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ABSTRACT. A study of the Betwa basin, where a season of water surplus contrasts with a period of deficit
shows that annual soil moisture recharge may be estimated by comparing scasonal net rainfall with runoff. De-
tailed investigaiion of the Nion tributary shows that net rainfall is divided in sequence between soil moisture

repleni

t, groundwater recharge and runoff. A simple conceptual model reproduces reasonably not only

the runoff but also the soil moisture and shallow groundwater storage.

1. Introduction

- In the course of the Betwa Project, which was a re-
search programme carried out by the Central Ground

“Water Board in collaboration with the Natural Environ- = -

ment Research Council, the hydrology of the Betwa
basin and its tributaries was studied. Although the over-
-all aim of the project was to develop techniques for asses-
sing the groundwater recharge, the hydrological studies
govided an insight into the behaviour of the basin.

“particular the inclusion of soil moisture measure-
ments in the water balance study of sample area showed
how rainfall was distributed between evaporation,
soil moisture, groundwater and runoff during the coursc
of the monsoon. The studies were divided into two
main parts; the meteorological and hydrological in-
formation available at the start of the study was used
to describe the environment in terms of the water
balance, and measurements during the course of the
study gave more detailed information about the various
tributaries and in particular the Nion. Because the study
ineluded a wet year in 1978 and an exceptionally dry
year in 1979, the response of the basin to extremes was
sampled.

1.1. The environment

marked swelling and shrinking properti
large cracksdur?ng the dry smg,,‘_’ perties and develop

The area has generally gentle slopes and a fairl
topographfr. with elevation rangigzs from 270 fos?z%oﬁ
above sea level. Part of the basin is covered with broad-
leaved forest or bush, which is especially thick in the
hillier southeast, the wettest part of the catchment. The
main species, teak, is deciduous with a brief leafless
period from March or April until the monsoon, The
forest is fairly widely spread over the basin, apart from
the clay plains, but clearance for cultivation has had
a considerable effect on its extent; at present about
a quarter of the basin contains vegetation rangin
from thick forest to scattered bush. -

_ The greater part of the basin, especially the cl i
is cutivated in the post-monsoon or ywint:raiel;]:ctﬂ’
with vheat and gram (lentils and chickpeas) as the main

“cropt Some millet is grown in the monsoon season. Only

abou 1% of the area was irrigated.

1.. Hydrological data

Wien the project started in 1976, there were 1

- i s 6 .
termraingauges within the basin (Fig. 3) a:d olt-.?::gs
nearly; others were established to give better estimates

The Betwa, a tributary of the river Jamuna, flowing
from Bhopal to Jhansi, drainsan area of 20600 km? of
the Deccan plateau above Dhukwan reservoir. The basin
is saucer-shaped, with sandstone hills around the peri-
meter and an alluvial clay plain in the centre of the
basin, where “black cotton soils” overlie weathered
basalts at depths varying from 1 to 12 metres (Hodnett
& Bell 1986). Shallow groundwater is present in the
weathered and jointed basalt in an aquifer which could
be extensive but of low permeability. The black cotton
soils are dark silty clays up to about 2m thick which have

(325)

for ertain tributaries, Meteorologica

enabid Penman estimates of evaporgatioln ?gsgew::ms
pﬂiqs to the reservoirs at Dhukwan or at Matatila

just !rstream had been recorded for. 50 years, and
igiau g stations were installed to measure tn'l:’mtary
OWS

= Thpu-fnce water balance of the whole basin

Th records of rainfall and runoff available at :
startof the project were used to study the loi:lga-te?lx;
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Fig. 1. Annual water eycle in Betwa basin Fig. 2. Betwa basin rainfall histogram, 1926-1975
TABLE 1
Rainfall statistics for standard period, 1926.75
v Annual Ad- Coeff.
Monthly mean rainfall (mm) Aver- justed of
Periocdof Lat. Long. Elev. b  age annual vari-
record (°N) (*E) m J F "M A'M J g A § O N D (mm* aver- ation
age
(mm)
Jhansi 1926-1975 25° 27° 78° 35 320 14 9 B8 3 6 83 302" "208° '173 32 ' 9 T s
Pichor - 19261975 25 11 78 11 380 13 7 8 1 4 78 309 300 174 30 14 7 945 .340
Dhukwan 193351066 25 12 .78 . 3% . 1205,6 % 3 99 - 296 285 152 21 5 871 866 .409
Chanderi ~ 1962-1975 24 43 78 8 438 2 5 2 0 4 61 366 395 142 7 6 7 99% 1048 .470
Lalitpur 1926-1969 24 42 78 25 359 21 10 8 4 4 93 379 332 189 33 16 9 1098 1117 + .296
Pachhar 1929-1975 24 34 77 43 502 11 6 ‘5 1 4 92 309 296 160 26 15 8 . 932 .289
Mungaoli 19261975 24 24 78 6 411 16 7 5 1 2 102 318 309 153 31 16 8 968 .292
Sironj 1926-1975 24 6 77 42 465 14 4 6 0 10 103 408 1359 187 37 13 4 1037 1038 .324.
Korwai 1926:1915 24 8 78 -3 400 (1788 7.2 S5 ‘M3 378 325 173 28 16 7 1079 .300
Khurai 1926-1975 24 3 78 19 431 2211 7 3 4 116 424 398 204 27 15 9 1240 283
Basoda 1926-1975 23 52 77 56 415 19 7 6 2 4 130 431 344 204 32 15 8 1205 .320
Berasia 1926-197% 23 38 71 26 41 14|5 5 1 6 110 359 311 193 24 16 7 1060 1059 .309
Vidisha 1996-1975 23 32 77 45 424 1707 T 3 8 139 462 398 234 38 16 9 1334 .295
1
Bh(%?irsgarh) 19301975 2317 77 21 32% 1584 -8, 3. 9: 122 420 .33 229 33 14 8 1205 1182 .284
Raisen 1926-1975 23 20 77 48 457 14 8 5 3 5 120 433 1394 219 32 13 107 1237 .288
Goharganj 19261975 23 2 77 40 461 12 8 T 1 5 123 469 404 229 35 15 11 1321 .253
Begumganj 19961975 23 36 ™ 2 550 1TEL L9 3164 125 4R 435 242 34 15 9 1358 .276
Ghairatganj 19261975 23 25 78 13 521 158 7 3 6 122 430 395 222 38 14 9 1270 27
*Some inconsistencies due to rounding of monthly mins will ocour; also, annual averages are com

data only, whereas monthimeans include data from incomple

te years,

puted from years of complete
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[Fig. 3. Annual average rainfall (mm), 1926-1975

water balance of the whole basin in order to provide
a framework for detailed studies.

2.1. Rainfall

The climate of the area is dominated by the monsoon
from the middle of June to the end of September or
beginning of October. An isohyetal map was prepared
for the period 1926-75, after monthly and annual
averages were computed for stations covering the whole
period, and corresponding averages for other stations
by comparison. There is considerable variation over

the project area in average rainfall, which decreases -

from over 1300 mm in the southeast, which is hilly and
forested, to under 900 mm in the north. The mean
annual rainfall for the whole basin is 1138 mm.

The monthly means for the long-term gtat_ioqs (Table
1) show that the seasonal distribution is similar over
the whole basin; on average 92 to 957 of the annual
rainfall falls between June and September. The variability
of annual rainfall at each station is indicated by the
coefficient of variability, which changes little over the
basin for the long-term stations.

The uniform seasonal and annual variations made it
ssible to estimate simply the variation from the mean
sin rainfall in an individual month or year. After the

rainfall at each station was expressed
of its own long-term station mean, the mean of these

as a percentage-

station percentages is taken as the index and multiplied

by the basin. mean annual rainfall to give the basin

‘rainfall for the month or year.

The 1926-75 basin rainfall series was deduced by this
method to give a long-term series of rainfall over an area
(Sutcliffe ef al. 1981). The series is summarized in Table
2 and Fig. 1, which demonstrate the marked seasonal
distribution, with 65 % of the average rainfall in July and
August alone and 929, between June and September.
The CV of the basin rainfall is}reduced to 18.57; com-
pared with 25.3-34.17 at the long-term stations.

The basin annual rainfalls for 1926-75 are presented
in histogram form in Fig. 2, which illustrates the symm-
etrical distribution and the range of values experienc-
ed. In order to put the rainfall during the detailed
investigation described later into perspective, monthly
basin rainfalls, similarly calculated, are given in Table
3. While 1977 and 1978 were slightly above average,
the rainfall in 1979 was well below the lowest in 1926-75
in spite of exceptional rainfall in November.

.2.2. Evaporation
Standard meteorological records were used to estimate

- open-water -evaporation and potential-transpiration by

the Penman equation. The monthly mean values (Table
4) for Bhopal were estimated using local temperature,
relative humidity and wind speed measurements, and
Nagpur radiation data; Bhopal sunshine records were
used to estimate back radiation.

2.3. Runoff

Annual total inflows to Dhukwan and Matatila
reservoirs were available for the period 1926-75 and
were converted to mm over the basin; the mean and
variability are summarised in Table 2.

2.4. The rainfall excess during the monsoon season

The annual water balance of the Betwa basin may be
approached by considering the seasonal cycle as a single
period of water excess during the monsoon and a single
period of deficit during the remainder of the year.

The problem becomes one of determining whether
the seasonal surplus runs off directly or recharges the
various sub-surface reservoirs. It is useful to distinguish
between replenishment of the soil moisture reservoir
which remains. for evaporation during the dry season,
and recharge of the groundwater reservoir which drains
beyond the reach of roots and contributes either to deep
storage or to river base flow. In this area the water table
approaches the surface in most monsoons, so the soil
moisture and the shallow groundwater reservoirs are
interlinked, but the soil moisture is retained within the
rooting zone for crop water use.

During the monsoon period, monthly rainfall is greater
than potential transpiration for ‘between two and four
consicutive months, while during the rest of the year
potemial transpiration exceeds rainfall except in the
occashnal month. Fig. 1 shows for the average year
the peiod of surplus or excess of rainfall over evapora-
tion, ad the subsequent period of deficit. The period of
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TABLE 2

Mean rainfall and ranoff for Betwa basin and variability (mm), 1926.75

Jan

Feb Mar

Dec Anmual’

(Bhopal : 23°17"N, 77° 21"E, 523 m)

Apr May Jun Jul Aug Sep Oct Nov Annual
rainfall runoff
Mean 15 7 6 2 5 111 390 351 196 31 15 8 1138 151
SD )by D 11 3 9 76 128 118 119 36 34 19 211 157
CV(%) 111 165 179 161 183 68 33 34 61 118 230 230 18.5 44,7
TABLE 3
Average rainfall over Betwa basin, 1976-79
] F M A M J | A S 0 N D Total
1976 10 4 4 1 12 106 231 303 204 2 15 1 893
1977 1 7 B 5 20 299 43 196 15 30 3 um
1978 4 26 3 3 0 195 356 443 96 0 0 a7 | 163
9% 27 30 2 0 14 7 162 142 29 i N
Mean
(1926-75) 15 7 6 2 5 111 390 351 196 31 15 8 .- 1B ;
TABLE 4
tion (E,) and potential transpiration (57) estimated by the Penma
Open water evaporation (E;) e and Hill 1970) by n method

J E M A M J :J A S

E 113 135 193 241 293 237 164 143 167
{ ]

Er 83 102 152 193 24] 197 134 115 133

127

N D Annual
123 13 2077
90 75 1643
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Fig. 4. Schematic comparison of runoff with
seasonal net rainfall

soil moisture replenishment, followed by a period of
water surplus, may be included on this diagram, and
then after the end of the monsoon a period of soil
moisture use followed by a period of water deficit. In
the Betwa basin, where the soil moisture storage reaches
wilting point during the dry season and fills during the.
monsoon, the annual replenishment will bring the storage
from wilting point to field capacity throughout' the

. profite, This replenishment should be reasonably constant

from year to year, in the absence of land use change, and
may be considered as a first charge on the net rainfall,
or excess of rainfall over eqapo_ration.

" “The seasonal net rainfall during each monsoon can
be estimated by subtracting monthly potential transpira-
tion from the monthly catchment rainfalls and adding the

positive values of these net monthly figures'to give the’

seasonal surplus (Because monsoons do not beginand
end with calendar months, the use of 10-day figures
might be preferable, but these are not generally availa-

blé). - -

Onee the soil meisture has been replenished, the sur-
plus is divided between' groundwater recharge and
sugface runoff. Recharge raises the water table in the
shallow aquifer, usually to the surface in this area, and
storage therefore goes above field capacity to satura-
tion; the excess may be regarded as groundwater storage,
much of which provides about |
baseflow after the monsoon. When the profileis saturatel,
there must be some percolation below the surface -

uifer as well as surface runoff. %

If one accepts that annual soil moisture rechargeis
a fixed charge on the net rainfall, and also assumes tht
thessurplus is divided propo_rtnonat_ely between runfl
and groundwater recharge, it is possible to make deds-

tions about both processes by cgmparing segsona_ﬂ it
rainfall with annual runoff as in Fig. 4. The soil moiste

ishment is- the intercept on the horizontal axisg

the net rainfall required befo
groundwater recharge is 1

re any runoff occurs;
he divergence between &

30 mm or so of rive"

Seasonal nel rainfall,{ mm )

Fig. 5. Seasonal net rainfall and 1
basin, 19261975 e

45° line and the net rainfall/runoff points. However,
the accuracy of this recharge estimate depends on all
the estimate including evaporation.

2.5. Comparison of seasonal rainfall excess with runoff

This approach is most directly applicable to a basi
whose land use is reasonably hoglggeneous, bccb::;:
the rooting depth and thus the soil moisture recharge
and actual evaporation will be uniform. On the other
hand, a portion of the Betwa basin is covered with forest
on the sandstone hills, and about 10% of the plains is
covered by grass and scrub which extracts water to about
4-5 m and continues to transpire into the dry season.
When studying the water balance of the whole basin
it is necessary to treat the basin as homogeneous. /

The rainfall and runoff records for 1926-75
compared in this way. Fig. 5 shows the seas:;:i
net rainfall, neglecting the occasional heavy rainfall in
November. or December, compared with the runoff
expressed in mm over the whole basin. In view of the
scatter, a line hasbeen fitted by eye ignoring the 1930
and 1971 outliers. This shows that soil moisture re-
plenishment is about 175 mm. The 45° line is drawn and
suggests that the annual groundwater recharge is about
50 mm, but this should be compared with the scatter of
:zgteim p:t:ints; this ?mparisonhillnstmtes the difficulty of

ng groundwater recharge fr i
between other quantities. Ty S

The ;groundwater recharge which returns to.the ri
and emerges as base flow during the dry season cagvlg
deduced by study of the monthly flows in such a climate.
Flow records for the whole basin suggest that this ‘base
flow component is of the order of 30-50 mm.

2.6. Summary of long-term water balance

The 50-year series of monthly rainfall for the Betwa
basin can be expressed as gross rainfall or net rainfall
after subtracting estimated evaporation and compared
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Fig. 7. Cumulative water balance, Nion basin, 1979

Summary of water balance for Nion basin, 1978 and 1979

Date Rainfall Ruroff tr];::;nirt::ilon Soil moisture EAY ‘g:c;ﬁh 3G R—p—35—38G
(R) Q) (E7) (8) mG (e=0.01)
1978
1.25 Jun 126.28 3.73 164.39 0 148.26 5.97 —1.50 —24.21
26 Jup-10 Jul  331.61 89.74 52.42 148.26 102.46 6.12 37.60 101.81
11 Jul6 Sep 765.62 '445 .66 197.56 250.72 —14.57 2.36 12.20 322.33
7 Sep-31 Oct 11.19 16.30 256.41 236.15 —23.96 1.14 —25.20 44.05
“Total 1234.70 555.43 670.78 212.19 212.19 3.66 23.10 443.98
1979
1Jun-31 Jul  202.83 618 < | 348.88 23.93 169.35 5.98  —2.48 29.78
1-12 Aug 229 41 66.82 : 44.00 193.28 29.72 6.23 43.99 88.88
13 Aug-30 Sep T 6.59 245.02 23.0 =75.01 1.83 —15.97 115.62
}
Total 463.47 79.59 637.90 147.99 124.06 3.42 25.54 234,28

All variables are in mm, except
st et dl cﬁc

epth

for well depth in m. |is change in soil moisture, 3G is change in

» ient of storage, i.e., cnge in aquifer storage.
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with annual runoff records for the same 1926-75 period
to give the following summary of the water balance :

Standard Coefficient

deviation . of

variability

- Gross rainfall 1138 mm 211 mm 18.5 %
Net rainfall 583 170 29.2
Runoff 351 157 44.7

.. The standard deviation of annual runoff is very similar
to that of net rainfall, but when expressed as a percentage
of the mean its position as a residual makes it much more
variable. Comparison of the annual values of the seasonal
surplus and runoff show that the seasonal soil moisture
replenishment can be estimated as about 175 mm over
the basin, though physical studies have shown that there
are differences between various land use types. This
figure has a number of practical implications, as it is the
amount of storage available for flood attenuation and is
also dvailable for crop growth after the monsoon each
year Although an estimate of groundwater recharge of
about 50 mm was deduced from the water balance, this
estimate is smaller than the scatter of the data, and
physical studies are required to measure more precisely
the groundwater recharge which takes place locally to
maintain baseflow or to deeper water bodies.

3. The surface water balance of the Nion tributary—Hydrological
measurements

The hydrology ofthe area can be studied by more
detailed physical measurements in a typical tributary
basin. Rainfall and runoff records can be supplemented
by observations of soil moisture storage and ground-
water conditions. These additional measurements were
made during 1978 and 1979 for the Nion basin (Sutcliffe
and Green 1986), and show that the basin reacts to the
monsoon in a sequence of four phases; soil moisture
replenishment, groundwater recharge and runoff com-
bined, runoff alone and finally recession.

: The records comprise six rainfall stations, a river
flow station, a meteorological station at Bhopal from
which evaporation may be estimated, a set of soil
moisture sites and five well level recorders. The six
tainfall records were combined to give daily basin
tainfall, which was generally representative though on
occasions storm incidence was very variable. The
gauging station was rated by current meter and floats;
level changes can be large and rapid, but hourly levels
were used to define daily flows. Monthly evaporation
estimates may be derived by the Penman method, but
as daily estimates were required these were calculated
from maximum and minimum temperatures and solar
radiation at the top of the atmosphere using an empiri-
cal relationship based on the Penman approach (Murthy
et al. 1972).

Soil moisture storage was measured regularly by
neutron probe at a network of access tubes across the
Nion basin. From September 1977 to September 1978
eight tubes were measured sampling the land use of
the basin, with five in wheat, two in dal (lentils) and
ohe in grass and shrubs. The transpiration during the
dry season and recharge during the monsoon was much
‘sreatér (450 mm) at this last site with its deep roots

than at the other sites (200 mm), but reasonable values
for the basin storage were obtained from the average
storage to 2.1 m depth at all eight sites. In 1978-79
the full network was discontinued, but a less reliable
estimate was obtained from four sites (one in wheat,
;wo in dal, one in grass) weighted 5, 2 and 1 as be-
ore. -

The mean depth at five observation wells was used
to estimate daily ground water storage for the 1978
monsoon, using a storage coefficient of 0.01 (Versey
& Singh 1982). A corresponding series for 1979 was
obtained from the single well operating. When wells
rise above 2.1 m depth the storage was subtracted
from the measured soil moisture storage to avoid
double counting since the water-table rises near the
surface in most monsoons.

3.1. Water balance sequence

The hydrological data for the 1978 and 1979 mon-
soons are summarised in Figs. 6 and 7, with the soil
moisture and groundwater storages expressed as mm
above 1 June. The sequence of events is revealed more
clearly by presenting the water balance in cumulative
form, with rainfall distributed between runoff, ground-
water and soil moisture storage, and evaporation.
The scatter in the points marking the boundary between
soil moisture and evaporation illustrates the difficulty
of obtaining representative measurements, but it is
apparent that actual evaporation starts after an initial
amount of rainfall and continues at a steady rate until
the end of the monsoon when it decreases sharply.

The diagrams show the timing of the four phases of
the basin response in the different years. In the first
period the rainfall goes to soil moisture replenishment;
in the second period this continues but the shallow
aquifers respond to groundwater recharge and some
runoff occurs ; in the third phase there is little further
change in soil moisture or groundwater storage and the
bulk of the net rainfall becomes runoff, which is con-
centrated in this period; in the fourth period the base
flow runoff is maintained from groundwater recession,
and evaporation is maintained from soil moisture
storage. '

The water balance during each of these periods in
1978 is summarised in Table 5. This shows that soil
moisture recharge reaches 150 mm before significant
groundwater recharge or runoff occurs, and that eva-
poration is negligible at this stage. A further 100 mm
of soil moisture recharge in the next period coincides
with ground water recharge (40 mm) and some runoff
(90 mm), while most of the runoff (450 mm) occurs
later. In the last period runoff is approximately equal
to the fall in groundwater storage, and actual evapo-
ration, maintained from soil moisture storage, is low
as the area is fallow and harrowed to conserve water,
The water balance during the subsequent crop season
has been described by Hodnett and Bell (1986). The
crops draw steadily on soil moisture storage, supple-
mented by the winter rains, during the growing season
from the end of October to harvesting in March.

The water balance for 1979 is illustrated in Fig. 7
and summarised in Table 5. It is very different from’
1978 because of the very low monsoon rainfall, but the
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Fig. 8. A conceplual model of the Nion basin

sequence of events is similar. It is the later processes,
like groundwater recharge and especially runoff, which
are most severely affected by the low rainfall; soil mois-
ture replenishment is little lower than in 1978, while
evaporation is reduced. The dates for the various pha-
ses of recharge differ in the two years, but the processes
and even the depth of rainfall which is required before
runoff occurs, are very similar in the two contrasting
years.

3.2. A conceptual model of the Nion basin

This description of the behaviour of the basin needs
to be expressed in the form of a model if it is to be useful
in other basins or in other years. Conceptual models
have been applied to Indian hydrological data (Abbi
et al. 1980). A simple conceptual model, based on ob-
servation of the way in which the various processes
are linked, is illustrated in Fig. 8.

The rainfall R is added to the soil moisture store §;
when this store exceeds a first threshold T, evaporation
occurs at a rate a,E proportional to potential trans-
piration, and drain:gle ag Eﬁ;—T) to grcivu;lg:vﬁ 23%

ff is proportional to this storage; i
l;::i‘;mre s?torgos exceeds a higher threshold T;, then
all the excess is diverted to groundwater and runoff.
The proportion of this drainage which goes directly to
runoff is fixed by a parameter a4 (between 0 and I).
When water is available in the groundwater store G
there is drainage to runoff (¢3G) which is proportional
to this store ; when G exceeds a threshold Iy the excess
runs off directly. There is also a small allowance of
0.075 mmj/day to allow for losses before the monsoon.
The runoff is routed through a linear reservoir so that

O=asV. At the end of the monsoon, during the fallow
scason, the evaporation falls to 0.25 a,£ ; this period
was defined as having less than 20 mm rain in the pre-
ceding 10 days..

Although this model has eight parameters (aj—s
and Tj—3), it is simple to understand and the parameters
can be thought of as having physical meanings. For
instance 77 is the soil moisture storage at which signi-
ficant drainage begins and T, corresponds to the total
soil moisture capacity; similarly T3 is the storage avail-
able for groundwater. The parameters a, and a3 are
recession constants in the exponential drainage from
soil moisture and groundwater stores, while a; is a
ratio of actual to potential transpiration, and a4 is a
direct runoff coefficient. ‘

Because direct measurements of soil moisture and
groundwater are available, some of these parameters
can be estimated directly and others can be adjusted
by comparing predictions within the model with measure-
ments. Normally the only output of a model is a run-
off series and there is so much interference between
the model parameters that it is difficult to optimise
the individual parameters (Nash and Sutcliffe 1970).
This mixture of physical reasoning and subjective fit-
ting gave the following values for daily operation of the
model :

ay= 1.0 ﬂs-_—‘[ .8
4;=0.0025 T;=150 mm
ay=0.114 T,=250 mm
a4=0.65 73=50 mm

Comparison between predicted and observed values
of soil moisture storage, groundwater storage and
runoff in 1978 and 1979 are shown in Figs. 9 and 10.
Bearing in mind that the soil moisture observations
are not continuous, and may not be representative in
1979, the fit in three independent sets of observations
suggests that a reasonable representation of the physical
processes has been achieved. The success of the model
supports the belief that the behaviour of the area can
be described very simply even in such contrasting
years at 1978 and 1979. The main contributions
to groundwater storage and runoff occur when the
soil moisture store is full, and the periods when the
soil moisture and shallow groundwater systems are
full can be predicted with a simple model. It is during
these periods when deep recharge might occur, but
evidence of recharge must be sought from direct measure-
ments rather than water balance alone.

4. The water balance of other tributaries

Additional information on the water balance of the
area is provided by records of rainfall and runoff from
other tributaries. The runoff coefficient varied markedly
between wet and dry years, as shown on the Nion
basin, but also varied according to topography between
the flatter drier tributaries and the steeper wetter ones.
However, comparisons of cumulative rainfall and run-
off, similar to those made for the Nion, suggest that the
same sequence of events—soil moisture recharge followed
by groundwater recharge and runoff—occurs in the
other tributaries. The initial rainfall required to fill
the soil moisture storage sufficiently for runoff to occur
varies over the basin from 100-150 mm for the Bina
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tributary in the southeast which is relatively steep with
shallow soils, to 250-300 mm for western tributaries
where the proportion of shrub and perennial grass is
higher and the soils are shallow and groundwater re-
charge easier.
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Moe evidence™on the groundwater regime may be
obtaintd from aJstudy of baseflow, the steady compo-
nent of river flow. It is possible to separate baseflow
from direct runoff during the monsoon by subjective
analysis of recession curves, but it is particularly useful
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to study baseflow runoff after the end of the monsoon
as it provides a simple estimate of groundwater storage.
For most stations, this varied from 22 to 50 mm in the
wet years 1977-78.

The model developed for the Nion tributary was
adapted to monthly periods and tested over the whole
basin, and can be used to extend a monthly .runoff
record by means of rainfall records (Jha 1981). Its
relative simplicity would make it easy to test in-flow
forecasting in similar areas.

5. Conclusions

Study of the long-term records available at the start
of the preject.showed that the rainfall over the Betwa
basin varied from 900 to 1300 mm, with a basin average
of 1138 mm. The highly seasonal distribution, with
929 falling between June and September, dominates
the annual cycle of soil moisture replenishment and
use. Soil moisture recharge, which is a first charge on
the rainfall, will be relatively constant from year to
year and can be estimated by comparing seasonal net
rainfall with runoff. Study of 1926-75 records sug-
gests_that annual soil moisture recharge is about 175
mm, compared with average runoff of 350 mm. The
coefficient of variation of annual runoff, 44.7Y%, is
much higher than basin rainfall, 18.5%, as it is the
residual surplus. \

The processes involved in the seasonal cycle can be
understood in more. detail by studying the Nioa tri-
butary, where measurements of rainfall and runoff in
1978 and 1979 were supplemented by daily well levels
and regular measurements of soil moisture. There
is a sequence of events during the monsoon—soil mois-
ture recharge groundwater recharge and runoff—whose
timing varies from year to year according to the inci-
dence of rainfall. ~This sequence is expressed in a
simple conceptual model with a series of stores which

uces soil moisture storage, well levels and run-
off well in 1978 and reasonably in 1979, which was an
exceptionally dry monsoon season.

This model may be used to predict the runoff from
the area in other years, or can be adapted to study the
hydrology of adjacent basins. The example of 1979
demonstrates why runoff is more prone to extremes
than other hydrological processes, and that agricul-
ture based on local soil moisture replenishment is less
vulnerable to a poor monsoon than an irrigated area
which depends on runoff for its water supply.
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