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Abstract

A detailed water balance and conceptual flow model was calculated and developed for the Sandspruit catchment for the
period 1990 to 2010 on a winter rainfall water-year (1 April - 31 March) basis. The Sandspruit catchment (quaternary
catchment G10J) is located in the Western Cape Province of South Africa and is a tributary of the Berg River. It contributes
significantly to the salinisation of the mid- to lower-reaches of the Berg River and thus the hydrological drivers need to be
quantified and conceptualised in order to develop salinity management strategies. Various components of the water balance,
i.e. precipitation, evaporation, streamflow, recharge, etc., were monitored and quantified. In addition, stable environmental
isotopes and water balance modelling were used to perform hydrograph separation as well as to quantify components of
the water balance. Annual streamflow in the catchment during the period of observation was variable, ranging between
0.026 mm-a™ and 75.401 mm-a’'. Streamflow volumes also exhibit high variability between water years. Catchment annual
rainfall varied between 351 and 655 mm-a’!, averaging at 473 mm-a'. On average, 6.5% of rainfall was converted to stream-
flow during the period of observation. Evapotranspiration was found to be the dominant component of the water balance,
as it comprises, on average, 94% of precipitation in the catchment. Groundwater recharge was calculated to average at 29
mm-a’. The water balance model (J2000) performed well during the simulation period with all measures of performance
exhibiting acceptable values. Simulation results indicate that streamflow is driven by interflow from the soil horizon
(94.68% of streamflow), followed by overland flow (4.92% of streamflow). These results, together with the physiographic
conditions evident in the catchment, were used to develop a conceptual flow model. Streamflow is interpreted to be driven
by quickflow, i.e. overland flow and interflow, with minimal contribution from groundwater, and is also more dependent on
the rainfall distribution in time rather than on the annual volume. The correlation between average annual streamflow and
average rainfall was observed to be poor, suggesting that alternative factors, e.g. the spatial distribution of winter wheat,
the temporal distribution of rainfall, climatic variables (temperature), etc., exert a greater influence on streamflow. The
water balance and conceptual flow model will form the basis for the application of distributed hydrological modelling in
the Sandspruit catchment and the development of salinity management strategies. Results from this investigation, e.g. ET
estimates, methods to quantify groundwater recharge, hydrograph separation, etc., could potentially be extrapolated to other

semi-arid areas.
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Introduction

The quantification of a catchment’s water yield is a funda-
mental problem in hydrology, particularly the volume of water
available at the catchment outlet over a fixed time period
(Poncea and Shetty, 1995). The catchment water balance issue
is even more fundamental under the impacts of significant
human-induced land use change. Optimising the water yield
from catchments within South Africa has become an essential
component of catchment management, as increased pressure is
being placed on the country’s water resources, primarily due to

population growth and inadequate management of the resource.

Hydrological modelling has been identified as an essential
tool for effective catchment management. Both physically-
based hydrological models and simple conceptual water bal-
ance models are useful tools to address a range of hydrological
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problems (Xu, 1999). Conceptual water balance models provide
insight into the hydrological processes within catchments
(Everson, 2001), and are regarded as being essential for the
development and improvement of physically-based hydrologi-
cal models. Conceptual models do not take into account the
detailed geometry and small-scale variability of catchments,
but rather consider the catchment as an ensemble of intercon-
nected conceptual storages (Jothityangkoon et al., 2001). In
addition, they allow for the identification or quantification of
the principal factors (meteorological, plant, soil, etc.) which
control the processes of water loss. They also allow for the gen-
eration of synthetic sequences of hydrological data for various
purposes, including water resources design and management
(Xu, 1999). A lack of capacity and inadequate infrastructure
does, however, mean that detailed information pertaining to all
the terms of the water balance equation is rarely available to
catchment hydrologists (Everson, 2001).

The semi-arid Western Cape Province of South Africa has
recently received much attention (De Clercq et al., 2010; Fey
and De Clercq, 2004) due to areas, particularly the Swartland
region, increasingly exhibiting evidence of dryland salin-
ity. This not only poses a potential threat to the freshwater
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resources in the area, i.e. the Berg River, but also to the agricul-
tural industry. The Swartland is regarded as the ‘bread basket’
of the country due to the extensive wheat cultivation in the
area. The Sandspruit River, a tributary of the Berg River, has
been particularly impacted by dryland salinisation, exhibit-

ing deteriorating water quality. The river has been observed to
exhibit water quality which is unfit for domestic supply or irri-
gation for much of the rainy season (De Clercq et al., 2010). It is
thus essential to identify the main hydrological drivers within
the catchment to develop effective dryland salinity manage-
ment strategies. The need to address salinity has highlighted
the importance of understanding the fundamental hydrological
processes that underpin all water resource and land use issues
(Hughes et al., 2007). Ward (1972) suggests that detailed inves-
tigations should be aimed initially at an improved understand-
ing of hydrological processes within the catchment.

The objective of this investigation was to calculate and develop
a detailed water balance and conceptual flow model for the
Sandspruit catchment for the period 1990 to 2010 on a winter
rainfall water year (1 April - 31 March) basis. This would allow
for the identification of the dominant hydrological drivers in
the catchment as well as the dominant flow contributors to
streamflow. This balance was based on physical data gathered
during previous Water Research Commission (WRC) projects
(De Clercq et al., 2010 and Fey and De Clercq, 2004), current
WRC projects, weather stations managed by the Agricultural
Research Council (ARC) as well as Department of Water
Affairs (DWA) streamflow data.

Study area
Location

The Sandspruit catchment, which forms part of quaternary
catchment G10J, is located in the Western Cape Province of
South Africa, approximately 80 km northeast of Cape Town
(Fig. 1). Major towns in the area are Malmesbury, Riebeek-Wes
and Moorreesburg. The Sandspruit catchment is regarded as

a medium-sized catchment. It is a seasonal stream, i.e. it only
flows between the months of June and November, exhibiting a
catchment area of approximately 152 km?>.

Topography and land use

The topography of the catchment is relatively flat, exhibiting a
gently undulating surface. The elevation ranges between 900
m a.m.s.l. in the higher elevated southerly parts (Kasteelberg)
of the catchment to 40 m a.m.s.l. in the lower elevation areas
(northwest). The average topographic gradient across the catch-
ment is 0.013. Land use in the Sandspruit catchment is domi-
nated by cultivated lands and pastures. Agriculture is domi-
nated by wheat cultivation. However, the growing of lupins and
canola is not uncommon. Farmers in the area generally follow
a 3-year planting rotation, i.e. cultivation only occurs every
third year. Lands are left fallow between planting rotations and
used for grazing. Soil erosion is minimised through the use of
man-made anti erosion contours, which are evident throughout
the catchment.

Climate
The Berg River Catchment experiences a Mediterranean cli-

mate with warm dry summers and cool wet winters. Rainfall is
of a cyclonic nature, extending normally over a few days with
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Figure 1
The location of the Sandspruit catchment in the Western Cape

significant periods of clear weather in between. Little rain falls
during summer, with the rainy season extending from April
through to October. Precipitation is generally in the form of
frontal rain approaching from the northwest. Mean annual pre-
cipitation in quaternary catchment G10J amounts to 460 mm-a’!
(DWAF, 2003).

Soils

According to Meadows (2003), relatively shallow, brownish
sandy loam soils are developed on Malmesbury shales, which
are prone to caking after heavy rain. Soils are generally poorly
developed and usually shallow on hard or weathered rock. The
topsoil varies in thickness between 0.5 and 1 m and exhibits red
and yellow colouring. The soil water-holding capacity ranges
between 20 and 40 mm, but can be up to 80 mm in the upper
and lower reaches of the Sandspruit catchment. Soil drainage

is somewhat impeded by the low hydraulic conductivity of the
semi-weathered Malmesbury shale throughout the Sandspruit
catchment, and is particularly poor in the lower reaches (Bugan
et al., 2009).

Geology

Geology in the Sandspruit catchment shows minimal variation,
being dominated by Table Mountain Group (TMG) sandstone
in the high elevation areas and Malmesbury shale in the mid- to
low-elevation parts (Fig. 2). An alluvium cover is also evident,
which increases in thickness towards the lower elevation areas
of the catchment.

The TMG is represented by Kasteelberg (900 m a.m.s.1.).
It is a light-grey quartzitic sandstone outcrop, exhibiting thin
siltstone, shale and polymictic conglomerate beds. It is inter-
preted to be part of the Peninsula Formation. The remainder of
the watershed is dominated by the Malmesbury Group shales.
These are represented by low-grade metamorphic rocks such as
phyllitic shale, quartz and sericrete schist, siltstone, sandstone
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Figure 2
Geological map of the Sandspruit catchment

and greywacke (Meyer, 2001). It is interpreted to be part of the
Moorreesburg Formation. Field investigations have, however,
revealed that there are granite hills, essentially granite plutons,
intruded into the Malmesbury Group, which are surrounded
by clay soils typically derived from weathered granite (Anchor
Environmental and Freshwater Consulting Group, 2007). The
alluvium cover is represented by fine sediment, which may be
characterised as loam and sandy loam.

Jovanovic et al. (2009) undertook an extensive borehole
drilling exercise in the Sandspruit catchment to study the geol-
ogy, depth to groundwater, groundwater quality, etc. Three
transects were identified as drilling sites, which are representa-
tive of the upper-, mid- and lower-reaches of the Sandspruit
River, respectively (Fig. 3). The transects were also sited so as
to be representative of the geological variability in the catch-
ment (Fig. 2). Ten boreholes were drilled across Transect 1 in
an area dominated by TMG sandstones (Kasteelberg) as well
as Malmesbury shale. It should be noted, however, that the
boreholes drilled at this site did not intersect any TMG sand-
stones. Transect 2, represented by 3 boreholes, is located in a
Malmesbury shale dominated environment. Transect 3, repre-
sented by 5 boreholes, is also located in a Malmesbury shale
dominated environment, however a deeper/thicker alluvium
cover exists here. After completion of these transects, 2 addi-
tional transects were drilled, i.e. Transects 4 and 5, represented
by 3 and 4 boreholes, respectively.

Results from the investigation by Jovanovic et al. (2009)
indicated that the catchment geology is characterised by an
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Location of the drilling transects (T) in the Sandspruit catchment
(after Jovanovic et al., 2009)

alluvium cover (yellow/brown sand/silt), which increases in
thickness downstream, overlaying Malmesbury shale (grey/
dark grey). The alluvium cover is composed of sandy material
with differing boulder contents as well as exhibiting clay layer-
ing. During the time of drilling moist and even saturated hori-
zons were also observed within this alluvium cover (Jovanovic
et al., 2009). Water strikes generally occurred at the interface
between the alluvium cover and Malmesbury shale. The typical
geological succession evident in the catchment is illustrated for
1 borehole in Fig. 4.

Hydrology

The Sandspruit River is a seasonal stream with streamflow
mainly occurring between the months of June and November.
Streamflow at the catchment outlet is gauged with a crump
weir. Methods such as velocity measurements, backwater
calculations and slope-area are used to calibrate these sta-

tions for high flows (DWAF, 2008). Water abstraction from the
Sandspruit River is minimal, due to its inadequate quality, and
thus observed records are interpreted to be natural streamflow.
According to Middleton and Bailey (2009) runoff in quaternary
catchment G10J ranges between 10 and 20 mmra™. Anchor
Environmental and Freshwater Consulting Group (2007)
reports naturalised mean annual runoff for the Sandspruit
catchment to be 6 m*s™!. If it is assumed that groundwater
discharges into rivers in areas where the water table is within
2.5 m of the surface (Anchor Environmental and Freshwater
Consulting Group, 2007), then it is deduced that the Sandspruit
River is generally influent in character, i.e. water is discharged
from the river into the groundwater system.

Hydrogeology
The Malmesbury Group Aquifer (MGA) is the main aquifer

system in the study area. It is classified as a Minor Aquifer
System (Parsons, 1995). These are defined as fractured or

203


http://dx.doi.org/10.4314/wsa.v37i4.18

Drilling method: Ruotary i Contract No.
X 18.86819 H 6
Coornbete | ¥ 3320017 Seake v 200
Suikace ufnmm P = =
‘Wel depth {(m) 42 Cy '
Casing depth (m)) 30 Ending date
Layer Thick Depth
Wo, | SR | gy [Eeeom)| o Column map Lithology Remark
Coarse sail. Red to yellow
and purple. Friable Dry. Grassed
1 Q 1 1 es. area
Light brown very fine sand in
2 Q 8 a5 9 day. Motst
Very Bght boown, pale-whiteish|
3 Q 10 45 19 very fine sand to clay. |Almost dry.
Light grey with Bght brown
4 MS 2 43 A fraction clay. Mioist
5 MS 3 40 24 Grey shdle, powdery. Mioest
6 MS T k=] ) | Grey shidle, gravelly. et
Water sirike
overliowed at
about 3.5
Limin, 0.55
Lis at V-notch
|willh salinty
18721
T M5 3 28 6 Grey shidle, Sy asm)
Charcoal clay, gravelly, brown
8 MS & 2 £9 Tradions, shary. Waler sirike.
Figure 4

The general geological succession in the Sandspruit
catchment. The strata symbols are explained by the
lithology (Jovanovic et al., 2009).

potentially fractured rocks that do not have a high primary
permeability, or other formations of variable permeability.
Secondary aquifers attribute their water-bearing properties to
weathering, fracturing and faulting processes. However, the
argillaceous nature of most of the rock, and poor groundwater
quality, limit the exploitation potential of these aquifers. A
borehole yield analysis indicated that 32% of boreholes yield
less than 0.5 £-s™ and 11% yield more than 5 £s™ (Meyer, 2001).
Although these aquifers seldom produce large quantities of
water, they are important both for local supplies and in supply-
ing baseflow to rivers. They also have a moderate vulnerability
to pollution (Parsons, 1995). Recharge in semi-arid regions is
generally episodic, thus only occurring during intense rainfall
events or during periods of prolonged rainfall. Recharge is
reported to be 71 mm-a! around Kasteelberg and 69 mm-a™ in
the rest of quaternary catchment G10J (Vegter, 1995).
Groundwater quality in the catchment is dominantly a
function of lithology, in addition to residence time and rainfall
(recharge). Groundwater generally exhibits a NaCl charac-
ter and an EC ranging between 33 mS'm™ and 2 060 mS-m!
(Jovanovic et al., 2009). CI is by far the dominant anion, par-
ticularly in the mid- and lower reaches of the catchment.
Groundwater level data gathered during this investigation
and data from the National Groundwater Database (NGDB)
allowed for a potentiometric surface within the catchment to
be interpolated, via inverse distance weighting (IDW). The
potentiometric surface ranges between 0.10 - 43.35 m b.g.l.
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The groundwater potentiometric surface across the
Sandspruit catchment. The interpreted direction of
groundwater flow is also shown.

The interpolated potentiometric surface is presented in Fig. 5.
Groundwater flow is expected to occur perpendicular to equi-
potential lines. The interpreted direction of groundwater flow is
shown in Fig. 5. Groundwater flows in a north to north-westerly
direction in the southern parts and in a north-easterly direc-
tion in the northern parts of the catchment. The contrasting
direction of flow in the western and north-western parts of the
catchment suggests that a groundwater divide could exist in
this area.

Catchment water balance

The water balance of a catchment is a deterministic relation-
ship between the water balance components that are random
variables in time and space, with usually unknown probability
distributions (Everson, 2001). Rainfall is the independent input
variable, which is transformed in the hydrological cycle into the
dependent output variables, i.e. evaporation/evapotranspiration,
streamflow and change in soil storage. To enable mathematical
prediction of the hydrological variables some simplifications
are required. The most practical method is the use of the deter-
ministic approach of applying the macroscopic version of the
continuity equation. The various continuous water movement
processes of the water cycle are lumped over fixed time inter-
vals and areas and related by the water balance equation. The
volumetric water balance (mmra™) per unit area is expressed
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in various formats (Everson, 2001; Eagleson, 1978; Poncea
and Shetty, 1995; L'vovich, 1979; Beven and O’ Connell, 1983;
Ward, 1972). Its common form is:

P—E -SS=0 )

where:
P is the precipitation,
E_ the actual evaporation, SS the soil storage and
O the streamflow.

All variables, except P, are influenced by soil water, which is
generally not measured. This problem is managed with the
assumption that the system is stationary in the mean. If the
period of observation is a year and expected values are sub-
stituted, the change in storage may be regarded as negligible
(Everson, 2001; Beven and O’ Connell, 1983) and the average
annual water balance equation is expressed as:

P-E =0 (#)

If the water balance equation can be solved, then it is plausible
that measurements or estimations of the individual components
of the water balance are accurate. Additionally, the catchment
may then be regarded as a watertight hydrological unit. This
essentially means that all precipitation falling within the topo-
graphical drainage divide leaves the catchment via the main
river or as evapotranspiration and that there is no consistent net
gain or loss of water by soil water or groundwater seepage.

The computation of the catchment water balance may include
all components of the hydrological cycle and thus exhibits
varying degrees of complexity. The degree of complexity

is often dependent on data availability and the aims of the
investigation/study. Precipitation is a very important input to
the water balance equation, and should thus be represented as
accurately as possible. If a reliable, complete and representative
rainfall record is available within a catchment/sub-catchment
then the application of interpolation techniques is not required.
However, if the catchment exhibits variable rainfall distribu-
tions, it is generally required to apply a spatial distribution
procedure to estimate representative rainfall amounts.

Methodology

There are several methods currently applied in South
Africa to compute the components of the catchment
water balance and the components of streamflow. Some
of these have been applied at the quaternary catchment
scale, water management area (WMA) scale and even
national scale. It was envisaged to compute, or account
for, all components of the water balance as well as the
components of streamflow. The following methods as
well as data from previous investigations were used to
calculate the water balance and conceptualise a flow
model for the Sandspruit catchment.

Precipitation

The Sandspruit catchment is characterised by a semi-arid
climate, where long dry summers and cool wet winters prevail.
All precipitation occurs as rainfall. Annual rainfall exhibits
arange between 300 and 400 mm, being dominated by long
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Climate gauging stations used in this investigation

duration and low intensity frontal rainfall between the months
of April and October (De Clercq et al., 2010).

Annual catchment rainfall amounts were calculated by
averaging available annual rainfall data. The rain gauge net-
work in the vicinity of the study area consists of 7 gauges
(Fig. 6). The ARC manages 4 of these gauges, all of which are
located outside of the catchment within a distance of 30 km. As
rainfall in semi-arid regions usually exhibits large spatial varia-
tion, 3 additional gauges were installed inside the catchment
during this investigation (February 2009). These gauges were
located so as to be representative of different elevation ranges
within the catchment, i.e. the upper-, mid- and lower-reaches.

Streamflow

Daily average streamflow (m*s™) has been recorded at DWA
station G1H043 (Fig. 3) since the mid 1980s and these data
were used in this investigation. To develop a detailed concep-
tual flow model of the catchment, knowledge of the dominant
contributors to catchment streamflow was required. Data in
this respect were gathered from previous investigations and by
using the following methods:

Baseflow

Baseflow is a non-process related term for low amplitude,
high frequency flow in a surface water body (Parsons and
Wentzel, 2007). Herold’s method of hydrograph separation is
a commonly applied technique in South Africa for calculat-
ing the groundwater contribution to streamflow, i.e. baseflow.
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The method suggests that the current groundwater component
results from the combined effect of decay of previous ground-
water discharge and previous streamflow increase (Xu et al.,
2002). Vegter (1995) quantified the baseflow, using the Herold
method, in quaternary catchment G10J to be 94 mmra™'. Schulze
(1997) quantified baseflow to be 0.93 mmra™' and Hughes et al.
(2003) calculated it to be 12.11 mm-a™.

Infiltration and overland flow

De Clercq et al. (2010) undertook extensive local-scale studies
concerning infiltration rates and overland flow in the vicinity
of the study area. Double-ring infiltrometers and rainfall-
simulators were used to study the relationship between infiltra-
tion (rate and volume) and overland flow. The characteristics of
infiltration and overland flow were interpreted to be a function
of land use and cultivation practices. In summer, soils are com-
pacted with minimal vegetative covering which significantly
limits infiltration, thereby increasing overland flow. In winter,
shallow cultivation and preferential flow paths created by root
channels facilitate infiltration and reduce overland flow.

The fairly dense nature of winter wheat, the dominant land
use in the study area, further impedes overland flow rates and
volumes. Infiltrating water is interpreted to move downward or
laterally if a layer of low permeability is encountered. Similar
physiographic conditions in the Sandspruit catchment suggest
that infiltration and overland flow could exhibit similar charac-
teristics to those observed by De Clercq et al. (2010). However,
land use is not entirely dominated by wheat during winter. Due
to the crop rotation method used by farmers, some areas are left
fallow and used for grazing. This is also likely to influence the
apportionment of infiltration and overland flow.

Stable isotopes

Environmental isotopes are commonly used in hydrological
studies, e.g. investigating timescales associated with water
flow, tracing water and pollutants and identifying sources and
processes. The stable isotope ratios of deuterium (*H) and oxy-
gen-18 (**0) are particularly useful in determining the domi-
nant flow contributors (overland flow, interflow or baseflow)

to a water body (Rice and Hornberger, 1998). These isotopes
are indicative of the processes to which the water has been
subjected in the course of the water cycle (Clarke and Fritz,
1997). Oxygen-18 and deuterium analysis refers to a stable
isotope ratio of '*O/"°O and *H/'H in the water molecule respec-
tively (Weaver et al., 2007). The stable isotope concentrations
are enriched (increased) in waters that have been subjected to
evaporation after precipitation. Alternatively direct recharge
from rainfall commonly has a depleted stable isotope concen-
tration. For a description of this methodology, data interpreta-
tion techniques and sampling protocol the reader is referred to
Bredenkamp et al. (1995) and Weaver et al. (2007).

Oxygen-18 and deuterium were analysed for in groundwa-
ter and surface water (Sandspruit River) samples collected in
September 2010. The sampling protocol outlined by Weaver et
al. (2007) was followed.

Groundwater recharge

Groundwater recharge can vary significantly across a catch-
ment, both spatially and temporally, particularly so in the

more arid parts of the country (DWAF, 2006; Parsons, 1994;
Simmers, 1998). The simplest method used to extrapolate point
recharge estimates is through the use of empirical formulas,
which equate recharge as a proportion of precipitation. These
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empirical formulas however assume recharge to be a constant
percentage of rainfall. A benefit of rainfall-recharge approaches
is that they may be applied without detailed data sets and with
limited local recharge studies for verification. The approach
however is generic and does not account for physical water
cycle processes. DWAF (2006) reviewed the results of numer-
ous recharge studies. These were grouped according to: the
type of study (e.g. recharge values obtained from catchment
baseflow studies), investigations conducted internationally
where similar climatological and geohydrological conditions

to South Africa exist, investigations conducted in southern
Africa, and investigations by Beekman et al. (1996). These data
were used to develop the “Woodford’ trend line (Eq. (3)), which
was used to compute a national direct recharge map.

Y=0.0001.X>+ 6Exp-16.X -8Exp-13 3)

where:
Y is recharge (mm-a') and
X is mean annual precipitation (mm-a™).

The equation developed by Beekman et al. (1996) from
recharge studies conducted in Botswana:

Y= 148Ln.X- 880 @)

The chloride mass balance method (Eriksson and
Khumakasem, 1969) is also commonly used to estimate
groundwater recharge. It is based on a simple theoretical
equation:

R,=PxCl,/Cl ®)

where:
R, is groundwater recharge (mm-a™'),
Cl, is the chloride concentration in rainwater (mg-¢ ') and
Clgw is the chloride concentration in groundwater (mg-£™").

The chloride mass balance method assumes steady state
between the chloride flux at the surface and the chloride flux
beneath the ET and mixing zone, and therefore does not con-
sider atmospheric deposition or other sources of chloride.
Groundwater recharge was calculated using Egs. (3), (4) and

).
Evapotranspiration

Evapotranspiration (ET) is regarded as an important process
across a wide range of disciplines, including ecology, hydrol-
ogy and meteorology (Wilson et al., 2001). Evaporation poten-
tial plays a limited role in the hydrological processes of the
high rainfall areas as water availability exceeds the evaporative
demand, but dominates these processes in the semi-arid areas
of the southern, low latitudes (Alexander, 1985). The catchment
water balance provides a single integrated assessment of annual
ET for a specific area, with the ability to account for annual
variability depending on rainfall and vegetation. If actual ET is
calculated with the water balance equation, as a residual, it is
assumed that deep losses of water, e.g. groundwater recharge,
are negligible and that the soil water content is identical at the
start and end of the hydrological year, i.e. 1 April and 31 March
respectively. This assumption may be justified through the
presence of impervious layers, minimal faulting or the absence
of preferential flow paths, which minimise deep drainage
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(Everson, 2001), in the study area.

Alexander (1985) states that areas located between latitudes
20° S and 40° S are characterised by high incident solar radia-
tion and consequently high evaporation losses, which greatly
reduce the proportion of the rainfall contributing to river flow.
In South Africa approximately 8.6% of precipitation is con-
verted to streamflow (Alexander, 1985). The balance being lost
through evapotranspiration, groundwater recharge, ground-
water losses, etc. Quaternary catchment G10J is reported to
exhibit a potential ET range between 1 500 and 1 700 mm-a™!
(Midgley et al., 1994).

Allen et al. (1998) developed a series of equations for
calculating the grass reference ET (ET ) based on the Penman-
Monteith equation. This provides a reliable estimate of the
catchment reference ET based on readily available data from
automatic weather stations. Reference ET can then be con-
verted to potential ET (PET) by using a crop coefficient. PET
is the amount of water that could be evaporated and transpired
if there were sufficient water available. Semi-arid areas are
generally regarded as being water stressed and thus PET is not
representative of the actual ET. To convert PET to actual ET a
stress coefficient is used.

The potential ET, for the Moorreesberg and Landau stations
(Fig. 6), was calculated using the method described by Allen et
al. (1998) and crop factor estimated by De Clercq et al. (2010).
De Clercq et al. (2010) derived the crop factor during selected
window periods (summer and winter) for winter wheat and
bare soil/wheat stubble, which are the dominant land uses in
the catchment. A daily crop factor was calculated using lin-
ear regression analysis of the daily crop factor derived by De
Clercq et al. (2010) and the day of year (R? = 0.85). The crop
factor ranged between 0.43 and 1.23, averaging at 0.83. The
ARC also calculates ET using data collected at the De Hoek
and Langgewens stations (Fig. 6), which was also converted to
PET. As a stress coefficient was not available, the catchment
actual ET was calculated as a residual using a modified version
of the common form of the water balance equation, i.e. E =
P-SS-0.

Soil water storage

Bugan (2008) logged soil water at a site representative of the
mid- to lower-reaches of the Sandspruit catchment. Although
it is located outside the study area, this site exhibits similar
soils, climate and geology. Variation in the volumetric water
content (VWC) on samples collected and observed from log-
ger data suggests that minimal variation occurs, at an annual
scale (Bugan, 2008). At an annual scale, variations of less
than 0.1 m'm™ (%) were observed, which are interpreted to be
negligible.

Water balance modelling

Water balance models are essential decision making tools
in water resources assessments, commonly being used to
quantify a catchment’s water balance. These are essentially
based on variations of the water balance equation. They range
in complexity from lumped (does not consider variations in
physiographic conditions) to fully distributed (considers pixel
scale variations in physiographic conditions) models. Through
calibration of known variables and components these models
also allow for the quantification of more complex components
of the water balance.

An additional function of certain water balance models is
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the ability to perform hydrograph separation, which was the
aim of application in this investigation. The model chosen for
application was the J2000 (Krause, 2002) model. The J2000
model is a distributed parameter hydrological model, which
simulates the water balance in large catchments (Krause,
2002). It simulates the water balance in a spatially-distributed
process-orientated manner, with the model core focussing on
methods of runoff generation and concentration. Three pro-
cess levels may be distinguished inside J2000: (i) processes
concerning the spatial and temporal distribution of the climate
input data, (ii) processes of runoff generation (infiltration
excess and saturation excess), and (iii) processes controlling
runoff concentration and flood routing. An approach which
delineates the basin based on topographic features is adopted.
A GIS overlay technique is used, where grid files (elevation,
slope, aspect, land use, soil and geology) are overlain producing
hydrologically homogenous units in the basin, i.e. the hydrolog-
ical response units (HRU) approach, in which units are identi-
fied that are assumed to behave similarly hydrologically. The
daily input data requirements include precipitation, minimum
and maximum temperature, wind speed, relative humidity

and sunshine duration. The model provides capabilities for the
spatial distribution (inverse distance weighting, IDW) of point-
measured input data across the watershed. These methods of
spatial distribution are based on vertical and horizontal varia-
tions of parameters throughout the catchment (Krause, 2002).
The model is able to simulate interception, evapotranspiration,
snow accumulation and ablation, horizontally-differentiated
soil water and groundwater dynamics, distributed runoff
generation and flood routing in the catchment’s river network.
For a detailed description of the model the reader is referred to
Krause (2002).

The J2000 model was set-up for the Sandspruit catchment
for the 2009 winter season (March-October 2009). The main
aim of model application was hydrograph separation and the
identification of the dominant flow contributors to streamflow.
Input data were gathered from the climate gauging stations
shown in Fig. 6. The model was calibrated using data collected
and observations made during this investigation and by De
Cercq et al. (2010).

Results and discussion

The precipitation per water year is shown in Table 1. Catchment
annual rainfall varied between 351 and 655 mm-a’, averaging
at 473 mm-a™.

Annual streamflow volumes, per water year, measured at
Station G1HO043, are shown in Table 2. Annual streamflow in
the catchment during the period of observation was variable,
ranging between 0.004 Mm? a' and 11.641 Mm?*a'; this is also
reflected in the standard deviation. Streamflow also exhibited
high variability between water years. During the period of
observation, on average, 6.5% of rainfall was converted to
streamflow. This is lower than the average of 8.6% for South
Africa suggested by Alexander (1985). The correlation of
annual streamflow to annual rainfall yielded poor results,
(R*<04).

The large variability of reported values is indicative of the
uncertainty associated with baseflow estimates, particularly in
semi-arid areas. The strongly seasonal nature of the Sandspruit
River and the depth of the water table suggests that the con-
tribution to streamflow from baseflow is minimal, leaning
towards negligible in average and below-average rainfall years.
Evidence gathered from literature (De Clercq et al., 2010;
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Jovanovic et al., 2009) and during this investigation suggests
that the Sandspruit River is sustained by quickflow, i.e. over-
land flow, interflow in the soil profile and direct rainfall.
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Table 1
Available precipitation data (mm)

Water Year De Hoek Langgewens | Moorreesberg | Goedertrou | Sandspruit | Oranjeskraal | Zwavelberg Average
1990 597 409 392 466
1991 755 471 493 573
1992 644 389 409 481
1993 554 458 404 472
1994 438 360 388 395
1995 620 321 383 441
1996 793 502 538 611
1997 468 294 290 351
1998 518 357 401 425
1999 645 372 375 464
2000 471 302 334 369
2001 838 544 526 636
2002 618 416 393 476
2003 494 297 288 360
2004 476 388 301 388
2005 505 358 330 398
2006 695 474 527 436 533
2007 854 678 626 460 655
2008 844 482 538 406 323 519
2009 577 407 477 319 391 494 444
Average 620 414 421 473
MIN 438 294 288 351
MAX 854 678 626 655
STDEV 136 94 95 91

Table 2
Annual streamflow volumes

Water year Mm?3-a mm-a“’'
1990 11.461 75.401
1991 10.078 66.303
1992 8.026 52.803
1993 11.221 73.822
1994 6.983 45.941
1995 1.192 7.842
1996 9.175 60.362
1997 2.032 13.368
1998 1.320 8.684
1999 0.538 3.539
2000 0.008 0.053
2001 7.347 48.336
2002 1.568 10.316
2003 0.066 0.434
2004 0.004 0.026
2005 0.082 0.539
2006 3.208 21.105
2007 8.727 57414
2008 4.117 27.086
2009 5.605 36.875
Sum 92.758 610.250
Average 4.638 30.513
MIN 0.004 0.026
MAX 11.461 75.401
STDEV 4.135 27.203

The results of the isotope study are shown in Fig. 7. The
Sandspruit samples represent surface water samples whilst the
rest represent groundwater samples. The GMWL, representing
the world average and a LMWL derived from rainfall sampled
at Tulbagh (Diamond and Harris, 1997), located approximately
30 km east of the catchment, are also shown. Generally, sam-
ples which plot in the left/bottom-left of the graph exhibit a
depleted stable isotope signature as opposed to those which
plot in the right/top-right which exhibit an enriched signature.
The shift from depleted to enriched signatures is indicative of
water being subject to evaporation. The results indicate that
groundwater sampled at Zwavelberg (upper-reaches) exhibits a
depleted signature, providing evidence that this is the source/
recharge area in the catchment and that recharge is immediate.
This is also expected due to the favourable recharge conditions
evident at Zwavelberg, i.e. exposed bedrock, minimal soil cov-
ering, higher rainfall and the fractured nature of the TMG. The
remainder of the groundwater samples (mid- to lower-reaches)
plot below the LMWL and along an imaginary evaporation-
line. The evaporation-line represents waters subjected to evapo-
ration after precipitation occurred. This is expected as the PET
is approximately 2-3 times greater than the catchment average
precipitation. This also indicates that groundwater recharge
in the vicinity of these boreholes is delayed and indirect. The
samples which plot along the LMWL have undergone mini-
mal or negligible enrichment by evaporation. Also, samples
which exhibit high deuterium and oxygen-18 concentrations
are interpreted to be representative of a mixture of evaporated
and more recent rainwater. Surface water samples generally
exhibit an enriched stable isotope signature, which is similar to
that observed in groundwater sampled in the mid- and lower-
reaches of the catchment. This indicates that the dominant flow
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observation period increases the relative importance of the
moisture storages within the catchment. The calculated actual
ET is presented in Table 4. During the period of observation,
the catchment actual ET accounts for, on average, approxi-
mately 94% of the water balance. Using the yearly average

PET (Table 3) the stress factor was back-calculated and ranged
between 0.30 and 0.54. This range of stress factor values may
be applicable to similar semi-arid environments. The stress fac-
tor correlated well with catchment average rainfall (R? = 0.76).

6 . Table 4
2 " 7 Catchment actual ET (mm)
" 7 Water Actual ET Actual ET (% | Stress factor
- ‘ year of rainfall)
N ! a7 parm ? ' * 1990 390.60 83.82 0.32
1991 506.70 88.43 0.41
R SOviRL Fomiskl bt s 1992 428.20 89.02 0.37
Figure 7 1993 398.18 84.36 0.33
Environmental isotope concentrations in groundwater 1994 349.06 88.37 0.30
samples collected in the upper, mid- and lower reaches 1995 433.16 98.22 0.39
of the Sandspruit catchment, and river water samples
plotted together with GMWL and LMWL. 1996 550.64 90.12 0.53
1997 337.63 96.19 0.31
1998 416.32 97.96 0.38
contributor is through subsurface flow, i.e. interflow and to a 1999 460.46 99.24 0.40
lesser extent baseflow. 2000 368.95 99.99 0.32
The computed PET values, on a water year basis, are shown in 2001 587.66 92 .40 0.54
Table 3. Data for the 2009 water year is not complete. 2002 465.68 97.83 043
2003 359.57 99.88 0.33
Table 3 2004 387.97 99.99 0.33
Calculated potential evapotranspiration (mm) 2005 39746 99.86 0.35
Water Moorrees- | Landau | De Hoek Lang- Average 2006 511.90 96.04 0.43
Year berg gewens 2007 597.59 91.23 0.46
1990 1255 1219 1237 2008 491.91 94.78 0.43
1991 1232 1225 1229 2009 20713 91.69
1992 1180 1130 1155
1993 1287 | 1145 1216 Average 44234 93.97 0.39
1994 1264 1 065 1165 MIN 337.63 33.82 030
1995 1207 1 040 1124 MAX 59759 99.99 0.54
1996 1116 978 1047 STDEV 77.11 5.33 0.07
1997 1199 1010 1105
1998 1213 983 1098 Groundwater recharge was calculated using Egs. (3) and
1999 1249 1 050 1150 (4). The results are presented in Table 5 (next page). Equations
2000 1238 1038 1138 3 and 4 yielded average estimates of 23 mm-a™ and 29 mm-a’,
2001 1235 952 1094 respectively. Large discrepancies were observed between the
2002 1289 57 1073 lr)es]ults frorgl the i methods whe? rainfall was significantly
elow or above the mean annual average.
2003 1284 924 1104 Jovanovic et al. (2009) measured the chloride concentra-
2004 1349 1002 1176 tion in groundwater at Zwavelberg (Fig. 6) to be 165 mg-(
2005 1313 979 1 146 ‘I Total rainfall for the 2009 water year was measured to be
2006 1337 1044 1164 1182 494 mm (Table 2) at Zwavelberg. Bugan (2008) measured
2007 2076 1 050 1001 1 057 1296 the chloride concentration in rainfall in the vicinity of the
2008 1742 553 1134 1093 1131 Sandspruit catchment to be 19 mg-¢ !, which is in the range
of values obtained by Weaver and Talma (2005) for the West
Average | 1319 1013 1151 Coast. Using Eq. (5), groundwater recharge was calculated
MIN 1116 553 1047 to be 57 mm-a! during 2009. This is much larger than the
MAX 2076 1225 129 20 mm-‘a'1 and 22 mmra™! obtained using Egs. (3) and (4),. 4
STDEV 3% 125 2 respectively, for the 2009 water year (Table 5). The applicabil-

Using a modified version of Eq. (1), the catchment actual
ET can be calculated. According to Ward (1972), an assump-
tion that changes in storage are negligible would be valid for
an extended time period, i.e. > 3 years. A reduction of the

http://dx.doi.org/10.4314/wsa.v38i2.5

Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 2 April 2012
ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 2 April 2012

ity of Eq. (5) in the catchment could, however, not be inves-
tigated further due to limited data. The sensitivity to rainfall
variations exhibited by Eq. (3) (R*>=0.99) and Eq. (4) (R*>=
0.99) suggests that these may be applicable and representative
of the sporadic nature of groundwater recharge in semi-arid
areas (DWAF, 20006).
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Table 5 ‘ Runoff Plot -
Groundwater recharge estimates per i L [Tt ' 1
water year for the Sandspruit Catchment i ‘ i :
xaat:r E .Rect;arge (mén-a"). 2 70 ! : Figul’e 8
quation (3) quation (4) i | . Simulated
1990 22 29 :’: | : - and
1991 33 60 Th « £ observed
£ 05
1992 23 34 E A5 145 streamflow
= ) for the
1993 22 31 o L Sandspruit
1994 16 5 25 s catchment
1995 19 21 2t I i (Mar - Oct
1 ‘
1996 37 69 10 N’I \ :: 2009)
1997 12 0 - ijtj : ! : -
1998 18 16 - = ime o ' o
1999 22 29 |7 Simulated Runofl — Observed Runoff Bl Pracipitation
2000 14 0 Figure 9
2001 40 75 Flowplot The
750.000.000 components
2002 23 32 700,000,000 of simulated
2003 13 0 £50,000.000 streamflow
2004 15 2 S (R[;7 -d
overlan
2005 16 6 500,000,000 ‘ flow, RD2
2006 28 49 3::: ‘ - interflow
2007 43 80 ' h [ from the
2008 27 45 g I \ soil horizon,
2009 20 2 oo o _RGT-
200,000,000 ( | interflow
| \ | " from the
Average 23 29 100000000 | | ‘ | ‘“\ weathered
MIN 12 0 o =l UK_J' L hgr(lszgn,
MAX 43 80 01.04-2009 1200 01.05-2000 1200 01-08-2000 12:00 01-07-2000 }f:: 01-08-2008 12:00 01-09-2000 12:00 01-10-2000 12:00 01-11-2008 1 roundw'ater
STDEV 9 28 [— 01 — 02 1 cachmentRG2] g flow)
The results of the catchment water balance simulation with Table 7
J2000 (March - October 2009) are shown in Table 6, Fig. 8 and Components of the simulated water balance
Fig. 9. The model performed well during the simulation period (Mar — Oct 2009) for the Sandspruit catchment
with all measures of performance exhibiting acceptable values. Component Simulated value
The model was able to match observed streamflow volumes — (mm-simulation period-)
as well as streamflow response times (Fig. 8). The dominant Precipitation 307.21
component of streamflow (Fig. 9) was interflow from the soil Potential ET 653.07
horizon (94.68% of streamflow), followed by overland flow Actual ET 256.98
(4.92% of streamflow). Simulated streamflow 32.29
Observed streamflow 32.48
; Table 6 ( o RD1 1.59
Results of water balance simulations (Mar — Oct
2009) for the Sandspruit catchment RD2 30.57
Performance measure Result RGI 0.13
Nash-Sutcliffe efficiency (NSE) 0.85 RG2 0
Coefficient of determination (R?) 0.85
Absolute volume error (AVE) 0.33 m3 s through the sandstone fractured rock system, compared to
Root mean square error (RMSE) 0.35 the lower reaches (321 mm-a™' at DWA station No. GIH043).

The components for the simulated water balance are shown
in Table 7. Equation (1) cannot be solved for the simulation
results indicating that there are losses from the catchment, i.e.
17.94 mm. This may be attributed to changes in soil moisture
storage over the simulation period.

Data gathered during this investigation allowed for a
conceptual flow model to be developed for the Sandspruit
catchment (Fig. 10). The catchment receives 473 mm-a™ pre-
cipitation on average (Table 2). Higher rainfall was recorded
in the upper reaches of the catchment (494 mm-a™! at the foot
of Kasteelberg), where groundwater recharge mainly occurs
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Streamflow at DWA gauge G1HO043 is measured to be approx-
imately 30 mm-a! (Table 1). Evapotranspiration makes up the
remainder of the water balance (443 mm-a™), assuming there
are no other losses of water, e.g. regional groundwater losses
directly through discharge into the Berg River. Soil water
and groundwater storage are negligible components of the
water balance over extended periods of observation. Seasonal
fluctuations of the groundwater potentiometric surface in the
catchment measured in boreholes (Jovanovic et al., 2009)
suggest that evaporation impacts the groundwater table, and
that a seasonal groundwater recharge-discharge mechanism
exists.
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The seasonal nature of the stream and the depth of the water
table suggested that the regional groundwater contribution to
streamflow is minimal, leaning towards negligible. Streamflow is
driven by quickflow, which comprises overland flow and espe-
cially interflow from the alluvium cover. Temporary seasonal
perched water tables occur at the interface of the alluvium cover
and Malmesbury shale with low permeability (Jovanovic et al.,
2009). Infiltration is facilitated by preferential pathways created
by root channels (winter wheat) as well as the minimisation of
overland flow rates by the dense wheat cover (De Cercq et al.,
2010). In addition, man-made anti-erosion contours that are com-
mon in the area represent micro-areas where overland flow of
water is barraged and water infiltrates. The dominant contribution
to the stream hydrograph is therefore interflow, originating from
the recharge of temporary groundwater tables in winter. This
contribution generally occurs until November, about 2 months
after the end of the rainy season. As groundwater recharge and
discharge is less than streamflow (30 mm-a™), the historic values
of groundwater recharge, of 69-71 mmra™ estimated by Vegter
(1995) for quaternary catchment G10J, appear to be overestimated
(assuming no other groundwater losses occur). The percentage
contributions to the hydrograph components (Fig. 10) were esti-
mated using the J2000 hydrological model. In this study, ground-
water recharge (interflow + baseflow) was calculated to be 29
mmra’! on average. However, this is mainly recharge to temporary
winter water tables which contribute to interflow.

Isotope analyses (Fig. 7) indicate that groundwater, in
particular in the mid- and lower reaches of the catchment, was
subject to evaporation before recharge took place. This is the
same water that discharges and predominantly contributes
to the stream. The poor correlation between average annual
streamflow and average rainfall (R? < 0.4) suggests that a vari-
ety of factors may influence streamflow, e.g. rainfall distribu-
tion, cropping systems, evapotranspiration, etc. Streamflow is
therefore more dependent on the rainfall distribution in time
and water use than on annual rainfall.

Conclusions

The water balance of the Sandspruit River was used to formulate
a conceptual flow model for the catchment. Evapotranspiration
was found to be the dominant component of the water balance,
as it comprises, on average, 94% of precipitation in the catch-
ment. This however is based on the assumption that no further
groundwater losses occur and that changes in storage (ground-
water and soil water) are negligible. Streamflow was interpreted
to be driven by quickflow, i.e. overland flow and interflow, with
minimal contribution from groundwater. The large variability of
reported baseflow values is indicative of the uncertainty associ-
ated with baseflow estimates, particularly in semi-arid areas.
The poor correlation between average annual streamflow and
average rainfall suggests that alternative factors, e.g. the spatial
distribution of winter wheat, the temporal distribution of rainfall,
climatic variables (temperature), etc., exert a greater influence
on streamflow. Measured streamflow also correlates poorly

with calculated actual ET (Table 4, R* = 0.13). Correlations of
observed streamflow (for both above- and below-average pre-
cipitation years) with average rainfall and actual ET were also
poor. Everson (2001) is of the opinion that, when rainfall is lower
than ET, excess water, even in wetter years, is still not sufficient
to satisfy the PET and will resultantly not influence streamflow
volumes. Streamflow is more dependent on the rainfall distri-
bution in time rather than on the annual volume. These poor
correlations could also be a result of inadequate spatial monitor-
ing of climatic variables, particularly rainfall. Unfortunately the
data record from stations located inside the catchment (Fig. 6)

is not sufficiently long to investigate this. Additionally, errors in
measurements should also be considered as a factor.

The water balance and conceptual flow model will form
the basis for the application of distributed hydrological mod-
elling in the Sandspruit Catchment and the development of
salinity management strategies. The application of distributed
hydrological models could be used to further investigate and

validate results of this investiga-
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tion, i.e. quantifying baseflow,
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