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ABSTRACT

A water balance study is made on a small natural catchment area in flat sandy agri-
cultural country in southern Sweden. Relevant simultaneous data concerning preci-
pitation, evapotranspiration, surface run-off and ground moisture content are obtained
from measurements over a period of at least six years. Complete balance between
precipitation, evapotranspiration and surface run-off is obtained from the six-year
period as a whole. The results show a significant and very pronounced pattern of
seasonally influenced subsurface inflow and outflow. When represented as running
12-month means, the surface run-off and ground water level curves show a high degree
of correlation to long term variations in precipitation. The ground water is found to
lag 6 months behind the precipitation and the run-off 2 or 3 months. The running
12-month mean for evapotranspiration is found to vary only slightly and does not

appear to be related to the precipitation.

Introduction

Studies of experimental catchment areas have
in recent years been in the focus of hydrological
research work in most countries. In 1965, the
first year of the International Hydrologic De-
cade (IHD), a symposium was arranged in
Budapest by the International Association of
Scientific Hydrology (IASH). The proceedings
of this symposium (Int. Ass. Sci. Hydrol., Publ.
No. 66) reveal the actual state of scientific
hydrology in the field of water balance studies
and research work in experimental areas and
are an excellent literary review of this topic.

The problems of natural water balance appear
10 have mainly been considered in three different
ways:

{a) By means of conventional methods (directly
related to the equation of hydrological
equilibrium).

(b) By experimental methods, such as lysimeter
investigations and different types of model
studies.

{c) By means of mathematical models.

The first method (a) is well known, and does
not need further explanation here. The present
state of lysimeter research work may be exemp-
lified by two authors, Chardabellas (1965) and
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Supek (1965). Németh (1965) has used different
types of scale models and has compared experi-
mental results with parameters of full-scale
basins (method b).

As a representative for the last-named ap-
proach (¢) to water balance studies with mathe-
matical models, Roche (1965) may be mentioned.

This study of water balance belongs to type
(@), with the exception that hydrological data
from other catchment areas have been included.
However, owing to the small distances involved
and uniform land type, cf. p. 636, these data are
considered to be acceptable.

Todd (1959) gives the most general form of
the equation of hydrological equilibrium, includ-
ing all waters—surface and subsurface—enter-
ing and leaving a basin:

Surface inflow +subsurface inflow + precipi-
tation +imported water +decrease in surface; =
storage +decrease in ground water storage
Surface outflow +subsurface outflow +con-
= |sumptive use +exported water +increase in
surface storage +increase in ground water
storage
(1)

Todd stated that there are many situations,
in which it is possible to eliminate certain items
from the equation because they are negligible
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Fig. 1. Survey map of the experimental area, the
Kristianstad plain, southern Sweden. The balance
study applies to the small catchment area indicated.
Ground water stations are situated at Triadgérds-
lund, Girds Kopinge, Gringelstad and Ugerup.
Other measurements were performed at Ugerup
(cf. Fig. 2).

or because they do not effect the solution.
Similar ideas are pointed out by Ubell (1965)
who discusses the vertical moisture movements
and finds that an experimental area should be
selected where ground water inflow and outflow
may, for all practical purposes be considered as
zero, or where ground water inflow and outflow
are identical (steady ground water flow), which
implies that no change occurs in ground water
resources. Thus Ubell states the water balance
equation in the following form:

P-R . =E+8,,+8,,

where

P =precipitation,

R, =surface runoff,

E =evapotranspiration,
S, =ground water storage,
8,, =soil moisture storage.

The aim of the present investigation has been
to collect hydrological data from & small experi-
mental area in southern Sweden and apply the
balance equation. This has been made possible
by the systematic hydrological research that
has been carried out in this region during the
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period 1955-1964 by the Hydrology of the
Kristianstad Region Cooperating Committee
(SKH) (see Weijman-Hane (1961) for a summary
of the project). The results of these investiga-
tions have been used in the present study.

Experimental arrangements and hydro-
logical base data

The experimental area was situated on the
Kristianstad plain in southern Sweden. Ground
water and precipitation were measured at a
large number of stations, spread over the area
shown in Fig. 1 (cf. Larsson (1962) and Ellesson
& Persson (1961)). Stream flow was measured
at one weir station, situated on a small stream
named Bredakérrsbicken (cf. Fig. 1). This re-
corded the run-off from a catchment area, the
area of which was only 1.77 sq. km. Evapotran-
spiration and soil moisture content was also
measured at only one station, Ugerup experi-
mental farm, situated about 3 km north-west
of the weir station, cf. Fig. 2.

For the water balance study, the following
measurements were involved:

Precipitation, recorded by a normal type
gauge at Ugerup (measurements performed by
the Swedish meteorological and hydrological
institute (SMHI), Ellesson).

Ugerup experimental
\l-l farm

+sX¥X Evapotronspiration

x recorder

%X« Soil moisture neutron-

scattering meter

Ground woter
X recorder
Precipitation

Vramsan

1000M

Fig. 2. The catchment area and its immediate sur-
roundings. The area shown on the map is fairly
flat, uniform, agricultural country.
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Evapotranspiration at Ugerup (measurements
performed by SMHI, Hoégstrém), according to
the method described below.

Streamflow at Bredakirrsbicken (measure-
ments performed by SMHI, Tryselius).

Ground water in the quaternary deposits at
four stations: Ugerup, Gringelstad, Tradgards-
lund and Gérds Kopinge, see Fig. 1 (measure-
ments performed by Dept. of Physical Geogra-
phy, University of Lund, Larsson).

Soil water at Ugerup (Dept. of Land Improve-
ment and Drainage, Royal Institute of Techno-
logy, Stockholm, Fleetwood). Measurements
were performed with the aid of the neutron flux
method from the surface down to a depth of
160 cm (cf. Larsson & Fleetwood (1967).

All the above-mentioned measurements, ex-
cept that of evapotranspiration, are more or
Jess standard and need not be described in
detail. The evapotranspiration data, however,
has been obtained in a rather complex way,
with the aid of three entirely different methods:

1. The vertical water-vapour flux was meas-
ured at Ugerup with the eddy correlation
technique on 45 occasions. The instrument was
situated about 4 metres above ground-level.
The instrument is described and the basic data
tabulated in Hogstréom (1967a). Each measure-
ment period had a duration of about one hour.
Simultaneously vertical profiles of humidity,
temperature and wind were recorded. The eddy
water vapour flux, E, and the vertical gradient
of humidity, 8g/dz could then be used to deter-
mine the exchange coefficient for water vapour,
K, from the flux-gradient relationship:

8q
E-—gK,—.
oKy

The 45 recordings then formed the basis for
an investigation of the relation between K, and
atmospheric stability (Hogstrom, 1967b). The
result agrees well with findings from similar
investigations in other places, performed during
the last few years.

2. The findings from the eddy flux study
were used to evaluate the vertical water vapour
flux on a running hourly basis from continuous
‘measurements of vertical water vapour pressure
difference, vertical temperature difference, and
wind speed at one level. The results of these
recordings are available for the period March
1961-September 1963 (with the exception of
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July and August 1963). These data have been
examined in detsil in a separate paper (Hog-
strom, 1968).

3. Monthly means for the water vapour flux
obtained with the method described above
(called, in the following: ““the profile method™)
were compared with values for the so-called
‘‘potential evapotranspiration’, obtained with
the methods of Penman and Thorntwaite. The
quotient E_/E between the ‘“Thorntwaite
value”, E,, and “the profile value”, E, was
found for each month and plotted against the
month. For the period April-October a remark-
ably consistent tendency was found: the quo-
tient being close to one in spring, rising to about
two in autumn. The reason for this behaviour is
discussed in Hogstrom (1967¢). For the winter
months an empirical relation between evapo-
transpiration and monthly mean temperature
was obtained (Hogstrém, l.c.). Thus with the
aid of empirical relations approximate monthly
values of actual evapotranspiration could be
obtained from monthly mean temperature data
only. Individual values, however, obtained in
this way must be subject to a considerable
scatter. In the following water balance study
only running 12-month means, or, in another
analysis, 6 values from different years, were
used so the uncertainty of the evapotranspiration
values used in the study is estimated not to
exceed +109% of the actual value,

Adaption of the experimental data to the
balance equation

We rewrite the hydrological balance equa-
tion in the following convenient form:
N-E-A-AM —¢=0, (2)
where

N =precipitation,
E  =evapotranspiration,

A =surface run off,

AM =change in moisture content of the
ground,

¢  =net subsurface outflow (positive) or in-

flow (negative).

In order to apply the water balance equation
(2) to the catchment area, depicted in Fig. 2,
it is first necessary to consider the applicability
of all recordings, with the exception of surface
run-off, to this catchment.
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Fig. 3. Empirical relation between running 12-
month means for total soil-water content (surface
to 160 cm depth) and relative ground water level
at Ugerup. The points on the graph are not entirely
independent of each other, as they are derived from
21 successive monthly means. The curve is drawn
to give the best fit in the points.

The catchment is situated in fairly wide, flat
agricultural country. Ugerup experimental
farm, where the evapotranspiration measure-
ments, the soil moisture measurements and the
precipitation measurements took place, is situ-
ated in the same area about two kilometers
north-west of the centre of the catchment (cf.
Fig. 2).

Elleson (1967) has analysed the detailed
distribution of precipitation on the Kristianstad
plane. From his maps it is clear that the preci-
pitation over the catchment cannot significantly
differ from that at Ugerup.

It can be shown (cf. Hogstrom, 1968) that
the data obtained with the ‘“‘profile method”
represents a mean of the evapotranspiration over
an area in the order of square kilometers. This
must also apply to the values obtained with the
“modified Thorntwaite method”’, as this method
is deduced empirically from the results obtained
with the ‘“‘profile method” (cf. p. 635). It can
therefore be concluded that due to the uniform
nature of the land type and the short distances
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involved, the data from Ugerup must be equally
applicable to this catchment.

The soil moisture measurements at Ugerup are
performed in sandy soil whieh, according to
Nilsson (1966), covers most of the area (a small
part is covered by till). The soil moisture meas-
urements pertain to the uppermost 160 cm of
the soil. Below this depth the changes in soil
moisture are considered insignificant. Thus it
geems reasonable to say that the measurements
give the total change in moisture content of the
ground, AM, and that it is also representative
for this particular catchment area. The soil
moisture measurements at Ugerup, however,
are available only for the period 23.7.1963-
22.4.1965. To obtain values of AM for a more
extended period the following analysis was
performed:

In all, 53 soil moisture measurements were
available for the 2l-month period. For each
month the mean value was found. These monthly
soil water content means (down to a depth of
160 cm) varied between 370 mm and 520 mm.
For the same months the mean ground water
level was derived from the ground water station
at Ugerup. A regression line with slope 0.15 and
a correlation of 0.85 was obtained. In the anal-
ysis to follow running 12-month means have
been used. Fig. 3 shows the relation obtained
between total moisture content and relative
ground water level derived on such a running
12-month basis. The rings, which represent the
actual values, form a very consistent picture.
It is, however, significant that the method used
in deriving these values involves an interrela-
tion between successive values, a process which
tends to reduce the scatter considerably. Al-
though the way of producing the diagram (Fig.
3) is open to question, is appears not unreason-
able to use it as a tool for determining the
change in moisture content from ground water
level measurements during periods when soil
moisture measurements are not available.

The ground water station at Ugerup was set
up in July 1963, but, unfortunately, the exten-
sive ground water net-work for the surrounding
area ceased in December 1963. Three of the
stations of that net-work, Gringelstad, Trad-
gardslund and Giérds Kopinge, were selected as
representative of the area under study. They
are situated around this catchment at a distance
of less than 3 km from its centre (ef. Fig. 1),
and they are all in sandy soil. During the period
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Fig. 4. Monthly means for the different components of the hydrological balance based on six-year data.
Explanation of symbols: N, precipitation (thick full line); 4, surface run-off (dash-dotted line); E, evapo-
transpiration (dotted line); AM, change in total ground moisture content (medium thick full line); e,
subsurface inflow (negative sign) or outflow (positive sign) (thin line). ‘“Corrected mean for &’ is the
mean which is obtained if correction is made for the ‘‘precipitation gauge error’.

when recordings overlap, the run of the Ugerup
record can be compared to that of the mean of
the other three stations. This comparison gives
a satisfactory result, which means that the
change in average ground water level at Gringel-
stad, Tradgardslund and Gérds Koépinge can
be used to determine the corresponding change
in moisture content of the ground with the aid
of Fig. 3.

Evidently, Ugerup experimental farm has a
key position in this study: the evaporation
measurements were performed there, and so
were the soil moisture measurements and the
precipitation measurement. It is the opinion
of the authors that the data obtained at the
Ugerup station are well representative of the
catchment area. As mentioned earlier most of
the catchment area is flat agricultural land,
covered by sandy soil like the local Ugerup area.
The station is situated 1 km outside the proper
catchment area, it is true, but the land is uni-
form over extended areas.

From the above discussion, it is thus apparent
that reasonable estimates are available for the
components N, E, A and AM of the balance
equation (2) for this catchment. The remaining
component ¢ then comes out as a rest term.
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Results

For the period 1958-1963 all the components
N, E, A and AM are available at the same time.
It is then possible to derive mean values for
each of the components for the entire period.
The following result is obtained (mm/year):

Evapo-
Pre- transpi-
cipitation ration Run-off
N E A AM £
575.7 430.2 191.3 0 —45.8

It is a well known fact (see e.g. Andersson,
1964) that rain gauges systematically under-
estimate the actual precipitation by 5-109%,
thus justifying an increase of 30-60 mm/year
in this case. It is thus highly probable that the:
observed value —45.8 mm/year for ¢ is entirely
accounted for by the precipitation gauge effect.
This means that complete balance between N, E
and A 1is obtained for the entire six-year period
1958-1963.

The mean seasonal variation of the different
components is displayed in Fig. 4, which is
based on monthly means calculated from the
1958-1963 material. The precipitation, N, has.
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a very pronounced maximum in July (107 mm)
and a second high point in November (60 mm),
and pronounced minima in March (20 mm) and
September (36 mm). The evapotranspiration,
E, describes a smooth curve with a maximum
in July (76 mm) and a flat minimum in winter
(c. 15 mm). The run-off, A, has a maximum in
January (39 mm) and a minimum in July
(5 mm). The shape of the change in ground
motsture content curve, AM, is somewhat con-
fusing. Its integral, M, the total water content
of the ground behaves as follows: from a maxi-
mum in the beginning of April, it decreases to
its lowest in the beginning of July, shows a
small increase as a result of the heavy rains in
late summer, decreases during the early autumn
until the beginning of October, whence it stead-
ily increases again towards its maximum. The
curve for ‘‘the balance term”, e, has a very
pronounced shape. During February, March,
April, May and June it remains on a constant
level of about —20 mm. It then rises abruptly
about 40 mm and remains on this higher level
until November. During December and January
the curve falls gradually. The amplitude of the
curve (measured as the difference between its
highest and lowest value) is about ten times
greater than the “‘precipitation gauge correc-
tion”. It is of interest that the seasonal varia-
tion in ¢ that is revealed in the mean is also
clearly discernible in the curves for the indivi-
dual years. Fig. 4 shows clearly the improbabil-
ity that systematic errors in the determination
of any of the hydrological balance components
can account for the seasonal variation in . The
Jarge June—July change in ¢ can be taken as an
example. The errors in IV and A can obviously
not be of the order of magnitude necessary to
cause this change. If it is assumed that a fault
lies in AM, an error of 3 times the determined
value is necessary to account for the observed
change in e. An error of this order seems highly
improbable. A similar situation arises in the
cage of K. The June value of E would then be
48 mm and the July value 94 mm, and there is
no physical reason for this large difference be-
tween the values for these two months. The
seasonal variation in & must therefore be ac-
cepted as a reality. Then during the first six
months of the year a net inflow of ground water
into the catchment area must take place and
during the later half of the year there must be
& corresponding net outflow. It is worth nothing
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in this connection that the first phase in the
seasonal cycle of ¢ is characterized by excessive
water content of the ground (and maximum
ground water level) and the second phase by
deficit in water content (and minimum ground
water level). It is also reasonable to assume
that ¢ for a given month is related to the preci-
pitation. An analysis show this to be true for
all months except January, February and
March. The slope and the zero intersection,
however, varies clearly and evenly from month
to month. Thus precipitation values of 73 mm
in July and 24 mm in October give ¢ equal to
zero. Precipitation in excess of these figures
give positive value of e.

For each of the components of the hydrolog-
ical balance equation running 12-month means
have been derived. They have been displayed in
a time lapse diagram where a value representing
the mean over the period from a time ¢ to¢ +12
months is plotted at ¢ + 6 months. In Fig. 5 the
components N, E, A, AM and ¢ are represented
on the same scale but with different zero points.
In addition, the diagram also gives the corre-
sponding 12-month running mean curve for the
average ground water level, G, for most of the
period a mean for the stations Tradgérdsiund,
Gérds Kopinge and Gringelstad, reduced to a
common datum, during 1964, for the station
Ugerup only. It should be noted that the scale
differs from that of the other curves of Fig. 5.
The precipitation curve, N, of Fig. 5 has a pro-
nounced component of several years’ duration
with large amplitude—the difference between
the maximum and minimum value is approxi-
mately equal in magnitude to the mean value
for he entire period. The ground water level curve,
G, follows the long-term component of the
precipitation, but with a lag of about 6 months.
The dominating wave during the period studied
approximates to a sine curve with a full period
of about 8 years. The run-off curve, A, also
follows the slow wave of the precipitation with
a lag of two or three months, but here a pro-
nounced hysteresis-effect is also discernible. The
relation between precipitation and run-off can
be studied in detail in Fig. 6. With precipitation
as abscissa and run-off as ordinate, 12-month
means have been plotted and successive points
joined. The overall means for precipitation and
run-off have been indicated by lines in the
diagram. The hysteresis effect mentioned is
clearly discernible in Fig. 6: when the precipi-
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Fig. 5. Running 12-month means for the different components of the hydrological balance. A mean

derived over a period of 12 months is plotted at the

half-way point, i.e. mean of ¢+ 12 is plotted on ¢ +6.

Explanation of symbols: AM, change in total ground water moisture content (thin line); E, evapotrans-
piration (dotted line); N, precipitation (thick full line); &, mean ground water level (broken line); 4, surface
run-off (dash-dotted line); e, subsurface inflow (negative sign) or outflow (positive sign) (broken line
with rings). The same scale (mm) is used for AM, E, N, A and ¢, although with different zero points.
The scale for @ (righ-hand side of the diagram) differs, however, from the other scales. ‘‘Corrected mean
for ¢ is that obtained when the ‘‘precipitation gauge error” is taken into account.

tation is rising, the run-off is generally appre-
ciably smaller than when it is decreasing. An-
other noteworthy feature of Fig. 6 is the pro-
nounced difference in the slope of the lines (that
is of dA/dN) when the precipitation is above
or below the mean. In the case of excessive pre-
cipitation d4/dN is equal to 1.0, so that a given
increase in precipitation gives an equal increase
in run-off. When the precipitation is below
normal, on the other hand, dA/dN is only 0.4,
so that only 40 %, of an increase in precipitation
contributes to an increase in run-off.

To return to Fig. 5, the change in ground
moisture content curve, AM, is roughly in phase
with the precipitation. The evapotranspiration
curve, K, shows no correlation to precipitation.
The amplitude of the curve is small—the dif-
ference between the largest and smallest 12-
month mean is only about one quarter of the
mean value for the whole period. The greatest
evapotranspiration occurred during the year
1959, the summer of which was characterized
by very high insolation. The curve for the net
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subsurface outflow, &, follows the precipitation
curve to some extent but the long-term wave
in the precipitation curve is not reflected in the
g-curve. The amplitude of the e-curve is of the
same order of magnitude as the ‘‘precipitation
gauge error’’, a correction for which is indicated
in the figure.

Conclusions

For a catchment area of about 2 sq. km,
consisting of flat sandy, agricultural land in
southern Sweden, long-term observations of the
following hydrological parameters have been
made: precipitation, evapotranspiration, sur-
face run-off and soil water content. Under a
period of six years complete balance is obtained
between precipitation, evapotranspiration and
surface run-off, if the “‘rain gauge error” is con-
sidered. On a seasonal basis, however, there is a
pronounced and significant variation in both
soil moisture content and subsurface outflow,
particularly the latter. The subsurface outflow
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Fig. 6. The numbers indicate simultaneous running 12-month means of surface run-off and precipitation.
The line joins successive values. Note the pronounced hysteresis effect and the difference in the slope
(dA/dN) for precipitation values greater than and smaller than the normal.

is negative ( =flow into the area) and constant
during the first six months of the year and
positive (=flow out of the area) and also
constant during the latter half of the year. The
magnitude of this flow, whether positive or
negative, is about half the mean value of the
precipitation. It has not been possible to in-
vestigate in any detail the mechanism of this
phenomenon but there is no doubt it exists.

A presentation on running 12-month basis of
all the hydrological components reveals: that
there are long-term variations of large ampli-

tude (an 8-year period in this case) in the pre-
cipitation which reflect distinctly in the run-off
curve, the ground water level curve, and in
the change of soil moisture content curve. This
relation does not appear in the evapotranspira-
tion curve or the subsurface outflow curve. In
the latter curve, however, many of the short-
term fluctuations of the precipitation curve are
discernible. The ground water level curve lags
about 6 months behind that of the precipita-
tion, and the run-off curve 2 or 3 months. The
evapotranspiration curve varies with less than
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one quarter of its mean value. In a plot of
running 12-month means of run-off against pre-
cipitation a pronounced hysteresis effect is
apparent. In addition, this diagram shows that
if the total precipitation is greater than the
normal, a further increase in precipitation leads
to an equal increase in run.off. If the total
precipitation is less than normal, on the other
hand, a given increase in precipitation only
gives rise to a 409 increase in run-off.

In a special study it is shown that the monthly
mean soil moisture content is linearly related
to the ground water level with a fairly high
degree of significance.
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The conclusions reached above are drawn
from a study at one small catchment area, and
no attempt is made here to judge their more
general applications.
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(With an English summary.)

U3YYEHUE BOJHOI'O BAJIAHCA HEBOJBUION OBJIACTHN
ECTECTBEHHOTO BOJOCBOPA B I03{HO! IBENUU

Ilposegeno wusyuyeume BogHoro O6adaHca He-
Gonbuioi o6aacTu ecrecTBeHHOro BomocGopa B
TJIOCKOM NMecyaHoil CeNbCKOX03ANCTBEHHOM MecT-
HoctH B 10:Ho# HIBenun. Us msmepenuit, npo-
BOJAHHHIX W Te4yeHHe, 10 KpailtHeil Mepe, 8 xer,
MOJIy4eHH TaKe OJHOBpeMeHHHE NAHHHeE II0
0Ca/IkaM, 3BaNoTPaHCIMPAIIHH, NTOBEPXHOCTHOMY
CTOKY BOJ M coflep#aHuio BJiaru B mouse. [lo-
Jiy4eH MOJHBIK OaJlaHC MeKAY OCaAKaMH, 3Ba-
NMOTPAHCIMPAlMel M NOBEPXHOCTHHIM CTOKOM
J1A nepuoyia B 6 jeT B LeJgoM.

PesyibTaTH YKA3RRAWT HA CYIMECTBOBAHHE
SHAYUTENHLHOr0 M XOPOMIO BHIPAMKEHHOTO IOJ-
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NMOBEPXHOCTHOTO IIPUTOKA M OTTOKA BOJI, BHI3BaH-
HOro Ce€30HHLIMH H3MEHEeHUAMM. By;u;y‘ﬂ/[ npen-
CTAaBJEHHLIMU B BHAIE CKOJB3AIKX 12-MeCAUHBIX
CpeAHUX, KpHBHE MOBEPXHOCTHOrO CTOKa M
YPOBHA NOA3eMHEIX BOJ NPOABJIAKT BHCIKYIO
CTeneHb KOpPpelALMH € ROJrOBPEMEHHEIMH K3-
MeHeHMAMU ocafkoB. Haligeno, uTo mopseMHbie
BOJHE UMEIOT 3amnasfgbiBaHue B 6 MecAlleB no
CPaBHEHUI0 C OCAZKAMM, & CTOK — 3amnasjabiBa-
Hue B 2-3 mecAana. Cxonnasiee 12-MecAuyHoe
CpefiHee 3Ha4YeHWE AJIA PBANOTPACIMPALHMHM OKa-
3HBAETCA JINIb CAalo0 MEHAIWMMCH 1, TIOBHIN-
MOMY, He-CBA3AHHHM C OCAZKaMH.



