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Estimation of water balance of lower Sutlej catchment upto
Bhakra dam site by Thornthwaite’s method

K. K. SRIVASTAVA, 8. D. 8. ABBI and B. R. LOE

Meteorological Office, New Delhi
(Received 14 December 1975)

ABSTRACT . Water balance by Thornthwaite's method of lower Sutlej catchment between Rampur and
Bhakra dam site has been disenssed. Maps showing the monthly water deficit, water surplus, soil moisture utilisa-
tion and soil moisture recharge for the years 1964-68 have been prepared. An estimation of the annual runoff in
river Suflej on the basis of the water balance parameters for the same period has been attempted and presented in the

paper.

1. Antroduction

The concepl of Book keeping procedure using
meteorological parameters for the estimation of
climatic water balance was developed by Thorn-
thwaite (1948). The climatic water budget deve-
loped was modified by Thornthwaite and Mather
(1955) to make it more useful over a wide range
of soil and vegetation conditions. For this, field
capacity of the soil was increased from 10 ¢cm to
30 cm and the rate of soil mositure decrease was
found to follow an exponential decay law. Suba
Rao and Subrahmanyam (1961) in their paper on
estimation of yields from river basins by a modi-
fication of water balance procedure of Thorn-
thwaite have estimated monthly and yearly run-
off from Mahanadi, Kosi and Ashni rivers.
Rac el al. (1970), have computed climatic
water balance for about 350 stations in India on
the basis of methodology developed by Thornth-
waite and his associates. The above procedure has
therefore been utilized broadly in the present
study to find the moisture status of the Sutlej
basin.

The study of the water balance provides values
of potential evapotranspiration, water deficit
and water surplus and estimation of runoff in a
basin. A knowledge of the moisture deficit facili-
tates the understanding of the economic feasi-
bility of irrigation, and that of the water surplus
provides information on the recharge of ground
water or runoff in streams or rivers. Similarly,
the magnitude of evapotranspiration gives the
limit of field irrigation for optimum erop production,
All these parameters thus provide useful infor-
mation for assessing irrigation requirements and
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in judging the hydrological and agricultural poten-
tial of the basin.

2. Methodology

In computing the water balance, the precipi-
tation (P) is compared with potential evapotran-
spiration (Pg) on a monthly basis, (P—Pg) can
be zero, positive or negative. The positive value
of (P—Pp) indicates the amount of excess water
which is available during certain periods in the
year for soil moisture recharge and runoff. It is
only when precipitation adds to the soil moisture
upto its maximum value of water holding capacity
that the resultant water~turns into runoff.
Further, the value of actual evapotranspiration
(Ag) is equal to potential evapotranspiration
(Pg) when (P—Pg) is positive, as evapotrans-
piration can proceed unhindered because of the
adequacy of available moisture. When (P—Pjg)
is zero, the potential loss of moisture due to eva-
potranspiration is fully supplied by the preei-
pitation. But this is the hypothetical situation
which may not always be realised in actual prac-
tice. Lastly the negative value of (P—Pg) indi-
cates the amount by which the precipitation falls
short of the supply to the potential water needs
of the vegetation covered area. The value of actual
evapotranspiration is then equal to prccipitat.ion
plus the amount of water drawn from the soil
moisture storage. The amount of soil moisture
thus utilized is the change in storage. The accumu-
lated value of (P—Ppg) gives an estimate of the
moisture stored in the soil at the end of the nega-
tive (P—Pg) period. '
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Fig. 1. Sutlej Catchment from Rampur to Bhakra Dam

—(P—Py)
Storage (S)= Fiecld capacityx e Vield Caracy

The amount by which theactual and potential
evapotranspiration (Pz—Ag) differ in any month
is the moisture deficit for the month. On the other
hand when thesoil moisture storage reaches the
field capacity, any excess precipitation malkes
the moisture surl_\]us resulting in surface runoff.
For medium basins like lower Sutlu‘] cit~himent
with somewhat steep gradient it is assum=d that
the contribution to the runoff in any month is
70 per cent of thesurplus water available in the
basin and the remaining 30 per cent is retained in
the catchment as storage which may be available
for runoff during the subsequent months.

3. Data used

Water balance of lower Sutlej catchment from
Rampur to Bhakra dam site shown in Fig. | has
been studied by utilizing the following data.

(i) Mean monthly rainfall in the catch-
ment estimited on the basis of available
data of 18 stations in the catechment shown in
Fig. L.

(i) Monthly norm:l evaportranspiration of
Simla which is the only station for which data are
available.

(¢i7) Moathly rainfall data of 18 stations on the
catchment have been taken from daily rainfall
tables for the year 1964-68. Normal monthly eva-
potranspiration data have been taken from the
publication Handbook of Hydrology. Ministry of
Agriculture & Irrigation. The field capacity of the
representative soil has beén assumed to be 200 mm.

4. Discussion and Results

Utilizing the data stated above. Table 1 (a to f)
have been computed giving the magnitude of the
various parameters of the water balance equation.
These values have also been represented graphi-

cally for the years 1964-68 showing the monthly
progress in Tigs 2 to 6 respectively. As may be
seen the potential evapotranspiration is minimum
being of the order of 30-0 mm during winter mon-
ths of December and January. It increases gra-
dually, becoming a maximum of the order of 1300
mm in the summer month of May. It remains more
or less constant during the rainy period from July
to September.

For the year 1964, the various water balance
parameters are given inTable 1(a) and represented
graphically in Fig. 2. Computation of soil moisture
retention has been started from the dry' months
of 1963, thus taking into account the change in
storage in July as reckoned from June 1963. The
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Fig* 2. Water balance of lower Sutlej Catchment
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Water balance of lower Sutlej Catechment for different years

soil reaches its field capacity in July and again
in December 1963. The detention of water in
December 1963 has been carried over to January
1964. It may be seen that the potential evapotra-
nspiration (Pg) varies through the entire period
of study fromlow values of 30:3 and 32-6 mm
in the months of December and January respecti-
vely to maximum values of 129-6 and 123-7
in the months of May and June respectively. It
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Fig. 4. 1966

ranges from 72-0 and 83:5 mm during the
monsoon period. The precipitation (P) varies
from a low value of 0-0 mm in November to a high
value of 3114 mm in July. During the year the
excess precipitation gives surplus water of 526-4
mm and this excess water is available for runoff.
The storage which is at field capacity of 200-0
mm in, the winter month of January and February
and again in the monsoon months of July, August
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TABLE 1
Water balance of Sutlej catchment

Jan Feb

Mar Apr  May Jun Jul Aug Sep Oct Nov Dee  Annual
total
(a) 1963
P 351-3  398-4 187-8 105-8 36-0 37°8
Pr 835 72-0 793 65-6 37-7 30-3
(P-PE) 267-8  326-4 1125 402 —1.7 75
Aco. (P-PE) ~—1-7
(185-2)
June
S 200 200 200 200 199-0 200
AS 64 -8 0 0 0 =1 1
Ar 83-5 720 753 656 370 303
Wb 0 0 0 0 0-7 0
Ws 203:-0  326-4 112-5 40-2 0 6.5
Ry 609 116-2 68-6 327 9-8 4-9
Ro 142.1 271-1 160-1 76-2 229 11-4
(b) 1964
P 95-4 591 26-3 425 952 815 311-4 203-4 1951 0-3 00 17:2 12174
PE 32.6 436 7.1 101-2 1296 1237 835 72.0 753 65-6 877 303 870.2
(P-PE) 62-8 15-5 —48.8 —68:-7 —34-4 -—42.2 227.-9 221-4 119.8 65-3 —37-7 13-1
Af%‘_PE) - .. —48:8 —107-5 —141-9 —184.1 . . .. —65-3 —103:0 —116-1
8 200 200 155-0 116-0 07-0 790  200-0 200 200 144-0 119-0 111-0
AS 0 0 —45-0 —39-0 —19.0 —18.0 121.0 0 0 —56-0 —25-0 —§-0
AR 32-6 43-6 71-3 81-6 114-2 995 83:5 72-0 753 563 26-0 26-2 7800
W 0 0 3-8 19-7 15-4 24-2 0 0 0 9-3 12.7 5-1 90.2
Ws 62-8 15.5 0 0 0 0 106-9 221-4 119.8 0 0 0-0 526-4
Ry 20-3 10-7 3-2 10 0-3 0-1 32-1 76-0 58-7 17-6 53 1-6
Ro 474 95-1 76 22 07 02 749 1775 1371  41-1  12.3 3.7 529.7
(c) 1965
P 23.8 142-0 94.8  83.5 1001 34.9 254-1 102-1 30.3 82:1 14:3 2.8 933.8
PE 32-6 43-6 75-1 10142 129-6 123-7 83-5 72-0 753 65-6 37-7 30-3 870-2
(P-PE) 1-2 984 197 —17-7 —20-6 —88:8 170-6 306-1 —46-0 —33-5 —23-4 —27-5
A%.re . . v —I17.7 —38-2 —127-0 . .. —45:0 —78-5 —101-9 —129-4
S 12.2 200 200 183-0 165-0 105-0 200 200 1590 134-0 1190 104-0
AS 1-2 87-8 0 —17-0 —18-0 —60-0 950 0 —41-0 —25:0 —15-0 —15-0
A 32-6 43-6 75-1  100-5 127-1 94-9 83-56 720 71-3 57 29-3 17-8 804-8
Wo 0 0 0 0-7 2:b 288 0 0 4+0 85 84 12-5  65+4
Ws 0 106 19-7 0 0 0 56 30-1 0 0 0 0 136-0
2o 05 33 69 2-1 06 02  922:7 158  4:7 1d 04 0-1
Ro 1-1 78 16-1 4-8 1-5 0-4 631 7-0 111 33 1-0 0-3 137-6
(d) 1966
P 0-0 64-0 41-2 19-8 61-1 2295 2723 244-2 865 18-8 4-8 40-2 1082 .2
Pr 29.6 436 756-1 101-2 129-6 123-7 83-5 72-0 76-3 656 37-7 30-3 870-2
(P-Px) _39.6 204 —339 —8l-4 —68-5 105-8 188-8 1722 11-2 —47.0 32.9 9-9
All values in mm
P=Precipitation S=~8torage Wp=Water Deficit
Ppp—Potential Evapotranspiration /A 8=Change in Storage W g=Whater Surplus

Ace. (P-Pr)=Accuniulated Potential Water Loss

Ap=Actual Evapotranspiration

Hp=TRetention
R =Runoff
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TABLE {—(contd).

Jan

Feb

Mar

Apr May

Jun Jul

Aug

(d) 1966

Acc.

(P-Pg) —162-0 (—121) —154'9 —2363 —304'8 i . —d7.0 —79:9 (—66)

8 88:0 108-4 910 60-0 43:0 148-8 200 200 2:00 158-0 133-0  142-9

AS —16-0 204 —17-4 —81-0 —17:0 105:8 E1-2 0 0 —42:0 —25-0 9-9

Agp 16-0 43-6 686 50-8 78-1 123-7 835 72-0 753 60-6 29-8 30-3 722-3
Wo 16-6 0 165 604 G515 0 0 0 0 50 7-9 0 147-9
o 0 0 0 0 0 0o 137-8 172:2 112 0 0 0 3210
Rrp 0 0 0 0 0 0 41-3 640 226 68 2:0 06

RG 0-1 0 0 0 0 (1] 96:3 1495 5626 158  4-8 1-4 320-4

(e) 1967

P 1.3 42.3 1624 90 22:0 124:0 4125 4520 128-2 30:8 204 161-41,675-3
PE 326 43-6 75-1 101-2 129.6 123-7 835 72-0 75-3 65-6 37-7 30-3 870-2
(P-PE) —31-3 —1-3 873 —92.3 107-6 0-3 3200 3800 52-9 34-8 —8:3 131-1
Ac(‘}.p)g —97-3 —986 .. —92:2 —199-8 » - o .. —348 —43:1 4

8 122-0 1210 200 125-0 73-0 73-3 200 200 200 1680 161-0 200

AS 20.9 —1-0 790 —7-50 —52-0 03 126:7 0 0 —32.0 —7-0 389-0

Ay 99.9 433 75-1 840 74-0 1237 835 720 75-3 628 364 30-3 7826
Wo 10-4 0-3 0 17-2 656 0 0 0 0 2.8 1-3 0 876
Ws 0 0 83 0 0 0 2023 3800 52.9 0 0 921 735.6
Br 02 01 25 07 02 01 607 1322 655 166 50 291

Ro 04 0-1 59 18 05 0-1 141-7 30856 1296 389 11-6 680 707-1

(f) 1968

P 495-3 64-0 428 462 20.5 123-0 362-2 2023 155 63'8 39  50-5 1410-0
Pg 39-6 43-6 75-1 101-2 129-6 123-7 835 720 75-3 656 377 30.3 g70.2
(P-PE) 392.7 204 —32:3 —&85-0 —109-1 —0-7 2787 130-3 —59-8 —11-8 —33.8 20.2
A'ﬁ'a.pg; . .. —8%2.3 —87-3 —106-4 —197-1 .. —b59:8 716 —105-4 -

8 200 200 1700 128-0 74-0 74-0 200 200 148-0 139-0 118.0 138.2

AS 0 0 —30.0 —42:0 —b4-0 0 1260 0 —520 —9.0 —21-0 20.2

AE 326 436 72-8 88-2 74-56 123-0 83-6 720 675 82-8 24-9 30-3 775.7
Wo 0 o 23 130 &51 07 0 0 78 28 128 FLliong:
Ws 302-7 204 0 0 0 0 1527 130-3 0 0 0 Pty
Rr 126-5 441 132 40 1.2 0.4 469 529 150 48 1.4 Q.4

Ro 995-3 102-8 30.9 92 28 0.8 107-1 1233 370 Il:1 3.4 1.0 7a4.q

# All values in mm.
P=Precipitation W s=Water Deficit =Storage

Pr=Potential Evaportranspiration W g=Water Surplus

Ago.(P-PE)=Accumulated Potential Water Loss Ro=Runoff
» Rr=Retention

£AR8=Change in Storage
Ap=Actual Evapotranspiration

and September decreases in the post monsoon

eriod and during summer, as more and more
water is removed from the soil to meet the requi-
rement of at least some of the consumptive water
needs. The lowest value of storage is reached in
June as 790 mm being about 39 per cent of the
field capacity. As precipitation in excess of water
needs is retained in the upper layers of the soil,
the actual evapotranspiration (dg) or the actual

water loss equals to potential water loss i

ary, ‘ngrl_lary and from J uly to Septembelll']. Jv‘:]]:;]r;
precipitation exceeds potential evapotra‘ns ira-
tion. But when (P) is less than (Pg) , actual vfater
loss is equal to sum of precipitation and water
removt_%d f¥mn_the soil. The total potential evapo-
transpiration in the catchment in the year 1‘.%)64
is 870-2 mm, while the actual evapotranspiration
is 7800 mm only resulting in a deficit of 90-2 mm.
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TABLE 2
Water balanee of Sutlej Catehment (1964 to 1968)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dee Total
P 111.2 74-3 735 40-2 61-6 118-6 3226 2588 91-1 27.1 10-5 _544! ]2433
Pg 32.8 43-6 76-1 101-2 129-6  123-7 §83-5 72:0 75-3 65-6 377 30-3 870.2
(P-PE) 78-6 307 -—1-6 61-0 —68-0 —5-1 239-1 186'8 15-8 —38-6 —27-2 24.1
Ace.
(P-PE) X .. —1'6 —62:6 —130-6 —135-7 i o .. —38:5 —B65-7 o
8 200 200 199-0  145-0 - 103-0 1000 200 200 200 164-0  143-0 1671
AS 32.9 0 —1.0 —54-0 —42.0 —3-0 100-0 0 0 —360 —21.0 24.1
Ag 32-6 436 745 94-2  103-6 121-6 835 72:0 75-3 63°1 31-5 30-3 825-8
Wp 0 0 06 70 20 21 0 0 0 25 62 0 44.4
Ws 45-6  30-6 0 0 0 0 1390 186-8 158 0 0 0 417.8
Rr 13-7 13-3 4:0 1-2 0-4 0-1 41.7 68-5 25-3 7-6 2.3 0-7
Ro 31-9 31-0 9-3 2-8 0-8 0-3 97-4  160-0 59-0 17-7 5.3 1-6 417-8

Further March, A.PI’I]. N[a,y_‘ June. Qctober, Nove-
mber and December are the months when the
potential water needs of the basin are not supplied
by precipit-atimp On the other hand January,
February , July. August and September are the
months when surplus water is available. Consi-
dering the year as a thle. surplus water amoun-
ting to 526 -4 mm is available for runoff and the
total water deficit during the year is 90-2 mm
only- It, therefore, implies that sufficient water is
available for consumptive needs through the year.

Similar features are noticed in other vears
depicted in the Figs. 3 to 6.

as

5. Average conditions in the basin

The average monthly progress of water supply
(precipitation) and water need (potential evapo-
transpiration) in the portion of Sutlejeatchment
under study had been taken into consideration for
water budgeting. The average monthly values are
given in Table 2 along with other parameters
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involved in the water budget. Fig. 7 shows
monthly progress of the parameters of the water
budget graphically. As may be seen the potential
evapotranspiration (Pg) varies continuously thro-
ugh the year from the low value of 30:3 mm in
the month of December toa high value of 129 - 6mm
in the month of May. Total water need for the
year is 870-2 mm. The precipitation (P) is much
more variable through the year than potential
evapotranspiration (Pg). It s as low as 105 mm
in the month of November and as high as 322'6 mm
in the month of July. The average annual

. precipitation in the catchment under study is
12439 mm of which the maximum occurs during
the month of July and August. The demand for
water in terms of potential evapotranspiration is
very much in excess of precipitation during the
months from March to June. A comparison of
precipitation with potential evapotranspiration
on a monthly basis reveals that the precipitation
in the rainy and winbter seasons is much higher
than the potential evapotranspiration and this
results in the soil attaining the field capacity.
Any precipitation contributing to water surplus
ultimately becomes runoff. Thus the months of
January and February are characterized by
water surplus followed by water deficit dvring
the months from March toJune. Again apprecia-
ble water surplus builds up in the months of July
and August and it becomes marginal in the month
of September followed again by a phase of water
defioit in October and November. The soil moisture
remains at field capactiy of 200 mm in January
and February and from July to September and
some water is added each month to the surplus.
March is the first month in the year when the
rapidly rising demands for water exceed the
supply of water from precipitation. The preci-
pitation falls short of the water needs by 1-6 mm,
in March. On an average, the water deficits in
March, April, May and June are 0-6, 7-0, 26-0
and 2-1 mmrespectively. The total average deficit
for the year is 44-4 mm and the total average
water surplus is 417-8 mm. Thus sufficient water
surplus is available to have continuous run off in
the basin under study.

6. Soil moisture utilization

During non-rainy months from March to June
and October & November evapotranspiration
needs are not fully met by precipitation in the
catchment. This residual need is, however, met
from the moisture stored in the soil. Accumulated
need for water is 1811 mm which, is the deficiency
instorage, i. e., the negative values of AS. Positive
changes in storage of 329 mmin January, 100-0
mm in July and 24-1 mm in December, compen-

sate for the storage deficiency during the non-
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TABLE 3
computed and measured run eff

Year Measured Computed
(M.C.M.) (M.C.M.)
1964 5,200+ 4 2,862+ 0
1965 2,487 7 739+8
1966 3,101-0 1,72840
1967 3,411-9 3,817+8
1968 2,315+ 6 8,015 0
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rainy months and hence no change in storage is
observed,

7. Estimation of run off

An attempt has also been made to estimate
runoffin theriver Sutlejon the basis of the availa-
ble parameters in the hydrologic cycle. The
results are shown in Fig. 8. It may be seen that
the trend of annual discharge at Bhakra Dam
site brought out though the magnitude of the
estimated discharge, is somewhat different from
the actual value (Table 3). This difference may
be attributed to wvarious factors like inadequacy
of the network, general catchment characteristics,
sedimentation, seepage losses and efluent dis-
charge etc. These factors are under investigation.

8. Conclusion

A year to year analysis of the data shows that
March to June is the period when the basgin falls
short of the potential water needs for the crops
and vegetation. The post-monsoon period October
and November is also prone to water deficit. To

K. K. SRIVASTAVA et al.

some extent the months of January and February
are also short of water supply exceptin years
when apprec iable amount of L)recwipitati011 oceurs
in the basin during December, January and Feb-
ruary due to passage of western disturbances.
The monsoon months of July, August and Sep-
tember are the period when sufficient water sur-
plus is available as storage and for runoff. The
maximum surplus of water is generally available
in the month of August and the maximum water
deficit occurs in the month of May.
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