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Abstract

To evaluate the effects of variations in rainfall on groundwater, long-term rainfall records were used to simulate groundwater lev-
els over the period 1953-96 at an experimental catchment in south-east Zimbabwe. Two different modelling methods were
adopted. Firstly, a soil water balance model (4CRU) simulated drainage from daily rainfall and evaporative demand; groundwa-
ter levels were predicted as a function of drainage, specific yield and water table height. Secondly, the cumulative rainfall depar-
ture method was used to model groundwater levels from monthly rainfall. Both methods simulated observed groundwater levels
over the period 1992-96 successfully, and long-term simulated trends in historical levels were comparable.

Results suggest that large perturbations in groundwater levels are a normal feature of the response of a shallow aquifer to vari-
ations in rainfall. Long-term trends in groundwater levels are apparent and reflect the effect of cycles in rainfall. Average end of
dry season water levels were simulated to be almost 3 m higher in the late 1970s compared to those of the early 1990s. The sim-
ulated effect of prolonged low rainfall on groundwater levels was particularly severe during the period 1981-92 with a series of
low recharge years unprecedented in the earlier record. More recently, above average rainfall has resulted in generally higher
groundwater levels. The modelling methods described may be applied in the development of guidelines for groundwater schemes
to help ensure safe long-term yields and to predict future stress on groundwater resources in low rainfall periods; they are being

developed to evaluate the effects of land use and management change on groundwater resources.

Introduction

In the early 1990s, rural communities in southern
Zimbabwe experienced a series of environmental prob-
lems. Water levels in wells and boreholes began to fall,
springs which had flowed since living memory started to
fail and river flows became severely reduced. These trends
posed a serious threat to local livelihoods. All indications
pointed to the problem being linked directly to a long term
decline in the regional groundwater level. There appeared
to be three possible causes; changes in land use manage-
ment; over-exploitation of groundwater resources; and
variation in rainfall patterns. The Romwe study has shown
that, in the Romwe area, the major impact is caused by
variations in rainfall pattern and that the effects of land use
change and groundwater abstraction are minimal.

Effects of land use change

The effects of changes in land use and land management
practice on groundwater levels are complex but include
two main mechanisms. Firstly, changes in vegetation type
modify the uptake and hence transpiration of water by
plants with trees generally consuming more water than
crops or grassland vegetation (Du Toit e al., 1984; Du
Toit and Campbell, 1989). Secondly, the balance between
rainfall and surface runoff during rainstorms is sensitive to
changes at the soil surface, associated with changes in veg-
etation type and condition or cultivation techniques.
Removal of trees reduces the amount of leaf litter at the
soil surface, and overgrazing reduces the amount of near
ground vegetation cover and alters the physical properties
of the surface soil horizon. Consequently, infiltration rates
may be considerably lower in overgrazed bare areas
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compared to areas where good grass cover is maintained
(Cleghorn, 1966; Kelly and Walker, 1976; Du Toit and
Campbell, 1989).

Although land use and land management changes may
have had a significant impact on the hydrology in some
parts of Zimbabwe, in the Romwe Catchment there has
been little change in land use and management since set-
tlement of the area in 1952 (Bromley ez al., 1999).

Effects of groundwater abstraction

Abstraction of groundwater in most communal lands,
where motorised pumping is rare, is currently insufficient
to lower regional groundwater levels significantly. This is
certainly the case in the Romwe catchment. However, in
areas of low aquifer storativity and transmissivity
(Macdonald et al., 1995), abstraction often results in steep
cones of depression developing around wells. This may
lead to failure of the water supply in the late dry season,
or in drought years, but it does not cause a regional low-
ering of the groundwater table.

Effects of rainfall variability

In the Romwe catchment, important controls on ground-
water recharge include rainfall amount, storm intensity
and distribution of storms during a season (Butterworth ez
al., 1999a). Rainfall amount and seasonal distribution are
highly variable in the Lowveld area. Furthermore, consec-
utive periods of generally high and low rainfall have been
observed in Zimbabwe (Makarau, 1996), and elsewhere in
southern Africa (Tyson, 1986). The 1950s were generally
wet, the 1960s relatively dry, the 1970s wet and the 1980s
and early 1990s dry.

In this study, two different modelling approaches were
used to reconstruct historical groundwater levels from
daily rainfall records, and to evaluate the evidence for
changes in groundwater levels due to rainfall.

Materials and Methods
STUDY SITE

The Romwe Catchment is located in southern Zimbabwe,
86 km south of Masvingo (20° 45" S, 30° 46’ E) (Bromley
et al., 1999). The 4.6 km? catchment includes areas of rain-
fed cultivation on the valley floor and miombo woodland
on the surrounding hillslopes. Average annual rainfall over
the period 1952-93 at a rainfall station located 12 km from
the catchment was 585 mm. Rainfall is strongly seasonal
with 84% received on average in the summer rainy season
between November and March.

In this paper, groundwater levels are simulated for a
location having well-structured sandy clay soils with a
strong red colour, widely known in Zimbabwe as red clay
soils. These soils are derived from pyroxene gneiss, rich in
ferro-magnesian minerals such as pyroxene, mica and
amphibole, and are prevalent in the northern part of the
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catchment where the most important and productive water
wells are sited. A typical topsoil horizon within the plough
layer (< 0.15 m) consists of 72% sand, 4% silt and 24%
clay. Clay content tends to increase with depth, up to max-
imum recorded values of 46%. Little variation in bulk
density was noted, with average values of 1.34 t m=.

Water balance measurements were made for a 2.4 ha
surface water sub-catchment in the northern part of the
area where the freely draining red clay soils overlie a
weathered aquifer. This sub-catchment, subsequently
referred to as the Red sub-catchment, comprises two fields
with a cropped area of 1.7 ha. The remaining area is scrub
and sparse woodland vegetation on the flanks of the fields.
Further details of the sub-catchment location, characteris-
tics, instrumentation and hydrology are given by
Butterworth et al. (1999b). Groundwater level measure-
ments presented in this paper were measured at a site
about 200 m from the sub-catchment.

MODELS

Two different modelling approaches were used to simulate
groundwater levels; the first is a physically-based lumped
parameter soil water balance model (4CRU), and the sec-
ond an empirical model (cumulative rainfall departure
method).

The ACRU model

ACRU is a physical conceptual model for distributed
catchment simulations on an irregular cell or sub-
catchment basis, developed at the University of Natal,
South Africa. In this study, the soil water balance compo-
nent of ACRU Version 323 was used in lumped mode to
calculate drainage. Groundwater levels were simulated
separately due to limitations in the present groundwater
module of the model for this particular study site.
Currently ACRU can only simulate an aquifer which is
permanently connected to surface water courses. In
Romwe, and similar areas, the aquifer is disconnected from
surface water courses for most of the year and discharges
to streams for limited periods during wet years.

The ACRU model is flexible and can be configured to
suit different conditions and the level of input data avail-
able (Schulze, 1995; Smithers and Schulze, 1995). ACRU
is based around a two layer ‘tank’ or ‘bucket’ type soil
water budgeting model. Infiltration into the soil profile
depends upon net rainfall after interception losses and
abstractions due to runoff. Canopy interception losses
were determined using the Von Hoyningen-Huene
method (1983), which relates interception loss to gross
rainfall and the canopy’s leaf area index (LAI). Stormflow
is simulated according to net rainfall, antecedent moisture
conditions, and surface roughness, using a modified ver-
sion of the SCS stormflow equation (United States
Department of Agriculture, 1985). Soil water storage for a
two-horizon soil profile is determined using inputs for per-
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manent wilting point, field capacity and porosity.
‘Saturated’ and unsaturated drainage are simulated from
the A to B horizon, and from the B horizon into the inter-
mediate store below the soil layers. ‘Saturated’ movement
occurs when the soil water content of the layer is in excess
of field capacity, and varies with soil texture. Slow unsat-
urated soil water movement is simulated both upwards and
downwards when a soil water content gradient exists
between the upper and lower horizons. Evaporation is sim-
ulated from the soil surface and from vegetation. Uptake
of water and evaporation by plants occur from both soil
layers according to atmospheric demand (i.e. potential
evaporation), LAIL soil moisture content and the relative
distribution of active roots between the two horizons. The
amount of energy available for transpiration is determined
from potential evaporation and modulated by LAI accord-
ing to equations by Ritchie (1972). Actual transpiration
equals the maximum potential transpiration when there is
no soil moisture stress on plants, and the level at which
moisture limits conditions for transpiration depends on the
vegetative cover’s critical leaf water potential and atmos-
pheric demand. Soil water evaporation may occur only
from the upper soil layer and is calculated for wet and dry
stages following the analysis of Ritchie (1972).

On days when drainage out of the B-horizon was simu-
lated from the soil water balance model, groundwater level
rise was predicted using the equation

hy —hy = SBJ, 1)
where ho—7hy is the groundwater rise between times 4
(start of day) and #» (end of day) due to an amount of
drainage D at a site with specific yield .S, expressed as a
fraction (Price, 1996). Owing to the difficulty of obtaining
reliable measurements of S, for the Romwe aquifer
(Macdonald ez 4l., 1995), this quantity was optimised over
the period for which observed groundwater levels were
available. Preliminary analysis showed that a poor correla-
tion between simulated and observed groundwater levels
was obtained using a depth-constant value for S, The
degree of weathering decreases towards the base of a
profile (Chilton and Foster, 1995) so that a linear function,
used to describe S, as a function of depth, accounted for
the corresponding reduction in storage with depth. A min-
imum value was input for the base of the weathered
aquifer and a maximum value for the top of the aquifer at
the soil surface.

Groundwater discharge was predicted using a ground-
water recession function parameterised from measure-
ments of falling groundwater levels during periods when
recharge was assumed to be zero, following the procedures
described by Bredenkamp et al. (1995) based on the work
of Ernst (1962), De Vries (1974) and Gieske (1992). An
exponential equation of the form

ktZ(NR) = hye ! | 2

was used to describe the groundwater recession curve at a
given site, where (vg) is the groundwater level above the
base of the aquifer at the end of a day given no recharge,
and y is a response factor which describes the exponential
decay in groundwater levels over time r. This response fac-
tor is inversely proportional to the specific yield of the
aquifer and directly proportional to the transmissivity.
Groundwater levels were therefore calculated on a daily
basis as the sum of the initial groundwater level and cal-
culated rise if drainage occurred on the given day, less the
expected recession due to groundwater discharge. This
may be expressed as

. (D
h,z = h,ley + (E;') (3)

The Cumulative Rainfall Departure (CRD) method

Bredenkamp ez al. (1995) note that, in addition to frequent
observations that cumulative rainfall departures (CRD)
and groundwater levels are correlated, the relationship
between the two series may be derived from first prin-
ciples. For a specific aquifer, water levels will fluctuate
according to the cumulative rainfall departure from the
mean with a proportionality coefficient = 4/.S),, where 4 is
the fraction of rainfall that constitutes recharge and S, is
the specific yield. The CRD method is analogous to a sim-
ple bucket or tank type soil water balance model where the
mean rainfall defines the size of a soil water store. For
periods when the mean rainfall is exceeded, this store
overflows, resulting in drainage and groundwater rise.
When rainfall is below the mean value, groundwater levels
fall by an amount related to the difference between rain-
fall and the mean.

Improved relationships between CRD and groundwater
levels may be obtained using the most appropriate short
and long-term ‘memory’ periods for the aquifer in ques-
tion, rather than calculating the CRD from the long-term
mean rainfall (Bredenkamp ez al., 1995). The short-term
memory accounts for the time-lag in groundwater response
to rainfall and can incorporate carry-over of recharge from
year to year. The long-term memory represents the period
over which the long-term reference rainfall is calculated.
The equation used for calculating the CRD at a certain
time interval 7 may therefore be expressed in the form;

;"CRD,:(% D Rfj]—[kxl Y Rfj]+(CRD,~_,) (4)

j=i—(m=1) j=i—{n-1)

where m is the short-term memory period, # is the long-
term memory period, Rf; is rainfall at the s* interval and
k is a proportional factor which for natural conditions
equals one.

Cumulative rainfall departures were calculated using
monthly rainfall totals. Calculations were made using
various short- and long-term memory periods and the
most appropriate averaging periods determined from cor-
relation analysis with observed levels. '
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