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Predicting Hydro logic Effects of Urbanization by 

RICHARD H. McCUEN AND NORMAN MILLER 

A recent study by the Water Resources Council indicated that the methods of 
the Soil Conservation Service (SCS) are among the most widely used hydrologic 
design methods. The TR-55 graphical and chart methods are used to predict 
p~ak tll~~hary•. Th• Tfl·!i!i lolml•1 111•lhutl •11tl ti•• TR-20 cu111pute1 package 
can be used to generate entire storm hydrographs. Because the methods are 
widely used for design in urban areas, it is important to understand exactly 
how the effects of urbanization should be assessed by using the SCS methods. 
Changes in land use affect the flood runoff through both the time of concentra
tion and the SCS runoff-curve number. The effect of urbanization on peak dis
charges indicated by SCS methods is compared with the effect indicated by 
othor peak-discharge methods. 

Hydrologists have demonstrated major concern over 
the hydrologic effects of urbanization for at least 
three decades. During this period, a wide array of 
hydrologic models has been developed to predict the 
effects of urbanization on runoff characteristics. 
Even in 1983 more models are being developed. It 
appears reasonable, therefore, to examine some of 
tnese models and to assess the range of predicted 
effects of urbanization on runoff characteristics. 

Urbanization is a process that affects a number 
of components of the hydrologic cycle. The clearing 
of vegetated land cover reduces the interception 
storage. Often, development of land invol•1es siq
nif icant amounts of grading. The grading usually 
causes significant decreases in the depression stor
age. After clearing and grading, parts of the de
veloping area are covered with impervious surfaces. 
In addition, the previously sinuous drainageways are 
straightened7 the result is a decrease in both the 
roughness and natural storage. The impervious sur
faces decrease the pot!!ntial for infiltration, and 
the modifications to the drainageways change the 
storage effects on runoff. In many localities, 
storm-water detention facilities are required to 
compensate for the natural storage that is lost 
during urbanizationi however, studies have shown 
that detention storage does not return the runoff 
and storage characteristics to their predevelopment 
status (1,2). 

The hydrologic effects of urbanization are most 
often assessed by using the change in peak discharge 
as the sole criterion. Nevertheless, other runoff 
characteristics are important. In addition to peak 
discharge, urbanization causes changes in both the 
volume of direct runoff and the various time charac
teristics of the runoff, including the time of con
centration, the time to peak, and the duration of 
flow at various flood stages. These other runoff 
characteristics are recognized as being important, 
especially because of their effects on water 
quality. In summary, when the hydrologic effects of 
urbanization are evaluated, it is important to view 
the problem from a multicriterion standpoint. 

Although the hydrologic concepts used by the Soil 
Conservation Service (SCS) (3,4) have been in exis
tence for some time, their""' use gained widespread 
acceptance when SCS TR-55 was published in 1975 
<2l. The TR-55 methods have been included in the 
design sections of many drainage and storm-water 
management policies and are widely used. In many 
states, the TR-55 methods are replacing the rational 
formula as the recommended technique for peak
discharge estimation on small watersheds. 

The objective of this paper is to demonstrate how 

the scs methods can be used to evaluate the hydro
log ic effects of urbanization and to compare the 
predicted effects with the results of other studies. 

EFFECT ON RUNOFF VOLUMES 

The reductions in interception storage, depression 
storage, and infiltration that accompany urbaniza
tion cause increases in runoff volumes. The in
creased volume of direct runoff is partly respon
sible for both the degradation of channels and the 
decreases in groundwater recharge. In recognition 
of the detrimental effects of increases in runoff 
volume, one purpose of storm-water management is to 
replace the natural storage that is lost due to 
urbanization. 

The SCS methods use the following equation to 
compute the depth of runoff (Q) in inches that re
sults from a 24-hr rainfall depth (P) in inches: 

Q = (P - 0.2S)2 /(P + 0.8S) (l) 

in which S is the potential maximum retention, 

S = (l,000/CN) - 10 (2) 

~'here CN is the scs curve number for runoff. The 
rainfall depth is for a specified return period. 
The SCS methods are most often applied by usinq the 
24-hr rainfall depth. 

The runoff CN is an index that reflects the land 
use, treatment, hydrologic condition, and hydrologic 
soil group. CN increases as the pervious land 
covers are changed to impervious land covers. SCS 
assumes a CN of 98 for impervious surfaces. Thus, a 
composite CN can be obtained by weighting the imper
vious and pervious land cover CNs by using the frac
tion of the total area in each land cover: 

CN=98f+(! -f)CNp (3) 

where f is the fraction of imperviousness and CNp 
is the CN for the pervious portion of the water
shed. Because the CN is a function of f, the change 
in the runoff volume (Q) due to a change in f is 
obtained as follows: 

aQ/af= (aQ/as). (dS/dCN). (aCN/af) (4a) 

aQ/af = { (98 - CNp)[400(P - 0.2S) + 800Q]} /[(CN)2 (P + 0.8S)] (4b) 

Equation 4 indicates that the sensitivity of Q to 
changes in f is a direct function of Q and is in
versely related to the pervious-area CN. Figure 1 
shows the relationship between the rate of change of 
the runoff and the fraction of imperviousness for 
the pervious surface CNs of 60, 70, 80, and 90 and a 
rainfall of 5 in. To illustrate the use of Equation 
4b, if P is 5 in., CNp is 70, and f is 0.9, then 
aQ/af 3.15. If a proposed development would 
increase the fraction of imperviousness by 0.05, the 
change in the runoff volume would be 3.15 (0.05) 
0.16 in., which is the product of ao/af and ~f. 

. . 
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Figure 1. Sensitivity of runoff volume to fraction of imperviousness for 
selected pervious area CNs. 
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EFFECT ON TIME PARAMETERS 

Time is an important parameter in most hydrologic 
models, including the SCS methods. The time of 
concentration (t0 ) and the lag time (L) are the 
two most frequently used time parameters. SCS 
computes the lag time as follows: 

(5) 

where 

L lag time (hr), 
i watershed length (ft), 
Y = watershed slope (%), and 
s potential maximum retention, which is defined 

by Equation 2. 

SCS provides the following relationship between L 
and tc: 

tc = l.67L (6) 

SCS provides a second method, which is called the 
velocity method, for computing the time of con
centration. Although the lag equation (Equation 5) 
is recommended only for small rural drainage areas, 
the velocity method can be used with all land 
covers. When the velocity method is used, the time 
of concentration is defined as follows: 

tc = [ii\ (Q;/V;) ]/3,600 (7) 

in which ii is the length of the ith flow seg
ment in feet, Vi is the velocity in feet per 
second of flow through flow segment i, and n is the 
number of flow segments. The velocity for overlann 
flow segments can be estimated by using a graph of 
the watershed slope and the velocity7 different 
relationships are given for different surface 
types. Manning's equation can be used to estimate 
the velocity of flow in channels. 

When the lag method is used and part of the wa
tershed is urbanized, scs provides two graphs of lag 
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factors for correcting the lag estimated with Equa
tion 5. In one graph the percentage of impervi
ousness is related to a lag correction factor, which 
can vary from 0 to 1. In the other graph the per
centage of the hydraulic length modified is related 
to a lag correction factor. The lag factor in both 
graphs is a function of CN. These lag factors are 
approximations of the effect of urbanization on the 
time parameters. 

If the more exact evaluation of the effect of 
urbanization on the time of runoff cannot be eval
uated by using the velocity method, the effect can 
be estimated by examining the change in the lag time 
with respect to change in the fraction of the water
shed that is impervious. By using Equations 5, 2, 
and 3, it can be shown that aL/af is given as 
follows: 

aL/af = (aL/aS) . ( dS/dCN) . (aCN/af) (8) 

From Equation 5, the partial differential of L with 
respect to S is 

(9) 

From Equation 2, the differential of S with respect 
to CN is 

dS/dCN = -l ,OOO/(CN)2 (10) 

From Equation 3, the partial differential of CN with 
respect to f is 

aCN/af = 98 - CNp (11) 

Therefore, the following expression results for the 
partial differential of Equation 8: 

(12) 

The second derivative is 

a2 L/af2 = {7ooQ0 · 8(98 - CNp)2 [2CN(S + 1)0 ·3 -300(S + 1)-0 ·7 ]} 

+ (1,900(S + 1)0 ·6 CN4 Y0 · 5 ] (13) 

The change in the lag time due to change in the 
percentage of imperviousness can be evaluated by 
using a Taylor expansion: 

L,, = L+ (aL/af). df+ (1/2!)(a2 L/af2). ctf2 

+ (J/3!)(a 3 L/af3). df3 + . .. (14) 

in which L is the lag time at f = O, and La is the 
lag time at f = df. The lag factor can be obtainea 
by dividing Equation 14 by L: 

L,/L = I + (aL/af). (df/L) + (J/2!)(a2 L/af2
) . (df2 /L) 

+ (1/3!)(a 3 L/af3
) · (df3 /L) + ... (15) 

For the range of values for CN and f that are usu
ally of interest, the second-order Taylor series is 
sufficient. Then Equation 15 reduces to the 
following: 

L. /L"' I+ (aL/af). (df/L) + (1/2!)(a2 L/af2
). (df2 /L) (16) 

The first-order Taylor series is acceptable when 
CN is greater than 85 and f is less than 0.3. For a 
CN of 70 and an f of O. 6, the error in using the 
second-order Taylor series (Equation 16) is about 
0.05. Figure 2 shows the peak-factor relationships 
obtained by using the second-order Taylor series 
(solid lines) and the peak-factor relationships of 
TR-55 (broken lines). The noticeable differences 
between the two sets of lines indicate that the lag 
formula, which was derived for use on rural water-
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Figure 2. Variation of lag factor with CN and fraction of imperviousness. 
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FRACTION OF IMPERVIOUSNESS 

sheds, should not be used with the lag factors of 
TR-55 for even moderate levels of imperviousness, 
for example, greater than 30 percent: i.e., f 
0.3. Beyond this value, which actually varies with 
CN, the sensitivity of the lag formula to changes in 
imperviousness may not be rational. When the per
centage of imperviousness exceeds this value, the 
velocity method should be used to examine the effect 
of urbanization on time parameters. 

To illustrate the use of Equation 12 for eval
uating the effect of urbanization on the timing of 
runoff, the effect of a change in imperviousness on 
the time of concentration can be computed by multi
plying the constant 1.67 from Equation 6 by Equation 
12 to giye atc/af. For a watershed with a 
flow length of 1,000 ft, a pervious-area CN of 70, 
and a slope of 2 percent, atc/af 0.379 when 
f = O. Therefore, if development were to increase f 
tu 10 percent, the time or concentration woul~ 

d"'cr""""' by 0.379 (O.l) = 0.038 hr, which h th"' 
product of the change in f and atc/af. 

SCS METHODS 

The SCS has develOped an array of hv~Pn1t'Vli~ 
methods. The simplified methods described .. , i-;-.r;.:55 
can be used to compute either a peak discharge or an 
entire hydrograph. Two peak-discharge methods are 
provided in TR-55--the graphical method and the 
chart method. When an entire hydrograph is needed, 
the TR-55 tabular method can be used. A simplified 
method for determining the required volume of deten
tion storage is also given in TR-55. 

The TR-20 computer program (4) can be used for 
more complex watershed analyses. - TR-20 can be used 
to generate runoff hydrographs, route the hydro
graphs through either channel reaches or reservoirs, 
and combine hydrographs at stream confluences. 

Graphical Method 

Chapter 5 in TR-55 describes a method for estimating 
the peak discharge. The method, which is referred 
to as the graphical method, derives its name from a 
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graph that relates the time of concentration in 
hours and the unit peak discharge inch cubic feet 
per second per square mile per inch of runoff. The 
.inpui. U:c:ai:.a. .1:ey_u.iremeni.tiir wi1.ici1 cu.11: 111.iu.imc:1.i, ctLt: i..~-.c 

return period iQ years (T): the 24-hr, T-yr precipi
tation in inches (P) 1 the CN1 the drainage area in 
square miles (A) : and the time of concentration in 
hours (tel. 

The procedure requires the volume runoff to be 
estimated by using P and CN as input to Equation 1. 
The time of concentration can be estimated by using 
either the lag method or the velocity method: how
ever, the velocity method io preferred for the 
graphical method. The unit peak discharge is esti
mated from Figure 5-2 of TR-55, which relates the 
unit peak discharge and the time of concentration • 
The peak discharge equals the product of the unit 
peak discharge, the drainage area, and the volume of 
runoff. ,_, 

\U/ 

valley routing is not required; (b) for watersheds 
where land use, soil, and cover are uniformly dis
tributed throughout the watershed: and (c) where 
runoff can be represented by one CN. Also, the 
graphical method should not be used when runoff 
volumes are less than about 1. 5 in. for CNs less 
than 60 and the drainage area should be less than 20 
miles•. These limitations are given in TR-55. 

Chart Method 

Another procedure for computing the peak discharge, 
which is called the chart method, is described in 
TR-55. The chart method was designed for use in 
estimating the effect of development on the peak
d ischarge rate. The input data are the same as 
those for the graphical method (except for tel 
with the addition of the hydraulic length in feet, 
the percentage of ponds and swampy area, the water
shed slope in percent, and the percentage of both 
the impervious area and the hydraulic length mod
ified. Not all the data are necessary for all cases 
because some of the options are not mandatory. 
Application of the method is limited to watersheds 
from 1 acre to 2,000 acres. The method is based on 
a 24-hr storm volume and a SCS type II storm 
distribution. 

The hydraulic length (HL) is used when it is 
desired to make a shape adjustment. The hydraulic 
len~th is entered and used to compute the effective 
area (EA): 

EA= 0.00013586HL3 i 5 (17) 

If a watershed shape adjustment is not desired, the 
HL is not necessary and EA should be set equal to 
the drainage area (A). 

If a significant portion of the watershed is 
swampy or in ponds or both, the pond and swamp ad
justment factor can be obtained from a table. The 
value depends on the location of the ponds or swampy 
area within the watershed, the return period (T) (or 
storm frequency), and the percentage of ponding and 
swampy area. 

'!'he unit peak discharge, which will be discussed 
below, is obtained from charts designed for index 
slopes of 1, 4, and 16 percent. For slopes other 
than those for these three index values, a slope
adjustment factor can be obtained from a table. The 
following table indicates the slope designations: 

Slope 
Designation 
Flat 
Moderate 
Steep 

Index Slope 
(%) 
1 
4 

16 

Slope Range 
(%) 
SP~ 2.5 
2. 5 < SP < 7. 5 
7.5 < SP 
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The effective area and slope are used as input to 
the appropriate part of a table in TR-55, and the 
slope-adjustment factor is obtained. 

The unit peak discharge is then obtained from one 
of three figures in TR-55, which is separated on the 
basis of the three index slopes. The unit peak 
discharges are given in units of cubic feet per 
second per inch of runoff. The figures define the 
unit peak discharges for the scs type II storm. The 
CN is used with the effective area to get the unit 
peak discharge. 

By using the depth of precipitation and the CN, 
the volume of runoff (in inches) can be determined. 
If an adjustment is to be made for the percentage of 
imperviousness, the peak-adjustment factor (FIMP) is 
obtained from a figure. The percentage of impervi
ousness (IMP) and the CN are used as input. A 
similar adjustment is used when the hydraulic flow 
pattern has been or will be modified. The per
centage of the hydraulic length modified (HLM) and 
the CN are used as input to a figure from which the 
peak-adjustment factor (HLMF) is obtained. 

Tabular Method of TR-55 

The tabular method, which is discussed in Chapter 5 
of TR-55, was designed for use in the following 
circumstances: 

1. For developing composite flood hydrographs at 
any point within a watershed, 

2. For measuring the effects of changes in land 
use of one or more subwatersheds, and 

3. For assessing the effects of structures or 
combinations of structures. 

In general, the procedure was intended for measuring 
the effect on the composite flood hydrograph of 
changes within subwatersheds of a larger drainage 
area. 

The input requirements for the tabular method for 
each subwatershed are the same as those needed in 
the graphical method. In addition, the travel time 
for each channel reach is necessary. 

Before the method is applied, the user should be 
familiar 'with several constraints. The constraints 
that were used in developing the method are impor
tant when applying the method. The tabular method 
was developed by making numerous computer runs with 
the TR-20 program. In each case, a CN of 75 was 
used and the rainfall volumes were selected to yield 
3 in. of runoff. When the tabular method is applied 
to cases having characteristics that are signifi
cantly different from the conditions used in devel
oping the method, the resulting hydrograph may not 
provide close agreement with the hydrograph that 
would result from a TR-20 analysis. These assump
tions are not considered to be critical when the 
sole purpose in using the method is to assess the 
effect of changes in a watershed, such as land 
use or structure changes. The difference in the 
before and after hydrographs is relatively insensi
tive to the assumption of a CN of 75. 

In order to make accurate assessments of water
shed changes, there are certain limitations that 
should be adhered to in applying the method. First, 
within any subwatershed there should be little vari
ation in CN; this does not mean that subwatersheds 
should have similar CNs but that each subwatershed 
should have little variation in soil and land use 
characteristics. Second, the area of each sub
watershed should be less than 20 miles•. Third, 
the precipitation should be sufficient to yield 
runoff volumes greater than 1.5 in., especially when 
CNs are less than 60. 

The solution methodology centers about the tabu-
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lar discharge values, which are given in a set of 
tables in TR-55. A table segment is given for se
lected times of concentration (tel: 0.1, 0.2, 0.3, 
0.4, 0.5, O. 75, 1.0, 1.25, 1.5, and 2.0 hr. For 
values other than these, the closest value can be 
used; further precision can be achieved through 
interpolation. 

Each table segment is further subdivided by the 
total travel time !Ttl from the subwatershed out
let to the design point. For each tc and Tt, 
discharge rates are given in cubic feet per second 
per square mile per inch of runoff for hydrograph 
times (i.e., the time from the beginning of pre
cipitation) ranging from 11.0 to 20.0 hr in various 
time increments; these hydrograph times correspond 
to time in the 24-hr SCS type II rainfall 
distribution. 

The procedure used in solving problems with the 
tabular discharge hydrograph method is to segment 
the watershed into appropriate subareas and identify 
the necessary input for each subarea and channel 
reach. The hydrograph at the design point due to 
runoff from any subarea is determined by entering 
the tables for the subarea tc and the total travel 
time from the outlet of the subarea to the design 
point. The total hydrograph is determined by sum
ming the subarea hydrographs. 

SCS TR-20 Computer Program 

TR-20 is a computerized method for solving hydro
logic problems by using the concepts outlined in 
Section 4 of the scs National Engineering Handbook. 
The program was formulated to develop runoff hydro
g raphs, to route hydrographs through both channel 
reaches and reservoirs, and to combine or separate 
hydrographs at confluences. The program is designed 
to make multiple analyses in a single run so that 
various alternatives can be evaluated in one pass 
through the program; this leads to more efficient 
use of computer time. 

Even though a computer is used to solve problems, 
the input data requirements are surprisingly mini
mal; the amount of data depends on the complexity of 
the problem to be solved. If actual rainfall events 
are not going to be used, the total depth of pre
cipitation is the only meteorological input. For 
each subarea, A, CN, and tc are required: the SCS 
antecedent soil moisture condition (I, II, or III) 
must also be specified. For each channel reach, the 
length is required along with the channel cross
section description, which includes the elevation, 
discharge, and end-area data; although it is op
tional, a routing coefficient may also be used as 
input. If the streamflow routing coefficient is not 
given as input, it will be computed by using the 
cross-section data. For each structure it is neces
sary to describe the outflow characteristics with 
the elevation-discharge-storage relationship. The 
time increment for all computations must be speci
fied, and any baseflow in a channel reach must be 
identified. 

EFFECT ON PEAK DISCHARGES COMPUTED WITH SCS METHODS 

When scs hydrologic methods are used, the effect of 
urbanization on peak discharges is assessed by the 
joint effect of urb~nization on tc and CN. For 
the chart method, the computed peak discharge will 
increase as either the runoff volume or the peak 
factors increase. The peak factors are a function 
of CN and the percentage of change in either the 
imperviousness or the hydraulic length modified. 
The tabular method will show an increase in the peak 
discharge when either the runoff volume increases or 
the time of concentration or the channel-reach 
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Table 1. Effect of urbanization on 10-yr peak discharge. 

JMPA Q qu 
[ (ft3 /sec)in.] 

QP 
(ft3 /sec) 

.6QP/QP0 .6Q/Qo Llqu/Quo .6IMPF 
(%) CN (in.) FIMP (%) 

0 60 1.30 42 1.00 54.6 
10 64 1.58 46 1.06 77.0 4 l.O 
20 68 1.88 50 1.13 106.2 94.5 
30 71 2.12 54 1.20 137.4 I 51.6 

travel time or both decrease , For the RUNOFF sub
program of the TR-20 program, changes in urbani
zation will be reflected by changes in CN and tc, 
both of which are necessary input. 

The chart method is easily used to demonstrate 
the effect of urbanization on peak discharge. For a 
100-acre, wooded (fair condition) watershed wi th a 
slope of 4 percent and type-B soil, CN is 60. The 
10-yr 24-hr rainfall dept h is assumed to be 5 in. 
The results in Table 1 show the effect of increases 
in the percentage of imperviousness on the 10-yr 
peak discharge. By using Equation 2 to compute CN, 
the change in CN is a prime i nput to each of the 
steps. CN is used to obtain the runoff volume (Q), 
the unit peak discharge (qul, and the peak factor 
(FIMP). The change in peak discharge is 151.6 per
cent for a change of 30 percent in imperviousness. 

The effect of a change in the fraction of impe r 
viousness on the peak discharge can be computed 
analytically fer the graphical me thod. The peak 
discharge will change in accordance with the changes 
to tc and Qi the change in the runoff volume re
sults from a change in CN. The graph in TR-55 that 
relates the unit peak discharge in cubic feet per 
second per square mile per inch of runoff can be 
represented by a function having the following form: 

(18) 

in which bo and bl are coefficients that must be 
determined for small ranges of tc. The peak dis
charge (qp) is computed by 

(19) 

The effect of urbanization is then determined 
analytically by 

(20) 

The derivative dqu/dtc can be obtained by dif
ferentiating Equation 18 as follows: 

dqu/dtc = b1bot~ 1 - 1 
= b1quflc (21) 

The partial derivative atr /a f equals 1.67 
times the value of Equation 12, and the partial 
derivative aQ/af is computed with Equation 4. 
The first term on the right- hand s i de of Equation 20 
represents the effect of change in f on qp because 
of the effect of change in f on tci the secon<l 
term represents the effect of change in qp due t o 
the effect of f on Q. 

ADVANTAGES AND DISADVANTAGES OF SCS METHODS 

As have all hydrologic methods , the SCS methods have 
been criticized. A major concern of practicing 
engineers has been the inadequate form of the docu
mentation of the methods. Before worksheets were 
made available in 1981 for the TR-55 methods, many 
applications were incorrectly made, The TR-20 docu
mentation is not a good learning tool for someone 
interested in making a first application of the 

(%) (%) (%) 

21.5 9.5 6 
44.6 19.0 13 
63.1 28.6 20 

computer program. Also , the documentation does not 
make the limitations of the methods sufficiently 
clear. These problems are currently being ad
dressed. Revised manuals will be available in the 
near future. 

Several elements of the methods have been criti
cized as not being rationali however, this is to be 
expected for any simplified method. The two most 

abstraction relationship and the infiltration rela
tionship that is imbedded within the methods. Al
though these elements are criticized, it is not 
clear that they contribute to any inaccuraciesi that 
i s, these assumptions may not affect the accuracy of 
the methods when the methods are used for the 
purposes for which they were intended. 

The methods have also been criticized because of 
the apparent lack of an emp1r1ca1 basis. A.Ltnougn 
some effort has been made t o document the empirical 
as well as the conceptual basis for the scs methods 
(6, pp. 353-364), recent empirical studies have 
shown the accuracy of the methods to be similar t o 
that of other widely used hydrologic methods. The 
most recent study (7) comparing hydrologic methods 
on small urban watersheds indicated that the TR-55 
methods were relatively unbiased but showed slightly 
more error variation than both the rational method 
and the new USGS urban-peak formula. 

In spite of these critich;ms, the SCS hydrologic 
methods have numerous advantages. First, they have 
been widely used and no major problems have been 
reported. Second, the input data are easily ob
tained, and the methods a re simple to apply. Recent 
studies ( 8, 9) have shown that reasonably accurate 
estimates of- the input can be obtained by using 
remotely sensed data. Third, the SCS methods rep
resent an array of procedures, including peak
discharge methods, simple hydrograph methods, meth
ods for analyzing complex watersheds, and methods 
f or s1z1ng storm-water detention fac1L1~1es. The 
array of procedures enables the planner and designer 
to solve various elements of a problem by using 
procedures based on the same concepts. Such 
integrated design eliminates problems associated 
with the use of d1t t erent methods. A.Lso, the 
methods can be used for analyzing runoff problems 
for both urban and rural land covers. The SCS 
methods are also popular because they have elimi
nated the reproducibility problem that is associated 
with many of the empir i cal formulas such as the 
rational method i regulatory agencies that must 
review and approve desig n plans are often confronted 
with the problems created by the range of values 
provided with empirical coefficients such as the 
runoff coefficient of the rational method. 

An important advantage of the scs methods is the 
continued research that is being undertaken to im
prove and diversify the methods. For example, a 
two-stage riser design method was developed because 
hydrologists recognized that one-stage risers in 
detention ponds did not adequately control the run
off frequency curve. Similarly, CNs were deve loped 
for new agricultural practices. 
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PEAK DISCHARGE: COMPARISON OF SCS METHODS WITH OTHER 
MODELS 

Leopold (10, pp. B9-Bll) provided a graph of the 
ratio of the mean annual discharges after and before 
development versus the percentage of the area served 
by storm sewers and percentage of the area that was 
urbanized (according to Leopold, 100 percent urbani
zation corresponds to 50 percent imperviousness). 
The values of the ratio ranged from 1 to 6. As an 
example, when 50 percent of the area was served by 
sewers and 50 percent was urbanized, the ratio value 
was about 2.85. 

Dunne and Leopold (11), after Carter (12) and 
Anderson ( 13) , provided the following relationship 
between the percentage of imperviousness (I) and the 
ratio of the after- to the before-urbanization peak 
discharges: 

Qq (after urbanization)/Qp (before urbanization)= (0.30 + 0.00451)/0.30 (22) 

Thus, the ratio would vary from 1 to 2.5 for values 
of I from 0 to 100 percent. 

Sarma, Delleur, and Rao (14) provided the follow
ing relationship for computing peak discharges on 
urban basins: 

peak discharge (ft3 /sec), 
drainage area (miles'), 
percentage of imperviousness, 
volume of excess rainfall (in.), and 
duration of excess rainfall (hr). 

(23) 

It is evident that the effect of urbanization will 
vary with the values of A, PE, and TR. For 
example, for a 1- mile' watershed in which 1 in. of 
precipitation excess occurs during 1 hr, the ratio 
of the after-urbanization to the before-urbanization 
peak discharges ranged from 1. 0 at I equal to zero 
to 2.86 at I equal to 100 percent. This range 
agrees favorably with the range resulting from 
Equation 22. 

The USGS urban peak-flow formula (14) has the 
following form: 

where 

UQr 

A 

SL 

RI2 
ST 

BDF 
I 

RQT 

bi (i = o, 
1, ••• , 7) 

urban peak discharge for return pe
riod T (ft'/sec), 
drainage area (miles'), 
channel slope (ft/mile) with a 
maximum value of 70 ft/mile, 
2-yr, 2-hr rainfall intensity (in.), 
basin storage (%) , 
basin development factor, 
percentage of imperviousness, 
rural watershed peak discharge 
(ft'/sec) for the T-yr event 
(i.e., before development peak dis
charge), and 

regression coefficients, which vary 
with the return period of the dis
charge. 

Assuming that A, SL, RI2, and ST remain constant 
with development, the increase in peak discharge due 
to urbanization is a function of BDF and r. Sauer 
and others (15) indicated that the ratio of peak 
discharges after to those before development will 
range from 1 to 4.5 for the 2-yr event and from 1 to 
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2.7 for the 100-yr event as the value of BDF varies 
from 0 to 12 and I varies from O to 100 percent. 

Although the SCS peak-discharge methods use CN 
and the percentages of imperviousness and hydraulic 
length modified to account for the effects of ur
banization on peak discharge, other methods use 
either the imperviousness alone or a combination of 
other factors. Methods that use more than one 
factor, such as the SCS methods, the USGS urban 
equations, and Leopold's relation between percentage 
of area served by sewers and percentage urbanized, 
are certainly more flexible and provide more oppor
tunity to adapt the procedures for different water
shed modifications than methods based solely on the 
percentage of imperviousness. Urbanization of a 
watershed can take many forms, from land cover 
changes such as residential development to the in
stallation of a sewer system and modification of the 
channel system. Because the hydrologic effects of 
each of these factors are different, it is important 
to have a model that is sensitive to the type of 
urbanization and will reflect the hydrologic effects 
of the watershed change. However, as the number of 
factors in a model that relate to a specific pro
cess, such as urbanization, increases, it becomes 
increasingly difficult to calibrate the model and 
separate the effects of the factors. The problem is 
compounded because the change of the peak discharge 
results from changes to various factors such as the 
level of natural storage, the timing of the runoff, 
the volume of runoff, and the drainage density. 
Conceptual models attempt to reflect the effect of 
changes in each of these factors on the runoff. 

DISCUSSION 

A variety of hydrologic models has been developed to 
represent each of the components of the hydrologic 
cycle. Models of groundwater flow, evapotranspira
tion, channel flow, and infiltration are used for 
decision making; surface-runoff models are probably 
the most widely used. Because of the diversity of 
surface-runoff regimes, several surface-runoff 
models have been developed. In many cases, the 
models have been fitted with measured data from the 
site or region where the model was intended to be 
used. Other models have been developed without 
fitting to measured data and are recommended for 
general use at all sites within a large region. 
Such uncalibrated models are widely used because of 
the generality of their conceptual framework and 
their operational simplicity. 

The SCS concepts were initially developed for 
estimating surface runoff from agricultural areas. 
TR-55, which was published in 1975, provided methods 
for estimating surface runoff from urban water
sheds. The methods recognize the effect of 
urbanization on all elements of surface runoff, 
including the peak discharge, the runoff volume, and 
the time characteristics of both surface runoff and 
channel flow. Thus, the methods permit the evalua
tion of the effects of urbanization on all of the 
major aspects of surface runoff in urban areas. 
Because of this flexibility and the computational 
simplicity of the methods, TR-55 has been widely 
adopted as part of drainage and storm-water manage
ment policies. 

The true hydrologic impact of urbanization cannot 
be known because the processes involved and their 
interaction are too complex to be represented mathe
matically, especially when one considers the diver
sity in urban watersheds. This has led to the de
velopment of a number of urban surface-runoff 
models. Problems are created when different models 
are used by different hydrologists at the same 
site. This is sufficient reason for adopting one 
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method, even when we recognize that if we knew the 
true effect of urbanization, the model selected 
might not be the most accurate. What criteria 
should be used in selecting one design method? 
First, the conceptual framework of the model should 
be rational. Second, the model should be flexible 
so that it can be used for a variety of design prob
lems. Third, the model should be applicable to 
large regions, not just sites within a single 
county. Fourth, the input data requirements should 
be minimal and easily obtainable. Fifth, the method 
should be highly reproducible; that is, different 
hydrologists should get the same design at a given 
location. Sixth, a model should be simple to apply. 

In summary, the SCS methods appear to satisfy the 
six criteria for model selection (i.e., conceptually 
rational, flexible in design, widely applicable, 
requiring minimal input, highly reproducible, and 
computationally simple) • Studies have also shown 
that the methods are reasonably accurate and rela
tively unbiased when they are applied under the 
conditions for which they were developed. 
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Simple Methods to Evaluate Relative Effects of 
Longitudinal Encroachments 

LEON A. TRAILLE AND DONALD L. CHERY, JR. 

To aid highway planners and others who must site structures and fills in nat
ural floodplains, simplified graphical solutions were developed that provide 
short-cut methods for easy assessment of encroachment impacts. Changes in 
stage (water-surface elevation) and hydrograph peak discharge due to encroach
ments were determined. The discussion is limited to encroachments that paral
lel the channel. 

Construction in floodplains of highway fills and 
other types of built-up areas with alignments gen
erally parallel to the main channel of a river or 
stream constitutes longitudinal or lateral encroach
ment. Such encroachments usually reduce storage and 
conveyance available for passing flood flows and 
generally alter the characteristics of flooding at 
the affected site. 

The impact of encroachments can be determined by 
using existing techniques that include an assortment 
of computer models and other methods. These tech
niques are complex, however, require costly and 

time-consuming field data collection and prepara
tion, and are therefore unsuitable at the prelimi
nary design phase for assessing relative impact of 
encroachment alternatives on flooding. In this 
paper results are presented from a study that devel
oped simple procedures to evaluate impacts of en
croachment options on flood depths and peak-dis
charge rates. Sample problems are presented to 
illustrate the procedures developed. 

RESEARCH APPROACH 

To develop the simplified procedures, representative 
channel cross sections were selected and a con
trolled series of tests with existing mathematical 
models produced a set of predicted changes that were 
used to develop the graphic plots of relationships 
among groups of significant variables. The entire 
range of graphs developed and step-by-step proce-
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