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Introduction

. The science of hydrology deals with the occurrence
and movement of water on and over the surface of the
earth. It deals with the various forms of moisture that
occur, the transformation between the liquid, solid and
gaseous states in the atmosphere and in the surface
layers of land masses.

SCOPE OF HYDROLOGY
The study of hydrology helps us to know

. (1) the maximum probable flood that may occur at a
given site and its frequency; this is required for the safe
design of drains and culverts, dams and reservoirs,
channels and other flood control structures.

. (i) the water yield from a basin—its occurrence,
guantity and frequency, etc; this is necessary for the
design of dams, municipal water supply, water power,
river navigation, etc.

. (iii) the ground water development for which a
knowledge of the hydrogeology of the area, i.e., of the
formation soil, recharge facilities like streams and
reservoirs, rainfall pattern, climate, cropping pattern,
etc. are required.

. (iv) the maximum intensity of storm and its frequency
for the design of a drainage project in the area.

«  The Hydrologic Cycle

Hydrologic cycle is the water transfer cycle, which occurs
continuously in nature. Evaporation from the surfaces of
ponds, lakes, reservoirs and ocean surfaces, etc. and
transpiration from plant leaves of cropped land and forests,
etc. take place. These vapors rise to the sky and are
condensed at higher altitudes by condensation nuclei and
form clouds, resulting in droplet growth. The clouds melt
and sometimes burst resulting in precipitation of different
forms like rain, snow, hail, sleet, mist, dew and frost. A part
of this precipitation flows over the land called runoff and
part infiltrates into the soil which builds up the ground
water table. The surface runoff joins the streams and the
water is stored in reservoirs. A portion of surface runoff and
ground water flows back to ocean. Again evaporation starts
from the surfaces of lakes, reservoirs and ocean, and the
cycle repeats.

Of these three phases of the hydrologic cycle, namely,
evaporation, precipitation and runoff, it is the ‘runoff phase’,
which is important to a civil engineer since he is concerned
with the storage of surface runoff in tanks and reservoirs for
the purposes of irrigation, municipal water supply
hydroelectric power etc.

The three important phases of the hydrologic cycle are: (a)
Evaporation and evapotranspiration, (b) precipitation and
(c) runoff
See figure below
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«  The main processes occurred in the H.C. are: * Water Budg_et Equation
1- Evaporation E For any hyd r_ologlc system, a water budget can be developed to
account for various flow pathways and storage components. The

2- Transpiration (from Plants) T hydrologic continuity equation for any systemis:
3- Precipitation (Rainfall) P

4- Runoff R Qinflow - Qoutflow = AStorage

5- Infiltration | For Precipitation this eq. can be written as

6- Groundwater Flow G

P-R-G-E-T-1 = 4S

This equation can be represented by figure below:
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Block-diagram representation of the global hydrologic system.

«  The Watershed

A watershed ( also called catchment basin ) is an area of land,
often bounded by hills, where surface water from rain, melting
snow, or ice drains to a single point at a lower elevation, usually
the exit of the basin, where the waters join another waterbody,
such as a river, lake, reservoir, estuary, wetland, sea, or ocean.

The figure below showed a catchment area

The Castro Valley watershed

Outlet



Precipitation

precipitation denotes and includes all forms of water which
falls from the atmosphere to the land surface.
Rainfall the most important form of precipitation because it

inters directly in the H.C. components such as interception and
runoff.

In Iraq forms of precipitation other than rainfall are little
compared to rain.

Forms of precipitation

According the appearance, precipitation may take the forms:

(i) Drizzle: a light steady rain in fine drops (smaller than 0.5 mm).

(ii) Rain: the condensed water vapor of the atmosphere falling in
drops (>0.5 mm, maximum size 6 mm).

(iii) Glaze: freezing of drizzle or rain when they come in contact
with cold objects.

(iv) Sleet: frozen rain drops while falling through air at
subfreezing temperature.

(v) Snow: ice crystals resulting from sublimation (i.e., water
vapor condenses to ice)

(vi) Hail: small lumps of ice (=5 mm in diameter) formed by
alternate freezing and melting, when they are carried up
and down in highly turbulent air currents.

Types of precipitation

Precipitation is often typed according to the factor mainly
responsible for the lifting which cause it.
Convection Prec.: due to the convection, the warm moist air rising
and cooling to form clouds and subsequently to precipitate rain.
Orographic precipitation: results from ocean air streams passing
over land and being deflected upward by coastal mountains, thus
cooling below saturation temperature and spilling moisture.
Cyclonic and Frontal prec.. when low pressure areas exist, air
tends to move into them from surrounding areas and in so doing
displaced low pressure air upward, to cool and precipitate rain.
These types of rain may explained by the following figure.

: Yarm
T Sean |ir -~
Tna 'J/_J | oy ) ] r']\
i Pt e WY QUL
Frantal surfaca ™~ | FRl) /’ ‘{“,'1‘-‘]_ 4 \Warm air i r),’
coldairmass — ™1 - 7 yarmalr  Cold air i '}1\ mass A
\,‘,_:- m Mg Mass ‘-LLL, Colderair % Cold air
F g Frantal surface - - H
! My Low pressure
(2) Cold fron by Wfarm frant (¢} Slationary front
Frontal precipitation
o
Heavy rain ﬁ‘f”.‘
S T A i
Windward F ilj;ﬁ Leaward

Fu

(Seaward side) :\_: 1

|

A \ E
b ‘(‘.(,“" Mounlainous %
— i AT L

s -v’*/"(Iif(‘ renge 1}

% (Landward) side
=

>

Qrographic precipitation



*Rainfall intensity (or rainfall rate)

Rainfall during a year or season (or a number of years) consists
of several storms. The characteristics of a rainstorm are (i)
intensity (cm/hr), (ii) duration (min, hr, or days), (iii) frequency
(once in 5 years or once in 10, 20, 40, 60 or 100 years), and (iv)
areal extent (i.e., area over which it is distributed).

Intensity: Volume of rainfall per unit of time; usually
expressed in inches per hour or in millimeters per hour. Obtained
by dividing the total depth of rainfall by the duration under
consideration.

Duration: The period of time elapsed by a single rain storm.

Frequency: This refers to the expectation that a given depth of
rainfall will fall in a given time. Such an amount maybe equaled or
exceeded in a given number of days or years.

Areal extent: This concern the area over which a point’s
rainfall can be held to apply.

Intensity-duration relationship
The greater the density of rainfall, in general, the shorter length of
time it continuous. A formula expressing the connection would be of the

type:

a
= - for storms less than 2hr.
t+0b
c
B for storms more than 2hr.

Where i= intensity, t=time, a ,b, ¢, and n are constants.

Measurement of Precipitation
Rainfall may be measured by a network of rain gauges which
may either be of non-recording or recording type.

1- Non-recording rain gage: as shown in figure below a standard
non-recording rain gage used in India.

It consists of a circular funnel of 12.7 cm diameter and a glass
bottle as a receiver. The cylindrical metal casing is fixed vertically
to the masonry foundation with the funnel rim 30.5 cm above the
ground surface. The rain falling into the funnel is collected in the
receiver and is measured in a special measuring glass graduated
in mm of rainfall.
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Symon’s rain gauge

2- Recording Rain Gages:

Tipping bucket rain gauge. This consists of a cylindrical receiver
30 cm diameter with a funnel inside . Just below the funnel a
pair of tipping buckets is pivoted such that when one of the
bucket receives a rainfall of 0.25 mm it tips and empties into
a tank below, while the other bucket takes its position and
the process is repeated. The tipping of the bucket actuates
on electric circuit which causes a pen to move on a chart
wrapped round a drum which revolves by a clock
mechanism. This type cannot record snow.
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Weighing type rain gauge. In this type of rain-gauge, when a
certain weight of rainfall is collected in a tank, which rests
on a spring-lever balance, it makes a pen to move on a chart
wrapped round a clock-driven drum . The rotation of the
drum sets the time scale while the vertical motion of the
pen records the cumulative precipitation.
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Weighing type rain gauge

Float type rain gauge. In this type, as the rain is collected in a float

chamber, the float moves up which makes a pen to move on
a chart wrapped round a clock driven drum. When the float
chamber fills up, the water siphons out automatically
through a siphon tube kept in an interconnected siphon
chamber. The clockwork revolves the drum once in 24
hours. The clock mechanism needs rewinding once in a
week when the chart wrapped round the drum is also
replaced.



[¢———203 cm ——>|
1 / |<— Ring
| |I||
[ \
i \
[ \
/ \
/ \
/ |
/ |
[ \
! \
Funnel
TH
R — Base cover
Revolving drum
Filter (Clock-driven)
Chart mounted
Pen
— Clock mechanism
Float charmber
Syphon
Syphon Float
chamber
4— Base
GL ¥ |
XN e

Float type rain gauge

Rain Gages Network

The following figures give a guideline as to the number of rain-
gauges to be erected in a given area or what is termed as ‘rain-
gauge density’

Area Rain-gauge density
Plains 1in 520 Km?
Elevated regions 1in 260-390 Km?
Hilly and very heavy rainfall areas 1in 130 Km?

In general, the suitable number of rain gages for a catchment
could be determined depending upon previous rain record for the
catchment, from the equation:

2
C
N =(3)
Where: N is the optimum number of rain gages.

€ = percentage of permissible error.
, = coefficient of variation.

Oy
Cv = "};,1*100%

m= number of existing rain gages.
P’ = average of prec. (existing rain gages)
o = standard deviation

Example: A catchment has seven rain-gages. The annual rainfall
recorded by these gages are:

Station: 1 2 3 4 5 6 7

Rain (cm): 130 1421 1182 1085 1652 1021 1469
For 5% error in the estimation of the mean rainfall, calculate the

optimum No of rain-gauge stations in the catchment.

Solution:

P'=XP/m=913/7=130.43cm

Gage: 1 2 3 4 5 6 7 >
P(cm): 130 1421 1182 1085 1652 1021 1469 :913
(P-P)2:0.185 136.2 1423 480.9 1209 8026 271.3:30424

g = ,‘3042,4/7_1 = 2252



22.52

Cv = 3043 " 100% =17.26
= (2) = (291

= Optimum No of Rain gages are 12 and the required additional No
is 5 stations.

Estimation of Missing Data:

Many precipitation stations have short breaks in their records
because of the absence of the observer or because of
instrumental failure. It is often necessary to estimate the missing
record. The missing precipitation data are estimated from
observations of (at least ) three stations close to the inoperative
station.

If the normal annual precipitation at each of the index stations
is within 10% of that for the station with the missing record, a
simple arithmetic average of the precipitation at the index
stations provides the estimated amount.

If the normal annual precipitation at any of the index stations
differs from that at the station in question by more than 10%, the
normal-ratio method is used. In this method, the amounts at the
index stations are weighted by the ratios of the normal-annual-
precipitation values.

_Nx P1 P2 Pm

Px=—(—+-—++—
m N1 N2 Nm)
Where: Pxis the estimated rainfall.
P1,P2,.. Are the recoded precipitation at index stations.
m = No. of index stations.
N1, NZ,...are the annual precipitation at the index stations.

Example: Station X was inoperative for a part of a month during
which a storm was occurred. The respective storm totals at three
surrounding stations, A, B and C, were 98, 80 and 110 mm. The
normal precipitation amounts at stations X, A, B and C are 880,
1008, 842 and 1080 respectively. Estimate the storm
precipitation for station X.

Solution:
1080 ~ 880 0096 = 22.7%
—_— % =
880 0 . 0
= use method of normal ratio.
110

=20 +ﬂ+—)=86mm.

98
Px (—
3 1008 842 1080

Double-Mass analysis:

The trend of the rainfall records at a station may slightly
change after some years due to a change in the environment of a
station either due to coming of a new building, fence, planting of
trees or cutting of forest nearby, which affect the catch of the
gauge due to change in the wind pattern. The consistency of
records at the station in question (say, X) is tested by a double
mass curve by plotting the cumulative annual (or seasonal)
rainfall at station X against the concurrent cumulative values of
mean annual (or seasonal) rainfall for a group of surrounding
stations, for the number of years of record. From the plot, the year
in which a change in regime (or environment) has occurred is
indicated by the change in slope of the straight line plot. The
rainfall records of the station x are adjusted by multiplying the
recorded values of rainfall by the ratio of slopes of the straight
lines before and after change in environment.



Example: The annual rainfall at station X and the average
annual rainfall at 18 surrounding stations are given below.
Check the consistency of the record at station X and determine
the year in which a change in regime has occurred. State how
you are going to adjust the records for the change in regime.
Determine the a.a.r. for the period 1952-1970 for the changed
regime.

Now plot the accumulative precipitation of X against

accumulative precipitation of the 18 surrounding gages.

Solution:
Year Annual Rain (cm) Accumulative Prec. cm
Gage X 18 gages Gage X 18 gages
1952 30.5 22.8 30.5 22.8
1953 38.9 35.0 69.4 57.8
1954 43.7 30.2 113.1 88.0
1955 32.2 27.4 145.3 115.4
1956 27.4 25.2 172.7 140.6
1957 32.0 28.2 204.7 168.8
1958 49.3 36.1 254.0 204.9
1959 28.4 18.4 282.4 233.3
1960 24.6 25.1 307.0 258.4
1961 21.8 23.6 328.8 282.0
1962 28.2 33.3 357.0 315.3
1963 17.3 23.4 374.3 338.7
1964 22.3 36.0 396.6 374.7
1965 28.4 31.2 425.0 405.9
1966 24.1 23.1 449.1 429.0
1967 26.9 23.4 476.0 452.4
1968 20.6 23.1 496.6 475.5
1969 29.5 33.2 526.1 508.7
1970 28.4 26.4 554.5 535.1
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Representation of Rainfall Data
The variation of rainfall with respect to time may be shown
graphically by (i) isohyetal maps, (ii) a hyetograph, and (iii) a
mass curve.
Isohyetal maps. isohyet is a contour of constant rainfall.
Isohyetal maps are prepared by interpolating rainfall data
recorded at gaged points.

A rainfall Ayetographis a plot of rainfall depth or intensity as a
function of time, shown in form of histogram.

A cumulative rain hyetograph or rainfall mass curve, is a plot of
cumulative depth of rainfall against time.

Isohyetal map
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MEAN AND MEDIAN
The sum of all the items in a set divided by the number of items
gives the meanvalue, i.e.,
__Lx
X =—
n
Where: ¥ = the mean value
¥ x = sum of all the items
n = total number of items.

The magnitude of the item in a set such that half of the total
number of items are larger and half are smaller is called the
median. To find the median, the items are arranged in the
ascending order; if the number of items is odd, the middle item
gives the median; if the number of items is even, the average of
the central two items gives the median.

Example:
The annual rainfall at a place for a period of 10 years from

1961 to 1970 are respectively 30.3, 41.0, 33.5, 34.0, 33.3, 36.2,
33.6, 30.2, 35.5, 36.3. Determine the mean and median values of
annual rainfall for the place.

Solution:

(i) Meanx =3Yx/n
=(303+410+335+340+333+36.2+33.6+302+355
+ 36.3)/10

=3439/10=34.39cm

(ii) Median: Arrange the samples in the ascending order 30.2,
30.333.3,335,336,34.0,355,36.2,36.3,41.0
No. of items =10, i.e., even

Median = (33.6 + 34.0)/2 =33.8cm

Example:
The following are the rain gauge observations during a storm.

Construct: (a) mass curve of precipitation, (b) hyetograph.

Time (min) 5 100 15 20 25 30 35 40 45 50
Acc. Rai
(CC:]) ain 01 02 08 15 18 20 25 27 29 31

Solution:

(a) Mass curve of precipitation. The plot of ‘accumulated
rainfall (cm) vs. time (min)’ gives the ‘mass curve of rainfall’.

(b) Hyetograph. The intensity of rainfall at successive 5 min
interval is calculated and a bar-graph of ‘i (cm/hr.) vs. t (min)’ is
constructed and is called the ‘hyetograph’.

Time Acc. Rain AP in time At Intensity,i = %; * 60
(min) (cm) At=5min (cm) (cm/hr)
5 0.1 0.1 1.2
10 0.2 0.1 1.2
15 0.8 0.6 7.2
20 1.5 0.7 8.4
25 1.8 0.3 3.6
30 2.0 0.2 2.4
35 2.5 0.5 6.0
40 2.7 0.2 2.4
45 2.9 0.2 2.4
50 3.1 0.2 2.4
35F
3.0F /
52.5 - /
=
é‘ 20
= 15k mass curve tra_ced by
= self-recording rain gauge
2 50-min starm
= 10F
©
05k
o 1 1 1 1

1 | 1 1 1 |

20 25 30 35 55 60
Time ti{min)

{a) Mass curve of precipitaticn

1
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MEAN AREAL DEPTH OF PRECIPITATION (P,.)

The average depth of rainfall over a specific area, on a storm,
seasonal, or annual basis, is required in many types of hydrologic
problems.

The arithmetic-mean method is the simplest method of
determining areal average rainfall. It involves averaging the
rainfall depths recorded at a number of gages. This method is
satisfactory if the gages are uniformly distributed over the area
and the individual gage measurements do not vary greatly about
the mean. It is also suitable for flat areas.

Another method, is Thiessen method, he defines the zone of
influence of each gage by drawing lines between pairs of gages,
bisecting the lines with perpendiculars, and assuming all the area
enclosed within the boundary formed by these intersecting
perpendiculars has had rainfall of the same amount as the
enclosed gauge.

The third method is to draw isohyets, or contour of equal
rainfall depth. The areas between successive isohyets are
measured and assigned an average value of rainfall. The overall
average for the area is thus derived from weighted averages. This
method is the most accurate method among the three methods.

Example:
A square area of 100km side length, rain gages reading at

corners are 15mm, 22mm, 25mm and 30mm, another gage at the
center of the area reads 20mm of rain. Find the average rainfall
over the area arithmetically and by Thiessen method.

Solution:

A) By arithmetic mean:
., Pi/m = Pave = (15+22+25+30+20)/5=22.4mm

B) by Thiessen method:
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Another example: Another example:

A square area of 100km2 is gaged by three rain-gages as shown in figure. The
data recorded is

0e65
Arithmetic mean: Statlon 1 2 3
22 Rainfall (mm): 106 152 127
Find the average rainfall.
1.46+1.92+2.69+4.50+2.98+500 _ :
= 3.09 in.
()
1e54
2498 5400 T 2.5 km 2 5.0 km e 2.5km ¥
195 ™
75 -“'E‘
i
. (a) in
Thiessen method: o
ol R
Observed nreu* Per cent Weighted P? .PZ
precip total precipitation (in.)
{in.) {sq mi) oreo (col.! % col 3)
0.65 7 1 0.01
1.46 120 19 0.28 E
{.92 109 18 0.35 o
2 .69 120 19 0.51 -
1.54 20 3 0.05 o
2.98 92 15 0.45
5.00 82 13 0.65
4.50 6 12 0.54 P3
626 100 2.84 . -
Average = 2.84 in. £
1875 * Area of corresponding polygon within bosin boundary o
(6) =
o~
Isohyetal method: \,
Isohyet Arec® Net Avg.  Precipitation
enclosed area precip, volume
[in.) {sqmi) (sq mi) {in.} (col 3xcol 4) .
" 5 13 13 53 69 Solution:
4 20 TT 46 354
) 206 Ne 3.5 4086
2 402 196 25 490 . . . _ _
1 595 193 15 290 By Arithmetic mean; Pave= (106+152+127) /3 =128.3 mm
1 626 31 o8 28
1634

1495
Ayeroge = 1634 + 626 =2.61 in.

* Within basin boundary

(c)

By Thiessen polygon:
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Example:
For the catchment shown below, draw the isohyetal map.

P 2.5 km ¥ 5.0 km 5 2.5 km P
S
~N
= @
£ § . 3
Area 2 10
n]
e e e Tl T—=
P1 P2
£
e
Area 1 =
Tp]
P3
Area 3 =
e
Lf:\
™

A1=0.375x10x10=37.5 km?
A2 =5x5 =25 km?
A3=0.375x10x10 = 37.5 km?

106%37.5+152x25+127x37.5
» Pave = =1254mm
37.5+25+37.5

94€
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=}
g
Q
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Frequency of Point Rainfall

In many hydraulic-engineering applications such as those
concerned with floods, the probability of occurrence of a
particular extreme rainfall, e.g. a 24-hr maximum rainfall, will be
of importance. Such information obtained by the frequency
analysis of the point-rainfall data. The rainfall at a place is a
random hydrologic process and a sequence of rain data at a place
in chronological order constitute a time series. One of the
commonly used data series is the annual series composed of
annual values such as annual rainfall. If the extreme values of a
rainfall event occurring in each year is listed, it also constitutes an
annual series. Thus for example, one may list the maximum 24-h
rainfall occurring in a year at a station to prepare an annual series
of maximum 24-h rainfall values. The probability of occurrence of
an event in this series is studied by frequency analysis of this
annual data series.

The probability of occurrence of an event of a random variable
(e.g. rainfall) whose magnitude is equal to in excess of a specified
magnitude X is denoted by P.

The recurrence interval (return period) is denoted as
1

T=—=
P

This represents the average interval between the occurrence of a
rainfall of magnitude equal to or greater than X . Thus if it is
stated that the return period of rainfall of 20 cm in 24 h is 10
years at a certain station A, it implies that on an average rainfall
magnitudes equal to or exceeds 20 cm in 24 h occurs once in 10
years. The probability of a rainfall of 20 cm in 24 h occurring in
anyone year at station Ais1/T=1/10=0.1.

If the probability of an event occurring is P , the probability of
the event not occurring in a given year is g = ( 1-P ). The
binomial distribution can be used to find the probability of
occurrence of the event r timesin n successive years. Thus:

. n =1 - n! . .
iD?-_n_ — T Cr F]? q?l = mp? q?l T
Where: P, ,,= probability of random hydrologic event (rainfall) of
given magnitude and exceedance probability P occurring r times
inn successive years. Thus, for example,

a) The probability of an event of exceedance probability P
occurring 2 times in n successive years is

_ _n 2. n-2
Pz’n - (n=2)!2! P qn

b) The probability of the event not occurring at all in n successive
years is
Pon = qﬂ =(1- P)n

c) The probability of the event occurring at least once in n
successive years is
Pp=1-g"=1- (1-P)"

Example:

Analysis of data on maximum one-day rainfall depth at a certain station
indicated that a depth of 280 mm had a return period of 50 years. Determine the
probability of a one-day rainfall depth equal to or greater than 280 mm, (&) once
in 20 successive years, (b) two times in 15 successive years, and (c) at least once
in 20 successive years.

Solution:
1 1
Hence, P = T B 0.02 »
(@n =20 r=1m) Pz =75 X 002" x 098" =0.272

() n =15 r=2 M) P45 =——x 002% x 0.98'3 = 0.323

(13)!2!

()P, =1— (1—002)2° = 0332
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Plotting Position

The purpose of the frequency analysis of an annual series is to
obtain a relation between the magnitude of the event and its
probability of exceedance. The probability analysis may be made
by empirical or by analytical methods.

A simple empirical technique is to arrange the given annual
extreme series in descending order of magnitude and to assign an
order number m. Thus for the first entry m=1, for the second
entry m=2, and so on, till the last event for which m=N=Number
of years of record. The probability P of an event equaled to or
exceeded is given by the Weilbul formula

P=(n) W T=3=(5)

Weibull formula is an empirical formula and there are several
empirical formulae available to calculate P . The probability
obtained by the use of an empirical formula is called plotting
position.

Example:

The record of annual rainfall at station A covering a period of 22 years is

given below, (a) Estimate the annual rainfall with return period of 10 years and
50 years, (b) What would be the probability of an annual rainfall of magnitude
equal to or exceeds 100cm occurring in station A, and (c) What is the 75%
dependable annual rainfall at station A?

Annual Annual Rain Annual Rain

Year . Year Year

Rain (cm) (cm) (cm)
1960 130.0 1968 143.0 1976 120.0
1961 84.0 1969 89.0 1977 160.0
1962 76.0 1970 78.0 1978 85.0
1963 89.0 1971 90.0 1979 106.0
1964 112.0 1972 102.0 1980 83.0
1965 96.0 1973 108.0 1981 95.0
1966 80.0 1974 60.0

1967 125.0 1975 75.0

Solution:
The data are arranged in descending order as in table below:

Order Annual Probability ReturnPeriod Order Annual
(m) Rain(cm) =m/(N+1) T=1/P(years) (m)

Probability Return Period
Rain (cm) =m/(N+1) T=1/P (years)

1 160.0 0.043 23.000 12 90.0 0.522 1.917
2 143.0 0.087 11.500 13  89.0 0.565 =

3 130.0 0.130 7.667 14 89.0 0.609 1.643
4 1250 0.174 5.750 15  85.0 0.652 1.533
5 120.0 0.217 4.600 16 84.0 0.696 1.438
6 1120 0.261 3.833 17  83.0 0.739 1.363
7 108.0 0.304 3.286 18  80.0 0.783 1.278
8 106.0 0.348 2.875 19 78.0 0.826 1.211
9 102.0 0.391 2.556 20 76.0 0.870 1.150
10 96.0 0.435 2.300 21 750 0.913 1.095
11 95.0 0.478 2.091 22 600 0.957 1.045

A graph is plotted between the annual rainfall as the ordinate
(on arithmetic scale) and the return period T as the abscissa (on
logarithmic scale) as shown
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(a) For T=10 vyears, the corresponding rainfall magnitude is
obtained by interpolation between T=115 and T=7.667
years, rainfall will be= 137.9cm.

For T=50 years, the corresponding rainfall magnitude is
obtained by extrapolation, rainfall will be= 180.0cm.

(b) Return period of an annual rainfall equal or exceeding 100cm,
by interpolationis 2.4 years and thus P=1/2.4=0.417

(c) 75% dependable annual rainfall at station A = Annual rainfall
with probability P=0.75, thus, T=1/0.75= 1.33 years. By
interpolation between T=1.28 and T=1.35 years, the 75%
dependable annual rainfall at station A = 82.3cm.
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Water Losses

The various water losses that occur in nature are:
(i) Interception loss-due to surface vegetation, i.e., held by plant leaves.
(i) Evaporation:

(a) from water surface, i.e., reservoirs, lakes, ponds, river channels,
etc.

(b) from soil surface, appreciably when the ground water table is very
near the soil surface.

(iii) Transpiration—from plant leaves.

(iv) Evapotranspiration for consumptive use—from irrigated or cropped
land.

(v) Infiltration—into the soil at the ground surface.

(vi) Watershed leakage—ground water movement from one basin to
another or into the sea.

The various water losses are discussed below:

Interception loss:

The precipitation intercepted by plant leaves and buildings
and returned to atmosphere (by evaporation) without reaching
the ground surface is called interception loss. Interception loss is
high in the beginning of storms and gradually decreases; the loss
is of the order of 0.5 to 2 mm per shower and it is greater in the
case of light showers than when rain is continuous. Figure below
shows the Horton’s mean curve of interception loss for different
showers.

Effective rain = Rainfall - Interception loss
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Evaporation:

Evaporation is the rate of liquid water transformation to
vapor from open water, bare soil, or covered soil with
vegetation. Evaporation usually stated by millimeters of
evaporated water per day.

Evaporation from free water surfaces and soil are of great
importance in water resources studies. It affects the yield of
river basins, the necessary capacity of reservoirs, the size of
pumping plant, the consumptive use of water by crops ...etc.

Potential evaporation is defined as the quantity of water
evaporated per unit area, per unit time from an idealized,
extensive free water surface under exiting atmospheric
conditions.



Factors affecting evaporation are:

Solar radiation. The change of state of water from liquid to gas
requires an energy input (known as the latent heat of
vaporization), this energy comes from the sun.

Wind. As the water vaporize into the boundary layer between
earth and air becomes saturated and it must be removed and
continually replaced by dryer air if evaporation to be proceed.
This movement of air in the boundary layer depends on wind and
so the wind speed is important.

Relative humidity. As the air humidity rises, its ability to absorb
more water vapor decreases and the rate of evaporation slows.

Temperature. An energy input is necessary for evaporation to
proceed. If the temperature of air and ground is high, evaporation
will proceed more rapidly than if they are cool, also the air
capacity to absorb water vapor increases as its temperature rises.

Transpiration and evapo-transpiration.

Growing vegetation of all kind needs water to sustain life, only
a small fraction of the water needed by plant is retained in the
plant structure. Most of it passes through the roots to the stem
and is transpired into the atmosphere through the leafy part of
the plant.

In field condition it is practically impossible to differentiate
between evaporation and transpiration if the ground is covered
with vegetation. The two processes are commonly linked together
and referred to as evapo-transpiration (£,,) .

Evapotranspiration (E,) or consumptive use is the total water
lost from a cropped (or irrigated) land due to evaporation from
the soil and transpiration by the plants or used by the plants in
building up of plant tissue.

Potential Evapotranspiration is the evapotranspiration that
would occur from a well vegetated surface when moisture supply
is not limited, and this is calculated in a way similar to that for
open water evaporation. Actual Evapotranspiration drops below
its potential level as the soil dries out.

Evaporation from water surfaces (Lake Evaporation)

The factors affecting evaporation are air and water
temperature, relative humidity, wind velocity, surface area
(exposed), barometric pressure and salinity of the water, the last
two having a minor effect. The rate of evaporation is a function of
the differences in vapour pressure at the water surface and in the
atmosphere, and the Dalton’s law of evaporation is given by
(mass transfer)

E=K(e —eq)

Where: £= daily evaporation

e, = saturated vapour pressure at the temperature of water
e, = vapour pressure of the air (about 2 m above)

K= aconstant.

the Dalton’s law states that the evaporation is proportional to the
difference in vapour pressures e,and e,. A more general form of
the above Eq. is given by

E =K (es—ey)(a+bV)
Where: K, a, b= constants and V= wind velocity.

Higher the temperature and wind velocity, greater is the
evaporation, while greater the humidity and dissolved salts,
smaller is the evaporation.



Definitions:

Air easily absorbs moisture in the form of water vapor. The
amount of water vapour absorbed by air depends on the
temperature of the air and of the water. The greater the
temperature the more vapour the air can contain. The water
vapor exerts a potential pressure usually measured in bars
(1bar=100000N/m2) or mm height of a mercury column (Hg),
(1mm Hg=1.36 mbar).

Suppose an evaporating surface of water is in a closed system
and enveloped in air. If a source of heat energy is available to the
system, evaporation of the water into the air will take place until
a state of equilibrium is reached when the air is saturated with
vapor and can absorbed no more. The molecules of water vapour
will then exert a pressure which is known as saturation vapour
pressure (e.), for the particular temperature of the system.

The value of e, changes with temperature as indicated in figure
below. Referring to this figure, consider what can happen to a mass
of atmospheric air £, whose temp is and whose vapor pressure is e,
Since Pis lies below the saturation curve, it is clear that the air
mass could absorb more water vapor and that is it did so while its
temperature remained constant, then the position of P would
move vertically up dashed line 1 until the air was saturated. The
corresponding vapor pressure of Pin the new position would be
e.. The increase (e,- e,) is known as the saturation deficit.

Alternatively, if no change were to take place in the
humidity of the air while it was cooled, then P would move
horizontally to the left along line 2 until the saturation line was
intersected again. At this point P would be saturated, at a new
temperature ¢,, the dewpoint. Cooling of the air beyond this
point would result in condensation or mist being formed.

If the water is allowed to evaporate freely into the air mass,
neither of the above two possibilities occurs. This is because the
evaporation requires heat which is withdrawn from the air itself.
This heat called the latent heat of evaporation, 4,, and given by:
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h, = 606.5 — 0.695t cal/g

=> the latent heat is the amount of heat absorbed by a unit mass of
water, without changing in temperature , while passing from the
liquid to the vapor state.

So, as the humidity and vapor pressure rise, the temperature
of the air falls and the point Zmoves diagonally along line 3 until
saturation vapour pressure is reached at the point defined by e,
and ¢, . This temperature ¢, is called the wet bulb temperature
and is the temperature to which the original air can be cooled by
evaporating water into it. This is the temperature found by a wet
bulb thermometer.

The relative humidity is now given as:

h = Z—“ ,o0r as percentage,h = Z—a X 100
S S



Example:
An air mass is at temperature of 28 °C with relative humidity of

70%. Determine:

a. Saturation vapour pressure.
b. Saturation deficit.

c. Actual vapor pressure.

d. Dewpoint.
e. Wetbulb temperature.
Solution:

T= 28 °C = from the vapour pressure curve = es =28.3 mmHg.
H=70% = ea =28.3x0.7 = 19.81 mmHg.

~e; —e;=28.3-19.81=8.50 mmHg

t, = from same curve = ¢,=22 °C

From the same curve = wet bulb temp=24.7°C

Methods of Estimating Lake Evaporation

Evaporation from water surfaces can be determined from the
following methods :
(i) The storage equation (water budget equation)

P+I+£G=E+0%£4S

Where:

P = Precipitation

/= surface inflow

G = subsurface inflow or outflow

E= evaporation

O = surface outflow

45 = change in surface water storage
(ii) Auxiliary pans like land pans, floating pans, Colorado sunken
pans, etc.
(iii) Evaporation formula like that of Dalton’s law.
(iv) Humidity and wind velocity gradients.
(v) The energy budget, this method involves too many hydro-
meteorological factors (variables) with too much sophisticated
instrumentation and hence it is a specialist approach
(vi) Combination of aerodynamic and energy balance equations,
Penman'’s equation (involves too many variables)

EVAPORATION PANS:

(i) Floating pans (made of GI) of 90 cm square and 45 cm deep
are mounted on a raft floating in water. The volume of water lost
due to evaporation in the pan is determined by knowing the
volume of water required to bring the level of water up to the
original mark daily and after making allowance for rainfall, if
there has been any.

(ii) Colorado sunken pan. This is 92 cm square and 42-92 cm
deep and is sunk in the ground such that only 5-15 cm depth
projects above the ground surface and thus the water level is
maintained almost at the ground level. The evaporation is
measured by a point gauge

(iii) Land pan. Evaporation pans are installed in the vicinity of
the reservoir or lake to determine the lake evaporation. The IMD
Land pan shown in Figure below is 122 cm diameter and 25.5 cm
deep made of unpainted GI; and set on wood grillage 10 cm above
ground to permit circulation of air under the pan. The pan has a
stilling well, Vernier point gauge, a thermometer with clip and
may be covered with a wire screen. The amount of water lost by
evaporation from the pan can be directly measured by the point
gauge. The air temperature is determined by reading a dry bulb
thermometer. An anemometer is normally mounted at the level of
the instrument to provide the wind speed information required.
Allowance has to be made for rainfall, if there has been any. Water
is added to the pan from a graduated cylinder to bring the water
level to the original mark (5 cm below the top of the pan).

fe——122cm dialgb{‘Y | __— Point gauge
2cm stilling well, 10.2 cm dia
o M . T ) ’

0.9-mm thick S T + F =] 25.5 cm. land pan
copper sheet Water 19 cm
4

25em - E T T 7 =) .
GL + = e~ 10 cm, wooden cribs
IMD land pan



In the USA the standard or class A pan is (very similar to the
IMD land pan) circular 1.22m in diameter and 254mm deep,
filled to a depth of 180mm, set on a timber grillage with the
pan bottom 150mm above ground level.

water level
5-7.5 cm from rim

stilling well

Pan coefficient: Evaporation pan data cannot be applied to
free water surfaces directly but must be adjusted for the
differences in physical and climatological factors. For
example, a lake is larger and deeper and may be exposed to
different wind speed, as compared to a pan. The small
volume of water in the metallic pan is greatly affected by
temperature fluctuations in the air or by solar radiations in
contrast with large bodies of water (in the reservoir) with
little temperature fluctuations. Thus the pan evaporation
data have to be corrected to obtain the actual evaporation
from water surfaces of lakes and reservoirs, i.e. by
multiplying by a coefficient called pan coefficient and is
defined as:

. . Lake Evaporation
pan coefticient=—————
Pan Evaporation

The experimental values for pan coefficients range from 0.67 to
0.82 with an average of 0.7.

Example:
Compute the daily evaporation from a Class A pan if the

amounts of water added to bring the level to the fixed point are as
follows:
Day: 1 2 3 4 5 6 7
Rainfall (mm): 14 6 12 8 0 5 6
Water (added orremoved): -5 3 0 0 7 4 3

What is the evaporation loss of water in this week from a lake
(surface area = 640 ha) in the vicinity, assuming a pan coefficient
of 0.75?
Solution:

water added
Pan evaporation, Ep, mm = Rainfall + or
water removed

Day: 1 2 3 4 5 6 7
Ep(mm): 14-5=9 6+43=9 12 8 7 5+44=9 6+4+3=9

= pan evaporation in the week = Y7 Ep = 63 mm

Pan coefficient =2Lake—() 75

pan
= Lake evaporation in the week= 63x0.75=47.25 mm

Water lost from the lake = 640 x (47.25/1000) =30.24 ha.m
~0.3 Mm?3



Penman Equation:
Penman derived the following eq.

Y

" Ey

E=— E
A+y a

Where:
A is slope of the saturation-vapor-pressure versus temperature
curve at the air temperature 7,
E, is the evaporation given by Dalton assuming the water
surface 7,=7,, E, = (e; — eg)(a + bv).
@, is the net radiation absorbed by water body expressed in the
same unit as £.
y = 0.00066 p
A= (0.00815T,+0.8912)7
pis the atmospheric pressure, p=1013 mbar.
Tais the air temperature °C.

Knowing that :

0, = 7.14 X 1073Q, + 5.26 x 1076Q4(T,, + 17.8)87 + 3.94
x 1075Q, ° —2.39 x 10~9Q, (T, — 7.2)2—1.02

@, is the net radiation, expressed in equivalent millimeters of
evaporation per day.

Q. is the daily solar radiation in calories per square centimeter
per day.

es — e, = 33.86[(0.00738T, + 0.8072)8 — (0.00738T, + 0.8072)%]

Where; 7, is dewpoint, °C.

E, = (es — e,)°®8(0.42 4 0.0029v,,)

v, is the wind movement 150mm above the pan rim (km/day)

Figure below is a graphical solution of the Penman equation for
the estimation of lake evaporation as a function of solar
radiation, air temperature, dewpoint and wind movement.
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Shallow-lake evaporation as a function of solar radiation, air
temperature, dewpoint, and wind speed according to Penman’s Eq.



Example:
Calculate lake evaporation for the following data using

Penman’s equation.

v,=130 km/day, T,=18 °C, T;=8 °C, Qs=450 cal./cm?/day.

Solution:

es — e, = 33.86[(0.00738T, + 0.8072)8 — (0.00738T, + 0.8072)8]
= 33.86[(0.00738 x 18 + 0.8072)% — (0.00738 X 8 + 0.8072)%]
=991

E, = (e — €4)*88(0.42 + 0.0029v,,)
= E,= (9.91)%88(0.42 + 0.0029 x 130) = 6.00

¥ = 0.00066 p = 0.00066 x 1013 = 0.668
A= (0.00815T,+0.8912)7= (0.00815 x 18+0.8912)7= 1.038

A
D — =
A+y

0.608 = -~ =0.392
Ay

Q,, = 4.84 equivalent mm/day

= E =0.608x4.84+0.392x6.00= 5.30 mm/day =0.208" /day

Estimation of Evapotranspiration

The following are some of the methods of estimating
evapotranspiration:
(i) Tanks and lysimeter experiments.
(ii) Installation of sunken (Colorado) tanks.
(iii) Evapotranspiration equations as developed by Lowry-
Johnson, Penman, Thornthwaite, Blaney Criddle, etc.
(iv) Evaporation index method, i.e., from pan evaporation data as
developed by Hargreaves and Christiansen.

Thornthwaite’s Formula:

Thornthwaite carried out many experiments using lysimeters. He
suggested a method for the estimation of evapo-transpiration in
the latitudes of USA.

If ¢,=average monthly temperature of the consecutive months
of the year in oc (n=1, 2, 3, ...,12), and j=monthly heat index.
Then j = 0.09t,,*>

] =X1%j (for 12 months)

The potential evapotranspiration for any month with average
temperature ¢°C is given, as P, , by:

10¢\"
PEx=16 T

Where: a=0.016] + 0.5

PE, is a theoretical standard monthly value based on 30 days and
12hr sunrise per day. The actual PE for a certain month is given
by:

PE = PE, 1



Where: D= number of days in the month. Month Jan  Feb  Mar  Apr  May  Jun  Jul o Aug
T= average number of hours between sunrise and sunset tn °C 5 0 5 9 13 17 19 17
in the month t e o e
' Day hours - - - 13 - - - -
. . . Solution:
Thornthwaite published a nomogram and table for the solution of
his formula, the nomogram shown in figure below.
tn S 15 PEx
Month oc j =0.09t, mm/month
40 o
E L] = = s - -
- = point of convergence ——=4 %gg :ggg Feb 0 0.00 -
25E Mar 5 1.01 -
o E 276 143-7
2 20F 280  147-8 Apr 9 2.43 48.43
= 285 1517
e ISE A 290 1554 May 13 4.22 -
2 E dm L1 295 158:9 Jun 17 6.31 -
T i oy ul 19 7.45 -
S I 5 i O
= —470 . %
2 L o / 320 1731 Sep 13 4.22 -
= 325 175-3 Oct 9 2.43 -
§ 5 v, 33-0 1772
E 2 P 336 1790 Nov 5 1.01 13.42
€ / 34-0 1805 Dec 0 0.00 -
S 30 345 181:8
= 2 35-0 182-9 z 35.38
355 1837
2l | 360 184-3
e a=0.016] + 0.5 = 0.016 x 35.38 4+ 0.5 = 1.066
376 185-0
380 1850
| 19 | Ll
10 20 30 40 60 80 100 150 200
50 70
J PE, mm
Nomogram and table for finding potential evapo-trans-
piration
Example:

Compute the potential evapo-transpiration for April and
November according to Thornthwaite for the following data:

Oct Nov
9 5
- 3
- 9

PE

mm/month
52.47
10.1



Infiltration:

Water entering the soil at the ground surface is called
infiltration. It complements the soil moisture deficiency and the
excess moves downward by the force of gravity called deep
seepage or percolation and builds up the ground water table. The
maximum rate at which the soil in any given condition is capable
of absorbing water is called its infiltration capacity (7).
Infiltration rate (7) often begins at a high rate and decreases to a
fairly steady state rate (7.) as the rain continues, figure below. The
infiltration rate (¥) at any time t is given by Horton’s equation.

f=f+{— fc)e_kt

f,= initial rate of infiltration capacity

f.= final constant rate of infiltration at saturation

k= a constant depending primarily upon soil and vegetation
F.=shaded area in Fig.

t=time from beginning of the storm

8r
7_

(e2]

o

- f, = initial infiltration rate

Infiltration curve (Horton):

w

Infiltration rate (cm/hr)
B

N

1 i o
i f Shaded area = F_ fc‘ = final constant rate
0 I I I I I I I I [ I
0 2 -+ 6 8 10 12 14 16 18 20 22
Time t (min)

Infiltration Curve (Horton)

The infiltration takes place at capacity rates only when the
intensity of rainfall equals or exceeds fp;
f=fp wheni=> fp
But f=7 when/i<fp

The infiltration depends upon the intensity and duration of
rainfall, weather (temperature), soil characteristics, vegetal
cover, land use, initial soil moisture content (initial wetness),
entrapped air and depth of the ground water table. The vegetal
cover provides protection against rain drop impact and helps to
increase infiltration.

Methods of Determining Infiltration

The methods of determining infiltration are:

(i) Infiltrometers.

(i) Observation in pits and ponds.

(iii) Placing a catch basin below a laboratory sample.
(iv) Artificial rain simulators.

(v) Hydrograph analysis.

Double-ring infiltrometer. A double ring infiltrometer is shown in
Figure (A) below. The two rings (22.5 to 90 cm diameter) are
driven into the ground by a driving plate and hammer, to
penetrate into the soil uniformly without tilt to a depth of 15 cm.
After driving is over, any disturbed soil adjacent to the sides
tamped with a metal tamper. Point gauges are fixed in the center
of the ring. Water is poured into the rings to maintain the desired
depth (2.5 to 15 cm with a minimum of 5 mm) and the water
added to maintain the original constant depth at regular time
intervals (after the starting of the experiment) of 5, 10, 15, 20, 30,
40, 60 min, etc. up to a period of at least 6 hours is noted and the
results are plotted as infiltration rate in cm/hr versus time in
minutes as shown in Figure (B) below. The purpose of the outer
tube is to eliminate to some extent the edge effect of the
surrounding drier soil and to prevent the water within the inner
space from spreading over a larger area after penetrating below
the bottom of the ring.



Example:
For a given basin, the following are the infiltration capacity

45 cm dia: . . . .
i o depliumaliniained rates at various time intervals after 'Fhe begmnlng of the storm.
v § = T oy | Cconstant, say 8 cm Make a plot of the f-curve and establish an equation of the form
GS N- N — ————waer§ - R developed by Horton. Also determine the total rain and the excess
TN I H 7SN H FTON FFAN 7785 AN 48NN LI .
25emBi JH! ¢+ ol v *Hi iR | 15 cm driven rain (runoff).
i S I Soil. 1+ 'H, ol
v t____l_i_;'___r__:__i_J___l‘___l y_\ __p v into ground
[l \ | | . .
: wq IJ' i ]'. oA 4 Time Rainfall f
;4 £t VoA (min) (cm/hr) (cm/hr)
] [ o \
AT B Y B O VRN T T 1 5.0 3.90
4 Loy |
FEREE § L o RN 2 5.0 3.40
Figure A Infiltrating water 3 5.0 3.10
4 5.0 2.70
5 5.0 2.50
6 7.5 2.30
8 7.5 2.00
10 7.5 1.80
B 12 7.5 1.54
30 14 7.5 1.43
= 16 2.5 136
S5 18 2.5 131
(=]
= 20 L 20 25 1.28
= - 22 2.5 1.25
S 151 Inflltratl_op_ 24 2.5 1.23
= u curve (initial)
£ ) 26 2.5 1.22
E0r N Wet soll 28 2.5 1.20
51 30 25 1.20
0 | | | N e ettt ki e e ey Sy
0O 20 40 60 80 100 120 140 160 180 200 220 240 _
Time (min) Solution:
S The precipitation and infiltration rates versus time are plotted
Figure B Typical infiltration curve as shown in Figure.
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= lem .1
2 Scale : f sg. unit =———— = 2 min =— cm
L T S0 min 3
gl Rainfall P = 68.75 sq. units
Area under
— BF Rainfall i = 7.5 cmihr f-curve Fp = 26.5 sq. units
&= k.
EE 1 Runoff Pog = P - Fy
= E | Projected =B68.75 - 26.5
== [ = 42.75 s5q. units
R @ [ VE Shaded
o ;i—fa = 4.5 cm/hr|Runoff, Py area F. = B.25 s5q. units
=Z 4 33
TE ’) f-curve: (F=1.2 + ?
8% 35 i= 2.5 cmihr

s Lo - f——y

Infiltration loss {under f-cune) fcI 1.2 E.-ln_.'ru

LI1 1 | 1 1 1 1 1 1 1 1 1
2 4 B2 10 12 14 6 1B P20 22 24 26 28 30
Time t {min)

From figure above, shaded area

F, = 4.25 sq units = 8.25 (ez;ﬂiln X Zmin) =8.25X% %

=0.275cm

_ (45-12)em/hr
- 0.275cm

The Horton’s equation is:

=12 hr1

f=fo+(o—fle =12+ 145-12)e 2 =12+ _eff;t

The total infiltration loss F, can also be determined by integrating the

P
Horton’s equation for the duration of the storm.

33 ]30/60 =088 cm

—12e-12t]

Fo=[yfdt = 7% (12+ 2 )ar = 12t +

0 e—12t

To determine the Horton'’s constant by drawing a semi-log plot of

tvs. (f-1)
The Horton's equation is

10
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e 11.6/60

sk

Time t, min to linear scale

Slopem:—f:—[)miifi:—

~0.1933x0.424
=12hr"

S
kloge
1

0.01 02 03 .04 06.0801 2 3 4 6 810 2
Value of (-f) to log scale (cm/hr)

Semi-log plot for infiltration constants

From the graph, when ¢=0,

f—f.=33=f,— fo.(Since f = fy whent = 0)
& fo=3.3+1.2=45cm/hr

Hence the Horton’s equation is of the form

3.3
f=12+ (45— 1.2)e7 1?2t =12+ o1t

TotalrainP =5 Xi+ 7.5 ><2+ 2.5 XE= 2.29cm
60 60 60

Infiltration loss Fp = 0.88 cm

& Pper= excess rain = Runoff = P — Fp = 2.29 - 0.88 = 1.41cm

11



Example: Solution:

In a double ring infiltrometer test, a constant depth of 100 mm The precipitation and infiltration rates versus time are plotted
was restored at every time interval the level dropped as given as shown in Figure.
below:
Time (min): 0 5 10 15 25 45 60 75 90 110 130
Depth of water (mm): 100 83 87 90 85 78 85 85 85 80 80 B
Establish the infiltration equation of the form developed by
Horton. e
~
3 3° o4 q_ri 0 = 2ec
Solution: S o
}‘250 \
i H 56 mm .
Depth to water Surface Infiltration F-f % ,q_,,,,_) Fe= A =3 Un it % P ¥ 19 mynq
(mm) rate . 18 4
Time .D(.epth .of i (mm/hr) & /o s = B
. infiltration  f = — X 60 b3 2 A
(min) Before After At _ = fes 4 Fe
fil fil (mm) (mm/hr) - Je =60 Ry s
illing illing (mm/hr) i B [f .
=60 mum
0 100 - 0 - - [ [hr
1o 2o 30 Yo S0 6o Fe @o 9o [leo lle 2o 130
83 100 17 204 144 i S R
10 87 100 13 156 96
15 90 100 10 120 60 i 246 = =7
0% l‘(.-;-[__’fJ S = G Y. & hr
25 85 100 15 90 30 < &
45 78 100 22 66 6 i
: £ o
60 85 100 15 60 0 a% | Lo dlo 4 ——r
75 85 100 15 60 0 - 1
90 85 100 15 60 0
110 80 100 20 60 0
130 80 100 20 60 0

Now plot on millimetric paper, ¢ vs £, figure below.

12



INFILTRATION INDICES

The infiltration curve expresses the rate of infiltration (cm/hr)
as a function of time. The area between the rainfall graph and the
infiltration curve represents the rainfall excess, while the area
under the infiltration curve gives the loss of rainfall due to
infiltration. The rate of loss is greatest in the early part of the
storm, but it may be rather uniform particularly with wet soil
conditions from rainfall.

Estimates of runoff volume from large areas are sometimes
made by the use of infiltration indices, which assume a constant
average infiltration rate during a storm, although in actual
practice the infiltration will be varying with time. This is also due
to different states of wetness of the soil after the start of the
rainfall. There are three types of infiltration indices:

() ¢-index (i) Wrindex (iii) £, index,

(i) ¢-index : The ¢-index is defined as that rate of rainfall above
which the rainfall volume equals the runoff volume. The ¢ -index
is relatively simple and all losses due to infiltration, interception
and depression storage (storage in pits and ponds) are accounted
for; hence,

Fp P—R
@ = —= —
tr tr

Provided 1‘> ¢ throughout the storm. The bar graph showing

the time distribution of rainfall, storm loss and rainfall excess
(net rain or storm runoff) is called a hyetograph, Figure below.
Thus, the ¢ -index divides the rainfall into net rain and storm loss.

(ii)) W-index: The W-index is the average infiltration rate during
the time rainfall intensity exceeds the infiltration capacity rate,
i.e,

P—R-S

W = =¢_%

tr

Where P= total rainfall

R = surface runoff

S= effective surface retention

t,= duration of storm during which /> p
F,= total infiltration

12
— .{— Rainfall, P
10
&
- 8 Runoff, P .
o,
‘B
S 6 \ P — Storm loss = P
=
= %
E .::1::;:4?::¢
©
2 —lzss ¢-index
v 1
| | |

0
0 20 40 60 80 100 120 140 160
Time t (min)

Infiltration loss by ¢-index

The W-index attempts to allow for depression storage, short
rainless periods during a storm and eliminates all rain periods
during which /< £ Thus, the W-index is essentially equal to the ¢-
index minus the average rate of retention by interception and
depression storage, i.e.,, W< ¢.

Information on infiltration can be used to estimate the runoff

coefficient Cin computing the surface runoff as a percentage of
rainfall i.e.,

13
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R=CXP

i—-w

o
(iii) fave-index: In this method, an average infiltration loss is
assumed throughout the storm, for the period /> 7.

Example
The rates of rainfall for the successive 30 min period of a 3-

hour storm are: 1.6, 3.6, 5.0, 2.8, 2.2, 1.0 cm/hr.
The corresponding surface runoffis estimated to be 3.6 cm.

Establish the ¢-index. Also determine the W-index.

Solution
Construct the hyetograph as shown in Figure A.

2(-¢)t=P~P,,  and thus it follows

[3.6—0)+(55.0—0)+ (28—-0)+ (2.2 —-0)] x % = 3.6
=0 = 1.6 cm/hr

30
P=(16+36+50+28+22+ ].0)% =81cm

P-R 8.1-3.6
oW =—=
tr 3

=1.5cm/hr

Suppose the same 3-hour storm had a different pattern as
shown in Figure B producing the same total rainfall of 8.1 cm. To
obtain the same runoff of 3.6 cm (shaded area), the ¢ -index can
be worked out as 1.82 cm/hr. Hence, it may be seen that a single
determination of ¢ -index is of limited value and many such
determinations have to be made and averaged, before the index is
used. The determination of ¢ -index for a catchment is a trial and
error procedure.

Intensity i (cm/hr)

Intensity i (cm/hr)

(&)1

a.Total rain = 8.1 cm

5.0 cm/hr

Runoff = 3.6 cm

2.2

~ | _ ' $=1.6
W, =15 cm/hr Loss ¢cmlhr
|

¢ | | | | I

0O 30 60 9 120 150 180

Time t (min)

b. Total rain = 8.1 cm

5 cm/hr

7

<4— Storm pattern
different from a
—— Runoff = 3.6 cm

1 |
Loss 0.7 ¢$=1.82
cm/hr
I | | | | l |

0 30 60 90 120 150 180

Time t (min)
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Runoff

When a storm occurs, a portion of rainfall infiltrates into the
ground and some portion may evaporate. The rest flows as a thin
sheet of water over the land surface which is termed as overland
flow. If there is a relatively impermeable stratum in the subsoil, the
infiltrating water moves laterally in the surface soil and joins the
stream flow, which is termed as underflow (subsurface flow) or
interflow, Figure below. If there is no impeding layer in the subsoil
the infiltrating water percolates into the ground as deep seepage and
builds up the ground water table (GWT or phreatic surface). The
ground water may also contribute to the stream flow, if the GWT is
higher than the water surface level of the stream, creating a
hydraulic gradient towards the stream.

All the three types of flow contribute to the stream flow, it is the
overland flow, which reaches first the stream channel, the interflow
being slower reaches after a few hours and the ground water flow
being the slowest reaches the stream channel after some days. The
term direct runoff is used to include the overland flow and the
interflow. If the snow melt contributes to the stream flow it can be
included with the direct runoff (from rainfall).

L |

Precipitation,

¢¢ Interception

loss

S = Surface detention
= Sheet of water

Direct surface G.S.
runoff D) & @

Impeding layer AT

Disposal of rain water

The ground water flow into the stream would have continued
even if there had been no storm immediately preceding. It is for
this reason it is termed as base flow in hydrograph analysis.

When the overland flow starts (due to a storm) some flowing
water is held in puddles, pits and small ponds; this water stored is
called depression storage. The volume of water in transit in the
overland flow which has not yet reached the stream channel is
called surface detention or detention storage. The portion of
runoff in a rising flood in a stream, which is absorbed by the
permeable boundaries of the stream above the normal phreatic
surface, is called bank storage.

CATCHMENT CHARACTERISTICS

The entire area of a river basin whose surface runoff (due to a
storm) drains into the river in the basin is considered as a
hydrologic unit and is called drainage basin, watershed or
catchment area of the river flowing Figure below. The boundary
line, along a topographic ridge, separating two adjacent drainage
basins is called drainage divide. The single point or location at
which all surface drainage from a basin comes together or
concentrates as outflow from the basin in the stream channel is
called concentration point or measuring point, since the stream
outflow is usually measured at this point.

The time required for the rain falling at the most distant point
in a drainage area (i.e., on the fringe of the catchment) to reach
the concentration point is called the concentration time. This is a
very significant variable since only such storms of duration
greater than the time of concentration will be able to produce
runoff from the entire catchment area and cause high intensity
floods.



~drainage basin, or

Water shed, or
catchment area J

MP
Discharge
site
Q (cumec)

Remote ¥® _ ) % . ce i tam T
fringe of

catchment b Mg e Equivalent circzular area

i e A=mr
Circumference = 24/1A

Drainage basin characteristics

The characteristics of the drainage net may be physically
described by:

(/) The number of streams (/i) The length of streams
(7if) Stream density (7v) Drainage density

v" The stream density of a drainage basin is expressed as the
number of streams per square kilometer.

N
Stream Density, Dy = 75

Where: N=number of streams A=area of basin

v" Drainage density is expressed as the total length of all
stream channels (perennial and intermittent) per unit area of the
basin and serves as an index of the areal channel development of
the basin.

Drainage Density, D, = ZS

Where: L~=total length of all stream channels in the basin.

FACTORS AFFECTING RUNOFF

The various factors, which affect the runoff from a drainage

(i) Storm characteristics

(ii) Metrological characteristics

(iii) Basin characteristics

(iv) Storage characteristics

1)
2)
3)
4)
5)
1)

3)
4)
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

1)
2)
3)
4)
5)
6)

7)
8)

basin, depend upon the following characteristics:

Intensity

Duration

Areal extent (distribution)
Frequency
Antecedent precipitation
Temperature
Humidity

Wind velocity
Pressure variation

Size

Shape

Slope

Altitude (elevation)
Topography

Geology (type of soil)
Land use/vegetation
Type of drainage net
Proximity to ocean
Proximity to mountain
ranges

Depressions

Pools and ponds/lakes
Streams

Channels

Check dams (in gullies)
Upstream reservoir/or
tanks

Flood plains, swamps
Ground water storage



v Low intensity storms over longer spells contribute to ground
water storage and produce relatively less runoff. A high intensity
storm or smaller area covered by a storm increases the runoff since
the losses like infiltration and evaporation are less. If there is a
succession of storms, the runoff will increase due to initial wetness of
the soil due to antecedent rainfall. Rain during summer season will
produce less runoff, while that during winter will produce more.

v Greater humidity decreases evaporation. The pressure
distribution in the atmosphere helps the movement of storms. Snow
storage and specially the frozen ground greatly increase the runoff.

v Peak runoff (if expressed as m3/km?) decreases as the
catchment area increases due to higher time of concentration. A fan-
shaped catchment produces greater flood intensity than a fern-
shaped catchment. (figure below).

4 Steep rocky catchments with less vegetation will produce more
runoff compared to flat tracts with more vegetation. If the vegetation
is thick greater is the absorption of water, so less runoff.

v If the direction of the storm producing rain is down the stream
receiving the surface flow, it will produce greater flood discharge
than when it is up the stream.

4 If the catchment is located on the orographic side (windward
side) of the mountains, it receives greater precipitation and hence
gives a greater runoff. If it is on the leeward side, it gets less
precipitation and so less runoff. Similarly, catchments located at
higher altitude will receive more precipitation and yield greater
runoff.

v The storage in channels and depressions (valley storage) will
reduce the flood magnitude.

v Upstream reservoirs, lakes and tanks will moderate the flood
magnitudes due to their storage effects. For drainage basins having
previous deposits, large ground water storage may be created, which
may also contribute to the stream flow in the form of delayed runoff.

Remote fringe
of catchment

Less concentration time

causes intense floods More concentration

(11 Discharge time

QW site 0 Discharge

Qly site

(a) Fan shaped (b) Fern (leaf) shaped

Fan-and fern-shaped catchments

CLASSIFICATION OF STREAMS

Streams may be classified as:

(1) Influent and Effluent streams.

(#I) Intermittent and perennial streams.

(1) Influent and Effluent streams. If the GWT is below the bed of
the stream, the seepage from the stream feeds the ground-water
resulting in the buildup of water mound (Figures below).




Such streams are called influent streams. Irrigation channels
function as influent streams and many rivers which cross desert
areas do so. Such streams will dry up completely in rainless period
and are called ephemeral streams. The ephemeral streams, generally
seen in arid regions, which flow only for a few hours after the
rainfall.

When the GWT is above water surface elevation in the stream, the
ground water feeds the stream. Such streams are called effluent
streams. The base flow of surface streams is the effluent seepage
from the drainage basin. Most of the perennial streams are mainly
effluent streams.

Stream feeds ground water

o v High water level W

GWT

Influent streams

Bank storage

High water level
GWT _________________ GWT

‘/(;round water feeds
the stream (Base flow)

A
Ground water flow ®

Effluent streams

(77) Intermittent and perennial streams. If the GWT lies above the bed

of the stream during the wet season but drops below the bed during
the dry season, the stream flows during wet season (due to surface
runoff and ground water contribution) but becomes dry during dry
seasons. Such streams are called intermittent streams.

While in the case of perennial streams, even in the most severe
droughts, the GWT never drops below the bed of the stream and
therefore they flow throughout the year. For power development a
perennial stream is the best; power can also be generated from
intermittent streams by providing adequate storage facilities.

ISOCHRONES
The lines joining all points in a basin of some key time elements in a
storm, (such as beginning of precipitation, time of concentration,
etc.) are called isochrones. They are the time contours and represent
lines of equal travel time and they are helpful in deriving
hydrographs.

, 23.00 hr “—Cc—

Direction of
storm movement

, 21.00 hr

/22.00 hr

, 20.00 hr

Isochrones



ESTIMATION OF RUNOFF

Runoff is that balance of rain water, which flows or runs over the
natural ground surface after losses by evaporation, interception and
infiltration.

The yield of a catchment (usually means annual yield) is the net
quantity of water available for storage, after all losses, for the
purposes of water resources utilization and planning, like irrigation,
water supply, etc.

Maximum flood discharge. It is the discharge in times of flooding
of the catchment area,

i.e.,, when the intensity of rainfall is greatest and the condition of the
catchment regarding humidity is also favorable for an appreciable
runoff.

Runoff Estimation

The runoff from rainfall may be estimated by the following methods:
(i) Empirical formulae, curves and tables

(ii) Infiltration method

(iii) Rational method

(iv) Overland flow hydrograph

(v) Unit hydrograph method

(i) Empirical formulae, curves and tables: Several empirical
formulae, curves and tables relating to the rainfall and runoff have
been developed as follows:

Usually, R=aP+b ... A

Sometimes, R = a P* ... B

Where R = runoff, P = rainfall, a, b, and n, are constants. Eq. (A)
gives a straight line plot on natural graph paper while Eq. (B) gives
an exponential curve on natural graph paper and a straight line when
plotted on log-log paper.

(ii) Infiltration Method. By deducting the infiltration loss, i.e., the
area under the infiltration curve, from the total precipitation or by
the use of infiltration indices. These methods are largely empirical
and the derived values are applicable only when the rainfall
characteristics and the initial soil moisture conditions are identical to
those for which these are derived.

(iii) Rational Method. A rational approach is to obtain the yield of a
catchment by assuming a suitable runoff coefficient.
Yield =CAP
Where A = area of catchment
P=precipitation
C = runoff coefficient

The value of the runoff coefficient C'varies depending upon the soil
type, vegetation geology etc. and the following Table given by
Richards may be taken as a guide.

Runoff coefficients for various types of catchments

Type of catchment Value of C
Rocky and impermeable 0.8-1.0
Slightly permeable, bare 0.6-0.8
Cultivated or covered with vegetation 0.4-0.6
Cultivated absorbent soil 0.3-0.4
Sandy soil 0.2-0.3
Heavy forest 0.1-0.2

In the rational method, the drainage area is divided into a number
of sub-areas and with the known times of concentration for different
subareas the runoff contribution from each area is determined. The
choice of the value of the runoff coefficient C for the different sub-
areas is an important factor in the runoff computation by this
method.



Empirical Formulas:

1- Rainfall-Runoff Correlation

A correlation between rainfall and runoff may take the form:
R=aP+b

Where R = runoff, P=rainfall, 2and b are constants.

_ NG PR)-(ZP)TR) p — ZR-aZP
~ N(Z P2)—(Y P)2 ’ - N

NQPR) - P)XR)
VINE P — (EP)] x [NERY) — (X R)?]

r= correlation factor, 0< r<1, and the formula accepted if r=0.6.

Example:
For the following data, find a correlation between rainfall and runoff
inthe formof R=aP +b.

month P (cm) R (cm)
1 5 0.5
2 35 10.0
3 40 13.8
4 30 8.2
5 15 3.1
6 10 3.2
7 5 0.1
8 31 12.0
9 36 16.0

Solution:
Complete the table of solution as follows;

month P (cm) R (cm) PR
1 5 0.5 2.5
2 35 10.0 350
3 40 13.8 552
4 30 8.2 246
5 15 3.1 46.5
6 10 3.2 32
7 5 0.1 0.5
8 31 12.0 372
9 36 16.0 576
> 207 66.9 2177.5

p2
25
1225
1600
900
225
100
25
961
1296
6357

R2
0.25
100
190.4
67.3
9.61
10.24
0.01
144
256
777.8

N=9
_NEPR)-(ZP)ZTR) _ 9(2177.5)—(207x66.9) _
T NEP2)-(TP)?

= = 0.40

9(6357) (63572)

b= YR-aYP _ 66.9-0.4x207
o N o 9

=-1.77

~R=04P—-1.77

R=0.95 = the correlation is accepted.



2- Khosla’s Formula

Khosla analyzed the rainfall, runoff, and temperature of several Solution: _
catchments in India and USA, and he suggested the following formula Complete the table of solution as follows:
for the monthly runoff:

Ryp=Bp— Ly
_ : m-m
L, =048T, , WhenT,, > 4.5°C

-+ WhenT,, <45°C = _
Feb 27 0-9 ]
m > * o Mar 2 11 IS
Ly 2.77 1.78 1.52 Apr 33 45 ST
. R,, = monthly runoff (cm)>0 i . L _
0 Jun 26 71
. P, = monthly average temp. "C.
. L, = monthly losses(cm). Jul 24 111
Aug 2 137 IEPFTEEEE
Sep 23 164 TN
Example: Oct 21 153 (TR
The following data were collected for a catchment in India, find the Nov 20 e.1 I
annual runoff and calculate the runoff coefficient using Khosla’s Dec 21 1.3 _
formula. 2 83.9
Month T, P (cm)
Jan 24 0.7
Feb 27 0.9 ~ annual runoff = 12.76 cm
Mar 32 1.1
Apr 33 4.5 =Annual Runoff Coefficient = AZ::f;Z?g L 182;96 =0.143
May 31 10.7 '
Jun 26 7.1
Jul 24 11.1
Aug 24 13.7
Sep 23 16.4
Oct 21 15.3
Nov 20 6.1
Dec 21 1.3




HYDROGRAPHS

A hydrograph is a graph or table showing flow rate (stream
discharge) as a function of time at a given location on the stream
(concentration point). Figure No.1 shows an annual hydrograph
for Hit station.

5400 e

52001 ‘

4800 == SR IS S

4400}
£ 4000 !
E 3g00 | } I
< 3200
W
2 28001 | W
b=
§ 2400 B i
S 2o00-

1EQ0 — ==

1200 Graundwater E

800 contribution )"1‘\

s -
a00lL 1 S|
Feb  March Aprii May June July August  September
Hydrograph of R. Euphrates at Hit. Feb.-Sept. 1957
Figure No. 1 (after Direciorale of Irrigation. Iraq)
HYDROGRAPH COMPONENTS

The various components of a natural hydrograph (storm
hydrograph) are shown in Fig. No.2. At the beginning, there is only
base flow (the ground water contribution to the stream) gradually
depleting in an exponential form. After the storm starts, the initial
losses like interception and infiltration are met and then the surface
flow begins. The hydrograph gradually rises (rising limb) and
reaches its peak value after a time t, (called lag time or basin lag)
measured from the centroid of the hyetograph of net rain. Thereafter
it declines and there is a change of slope at the inflection point, i.e.,
there has been, inflow of the rain up to this point and after this there
is gradual withdrawal of catchment storage.

By this time the ground water table has been built up by the
infiltrating and percolating water, and now the ground water
contributes more into the stream flow than at the beginning of
storm, but thereafter the GWT declines and the hydrograph again
goes on depleting in the exponential form called the ground water
depletion curve or the recession curve. If a second storm occurs
now, again the hydrograph starts rising till it reaches the new
peak and then falls and the ground water recession begins, Fig.3.

" Effecfive duration
- }q—q of net rain
S| Ranml, P
= E, ! "', Hyetograph
£ | i-Netrain, P,
& = | [
2 Caorfy P =P —Losses
o bl net
k= n L f-curve
traticn lbss | - (loss rate) .
T T L
Lq—'—,l'l'lme t {hr ar min)
| |
| 1! Basinlag j——N days after paak—»|
I l<_;7tp Peak flow i o2
i I s
i i Crest i N{days) = i1 {empirical)
T i ! I A=Areaof basin (km")
| [ !
& ! i Time of — Inflection i
il | concentration point |
I |
g’ i Total runoff hy:d rograph (TRH)
]
of stream-flow =
E i Rising @, o @ * @
1w I limb g Y\ 4~ Recession limb or
E i Direct surface curve (or falling limb)
[a] } runoff volume ™\ !
I i
i =Fugt XA Ground water
i depletion curve extrapolated
Paint |
of rise Ground water
i / deplgtio_n_gtiry_e _______________ B (ks A4 el .
ot T B.F. Separation line Elevaied Mn curve
Ground water contribution -
of stream flow (base flow B.F) ground water table contributes more

Time t {hror days) ———»

Figure No. 2 Components of streamflow hydrograph



Thus, in actual streams gauged, the hydrograph may have a
single peak or multiple peaks according to the complexity of
storms. For flood analysis and derivation of unit hydrograph, a
single peaked hydrograph is preferred. A complex hydrograph,
however, can be resolved into simple hydrographs by drawing
hypothetical recession lines as shown in Fig.3.

Storm 3
Storm 1 Storm 2

i Bz
Loss Loss Loss

Intensity
H{emihry

3 peaks due to
3I-storms in
succession

Recession
lines

Discharge Q (cumec)

Estimated base flow

Time t (hr or days)

Figure No. 3 Hydrograph with multiple peaks

Factors Affecting Hydrograph:
Factors mainly affecting hydrograph are:

Storm and Metrological characteristics which affects the rising
limb of hydrograph.

Basin characteristics which affects recession limb of hydrograph.

(i) Shape of basin, it affects the time of concentration. Thus, it
affects the shape of the hydrograph and the location of peak
point. Figure No.4.

2 A X

LTI (TP < P4

Figure No. 4

(ii) Slope of basin, it affects the Slope of the recession curve. Thus,
it affects the time of base of hydrograph.

(iii) Drainage density, it affects the peak of the hydrograph. Figure
No.5.

A B

&> &>

g -Low density
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s
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ot e S B0 JaELE



HYDROGRAPH SEPARATION

For the derivation of unit hydrograph, the base flow has to be
separated from the total runoff hydrograph (i.e., from the
hydrograph of the gauged stream flow). Some of the well-known
base flow separation procedures are given below, Fig.6.

(i) Simply by drawing a line AC tangential to both the limbs at
their lower portion.

This method is very simple but is approximate and can be used
only for preliminary estimates.

(ii) Extending the recession curve existing prior to the occurrence
of the storm up to the point D directly under the peak of the
hydrograph and then drawing a straight line DE, where E is a
point on the hydrograph N days after the peak, and N (in days) is
given by

N = 0.83 A%?

(iii) Simply by drawing a straight line AE, from the point of rise to
the point E, on the hydrograph, N days after the peak.

(iv) Construct a line AFG by projecting backwards the ground
water recession curve after the storm, to a point F directly under
the inflection point of the falling limb and sketch an arbitrary
rising line from the point of rise of the hydrograph to connect
with the projected base flow recession. This type of separation is
preferred where the ground water storage is relatively large and
reaches the stream fairly rapidly, as in lime-stone terrains.

Many a time a straight line AE meets the requirements for
practical purposes. Location of the point E is where the slope of
the recession curve changes abruptly, and as a rough guide E is N
days after the peak.

In all the above four separation procedures, the area below the
line constructed represents the base flow, i.e., the ground water
contribution to stream flow. Any further refinement in the base
flow separation procedure may not be needed, since the base flow
forms a very insignificant part of high floods. In fact, very often, a
constant value of base flow is assumed

After separation of base flow, the result hydrograph is the
direct runoff hydrograph or direct flow hydrograph (DRH or
DFH). The area under DRH represents the direct surface runoff,
and by dividing it by the catchment area we get the excess rain or
effective rain.

02
N (days)=0.84 A (empirical)

2
A = Drainage area (km )

Four separation procedures

Discharge Q (cumec)

-~ E (N days after peak)
ha Recession

“ Ground water contribution
'D  to stream (base flow)

Time t (hr or days)

Figure No. 6 Hydrograph separation



Example:

The hydrograph tabulated below was observed for a river
draining a 103.6km? catchment, following a storm lasting 3hr.
Separate base flow from runoff and calculate total runoff volume.
What was the net rainfall in mm/hr?. If the total rainfall was 20cm,
find the ¢ index for the storm.

AN

GC.J& 3

( |u\3tﬂr \
et ?

Time Flow Time Flow Time Flow

(hr) (m3/sec) (hr) (m3/sec) (hr) (m3/sec)
0 12.7 24 99.1 48 30.3
3 155.7 27 85.0 51 26.9
6 254.9 30 73.6 54 23.8
9 212.4 33 62.6 57 21.2
12 184.1 36 53.6 60 18.7
15 158.6 39 45.9 63 16.7
18 135.9 42 39.6 66 15.3
21 116.1 45 34.5 - -—

Solution:

By plotting time versus discharge on natural paper we get the total

hydrograph, from which we found the base flow as shown.

N days =0.83 A%2 =0.83 (103.6)%2= 2.1 days

51 hr.

Base Flow Increment = 3((21.2-12.7)/57) = 0.45 m3/sec each 3hrs.
DRH ordinates = TH ordinates — Base Flow

The result tabulated in the following Table.
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Hr Q BF DRH Hr Q BF DRH
0 12.7 12.7 0 36 53.6 18.10 355
3 155.7 13.15 | 142.55 39 45.9 18.55 27.35
6 254.9 13.60 241.3 42 39.6 19.00 20.6
9 212.4 14.05 | 198.35 45 34,5 19.45 15.05
12 184.1 14.50 169.6 48 30.3 19.90 10.4
15 158.6 14,95 | 143.65 51 26.9 20.35 6.55
18 135.9 15.40 120.5 54 23.8 20.80 3
21 116.1 15.85 | 100.25 57 21.2 21.2 0
24 99.1 16.30 82.8 60 18.7 -- --
27 85.0 16.75 68.25 63 16.7 -- --
30 73.6 17.20 56.4 66 153 -- --
33 62.6 17.65 44.95 -- -- - -

Now we can plot the direct runoff hydrograph as in figure No.8.

Total Surface Runoff = Area Under D.R.H.

3 x60x%60
TSR = — ©

+2(14255+241.3 + 198.35 + 169.6 + 143.65

+ 1205+ 100.25 + 82.8 + 68.25 + 56.4 + 44.95

+ 355+ 2735+ 20.6 + 1505+ 10.4 + 6.55 + 3)
2 % 1487.05 x 3 x 3600

+0) = = 16059600 m?

2
=16.06M: 3
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Figure No. 8

Net Rainfall (Excess Rain) = T.S.R. / Area of Catchment
Net Rain= 16059600 / (103.6x1000x1000)= 15.5cm
Or; NetRain=16.06/103.6 = 15.5cm = 15.5/3=52 mm/hr

dindex = (P - R)/tg = (20-15.5)/3 = 1.5 cm/hr
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UNIT HYDROGRAPH

The unit hydrograph (unit-graph) is defined as the hydrograph
of storm runoff resulting from an isolated rainfall of some unit
duration occurring uniformly over the entire area of the
catchment, produces a unit volume (i.e., 1 cm) of runoff.

Derivation of the unit hydrograph: The following steps are
adopted to derive a unit hydrograph from an observed flood
hydrograph (Fig. No.9).

(i) Select from the records isolated (single-peaked) intense
storms, which occurring uniformly over the catchment have
produced flood hydrographs with appreciable runoff.

(iii) Separate the base flow from the total runoff.

(iv) From the ordinates of the total runoff hydrograph (at regular
time intervals) deduct the corresponding ordinates of base flow,
to obtain the ordinates of direct runoff.

(iv) Divide the volume of direct runoff by the area of the drainage
basin to obtain the net precipitation depth over the basin.

(v) Divide each of the ordinates of direct runoff by the net
precipitation depth to obtain the ordinates of the unit
hydrograph.

(vi) Plot the ordinates of the unit hydrograph against time since
the beginning of direct runoff. This will give the unit hydrograph
for the basin, for the duration of the unit storm (producing the
flood hydrograph) selected in item (i) above.

In unit hydrograph derivation, such storms should be selected
for which reliable rainfall and runoff data are available. The net
rain graph (hyetograph of excess rain) should be determined by
deducting the storm loss and adjusting such that the total volume
of net storm rain is equal to the total volume of direct surface
runoff. The unit hydrograph derived, which, when applied to the
known net rain data, should yield the known direct runoff
hydrograph.
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Example:

Data below represent the discharge results from a storm of 6-hr
duration falls on a catchment of 500km?. Assume base flow equal to
zero, drive the 6-hr unit hydrograph.

Time Q Time Q
(hr) m?3/sec (hr) m3/sec
0 0 42 50
6 100 48 35
12 250 54 25
18 200 60 15
24 150 66 5
30 100 72 0
36 70 -
Solution:
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Time Q UH Q UH
Ordinate Ordinate
(hr) m3/sec  m3/sec m3/sec | .3 /sec
0 0 0 42 50 11.6
6 100 23.1 48 35 8.1
12 250 57.9 54 25 5.8
18 200 46.3 60 15 3.5
24 150 34.7 66 5 1.2
30 100 23.1 72 0 0
36 70 16.2 -- --- -
> 1000 -—--
Total Runoff=1000*6*60*60 = 21600000 m?
Equivalent Depth of Runoff= Excess Rain =
21600000/(500%*1000*1000) = 0.0432 m =4.32 cm
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Example:

Peak flow of total hydrograph due to 6-hr storm was 470
m3/sec and average depth of rain=8cm. Assume average
infiltration losses =0.25 cm/hr and base flow is constant and
equal to 15 m3/sec. Estimate the peak flow of a 6-hr unit-graph.

Solution:

Direct flow = total flow — base flow = 470-15 = 455 m3/sec
Infiltration losses = average losses * duration = 0.25*6 = 1.5cm

Effective Rain = average depth of rain — infiltration losses
=8-15=6.5cm

Peak flow of UH = peak of DRH / ER = 455/6.5 = 70 m3/sec.

Example:

For the following 6-hr unit hydrograph, find the total flow
hydrograph due to a 3.5 cm excess rain. Suppose base flow
increases linearly from 60 m3/sec at starting of hydrograph to
126m3/sec at the end.

Tim110e UH (Q) Time UH (Q)
60(hr) m3/sec (hr) m3/sec
0 0 30 110
3 25 36 60
6 50 42 36
9 85 48 25
12 125 54 16
15 160 60 8
18 185 66 0
24 160 - -
Solution:

Time UH BF DRH TH
0 0 60 0 60
3 25 63 88 151
6 50 66 175 241
9 85 69 298 367
12 125 72 438 510
15 160 75 560 635
18 185 78 648 726

24 160 84 560 644
30 110 a0 385 475
36 60 96 210 306
42 36 102 126 228
48 25 108 88 196
54 16 114 56 170
60 8 120 28 148
66 0 126 0 126
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Figure No. 11

Example:

For the same 6-hr unit hydrograph in previous example, if tow
storms (6-hr duration) occur successively, the first have an
excess rain of 3cm and the second of 2cm. Find and draw the
resulted direct runoff hydrograph (direct flow hydrograph, DRH
or DFH) from these storms.

Solution:

The solution tabulated in table below.

Time UH DFH 1 DFH 2 TDFH
0 0 0 s 0
3 25 75 - 75
6 50 150 0 150
9 85 255 50 305
12 125 375 100 475
15 160 480 170 650
18 185 555 250 805
24 160 480 370 850
30 110 330 320 650
36 60 180 220 400
42 36 108 120 228
48 25 75 72 147
54 16 48 50 98
60 8 24 32 56
66 0 0 16 16
72 0 0 0 0
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Time (hr)

Example:
The vertical ordinates of a 6-hr U-H is

Time hr 0 3 6 9
U-H m3/s 0 150 250 450
Time hr 30 36 42 48

U-H m3/s 600 450 320 200

12 18 24
600 800 700
54 60 66

100 50 0

A storm of three successive intervals of 6-h duration was
occurs. Assume it’s total rain is 3, 5, and 4 cm respectively, and
¢-index=0.2 cm/hr and base flow is constant and equals
150m3/sec. determine and draw the total hydrograph for this

storm.

Solution:

The effective rain for:

1stinterval = 3 - (0.2x6) =1.8cm
2"dinterval =5 - (0.2x6) = 3.8cm
3rdinterval =4 - (0.2x6) =2.8cm

Ordinates of DRH = Ordinates of UH x Effective rain of interval

Ordinates of TRH = Sum of ordinates of DR-Hydrographs

Ordinates of T-H = Ordinates of TRH + Base flow

The solution was tabulated in table below.
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1 2 3 4 5 6 7 8

i D D D -
Tl::e rrL1]375 intFl intF2 intF3 TOF BF ;375
0 0 0 - - 0 150 250
3 150 270 - - 270 | 150 520
6 250 450 0 - 450 | 150 700
9 450 810 570 - 1380 | 150 1630
12 600 | 1080 | 950 0 2030 | 150 | 2280
18 800 | 1440 | 2280 | 700 | 4420 | 150 | 4670
24 700 | 1260 | 3040 | 1680 | 5980 | 150 | 6230
30 600 | 1080 | 2660 | 2240 | 5980 | 150 | 6230
36 450 810 | 2280 | 1960 | 5050 | 150 | 5300
42 320 576 | 1710 | 1680 | 3966 | 150 | 4216
48 200 360 | 1216 | 1260 | 2836 | 150 | 3086
54 100 180 760 896 | 1836 | 150 [ 2086
60 50 90 380 560 | 1030 | 150 1280
66 0 0 190 280 470 | 150 720
72 0 140 140 | 150 390
78 0 0 150 250

The following drawing is the total hydrograph.
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The Average Unit-Hydrograph

A unit hydrograph derived from a single storm may not be
representative, and it is therefore desirable to average unit
hydrographs from several storms of about the same duration.
This should not be an arithmetic average of superimposed
ordinates. The proper procedure is to compute average peak flow
and time to peak. The average unit hydrograph is then sketched
to conform to the shape of other graphs, passing through the
computed average peak, and having the required unit volume.

Example:

Given below are three unit hydrographs derived from separate
storms on a small catchment, all are considered to have resulted
from 3hr rains. Derive the average unit hydrograph for this
catchment.

Time UH1 UH2 UH3 Time UH1 UH2 UH3
hr ft3/s ft3/s ft3/s hr ft3/s ft3/s ft3/s

0 0 0 0 8 195 255 322

1 165 37 25 9 143 195 248

2 547 187 87 10 97 135 183

3 537 260 11 60 90 135

4 585 57 505 12 33 52 90

5 465 608 660 13 15 30 53
Ay

6 352 457 600 14 7 12 24

7 262 330 427 15 0 0 0

Solution:

The peaks of unit hydrographs are 750, 697, and 660 resp.

Average peak flow = (750+697+660) / 3 = 702 ft3/s
Time of average peak = (3+4+5) /3 =4 hrs
Now we can plot the hydrographs and the average hydrograph.
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The Unit-Hydrograph from Complex or Multi-period Storms:
When suitable simple isolated storms are not available,
data from complex storms of long duration will have to be
used in unit hydrograph derivation. The problem is to
decompose a measured composite flood hydrograph into its
component DRHs and base flow. A common unit
hydrograph of appropriate duration is assumed to exist.
Consider a rainfall excess made up of three consecutive
durations of D-hr and Equivalent-Rain values of iy, i,, and is.
Figure 15 shows the ERH. By base flow separation of the
resulting composite flood hydrograph, a composite DRH is
obtained (fig. 15). Let the ordinates of the composite DRH
be drawn at a time interval of D-hr. At various time interval
1D, 2D, 3D,... from the start of the ERH, let the ordinates of
the unit hydrograph be u;, u,, u;, ... and the ordinates of the
composite DRH be Q;, Q,, Qs, ...,
Then:
Q=i uy
Q=i Uy + iUy
Q3= ipUg+i Uy +izuy
Qi=ilju,+iuz+izu, and soon

From eq. above the values of u;, u, u; .. can be

determined.

e /s
= A ; net rain only
== i i
gz~ kA
sz ! 4
Recorded hydrograph
@
g
2
@
£
Derivation af unit hydrograph frem a multi-period storm hydrograph
Figure No. 15
Example:

The hydrograph tabulated below resulted from three
consecutive 6-hr periods of rainfall having runoffs estimated as
0.6, 1.2, 0.9 cm respectively. Find the 6-hr unit hydrograph for the
basin. Drainage area was 58 sq. km. Base flow have been
subtracted.

Time, hr 0 3 6 9 12 15 18
Flow m3/s 0 75 280 283 662 432 645
Time, hr 21 24 27 30 33 36

Flow m3/s 314 195 93 31 9 0

13




Solution:
Time, hr Flow m3/s

0 0
3 75
6 280 <« Q
9 283
12 662 < Q
15 432
18 645 < Qg
21 314
24 195 < Q
27 93
30 31 < Qs
33 9
36 0

Then:

Q,=i,u; 280=06x>u; u;=467m3/sec.

Q=i Uuy+ iUy

662=0.6u, +1.2 x 467

662 = 0.6 x U, + 1.2 x U,

Q3= IpUg+ iUy +iguy

645=0.6u;+ 1.2 %170+ 0.9 x467

u, =170 m3/sec.
645=0.6 u; +1.2 u, +0.9 u,
u; = 35 m3/sec.

Qs=i,u,+i,uz+i3u, =195

Uy

0

Now, we can establish the table of the unit hydrograph as

follows:

Time, hr

Flow m3/s

0

0

467

12

170

The Unit-Hydrograph can be plotted as in figure 16
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The Conversion of U-H Duration:

Ideally, unit hydrographs are derived from simple isolated
storms and if the duration of the various storms do not differ very
much they would all be grouped under one average duration of D-
hr. If in practical applications unit hydrographs of different
durations are needed they are best derived from field data. Lack
of adequate data normally prevents development of unitgraphs
covering a wide range of durations for a given catchment. Under
such conditions a D-hr unitgraph is used to develop unitgraphs of
differing durations nD-hr.

Two methods are available for this purpose.
o Method of superposition

o The S-curve

Method of Superposition

If a D-hr unit hydrograph is available, and it is desired to
develop a unitgraph of nD-hr, where n is an integer, it is easily
accomplished by superposing n unit hydrographs with each graph
separated from the previous on by D-hr. Figure 17 shows three 4-
hr unitgraphs A, B, and C. curve B begins 4 hr after A and C begins
4 hr after B. Thus the combination of these three curves is a DRH
of 3 cm due to an ER of 12-hr duration. If the ordinates of this
DRH are now divided by 3, one obtains a 12-hr unit hydrograph.
The calculations are easy if performed in a tabular form.

1153219
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& 200 - 12-h unit hydrograph
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@
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C 4 8 12 16 2024 28 32 36&044 48 52h
Time hours
Construction a 12-hr unitgraph from a 4-hr unitgraph
Figure No. 17
Example:

Table below is a 3-hr unitgraph, derive a 6-hr unitgraph by
superposition method.

Time, hr 0 1 2 3 4 5 6 7

Flow m3/s 0 1 53 | 152 | 19.7 | 17.2 | 129 | 93

Time, hr 8 9 10 11 12 13 14 15

Flowm3/s | 72 | 55 | 3.5 25 15 0.8 0.3 0

15
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Or, it can be solved in table as in below.

1 2 3 4=2+3 5=4/2
Time hr Qm3/s lagged UH DRH 6hr UH
0 0 -- 0 0
1 1 -- i 0.5
2 53 -- 53 2.65
3 15.2 0 15.2 7.6
4 19.7 1 20.7 10.35
5 17.2 53 225 11.25
6 12.9 15.2 28.1 14.05
7 9.3 19.7 29 14.5
8 7.2 17.2 24.4 12.2
9 5.5 12.9 18.4 9.2
10 3.8 9.3 131 6.55
11 2.5 7.2 9.7 4.85
12 15 5.5 7 3.5
13 0.8 3.8 4.6 2.3
14 0.3 2.5 2.8 1.4
15 0 1.5 1.5 0.75
16 -- 0.8 0.8 0.4
17 -- 0.3 0.3 0.15
18 -- 0 0 0
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The S-Curve:

If it is desired to develop a unit hydrograph of duration mD, ar AL Continuous rainfall as a sequence of pulses
where m is a fraction, the method of superposition cannot be gl 1 £ & ¢ 1§ 3 1
used. A different technique known as the S-curve method is
adopted in such cases. Ng(t) = Aflh(O)+he-Ar)h =240+ . . . ]
The S-curve, also called S-hydrograph is a hydrograph produced $-hydeograph
by a continuous effective rainfall at a constant rate for an infinite
period. It is a curve obtained by summation of an infinite series of r
D-hr unit hydrographs spaced D-hr apart. Figure 19 shows the
construction and the use of S-curve in developing unit (a)
hydrograph.
A check for the S-curve must be is: it
1 -~ —]
7 Single pulse of duration At'
278 A o pz
. D age - - g(!)
Where: Q. is the equilibrium (constant) discharge (m3/sec) {
A is the catchment area (km) § )= gl —A1)
] ) Offset S—hydrograph
D is the duration (hr) :
Example: -
Given the 4-hr unit hydrograph listed in table. Derive the 3-hr (6)
unit hydrograph. The catchment area is 300 sg. km.
. . —Ar—
/A" b
Time, hr 0 1 2 3 4 5 6 7 / Or m
Flow m3/s 0 6 36 66 91 106 93 79 Unit hydrograph of duration Ar’
) - » A
Time, hr 8 9 | 10| 12| 12| 13| 14|15 2 ) = 3ple () -gU-2n)
Flowm3d/s | 68 | 58 | 49 | 41 | 34 | 27 | 23 | 17 .
(c)
Time, hr 16 17 18 19 | 20 | 21
Flow m3/s 13 9 6 3 1.5 0 Using the S-hydrograph to find a unit hydrograph of duration At’ from a unit hydrogra
At.
Figure No. 19
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Solution: Figure 20 represents the 4-hr S-curve and the 3-hr unit

The solution is tabulated in table below. hydrograph.
1|23 | 4|5 |6 |7 8 9 | 10 11
220
T U-H | Lag | Lag | Lag | Lag | Lag S- Lag | 10= 3-hr
hr UH | UH | UH | UH | UH | curve | Sc | 89 UH 200
/
0 0 0 0 /
180
1 6 6 8 —o—S-Curve
2 | 36 36 36 48 160 —
3 | 66 66| 0 | 66 [ &8 —~ =—Lagges
9140 S-¢ —
4 | 91| 0 o1 | 6 | 8 | 113 & // / —i—3-hr UH
5 106 6 112 | 36 | 76 | 101 E120 —
o
6 | 93 | 36 129 | 66 | 63 84 o /b)(/ /
00
7 | 79 | 66 145 | 91 | 54 72 j< / / \ /
Q
8 | 68 |91/ 0 159 | 112 | 47 63 38 80 \
9 [ 58 [106] 6 170 | 129 | 41 | 55 60 // ;[\\
10 | 49 | 93 | 36 178 | 145 | 33 44 / \
11 | 41 | 79 | 66 186 | 159 | 27 | 36 40 "\
12 | 34 | 68 | 91 | 0 193 | 170 | 23 31 20 ,
13 | 27 | 58 | 106 | 6 197 | 178 | 19 25
N ~—
14 | 23 | 49 | 93 | 36 201 | 186 | 15 20 ' *
T EETE B ET e TR [T 3 0 2 4 6 8 10 12 14 16 18 20 22 24
Figure No. 20 Time (hr)
16 | 13 | 34 | 68 | 91 | © 206 | 197 | 9 12
17 | 9 | 27 | 58 | 106 | 6 206 | 201 | 5 7
18 | 6 | 23 | 49 | 93 | 36 207 | 203 | 4 5
19 | 3 | 17 | 41 | 79 | 66 206 | 206 | 0O 0
20 | 15| 13 | 34 | 68 | 91 | 0 | 207 | 206 | 1 -
21 | o | 9 | 27 | 58 [106 | 6 | 206 | 207 | -1 -
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Another method for determining the S-curve is shown in table Synthetic Hydrograph:

below. There are many catchments for which there are no runoff
records at all and for which unitgraphs may be required. In these

1 2 3 4 > 6 7 cases hydrographs may be synthesized on the basis of past
Time U-H S-c S-curve | Lagged (4-5) | 3-hr UH experience in other areas and applied as first approximations to
hr addition | 4=2+3 S-c the unrecorded catchment. Such devices are called Synthetic
0 0 0 0 0 Unitgraph.
1 & B 5 8 The best known approach is due to Snyder who selected the
three parameters of hydrograph base width (time), peak flow and
2 36 36 36 48 . . . . .
basin lag as being sufficient to define the unitgraph. These are
2 66 g6 g g6 g shown in figure 21.
4 91 0 91 6 85 113
5 | 106 6 112 36 76 101 Bls o s
£ | Unit duration
6 93 36 129 66 63 84 £ L Ltr
ﬁ“""“: »_P ..=1cm
7 79 66 145 91 54 72 z 0 _Ge;ﬂre of P,
8 68 91 159 112 47 63 ; b o
’ =—==, Snyder
9 | 58 | 112 | 170 | 129 41 55 W *gE
—pl ' —t —p =5 :
10 | 49 | 129 | 178 | 145 33 a4 cAD e Gl Lead
Q, b----——---_4 Peakfiow Q-=cC A
11 41 145 186 159 27 36 .- ¥
12 34 159 193 170 23 31 Ta5t,hr
13 27 170 197 178 19 25 3 T Syntfietic
14 | 23 | 178 | 201 186 15 20 5 unit hydrograph
o x 56
15 17 186 203 193 10 13 > | &1 Wep= 22
16 13 193 206 197 9 12 g |2 Area under y
5 S curve =1 cm : -
17 197 206 201 5 7 2 | runoff volume 108
g Q
18 201 207 203 4 5 @ S p—
19 203 206 206 0 0 vy v _
20 15 206 207 206 1 i L Base time T (days or hr) '-‘1|
Time t (hr)
21 0 206 206 207 -1 = . .
Synthetic Unit Hydrograph Parameters
Figure No. 21
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Snyder proposed the following empirical formulae for the three
parameters.

Lagtime, t,=Ci(L x L,)"3
: : t
standard duration of netrain, ¢, = =

peak flow, @, = Cpti
r

timebaseindays, T =3+ 3 % (days)

peak flow per km? of basin, g, = -ci—”

Snyder proposed subsequently an expression to allow for some
variation in th2 basin lag with variation in the net rain duration,
i.e., if the actual duration of the storm is not equal to t, given by

Eq. above butis £/, then
e CR_C?-
tor = tp +=5,

where ¢, = basin lag for a storm duration of t; , and t,, is used
instead of t, in above mentioned Egs.

In the above equations,

t, = lag time (basin lag), hr

G, Cp = empirical constants (C, = 0.2 to 2.2, C, =210 6.5, the
values depending on the basin characteristics and units)

A = area of the catchment (km?)

L = length of the longest water course, i.e., of the mainstream
from the gauging station (outlet or measuring point) to its
upstream boundary limit of the basin, (km) (Fig. 22)

L., = length along the main stream from the gauging station
(outlet) to a point on the stream opposite the areal center of
gravity (centroid) of the basin

Basin boundary

~ Basin lag (Snyder)
03
~ tb=c(lle)

Tributary

/ J g
i.‘ Point in © =~ _ Basin slope. S
1 Upstream river opp. ATaaDE o~
| P centroid basin A. km T Gaugin
boundary _ «s® ~ ging
I 2 co ~ j Stn.
| of rwemaﬁi River S
o> L. km —";&:‘/outlen
| Centroid of —ta ___,-5‘ -
\ basin P
N B - <
e Lo oo - -
Basin characteristics (Snyder) Figure No. 22

Empirical formulae have been developed by the US Army
Corps of Engineers (1959) for the widths of W, and W5 of the
hydrograph in hours at 50% and 75% height of the peak flow
ordinate, respectively, (see Fig. 23) as

5.6 3.2 Wso

W50 - qu.os J W75 - qu.os = 1.75

Example:

A basin has an area of 360 km?, L=25 km, L, = 10 km, C,=15,
C, = 25. Derive a 3 hr synthetic unit hydrograph by Snyder
method.

Solution:
t, = C(L x L,)"?=15 (25%.0)°3=7.86 hr

L= % = %ﬁ = 1.43 hr, 1 is differ from required duration (3 hr),

then calculte ty,
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tp—tr 3-1.43

tyr =ty + T = 1, =7.86 + 22 = 825 hr
Qp = Gy, = 25522 = 109 m*/sec
T=3+32=3+322=4days = 96 hr

qp =L =22 = 0.303 mfkm?

Weo = ?:;5% = %: 203hr W,c=116hr

Now we can plot the 3-hr unitgraph as in figure 23.

P= 3k
1cm
2 E'lof Fain
[ -]

{ze N Q@p = 107 wg/.rec
éwt‘_ Wse =260.2
= W2s = (1. & kv
fgd PN P T o9c
b, ,

E - Vg, —> 5""/.@"

3o

-~

. o

{o 2o 3o ‘['o 5‘::, Co ?o o éo

TI'M < ( ‘\np\

feo

Figure No. 23

Example:

Two catchments B and C are considered similar from
metrological aspect and having the following characteristics

Catchment L (km) L., (km) A (km?)
B 60 20 400
C 80 30 750

If the peak of 2-hr U-H for catch. B is 100 m3/sec occurs at
the 10th hour from the beginning of the U-H. Derive the 2-hr
S.U.H for catch C, use Snyder method.

Solution:
U  ForCatchB:
Time from the beginning of effective rain to peak flow =10 hr

t
= 10hr = t,, + ?R: tyr +(2/2) =ty =9hr
fpf i

— tr—tr J— 2= 5.3 —_
tpr = tp +— ::9—tp+—4.-:atp =89hr

tp = C} (L XLC&)O'S 89= C}(’éa X 20 0.3 Ct=1.06

Q= Cp= = 100=C, - > (,=225

p

Now using C, and C, of Catchment B, we can develop a 2-hr SUH
for catchment C.
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HYDROGRAPHS

A hydrograph is a graph or table showing flow rate (stream
discharge) as a function of time at a given location on the stream
(concentration point). Figure No.1 shows an annual hydrograph
for Hit station.

5400
52001 l
4800
4400} P
£ 4000
E 3g00}-
< 3200
& 2800}
g . A
S 2400 v
O 20001 l \ ZJ \_/ \ q
1600 v’\/_//’ ¥
1200 L IGroundwater R
800 P contribution R\
400 ﬁ-)f’/ i \"'\.___

0
Feb March April May June July August  September

Hydrograph of R. Euphrates at Hit. Feb.—Sept. 1957

Figure No. 1 (after Directorate of Irrigation. Iraq)

HYDROGRAPH COMPONENTS

The various components of a natural hydrograph (storm
hydrograph) are shown in Fig. No.2. At the beginning, there is only
base flow (the ground water contribution to the stream) gradually
depleting in an exponential form. After the storm starts, the initial
losses like interception and infiltration are met and then the surface
flow begins. The hydrograph gradually rises (rising limb) and
reaches its peak value after a time ¢, (called /ag time or basin lag)
measured from the centroid of the hyetograph of net rain. Thereafter
it declines and there is a change of slope at the inflection point, i.e.,
there has been, inflow of the rain up to this point and after this there
is gradual withdrawal of catchment storage.

By this time the ground water table has been built up by the
infiltrating and percolating water, and now the ground water
contributes more into the stream flow than at the beginning of
storm, but thereafter the GWT declines and the hydrograph again
goes on depleting in the exponential form called the ground water
depletion curve or the recession curve. If a second storm occurs
now, again the hydrograph starts rising till it reaches the new
peak and then falls and the ground water recession begins, Fig.3.

N Effective duration
- }q_q ofnet rain
L -
5 =i e ”m”;i,ﬂ Hyetograph
= - Netrain, P,
3z
£ Caoffy P =P —Losses
E f-curve
traliin s o {loss rate)
T T Lal
IH—'—'-TI[TIE t (hr or min)
Il
|1 | Basinlag f——N days after peak—|
I —t, Peak flow i 2
i I e
i ! Crest i N(days) = 7= (empirical)
1
T | : ! A=Areaof basin (km")
|
| I |
= | i TimPi o{. Inflection i
@ ! concentration point |
|
| e |
5’ ! Total runoff hyld rograph (TRH)
o i Rising @ of str.czam-ﬂm.'.'I =(1)+ @
I_"EE i limb : « \4— Recession limb or
E | Direct surface curve (or falling limb)
a] I runoff volume . !
| e
I = Fra M Ground water
i dep;eﬁon curve extrapolated
2 I
Point
of rise Ground water ~ N days after peak
| / deplefion curve________---=4~ - |
TR B.F Separation line Elevated GW depletion curve
(2) Ground water contribution :
of stream flow (base flow B.F) ground water table contributes mare

Time t {hror days) —»

Figure No. 2 Compenents of streamflow hydrograph



Thus, in actual streams gauged, the hydrograph may have a
single peak or multiple peaks according to the complexity of
storms. For flood analysis and derivation of unit hydrograph, a
single peaked hydrograph is preferred. A complex hydrograph,
however, can be resolved into simple hydrographs by drawing
hypothetical recession lines as shown in Fig.3.

Storm 1 Storm 2 I3
i EmAx
Loss Loss Loss
3 peaks due to s

3-storms in
succession

Intensity
i {cmihr)

Recession
lines

Discharge Q (cumec)

= = e —— e m————
_______________________

Estimated base flow

Time t {hr or days)

Figure No. 3 Hydrograph with multiple peaks

Factors Affecting Hydrograph:
Factors mainly affecting hydrograph are:

Storm and Metrological characteristics which affects the rising
limb of hydrograph.
Basin characteristics which affects recession limb of hydrograph.

(i) Shape of basin, it affects the time of concentration. Thus, it
affects the shape of the hydrograph and the location of peak
point. Figure No.4.

& i

A

Figure No. 4

A

SUR PN P Ny

(ii) Slope of basin, it affects the Slope of the recession curve. Thus,
it affects the time of base of hydrograph.

(iii) Drainage density, it affects the peak of the hydrograph. Figure
No.5.

A B

> >

g -Low density

DISCHARGE

s
deﬂgggy

TIME

Dyt Je JiH BLs 0 Figure No. 5



HYDROGRAPH SEPARATION

For the derivation of unit hydrograph, the base flow has to be
separated from the total runoff hydrograph (i.e., from the
hydrograph of the gauged stream flow). Some of the well-known
base flow separation procedures are given below, Fig.6.

(i) Simply by drawing a line AC tangential to both the limbs at
their lower portion.

This method is very simple but is approximate and can be used
only for preliminary estimates.

(ii) Extending the recession curve existing prior to the occurrence
of the storm up to the point D directly under the peak of the
hydrograph and then drawing a straight line DE where E is a
point on the hydrograph N days after the peak, and N (in days) is
given by

N =0.83 A%

(iii) Simply by drawing a straight line AZ, from the point of rise to
the point £ on the hydrograph, N days after the peak.

(iv) Construct a line AFG by projecting backwards the ground
water recession curve after the storm, to a point Fdirectly under
the inflection point of the falling limb and sketch an arbitrary
rising line from the point of rise of the hydrograph to connect
with the projected base flow recession. This type of separation is
preferred where the ground water storage is relatively large and
reaches the stream fairly rapidly, as in lime-stone terrains.

Many times a straight line AF meets the requirements for
practical purposes. Location of the point £is where the slope of
the recession curve changes abruptly, and as a rough guide £is N
days after the peak.

In all the above four separation procedures, the area below the
line constructed represents the base flow, i.e., the ground water
contribution to stream flow. Any further refinement in the base
flow separation procedure may not be needed, since the base flow
forms a very insignificant part of high floods. In fact, very often, a
constant value of base flow is assumed

After separation of base flow, the result hydrograph is the
direct runoff hydrograph or direct flow hydrograph (DRH or
DFH). The area under DRH represents the direct surface runoff,
and by dividing it by the catchment area we get the excess rain or
effective rain.

Peak N days g
| |
| |
) | | 02
o : | N(days)=0.84 A (empirical)
2
% i i A = Drainage area (km )
S | |
c | |
o) Direct |
o surface i
é ruqoff : Four separation procedures
a |
Point of |
o~ 4 E (N days after peak)
= Recession
o W
=<2 -.-" Ground water contribution
'D  to stream (base flow)
Time t (hr or days)
Figure No. 6 Hydrograph separation



Example:

The hydrograph tabulated below was observed for a river
draining a 103.6km? catchment, following a storm lasting 3hr.
Separate base flow from runoff and calculate total runoff volume.
What was the net rainfall in mm/hr?. If the total rainfall was 20cm,
find the ¢ index for the storm.

Time Flow Time Flow Time Flow

(hr) (m3/sec) (hr) (m3/sec) (hr) (m3/sec)
0 12.7 24 99.1 48 30.3
3 155.7 27 85.0 51 26.9
6 254.9 30 73.6 54 23.8
9 212.4 33 62.6 57 21.2
12 184.1 36 53.6 60 18.7
15 158.6 39 45.9 63 16.7
18 135.9 42 39.6 66 15.3
21 116.1 45 34.5 - -

Solution:

By plotting time versus discharge on natural paper we get the total
hydrograph, from which we found the base flow as shown.

N days =0.83 A%? =0.83 (103.6)%2= 2.1 days =~ 51 hr.
Base Flow Increment = 3((21.2-12.7)/57) = 0.45 m3/sec each 3hrs.
DRH ordinates = TH ordinates - Base Flow

The result tabulated in the following Table.
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Hr Q BF DRH Hr Q BF DRH
0 12.7 12.7 0 36 53.6 18.10 355
3 155.7 13.15 | 142.55 39 45.9 18.55 27.35
6 254.9 13.60 241.3 42 39.6 19.00 20.6
9 212.4 14.05 | 198.35 45 34.5 19.45 15.05
12 184.1 14.50 169.6 48 30.3 19.90 10.4
15 158.6 14.95 | 143.65 51 26.9 20.35 6.55
18 135.9 15.40 120.5 54 23.8 20.80 3
21 116.1 15.85 | 100.25 57 21.2 21.2 0
24 99.1 16.30 82.8 60 18.7 -- --
27 85.0 16.75 68.25 63 16.7 -- -
30 73.6 17.20 56.4 66 15.3 -- --
33 62.6 17.65 44.95 - - -- --

Now we can plot the direct runoff hydrograph as in figure No.8.

Total Surface Runoff = Area Under D.R.H.

TSR
3x60x60
-(5 )
+ 2(142.55 + 241.3 + 198.35 + 169.6 + 143.65 + 120.5 + 100.25

+ 82.8 + 68.25 + 56.4 + 44.95 + 35.5 + 27.35 + 20.6 + 15.05

2 X 1487.05 x 3 x 3600
+ 104+ 6.55+3)+0) = = 16059600 m3

2
= 16.06Mm?

: : -~ ) SN [ [ o —
284 | |
| f |
o I Lol - " -
24 e le-a: Slu Fad elPhnsd £ +
| | "
AR ;,_ 1’ Afiem Yongrer=—1-{2y
q | |
s , 1
e / \ Al = (@RI [ | |
. S | |
N . ,._g‘, ‘ “ a:hECD:,Q}. =1 &7 fal S-j,,kz‘qi,q.,_,., i
2 | | !
. =
. £ Y 'D\’ ﬁ[‘_.,, \ _IL-— T,-'LS Iz Ij e
| - l |
ﬂfe o [ N\l’\ :"?' ?:’C—wv\ =S
J&;a I | o
| ] _ E, _ lweh | ! —**%m‘ \P\ = .
| wEPT" | I
| d |12 [ 1R [ 2y [3b |3k [ul [ vl | 5 526
ooV L g = . L3P | OH
HEER ) | | |
Figure No. 8

~ Net Rainfall (Excess Rain) = T.S.R. / Area of Catchment
~Net Rain= 16059600 / (103.6x1000%x1000)= 15.5 cm
Or; Net Rain= 16.06/103.6 = 15.5 cm = 15.5/3= 52 mm/hr

= ¢index = (P - R)/ty = (20-15.5)/3 = 1.5 cm/hr
250

200 N
150 -—/
100

50 lf

0 J . Ra. > 0 UNE
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UNIT HYDROGRAPH

The unit hydrograph (unit-graph) is defined as the hydrograph
of storm runoff resulting from an isolated rainfall of some unit
duration occurring uniformly over the entire area of the
catchment, produces a unit volume (i.e., 1 cm) of runoff.

Derivation of the unit hydrograph: The following steps are
adopted to derive a unit hydrograph from an observed flood
hydrograph (Fig. No.9).

(i) Select from the records isolated (single-peaked) intense
storms, which occurring uniformly over the catchment have
produced flood hydrographs with appreciable runoff.

(iii) Separate the base flow from the total runoff.

(iv) From the ordinates of the total runoff hydrograph (at regular
time intervals) deduct the corresponding ordinates of base flow,
to obtain the ordinates of direct runoff.

(iv) Divide the volume of direct runoff by the area of the drainage
basin to obtain the net precipitation depth over the basin.

(v) Divide each of the ordinates of direct runoff by the net
precipitation depth to obtain the ordinates of the unit
hydrograph.

(vi) Plot the ordinates of the unit hydrograph against time since
the beginning of direct runoff. This will give the unit hydrograph
for the basin, for the duration of the unit storm (producing the
flood hydrograph) selected in item (i) above.

In unit hydrograph derivation, such storms should be selected
for which reliable rainfall and runoff data are available. The net
rain graph (hyetograph of excess rain) should be determined by
deducting the storm loss and adjusting such that the total volume
of net storm rain is equal to the total volume of direct surface
runoff. The unit hydrograph derived, which, when applied to the
known net rain data, should yield the known direct runoff
hydrograph.

£
-§d- Ramnfall, P
- P .. = 28.6 cm = Runoff
£ Ot P,
SEL g -index
lgw Time t {min}
1] I e Ahr= E'Tec'u'ue duration of storm
P peak flow ~ oz 3
| N=0.84 {40) =17 day [too long)
L ]
rd,t 990 (3 = &0 = ad
oL | P, =20at  BEOL tm”
b 5 2
| 40 = 10 m
7 [ Total =0.268 m
§2uu 1 run off or 28.6em ...
2 | hydrograph
E L i X0, =xDR0 =985 cumes
§ 15 | Pog= P—Losses
£ ' =xfi-t....D)
g [ t = duration of rain {min)
2100 | ; forwhichi >4 P__ from (T) & ()
o | 75 =D0R0O=TRO-BFQ should balance
o = = Q = {20 —45 DER stops recession
?j, Recession
o EI] = e T
B Hdw ] 1 | 1
a7 45 4B 46 43 B0 53 B4 &7 ED EB 51 BD
o + vH + + + ¥ + + + v ¥ v ¥ ¥
2 11 14 17 20 23 2 & 3 11 14 iF 20 23
— P 131970 ————p———2-2-1970—
B 1'" Date and time hr
1ok " T Peak of UG
é LTy —t,;_ TRO - EIF':'_'I =DRO
=1 Bl 5 E Lnit
- 3 o hydragraph gm} UGD {for which P, = 1 cm)
B" el = riet |
g! t-= 3 hr= unit I'grdragms:h duration
& 4r of runoff ! 4
el B2 = UGD_DE TmE'tﬂpEﬁk—tn+2!
nek
o 1
o0 3 & 9 12 165 18 21 24 237 a0 33
Hours from beginning of runof
M——— Runoff duration T =32 hr———————»
Figure No. 9 Denivation of a unit hydrograph (Example 5.1)




Example:
Data below represent the discharge results from a storm of 6-hr UH Time Q UH

duration falls on a catchment of 500km?. Assume base flow equal to . Ordinate : LrelliEin
zero, drive the 6-hr unit hydrograph. m?/sec_ m3/sec (hr) m?/sec  m3/sec
0 0 0 42 50 11.6
Time Q 6 100 23.1 48 35 8.1
(hr) m?/sec 12 250 57.9 54 25 5.8
0 0 42 50 18 200 46.3 60 15 3.5
. 100 " - 24 150 347 66 5 1.2
30 100 23.1 72 0 0
12 250 54 25 36 70 16.2 — —
18 200 60 15 s 1000 _—
24 150 66 5 Total Runoff=1000*6*60*60 = 21600000 m3 ==
30 100 72 0 Equivalent Depth of Runoff= Excess Rain =
21600000/(500*%1000*%1000) = 0.0432 m = 4.32 cm
36 70 -
Solution:
A gl gt ol Gl 5 el e el 300 T ]
Gl g il e Jpmall pabid) mdl oo el glsall Jeais o -
(IS0 Gl Gt 58 Ciionl Gm 52l (sl £ 5b 1)DRH (pabndl ol ol 250 /‘\ TR
(ol ol ym am g Y 138 Wl i g = —UH
it daludl Jiar s (i) hdl) S abud) madl sy s oY 2200 \
DRH (abud) gl Gil_2 5 53 E /
Slo dasuia ilud) madl Cillan) (e osle & UH il Cal g 5 el Cililaal oY 9150 \«
il ) S fo
DALl Gloall Gale goue JSGs dall Glluall Joas Laa a3 gl Jsaal) S 100
ol Lo B35 bl 25 el 5 a / \ Time Base =72 hr
.DRH U o2el@ll (30 ) 4udi 58 UH A (TB) ael@ll a3l ol Jaady o 50 - Nec -
Baalall TH S0 Gl 5 yuell Alsiad) i oo UH U 4 kd) oY) o L SN g
Leabl) a2 5 el Leta (3181 Al Ay yladl) 0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Figure No. 10 Time (hr)



UH I elinl 2y oSl UH sl s costhaall o6S) Laie 1aa

condl ana i 8 4de i () (Say Liild dbme dglal o laedll dialall

Jladll Shaall (o iy @l g dlal) i Jle aladld) dddiea) Uaedl sk

) DRH I cigiaal o Jgmnll bl Cal e 5 pnel) Cildlaaly (isall)

dalusall g (L) gaclall Gl ddlial aay jedl) oy palt aflfilaal Jiad (g3l
SN aband) mal) aaa Jial 4ta

Example:

Peak flow of total hydrograph due to 6-hr storm was 470
m3/sec and average depth of rain=8cm. Assume average
infiltration losses =0.25 cm/hr and base flow is constant and
equal to 15 m3/sec. Estimate the peak flow of a 6-hr unit-graph.

Solution:

Direct flow = total flow - base flow = 470-15 = 455 m3/sec
Infiltration losses = average losses * duration = 0.25*6 = 1.5 cm

- Effective Rain = average depth of rain - infiltration losses
=8-1.5=6.5cm

= Peak flow of UH = peak of DRH / ER = 455/6.5 = 70 m3/sec.

Example:

For the following 6-hr unit hydrograph, find the total flow
hydrograph due to a 3.5 cm excess rain. Suppose base flow
increases linearly from 60 m3/sec at starting of hydrograph to
126m3/sec at the end.

Tim110e UH (Q) Time UH (Q)
60(hr) m3/sec (hr) m3/sec
0 0 30 110
3 25 36 60
6 50 42 36
9 85 48 25
12 125 54 16

15 160 60 8

18 185 66 0

24 160 - -
Solution:

Time UH BF ]3{;] TH
0 0 60 0 60
3 25 63 88 151
6 50 66 175 241
9 85 69 298 367

12 125 72 438 510
15 160 75 560 635
18 185 78 648 726
24 160 84 560 644
30 110 90 385 475
36 60 96 210 306
42 36 102 126 228
48 25 108 88 196
54 16 114 56 170
60 8 120 28 148
66 0 126 0 126
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Figure No. 11

Example:

For the same 6-hr unit hydrograph in previous example, if tow
storms (6-hr duration) occur successively, the first have an
excess rain of 3cm and the second of 2cm. Find and draw the
resulted direct runoff hydrograph (direct flow hydrograph, DRH
or DFH) from these storms.

Solution:

The solution tabulated in table below.

Time UH DFH 1 DFH 2 TDFH
0 0 0 — 0
6 50 150 0 150

12 125 375 100 475
18 185 555 250 805
24 160 480 370 850
30 110 330 320 650
36 60 180 220 400
42 36 108 120 228
48 25 75 72 147
54 16 48 50 98
60 8 24 32 56
66 0 0 16 16
72 0 0 0 0
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Figure No. 12

Time (hr)

Example:
The vertical ordinates of a 6-hr U-H is

Time hr 0 6 12 18 24 30
U-H m3/s 0 250 600 800 700 600
Time hr 36 42 48 54 60 66
U-H m3/s 450 320 200 100 50 0

A storm of three successive intervals of 6-h duration was
occurs. Assume it’s total rain is 3, 5, and 4 cm respectively, and
¢-index=0.2 cm/hr and base flow is constant and equals
150m3/sec. determine and draw the total hydrograph for this
storm.

Solution:

The effective rain for:

1stinterval = 3 - (0.2X6) = 1.8 cm

2" interval =5 - (0.2X6) = 3.8 cm

3rdinterval = 4 - (0.2x6) = 2.8 cm

Ordinates of DRH = Ordinates of UH X Effective rain of interval
Ordinates of TRH = Sum of ordinates of DR-Hydrographs

Ordinates of T-H = Ordinates of TRH + Base flow

The solution was tabulated in table below.

10



1 2 3 4 5 6 7 8
o [ s | | e [ s | O ||
0 0 0 - - 0 150 250
6 250 450 0 - 450 | 150 700
12 600 | 1080 | 950 0 2030 | 150 | 2280
18 800 | 1440 ( 2280 | 700 | 4420 | 150 | 4670
24 700 | 1260 | 3040 | 1680 | 5980 | 150 [ 6230
30 600 | 1080 | 2660 | 2240 | 5980 | 150 | 6230
36 450 810 | 2280 | 1960 | 5050 | 150 | 5300
42 320 576 | 1710 | 1680 | 3966 | 150 | 4216
48 200 360 | 1216 | 1260 | 2836 | 150 | 3086
54 100 180 | 760 | 896 | 1836 | 150 [ 2086
60 50 90 380 | 560 | 1030 | 150 | 1280
66 0 0 190 280 | 470 | 150 720
72 0 140 140 | 150 390
78 0 0 150 250

The following drawing is the total hydrograph.

Discharge Q (m3/sec)

7000

6000

5000

4000

3000

2000

1000

0

1\ O
K
\
S~
0 12 24 36 48 60 72 84
Time (hr)

Figure No. 13
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The Average Unit-Hydrograph Solution:

A unit hydrograph derived from a single storm may not be The peaks of unit hydrographs are 750, 697, and 660 resp.
representative, and it is therefore desirable to average unit
hyc'lrographs from several storms .of about the same d'uration. ». Average peak flow = (750+697+660) / 3 = 702 ft3/s
This should not be an arithmetic average of superimposed .
ordinates. The proper procedure is to compute average peak flow Time of average peak = (3+4+5) /3 =4hrs
and time to peak. The average unit hydrograph is then sketched Now we can plot the hydrographs and the average hydrograph.
to conform to the shape of other graphs, passing through the
computed average peak, and having the required unit volume.

800 ‘ ‘
Example: 700 /\ ——UH1 —
Given below are three unit hydrographs derived from separate /
storms on a small catchment, all are considered to have resulted 600 Uh 2
from 3hr rains. Derive the average unit hydrograph for this { UH 3
catchment. -
[S)
Time UH1 UH2 UH3 | Time UH1 UH2 UH3 %
hr ft3/s | ft3/s | ft3/s hr ft3fs | ft3/s | ft3/s S 400 \
oo
0 0 0 0 8 195 255 322 8 / \
Q
7} ]
1 165 37 25 9 143 | 195 | 248 8 3%
2 547 187 87 10 97 135 183
200
3 60 90 135
4 33 52 90 100 -
5 15 30 53
0 ". T T —
6 352 457 600 14 7 12 24 0 2 4 6 g 10 12 14 16
7 262 330 427 15 0 0 0 Time (hr)
Figure No. 14
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The Unit-Hydrograph from Complex or Multi-period Storms:
When suitable simple isolated storms are not available,
data from complex storms of long duration will have to be
used in unit hydrograph derivation. The problem is to
decompose a measured composite flood hydrograph into its
component DRHs and base flow. A common unit
hydrograph of appropriate duration is assumed to exist.
Consider a rainfall excess made up of three consecutive
durations of D-hr and Equivalent-Rain values of 7, i, and i,
Figure 15 shows the EFRH. By base flow separation of the
resulting composite flood hydrograph, a composite DRH is
obtained (fig. 15). Let the ordinates of the composite DRH
be drawn at a time interval of D-hr. At various time interval
1D, 2D, 3D.,... from the start of the ERH, let the ordinates of
the unit hydrograph be v, u, u, ... and the ordinates of the
composite DRH be @, @, Q5 ...,
Then:
Q;= 1;uy
Q=1 uy+1u;
Q;= 1, u;+n,u,+1;u
Q,=Lu,+hu;+I;U, i and so on

From eq. above the values of u, u, u,
determined.

. can be

net rain only

Rainfall
intensity

Recorded hydrograph

Discharge

Derivation of unit hydrograph from a multi-period storm hydrograph

Figure No. 15

Example:

The hydrograph tabulated below resulted from three
consecutive 6-hr periods of rainfall having runoffs estimated as
0.6, 1.2, 0.9 cm respectively. Find the 6-hr unit hydrograph for the
basin. Drainage area was 58 sq. km. Base flow have been
subtracted.

Time, hr 0 3 6 9 12 15 18
Flow m3/s 0 75 280 283 662 432 645
Time, hr 21 24 27 30 33 36

Flow m3/s 314 195 93 31 9 0

13




Solution:

Time, hr

o o w O

15
18
21
24
27
30
33
36

Then:

Q,=iu, 280=06xu,=u, =467 m’/sec.
Q, =l u,+iu,= 662 =06Xxu,+12xu,
=2 662=06u, +1.2x467 2u,=170 m’/sec.
Q;=u;+,u,+iu,= 645=0.6u;+1.2u,+0.9u,
2645 =0.6u;+ 1.2x170 + 0.9 x467 = u; = 35 m?/sec.

Flow m3/s
0
75
280
283
662
432
645
314
195
93
31

Q;

Qz

Qs

Q;

Qs

Q,=iu,+i,u;+iu, =195 2 u, =0

Now, we can establish the table of the unit hydrograph as
follows:

Time, hr

Flow m3/s

467

12

170

18 24

35 0

The Unit-Hydrograph can be plotted as in figure 16

Discharge Q (m3/sec)

500

450

400

350

300

250

200

150

100

50

[

,)'\
[\ .
\ Unitgraph |
\
\
\
N
/ \.
/ \.
\\._
5 10 15 20 25
Figure No. 16 Time (hr)

!

0
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The Conversion of U-H Duration: =4 B ath
Ideally, unit hydrographs are derived from simple isolated T BT ES
: : : : 400 iy

storms and if the duration of the various storms do not differ very enerem. Y

S o /
much they would all be grouped under one average duration of - 2 4o % R

[~ | \&—Tr=
hr. If in practical applications unit hydrographs of different § o0 i ! Y \, =DRHof3cm
durations are needed they are best derived from field data. Lack é, B - A B o\
of adequate data normally prevents development of unitgraphs f:; an | H \\
covering a wide range of durations for a given catchment. Under o " / %
/
such conditions a J-hr unitgraph is used to develop unitgraphs of e L 5 \\
differing durations nD-hr. ' R =
0 0 4 8 12 16 20 24 28 32 36 40 44 48 52h

Two methods are available for this purpose. = 7 @

o 12-h H
o  Method of superposition E

'E 200 12-h unit hydrograph
o) The S-curve S L = (ordinates of F)/3

]

S 100 -

2 Y

- /

apn 0 I I 1 I i 1 | |
Method of Superposition 0 4 8 12 16 20 24 28 32 36 40 44 48 52h
If a D-hr unit hydrograph is available, and it is desired to _ Time hours -

develop a unitgraph of nD-hr, where n is an integer, it is easily Construction a 12-hr unitgraph from a 4-hr unitgraph
accomplished by superposing 7 unit hydrographs with each graph Figure No. 17
separated from the previous on by D-hr. Figure 17 shows three 4- Example:

hr unitgraphs A, B, and C. curve B begins 4 hr after A and C begins
4 hr after B. Thus the combination of these three curves is a DRH

Table below is a 3-hr unitgraph, derive a 6-hr unitgraph by
superposition method.

of 3 cm due to an ER of 12-hr duration. If the ordinates of this Time h 0 ) X 3 A s . .
ime, hr
DRH are now divided by 3, one obtains a 12-hr unit hydrograph.
The calculations are easy if performed in a tabular form. Flow m3/s [ 0 1 |53 | 152|197 | 17.2 | 129 | 93
Time, hr 8 9 10 11 12 13 14 15
Flowm3/s | 7.2 | 5.5 3.5 2.5 1.5 0.8 0.3 0
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Solution:

O a3 (0) el e 3-hr Aelnia¥) 53 asleall bl Cal e s pael) any fas

Aot M sbose Clm 31 laie 35S Gy (3-hr) el (e 005 (il Bl 52 5 )
Gt soa o deanl e g sall e 5 ell L3 ganll LYY gan o o5 Lalel
(2x1em=2cm) W _lie 4, ke 5245 (6-hr) delsiv¥) 53 bl gl
e suedl alilaal o duass (2) Glo bl md) Gl gy cllaa) daudy

30

25

20

15

10

Discharge Q (m3/sec)

16
14
12
10

Discharge Q (m3/sec)

N AN O &

0

.(6-hr Unit Hydrograph) < sthall uLall

ol
/ —o— UH1
\ —— UH2
\ === DRH
0 2 4 6 8 10 12 14 16 18 20
Time (hr)
T T ]
\ —o—6-hr UH

Figureo No. f8

8 10 12 14 16 18 20
Time (hr)

Or, it can be solved in table as in below.

1 2 3 4=2+3 | 5=4/2
Time hr Qm?3/s lagged UH DRH 6hr UH
0 0 -- 0 0
1 1 — 1 0.5
2 53 - 5.3 2.65
3 15.2 0 15.2 7.6
4 19.7 1 20.7 10.35
5 17.2 5.3 22.5 11.25
6 12.9 15.2 28.1 14.05
7 9.3 19.7 29 14.5
8 7.2 17.2 24.4 12.2
9 5.5 12.9 18.4 9.2
10 3.8 9.3 13.1 6.55
11 2.5 7.2 9.7 4.85
12 1.5 55 7 3.5
13 0.8 3.8 4.6 2.3
14 0.3 2.5 2.8 1.4
15 0 1.5 1.5 0.75
16 -- 0.8 0.8 0.4
17 — 0.3 0.3 0.15
18 -- 0 0 0
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The S-Curve:

If it is desired to develop a unit hydrograph of duration mbD,
where m is a fraction, the method of superposition cannot be
used. A different technique known as the S-curve method is
adopted in such cases.

The S-curve, also called S-hydrograph is a hydrograph produced
by a continuous effective rainfall at a constant rate for an infinite
period. It is a curve obtained by summation of an infinite series of
D-hr unit hydrographs spaced J-hr apart. Figure 19 shows the
construction and the use of S-curve in developing unit
hydrograph.

A check for the S-curve must be is:

_ 2784
D
Where: @, is the equilibrium (constant) discharge (m3/sec)
Ais the catchment area (km)
D is the duration (hr)
Example:

Given the 4-hr unit hydrograph listed in table. Derive the 3-hr
unit hydrograph. The catchment area is 300 sq. km.

Time, hr 0 1 2 3 4 5 6 7

Flow m3/s 0 6 36 66 91 106 93 79

Time, hr 8 9 10 11 12 13 14 15

Flow m3/s 68 58 49 41 34 27 23 17

Time, hr 16 17 18 19 20 21

Flow m3/s 13 9 6 3 1.5 0

1/At

1/At"

e Continuous rainfall as a sequence of pulses

T A i e

Ng() = AtThO+h(t-Ar)+h (=2A0)+ . . . ]
S-hydrograph
h(r)/h(f-Ar)

- At —+

0 //A Single pulse of duration Ar'

g@)

N g0 =gl -4
Offset S-hydrograph

(h)

l

N
s_

Unit hydrograph of duration A’
o o ] i
./-‘T{I) = ELQ (1) —g(t=Ar

(c)

Using the S-hydrograph to find a unit hydrograph of duration A¢’ from a unit hydrograj

At

Figure No. 19
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Solution: Figure 20 represents the 4-hr S-curve and the 3-hr unit

The solution is tabulated in table below. hydrograph.
1 2 3 4 5 6 7 8 9 | 10 11
220
T U-H | Lag | Lag | Lag | Lag | Lag S - Lag | 10= 3-hr
hr UH | UH | UH | UH | UH |curve Sc | 89 | UH 200
0 0 0
180
1 6 ——S-Curve
2 | 36 36 36 48 160 —
3 | 66 6 | 0 | 66 | 88 — =—Lagges
o140 S-c —
a 91| 0 o1 | 6 | 85 | 113 & }/ / ——3-hr UH
5 | 106 | 6 112 | 36 | 76 | 101 E120 —
o
6 | 93 | 36 129 | 66 | 63 84 o /)( /
X700
7 | 79 | 66 145 | 91 | 54 72 & / }( \ /
(8]
8 | 68 | 91| 0 159 | 112 | 47 63 8 80 \
9 | 58 | 106 | 6 170 | 129 | 41 | 55 50 / / J\k
10 | 49 | 93 | 36 178 | 145 | 33 44 { / \
11 | 41 | 79 | 66 186 | 159 | 27 36 40 \\
12 | 34 | 68 | 91 | © 193 | 170 | 23 31 20 /
13 | 27 | 58 | 106 | 6 197 | 178 | 19 25 N
0 -j J N\,
14 | 23 | 49 | 93 | 36 201 | 186 | 15 20 ' .
T BEE R R e e IR TG B . 0 2 4 6 8 10 12 14 16 18 20 22 24
Figure No. 20 Time (hr)
16 | 13 | 34 | 68 | 91 | © 206 | 197 | 9 12
17 27 | 58 | 106 | 6 206 1 201 | 5 7
18 | 6 | 23 | 49 | 93 | 36 207 | 203 | 4 5
19 | 3 | 17 | 41 | 79 | 66 206 | 206 | O 0
20 | 15| 13 | 34 | 68 | 91 | 0 | 207 | 206 | 1 -
21 | 0 9 | 27 | 58 | 106 6 | 206 | 207 @ -1 -
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Another method for determining the S-curve is shown in table

below.
1 2 3 4 5 6 7
Time S-c S-curve | Lagged
hr U-H addition | 4=2+3 ggc (4-5) | 3-hr UK
0 0 0 0 0
1 6 6 6 8
2 36 36 36 48
3 66 66 0 66 88
4 91 91 6 85 113
5 106 112 36 76 101
6 93 36 129 66 63 84
7 79 66 145 91 54 72
8 68 91 159 112 47 63
9 58 112 170 129 41 55
10 49 129 178 145 33 44
11 41 145 186 159 27 36
12 34 159 193 170 23 31
13 27 170 197 178 19 25
14 23 178 201 186 15 20
15 17 186 203 193 10 13
16 13 193 206 197 9 12
17 9 197 206 201 5 7
18 6 201 207 203 4 5
19 203 206 206 0 0
20 1.5 206 207 206 1 -
21 0 206 206 207 -1 -
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