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ABSTRACT

Direct ground water recharge from rainfall depends on the intensity
duration of rainfall, the evaporative demand, soil moisture defficiency,
the sorptivity, depth of unsaturated zone etc. Given all these parameters,
it is possible to predict the groundwater recharge at a site due to rain-
fall. Rainfall recharge would result in rise of water table. There have
been attempts to predict rainfall recharge by statistical methods using
only the point rainfall data and point water table fluctuation neglecting
the fact that water table fluctuation may be caused by recharge at some
other point with varied conditions. In the present report an attempt has
been made to check the validity of .statistical approach. Using Green and
Ampt infiltration equation and sorptivity of a known soil, the recharge
‘due to rainfall has been predicted. The consequent water fluctuations
have been determined using Hantush solution for water table rise due to
recharge. Using these synthetic data of water table fluctuation and rain-
fall values the rainfall recharge has been estimated statistically and

compared with true but synthetic recharge values.
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1.0 INTRbDUCTION

Recharge rates for aquifers need to be estimated for ground water
resources evaluation. The major sources of recharge to aquifers in many
areas are direct precipitation and downward percolation of stream runoff.
Recharge from rainfall is irregularly distributed in time and place. Du-
ring summer and early fall months, evapotranspiration and soil moisture
requirements are so great that little rainfall percolates to the water
table except during periods of excessive rainfall. In humid areas, when
evapotranspiration is small and soil moisture is maintained at or above
field capacity by frequent rains, recharge is generally more. Only a
fraction of the annual precipitation percolates down to the water table
depending upon the thickness of the soil, the topography, vegetal cover,
soil moisture content, depth to water table, the intensity and duration of
rainfall, and other meteorological factors.

Recharge from direct precipitation and by infiltration of soil water
involves the vertical downward movement of ground water under the influence
of gravity, suction and diffusion.

In the present paper recharge due to rainfall has been estimated
using Green and Ampt solution. The recharge causes the water table to
rise. The water table fluctuations have been determined using Hantush

solution.



2.0 REVIEW

The natural phenomenon of rainfall recharge is very complex to study
and analyse and any work on the estimation of recharge of aquifers by rain-
fall needs a clear understanding of the physical processes of the soil,vege-
tation and atmosphe;e systems. Rainfall is one of the main components of
the hydrologic cycle. The rainfall after being affected by interception,
reaches the land surface where it fills up the surface depressions and also
infiltrates into the soil surface. Infiltration is the term applied to the
process of water entry into the soil through the soil surface, vertically
as well as horizontally. A portion of the infiltration reaches the ground
water storage and is called ground water recharge.

For the study of recharge due to rainfall as a fraction of the infil-
trated rain water, the possible losses from rainfall i.e. interception,
depression storage, surface runoff and evaporation are to be separated. It
is assumed that intercepted water and rain water stored in depressions are
lost by subsequent evaporation into atmosphere. But the estimation of these
losses is very complex and little work has been done on this.

Many formulae are established for determining the infiltration rate
of rain water which is the controlling and contributing factor of rainfall
recharge. The process of infiltration has been studied in detail by several
researchers. Rainfall recharge has been studied by different methods.

Assuming that the amount of water that escapes evaporation and trans-
piration moves down as deep percolation and eventually joins the ground water,
the rate of ground water accretion can be calculated as the difference between
infiltration and evapotranspiration over a long period. A computer program

for estimating seepage to a water table in this manner was developed by King &

Lambert (1976).




A linear model using the recursive least squares method has been

developed by Vishwanathan (1983). The model estimates the daily water
level in borehole, given the rainfall on the same day and upto eight days
before.

Bt

hi = A h _+ 0. R+ R

Qo oo e +
t t-1 st Lytit=1" " 8,th—8

The time dependent soil parameters at’ A, and Bt are determined using

t

recursive algorithms. The parameters At account for drainage factor; Bt
for various external disturbances that influence water table variations
and dt for parameters that determine infiltration rates. From

the parameters obtained it appears that most of the recharge takes
place within the first two days of the event. The parameter G3 and <14
were negative for most of the time suggesting that water level dropped
after three or four days due to escape of entrapped air. Parameters(ls-us
were negligible indicating no infiltration took place after five days of
rainfall.

Another technique for field evaluation of deep percolation is the
water balance approach where deep percolation is indirectly evaluated as
the difference between rainfall and runoff plus evapotranspiration. Runoff
is determined by streamflow measurements.

In addition to estimating the infiltration and evapotranspiration
components, deep percolation can be directly measured in the field by
lysimeters or tensiometers.

Morel Seytoux et al, have determined the rate of recharge to an
aquifer using the Green and Ampt approach. The position of wetting front
at any time and the water content have been determined. Once the wetting

front reaches the water table, recharge starts and the rate of recharge is

determined.




In the present report, recharge due to rainfall has been estimated
using the technique developed by Morel Seytoux which is based on Green and

Ampt equation.




3.0 STATEMENT OF THE PROBLEM

Recharge to an aquifer takes place through an unsaturated transition
zone. Flow takes place by infiltration beneath the surface. The infiltra-
tion rate is quite high in the beginning of rainfall. Upto time of ponding
the infiltration rate is equal to the intensity of rainfall. The high rate
of infiltration decays exponentially with time after ponding and excess
water accumulates on the surface as surface storage. The surface of the soil
is saturated to a cetain depth and below the zone of complete saturation is
the zone of nearly saturated wetness known as transmission zone. Beyond
this zone is the wetting zone in which soil wetness decreases with depth at
at steepening gradient down to a wetting front where there appears to be a
sharp boundary between the moistened soil above and dry soil beneath. The
wetting zone move downward continuously. No recharge takes place until the
wetting front finally reaches the water table.

If water supply is discontinued i.e. rainfall stops, the previously
infiltrated water in storage will continue downwards but at a slower rate.
It is aimed to predict eventual recharge due to successive rainfall. Using

these recharge values, it is required to evaluate the statistical approach

of predicting rainfall recharge.
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4.0 METHODOLOGY

Unsaturated flow in the vadose zone is analysed on the basis of
Darcy's law, with the added complication that K is dependent on water
content § which in turn controls the pressure head. The hydraulic con-
ductivity and soil moisture relatidnship and the capillary pressure-
moisture content relationship are needed for the analysis presented here.
These relationship could be determined experimentally.

The capillary pressure drive Hf that appears in Green and-Ampt
infiltration equation is to be found from the available soil moisture and
capillary pressure relationship in the following manner as suggested by

Bouwer
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where krw(&) st

hC - capillary pressure head

hci_ capillary pressure head corresponding to the initial soil
moisture Gi prevailing before the onset of infiltration.

4,1 Time of Ponding

Upto time of ponding, water infiltrates as fast as it is supplied
and so infiltration rate is equal to the intensity of rainfall.  Assuming
a constant rainfall rate R, the ponding time tp has been found using the

following relation given by Morel Seytoux

(6 - 8 )H,
t =—*——
PORER =)
*
where R = %
K

For the assumed variable rainfall patterh, the ponding time'has been found

using the relation




P J=1 = R(J) "r*(J)-1 y=1

R(Y) (£ =ty )]

where R(J) is the rainfall at Jth time and

R*(3) = 2

Also the total amount of water wp that infiltrates upto time of ponding

is given by
5 (6- ei)Hf
P R*-1
Knowing the value of Wp’ the position of wetting point Zf at ponding time
is given
w
7, = b
£ -0
i
4.2 Soil Moisture Movement During Rainfall After Ponding

After ponding the saturation front moves downward as more and more
water infiltrates. The cumulative infiltration w at any time t is given by

the Green and Ampt infiltration equation

i i (H+Hf)(é—ei)+w
w-w_ = K(t-t )+(6-6)(H+H )1 [ — ]
P P . f°°n (H+Hf)(9—ei)+wp

If at any time the rainfall is less than the infiltration capacity, the
infiltration rate is equal to the rainfall intensity.
The position of wetting front Zf at time t is obtained as before

using the relation

w
Z =
fi i
(& Gi)
4.3 Soil Moisture Movement After Cessation of Rainfali

The initial position ZO

£ of the wetting front and the cumulative

infiltration w, when rain stopped are obtained from the previous analysis.

Once the rainfall stops, infiltration from the surface will cease and the




previously infiltrated water will continue to move downward at a slower

rate. The actual profile at time zero (time being counted from the moment
infiltration stopped) can be replaced by a simpler rectangular profile
with a uniform value of water content equal to the limiting value 81. The
value 91 is the water content necessary to transmit flux after capillary

forces have become negligible as compared with those of gravity. One can

write
Zg - el‘jei > (5o we* & (1)
- r) ( 17 i)
where
w - total infiltration at end of rain
%
0 - 1is normalised water content given by
6-0
*
9 = - 14 (‘2)
B-6
T
8r - 1is the field capacity
and 81 - has been defined as above.

For first rainfall the soil moisture can be assumed to be at field capacity
before rain. Therefore for first rainfall ei = er .
If saturation of soil surface has occurred at or before end of rain,

B, = é or 8* = 1 and

= - . (3)
(6-0) (1-6))

0 \
f

The infiltrated water w in storage in the vadose zone will move downwards
to the water table.

If Zf is the depth to water table and O the water content of the distribution
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front at any later time, then

W W W
7 _ = = - = (4)
f B8 X 0-6, 0.-8 5-0 )(a'-g*
T Gep [—E-L Ty (6-8)(8 -8
8-8- 1 et

When the wetting front reaches water table Zf= D where D is the depth to

water table.

Hence D = L] G5

= * *
(b- 0. (8 =G

%
From equation (5), 6 is known when wetting front reaches the water table.

4.4 Time Taken By Wetting Front To Reach Water Table After Rainfall
Stops

If q is the drainage rate, then

o - aqs
dt Zf
d ™
dan Qe _q—
dt 2 (é—e) (6)
0 r

Elimination of Zf between equations (4) and (6) gives

%

de—_ﬂ_ *" *
e o e (8 ei) (7)

Darcy's law for flow in unsaturated soil if capillary effects are
neglected reduces to the form

q =K k_(8) (8)

rw
where K is hydraulic conductivity at natural saturation. Expressing krw(e)
- * . -
as a power function of 8 of exponent n, equation (8) becomes

¢ =K (g)" 9)

11




* ~
do _ K, %1 *_ *
Hence a? EELi— W(e ) (8 91) (10)

*
For first rainfall, ei = er and Bi = 0, hence equation (10) reduces to

(11)

Integrating equations (10) and (11) from time t=0 when rain stops to time

P *
when wetting front reaches the water table, and taking 6 = 81 = 1 at
time t=0, yields for n=4:
g (1-6,)
W 1 T 1 1 1 1 1 1
t =2 [—7 log——% * %3 g% = Sl ]
K (8) 6 -8, (6,) 2(6, (8) 38, (6)
(12)
and  t =2 D] (13)
4k 6
respectively.

From equations (12) and (13) time for wetting front to reach the water

table can be calculated.

4.5 Recharge When Wetting Front Reaches Water Table

Equation (9) gives the recharge rate when the wetting front ;eaches
the water table. A value of n=4 is typical of a sand. The smaller the
value of n, the coarser will be the soil.

Once the we;ting front reaches the water table recharge starts. The

rate of recharge is given by

fe S n-1 n (L4
et LI D P
D(G-Gi) K

where D 1is the water table position, q is recharge rate when recharge

starts, and t is measured from beginning of recharge.

12




Using the above equation, recharge to the water table has been

calculated for five days. At the end of five days, the rate of recharge
becomes quite small. The amount of water left in soil, and the soil mois-
ture content are calculated at the end of five days and this value of soil

moisture content has been used as 91 for next rainfall.

4.6 Hantush solution
The rise in water table at the centre of a large square area of

dimensions 2a, is given by the expression

h = g+ 5 ey o e i
where
W - constant rate of percolation
h = weighted mean depth of saturation during the period of flow
h - height of water table above the base of aquifer
hO - initial depth of saturation of the aquifer
it - transmissivity of aquifer
t = time since the incidence of recharge
s = specific yield of aquifer

1!

and F(p,q) = g erf (p/v/1).erf(q/y/t)drT (16)

From eqn.(l5) we have

2 2 whE oo
ES = b= 5 GE]

a a ]
2/Tt/s) *> 2/(Tt/s)
Therefore

wht
258

(h=h,) (h+h) 4E

a a ]
2/(Tt/s) * '2/(Tt/s)

h-h., = rise in water table

writing K(t) 0

13




- wt el e e
K(t) =3 [2/(Tt/s) ’ 2/(Tt/5)]
Therefore
1
R(£) = “dv

a
so\Ff /e

d(n) = K(n) - K(n-1)

a(l)

I

K(1)

:Ne water tabl. position s(m) at mth day is given by

m
s(m) = I §(m= Y+1)R(Y) (17)
Y=1 :
4.7 A statistical method

Vishwanathan has developed a linear model which estimates the daily
water level in the bore hole given the rainfall on the same day and upto

eight days before by the relation

*
= + + hoh g e + +
B A8 tan R Ay eNpogtay (R gt B e Beogtbe (18]
d s 19
=5 +
an S, B e (19)
where
*
st = estimated water level rise in the bore hole above certain datum
level(m),
st = measured water level in the bore hole (m) ,
Rt = rainfall (m),
et = error between estimated and actual water table level (m),

Subscript t indicates day "t", and

bt are model parameters.

Using the above analysis and assuming the parameters to be independent of time

one can write

14




s(8) = ?\s(7)+alP(8)+a2P(7)+a3P(6)+ ........ +a8P(l)

s(9) = Ks(8)+alP(9)+a2P(8)+a3P(7)+ ........ +a8P(2)

s = Ks(i—1)+alP(i)+azP(i—l)+a3P(i—2)+ ...... +aSP(i—7)

s(n) = Ks(n-l)+a1P(n)+a2P(n—l)+a3P(n~2)+ ...... +a8P(n—7)

where s(8), s(9)....... SHEEN A i have already been calculated by Hantush's
solution and P(l), P(2)....... are the daily precipitation values. The
model parameters ), a, Apeeeenn ag can be found in the following way:

Writing the above equations in matrix notation

F s(7) P(8) B2 sve s s P(3) P(2) P(1) | A s(8)
s(8) P(9) R8s e P(4) P(3) P(2) al s(9)
e | 2 .
s(i-1) P(1) P(i-1)...P(i-5) P(i-6) P(i-7) 5 s(i)
36 *
a7 .
s(n-1) P(n) P(n-1)...P(n-5) P(n-6) P(n-7) aSJ s(n)
or
[HI[¢] = [Y] (20)
where

[H] is the left hand matrix

[¢] is left hand column matrix




and [Y] is righthand column matrix
Multiplying equation (20) by [HT]

(a1 (H1 1] = [ I(Y]

qutyoan Tty te1 = (T oty

-1

(0] = {u1[m]} ~b ety

Equation (21) gives the model parameters.

(21)




5.0 DATA USED IN THE STUDY

The soil moisture characteristics required
for estimation of infiltration rate have been obtained from the experi-
mental results of Sonu (1973). The variation of capillary pressure (hc)
with the volumetric soil moisture content () and relation of capillary
pressure with relative permeability krw(e) for touchet silt loam soil are
shown in Figure 3 and 4 respectively.
1. The initial soil moisture content er and saturation moisture con-

tent O are taken to be 0.2425 and 0.485 respectively for this

study.
2. The value of K for touchet silt loam was taken as 0.02088 m/hour.
3. The value of H. for ei=0.2425 was found to be 0.7711 m.
4. The rainfall data and depth to water table have been taken arbi-
trarily.

17
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6.0 RESULTS AND DISCUSSION

Results have been obtained for three cases of different types of
storms. The storms taken are arbitrary. In the first case, four diff-
erent storms of variable rainfall rate have been taken.

In the second case, a single storm of variable rainfall rate has
been repeated four times.

In the third case, a storm of constant rainfall rate has been
repeated four times.

Graphs have been plotted for recharge rate versus time and cumu-
lative recharge versus time for each storm. The time taken for wetting
front to reach the water table and the percentage of total rainfall and
percentage of cumulative infiltration that goes as recharge have been cal-

culated for each case.

The quantity infiltrated, the percentage of rainfall recharged,
and percentage of infiltrated quantity recharged for different successive
rains have been presented in Table I. From the table it is seen that for
higher initial soil moisture content Qi, the quantity of infiltration is
less. But the percentage of infiltrated quantity that joins the water
table is higher for higher value of Gi. At some times the recharge is
more than 100% of the current rainfall, meaning that part of infiltra-
tion due to previous rainfall is being recharged. The time taken by wet-
ting front to reach the water table, which has been assumed to exist at
a depth of 5 m, varies from about 12 days to 24 days depending upon the
rainfall intensity and initial soil moisture content. Thus the time lag
between rainfall and water table rise would vary considerably depending
on the intial soil moisture content. Table II gives the recharge values

at the end of each day due to each storm.

20




Figures 5 to 10 show the variation of recharge rate with time

and cumulative recharge versus time for the three cases of storms con-
sidered. Time has been measured from the onset of recharge after each
storm. Figures 1l to 13 show continuous variation of recharge rate with
time since the occurrence of recharge due to first storm.

The daily recharge values have been used to calculate water table
rise using Hantush's solution, at the centre of a square area of uimen-
sion 1000 m and for a value of T = 1000 m2/day and storage coefficient
0.2425.

The water table rise has also been c;lculated using the statistical
method as described in section 4.7. As there will be a time lag between
the occurrence of rainfall and consequent recharge equation (18) has been

modified to

* _
S¢ = A8, ¥aRe gteoRe 4t st Bgieg0

The values of the parameters )\,al,az.....a8 have been calculated.

Table III gives the comparative values of water table rise obtained
by the two methods with time starting from day of second rainfall. Table IV
gives the values of the parameters A,al,az.....as.

The increase in water table rise due to rainfall recharge on any day

would be hi-Ahi_ Therefore recharge rate would be (hi—Khi_l)¢ . The

1
contribution towards this recharge in the ith day by previous rainfall would

be determined by the parameters al,az......etc.

21
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Total r:charge at the end of each day

Table - II

Case Storm No. Recharge at the end of
lst day 2nd day 3rd day 4th day 5th day
it 1 .0023 .0013 .0009 .0007 .0006
2 .0317 L0174 <OLZ2T .0093 .0075
3 .0525 .0289 .0200 .0153 L0124
4 .0073 .0040 .0028 .0021 .0017
II 1 .0023 .0013 .0009 .0007 .0006
2 .0304 .0167 .0116 .0089 .0072
3 .0977 .0537 .0372 0285 .0231
4 + L2753 .0699 .0485 S 0372 .0302
L1 I .0053 .0029 .0020 .0016 .0013
2 .0682 .0375 .0260 .0199 .0162
3 .1676 .0920 .0639 .0490 .0397
4 1473 .0809 .0561 .0430 .0349
23




Table III

Comparison of water ris¢ evaluated using actual ground water recharge and
Hantush's solution and evaluated by statistical method

Case 1 Case 11 Case III
Time Hantush Statistical Hantush Statistical Hantush Statistical
(hrs.) solution method solution method solution method
1 .0231 .0209 w231 .0207 .0534 L0459
2 .0248 .0230 .0248 .0228 .0572 .0516
3 .0260 .0246 .0260 L0244 .0601 .0553
4 .0270 .0956 .0270 L1714 . 3404 .2618
5 .1571 .1635 w1516 .1260 .4936 .5357
6 .2283 .2366 21197 .2615 .5990 6749
7 . 2772 .2838 .2666 .3022 .6778 L7432
8 . 3139 .3186 .3016 . 3300 .7383 . 7948
9 .3420 L3451 .3285 .5024 . 7849 .9969
10 .3637 .3682 .3493 .3952 1.4632 1.0920
11 . 3802 .3713 . 7465 s 23l 1.8267 15 7473
12 .5895 L4061 . 9607 .8823 2.0707 1.9720
13 .6999 .6412 1.1055 1.0473 2.2479 2.1989
14 o 7726 .7280 1.2116 1.2026 2.3793 23367
15 .8244 . 7907 1.2912 1.2810 2.4761 2.4390
16 .8618 .8365 1.3506 1.3410 3.0342 2.6762
17 . 8884 .8696 1.8499 1.5374 33113 3.4693
18 .9067 .8941 2.1081 2.0420 3.4798 3.5363
19 .9183 .9330 2.2741 2.3579 3.5874 3.5606
20 .9246 L9677 2.3885 2.3557 3.6539 3.6311
21 .9270 .9512 2.4676 2.4421 3.6900 3.6707
22 +9263 . 9440 2.5204 2.5017 3.7032 . 3.8492
23 .9239 «9377 2.5530 2.6916 3.6988 3.9120
24 .9200 .9313 2.5698 2.5900 3.6810 3.7040
25 .9240 .9254 2.5744 2.7140 - 13.6533 3.5572
26 L9147 .9219 2.5695 2.5401
27 . 9005 . 9086
28 . 8840 .8945
29 .8661 .8781
30 .8476 .8603
31 .8287 .8419
32 .8098 .8232
33 : 7911 .8044
34 .7728 . 7859
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Table IV

Parameters of the statistical method

Parameter Case I Case II Case III
A .9933 .9867 . 9663
a, .1622 .3390 4244
a, .3178 .2312 .4309
aq .1872 .2601 4123
a, .1326 .1988 .3425
ag .1004 .1558 + 2912
ag .0775 4762 . 5904
a, .0663 .1652 .6947
ag .0232 .4150 .2701
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RECHARGE RATE ( m¥days)
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1 2 3 4 5
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Fig.5: Ground water recharge due to rainfall predicted for storm of
different intensity and duration
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Fig.6: Cumulative Recharge due to storms of different intensity and

duration

27




LSF

v

10
09
.08
=]
hol
nE 07
w 06
—
-f
[+ 4
.05
wr
2
« 04
I
by
a -03 STORM 4
o2 STORM 3
.01
STORM 2
00 t + ! | STORM 1
1 2 3 4 5

TIME (IN DAYS) AFTER EACH STORM

Fig.7: Ground water recharge due to rainfall, predicted for successive
occur ence of same storm of variable intensity
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Fig.8: Cumulative Recharge due to successive occurrence of same storm
of variable intensity
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Fig.9 : Ground water recharge due to rainfall predicted for successive
occurrence of same storm of constant intensity
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Fig.10: Cumulative recharge due to successive occur~ence of same storm of
constant intensity
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CONCLUSIONS

It is possible to estimate groundwater recharge by statistical appro-
ach, that makes use of water table data monitored in an observation well and
the rainfall in the area. Statistical approach does not require the details
of the soil moisture characteristics and the soil moisture accounting for
estimation of rainfall recharge. In the analytical approach presented in
this report, the recharge is to be estimated by Green and Ampt equation and
it is to be verified by comparing the consequent water table rise computed by
Hantush method with the actual observation.

From the study it is found that the infiltration that occurs during
the earlier rainfalls satisfies the soil moisture deficiencies and the rain-
fall contributions to groundwater recharge is less than 18% of the precipi-
tation. The later rainfalls contribute more to the groundwater recharge

which is of the order of 57% of the precipitation. However these results are

point recharge values predicted for a silty loam soil.
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