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AS= 8*10*-65*10°=15*10* m®
2.  Average Depth =107/ 1.5%10° = 0.667 m. = 66.7 cm.



WATER BUDGET EQUATION

For a given problem area, say a catchment, in an mterval of time A, the continuity
equation for water m its various phases 1s written as
Mass mflow —mass outflow = change in mass storage

If the density of the inflow, outflow and storage volumes are the same

¥ -%=A§ (1.1}
where ¥ = inflow volume of water into the problem area during the time penod, #;
= putflow volume of water from the problem area during the time period, and AS =
change mn the storage of the water volume over and under the given area during the
given period. In applying this continuity equation [Eqg. (1.1)] to the paths of the hydro-
logic cycle involving change of state, the volumes considered are the equivalent vol-
umes of water at a reference temperature. In hydrologic calculations, the volumes are
often expressed as average depths over the catchment area. Thus, for example, if the
annual stream flow from a 10 km? catchment is 107 m’, it corresponds to a depth of

10 10°

expressed in units of depth over the catchment.

While realizing that all the terms in a hydrological water budget may not be known
to the same degree of accuracy, an expression for the water budget of a catchment for
a time interval Af 1s written as

P-R-G-E-T=AS (1.2-a)
In this P = precipitation, R = surface runoff, & = net groundwater flow out of the
catchment, £ = evaporation, T = transpiration and AS = change in storage.

The storage S consists of three components as

§=8+8,15;
where §, =surface water storage
8., = water in storage as soil moisture and

7
[ 10 } = | m = 100 cm. Ramnfall, evaporation and often runoff volumes are

§, =waler in storage as groundwater,



Thus in Eq. (1.2-a) AS=A5, +AS_ +AS,

All terms in Eq. (1.2-a) have the dimensions of volume. Note that all these terms
can be expressed as depth over the catchment area (e.g. in cenhmetres), and in fact
this is a very common unit.

In terms of rainfall-runoff relationship. Eq. (1.2-a) can be represented as

R=P-L {1.2-b)
where L = Losses = water not available to runoff due to infiltration {causing addition
to soil moisture and groundwater storage ), evaporation, transpiration and surface stor-
age. Details of various components of the water budget equation are discussed in
subsequent chapters. Note that in Eqgs (1.2-a and b) the net import of water into the
catchment. from sources outside the catchment, by action of man 1s assumed to be zero.

Examere 1.1 A lake had o water surface elevation of 103,200 m abave datum at the
beginning of a certain month. In that month the lake received an average inflow of 6.0
nfs from surface runaff sources. In the same period the autflow from the lake had an
average value of 6.5 m’/s. Further, in that month, the lake received a rainfall of 145 mm
and the evaporation from the lake surfoce was estimated as 6.10 cm. Write the water
budpet equation for the lake and calcidate the water surface elevation of the lake ar the
end of the month. The average lake surface area can be taken as 5000 ha. Assume that
there is no contribution to or from the groundwater storage.

Sotumon.  In atime interval At the water budget for the lake can be written as
Input volume = output volume = change in storage of the lake

(1A +P4) = (QAr + EA)= AS
where I = average rate of inflow of water into the lake, Q = average rate of outflow from
the lake, P = precipitation, E = evaporation, 4 = average surface area of the lake and
AS = change in storage volume of the lake.

Here Ar=1 month= 30x24 x 60 x 60=2.592 % 10" 5= 2592 Ms
In one month:

Inflow volume = JAr=6.0x 2502 =15552 M m®

Cutflow volume = ﬂ_-"‘.r =65%x2502=16848 M m’
145 = 5000 = 100 = 100

Input due to precipitation = P4 E— Mm'=T725Mm
= : = 610 S000 100 = 100 O R
o tton = £4 = = =303}
utflow due to evaporation 100 mor m
Hence AS=15552+T725-16848-3.05=2904 M m’
2.904 x 10°
Change in elevation Ar= A e SR (LO58 m

A 5000 100 % 100
Mew water surface elevation at the end of the month = 103 200 + 0.058
= 103_25% m above the datum.

Examrie 1.2 A small catchiment of avea 150 ha received a rainfall of 10.5 cm in 90
mintes die to a storm. At the ouwtlet of the catchment, the stream draining the cotchment
was dry before the storm and experienced a runoff lasting for [0 hours with an average
discharge of 1.5 nifs. The stream was again dry after the runoff event. (a) What is the
amount of water which was not available to runoff due to combined effect of infiltration,
evaporation and transpiration? What is the ratio of runoff 1o precipitation?



Sonvrren.  The water budget equation for the catchment in a time A¢ is
R=P-L {1.2-b)
where L = Losses = water not available to runoft due to infiltration {(causing addition to
soil moisture and groundwater storage). evaporation, transpiration and surface storage.
In the present case Af = duration of the runoff = 10 howrs.
Mote that the rainfall occurred in the first 20 minutes and the rest 8.5 hours the precipi-
tation was zero.
{a) = Input due to precipitation in 10 hours
= 150 x 100 x 100 x (10.5/100) = 157,500 m’
R = mnoff volume = outflow volume at the catchment outlet in 10 hours
= 1.5 % 10 % 60 x 60 = 54,000 m’
Hence losses L = 137,500 = 54,000 = 103500 m’
(b} Runotffrainfall = 54,000/157 500 = 0.343
(This ratio is known as runoff coefficient and is discussed in Chapter 5)

1.4 WORLD WATER BALANCE

The total quantity of water in the world is estimated to be about 1386 million cubic
kilometres (M km”). About 96.5% of this water is contained in the oceans as saline
water. Some of the water on the land amounting to about 1% of the total water 15 also
saline. Thus only about 35.0 M km® of fresh water is available. Out of this about 10.6
M km? is both liquid and fresh and the remaining 24 .4 M km* is contained in frozen
state as ice in the polar regions and on mountain tops and glaciers. An estimated
distribution of water on the earth is given in Table 1.1.

Table1.1 Estimated World Water Quantities

ltem Area Volume Percent Percent
(M km?) M km®) total water fresh water
1. Oceans 3nl3 1338.0 965 —_
2. Groundwater
{a) fresh 1348 10,330 076 30.1
{b) =saline 1348 12.870 0.93 —_
3. Soil moisture £2.0 00165 00012 .05
4. Polar ice 16.0 240235 6HR.6
5. Other ice and snow 0.3 034006 0.025 1.0
6. Lakes
(a) fresh 1.2 00910 0.007 .26
{b) saline 0.8 00854 0.0W0e _
7. Marshes 2.7 001147 0.0008 (.03
2. Rivers 1488 000212 00002 0.006
9. Biological water 1000 000112 0,001 0.003
10. Ammospheric water 51000 0012590 0.0 0.04
Total: (a) All kinds of water S1000 1386.0 100.0
(b} Fresh water 1488 35.0 25 1000

Table from WORLD WATER BALANCE AND WATER RESOURCES OF THE
EARTH. © UNESCO, 1975, Reproduced by the permission of UNESCO.



The global annual water balance is shown in Table 1.2.

Table1.2 Global Annual Water Balance

Item Ocean Land

1. Area (M km®) 361.30 1488
2. Precipitation (km’fyear) 458,000 119,000
(mm/year) 1270 800
3. Evaporation (km’fyear) 505,000 72,000
(mm/year) 1400 484

4, Runoff to ocean
(i) Rivers (km*/year) 44,700
{ii) Gmlmdwmer{hm]fyw] 2200
Total Runoff (km’fyear) 47,000
{mmy/year) il6

Table from WORLD WATER BALANCE AND WATER RESOURCES OF THE
EARTH, © UNESCO, 1975, Reproduced by the permission of UNESCO.

It is seen from Table 1.2 that the annual evaporation from the world's oceans and
inland areas are 0.505 and 0.072 M km® respectively. Thus, over the oceans about 9%
more water evaporates than that falls back as precipitation. Comrespondingly, there
will be excess precipitation over evaporation on the land mass. The differential, which
is estimated to be about 0.047 M km® is the runoff from land mass to oceans and
groundwater outflow to oceans. It is interesting to know that less than 4% of this total
river How is used for irrigation and the rest flows down to sea.

These estimates are only approximate and the results from different studies vary;
the chief cause being the difficulty in obtaining adequate and reliable data on a global
scale.

The volume in various phases of the hydrologic cycle (Table 1.1} as also the rate of
Aow in that phase (Table 1.2) do vary considerably. The average duration of a particle
of water to pass through a phase of the hydrologic cycle is known as the residence time
of that phase. It could be calculated by dividing the volume of water in the phase by
the average flow rate in that phase. For example, by assuming that all the surface
runoff to the oceans comes from the nvers,

From Table 1.1, the volume of

water in the rivers of the world =0.00212 M km’
From Table 1.2, the average flow rate
of water in global rivers = 44700 km’*fyear

Hence residence time of global rivers, T, = 2120/44700 = 0.0474 year = 17.3 days.

Similarly, the residence time for other phases of the hydrological cycle can be
calculated (Prob. 1.6). It will be found that the value of T_varies from phase to phase.
In a general sense the shorter the residence time the greater 15 the difficulty in predict-
ing the behaviour of that phase of the hydrologic cycle.

Annual water balance studies of the sub-areas of the world indicate interesting
facts, The water balance of the continental land mass is shown in Table 1.3(a). It is
interesting to see from this table that Africa, in spite of its equatorial forest zones, 15



the driest continent in the world with only 20% of the precipitation going as runoff. On
the other hand. North America and Europe emerge as continents with highest runoff.
Extending this type of analysis to a smaller land mass, viz. the Indian subcontinent,
the long term average runoft for India 15 found to be 46%.

Table 1.3(a) Water Balance of Continents® mm/year

Continent  Area  Precipitation  Total Runoff as %  Evaporation

(M km?’) runoff  of precipitation
Africa 30.3 636 139 20 547
Asia 45.0 726 203 40 433
Australia 87 736 226 30 510
Europe 9.8 734 319 43 415
N.America 207 670 287 43 383
S.America 1738 1648 583 35 1065

Water balance studies on the oceans indicate that there 1s considerable transfer of
water between the oceans and the evaporation and precipitation values vary from one
ocean to another (Table 1.3(h)).

Table 1.3(b) Water Balance of Oceans” mm /year

Ocean  Area Precipitation Inflow from  Evaporation Water
(M km’) adjacent exchange with
continents other oceans
Atlantic 107 780 200 1040 =6l
Arctic 12 240 230 120 350
Indian 75 1010 70 1380 =300
Pacific 167 1210 60 1140 130

Each year the rivers of the world discharge about 44,700 km” of water into the
oceans. This amounts to an annual average flow of 1.417 MmYs. The world’s largest
river, the Amazon, has an annual average discharge of 200,000 m*/s, i.e. one-seventh
of the world's annual average value. India’s largest niver, the Brahmaputra, and the
second largest, the Ganga, flow mto the Bay of Bengal with a mean annual average
discharges of 16,200 m*/s and 15,600 m¥s respectively,
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