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Chapter 7

Hydrologic Processes

INTRODUCTION TO HYDROLOGY

What is Hydrology?

The U.S. National Research Council (1991) presented the following definition of hydrology:

Hydrology is the science that treats the waters of the Earth, their occurrence, circulation, and
distribution, their chemical and physical properties, and their reaction with the environment.
including the relation to living things. The domain of hydrology embraces the full life history of
water on Earth.

For purposes of this book we are interested in the engineering aspects of hydrology, or what we
might call engineering hydrology. From this point of view we are mainly concerned with quantifying
amounts of water at various locations (spatially) as a function of time (temporally) for surface water
applications. In other words, we are concerned with solving engineering problems using hydrologic
principles. This chapter is not concerned with the chemical properties of water and their relation to
living things.

Books on hydrology include: Bedient and Huber (1992); Bras (1990); Chow (1964): Chow.
Maidment, and Mays (1988); Gupta (1989); Maidment (1993); McCuen (1998); Ponce (1989):
Singh (1992); Viessman and Lewis (1996); and Wanielista, Kersten, and Eaglin (1997).

7.1.2  The Hydrologic Cycle

The central focus of hydrology is the hydrologic cycle, consisting of the continuous processes shown
in Figure 7.1.1. Water evaporates from the oceans and land surfaces to become water vapor that is
carried over the earth by atmospheric circulation. The water vapor condenses and precipitates on the
land and oceans. The precipitated water may be intercepied by vegetation, become overland flow
over the ground surface, infiltrate into the ground, flow through the soil as subsurface flow, and
discharge as surface runoff. Evaporation from the land surface comprises evaporation directly from
soil and vegetation surfaces, and franspiration through plant leaves. Collectively these processes are
called evapotranspiration. Infiltrated water may percolate deeper to recharge groundwater and later
become springflow or seepage into streams also to become streamflow.

The hydrologic cycle can be viewed on aglobal scale as shownin Figure 7.1.2. As discussed by the
U.S. National Research Council (1991): “As a global average, only about 57 percent of the pre-
cipitation that falls on the land (#;) returns directly to the atmosphere (E)) without reaching the
ocean. The remainder is runoff (R), which find its way to the sea primarily by rivers but also through
subsurface (groundwater) movement and by the calving of icebergs from glaciers and ice shelves

227
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(W). In this gravitationally powered runoff process, the water may spend time in one or more natural
storage reservoirs such as snow, glaciers, ice sheets, lakes, streams, soils and sediments, vegetation,
and rock. Evaporation from these reservoirs short-circuits the global hydrologic cycle into subcycles
with a broad spectrum of scale. The runoff is perhaps the best-known element of the global
hydrologic cycle, but even this is subject to significant uncertainty.”

7.1.3 Hydrologic Systems

Chow, Maidment, and Mays (1988) defined a iiydrelogic system as a structure or volume in space,
surrounded by a boundary, that accepts water and other inputs, operates on them internally, and
produces them as outputs. The structure (for surface or subsurface flow) or volume in space (for
atmospheric moisture flow) is the totality of the flow paths through which the water may pass as
throughput from the point it enters the system to the point it leaves. The boundary is a continuous
surface defined in three dimensions enclosing the volume or structure. A working medium enters
the system as input, interacts with the structure and other media, and leaves as output. Physical,
chemical, and biological processes operate on the working media within the system: the most
common working media involved in hydrologic analysis are water, air, and heat energy.

The global hydrologic cycle can be represented as a system containing three subsystems: the
atmospheric water system, the surface water system, and the subsurface water system, as shown in
Figure 7.1.3. Another example is the storm-rainfall-runoff process on a watershed, which can be
represented as a hydrologic system. The input is rainfall distributed in time and space over the
watershed, and the output is streamflow at the watershed outlet. The boundary is defined by the
watershed divide and extends vertically upward and downward to horizontal planes.

Precipitation = Evaporation
r
+
Atmospheric . h,
water Interception =
+A
»- Transpiration |
Surface Overland g &2 Surface Runoff to streams
water flow ] runoff and ocean
A
e = —— ————'r-—-' ——————— "—————;——
! _ | Subsurface
Infiltration Sow
A
Subsurface
water s
Groundwater | Groundwater
recharge flow
I
|

Figure 7.1.3 Block-diagram representation of the global hydrologic system (from Chow et al. (1988)).



230 Chapter

7 Hydrologic Processes

Drainage basins, catchments, and atersheds are three synonymous terms that refer o (fe
topographic area that collects and discharges surface streamflow through one outlet or mouth
Catchments are typically referred to as small drainage basins, byt NO specific area limits have beey
established. Figure 7.1 4 illustrates the drainage basin divide. w atershed divide, or catchment divie,
which is the line dividing land whose drainage flows toward the given stream from land whos:
drainage flows away from that stream, Think of drainage basin sizes ranging from the Mississipi

Drainage divide

Drainage divide
Figure 7.1 4 Schematic diagram of 5 ¢
drainage divide (from Marsh (1987)),

fainage basin, The high terrain on the perimeter is the

Figure 7.15 “lll\[rilli(lﬂ of the

. - n‘
basin (from Marsh (1987). i

Sted hiergy,
chy of lower—order basing within a large drainage
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River drainage basin to small urban drainage basins in your local community or some small valley in
the countryside near you.

As shown in Figure 7.1.5, drainage basins can be pictured in a pyramidal fashion as the runoffs
from smaller basins (subsystems) combine to form larger basins (subsystem in system), and the
runoffs from these basins in turn combine to form even larger basins, and so on. Marsh (1987) refers
to this mode of organization as a hierarchy or nested hierarchy, as each set of smaller basins is set
inside the next layer. A similar concept is that streams that drain small basins combine to form larger
streams, and so on.

Figures 7.1.6-7.1.10 illustrate the hierarchy of the Friends Creek watershed located in the Lake
Decatur watershed (drainage area upstream of Decatur, [llinois, on the Sangamon River with a
drainage area of 925 mi” or 2396 km®). Obviously, the Friends Creek watershed can be subdivided
into much smaller watersheds. Figure 7.1.8 illustrates the Illinois River basin (29,000 mi’) with the
Sangamon River. Figure 7.1.9 illustrates the upper Mississippi River basin (excluding the Missouri
River) with the Illinois River. Figure 7.1.10 illustrates the entire Mississippi River basin (1.15
million mi”). This is the largest river basin in the United States, draining about 40 percent of the
country. The main stem of the river is about 2400 miles long.

HiiDididfieidilg

p— '

Scale 1: 150,000

Figure 7.1.6 Friends Creek watershed, subwatershed of the Lake Decatur watershed. (Courtesy of
the Tllinois State Water Survey, compiled by Erin Hessler Bauer.)



7 Hydrologic Processes

232 Chapter

J9ATY ::::;.%:z% 24)

[——— — —]
05 O 0E 02 OL O
STUN 4O IWOS

daary

H

"((8661) Yrumouyg woiy)
SUIMOUS UTSBE JOATY SIOUI[] YL 8'1°L 2an3i

e

sontdl

vet

&

L
SIONITTI e

((8661) 123093y pue dassiua(] wioay) umoys st (9 1L 2in31y)
PIYSIDNEM 217 SPUSLLY JO UONEDIO] A, “(SIOUT[[] “INILIa(] JO weansdn)
uIseg] JoARy uowegues 1addn ay) ur paysiogem IMEd3(] 2B L]"LdINSI]

NITUD AITINIA
suopels uonepdioalg
suope}s efnen
injeoeq exe
SWeeJjs Jofey
eweu uiseqqng
Arepunog useqqng
Aiepunoq peysiajep
aN3oT

sjouy v
Paysiarem ey Jo uoyeoa

SOIU Ul BreDS

B e
- o gl



233

BY

7.1 Introduction to Hydrolo

{((8661) NIWMOUG WOL}) SALIS PAUN Y UL Useg 1oAY 1ddississyA 2L Q1°1°L d4ns1g

(866 1) Jrumoyg wolry)
:‘SCLL z._ Hx___w u._:w_...__ ‘_u,_v_ ,.._::__: 20 jJo uoned0| Y], 1ATY
LINOSST Ay Sutpn(oxa Jaary 1ddississyq 12ddp 2L 671°L a1n3y g

N\
SUBaUO MBN 3 [ ———— —] '/ //

00E S22 051 S 0

A\, _
- / se|jw jo 8[eoS 2l

el QYN

N\
j 0 "1eseyn
N u

OW_sino IS

/.

— Z—

/

IddISSISSIN

/ oSS \

{

e



234 Chapter 7 Hydrologic Processes

7.1.4  Atmospheric and Ocean Circulation

Figure 7.1.11

belt would heat mtensively
pressure, which would in tyr

convection system. Each sjd

Atmospheric circulation pattern that
would develop on 3 nonrotating

i SeL into motion g gj

, € of the system Would spap surface, showine the
one hemisphere (from Marsh (1987)), §

Atmospheric circulation on Earth is a very complex process that is influenced by many factors,
Major influences are differences in heating between low and high altitudes, the earth’s rotation, and
heat and pressure differences associated with land and w
atmosphere is due to latitudinal differences in solar heating of the earth’s surface and inclination
of its axis, distribution of land and water, mechanics of the atmospheric fluid flow,
effect. In general, the atmospheric circulation is thermal inorigin
and global pressure distribution. If the earth Were a nonrotatin
would appear as in Figure 7.1.11. Air would rise near the €quator and travel in the upper atmosphere

toward the poles, then cool, descend into the lower atmosphere, and re
called Hadley circulation,

ater. The general circulation of the

and the Coriolis
and is related to the earth’s rotation

g sphere, atmospheric circulation

turn toward the equator, This is

The rotation of the carth from west to east change
about the earth’s axis moves toward the poles, its radius decreases. In order to maintain angular
momentum, the velocity of ajr increases with Tespect to the land surface. thus producing a
westerly air flow. The converse s true for a ring of ajr moving toward the equator—it forms an

casterly air flow. The effect producing these changes in wind direction and v elocity is known as
the Coriolis force.

s the circulation pattern. As a ring of air

The idealized pattern of atmospheric circulation has three cells in each hemisphere, as shown in
Figure 7.1.12. In the tropical cell, heated ajr ascends at the
upper levels, loses heat, and descends toward ¢
one branch moving toward the equator and the

cquator, proceeds toward the poles at
he ground at latitude 30°. Near the ground it branches,

other toward the pole. In the polar cell, air rises at 60
latitude and flows loward the poles at upper levels, then cools and flows back to 60° near the earth's
surface. The middle cell i driven ﬁ'icliunaﬂy by the other two;

: il its surface flows toward the pole,
producing prevailing westerly air flow in the midlatitudes,
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The uneven distribution of ocean and land on the earth’s surface, coupled with their different
thermal properties, creates additional spatial variation in atmospheric circulation. The annual
shifting of the thermal equator due to the earth’s revolution around the sun causes a correspond-
ing oscillation of the three-cell circulation pattern. With a larger oscillation, exchanges of air
between adjacent cells can be more frequent and complete, possibly resulting in many flood
years. Also, monsoons may advance deeper into such countries as India and Australia. With a
smaller oscillation, intense high pressure may build up around 30° latitude, thus creating
extended dry periods. Since the atmospheric circulation is very complicated, only the general
pattern can be identified.

The atmosphere is divided vertically into various zones. The atmospheric circulation described
above occurs in the troposphere, which ranges in height from about 8 km at the poles to 16 km at the
equator. The temperature in the troposphere decreases with altitude at a rate varying with the
moisture content of the atmosphere. For dry air, the rate of decrease is called the dry adiabatic lapse
rate and is approximately 9.8°C/km. The saturated adiabatic lapse rate is less, about 6.5 C/km,
because some of the vapor in the air condenses as it rises and cools, releasing heat into the
surrounding air. These are average figures for lapse rates that can vary considerably with altitude.
The tropopause separates the troposphere from the stratosphere above. Near the tropopause, sharp
changes in temperature and pressure produce strong narrow air currents known as jet streams, with
velocities ranging from 15 to 50 m/s (30 to 100 m/h). They flow for thousands of kilometers and have
an important influence on air-mass movement.

The oceans exert an important control on global climate. Because water bodies have a high
volumetric heat capacity, the oceans are able to retain great quantities of heat. Through wave and
current circulation, the oceans redistribute heat to considerable depths and even large areas of the
oceans. Redistribution is east-west or west-east and is also across the midaltitudes from the tropics to
the subarctic, enhancing the overall poleward beat transfer in the atmosphere. Waves are pre-
dominately generated by wind. Ocean circulation is illustrated in Figure 7.1.13.

Oceans have a significant effect on the atmosphere; however, an exact understanding of the
relationships and mechanisms involved is not known. The correlation between ocean tempera-
tures and weather trends and midlatitude events has not been solved. One trend is the growth and
of water in the equatorial zone of the eastern Pacific Ocean, referred to as

decline of a warm body

f Figure 7.1.13 The actual circulation of the oceans. Major currents are shown with heavy arrows (from Marsh (1987)).
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El Nifio (meaning “The Infant” in Spanish, alluding to the Christ Child, because the effect
typically begins around Christmas). The warm body of water develops and expands every five
years or so off the coast of Peru, initiated by changes in atmospheric pressure resulting in a
decline of the easterly trade winds. This reduction in wind reduces r
eastwardly equatorial countercurrent to rise. As
out into the Pacific and
of the California and H
is the

dare

esistance, causing the
El Nifio builds up, the warm body of water flows
along the tropical west coast of the Americ
umboldt currents. One of the inte
South Oscillation, which changes precipitation pa
as of normally little precipitation,

as, displacing the colder water
resting effects of this weather variation
tterns—resulting in drier conditions in

18 Hydrologic Budget

A hydrologic budget, water budget, or water balance is a me
water, which holds true for any time interval and applies to any size area ranging from local-scale
areas 1o regional-scale areas or from any drainage area to the earth as a whole. The hydrologists
usually must consider an open system, for which the quantification of the hydrologic cycle for that
system becomes a mass balance equation in which the change of storage of water (dS/dr) with
respect to time within that system is equal to the inputs (/) to the system minus the outputs (Q) from

asurement of continuity of the flow of

the system.
(‘nnsidcring[hcnpcnsyste i
surface water system and the o

given time period and area, in depth,

lance equation can be expressed for the
its of volume per unit time separately or, fora
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Surface Water System Hydrologic Budget
B Qin i3 Quur + Q: —E; —T; —I = AS; (2431

where P is the precipitation, Q;, is the surface water flow into the system, Q,,, is the surface water
flow out of the system, Q, is the groundwater flow into the stream, £, is the surface evaporation, T is
the transpiration, / is the infiltration, and AS; is the change in water storage of the surface water

system.

Groundwater System Hydrologic Budget
I+ Gin — Gour — Qg — E; — T, = AS, (/.12

where G, is the groundwater flow into the system, G, is the groundwater flow outof the system, and
AS, is the change in groundwater storage. The evaporation, E,, and the transpiration, T, can be
significant if the water table is near the ground surface.

System Hydrologic Budget
The system hydrologic budget is developed by adding the above two budgets together:

P — (Qonr 7Q‘m) 3 (E\ +E::) 1 {T\ i Tu} ¥ (Gznn %1 (1"u1‘J - A[S\ T -S.UJ' f7.].’1)
Using net mass exchanges, the above system hydrologic budget can be expressed as
P-Q-G-E-T=AS§ (7.1.4)

During January 1996, the water-budget terms for Lake Annie in Florida included precipitation (P) of
1.9 in, evaporation (E) of 1.5 in, surface water inflow (Q;,) of 0 in, surface outflow (Q,,,) of 17.4 in, and
change in lake volume (AS) of 0 in. Determine the net groundwater flow for January 1996 (the

groundwater inflow minus the groundwater outflow).

The water budget equation to define the net groundwater flow for the lake is

GoAS L PUHE Ot Do =10 1.9 1.5-0+17.4 = 17 in for January 1996

72 PRECIPITATION (RAINFALL)

121

Precipitation Formation and Types

Even though precipitation includes rainfall, snowfall, hail, and sleet, our concern in this book
will relate almost entirely to rainfall. The formation of water droplets in clouds is illustrated in
Fioure 7.2.1. Condensation takes place in the atmosphere on condensation nuclei, which are

very small particles (10" — 10 um) in the atmosphere that are composed of dust or salt. These

particles are called aerosols.
ice particles are very <mall and are kept aloft by motion of the air molecules. Once droplets are
formed they also act as condensation nuclei. These droplets tend to repel one another, but in the
atmosphere they attract one another and are heavy enough

During the initial occurrence of condensation, the droplets or

presence of an electric field in the
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Saturated air Initial condensation

A By
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§ as they circulate in the cloud, until
cloud base (from Marsh (1987)).
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impact and aggregation,

Basically, the form

ation of precipitation re
cools and some of jts

quires lifting of an air m ¥Eii
moisture condenges There are three main mechanisms of air mass lifting:
frontal lifting, orographic lifting, and convective lifting. Frontal lifting (Figure 7.2.2) occurs when
warm air is lifted over cooler air by frongg] passage, orographic lifting (Figure 7.2.3) occurs 'when 'L"“
air mass rises over a Mountain range, and convective lifting (Figure 7.2 4) occurs when air is drawn
such as a thunderstorm cell.

ass in the atmosphere; it then

upward by convective action

7.2.2  Rainfall Variability
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Symbol

Higher pressure
Air movement

Warm front
Cold front

Warm front

Light-long duration

Heavy-short duration
precipitation

precipitation

Figure 7.2.2 Cyclonic storms in midlatitude (from Masch (1984)).
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7.2.3 Orographic storm (from Masch (1984)).
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Figure 7.2.6 Normal monthly distribution of precipitation in the United States in inches (1 in = 254 mm) (from U.S.

Environmental Data Services (1968)).

illustrates the rate (as a function of time) at w hich water flows or is added to storage for each of
the processes. At the beginning of a storm, a large proportion of rainfall contributes to surface
storage, and as water infiltrates, the soil moisture storage begins. Both retention storage and
detention storage prevail. Retention storage is held for a long period of time and is depleted by
evaporation, whereas detention storage is over a short time and is depleted by flow from the

storage location.

2 8 -
7.24 Design Storms
The determination of flow rates in streams is one of the central tasks of surface water hydrology.
For most engineering &
typically extreme events. A major assumyj
same return period flow rates from a watershed. The return period of an

ipplications, these flow rates are determined for specified events that are
otion in these analyses is that a certain return period

storm results in the
event. whether the event is a storm or a flow rate, is the expected value or the average value
measured over a very large number of occurrences. In other words, the return period refers to the
time interval for which an event will occur once on the average over a very large number of
occurrences.

Hershfield (1961), in a publication often referred to as TP-40, presented isohyetal maps of
desien rainfall depths for the United States for durations from 30 minutes to 24 hours and return
pcri;uis from 1 to 100 years. The values of rainfall in these isohyetal maps are point precipitation
values, which is |”"-“3il’im”“” occurring at a single point in space (as opposed to areal
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E
£
21 1
w
=
[+}]
=
ol | 1 L iflig:4 ol Libhei 1 I £ 1 B8
0 2 4 6 0 2 4 6 8
Time, r (hrs)
(a)
| | T | T | T [ Iys 1 T T I | I I T T T T | T
5 Jan. 8 3

Rainfall records from
- Kickapoo Station
recording gauge

2 June 23

Accumulated rainfall in inches

| i | | V. | | TR 1 | EEERELET

L |
60 120 180 240 300 360 420
O % 60 120 180 240 300 360 420
0 60 120 180 240 300 360
0 60 120 180 240 300 360 420 480
0 60 120 180 240 300 360

Time, 1 (min)
(b)

]

Figure 7.2.8 (a) Rainfall hyetographs for Kickapoo Station; (b) Mass rainfall curves (from Masch
(1984)).

precipitation, which is over a larger area). Figure 7
all. A later publication, U.S. Weather Bureau (1964), included maps for durations for 2 to
at is referred to as TP-49. Miller et al. (1973) presented isohyetal maps for 6- and

.2.13 is the isohyetal map for 100-year 24-hour

rainf

10 days, in wh : ;
24-hour durations for the 11 mountainous states in the western United States, which supersede

the corresponding maps in TP-40.

Frederick et al. (1977), in a publication commonly referred to as HYDRO-33, presented isohyetal
maps for events having durations from 5 to 60 minutes. The maps of precipitation depths for 5-, 15-,
and 60-minutes durations and return periods of 2 and 100 years for the 37 eastern states are presented

in Figures 7.2.14 a—f. Depths for areturn period are obtained by interpolation from the 5-, 15-, and
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Explanation 97° 45'
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Figure 7.2.10 Isohyetal map of total precipitation (in) on May 24-25, 1981, based on USGS
measurements, the City of Austin network, and unofficial precipitation reports (from Moore et al. (1982))

60-minute data for the same return period:

P1omin = 0.41 Psmin + 0.59 P1smin (7.2.1a)

7.2.1b)

Pmmm S “:‘I Pl\'miw +-0.49 Pm!;nm

To consider return periods other than 2 or 100 years, the following interpolation equation is used:
(7.2.1)

Pl’ I h'!):.: T li‘l“";.,i.‘r

where the coefficients a and b are found in Table 7.2.1
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Emmetville 0.74 0 0
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100% 7 Channel precipitation

Channel flow

Rate relative to precipitation rate

Infiltration
0% Interception and evapotranspiration

Time since precipitation began

. Detention ’:| Retention

Figure 7.2.12 Schematic illustration of the disposal of precipitation during a storm on a watershed
(from Chow et al. (1988)).

NOAA-Atlas 14

The new NOAA Atlas 14, Precipitation — Frequency Atlas of the United States, replaces the use
of the old NOAA Atlas in the semi-arid region of the southwestern U.S., and replaces the use of
the Hvdro-35 and TP 40 in the Ohio River Valley including several surrounding states. The
Nillit)l'ILlI Weather Service (NWS) Hydrometeorological Design Studies Center (HDSC) has
issued the web page (Imp://hd.\'c.n\\'s.nn;m.gm/hd«.cl|ﬂ‘d.\/indc.\.hlml1. which lists publications
that should be used for each state in the U.S. and the time periods for which each should be
used (5 min—60 min, 1 hr—24 hr, and 2-day-10-day periods). The two areas of the U.S. that are
most impacted by the new NOAA Atlas 14 are the semi-arid southwest and the Ohio
River Valley.

Semi-arid Southwest: NOAA-Atlas 2 is no longer valid for the semi-arid southwest, which
includes: Arizona, Nevada, New Mexico, Utah, and Southeast California. For these states, NOAA
Atlas 2 (Volumes 4, 6, 7. 8, and part of 11) has been replaced by NOAA Atlas 14, Volume 1 which is
available online: http://www.nw s.noaa.gov/oh/hdsc/currentpf.htm

Ohio River Valley: Hydro-35 and Tech Paper No. 40 are no longer valid for most states in the Ohio
River Valley and surrounding states, which includes: Delaware, Illinois, Indiana, Kentucky,
Maryland. f\}c\\. Jersey. North Carolina, Ohio, Pennsylvania, South Carolina, Tennessee, Virginia,
WL‘?\E Vireinia, and \\','-ll,,hi|1t_w{(1n. DC. For these states, Hydro-35 and Tech Paper-40 have been
replaced }\_\ NOAA Atlas 14, Volume 2, which is available online: hitp://www.nws.noaa.gov/oh/
hdsc/currentpf.htm

Example point precipitation frequency estimates for two locations are presented in Figure 7.2.15.

These are Chicago, [llinois and Phoenix, Arizona.
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Figure 7.2.14 (Continued).
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ARG Siiiel s | anl TTEATEERS 4 7 10 20 39 45 60
(years) min min mip min  min mjp 3hr 6hr
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0.38 0.60 0.73 0.97 1.18 1.38 1.48

I

2 046 071 088 1.17 144 163 1.81
5 0.55 085 1.05 1.43 1.80 2.12 2.30
10 062 096 1.18 1.63 2,08 247 2.68
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200 093 139 172 2.52 3.4] 415 457
500 1.3 152 199 81 3.88 475 5.24

K

1000 LI1 1.62 202 3.04 426 522 5.78 829 9.18

(a) Chicago, Hinois 41.820 N 87 67 W 593 feet

Figure 7.2.15 Point Precipitation Frequency Estim

(b) Phoenix. Arizona (from Bonnin et g]. (2004)).
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Partial duration based Point Precipitation Frequency Estimates - Version: 4
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(b) Arizona 33.482 N 112,05 W 1158 feet
Figure 72,15 (Continued)




EXAMPLE 7.2.1

, SOLUTION
.

254 Chapter 7 Hydrologic Processes

Table 7.2.1 Coefficients for Interpolating
Design Precipitation Depths Using Equation (7.2.2)

Return period T years a b
79
5 0.674 0.278
10 0.496 0.449
25 0.293 0.669
50 0.146 0.835

Source: Frederick, Meyers, and Auciello (1997),

Determine the 2-, 10-, 25-, and 100-year rainfal] depths for a 15-min duration storm at a location where
Pg_]; - 09 in Lll’ld Plﬂ().IS = ]75 il"l.

P15 and Pys ;5 are determined using equation (7.2.2). From Table 7.2.1, a = 0.496 and b = 0.449 for
10 years and a = 0.293 and p — 0.669 for 25 years:

Pilly‘r n4d PZ)-'!‘ +bPIl)1’J_|r

Pro1s = 0.496 0.9+ 0.449 x 175 — 0.446 +-0.786 = 1.23 i
I’_’i‘li ¥ 029; P_] 15 +0669 P]()U.li = 029; x 0.9 + [)669 X 1.75 = 14; in

IDF Relariom'hips

In hydrologic design projects, particularly urbap drainage design, the use of ."rrfen.s’:'!_v-dum‘!iun-
Jrequency relationships is recommended. Intensity refers to rainfall intensity (depth per unit time).
and in some cases depths are used instead of intensity. Duration refers to rainfall duration, flﬂd
Jrequency refers to return periods, which s the expected valye of the recurrence interval (time
between occurrences). See Chapter 10 for more details. The inlensity-duratinn-frequcncy (IDF)

rclulionships are also referred 1o as IDF cyryeg. IDF I'Cla[i.()n_qhipg have also been expressed in
equation form, such ag

jiit (7.23)

where i s the design rainfa] imensity
are coefficients that vary for location
the return period, such as

ininches Perhour, 7, is the

$11151 1 6 (aridl s ol ]
duration in minutes, and ¢, e, andf
and return perjog. Other for

ms of these IDF equations include

4 cl (7.2.4)
Ta+f
and

cTm 29 35)
i = =3y (I'_“ ‘
T +f
where T'is the retumn pe!

riod. In Chapter 15,14
et al. (1988) describe

i 4 . ; 3 how
‘ : ese IDF equationg are used in urban drainage design. Ct §
n detail how o derive the coefficients for these relationships using rainfall daid
Synthetic Storm Hyetograpp
In many types of hydrologjc

analysis,
(discharge) from

d Watershed the time s
a synthetic storm hye
ation Sery icefl()?.?. 1986) de

iEiiiiiiy ‘ : off
such ag ramfall-runoge analysis, to determine the run

- o otandard
needed. In such cases it is h!dndSoil
ates Department of Agriculture ]
1 .o 18
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Table 7.2.2 SCS Rainfall Distributions

24-hour storm 6-hour storm

P.'/Pl-l

Hour ¢ /24 Type 1 Type IA Type 11 Type 111 Hour ¢ /6 PiPs

0 0 0 0 0 0 0 0 0
2.0 0.083 0.035 0.050 0.022 0.020 0.60 0.10 0.04
4.0 0.167 0.076 0.116 0.048 0.043 1.20 0.20 0.10
6.0 0.250 0.125 0.206 0.080 0.072 1.50 0.25 0.14
7.0 0.292 0.156 0.268 0.098 0.089 1.80 0.30 0.19
8.0 0.333 0.194 0.425 0.120 0.115 2.10 0.35 0.31
85 0.354 0.219 0.480 0.133 0.130 2.28 0.38 0.44
9.0 0.375 0.254 0.520 0.147 0.148 2.40 0.40 0.53
95 0.396 0.303 0.550 0.163 0.167 252 0.42 0.60
9.75 0.406 0.362 0.564 0.172 0.178 2.64 0.44 0.63
10.0 0417 0.515 0.577 0.181 0.189 2.76 0.46 0.66
10.5 0.438 0.583 0.601 0.204 0.216 3.00 0.50 0.70
11.0 0.459 0.624 0.624 0.235 0.250 3.30 0.55 0.75
EIE> 0.479 0.654 0.645 0.283 0.298 3.60 0.60 0.79
EIEYS 0.489 0.669 0.655 0.357 0.339 3.90 0.65 0.83
12.0 0.500 0.682 0.664 0.663 0.500 4.20 0.70 0.86
12.5 0.521 0.706 0.683 0.735 0.702 4.50 0.75 0.89
13.0 0.542 0.727 0.701 0.772 0.751 4.80 0.80 0.91
185 0.563 0.748 0.719 0.799 0.785 5.40 0.90 0.96
14.0 0.583 0.767 0.736 0.820 0.811 6.00 1.0 1.00
16.0 0.667 0.830 0.800 0.880 0.886

20.0 0.833 0.926 0.906 0.952 0.957

24.0 1.000 1.000 1.000 1.000 1.000

Source: U.S. Department of Agriculture Soil Conservation Service (1973, 1986).

the United States. These are presented in Table 7.2.2 and Figure 7.2.16 as cumulative hyetographs.
Four 24-hr duration storms, Type I, IA, II, and III, were developed for different geographic locations
in the U.S., as shown in Figure 7.2.17. Types I and IA are for the Pacific maritime climate, which has
wet winters and dry summers. Type IIL is for the Gulf of Mexico and Atlantic coastal areas, which
have tropical storms resulting in large 24-hour rainfall amounts. Type II is for the remainder of the
United States.

In the midwestern part of the United States the Huff ( 19(17)‘Icmpnml distribution of storms is
widely used for heavy storms on areas ranging up to 400 mi”. Time distribution patterns were
developed for four probability groups, from the most severe (first quartile) to the least severe (fourth
quartile). Figure 7.2.18a shows the probability distribution of first-quartile storms. These curves are
smooth, reflecting average rainfall distribution with time; they do not exhibit the burst characteristics
of observed storms. Figure 7.2.18b shows selected histograms of first-quartile storms for 10-, 50-,
and 90-percent cumulative probabilities of occurrence, eachillustrating the percentage of total storm
rainfall for 10 percent increments of the storm duration. The 50 percent histogram represents a
cumulative rainfall pattern that should be exceeded in about half of the storms. The 90 percent
histogram can be interpreted as a storm distribution that is equaled or exceeded in 10 percent or less

of the storms.

Using equation (7.2.3). compute the design rainfall intensities for a 10-year return period, 10-, 20-, and
0.89, and f = 9.10.

60-min duration storms for ¢ = 62.5, ¢
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Figure 7.2.18 (a) Time distribution of first-quartile storms. The probability shown is the chance that the observed storm pattern
will lie to the left of the curve; (b) Selected histograms for first-quartile storms (from Huff (1967)).

SOLUTION

The rainfall intensity duration frequency relationship is then

iR
T 900

_ﬁi_ = 3.71 in/hr. For T; = 20 min, i = 2.66 in/hr, and for
10°% +9.10

T; = 60 min, i = 1.32 in/hr.

For T; = 10 min, i =

125 Estimated Limiting Storms

Estimated limiting values (ELVs) are used for the design of water control structures such as the
spillways on large dams. Of particular interest are the probable maximum precipitation (PMP) and
the probable maximum storm (PMS). These are used to derive a probable maximum flood (PMF).
PMP is a depth of precipitation that is the estimated limiting value of precipitation, defined as the
estimated greatest depth of precipitation for a given duration that is physically possible and
reasonably characteristic over a particular geographical region at a certain time of year (Chow
et al.. 1988). Schreiner and Riedel (1978) presented generalized PMP charts for the United States
east of the 105th meridian HMR 51. The all-seasons (any time of the year) estimates of PMP
are presented in maps as a function of storm area (ranging from 10 to 20,000 mi”) and storm
durations ranging from 6 to 72 hours, as shown in Figure 7.2.19. For regions west of the 105th

meridian. the diagram in Figure 7.2.20 shows the appropriate U.S. National Weather Service
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7.3 EVAPORAT ION

Water evaporating in ajr
O
Oxygen Hydrogen throgen

Figure 7.3.1 Evaporation (magnifieqd one billion times) (from Feynman et al. (1963)).

Energy Bal:
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SPACE Outgoing radiation
Incoming Shortwave | Longtvave ;
solar radiation 6 20 4 6 38 26
100 A0 T A S +
ATMOSPHERE Bac"scaby a?‘e’ed Net erlnission by '
Ir
Absorbed by i) water vapor, CO,
water vapor, 16 Reflectsd (\
dust, O by clouds Emission
V. by clouds
J Q 15 Absorption
Absorbed v;)gov:aéecr)z Latent
by clouds | Reflected Bestia
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Net surface emission heat fiux
of longwave radiation "‘
OCEAN, LAND 51 21 7 23

Figure 7.3.2 Radiation and heat balance in the atmosphere and at the earth’s surface (from U.S. National
Academy of Sciences (1975)).

of all, there are water molecules in the form of water vapor, which are always found above liguid
water. In addition, there are some other molecules: (a) two oxygen atoms stuck together by
themselves, forming an oxygen molecule, and (b) two nitrogen atoms stuck together, forming a
nitrogen molecule. Above the water surface is the air, a gas, consisting almost entirely of nitrogen,
oxygen, some water vapor, and lesser amounts of carbon dioxide, argon, and other substances. The
molecules in the water are always moving around. From time to time, one on the surface gets
knocked away. In other words, molecule by molecule, the water disappears or evaporates.

The computation of evaporation in hydrologic analysis and design is important in water supply
design, particularly reservoir design and operation. The supply of energy to provide latent heat of
vaporization and the ability to transport water vapor away from the evaporative surface are the two
major factors that influence evaporation. Latent heat is the heat that is given up or absorbed when a
phase (solid, liquid, or gaseous state) changes. Latent heat of vaporization (l,) refers to the heat
given up during vaporization of liquid water to water vapor, and is given as /, = 2.501 x 10°
— 23707, where T is the temperature in °C and /, is in joules (J) per kilogram.

Three methods are used to determine evaporation: the energy balance method, the aerodynamic
method, and the combined aerodynamic and energy balance method. The energy balance method
considers the heat energy balance of a hydrologic system, and the aecrodynamic method considers the
ability to transport away from an open surface. Figure 7.3.2 illustrates the radiation and heat balance
in the atmosphere and at the earth’s surface along with relative values for the various components.

Energy Balance Method
Consider the evaporation pan shown in Figure 7.3.3 with the defined control volume. This control
volume contains water in both the liquid phase and the vapor phase, with densities of p  and [ }
respectively. The continuity equation must be written for both phases. For the liquid phase, the
extensive property B = m (mass of liquid water), the intensive property B = 1, and dB/di m,,
which is the mass flow rate of evaporation. Continuity for the liquid phase is then

4 d - ]
- M. = — p (!1 t S P”\'-'-\ {-.

sl
v

(o

D
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Sensible
heat to air Net radiation Vapor flow rate
R

Control surface

Heat conducted to ground

3 g3 3 anit for an evs tion
Figure 7.3.3 Conrol volume defined for continuity and energy equation development for an ev apora
pan (from Chow et 4. (1988)).

Because the pan has im
> P V-A=,
s

The rate of change of storag

] : viol & 4 1 ; ce, S0
permeable sides, there ig 1o flow of liquid water across the control surfa

eis
d dh (7.3.2)
4 g k¥4
7 | Pty =p,a
cv
. ; : : 2)
where A is the Cross-sectional areg of the Panand A is the depth of water. Substituting equation (7.3
into (7.3.1) gives
-, =p ‘A@ (733&)
L W (][
or
M= p AR (7.3.3b)
where £ = _ g, /dt is

the EVaporation rate.
vVapor phase, the exten
B= qv(specific humid

(‘nmr’dcring the sive Property is g

intensive Property is ity), and dB/dr

IS

the
= my(mass of water Vaporj'haie
= m,. Continuity for the vapor pha:

SEEEL 7.34)
m — 7 [ 9p.d Y+ Zq‘.p”\/-A (
v Ccs
(‘nn:\fdcring steady flow oyer the pan,

4 S 8E, 1e 18
the time derivative of Water vapor in the control volun

d
zero, — [ hPdY = 0, and m, from equ
dt i

: ) tain
ation (7.3 3) js Substituted into equation (7.3.4) to obta
v )
P, AEZ 9p,V-A (Vi3
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which is the continuity equation for the pan. Equation (7.3.5) can be rearranged to yield

1
a1 (pn 4) Z ql-pJV ‘A (7.3.6)

CS

Next, consider the heat energy equation (3.4.19):

dH dw, d [ 5 p 355 $4 :
{}]_ 3 —{;’T—E l (c}u—i--i\/ ﬁ’_q_)pl‘(jff ;(T eyt & ! t IL'_)])“ V-A (3.4.19)
CV X

using p,. to represent density of water; dH/dt is the rate of heat input from an external source,
dW;/dt = 0 because there is no work done by the system; e, is the specific internal heat energy of the
water; V = 0 for the water in the pan; and the rate of change of the water surface elevation is small
(dz/dt = 0). Then the above equation is reduced to

dH d 1134
ETIE. (’“p“(i"f {7.3.7)
cv
The rate of heat input from external sources can be expressed as
dH 1 il
— =R, —H, -G (7.3.8)
dt

where R, is the net radiation flux (watts per meter squared), H, is the sensible heat to the air stream
supplied by the water, and G is the ground heat flux to the ground surface. Net radiation flux is the net
input of radiation at the surface at any instant. The net radiation flux at the earth’s surface is the major
energy input for evaporation of water, defined as the difference between the radiation absorbed,
Ri(1 — o) (where R; is the incident radiation and o is the fraction of radiation reflected, called the
albedo), and that emitted. R,

R,.,:R;flf U.J“R!. (7.3.9)
The amount of radiation emitted is defined by the Stefan—Boltzmann law
R. = ecT, (7.3.10)
where e is the emissivity of the surface, ¢ is the Stefan-Boltzmann constant (5.67 »
10 ¥W/m?2 - K*), and T, is the absolute lcmpgrature of the surface i?1 degrees }\Tcl\:in.
Assuming that the temperature of the water in the control volume is constant in time, the only
change in the heat stored within the control volume is the change in the internal energy of the water
@ j ~ . .
evaporated /,r,, where [, is the latent heat of vaporization, so that

d :
— | ewp, d¥ = Lim, (7.3.11)
dt uPy
cv
Substituting equations (7.3.8) and (7.3.11) into (7.3.7) results in
R,—H;— G :/'.ﬂh‘ (7.3.12)

: i ER R At 19y . 2 ETREPRINET
From equation (7.3.3b), i, = p,AE. Substituting in (7.3.12) with A = 1 m* and solving for E (to

denote energy balance) gives the energy balance equation for evaporation,

1
E :—777\'11\’”"!{\ ) f‘-"]ﬂl;w
)\

Assuming the sensible heat flux H, and the ground heat flux G are both zero, then an evaporation
A & b : ] s .

rate E,, which is the rate at which all incoming net radiation is absorbed by evaporation, can be
ate E,, ! )
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EXAMPLE 7.3.1

SOLUTION

calculated as

(7.3.14)

For a particular location the average net radiation is 185 W/m>, air lemperature is 28.5°C, relative
humidity is 55 percent, and wind speed is 2.7 m/s at aheight of 2 m. Determine the open water evaporation
rate in mm/d using the energy method.

Latent heat of vaporization in joules (J) per kg varies with T (°C), or /, = 2.501 x 10° — 23707,
/‘. =2501 *237 x28.5 = 2433 k_]/kg Py = 996.3 f(gjm ‘, The ey aporation rate h_\' the energy bal-
ance method is determined using equation (7.3.14) with R, = 185 W/m?2:

E.=R/(lp,) = 185/(2433 x 103 « 996.3) = 7.63 x 10-* m/s = 6.6 mm/d.

7.3.2 Aerodynamic Method

Elevation

Wind velocity
u

Figure 7.3.4 By

As mentioned previous]
away from the water gy
and the wind Speed acro

Y, the aerodynamic method considers the ability to transport water vapor
tface; that is, generate by the humidity gradient in the air near the surface
ss the surface. These Processes can be analyzed by coupling the equation for

ity gradient, fespectively) (see Chow et al., 1988). The m,[m
X can be used 1o define the Thornthwaite—Holzman f)qa.'a‘”o.r.I
Holzman, 1939). Chow et al. (1988) present details of this

: Oration equation for the aerodynamic method expresses the

evaporation rate E, as a funcyj i pressure at the surface e,,, whichisthe
.s:an.n':.'tmn Yapor pressure at ambient »ir temperature (when the rate of evaporation and condensa:
tion are €qual), and the Vapor pressyre

| E 4 123 e
1 ata height z, aboye the water surface, which is taken s th
ambient Vapor pressure in ajr e,

Ea = B(E'u_s»—t",) (7315]

“:helr]e Wit M/day and B is the Yapor transfer coefficien with units of mm/day - P2
given as

b N
5 [=
S

= =
2 g
ol ]
w i

Air Specific

temperature humidity

T 4y

aporation from ap open water surface (from Chow et 4 (1988))

f
a

|

EXAMPLE 7.3.

SOLUTION

733 Combin
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B _(]LI (llh‘;_

[In(z3/20)]*

7.3.16)

where u; is the wind velocity (m/s) measured at height z; (cm) and z; is the roughness height
(0.01-0.06 cm) of the water surface. The vapor pressures have units of Pa (N/m>). The saturation

vapor pressure is approximated as

E11 o 17277 135441
€as = EXp 2—;_' _;* T*/ 3.17)

and the vapor pressure is
Ei=Rie, (7.3.18)

where 7'is the air temperature in °C and R}, is the relative humidity (R = ¢,/e,;)and (0 < R, < 1).

EXAMPLE 7.3.2 Solve example 7.3.1 using the aerodynamic method, by using a roughness height zo = 0.03 cm.
SOLUTION From equation (7.3.17), the saturated vapor pressure is

€as = 611 exp [17.27T/(237.3+T)] = 611exp [17.27 x 28.5/(237.3 +28.3)

= 3893 Pa
The ambient vapor pressure e, is determined from equation (7.3.18); for a relative humidity
Ry = 0.55, e, = €as Ry = 3893 % 0.55 = 2141 Pa. The vapor transfer coefficient B is given by equa-
tion (7.3.16) in which u; = 2.7 m/s, z; = 2m, and zp = 0.03 cm for an open water surface. so that
Be=0. l021;)/{1:1(::/:0)']3 = 0.102 x 2.7/[In(200/0.03)]" = 0.0036 mm/d - Pa; then the evaporation
rate by the aerodynamic method is given by equation (7.3.15):

E, = B(e,; — e;) = 0.0036(3893 — 2141) = 6.31 mm/d.

133 Combined Method

When the energy supply is not limiting, the aerodynamic method can be used, and when the vapor
transport is not limiting, the energy balance method can be used. However, both of these factors are not
normally limiting, so a combination of these methods is usually required. The combined method

A : Y ! g
= Y+ | —— |E, .3.19)
i (A—~7)i (A -?) ' |

in which ( )E, is the vapor transport term and ( )E,, is the aerodynamic term. vy is the psychromerric
constant (approximately 66.8 Pa/*C) and A is the gradient of the saturated vapor pressure curve

equation is

A = de,/dT at air temperature T, given as
4098e,,

(2373 +1,)

{7320

in which e, . is the saturated vapor pressure (the maximum moisture content the air can hold for a
as ' F

given temperature).
The combination method is best for application to small areas with detailed climatological data
including net radiation, air temperature, humidity, wind speed, and air pressure. For very large areas,
o

energy (vapor transport) largely governs evaporation. Priestley and Taylor (1972) discovered that the
£) gel)

aerodynamic term in equation (7.3.19) is approximately 30 percent of the energy term, so that
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- EXAMPLE 7.3.3

SOLUTION

EXAMPLE 7.3.4

SOLUTION

equation (7.3.19) can be simplified to

A - \
=13(— |E (7.3.21)
Ei=13 (A A ‘{,)

which is known as the Priestley-Taylor evaporation equation.

Solve example 7.3.] using the combined method.

The gradient of the Saturated vapor pressure curye is, from equation (7.3.20),

A = 4098e,,/(237.3 +T)? = 4098 « 3893/(237.3+28.5)* = 225 8 ParC

The psychrometric constan Y is approximately 66,8 pa/- CithenE,and E, may be combined according to
€quation (7.3.19) to give

= (225.8/(225.8 + 66.8))6.6 + (66.8/(225.8 + 66.8))6.31 —

0.772(6.6) + 0.228(6.31)
=510+ 1.44 = 6.54 mmyd

Solve example 7,3.1 using the Priestley—TayJor method.

The evaporation is computed using €quation (7.3.21):

. A 2258
E=3liiees EE=13 St i)
(4+Y) (225.84—66.8)66

= 6.62 mm/d

7.4 INFILTRATION

. -

Figure 7,41 Subsurface y

The process of wate
the condition of the
conductivity, and Mmoisture cq

I penetrating into the soilis infiltration. The rate of infiltration is influenced 1?)’
soil surface, Vegetative cover, and soj] properties including porosity, hydr.at.ihc
ntent. In order to discuss infiltration, we must first consider the di"'S’(,m
of subsurface water (see Figure 6.1.2) anqg the various subsurface flow processes shown In
Figure 7.4.1. These Processes are infiltration of water 1o become spi/ moisture, subsurface flow
(unsaturated flow) through the ;). and Sroundwater flgy, (saturated flow). Unsaturated ﬂmrrefer.f
10 flow through a porgus medium when some of the voids are oOccupied by air. Saturated flow occurs
when the vojds are filled witp Water. The wqrer table is the interface between the saturated and

unsaturated flow, where atmospheric pressyre Prevails. Saturated fioy occurs below the water table
and unsaturaed flow oceurs

above the water table,

Ground Surface _\

Water tapje

ater Zones

and processes (from Chow et al. (1988)).

74.1

Unsatur
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74.1 Unsaturated Flow
The cross-section through an unsaturated porous medium (Figure 7.4.2a) is now used to define
porosity, 1.

volume of voids i
FIEPEARAATREEE § (7.4.1)
total volume

in which m is 0.25 <1< 0.40, and the soil moisture content, 9,

volume of water i
= (7.4.2)
total volume

in which 6 is 0 < 6 < 1. For saturated conditions, 8 = 1.

Consider the control volume in Figure 7.4.2b for an unsaturated soil with sides of lengths dx, dy,
and dz, with a volume of dxdydz. The volume of water contained in the control volume is Odxdyd:.
Flow through the control volume is defined by the Darcy flux, ¢ = Q/A, which is the volumetric flow
rate per unit of soil area. For this derivation, the horizontal fluxes are ignored and only the vertical (z)

direction is considered, with z positive upward.

Control surface

. Solid particles

[ | water

el

[ ] Air-filed voids

Elevation

Darcy flux

(5)

Figure 7.4.2 (a) Cross-section through an unsaturated porous medium; (b) Control volume for
development of the continuity equation in an unsaturated porous medium (from Chow et al. (1988)).
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force that binds Water to soil particjes th

Hydrologic Processes

With the control volume approach, the extensive property B is the mass of soil walter, so the
intensive property B = dB/dm = land dB/dt = 0, because no phase changes are occurring in

water. The general control volume equation for continuity, equation (3.3.1). is applicable;
D= i [p dv+ [p\-’ -dA (743)
dr 3
cv cs

The time rate of change of mass stored in the control volume is

{ 00
(—j; I pdv = [% (pOdxdydz) = pdxdyd=z i:_[ (7.44)
cv

] pV-dA =p (fl + 2{ d:) dxdy — pgdxdy pdxdyd: ;—tf (7.4.3)
0z 2
v

Subsliluting equations (7.4.4) and (7.4.5) into (7.4.3) and dividing by pdxdyd-= results in the following
continuity equation Jor one-dimensiong] unsteady unsaturated flow in a porous medium:

Gl L% _ 0 (7.46)
ot oz

Darcy’s law relates the Darcy flux g to the rate of headloss per unit Jen gth of medium. For flow in

the vertical direction the headloss per unit length is the change in total head 9/ over a distance, oz,

i.e., —0h/dz, where the negative sign indicates that total head decreases (as a result of friction) in the
direction of flow. Darcy’s law can now be

g= _yxoh (74.7)

where K is the hydraulic conductiy
Cross-section of individya pores and

flow of constant velocity with a net force of zero in 5 fluid element, I unconfined saturated flow, the

forces are gravity and friction, For unsatyr

bonds and the partic]e surfaces. This in turn draws water up around the particle surfaces, leﬂ\f'l.mI
Ny 1 i¥ . . p tion
airin the center of the voids, The energy due to the soj] suction forces is referred to as the suctit
head s in Unsaturated flow, which, v

] ; ; i : the
aries with moistyre content. Total head is then the sum of
suction and gravity heads:

h=v (7:48)

r

Note that the velocities are S0 small that there 18 No term for velocity head in this expression fo
total head.

!
f

EXAMPLE 7.4.

SOLUTION

EXAMPLE 7.4.

SOLUTION




EXAMPLE 7.4.1

SOLUTION

EXAMPLE 7.4.2

SOLUTION
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Darcy’s law was originally conceived for saturated flow and was extended by Richards (1931) to
unsaturated flow with the provision that the hydraulic conductivity is a function of the suction head,
ie., K= K(y). Also, the hydraulic conductivity can be related more easily to the degree of
saturation, so that K = K(0). Because the soil suction head varies with moisture content and
moisture content varies with elevation, the suction gradient can be expanded by using the chain rule
to obtain

dy dyado
NS RETTCE 7.4.10
0z dooz ( )

in which 80/0z is the wetness gradient, and the reciprocal of dy/d®, i.e., d0/dv, is the specific
water capacity. Now equation (7.4.9) can be modified to

dy | oz dy 26 dyoo 1
= — — P = - —_— 4 ] = — K*f + K 7.4.
: K((: i a:) K(ae o d6 o ) Hitied

The soil water diffusivity D(L*/T) is defined as

dy
) L2 ks 7.4.12)
d0 ( '

so substituting this expression for D into equation (7.4.11) results in

o6
q= —(Di_ +K) (7.4.13)

Using the continuity equation (7.4.6) for one-dimensional, unsteady, unsaturated flow in a porous

medium yields

-~ "‘. A "-9
@:ui_‘f_f_(n;. K) (7.4.14)
ot Oz 0z 0z

which is a one-dimensional form of Richards’ equation. This equation is the governing equation for
unsteady unsaturated flow in a porous medium (Richards, 1931). For a homogeneous soil,

0K /dz = 0, so that 08/t = 8(D00/0z) /0z.

Determine the flux for a soil in which the hydraulic conductivity is expressed as a function of the suction
headas K = 250( — v) ~21ih em/datdepthz; = 80 cm, by = — 145 cm,and g, = — 65 cmaat
depth z; = 100¢cm, by = — 160 ¢cm, and y, = — 60 cm.

The flux is determined using equation (7.4.7). First the hydraulic conductivity is computed using an

average value of y = [ — 65 + (—60)]/2 = —62.5 cm. Then K = 250( — v) a¥i+=150¢42.5) M

— 0.041 cm/d. The flux is then

hy — hy —145- (=160} _ 003 cm/
i _K(,) L1 _0.041[ —80 - (- 100) 19} Feve

21 — 22

The flux is negative because the moisture is flowing downward in the soil.

0.1 and K =3 x 10" ""mm/s from a

Determine the soil water diffusivity for a soil in which 8 =
£10.35.

relationship of y(0) at 8 = 0.1, Ay = 0" mm, and A8 -

(1.4.12), the soil water diffusivity is D = Kdy/dO = (3 x 10" mm/s)

Using equation 2
(107 mm/0.35) = 8.57 x 10~ " mm/s.
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Figure 7.4.3

~—— Depth

Figure

7 Hydrologic Processes

7.4.2 Green-Ampt Method

Figure 7.4.3 illustrates the distribution of soi] moisture within a soi profile during downwarg
movement. These moisture zones are the sarurated Zone, the transmission Zone, a wetling zone, and
a wetting front. This profile changes as a function of time

as shown in Figure 7.4.4,
The infiltration rate fis the rate at which water enters the soil surface. expressed in in/hr or cm/hr

The potential infiltrate rate is the rate when water is ponded on the soil surface, so if no ponding
occurs the actual rate is Jess than the potentia] rate. Most infiltration e
infiltration rate, ¢, umulative infiltration F is the
mathematically as

qQuations describe a potential
accumulated depth of water infiltrated, defined

!

F(t) = Jﬂridr

(7.4.15)
0
and the infiltration rate is the time derivative of the cumulative infiltration given as
Flr) < ) (7.4.16)
dt

Figure 7.4.5 illustrates g rainfa
curves. (See Section §.2

Green and Ampt (1911)
wetting front is a sharp ho

and cumulative infiltration
> rainfal] hyemgraph,)

Moisture content ——

Wetting frong

Moisture Zones during infiltration (from Chow et al. (1988)).
Saturation

b; 100%

7.4.4 Moisture profile

das

a functiop of time for water added o the

soil surface.
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Rainfall
hyetograph

e

2
-

& 1
g &8¢
[ =]
Cel
I®S
EESE
o= 3
(i i =F &

Figure 7.4.5 Rainfall infiltration rate and cumulative infiltration. The rainfall hyetograph illustrates
the rainfall pattern as a function of time. The cumulative infiltration at time 7 is For F(r)and attime [ + Aris
F, 4 o or F(2+ At) and are computed using equation (7.4.15). The increase in cumulative infiltration
fromtime rtof + AtisFy 4 o — Fror F(t + At) — F(t),as showninthe figure. Rainfall excess is defined
in Chapter 8 as that rainfall that is neither retained on the land surface nor infiltrated into the soil.

Wetted zone L
(conductivity K)
Wetting front )
R AL IR AL
B’_\-q— Bi A8 3
— Eueei e ey EEEsy
| n

Figure 7.4.6 Variables in the Green—-Ampt infiltration model. The vertical axis is the distance from
the soil surface; the horizontal axis is the moisture content of the soil (from Chow et al. (1988)).

with moisture content 1 above. The wetting front has penetrated to a depth L in time ¢ since
infiltration began. Water is ponded to a small depth /i, on the soil surface.

Consider a vertical column of soil of unit horizontal cross-sectional area (Figure 7.4.7) with the
control volume defined around the wet soil between the surface and depth L. For a soil initially of
moisture content 8; throughout its entire depth, the moisture content will increase from 6; to 1 (the

porosity) as the wetting
total volume within the control surface. L(n — ;) is then the increase in the water stored within the
control volume as a result of infiltration, through a unit cross-section. By definition this quantity is
equal to F, the cumulative depth of water infiltrated into the soil, so that

F(f) =L(n—0;) =LA6 (7.4.17)

front passes. The moisture content 0 is the ratio of the volume of water to the

where A8 = (1 — 6;).
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hﬂ
Ground surface

Wetting front

Figure 7.4.7 Infiltration ingo

a column of spj] of unit Cross-sectional
(from Chow et al. (1988)).

area for the Green—Ampt model

Darcy’s law may be expressed (using equation (7.4.7)) as

oh Ah 7.4.18)
g = K—* =L g (/‘. . /
4 0z 1 Az
The Darcy flux g is cong epth and is equal (o ~/. because q is positive upward
while fis positive downward. If poings | gg 2 are located at the ground surface and just on the dry
side of the wetting front,

respectively, then €quation (7.4.18) can pe approximated by

:1‘:1

(7.4.19)
The head hy at the surface is e
wetting front, quals — y

1 K[/roh(‘w‘u (7.4.20a)
I
ind if the pondeq depth y is negligible compared tp Vand [,
faglvtL (7.4.20b)
L
This assumption (4, — 0) is usually appropriate for Surface water hydrology problems because itis
assumed that pondeg Wwater becomeg Surface runoff
From equation (7.4 17), the Welting fron¢ depth is 7, — F/AB, and assuming /g = 0, substitution
into equation (7.4.20) gives ’
f:K[wAB-LF} (7.4.21)
i3
Since f — dF /di, €quation (7.4.2] ) can be €xpressed ag
F as .

adifferentia] €quation in the one unknown
A e[vae p
dr = _‘F—‘

To solve for F, CIoss-multiply ¢, obtain

F
[m} dF = kuy
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Then divide the left-hand side into two parts

F+yAb  yAB
F+yA® F+wyAB

}J'F = Kdt

and integrate

F(r)

yae | [
PR aidesicfipg i
J [ F+wA8}f . Kdt
0

to obtain
F(t) —yA®{In[F (1) + yAB] — In(yAB)} = K1 (7.4.22a)
or
F(1)
2 whdl§88 " 29
F(1) wABln(l - wAB) Kt (7.4.22b)

Equation (7.4.22) is the Green—-Ampt equation for cuamulative infiltration. Once F is computed using
equation (7.4.22), the infiltration rate f can be obtained from equation (7.4.21) or

. YAl
F(I)—K{quvl} (7.4.23)
When the ponded depth /i is not negligible, the value of W + /g is substituted for y in equations
(7.4.22) and (7.4.23).

Equation (7.4.22) is a nonlinear equation in F that can be solved by the method of successive
substitution by rearranging (7.4.22)

F(t) = K1 +lpABln(] + M) (7.4.24)
yAO

Given K, 1, y, and A8, a trial value F is substituted on the right-hand side (a good trial value is F =
K1), and a new value of F calculated on the left-hand side, which is substituted as a trial value on the
right-hand side, and so on until the calculated values of F converge to a constant. The final value of
cumulative infiltration F is substituted into (7.4.23) to determine the corresponding infiltration rate /.

Equation (7.4.22) can also be solved by Newton's method, which is more complicated than the
method of successive substitution but converges in fewer iterations. Newton'’s iteration method is
explained in Appendix A. Referring to equation (7.4.24), application of the Green-Ampt model
requires estimates of the hydraulic conductivity K, the wetting front soil suction bead w (see
Table 7.4.1), and A6.

The residual moisture content of the soil, denoted by 6, is the moisture content after it has been
thoroughly drained. The effective saturation is the ratio of the available moisture (6 — 6,) to the
maximum possible available moisture content (1 — 6,), given as

where 1 — 6, is called the effective porosity 0,.

The effective saturation has the range 0 <s.<1.0, provided 8, < 0 <1. For the initial
condition. when @ = 8;, cross-multiplying equation (7.4.25) gives 6; — 6, = 5.0, and the change
in the moisture content when the wetting front passes 1s

AB=mn-0; =n—-(s.0.+6,)
AO=(1—-5.)0,

(7.4.26)
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Table 7.4.1

Loamy sand
Sandy loam
Loam

Silt loam

Sandy clay loam
Clay loam

Silty clay loam
Sandy clay

Silty clay

Clay

Source: Rawls, Brakensiek. and

A logarithmic relationshj
€xpressed by the Brooks

in which s, and ),
at each stage, and
Brakensiek ¢

using the Brooks
mately 5000 soi]

(}recnﬁAmp! Parameters n, 6,, v,
soil becomes finer, moving fi
while the hydraulic wmluum'i[d\f de
The ranges are not |
along with W, 50 the
values that may shoy
Agricultura] Engine

dre constants obtaiy
fitting equatiop
al. (1981) Presented g method

Corey €Quation. Raw]g et al.

arge for n
values gi

Porosity

(0.374-0.500)

0.437
(0.363-0.506)
0.453
(0.351-0.555)
0.463
(0.375-0.551)
0.501
(0.420-0.582)
0.398
(0.332-0.464)
0.464
(0.409-0.519)
0471
(0.418-0.524)
0.430
(0.370-0.490)
0.479
(0.425-0.533)
0.475

(0_4274}_523)

* The numbers i parentheses below each parameter

Miller (1983),

P between the effectiy
~Corey equation (Bro

and K for g
rom sand tq clay, the we
Creases, Table 74.1
and 0, byt W can vy
ven in Table
4 Considergh]e

ers, 1983- Devanrs and Gifford, |

Effective

porosity

(0.354-0.480)
0.401]
(0.329-0.473)
0412
(0.283-0.541)
0434
(0.334-0.539)
0.486
(0.394-0.578)
0.330
(0.235-0.425)
0.309
(0.279-0.501)
0.432
(0347-0.517)
0.32]
(0.207-0.435)
0.423
(0.334-0.512)
0.385
(().269—0.5(”)

are one standarg

€ saturation g
oks and Core

i [yi‘]k
1}

1ed by drainin
(74.27) to the

gasoilip Stage
resulting datg.
for delermining t
(1983) use

ifferent soil ¢l

Green-Ampt Infiltration Parameters for Various Soil Cl

Wetting front
soil suction

head v (¢cm)

Soil class n 0, { Kined
Sand 0.437 0.417

4.95
(0.97-25.36)
6.13
(1.35-27.94)
11.01
(2.67—45.47)
5.89
(I,_U.,ﬁl),_?xl
16.68
(2.92-95 39
21.85
(4.42-108.0)
20.88
(4.79-91.10)
27.30
(5.67-131.50)
23.90
(4.08-140.2)
29.22
(6.13-139.4)
31.63
(6.39-156.5)

asses*

— I

Hydraulic
conductivity
K (cm/h)
— I SIEEN
11.78

0.10
0.10
0.06
0.05

0.03

it - ster value given.
deviation around the parameter value g

. ] ! .an be
e and the soil suction head Wy can b

Y, 1964)-

S, measuring the values of s, and
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asses, as listed in Table 7.4.1. As the
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Iy over
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a wide range for a given soil. K varies
VW and K
of vzlriuhility
086).

. 7 ."Jl
should be considered typic 1_
. ‘net1etv 0

application (American Society
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Table 7.4.2 Infiltration Computations Using the Green—Ampt Method

ilic
Time ¢ (hr) 0.0: - 101::02 DR I0ME NS i 15 20} 28 301351 40, 45, . 50:i55i6D

Infiltration rate f (cm/hr) == 178 1.20 0.97 0.84 0.75 0.54 044 039 0.35 032 030 0.28 027 026 025 024
Infiltration depth F (cm) 0.00 0.29 043 0.54 0.63 0.71 1.02 1.26 147 165 1.82 197 2.12 2.26 239 251 264

vity
h)

EXAMPLE 7.4.3 Use the Green—Ampt method to evaluate the infiltration rate and cumulative infiltration depth for a silty
clay soil at 0.1-hr increments up to 6 hr from the beginning of infiltration. Assume an initial effective

saturation of 20 percent and continuous ponding.

SOLUTION From Table 7.4.1, for a silty clay soil, 6, = 0.423, y = 29.22 ¢cm, and K = 0.05 cm/hr. The initial
effective saturation is 5, =0.2, so AB=(1-s,), 0, = (1—-0.20)0.423 = (0.338, and WA®
29.22 x 0.338 = 9.89 cm. Assuming continuous ponding, the cumulative infiltration F is found by
successive substitution in equation (7.4.24):

F = Kt +yA@ In[1 + F/(yA8)] = 0.05:+9.89 In[1 + F/9.89)]

For example, at time ¢ = 0.1 hr, the cumulative infiltration converges to a final value F = 0.29 cm. The
infiltration rate f is then computed using equation (7.4.23):

f=K(1+wyA8/F) =0.05(1+9.89/F)

As an example, at time = 0.1 hr, f = 0.05(1 +9.89/0.29) = 1.78 cm/hr. The infiltration rate and the
cumulative infiltration are computed in the same manner between 0 and 6 hr at 0.1-hr intervals; the results
are listed in Table 7.4.2.

EXAMPLE 7.4.4 Ponding time 7, is the elapsed time between the time rainfall begins and the time water begins to pond on
the soil surface. Develop an equation for ponding time under a constant rainfall intensity , using the

Green—Ampt infiltration equation (see Figure 7.4.8).

SOLUTION The infiltration rate f and the cumulative infiltration F are related in equation (7.4.22). The cumulative
infiltration at ponding time #, is Fj, = it,, in which 7 is the constant rainfall intensity (see Figure 7.4.8).
Substituting F,, = it, and the infiltration rate f = 7 into equation (7.4.23) yields

A0
i:K(w.—+1)
it,

/
7

’
< Cumulative rainfall

/ Cumulative infiltration

\\-—— Potential infiltration rate

3 Rainfall rate

Actual infiltration
rate

Rate (in/hr or cm/hr)
Cumulative (in or cm)
o
_u:

|

I

I

|

E11 | |
t,o Time

Time
' Figure 7.4.8 Ponding time. This figure illustrates the concept of ponding time for a constant intensity rainfall.
Ponding time is the elapsed time between the time rainfall begins and the time water begins to pond on the

soil surface.
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fa i
° 2 !
g g Rainfall excess
c
5 B 1
—
: g
g iln §
P |

Time

fo
J f=fe+(fy=f) et
S Rainfall excess
ol
5
j; —_——

Time
Figure 7.4.9 ®D-index angd Horton’s €quation,

and solving, we get

Kyao

Ip=——__
ii—-K)

which is the ponding time for d constant rajnfy] intensity.

Other Infiltration Methods

The simplest accounting of abstractiop i the ®-jngje x (refer to Figure 7.4.9 ang Section 8.2), which

iS a constant rate of abstractjon (in/h or ¢m/h). Other Cumulative infiltration and infiltration rale

relation that assumes infiltratjop begins at

constant rate f, (refer to Figure 74.9), The inﬁltrafi

f; :f,:-%(]‘;, ﬁf;)(J'm (7428]

and the Cumulatiye inﬁltrutinn Capacity ig EXpressed gg

fi=fit —([97:1")(; — g ~kty (7.4.29)

where £ is 3 decay constant, Many other e

] . ~ . . / 2 [hﬂ[
‘ : _ : Mmpirica] Infiltratiop €quations have been developed
can be found ip the varioyg hydrol()gv texts

Richard’s €quation can pe solved (Philip, 1957
assuming that K ang D (equatiop 7.4.14) can vary with
transformatiop B(B) = z-12

€quation in B and solved 1o obt

1969) under Jess restrictive conditions by
moisture content. Philip used the Boltzma??
10 convery Richarg’g €quation (7.4.14) into an ordinary djﬁ'ercmld.
ain an intimate series for Cumulative infiltration F,, approximated as
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F, = St Kt (7.4.30)

in which § is the sorptivity, a parameter that is a function of the soil suction potential, and K is the
hydraulic conductivity. Differentiating f{1) = df/dt, the infiltration rate is defined as

1
f(r) :551"”“( (7.4.31)

As t — oo, f(t) — K. The two terms S and K represent the effects of soil suction head and gravity

head.

There are many other infiltration methods, including the SCS method described in Sections
8.6-8.8. In summary, the Green—Ampt and the SCS are both used in the U.S. Army Corps of
Engineers HEC-1 and HEC-HMS models, and both are used widely in the United States.

PROBLEMS

7.2.1 Determine the 25-year return period rainfall depth for a 30-
min duration in Chicago, Illinois.

7.2.2 Determine the 2-, 10-, 25-, and 100-year precipitation
depths for a 15-min duration storm in Memphis, Tennessee.
7.2.3 Determine the 2- and 25-year intensity-duration-frequency
curves for Memphis, Tennessee.

7.2.4 Determine the 10- and 50-year intensity-duration-
frequency curves for Chicago, Illinois.

7.2.5 Determine the 2-, 5-, 10-, 25-, 50-, and 100-year depths for a
1-hr duration storm in Phoenix, Arizona. Repeat for a 6-hr duration
storm.

1.2.6 Develop the Type I, TA, II, and III 24-hour storms for a
24-hour rainfall of 20 in. Plot and compare these storms.

129 Develop the SCS 6-hr storm for a 6-hr rainfall of 12 in.
7.2.8 Determine the design rainfall intensities (mm/hr) for a
25-year return period, 60-min duration storm using equation
(72.5) with ¢ = 12.1, m = 0.25, e = 0.75, and f = 0.125.
7.2.9 What is the all-season 6-hr PMP (in) for 200 mi” near
Chicago, Illinois?

7.2.10 Tabulated are the data derived from a drainage basin of
'2]‘100 hectares, given the areas covered with each of the rainfall
1sohyetal lines,

Interval of 0-2 24 4-6 6-8 8§10 10-42 1244

isohyets (cm)

Enclosed area S ia4i32i 241128111119 1.4

(hectares x 1000)

——

(a) Determine the average depth of precipitation for the storm

within the basin by the isohyetal method.

(b) Develop the depth-area relationship based on the data.
7‘2-[1 For a particular 24-hr storm event on a river basin, an
isohyetal map was developed. The corresponding isohyets and area
f"]ﬂlionship is given in the table below. Based on the given
Information, (a) develop the depth-area relationship in tabular form
for the basin and (b) assuming the maximum point rainfall

is 145 mm, estimate the parameters in the following dimensionless
)

: i i i) Py
depth-area equation that best fit the existing data, —— =

max
exp(—k x A”), where P, = equivalent uniform rainfall depth
for an area of A; P, = maximum point rainfall depth; and k and
n = parameters.

Isohyet (mm) 130 120 110 100 90
Incremental area 143 245 258 290 484
between isohyets (km?)

7.2.12 Based on the 100-year rainfall records at the Hong Kong
Observatory, the rainfall intensities with an annual exceedance
probability of 0.1 (i.e., 10-yr return period) of different durations
are given in the table below.

Duration, 7; (min) 15 30 60 120
Intensity, i (mm/h) 161 132 103 74

(a) Determine the least-squares estimates of coefficients @ and ¢
in the following rainfall intensity-duration equation and the

. v . . . ’ » -
associated R” value, i = T ras” in which i = rainfall
(ld +49.9)

intensity (in mm/h) and #; = storm duration in (minutes).
(b) Estimate the total rainfall depth (in cm) for a 10-year, 4-hr
storm event.
7.2.13 Based on the 100-year rainfall records at the Hong Kong
Observatory, the rainfall intensities with an annual exceedance
probability of 0.1 (i.e., 10-year return period) of different dura-
tions are given in the table below.

Return period, T (year) 5 10 50 100 200
Duration, 4 (hr) 6 8 12 18 24
Depth, d (mm/h) 192 255 392 500 622

Consider the following empirical model to be used to fit the
above rainfall intensity-duration-frequency (IDF) data,

"m

d(T. L) = TR in which d = rainfall depth (in mm) corres-
{ d =t s
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ponding to a storm event of return period T-year and duration tg-hr.

(a) Describe a least-squares-based procedure to optimally
estimate the coefficients a, b, ¢, and m in the above rainfall
IDF model,

(b) Assuming p— 4,0, determine the least-squares estimates of
coefficients a, ¢, and m in the above rainfall intensity-
duration equation and the associated R? valye.

(c) Estimate the average rainfall intensity (in mm/hr) for the
25-year, 4-hr storm event,

7.2.14 Considera rainfall event having 5-min cumulative rainfall
record given below:

e TARRRRERINEY|
Time (min) 0 5i8 1108015 2053253836
Cumulative rainfal] (mm) 0 7881 580 34 45 53
Time (min) 35 40 45 00 £ 155 § 160 65
Cumulative rainfall (mm) 70 g 91 100 110 119 125
Time (min) 70 75 80 85 90

Cumulatiye rainfall (mm) 131 136 140 140 140
trrs TEEEEENERAT S

(@) What is the duration of the entire rainfall event and the
corresponding total rainfa]] amount?

(b) Find the rainfa depth hyetograph (in tabular form) with
10-min time interval for the storm event.

(¢) Find the maximym 10-min and 20-mip average rainfal]
intensities (in mm/hr) for the storm event.

7.2.15 Based on available rainfa] records at g location, the rainfal]
intensity with an annual exceedance probability of (. | (i.e., 10-year

feéturn period) of different durations are given in the table below,
Duration, ¢, (min) 15 30 60 120

Intensity, i (mm/h) 160 132 105 75

(a) Determine the least-squares estimates of coefficients g ang
¢ in the following rainfa) intensity-duration equa
calculate the corresponding R* valye, ;-

tion and
a {

(ta 457
which ; = rainfall intensity (in mm/h) and ¢
duration (in minutes),

(b) Estimate the total rainfal] depth (in mm
90-min storm event,

d = slorm

) for a 10-year,

1.2.16 Based on the available rainfall recq

rds at the Hong Kong
()hucrvamry. the rain

fall intensities corresponding to different
durations with an annual exceedance Probability of 0.1 (e,
10-year return period) are given in the table below,

Duration, ty (min) 15 30 60 120

lmuml_\'. ! (mm/h) 161 132 103 74
(a) Determine the luat;[-aqu;urcs estim,

ates of coefficients a and
nsity-duratjon €quation,

¢ Ihi’ following rainfal] ipge
z rainfal] in[cnsily (in mm/h)

F==———— in which =
(t2 +45)

and 74 = storm duration (in Mminutes),

(b) Estimate the total rainfal] depth (in cm) for a 10-year, 4-hr
storm event.

7.2.17 An experimental rectangular plot of 10 km x 12 km
has five rain gauge stations as shown in the figure. The
storm rainfall and coordinates of the stations are given in the
table.

Mean annual Storm
Station (x, ¥) rainfall (cm) rainfall (cm)
B (8, 11) 114 114
& 3, 10) 136 132
D 5, 8) 144 14.6
E (15 109 ?

(a) Estimate the missing rainfall amount at station E.
(b) Based on the position of the five rain gauges, construct the
Thiessen polygon for them.

1% £ 02.5
7.3.1 Solve example 7.3.1 for ap average net radiation 0? 92
2 1 é 2.5
W/m®. Compare the resulting evaporation rate with that in €x
ample 7.3,1.

7.3.2 Solve €xample 7.3.2 for 4 roughness height zo = 0.04 ;n;
Compare the resulting €Vaporation rate with that in example 7.3

133 Solve €xample 7.3.3 for ap average net radiation of 92.3

2 , : i at in ex-
W/m?, Compare the resulting evaporation rate with that in e
ample 7.3 3,

9 25
7.3.4 Solve €Xample 7.3.4 for an average net radiation of 923
3 1 ] FRreas
Wim®, Compare the resulting evaporation rate with that in ¢
ample 7.3 4.

. , . averaoe air
735 At a certain location during the winter, the average

temperature jg 10°C and the net radiation is 40 W/m? and durlﬂf
the summer the ey radiation is 200 W/m? and the temperature 1>
25°0 Compute the EVaporation rateg using the Priestley-Taylor
method,

SAREERET
7.3.6 The average weathey conditions are net radiation -

Wim®; air emperature - 7g 5 C; relative humidity = 55 percent:
and wind speeq — 2.7 m/s at o height of 2 m. Calculate the OPE’T
rate in millimeters per day using the CﬂCTSI-;
ynamic method, the combination method, an

water EvVaporation
method, the aerod




hr

i

the Priestley—Taylor method. Assume standard atmospheric pres-
sure is 101 kPa and z,, is 0.03 cm.

(a7 A 60()7-1.'1&'clurc farm land receives annual rainfall of 2500

mm. There is a river flowing through the farm land with inflow rate
of 5 m’/s and outflow rate of 4 m*/s. The annual water storage in
the farm land increases by 2.5x10° m>. Based on the hydrologic
budget equation, determine the annual evaporation amount (in
mm). [Note: 1 hectare = 10,000 m:]

Tt 1

7.4.1 Determine the infiltration rate and cumulative infiltration
curves (0 to 5 h) at 1-hr increments for a clay loam soil. Assume an
initial effective saturation of 40 percent and continuous ponding.
74.2 Rework problem 7.4.1 using an initial effective saturation of
20 percent.

74.3 Rework example 7.4.3 for a sandy loam soil.

74.4 Compute the ponding time and cumulative infiltration at
ponding for a sandy clay loam soil with a 30-percent initial
effective saturation, subject to a rainfall intensity of 2 cm/h.
7.4.5 Rework problem 7.4.4 for a silty clay soil.

7.4.6 Determine the cumulative infiltration and the infiltration
rale on a sandy clay loam after 1 hr of rainfall at 2 cm/hr if the
initial effective saturation is 25 percent. Assume the ponding depth
i1 negligible in the calculations.

T4.7 Rework problem 7.4.6 assuming that any ponded water
Temains stationary over the soil so that the ponded depth must be
accounted for in the calculations.

7.4.8 Derive the equation for cumulative infiltration using
Horton’s equation.

749 Use the Green—Ampt method to compute the infiltration rate
and cumulative infiltration for a silty clay soil (1 = 0.479,
Y =2922cm, K = 0.05 cm/hr) at 0.25-hr increments up to 4
hr from the beginning of infiltration. Assume an initial effective
saturation of 30 percent and continuous ponding.

74.10 The parameters for Horton's equation are fp = 3.0 in/h,
fe=0.5in/h, and K = 4.0 h~'. Determine the infiltration rate
and cumulative infiltration at 0.25-hr increments up to 4 hr from the
bellinning of infiltration. Assume continuous ponding.

74.11 Derive an equation for ponding time using Horton’s
€quation,

74.12 Compute the ponding time and cumulative infiltration at
Ponding for a sandy clay loam soil of 25 percent initial effective
Saturation for a rainfall intensity of (a) 2 cm/h, (b) 3 cm/h, and
(€) 5 cm/h.

74.13 Rework problem 7.4.12 considering a silt loam soil.

74.14 Consider a soil with porosity 1 = 0.43 and suction
¥ = 11.0 cm. Before the rainfall event, the initial moisture con-
tent®; = 0.3. It is known that after one hour of rainfall, the total
infiltrated water is 2.0 cm.
(a) Determine the hydraulic conductivity in the Green—-Ampt
infiltration model. .
(b) Estimate the potential total infiltration amount 1.5 hr after

the beginning of the storm.
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(c) Determine the instantaneous potential infiltration rate at 1 =
1.5 hr.

7.4.15 The following experimental data are obtained from an
infiltration study. The objective of the study is to establish a
plausible relationship between infiltration rate (f;) and time (7).

2

Time, 7 (mm) 3 15 30 60 90
Infiltration rate, f, (cm/hr) 8.5 7.8 7.0 6.1 5.6

From the scatter plot of infiltration rate and time, the follow-
ing relationship between f, and ¢ is plausible, f; 5.0+
(fo —5.0)exp( — k x t), where £, is the initial infiltration rate

(in cm/hr) and k is the decay constant (in min~').

(a) Determine the values of the two constants, i. e., f, and k, by
the least-squares method.

(b) Based on the result in part (a), estimate the infiltration rate
at time / = 150 min.

7.4.16

(a) For a sandy loam soil, using Green—Ampt equation to
calculate the infiltration rate (cm/h) and cumulative infil-
tration depth (cm) after 1, 60, and 150 min if the effective
saturation is 40 percent. Assume a continuously ponded
condition.

Take the infiltration rates computed in Part (a) at 1 min and
150 min as the initial and ultimate infiltration rates in

(b

Horton’s equation, respectively. Determine the decay con-
stant, k.

Use the decay constant, &, found in Part (b) to compute the
cumulative infiltration at 7 = 60 min by Horton's equation.

D

7.4.17 Assume that ponded surface occurs at the beginning of a
storm event.

(a) Calculate the potential infiltration rates (cm/hr) and poten-
tial cumulative infiltration depth (cm) by the Green—Ampt
model for loamy sand at times 30 and 60 min. The initial
effective saturation is 0.2.

Based on the infiltration rates or cumulative infiltration
depth computed in Part (a), determine the two parameters
S and K in the following Philip two-term infiltration

(b

model.

E(t) =StM*4Kt; f(H) =058 +K

Based on the S and K computed in Part (b), determine the
effective rainfall hyetograph for the following total hyeto-
graph of a storm event.

(c

Time (min) 0-30 30-60 60-90 90-120
Intensity (cm/hr) 8.0 15.0 5.0 3.0

(d) Find the value of the ®-index and the corresponding
effective rainfall hyetograph having the total effective
rainfall depth obtained in Part (c)




:
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7.4.18 Consider the sandy loam soil with effective porosity
8. = 0.43, suction Y =11.0cm, and hydraulic conductivity
K = 1.1 cm/h. Before the rainfall event, the initial effective
Saturation is S, = 0.3, [t js known that, after | hr of rainfall, the
total infiltrated water is 2.0 em.

(a) Estimate the potential total infiltration amount 1.§ hr after
the beginning of the storm event by the Green-Ampt
equation,

(b) Also, determine the instantaneous potential infiltration rate
att = 1.5 hr.

7.4.19 Considering a plot of land with sandy loam soil, yse the
(ircmw\mp: equation to calculate the infiltration rate (em/h) and
cumulative infiltration depth (cm) at ¢ = 39 min under the injtia]
degree of saturation of 40 percent and continuously ponding
condition. The relevant parameters are: suction head = 6.0 cpp:
Porosity = (.45; and hydraulic conductivity = 3,00 ¢m/h.

7.4.20 Suppose that the infiltration of water into a certain type
of soil can be described by Horton's €quation with the following
parameters: initial infiltration rate = 50 mm/h; ultimae infil-
10 mm/h; ang decay constant — 4h! A rain
storm event has occurred and its pattern is given below,

tration rate

Time (min) 0 15 30

45 60 75 90
Cumu. rain (mm) 0 15

25 30 3 331:433
T
(@) Determine the effective rainfal] intensity hyetograph (in
mm/h) from the storm event,
(b) What is the Percentage of total raing
ground?

all infiltrated into the

(c) What assumption(s) do You use in the Part (
Justify them.

7.4.21 Consider a 2-pr storm event with g 1o
80 mm, The measured direct runoff volume
is 40 mm.

a) calculation?

tal rainfal] amount of
produced by the storm

(a) Determine the decay constant k in Horton’s infiltratiop
model knowing that the initial and ultimate infiltration rates
are 30 mm/hr and 2 mm/hr, respectively.

Use the Horton equation developed in Part (a) to determine

the effective rainfalj intensity hy etograph for the following

storm event.

(b

Time (min)
Incremental rainfall

0-10
depth (mm) 3

10-20 2030
20 10

7422 An infiltration Study is to be conducted. A quick site
investigation indicates that the soj] has an effective porosity
0. = 0.40 and the initial effective saturation S, = 0.3. Also, from
the double-ring infiltrometer test, we learn that the cumulative
infiltration amounts ati=1hrand =2 hrare 1 cmand 1.6.cm.
respectively,

(@) It is decided that the Grecn-—Amp[ equation is to ?C
used. Determine the parameters suction (y) and h.\"d“"’_h"
conductivity (K) from the test data. (You can use an iterative
procedure or apply simple approximation using In(1+x)
=2x/(2+x) fora direct solution.)

Also, determine the cumulative infiltration and the corre-
sponding instantaneoys potential infiltration rate at f = 3_hf-
(You can use the Newton method to obtain the solution “""h
accuracy within 0. | mm or the most accurate direct solution
approach,)

(b

7.4.23 You are working on a Proposal to do some rainfall runoft
modeling for a sma) city nearby. One of the things the city d()&soﬂl
have js 5 hydrology Manual. You must decide upon an infiltration
methodology for the analysis, You are going to consider lnethoos
such as the D-index method, empirical methods (such as Horton's
and Holtan’s), the SCS method, and the Green—Ampt method

ers?
Would yoy choose the Green-Ampt method over the others?
Why?
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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

\/\

Figure 8.1.1 Common drainage patiems: (a) Dendritic; (h) Rectangular; (¢) Trellis on folded terrain:
(d) Trellis on mature, dissected coastal plain (from Hewlett and Nutter (1969)).
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Figure 8.1.3 () Separatism of sources of streamflow on an idealized hydrograph; () Sources of streamflow on a hillslope profile
during 4 dry period; (¢) During a rainfall event; (d) Stream network during dry period; (e) Stream network extended during and
after rainfall (from Mosley and McKerchar (1993)).

accomplished for a small area of a watershed, water begins to flow overland as overland flow and
eventually into a drainage channel (in a gulley or stream valley )_. ‘\\ 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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(a) drainage area, (b) slope, (c¢) hydraulic roughness, (d) natural and channel storage, (e) stream E
length, (f) channel density, (g) antecede

g Nl moisture condition, and (h) other factors such as ED]:zﬁ
vegetation, channe] modifications, etc. The individual effects of each of these factors are diffieylt |
and in many cases impossible, to quantify. Figure 8.1 4 illustrates the ef
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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, (b) 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, ot effective rainfall, is that rainfall that is neither retained on the land surface nor
inlilirutcd into the soil. After flowing across the watershed surface, rainfall excess becomes direct
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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Figure 8.2.1 Concept of rainfal] excess. The difference between the total rainfal] 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 8.1.3a 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(n2) = Q(t)e Mua—1  p>y (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 Ar, identifying the number of rainfall intervals N of rainfall that contribute to the direct
runoff volume, and then subtracting @ - A7 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 (r;) and excess rainfall

are equal

3
ra=» . . (Ra—®-Ar) (8.2.2)

where R, is the observed rainfall (in or ¢m) 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 valye of ®-index (in mm/hr), and (¢) the corresponding effective rainfall intensity
hyetograph (in mm/hr).

Time (min) 0 5 10 15 20 25 30

Cumulative rainfa]]

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 § m m as initial abstractions. For each of the
first two rainfall increments after the initial losses are accounted for, the incremental rainfall volume
is Q- Ar = d(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 rainfall intensity is 120 mm/hr.

Tir.nc Disc}:harge Direct runoff Cumulative rainfaj) Incremental rainfall  Rainfall intensity
(min) (m/sec) (m3/sec) (mm) (mm) (mm/hr)

0 0.05 0 0

5 0.05 0 5 (initial 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

(a) Th&_? direct runoff volume = (02 0.6 + 03 + 0.1) m¥sec (5 min.) (60 sec/min) = 360 m’,
which converts lory; =360 m’/(120 hectares x 10,000 mthccmre) = 0.3 mm.
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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, r, = 0.3 mm = 2[(15mm -
®(5 min)(1 hr/60 min)]. Solving, ® = 178.2 mm/hr.

(¢) 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 unit hydrograph approach.

A unit hydrograph is the direct runoff hydrograph resulting from 1 in (or 1 ¢m in SI units) of
excess rainfall generated uniformly over a drainage area at a constant rate for an effective duration.
The unit hydrographis a simple linear model that can be used to derive 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
ordinates ©,, given the rainfall excess values P, and given the unit hydrograph ordinates
s O &
U, m+1 (Chow et al., 1988):

n<M
Op = ZP,,,(',; il dona=21.2 LN (8.3.1)

m=1

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

The reverse process, called deconvolution, is used to derive a unit hydrograph given data on P,,,
and Q,,. Suppose that there are M pulses of excess rainfall and N pulses of direct runoff in the storm
considered; then N equations can be written for 0,7 = 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 applied to find the direct runoff and
streamflow hydrographs for given storm inputs. When 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

QI :PIUI

(03} = Pl + U,

QJ = P3U| ‘I"PEUJ +P|U3

il EXAMPLE 8.3.1
Oum =Puli+Py_ Uy + ... + P Uy

Om 11 - 0+Pyl, + ... +PyUn + P1Uy

On-1 = 0+ 0 +...4 o H IO 544 +PrUy a1+ Py iUy st

On = 0+ 0. +-.. 4 0 Fi 0t oo D +PyUy_p41

SOLUTION
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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) I 2 3 4 5 6

Precipitation (in) 0.5 1.0 1:3 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; = 0.2in, P, = 0.7 in, Ps = 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):

O =Pili=02x10=2cfs
For the second time interval, n = 2,
Q=P +PU; =0.2x100+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

(N (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 L2 0.2 (cfs)
0 0 0 0 0
1 10 2 0 0 2
2 100 20 7 0 0 27
3 200 40 70 12 0 122
4 150 30 140 120 2 202
5 100 20 105 240 20 385
6 50 10 70 180 40 300
= 0 0 35 120 30 185
8 0 60 20 80
o 0 10 10
10 0 0
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EXAMPLE 8.3.2

SOLUTION

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 baseflo

w of the stream is 0 cfs,

Time (h) 1 2 B 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% §34

Using the deconvolution process, we get Q) = P, Uy
so that for P, = 0.5 —= 03 =10.2hiang 0, =2 cfs,
Ur=0,/P; = 2/0.2 = 10 cfs,

0 =P U, + P, U4, sothat

U2 = (0, - P,U) /P,

where

P;=1.0-0.3=07in and Q) =27 cfs.

U2 = (27-0.7(10))/0.2 = 100 fs ang
Q3 = P13 +P U + Py,

then

Us = (Q3 - P,U, - P3U1)/ Py, so that

Us = (122 - 0.7(100) — 1.2(10))/0.2 = 200 ofs,

The rest of the unit hydrograph ordinates can e calculated in a similar manner,

8.4 SYNTHETIC UNIT HYDROGRAPHS

8.4.1

-

Snyder’s Synthetic Unit Hydrograph

thn observed raj nfall-runoff datq are not available for unit hydrograph determination, a synthetic
unit hydrograph can be developed, A unit hydrograph developed from rainfall and streamflow datd
1@ watershed applies only t ghy Watershed and to the point op the storm where the streamflow dai2
\VC‘f’EhrneflSllrEd. Symhetif: unit hydrograph Procedures are use o delvelop unit hydrographs forother
3 Watersheds that are of similar character.

© Same watershed or other
the most commonly yseqd synthetic unjt hydmgraph Procedures is Snyder’s synthetic un-ll
es the time from, the centroid of the rainfall to the peak of the unlt

hydrograph, This method re]ag
raph to geometrical characteristjcg of the Watershed. To determine the regional parameters 3

hydrog

and C,, one ¢ ¢ values s |

LIRENG ne can use valu‘?.\ of these paramefers determined from similar watersheds. C, can be
clermined from the relationship for the basin lag:

lrp = C‘IC‘,‘(AL‘L,(.}U'3 (8'4“
Where C|, L. and L

c are defined ip Table 8.4.1. Solving €quation (8.4.1) for C

, gives

EXAMPLEF

SOLUTION

84.2 Clar




araph

EXAMPLE 8.4.1

SOLUTION
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To compute C, for a gauged basin, L and L, are determined for the gauged watershed and 1, 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:

gutte (8.4.3)

or for a unit discharge (discharge per unit area)

C,C,
dp = — £ (8.4.4)
I)
Solving equation (8.4.4) for C, gives
- _ 4rlp ,
Cp=—= 8.4.5)
CZ (

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

t, = C1C(LL)"® = 1x 2 x (445 x 2)"? = 3.85hr

The standard rainfall duration 7, = 3.85/5.5 = 0.7 hr. For a 30-min unit hydrograph, 75 = 30 min = 0.5 hr.
The basin lag z,z = 1, — (1, — tg)/4 = 3.85 — (0.7 — 0.5)/4 = 3.80 hr. The peak flow for the required
unit hydrograph is = gpt,/t,z, and substituting equation (8.4.4) in the previous equation, Gpr = Gplp/
tin = (C-,C}.,/[FJ tp/tpr = C2Cp/1pr, SO that gpp = 640 x 0.625/3.80 = 105.26 cfs (in - miJ}, 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
C'W,(qf,;.' 08 _ 440 x 105.26 %% = 2.88 hr. At 50 percent of the peak discharge, Wsp = Cy. ‘/r-Hl 08
770 x 105.26 "% = 5.04 hr.

The base time ¢, 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 ¢m, for SI units) of excess rainfall. To
overcome this, the value of 7, may be exactly computed taking into account the values of Ws, and W-« by

solving the equation in step 5 of Table 8.4.1 for ,:
ty = 2581 A/Qpr — 1.5 Wsp — Wrs

so that. with A = 542 mi’, Wsp = 5.04 hr, W35 = 2.88 hr, and O.r 570 cfsfin, T}
2581(5.42)/570—-1.5 x 5.04-2.88=14.1hr.

84.2 C(lark 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
(L

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

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

296

Measured information from topography map of watershed
* L = main channel length in mi (km)
* L. = length of the main stream channel from outflow point of w.
the centroid of the watershed in mi (km)
. «2 2
* A = watershed area in mi~ (km®)
Regional parameters C, and C,

atershed to a point opposite

determined from similar watersheds,
Determine time to peak (1,) and duration (,) of the standard unit hydrogmph:
i =C1C(L-L)"  (hours)
L =1,/5.5 (hours)
where C, = 1.0 (0.75 for SI units)

Determine the time to peak 1, for the desired duration Ig:

Ik =t +0.25(t5 — 1) (hours)
Determine the peak discharge, Q. in cfsfin

CCrA
QM‘ Ve lwid

((m3/sJ/cm in SI units)

.’,,J_r‘-
where C, = 640 (2.75 for SI units)
Determine the wid

th of the unit hydrograph a 050,
c

% a0d 0.750,z. Ws, is the width at 50% of the peak given as

Ws0 = — __;i_”n_k
((_)/:R/AJ 1.08
where Cs; = 770 (2.14 for ST units), Wss is the width at 759 of the peak given as
Cys
Wis =———73

(Q,.R/AJ 1.08
Where C;5 = 440 ¢ 1522
De

for SI units)

termine the base. T}, such that the unit hydmgraph represents |

Wso + T, 5
lin = [( —jﬁ;—J—) ([).SQ,,R) e (L7’ +_H§_“
< 2

1 52 :
(1;—?‘4(“[in‘12{an)
Almi )

in (1 cm in ST units) of direct runoff volume;

1 fe
)0250,0) 1 1 Wis(0250,) | (b x )
5,280)* f2 "~ R hr
Solving for 7;,, we get

A
Tp=2581— _ 1.5Wso — w,
Dok

5
for A in mi?, O,k in cfs, Wso and Wis in hours,
Define known points of the unit

. I
hydrograph. (/!, = top + ?RJ

SEEE 4 i

e Point location
— 1 A
[ e, 111 1% 3w 050 )
EEE
| v | L 0750 ]
,‘ l < 1m0y
0 o t
Ol d 2
J‘! /[‘ \\‘\ firt 3 ¥m 075 Qo
075-‘1{*‘{ "‘ e —A.i 4 ITM%Ww 0.50,,]
L] 12 TN I
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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 (§ = 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 aver: 1ged

to produce the unit hydrograph for the excess (1 cm or 1 inch) oce urring in the given time interval.
Synthetic time-area relationships can be expressed in the followi ing form such as that used by the

U.S. Army Corps of Engineers (1990)

AJA, = 1.414(4/T, 11 for0<¢/T,<0.5 (8.4.6a)

and

A/A;=1-1414(1-t/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 ftot + At, defining the translation hydrograph
is denoted as /,,,,,,. To compute /,,,,. ,, assuming a pure translation over a Az hr time period, the flowing
equations are used. For 1 cm (0.01 m), the /., in m*/s is expressed as

Lyes = (0.01 m)(AA km?)(10° m?/km?) (1 /At hr)(1 hr/3600 sec) (8.4.7)

where AA is the incremental area in km? between runoff isochrones (lines of equal runoff at a certain
P i " i1 4
time) and At is the time increment in hours. For 1 in in the /,,,, in ft'/s is expressed as

Lies = (1in)(1ft/12 in) (AA mi*) (5280 ft*/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

Layes — ()J(QI+QI—JI = (8 + 5t 5 ar) /A (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 T, Urban* watersheds Natural* watersheds HEC default
0 0 0 0.0
10 5 3 45
20 16 5 12.6
30 30 8 D319
40 65 12 35.8
50 77 20 50.0
60 84 43 64.2
70 90 75 76.8
80 94 90 87.4
90 97 96 05 5
100 100 100 100

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

SOLUTION

lave.r is the average instantaneous inflow over time interval £ to t + Ar. 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 proportional to [0}

S; = RO, (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

Qriar = Clyyes + (1 — C)Q, (84.11)

where I, ,isthe avera ge translated runoff (inflow rate tothe linear reservoir) durin g time increment,
and

C=2A1/(2R +Ar) (84.12)

The discharge, Q. from the linear TeServoir now includes the effects of the storage of the

A small Watershed has ap area of 10 km? 4
storage coefficient ig 0.75 hr. The time-g

Compute the 1-hr unit hydrcgruph for
Computations,

First the Incremental areas of the watershed are determined using the HEC time-area relationship in
Table 8.4.2.‘ The translation hydrograph i then compuyteg by applying equation (8.4.7) to each AA. Next
the .!rzn.nslutln)n hydrograph g routed through 5 linear reservoir using the ochn watershed storage
coef.f:mem, Clomg-)ute the routing coefficient C= 2(0.5)/[2(0'75) ¥ -() ;él 1 ODS so the linear reservoir
routing cquunon’ls Oria = JETARER (1-~ 0.5)0, = 0.51,,.,+0 ‘;Q The um[ hydrograph ordinates
are computed using €quation (8.4, 13) with 7 = | hr. For exa;r:,ble\ (};,; u:,}l hydrograph ordinate for time

0-5hris 0 + 7.56)/2 =3 78 ¥ 1o 3 . 56 4
15.8)/2 = 11.7 ms. S.fortime 1.0 hr s (g 16.4)/2 = 8.20 m™¥s and for 1.5 hr is (7.56

! 4T, A/A, 1)
[hr) /A! A AA Iumr Q! + Af UT(

3,
2NN (m’ks)

0.0 0.0
05 0.333 0.272 2.72 272 15.1 756 3.78
1“; 0.667 0.728 7.28 4.56 253 16.4 8.20
: 1.0 1.0 10.0 ) i ' 1.7
i ) X 1
20 $72 : (5)3 ;;S 122
'
2.5 - ' 9.86
4 3.94
o 1.97 493
I 0.986 f;‘;’
. 3 1]
ais 0.49 e

5.0 0.247
0.123 0.308
4____—-—-‘

8.5 S-HYDRO«

EXAMPLE 8.5.1

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, =158 5 9 (8.4.14)
and
R = 16.4103% S(:u‘mo (8.4.15)

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

Tr.' i e 11.4[,0'50 Kﬁﬁl SJ”“ i 0.38 (8.4.16)
where T 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, = —0.00625 log A + 0.04) for commercial and residential areas, A
is the watershed area in acres, § is the slope of the flow path in ft/mi, and / is the rainfall intensity in in/hr.

The storage coefficient is

RAs 037T(|11A -0.57 LO.SO (8.4.17)

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 7 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 7% is obtained by: (1) lagging the S-hydrograph (derived
with the 15 duration unit hydrographs) by the new (desired) duration Ik, (2) subtracting the two
S-hydrographs from one another, and (3) multiplying the resulting hydrograph ordinates by the
ratio fg /. Theoretically the S-hydrograph is a smooth curve bt‘f:auﬁc 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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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 13! 212 0 212 106
6 328 143 R 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 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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Precipitation rate

3 ¢ j : . is
Wwatershed F,,is less than or equi ome potential maxinugm Fetention S (see Figure 8.6.1). Thereh
Some amount of rainfa]] 1, (initial abstraction before ponding) for which no runoff will occur, so

. 1% i ! 0
potential runoff is p _ 1,. The SCS method assumes that the ratios of the two actual to the tw
potential quantities are €qual, that is,

F, P Actual (8.6.1)
s pP-y, Potential

From continuity,

2)
P=P,+1,+F, B&4

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

bl A E) (8.63)
© P—I,+s§
which is the basic €quation for ‘computing the depth of excess rainfall or direct runoff from a storm by
the SCS method.

4

so that equatjon (8.6.3) is now expressed as
3 é
P, — (P—0.25) (8.6.5)
P+0.8s

3 iric: 1% . B R : as
Empirical studies by the SCs indicate that the Potential maximym retention can be estimated

. 6)
=—= _10 ¢

A s - . 3 . o i . ~ . - Er
‘_"huu CN is a runoff CUrve number thyt js a function of land use. antecedent soil moisture, and Ofl;er
factors affecting runof and retention jn awatershed, The curve number is a dimensionless num
defined such that S CN <100 For i

g : ‘; ces
CN < 100 mpervious and Water surfaces O — 100; for natural surfa
N < 100,

8.7 CURVE NUN

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

.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 [—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

$ 4.2CN(1N)
CN(I) = - (8.7.1)

10 — 0.058CN(II)

and
23CN(II)
104 0.13CN(II)

(8.7.2)

CN(II) =

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 IIT for known II conditions.
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Table 8.7.1 Classification of Antecedent Moisture Classes (AMCQ)
for the SCS Method of Rainfall Abstractions

Total 5-day antecedent rainfall (in)

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

II 0.5t01.] 1.4102.1

11 Over 1.1 over 2.1

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

Table 8.7.2 Adjustment of Curve Numbers for Dry (Condition I) and
Wet (Condition 111 Antecedent Moisture Conditions

Corresponding CN for
condition

et Lt iy

CN for condition [] | IT1
100 100 100
95 87 99
90 78 98
85 70 97
80 63 94
75 57 9]
70 51 87
65 45 83
60 40 79
35 35 75
50 31 70
45 27 65
40 23 60
i5 19 55
;S 15 50
3{) 12 45
‘1-5 9 39
7 33

10 4 2%
8 2 17

0

Source: U, Department of Agriculture Soil Conge

8.7.2  Soil Group Classification

Group A: Deep sand,

Group B: Shallow ]pe

Group C: Clay loams,
clay

Group D: Soils that s

deep loess, ageregated sitg
58, sandy loam

shallow sandy loam, spjs low in Organic content, and soils usually highi?

well smgmﬁcmnly when wet heavy plastic clays, and certain saline soils
The values of CNfor varione

alues of C arious land ygeg e 5o i hd a watershed
made up of several on these soil lypesare given in Table 8.7.3. For a waters

soil types ’ :
YPes and land useg, 4 composite CN ¢ap be 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

c 0-0.05

Table 8.7.3 Runoff Curve Numbers (Average Watershed Condition, I, =025)

305

Curve numbers

for hydrologic

soil group

Land use description RiigiiCiiD
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 98
Gravel 76 85 89 9]
Dirt 72 82 87 89
Paved with open ditches 83 89 92 93
Average %
impervious”
Commercial and business areas 85 890 92 04 05
Industrial districts 72 81 88 91 93
Row houses, town houses, and residential 65 7: . 8BS . bp 9
with lot sizes 1/8 acre or less
Residential: average lot size
1/4 acre 38 61,75 B3 | B7
1/3 acre 30 ST IV iBlii 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 11:186:191i: 904
Conservation tillage Poor 76..85°:90. 193
Conservation tillage Good 74 83 88 90
Row crops Straight row Poor 72::81::88 .91
Straight row Good GI::i78: 831:89
Conservation tillage Poor TL1180) 87!:90

(Continued)
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Table 8.7.3 (Continued)

SRR EERRE L1t LR

and use

Small grain

Close-seeded
legumes or
rotation meadow

Noncultivated agricultura]
land, pasture or range

Meadow

Forc.s:cd‘grass or
orchards.‘evcrgrccn or
deciduous
Brush

Woods

Farmsteads
Fnrus[-rangc
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 and conservation

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

Hydrologic
conditiond

Good
Poor
Good
Poor
Gond
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

Curve numbers
for hydrologic
soil group
A B ¢lb
64 75 82 85
70 79 84 88
65 75 82 86
69 78 83 87
64 74 81 85
66 74 80 $2
62 71 78 8l
65 - 173 | 791 18]
61 70 77 80
65 76 84 88 :
63 75 83 &7 ;
64 75 83 86 1
60 72 80 84
63 74 82 8
61 73 81 84
62 73 81 84
601721 80: 1 8%
61 72 79 82 .
59 70 78 8l
60 71 78 8l
S8 69 77 80 !
66 77 85 89
5817211810485
64 75 83 85
55 69 78 83
63 73 80 83
51 67 76 80
68 79 86 89
49 69 79 84
39 61 74 80
47 67 81 88 |
25 59 75 83
6 35 70 19
30 58 71
55 73 82 86
4 65 76 8
32 58 7127
48 67 77 83
20 48 65 T3
45 66 77 8
36 60 73 1
25 55 70 11
50 74 82 8
79 86 9
71 80 &
61 74 84

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 1D

Oak-aspen Poor 65 74
Fair 47 V57
Good 30 41

Juniper—grass Poor 72 83
Fair o811 /3
Good 41 61

Sage—grass Poor 67 80
Fair 50 63
Good 35148

“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.
PIncludes 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;1
development.
9For conservation tillage in poor hydrologic condition, 5 percent to 20 percent of the surface is covered with residue
(less than 750-1b/acre row crops or 300-lb/acre small grain).

For conservation tillage in good hydrologic condition, more than 20 percent of the surface is covered with residue
(greater than 750-1b/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, = 0.25, 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

Pervious Cv = 90
|

Composite CN
=~
o

50 60 70 80 90 100
Connected impervious area (%)

(a)

(Unconnected impervious)
(Total impervious)

90 80 70 60

' 20 30
CN i i
Composite Total IMpervious areg (%)

(b)

Figure 8.7.1 Rcla(ionships for dclermining Composite

CN. (a) Connecte
(from U.S. Department of Agriculture Soi] Consery,

. d impervioys area; (h) Unconnected impervious area
ation Seryice (1986)).

EXAMPLE 8.7.1

Pclcnnlnt‘ the weighted Curve numbers for 5 Watershed with 40 percent residential (1/4-acre lots)
25 percent Open space, good condition, 2() Percent con

] - s ious), an
areent i : : mercial and business (85 percent impervious
15 percent industria] (72 percent Impervioys), with Correspondine soil groups of C, D, C, and D.
s b £} ’
SOLUTION The corresponding ¢

EXAMPLE 8.;

SOLUTION

EXAMPLE 8.

SOLUTION



lots).
), and

o

EXAMPLE 8.7.2

SOLUTION

EXAMPLE 8.7.3

SOLUTION
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Land use (%) Soil group Curve number

40 3 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)
P+0.8§

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

P.=

1000

Jiit
So

—02(1.63) 3219
p L 6502 N _

6+0.8(163) 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 /, = 0.25 with § = 1.63 from example 8.7.2, s0 /, = 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) 163(P,—033)
For=p 1 5T P,—033+163 Pi+13
_1632-033) 445
al 3 i i3

The total loss for the first hour is 0.33 + 0.82 = 1.15 in, and the excess is

Py =Pi—l,—Fs1 = 2-033-082=0.85in

For the second hour, P, =2+3 =35 in, 50

Fii B .lﬁg:(l_’_’l =1.21in
2% 5+1.3
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and the cumulative rainfa]] excess is P, = 5-0.33—-1.21 — 3.46 in.
For the third hour, P3=2+434+1=¢ in, so
1.63(6 —0.33)

FRA-fiEsLeF R sl A 271
Fua 6—‘-15 1 n

and P,, = 6033 _ 1.27 = 440ip (Which compares wel] with the resuls of example 8.7.2).

The results are Summarized below;, along with the rainfall excess hy etograph.

Cumulative
abstractions Cumulative
Cumulative rainfa]] FPEags L Liit rainfall excess Rainfall excess
Time P, I B . hyetograph
(h) (in) (in) (in) (in) (in)
2 5 0.33 1.21 3.46 261
3 6

: 0.33 1.27 4.40 0.94

8.8 NRCS (SCS) UNIT HYDROGRAPH PROCEDURE

The SCS dimension]esg unit hydrograph anqg Mass curve are shown in Figure 8.8.1 and tabulated in
'ljtth 8.8.1. The SCs dimension]esg equivalent triangular unj¢ hydrograph is also shown in
Figure 8.8.1. The following section discysses how to develop a unit hydrograph from these

dimensionless unit hydrographs.

Figure 8.8.1 Dime

nsionless Curviline
(from U S, Departyy

ar unijt hydr()graph and equivalen; triangular hydrograph

1ent of Agriculture Soil Conscrvalion Service (1986))

8.8.1 Time of
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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 /9 Q./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
1i1 0.990 0.450
1:2 0.930 0.522
133 0.860 0.589
14 0.780 0.650
1.5 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
20 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
82 0.040 0.984
34 0.029 0.989
3.6 0.021 0.993
38 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
Ily most distant point in the w atershed to a point of interest, such as the outlet of

the hydrologica toa ‘
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 (¥) in percent, the hydraulic length (L) in feet, and

the potential maximum retention (), expressed as

1‘1‘.\f5- £ ]‘.“'7
190070

I = (8.8.1)
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The SCS uses the fo]lowing relationship between the time of concentration (7c) and the lag (1):

5 2)
&= %![7 (SS'J
or
L0%(5 1 1)° (8.83)
" = Tisor05

20

Slope in percent
» 0o Nwowoo
gy
g

Sm,
U >
———

w

1.0 &

0.5 4
0.1 02 o3 0405 07091 2
Velocity in feet per second

ocities for velocity upland method of eslima[ing
('onwrv;uinn Service (1986)),

3 4 5678910 20 a0

Figure 8.8.2 Vel

I, (from U.S. Department of
Agriculture Soil

8.8.2 Time to

8.8.3 Peak Di
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travel times for different segments

k

1 L
PET ik (8.8.5
36(}(); v, - )

for k segments, each with different land uses.

8.8.2 Time to Peak
Time to peak (f,) is the time from the beginning of rainfall to the time of the peak discharge

(Figure 8.8.1)
Ir

AR

; + 1 (8.8.6)

where 1, 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, ¢.:

ipi= 01331, (8.8.7)

and because ¢;, = 0.6¢, by equation (8.8.2), then by equation (8.8.6) we get

2 ' (8.8.8)

8.8.3 Peak Discharge
The area of the unit hydrograph equals the volume of direct runoff 0, 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 1,, 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
| i1
Q H )'q‘”('rf‘ titr) (8.8.9)

for the direct runoff @, which s 1 in where 7, is the recession time of the dimensionless triangular unit

hydrograph and g, is the peak discharge. Solving equation (8.8.9) for g, gives

i BEGEL
qp ,,& l ***** } (8.8.10)
Tl 41/
A h
Ating K = |—————|,.then
Letting K L 3 MIJ i
qp ’(“ (8.8.11)

where Q is the volume, equals to 1 in for a unit hn!mnnph
The above equation can be modified to express g, in ft¥/sec, I, in hours, and Q in inches:
:

dbits AQ
g, = 645.33K f‘ (8.8.12)

)
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The factor 645.33 is the rate necessary to disch

arge 1 in of runoff from | m;2 in | hr.
gives K = [2/(1 + L67)] =0

Using ¢, :i.()?fﬂ
.75; then equation (8.8.12

) becomes

_ 48440

p = ——

(8.8.13)
1,

¥

For SI units,

1150840 (8.8.14
gp = HaT :
P
where A is in square kilometers,

The steps in developing a unit hydrograph are:

Step 1 Compute the ¢
method (equation (8.8.4)
Step 2 Compute the i
using equation (8.8.13)
Step 3

me of concentration using the |
or (8.8.5)).

Mme to peak £, = 0.67¢. (equation (8.8.8))

ag method (equation (8.8.3)) or the velocity

or (8.8.14).

and then the peak discharge g,
Compute time base 7,

and the recessio

n time 7,
Triangular hydrograph: b = 2,671,
Curvilinear hydrograph: Ip = 5t,
h=n-1,
Step 4 Compute the duration lr = 0.133 ¢, ang the lag 7, -
(8.8.2

= 0.6 7. by using equations (8.8.7) and
)s Tespectively,

Step 5 Compute the unit hydrograph ordinates anq plot. For the triangular only ,, g, and ¢, are
needed. For the curvilinear, yge the dimension]ess ratios in Tapje 8.8.1.
EXAMPLE 8.8.1 For the Watershed in €xample 8.7,1 determine the triangular SCS unit hydrograph. The average slope of
the watershed is 3 percent and the areq i 3.0 mi®, The hydraulic length is 1.2 m;j,
SOLUTION

The time of concentration is computed using equatjon (8.8.1), with § — .63 from example 8.7.2:
(6336)*%(1.63 1 111 dibn

TR e e

1900/3 i

)
—;'.",_ =1.1 hr

Step 2 The

and ¢, =

time to peak ¢, = 0.67¢, — 0.67(1.]) = 0.74 hr,
Step 3  The time base ig & = 2.67.’,, = 1.97 hr.
Step4  The duration jg Ip = Q13328
Step5 The

0.]33([.]) = 0.15 hr,
peak is (for Q

and ¢, is 0.66 hr.
= 1in)

_ 48440 484(3)(1) _
b 074 =1962cfs

qp

In Summary, the rj

angul
base of 1.97 hr. T

ar unit hydr(\gruph has a peak of 1962
his is a (), 15-hr dur

cfs
t hydrc:graph,

] atthe time to peak of 0.74 hr with a time
ation upj
8.9 Kl:\'Ef\‘lATlC-WA VE OVERLAND FLOw

RUNOFF MODEL,

OCcurs when the
I'ponds on the surfac

flow is Surface runoff that

{orton;, er 4 inf:

Hortonian oy rland flow rainfall rate eXceeds the infj] ¢
wale ac i { i
urface lension effects ang fill
I'm of sheet flow

€ o (]\‘C[‘C()ll‘lf.‘ 3

4 i qifficient
ation capacity and suffici
Occurs in the fo

. 3 rerla []Ll
small depressions. Overla

4 . ~entrating
on the land surface without concentrating
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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):

O = oh™ (8.9.1)

where Q is the discharge per unit width, /2 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
— + == =4q{x,) (8.9.2)
or oXx

Momentum:

S()*Sr' & D I‘S‘gnh
where A is the cross-sectional area of flow, Q is the discharge, 1 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. . 1

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 = /i, so that equation (8.9.2)

becomes

} -,Q = g(x, 1) (8.9.4)
' X
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Substituting equation (8.9.1) into (8.9.4) gives

oh  B(ah™)
ot Ox

=@|xt)

The one-dimensiona] overland flow on a plane surface
of flow found in most Wwatershed sity
not require sheet flow a5 shown; it r
amount of w

(illustrated in Figure 8.9.1) is not the type
ations (Woolhiser et al., 1990). The kinematic
equires only that the discharge be
aler stored per unit of area.

Woolhiser and Liggett (1967) and Morris and Woolhiser (1980) showed that the

formulation is an excellent approximation for most overland flow conditions. Keep in mind that
these equations are a simplification of the Saint-Venant équations (see Chapter 9)
The kinematic-waye €quation (8.9.5) for overland flow can be solved numerically using a four-

point implicit method where the finite-difference approximations for the spatial and temporal
derivatives are. respectively,

d i FhELT ‘
,S_;f £ ehLLj’ +(1-9) é’_;L_}’i (8.9.6)
dx Ax Ax
and
oh 1 lrf*‘]‘lrf r’rff,] Bils
PHIZ1iTiAl At
or
LN At A (897)
o 2A¢ 1 :
and
il 9.8)
9=5 @1 +7) i

where 0 is a weighting
Oh/dt is the average
between / and + 1,and g, ang q; .,
Notation for the finite-difference grid
EXpressions (8.9.6), (8.9.7),
difference equation:

Parameter for Spatial deriy

ative,§ = A/,
of the temporal derjy

atives at locationg
1 are the ave
is shown in
and (8.9.8) into (8.9.5

/At (see Figure 8.9.2). The de”""f“ve
fand i + 1 or for the midway locations
rage lateral inflows a¢ ; and / + 1, respectively.
Figure 8.9 Substituting these finite differe.nCt‘
) and simpli[‘ying results in the following finite-

lr:f : —/1:.‘_ | -rll: i —-hf

2At ¢ ¢ .
' Leaw 0 .'." I f 1\ m i i+1 s 1vm ) 1 i 2 13 b

ax (Pl " (h") JHT‘G)[Q{ ()" ~af(h)"] ) (899)
| Al((h +1% q:} =0

The on ly unknow

n in the above ¢
method (see Append

quation is 4/ +1
X A). Using M ]

£ 1

anning’g €quatio

» Which mugt pe solved by using Newtoﬂl-‘
N 10 express €quation (8.9.1), Q = ak™, we

(8.9.5)

assumption does
some unique function of the

kinematic-wave
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I
I
j+1 JI
I
|
—— e - — - —— — — - -
{ _T Ar
I Ar'
|
| l
j 1
ax | Ax
2 2
i i+1
(a)
Time ¢
e ij+1 i+1,j+1
gun) 7
' —sM
.E j ¥ Ar
=3 217
g Wil i+1,j
2
31 L Node s
1 2 3 4 (i-1) i (i+1) (i+2) '(N-3)(N-2)(N-1) N Distancex

Initial condition time line
(&)

Figure 8.9.2 The x-t 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 7) 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
1.495"2] 55
NI T (8.9.10)
n
where
1.495)° !
=——_m=15/3 (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
Concrete or asphalt 0.011 0.010-0.013
Bare sand 0.01 0.010-0.016
Graveled surface 0.02 0.012-0.03
Bare clay loam (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 0.10-025
1-3 0.25 0.14-0.53

>3 0.30 T

No till <1/4 0.04 0.03-0.07
1/4-1 0.07 0.01-0.13
: 13 0.30 0.16-047
Moldboard plow (fall) 0.06 0.02-0.10
Colter 0.10 0.05-0.13
Range (nqlurul) 0.13 0.01-0.32
Range (clipped) 0.10 0.02-0.24
Grass (bluegrus:s‘sod) 0.45 0.39-0.63
Et:ﬁ:il‘.‘”'”“ 0.15 G100t
¢ 3 0.24 0.17-0.30

. b iora 4
Bermuda grags 0.41 0.30-0.48

&rass, buffalo &rass, blue gammg Erass, native grasg mix (OK), alfalfa. lespedeza (from

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

:h:rc ': ISdNLanm]ng  foughness coefficien and S is the slope of the overland flow plane.
€Commen : 3 1 LB 5 . :
€d values of Mannmg S roughnegs coefficients for overland flow are given in

Tﬂblt‘ 89] Thf_‘ H‘H](’ to equj[ibrl'um of .
: a plane of : 151 ived using
Manning’s equation 1 p of length 7, apg slope S, can be derive g

The U.S. Dep: L ; .
deve,s L;’l f;mu)nn'le_n‘t of Agriculture Agricultural Rege e, Service (Woolhiser et al., 1990) has
Ped a KINematic runoff and EROSion model referred 1o as KINEROS. This model is event-

Skt - . Scribing the processes of i ion, infiltration,
surface runoff, and erosion fross srhal 5 £ Processes of Interception,

because flows are modeled f, agricultura] ang Urban watersheds. The model is distributed
8.9.3and8.9.4 The m:dir oot the watersheq and the channel elements g illustrated in Figures
+ 7.0 0.7.4, - 1 3 . [ oy 8 . -
ise it does not haye components describing evapo

transpiration and soil wate i
p | water Movement between storms, In other words, there is no hydrologi¢

balance between storms,
Figures 8.9 3 and 8.9 4 illustrae that the
hrunching System of ch

Shidi 11 approach to describing 4 Watershed is to divide it into @
HNEls with plane elements contributing lateral fiow to channels. The
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.,\\f

30 0 0 v
3| =60 90 120

L FETRINET BN

Scale in meters

Legend Symbols

M Grant sitt loam 4 Rain gauge
D Renfrow silt loam ihiel

D Kingfisher silt loam

Area: 0.1 Km?

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

(@)

SEPEER ERRRISAN IBNE]

Scale in meters
(&)

Figure 8.9.3 R-5 catchment. Chickasha, OK. () 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

ting, reservoir routing erosion, and sediment transport. Overland flow routing has been described
routing, reserv S | i d ‘ "S5 H ;
e tion. Channel routing is performed using the kinematic-wave approximation described in
in this section. Chs & ¥

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

described in Chapter 9.
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@ + = Adder channel

@ = Channel

‘ @ = Plane

Not to scale
Figure 8.9 4 Schematic of R-5 plane

and chanpge] configuration (from Woolhiser et al. (1990)).
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(i g e mo
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. 3 k- ased on lhc
§ Section is ap overland flow model based
Kinematic-waye routing. This model is a gigsrs
kinemznjc-wen'e mode] f

elisa distribygeq event-based moge] Other examples include the
or overlang flow routing ip the HEC-HMms (HEC-1) model. i
Crm.fr’num.v.v-.\'fmularfu- ‘count for the overall moijstyre balance of the basin, i'ncrudl'lj
Ween storm €vents. Thege models explicitly account for all runo
urface flow and j
erm runoff forecqgy;

i ¥ 3 i , and are
ndirect rupofy such as interfiow and baseflow, an
ng.

moisture accounting by
€omponents including ]
well suited for /w."u-.'
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Problems

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, (f'/sec) 23 45 68 62
I (in/hr) 32 " 46 6411 biTM
A (acres) 12 21 24 16

(a) Use the least-squares method to determine the values of
unknown parameters a 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) Soiinlitsfit 801
2

Drainage area (A in acres) 1 21 18 32 24

Suppose that the relationship between (,, I, and A can be
expressed as Q, = I* x A® in which @ and b are constants.
(a) Determine the values of the two constants, i.e., @ and b, by
the least-squares method.
(b) How goad 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  Peak discharge ~ Rainfall intensity ~ Drainage area
Q (m’/s) I (mm/hr) A (km®)
1 0.651 81.3 0.0486
2 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
Q = a x (I x A)” using the least-squares method.

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

(¢) 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 lcusl-uquar_gx
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
319

Q, (m’fs)
Runoff (cm)

(a) Determine the coefficients (¢ and b) in the equation QP =
a x RO’ using the least-squares method where O, = peak
discharge. RO = runoff volume, and a, b -

(b) Estimate the peak discharge for the runoff volume of 4 cm.

coefficients.

8.2.1 Consider a 10-km® catchment receiving rainfall with in-
tensity that varies from 0to 30 mm/hr in 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 0 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 caichment. Determine
the time when the surface runoff ends, if surface runoff
decreases linearly to zero from 30 mmvhr 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. [nstantaneous
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 m?)
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 -t,)

inwhich #, > 1, are two time points on the baseflow recession of
a hydrograph,

Time Flow Time Flow
(day) (m ”/s‘) (day) (m“/.\;)
| 6 8 9]

2 970 9 79
] 707 10 68
4 400 11 58
5 254 12 50
6 162 13 43
7 121 14 31

8.2.4 The following table contains the records of rainfall ang
surface runoff data of a particular storm event for 3 Watershed with
the drainage area of 8.4 km>.
(a) Determine the maximum rainfa]] intensit
30 min, 60 min, and 120 min.
(b) Determine the percentage of total rajnf
appearing as the surface runoff,
(¢) Determine the time period that the Storage

¥ for durations of
all that is Jost from

volume of the
water is Increasing in the watershed,

Cumulative rainfall Instantaneoys runoff

Time of day

(mm) (m */s)
,E\‘_
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 45.3
7:30 32 212
8:00 93
8:30 48
9:00 2.5
9:30 ;-1
10:00 0.8

10:30 0.0

8.2.5 The following table contains the
surface runoff data of 3 storm event for a watershed having the
drainage area of 8.0 km?.

records of rainfa]] and

(@) 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 watershed and the maximum
storage volume (in cm).

(d) Determine the ¢ index
excess hyetograph.

and the corresponding rainfall

Time Cumul. rainfa]) Instant. flow rate
(mm) (m%/s)
4:00 0 0
4:15 15 1
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 I
7:00 0

$3z2aes 2R RRRLREET]

8.2.6 Consider a4 watershed with drainage area of 1 km?, For a
given storm event, the recorded ay erage rainfall intensity and wl.&ll
instantaneoys discharge at the o let of the watershed are listed in
the f‘”””Wi“.‘:’ table. Assume that the baseflow is 1 m*/s and rainfall
amount in the fipst 30 min is the initial loss.

(a) Determine the total amoun of rainfall.

(b) Determine the volume of direct runoff.

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

(d) Determine ¢he rainfall excess intensiry hyetograph corte
Sponding to the 0 index obtained in (c). Also, what is the

duration of rainfa]| excess In-‘umgr'ilph'-’

i

ime

Intensity Discharge
(min) (mm/h) (m’/s)

QU r e
0 10 [
30 20 1
60 38 4
90 26 8
120 10 6
150 20 4
180 2 3

210

/




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 156302454 ‘GOL571533 1905105 1120
Cumulative 0. 308 505 * 1755 190 5 110D

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).

8.3.1 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.

Fuur-hourperiod e e e wEs BREIRE st inh DRALERL B

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

83.2 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. Explain
the hydrologic analysis procedure that you will use to solve this
Problem,

8.3.5 Consider a drainage basin with an area of 226.8 km®. From a
storm event, the observed cumulative rainfall depth and the
tomresponding runoff hydrograph are given in the following table.
Assume that the baseflow is 10 m’/s.
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e EpiTYt AR AL 21 . 28
00051525 45 6.5 80 95

Time (hr) 27 30 33 36

Cumulative
rainfall {cm‘)
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’/sfem) 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®. Froma
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"710 12 '}4 16 18 20 22 24 2%
Cumulative 0005 1.5 25 45 6.5 80 95
rainfall (cm)
Instantaneous 10 10
discharge (m’/s)

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) 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@mYs’em) 0 15 45 65 50 25 10 0

(a) Determine the 1-hr unit hydrograph.

(b) A storm has a total depth of 4 cm with an effective rainfall
hyetograph of 2 cm in the first 2 hr, | cm 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) 0:. 5! 1015120 25; 3D 35 340 ;45
15 min UH (m”/s/fem) 0.0 1.5 3.5 6.0 55 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 is 2 m*/s,

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

8.3.10 Consider there are Iwo rain gauges (A and B) in a watershed
with an area of 21.6 km>. The cumulative rainfall 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) Qiilio s ida DG ITEL Rl 10
Cumul, Rainfall 0 25 80 105 100 140 180 230 230
at Station A (mm)
Cumul. rainfall 0 15 40 85 130 180 210 230 230
at Station B (mm)
Instantaneous 10 10 30 60 30 40 80 40 30 10 10

F i
discharge (m¥s)

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

(b) Set up the system of equations Py = (.

(c) Solve part (b) by the fecr.v!-.s‘quares method for the unit
hydrograph. What is the duration of the unij hydrograph
obtained?

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

Time (hr) 01246 iR 11d 12 14 16 18 20 22 24
Cumulative 00051525 45 6.5 80 95

rainfall (¢m)
Instantaneous 10 10 30 50 130 175 260 240 220 145 79 40 10

discharge (m%s)

(a) Determine the value of the ¢ index and the cnrresponciing
effective rainfal] 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?2 From g
storm event, the observed cumulative rainfa] depth and the

corresponding runoff hydrograph are given in the fu]lnwing table
Assume that the baseflow is 20 m¥s. '

Time (hr) 0 6 12 18 24 3
Cumulative rainfall (em) 0.0 15 45 095
Discharge (m?/s) 2050 160 349 180 29

(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 a particular date. the measured rainfall and runoff fromg
drainage basin of 54 ha (54 x 10* m?) are listed in the table below,

(a) 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 storm
hydrograph for the Watershed. The following is known:

Time (hr)  Rainfall (i) Discharge (cfs)
Fiiaireire trEntiaak Phnaanadadn

10

¥ 20

2.1 130
410

1.1 370
510
460
260
110
60

10

O\DOO—-JG\M&QJI\J—-O

—_

—-_'_'—-—-—._____‘

A constant hage flow of 10 ¢fs and a uniform rainfall loss of 0.1 it/
hr are applicable. Determine the size of the drainage basin. Thep
determine the girec runoff hydrograph for a 2.0-in excess pre-
cipitation for the firg hour, no rainfall for the second hour
followed by 4 2 . €Xcess precipitation for the third hour.

8.4:1 A watershed has 5 drainage area of 14 km?; the length of the
main stream jg 7.16 km, and the main channel length from the
raiershed outlet to the Point opposite the center of gravity of
the watersheq i 322 km. Use C, = 2.0 and C, = 0.625 10
determine the Standard synthetic upit hydrograph for the Wi
tershed. What s the Standard duration? Use Snyder’s method 10
determine the 30-min uni hydrograph for the watershed. |

$.4.2 Watershed A has a 2-hr upit hydrograph with Qpr = 276 m’/
2' Ipe :,6 hr, Wsg = 4.0 hr, and W5 = 2 hr. The watershed area;
259km? [, — 16.1 km, and 7, — 38.6 km. Watershed B is assume

e be hydmlogica”)f Similar with an area of 181 km?, Z = 25-1 ki
and L, = 15,1 km, Determine the |_py synthetic unit hydrograph
for watersheg g Determine the direct runoff hydrograph fora 21"

sto‘rm thaF has1.5¢m, of excess rainfall the first hour and 2.5 ¢m 0
€XCess rainfa]] the second hoyr




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, Wys, and Ty 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.

8.4.5 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: t5 = 6 hr, 1,5 = 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
Ci=2.0and C, = 0.65. Sketch the 3-hr unit hydrograph for the
Wwatershed.

8.4.8 Derive a 2-hr unit hydrograph by the Snyder method for a
Watershed 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
Watershed.

8.4.9 Use the Clark unit hydrograph procedure to compute tl;le 1-hr
unit hydrograph for a watershed that has an area of 5.0 km™ and a
time of 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-mj? (1389 acre) urban watershed in Phoenix, Arizona
that has a flow path of 1.85 mi, a slope of 30.5 ft/mi, and an
'Mperviousness of 21 percent. A rainfall intensity of 2.56 in/hris to
be used. The time of concentration for the watershed is computed
using T, — 1147950 Lt i hE i~ %38 where T, 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
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in ft/mi, and i is the rainfall intensity in in/hr. The storage coeffi-
cientis R = 0.37T." A~ %7 L%%0 where A is the area in mi’.
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.%%9 k)52 §— 031 ;- 0.38
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) 0 2 4 6 8 10 12 14
UH(mY/s/10mm) O 15 45 65 50 25 10 0

(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) 0 2 4 6 8 D12 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 comresponding hyetograph has 5 cm
in the first 2 hr and 2 ¢m 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@mYs/em) 0 15 45 65 50 25 10 0O




40 percent soi] group C. Five years 4g0, the watershe
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(a) What is the area of the watershed?

(b) Determine the 3-hy 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 a watershed is

Time (hr) 0 3 6 9 12 15 18
UH (m¥s/em) ¢ 60 9 50 39 10 0
—l i

Assuming the baseflow is 20m’s, determine the tota] runoff
hydrograph from this 50-year desi £n storm,

8.5.7 Suppose the 6-hr unit hydrograph for a watersheg is

2
Time (hr) 0 8 6 9 12 15 18% ¢ 01
UH (m%s/em) o 15 45 65 50 o5 GERST

(@) Determine the 2-hyr unit hydrograph,

(b) Assuming the baseflow is l()m3/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,

8.7.1 Determine the weighted curve numbers for 4 Watershed with
60 percent residentia (1/4-acre lots), 20 Percent open space, good
condition, and 20 Percent commercial ang business (85 percent
impervious) with corresponding soi] &roups of C, D, anqg (.

8.7.2 Rework example 8.7.1 with corresponding soj] groups of B,
C, D, and B.

8.7.3 The Watershed in problem 8.7.1 experienced a rainfall of 5 jp,.
what is the runoff volume per uni area?

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

8.7.5 Calculate the cumulative abstractions ang the excess rainfal]
hyemgrnph for the situation in problems 871 and 8.73 The
rainfall pattern s 1.5 in during the first hour, 2

Sin during the
second hour, and 1.0 i during the thirg hour,

8.7.6 Calculate the cumulative abstraction and the excegg rainfa]]
h_\'cmgraph for the situation in problems 8.7.2 and 8.74. The
rainfall pattern s 2.0 in during the firgs hour, 3

A0 in during the
second hour, and 2.0 in during the thirq hour.

8.7.7 Consider an urban drainage basip h
group B and 40 percen Soil group C. The |
commercial area and ] /2 industrial district.
€Xxcess intensity hyetograph under the dry
condition (AMC) from the recorded storm gj

aving 6() Percent soj)
and use patter is [ /2
Determine the rainfa])
antecedent Moisture
ven in problep, 8.26.

8.7.8 Consider a drainage basin having 60 percent soj] group B anq

d land yge

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, /3 Pasture land, and 1/3 residential area (1/4
acre lot). Estimate the volume of increased runoff due to the Jand
use change over the past 5-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,

e

Time (h) 0-05 05-1.0 1.0-15 1520
Rainfal] intensity (in/h) 6.0 3.0 20 1.0
CLIREESFIEY

8.7.10 Consider 2 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 Wooded area with poor cover and 1/2 cultivated
land with good conservation treatment. Now, the land use has bef“
changed to 1/3 woodeq area, 1/3 cultivated land, and 1/3
commercial and busipess area. Estimate the increased runoff
volume during the dormant Season due to the land use change
Over the past 5-year period for storm of 350 mm in total depth.
This storm depth corresponds to a duration of 6-hr and 100-year
Teturn period. The totg) S-day antecedent rainfall amount is 3
mm. Note: | jnch— 25.4 mm,

8.7.11 Consider 5 drainage basin of 500-ha having hydrologic soil
group D. In 1970, the Watershed land use pattern was 50% Wooqid
area with good cover, 259, range land with good condition, and 25%
residential areq (1/4-acre lot), Ten years later, the land use has bc_f:ﬂ
changed to 309 Wooded area, 209, pasture land, 40% residential
area (1/4-aere 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 © Vi
1970 due 1o the land yse change over the 10-year period for
2 Z-bt, S0-mm rainfal] eyen under the wet antecedent
moistyre condition, i

(€) Suppose that the 2-hr, 50-mm rainfall event has the following
hyetograph. Determine the rainfall excess imensiry. hyeto-
graph (ip mm/hr) and the corresponding incremental Iqﬁm.
tion (in Mm) over the storm duration under 1980 conditions.

Time (hr) 0-05 05-10 1.0-1.5 1520
Rainfa]) intensity (mm/hr) 4 50.0 30.0 160

R

87.12 Consider 4 drainage basin of 36 km* having hydrologic ¥
Eroup B. In 1970, the Watershed land use pattern was 60 Perw':;
Wooded area i good cover, 25 percent range land with gp
condition, apq 15 percent residential area (1/4-acre lot). Twenlf;
Years later (i.e., in 1990), the land use has been changed to ’3h
Percent woodeq area with good cover, 20 percent pasture land wit

0 0
£00d condition, 4¢) PErcent residential areq (1/4-acre loo), and |
Percent COmmercia] 34 bu

siness areg,




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

Time (min) 015 30 45 60 75 90 105120
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.

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.

Cx

(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 g4 ik ¥
Discharge (m’/s) 20 40 0 300 155 20

;'.Jl
o

(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 L]cp]h (mm) 40 60 50 N[i.‘ihil'lg
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™. ,»\ccurdir?i—‘
tothe Thiessen polygon method, the contributing area of each rain
gauge is shown in the above table.

Forthis particular storm event, the duration of the storm s 3 hrand
the percentage of rainfall depth in the first hour is 50 percent, in the
second 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 cover types,
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
I 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.

Determine the basin-wide equivalent uniform rainfall depth
and the corresponding hyetograph for this particular storm.
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

(b

(c

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
s e 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 S-year
period for a storm of 35 c¢m 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
effective rainfall hyetograph (in cm/hr) for the following
storm event using SCS method under the dry antecedent

(b

moisture condition (AMC I).

005 05-1.0 1.0-15
16.0 9.0 5.0 3.

Time (hr)
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) ] 30 60 90 120
Cumulative Rainfall (mm) 0 152 228 278 304
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8 Surface Runoff

(a) Estimate the increased total runoff volume due to the land use
change over the past 3-year period for the above rainstorm
event under the dry antecedent moisture condition (AMC I).
Referring to the present watershed land yge condition, find
the effective rainfal] hyetograph (in mmv/hr) for the rain-
Storm event given the aboye using the SCS method under
the dry antecedent moisture condition (AMC D).

(b

8.7.17 Consider a drainage basin of | »200 hectares having 60 percent
soil group B and 40 percent soil group C. Fiye years ago, the
watershed land use pattemn was 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 Jand, and 1/3 residentia]
area (1 /4-acre lot). For a Storm event, the cumulatjye rainfall and the
corresponding runoff hydrograph are shown in the following table ang
figure, respectively. (Note: 1 hectare — 10,000 m?; 1 in — 254 mm),
Time (hr) 0 I 2 3 4

Cumulative rainfaj (mm) 0 60 120 160 180

Q (m¥s)

Time (hr)

5 12

f:ll.E\limil[L' the increased toa runoff volume by
method due to the Jand use change ove,
period for this storm under the wet
condition.

(b) Find the effective rainfal] intensity hyc[ograph for the
storm event using the SCS method under the wet antecedent
moisture condition and current land use condition,

the SCS
I the past S-year
antecedent moisture

(¢) Find the value of the ¢ index corresponding to the ahoye
direct runoff hydrograph assuming the baseflow is 10 m’;,

8.7.18 Consider a drainage basin hay ing soil group D, The land use
pattern in the basin js | area with good cover, /3
cultivated land with con servation treatment, and | /3 commercial
and business area. For the rainstorm event given below. use the
SCS method under the dry antecedent moisture condition (AMC]I),

3 W \)lh_iL‘(]

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

Time (hr)
Avg. rainfall] intensity (cm/hr)

0-0.5
16.0

1.0-1.5 1.5-20
5.0 3.0

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 w atershed in problem
8.8.1, the land use was contoured pasture land with fair condition.
Compute the SCS triangular uni hydrograph and compare with
the one for commercially developed conditions.

8.8.3 Using the Watershed defined in problems 8.8.1 and 8.8.2,
determine the SCg triangular unit hydrograph assuming residen-
tial lot size. Compare with (he 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 unjt hydrogr;ll)h for the watershed using the
SCS triangular unit hydrograph method. Determine the direct
runoff hydrograph for 30-min storm having 1.5 cm of excess
rainfall in the fi 10min, 0.5 em in the second 10 min, and [.0cm
in the third 10 min,

8.9.1 Develop 4 flowchart of the kinematic overland flow runoff
model describe in Section 8.9,

892 Develop the appropriate equations to solye equation (8.99)
by Newton’s method,

8.9.3 Derive Cquation (8.9.12).
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Chapter

9.1 ROUTING

Reservoir and Stream
Flow Routing

Figure 9.1.1 illustrates how stream flow increases as the variable source area extends into the
drainage basin. The variable source area is the area of the watershed that is actually contributing
flow to the stream at any point. The variable source area expands during rainfall and contracts
thereafter.

Flow routing is the procedure to determine the time and magnitude of flow (i.e., the flow
hydrograph) at a point on a watercourse from known or assumed hydrographs at one or more points
upstream. If the flow is a flood, the procedure is specifically known as flood routing. Routing by
lumped system methods is called hydrologic (lumped) routing, and routing by distributed systems
methods is called hydraulic ( distributed) routing.

For hydrologic routing, input I(1), output Q(1), and storage S(7) as functions of time are related by
the continuity equation (3.3.10)

ds 1) - 0

—_— = - i

i () (B:.1i1)
Even if an inflow hydrograph /(f) is known, equation (9.1.1) cannot be solved directly to obtain the
ograph Q(1), because, both Q and § are unknown. A second relationship, or storage

outflow hydr
orelate S, I, and Q; coupling the storage function w ith the continuity equations

function, is required t
provides a solvable combination of two equations and two unknowns.

The specific form of the storage function depends on the nature of the system being analyzed. In
reservoir routing by the level pool method (Section 9.2), storage is a nonlinear function of Q S=f
(Q), and the function {Q) is determined by relating reservoir storage and outflow to reservoir water
level. In the Muskingum method (Section 9.3) for flow routing in channels, storage is linearly related
to I and Q.

The effect of storage is to redistribute the hydrograph by shifting the centroid of the inflow
the outflow hydrograph in a time of redistribution. In very long

hydrograph to the position of
channels, the e
hydrograph may then be sh
additional time may be
between the centroi

redistribution and
hydrograph, while translation changes its position.

ntire flood wave also travels a considerable distance, and the centroid of its
ifted by a time period longer than the time of redistribution. This
considered the fime of translation. The total time of flood movement
ds of the inflow and outflow hydrographs is equal to the sum of the time of
the time of translation. The process of redistribution modifies the shape of the
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Shallow soil

AN

L2

AN N

=

B Variable source area

Figure 9.1.1 The small arrow:
shallow soils,

s in the hydrograph

s show how streamflow increases
and ephemeral channels, The proce

4 §4 5,
as the variable source extends into swamp
SS reverses as streamflow declines

(from Hewlett (1982)).

9.2 HYDROLOGIC RESERVOIR ROUTING

EEL A8 £100 8
S;‘+1k5}:“—~’+2"' Lar~ %491 ZQf- ‘

The inflow vajues at the beg
and the corresponding valy
are prespecified. The values of Q; and S;
for the Previous time interval, Hence, ¢
S

j+1, Which are isolateqd by mulu’plying
Produce:

inning and end of the jth time

-espectively:
interval are l;and I, 1, respec
Ies of the outflow are

Qj and Q; ;. The values of /; and !im;
are known at the Jth time interval from calculanand
quation (9.2.1) contains two unknowns, fo' It to
(9.2.1) through by 2/At, and rearranging the resu

AT _ 2. 9212
{T '+'Qf+l:l:(lj+(f+1)+['b—;_Q,J (
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9.2 Hydrologic Reservoir Routing 3

Discharge 4
L, Inflow
(‘S} +17 Sj)
Ii | Outflow
l
n
Qj +1 Sj I
4 J :
— At |
jAr (j+ 1)Ar : Time
1330
I :
Storage ;r : : !
11
1 :
jiid ’
jiid |
| |
.S}- +1 : |
S; }
|
1 -

Figure 9.2.1 Change of storage during a routing period Az.

In order to calculate the outflow Q; . 1, a storage-outflow function relating 25/Ar 4+ Q and Q is
needed. The method for developing this function using elevation-storage and elevation-outflow
relationships is shown in Figure 9.2.2. The relationship between water surface elevation and
reservoir storage can be derived by planimetering topographic maps or from field surveys. The
elevation-discharge relation is derived from hydraulic equations relating head and discharge for
various types of spillways and outlet works. (See Chapter 17.) The value of At is taken as the time
interval of the inflow hydrograph. For a given value of water surface elevation, the values of storage §
and discharge Q are determined (parts (@) and (b) of Figure 9.2.2), and then the value of 25 /A1 + Q is
calculated and plotted on the horizontal axis of a graph with the value of the outflow Q on the vertical
axis (part (c) of Figure 9.2.2).

In routing the flow through time interval /, all terms on the right side of equation (9.2.2) are known,
and so the value of 25; ;1 /At + Q)+ can be computed. The corresponding value of Q. | can be
determined from the storage-outflow function 25/Ar + Q versus Q, either graphically or by linear
interpolation of tabular values. To set up the data required for the next time interval, the value of

(28;+1/At—Qj41) 18 calculated using

1. 1284
ELI__Q'_U‘ [ L ;Q,_l} H30HL (9.2.3)

The computation is then repeated for subsequent routing periods.
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Outflow r

(6)

Storage ‘P

EXAMPLE 9.2.1 Consider a 2

SOLUTION

Outflow
__________ — Q —_—
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I ! —
Water surface I 25 Storage-
elevation " % e outflow
| f 4 fUnCﬂOD
l\. | /"
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9.2 Hydrologic Reservoir Routing

Table 9.2.1 Elevation-Discharge-Storage Data for Example 9.2.1

1 2 3 4
Head Discharge Storage 25 i1
3 % — + O (cfs)
H (ft) Q (cfs) S (ft}) At
0.0 0 0 0.00
0.5 3 43,500 148.20
1.0 8 87,120 298.40
1.5 17 130,680 452.60
2.0 30 174,240 610.80
2.5 43 217,800 769.00
3.0 60 261,360 931.20
3.5 78 304,920 1094 .40
4.0 97 348,480 1258.60
4.5 117 392,040 1423.80
5.0 137 435,600 1589.00

Table 9.2.2 Routing of Flow Through Detention Reservoir by the Level Pool Method (Example 9.2.1)

9 ZS,' A—-"/ 1
Time Inflow fi+1+1 775 Q; TNl Qj+1 Outflow
f (min) I; (cfs) (cfs) (cfs) (cfs) (cfs)
0.00 0.00 0.00
10.00 10.00 10.00 0.00 10.00 0.20
20.00 20.00 30.00 9.60 39.60 0.80
30.00 30.00 50.00 37.99 87.99 1.78
40.00 40.00 70.00 84.43 154.43 3.21
50.00 50.00 90.00 148.01 238.01 590
60.00 60.00 110.00 226.04 336.04 10.20
70.00 55.00 115.00 315.64 430.64 15.72
80.00 50.00 105.00 399.21 504.21 21.24
90.00 45.00 95.00 461.72 556.72 25.56
100.00 40.00 85.00 505.61 590.61 28.34
110.00 35.00 75.00 533.93 608.93 29 85
120.00 30.00 65.00 549.24 614,24 30.28
130.00 25.00 55.00 553.67 608.67 29 83
140.00 20.00 45.00 549.02 594.02 28.62
150.00 15.00 35.00 536.78 571.78 26.79
160.00 10.00 25.00 518.19 543.19 24.44
170.00 5.00 15.00 494.30 509.30 21.66
180.00 0.00 5.00 465.98 470.98 18.51
190.00 0.00 0.00 433.96 433.96 15.91
200.00 0.00 0.00 402.14 402.14 14.05
210.00 0.00 0.00 374.03 374.03 12 41
220.00 0.00 0.00 349.20 349.20 10.97
230.00 0.00 0.00 32727 32727 9.69
240.00 0.00 0.00 307.90 307.90 8.55

With 0; = 0.2, then 25, /At — Q; for the next iteration is

28, 28> ] Fhid! (D7) = 9.6 f
= =0 = +03| =20 =10-2(0.2) =9.6¢cts
{Ar Q’} {A: o

The computation now proceeds to the next time interval. Refer to Table 9.2.2 for the remaining

computations.
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9.3 HYDROLOGIC RIVER ROUTING

The Muskingum method is a commonly used hydrologic routing method that is based upon g
variable discharge-storage relationship. This method models the storage volume of flooding
in a river channel by a combination of wedge and prism Storage (Figure 9.3.1), During the
advance of a flood wave, inflow exceeds outflow. producing a wedge of storage. During the
recession, outflow exceeds inflow, resulting in a negative wedge. In

storage that is formed by a volume of constant cross-section alo
channel,

addition, there is a prism of
ng the length of prismatic

Assuming that the Cross-sectional area of the flood flow is dire
at the section, the volume of prism Storage is equal to KQ, where K is a proportionality coeffi-
cient (approximate as the travel time through the reach). and the volume of wedge storage is equal to

KX(1— Q), where X is a weighting factor having the range 0 < X < 0.5. The total storage is defined
as the sum of two Ccomponents,

ctly proportional to the discharge

S =KQ+KX(I - 0) (9.3.1)

which can be rearranged to give the storage function for the Muskingum method

S=KXI+(1-x)g (9.32)

and represents a linear model for routing

flow in streams,
The value of ¥ d

_ ! epends on the shape of the modeled wedge storage. The value of X ranges
from 0 for TESErvoir-type storage to (.5 for a full wedge. When X = 0, there is no wedge and
hence no backwater: this is the case for 5 level-pool reservoir. In natural streams. X is between (

and 0.3, with a mean value near (.2, Great accuracy in determining X may not be necessary
because the results of the a

parameter K is the time of travel of the f]

Wedge Storage
=KX(I- g

Prism
storage = KQ

Figure 9.3.1 prigy, , e
gure 9.3.1 Prism and wedge storages ip g channe] reach
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The values of storage at time j and j + 1 can be written, respectively, as

Si=K[XI; + (1 - X)Qj] (9.3.3)
Sji+1=K[XLis1+(1-X)0j+1] (9.3.4)

Using equations (9.3.3) and (9.3.4), the change in storage over time interval Af is
Siv1=8 = K{[X[;1+ (1 -X)Qj+1]— [XI;+ (1 - X)Q)]} (2.3.5)

The change in storage can also be expressed using equation (9.2.1). Combining equations (9.3.5) and
(9.2.1) and simplifying gives

Oir1=Cli 1+ Gl + G0 (9.3.6)
which is the routing equation for the Muskingum method, where

At —2KX

LRI 9.3.7

s 2K(1 -X) + At ( )
At +2KX

o Ar2KX (9.3.8

C =3k —X) + A /
HAL

LA 0 e (9.3.9)

2K~ X) 1+

Note that C; +C2+C3 = 1.
The routing procedure can be repeated for several sub-reaches (Np,) 5o that the total travel time

through the reach is K. To insure that the method is computationally stable and accurate, the U.S.
Army Corps of Engineers (1990) uses the following criterion to determine the number of routing

reaches:

(9.3.10)

1 K 1
< < s
2(1—X) ~ NeepsAt — 2X

If observed inflow and outflow hydrographs are available for a river reach, the values of K and X
can be determined. Assuming various values of X and using known values of the inflow and outflow,
successive values of the numerator and denominator of the following expression for K, derived from

equations (9.3.5) and (9.2.1), can be computed using

CA¢l SEYS0i %00
_ 0SM(liv 1 +5) = Qi1+ Q)] (9.3.11)

XU —-L)+(1-X)(0Qi+1-0Q)

The computed values of the numerator (storage) and dcnqminamr (weighted discharges) are
plotted for each time interval, with the numerator on the vertical axis and the denominator on the
horizontal axis. This usually produces a graph in the form of a loop, as shown in Figure 9.3.2.
The value of X that produces a loop closest to a single line is taken to be the correct value for the
reach, and K, according to equation (9.3.11), is equal to the slope of the line. Since K is the time
required for the incremental flood wave to traverse the reach, its value may also be estimated as

the observed time of travel of peak flow through the reach.
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EXAMPLE 9.3.;

40,000

30,000 ——-—]

g
o
w
g
2 X=0.1
)
8 0
Q
£ 40,000
@
g’ K=1.05
S 1
Vi
B 30,000
5
1]
=

20,000

10,000 IR

0 X: 0.2 X=O—.3‘J
0 10,000 20,000 30,000 0 10,000 20,000 30,000

Figure 9.3.2 Typical v

Storage in 1-day cubic feet per second

alley Storage curyeg (after Cudworth (1989)),

3 t [ 3)
3. Army Corps of Engmeers(l%()) S used in Cudworth (1989). Columns (2) and (

equation (9.3.11) were Computed (for g;

accumulated numerator:

in columns (]| ), (13),(15), and (17), 1,
(9) are plotted against the

four X values, Accordin

has a resulting K = 1.0. 7o perform a
reach should be subdivi
each reach,

flow and outfiow hydrographs for the reach. The numerator and denomiﬂm{’;;:
each time period) using four values of X =0, 0.1, 0.2, and 0'3: e
S are in colymp (9) and the accumulated denominators (weighted discharges) i
n Figure 9.3.2, the accumulated numerator (storages) from CO]?:;:e
cunesponding accumulated denominator (weighted discharges) for each O,hjch
gtoFigure 93 the best fit (linear relationship) appears to be for X = 02 w the
routing, K shoylg €qual Az, so thatif Ar — (.5 day, as in this case, for
ded into twg €qual reaches (Nsceps = 2) and the value of K should be 0.5 day
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EXAMPLE 9.3.2 Route the inflow hydrograph below using the Muskingum method: A = 1 hr, X =
i 3 4 5
Time (hr) 0 1 2 g ]
lr:goi«' (cfs) 0 800 2000 4200 5200 4400
Time (hr) 8 9 10 11 12 13
Inflow (cfs) 2000 1500 1000 700 400 0

1.0-2(0.7)(0.2)
= ST = 0.3396
AT 2(0.7)(1-0.2) +1.0

G = Lo—ﬂm =0.6038

2(0.7)(1-02)+1.0
2(0.7)(1-0.2) - 1.0
S T o = = 0.0566
G 2(0.7)(1-02)+1.0 = Y0

(Adapted from Masch (1984).)
Check to see if C; +CG4+C3=1:
0.3396 + 0.6038 +0.0566 = 1

Using equation (9.3.6) with I =0 cfs. 5 = 800 cfs, and 0

Q) = C|fl+C3[1 ‘FC‘;Q]
= (0.3396)(800) + 0.6038(0) + 0.0566(0)
=272 cfs(7.7m’«’s)

Next compute Q; at ; — 2hr :

% = Cih+ Gl +C30,
= (0:3396)(2000) +- 0,603

800) + 0.0566(272)
1,178 cfs (33 m?/s)

Il

The remaining computations resylt in

Time (hr) 0 1 2 3 4 b
0 (cfs) 0 272 1178 2701 4455 4886
Time (hr) 8 9 10 11 12 13
0 (cfs) 2359 1851 1350 918 610 276

IC (DISTRIBUTED) ROUTING

Distributed routing or hydy,

aulic routing,
one-dimensiong] unsteady flow €quations referreq to as the Sqin;-
river routing and the hy

drologic IEServoir routin
procedures and compute flow g

(dis[ributcdj flow routings
a function of both Space (location)
in both the 1'9/:)('1'{\'-(1’(7:!!1 (mm(’on.s'erl‘an'on)_}"orm

The momentum €quation contajng
Momentum. These e celeration teryy, which desc
due to the change in velocity oyer time, the conye
change in momentum ¢

in velocity along

also referred to as unsteq

€ as a function of time
allow comp Putation of the floy I
and time. The Saint-Ve

0.2, K=07ht

6
3200

t = Ocfs, compute Q5 at r = 1 hr:

6
4020

14
16

dy flow routing, is based upon ([Th:
Venant equations. The hydr OJOa'd
& Procedures presented previously are Iurnp'*?C
alone at a downstream location. Hydrau I‘
ale and water surface elevation (or depg]i ﬂ;’ 94.1
flant equations are presented in Table. 4.
and the discharge-area (conservation) form.

) : ] e flow
terms for the Physical processes that govern th St
Tms are: the locg/ 4, ribes the change in mome i
: } A .cribes
clive acceleratjon term, which descr term
Sy "
the channel, the pressure force

3009

7
2500

7

15
1

Unsteady




9.4 Hydraulic (Distributed) Routing 341

Table 9.4.1 Summary of the Saint-Venant Equations*

Continuity equation

! 0 0A
Conservation form +—=0
ox< ‘ot
A9 0 gy | OV 140y
Nonconservation form V- . —=10
ox 0Xx ot

Momentum equation

Conservation form

130 : 1 a3 /0% dy .

———t = = | g —g(8h — §) =10

A0t Aox\ A " OX
Local Convective Pressure Gravity Friction
acceleration acceleration force force force
term term term term term
Nonconservation form (unit with element)
oV oV Oy
-— —+8z- —8(S0—5)=0
ot ox 0;

L Kinematic wave
! Diffusion wave
| Dynamic wave

*Neglecting lateral inflow, wind shear, and eddy losses, and assuming 3 = 1.
x = longitudinal distance along the channel or river, f = time, A = cross-sectional area of flow, # = water surface
elevation, S},-= friction slope, So = channel bottom slope, g = acceleration due to gravity, V = velocity of flow, and y

depth of flow.

proportional to the change in the water depth along the channel, the gravity force term, proportional
to the bed slope S, and the friction force term, proportional to the friction slope S;. The local and
convective acceleration terms represent the effect of inertial forces on the flow.

Alternative distributed flow routing models are produced by using the full continuity equation
while eliminating some terms of the momentum equation (refer to Table 9.4.1). The simplest
distributed model is the kinematic wave model, which neglects the local acceleration, convective
acceleration, and pressure terms in the momentum equation; that is, it assumes that Sy = S; and the
friction and gravity forces balance each other. The diffusion wave model neglects the local and
convective acceleration terms but incorporates the pressure term. The dvnamic wave model
considers all the acceleration and pressure terms in the momentum equation.

The momentum equation can also be written in forms that take into account whether the flow is
steady or unsteady, and uniform or nonuniform, as il!uﬂmzed .in Tabl%- 9.4.1. In the continuity
equation, 8A/0r = 0 for a steady flow, and the lateral inflow ¢ is zero for a uniform flow.

1 Unsteady Flow Equations: Continuity Equation

The continuity equation for an unsteady variable-density flow through a control volume can be

written as in equation (3.3.1):

[ .
():;-‘—’pd‘f ‘ [p\ -dA (9.4.1)
r."f.
CV S
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~~—_ _ _Energy grade line

(c) Cross-section.

Figure 9.4.1 An elementa] reach of chanpe] for derivation of Sain-Venant equations.
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where 0Q/0x is the rate of change of channel flow with distance. The volume of the channel element
is Adx, where A is the average cross-sectional area, so the rate of change of mass stored within the
control volume is

d 0(pAdx)
— |pd¥ =—"-= 9.4.4
dt J P ot { )
cv

where the partial derivative is used because the control volume is defined to be fixed in size (though
the water level may vary within it). The net outflow of mass from the control volume is found by
substituting equations (9.4.2)—(9.4.4) into (9.4.1):

O(pAdx a0

M—p(Q-qa’.\')+p(Q . :—gri\') =0 (9.4.5)

dt axii

Assuming the fluid density p is constant, equation (9.4.5) is simplified by dividing through by pdx
and rearranging to produce the conservation form of the continuity equation,

0Q oA

ox T ot
which is applicable at a channel cross-section. This equation is valid for a prismatic or a non-
prismatic channel; a prismatic channel is one in which the cross-sectional shape does not vary along
the channel and the bed slope is constant.

For some methods of solving the Saint-Venant equations, the nonconservation form of the
continuity equation is used, in which the average flow velocity V'is a dependent variable, instead of
Q. This form of the continuity equation can be derived for a unit width of flow within the channel,
neglecting lateral inflow, as follows. For a unit width of flow, A =y x 1 =yand Q = VA = Vy.
Substituting into equation (9.4.6) yields

-g=0 (9.4.6)

o(Vy Oy
(,'J+~‘-:O (9.4.7)
ox ot
or
Oy av oy
V2 4y +2=0 (9.4.8)
ox: = ax of

942 Momentum Equation
Newton’s second law is written in the form of Reynolds transport theorem as in equation (3.5.5):

d | $34
YE=2 [Vpd‘\:*Jr S Vpv-da I

dt 3

cv :
This states that the sum of the forces applied is equal to the rate of change of momentum stored
within the control volume plus the net outflow of momentum across the control surface. This
equation, in the form S F = 0, was applied to steady uniform flow in an open channel in Chapter 5.

Here, unsteady nonuniform flow is considered.

Forces. There are five forces acting on the control volume:

Z; F,+F;+F.+F, (9.4.10)

FERY ity ¢ along the channel due to the weight of the water in the control volume,
where F is the gravity forc g 144 _ £
F.is the friction force along the bottom and sides of the control volume, F, is the contraction/
A% . s
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expansion force produced by abrupt changes in the channel cross-section, and F), is the unbalanced
pressure force (see Figure 9.4.1), Each of these four forces is evaluated in the following paragraphs.
Gravity. The volume of fluid in the control volume is Adx and its weight is pgAdy. Fora small
angle of channel inclination 6, So ~ sin © and the gravity force is given by

Fy = pgAdyx sin 0 ~ PgASydx (94.11)

4 where the channel bottom slope S, equals — 0z/0x.
Friction. Frictional forces created by the shear stress
volume are given by — ToPdx, where Uies
wetted perimeter. Hence the friction force

along the bottom and sides of the control
YRSy = P&(A/P)Ss is the bed shear stress and Pis the
is written as

Fy = —peAS;dx (9.4.12)

where the friction slope S; is derived from resistance e
&/ oniraction/expansion. Ah

through eddy motion, Such Io

quations such as Manning’s equation.

TUpt contractions or expansions of the channel cause energy losses
Sses are similar to minor lo

(9.4.13)

(9.4.14)

in which K, is the nondimensiona] €Xpansion or contraction coefficient, negative for channel
€Xpansion (where ( Q/A)? /ox is Negative) and positive for channel contractions.

Pressure., Referring to Figure 9.4.1, the unbalanced pressure force is the resultant of the
hydrostatic force on the each side of the congr] volume. Chow et al. (1988) provide a detailed

derivation of the Pressure force F, as simply

Oy 5
RiE bLU'D o 9.4.15)
ilibes 6xd'x (

The sum of the forces ip €quation (9.4.10) can pe €xpressed, after substitutin g equations (9.4.11)
(9.4.12), (9.4.13), and (9.4.15), a5

ZF = pASUd-“‘pgASfd’C‘*DgASgdx—pgA?d,\' (9.4.16)
ox

CE, respectively,
Net momentgm outflow. The

~P(Q+gdx), Tepresenting both

is computed by multiplying the two mass inflow rates by t
correction factor B

551 : 2)) is
mass inflow rate to the contro] volume (equation (94-*))m
Stream infloy and latera] inflow. The corresponding momentu :
. : . un
heir respective velocity and a moment

JVDV dA = _ P(BVO + Bl'.\-ffd-\') (9,4.17}

inlet

$S€S 1n a pipe system. The magnitude of
eddy losses is related to the change in velocity head V2/2g = (Q/A)l/ls.’ through the length of
channel Causing the losses, The drag forces creating these eddy losses are given by
Fe = —pgAS,dx
where S, is the eddy loss slope
_K.3(0/A)
THi2pl Lidx
g
¥

t‘:’jef ¢ —pBVQis Ihe.momemum entering from the “Pstream end of the channel, and — ppr.gd¥ ¥
€ momentum entering the majp channel with the lateral inflow, which has a velocity v, in the *
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direction. The term [ is known as the momentum coefficient or Boussinesq coefficient: it accounts for
the nonuniform distribution of velocity at a channel cross-section in computing the momentum. The
value of B is given by

L3 fis
B=——-|vdA (9.4.18)
V-A
where v is the velocity through a small element of area dA in the channel cross-section. The value of B
ranges from 1.01 for straight prismatic channels to 1.33 for river valleys with floodplains (Chow,
1959; Henderson, 1966).
The momentum leaving the control volume is
] o(BvO) , 1
[VdeA = p{ﬂl'(ﬁ)a - lﬁ ¢ dx (9.4.19)
i b J
outlet
The net outflow of momentum across the control surface is the sum of equations (9.4.17) and
(9.4.19):

OX

o(BVQ) d(BVQ) f
[VpV dA = fp(BVQv-Bl'\flt’f-\')"D{BVQ i (‘l(,“(' t-"\] -p [[h"q : l_ —|dx (9.4.20)

Cs

Momentum storage. The time rate of change of momentum stored in the control volume is found by
using the fact that the volume of the elemental channel is Adx, so its momentum is pAdxV, or pQdx,

and then

-dx (9.4.21)

After substituting the force terms from equation (9.4.16) and the momentum terms from equations
(9.4.20) and (9.4.21) into the momentum equation (9.4.9), it reads

. oy [al
peASodx — pgASydx — pgASedx — pgA 3 dx = —p ;L Br.g

)
dx 4 p( £d’\ (9.4.22)

o(pvo)|

0x ] af

Dividing through by pdbx; replacing V with Q/A, and rearranging produces the conservation form of
the momentum equation:

00 | o(BO"/4) | L,.,,_(EI So+5; 4.3‘,) —Bgv. =0 (9.4.23)
ot ‘

ot ox "
The depth y in equation (9.4.23) can be replaced by the water surface elevation /. using
h=y+:z 9.4.24)
where z is the elevation of the channel bottom above a datum such as mean sea level. The derivative

of equation (9.4.24) with respect to the longitudinal distance x along the channel is

e
=
@)
-

ST 9.4.25)
Ok: | idx: | Ox

but dz/0x = — S, $0
oh Oy ‘
A T Ay D0 9.4.26)
OX OX
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The momentum equation can now be expressed in terms of / by using equation (9.4.26) in (9.4.23)

- 27 A
0,362/, (c;/r £54 51) S S0 (9.427
ot ox OXx

The Saint-Venant equations, (9.4.6
equations for one-dimensional, unste
equation (9.4.27), which represent t
illustrates the close relationship bet
flow. Strelkoff (1 969) showed that ¢
be derived from energy principles,

The nonconservation form of the

) for continuity and (9.4.27) for momentum. are the governing
ady flow in an open channel. The use of the terms Syand §, in
he rate of energy loss as the flow passes through the channel,
ween energy and momentum considerations in describing the
he momentum equation for the S

aint-Venant equations can also
rather than by using Newton’s

second law as presented here.
Momentum equation can be derived in a similar manner to the
inuity equation. Neglecting eddy losses, wind shear effect, aﬂ‘d
form of the momentum equation for a unit width in the flow is

X

v ov dy
i zi b 1 4 3 9.4.28)
o T Va\ +g(a So +Sf) 0 (

9.5 KINEMATIC WAVE MODEL f OR CHANNELS

In Section 8.9, a kinematj

€ Wave overland flow runoff mode] w,
nonlinear kinematic mode

I that is used in the KINEROS model. This section presents a general
discussion of the kinematic waye followed by a brief description of the very simplest linear models,
such as those found in the [.g. Army Corps of Engineers HEC-HMS and HEC-1, and the more
complicated models sych as the KINEROS model (Woolhiser et a].. 1990).

Kinematic wayes govern flo i
waves govern flow whep t
wide river, In 4 kinematic
accelerate appreciably,
Fora kinematic wave,
and uniform (§, — S )w
and water surfs

as presented. This is an implicit

the energy grade line is
ithin i
ice elevation are not

9.5.1 Kinematic Wave Equations

Awaveisa variation in 3 flow, such as 5 change in flow fate or water surface elevation, and the wave
celerity is the velocity with whic this variatjop travels along the channel. The celerity depends ?
the type of waye being considereq and may be quite different from the water velocity. Fora kinematic
Wave, the acceleration and pressure termg in the Momentum equati

motion is described principa]l‘y by the €quation of continuity. The na

LE ave
on are negligible, so the wd
as kinematics refers to the Study of m

me kinematic is thus applicable.

i otion exclusive of the influence of mass and force: in dynamics
these quantities are included.
The kinematic Wwave mode] jg defined by the followjng €quations
Cnn!inui[_v: .
00 o4 (9.5.1)
3, - 49x,0)
Momentum:
)
So =S, (9.5.2)
where g(x, 1) is the ne

t latera] inflow PEr unit length of channe],
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The momentum equation can also be expressed in the form
A = oQ? (9.5.3)
For example, Manning’s equation written with Sy = S and R = A/P is

_L4os)?

Q wp2 (9.5.4)
which can be solved for A as
Satiiys
(] b ST
A —_ Esv sl 3/5 (95 ¢
(1.49\{@“) Q EY4Y,

s0 o = [nP2/3/(1.49,/5;))°¢ and B = 0.6 in this case.

Equation (9.5.1) contains two dependent variables, A and Q, but A can be eliminated by
differentiating equation (9.5.3):

oA 20
— = )B § 1 (_) 9§
3 BO 3 (9.5.6)
and substituting for 0A /0t in equation (9.5.1) to give
0Q B-1 (?Q i i
E\"\_+0tI3Q 3, ) =19 (9.5.7)

Alternatively, the momentum equation could be expressed as
Q = aA® (9.5.8)

where @ and B are defined using Manning’s equation. Using

) 10 0A
el 9.

dx dAdx

-

.9)

the governing equation is
0A dQoA
T JAox 9.5.10
ot "daox ¢! (9.5.10)

where dQ/dA is determined by differentiating equation (9.5.8):

dQ B-1 £
— = aBA (9511
dA - )
and substituting in equation (9.5.10):
0A 0A
'(:\'* *CIBA” 1(:— =q ( L}§12)
ol X

The kinematic wave equation (9.5.7) has Q as the dependent variable and the kinematic wave
equation (9.5.12) has A as the dependent variable. First consider equation (9.5.7), by taking the

logarithm of (9.5.3):

InA=Ina+plnQ (9.5.13)

dQ 1 [dA
7@7 T B(“ (9.5.14)

and differentiating




L2
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This defines the relationship between relative errors dA /A and dQ/Q. For Manning’s equation B<l,
so that the discharge estimation error would be magnified by the ratio 1/B if A we
variable instead of 0.

Next consider equation (9.5.12)

re the dependent
; by taking the logarithm of (9.5.8):
InQ=Ina+BlnA

A _1(dg (9.5.15)
A B\o

iQQ i B(?) (9.5.16)

or

equation (9.5.12) being the governing equation,

282 iUS Army Corps of Engineers Kinematic Wave Model for Overland
Flow and Channel Routing

The HEC-] ( HEC-HMS) computer program actually has two forms of the kinematic wave. The first
is based upon €quation (9.5.12

) where an explicit finite difference formis used (refer to Figures 9.5.1
and 8.9.2):
Al \
£14 3 +1 5.17)
SHIBBN i
EESEEag
0 4. -4 (9.5.18)
ox Ax
and
] L
ALY 9519
J+1 i !
g =it ‘2"‘1f+1 (9.5.20)

i i+1
3 - 4 1l
Figure 9.5.1 Finite difference forms. (a) HEC

-1 “standarg form;” (b) HEC-1 “conservation form.”
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Substituting these finite-difference approximations into equation (9.5.12) gives

; AB-1r i ;
SIS Y Al A Al — Al _qiiitdis .
E(A}‘.Ll*A‘HI)*aB 5 e = BT (35521}
The only unknown in equation (9.5.21) is A’ | ll S0
j+1 j At Af‘{ +A{ it j f+1 j Al c
A= i+1—aB Ax Feiliiii (Apl‘fa'f‘f’“'{f‘-w"J’;.]'l (9.5.22)

After computing A{;: at each grid along a time line going from upstream to downstream (see
Figure 8.9.2), compute the flow using equation (9.5.8):
_,¢]7__,~.]H C 5
Qi =alAl,) (9.5.23)
The HEC-1 model uses the above kinematic wave model as long as a stability factor R < 1 (Alley
and Smith, 1987), defined by

B B
R= 3e8 [({[Af +Ai) - (Ai) ] forg>0 (9.5.24a)
gAx ]
; Ar: S
R= uB[A{J” : A forg=0 (9.5.24b)
Ax

Otherwise the form of equation (9.5.1) is used, where (see Figure 9.5.1)

- ya-l j+1
CTQ—:(—)—*-"'A 11 (9.5.25)
(00 ¢ Ax
A AT -A
HHE (9.5.26)
ot I
50
j+1 Jj+1 _,_]7 j
QJ;—Q— - fj'—‘—g—--'i-’ =g (9.5.27)
A% ¥
Solving for the only unknown Q' yields
i j Axiisd ; 1
Q::::Q;"l*qﬁ.\'—z[rﬂ 3 - A7) (9.5.28)
Then solve for Ai: : using equation (9.5.23):
1 1/8
Al :(*Q:f:) (9.5.29)
a

The initial condition (values of A and Q at time 0 along the grid, referring to Figure 8.9.2) are
computed assuming uniform flow or nonuniform flow ?nr an initial discharge. The wupstream
boundary is the inflow hydrograph from which Q is obtained.

The k-inematic wave schemes used in the HEC-1 (HEC-HMS) model are very simplified. Chow,
et al. (1988) presented both linear and nonlinear kinematic wave schemes based upon the equation
ple of a more desirable kinematic wave formulation is that by

(9.5.7) formulation. An exam
Woolhiser et al. (1990) presented in the next subsection.
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9.5.3 KINEROS Channel Flow Routing Model

The KINEROS channel routin

g model uses the equation (9.5.10) form of the kinematic wave
equation (Woolhiser et a].. 1990):
A, dou ae 0 (9.5.10)
dt  dAOx

where ¢(x, /) is the net lateral inflow

per unit length of channel, The derivatives
using an implicit scheme in which ¢

are approximated
he spatial and temporal derivatives are., res

pectively,
04  AlTl_ 4+ Al A
;T_:e—;'dl\__’ﬁfukej AI\* (9.5.30)
1004 10\ / +1 A{‘J_Af-l j+1 A/ A 1
- (%) T & )ru-e(F) A ) s
J 1/ (i s
and
i+l j Jj+1 j
U _1iaft! g A1 —Aiy, (9.5.32)
ortid At At
or
A AT paitt g
5=l A A, (9.5.33)
o1 2A¢

Suhslituling €quations (9,53 1) and (9.5.33) into (9.5.10), we have

fHLIE L J+1 J
A,'-_Ii_/fli;l_j A: 1

, TR (A ey il |
241 dA Ax J| t(1-8) dA Ax
l - + H
S @+l gl g

The only unknown in thjg

iterative scheme such
Woolhiser et al. (]
sectional

(9.5.34)
€quation is A7+ 1+ which must be solved
as the NcwanRaph

990) use the followj
area, which embodies the kinem

for numerically by use of an
S0n method (see Appendix A).
ng rela[ionship between ¢

hannel discharge and cross:
atic wave assumption:

Q £3 G:Rm— IA
where R is

(9.5.35)
the hydrauljc radius and o — 1.498172 1y and M= 5/3 for Manning’s equation.
95.4 Kinematic Waye Celerity

das

0 (9.5.3
ihe )} 19_5436)
ot
Dividing through by dx ang rearranging Produces:

dx

Ox ' dy or

9.6

MUSKIN
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Equations (9.5.7) and (9.5.37) are identical if

dQ b! &
¥ i3 q (9.5.38)
and
S 9.5.39
dt ~ apQb-1 HTY

Differentiating equation (9.5.3) and rearranging gives
dQ 1
ST ERETIT BT 9.5.40
dA  opQP-1 ( )
and by comparing equations (9.5.39) and (9.5.40), it can be seen that
dx dQ
dt  dA
or

i d
Ao (9.5.42)

dr  dA

where ¢ is the kinematic wave celerity. This implies that an observer moving at a velocity
dx/dt = ¢, with the flow would see the flow rate increasing at a rate of dQ/dx = ¢q. If ¢ = 0, the
observer would see a constant discharge. Equations (9.5.38) and (9.5.42) are the characteristic
equations for a kinematic wave, two ordinary differential equations that are mathematically
equivalent to the governing continuity and momentum equations.

The kinematic wave celerity can also be expressed in terms of the depth y as

1dQ

=== 9.5.43
B dy ( J

Ck

where dA = Bdy.
Both kinematic and dynamic wave motion are present in natural flood waves. In many cases the

channel slope dominates in the momentum equation; therefore, most of a flood wave moves as
a kinematic wave. Lighthill and Whitham (1955) proved that the velocity of the main part of a
natural flood wave approximates that of a kinematic wave. If the other momentum terms

av/ot, V(dV/ox) and (I/g_)?“_\',’f“,\') are not negligible, then a dynamic wave front exists that
can propagate both upstream and downstream from the main body of the flood wave.

9.6 MUSKINGUM-CUNGE MODEL

Cunge (1969) proposed a variation of the kinematic wave method based upon the Muskingum

method (see Chapter 8). With the grid shown in Figure 9.6.1, the unknown discharge 05 : can be

expressed using the Muskingum equation (Q; +1 = Ciljs1+ Col; +C30)):
Qi =CQ" + G0+ G0, (9.6.1)
17044 Qi* : = Qis1; 0’ t1 _ 1.1 Q) = I; and @/, | = Q;. The Muskingum coefficients are
L i b (9.6.2)

2K(1 - X) + At
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Q':41=Ij+1

0/ =054
j+1

J bids
Q{'—'IJ Qf‘!‘ —%+1
i i+1
— —
i i+1

i (9.63)
i ‘2K(1ﬁX)+Af

(9.64)
2K(1—X)+At

at when K apg At are ¢g
inematic wave. He fy
considered : imation of modified diffusj

¢ : is an
nsidered constant, equation (9.6.1) i

i be
rther demonstrated that equation (9.6.1) can
on equation if

K— é_\ 1 Ax (9.6.5)
Ck * dQ/dA
and
() (9.6.6)
oMt .
2 ( BC,;S(]A\')
where ¢, is the celerity corres i
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estimated between adjacent time lines:
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The nonderivative terms, such as ¢ and A, are estimated between adjacent time lines, using:

j+1 f+1 Jj J
SHFE U q; }
([:gﬂ__zqf;] ¢(|_9)1’_;f,’;,] = eqf 1 +(1-0)g,’ (9.7.5)
j+1 j+1 f 4 Al
A A A;+A5, =14 i
A=0 "‘_—;——'} +(1 —m[na[} —0a "'+ (1-0)4, (9.7.6)

where g; and A; indicate the lateral flow and cross-sectional area averaged over the reach Ax;.
The finite-difference form of the continuity equation is produced by substituting equations

(9.7.1), (9.7.3), and (9.7.5) into (9.4.6):

j+1__ A+l _ Q’ <0 ‘
g(gf_ng;, q:'i) +(1 6(—-—’—'3—';——"—’- q;)
Xi FEd
/ (9.1
(A+4o)} ' +(A+A0)]11 ~(A+A0)i ~(AtAo)is _
24,

Similarly, the momentum equation (9.4.27) is written in finite-difference form as:

0} 40/, -0 Qs

2% 1 i 2 4y +1 Lt igieliagt Fiil
_a‘e{E@LA_L,:_(.BQEL_I a L’IJ t1 ( h',',],, ,J“ $ ‘:S’ IJ‘. P e s ‘.\" ; 1 ) 1 ([.))f['n'\ ]i : Il
A.\',‘
| (B?/A)] 11~ BE /)i |, (il sy s 1)
+(1-9) { *—*—13,,_—’* it -L-‘-(\ At Sr)i +(Se) Bgv, i| 2 0

(9.7.8)

The four-point finite-difference form of the continuity equation can be further modified by

multiplying equation (9.7.7) by Ax; to obtain
9((_)’" : -0 If 3 q. "Ax,) + (1~ 0)(Q:. ;4 Q’ i]:,l.\:)
i+ I
(9.7.9)
1 2%5\?' [m +Ag)” L4 (A4 .-1...1f : — (A + A ]: (A + A )f_ ]\ -0




354  Chapter

9 Reservoir and Stream Flow Routing

Similarly, the momentum equation can be

g (@
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i+1 3 i
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4 i+1 f !
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Time ¢
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Initial condition time line

Figure 9.7.1 The x-t 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 form the rectangular
grid shown. Lines parallel to the time axis represent locations along the channel, and those parallel to the

distance axis represent times (from Fread (1974)).

i = N. This yields 2N-2 equations. There are two unknowns at each of the N grid points (Q and /), so
there are 2N unknowns in all. The two additional equations required to complete the solution are
supplied by the upstream and downstream boundary conditions. The upstream boundary condition is
usually specified as a known inflow hydrograph, while the downstream boundary condition can be
specified as a known stage hydrograph, a known discharge hydrograph, or a known relationship
between stage and discharge, such as a rating curve. The U.S. National Weather Service FLDWAV
model (hsp.nws.noaa.gov/ohfhrlfn’mech) uses the above to describe the implicit dynamic wave

model formulation.

PROBLEMS

9.1.1 Consider a river segment with the surface area of 5 km?. For
a given flood event, the measured time variation of inflow rate
(called inflow hydrograph) at the upstream section of the river
segment and the outflow hydrograph at the downstream section are
Shown in Figure P9.1.1. Assume that the initial storage of water in
the river segment is 10 mm in depth.

(2) Determine the time at which the change in storage of the
river segment is increasing, decreasing, and at its
maximum,

(b) Calculate the storage change (in mm) in the river segment
during the time periods of [0, 4 hr], and [6, 8 hrl.

(¢) Determine the amount of water (in mm) that is ‘lost_ or
‘gained’ in the river segment over the time period of 12
hours,

(d) Whatis the storage volume (in mm) at the end of the twelfth
hour?

]

[ —— Inflow
1= = = -Outflow

/

N
=1
T

Flow rate (m*/sec)
8 &
_—

=3
=
L]
[
\
-/
‘
:

o
4

Time (hr)

Figure P9.1.1

9.1.2 Consider ariver segment with the surface area of 5 km?. For
a given flood event, the measured time variation of inflow rate
(called inflow hydrograph, in m*/sec) at the upstream section of
the river segment and the outflow hydrograph at the downstream
section are shown in Figure P9.1.1. Assume that the initial storage
of water in the river segment is 10 mm in depth,
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(a) Determine the time at which the change in storage of the
river segment is increasing or decreasing, at its maximum,

(b) Calculate the Storage change (in mm) in the river segment
during the time periods of [0, 4 hr], and [6, 8 hr].

(¢) Determine the amount of water (in mm) that is “Jost” or
“gained” in the river Segment over the time period of 12 hr-

(d) What is the Storage volume (in mm) at the end of the 12th
hour?

9.1.3 There are two reservoirs, A and B, connected in series,
Reservoir A is located upstream and releases its water to reservoir
B. The surface area of reservoir A is half of the surface area of
B. In the past one year, the two reservoirs received the same
amount of rainfall of 100 ¢m and evaporated 30 cm of water,
However, during the same period, reservoir A experienced a
change in storage of 20 c¢m whereas storage in reservoir B
remained constant, Please clearly state any assumption used in
the calculation.
(a) Determine the outflow volume from reservoir A to B during
the past year.
(b) Determine the outflow volume from reservoir B during the
past year,
(¢) How big is the flow rate from reservoir B as compared with
that of reservoir A?

9.2.1 The storage-outflow characteristics for 5 Teservoir are given
below. Determine the storage-outflow function 28/Ar+ O versug
Q for each of the tabulated values using Ar = 1.0 hy. Plot a graph
of the storage-outflow function.

Storage (10° m?) 70 80 85 100 115

Outflow (m?/s) 0 50 150 350 700

9.2.2 Route the inflow hydrograph given below through the
reservoir with the Storage-outflow characteristics givenin problem
9.2.1 using the level pool method, Assume the reservojr has an
initial storage of 70 x 10" m?

Time (h) 0 1 2 o -4 5 6 7 8
Inflow (m%s) ¢ 40 60 150 200 300 250 200 180
Time (h) 9 10 #1] i3 14 15 16

Inflow (m?/s) 229 320 400 280 190 150 50 0

9.2.3 Rework problem 9.2 2 assuming the re

£ ‘ Servoir Storage s
Initially 80 x 106

9.2.4 Write ac YMputer program to solve problems 9.2 > and 9.2 3

9.2.5 Rework example 9,22 using a 1.5-acre detention basin

9.2.6 Reworke Xample 9.2 2 using a triangular infloy, h

: _ 7 _\,-'drngraph
that increases linearly from 2810 1o a peak of 90 ofs a

_ t 120 mip and
then decreases linearly to a zero discharge at 240 min. Use 5 30
min routing interval. f
9.2.7 Considera reservoir with surface areg of | km?

L ~Initially, he
rescrvoir has a storage volume of 500,000 m? with no

flow Coming

out of it. Suppose it receives, from the beginning, a uniform inflow
of 40 cmvh continuously for 5 hr. During the time instant when the
TeServoir receives the inflow, it starts to release water simulta-
neously. After 10 hr, the Ieservoir is empty and outflow becomes
zero thereafter. It is also know n that the outflow discharge reaches
its peak value at the same time instant when the inflow stops. For
simplicity, assume that the variation in outflow is linear during its
rise as well as during its recession,

(a) Determine the peak outflow discharge in ms,

(b) Determine the time when the tota] storage volume (inm’)in
the reservoir is maximum and its corresponding total
Storage volume,

(¢) What is the total storage volume (in m®) in the reservoirat
the end of the eighth hour?

928 A rectangular reservoir equipped with an outflow-control
weir has the following characteristics: § = 5 x / and Q=2 xh,in
which § is the storage (m ‘/s-da_\-‘ ), Q is the outflow discharge (in
m%s), and  is the water elevation (in m). With an initial water
elevation being 0.25 m, route the following inflow hydrograph to
determine:

(@) the percentage of reduction in peak discharge by the
reservoir; and
(b) the peak water surface elevation.

T il

Time 6:00 am 9:00 am 12:00 nn 3:00 pm  6:00 pm
Inflow (m¥s) 39 120 450 300 30
31l TRRERERRAARANY

929 A Tectangular detention basin is equipped with an Ou'_let'
The basin storage-elevation relationship and outﬂow-elev?tlm‘
relationship can be described by the following simple equations:

Storage—elevation relation: § = 10 h;
Ourflow-elevatinn relation: Q — 2 x 42

in which § s the storage (in m"/s—hr). Qs the outflow discharge (in
m/s), and ; is the water elevation (in m). With an initial watet
clevation being .5 M, route the following inflow hydrograph to
determine:
(a) the Percentage of reduction in peak discharge by the
FEservoir; and
(b) the peak water surface elevation,

Time 100 pm 2:00 pm 3:00 pm 4:00 pm 5:00 pm 6:00 p
Inflow (m%s) 5 20 75 50 15 !

9210 it invcsligatc the effectiveness of a flood COﬂ"‘?! i
Servoir, a 100-year design floogd hydrograph is used as an {np—u;
in the routing exercise. The reservoir has a surface area of 25
hectares ang its only outlet is an uncontrolled spillway chult?d
5 m above the datum_ The design flood hydrograph is given ”j
the t'nllowing table ang other physical characteristics of _lht
Ieservoir are Provided in the Figures P9.2.104 and b. Assuml.ﬂg
that the initial Teservoir leve] js 4 m above the datum, determin®




the effectiveness of the reservoir in terms of the reduction in
inflow peak discharge.
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Problems

9.2.12 The Kowloon Bywash Reservoir (KBR) is located on
the upstream of the Lai Chi Kok area. It is a small reservoir
equipped with a tunnel with a maximum capacity of 2 m%/s

Time (hr) 0 3 6 9 12 15 183 i1 $34 : RS Eg
Tuflorw (m3/s) 50 200 400 600 300 200 100 50 delivering reservoir water to thc downstream Tai ]n-Rund
water treatment plant. There is an uncontrolled spillway
] with the crest elevation at 115 m. The stage-volume-outflow
relationships of KBR are shown in the attached table and
4 - Figure P9.2.12a. Further, the reservoir routing curve, i.e.,
E |+ 25/At+ O vs. O, for At = 1 hr is shown in the Figure P9.2.125.
3 -
] L+
§ 4 4 ] Elevation Oull}nw Smra:gc .’_S;‘A: +0
s : > (mPD) (m’/s) (m”) (m /s)__
o 109.73 2.00 531,000 297.0
0 | | ! 112.78 2.00 679,182 379.3
0 5 10 15 2 = 115.06 2.00 801,442 447.2
Reservoir storage, §(10° m’) 115.22 4.02 809,759 4539
(@) 115.37 12.11 818,107 466.6
3 115.52 22.21 826,488 4814
= 115.67 36.36 834,901 500.2
124 115.83 51.50 843,347 520.0
250 115.98 69.72 851,824 543.0
(PRES 116.13 89.93 860,333 567.9
e B 116.28 114.20 868,874 596.9
o 1505 116.44 136.43 877,447 623.9
- 116.59 162.72 886,051 655.0
] 116.74 193.03 894,688 690. 1
03::5_ t 116.89 228.40 903,355 730.3

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
2S/dt + O (in 100 cms)

()

Figure P9.2.10 (a) Reservoir water level storage curve;
(h) Reservoir routing curve.

9211 Toinvesti gate the effectiveness of a flood control reservoir,
a100-year design flood hydrograph is used as input in the routing
exercise. The reservoir has only one flow outlet located on the
Spillway crest with the elevation of 104 m. The reservoir has the
e]‘3Vﬂlion-stomge—discharge relationship shown in Table 9.2.11(a).
Given the design flood hydrograph as shown in Table 9.2.11(b) and
assuming that the initial reservoir elevation level is at 103 m,
determine the effectiveness of the reservoir in terms of the
feduction in inflow peak discharge. (Note: 1 hectare = 0.01 km”)
Table 9.2.11¢ a) Reservoir Elevation-Storage-Outflow Relation
B
Elevation (m) 100 101 102 103 104 105 106 107
Storage (x10°m*) 50 60 70 80 92 105 120 140
Outflow (m?/s) 0. 0 (0li 0 ‘817 12740
———

Table 9.2.11(b) Inflow Hydrograph

Time(hr) 0 12 24 36 48 60 72 84
Inflow m¥%s) 10 20 30 40 30 25 15 10
--_______ 4

Consider the inflow hydrograph given in the table below.
Determine the peak outflow discharge from the KBR and the
corresponding water surface elevation and the storage
volume. Assume that the initial storage in the reservoir is
500,000 m®.

Time (hr) 1 2 3 4 5 6 ¥
Inflow (m’/s) 10 80 200 150 100 60 20
250
) == Stage (mPD)
o f= = =Outflow (m%/s) 4
£ 0
g .
o
B '
5 150
Qo 0
° .
= R
% o <
o H
T !
E ol i H
s 1
- '
0w P aamad
1.E+04 1.E+05 1.E+06
Reservoir storage (m?®)
(a)
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1000

100 -

0 (m?¥s)

1

400 450 500 550 600

28/dt + O (m¥s)

650 700 750

Figure P9.2.12 (a) Slagc-Smrage—Oulﬁnw relationship;

(h) Reservoir routing curve

9.3.1 Rework example 9.3.4 using Az = 2 hr.

9.3.2 Rework example 9.3 4 assuming X = () 3,

9.3.3 Rework example 9.3 4 assuming K = 1.4 hy.

9.3.4 Calculate the Muskingum routing K and number of routing
steps for a 1.25-mj long channel, The average cross-section
dimensions for the channel are a hase width of 25 ft anq an
average depth of 2.0 ft. Assume the channel is rectangular and hag
a Manning’s n of (.04 and a slope of 0,009 fuft.

9.3.5 Route the following upstream inflow hydmgraph through a
downstream flood control channel reach using the Muskingum

method. The channel reach has aK=25hrand X =02, Use a
routing interval of | hr.

—
Time (h) 1 2 3 4 5 6 7

Inflow (cfs) 90 140 208 320 440 550 640
Time (h) 8 9 10 11 12 13 14
Inflow (cfs) 680 69 630 570 470 390 360
Time (h) 15 16 17 18 19 20
Inflow (cfs) 330 250 180 130 100 90

9.3.6 Use the U.S. Army Corps of Engineers HEC-HMS com-
Puter program to solve Problem 9.3 5.

9317 ‘A city engineer has called you wanting some information
about how you would model a catchment called the Castrg Valley
catchment. In particular, he wants to know about hoyw You would
model the channe] modifications. The 2.65-mi~lnng Natural chan-
nel through subcatchment | has an approximate width of 25 ft ang
a Manning’s p of 0.04. The slope is 0.0005 ft/ft. He thinks that a
25-ft wide trapezoidal concrete-lined chanpe] (Manning's n=
0.015) would be sy fficient o construct through subcatchment 1.So0
now you have to puttogether some jnfnmmtion. Obvious]y Youare
80Ing to have to tell him something about the channe] routing
procedure and the coefficients needeq, He is Particular anq wants
10 know the procedure you will g0 through (o determine these,
including the number of routing steps. The natural and the concrete
channels can be considered as widc-ruct:mgui.‘lr channelg for your

calculations so that the hydraulic radius can be approximated as
the channel depth. At this time you don’t know any peak dis-
charges because You have not done any hydrologic calculations
but yet you still need to approximate the X and K for the Cy,C,and
C; and the number of steps for the routing method. You haye
decided that the approximate value of X for natural conditions is
about 0.2 and for the modified conditions is about 0.3. Whatis the
value of K and the number of routing steps needed?

9.3.8 Given the following flood hydrograph entering the up-
stream end of a river reach, apply the Muskingum  routing
Procedure (with K = 2.0 and X = 0.1) to determine the peak
discharge at the downstream end of the river reach and the time
of its occurrence. Assume that the initial flow rate at the
downstream end s 10 m¥s.

Time (hr) i3 6 9 12: . 15: 48152l
Inflow (ms) 19 7y 160 210 140 80 30 10
SIEEERISECRES

9.3.9 Given the following flood hydrograph entering the up-
stream end of 3 river reach. apply the Muskingum routing
Procedure (with g — 6.0 and X = (.2) to determine the peak
discharge at the downstream end of the river reach and the time
of its Occurrence. Assume that the initial flow rate at the
downstream end is 20 m¥/s,

15 18 21
180 80 20

Time (hr) 0 3 6 9 12

Inflow (m¥%s) 99 260 380 580 320

9.3.10 Given the following flood hydrograph entering the up-
stream end of 3 riyer reach, apply the Muskingum routing proce-
dure (with k — 5.0hrand ¥ — 0.2) to determine the peak diSCh“I_ge
at the downstream end of the river reach and the time of its
Occurrence. Assume tha the initial flow rate at the downstream
end is 10 m?s,

Time (hr) 0 - 4 6 8§ 10 12
Inflow @m¥s) 19 15, 400 350 200 80 10

93.11 ' Tha table given below lists the inflow hydrograph.

Time (hr) 2R RIS T A B 1 E Y
Inslantancous discharge (m’s) s 40 100 75 30___‘_[_’
PR iiteisses.  FiTsilnded

() Determine the Percentage of attenuation in peak discharge
as the hydrograph trayels a distance of 10 km downstream
using the Muskingum methog Wwith X = 0.1 and K = 2.0
Assume that the initial outflow rate is 5 m/s.

(b) Also, it js known that the channel bank-full capacity 10km
downstream js 50 m?s, determine the overflow volume
(in m-) of outflow hydr(‘}graph excecding 50 m}/s.

<fream
93.12 From a Storm event, the flood hydrographs at the uPbma:e
end and downslream end of a river reach were observed and &
tabulateq below,




Time (hr) Inflow (m*/s) Outflow (m%/s)

09:00 15 15
12:00 35 30
15:00 63 42
18:00 54 56
21:00 42 45
24:00 36 40

(a) Determine the Muskingum parameters K and X by an
appropriate method of your choice.

(b) Determine the peak discharge for the following inflow
hydrograph as it travels down the river.

Time (hr) DLii3: 856 Qi 230D FARG {211 04 F O
Inflow (m*/s) 10 40 80 100 60 50 40 30 20 10

9.3.13 The following table contains observed inflow and outflow
hydrographs for a section of river.

Time (hr) 0 1 ) 3 4 5 6
Inflow (m}/’s) 200 400 700 550 400 300 200
Outflow (m?/s) 200 215 290 410 440 420 380

(a) Determine the parameters K and X in the Muskingum
model by the least-squares method.

Based on the K and X obtained in part (a), determine the
outflow peak discharge for the following inflow hydro-
graph. What is the percentage of attenuation (reduction) in
peak discharge?

(b

~

Time (hr) 0111105 TGt ST Al i25] ! (30
Inflow (m%s) 100 400 300 200 100 100 100

9.3.14 From a storm event, the flood hydrographs at the upstream
end and downstream end of a river reach are tabulated below.

——

Time (hr)

3
Inflow (m*/s) Outflow (m/s)

09:00 15 15
12:00 35 30
15:00 63 42
18:00 54 56
21:00 42 45
e —

(a) Determine the Muskingum parameters K and X by the least-
squares method of your choice.

(b) Based on the estimated values of K and X from part (a),
determine the outflow peak discharge at the down-
stream end of the river reach for the following inflow

hydrograph.
e
.['ime (hr) 0 % 4 6 8
Flow rate (m¥s) 20 70 50 40 30

Problems

9.3.15 Given the following flood hydrograph entering the up-
stream end of a river reach, apply the Muskingum routing proce-
dure (with K = 4.0 hr and X = 0.2) to determine:

(a) the peak discharge at the downstream end of the river reach;

(b) the time of its occurrence; and

(c) the percentage of peak flow attenuation.

Assume that the initial flow rate at the downstream end is
10 m’/s.

Time (hr) 0 2 4 6 8 10 12
Inflow (m¥s) 10 250 570 320 180 70 10

9.3.16 Consider the following flood hydrograph entering the
upstream end of a river reach. Apply the Muskingum routing
procedure (with K = 6.0 and X = 0.2) to:
(a) determine the peak discharge at the downstream end of the
river reach; and
(b) find the time to peak at the downstream section.

Assume that the initial flow rate at the downstream end is
50 m’/s.

0 3 6 9 12 15 18
150 ' 300 500 . 300 , 150 ; 100

Time (hr)
Inflow (m™/s) 50

W2
=

9.3.17 The Castro Valley watershed has a total watershed area
of 5.51 mi® and is divided into four subcatchments as shown in
Figure P9.3.17. The following table provides existing character-
istics of the subcatchments.

Qutlet

Figure P9.3.17 Castro Valley watershed
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Watershed Length

Subcatchment  Area length to centroid  SCS curve
number (mi?) (L) (mi) (Lcy) (mi) number

1 152> 2.65 1.40 70

2 247 1.85 0.68 84

3 0.96 1.13 0.60 80

4 0.86 1.49 0.79 70

Parameters for Snyder’s synthetic unit hydrograph for existing
conditions are C,=025and C, = 038, The Muskingum K —
0.3 hr for area 3 and K = 0.6 hr for area 1. The Muskingum X for
cach stream reach is 0.2, The rainfall to be used is the 100-year
return period SCS type I storm pattern with a total rainfall of

10 in. Use the HEC-HMS model to determine the runoff

hydrograph at the outlet of the watershed.

9.3.18 For the watershed described in problem 9.3.17, 4 resj-
dential development will be considered for area 4. This devel-
opment will increase the impervious area so that the SCS curve
number will be 85. The unit hydrograph parameters will change
to C, =0.19 and C, = 0.5. The natural channel through area |
will be modified so that the Muskingum routing parameters will
be K = 0.4 hr and x = 0.3. Use the HEC-HMS model| to
determine the change in the runoff hydrographs for area 4 and
for the entire watershed.

9.3.19 Referto problems 9.3.17 and 9,318, A detention basin is to
be constructed at the outlet of area 4 with g low-level outlet angd an
overflow spillway (ogee type). The low-level outlet is a 5-ft-
diameter pipe (orifice coefficient = 0.71) at a center line elevation
of 391 ft above mean sea level (MSL). The overflow spillway has a
length of 30 ft, crest elevation of 401 8 ft (above MSL), and a weir
coefficient of 2.86. The characteristics of the detention basin are
given in the following table.

Reservoir capacity (ac-ft) Elevation (fi above MSL)

0 388.5
6 3942
12 398.2
18 400.8
23 401.8
30 4058

Use the HEC-HMS model to determine the runoff hydro-
graph at the watershed outlet for the developed conditions
with the detention basin. Graphically show a comparison of
the runoff hy drograph for the undey eloped, developed, and
developed conditions with the detention basin.

9.3.20 Use the HEC-HMS model to solve problems 9.3.17,
9.3.18, and 9.3.19 considering the three as plans 1, 2, and 3 and
solve through one simulation,

9.5.1 Determine the 00/0x on the time line j+ 1 for the linear
Kinematic wave model. Consider a 100-ft-w ide rectangular chan-
nel with a bed slope of 0.015 fi/ft and a Manning’s n = 0.035.
The distance between cross-sections is 3000 ft and the routing
time interval is 10 min. Q4" ; 1000 cfs, @/ = 800 cfs, ;.md
0., =700cfs. Use the linear kinematic wave (conservation
form) approach to compute 0Q/0x on time line j+ 1.

9.5.2 Develop a flow chart of the linear kinematic wave (con-
servation form) method,

9.6.1 Determine the 0Q/0A using @ /#1 and Q7 for the
Muxkingurll~Curlge model. Consider a 100-ft-wide rectangular
channel with 3 peg slope of 0.015 fi/ft and a Manning’s n = ().0:35-
The distance between Cross-sections is 2000 ft and the routing
time interval is 10 min. Given are o’ ' = 1000 cfs,
Q; =800 cfs, and Q7.1 = 700 cfs. Next compute K and x and
then the routing coefficients,

9.6.2 Develop a flowchart of the Muskingum—Cunge method.
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Chapter 10

10.1

Probability, Risk, and
Uncertainty Analysis for
Hydrologic and Hydraulic

Design

PROBABILITY CONCEPTS

This section very briefly covers probability concepts that are important in the probabilistic, risk,
and uncertainty analysis for hydrologic and hydraulic design and analysis. Table 10.1.1 provides
definitions of the various probability concepts needed for analysis. Many hydraulic and hydrologic
variables must be treated as random variables because of the uncertainties involved in the respective
hydraulic and hydrologic processes. As an example, the extremes that occur are random hydrologic
events and can therefore be treated as such.

A random variable X is a variable described by a probability distribution. The distribution
specifies the chance that an observation x of the variable will fall in a specified range of X. A set of
observations X, Xa, - - -, Xy, of the random variable X is called a sample. It is assumed that samples
are drawn from a population (generally unknown) possessing constant statistical properties, while
the properties of a sample may vary from one sample to another. The possible range of variation of all
of the samples that could be drawn from the population is called the sample space, and an event is a
subset of the sample space.

A probability distribution is a function representing the frequency of occurrence of the value of a
random variable. By fitting a distribution to a set of data, a great deal of the probabilistic information
in the sample can be compactly summarized in the function and its associated parameters. Fitting
distributions can be accomplished by the method of moments or the method of maximum likelihood
(see Chow et al., 1988). Between the two methods, the method of moments is more widely used,
primarily for its computational simplicity. The method relates the parameters in a probability
distribution model to the statistical moments to which the parameter-moment relationships for
commonly used distributions in frequency analysis and reliability analysis are immediately
available —( see Table 10.1.2). In practice, the true mechanism that generates the observed random
process is not entirely known. Therefore, to estimate the parameter values in a probability

distribution model by the method of moments, sample moments are used.
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