Chapter 8

Surface Runoff

8.1 DRAINAGE BASINS AND STORM HYDROGRAPHS

8.1.1 Drainage Basins and Runoff

As defined in Chapter 7, drainage basins, catchments, and watersheds are three synonymous terms
that refer to the topographic area that collects and discharges surface streamflow through one outlet
or mouth. The study of topographic maps from various physiographic regions reveals that there are
several different types of drainage patterns (Figure 8.1.1). Dendritic patterns occur where rock and
weathered mantle offer uniform resistance to erosion. Tributaries branch and erode headward in a
random fashion, which results in slopes with no predominant direction or orientation. Rectangular
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Figure 8.1.1 Common drainage patterns: (a) Dendritic; (b) Rectangular; (¢) Trellis on folded terrain:
(d) Trellis on mature, dissected coastal plain (from Hewlett and Nutter (1969)).
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after rainfall (from Mosley and McKerchar (1993)).

accomplished for a small area of a watershed, water begins to flow oy crrlund as overland /Im?' and
eventually into a drainage channel (in a gulley or stream valley if‘\\ hen this occurs, the hydraulics of
the natural drainage channels have a large influence on the runoff characteristics from the watershed.
Some of the factors that determine the hydraulic character of the natural drainage system include:
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Figure 8.1.5 Effects of storm shape, size, and movement on surface runoff. («) Effect of time variation of rainfall intensity on the
Surface runoff. () Effect of storm size on surface runoff. (¢) Effect of storm movement on surface runoff (from Masch (1984)).

basin characteristics on the surface runoff (discharge hydrographs) and Figure 8.1.5 illustrates the

effects of storm shape, size, and movement on surface runoff.

82 HYDROLOGIC LOSSES, RAINFALL EXCESS, AND HYDROGRAPH COMPONENTS

Rainfall excess, or effective rainfall, is that rainfall that is neither retained on the land surface nor

across the watershed surface, rainfall excess becomes direct

'Shl.P infiltrated into the soil. After flowing
1ship | runoff at the watershed outlet. The graph of rainfall excess versus time is the rainfall excess
hyetograph. As shown in Figure 8.2.1, the difference between the observed total rainfall hyetograph
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Rainfall rate

Figure 8.2.1 Concept of rainfal] excess. The difference between the total rainfall hyetograph on the
left and the tota] rainfall excess hyetograph on the right is the abstraction (infiltration).
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Figure 8.2.3 Components of a streamflow hydrograph: (1-2) baseflow recession: (2-3) rising
limb; (3-5) crest segment; (4) peak; (5-6) falling limb; and (6-7) baseflow recession.

.2.1 Hydrograph Components

There are several sources that make up a hydrograph (total runoff hydrograph) including direct
surface runoff, interflow, baseflow (groundwater), and channel precipitation. Figure 8.1.34 illus-
trates the direct runoff (saturated overland flow), interflow, and baseflow. For hydrologic purposes,
the total runoff consists of only two parts, direct runoff and baseflow. Baseflow is the result of water
entering the stream from the groundwater that discharges from the aquifer. Figure 8.2.3 defines the
components of the hydrograph, showing the baseflow recession (1-2) and (6-7), the rising limb (2-3),
the crest segment (3-5), and the falling limb (5-6).

The process of defining the baseflow is referred to as baseflow separation. A number of baseflow
separation methods have been suggested. Baseflow recession curves (Figure 8.2.3) can be described

in the form of an exponential decay

0(ty) =0l )e k(ta =n), H>1H (8.2.1)

where k is the exponential decay constant having dimensions of (time) '. With a known streamflow
runoff hydrograph, the decay constant can be determined by plotting the curve of log Q versus time
as shown in Figure 8.2.3 or by using a least-squares procedure. Baseflow recession curves for
particular streams can be superimposed to develop a normal depletion curve or master baseflow

recession curve.

2.2 ®-Index Method

The ®-index is a constant rate of abstractions (in/hr or cm/hr) that can be used to approximate
infiltration. Using an observed rainfall pattern and the resulting known volume of direct runoff, the
®-index can be determined. Using the known rainfall pattern, ® is determined by choosing a time
interval At, identifying the number of rainfall intervals N of rainfall that contribute to the direct
runoff volume, and then subtracting @ - Az from the observed rainfall in each time interval. The
values of @ and N will need to be adjusted so that the volume of direct runoff () and excess rainfall

are equal

where R, is the observed rainfall (in or cm) in time interval n.
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EXAMPLE 8.2.1 Consider the following storm event given below for a small catchment of 120 hectares, For a baseflow of
0.05 m?s, (a) compute the volume of direct runoff (in mm ), (b) assuming the initial losses (abstractions)
are 5 mm, determine the value of ®-index (in mm/hr), and (c) the corresponding effective rainfall intensity
hyetograph (in mm/hr).

Time (min) 0 5 10 15 20 25 30

Cumulative rainfal]

Depth (mm) 0 5 20 35 45

Discharge (m?/s) 0.05 0.05 0.25 0.65 0.35 0.15 0.05
SOLUTION The following table shows the analysis to obtain the incremental rainfalls and rainfall intensities. There

are three remaining pulses of rainfall after eliminating the first 5 mm as initial abstractions. For each of the
first two rainfall increments after the initial losses are accounted for, the incremental rainfall volume
is @-Ar = (5 min)(1 hr/60 min) = 15 mm, so solving ® = 180 mm/hr For the third interval,
D-Ar = (5 min)(1 hr/60 min) = 10, so the rainfal] intensity is 120 mm/hr.

Time Discharge  Djrect runoff  Cumulatiye rainfall  Incremental rainfall ~ Rainfall intensity

(min)  (m¥sec) (m¥sec) (mm) (mm) (mm/hr)
0 0.05 0 0

5 0.05 0 5 (initia] loss) 0

10 0.25 0.20 20 15 180
15 0.65 0.60 35 15 180
20 0.35 0.30 45 10 120
25 0.15 0.10

30 0.05 0

which converts 1o Ta = 360 m*/(120 hectares x 10,000 m/hectare) = 0.3 mm.
(b) There are three pulses of rainfa]] after eliming he first 5 mm as initial abstractions. Considering

me above the 120 mm/hr level is 10 mm, and
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Figure 8.2.4 Storm runoff hydrographs, (a) Rainl’all~rum))‘f Modeling; (
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because the direct rainfall volume is only 0.3 mm, then ® is above the 120 mm/hr level. The direct
runoffis 0.3 mm, so applying equation (8.2.2) to the two largest pulses, 7;= 0.3 mm = 2[(15 mm -
®(5 min)(1 hr/60 min)]. Solving, ® = 178.2 mm/hr.

(c) The excess rainfall hyetograph has an intensity of 180 mm/hr — 178.2 mm/hr = 1.8 mm/hr for the
two rainfall pulses.

8.2.3 Rainfall-Runoff Analysis

The objective of many hydrologic design and analysis problems is to determine the surface runoff
from a watershed due to a particular storm. This process is commonly referred to as rainfall-runoff
analysis. The processes (steps) are illustrated in Figure 8.2.4 to determine the storm runoff
hydrographs (or streamflow or discharge hydrograph) using the unit hydrograph approach.

8.3 RAINFALL-RUNOFF ANALYSIS USING UNIT HYDROGRAPH APPROACH

The objective of rainfall-runoff analysis is to develop the runoff hydrograph as illustrated in
Figure 8.2.4a, where the system is a watershed or river catchment, the input is the rainfall hyetograph,
and the output is the runoff or discharge hydrograph. Figure 8.2.45 defines the processes (steps) to
determine the runoff hydrograph from the rainfall input using the wnit hydrograph approach.

A unit hydrograph is the direct runoff hydrograph resulting from 1 in (or 1 ¢cm in SI units) of
excess rainfall generated uniformly over a drainage area at a constant rate for an effective duration.
The unit hydrograph is a simple linear model that can be used toderive the hydrograph resulting from
any amount of excess rainfall. The following basic assumptions are inherent in the unit hydrograph

approach:

1. The excess rainfall has a constant intensity within the effective duration.

2. The excess rainfall is uniformly distributed throughout the entire drainage area.

3. The base time of the direct runoff hydrograph (i.e., the duration of direct runoff) resulting from
an excess rainfall of given duration is constant.

4. The ordinates of all direct runoff hydrographs of a common base time are directly proportional
to the total amount of direct runoff represented by each hydrograph.

5. For a given watershed, the hydrograph resulting from a given excess rainfall reflects the

unchanging characteristics of the watershed.

The following discrete convolution equation is used to compute direct runoff hydrograph
o by ) 3 i
ordinates Q,, given the rainfall excess values P, and given the unit hydrograph ordinates
3 n o

U,_m+1 (Chow et al., 1988):

n<M

0, = ZP,,,L',, m+1 forn=1,2,....N (8.3.1)

m=1

where n represents the direct runoff hydrograph time interval and m represents the precipitation time
interval (m=1,..., n). : _

The reverse process, called deconvolution, is useq u‘» derive ."1 unit h_\xl‘m_gmph gnL‘-:»]V data on P,
and Q,. Suppose that there are M pulses of excess rainfall and N pullsc\ of (In'f‘u runoff in the storm
considered; then N equations can be written forQ,,n=1,2 ...,N,interms of N — M + 1 unknown
values of the unit hydrograph, as shown in Table 8.3.1. Figure 8.3.1 diagramatically illustrates the
calculation and the runoff contribution by each rainfall input pulse.

Once the unit hydrograph has been determined. it may be ;l;){)!iCti to find the direct runoff and
streamflow hydrographs for given storm inputs. \'\'chn a rainfall hyetograph is selected, the
abstractions are subtracted to define the excess rainfall hyetograph. The time interval used in
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Table 8.3.1 The Set of Equations for Discrete Time Convolution
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defining the excess rainfall hyetograph ordinates must be the same as that for which the unit
hydrograph is specified.

EXAMPLE 8.3.1 The 1-hr unit hydrograph for a watershed is given below. Determine the runoff from this watershed for the
storm pattern given. The abstractions have a constant rate of 0.3 in/h.

Time (h) 1 2 3 4 5 6

Precipitation (in) 0.5 1.0 1.5 0.5

Unit hydrograph (cfs) 10 100 200 150 100 50
OLUTION The calculations are shown in Table 8.3.2. The 1-hr unit hydrograph ordinates are listed in column 2 of the

table; there are L = 6 unit hydrograph ordinates, where L = N — M + 1. The number of excess rainfall
intervals is M = 4. The excess precipitation 1-hr pulses are P; = 0.2 in, P, = 0.7 in, P3 = 1.2 in, and P,
0.2 in, as shown at the top of the table. For the first time interval n = 1, the discharge is computed using
equation (8.3.1):

01=P1U; =02x10=2cfs
For the second time interval, n = 2,
Q> =PU,+PU; =02 x100+0.7 x 10 =27 cfs

and similarly for the remaining direct runoff hydrograph ordinates. The number of direct runoff ordinates

Column 3 of Table 8.3.2 contains the direct runoff corresponding to the first rainfall pulse, P, = 0.2 in, and
column 4 contains the direct runoff from the second rainfall pulse, P, = 0.2 in, etc. The direct runoff
hydrograph, shown in column 7 of the table, is obtained, from the principle of superposition, by adding the

values in columns 3-6.

Table 8.3.2 Calculation of the Direct Runoff Hydrograph

(D (2) 3) (4) (5 (6) (7)
Total precipitation (in)
0.5 1 1.5 0.5 :

Unit Excess precipitation (in) Direct
Time hydrograph runoff
(hr) (cfs/in) 0.2 0.7 1.2 0.2 (cfs)
0 0 0 0 0

| 10 2 0 0 2

o) 100 20 7 0 0 27

5 200 40 70 12 0 122

4 150 30 140 120 2 292

5 100 20 105 240 20 385

6 50 10 70 180 40 300

7 0 0 35 120 30 185

8 0 60 20 80

o 0 10 10

0 0

10
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EXAMPLE 8.3.2 Determine the 1-hr unit hydrograph for a watershed using the precipitation pattern and runoff hydrograph

below. The abstractions have a constant rate of 0.3 in/hr, and the baseflow of the stream is 0 cfs,

Time (h) 1 2 3 4 5 6 7 8 9 10

Precipitation (in) 0.5 1.0 1.5 0.5

Runoff (cfs) 2 27 122 292 385 300 185 80 10 0

SOLUTION Using the deconvolution process, we get 0; = P, U,

so that for Py = 0.5 — 0.3=0.2 in and 0, =2 cfs,

U] = QI/P] = 2/02 = IOCfS.

Q2 = P1U; + P, Uy, so that

U = (0, -P,U;)/P;

where

P =1.0-03=07in and 0 = 27 cfs.

U = (27~ 0,7(10))/0.2 =100 cfs and

Q3 =PUs +P,U, + P3U; EXAMPLE
then

Us = (QzMPzUz—P,;UI)/PI. so that f

U; = “22‘07(100)—1.2(10))/0.2:200cfs. i

: 1 SOLUTION

The rest of the unit hydrograph ordinates can pe calculated in g similar manner, -

8.4 SYNTHETIC UNIT HYDROGRAPHS

8.4.1 Snyder’s Synthetic Unit Hydrograph
thn observed rainfall-runoff data are not available for ypj hydrograph determination, a synthetic
.uml lz_wlm,qrupll can be developed. A unit hydrograph developed from rainfall and streamflow data
Ina watershed applies only to

that watershed and o the point on the storm where the streamflow data

¢ 1] I¥il
V(?re.me(l.\llred. Synlheue unit hydrograph Procedures are use o develop unit hydrographs for othet
locations on the stream in the Same watershed o other wate

84.2 Clar
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SOLUTION
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To compute C, for a gauged basin, L and L, are determined for the gauged watershed and t, from
the derived unit hydrograph for the gauged basin.

To compute the other required parameter C), the expression for peak discharge of the standard unit
hydrograph can be used:

Q/) -3 (8.4.3)

C2C;
gp Frrt (8.4.4)
»
Solving equation (8.4.4) for C, gives
- _ iy $ L £
C,=-£2 8.4.5
PTG, ( )

This relationship can be used to solve for C, for the ungauged watershed, knowing the terms in the
right-hand side. Table 8.4.1 defines the steps for this procedure.
Section 8.8 discusses the SCS-unit hydrograph procedure.

Awatershed has a drainage area of 5.42 mi’; the length of the main stream is 4.45 mi, and the main channel
length from the watershed outlet to the point opposite the center of gravity of the watershed is 2.0 mi.
Using C; = 2.0 and C, = 0.625, determine the standard synthetic unit hydrograph for this basin. What is
the standard duration? Use Snyder’s method to determine the 30-min unit hydrograph parameter.

For the standard unit hydrograph, equation (8.4.1) gives

ty = C1C/(LL)*> =1 x 2 x (4.45 x 2)*? = 3.85 hr

The standard rainfall duration 7, = 3.85/5.5 = 0.7 hr. For a 30-min unit hydrograph, 7z = 30 min = 0.5 hr.
The basin lag t,z = 1, — (t — tr)/4 = 3.85 — (0.7 = 0.5)/4 = 3.80 hr. The peak flow for the required
unit hydrograph is = ¢,1,/1,x, and substituting equation (8.4.4) in the previous equation, 4pr = Gplp/
tor = (C2C,/tp)1p/tpr = C2Cp/tpr, 50 that gor = 640 x 0.625/3.80 = 105.26 cfs (in - mi?), and the
peak discharge is Qpr = gprA = 105.26 x 5.42 = 570 cfs/in.

The widths of the unit hydrograph are computed next. At 75 percent of the peak discharge, W-s
Cws g % = 440 x 105.26 " = 2.88 hr. At 50 percent of the peak discharge, Wsp = Cy,, "%
770 x 105.26 "% = 5.04 hr.

The base time 7, may be computed assuming a triangular shape. This, however, does not guarantee that the
volume under the unit hydrograph corresponds to 1 in (or 1 cm, for SI units) of excess rainfall. To
overcome this, the value of #, may be exactly computed taking into account the values of Ws, and W5 by

solving the equation in step 5 of Table 8.4.1 for 7,
I = 2581 A/Q/’R 1+ 133 ‘V;() - ‘V‘S

so that, with A = 5.42 mi’, Wsg = 5.04 hr, W55 = 2.88 hr, and Oin 570 cfsfin, T}
2581(5.42)/570—1.5 x 5.04—-2.88=14.1hr.

84.2 Clark Unit Hydrograph

The Clark unit hydrograph procedure (Clark, 1945) is based upon using a time-area relationship of
the watershed that defines the cumulative area of the watershed contributing runoff to the watershed
outlet as a function of time. Ordinates of the time-area relationship are converted to a volume of
runoff per second for an excess (1 cmor 1 in) and interpolated to the given time interval to define a




Table 8.4.1 Steps to Compute Snyder’s Synthetic Unit Hydrograph

Step 0 Measured information from topography map of watershed

* L = main channe] length in mi (km)
* L. = length of the main stream channel from outflow
the centroid of the watershed in mi (km)
. 2 2
* A = watershed area in mj2 (km®)
r Regional parameters C, and G

point of watershed to a point opposite

determined from similar watersheds,

Step 1 Determine time to peak (1,) and duration (,) of the standard unit hydrograph:
I = C1C(L-L,)%3 (hours)
L =1,/5.5 (hours)
where C; = 1.0 (0.75 for SI units)
Step 2 Determine the time to peak 1, for the desired duration Ig:
ok =ty +0.25(tg — 1,) (hours)
Step 3 Determine the peak discharge Qur, in cfs/in ((m3/s)/cm in ST units)
C,CpA
Opp = =222
//'I\’
where C, = 640 (2.75 for SI units)
Step 4 Determine the width of the unit hydmgraph at 0.5Q,, and O.75Q,,R. W5 is the width at 50% of the peak given as
Cs !
Wso = ——= 1.08
{Q/IR/A)
where Cso = 770 (2.14 for s1 units). W is the width at 75% of the peak given as
Wis = — _f/:“lTx
(Qpr/A)
where C,5 = 44() (1.22 for St units)
Step 5 Determine the base, T}, such that the unit hydrograph Tepresents 1 in (1 cm in SI units) of direct runoff volume
. Wso + T, Wi 3
1 RS, 75+ Wsp 1 ft
in K 3 )(0-5ka) + (T) (0.250,,) + | w,;(o.z‘sg,,k)} (hr X —
1 I mi? 12in 36004
— Som 3 ec
(AtmiV (IEQﬂTE?X Yigdiens )
Solving for 7}, we get
A
Tp =2,581-=— _ 1.5Wso — W-s
Q/vk 0
for A in mi®, Opk in cfs, Wso and Wis in hours,
Step 6

Define known points of the unit

) * -y : I
hydrmcmph. (I/. =ty + ?)

f--w aiid Point location
1
q, ta—el a [Tp~ 2w, 050 )
S — | b [T~ %WB, 0.75 Oyl
] ] c 7.0,
Q al= N
¢ Rf /J N d [T+ % Ws, 0.75 Qupl
|
orsl,wr h‘ N e [Tp+ 2wy, 0501
) PR P T
L1 b TN [ 0]
050, . /" Wo—ste— 2Wgo—
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translation hydrograph. The assumption is a pure translation of the rainfall excess without storage
effects of the watershed to define a translation hydrograph. This translation hydrograph is routed
through a linear reservoir (S = RQ) in order to simulate the effects of storage of the watershed, where
R s the storage coefficient. The resulting routed hydrograph for the instantaneous excess is averaged
to produce the unit hydrograph for the excess (1 cm or 1 inch) occurring in the given time interval.

Synthetic time-area relationships can be expressed in the following form such as that used by the
U.S. Army Corps of Engineers (1990)

AJA. = 1.414(¢/T)"? for0<1/T, < 0.5 (8.4.6a)

and

A/A.=1-1414(1-1/T)" for0.5 < t/T. < 1.0 (8.4.6b)

where A is the contributing area at time ¢, A, is the total watershed area, and T. is the time of
concentration of the watershed area. Some investigators such as Ford et al. (1980) indicate that a
detailed time-area curve usually is not necessary for accurate synthetic unit hydrograph estimation.
A comparison of the HEC (Hydrologic Engineering Center) default relation found in HEC-1 and
HEC-HMS to that used in Phoenix, Arizona is given in Table 8.4.2.

The average instantaneous flow over time interval fto s + At, defining the translation hydrograph
is denoted as I, ,. To compute ,,,,. ., assuming a pure translation over a Az hr time period, the flowi ng
equations are used. For 1 cm (0.01 m), the ., in m’/s is expressed as

Lvey = (0.01 m)(AA kml)(l()(’ m?/km?) (1 /At hr)(1 he/3600 sec) (8.4.7)

where AA is the incremental area in km? between runoff isochrones (lines of equal runoff at a certain
@ 33 > <3 b
time) and At is the time increment in hours. For 1 in in the /,,,, in ft'/s is expressed as

Lues = (1in)(1ft/12 in) (AA mi*) (5280 fe*/mi®)(1/At hr)(1 hr/3600 sec) (8.4.8)

Storage effects in the watershed are incorporated by routing the translation hydrograph through a
linear reservoir using the continuity equation

Liver — 0.5(0, + O; 1 ar) = (S: + 5t 4 ar) /At (8.4.9)

Table 8.4.2 Synthetic Dimensionless Time-Area Relations

Contributing area, as a percent of total area

Time as a percent of 7, Urban* watersheds Natural* watersheds HEC default
0 0 0 0.0
10 5 3 4.5
20 16 5 12.6
30 30 8 23.2
40 65 12 358
50 77 20 50.0
60 84 43 64.2
70 90 75 76.8
80 94 90 87.4
90 97 96 055
100 100 100 100

*Flood Control District of Maricopa County, Phoenix, AZ (1995)
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EXAMPLE 8.4.2

SOLUTION

Laye,r is the average instantaneous inflow over time interval £ to ¢t + As. defining the translatiop
hydrograph, Q is the outflow from the linear reservoir, and § is the storage in the linear reservoir,
In the linear reservoir assumption, storage S, is assumed to be linearly pro ortional to Q,

g€ O YI

S, =RQ, (8.4.10)

in which R is the Proportionality constant (watershed storage coefficient) with units of time.
Combining equations (8.4.9) and (8.4.10) the routing equation is

Oriar = Clyyey + (1 — C)o, (8.4.11)

where [, ,isthe average translated runoff (inflow rate to the linear reservoir) durin g time increment,
and

C=2At/(2R + Af) (8.4.12)

interval

The above equations are the basis for the Clark unit hydrograph procedure.

-l[:l::;[gt; lfcrememul areas of the watershed gre determined using the HEC time-area relationship in
lhd' lc § .l.’...The translation hydrograph is then Computed by applying equation (8.4.7) to each AA. Next

¢ translation hydrograph s routed through 5 linear reservoir using the given watershed storag
coefficient. Compute the routing coefficient gt 2(0_5)/[2(()_75) + A() _§) = 0.5, so the linear reservoir

routing equation js Oriar = 0515351 (1- 0.5)0, = 0.51

are computed using equation (8.4.13) with =
0.5hris (0 + 1.56)/2 =3 sl

15.8)/2 = 11.7 m¥s.

3 !
378 ms, for time 1.9 hris (0 + 16.4)/2 = 8.20 m*s and for 1.5 hris (7.56 +

(’hr) ,/Tl A/A‘ " 2 AA lul‘(’ t Ql + At UT!,)
(km?) (km?) v (m’/s) (m's)
0.0
(1)(: 3;;; a814 2.72 272 15.1 7.56 378
15 10 0.728 7.28 4.56 253 16.4 8.20
20 ' 1.0 10.0 2.72 15.1 15.8 1.7
25 0.0 7.89 122
3.0 3.94 9.86
35 1.97 493
4.0 0.986 f;g
45 0.493 LHd

5.0 0.247
L ——

8.5 S-HYDRO

EXAMPLE 85,1

SOLUTION
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The use of the model HEC-HMS (HEC-1) requires the time of concentration, T, and the storage
coefficient R. Various locations have developed relationships for these parameters to make the methods
more accurate and easier to use. Straub et al. (2000) developed the following equations for small rural
watersheds (0.02-2.3 mi?) in Illinois

T, =/1.580.0573 5% (8.4.14)
and
R 28 16‘4L0'342 S”A().,—")() (8.4.1 \,)

where L is the stream length measured along the main channel from the watershed outlet to the
watershed divide in miles, and S,, is the main-channel slope determined from elevations at points that
represent 10 and 85 percent of the distance along the channel from the watershed outlet to the
watershed divide in ft/mi.

Others have used time of concentration equations that have included additional parameters. For
example Phoenix, Arizona (Flood Control District of Maricopa County) uses the following time of
concentration equations developed by Papadakis and Kazan (1987) for urban areas

T‘- 2 11.4L0,50 K;:.SZ S(;-() 31 i 0.38 (84 1 6)
where 7, is the time of concentration in hours, L is the length of the longest flow path in miles, K, is a

watershed resistance coefficient (K, = —0.00625log A + 0.04) for commercial and residential areas. A
is the watershed area in acres, S is the slope of the flow path in ft/mi, and / is the rainfall intensity in in/hr.

The storage coefficient is

RUDITH AT P (8.4.17)

: .2
where A is the watershed area in mi”.

S S-HYDROGRAPHS

XAMPLE 8.5.1

'LUTION

In order to change a unit hydrograph from one duration to another, the S-hydrograph method, which
is based on the principle of superposition, can be used. An S-hydrograph results theoretically from a
continuous rainfall excess at a constant rate for an indefinite period. This curve (see Figure 8.5.1) has
an S-shape with the ordinates approaching the rate of rainfall excess at the time of equilibrium.

Basically the S-curve (hydrograph) is the summation of an infinite number of 75 duration unit
hydrographs, each lagged from the preceding one by the duration of the rainfall excess, as illustrated
in Figure 8.5.2.

A unit hydrograph for a new duration 7k is obtained by: (1) lagging the S-hydrograph (derived
with the 7 duration unit hydrographs) by the new (desired) duration Ik, (2) subtracting the two
S-hydrographs from one another, and (3) multiplying the resulting h_\dmgruph ordinates by the
ratio g /f;. Theoretically the S-hydrograph is a smooth curve because the input rainfall excess is
assumed to be a constant, continuous rate. However, the numerical processes of the procedures
may result in an undulatory form that may require smoothing or adjustment of the S-hydrograph.

Using the 2-hr unit hydrograph in Table 8.5.1, construct a 4-hr unit hydrograph (adapted from

Sanders (1980)).

See the computations in Table 8.5.1.
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Figure 8.5.2 Graphical illustration of the S-curve construction (from Masch (1984)).
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8.6 NRCS (SCS) Rainfall-Runoff Relation
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Table 8.5.1 S-Curve Determined from a 2-hr Unit Hydrograph to Estimate a 4-hr Unit Hydrograph

Lagged 2-hr

2-hr unit unit 4-hr-unit
Time hydrograph hydrograph Lagged 4-hr hydrograph

(hr) (cfs/in) (cfs/in) S-curve S-curve hydrograph (cfs/in)
0 0 0 = 0 0
2 69 0 69 — 69 34
4 143 69 g1i] 212 0 212 106
6 328 143 69 ... 540 69 471 235
8 389 328 143 ... 929 212 717 358
10 352 389 328 1281 540 741 375
12 266 352 389 1547 929 618 309
14 192 266 352 1739 1281 458 229
16 123 192 . 1862 1547 315 158
18 84 123 . 1946 1739 207 103
20 49 84 : 1995 1862 133 66
22 20 49 : 2015 1946 69 34
24 0 20 : *2015 1995 20 10
26 0 0 3 44 *2015 2015 0 0

*Adjusted values

Source: Sanders (1980).

NRCS (SCS) RAINFALL-RUNOFF RELATION

The U.S. Department of Agriculture Soil Conservation Service (SCS) (1972), now the National
Resources Conservation Service (NRCS), developed a rainfall-runoff relation for watershed. For the
storm as a whole, the depth of excess precipitation or direct runoff P, is always less than or equal to
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Chapter

8

Surface Runoff

Precipitation rate

Figure 8.6.1 Variables in the SCS method of rainfall abstractions: I, = initial abstraction,
P, = rainfal] excess, F, = continuing abstraction, and P — total rainfall.

Y SIS E B o the
S0me amount of rainfa]j 1, (initial abstraction before ponding) for which no runoff will oceur, §

. i ; ! , two
potential runoff is P — | Tpe SCS method assumes that the ratios of the two actual to the
potential quantities are €qual, that is,

F, P, Actual (8.6.1)
S P=l, Potentia]

From continuity,
.6.2)
P:P¢'+I(1+Fa (8

S0 that combining €quations (8.6. 1) and (8.6.2) and solving for P, gives

bidl a)” (8.6.3)

which is the basic e

qQuation for computing the depth of excess rainfall or direct runoff from a storm by
the SCS method.

for 1,
I, =028 et
so that equation (8.6.3) is now €xpressed as
p._ (P=02s) (8.6.5)
P+0.8s

Empirical Studies by the SCS indicate that the Potential maximum retention can be estimated
., 1000

1 (8.6.6)
oy 10

where CN is a runoff curye p
factors affecting runoff and
defined such that ) < on <1
CN < 100,

8.7 CURVE NU

8.7.1 Antecedent
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Figure 8.6.2 Solution of the SCS runoff equations (from U.S. Department of Agriculture Soil
Conservation Service (1972)).

The SCS rainfall-runoff relation (equation (8.6.5)) can be expressed in graphical form using the
curve numbers as illustrated in Figure 8.6.2. Equation (8.6.5) or Figure 8.6.2 can be used to estimate
the volume of runoff when the precipitation volume P and the curve number CN are known.

7 CURVE NUMBER ESTIMATION AND ABSTRACTIONS

7.1 Antecedent Moisture Conditions
The curve numbers shown in Figure 8.6.2 apply for normal antecedent moisture conditions (AMC
II). Antecedent moisture conditions are grouped into three categories:
AMC I—Low moisture
AMC II—Average moisture condition, normally used for annual flood estimates
AMC III—High moisture, heavy rainfall over the preceding few days
For dry conditions (AMC I) or wet conditions (AMC III), equivalent curve numbers can be

computed using

Nl . A2EN() il
) =10 -0.058cN (D) (8.7.1)

and
en(i) = N 8.7.2
M =55 0.130nm) & ria)
The range of antecedent moisture conditions for each class is shown in Table 8.7.1. Table 8.7.2 lists
the adjustment of curve numbers to conditions I and III for known II conditions.
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Table 8.7.1 Classification of Antecedent Moisture Classes (AMC)
for the SCS Method of Rainfall Abstractions

Total 5-day antecedent rainfall (in)

AMC group Dormant season Growing season
[ Less than 0.5 Less than 1.4

I 0.5t01.1 1.41t02.1

11 Over 1.1 over 2.1

Source: U.S, Department of Agriculture Soil Conservation Service ( 1972).

Table 8.7.2 Adjustment of Curve Numbers for Dry (Condition I) and
Wet (Condition I11) Antecedent Moisture Conditions

Corresponding CN for

condition
CN for condition II I M1
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
35 35 75
50 31 70
45 27 65
jg 23 60
-? (') 19 55
by 15 50

8.7.2  Soil Group Classification

Curve numbers haye been tabulated p

the Soj Servat; 2 & <ic of <oil type and
land use in Tabjo 8.73. The fors SO”)’ oil Conservation Service on the basis of soil typ

&roups in Tapje 8.7.3 are described as:

Group A: Deep sand, deep loess, aggregated siltg

Group B: Shallow loess, sandy loam Hi

Group C: Clay loams, shallo
clay

Group D: Soils that swel]

" sandy loam, soils 1oy, in organic content, and soils usually high 10

gnificantly whep Wet, heavy Plastic clays, and certain saline soils
The values of CN for g 16
made u nf-L ()'t)CjA tor. ‘nousland uses on thege soil types are giyen in Table 8.7.3. For a watershed
¢ Up of several soi] types and lanq uses, a composite CNZan be calcul n;zd
s calculated.
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Minimum infiltration rates for the various soil groups are:

Group Minimum infiltration rate (in/hr)
A 0.30 — 0.45

B 0.15 - 0.30

€ 0-0.05

Table 8.7.3 Runoff Curve Numbers (Average Watershed Condition, 1,=0.25)

305

Curve numbers

for hydrologic

soil group

Land use description Aligi:CiiD
Fully developed urban areas® (vegetation established)
Lawns, open spaces, parks, golf courses, cemeteries, etc.
Good condition; grass cover on 75% or more of the area 39 61 74 80
Fair condition; grass cover on 50% to 75% of the area 49 69 79 84
Poor condition; grass cover on 50% or less of the area 68 79 86 89
Paved parking lots, roofs, driveways, etc. 98 98 98 98
Streets and roads
Paved with curbs and storm sewers 98 98 98 08
Gravel 76 85 89 91
Dirt 72 152 i 87 1189
Paved with open ditches 83 8992793
Average %
impervious”
Commercial and business areas 85 890 92 094 095
Industrial districts 72 81 88 91 93
Row houses, town houses, and residential 65 77 85 90 92
with lot sizes 1/8 acre or less
Residential: average lot size
1/4 acre 38 61 75 83 87
1/3 acre 30 57 72 81 86
1/2 acre 25 54 70 80 85
1 acre 20 51 68 79 84
2 acre 12 46 65 77 82
Developing urban areas® (no vegetation established)
Newly graded area 77 86 91 94
Cover
Hydrologic
Land use Treatment of practice condition®
Cultivated agricultural land
Fallow Straight row 77 8 91 9%
Conservation tillage Poor 76 85 90 93
Conservation tillage Good 74 83 88 90
Row crops Straight row Poor 72 81 88 9]
Straight row Good 67 78 85 89
Conservation tillage Poor 71 80 87 90

(Continued)
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Table 8.7.3 (Continued)

Cover

SRR E TR 11 e s T

and use

Small grain

Close-seeded
legumes or
rotation meadow

Noncultivated agricultura]
land, pasture or range

Meadow

Forc.stcdﬁgruss or
orchardsﬁevcrgrcen or
deciduous
Brush

Woods
Farmsteads

Forc\l—rungc
Herbaceous

Treatment of practice

Conservation tillage
Contoured
Contoured

Contoured and conservation

tillage
Contoured and terraces
Contoured and terraces
Contoured and terraces
and conservation tillage
Straight row
Straight row
Conservation tillage
Conservation tillage
Contoured
Contoured

Contoured anq conservation

tillage
Contoured and terraces
Contoured and terraces
Contoured and terraces
and conservation
tillage
Straight row
Straight row
Contoured
Contoureq
Contoured and terraceg
Contoureq and terraceg
No mechanica] treatment
No mechanica] treatment
No mechanica] treatment
Contoured
Contoured
Contoured

H'\dmlugic
conditiond

Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good
Poor
Good

Poor
Good
Poor
Good
Poor
Good
Poor
Fair
Good
Poor
Fair
Good
Poor
Fair
Good
Poor
Good
Poor
Fair
Good

Poor
Fair
Good

A

64
70
65
69
64
66
62
65
61
65
63
64
60
63
61
62
60
61
59
60

66
58
64
55
63
51
68
49
39
47

(S
W

30
55
44
32
48
20
45
36
25

59

Curve numbers
for hydrologic

soil group

B Cilb
75 82 8
79 84 88
75 82 86
78 8318
74 81 85
74 80 82
71 8L i N
73 79 8l
70 77 80
76 84 88
75 83 &7
75 83 86
72 80 84
74 82 85
73 81 84
73 81 #
72 80 83
72 79 82
70 78 81
71: | 785 181
69 77 80
77 85 89
72 81 &
75 83 85
69 78 83
73 80 83
67 76 80
79 86 89
69 79 84
61 74 80
67 81 88
731182 86
65 76 82
58 72 7
67 77 8
48 65 73
66 77 8
60 73 1
55 70 11
74 82 86
79 86 92
71 80 8
61 74 8

8.7.3 Curve Nu
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Table 8.7.3 (Continued)

Curve numbers
for hydrologic

Cover soil group
Hydrologic
Land use Treatment of practice conditiond A B C D
Oak-aspen Poor 65 74
Fair 47 57
Good 30 41
Juniper—grass Poor 72 83
Fair 58 73
Good 41 o6l
Sage—grass Poor 67 80
Fair 50 63
Good 35 48

“For land uses with impervious areas, curve numbers are computed assuming that 100% of runoff from impervious areas
is directly connected to the drainage system. Pervious areas (lawn) are considered to be equivalent to lawns in good
condition and the impervious areas have a CN of 98.

®Includes paved streets.

Use for the design of temporary measures during grading and construction. Impervious area percent for
urban areas under development vary considerably. The user will determine the percent impervious. Then using
the newly graded area CN and Figure 8.7.1a or b, the composite CN can be computed for any degree (;1'

development.
9For conservation tillage in poor hydrologic condition, 5 percent to 20 percent of the surface is covered with residue

(less than 750-Ib/acre row crops or 300-Ib/acre small grain).
For conservation tillage in good hydrologic condition, more than 20 percent of the surface is covered with residue

(greater than 750-Ib/acre row crops or 300-Ib/acre small grain).
“Close-drilled or broadcast.
For noncultivated agricultural land:
Poor hydrologic condition has less than 25 percent ground cover density.
Fair hydrologic condition has between 25 percent and 50 percent ground cover density.
Good hydrologic condition has more than 50 percent ground cover density.

For forest-range:
Poor hydrologic condition has less than 30 percent ground cover density.

Fair hydrologic condition has between 30 percent and 70 percent ground cover density.
Good hydrologic condition has more than 70 percent ground cover density.

Source: U.S. Department of Agriculture Soil Conservation Service (1986).

8.7.3 Curve Numbers
Table 8.7.3 gives the curve numbers for average watershed conditions, 7, = 0.2§, and antecedent
moisture condition II. For watersheds consisting of several subcatchments with different CNs.
the area-averaged composite CN can be computed for the entire watershed. This analysis
assumes that the impervious areas are directly connected to the watershed drainage system
(Figure 8.7.1a). If the percent imperviousness is different from the value listed in Table 8.7.3 or
if the impervious areas are not directly connected, then Figures 8.7.1a or b, respectively, can be
used. The pervious CN used in these figures is equivalent to the open-space CN in Table 8.7.3. If
the total impervious area is less than 30 percent, Figure 8.7.15 is used to obtain a composite CN.
For natural desert landscaping and newly graded areas, Table 8.7.3 gives only the CNs for

pervious areas.
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100

Composite CN
~
o

Figure 8.7.1 Rclali()nships for d
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etermining Composite CN. (a)
n Servic

(from U.S. Department of Agriculture Soj] Conservatio

EXAMPLE 8.7,1

SOLUTION

Determine the weighted
25 percent Open space, good condit

15 percent industria] (72 percent j

The corresponding cyrye Numbers

|

|

I
o —

Connected impervious area (%)

1.0

(Unconnected impervious)
(Total impervious)

0 10 20 30
Total impervioys area (%)

Connected impervious area; (h) Unconnected impervious area
€ (1986)).

curve numbperg for a water:

! Shed with 40 percent residential (1/4'?”"_ lot;()j-
10n, 20 percent COmmercig] apqg business (85 percent impervious), 4

Mpervious), with corresponding o) groups of C, D, C, and D.

are obtained from Table 8.7.3:

EXAMPLE 8.;

SOLUTION

EXAMPLE 8.

SOLUTION
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EXAMPLE 8.7.2

SOLUTION

EXAMPLE 8.7.3

SOLUTION

lots),
), and
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Land use (%) Soil group Curve number

40 C 83
25 D 80
20 C 94
15 D 93

The weighted curve number is
CN = 0.40(83)+ 0.25(80) +0.20(94) +0.15(93)

= 332+20+18.8+13.95
85.95(use 86)

The watershed in example 8.7.1 experienced a rainfall of 6 in. What is the runoff volume?

Using equation (8.6.5), P, = runoff volume is

(P—0.25)*

fi11P3HO08S

where S is computed with the weighted curve number of 86 from example 8.7.1:

g 2000 10163
86

So

[6-0.2(1.63))* 32.19
e~ "6+0.8(1.63) 7.3
= 4.41 in of runoff

For the watershed in examples 8.7.1 and 8.7.2, the 6-in rainfall pattern was 2 in the first hour, 3 in the
second hour, and 1 in the third hour. Determine the cumulative rainfall and cumulative rainfall excess as

functions of time.

The initial abstractions are computed as /, = 0.28 with § = 1.63 from example 8.7.2,s0 1, = 0.2(1.63)
033 in. The remaining losses for time period (the first hour) are computed using the following equation,

derived by combining equations (8.6.1) and (8.6.2):

S(P,—1,) 1.63(P,—033) 1.63(P,—0.33)

Fu=p_T1S P_033+163 P +13
_1632-033) _509in
al = 145138 '

The total loss for the first hour is 0.33 + 0.82 = 1.15 in, and the excess is
P, =Py —1, —F,1=2- 033-0.82=0.851n
el = f a,

For the second hour, P, = 2+ 3=35in,s0

1.63(5 ()_%i) L4121 in
544133

VEa

a.z
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and the cumulative rajnfa]] EXCeSS IS Pe, = 5-0.33—1.2

For the third hour, P; =2 1 3 +1=61n, so

£, - 163(6-0.33)

3nz =1.27in

(O8]

and P,; = 6-(.33 1.27 = 4.40in (Which compares wel] v

The results are Summarized below, along with the rainf:

Cumulative
abstractions Cumulative
Cumulative rainfa[) Tt s rainfall excess Rainfall excess
Time t A B P,
(h) (in)

o

0.33 1.21

(@)

S) UNIT HYDROGRAPH PROCEDURE
The SCS dimcnsi(mlexs
Table 8.8.1.
Figure 8.8.1.

dimensionlesg unit hydrographs.

Mass cyrve
of triangle

all excess hyetograph.

hyetograph
(in) (in) (in) (in)

1 0.33 0.82

5

3 0.33 1.27 4.40

1 =3.46in.

vith the results of example 8.7.2).

0.85 0.85

2.61
0.94

3.46

-

l 8.8 NRCS (SC
#

:

Figure 8 8.1 Dime

nsionless curyj
(from U S, Dep

linear ypj hydrog
artment of Agricy]

. raph ang €quival
ture Spj] Consery

ation Seryjce (19

8.8.1 Time of

ent triangular hydrograph
86)).
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Table 8.8.1 Ratios for Dimensionless Unit Hydrograph and Mass Curve

Time ratios Discharge ratios Mass curve ratios
1/t q/9p Qa/Q
0 0.000 0.000
0.1 0.030 0.001
0.2 0.100 0.006
0.3 0.190 0.012
0.4 0.310 0.035
0.5 0.470 0.065
0.6 0.660 0.107
0.7 0.820 0.163
0.8 0.930 0.228
0.9 0.990 0.300
1.0 1.000 0.375
1.1 0.990 0.450
1:2 0.930 0.522
133 0.860 0.589
1.4 0.780 0.650
135 0.680 0.700
1.6 0.560 0.751
1.7 0.460 0.790
1.8 0.390 0.822
1.9 0.330 0.849
2.0 0.280 0.871
22 0.207 0.908
24 0.147 0.934
2.6 0.107 0.953
2.8 0.077 0.967
3.0 0.055 0.977
32 0.040 0.984
3.4 0.029 0.989
3.6 0.021 0.993
3.8 0.015 0.995
4.0 0.011 0.997
45 0.005 0.999
5.0 0.000 1.000

Source: U.S. Department of Agriculture Soil Conservation Service (1972)

8.1 Time of Concentration
of concentration for a watershed is the time for a particle of water to travel from

The time
lly most distant point in the watershed to a point of interest, such as the outlet of

the hydrologica 5k ¢
the watershed. SCS has recommended two methods for time of concentration, the lag method

and the upland, or velocity method.
The lag method relates the time lag (1), defined as the time in hours from the center of mass of the

rainfall excess to the peak discharge, to the slope (Y) in percent, the hydraulic length (L) in feet, and

the potential maximum retention (), expressed as

L= 7190005 itk
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The SCS uses the following relationship between the time of concentration (Zc) and the lag (1,):

=3 (882)
or
08¢, 10
i U (8.83)
> ] 1140y0.5

where ¢, is in hours. Refer to Figure 8.8.1 to see the SCS definition of ¢
The velocity (upland) method is based upon definj
hydraulic flow length (L) to the velocity (V):

cand ¢;.
ng the time of concentration as the ratio of the

,(:L (8.8.4)
3600V
where 7, is in hours, Z is in feet, and Vs In ft/s. The velocity can be estimated knowing the land use
and the slope in Figure 8.8.2 Ahematxvely We can think of the concentration as being the sum of
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travel times for different segments
1 &KL
le == 8.8.5
‘ 361)();‘ V, : )

for k segments, each with different land uses.

88.2 Time to Peak
Time to peak (7,) is the time from the beginning of rainfall to the time of the peak discharge
(Figure 8.8.1)
b= -1y (8.8.6)

/

(S Py

where ¢, is in hours, 7 is the duration of the rainfall excess in hours, and 7, is the lag time in hours.
The SCS recommends that 7z be 0.133 of the time of concentration of the watershed, ¢

tg = 0.133¢, (8.8.7

and because t; = 0.67, by equation (8.8.2), then by equation (8.8.6) we get

0.133z,
tp = ——5— +0.61, (8.8.8)

t, = 0.671,

8.8.3 Peak Discharge
The area of the unit hydrograph equals the volume of direct runoff (). which was estimated by
equation (8.6.5). With the equivalent triangular dimensionless unit hydrograph of the curvilinear
dimensionless unit hydrograph in Figure 8.8.1, the time base of the dimensionless triangular unit
hydrograph is 8 /3 of the time to peak 7,, as compared to 51, for the curvilinear. The areas under the
risine limb of the two dimensionless unit hydrographs are the same (37 percent).
Based upon geometry (Figure 8.8.1), we see that

1
0= )—(/,,(/,‘ +i,) (8.8.9)

for the direct runoff Q, which is 1 in where 7, is the recession time of the dimensionless triangular unit
graph and g, is the peak discharge. Solving equation (8.8.9) for g, gives

hydrog
</-7»-% {*]%"‘I;J (8.8.10)
2
Letting K = [I "‘Zhn] then i
4 "’Q (8.8.11)

where Q is the volume, equals to 1 in for a unit hydrogr: :ph
The above equation can be modified to express ¢, in ft'/sec, 1, in hours, and Q in inches:

d hits AQ
g, = 645.33K y (8.8.12
t,

/
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The factor 645.33 is the rate necessary to discharge [ in of runoff from 1 mi2in | hr. Us
gives K = [2/(1 + 1.67)] = 0.75: the

ing ¢, = 1.67/,,
N equation (8.8.12

) becomes

3 ) bl
) = iéfi(: (8.8.13)
t
For SI units,
2.08 ,
i L 11 E0840 (8.8.14)
l,
where 4 is in Square kilometers.
The steps in devcloping a unit hydrograph are:
Step 1 Compute the time of concentration using the lag method (equation (8.8.3)) or the velocity
method (equation (8.8.4) or (8.8.5)).
Step 2 Compute the time to peak 1, = 0.67¢, (equation (8.8.8)) and then the peak discharge ¢,
using equation (8.8.13) or (8.8.14).
Step 3 Compute time base #, and the recession time 7,:
Triangular hydrograph: G = 2.67(,,
Curvilinear hydmgraph: b = 51,
=1 — l
Step 4 Compute the duration 1, = 0,133 le and the lag 7, — (6 lc by using equations (8.8.7) and
(8.8.2), respectively. !
Step 5 Compute the upjy hydrograph ordinates and plot. For the triangular only Ip> qp» and 1, are
needed. For the curvilinear, use the dimensionJesg ratios in Table 8.8.1.
EXAMPLE 8.8.1 For the watershed i Cxample 8.7, determine the triangular SCS unit hydrograph. The average slope of
the watershed js 3 percent and the areq j 3.0 mi®, The hydraulic length is 1.2 mj,
SOLUTION Step] The time ofconcentra!i()n is computed using quation (8.8.1), with S = 1.63 from example 8.7.2:
; (6336)””(L63+1)“'ﬂ 3
T T T A =0.
1900/3 4
S
and 7, — >0 =11kt
s
Step 2 The time to peak 7, = 0.67¢, — 0.67(1.1) — 0.74 hr.
Step 3  The time base js &= 2.67/,, = 1.97 hr.
Step4  The duration js Ik =0.133, = 0.133(1.1) = 0.15 hr, anqg {115 0.66 hr.
Step5 The peak is (for Q=1 in)
g, — 18440 484(3)7) il
Ip = 11 0.74 = 1962 fs,
,11'1 \t|r11{11;|r)'. the lrm'ngulur unit hydmgruph has a peak 0f 1962 cfs atthe time to peak of 0.74 hr with a time
Dase of 1.97 hr. This is a (), 15-hr duration unit hydmgraph
8.9 KlN’Ef\'lATlC-WAVE ()VERLAND FLOw RUNOFF MODEL
' I/urlun/unm‘u‘/um//lau'oc > 'hen the raine. fici
Water ponds on the \.urhc [“m iy e exceeds the infilration capacity and sufficien!
18 ! 4C€ 10 overcome Surface tension effr. ; ;
E flow is surface runoff th I effbctsan

atoccurs ip the form

3 . 3 arlé l]d
d fill smalj depressions. ()vul(l

! ] -entrating
and surface without concentrating

of sheet flow on the |
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Figure 8.9.1 Definition sketch of overland flow on a plane as a one-dimensional flow
(from Woolhiser et al. (1990)).

in clearly defined channels (Ponce, 1989). For the purposes of rainfall-runoff analysis, this flow can
be viewed as a one-dimensional flow process (Figure 8.9.1) in which the flux is proportional to some
power of the storage per unit area, expressed as (Woolhiser et al., 1990):

Q= o™ (8.9.1)

where Q is the discharge per unit width, / is the storage of water per unit area (or depth if the surface
is a plane), and o and m are parameters related to slope, surface roughness, and whether the flow is
laminar or turbulent.

The mathematical description of overland flow can be accomplished through the continuity
equation in one-dimensional form and a simplified form of the momentum equation. This model is
referred to as the kinematic wave model. Kinematics refers to the study of motion exclusive of the
influence of mass and force. A wave is a variation in flow, such as a change in flow rate or water
surface elevation. Wave celerity is the velocity with which this variation travels. Kinematic waves
govern flow when inertial and pressure forces are negligible.

The kinematic wave equations (also see Chapter 9) for a one-dimensional flow are expressed as

follows:
Continuity:
0A 00
— ,__A_(L:q(.\'_]} (8.9.2)
or oX
Momentum:
So—8=0 (8.9.3)

where A is the cross-sectional area of flow, Q is the discharge, 7 is time, x is the spatial

coordinate, g(x, 1) is the lateral inflow rate, Sy is the overland flow slope, and S; is the friction

slope.
Equation (8.9.3) indicates that the gravity and friction forces are balanced, so that flow does not

accelerate appreciably. The inertial (local and convective acceleration) term and pressure term are
neglected in the kinematic wave model (refer to Section 9.4). Eliminating these terms eliminates the
mechanism to describe backwater effects and flood wave peak attenuation.

Considering that / is the storage per unit area or depth, then A = /, so that equation (8.9.2)

becomes

h 0Q
+ 2 e 0) (8.9.4)
X

¢
0

-~ |
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Substituting equation (8.9.1) into (8.9.4) gives

Oh  d(akh™)

-~

—— = ¢(x,1)
ot Oox

The one-dimensiona] overland flow on g plane surface (illustrated in Figure
rshed situations (Woolhiseret al.. |
shown; it requires only th
ater stored per unit of area,
Woolhiser and Liggett (1967) and Morris and Woolhiser (1980) showed th
formulation is an excellent approximation for most overl
these equations are 5 simplification of the Saint-Ve
The kinematic-waye €quation (8.9.5) for overlan
point implicit method where the finite-difference
derivatives are. respectively,

8.9.1) is not the type
990). The kinematic

not require sheet flow as at the discharg

e be some unique function of the
amount of w

at the kinematic-wave
and flow conditions, Keep in mind that
hant equations (see Chapter 9).
d flow can be solve

d numerically using a four-
approxim

ations for the spatial and temporal

Oh _ hitl_piti

h, | —hl ‘
- b H@igltins: (8.9.6)
Ox Ax Ax
and
Oh _1[W*" _y Wit —h,
ot 217 Ay At
or
ST AT T (89.7)
ot 2At
and
141 0
T3 (@44 +;) (8-98)
where 6is 3 Wweighting Parameter for g

Oh/dt is the average
between  and t 1, and g, ang q; .
Notation for the finite-diffe
CXpressions (8.9.6), (8.9.7),
difference €quation:

Standi + | or for the midway locz?nom
| are the average latera] inflows at 7 and ; + 1, respectively.
rence grid is shown jp Figure 8 97 Substituting these finite difference

and (8.9.8) into (8.9.5) and Simplifying results in the following finite-

Wiy —h, +hy T g
2At ¢ r :
R ol i

4 j+1\m ] ] 5 g 1 b 9
SRR AN AR I It @29
‘A’((l,.lﬁ(/,):()

The only unknown in the aboye equ
method (see

ation is /1{
Appendix A). Using M

+1 3 1 ’
¢ 1> Which mugt pe solved by using Newton s

m /|
10 express equation (8.9 ] ), O = oh™, we

anning’s €quation

(8.9.5)

assumption does
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Figure 8.9.2 The x-7 solution plane: The finite-difference forms of the Saint-Venant equations are solved
at a discrete number of points (values of the independent variables x and ¢) arranged to the time axis
represent locations along the plane, and those parallel to the distance axis represent times. (a) Four

points of finite-difference grid: (b) Finite difference grid.

find

n

{1.4951 1} L i
0=|—— h
where

1.495,°

o= —-
n

.m=S5/3

(8.9.10)

(8.9.11)
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Table 8.9.1 Recommended Manning’s Roughness Coefficients for Overland Flow

Residue rate, Value

Cover or treatment Tons/Acre recommended Range
Bare sand 0.01 0.010-0.016
Graveled surface 0.02 0.012-0.03
Bare clay Joam (eroded) 0.02 0.012-0.033
Fallow, no residue 0.05 0.006-0.16
Chisel plow <1/4 0.07 0.006-0.17
<l/4-1 0.18 0.07-0.34
1-3 0.30 0.19-0.47
>3 0.40 0.34-0.46
Disk/harrow <1/4 0.08 0.008-0.41
1/4-1 0.16 0.10-0.25
1=3 0.25 0.14-0.53

>3 0.30 53

No till <l/4 0.04 0.03-0.07
1/4-1 0.07 0.01-0.13
1-3 0.30 0.16-047
Moldboard plow (fall) 0.06 0.02-0.10
Colter 0.10 0.05-0.13
Range (nzflurzll) 0.13 0.01-0.32
Range (clipped) 0.10 0.02-0.24
Grass (blucgru.s.'s.sod) 0.45 0.39-0.63
Short grass rairie 0.15 0.10-0.20
Dense grass | 0.24 0.17-0.30
Bermuda grass 0.41 0.30-0.48

NWapmi
Weeping love

Palmer, 1946) 8rass, bluegrass, buffalo grass, blue gammg EI4Ss, native grass mix (OK), alfalfa, lespedeza (from

Sources: Woolhiser (1975), Engman (1986), Woolhiser et al, (1990)

l:,/hcre n ldeanmng S roughness coefficient ang So is the slope of the overland flow plane.
C \( o P o - L] M 1
commended values of Manning’s roughness coefficients for overland flow are given in

Table 8.9.1. The time ¢, equilibriym of i :
a plane of | ¢ 3 d using
Manning’s equation as p Of length L and slope S, can be derive

developed a KINematic runoff anq EROSio
oriented, i.e., it s a physically based mode

surface runoff, and erosiop from s i ds. T

> L m smal] agricultura] . s distributed
nebh s and urban watersheds e model is distribu
because flows are modeled for both the wate tij i

8.9.3and8.9.4 The mode] is ey

e X Se i ]

ind: ‘ i  describing evapo

transpiration a il wate , S not have components describing ¥

pira nd s50il water movement between Storms. In other ds, there is no hydrologic
balance between Storms, ¥ T

Figures 8.9.3 and i ate
gu d8.94 illustrate that the approach to describing a watershed is to divide it into @
ith plane elements contributing latera] flow to channels. The
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Legend Symbols

M Grant it loam 4 Rain gauge
[ Rentrow silt loam " Weir

O Kingfisher silt loam

Area: 0.1 Km?

Contour interval: 4 ft
1 foot = 0.3048 m
Datum is sea level.

(a)

Scale in meters

()

Figure 8.9.3 R-5 catchment. Chickasha, OK. (a) Contour map: (b) Division into plane and channel elements
(from Woolhiser et al. (1990)).

KINEROS model takes into account interception, infiltration, overland flow routing, channel

routing, reservoir routing erosion, and sediment transport. Overland flow routing has been described
o . e . . ‘ ’ 3 N " .

in this section. Channel routing is performed using the kinematic-wave approximation described in

Chapter 9. The reservoir routing in KINEROS is basically a level-pool routing procedure, as

described in Chapter 9.
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COMPUTER MODELS FOR RAINFALL

* = Adder channel
@ @ = Channel

‘ @ = Plane

¢l configuration (from Woolhiser et al. (1990)).

~RUNOFF ANALYSIS
Computer models for runoff ;
simulation models, Event-baseq Mmodels are used to simy
using, for €xample, the upj hydrogruph
runoff components wit

s event-based models or continuous
late the discrete rainfall-runoff ev_ﬂ,]fh ‘
approach, Thege models emphasize infiltration and surf;u»c‘— |
h the objective of determining direct runoff, and are applicable to excess-
water flow calculations i cases where direcy Tunoffis the major contributor to streamflow. The HEC-
HMS (HEC-1) ang the TR-20 ang TR-55 models are singl‘e-cvent models. The KINEROS model
(Woolhiser et al., 1990 descri § section is ap overland flow model based on the
kinemutic-»\'u\e routing, Thig y i ww[—/)uye(//n()(/e/. Other examples include the
kinematic-wavye model for oyey]; the HEC-HMS (HEC-1) model. ;
(‘un/inuuu.s'-.\‘/‘mu/arinn models acc overal] moisture balance of the basin. includm%
€Se models explicitly account for all runoff

\ DS including syrfae. . . _ , and are
€omponents including runoff such g Interflow and baseflow, and ¢

well suited for long-term rumg[/'_/'()r('(‘usr/'ngl.
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PROBLEMS

8.1.1 Suppose that the runoff peak discharge (Q,) from an urban
watershed is related to rainfall intensity (/) and drainage area (A) in
the following form, Q, = a x I” x A®, in which @ and b are
unknown parameters to be determined from the data given in the
following table.

0, (ft*/sec) 23 45 68 62
I (in/hr) 3.2 4.6 6.1 7.4
12

A (acres) 21 24 16

(a) Use the least-squares method to determine the values of

unknown parameters « and b.

(b) Assess how good the resulting equation is.

(c) Estimate the expected peak discharge for watershed with an
area of 20 acres resulting from a 4-in/hr rain.

8.1.2 The following data were obtained to study the relationship
between peak discharge (Q,) of a watershed with drainage area (A)
and average rainfall intensity (/).

Peak discharge (Q, in ft'/sec) 23 45 44 64 68
Rainfall intensity (7 in in/hr) 32442 8515 88i1 61
Drainage area (A in acres) 12 21 18 32 24

Suppose that the relationship between Q,, I, and A can be
expressed as Q, = I x A” in which a and b are constants.
(a) Determine the values of the two constants, i.e., @ and b, by
the least-squares method.
(b) How good is the least-squares fit?
(¢) Based on the result in part (a), estimate the peak discharge
per unit area for a watershed with basin area of 15 acres
under a storm with rainfall depth of 15 in in 3 hr.

8.1.3 The following table contains measurements of peak
discharge, average rainfall intensity, and drainage area.

Data  Ppeak discharge Rainfall intensity Drainage area
Q (m’fs) I (mm/hr) A (km®)
1 0.651 81.3 0.0486
! 1.246 129.5 0.0728
3 1.812 96.5 0.1295
4 1.926 154.9 0.0971

(a) Determine the coefficients @ and b in the equation
O=ax(Ix A')/’ using the least-squares method.

(b) Determine the corresponding coefficient of determination
and standard error of estimate for part ().

(¢) Physically, when a storm with constant rainfall intensity /
continues indefinitely, the term / x A represents the steady-
state peak discharge. Under the steady-state condition, let
b=1 in the above equation. Determine the lcu.xl-x‘quurgﬁ
estimate for the constant @ and the corresponding coeffi-

cient of determination. How do you interpret the meaning
of constant @? Does your estimated value of @ make sense
from the physical viewpoint? Please explain.

8.1.4 For a particular watershed, the observed runoff volume and
the corresponding peak discharges, Q,, are shown below.

0.42
1.28

0.12
0.40

0.58
229

0.28
1.42

0.66
3.19

Qs (m?/s)
Runoff (cm)

(a) Determine the coefficients (a and b) in the equation QP
a x RO’ using the least-squares method where Q, = peak
discharge, RO = runoff volume, and a, b = coefficients.
(b) Estimate the peak discharge for the runoff volume of 4 cm.

8.2.1 Consider a 10-km”> catchment receiving rainfall with in-
tensity that varies from 0to 30 mm/hrin a linear fashion for the first
6 hr. Then, rainfall intensity stays constant at 30 mm/hr over the
next 6 hr before it stops. During the rainfall period of 12 hr, the rate
of surface runoff from the catchment increases linearly from O at
t=0 hr to 30 mm/hr at 1= 12 hr.

(a) Assume that hydrologic losses, such as infiltration, eva-
poration, etc. are negligible in the catchment. Determine
the time when the surface runoff ends, if surface runoff
decreases linearly to zero from 30 mm/hr at 7 = 12hr.

(b) At what time does the total storage in the catchment reach
its maximum and what is the corresponding storage (in
km™)?

(c) Identify the times at which the rate of increase and decrease
in storage are the largest.

8.2.2 The following table contains the records of rainfall and
surface runoff data from a catchment with the drainage area of 2.25
km?. Column (2) is the rainfall hyetograph for the averaged
intensity whereas column (3) is the runoff hydrograph for in-
stantaneous flow rate.

Avg. Instantaneous
intensity discharge
Time (mm/h) (m’/s)
1:00 0
1:10 60 12
1:20 150 24
1:30 30 48
1:40 18 30
1:50 60 18
2:00 72 24
2:10 24 30
2:20 12 18
2:30 12
2:40 6
2:50 0
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(a) Determine the rolling-time and clock-time maximum rain-
fall depth (in mm) for durations of 30 min and 50 min.

(b) Determine the time and the corresponding volume (in m3)
when the maximum storage occurs. Assume that the initial
storage volume is zero,

(¢) Determine the percentage of rainfall volume that becomes
the surface runoff.

8.2.3 Based on the table given below showing the hydrograph
ordinates at 24-hour intervals, use graph paper to (a) identify the
time instant at which the direct runoff ends and (b) determine the
recession constant, . in the following equation:

Q(t2) = Q(t;) x e k(2 -1)

in which 7, > /7 are two time points on the baseflow recession of
a hydrograph.

Time Flow Time Flow
(day) (m¥/s) (day) (m®/s)
1 6 8 91
2 970 9 79
3 707 10 68
4 400 11 58
5 254 12 50
6 162 13 43
7 121 14 37

8.2.4 The following table contains the records of rainfall ang
surface runoff data of 3 particular storm event fora watershe with

. g 2
the drainage area of 8.4 km~,

(a) Determine the maximum rainfal] intcnsily for durationg of
30 min, 60 min, and 120 min.

(b) Determine the Percentage of total rainfa] that is Jost from

appearing as the surface runoff,

(¢) Determine the time period that the storage volume of the

water is increasing in the Watershed.

Cumulative rainfal] ln\'lunmncou.\ runoff

Time of day (mm) (m7/s)

1 —\\
4:00 0 0.0
4:30 30 0.3
5:00 80 4.2
5:30 90 11.3
6:00 95 13.0
6:30 127 34.0
7:00 130 453
7:30 32 21.2
8:00 93
8:30 4.8
9:00 25
9:30 1.4
10:00 0.8

10:30 0.0

8.2.5 The following table contains the records of rainfal] and
surface runoff data of a storm event for a watershed having the
drainage area of 8.0 km?.
(a) Determine the maximum rainfall intensity for durations of
15 min, 30 min, and 60 min.
(b) Determine the percentage of total rainfall that is lost from
appearing as the surface runoff.

(¢) Determine the time period that the storage volume of the

water is increasing in the w atershed and the maximum

storage volume (in c¢m).

(d) Determine the @ index and the corresponding rainfall
excess hyetograph.

Time Cumul. rainfal] Instant. flow rate
(mm) (m’/s)
4:00 0 0
4:15 15 |
4:30 40 4
4:45 45 11
5:00 48 13
5:15 64 35
5:30 65 45
5:45 66 21
6:00 66 10
6:15 66 5
6:30 3
6:45 1
7:00 0

8.2.6 Consider Watershed with drainage area of 1 km? Fora

given storm event, the recorded a3 erage rainfall intensity and ml‘&ll

instumaneous dischurgc at the outlet of the w atershed are listed in

the following tabe. Assume that the baseflow is 1 m*/s and rainfall

amount in the first 30 min is the initial loss.

(a) Determine the total amount of rainfall.

(b) Determine the volume of direct runoff.

(c) Determine the average infiltration raze. i.e., ¢ index

(d) Determine the rainfa]j €Xcess intensity hyetograph corre-
Sponding to the ¢ index obtained in (c). Also, what is the

duration of rainfal] excess h_\-cmumph'?

T

ime

Intensity Discharge
(min) (mm/h) (m :/5)
TEEsTersa et N RRREREREE aTh¢)
0 10 I
30 20 1
60 38 B
90 26 8
120 10 6
150 20 i
180 24 3
210

1
\_




8.2.7 On a particular day in 1990, there was a rainstorm event that
produced the following rainfall and runoff on a 36-km? drainage
basin.

Time (min) 0 15 30 45 60 75 90 105 120
Cumulative 0 10 50 75 90 100

rainfall (mm)

Instantaneous 10 30 160 360 405 305 125 35 10

runoff (m>/s)

For the above rainstorm event, assume that the basefiow is 10 m*/s.

(a) Find the volume of direct runoff (in mm).

(b) Assuming the initial loss is 10 mm, determine the value of
¢ index (in mm/hr) and the corresponding effective rainfall
intensity hyetograph (in mm/hr).

83.1 Determine the 4-hr unit hydrograph using the following
data for a watershed having a drainage area of 200 km’,
assuming a constant rainfall abstraction rate and a constant base-
flow of 20 m?/s.

Four-hourperiod 1 2 3 4 5 6 7 8 9 1011

Rainfall (cm) 1.0 2.5 4.0 2.0
Storm flow (m?/s) 20 30 60 95 130 170 195 175 70 25 20

8.3.2 Using the unit hydrograph developed in problem 8.3.1,
determine the direct runoff from the 200 km> watershed using
the following rainfall excess pattern.

Four-hour period 1 2
Rainfall excess (cm) 2.0 3.0 0.0 1.5

8.3.3 The ordinates at 1-hr intervals of a 1-hr unit hydrograph
are 100, 300, 500, 700, 400, 200, and 100 cfs. Determine the
direct runoff hydrograph from a 3-hr storm in which 1 in of
excess rainfall occurred in the first hour, 2 in the second hour,
and 0.5 in the third hour. What is the area of the watershed
in mi%?

8.3.4 You are responsible for developing the runoff hydrograph
for a watershed that fortunately has gauged information at a
Very nearby location on the stream. You have obtained infor-
Mation on an actual rainfall-runoff event for this watershed.
This information includes the actual rainfall hyetograph and the
resulting runoff hydrograph. You have been asked to develop
the runoff hydrograph for a design rainfall event. The peak
discharge from this new developed storm hydrograph will be
Used to design a hydraulic structure. You will assume a
Constant baseflow and a constant rainfall abstraction. Explai'n
the hydrologic analysis procedure that you will use to solve this
Problem,

8.3.5 Considera drainage basin with an area of 226.8 km®. From a
Storm event, the observed cumulative rainfall depth and the
corresponding runoff hydrograph are given in the following table.
Assume that the baseflow is 10 m*/s.
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QN Epi Tt ARVES 11821 28
00051525 45 6.5 80 95

Time (hr) 27 30 33 36

Cumulative
rainfall (cnp
Discharge (m”/s) 10 10 30 50 130 175 260 240 220 145 70 40 10

(a) Determine the value of the ¢ index and the corresponding
effective rainfall hyetograph.

(b) Set up the system of equations, Pu
unit hydrograph.

Q, and solve for the

8.3.6 Suppose the 4-hr unit hydrograph for a watershed is

Time (hr) 0 2 4 6 8 10 12
UH (m®/slem) 0 20 50 75 90 40 0

(a) Determine the 2-hr unit hydrograph.

(b) Suppose that a 10-year design storm has a total effective
rainfall of 50 mm and the corresponding hyetograph has a
rainfall of 30 mm in the first 2 hr period, no rain in the
second period, and 20 mm in the third period. Assuming the
baseflow is 10 m?/s, calculate the total runoff hydrograph
from this 10-year design storm.

8.3.7 Consider a drainage basin with an area of 151.2 km”. From a
storm event, the observed cumulative rainfall depth and the
corresponding runoff hydrograph are given in the following table.
Assume that the baseflow is 10 m’/s.

Time (hr) 0 2 4 6 10 12 14 16 18 20 22 24 26
Cumulative 0.0 05 1.5 25 45 6.5 80 95

rainfall (cm)
Instantaneous 10 10 30 50 130 175 260 240 220 145 70 40 10

discharge (m’/s)

(a) Determine the value of the ¢ index and the corresponding
effective rainfall hyetograph.

(b) Setupthesystem of equations, Pu = Q,forderiving the 6-hr
unit hydrograph and define the elements in P, u, and Q,
Solve for the unit hydrograph.

8.3.8 Suppose the 30-min unit hydrograph for a watershed

1S

Time (hr) 0 3 6 9 12 15 18 21
UH@ms/em) 0 15 45 65 50 25 10 0

(a) Determine the I-hr unit hydrograph.

(b) A storm has a total depth of 4 cm with an effective rainfall
hyetograph of 2cm in the first 2 hr, 1 ¢m in the second 2 hr.
Assuming the baseflow is 10 m*/s, calculate the total runoff
hydrograph from the storm.

8.3.9 The following table lists a 15-min unit hydrograph.

Time (min) O 5 10 15 20 25 30 35 40 45
15 min UH (m”/s/cm) 0.0 1.5 3.5 6.0 5.5 5.0 3.0 2.0 0.5 0.0
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(a) Determine the corresponding area of the drainage basin.

(b) Determine the 10-min unit hydrograph.

(¢) Determine the total runoff hydrograph resulting from the
following effective rainfall, assuming the base flow is2m?s.

Time (min) 0 10 20 30
Cumul. rainfall excess (mm) 0 10 30 35

8.3.10 Consider there are two rain gauges (A and B) in a watershed
with an area of 21.6 km?. The cumulative rainfal] depths over time
for a particular storm event at both rain gauge stations are given in
the table below. The storm also produces a runoff hydrograph at the
outlet of the watershed, shown in the last row of the table. Assume
that the baseflow is 10 m%s. It is known, by the Thiessen polygon,
that the contributing areas for the rain gauges are identical.

Time (hr) Dii1iD i3 144 DL iGIEEL 9 10
Cumul. Rainfall 0 25 80 105 100 140 180 230 230
at Station A (mm)
Cumul. rainfall 0 15 40 85 130 180 210 230 239
at Station B (mm)
Instantaneous 10 10 30 60 30 40 80 40 30 10 10

discharge (m’s)

(@) Determine the basin-wide Iepresentative rainfa]] hyeto-
graph (in mm/hr) for the storm event. Furthermore, deter-
mine the value of ¢ index (in mm/hr) and the corresponding
effective rainfall hyetograph (in mm/hr).

(b) Set up the system of equations Py — 0.

(¢) Solve part (b) by the least-squares method for the unit
hydrograph. What is the duration of the upjt hydrograph
obtained?

8.3.11 Consider a drainage basin with an area of 167.95 km?2. From
a storm event, the obseryed cumulative rainfa] depth and the
corresponding runoff hydrograph are given in the following tabje,
Assume that the baseflow is 10 m’/s

Time (hr) 0 2 4.6 8 10 12 14 16 13 20 22 24
Cumulative 00051525 45 6.5 8.0 95

rainfall (¢cm)
Instantaneous 10 10 30 50 130 175 260 240 220 145 70 40 10

discharge (m¥s)

PF TSy  TOEY

(a) Determine the value of the ¢ index and the corresponding
effective rainfall hyetograph.

(b) Set up the System of equations, Py — Q, for deriving the 4.
hr unit hydrograph and define the elements in P, u, and 0.

(¢) Solve for the unit hydrograph ordinates,

8.3.12 Consider a drainage basin with an area of 216 km? From a
P [e
storm event,

corresponding runoff hydrograph are given in the fc

Assume that the baseflow is 20 m?s.

Time (hr) 0 6 12 18 24 39
Cumulative rainfal] (cm) 0.0 15 45 95 i
Discharge (m?/s) 2050 160 349 180 20

(a) Determine the value of the ¢ index and the corresponding
effective rainfall hyetograph.
(b) Determine the 6-hr unit hydrograph by the least-squares
method.
8.3.13 On aparticular date. the measured rainfall and runofffroma
drainage basin of 54 ha (54 x 10* m?) are listed in the table below,
(@) Assuming that the base flow is 2 m’/s, determine the
effective rainfall hyetograph by the ¢ index method.
(b) Based on the effective rainfall hyetograph and direct runoff
hydrograph obtained in Part (a), use the least-squares
method to determine the 15-min unit hydrograph.

Time (min) 0 15 30 45 60 75
Cumul. rain (mm) 0 5 20 40 50
Instant. flow (m?s) 2 6 10 7 3 2

8.3.14 You have been given information on an actual rainfall-runoff
event and asked to develop the runoff hydrograph for another stom
hydrograph for the Watershed. The following is known:

Time (hr)  Rainfal (in)  Discharge (cfs)
10
1.1 20
2.1 130
410
1.1 570
510
460
260
110
60

10
rrrreec  TRRURRENEEEE
A constant base floy of 10 cfs and a uniform rainfall loss of 0.1 it/
hr are applicable. Determine the size of the drainage basin. Then
determine the direct runoff hydrograph for a 2.0-in excess pre-

cipitation for the first hour, no rainfall for the second houf,
followed by 4 2,0.i €Xcess precipitation for the third hour.

84.1A Watershed hag 5 drainage area of 14 km®; the length of the
Main stream is 7,16 and the main channel length from the
Watershed outlet o the point opposite the center of gravity of
the watersheg is 3.22 km, Use C, = 2.0 and C, = 0.625 to
Standard synthetic unit hydrograph for the W&
tershed. Whyt i the standarg duration? Use Snyder’s method 10
determine the 30-min unjt hydrograph for the watershed.

i
842 Watershed A has a 2-hr ynit hydrograph with Q,r = i m'/
; i1 =’6 hr, Wso =4, hr, and W55 = 2 hr. The watershed area;
259km?, L.=161 km, and 7, — 38.6 km. Watershed B is assurm®
to be hydrologicayyy Similar with an arca of 181 km?, £ =25.1 K
and L. = 15 | k. Determine the |-y synthetic unit i
for watersheq B. Determine the direct runoff hydrograph fora o
Storm that has j Scm of excess rainfall the first hour and 2.5 €M i
€XCess rainfa]] the second hoyr,

O\DOO\IO\LIIA’\»JI\)'—-O
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8.4.3 A watershed has an area of 39.3 mi” and a main channel
length of 18.1 mi, and the main channel length from the watershed
outlet to the point opposite the centroid of the watershed is 6.0 mi.
The regional parameters are C, = 2.0 and C,, = 0.6. Compute the
Tp, Op,Wso, Ws, and T for Snyder’s standard synthetic unit
hydrograph and the same information for a 3-hr Snyder’s synthetic
unit hydrograph. Also, what is the duration of the standard
synthetic unit hydrograph?

8.4.4 Compute the 3-hr Snyder’s synthetic unit hydrograph for the
watershed in problem 8.4.3.

84.5 You are performing a hydrologic study (rainfall-runoff
analysis) for a watershed Z. Unfortunately, there is no gauged
data or other hydrologic studies so you do not have a unit
hydrograph. However, you do have data for another nearby
watershed, known as watershed X, which has gauged information
(including the discharge hydrograph for a known rainfall event).
What procedure would you use to develop a design runoff hydro-
graph for a design storm for watershed Z? What are you assuming
about the watersheds in this procedure?

8.4.6 You have determined the following from the basin map of a
given watershed: L = 100 km, L. = 50 km, and drainage area =
2000 km?. From the unit hydrograph developed for the watershed,
the following were determined: 1z = 6 hr, 1, = 15 hr, and the peak
discharge = 80 km?/s/cm. Determine the regional parameters used
in the Snyder’s synthetic unit hydrograph procedure.

8.4.7 Derive a 3-hr unit hydrograph by the Snyder method for a
watershed of 54 km? area. It has a main stream that is 10-km long.
The distance measured from the watershed outlet to a point on
the stream nearest to the centroid of the watershed is 3.75 km. Take
C;=20and C, = 0.65. Sketch the 3-hr unit hydrograph for the
watershed.

8.4.8 Derive a 2-hr unit hydrograph by the Snyder method for a
Wwatershed of 50 km? area. It has a main stream that is 8 km long.
The distance measured from the watershed outlet to a point on
the stream nearest to the centroid of the watershed is 4 km. Take
C:=20and C, = 0.65. Graph the 2-hr unit hydrograph for the
Wwatershed.

8.4.9 Use the Clark unit hydrograph procedure to compute the 1-hr
unit hydrograph for a watershed that has an area of 5.0 km" and a
dibd bé concentration of 5.5 hr. The Clark storage coefficient is
estimated to be 2.5 hr. Use a 1-hr time interval for the computa-
tions. Use the HEC U.S. Army Corps of Engineer synthetic time-
area relationship.

8.4.10 Compute the Clark unit hydrograph parameters (7, and R)
for a 2.17-mi? (1389 acre) urban watershed in Phoenix, Arizona
Fhat has a flow path of 1.85 mi, a slope of 30.5 ft/mi, and an
Imperviousness of 21 percent. A rainfallintensity of 2.56 in/hris to
be used. The time of concentration for the watershed is computed
using T, = 11.4]0-50 KPPPis 0.31 ;=038 where T, is the time
of concentration in hours, L is the length of the longest flow
Path in miles, Kk, is a watershed resistance coefficient

(Kp = — 0.00625log A + 0.04) for commercial and residential
areas, A is the watershed area in acres, S is the slope of the flow path
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in ft/mi, and i is the rainfall intensity in in/hr. The storage coeffi-
cientis R = 0.37T!11 A~ 957 1.9%0 where A is the area in miZ.
8.4.11 Compute the 15-min Clark unit hydrograph for the Phoenix
watershed in problem 8.4.10.

8.4.12 For the situation in problem 8.4.10, compute the time of
concentration. However, now the rainfall intensity is not given,
instead use the rainfall intensity duration frequency relation in
Figure 7.2.15, with a 25-year return period.

8.4.13 Develop the 15-min Clark unit hydrograph for a 2.17-mi’
(1389 acre) rural watershed that has a flow path of 1.85 mi, a slope of
30.5 ft/mi, and an imperviousness of 21 percent. A rainfall intensity
of 2.56 in/hr is to be used. The time of concentration for the
watershed is computed using T, = 11.4L."°° K} Fe e TP i
where 7 is the time of concentration in hours, L is the length of the
longest flow path in miles, K} is a watershed resistance coefficient
(K, = —0.01375logA + 0.08), A is the watershed area in acres,
and S is the slope of the flow path in ft/mi, and 7 is the rainfall
intensity in in/hr.

8.5.1 Using the 4-hr unit hydrograph developed in problem 8.3.1,
use the S-curve method to develop the 8-hr unit hydrograph for this
200 km? watershed.

8.5.2 Using the one-hour unit hydrograph given in problem 8.3.3,
develop the 3-hr unit hydrograph using the S-curve method.

8.5.3 Suppose the 4-hr unit hydrograph for a watershed is

Time (hr) VERE 4 6 8 10529214
UHm/s/10mm) O 15 45 65 50 25 10 O

(a) Determine the 2-hr unit hydrograph.

(b) From the frequency analysis, the 10-year 4-hr storm has a
total depth of 3 cm with an effective rainfall intensity of 1
cm/hr in the first 2 hr and 0.5 ¢cm/hr in the second 2 hr.
Assuming the baseflow is 10 m”/s, calculate the total runoff
hydrograph from the 10-year 4-hr storm.

8.5.4 Suppose the 4-hr unit hydrograph for the watershed is

Time (hr) 01ii2 4 6 8 10 12 14 16
UH@mslem) 0 19 38 32 22 13 6 2 0

(a) What is the area of the watershed?

(b) Determine the 2-hr unit hydrograph.

(c) Suppose that a 25-year design storm has a total effective
rainfall of 7 cm and the corresponding hyetograph has 5 cm
in the first 2 hr and 2 cm in the second 2 hr. Assuming the
baseflow is 10 m’/s, calculate the total runoff hydrograph
from this 25-year design storm.

8.5.5 Suppose the 6-hr unit hydrograph for the watershed is

Time (hr) 0 3 6 9 12 15 18 21
UH@m¥s/em) O 15 45 65 50 25 10 0O
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(@) What is the area of the watershed?

(b) Determine the 3-hr unit hydrograph.

(¢) Suppose that a 10-year design storm has a total effective
rainfall of 6 cm and the corresponding hyetograph has 4 cm
in the first 3 hr and 2 cm in the second 3 hr. Assuming the
baseflow is 10 m?/s, calculate the total runoff hydrograph
from this 10-year design storm,

8.5.6 Suppose the 6-hr unit hydrograph for 5 watershed is

Time (hr) 0 3 6 9 IZ il i4i1s
UH (m%s/cm) 60 90 50 3 10 0

(a) Determine the 3-hr unit hydrogruph.
(b) Suppose that a 50-year design storm has a total effectiye
rainfall of 9 ¢cm and the corresponding hyetograph has2cmin

8.5.7 Suppose the 6-hr unit hydrograph for 5 Watershed s

]
Time (hr) 0 3 6 9 12

2 15 18 9
UH (m¥%s/em) ¢ I5 45 65 5 25 10 ¢

(@) Determine the 2-hyr unit hydr()graph.

(b) A.ssuming the baseflow is 10 mﬁ/s. calculate the total runoff
hydrograph from an effective rainfa]] hyetograph of 2 cmin
the first 2 hr and | ¢m in the second 2 hr.

8.7.2 Rework example 8.7.1 with correspondin
C, D, and B.

8.7.3 The watershed in problem 8,7, experienced g rainfall of 5 jp,.
what is the runoff volume per unit area?

8.7.4 Rework example 8.7.2 with 4 7-in rainfa]].

8.7.5 Calculate the Cumulative abstractions ang the excess rainfa]]
hyetograph for the situation in problems 8.7.1 and 8.7.3, The
rainfall pattern s 1.5 in during the first hour,

2.5 in during the
second hour, and 1.0 in during the third hoyr.

8.7.6 Calculate the cumulatiye abstraction and the excesgs rainfa]]
hyetograph for the situation in problems 8.7.2 and 8.7.4. The
rainfall pattern s 2.0 in during the first hour, 3.0 in during the
second hour, and 2,0 in during the third hour,
8.7.7 Consider an urban drainage basip h
group B and 40 percent soil &roup C. The lang US€ pattern jg 1/2
commercial area and | /2 industria] district, Determine the rainfa])
€xcess intensity hyclngmph under the dry antecedent Moisture
condition (AMC) from the recorded storm given in Problem 8 2.6,

aving 6() Percent soj]

8.7.8 Consider a dr;nnagc basin ha ving 60 percent soj] group B anq

40 percent soil group C. Five years ago, the Watershed Janq use

pattern was 1/2 wooded area with good cover and 1/2 pasture with
good condition. Now, the land use has been changed to 1/3
wooded area, 1/3 pasture land, and 1/3 residential area (1/4-
acre lot). Estimate the volume of increased runoff due to the land
use change over the past S-year period for a storm with 6 in of
rainfall under the dry antecedent moisture condition (AMC]).

8.7.9 Refer to problem 8.7.8 for the present watershed land use
pattern. Determine the effective rainfall hyetograph for the fol-
lowing storm event using the SCS method under the dry ante-
cedent moisture condition (AMC I). Next determine the value of
the ¢ index corresponding to the effective rainfall hyetograph.

A TEERRREEE
Time (h) 0-05 0.5-1.0 1.0-1.5 1.5-20
Rainfal] intensity (in/h) 6.0 3.0 2.0 1.0

8.7.10 Consider a drainage basin having 60 percent soil group A
and 40 percent soi] group B. Five years ago, the land use patternin
the basin was 1/2 woodeq area with poor cover and 1/2 cultivated
land with £ood conservation treatment. Now, the land use has been
changed 1o | /3 wooded area, 1/3 cultivated land, and 1/3
commercial and business area. Estimate the increased runoff
volume during the dormant season due to the land use change
OVer the past 5-year period for 4 storm of 350 mm in total depth.
This storm depth corresponds to a duration of 6-hr and 100-year
Teturn period. The total 5-day antecedent rainfall amount is 30
mm. Note: | inch=254 mm.

8.7.11 Consider 5 drainage basin of 500-ha having hydrologic soi
group D. In 1970, the Watershed land use pattern was 50% wooded
area with good cover, 259 range land with good condition, and 25%
residential area (1 /4-acre lot). Ten years later, the land use has beer
changed to 30% Wooded area, 209 pasture land, 40% residential
area (1/4-acre lot), and 109 commercial and business area.

(@) Compute the Weighted curve numbers in 1970 and 1980.

(b) Using the SCS method, estimate the percentage of change
(increase or decrease) in runoff volume with respect to year
1970 due to the land use change over the 10-year period for
a 2-hr, 50-mm rainfall event under the wet antecedent
moisture condition, i

(©) Suppose that the 2-hy, S0-mm rainfall event has the following
hyetograph. Determine the rainfall excess imensity. it
graph (in mm/hr) and the corresponding incremental "_lﬁm_
tion (in mm) over the storm duration under 1980 conditions.

M)\Ms 0.5-10 1.0-1.5 1520
Rainfa]| intensity (mm/hry 49 50.0 30.0 16.0

M

8.7.12 Consider 5 drainage bagip of 36 km? having hydrologic i
&roup B. In 1970, the Watershed land use pattern was 60 percent
Wooded areg with £0od cover, 25 percent range land with gooq
condition, apq 15 percent residential area (1/4-acre lot). Twenty

Years later (je. in 199()). the land use has been changed to ~30
Percent woodeq area with good cover, 20 percent pasture land WI;(';
€Icent residential area (1/4-acre lot), and
and businegg area.

good condition, 4() p
percent CoOmmercia]




On a particular day in 1990, there was a rainstorm event that
produced rainfall and runoff recorded in the following table.

Time (min) 0 15 30 45 60 75 90 105 120
Cumulative rainfall (mm) 0 10 50 75 90 100

Instantaneous runoff (m*/s) 10 30 160 360 405 305 125 35 10

(a) Using the SCS method, estimate the percentage of change
(increase or decrease) in runoff volume in 1990 with respect
to that of 1970 for the above rainstorm event under the
normal antecedent moisture condition.

(b) Under the wet antecedent moisture condition, determine

the rainfall excess intensity hyetograph (in mm/hr) and

the corresponding incremental infiltration (in mm) over the
storm duration for the above rainstorm event under the

1990 conditions.

For a baseflow of 10 m¥/s, determine the volume of direct

runoff,

(d) Assuming an initial loss of 10 mm, determine the ® index (in
mm/hr) and the corresponding excess rainfall hyetograph.

(c

8.7.13 Consider a drainage basin with an area of 200 km®. From a
storm event, the observed cumulative rainfall depth and the
corresponding runoff hydrograph are given in the following table.
Assume that the baseflow is 20 m?/s.

Time (hr) 0 4 8 12 16 20
Cum. rainfall cm) 0.0 1.6 (% 13170
Discharge (m®/s) 20 40 0 300 155 20

oo
i

(a) Determine the effective rainfall hyetograph by the SCS
method with a curve number CN = 85.

(b) Determine the 4-hr unit hydrograph by the least-squares
method.

8.7.14 During a rain storm event, rain gauge at location X broke
down and rainfall record was not available. Fortunately, three rain
gauges nearby did not have a technical problem and their rainfall
readings, along with other information, are provided in the table
below,

Rain gauge A B O X
Event depth (mm) 40 60 50 Missing
Distance to gauge X (km) 10 8 12 0
Elevation (m) 20 50 40 60
Mean annual rainfall (mm) 1500 2000 1800 2200
Polygon area (km?) 10 30 20 40

The four rain gauges are located either within or in the neighbor-
hood of a watershed having a drainage area of 100 km™. :\ccordiﬂl—‘
10 the Thiessen polygon method, the contributing area of each rain
gauge is shown in the above table.

For this particular storm event, the duration of the stormis 3 hrand
the percentage of rainfall depth in the first hour is 50 percent, in l_hc
Sécond hour 30 percent, and in the third hour 20 percent. The
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watershed largely consists of woods and meadow of good hydro-
logic condition with soil group B. Among the two land covertypes,
woods occupy 60 percent of the total area while the meadow
makes up the remaining 40 percent.

For this watershed, the 1-hr unit hydrograph resulting from

1 cm of effective rainfall has been derived and is given below:

Time (hr) 0 1 2 3 4 5
Flow rate (m>/s/cm) 0 10 30 20 10 0

(a) Select a method to estimate missing rainfall depth at station
X by an appropriate method. Explain the reasons why the
method is selected.

(b) Determine the basin-wide equivalent uniform rainfall depth

and the corresponding hyetograph for this particular storm.

(c) According to part (b), determine the total effective rainfall

depth and the corresponding rainfall excess hyetograph for
the storm. It is known that a storm occurred 2 days before
this particular storm and, therefore, the ground is quite wet.

(d) What is the magnitude of peak runoff discharge produced

by this particular storm? It is reasonable to assume that the
¥ 3
baseflow is 5 m/s.

8.7.15 Consider a drainage basin having 60 percent soil group A
and 40 percent soil group B. Five years ago, the land use pattern in
the basin was 1/2 wooded area with poor cover and 1/2 cultivated
land with good conservation treatment. Now the land use has been
changed to 1/3 wooded area, 1/3 cultivated land, and 1/3

commercial and business area.

(a) Estimate the increased runoff volume during the dormant
season due to the land use change over the past 5-year
period for a storm of 35 cm total depth under the dry
antecedent moisture condition (AMC I). This storm depth
corresponds to a duration of 6-hr and 100-year return
period. The total 5-day antecedent rainfall amount is
30 mm. (Note: 1 in=25.4 mm.)

Under the present watershed land use pattern, find the

(b

effective rainfall hyetograph (in cm/hr) for the following
storm event using SCS method under the dry antecedent
moisture condition (AMC I).

0-0.5 0.5-1.0 1.0-1.5

Time (hr) &
16.0 9.0 5.0 3.(

Avg. rainfall intensity (cm/hr)

8.7.16 Consider a drainage basin having 60 percent soil group B
and 40 percent soil group C. Five years ago, the watershed land use
pattern was 1/2 wooded area with good coverand 1/2 pasture with
good condition. Today, the wooded area and pasture each have been
reduced down to 1/3 and the remaining 1/3 of the drainage basin
has become a residential area (1/4-acre lot). Consider the rain-
storm event having the observed rainfall mass data given below.

Time (min) 0 30 60 90 120
Cumulative Rainfall (mm) 0 152 228 278 304
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(a) Estimate the increased total runoff volume due to the land use
change over the past 5-year period for the above rainstorm
eventunder the dry antecedent moisture condition (AMC D).

(b) Referring to the present watershed land use condition, find
the effective rainfal] hyetograph (in mm/hr) for the rain-
storm event given the above using the SCS method under

the dry antecedent moisture condition (AMC ).

8.7.17 Consider a drainage basin of 1,200 hectares having 60 percent
soil group B and 40 percent soil group C. Five years ago, the
Wwatershed land use pattern wag 1/2 wooded area with good cover
and 1/2 pasture with £ood condition. Now the land use has been
changed to 1/3 wooded area, 1/3 pasture land, and 1/3 residentia]
area (1/4-acre lot). For a storm event, the cumulatiye rainfall and the
corresponding runoff hydrograph are shownin the following table and
figure, respectively. (Note: | hectare = 10,000 m?% 1 in = 25.4mm).

Time (hr) 0 | 2 3 4
Cumulative rainfall (mm) 0 60 120 160 180
Q (m¥s)
5 12 Time (hr)

(a) Estimate the increased total runoff volume by the SCS
method due to the land use change
period for this Storm under the wet
condition.

(b) Find the effective rainfal] inlcnsily hyclograph for the
storm event using the SCS method under the wet antecedent
moisture condition and current land yge condition,

over the past S-year
antecedent moisture

(¢) Find the value of the ¢ index corresponding to the above
direct runoff hydrograph assuming the baseflow is 10 m’s

8.7.18 Consider a drainage basin hay ing soil group D. The land use
pattern in the basin is |
cultivated land with conservation treatment, and | /3 commercial

3 wooded area with good cover, 1/3

and business area, For the rainstorm event given below, use the

SCS method under the dry antecedent moisture condition (AMCI),

(a) Estimate the total volume of effective rainfall (in cm).
(b) Find the effective rainfall hy etograph (in cm/hr) for the
following storm event.

Time (hr) 0-0.5
Avg. rainfal] intensity (cm/hr) 16.0

1.5-20
3.0

1.0~1.5
5.0

0.5-1.0
9.0

8.8.1 Develop the SCS triangular unit hydrograph for a 400-acre
Watershed that has been commercially developed. The flow length
is 1,500 ft, the slope is 3 percent, and the soil group is group B.
8.8.2 Prior to development of the 400-acre watershed in problem
8.8.1, the land Use was contoured pasture land w ith fair condition.
Compute the SCS triangular unit hydrograph and compare with
the one for commercially developed conditions,

. d ; . b)
8.8.3 Using the Watershed defined in problems 8.8.1 and 8.8.2,
determine the SCS triangular unit hydrograph assuming residen-

tial lot size. Compare with the results in problem 8.8.2.

8.8.4 A 20.7-km? Watershed has a time of concentration of 1.0 hr.
Calculate the 10-min unit hydrograph for the watershed u.\‘iﬂ%Y the
SCS triangular unit hydrograph method. Determine the direct
Tunoff hydrograph for 4 30-min storm having 1.5 cm of excess
rainfall in the first 10 min, 0.5 cmin the second 10 min, and 1.0cm
in the third 10 min,

8.9.1 Develop a flowchart of the
model describe in Section 8.9

892 Develop the 4Ppropriate equations to solye equation (8.9.9)
by Newton’s method,

kinematic overland flow runoff

8.9.3 Derive €quation (8.9,12).
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