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ABSTRACT 

The purpose of this study is to introduce a modifi 

cation of the Taylor and Schwarz method of synthesizing unit 

hydrographs whereby the Taylor and Schwarz equations may be 

used for urban watersheds. Brief reviews and discussions of 

the rational method, the Snyder method, and the Taylor and 

Schwarz method are presented. An investigation and discus¬ 

sion of the effect on the unit hydrograph of variations in 

Manning's coefficient of roughness, n, and the hydraulic 

radius, r, as caused by channel rectification is presented. 

The proposed method consists of determining the lag time of 

a hypothetical instantaneous unit hydrograph and computing a 

synthetic slope factor for the watershed. These parameters 

are substituted into the Taylor and Schwarz equations, and 

the unit hydrograph is computed. An example problem is 

included to demonstrate the procedure. 
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CHAPTER I 

INTRODUCTION 

The basic consideration in the design of drainage 

works is the determination of the required capacity of the 

various elements of the drainage system. The method of 

analysis used in arriving at this determination will depend 

largely on the size of the area contributing storm runoff to 

the drainage work under consideration. For small areas 

drained by closed storm sewers and conduits, the most popular 

approach is the "Rational Method." As the size of the drain¬ 

age area increases and the drainage work becomes an open 

channel, the "Unit-Hydrograph" approach is usually used. 

For drainage areas of intermediate size, where the drainage 

work may be either an open channel or a closed conduit, 

either method or their variations may be and are used. 

The method described in this study was developed 

primarily for urban watersheds. An urban watershed is 

defined as a watershed that has been developed with sub¬ 

divisions, streets, shopping centers, parks, etc. The 

primary drainage system of an urban watershed is the system 

of open channels or large conduits which collects the storm 

1 
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runoff from the secondary drainage system. The secondary 

drainage system is the network of storm sewers and roadside 

ditches that collects the surface runoff as it flows from 

streets and gutters. The storm runoff across paved or turfed 

areas to the streets is defined as sheet or overland flow. 

When working in urban watersheds, the drainage work 

under consideration is often designed to carry the runoff 

from conditions different from those existing at the time. 

Thus, the analysis usually includes a prediction of future 

watershed development and an estimate of the effect of 

urbanization on the quantity of runoff. Whereas it is 

relatively simple to predict future development and its 

effect on the runoff of a ten to twenty acre drainage area, 

it is difficult to correlate runoff to future watershed 

development for a ten to twenty square mile watershed. As 

the size of the watershed increases, the experience and judg¬ 

ment of the engineer making the hydrologic analysis become 

increasingly important. In addition, since there are many 

more engineers experienced in the analysis of small drainage 

systems than there are engineers experienced in the analysis 

of large drainage systems (based on the observation that 

every large drainage system is in fact composed of many smaller 

drainage systems), it is helpful to have a technique available 
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for the analysis of large watersheds that is based upon 

parameters within the scope of experience of the designer of 

small drainage systems. The method described herein has been 

formulated to enable the engineer familiar with conventional 

storm sewer design to prepare hydrologic analyses of large 

urban watersheds using the unit hydrograph technique. The 

method is applicable and recommended for watersheds which 

vary in size from one square mile to any size urban watershed 

likely to be encountered. 



CHAPTER II 

EXISTING METHODS 

Rational Method 

The widely used rational method is discussed in 

almost all handbooks and manuals of storm sewer design. It 

is attributed to an Emil Kuichling'*' who originated the method 

in 1889. The procedure is based on the formula 

Q = ciA, 

where 

Q = storm runoff in cfs 

c = dimensionless coefficient correlating 
rainfall to runoff 

i = rainfall intensity in inches per hour 

A = tributary drainage area in acres. 

Thus, if the tributary drainage area is considered a closed 

system, the input to the system is computed by multiplying 

the area by the rainfall intensity. The output or storm run¬ 

off is obtained by multiplying the input by a coefficient, C, 

which is intended to take into account ponding, evaporation, 

infiltration, and other effects which prohibit the storm 

runoff from ever equaling the rainfall. 

The rational method is simple and lends itself well 

4 
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to systematic computational procedures. While experience and 

judgment are important in assigning appropriate values of C 

and i, many tables are available to guide the designer in his 

choice. Furthermore, the rational method has the advantage 

of having a reasonably clear physical meaning. 

The size of watershed for which the rational method 

may be used is a matter of some controversy. Practicing 

engineers have indicated that the method should not be used 

2 
for watersheds in excess of one to five square miles. The 

Texas Highway Department requires that the rational method 

be used only if the drainage area is less than 1,000 acres.3 

With the introduction of electronic computers, the 

possibility exists that larger watersheds could be analyzed 

by subdividing them into smaller areas contributing to the 

major watercourse and combining the results, but the develop¬ 

ment of such a method is not included within the scope of 

this study. 

Snyder Method 

The most popular method for synthesizing unit 

4 
hydrographs is the Snyder method published in 1938. It is 

the method used by the U.S. Army Corps of Engineers in their 

flood control studies. Snyder recommended that the method 



was applicable for watersheds varying in size from 10 to 

10,000 square miles. The empirical relationships and 

definitions of terms are shown in Figure 1. 

The main parameters affecting the shape of the unit 

hydrograph are the Snyder coefficients Ct and Cp, with the 

latter usually expressed as the product 640 Cp (one inch per 

hour per acre equals one cubic foot per second and one square 

mile equals 640 acres). The coefficients are dimensionless 

and observed values vary widely. The range of values for tte 

coefficients is indicated in the following quotation from the 

Corps of Engineers Engineering Manual on Flood Hydrograph 

5 
Analyses : 

The average value of the product 
640 Cp is approximately 400 as determined 
by Snyder, for basins in the fairly 
mountainous Appalachian Highlands, and 
the corresponding average value of Ct is 
2.0. Analyses of unit hydrographs for 
various sections of the country have indi¬ 
cated an extreme range in values of 640 Cp 
and Ct of from 600 and 0.4, respectively,' 
for southern California to 200 and 8.0, 
respectively, for sections of states border¬ 
ing on the eastern Gulf of Mexico. 

Thus the first difficulty encountered in using the 

Snyder method is the determination of appropriate values of 

Ct and 640 Cp, with little physical significance attached to 

the coefficients to aid in the selection of the proper 

coefficients. 



SNYDER METHOD 

tp = Ct(LLca> 
0.30 

qp = 640 Cp/tp 

where 

t = Lag time from midpoint of unit rainfall dura¬ 
tion, tr, to peak of unit hydrograph, in hours. 

q = Peak rate of discharge of unit hydrograph for 
unit rainfall duration, t^, in cfs/sq mi. 

L = River mileage from given station to the 
upstream limits of the drainage area. 

Lca = River mileage from the station to the center 
of gravity of the drainage area. 

Ct, = Coefficients depending upon units and drainage 
Cp basin characteristics. 

Drainage Area, A 

Figure 1 
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The difficulty is further compounded by the fact 

that the observed values of Ct and 640 Cp may vary greatly 

for different hydrographs on the same watershed. Examples 

of this problem have been recorded on Brays Bayou, Buffalo 

Bayou, and White Oak Bayou, all in Harris County, Texas. 

The storm dates and observed values of Ct and 640 Cp for 

these streams are shown in Tables I, II, and III. 

Table I 

UNIT HYDROGRAPH CHARACTERISTICS, 
BRAYS BAYOU, TEXAS 1939-19606 

Storm Date 
Peak Discharge 

Rate, cfs 
Time to 

Peak, hrs 
Snyder Coefficients 

640 Cp Ct 

July 1939 1800 12 211 2.7 

Nov. 1940 1680 12 195 2.4 

Sept. 1941 1340 12 121 2.3 

Nov. 1943 1220 15 167 2.7 

Oct. 1949 1100 12 152 2.9 

May 1953 2200 6 99 0.87 

Apr. 1959 4640 4 116 0.48 

Oct. 1959 4200 5 147 0.67 

June 1960 4560 3 69 0.29 
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Table II 

UNIT HYDROGRAPH CHARACTERISTICS, 
BUFFALO BAYOU, TEXAS7 

Storm Date 
Peak Discharge 

Rate, cfs 
Time to 

Peak, hrs 
Snyder Coefficients 

640 Cp Ct 

Jan. 1956 1933 9 300 1.68 

Jan. 1956 1481 13 324 2.37 

Mar. 1957 893 13 201 2.44 

Oct. 1960 1458 8 201 1.49 

June 1961 1798 14 426 2.57 

Table III 

UNIT HYDROGRAPH CHARACTERISTICS, 
WHITE OAK BAYOU, TEXAS7 

Storm Date 
Peak Discharge 

Rate, cfs 
Time to 

Peak, hrs 
Snyder Coefficients 

640 Cp Ct 

Jan. 1952 1893 8 168 1.17 

Aug. 1953 2231 12 286 1.67 

Feb. 1955 1388 8 124 1.17 

Feb. 1959 2278 8 195 1.22 

June 1960 2407 9 235 1.41 
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As is evident from the observed Snyder coefficients 

on the three streams in Harris County, the coefficients are 

not constants for each watershed. Variations of the magnitude 

observed suggest that the selection of a Snyder coefficient 

may actually be more arbitrary than is commonly recognized. 

Taylor and Schwarz Method 

Another method of synthesizing unit hydrographs 

g 
was presented in 1952 by Taylor and Schwarz. Based on 

65 storms over 20 watersheds ranging in size from 20 to 

1600 square miles, empirical relationships for the unit 

hydrograph lag and peak flow value were obtained. These 

relationships and the definitions of terms are shown in 

Figure 2. 

It is to be noted that the basin characteristics 

L and Lca are parameters in both the Snyder method and the 

method of Taylor and Schwarz, but in the place of dimension¬ 

less coefficients the latter method introduces a weighted 

slope parameter. Thus the Taylor and Schwarz method has the 

advantage of providing relationships which are based on 

measurable physical features of the watershed and watercourse 

under consideration. 

However, the Taylor and Schwarz method fails to 



TAYLOR AND SCHWARZ METHOD 

t = C e 
pR 

„ xn"tR 
q = C e K 

pR 

C = 0.6/(Sst) m* = 0.212/ (LL^) 
0.36 

ca' 

C = 1800 m* m" = 0.121 S°Z142 - 0.212(LL )-0*36 _ 0.05 
ca 31 

where 

t = Unit rainfall duration in hours. 
X\ 

L = Total length of longest watercourse measured 

to edge of watershed. 

L = Distance along main drainage channel from 
CcL 

gage to CG of watershed. 

Ss^ = Slope of uniform channel having the same 

length as the longest watercourse and an 

equal time of travel. 

Figure 2 
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take into account other factors which would affect the unit 

hydrograph lag and peak values. This can be readily observed 

by considering Manning's formula 

v = 1^486 r2/3sl/2 
n 

where 

V = velocity in ft/sec 

n = the coefficient of roughness 

r = hydraulic radius 

s = slope of hydraulic gradient. 

Of the three factors affecting velocity (and in turn, runoff 

and lag time) only the slope is considered in the method of 

Taylor and Schwarz. 

Since the primary difference between a rural and 

urban watershed is the efficiency of drainage systems as 

characterized by the coefficient of roughness, n, it is 

apparent that empirical relationships obtained from data on 

large undeveloped watersheds may have little value in dealing 

with urban watersheds. 



CHAPTER III 

PROPOSED TECHNIQUE 

The proposed technique which follows demonstrates 

a method whereby the basic Taylor and Schwarz equations may 

be modified to reflect the efficiency of the drainage system, 

yet retain their physical parameters which are so readily 

measurable. 

Review of Taylor and Schwarz Method 

The formulas for lag and peak values of the unit 

hydrograph presented by Taylor and Schwarz are dependent upon 

readily measurable characteristics of the watershed and its 

watercourse for their solution. In this respect, the Taylor 

and Schwarz method requires less experience to develop unit 

hydrographs than does the Snyder method. The principal short¬ 

coming of the Taylor and Schwarz method is its failure to take 

into account the efficiency of the watershed drainage system. 

In order to better understand the proposed modifi¬ 

cations to the Taylor and Schwarz method, it would be well to 

briefly review the derivation of their formulas as presented 

in their original paper. 

The empirical relationships of Taylor and Schwarz 

11 
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were developed by the correlation of observed storm charac¬ 

teristics with measured basin characteristics. 

Storm characteristics included 

t R - lag in hours from the time of the center of 
mass (centroid) of rainfall excess occurs to 
the time of the observed unit hydrograph peak. 

q - peak value of observed unit hydrograph in cfs 
per sq mi. 

tR - time in hours from beginning to end of excess 
rainfall. 

Basin characteristics included 

L - total length of longest watercourse, 
measured to basin boundary. 

L - distance along the main drainage channel from 
Ca , _ , 

point of investigation to center of gravity 
or centroid of the watershed. 

Sst - slope of a uniform channel having the same 
length as the longest watercourse and an 
equal time of travel. 

D.A. - the drainage area in sq mi. 

Taylor and Schwarz first noted that the lag (tpR) 

of the unit hydrographs varied with the rainfall-excess dura¬ 

tion (tR) and found that curves of lag versus rainfall-excess 

duration (tpR vs tR) followed a general equation 

t 
PR " 

• m' t 
C e R 

(1) 

where m' is the rate of change of lag ^pR^ with rainfall-excess 
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(tR) and c' is the lag of an instantaneous unit-hydrograph 

(tR = 0) . It is to be noted that an instantaneous unit- 

hydrograph is a hypothetical case which provides a useful 

parameter c' for purposes of developing hydrograph equations, 

but cannot occur in actual practice. 

The rate of change of lag with rainfall-excess (m‘) 

was plotted against drainage area, length of watercourse, and 

length to center of area, but the only usable correlation was 

found with the latter. The curve of best fit for this corre¬ 

lation was defined by the equation 

m' = 0.212/(IiLca) °*
36. (2) 

The empirical equation for the lag of the instantaneous unit 

hydrograph (C*) was obtained from the plot of C* versus the 

weighted slope factor (Sst) and found to be 

c' = 0.6/(Sst)
}5. (3) 

In order to determine an expression for the peak function 

(q ), the peak values of observed unit hydrographs were pK 

plotted against the duration of rainfall-excess for each 

watershed and were found to define curves described by the 

general expression 

SpR = 
m"tR 

C e K 

(4) 
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In this expression, m" is the rate of change of qpR with the 

storm duration and was found to be defined by the expression 

m" = 0.121 Sg*142 - 0.212(LLca)"°*
36 - 0.050. (5) 

In a similar fashion as was used to determine the expression 

for c', the peak discharge of the instantaneous unit hydro¬ 

graph (c") was found to be 

C" = 382(LLca)~
0*36. (6) 

Having computed the lag function (t _.) and the peak function 
PR 

(qpR), the unit hydrograph is easily constructed using the 

W50 and W75 curves given in Plate No. 7 of the U.S. Army 

Corps Engineers Manual EM 1110-2-1405 dated August 31, 1959. 

Watercourse Efficiency 

Consider the elementary expression for time of 

travel in the watercourse 

t = 1/v = length of watercourse/velocity. (7) 

Substituting Manning's equation for velocity, 

t = ln/1.486 r2//3s1//2. (8) 

Thus, the time of travel varies directly with the length of 

the watercourse and the coefficient of roughness, n, and it 
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varies inversely with the two-thirds power of the hydraulic 

radius and the one-half power of the slope. 

At this point, the principal drawback of the Taylor 

and Schwarz method can be demonstrated by considering two 

hypothetical watersheds which are identical in every respect 

save one—the coefficient of roughness of the watercourse. 

In actual practice such a possibility exists since main 

streams are often cleaned, reshaped, or even paved as part 

of a flood control program, thus creating two watersheds 

identical in every respect save the coefficient of roughness. 

If the Taylor and Schwarz method was employed for 

each of the two hypothetical watersheds, identical unit 

hydrographs would be produced resulting in identical peak 

times for each watershed. Thus, the computed results would 

indicate that the natural channel would experience its peak 

flow at the same time as the paved channel. 

Without resorting to involved flood wave theory, 

it is intuitively obvious that the lag (or peak) time will 

vary in accordance with the time of travel of a particle of 

water through the length of the watercourse. Short times of 

travel result in early peaks, while longer times of travel 

delay the peak of the unit hydrograph. 
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Coefficient of Roughness, n 

Referring back to Equation (8), it is readily 

apparent that if the coefficient of roughness is decreased, 

the time of travel will decrease and the peak time would also 

decrease. The magnitude of the decrease in time of travel 

would vary with the difference in the coefficients of rough¬ 

ness. 

The effect of paving a natural channel on the 

velocity of flow is demonstrated in Table IV. As an example, 

consider the case of a winding natural stream containing 

pools, shallows, weeds, and large stones. The coefficient 

of roughness will be approximately 0.052. Paving this stream 

with a concrete lining will decrease the coefficient of 

roughness to 0.013 and in turn increase the velocity by 

approximately 300 percent. The velocity in the paved channel 

becomes four times that of the natural channel cutting the 

time of travel to one-fourth of what it was in the natural 

channel. Thus, it is readily apparent that appreciable 

reductions in time of travel are possible as a result of 

improvements in the coefficient of roughness, n, from channel 

improvements. 
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Table IV 

VALUES OF n FOR MANNING'S FORMULA9 

From Natural 

Channel Below 

n = 0.120 
I  

0.080 
 1  

0.040 
T 

Clean, straight, full 

stage, no pools 

Clean, straight, full 

stage, no pools, with 

weeds and stones 

<T> 
CM 
o 

o 

in 
CO 
o 

o 

o 
o 

Winding, pools and 

shallows, clean 

Winding, pools and shallows, 

clean, low stage 

Winding, pools and shallows, 

weeds and stones 

Winding, pools and 

shallows, weeds and 

large stones 

Sluggish, weedy with 

deep pools 

§ 

CM 

% Increase 

in Velocity 

Caused by 

Paving 

125 

170 

201 

260 

225 

300 

400 

Very weedy 

sluggish 
H 

O 
770 



18 

Hydraulic Radius, r 

The other parameter affecting time of travel from 

Equation (8) and for which no provision is made in the Taylor 

and Schwarz method is the hydraulic radius, r. The effect of 

channel improvements on the hydraulic radius is not readily 

discernable. In order to investigate the effect of channel 

improvements on hydraulic radius, a comparison between 

hydraulic radii of natural and improved channels was prepared 

and is presented herein. Although limited in scope, this 

investigation gives an indication of the order of magnitude 

of the effect on the hydraulic radius of channel improvements. 

The data used in preparing the comparison was 

extracted from an extensive series of computations of back¬ 

water curves for existing and future channel conditions for 

Buffalo Bayou in Houston, Texas. The backwater computations 

covered over 7.5 miles of existing stream. This section was 

divided into sixteen individual reaches varying from 800 to 

4400 feet in length. Reach Six was subdivided into several 

subreaches and has been purposely omitted in the interest of 

brevity. 

Figures 3 through 17 show the average existing 

natural channel cross-section for the reach and the hydraulic 

radii for various stages of flow. Also indicated are curves 
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of the two-thirds power of the hydraulic radius versus the 

stage for both the existing channel and a concrete lined 

channel. The concrete section used in this study consisted 

of a 10 foot wide bottom with 2.5 on 1 side slopes. Hori¬ 

zontal dashed lines indicate the stage of each type channel 

required to carry the discharge indicated. 

Table V summarizes the data of Figures 3 through 

17. It is to be noted that the two-thirds power of the 

hydraulic radius is reduced in the majority of cases but in 

no case more than 32.5 percent. Thus, it is seen that 

although channel improvements affect the hydraulic radius, 

the percent change is quite small compared to the percent 

change caused by the coefficient of roughness, n. 

Based on the preceding discussion, it is evident 

that an empirical method for synthesizing unit hydrographs 

should take into account not only the slope, but the coef¬ 

ficient of roughness as well, while variations in hydraulic 

radius may be omitted from consideration because of their 

relatively small magnitudes. 

Relationship of c' versus (Sst)^ 

The Taylor and Schwarz method makes no allowance 

for watershed efficiency. No values of the coefficient of 



Table V 

Reach 
No. 

3 

Two-Thirds Power of Hydraulic Radius AR
2
/
3 % 

Change 

• °
 

• o
 

5.0 6.0 7.0 

1 

1 1 

4.55 i ! 5.52 

i 

-0.97 -17.5 

2 4.55 ! rJ 

! Ln 

5.18 -0.63 -12.2 

3 4.55 5.55 -1.00 -18.0 

4 4.55 i _jr'J 5.12 -0.57 -11.1 

5 4.55 r 4.48 0.07 1.6 

7 4.55 4.78 -0.23 -4.8 

8 4.55 i 
Lj 5.00 -0.45 -9.0 

9 4.59 5.10 -0.51 -10.0 

10 4.55 i ] 

' T 
5.18 -0.63 -12.2 

11 4.49 5.02 -0.53 -10.6 

12 4.45 
i—1 

i 4.45 0 0 

13 4.45 

r ] 
5.45 -1.00 -18.3 

14 4.48 ! r 5.25 1 o
 

• -14.7 

15 4.38 

i 1 
,
 

l
”
L
 

i i 
 

i 5.00 -0.62 -12.4 

16 4.11 r 6.08 -1.97 -32.5 

Paved Channel  
Natural Channel  
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roughness, n, of the major watercourse are presented. Use of 

the method as presented reduces any watershed to a watershed 

having efficiency characteristics similar to the average 

watershed efficiency of the watersheds studied in the Taylor 

and Schwarz paper, producing unit hydrographs which may or 

may not have any relationship to actual unit hydrographs for 

the stream being investigated. The role of watershed effi¬ 

ciency in the Taylor and Schwarz method may be discussed by 

reviewing the relationship between the lag of the instantane¬ 

ous unit hydrograph (C*) and the weighted slope factor (Sgt). 

Taylor and Schwarz found that the empirical expres¬ 

sion for c' in terms of Sgt was 

C' = 0.6/(Sst)^ . 

The data observed and the curve of best fit presented by 

Taylor and Schwarz for this data is shown in Figure 18. Each 

• U point on Figure 18 represents C versus (Sgt)^ for a different 

watershed. 

Obviously, the observed watersheds had varying 

degrees of watershed efficiency. Points falling below the 

curve of best fit represent more efficient watersheds than 

those falling above the curve. Assuming the curve of best 
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fit to represent "normal watershed efficiency," it can be 

postulated that as the perpendicular distance from a point to 

the curve increases, the watershed efficiency increases or 

decreases from normal watershed efficiency depending upon 

whether the point is to the left (below) or to the right 

(above) of the normal curve. 

Further study of the plot of all data relating c' 

and (Sst) 
2 uncovered an interesting phenomenon not mentioned 

by Taylor and Schwarz. It was observed that additional 

straight lines drawn parallel to the normal curve and passing 

through data points generally passed through two or more data 

points. The normal curve is shown as a solid line in Figure 

19, and the other curves are indicated as dashed lines. 

It can be seen from Figure 19 that a virtually 

infinite series of equations in the form 

c' = x/(Sst)^ (9) 

exist, where x is the "watershed efficiency factor." Values 

of the watershed efficiency factor are shown on Figure 19 

and vary from 0.16 to 0.80 with 0.6 being the normal water¬ 

shed efficiency factor. 

Unfortunately, no data is available to correlate 

the watershed efficiency factor to basin characteristics such 
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as the coefficient of roughness of the major watercourse, and 

to gather such data would be beyond the scope of this study. 

The purpose of introducing the concept of a watershed effi¬ 

ciency factor is to demonstrate the necessity of using the 

Taylor and Schwarz method per se only on watersheds whose 

watershed efficiency factor is 0.60. 

Lacking data to correlate or even compute the 

watershed efficiency factor, it becomes necessary to approach 

the problem from a different point of view. The approach is 

to convert the watershed under investigation to a hypothetical 

watershed having a normal watershed efficiency factor of 0.60. 

This is achieved using the concept of a "synthetic weighted 

slope." 

Synthetic Weighted Slope 

Of the storm and basin characteristics considered 

by Taylor and Schwarz, only Sst, the weighted slope factor, 

offered any area of investigation with regard to the water¬ 

shed efficiency factor. The storm characteristics tpR, qpR, 

and tR were all observed values. The basin characteristic 

of drainage area L and Lca are geometric properties of the 

watershed and its drainage system and can be accurately 

determined from a topographic map. 
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It has been demonstrated in preceding paragraphs 

that the weighted slope factor, S , alone did not suffice 

in describing the efficiency of a watershed, and that the 

coefficient of roughness, n, and to a lesser extent the 

hydraulic radius, r, also affected the unit hydrograph. It 

was concluded that the method of Taylor and Schwarz was valid 

only if the watershed efficiency factor is 0.60, and that in 

order to use the method, a hypothetical watershed would have 

to be synthesized from the actual watershed using a synthetic 

weighted slope. 

The synthetic weighted slope is best introduced by 

recalling Manning's formula 

V = r2/3sl/2 n 

It is readily observed that decreasing n has the same effect 

on velocity (and in turn, time of travel) as increasing s1/2. 

For example, decreasing n from 0.040 to 0.010 would have the 

same effect on V as increasing s^2 from 0.0010 to 0.0040. 

Therefore, assuming n and s to be the principal parameters 

of watershed efficiency, the effect of deviations from the 

normal watershed efficiency of Taylor and Schwarz resulting 

from different coefficients of roughness can be compensated 
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for by increasing or decreasing the weighted unit slope. The 

adjusted weighted slope is denoted as the "synthetic weighted 

slope," Sgt. 

The proper value of the synthetic weighted slope is 

the value such that 

c’ = 0.6/(Sgt)^ (10) 

or 

Sgt = (0.6/C')
2 . (11) 

Thus, in order to synthesize the hypothetical water¬ 

shed with a watershed efficiency factor equal to the normal 

watershed efficiency factor, it is necessary to determine the 

lag of the instantaneous unit hydrograph of the actual water¬ 

shed. Having determined c', s^ is computed, and the method 

of Taylor and Schwarz is used to determine tpR and qpR. 

Instantaneous Unit Hydrograph 

A method for constructing instantaneous unit 

hydrographs has been presented by Linsley, Kohler, and 

Paulhus."*"0 By considering the rainfall excess as inflow and 

the hydrograph as outflow, the problem becomes analogous to 

storage routing. A three-step procedure is used. First, an 

isochronic map of the watershed is prepared which divides 
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the basin into areas by contours of travel time to the point 

of investigation (isochrones). Next, a time-area diagram is 

prepared which depicts the area between isochrones as a 

function of time. Lastly, the time-area diagram is routed 

using the Muskingum method. The product of the last step is 

I 

an instantaneous unit hydrograph from which C may be 

determined. 

Isochronic Map. An isochronic map is a map of the 

watershed upon which has been placed a series of time contours 

called "isochrones." The isochrones represent times of travel 

to the gaging station or point of interest. 

In order to construct an isochronic map, it is 

necessary to have a topographic map of the watershed. If 

working in an urban area or an area with an extensive under¬ 

ground drainage sytem, additional maps showing underground 

drainage works will improve the accuracy of the construction. 

If the watershed is one of potential urbanization, it may be 

necessary to divide the watershed into future sub-drainage 

areas by projecting future subsurface drainage works. 

From the maps, the boundaries of the watershed and 

its drainage system are determined. Velocities of flow may 

be computed using Manning's or Kutter's formula. This 
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computation requires the maximum use of the analyst's experi¬ 

ence in storm sewer and/or open channel hydraulics. Veloci¬ 

ties used should be the average velocities between normal flow 

and steady flood flow. 

Using the average velocities, the distances from 

the point of interest to the points where each isochrone 

crosses the main watercourse are laid out. Additional points 

on each isochrone are obtained by proceeding up the tribu¬ 

taries from the main watercourse. Still more points are 

obtained from the drainage systems discharging into the 

tributaries. The points of equal time of travel are then 

connected to form the isochrones. 

One point to remember in constructing an isochronic 

map is that isochrones need not be continuous across drainage 

divides. This condition may be observed on the isochronic 

map present as part of the example problem included in 

Appendix A. 

Time-Area Diagram. The time-area diagram is 

obtained by determining the area between isochrones and 

plotting these areas versus the time in hours. A simple 

isochronic map and time-area diagram are shown in Figure 20. 

Routing Time-Area Diagram. The final step in 

constructing the instantaneous unit hydrograph according to 
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Linsley, Kohler, and Paulhus is the routing of the time-area 

diagram by the Muskingum method with x = 0. 

The Muskingum method10 is based upon the expression 

for storage, S, in any reach of stream 

S = | [xlm/n + (1 - x)^/11] , (12) 

and assumes that m/n = 1 and sets b/a = K with the resulting 

expression for storage being 

S = K [xl + (1 - x)o] . (13) 

K, the storage constant, is the ratio of storage to discharge 

and has the dimension of time. It is approximately equal to 

the travel time through the reach, and when using the method 

to develop instantaneous unit hydrographs, it is recommended 

that K equal the travel time along the major watercourse. 

Substituting Equation (13) into the routing 

equation, 

*1 + *2 
t - 

°1 + °2 
t = s2 “ S1 (14) 

and collecting like terms, Equation (14) becomes 

°2 “ C0I2 + C1I1 + c2°l ' (15) 

where 
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c0 
Kx - 0.5t 

K - Kx + 0.5t 
(16) 

c 1 = 
Kx + 0.5t 

K - Kx + 0.5t 
(17) 

K - Kx - Q.5t 

K - Kx + 0.5t 
(18) 

In the Muskingum method with x = 0, the above equations for 

CQ, C^, and c2 reduce to 

c0 = 
0.5t 

K + 0.5t 
(16') 

c = 0«5t 
1 K + 0.5t 

(17*) 

K - 0.5t 

K + 0.5t 

It is to be noted that 

c0 + C1 + °2 = 

(18*) 

(19) 

which may be used to check values of CQ, C^, and C2 before 

routing the time-area diagram. In these equations, t is 

defined as the time increment between isochrones on the 

isochronic map. Other parameters appearing in Equation (12) 

are of no importance to the method being described, and their 

definitions have been purposely omitted. 
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The routing operation is a systematic solution of 

Equation (15) for successive time increments with the O2 of 

one time increment becoming the of the next and 1^ and I2 

being the incremental areas of the time-area diagram converted 

to runoff. This technique is demonstrated in the example 

problem. 

It should be noted at this point that the method of 

constructing the instantaneous unit hydrograph as presented 

herein varies in one respect from the method by Linsley, 

Kohler, and Paulhus. It has been recommended that the storage 

constant, K, be taken as equal to the time of travel along 

the major watercourse. Linsley, Kohler, and Paulhus indicate 

that a proper determination of K is difficult if a correct 

instantaneous unit hydrograph is desired. 

In the modification of the Taylor and Schwarz method, 

it is only necessary to determine the lag of the instantaneous 

unit hydrograph—the peak is of no importance. Varying K 

will affect only the vertical location of the peak, its hori¬ 

zontal position is determined by the time-area diagram. This 

can be demonstrated by returning to Equation (15). Once K 

is selected, Cg, c^, and C2 become constants, and only 1^, I2, 

and are variables. Furthermore, 1^, I2, and O-^ vary 
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identically with time and are independent of cQ, c^# and 

as far as their time coordinate is concerned. The effects of 

varying K on the instantaneous unit hydrograph is depicted 

graphically in Figure 21. 

Taylor and Schwarz Formulas 

Having determined the lag time of an instantaneous 

unit hydrograph C*, the Taylor and Schwarz relationships 

may be employed in the sequence described below. 

Synthetic Weighted Slope. The synthetic weighted 

slope is computed from the relationship 

sst = (0*6/c'>2- 

This synthetic weighted slope is then used in the place of 

the weighted slope in the Taylor and Schwarz equations. 

Lag Time. In order to compute lag time, t R, it 

is first necessary to compute m' from the equation 

m' = 0.212/(LLca)°*
36. 

It is necessary to know the location of the 

centroid of the watershed before L can be determined. 
CcL 

Snyder'1'1 recommends that the centroid can be located by 
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suspending a cardboard cutout of the watershed "by means of 

a pin through a point near the edge and a vertical line 

determination. Two other vertical lines similarly obtained 

provide an intersection and a check at the center of area." 

Having computed m', the lag of the unit hydrograph 

is determined from the expression 

m't 
t = C' e rpR ^ e 

R 

where t corresponds to the rainfall duration for the unit 
JK 

hydrograph desired (e.g., tR = 3 for a 3-hour unit hydro¬ 

graph) . 

Peak Discharge. Peak discharge is computed from 

the expression 

where 

and 

„ m"t 
^pR = C 6 

c" = 382(LL )-°.36 
Ca 

m" = 0.121(s' )0*142 - 0.212(LL )~°*36 - 0.050. 
st ca 

Note that in determining m", the synthetic weighted slope 

I 
is used. 



CHAPTER IV 

CONCLUSIONS AND LIMITATIONS 

The purpose of this study has been to demonstrate 

a modification to the Taylor and Schwarz method for synthe¬ 

sizing unit hydrographs in order that the method might be 

used for urban watersheds. In so doing, the following con¬ 

clusions have emerged from the development of the modified 

technique: 

1. Manning's coefficient of roughness, n, has a 

direct effect on the lag time of the unit hydrograph and 

should be a parameter in methods for synthesizing unit 

hydrographs. 

2. The hydraulic radius, r, is not substantially 

affected by channel rectification and may be omitted as a 

parameter affecting the shape of the unit hydrograph without 

introducing large errors. 

3. The empirical relationship between the lag of 

an instantaneous unit hydrograph, c', and the weighted slope, 

Sgt, in the Taylor and Schwarz method fails to take into 

account variations in watershed efficiency between watersheds, 

and the empirical equations of Taylor and Schwarz are applicable 

33 



34 

only to watersheds sharing the same watershed efficiency 

I 

factor as the watersheds falling on the C = 0.6/(Sst) 

curve. 

4. By developing an instantaneous unit hydrograph 

from an isochronic map and routing the time-area diagram, a 

synthetic weighted slope may be calculated such that the 

actual watershed is converted to a hypothetical watershed 

having the same watershed efficiency as watersheds on the 

c' = 0.6/(Sst)i5 curve. The lag time and peak discharge may 

then be computed from the Taylor and Schwarz equations using 

c' from the instantaneous unit hydrograph and the synthetic 

weighted slope. 

While the modified method successfully synthesizes 

lag times which correlate with observed lag times, the peak 

discharge obtained using the modified Taylor and Schwarz 

method gives evidence of being somewhat higher than observed 

values. It is believed that this discrepancy may be the 

result of differences in computing unit hydrographs from 

observed floods by Taylor and Schwarz and the computation 

of unit hydrographs from observed floods by others. 



APPENDIX A 

EXAMPLE PROBLEM 

Given an urban watershed, it is desired to compute 

the lag time and the peak discharge per square mile of the 

synthetic unit hydrograph. A six-hour hydrograph is required. 

The following basin characteristics are known: 

L = 22.95 mi. 

L = 14.69 mi. ca 

Step 1. Prepare the isochronic map. 

From typical cross sections and Manning's Formula 

computations, average velocities are determined. Velocities 

are shown on the map. 

Using average velocities, the lengths of travel 

along the main stream are measured for one-hour increments. 

This procedure is then repeated for tributary streams and 

finally for overland flow. 

Contours of equal time are then drawn through the 

points obtained producing the isochronic map. 

35 
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Step 2. The time-area diagram is computed and converted to 

inflow. 

© 
Area No. 

@ 
Planimeter 

sq in 

® 
Square 
Miles 

© 
Inflow 
cfs 

0-1 1.73 1.68 1075 
1-2 3.42 3.32 2123 
2-3 4.98 4.84 3095 
3-4 6.40 6.22 3980 
4-5 8.23 8.00 5110 
5-6 9.01 8.76 5610 
6-7 7.55 7.34 4690 
7-8 6.20 6.03 3860 
8-9 8.06 7.84 5010 
9-10 9.94 9.66 6185 

10-11 9.92 9.65 6170 
11-12 3.73 3.62 2320 
12-13 1.02 0.99 634 
13-14 0.72 0.70 448 
14-15 0.70 0.68 435 
15-16 0.15 0.15 96 

Isochrones defining area being measured 

(2) Planimeter reading 

(3) Planimeter reading multiplied by conversion 
factor 

(4) Square miles multiplied by 640 cfs/sq mi 
(l"/hr/acre = 1 cfs) 
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Step 3. Compute constants for routing time-area diagram. 

Routing equation: 

°2 = C0I2 + C1I1 + c2°l' 

where 

_ 0.5t 
0 K + 0.5t 

= 0.5t 
1 K + 0.5t 

_ K - 0.5t 
2 K + 0.5t 

K = travel time from gaging station to upstream 
edge of drainage area = 10.28 hours (see 
isochronic map) 

t = time increment between isochrones = 1 hour. 

Thus, 

c 
0 

0.5 x 1 
10.28 + 0.5 x 1 

0.0464 

C1 
0.5 x 1 

10.28 + 0.5 x 1 
0.0464 

c 2 
10.28 - 0.5 x 1 
10.28 + 0.5 x 1 

0.908 

and 

1 c 1.0008=[?=1 O.K. 
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Step 4. Route time-area diagram. 

Time 
hrs 

Inflow 
cfs 

C0I2 
cfs 

C1I1 
cfs 

c2°l 
cfs 

Outflow 
cfs 

t0 
0 0 

t + 1 1075 50 0 0 50 
0 + 2 2123 99 50 45 194 

+ 3 3095 143 99 176 418 
+ 4 3980 185 143 379 707 
+ 5 5110 237 185 641 641 
+ 6 5610 260 237 965 1462 
+ 7 4690 218 260 1328 1806 
+ 8 3860 179 218 1640 2037 
+ 9 5010 232 179 1848 2259 
+ 10 6185 287 232 2050 2569 
+ 11 6170 286 287 2335 2908 
+ 12 2320 108 286 2640 3034 
+ 13 634 29 108 2750 2887 
+ 14 448 21 29 2620 2670 
+ 15 435 20 21 2422 2463 
+ 16 96 4 20 2235 2259 
+ 17 0 0 4 2050 2054 
+ 18 0 0 0 1862 1862 
+ 19 0 0 0 1690 1690 
+ 20 0 0 0 1535 1535 

Typical computation: 

+ 3: °2 = C0I2 + C1I1 + c2°l 

= 0.0464 x 3095 + 0.0464 x 2123 + 0.908 x 194 = 418 
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Step 4. Determine lag of instantaneous unit hydrograph. 

The time versus outflow relationship computed in 

Step 4 is the instantaneous unit hydrograph. It is observed 

that the peak value of outflow is 3034 cfs d> tQ + 12 hours. 

Thus, 

C' = 12 hours. 

Step 5. Compute lag time of unit hydrograph, t 
PR 

m't 
t = C e 
pR 

R 

Thus, 

0 36 
m' = 0.212/(LLca) * = 0.212/8.1 = 0.0262 

t_ = 6 hours (for 6-hour unit hydrograph) K 

C* = 12 hours. 

t = 12 x e°*0262x6 = 12 x e°*
157= 12 x 1.170 

pR 

tpR = 14.0 hours = lag time. ANS. 

Step 6. Compute synthetic weighted slope. 

1 2 2 
s’ = (0.6/C') = (0.6/12) = 0.0025 ft/ft. 
S T* 

Compute peak discharge. 

m"t 
q = C e 
PR 

R 

Step 7. 
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0 36 
CH = 382(LLca)“ * = 382/8.1 =47.2 

„ , i ,0.142 -0.36 
m = 0.121(sgt) _ 0.212(LLca) - 0 

0.142 
= 0.121(0.0025) - 0.212/8.1 - 0.050 

= 0.121(0.426) - 0.0262 - 0.50 = -0.0247 

„ -0.0247x6 
qpR = 47.2 e = 47.2 x 0.863 

40.6 cfs/sq mi. ANS. 

050 



APPENDIX B 

REFERENCES 

1. Tholin, A. L., and Keifer, Clint J., "Hydrology of Urban 
Runoff," Discussion by Paul Bock, Trans. ASCE. Vol. 125, 
p. 1362, 1960. 

2. Van Sickle, Donald, "The Effects of Urban Development on 
Storm Runoff," The Texas Engineer, Vol. 32, No. 12, p. 4, 
Dec. 1962. 

3. Hydraulic Manual, Texas Highway Dept., Bridge Division, 
p. 2-2, March 1962. 

4. Snyder, F. F., "Synthetic Unit Hydrographs," Trans. Amer. 
Geophys. Union. Vol. 19, Pt. 1, pp. 447-454, 1938. 

5. Flood-Hydrograph Analyses and Computations, EM 1110-2- 
1405, U.S. Govt. Printing Office, p. 11, Aug. 31, 1959. 

6. Van Sickle, Donald, "The Effects of Urban Development on 
Storm Runoff," The Texas Engineer, Vol. 33, No. 1, p. 7, 
Jan. 1963. 

7. Buffalo and White Oak Bayous General Design Memorandum 
No. 1, Supplement No. 1, U.S. Army Engineer District, 
Galveston, Feb. 1964. 

8. Taylor, Arnold B., and Schwarz, Harry E., "Unit- 
Hydrograph Lag and Peak Flow Related to Basin Charac¬ 
teristics," Trans. Amer. Geophys. Union, Vol. 33, No. 2, 
pp. 235-246, April 1952. 

9. Linsley, Ray K., Jr., Kohler, Max A., and Paulhus, 
Joseph L. H., Hydrology for Engineers, McGraw-Hill Book 
Co., Inc., New York, p. 325, 1958. 

10. Linsley, Ray. K., Jr., Kohler, Max A., and Paulhus, 
Joseph L. H., Hydrology for Engineers, McGraw-Hill Book 
Co., Inc., New York, pp. 237-241, 1958. 

41 



42 

11. Snyder, F. F., "Synthetic Unit Hydrographs," Trans. Amer. 
Geophys. Union, Vol. 19, Pt. 1, p. 450, 1938. 


