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1. INTRODUCTION 

The ground-water recharge and effective porosity in till soils are 
crucial for the ground-water balance in vast areas in Sweden. As poin-
ted out by Olsson (1980) inter alios, the soil cover often acts as an 
infiltration reservoir for the underlying bedrock and in hydrogeolo-
gical studies of the till itself, it is obvious that these properties 
are of great interest. The fluctuations of the ground-water level are 
a characteristic feature, about which information may easily be ob-
tained. The fluctuations in an aquifer aregoverned mainly by the in-
filtration recharge and the hydraulic properties of the formation, 
which makes it suitable to evaluate the level fluctuations with res-
pect to these parameters. 

The main purpose of this papaer is to discuss the ground-water fluc-
tuations as a measure of the effective porosity of and the infiltra-
tion recharge toan aquifer. The long-term variations in ground-water 
level in an area at Stensele in the County of Västerbotten have been 
roughly examined, in order to illustrate the discussions and theories. 
The fluctuation analysis is not the best method of evaluating the pa-
rameters, but the data needed are usually easy to record and thereby 
the method may be usable for many purposes. 

2. GENERAL ASPECTS OF RECHARGE 

The mechanism of the recharge depends on whether the formation is ex-
posed to the atmosphere or covered with other, more or less permeable 
deposits. In the first case, which will be discussed in this paper, 
the recharge is due to the percolation of precipitation or surface wa-
ter through the unsaturated zone down to the ground-water table. The 
amount of the recharge to the uncovered formation is mainly determined 
be either the: 

• infiltration or percolation capacity or the 
• available precipitation 
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Hence the recharge in the uncovered formation depends on both the 
hydrometeorological and the hydrogeological conditions in the 
area. In terms of rises in the ground-water level, the response is al-
so governed by the hydraulic conductivity and effective porosity of 
the formation. 

2.1. Methods for recharge determinations 

The ground-water recharge is of great importance for many purposes. 
This is the case in solving problems concerning water supply. It is 
also the case in many problems of engineering geology, for instance, 
in determining the steady-state, ground-water inflow into underground 
constructions. However, no exact method exists and many different 
approaches are made, for example, the following: 

• The calculated value of the available precipitation (abso-
lute precipitation reduced by the amount of evapotranspira-
tion), as being the potential for ground-water recharge 
(Eriksson and Johansson 1978). 

• The obtained values of the infiltration capacity of diffe-
rent soils (von Brömssen 1968). 

• Water-balance studies of various kinds (Axelsson and Carls-
son 1979, Olsson 1979). 

• Direct measurements, using lysimeters (von Brömssen 1968, 
Soveri 1980). 

• Infiltration coefficients (von Brömssen 1968). 
• Determinations of the ratio between discharge and recharge 

areas, combined with the available precipitation (Eriksson 
1977). 

• Studies of the water-level response (Olsson 1979). 

For very local measurements, the lysimeter method seems to be the 
most accurate, but such facilities do not yet exist in Sweden. I hope 
that lysimeters will be installed in the near future in those areas 
which are covered by the ground-water stations run by the Geological 
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Survey of Sweden . Such measurements would improve our knowledge of 
the phenomenon of ground-water recharge. In F1nland, the Water Board 
nowm~kesthis kind of observation and run regular, water-level sta-
tions. at the time of writing there are more than 30 stations in ope-
ration (Soveri 1980). 

On the local scale, the method based on the water-level response also 
seems to be useful, especially afterbeingcollated with the above-
mentioned measurements with lysimeters. 

For studies on the regional scale, the study of the ground-water ba-
lance and the method using the ratio between recharge and discharge 
areas are most suitable for determining the ground-water recharge. 
The main disadvantage of thes·e methods is that they are dependent 
toa very high degree on the accuracy of the reliability of other 
hydrogeological and hydrometeorological parameters, such as the hyd-
raulic conductivity of the formations, the hydraulic gradient, pre-
cipitation, evapotranspiration and so forth. However, in many Swedish 
soil types, all the available precipitation will infiltrate and thus 
the ratio between recharge and discharge areas will be a direct mea-
sure of the recharge. 

The first-mentioned methods, available precipitation and infiltration 
capacity, together with the infiltration-coefficient method, only 
give very rough figures of the recharge. In Swedish soils (except 
clay and exposed bedrock), the infiltration capacity is usually much 
higher than the available precipitation (Olsson 1979, Eriksson 1980), 
which indicates that all the available precipitation may infiltrate 
in recharge areas. The total amount of the available precipitation 
usually infiltrates, exept that part which falls on discharge areas 
and thus remains as surface-water. 

An attempt to classify these different methods on the basis of their 
reliability is summarized in Table 1. In this table, those methods 
which are fairly accurate are especially distinguished, as well as 
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Tab.te 1. The Jtiliabildy 06 d.J,66e1tevit mexhod6 601t the de;teJtmination 
06 g1tound-wa-te1t 1tec.ha1tge. Ac.c.uJta-te me:thod6 Me maJtk.ed by O 
and muhod6 whic.h unde.Jt- oJt ove1t-v.i:tuna.-te .:the Jtec.ha,JJ.,ge Me 
ma1tk.ed by - oJt +. 

Method Reliability 

Local scale methods 
Lysimeters 
Water-level response 
Infiltration capacity 

Regional scale methods 
Available precipitation 
Wa ter bal ance 
Discharge/Recharge areas 
Infiltration coefficients 

0 
- to + 
+ 

+ 
0 
0 
+ to 

those which under- or over-estimate the recharge . 

• 

3. WATER BALANCE OF AN AREA 

As regards the ground-water balance, the recharge of the aquifer is 
of fundamental importance. According to Brown et al. (1972), the long-
term, average discharge from a ground-water reservoir can be presumed 
to be in equilibrium with the long-term, average recharge. The poten-
tial for recharge to the ground-water regime in an area depends on 
the amount and pattern of annual precipitation in relation to the 
evapotranspiration and to the occurrence of surface or subsurface 
inflow from or to adjacent areas. The amount that actually contri-
butes to the ground-water recharge varies seasonally and from year 
to year (Brown et al. 1972). Fig. l shows a schematic soil profile 
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P = Precipitation 
E = Evapotranspiration 

6. S = Change in storage 
R =Run-off 
P = Perkolation recharge 

Index S, E and G denotes surface-, 
soil - and groundwater 

F ig. 1 . Soil pJz.o 6ile., ill.w.itJtat.<..ng .:the. main htjdttofogic.al. p!l.o c.v.iJ.i v.i 

inc.fude.d in and a66e.c..:ting .:the. Jz.e.c.haJz.ge.. 

with the division of the subsurface water. 

For an isolated catchment area, the following classical equation 
for the water balance may be stated: 

P = E + R ± LiS ( 1 ) 
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where p = prec i pita t i on 
E = evapotranspiration 
R = run-off 

llS = change in water storage during the computed period 

This equation may be further divided for the different, water-bearing 
systems: 

p = E + RS + RG ! llS + s - llSE + llSG ( 2) 

where R5 = surface-water run-off 
RG = ground-0ater run-off 

llSS change in su rface-wa ter stora ge 
llSE = change in soil-water storage 
llSG = change in ground-water storage 

If there is no surface-water run-off and no surface-water storage, all 
the precipitation in exess of the evapotranspiration (available pre-
cipitation) will join the subsurface-water system, in the aerated zo-
ne of soil-water and/or in the saturated zone of ground-water. Con-
sequently, equation (2) will in this case be reduced to: 

( 3) 

As the soil-water storage has priority over the ground-water storage, 
the following conclusions may be drawn from equation (3): 

P - E < SEmax - SEa The available precipitation will increase 
the soil-water storage by an amount equi-
va lent to P - E. 

P - E > SEmax - SEa The available precipitation will fill 
the soil-water storage up to its maxi-
mum, that is, by an amount equivalent 
to SEmax - SEa and, additionally, the 
ground-water storage will be recharged 
by an amount equvalent to (P-E-(SEmax-SEa)). 
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These conditions show that no ground-water recharge will take place 
unless the soil-water storage is filled up to its maximum. The ground-
water storage will only be recharged if the amQunt of the available 
precipitation is greater than the amount needed to fill the soil-wa-
ter storage. 

In order to obtain a positive change in the ground-water storage, it 
is necessary that the following condition should be fulfilled: 

( 4) 

that is, when the amount of the available precipitation is greater 
than the ground-water run-off. As the increase or decrease in ground-
water storage isa pure function of the vari~tion in depth of the 
ground-water table, the change in level will be a measure of the rec-
harge. However, an increase in ground-water storage only takes place 
when the recharge is greater than the ground-water ~un-off . There may 
still be a ground-water recharge even when the table is falling. In 
fact, ground-water recharge occurs when: 

p - E > 5Emax - 5Ea ( 5) 

Hence, ground-water recharge may occur even if the ground-water le-
vel is falling, that is, when: 

(6) 

( 7) 

Consequently, it must be possible to determine the recharge by mea-
suring the variations in ground-water level. The time-lapse of the 
ground-water level for different amounts of recharge is schamati-
cally shown in Fig. 2. 
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4. GROUND-WATER DYNAMICS 

In order to be able to regard the variations in ground-water recharge 
as a function of the level fluctuations, it is necessary to study the 
determinants of the fluctuations. Generally speaking, the changes in 
head have the following form: 

~h = F(Pa, e, RG' t, f(x)) (8) 
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where ~h = change in ground-water level 
FO = function 

Pa = available precipitation 
e = available pore space 

RG = ground-water run-off 
t = time 

f(x)= a residual function, including other effects, such as ba-
rometric efficiency etc. 

The change in ground-water level isa function of a large number of 
parameters, mainly the available precipitation, available porespace, 
ground-water run-off and time. 

As stated above, all the available precipitation not needed to fill 
the soil-water storage will take part in the ground-water-recharge 
process. 

On the basis of the theories presented in the literature (Todd 1959, 
Davies and De Wiest 1966, Raudkivi and Challander 1976 and many others) 
regarding the soil-water storage, the available pore space for ground-
water recharge will be equal to the effective porosity of the soil. 
Due to the vertical, hydraulic conductivity for aerated conditions 
of the soil, there must be a certain time-lapse between the occurren-
ce of the available precipitation and the response of the ground-water 
storage. Assuming a soil-water storage filled up to its maximum, the 
general opinion is that the whole amount of the available precipita-
tion will take part in the recharge and that the pore space available 
will be equal to the effective porosity of the soil . The difficulty 
in this part of the problem will obviously be the time-lapse between 
the occurrence of the available precipitation and the water-level 
response. Depending on the aerated, vertical conductivity of the 
soil and the thickness of the aerated zone, the time will vary con-
siderably. The relation between these parameters is schematically 
shown in Fig . 3. 
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5. THE PROCESS OF INFILTRATION 

By studying an area of the ground on which water is available for 
infiltration, it is possible to establish a relation for the verti-
cal movement of the water, The points at which water may enter the 
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soil profile are exclusively made up of the pore system. Replacing 
the natural pore system by a system of parallel tubes of equal dia-
meter makes it possible to use an approach based on the Hagen-Poi-
seulle law. The possibility and validity of such a substitution have 
been verified by Versluys (1915). According to the Hagen-Poiseulle 
law, the following relation is valid fora single tube saturated 
with water: 

= X d2 
V 32 n I (9) 

where V = the mean velocity of the water fl ow in the tube 
y = the density of the water 
d = the diameter of the tube 
n = the dynamic viscosity of the water 
I = the hydraulic gradient 

The water flow in a system of tubes composed of N tubes in unit area 
thus becomes: 

4 
- X d 'TT Q - 128 n NI ( 10) 

A combination of these equations with the law of Darcy will give an 
expression for the gross conductivity (k) of the infiltration surfa-
ce and for the pore conductivity (kp). However, during saturated 
conditi ons 

4 
k = y 'TT d N 

128 n ( 11) 

i k = r 
p 32 n ( 12) 

Thus, the gross conductivity is in proportion to the fourth power of 
the pore diameter and the pore conductivity to the square of the dia-
meter. As the infiltration takes place under the influence of gra-
vity, the true mean velocity of the flow through the tubes will be: 
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V 
y ct2 
32 n ( 13) 

Assuming the percolation distance. L, the time needed for the per-
colation under saturated conditions is then : 

t = 32 n L 
y d2 ( 14) 

These conditions are valid for an idealized soil profile when the 
water routes are composed of a certain number of circular tubes of 
equal diameter. However, the pore system in a natural soil is not as 
uniform as is indicated by these equations. Normally, the variations 
in pore diameter are considerable and, assuming that the pore-size 
distribution is equal to the grain-size distribution, it is then 
possible to use the grain-size distribution in order to determine 
the dispersion in percolation due to variations in pore size. 

( 'I, l Cumulalive distribution 
100 --.--~ ~ ~ ~ ~~~~~~~~~~~~~~-:.,,,,-------,~--, 

50 

0.002 0.006 0.02 0.06 0.2 0.6 2 6 20 
Grain size (mm) 

Fig. 4. 'Gtw.Å..n-f.,ize furubtLt.ion o 6 .ull ( A) and }.,and ( B) . 
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Fig. 4 shows the cumulative distribution of grain sizes for two soils 
commonly found in Sweden. The first isa silty-sandy till and the 
second isa shore sand. The grain-size distributions for both soils 
are nearly log-normally distributed as shown in Fig. 5. 
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According to Hazen (1928), the d10 value fora porous medium seems to 
be a fairly accurate measure of the median pore-size. This is valid 
for saturated soils with a d60;d10 ratio of less than 2. Neither of 
the soils used in this study is as much sorted as this: the till has 
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Fig. 6. Log-noJrmal du.,W,bu.,l,i_on 06 po!Le. .tiizv., 60'1. :li.,U (Al and .tiand (Bl. 
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a d60;d10 ratio of as much as 30, while the sand hasa ratio of 4 . 
These rather low degrees of grading will probably result in the pore-
size distributions not being log-normally distributed over the entire 
interval. For that reason, the distribution curves shown in Fig. 6 
have been chosen for the pore diameters . Nevertheless, the median po-
re diameters for both soils are assumed to be equal to the d10 values 
of the grain-size distribution. 

On the basis of these hypothetical distribution curves, the relative 
time needed for the percolation of a specific amount of water has been 
calculated and the results are shown in Fig. 7. As these figures show, 
the percolation rate is fairly high in the till. The time needed for 
80 per cent of the available water to reac~ the ground-water level at 
a certain depth is 12.6 time units for the sand and 33.l time units 
for the till. Accordingly, for 100-per-cent percolation, the times 

% Infiltration (in % of total infiltration) 
100~~~~~~~~~~-=:::;;;--::::::===========----.-----~~~~ 

50 

10 

Sand t 80 =12.6 

Till tao=33.1 

100 

t100 =772 

t100=4.5 · 106 

1000 10000 

Relative time ( time unit ) 

F ig. 7. Ru.ilive. .tune. ne.e.de.d oo.>r .. .:t..he. pVr..c.olilion o 6 a un,U: o 6 wa.:t..Vr.. 
.:t..hlr..ough a uru;t-.:t..hic.k, ae.Jta.:t..e.d zone. 60~ ~and and~. 
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are 772 and 4. 5 106 time units respectively. 

However, due to the presence of a few tubes of large diameter in the 
till, the recharge to the aquifer will be faster in the initial stage 
of the percolation. On account of the distribution of the pore diame-
ter, single pores of large diameter are of great importance for the 

I percolation process. A pore with a diameter twice as large as another 
can conduct 16 times as much water in unit time. The ungraded struc-
ture of the till soil does not influence the arrival time of the wa-
ter, which will be about the same for both soil types, as they have 
about the same, maximum, pore diameter. The effect of the grading 
will mainly influence the dispersion and then take the form of a pro-
nou nced decay in the poo r,l y sorted t i 11 so il . 

On comparing equations (11) and (12), the difference is seen to be 
in proportion to the cross-sectional areas of the tubes, which may 
be regarded as a measure of the two-dimensional porosity. In reality, 
the difference between the gross and the pore conductivity is due to 
the effective porosity of the soil. Hence, the pore and gross con-
ductivities are related to each other as follows: 

k = 8 kp 

where k = gross conductivity 
8 = effective porosity 

k = pore conductivity p 

The difference between equations (11) and (12) will be: 

k = N 'TT ct2 
4 

where N = the number of pores in unit area 
d = the diameter of the pores 

( 15) 

( 16) 

Equation (16) is, however, nota true description of the effective 
porosity of a natural soil, as the distribution of the pore diameter, 
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compaction, etc. affect the effective porosity toa very high degree. 

Fig. 8 shows the percolation time as a function of the pore diameter 
and the depth to the ground-water table. Using the d10 values for 
the different soil types as the median pore diameter, the arrival 
times will be as indicated in the figure. This gives 3 min for the 
sand and 3.5 hr for the till soil. These times are however, too short, 
due mainly to the following circumstances: 

• The pore system in which the percolation takes place does 
both ha ve pores of equa 1 diameter. 

• The percolation rate in a single pore will be governed by 
the narrowest sections of the pore tube . 

• The pore system is usually not saturated with water, which 

Pore diameter (m -106 ) 

1000 

I 
I 
I 

- -- t- -- - - --
1 10.!-~i..-~~~-;-~-t-~ ~ ~~~+-~~,---~~--p,~-----3-~___:,.......j"-"'~=-----"1 

10 102 
Time (hours) 

Fig . 8. PVtc.ota.u.on .t-Une. Ve.Ji6lL6 poJte. cUame;teJt 6oJt cU66eJte.n;t. va..tu.u 
o 6 -the. -th-<.c.k.nU-6 o 6 the. aeJtate.d zo ne.. The. .t-Une. ne.e.de.d 6 oJt 
peJtc.ota.u.on in -6and and till wilh me.cUan poJtu M in Fig. 6. 
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isa presumption for the validity of the Hagen-Poiseulle 
law. As pointed out by Raudkivi and Challander (1976), 
Todd (1959) and others, the conductivity depends toa very 
high degree on the soil moisture, with a much lower conduc-
tivity when the air content is high. 

• For unsorted soils, no verified relation exists between the 
grain-size and the pore-diameter distributions. Thus, Ha-
zen~s relation is not valid. 

The effect of these conditions is that the hydraulic conductivity of 
the soil under aerated conditions is lower than in a saturated soil. 
Thus, the times obtained from calculations based on the Hagen-Poiseul-
le law will be too short, compared with the actual conditions at the 
percolation. However, the calculations give a rough idea of the effects 
of the pore-size distribution, time-lapse and decay . 

The degree of saturation is much more important fora coarse, graded 
soil than fora unsorted soil, because of the differences in effec-
tive porosity. This condition may be illustrated as shown in Fig. 9. 
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0.8 -

~ 
~ 

: 0.6 
-~ 
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c.ondu.wvity ( 6Jz.om Todd 119 59). 
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Thus, percolation through the aerated zone in graded formations is 
usually very slow, while in ungraded formations it may be much faster 
and more distinct. These conditions have been pointed out by Ander-
sen and Sevel (1974), Aneblom and Persson (1979) and others. 

6. VARIATIONS IN GROUND-WATER LEVEL 

5. l. General conditions 

For more than 10 years, the ground-water levels indifferent geolo-
gical environments have been recorded at a great number of measuring 
stations. These stations are included in the National Swedish Ground-
water Network and the stations are run by the Geological Survey of 
Sweden (Nordberg and Persson 1974). On the basis of these long-term 
observations, Nordberg and Persson (1976) have distinguished four 
different regions for the annual ground-water fluctuations. These 
regions are shown in Fig. 10. In each of the regions, the annual 

~Okm 

F ig. 1 0. Sc.hema;tic., tje.a!l1..tj va/l.,{_a;tio n in gJtou.nd-wa.,teJt le.v e..l ( NoJtd-
b eJtg and Pvi6f.>on J976). 
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variations shows different characteristic patterns. In southern Swe-
den (Region 4), the ground-water storage reaches its maximum filling 
during the winter, due to very low evapotranspiration and consequent-
ly a great amount of available precipitation. The lowest ground-water 
level occurs during late summer or early autumn. In northern Sweden 
(Region 1), the maximum ground-water level occurs in connection with 
the snowmelting in spring, while the lowest level usually occurs just 
before the start of the snow-melting. These conditions show that the 
main recharge period occurs at the snow-melting due to the existence 
of large amounts of water in combination with low evapotranspiration . 
In spite of the usually high, summer precipitation, the ground-water 
storage is generally being lowered due to high evapotranspiration. 
Between these two regions, another two also exist with the annual 
patterns shown in Fig. 10. 

The maximum annual periods of recharge (the maximum increase in ground-
water levels) occur at different seasons for the different regions. 
Generally, these periods occur as follows: 

Region Primary maximum Secondary maximum 
1 Snow-melting 
2 Snow-melting Autumn 
3 Snow-melting Winter 
4 Winter 

Thus, in neither of the regions will the ground-water level be at 
its maximum during the summer . The reason for this is that the eva-
potranspiration in summer is usually so high as to exceed the pre-
cipitation. In Sweden, the main occasion for ground-water recharge 
occurs during the snow-melting while the other seasons are of less 
importance. 
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6.2. Ground-water-level response 

Gottschalk and Nordberg (1977) have presented a mathematical model 
for the ground-water-level response due to infiltration.This model 
was calculated on the basis of a number of records from measuring 
stations included in the Ground-water Network. The results of their 
work show that large, glaciofluvial eskers, with, thick unsaturated 
zones, have a small and low: response, whereas till has a large and 
rapid response. These results are infull agreement with the discus-
sion given in the former section of the present paper. However, the 
input values used in the study of Gottschalk and Nordberg have clear-
ly affected the results. At stations where the ground-water loggings 
were made at intervals of a few days the model shows a peak response 
after only a few days. At other stations, with recording intervals 
of a week or fortnight, the peak response occurs after some weeks. 
This condition is shown in Table 2. 

Tab.te. 2. ObJ.ieAva;tfon in:teAva..t and !Le.J.iponJ.ie. .tag 6oJL the. J.ita;ti,onJ.i 

u;(:j__,fj_ze.d by GottJ.icha..tQ and No!LdbeAg (7977). 

Station Observation interval 
t, (days) 

Kristianstad 7 
Emmaboda 14 
Ojurarpsda 1 en 14 
Sätrabrunn 7 
Tärnsjö 7 
Hälla 14 
Lappträsket 1 
Abisko 

Response decay 
t2 ( days) 

7 
98 
14 
21 - 60 
14 
14 - 45 
1 - 4 

45 

7 

3 - 8 
2 
1 - 3 

- 4 
45 
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The extremely slow response for the Abisko station is explained by 
low conductivity and the great depth to the ground-water table (5 
- 8 m). This deep-sited ground-water level indicates that the till 
may be underlain by some conductive formation. 

It seems reasonable to assume that the long response times reported 
by Gottshalk and Nordberg may be an effect of the observation period 
used, as this interval is the shortest time within which any respons 
may be observed. Consequently, the peak response may in reality oc-
cur more quickly than at the intervals reported. Such a quicker res-
ponse is in agreement with the discussion above in the present paper. 
The reason for such a quickresponse is that the coarser pores will 
conduct the water rapidly, causing a fast peak response. 

In determining the time-lag between the occurrence of the available 
precipitation and the response of the ground-water level, the recharge 
due to the snow-melting would be of the greatest significance. This 
response would be most clear-cut in the northernmost parts of the 
country, where the main recharge occasion occurs at the snow-melting 
in spring. Thus, all of the accumulated precipitation in the snow co-
ver will be available almost immediately. Fig. 11 shows the relation 
between the daily mean temperature, the the decreasing snow cover and 
the response of the ground-water level at the Abisko station (Nord-
berg and Persson 1979). This figure indicates that the.melted snow 
creates a rise in ground-water level about 2 days after the first day 
in spring when the temperature rises above o° C. However, it is ob-
vious that the snow-melting must have started earlier during the day-
time, when the temperature was also above zero. The response in the 
ground-water level is probably an effect of this melting and consequent-
ly the time-lag between the occurrence of the available precipitation 
and the rise in water level would be longer than the 2 days indica-
ted, probably between 2 and 20 days. This time-lapse seems reasonable 
when we campare the hydraulic properties of the soil cover at Abisko 
with those reported in Fig. 3. 
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7. GROUND-WATER RECHARGE IN A TILL AQUIFER 

To illustrate this study, an area in northern Sweden has been chosen. 

In this area, Stensele in Västerbotten County, the Geological Survey 

is running a ground-water station with measurements made both in till 

and in glaciofluvial sand. Recordings of various hydrogeological 

data are continuosly made at this station. The ground-water levels in 

till and in sand, the duration and thickness of the snow cover and 

the conditions of soil-freezing are some of the parameters which are 

recorded. Continuous recordings have been made since 1971 and the 

station has been described by Nordberg and Persson (1974). In order 

to utilize these recordings to determine the ground-water recharge, 
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the following parameters are needed : 
• Ground-water-level fluctuations 
• Available precipitation 
• Effective porosity of the aquifer 

The ground-water fluctuations are directly obtained from the records 
and the available precipitation may be calculated from meteorolog ical 
data. The effective porosity and the recharge may be determined by an 
iteration method based on the ground-water fluctuations and the avai-
lable precipitation. In the following pages, the determination of the 
parameters needed will be shown. 

7. l. Available precipitation 

For the available precipitation, the actual precipitation and eva-
potranspiration are crucial, as the available precipitation is made 
up of the difference between these parameters . While the precipita-
tion may be directly measured, i:t is much harder to determin the evapot-
rarispiration, but several empirical, analytical and direct-measuring 

methods exist . In this study, the evapotranspiration is determined 
by a water-balance study of the soil-water storage based on Bodyko-s 
method of combination (Bodyko 1948,Landberg and Ryttar 1978, Carls-
son and Falk 1968, and others). The use of this method produces di-
rectly a figure of the available precipitation and the method requi-
res the following data: 

• Precipitation 
• Potential evapotranspiration 
• Soil-water content available to plants 

In order to determine the potential evapotranspiration, the Thornth-
waite method has been used; this is an empirical relation based on 
the monthly average temperature. The more accurate Penman method 
would normally have been used, but this method calls for comprehen-
sive meteorological data, which would complicate th~ determinations. 
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The Thornthwaite method gives a fairly accurate result, as will be 
seen in Table 3, which presents a comparison between the Penman and 
the Thornthwaite methods. Both methods yield similar values of the 
potential evapotranspiration throughout the year, yet the monthly 
values are different. It seems as if the Thornthwaite method under-
estimates the evapotranspiration during spring and summer, while 
overestimating it during autumn. However, it has been judged to give 
sufficiently accurate values for the present purpose. 

Tabfe. 3. Compa!tMon betwe.e.n vafueo 06 the. pote.ri:tiaf e.vapo.:t!taY1J.>p,ULa-
.:ti..on ob.taJ...ne.d via Thonnthwaite.~~ and Pe.nman-~ 60.tunufae. 6nom 
the. clunatofogic.af data 6nom Ste.YIJ.> efe 6 on the. pe.Juod 19 31 -
1960. 

Method J F M A M J J A S O N D Year 

Penman O 
Thornthwaite O 

0 
0 

9 34 68 93 86 50 23 0 0 
0 0 44 71 86 76 51 12 0 

0 363 
0 340 

The third of the above-mentioned requirements is constituted by the 
soil-water content above the field capacity . Errors caused by varia-
tions in this parameters areJhowever, small. Calculations show that 
the difference in evapotranspiration is less than 10 per cent for 
a soil-water content ranging from 50 to 250 mm (cf. Eriksson and 
Johansson 1978, and Olsson 1979). A comparison between obtained eva-
potranspiration values calculated for 50 mm and 250 m soil-water con-
tent is shown in Fig.12. For the present study, a soil-water content 
of 250 mm has been used, which overestimates the evapotranspiration 
and underestimates the available precipitation. The following equa-
tions were used (Carlsson and Falk 1978), in order to determine the 
actual evapotranspiration and available precipitation: 

27 



(mm) 
100 

80 

60 

40 

20 

0 

20 

40 

60 

80 

100 

(mm) 

~l 
20 

Evapotranspiration 

5 5 max=250 mm 

r 312 mm 

J D 

r 280mm 

s5 max=50mm 

Difference 6 32mm 

J D 

F ig. 12. A c.ompa!l..L6 o n o 6 :the e..6 6e.,c.:t.6 o 6 cU6 6 eJr..en:t va.luv.. o 6 :the., .6 oil-

wa:teJr.. c.on:ten:t (S.6max l an :the evapo:tJtaMp-Vl.a:t,lon. 

Where E = actual evapotranspiration 
Ep= potential evapotranspiration 
S = actual soil-water content 
S = maximum soil-water content available to plants a 

The term S was defined as: 
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(18) 

where S
0 

= the water content at the start of the calculation period 
~S = change in water content during the calculation period 

and ~S is defined as: 

s = (19) 

where P = precipitation 

The calculations in this paper are based on a period of one month 
and are for the period 1971 ~ 1978. 

The precipitation used is that measured at the climatological sta-
tion at Stensele and the precipitation through the winter was re-
garded as stored until the first month in spring when the tempera-
ture rose above O 0 c. This, however, isa very rough approximation, 
as the melting of the snow cover is long drawn out and melting sea-
sons may also occur even during the winter. Fig. 13 shows the recor-
ded values of temperature and precipitation and the calculated values 
af the soil water content, evapotranspiration and available precipi-
tation. 

7.2. Infiltration capacities of till soils 

In the literature, there are several determinations of infiltra-
tion capacities obtained by infiltration tests in till soils. Mast 
of the results show infiltration rates of 1 to 100 mm/min (Eriksson 
1977). To take an example, von Brömssen (1968) made measurements 
which resulted in stationary infiltration rates of 3 - 11 mm/min. 
In the Juktan area in the vicinity of Stensele, a few simple tests 
of the infiltration capacities of different till deposits were made 
(Olsson 1979). For these measurements, a double-ring infiltrometer 
was used and the tests showed on the average, infiltration rates of 
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3 ~ 5 nnn/min, i.e. of the same order of magnitude as those of von 
Brömssen and those reported by Eriksson. The infiltration rates ver-
sus time for the Juktan tests are shown in F~g. 14. 

All these measurements show that the infiltration capacity is nor-
mally much higher than the prevailing rain intensities. As Eriksson 
(1977) pointed out, these conditions indicate that all precipita-
tion may infiltrate immediately. Consequently, surface-run-off is 
rare in till soils. 

7.3. Effective porosity and ground-water recharge 

Fig.15 shows the recordings from the ground-water station at Stensele 
and the recorded parameters are the ground-water level, precipitation, 
snow cover and frost penetration. The measurements have been going on 
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since 1971 and the recordings in Fig. 15 represent the period 1971 ~ 
1978. In .this figure, the calculated values of the available precipi-
tation as the potential for ground-water recharge are also inclu-
ded. 

As regards the effective porosity and recharge, the significance of 
these measurements is the response of the ground-water system due 
toa specific amount of precipitation. The response in the aquifer 
varies greatly, mainly due to the precipitation, the soil-water con-
ditions and the evapotranspiration. The intensity and duration of the 
precipitation have an additional importance for the aquifer response 
(Bruce and Clark 1966). 

Variations in resposne are mainly influenced by the hydraulic pro ~ 
perties of the aquifer (hydraulic conductivity and effective poro-
sity). In an extensive formation with high hydraulic conductivity 
and porosity, the response will be leveled due to the fast pres-
sure release within the aquifer. In a till formation with lower con-
ductivity and small porosity, the pressure release will be much 
slower and, hence, a more direct-acting response due to the precipi-
tation will be obtained (cf. Brown et al. 1972). 

From the recordings at Stensele, it is possible to observe the fol-
lowing conditions as regards the ground-water recharge to the till 
aquifer: 

• The main ground-water recharge occurs during the snowmelting. 
During the observed period 1971 ~ 1978, the aquifer reaches 
its lowest, annual~ ground-water level just before the start 
of the melting period and its highest during the melting 
period. 

• No considerable recharge is obtained during the summer, in 
spite of high precipitation rates. However, recharge has 
occurred during a few summer periods, due to extremely high 
precipitation. 

• Usually, a rise in the ground-water level occurs in connection 
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with precipitation in autumn, during the months of August 
and September. 

• Usually, no recharge takes place during the winter (October/ 
November~ March). On the contrary, the aquifer is gradually 
being drained. 

The potential for recharge is constituted by the available precipi-
tation. This precipitation will be divided between any of the 
main hydrological systems: surface run-off, soil-water storage, and 
ground-water storage and run-off. Surface run-off may occur when the 
amount of the available precipitation is higher than the infiltra-
tion capacity of the ground, and ground-water recharge only occurs 
when the soil is saturated with water, i,e, the soil-water content 
is higher than the field capacity. 

As Fig. 15 shows, water is available for recharge and run-off main-
ly during April, September and October. The fluctuations in ground-
water level also indicate that the main part of the recharge usually 
takes place in these months. Hence, the recorded hydrological and 
hydrometeorological conditions during the recharge period may be 
used in order to evaluate the amount of recharge and the effective 
porosity based on the aquifer response. 

The most important occasion ofground-water recharge is during the 
melting of the stored snow. Depending on the lapse of the melting, 
a varying part of the water will contribute to the recharge. If 
the melting is slow, the major part or all of the water may infilt-
rate. But if the melting is fast, the available amount of water 
may be too large, compared with the infiltration capacity of the 
ground. Hence, a great part of the melt-water will be discharged 
as surface run-off. These conditions indicate that the ground-water 
response may be different, due to varying conditions in the course 
of the melting. 

During the second period with available precipitation ~ August to 

34 



October ~ the ground-water recharge is directly dependent on the 
amount of available water. In. this case, the infiltration capacity 
may hardly be exceeded and, consequently, the response of the aqui-
fer will probably be more clear-cut. 

According to Brown et al. (1972), the ground-water balance may be 
defined by the following relation: 

µ 6H = 6Q 6t + P 6t 

where µ = the specific yield of the soil 
åH = the rise tn ground-water level 

(20) 

6Q = the difference in ground-water recharge and discharge from 
and to adjacent areas 

6t = computation interval of time 
P = rate of ground-water recharge from above 

However, if the recharge from and the discharge to adjacent areas are 
in equilibrium and if an individual recharge occasion is computed, the 
equation will become: 

P = µ 6H ( 21 ) 

On each recharge occasion, the amount of the recharge is limited by 
either the amount of available precipitation or by the infiltration 
capacity of the ground. Fora given soil profile, the specific yield 
varies with time, water level, temperature and barometric pressure, 
as pointed out by Bear et al. (1967). But, as the specific yield 
in an unconfined aquifer is equal to the effective porosity, the 
rise in ground-water level will also be a function of the effective 
porosity of the soil, provided that the recharge occurs instanta-
neously. If the recharge is prolonged for some time, the response 
may also be influenced by the discharge from the aquifer. 
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According to equation (21), the rise in ground-water level is in di-
rect proportion to the ground-water recharge and inversely proporti-
nal to the effective porosity. This gives us an equation with two 
unknown parameters and one known. But as the available precipitation 
is also known, it will be possible to solve the equation with res-
pect to both the effective porosity and recharge. 

For the determinations, individual rises in the ground-water level 
were analysed with respect to the available precipitation. The cal-
culations were made in two separate steps: 

l. Determination of the effective porosity 
2. Determination of the recharge 

In the first step, the monthly amount of available precipitation on 
each recharge occasion was attributed to the ~obtained rises in ground-
water level, which resulted in a number of varying values of the ef-
fective porosity. Of these different values, the smallest may be pre-
sumed to represent the actual soil conditions, while the higher va-
lues were assumed to be apparently increased on the account of pro-
longed recharge and consequent ground-water discharge. The obtained 
value of the effective porosity was then used in the second step, in 
which the recharge was determined. The recharge during the year was 
determined as the sum of the individual recharge occasions. In Appen-
dix l, the calculations are described in more detail. 

The mean values obtained for the ground-water recharge as percentages 
of the available precipitation are shown in Table 4. The obtained 
values of the effective porosity of the till aquifer is also shown. 
Generally, the part of the available precipitation which is contri-
buted to the recharge is smaller during the snow-melting than during 
the autumn, which may indicate a greater surface run-off or losses 
during snow-melting during the winter. The variation in recharge from 
year to year is also greater in the values based on the snow-melting. 

Totally, the ground-water recharge shown in Table 4 amounts to about 
115 mm/year as an average for the period 1971 ~ 1978 and this is 
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Tabfe 4. Gnound-wa.,teA ~e~hange and e66ee-tive pono~,i;ty 06 the .t.Llt 
aqlU6eA a.,t Ste~efe. 

Season 

Spring 
Autumn 

Recharge 
(Per cent of available precipitation) 

Mean value Standard deviation 

60 
70 

+ 20 
± 15 

Effective porosity 
(per cent) 

4 
4 

about 60 - 70 per cent of the total available precipitation in the 
Stensele area and about 20 - 30 per cent of the total annual pre-
cipitation . The effective porosity has been determined to be about 
4 per cent. Both these values seem reasonable. Perhaps the recharge 
values, especially during the autumn, should in reality reach 100 
per cent to correspond to the infiltration rates. 

The magnitude of the effective porosity obtained for Stensele agrees 
with other values reported in the literature from other till deposits. 
Nordberg and Modig (1974) report values for the effective porosity 
of about 5 per cent and for the total porosity of 25 per cent, and 
Lundin (1977) reports a value of 2.3 per cent. 

8. DISCUSSION AND CONCLUSIONS 

The main disadvantage of the method presented is that the calculations 
are based on monthly values. The response due to the precipitation is 
usually much faster than a month (Gottschalk and Nordberg 1977), 
which indicates that both recharge and discharge of the aquifer may 
occur during any specific month. Fig. 16 illustrates these condi-
tions. This figure shows a month with a number of precipitation occa-
sions, same of which cause a response in the ground-water level, 
while others do not. In this particular month, the groundwater level 
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is equal at its start and at its end. lhus, the monthly response in 
the ground-water level is 0, which obviously is not correct. The real 
rise during the month is in fact the sum of each individual rise, 
but during the month the discharge is in equi librium with the recharge. 
Consequently, in order to obtain more reliable results, the calcu-
lations should be based on continuous measurements oron measure-
ments made at maximum intervals of one or a few days . 

Another source of errors is the difficulties in the determinations 
of the available precipitation, which is based on uncertain estima-
tions of the evapotranspiration and the soil-water storage. However, 
the differences due to this condition are probably less than 30 per 
cent. The error caused by the soil water storage amounts to less 

than 10 per cent and probably the error caused by the evapotranspi-
ration amounts to about 20 per cent. 

The results of the calculations show that the recharge amounts to 
about 60 -70 per cent of the available precipitation. Assuming, as 
indicated by the infiltration rates,. that the infiltration capa-
city is greater than the normal rain intensities, the actual rec~ 
harge should in fact be 100 per cent at least for the autumn values. 
This shows that the maximum error of the method should be about 
30 - 40 per cent. In addition to this error, there is that of the 
available precipitation. A reasonable value of the total error should 
then be about 50 - 60 per cent. The effect of these errors are that 
the recharge will be underestimated and the effective porosity over-
estimated. Consequently, more accurate values would be 115 - 170 
mm/year for the recharge and 2 - 4 per cent for the effective poro-
sity. 
The effective porosity of a formation is not constant throughout 
the aquifer, but varies considerably with depth. Lundin (1977) 
found that the total porosity (very likely also the effective po-
rosity) decreases with depth, from about 60 per cent in the upper 
10 cm to 20 per cent at a depth of 1 m. These measurements were, how-
ever, made in another till deposit and thus the vaJues are not valid 
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for Stensele. Nevertheless, it is probable that a similar pattern 
also exists at Stensele. According to Lundin, the conductivity also 
decreases rapidly with depth. He reports horizontal, ground-water 
velocities in the saturated zone of 0.18 m/day aand 0.06 m/day at 
depths of 0.4 m and l m respectively. These velocities occurred du-
ring about equal hydraulic gradients. 

In spite of these uncertaint i es, the method may be useful for de-
terminations of the effective porosity in till soils and also for 
studies of the ground-water recharge. It is possible to improve 
the method by calibrating it with other measurements, such as neut-
ron measurements for the porosity and lysimeter tests for the 
recharge. 
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APPENDIX 1 

ANALYSIS OF GROUND-WATER-LEVEL FLUCTUATIONS 

As stated in the main paper. the rise in the ground-water level due 
toa specific amount of precipitation is in proportion to this amount 
(recharge) and inversely proportional to the effective porosity, that 
is to say, 

liH = p 
ee 

(,. 1) 

The validity of this equation presumes that the recharge is instanta-
neous. If not, an apparently increased value of the effective porosity 
will be obtained, because the quantity of the discharge during the rec-
harge period carries great weight. The total rise in the ground-water 
level is in this case governedby the actual recharge minus the dischar-
ge. The estimations based on the total recharge will therefore yield 
too high a value of the effective porosity. 

Assuming that the total available precipitation from a given rain-
fall will contribute to the ground-water recharge, a fictive value of 
the effective porosity may be determined. The effective porosity is 
fictive in the sense that the recharge is not in fact instantaneous, 
but a small quantity of water will invariably be discharged during 
the recharge period. In other words, the obtained value is composed 
of the effective porosity plus an unknown discharge. The assumption 
as to instantaneous recharge and the contribution of the total avai-
lable precipitation will probably hold good occasionally. Consequent-
ly, it is possible to obtain a fair approximation of the effective 
porosity by analysing a great number of recharge occasions. The lo-
west value obtained for the effective porosity will be approximately 
equal to the real effective porosity of the aquifer. 

Fig. 1 .1. shows the variations in ground-water level in an aquifer 
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o,-!L----"--r-"-~~~A~~~J'--~-"-o~--,_,,_~~~A----..-----_,,_~-----'"--~-,-"-~~-"-~~~J~~~o'--------, 

.!. 168 .!. 275 
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201 148 

1.62 0.06 0 .12 0.41 1.83 0.05 037 0.05 0.18 0.20 1.40 030 002 026 0.18 

0 · P/ H 

7.8 3.3 9.0 10 22 21 11 10 38 19 

9 · 
RECHARGE (mm P• 9 ·H .!. 71 , 87 .!. 70 

52 4 13 59 2 12 2 6 6 45 10 1 8 6 

AECHARGE (%) 

41 100 35 29 20 100 40 15 14 30 33 ? 80 17 

Fig. 1. 1. Sc.hemilic. ,illu,t)tJr.ilion 06 the c.al.c.ula..tfon method. 

during some years. Additionally, the calculated values of the availab-
le precipitation are also included. It should be noted that the values 
presented in Fig. 1.1 are not authentic but hypothetical and are gi-
ven only for the purpose of describing the approximate method used for 
the determinations. 

From the figure, it can be seen that the available precipitation is 
present during the winter (stored as snow, but released in April 
May) and autumn. The month in which the snow melts has the highest 
available precipitation and during this month the main filling of the 
ground-water storage takes place. Over the years, the aquifer in this 
example was recharged on 15 different occasions recorded by the rises 
in the ground-water level. 

In the diagram, the magnitude of each recharge is included. On the ba-
sis of the given values of the available precipitation and the ground-
water-level rise, the effective porosity can be determined by using 
equation (1 .1), assuming that all the available prec1pitation infilt-
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rates. This determination will result in 15 different values of the 
effective porosity, one for each recharge occasion. 

In the example, the effective porosity ranges from 3.2 per cent up to 
22 per cent. The highests of these porosities are probably a result 
of long-lapsing recharge and simultaneously occurring discharge. Sur-
face-water run-off is another process which creates such high values 
of the porosity. However, the lowest values obtained represent~ poro-
sity which is probably fairly close to the real effective porosity of 
the soil. In accordance with the principles of this method the value 
obtained should be a maximum value and, to obtain an accurate value, 
it is necessary to analyse a great number of recharge occasions. 

After the fixing of the most reliable value of the effective porosity, 
the recharge on each occasion may be determined by equation (l .l). 

In the example in Fig. l.l, , the recharge on each occasion is given 
both in millimetres per year and as a percentage of the available pre-
cipitation. The range of the recharge is from 14 per cent up to 100 
per cent. For each year, it varies between 25 and 40 per cent. Com-
pared with the results in the main papaer, these values are much lo-
wer. 

For the long-lapsing recharge, the rise in ground-water level should 
be measured as indicated in Fig. l .2. and not as the difference bet-
ween the initial low level and the peak rise. This type of determi-
nation of the rise results in too high a value of the porosity and 
too low a value of the recharge. Another main disadvantage of the 
present method is that the calculation on a monthly basis does not 
take account of the short-term fluctuations (one or a few days). Their 
effect also leads to the porosity being overestimated and the rechar-
ge underestimated. 
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I SGU:s serie Rapporter och meddelanden 
har tidigare utgivits: 
*1. Utredning rörande det svenska jordbrukets kalkförsörjning 1-2. 1931. 
*2. Sahlström, K E. Sveriges lodade sjöar. 1945. 
*3. Ödman, 0 H. Rapport över manganmalmsletningen i Jokkmokks socken 

1940-48. 
4. Stålhös, G. Bidrag till kännedomen om den radioaktiva strålningens fördel-

ning inom den svenska berggrunden. 1959. 
5. Johansson, HG, och Ericsson, B. Grusutredningen -7 4. Översiktlig invente-

ring av sand- och grusförekomster - Försöksverksamhet. 1976. 
6. Knutsson, G, m fl. Grustillgångarna i Östersundsområdet. Del 1 inventering. 

1976. 
7. Ericsson, B. Svallgrustillgångar längs Kilsbergen, Örebro län. 1977. 
8. Gustafsson, 0, och De Geer, J. Skånes större grundvattentillgångar. 1977. 
9. Knutsson, G, och Fagerllnd, T. Grundvattentillgångar i Sverige. 1977. 

10. Modig, S, Knutsson, G, Nordberg, L, och Persson, G. Särtryck ur Ymer 1978 
- Bebyggelsen och vattnet. 1978. 

11. Guy-Ohlson, D. Jurassic biostratigraphy of three borings in NW Scania. (A 
brief palynological report) 1978. 

12. Gustafsson, 0, Andersson, J-E, och De Geer, J. Sammanställning av hydro-
geologiska data från Kristianstadsslätten. 1979. 

13. Hörnsten, Å. Sand och övriga jordarter i Öresund. Kommentar till SGU:s ma-
ringeologiska karta över Öresund. (Under tryckning). 

14. Hydrogeologi vid SGU. Särutgåva av Vannet i Norden. 1979. 
15. Knutsson, G, Linden, A. och Rudmark, L. Grus- och moräntillgångar i Nybro-

regionen. 1979. 
16. Wilson, M R, och Sundln, N O. lsotopic age determinations on rocks and mi-

nerals from Sweden. 1960-1978. 
17. Karlqvist, L, och Ovarfort, U. Modell för simulering av utbytesförlopp i ett 

sand - bentonitskikt. 1980. 
18. Karlqvlst, L. och Qvarfort, U. Gruvhanteringens inverkan på Bersboområdet, 

Åtvidabergs kommun. 1980. 
19. Wilson, M.R. & Åkerblom, G. Uranium enriched granites in Sweden. 1980. 
20. Cato, I, och Engdahl, M. Beskrivning tili°temakartor utvisande var särskild 

uppmärksamhet av stabilitetsförhållanden erfordras inom vissa bebyggda 
eller detaljplanerade områden med lerjord. (Under tryckning.) 
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