall excess to subbasin outflow. A unit hydrograph is 

defined as the subbasin surface outflow due to 1 inch of 

rainfall excess. (Fig 2.6) 

Mathematically, the unit hydrograph is the Kernel 

function U(t-T) in 

g ( t) * i(t) U(t-T) dt (2-23) 

where g(t) is the output hydrograph and i(t) is the input 

rainfall hyetogram (after abstraction of the infiltration 

losses) and U(t-T) is the rainfall intensity at time t-T. 

The convolution of the unit hydrograph and rainfall excess 

yields the direct runoff hydrograph of a storm. 
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A unit hydrograph is defined by its time base, time of 

concentration and peak flow. The time base of a hydrograph 

is the time from which the concentration curve begins until 

the direct runoff reaches zero and is usually the sum of the 

duration of runoff producing rain and time of concentration. 

The time of concentration is the flow time from the most 

remote point in the drainage area to the outlet of interest. 

The relative timing of a rainfall event is then related 

to the unit hydrograph by using a lag time or basin lag 

parameter. Basin lag is defined as the difference in time 

between the center of mass of effective rainfall and the 

center of mass of runoff produced and is characterized by 

the ratio of a flow length to a mean velocity of flow. 

In the case of ungaged basins, synthetic unit 

hydrographs which relate features of the hydrograph, such as 

time to peak, peak flow and time base, to constant watershed 

characteristics, length of main channel, drainage area and 

slope, have been developed. 

Snyder(1938) developed a technique for computation of 

lag time, unit hydrograph duration, peak discharge and 

hydrograph time width at 50 and 75 percent of peak flow 

based on data from a study in the Appalacian mountain 

region. The disadvantge of Snyder's method is that it does 

not allow for the construction of the entire time 

distribution of the discharge hydrograph. 

The lag time for the Snyder method is given by: 
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.3 
tl = Ct(L Lea) (2-24) 

where tl is the lag time in hrs, Ct is a coefficient 

representing variations of watershed slopes and storage, L 

is the length of main stream channel in mi from the outlet 

to the divide and Lea is the length in mi along the main 

channel to a point nearest the watershed centroid. 

The duration of rainfall excess is given by: 

tl 
tr =  (2-25) 

5.5 

where tr is the duration of the unit rainfall excess and t]_ 

is the lag time calculated from equation (2-24). 

The peak discharge is given by: 

640*Cp*A 
Qp =   (2-26) 

tl 

where Qp is the peak discharge in cfs, Cp is a coefficient 

that accounts for flood wave and storage conditions, A is 

the watershed area in sq mi and t]_ is the lag time in hrs. 

The time base of of a Snyder unit hydrograph is: 

tl 
T = 3 + — (2-27) 

8 

where T is the base time of the unit hydrograph in days and 

tl is the lag time in hrs (T=(3-5)tl for small watersheds). 

Clark (1945) defined three parameters to calculate a 
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unit hydrograph: Tc, time of concentration for the basin, R, 

a storage coefficient and a time-area curve. A time-area 

curve defines the cumulative area of the watershed 

contributing runoff to the subbasin outlet as a function of 

t ime. 

The dimensionless time-area curve is given by: 

1.5 
AI = 1.414 T 0 < T < .5 (2-28) 

1.5 
1 - . AI = 1.414 (1-T) • 5 < T < 1 (2-29) 

where AI is the cumulative area as a fraction of total 

subbasin area and T is the fraction of time of 

concentration. The ordinates of the time-area curve are 

converted to volume of runoff per second of unit excess and 

interpolated to the given time interval. 

The resulting translation hydrograph is routed through 

a linear reservoir to simulate the storage effects of the 

basin. The linear reservoir routing equation is: 

Q2 = Ca * I + Cb * Ql (2-30) 

Ca = dt/(R + .5dt) (2-31) 

Cb = 1 - Ca (2-32) 

Qave = (Ql + Q2)/2 (2-33) 

where Ql, Q2 are the instantaneous flows at the begining and 

end of time period simultaneously, dt is the time interval 

in hrs, Qave is the unit hydrograph ordinate at the end of 

the time period, Ca and Cb are routing coefficients and R is 
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the basin storage factor in hrs. 

The Soil Conservation Service (McQuen,1982) developed a 

dimensionless unit hydrograph based on an analysis of a 

large number of natural unit hydrographs from a wide range 

in size and geographic location . The hydrograph is defined 

by a time lag which is equal to the lag between the center 

of mass of rainfall excess and the peak of the unit 

hydrograph. Peak flow and time to peak are calculated as 

functions of time lag and area of basin. SCS unit 

hydrograph is discussed in detail in chapter 3. 

2.3 Routing Schemes 

2.2..1 Channel Routing 

Flood routing is used to simulate flood wave movement 

through river reaches. Hydraulic or hydrologic methods can 

be used to simulate the propagation of a wave through a 

channel reach. 

Hydrologic flood routing methods are based on the 

continuity equation and a routing curve which is a 

relationship between flow and storage or stage. McCarthy 

(1938) introduced the Muskingum method. Storage in a stable 

reach depends on the discharge into and out of a reach and 

upon hydrologic characteristics of the channel section. 

The storage within a reach is given by (Viessman,1977): 

b m/n 
= - { XI S 

a 

m/n 
+ (1-X)0 } (2-34) 
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where S is the storage within a reach, I is the inflow rate 

to the reach, 0 is the outflow rate from the reach, a and n 

are constants related to the stage-discharge characteristics 

of control sections at each end of the reach, b and m are 

constants related to the storage-volume characteristics of 

that section and X defines the relative weights of inflow 

and outflow within the reach. 

The Muskingum Method assumes that m/n=l and K=b/a which 

reduces equation (2-34) to: 

S = K(XI + (l-X)O) (2-35) 

where K is the storage time constant for the reach and X 

varies between 0 and 0.5 for a river section. 

Another hydrologic channel routing method is the 

Kinematic Wave Method. This method assumes that the channel 

water surface slope and the channel bed slope are equal and 

acceleration effects are negligible. The momentum and 

continuity equations (2-2 & 2-3) reduce to(Viessman,1977): 

Sf = So (2-36) 

3A 9Q 
— + — = q (2-37) 
9t 9x 

where Sf is the friction slope and SQ is the channel bed 

slope. 

The flow at any point in the channel is therefore 

calculated from Manning's formula which in simplified form 

is given by (HEC-1,1981) 
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m 
Q =<*A (2-38) 

where Q is the flow in the channel, S is the channel bed 

slope, A is the cross sectional area and and m are 

constants related to flow geometry and surface roughness. 

Manning's equation combined with the continuity 

equation yield the kinematic wave equation (HEC-1,1981): 

*dA (m-1) 3A 
— + mA — = q (2-39) 
3t 3x 

This equation is then solved by finite difference 

approximation schemes to calculate A and Q. 

2.3.2 Storage Routinq 

A flood wave passing through a storage reservoir is 

both delayed and attenuated as it enters and spreads over 

the pool surface. Water stored in the reservoir is 

gradually released through controlled outlet in man-made 

reservoirs. The Storage Indication Method or the Modified 

Puls Method (Chow, 1964) uses the equations of flow over an 

ungated spillway weir section and flow through a free outlet 

discharge pipe to compute the outflow: 

x 
Q = CYH (2-40) 

For an ungated spillway: 0 is the outflow rate (cfs), Y 

is the length of the spillway crest (ft), H is the reservoir 

depth above the spillway crest (ft), C is a discharge 
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coefficient for the weir equal to 3.0 and x is an exponent 

equal to 1.5. 

For a discharge pipe: Y is the cross sectional area of 

the discharge pipe (sq.ft), H is the head loss above the 

free outlet elevation (ft), C is the pipe discharge 

coefficient equal to 8.0 and x is an exponent equal to 0.5. 

This equation is modified for other outlet types. 

Storage values for various pool elevations in a 

reservoir are computed from a storage-elevation curve. 

Since both storage and outflow depend only on pool 

elevation, the storage-elevation curve and the outflow- 

elevation curve are combined to form a storage-outflow 

curve. The storage-outflow relationship and the continuity 

equation are combined to determine the outflow and storage 

at the end of each time increment . The continuity 

equation can be written as: 

S2 - SI II +12 Q1 + Q2 

where S,I,Q are storage,inflow and outflow at the begining 

and end of a time period t. Storage routing is discussed 

in more detail in chapter 3. 
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3.0 METHODS 

Two computer models were used to simulate the 

hydrologic response of the watershed : HEC-1 and the Texas 

A&M Watershed Model(TAMWM). HEC-1, a flood hydrograph 

package was developed in 1958 for use by the Army Corps of 

Engineers. Intended as a storm water modeling effort, HEC-1 

was chosen because of the minimal amount of watershed data 

required, the low cost of operation and its storage routing 

capability. 

TAMWM is an interactive computer program developed at 

Texas A&M University, College Station,TX. The model is 

basically designed for users with little knowledge of 

hydrologic modeling. The model was chosen because of its 

relative ease of operation and its interactive nature which 

allows for on-line simulation (real time analysis). 

Moreover, the San Jacinto River Authority (SJRA) has as 

Apple lie, and TAMWM was designed for this type of 

microcomputer (James,1984). 

The overall technique used in both models consists of 

delineating the boundaries of the Lake Conroe Watershed and 

dividing the watershed into sub-basins based on topography 

and drainage patterns. Four historical rainfall events were 

picked out and each was distributed over the whole watershed 

according to the particular delineation format used in each 

of the two models. The runoff response of the sub-basins 

was generated and summed up as inflow to Lake Conroe. This 
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inflow volume was routed through Lake Conroe and discharged 

from the Dam at the base of the lake based on a specified 

Storage-Discharge relationship. 

3^.1. Unit Hydroqraph Development 

3.1.2 Loss Rates 

HEC-1 has four methods for calculating losses: initial 

and uniform loss rate method, exponential loss rate method, 

SCS curve number method and the Holtan method. In this 

case, the SCS method was used. TAMWM also uses this method. 

SCS methods were used because most of the watershed area is 

undeveloped and because the SCS has already calculated the 

curve numbers for most of the watershed. Moreover, the SCS 

completed a floodplain study on the West Fork of the San 

Jacinto River downstream of Lake Conroe and in the process 

developed a simple model to estimate flows from Lake Conroe 

for a number of SCS design storms. 

The soil Conservation Service has instituted a soil 

classification system for use in soil survey maps across the 

country. The drainage characteristics of soil groups are 

then related to a curve number. Basically the soil type, 

land uses and the hydrologic condition of the cover are the 

watershed factors used in estimating curve numbers. 

Table A-l,Appendix A, is a compilation of the CN tables 

provided by the SCS. Antecedent soil moisture is also a 

significant factor to be considered in loss rates 

calculations. SCS developed three antecedent soil moisture 
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conditions : 

CONDITION I: soils are dry but not to wilting point; 

satisfactory cultivation has taken place. 

CONDITION II: average conditions. 

CONDITION III: heavy rainfall, or light rainfall and low 

low temperatures occured within the 

last five days; saturated soil. 

Table A-2,Appendix A, gives seasonal rainfall limits 

for the three antecedent soil moisture conditions and Table 

A-3,Appendix A, gives the adjusted CN corresponding to 

conditions I & II. 

Precipitation loss is then calculated by the following 

relationships (HEC-1,1981) : 

(ACRAN - la)2 

ACEXS =  (3-1) 
(ACRAN - la + S) 

S = (1000 - 10 * CN)/CN (3-2) 

where ACEXS is the accumulated excess in inches, ACRAN is 

the accumulated rainfall depth in inches, S is the soil 

moisture storage deficit in inches, CN is the curve number 

and la is an initial surface moisture storage capacity in 

units of depth which unless specified is usually taken to be 

equal to 20 percent of the soil moisture storage deficit S. 

3.1.2 Synthetic Unit Hydroqraph 

Both models simulate the hydrologic response from each 
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subbasin using unit hydrograph theory. Regression equations 

based upon regional data are used to estimate the peak unit 

discharge and the time to peak as functions of the length 

and slope of the main channel, the drainage area and the 

percentage of impervious area. 

HEC-1 determines the optimal unit hydrograph by 

matching recorded and simulated hydrograph values. HEC-1 

transforms a rainfall excess hyetograph to a subbasin 

outflow by utilizing the general equation: 

Q(i) = U(j)*X(i-j+1) (3-3) 

where Q(i) is the subbasin outflow at the end of the 

computation interval i, U(j) is the ordinate of the unit 

hydrograph, and X(i) is the average rainfall excess for the 

interval i. This equation assumes that the unit hydrograph 

is characteristic for a subbasin and that the runoff due to 

excess from different periods of rainfall can be linearly 

superposed (HEC-1,1981). 

HEC-1 utilizes three synthetic unit hydrographs: the 

Clark hydrograph, the Snyder hydrograph and the SCS 

hydrograph. In this simulation, the SCS hydrograph 

technique was used (Fig. 3.1). The SCS dimensionless unit 

hydrograph is an empirical technique and is the result of an 

analysis of a large number of natural unit hydrographs from 

a wide range in size and geographic locations. Parameters 

tp and Qp are expressed as (HEC-1,1981) : 
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Dmensionless time, t/Tpeak 

Fig 3.1 - SCS Dimensionless Unit Hydrograph 
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tp = .5*dt + ti (3-4) 

484*AREA 
Qp =  (3-5) 

.8 .7 
1 * (s+1) 

tl    (3-6) 
.5 

1900Y 

where tp is the time to peak in hours, dt is the duration of 

excess in hours or computation interval, Qp is the peak 

flow, AREA is the sub-basin area in sq miles,t^ is the lag 

(hrs) between the center of mass of rainfall excess and the 

peak of the unit hydrograph,S is the potential maximum 

retention (inches) calculated from equation (3-2), 1 is the 

length of the main channel in ft, and Y is the average 

watershed slope (%). 

TAMWM uses the dimensionless unit hydrograph developed 

by Williams and Hann for the hydrologic model HYMO. The 

model uses the synthesized hydrograph shown in Fig 3.2.a. 

The terms of the equations in Fig. 3.2.a are: q is the flow 

rate at time t, qp is the peak flow rate,tp is the time to 

peak, n is a dimensionless parameter, q is the flow rate at 

the inflection point, t is the time at the inflection 

point,and K is a recession constant. 

The peak flow rate is (Viessman,1979): 

BAQ 
(3-7) 



q
/q

p
 

ffi 

39 

- HYMO Dimensionless 
Unit Hydrograph 

- Relationship between 
shape parameter n 

and B 

” Relationship between 
shape parameter n 

and K/tp 

K/tp 



40 

where B is a watershed parameter related to n as shown in 

Fig 3.2.b, A is the watershed area and Q is the volume of 

runoff determined from the SCS runoff equation (3-1). 

Parameters K and tp for ungaged watersheds are 

determined from regional regression equations based on 34 

watersheds located in six southern states: Texas, Oklahoma, 

Arkansas, Louisiana, Missouri and Tennessee: 

.231 -.777 .124 
K = 27.0 A SLP (L/W) (3-8) 

.422 -.46 .133 
tp = 4.63 A SLP (L/W) (3-9) 

where SLP is the difference in elevation divided by flood 

plain distance between the basin outlet and the most distant 

point on the divide and L/W is the basin length to width 

ratio. The parameter n is related to K/t as shown in Fig 

3.2 . c. 

3.2 Hydroqraph Routing 

HEC-1 offers four channel routing procedures: 

Muskingum, Kinematic wave, Modified Puls and Working R and 

D. The muskingum method was used in the HEC-1 simulation on 

the West Fork of the San Jacinto River upstrean of Lake 

Conroe. The relative distance between the remotest point on 

the West Fork and the upstream end of the lake is the 

longest among all the subbasins and therefore it is 

reasonable to assume that the hydrograph from this 

particular subbasin will take the longest period of time to 

reach the lake. The Muskingum routing method estimates 
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storage by the following relationship: (Viessman,1979): 

where K is the storage time constant for the reach or the 

travel time, X is the storage weighting factor which varies 

between 0 and 0.5 and S is the average storage within the 

reach. 

No channel routing is used in TAMWM because of the 

limitation on the number of subbasins that could be used in 

the model and to keep the model relatively simple for users 

and to maintain a reasonable time frame for running a 

particular simulation. The average run time for a storm 

event is 20 minutes. If routing is used, the run time goes 

up to 35-45 minutes. 

2*2 Level Pool Reservoir Routinq 

Both models assume a level water surface behind the 

reservoir and both models use the theory of continuity for 

reservoir routing: the inflow during an incremental time 

period minus the outflow during this time period is equal to 

the change in reservoir storage. In equation form: 

S = K(XI + (l-X)O) (3-10) 

S2 - SI II +12 Q1 + Q2 
(3-11) 

dt 2 2 

II + 12 - (2Sl/t - 01) = 2S2/t + 02 (3-12) 

All the terms on the left hand side of the equation are 

known for a given time period and a value of the left hand 
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side can then be computed. The corresponding value of 02 is 

then determined from a Storage-Discharge curve. The 

elevation-storage curve is characteristic of Lake Conroe and 

is presented in Fig. 4.2. 

The outflow from the Lake is dependant on the number of 

gates opened and the height of the opening and thus is a 

variable that can be controlled. An elevation-discharge 

curve is established for every position of the gates. The 

combination of the elevation-storage curve and the 

elevation-discharge curve yields a storage-discharge curve 

that is associated with that particular position of the 

gates. 
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4.0 HYDROLOGIC SIMULATIONS 

_4._1 Design Characteristics of Lake Conroe 

Lake Conroe is located in Montgomery County,Texas, on 

the West Fork of the San Jacinto River north of state 

highway no. 105, seven miles west of Conroe. Lake Conroe 

covers an area of 20,985 acres at a normal water level of 

201.0 msl and has a capacity of 430,260 acre-ft at that 

level. The average depth in the lake is 20.5 ft and the 

shoreline is about 150 miles. Fig. 4.1 shows the location 

of Lake Conroe in the watershed. 

Construction of Lake Conroe started on January 1970 and 

deliberate impoundment began on January 9,1973. Lake Conroe 

reached the design water level (201.0 msl) on October 

30,1973. Total construction costs stand at 9.84 million 

dollars and project costs total 30 million dollars. Lake 

Conroe is under a joint ownership between the city of 

Houston (66.67%) and the San Jacinto River Authority 

(33.33%). 

Lake Conroe drains an area of 445 sq miles in 

Montgomery county and Walker county. Eleven major streams 

and their tributaries drain into Lake Conroe: 

1. West Fork San Jacinto River 

2. West Sandy Creek 

3. Caney Creek 

4. Robinson Creek 
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Fig 4.1 - HEC-1 Simulations Conroe © 
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5. McDonald Creek 

6. East Sandy Creek 

7. Hosteller Creek 

8. Gum Branch 

9. Little lake Creek 

10. Town Creek 

11. Weirs Creek 

The design of Lake Conroe is based on 34.6 inches of 

rainfall in 48 hours translated into a design flood peak of 

203,700 cfs, a design flood runoff of 26.4 inches over the 

watershed. Peak outflow of the design storm is 145,000 cfs 

and the design high water level is 205.5 msl. 

The dam on Lake Conroe is located approximately 15 

miles upstream from the 1-45 bridge crossing the West Fork 

of the San Jacinto River. The dam is an earthfill dam 

11,350 ft long, has a maximum height of 82 ft and a top 

width of 20 ft. The top elevation is about 212.0 msl. 

Flood outflows from Lake Conroe are controlled 

releases. A gate controlled chute spillway (5-40 ft wide x 

28 ft high Tainter gates) is the major flood control measure 

for the lake. The spillway crest is at an elevation of 

173.0 ft msl and outlet works consist of 10 ft diameter gate 

controlled conduit (l-5ftx5ft sluice gate / 2-3ftx6ft sluice 

gates). The invert elevation of the conduit is at 145.0 

msl. Fig. 4.2 shows the outlet works at the dam. 

Fig 4.3 represents the capacity curve and the area- 

elevation curve for the reservoir. The capacity curve of a 
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reservoir relates the elevation of water in the reservoir to 

a certain storage capacity and the area-elevation curve 

relates the water level to the surface area of the 

reservoir. 

4.2 Calibration Data 

Located in both Montgomery and Walker counties ,the 

Lake Conroe Watershed has a total area of 445 sq miles . 

Most of this area is timberland. The topography varies from 

Walker County to Montgomery County. In Walker County the 

topography generally slopes to the southeast and elevations 

range from 230 ft to 470 ft. In Montgomery County 

elevations range from 79 ft in the southern part of the 

county to 330 ft in the northwestern part. The Lake Conroe 

Watershed is shown in detail in Fig. 4.1. 

Both models predict better simulations on subbasins of 

areas between 10-25 sq. miles which means that at least 18 

subbasins should be used in the models. TAMWM has a limit 

on the number of subbasins (at most nine) that could be used 

because of the memory capacity limitation of the Aplle lie. 

For HEC-1 modeling purposes, the basin is divided into 

twelve sub-basins as illustrated in Fig. 4.1. The sub¬ 

basins are modified in number to nine subbasins for TAMWM. 

4.2.1 Rainfall Events 

Four historical storm events between 1979 and 1983 were 

chosen for calibration purposes: 
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1. April 18,1979 

2. September 19,1979 

3. May 13, 1982 

4. May 20,1983 

Two of these flood events (April 79 and May 83) were 

chosen because of their record high elevations reported at 

Lake Conroe. The April 79 event reported maximum water 

level stood at 203.5 ft msl on April 21,1979. The May 83 

event reported maximum water level stood at 204.5 ft msl on 

May 23,1983. The May 82 and September 79 events were chosen 

because dry antecedent moisture conditions were prevalent in 

the watershed. 

Seven gages are of interest to the Lake Conroe 

Watershed. Fig. 4.4 shows the locations of the seven gages 

relative to the watershed. The gages are listed below 

according to their location. 

Location County Latitude longitude 

Conroe Montgomery 30 19*00*' 95 27'00 * ' 

Dacus Montgomery 30 26*00'' 95 47'00 * ' 

Huntsville Walker 30 43*00" 95 33*00' ' 

Montgomery Montgomery 30 23'00 ' ' 95 42'00 ' ' 

Richards Grimes 30 33*00" 95 51*00'' 

San Jacinto Walker 30 37'00'' 95 43'00 ' ’ 

The area of influence of each gage is determined using 
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Fig 4.4 - Thiessen Polygons 
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the Thiessen method. The Thiessen method allows for areal 

weighting of rainfall for each gage. This method involves 

drawing connecting lines between the station locations and 

drawing perpendicular bisectors to form polygons around each 

gage. The percent area of each polygon within the watershed 

boundary to the total area is used to weight each station 

rainfall. Fig. 4.4 shows the grid network for all four 

storms. 

Six of the gages are non-recording and only the Conroe 

gage is a recording gage. The four storms are documented by 

the National Weather Service (NWS) at all seven gages as a 

daily cumulative (on a 24 hr basis). Hourly increments on a 

24 hr basis for the four storms at the Conroe gage are 

documented by the National Oceanic and Atmospheric 

Administration (NOAA) 

Table 4-1-a presents total gaged rainfall for the May 

83 storm event documented by NWS and NOAA. It is immediatly 

apparent that there is a large discrepancy between NWS data 

and NOAA data at Conroe. This is due to the different data 

recording procedures adopted by the two organizations. 

NWS, for example, records the precipitation for day 2 

of the month as that accumulated from 7 a.m on day 1 until 

7 a.m on day 2. On the other hand, NOAA records the hourly 

data for day 2 from 1 a.m on day 2 through 12 p.m on day 2. 

Hence, it is concluded that an adjustment of the data was 

necessary. This was established on a storm by storm basis 

by direct comparison of NWS data and NOAA data at the Conroe 
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TABLE 4-1-a. May 1983 - Recorded Precipitation Data 

Date Gage ID. 

May 83 Dacus Hunts Montg Richd SanJc LConr Conroe Conroe 

15 — .14 .34 .55 0.0 .10 2.0 2.2 
16 1.52 .39 1.68 0.0 .66 1.83 0.0 0.0 
17 0.0 0.0 0.0 .03 0.0 - .07 .10 
18 ' - .09 .03 .02 0.0 .03 .02 0.0 
19 .61 .11 0.0 4.6 0.0 .04 3.91 .10 
20 5.0 3.36 6.9 2.27 4.23 4.72 1.60 5.4 
21 1.71 3.11 1.64 1.7 2.56 2.19 1.06 1.1 
22 1.43 2.09 1.86 - 2.34 1.11 - - 

TABLE 4- 

Date 

1-b. May 1983 - Adjusted Precipitation Data 

Gage ID. 

May 83 Dacus Hunts Montq Richd SanJc LConr Conroe Conroe* 

15-19 2.13 .73 2.05 5.20 .66 2.00 2.09 2.40 
20 6.71 6.47 8.54 2.27 6.79 6.91 5.51 5.40 
21 1.43 2.09 .86 1.70 2.34 1.11 1.06 1.10 

Assumptions: 

1. adj. ppt on May 20 = rec. ppt on May 20 + rec. ppt on May 21 
2. adj. ppt on May 21 - rec. ppt on May 22 
3. Dry antecedent moisture conditions (I) for subbas ins upstream 

of the lake and average moisture conditions (II) for other 

* NOAA hourly recorded data 
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gage. Table 4-1-b presents the adjusted rainfall data for 

the May 83 storm and the assumptions utilized to arrive at 

these adjusted values. Tables B-l through B-3 present the 

recorded and adjusted rainfall data for the three remaining 

historical storms. 

An SCS type II rainfall distribution curve is used on 

all gages except the Lake Conroe gage (Fig. 4.5). 

Distributions at this gage are established from the Conroe 

gage due to its proximity. Table 4-2 presents total sub¬ 

basin rainfall as a weighted average of the adjacent gaged 

values for all four storms as used in HEC-1. Table 4-3 

presents total sub-basin rainfall as used in TAMWM. The 

values differ from those in Table 4-2 because of the reduced 

number of subbasins in the latter model. 

Potential problems are encountered in estimating the 

rainfall for the four calibration storms. Rain gage 

sampling density is one of the basic problems. Only four 

gages lie within the watershed boundaries and the gage 

density is one gage per 110 sq mi, which is associated with 

a sampling error of about 15% (Viessman,1979). 

The lack of any recording gage in the watershed is 

another problem that affected the accuracy of the 

simulations. The 24-hr cumulative recorded by NWS is 

insufficient information because it does not give any 

indication of the duration of the storm or the distribution 

of rainfall over the 24-hr period. 

The lack of a defined distribution reflects on timing 
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TABLE 4-2. Historical Rainfall Data - HEC-1 

Subbasin May 83 May 82 Sept 79 Apr 79 
20 21 13 19 20 18 

West Fork 6.8 2.3 3.5 5.6 1.5 2.7 
McGary Cr 6.7 2.2 3.2 5.6 1.4 2.3 
Rob-Mcdon 6.6 2.2 3.0 5.6 1.3 2.1 
E. Sandy 6.5 2.1 2.9 5.6 1.2 2.0 
W. Sandy 6.7 2.3 3.5 5.6 1.5 2.8 
Caney Cr 6.6 2.1 3.5 5.6 1.8 3.0 
Gum-Host 6.8 1.5 3.7 4.8 .66 5.8 
Weirs Cr 6.9 1.1 4.2 4.4 .37 8.0 
Town Cr 8.5 .86 3.7 5.2 1.8 3.6 
Little L 7.5 1.2 3.1 5.9 2.1 3.7 
I mined Dr 7.3 1.3 3.9 4.9 .98 5.7 
L Conroe 7.1 .90 4.0 4.6 .66 6.9 

TABLE 4-3. Historical Rainfall Data - TAMWM 

Subbasin May 
Jo 

83 
21 

May 82 
13 

SePt 
19 

79 
20 

Apr 79 
18 

West Fork 6.6 2.3 3.3 5.6 1.6 2.5 
Rob-Mcdon 6.7 2.3 3.0 5.6 1.3 2.1 
W. Sandy 6.6 2.2 3.5 5.6 1.5 2.8 
E. Sandy 6.7 2.3 2.9 5.6 1.2 2.0 
Gum-Host 6.5 2.1 6.7 4.8 .65 5.8 
Caney Cr 6.7 1.5 3.4 5.5 1.6 2.9 
Weirs Cr 7.7 .99 4.0 4.8 1.1 5.8 
Littl L 7.5 1.2 3.1 5.9 2.1 3.7 
Immed Dr 7.4 1.2 4.0 4.9 1.0 5.7 
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problems in estimating a time to peak for the combined 

inflow hydrograph to the lake. Moreover, a 24-hr cumultive 

data does not give an indication of the direction of 

movement and orientation of the major axis of the storm 

which is an important factor in simulation of streamflow for 

a watershed of this size (Huff,1970). The effect of the 

direction of movement of a storm can increase peak flows by 

25%. 

4.,2.£ Runoff Déterminât ion 

Loss rates for both models are calculated from 

equations (3-1 & 3-2) and the calculated precipitation 

excess is then distributed over the storm duration using 

unit hydrograph equations (3-4,3-5,3-6) and equation (3-7) 

for TAMWM. Table 4-4 lists the physiographic variables 

neccessary to determine tp and Qp for the various subbasins 

in HEC-1. The variables include area, length of mainstream, 

curve number and average slope. 

The variables characteristic of the sub-basins in TAMWM 

are area, length of mainstream, curve number and sub-basin 

height. Sub-basin height is defined as the difference in 

elevation between the sub-basin outlet and the highest point 

in the sub-basin. Table 4-5 lists the physiographic 

variables neccessary to determine tp and Qp in TAMWM. 

Depending on the moisture condition prevalent prior to 

one of the four storms, curve numbers are adjusted for the 

whole watershed according to Tables A-2 & A-3, Appendix A. 
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TABLE 4-4. HEC-1 Subbasin Characteristics. 

Subbasin Slope Length of channel 
T7fJ  

Area 
(sq.mi) 

CN( I_I 

West Fork .0043 71,000 64.50 82 
McGary Cr. .0033 85,750 45.00 80 
Rob-Mcdon .0052 58,000 34.85 81 
E. Sandy .0041 72,000 52.50 72 
W. Sandy .0027 71,500 42.11 74 
Caney Cr. .0015 66,500 35.98 71 
Gum-Host. .0065 31,000 18.53 75 
Weirs Cr. .0035 26,250 13.02 83 
Town Cr. .0043 29,000 12.53 81 
Little L. .0037 44,750 25.06 72 
Immed. Dr* .0041 28,000 68.63 76 
Lake Conroe — 95,000 32.79 100 

TABLE 4-5. Apple lie Subbasin Characteristics. 

Subbasin 
I 

Area 
(sq.in) 

Length ojj^channel 
( in) 

Height 
  (ft) 

CN(I_I 

West Fork 761.72 60.75 150 82 
Rob-Mcdon. 242.43 29.00 260 81 
W. Sandy 292.90 40.75 205 74 
E. Sandy 365.20 25.13 205 72 
Gum-Host. 128.90 15.72 150 75 
Caney Cr. 250.29 35.55 195 71 
Weirs Cr. 177.73 14.10 160 81 
Little L.^ 174.30 25.88 165 76 
Immed. Dr 705.50 15.00 100 84 

# immediate drainage areas adjacent to the lake. 
* immediate drainage areas plus the lake area. 
** 1 inch = 2000 ft. 
*** 1 sq. in * .144 sq. mi 
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The runoff is then calculated for each of the four storms. 

Fig 4.6 shows the schematic representation of the 

hydrologic flowchart for both models. It is assumed that 

Lake Conroe is a level pool reservoir. In other words, the 

water surface behind the dam is horizontal. This assumption 

is neccessary to be able to use the reservoir routing 

techniques in the two models. The change in elevation in a 

level pool reservoir is only dependent on the inflow pattern 

and the releases from the reservoir. However, if the water 

surface is not horizontal then Manning's equation (2-4) is 

used to compute the shape of the water surface profile 

(Daugherty and Franzini,1977). 

4.2.3 Storage Routing 

An inflow hydrograph obtained from the previous 

analysis for each of the design storms is routed through the 

reservoir according to equation (3-12) and a specific 

release policy that relates discharges to storage in the 

reservoir. 

Fig 4.7 shows the actual release data recorded by the 

San Jacinto River Authority (SJRA) on the four storms. The 

recorded releases are not based on any specific operational 

policy adopted by the SJRA. The number of gates opened and 

the height of gate opening is varied often throughout a 

specific storm. 

Depending on the experience of the operator with 

previous storms and the change of the water level in the 
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Fig 4.6 - Schematic representation of Lake Conroe Watershed 
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lake with time, a judgement is made as to how much to open 

the gates. The gate openings are increased until the level 

of the lake ceases to rise and the gates are then gradually 

closed to decrease the outflow. Water is released until the 

lake level recedes to 201 ft msl. 

For initial modeling purposes the SJRA data is used as 

a release policy. However, in establishing guidelines for 

an operational scheme that could be used for any storm the 

following assumptions are made: 

1. The initial water level at the begining of any storm is 

201.0 ft msl. This is more of a boundary constraint because 

the lake elevation is maintained at 201.0 ft msl. 

2. The maximum water level allowable is 205.5 ft which 

provides for a maximum flood storage capacity of about 

101,960 acre-ft (4.5 ft). This can also be considered as a 

boundary constraint since the maximum design water level is 

205.5 ft msl. 

3. All gates are open until lake level goes back to 201 ft 

msl. This assumption is neccessary for major storm events 

because high discharges from one or two gates will cause 

diving jets that can move the protective riprap below the 

stilling basin and seriously erode the underlying material. 

4. During a storm event, at most 3.5 ft of the flood 

storage capacity of the reservoir is utilized. The 

remaining 1 ft of flood storage is reserved in case another 

storm hits the watershed during the 24 hrs following the 

first storm. 
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Fig 4.8 represents a series of curves used to establish 

a release policy. Each one of the curves represents the 

discharge as a function of elevation and gate opening (for 

water levels between 201.0 ft and 205.5 ft msl.) The 

elevation-storage curve (Fig. 4.2) and one of the elevation- 

discharge curves would establish an operational policy. 

The question remains however as to which curve would 

yield an optimum release policy for a specific storm. 

Optimum here is defined as being the lowest possible peak 

outflow that would maintain the lake elevation below 204.5 

ft msl and release the inflow volume within a reasonable 

period of time. 

4.2 ._3 • 1. Design Storms 

In order to develop a general operational scheme, four 

design storms are analyzed. Design storms are events having 

a specified rainfall volume, duration and probability of 

occurence. For example a 100-yr design storm is an event 

with a 1% chance of occurence in any year. Three of the 

storms are 24-hr events over the whole watershed: 2 yr(5.17 

in), 25 yr (9.86 in) and 100 yr (12.7 in) storms. Average 

antecedent moisture conditions (condition II) are assumed 

and an SCS type II rainfall distribution curve (Fig. 4.5) is 

used. 

SCS developed a simple model to estimate flows from 

Lake Conroe for its floodplain study on the West Fork of the 

San Jacinto River. SCS uses two subbasins in the model: one 
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is the lake area (area=35.5 sq.mi, CN=100) and the second 

subbasin is the rest of the watershed (area=415 sq.mi, 

CN=76). 

SCS assumed a 100 yr storm over the whole watershed to 

be 12 inches in 48 hrs with a type I rainfall distribution 

(Fig. 4.5) and average moisture conditions (condition II). 

The SCS 100 yr, 48 hr storm was the fourth storm that was 

analyzed for an optimal release policy. 

Each storm was analyzed with a number of release 

schemes. The most efficient schemes analyzed were step 

functions; that is, more than one elevation-discharge curve 

was used to develop a storage-discharge relationship. 

For lake levels between 201 ft and 204.5 ft msl an 

elevation-discharge curve that releases as little as 

possible without allowing the lake level to exceed 204.5 ft 

was chosen. Above 204.5 ft another elevation-discharge 

curve (corresponding to an increased gate opening) was 

chosen such that it allows the release of all the remaining 

inflow. 

In other words, the first gate opening will attenuate 

and reduce the peak inflow while maintaining the lake level 

below 204.5 ft and the second gate opening will release all 

the additional inflow once the lake level has reached 204.5 

ft msl. The two elevation-discharge curves and the 

elevation-storage curve are combined into a storage- 

discharge relationship or a release scheme for the design 

storm. 
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4.2._3.2 Historical Storms 

The optimum release scheme for the historical storms 

was then approached by comparing their inflow peaks with 

those of the design storms. The release scheme of the 

design storm with the closest inflow peak was then modified 

to optimize releases from the historical storm. The 

modification was neccessary because the conditions prevalent 

for each of the historical storms were different from those 

of the design storms. 

From the practical point of view, the rainfall average 

value is not known until twenty four hours have elapsed. 

This means that the operator cannot carry out the analysis 

to develop a release scheme until the rainfall data is 

measured. This problem was simulated by assuming a 

relatively small release for the first 1 ft of storage (lake 

levels between 201 and 202.0 ft msl.). The effect of this 

low discharge on future releases was monitored for three of 

the design storms. 
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5.0 RESULTS 

5^_1 Historical Simulations 

Water levels and releases at the dam are continuously 

monitored and recorded by the San Jacinto River Authority. 

The records (SJRA) are utilized to compute an inflow 

hydrograph for each historical storm. The storage at a 

particular elevation is read off the elevation-storage curve 

for the lake (Fig. 4.2). The change in storage plus the 

outflow for a time period dt is the inflow to the lake for 

that time period. Figs. 5.1.a and 5.1.b represent the 

actual calculated hydrographs from the SJRA recorded data 

for the May 1983, Sept 1979 and April 1979 storms. 

The multipeak hydrographs are interpreted as a result 

of rainfall patterns and the fact that it takes more time 

for the runoff from remote subbasins to reach the lake than 

it would from relatively adjacent areas to the lake. The 

two sharpest peaks for the May 20,1983 hydrograph, for 

example, are indicative of two consecutive rainfall events 

of varying intensity and separated by a 24-hr time lag. The 

hourly data recorded by NOAA at Conroe supports this 

interpretation. 

HEC-1 and TAMWM are calibrated to simulate the actual 

computed data. Figs. 5.1.a and 5.1.b represent the 

simulated hydrographs and Table 5-1 is a comparison of the 

actual and simulated data for both models. TAMWM results 
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68 FIG 5.1.b - INFLOW HYDROGRAPH 
19 SEPT 1979 

MEASURED SIMULATED SIMULATED 
SJRA »£C-1 TAMKM 

TIME (HOURS) 

INFLOW HYDROGRAPH 
18 APRIL 1979 

tCASURED SIMULATED SIMJLATED 
SJRA ICC-l TAMM* 

INFLOW CCFS) 
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TABLE 5-1. Measured Data vs. Simulated Data 

Storm Date 

20 May 1983 

Error(%) 

18 Apr 1979 

Error(%) 

19 Sept 1979 

Error(%) 

13 May 1982 

Error(%) 

SJRA 
Vol Peak 

(cu.ft) Tcfs) 

4540E6 43,139 

2738E6 68,955 

2200E6 24,526 

1700E6 19,655 

HEC-1 
Vol Peak 

4960E6 38,830 

9.3 10 

2972E6 61,231 

8.6 11.2 

2770E6 22,962 

25.0 6.4 

1000E6 16,000 

40.0 15.0 

TAMWM 
Vol Peak 

5030E6 43,828 

11 1.6 

2980E6 59,632 

8.8 13.5 

2614E6 19,465 

19.0 20.0 

850E6 

50.0 
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are compatible with HEC-1 values in terms of inflow volume 

on three of the storms. TAMWM underestimates the inflow 

peak on one of the storms (Sept 19,1979) and both models 

underestimate the inflow volume and inflow peak for the May 

13, 1982 storm. 

The simulation parameters were calibrated to fit the 

May 1983 storm the best because it is the most severe among 

all four storms in terms of lake level increase. Simulated 

peak inflow was within 10% for HEC-1 and 2% for TAMWM. 

Inflow volume was within 9% for HEC-1 and 11% for TAMWM. 

Simulation results for the April 1979 storm were also 

better than the remaining two storms. Inflow volume was 

within 9% for both models and the inflow peak was within 11% 

for HEC-1 and 13% FOR TAMWM. 

The May 1982 storm was the poorest simulation. The 

justification for the May 13, 1982 storm was arrived at by 

referring to NOAA recorded data at Conroe. On May 13, 1982 

the rainfall started at 7 am. and ceased by 7 pm. , that is 

it rained for 12 hrs only. In both models, the rainfall 

period assumed is 24 hrs. HEC-1 simulation of this storm 

with a rainfall period of 12 hrs improved the results to 

within 15% of the actual. 

The differences in results between HEC-1 and TAMWM 

simulations can be attributed to two basic differences in 

the parameters defined in the models. The first difference 

is the unit hydrograph: HEC-1 uses the SCS hydrgraph, TAMWM 

uses the HYMO hydrograph. The second difference is the 
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slope of a subbasin: HEC-1 uses an average value, TAMWM uses 

an extreme value computed from the maximum height and the 

length of channel for a subbasin which decreases the time to 

peak of the subbasin hydrograph. 

5.2 Selected operating Schemes for Design Storms 

SCS computed an inflow peak of 83,716 cfs for the 100 

yr(12.0 in), 48-hr storm. Both models compared within 6% of 

this value: HEC-1 on the high side and TAMWM on the low 

side. The time to peak calculated by the SCS model is 35.9 

hrs. HEC-1 estimates a time to peak of 24 hrs and TAMWM 

estimates a time to peak of 27 hrs. The lower values are 

more reasonable values because all four storms (two of which 

are 48 hr storms) peak within 24 hrs, based on measured 

inflows. 

An optimum release scheme for the 100 yr, 48-hr storm 

is a constant gate opening (all gates open) of 8 ft for lake 

levels between 201 ft and 204.5 ft msl and 20 ft for lake 

levels exceeding 204.5 ft. Fig. 5.2.b represents the 

storage-discharge curve for this scheme. The peak outflow 

computed in HEC-1 is 40,471 cfs which represents a 54% 

reduction of the peak inflow value (88,448 cfs). 

In a separate study in progress at the present time on 

the West Fork of the San Jacinto River below Lake Conroe, 

six critical areas most susceptible to flooding have been 

identified: one is at the 105 bridge crossing 1000 ft below 
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FIG 5.2.a - GATE OPENING VS. ELEVATION 
DESIGN STORMS 

10BYR. 24hr 25TR.24tr 2YR.24hr lOCYR.48hr 

GATE OPENING <FT> 

FIG 5.2.b - STORAGE-DISCHARGE 
DESIGN STORMS 

I00YR.24hr 25YR.24hr 2YR.24hr lD0YR.48hr 

DISCHARGE GCFS5 
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the dam, the second is at the 1-45 bridge crossing below the 

confluence of Lake Creek and the West Fork and the other 

four areas are spread out further downstream in Montgomery 

County. 

The optimum operating scheme for the 100 yr, 48-hr 

storm induced a 32% reduction in peak flow at the 1-45 

bridge crossing. The reduction in flow caused a 4.3 ft 

change in the floodplain elevation for the critical area. 

The reduction in the floodplain elevation establishes the 

direct effect of the Lake Conroe operating scheme on 

downstream flooding. A release rule that is not optimal 

will have immediate effects on the flooding extent 

downstream. 

It should be noted here that this scheme is optimal 

relative to Lake Conroe operation only, independent of Lake 

Creek flows. The scheme needs to be revised if Lake Creek 

flow and Lake Conroe outflow are to be optimized jointly to 

minimize downstream flooding. 

Fig. 5.2.b represents the storage-discharge 

relationships in an optimal release scheme for the design 

storms and Fig. 5.2.a represents the related gate operation. 

HEC-1 estimates a peak inflow of 134,750 cfs for the 

100 yr (12.7 in), 24-hr storm. TAMWM compares within 12% 

on the low side of this value. The optimum operating 

schemes for the three storms give a 47% reduction of peak 

inflow over the dam for the 100 yr, 24-hr storm, 64% 

reduction for the 25 yr,24-hr storm (peak inflow = 97,451 
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cfs) and 76% reduction for the 2 yr, 24-hr storm (peak 

inflow = 39,199 cfs) as computed in HEC-1. Simulation 

results for the four design storms are tabulated in detail 

in Table 5-2. 

5*2 Revised Operating Schemes for Historical Events 

The inflow peak for the May 1983 storm as computed in 

HEC-1 is 38,830 cfs. which is equivalent to the peak inflow 

from a 2 yr, 24-hr design storm. The release scheme for the 

2 yr, 24-hr storm is used as a first estimate and two other 

release schemes are investigated to monitor the change in 

lake elevation with gate opening. The results for the three 

simulations are tabulated in Table 5-3. The operating 

scheme for the 2 yr,24-hr design storm is an optimal scheme 

for the May 83 storm as indicated in Table 5-3. 

Similarly, the optimum operating schemes for the other 

three historical events is developed. The storage-discharge 

relationships and the corresponding gate openings for the 

four storms is presented in Figs 5.3.b and 5.3.a 

respectively. The results of the simulations are presented 

in Table 5-3. 

jj.4 Recommended Operating Schemes 

The time lag of 24 hrs involved with the present mode 

of rainfall data collection imposes some initial non-optimal 

gate operation. The effect of the initial non-optimal 

release on three design storms was considered. 
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TABLE 5-2. Simulated Gate Operation - Design Storms 

Desiqn Storm Peak Inflow Peak Outflow Max. Elev. 
(cf s) (cfs) ( ftl 

100 yr, 24 hr 134,750 71,069 203.9 

25 yr, 24 hr 97,450 35,037 204.3 

2 yr, 24 hr 39,199 9,395 202.9 

100 yr, 48 hr 88,458 40,471 204.4 

TABLE 5-3 . Simulated Gate Operation - Historical Storms 

Hist. Storm Peak Outflow 
(cfs) 

Max. Elev 
(ft) 

Gates Openinq* 
(ft)   

May 1983 8,792 204.9 1 — 2 
9,559 204.2 2 - 3 

14,463 203.3 3 — 4 

Apr 1979 4,645 203.42 1 — 2 
9,407 203.0 2 — 3 

Sep 1979 1,795 203.48 .4 — .5 
2,248 203.4 .5 — .6 

May 1982 819 201.9 .2 — .3 
1,155 201.86 .3 - .4 
1,476 201.8 .4 - .5 

* The first number is the gates opening between 
201 ft and 204.5 ft and the second number is 
the gate opening for elevations exceeding 204.5. 



76 FIG 5.3.a - GATE OPENING VS. ELEVATION 
HISTORICAL STORMS 

MAY S3 MAY 82 SEPT 78 APRIL. 79 

CATE OPENING CFT> 

FIG 5.3.b - STORAGE-DISCHARGE 
HISTORICAL STORMS 

MAY 93 MAY 92 SEPT 79 APRIL. 79 

DISCHARGE CCFS) 
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For a 100 yr, 24-hr storm an initial gate opening of 1 ft 

for lake elevations between 201 ft and 202 ft msl was 

assumed. 

The peak outflow with this assumption was 71,659 cfs, 

1% higher than the optimal peak outflow, but the lake 

elevation increased from 203.9 ft for the optimal scheme to 

204.4 ft for the non-optimal scheme. The non-optimal lake 

elevation of 204.4 ft was still within the 204.5 ft criteria 

limit and the initial gate operation did not change the 

operating scheme for the 100 yr, 24-hr storm. 

For a 25 yr, 24-hr storm , the same assumption of 

initial release raised the lake elevation to 204.7 ft msl 

which exceeded 204.5 ft. The recommended scheme was revised 

and a higher gate opening for the two routing stages was 

considered. A gate opening of 8 ft instead of 7 ft for 

elevations between 201 ft and 204.5 ft and 9 ft instead of 8 

ft for elevations exceeding 204.5 ft increased the peak 

outflow for the 25 yr,24-hr storm by 16%. 

For a 2 yr, 24-hr storm the initial release increased 

the peak outflow by less than 1% and increased the lake 

elevation from 202.9 ft for the optimal scheme to 203 ft for 

the non-optimal scheme. The initial gate operation did not 

change the operating scheme for the 2 yr, 24-hr storm. 
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6.0 CONCLUSIONS 

1. Model Development 

A hydrologie model that simulates the response of the 

Lake Conroe watershed was developed. The parameters for the 

model were calibrated with four historical storms. 

Simulated peak flows and volumes were within 10-15% of the 

measured for two of the more intense storms evaluated. 

2. Simulation On a Microcomputer 

Simulation of the response of the Lake Conroe watershed 

to a rainfall event on a microcomputer (APPLE lie) was 

successful. The Texas A&M Watershed Model (TAMWM) yields 

results which are within 10% (on the low side) of the 

measured. The time-of-run for the microcomputer (20 minutes 

on the average) is much slower than that of the mainframe (1 

second), however, the capability for on-line simulation is 

more of a priority than run time is. The model provides the 

operators at the Lake Conroe dam with a simple tool for on¬ 

line simulation of inflows to the lake and for development 

and testing of better release rules than presently exists. 

2* Effect of Lake Conroe Releases on Downstream Flooding 

The effect of Lake Conroe releases on downstream flows 

and flooding was established. The recommended release rule 

for a 100 yr(12.0), 48-hr storm reduced the peak inflow by 

54% below the dam and 32% at the 1-45 bridge crossing below 
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Lake Conroe. 

4. Optimum Operating Rules 

Recommended operating rules for four design storms were 

developed with the objective of minimizing downstream 

flooding. A two stage routing scheme was established for a 

maximum allowable lake elevation of 204.5 ft msl. The first 

stage discharges are the lowest poosible that maintain the 

204.5 ft criterion and attenuate the peak inflow the 

greatest amount. The second stage releases all remaining 

inflow volume. The optimum rules were revised for the four 

historical storms. The peak outflow was the minimum 

possible for the present system without taking into 

consideration flows from adjacent Lake Creek. 

5. Practical Operating Rule 

The effect of an initial gate opening that is less than 

the recommended opening was investigated for three design 

storms. For the 100 yr, 24-hr storm, the change in peak 

outflow was less than 1% but the lake elevation increased by 

0.5 ft. For the 25 yr, 24-hr storm, the recommended gate 

opening for the two routing stages had to be increased by 1 

ft because the lake elevation exceeded 204.5 ft. For the 2 

yr, 24-hr storm the peak outflow increased by 1 % and the 

lake elevation increased by 0.1 ft. In practice, the effect 

of any initial gate operation on the recommended release 

rule has to be determined on a storm by storm basis. 
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7.0 RECOMMENDATIONS 

2-1 Technical Updating 

The development and implementation of an updated 

rainfall-streamflow network is recommended. At least three 

recording rainfall gages need to be set up in areas 1,2, & 6 

in Fig. 4.4. This brings the gage density down to 1 gage 

per 65 sq. miles. At least one stage gage needs to be set 

up on the West Fork of the San Jacinto River upstream of 

Lake Conroe to monitor the streamflow and the relative 

timing from the remote portion of the watershed. 

A more sophisticated data recording procedure such as a 

telemetered system would transfer the rainfall data directly 

to the microcomputer. The data can then be formatted into 

TAMWM rainfall distribution format and analyzed for a 

release scheme following any event in a very short period of 

time and would therefore minimize guesswork in dam 

operations. 

2*2 Modelling and Hydrologic Analysis 

With an improved system of rainfall data collection, 

revision of the previous analysis using an expanded model 

with a larger number of subbasins is recommended. HEC-1 

analysis with twenty subbasins would improve the accuracy of 

the simulations especially in terms of timing of peak 

inflows in the subbasins. Expanding the memory of the 
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microcomputer or choosing a different machine with larger 

memory capacity will allow the expansion of TAMWM to handle 

a larger number of subbasins. 

An analysis of the effect of the direction of storm 

movement on Lake Conroe with the expanded model is 

recommended because the watershed has a relatively large 

area and flows could vary considerably with storm movement 

patterns over the watershed. 

7*2 Future Planning 

Lake Conroe was designed for one purpose: water 

conservation. However, Lake Conroe has induced potential 

social and economic changes in the past twelve years. Its 

impact on flooding, recreation and development in Montgomery 

County cannot be ignored. The lake is now a major 

recreational source in the greater Houston area and as a 

consequence has improved property value and land development 

in the region, it is a water supply for the city of Houston 

and industry in the Baytown area. 

Re-evaluation of the purposes of the reservoir in view 

of future development in the region is recommended. An 

economic analysis of operating the reservoir on a seasonal 

basis dependant upon the inflow volume versus the present 

mode of operation needs to be carried out. 

A similar analysis on the Lake Creek watershed adjacent 

to the Lake Conroe watershed is recommended. Development of 

a parallel model of Lake Creek watershed to evaluate the 
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flow and stage at the 1-45 bridge crossing would allow the 

joint operation of Lake Conroe releases and Lake Creek flows 

to minimize flooding downstream. 

The Bureau of Reclamation has proposed constructing a 

reservoir on Lake Creek. The joint operation of both 

resevoirs in tandem should be analyzed. If the releases 

from the proposed reservoir are not controlled in series 

with Lake Conroe releases, the flooding problem could be 

magnified instead of mitigated. The peak outflow from one 

of the reservoirs has to be attenuated long enough so as not 

to overlap with the peak outflow from the other reservoir. 
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TABLE A-l. Runoff Curve Numbers for Hydrologic Soil Complexes 
(Antecedent Moisture Condition II, and Ia*0.2*S) 

Land Use/Treatment/Hydroloqic Condition Hydr . Soil . Group 

Residential: A B C D 
Average lot size Average Impervious 
1/8 acre or less 65 77 85 90 92 
1/4 acre 38 61 75 83 87 
1/3 acre 30 57 72 81 8b 
1/2 acre 25 54 70 80 85 
1 acre 20 51 68 79 84 

Paved parking lots, roofs, driveways 98 98 98 98 
Streets and roads: 
paved with curbs and storm sewers 98 98 98 98 
gravel 76 85 89 91 
dirt 72 82 87 89 

Commercial and business areas(85% imperv.) 89 92 94 95 
Industrial districts(72% imperv.) 81 88 91 93 
Open spaces, lawns, parks, golf courses 

good cond: grass cover on 75% or more 39 61 74 80 
fair cond: grass cover on 50-75% 49 69 79 84 

Fallow Straight row    77 86 91 94 
Row crops Straight row Poor 72 81 88 91 

Straight row Good 67 78 85 89 
Contoured Poor 70 79 84 88 
Contoured Good 65 75 82 86 
Contoured & terraced Poor 66 74 80 82 
Contoured & terraced Good 62 71 78 81 

Small grain Staight row Poor 65 76 84 88 
Good 63 75 83 87 

Contoured Poor 63 74 82 85 
Good 61 73 81 84 

Contoured & terraced Poor 61 72 79 82 
Good 59 70 78 81 

Close seeded Straight row Poor 66 77 85 89 
legumes Straight row Good 58 72 81 85 
or Contoured Poor 64 75 83 85 
rotation Contoured Good 55 69 78 83 
meadow Contoured & terraced Poor 63 73 80 83 

Contoured & terraced Good 51 67 76 80 
Pasture or range Poor 68 79 86 89 

Fair 49 69 79 84 
Good 39 61 74 80 

Contoured Poor 47 67 81 88 
Contoured Fair 25 59 75 83 
Contoured Good 6 35 70 79 

Meadow Good 30 58 71 78 
Woods or Poor 45 66 77 83 

forest land Fair 36 60 73 79 
Good 25 55 70 77 

59 74 82 86 Farmsteads 
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TABLE A-2. SCS Antecedent Soil Moisture Condition 

AMC 

I 

II 

III 

Total 5-day antecedent rainfall 
Dormant season Growing season 

less than 0.5” 

0.5" to 1.1" 

over 1.1" 

less than 1.4" 

1.4" to 2.1" 

over 2.1" 

TABLE A-3. Curve Number Adjustment 

CN for Corresponding CN : 
Condition II Condition I Condit it 

100 100 100 
95 87 99 
90 78 98 
85 70 97 
80 63 94 
75 57 91 
70 51 87 
65 45 83 
60 40 79 
55 35 75 
50 31 70 
45 27 65 
40 23 60 
35 19 55 
30 15 50 
25 12 45 
20 . 9 39 
15 7 33 
10 4 26 
5 2 17 
0 0 0 
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TABLE B-l-a. April 1979 - Recorded precipitation Data 

Date Gage ID. 

Apr 21 Dacus Hunts Montg Richd SanJc LConr Conroe Conroe 

13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 0.0 0.0 .15 0.0 0.0 0.0 0.01 .60 
18 2.2 1.68 2.5 .71 .87 1.92 4.0 15.1 
19 3.25 1.15 3.04 4.65 1.94 7.71 11.61 0.0 
20 .62 .72 .51 .97 .77 .27 .17 0.0 
21 0.0 .04 .07 .10 .34 .23 .33 0.0 
22 0.0 .04 .02 0.0 0.0 .03 .01 0.0 

TABLE B-l-b. April 1979 - Adjusted Precipitation Data 

Date Gage ID. 

Apr 79 Dacus Hunts Montg Richd SanJc LConr Conroe Conroe 

13-17 2.2 1.68 2.65 .71 .87 1.92 4.01 .60 
18 3.87 1.87 3.55 5.62 2.71 7.98 11.78 15.1 

Assumptions: 

1. adj. ppt on Apr 18 * rec. ppt on Apr 19 + rec. ppt on Apr 20 
2. Wet antecedent conditions (III) for all subbasins. 

* NOAA hourly recorded data 



92 

TABLE B-2-a. Sept 1979 - Recorded Precipitation Data 

Date 

Sep 79 Dacus Hunts Montq 

Gage ID. 

Richd SanJc LConr Conroe Conroe* 

14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .10 
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .80 
18 3.06 1.84 2.52 2.80 1.41 1.34 1.60 1.20 
19 .63 .70 .67 .75 1.52 .43 .55 4.7 
20 6.47 5.6 5.2 5.1 5.57 4.4 5.13 .70 
21 0.0 .02 .01 .27 0.0 0.0 .02 0.0 

TABLE B-2- 

Date 

■b. Sept 1979 - ■ Adjusted Precipitation Data 

Gage ID. 

Sep 79 Dacus Hunts Mont g Richd SanJc LConr Conroe Conroe* 

14-18 1.4 1.4 1.4 1.4 1.4 1.4 1.4 .90 
19 6.47 5.6 5.2 5.1 5.57 4.4 5.13 4.7 
20 2.29 1.14 1.79 2.15 1.53 .37 .85 .70 

Assumptions: 

1. Dry antecedent moisture conditions (I) for all subbasins. 

* NOAA hourly recorded data 
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TABLE B-3-a. May 1982 - Recorded Precipitation Data 

Date Gage ID. 

May 82 Dacus Hunts Montg Richd SanJc LConr Conroe Conroe 

8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
11 .33 0.0 .60 .25 0.0 0.0 0.0 0.0 
12 1.1 .11 0.0 1.0 .13 .34 .32 0.0 
13 2.63 1.96 0.0 2.95 .10 0.0 0.0 5.3 
14 0.0 2.71 3.7 0.0 3.53 4.22 6.2 0.0 
15 0.0 .07 0.0 0.0 0.0 0.0 0.0 0.0 

TABLE B-3-b. May 1982 - Adjusted Precipitation Data 

Date Gage ID. 

May 82 Dacus Hunts Montg Richd SanJc LConr Conroe Conroe 

8-12 1.43 2.07 .60 1.25 .23 .34 .32 0.0 
13 2.63 2.71 3.70 2.95 3.53 4.22 6.2 5.3 

Assumptions: 

1. Dry antecedent conditions (I) for all subbasins. 

* NOAA hourly recorded data 


