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Abstract

To increase the resilience of regional water supply systems in South Africa in the face
of anticipated climatic changes and a constant increase in water demand, water sup-
ply sources require diversification. Many water-stressed metropolitan regions in
South Africa depend largely on surface water to cover their water demand. While cli-
matic and river discharge data is widely available in these regions, information on
groundwater resources - which could support supply source diversification - is
scarce. Groundwater recharge is a key parameter that is used to estimate groundwa-
ter amounts that can be sustainably exploited at a sub-watershed level. Therefore,
the objective of this study was to develop a reliable hydrological modelling routine
that enables the assessment of regional spatio-temporal variations of groundwater
recharge to discern the most promising areas for groundwater development. Accord-
ingly, we present a semi-distributed hydrological modelling approach that incorpo-
rates water balance routines coupled with baseflow modelling techniques to yield
spatio-temporal variations of groundwater recharge on a regional level. The approach
is demonstrated for the actively managed catchment areas of the Amathole Water
Supply System situated in a semi-arid part of the Eastern Cape of South Africa. In the
investigated study area, annual groundwater recharge exhibits a high spatio-temporal
heterogeneity and is estimated to vary between ~0.5% and 8% of annual rainfall.
Despite some uncertainties induced by limited data availability, calibration and valida-
tion of the model were found to be satisfactory and yielded model results similar to
(point) data of annual groundwater recharge reported in earlier studies. Our approach
is therefore found to derive crucial information for efficiently targeting more detailed
groundwater exploration studies and could work as a blueprint for orientating

groundwater potential exploration in similar environments.
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1 | INTRODUCTION

Many metropolitan regions in South Africa exhibit a strong water sup-
ply vulnerability due to their sole dependence on surface water supply
systems (Calow et al., 2010; DWA, 2013; Hedden & Cilliers, 2014;
Vorésmarty et al, 2010). Growing water demand and increasing
severity of droughts require a diversification of water supply sources
as a means to enhance water supply security (Hedden &
Cilliers, 2014; Kahinda et al, 2010; Kusangaya et al, 2014;
Luker, 2017). Groundwater can be a reliable and economic source of
water and its role in adding to a diversification of water supply
sources is worth investigating more intensively in water-stressed
areas of South Africa (Olivier & Xu, 2019).

In areas that are traditionally supplied with water from dam reser-
voirs, climatological and river discharge time-series are usually avail-
able but regional knowledge on groundwater and groundwater
recharge is scarce or highly generalized. This is partly due to the com-
plexity of the majority of South Africa's aquifers which are secondary
fractured rock aquifers with highly heterogeneous characteristics
(Botha et al., 2002; Sami & Hughes, 1996; Steyl & Dennis, 2010; van
Tonder & Kirchner, 1990; Woodford & Rosewarne, 2006). As ground-
water recharge is the key parameter for assessing the sustainable
yield of aquifers, knowledge about the spatio-temporal variations of
groundwater recharge is an asset for identifying target areas for
detailed groundwater exploration studies (Simmers, 2013). Thus, we
present a semi-distributed hydrological modelling approach that incor-
porates groundwater routines to assess the spatio-temporal variations
of groundwater recharge in river catchments that are actively man-
aged, as an essential step for orientating groundwater resources
exploration. The presented approach is demonstrated for the Amatole
Water Supply System (AWSS) in the Eastern Cape of South Africa.

Groundwater resource feasibility studies are typically carried out
at much smaller scales than those for surface water catchments
(South Africa manages surface water resources at the fourth-order
catchment scale, termed quaternary catchments). This results in a lack
of integration between assessments of the two resources and hinders
the development of conjunctive use of groundwater and surface
water resources. The approach presented in this paper serves as an
example for the integration of reliable groundwater recharge routines
into a hydrological model to carry out a differentiated spatio-temporal
assessment of groundwater recharge in similarly complex and actively
managed systems, using publicly available data such as land and soil
cover, topography, climatic time-series and streamflow data. The
model spans a simulation period of 10 years from July 2007 to the
end of 2017. Yielded recharge amounts are set in the context of exis-
ting estimates of groundwater recharge in the broader area of work
based on previous studies (DWAF, 2005; DWAF, 2008; Sami &

Hughes, 1996; van Tonder & Kirchner, 1990). The current investiga-
tion paves way for more detailed groundwater potential studies in the
region and could work as a blueprint for future studies in similar
water-stressed areas dependent on surface water resources that seek

diversification of water supply sources to enhance water supply

security.

2 | STUDY AREA

2.1 | Regional water management and hydrological
setting

The AWSS supplies approximately 1 million people with drinking
water with its major beneficiary being the Buffalo City Metropolitan
Municipality (BCMM). Water demand in this area has long been met
by sufficient surface water resources due to its location at the foot of
the Amathole Mountains (Nel et al, 2013). However, the natural
water yield is predicted to fall behind the region's water requirement
by the end of the current decade largely due to population and eco-
nomic growth (DWS, 2016). Regional studies predict that increasing
temperatures and a higher frequency or severity of extreme events
such as droughts, are likely to further reduce the future reliability of
the regional surface water availability (Botai et al, 2020; Dube
et al,, 2016; Mantel et al., 2015). Water levels in the dam reservoirs
have been declining critically in recent years and Buffalo City was fac-
ing an acute Day-Zero-scenario in 2020 (Daily Dispatch, 2017,
2019; Global Africa
Network, 2018). In addition, there are concerns about the water qual-
ity of the respective rivers (Adeniji et al., 2019; Chigor et al., 2013;
Palmer & O'Keeffe, 1990). Accordingly, the local water boards as well

Department of Water and Sanitation,

as the regional and municipal governments are seeking suitable recon-
ciliation options (DWAF, 2008; Scheihing et al., 2020).

The AWSS consists of several barrages located either in the Buf-
falo River catchment or the Nahoon River catchment. In the Buffalo
River catchment, four dams are located (from north to south: Maden
Dam, Rooikrantz Dam, Laing Dam and Bridle Drift Dam, Figure 1). In
the Nahoon River catchment, only the Nahoon Dam is found
(Figure 1). The Kubusi River catchment, where the Gubu Dam and the
Wriggleswade Dam are situated, is located north-east of the studied
catchments but is worthwhile mentioning because it provides inter-
mittent water transfers to the Buffalo and Nahoon catchments. The
three rivers are perennial (DWAF, 2008), but smaller reaches like the
Yellowwoods River that discharge into the Buffalo River are ephem-
eral (Owolabi et al., 2020).

Overflow is the only release from most of the reservoirs. In addi-
tion, the effluent of nine Waste Water Treatment Works (WWTW)
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contributes to the streamflow in the mentioned rivers (Chigor
et al., 2013). The total inflowing volume into these WWTWs was
14.3Mm? a! in 2005 (DWAF, 2008) and 16.5 Mm® a~* in 2016
(BCMM, 2016). Water abstraction for supply purposes takes place at
the dam sites. The total annual volume of water available for human
consumption from the dammed river water is about 75 Mm® a~!
(including return flows from WWTWs and excluding water transfers)

(DWS, 2016).

2.2 | Physical description
The modelled watersheds (Buffalo River and Nahoon River water-
sheds - 1279 km? and 583 km?) are situated in the BCMM, located in
the central south-eastern part of the Eastern Cape Province, with riv-
ers draining into the Indian Ocean (Figure 1). The topography of the
Buffalo River and Nahoon River watersheds is characterized by an
increasing elevation from south-east to north-west spanning from sea
level to a maximum elevation of approximately 1350 masl in the Ama-
thole Mountains (Figure 2(a)).

In a typical year, rainfall stations in the study area measure
between 580 and 815 mm of rainfall (Figure 2(d)), but annual pre-

1 in the Amathole Mountain

cipitation can be up to 2000 mm a~
Range (Bailey & Pitman, 2015; Taylor et al., 2016). This implies that
the largest portion of annual precipitation falls at the north-eastern
border of the investigated catchments. Precipitation variability
throughout the annual cycle is high, with the highest rainfall
amounts falling in summer between October and March (based on
available time-series, referenced in Table A1). The annual average
temperature over the simulation period lies in the range of 16-
23°C in coastal areas, while inland larger temperature fluctuations

are being observed (based on time-series, referenced in Table A1l).

High evaporation rates throughout the entire year characterize the
study area with evaporation rates reaching up to 180 mm per
month in summer and reducing to ~50 mm in winter. The mean
annual potential evaporation is 1160-1400 mm during the simula-
tion period (Class S Pan evaporation time-series, referenced in
Table A1).

The vegetation in the study area consists mainly of closed indige-
nous forests, and pine and blue gum plantations in the Amathole
Mountains. More arid savannah and thicket-like vegetation, grasslands
as well as subsistence farming occur from the mountain slopes to the
coastal belt (DWAF, 2004, Figure 2(c)).

2.3 | Hydrogeology

Geologically the study area is part of the South African southern
Karoo basin. A generalized geological map for the study area is pres-
ented in Figure 3. The geology of the study area is dominated by the
Middleton and Balfour Formations of the Karoo Supergroup, with
widespread dolerite intrusions. The Middleton formation typically
and 30-40%
(Johnson, 1976), while the Balfour Formation typically consists of up

consists of mudstones sandstone lithosomes
to 85% mudstones. According to a previous study, no significant pri-
mary unconfined aquifers are present in the BCMM (DWAF, 2008).
The jointed and fractured aquifers in the southern Karoo basin have
(Dondo

et al., 2010; Sami, 1996). Well-developed aquifer sections are largely

been reported to exhibit semi-confined conditions
restricted to fractured zones associated with the dolerite intrusions
where high-yielding wells have been reported (Botha et al., 2002;
DWAF, 2008). However, most groundwater wells in the area exhibit
very low vyields with constant flow rates of less than 2 L/s

(DWAF, 2008).
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(a) Buffalo and Nahoon river catchments that were delineated using a 30 m digital elevation model (DEM), (b) soil type MAP

(textural classification: KA4 after Eckelmann et al. (2005)) and (c) land-use MAP (classification: Bossard et al., 2000). (d) Mean annual precipitation
(MAP) of the reference grid and MAP of rainfall stations (based on time-series from the simulation period). Sub-watersheds with river gauges and
assigned catchment areas generated in the process of calibration (bold printed) and locations of streamflow controlling water management
infrastructure. Data sources are referenced and described in Table A1l(e) and Table A2(a-d)

Figure 2(b) shows KA4 soil type classification for the study area
that corresponds to sandy clay loams (Ls4), clay loams (Lts) and sandy
loams (Sl4) (Németovd & Honek, 2017).
were reported to exhibit fairly-low to low infiltration rates of less than
5-20 mm per hour (Sami, 1992; Sami & Hughes, 1996). The perme-

ability of soils with a sandy (clay) loam texture is generally higher than

Those soil types

that of the very fine-textured clay loam soils. It has been observed
that soil crusting favours overland flow at hillslopes, with higher por-
(Nciizah &

tions of water infiltrating in the valley bottom

Wakindiki, 2014; Sami, 1992).

3 | METHODS AND DATA

3.1 | Hydrological model description

The hydrological modelling was carried out using the modelling sys-
tem PANTA RHEL It is a deterministic, semi-distributed, physically
based hydrological model for long-term or single event simulations.
PANTA RHEI has been developed by the Department of Hydrology,

Water Management and Water Protection, LeichtweiR-Institute for
Hydraulic Engineering and Water Resources, Technische Universitat
Braunschweig (LWI-HYWAG) in cooperation with the Institut flr
Wassermanagement IfW GmbH, Braunschweig (LWI-HYWAG &
IfW, 2019). The model has been applied in a variety of scientific con-
texts (Holscher et al., 2012; Meon et al., 2014; NLWKN, 2019).
PANTA RHEI models the runoff processes on a sub-watershed
level. Communication between sub-watersheds takes place via a
predefined flow order in which dam structures are conceptually repre-
sented as storage units. Mathematical representations of runoff pro-
cesses transform the input rainfall into the runoff in the model. The
respective runoff processes are runoff generation from precipitation,
runoff concentration and open channel flow. Using the DYnamic VEg-
etation SOil Model (DYVESOM) (Kreye, 2015), the discharge response
in a river to a rainfall event is modelled by superimposed direct and
delayed runoff components (Figure 4). During calibration, individual
processes such as the share of the discharge from the lowest soil stor-
age to the interflow and baseflow volumes (Pets y and Pes g ) are
adjusted to the observed discharge by optimizing goodness-of-fit indi-

cators and the fit from simulated to observed runoff curves based on
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the preset properties of, for example, soil properties and rooting
depth. The net inflow into the groundwater reservoir (groundwater
recharge, GWR) can be regarded as equivalent to the baseflow vol-
ume on a long-term average under the assumption that groundwater
reservoir storage is in a near-steady state in the long-term (Arnold
et al., 2000; Lee et al., 2006; Niazi et al., 2017; Zomlot et al., 2015)
(Equation (1)). This assumption is justified in the given context as
groundwater remains largely unexploited and known private wells are

scattered and typically exhibit a very low yield (<2 L/s).

GWR =Petf g =Pret —ETa — (1)

Pett b — Peft_u

3.2 | Conceptual model

Dams as storage units are defined by storage-elevation curves and
rating curves. Sub-watersheds of an average size of 9 km? were gen-
erated based on the 30 m DEM in Figure 2(a). They were further dis-
cretized into significantly smaller Hydrological Response Units
(hydrotopes) based on soil type and land-use.

Streamflow in the modelled Buffalo River and Nahoon River
catchments was simulated in the hydrological model as the sum of
natural runoff from the catchment area, the inflow from catchment
areas upstream, anthropogenic inflows (return flows and transfer), and
water abstractions resulting from domestic and industrial demand
and irrigation.

The hydrological model was driven by spatially interpolated
climatic point data from hydro-meteorological stations. During the
simulation, spatial interpolation on a daily timescale was conducted by

a combination of Inverse Distance Weighting (IDW) and the Thiessen-

polygon-method. Potential evapotranspiration was simulated with a
Penman-Monteith approach that accounts for vegetation characteris-
tics at hydrotope level estimated from land-use features and with spa-
tially interpolated time-series of precipitation, humidity, temperature,
air pressure, wind velocity and radiation. Figure A1 summarizes the

conceptual model set-up.

3.3 | Data used for analysis

The DEM with a resolution of 30 m x 30 m was obtained from the
Shuttle Radar Topography Mission (SRTM) dataset. The soil cover and
land cover maps are shown in Figure 2(b) and (c), whereby soil param-
eters were determined from the grain size distribution of the fractions
of clay, silt and sand from the Soil and Terrain (SOTER) database of
the Soil

(Batjes, 2004). The land-use input class for the model was converted

International Reference and Information Centre

from Landsat eight satellite imagery based on 30 m x 30 m raster
2000),
resulting in eight land-use classes for the study area. Additional infor-

cells to European Union Corine Land Cover (Bossard et al.,

mation on spatial and other data implemented in the hydrological
model can be derived from Table A2.

Information on the locations and names of the stations and data
sources from which environmental time-series were retrieved is avail-
able in Table Al. Some time-series were disaggregated with linear
approaches to a finer temporal resolution to enable simulations on a
daily scale and small data gaps were handled with linear interpolation.
There were larger data gaps within the meteorological time-series that
were filled with long-term daily averages over the simulation period.
Continuous time-series provided by the BCMM were combined with
incomplete time-series from three other stations. The spatial interpola-

tion of precipitation data required a slightly adapted procedure to deal
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FIGURE 4 DYnamic VEgetation SOil model (DYVESOM)
modified from Kreye (2015). The temporal distribution of the water
volume from net precipitation (Pnet, @) can be subdivided into a
fraction of direct runoff (formed by Pt p), a fraction of interflow
(formed by Pe¢s 1) and a fraction of baseflow (formed by Pe¢r.g), where
Pes p and Pegs  underlie a certain evapotranspiration ET. The
fractions Petr p and Peg y are being further subdivided into a delayed
component (u) and an instantaneous component (i). Three soil
horizons are treated as water storages in the model and are
connected by vertical water percolation and capillary rise (b).
Groundwater recharge is formed from the lower soil horizon (c).
Physical equations with empirical soil parameters drive the mentioned
processes of runoff generation. The amount of the actual
evapotranspiration ET, (d) is determined by the potential ET, soil
properties and the rooting depth (e)

with the lack of point data for high-elevation areas, where precipitation
increases. Rainfall in high-elevation areas was interpolated using a refer-
ence map of the MAP (referenced in Table A2) and real precipitation
observations at chosen stations (Figure 2(d)). Time-series of estimated
precipitation (Pe) were calculated for the centers of the reference map
grid cells with an area of 25 km? by solving Equation (2). Equation (2)
is an estimation method developed in the context of this study, which
assumes that the precipitation frequency can be described by data
from two nearby stations and the precipitation intensity by the MAP.

365 365
D Pe=Pgig=) (k-w1-Pie+k-wa-Pay) 2
= =

with Pe: estimated rainfall in the center of a reference grid cell; Pgyig:
grid cell value of MAP; P and P;: rainfall at the two closest stations
to the center of a reference grid cell at day t; k: constant factor; w,
and wy: weighting factors for station rainfall based on the relative dis-
tance to a grid cell

The total number of gauge stations is 16 for the Buffalo River
catchment and eight for the Nahoon River catchment. These dis-
charge monitoring sites include nine meters at WWTWs that measure
the discharge amounts directed into the treatment plants and two
water transfer-meters (for water diverted to the catchments from the
Kubusi River catchment). The discharge from WWTW-meters was
corrected for 20% water losses due to evaporation during treatment
(Haasbroek, 2015). The locations of return flows from WWTWs
(return nodes in the hydrological model) were derived from Hughes
et al. (2014). Water abstraction rates were derived from time-series of
four abstraction-meters from dam reservoirs and a weir downstream
of Bridle Drift Dam (Figure 2(e)). Agricultural water abstractions were
represented by constant daily water volumes above the gauges for
the sub-watersheds that were selected as representative for irrigated
land in the lower, middle and upper section of the study area
according to officially estimated agricultural water requirements for
the year 2005 (DWAF, 2008). Existing evaluations on the operational
state of the different gauge stations in the area were used to select
suitable gauging sites for model-calibration (Haasbroek et al., 2016
recommend removal or technical revision of some gauges in the
study area).

3.4 | Model calibration and validation

The calibration period selected is 2012-2017 (6 years) and the valida-
tion period extends from mid-2007 to 2011 (four and a half years).
During both periods, both dry phases and extreme rainfall-runoff
events, such as a flood in 2011, occurred. The choice of periods can
thus be justified on the one hand by a similarly varying rainfall-runoff
regime and on the other hand by the fact that data availability was
best during these periods. The implementation of a backward valida-
tion procedure was due to the need for a hydrologically slightly more
diverse calibration period (in terms of rainfall-runoff). The choice of a
more hydrologically diverse calibration period ensured that model
parameters were adapted to as diverse system states as possible. A
set of goodness-of-fit measures (correlation coefficient, model effi-
ciency - based on Nash & Sutcliffe, 1970 - and Root Mean Square
Error), expert knowledge of the study area, and visual assessments
were used for model calibration and validation.

Parameters of soil hydraulic properties, initial soil water content,
storages and rates of runoff concentration, channel retention and
interception were adjusted manually within the calibration process at
selected gauges displayed in Figure 2(e) (value ranges of adjusted
parameters displayed in Table A3). The gauged-catchments in
Figure 2(e) define sub-watersheds that were calibrated with the
same representative gauge, which means that the calibrated sub-

watershed parameters are the same. Results are presented on a
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sub-watershed level and not on a smaller hydrotope level because the
density of gauges used for calibrating model parameters does not
allow a higher spatial resolution. The calibration of the area above
R2HO008 turned out to be difficult because records of observed
streamflow seemed to be too low in comparison with discharge vol-
umes observed at gauge R2HO001 (further discussed in the section 4 -
chapter 4.1). Other researchers have raised doubts concerning the
accuracy of measurements at gauge R2H008 (Haasbroek et al., 2016).

During model calibration, it was assumed that climatic data of
radiation and temperature from stations which are situated a few hun-
dred meters lower in elevation than the Amathole Mountain range
would lead to an overestimation of calculated potential ET in high ele-
vation areas (no stations can be found in the Amathole Mountains).
Hence, the potential ET assumed for high elevation catchment areas
was set to be slightly lower compared to available data from meteoro-
logical stations further downhill, taking into account the temperature
characteristics of the Amathole Mountains (DWAF, 2004). Also, the
original rating curve for Rooikrantz Dam was slightly adjusted in our
model, using newer storage measurements at the dam gauge.

4 | RESULTS

4.1 | Runoff characteristics and model accuracy
The runoff dynamics in the study area are characterized by significant
annual and inter-annual changes that are driven by rainfall variations.
The ratio between modelled P g (baseflow) in our study and total
runoff lies between 0.01 and 0.12. Consequently, fast runoff concen-
trations can be observed in the respective hydrographs (Figure 5(a)).
The portion of direct runoff in total runoff is relatively high, while the
portion of baseflow is quite low. The flow duration curves in Figure 6
confirm this runoff characteristic, yet also show that at most gauges,
low flows are sufficiently high to ensure perennial river flow. The
mean natural surface runoff coefficient (ratio between rainfall portion
that directly forms into runoff and total precipitation) is on average
0.2 but is locally as high as 0.4 (upstream of R2H001).

The manual calibration and statistical evaluation of the model per-
formance was executed by considering correlation coefficients (r), the
Nash and Sutcliffe model efficiency index (E) and Root Mean Square
Errors (RMSE). The respective values in Table 1 were calculated based
on the mean observed and simulated discharge at daily resolution. A
medium to strong linear relationship between simulation and observa-
tion was confirmed by the correlation coefficient for all sub-catch-
ments. The RMSE shows that the modelled discharge values for the
calibration and validation periods differ from the observed discharge
by a similar degree. The model efficiency indices lie in a satisfactory
range with many values around 0.5 (Nash & Sutcliffe, 1970). Accord-
ingly, the dynamic of rainfall-runoff events were represented well by
the discharge simulations throughout each year, as confirmed by the
hydrographs and mass curves in Figure 5(a). There are, however,
major volume discrepancies in the discharge for individual years. In

some cases, these discrepancies are compensated by the alternating

under- and overestimations (e.g., RBH003), and in other cases, a single
under- or overestimation stands out which results in a long-term vol-
ume difference (e.g., sub-catchment R2H001).

Overall, the model quality tends to be better for the Buffalo River
catchment, especially in the Upper parts of the catchment. This is con-
firmed by the respective cross-correlation and duration curves
(Figure 6). A sporadically occurring drying of tributaries (e.g., at gauges
R2H006 and R2H009) was partly not correctly simulated. These dif-
ferences lead, for example, to a simulated perennial flow dynamic at

the gauge R2H009, which was not always observed.

4.2 | Spatio-temporal groundwater recharge

The hydrological model yields estimates of long-term mean annual
groundwater recharge. The calculated groundwater recharge rates
range from 2 to 87 mm a~* or 0.3 to 7.9% of MAP (Figure 7(a) and
(b)). The highest values for mean annual groundwater recharge are
simulated for the catchments in the Amathole Mountains with values
of 50-87 mm a~* (or 4-8% of mean annual rainfall). At lower eleva-
tions, the maximum values for groundwater recharge are in the range
of 10-25 mm a~! (or approximately 2-4% of mean annual rainfall)
(Figure 7(a) and (b)). On average, 1.3% of annual precipitation contrib-
utes to groundwater recharge (Figure 7(b)). Based on groundwater
recharge rates, the total groundwater recharge in the Nahoon River
catchment simulated by the model is 0.59 Mm?® a~* (5000-15 000 m®
km~2 a~1) and in the Buffalo River catchment 1.39 Mm® a~* (2000-
87 000 m® km~2 a~%) with high spatio-temporal variations.

Figure 8 provides boxplots of the ranges of inter-annual varia-
tions of precipitation, actual evapotranspiration and groundwater
recharge for the different sub-watersheds as modelled by the hydro-
logical model. The variability of the annual groundwater recharge gen-
erally correlates with the absolute amount of mean annual recharge.
Higher absolute recharge amounts are associated with higher relative
inter-annual recharge fluctuations (Figure 8). The coefficient of varia-
tion (COV) is on average 0.56 for groundwater recharge, which is
larger than the COV of precipitation (0.22) and ET (0.20), but smaller
than the COV of total runoff (0.68). Extreme precipitation events in
2011 led to statistical outliers for P and ET but not for groundwater

recharge.
5 | DISCUSSION
51 | Baseflow

The underestimation of baseflow in our model is reflected to some
extent in the fact that the BFI calculated in this study is generally
lower than in previous studies. The BFI calculated by our model lies,
dependent on the sub-catchment, between 0.01 and 0.12. Previously,
the BFI was estimated to be between 0.25 and 0.54 in the study area
(Hughes et al., 2007; Owolabi et al., 2020) and above 0.18 in other
South African catchments with semi-arid climates (Ebrahim &
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time) of observed and simulated daily mean discharge at river gauges used for calibration (if the discharge is smaller than 1 m® s, the logarithm

takes on negative values) in the log-transformed scale

TABLE 1 Goodness-of-fit indices, correlation coefficient (r),
model efficiency (E) - Based on Nash & Sutcliffe, 1970 - And root
mean square error (RMSE), of calibration (C) and validation (V) time
periods of gauges selected for calibration

Gauge r RMSE E

C \' (o} \'% C Vv
Buffalo River
R2H001 0.81 0.81 0.33 0.36 0.47 0.51
R2H008 0.71 0.79 0.37 0.46 0.49 0.62
R2H006 0.75 0.8 0.69 0.67 0.53 0.62
R2H005 0.76 0.81 2.02 2.82 0.55 0.64
R2H009 0.48 0.66 0.56 0.49 0.21 0.44
R2HO015 0.78 0.78 1.26 1.61 0.61 0.61
R2H027 0.72 0.83 3.99 3.66 0.46 0.49
R2H029 0.51 0.77 4.99 5.09 0.18 0.59
Nahoon River
R3H003 0.53 0.68 33 7.63 0.27 0.34

Villholth, 2016). Earlier results indicate that the baseflow could hold a
greater share of total discharge in the river system than identified in
this study. However, previous results are not directly comparable with
the BFI calculated in this study. This is because the baseflow compo-
nent as modelled in this study refers to a sole groundwater-fed com-
ponent (see Section 3 - chapter 3.1), whereas the baseflow

component in previous studies does not explicitly differentiate

between a groundwater-fed part and a part generated by a delayed
interflow. This simplification of the baseflow in previous studies may
result in a significant overestimation of the pure groundwater-fed
baseflow, especially in areas of South Africa with steep topographic
gradients (Hughes et al., 2007).

5.2 | Groundwater recharge

The groundwater recharge amounts estimated in this study are pres-
ented as long-term mean annual recharge rates. It can well be
expected that model errors associated with daily events, as explained
above, are compensated for in the long-term when assessing mean
annual groundwater recharge. The ranges of annual groundwater
recharge rates presented for the different sub-catchments in Figure 8
can in this context be understood as uncertainty bands of the mean
annual groundwater recharge estimates that take into account differ-
ent inter-annual climatic variations and spatial environmental condi-
tions. The importance of intrusive dolerite formations for the
constitution of fractured aquifers in the study area was widely recog-
nized in previous studies (DWAF, 2008; Owolabi et al., 2020). There-
fore, mean annual groundwater recharge amounts on a sub-
catchment level can in reality be heterogeneously distributed within a
respective sub-catchment. The estimated GWR in our model repre-
sents the averaged GWR over the whole area of each sub-catchment.
In total, groundwater recharge volumes are 0.59 Mm?® a~* in the Buf-

falo River and 1.39 Mm?® a~! in the Nahoon River. These volumes are
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potentially exploitable in a sustainable manner when considering long-
term averages, but must be corrected for the existing groundwater
withdrawals and the water requirements of groundwater-fed
ecosystems.

Compared to the recharge estimates provided in an earlier inves-
tigation of the Department of Water Affairs and Forestry (Figure 7(c)),
our model results show lower groundwater recharge values for the
entire study area. The respective recharge map in Figure 7(c) was
developed using the chloride mass balance technique and a GIS-based
modelling approach (DWAF, 2005). However, at the same time, the
methodology applied in DWAF (2005) has been critically discussed,
due to its reliance on spatially limited chloride measurements and mul-
tiple interpolation steps (Allwright et al., 2013). A second study that
applies the chloride mass balance approach, found that the average
recharge in the catchment area of the AWSS is about 2% of precipita-
tion (DWAF, 2008). This value is of a similar magnitude compared to
the recharge estimates for many sub-catchments in this study. Also,
van Tonder and Kirchner (1990) identified recharge amounts of 2-5%
of annual rainfall in semi-arid Karoo formations based on a modified
groundwater table fluctuation method. Another study executed in a
semi-arid part of the Karoo basin of South Africa - based on a chloride
mass balance and an integrated surface-subsurface model - found
that recharge in this environment lies between 4.5 and 5.8 mm a~?!
with high spatial variability (Sami & Hughes, 1996). These results

match our findings. With respect to spatio-temporal variations in
groundwater recharge, it can be stated that the approach presented
here for the AWSS is more reliable compared to previous studies
because it is strongly tied to evenly distributed physical parameters
(e.g., soil properties, land-use, climate and associated observed dis-
charge). These define interpretable partial runoff processes (such as
the groundwater-fed component), which was not the case in previous
studies on groundwater recharge in the AWSS.

Overall, the results help to discern on a regional scale sub-
watersheds that are expected to exhibit a relatively high groundwater
recharge. This information can be used for efficiently targeting more
detailed groundwater exploration studies to eventually assess the role
that groundwater could play to contribute to water supply source

diversification.

5.3 | Model limitations

The modelling approach presented in this paper assumes that
recharge is equivalent to groundwater-fed baseflow which is most
sensitive to observed streamflow through the calibration process.
Accordingly, the model limitations listed below are identified to be the
main drivers of model uncertainty concerning the groundwater

recharge results that have been presented:
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Model limitations result from the following error sources:

1. Unaccounted surface water abstractions by agricultural activity

2. Other human interventions (e.g. arbitrary water releases from dam
reservoirs)

Errors resulting from the interpolation of precipitation in conjunc-
tion with a high topographic heterogeneity

Errors associated with soil parameterization based on generalized

spatial data

The calibration of the Buffalo River (based on seven well-distributed
river gauges) is satisfactory but not good. Due to missing data for
actual agricultural surface water abstractions, these abstractions could
only be considered in a generalized manner in our model. Potential
simulation errors can therefore in part be attributed to unaccounted
agricultural surface water abstractions (error source 1) from rivers and
streams (no significant groundwater exploitation going on). Unac-
counted agricultural water abstraction can be expected to be highest
during drought periods when dry conditions increase the irrigation
and watering requirements for crops and livestock. Hence, respective
unaccounted seasonal water abstractions during dry summer periods
will decrease the observed discharge volumes at gauging stations. This
error source is not accounted for in our model and could lead to an

underestimation of modelled groundwater-fed baseflow amounts in
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summer periods. However, groundwater-fed baseflow in summer
periods is expected to be very low and the inflicted absolute error on
modelled mean annual groundwater recharge amounts as done in this
study should therefore be minor.

Observed and simulated discharge generally matched better at
the gauges where human intervention is low (error source 2). An
example of typical model uncertainties encountered as a result of
human intervention can be given for gauge R3H003 which is located
downstream of the Nahoon Dam. Here, an occasional release of water
from below the spill (without specific rules that could be modelled)
limits the possibility of correctly simulating the observed discharge
amounts. Hence, discharge data from R3HOO3 only allows evaluation
of the river's long-term runoff volume. Accordingly, in the case of the
Nahoon catchment, where only a single gauge R3HOO03 exists, results
exhibit the highest uncertainty (Table 1). A better calibration basis for
the study area would be achieved with gauged estuaries - which has
already been recommended by Haasbroek et al. (2016) and Hughes
et al. (2014) - and at least one river gauge in the Nahoon River
upstream of the Nahoon Dam.

The necessity to interpolate rainfall amounts over large areas
(error source 3), with a low density of observational points, can lead
to a blurring of discrete rainfall events, particularly in low elevation
areas. Although rainfall sums over larger periods will not be signifi-

cantly affected by this approach, it can lead to a breakdown of rainfall
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amounts from an actual single-day event to a two or three-day event
at low elevation. As PANTA RHEI works on a daily resolution, this
error source results in the model potentially assuming rainfall on days
in certain areas where actually there was no rainfall. Accordingly, in
the daily water balance, this error source can lead to an underestima-
tion of baseflow amounts because more frequent rainfall events are
represented in the model than actually occurred on a sub-catchment
level. This is because the model would then assume occasionally that
a portion of the actual daily baseflow as measured includes a compo-
nent of direct runoff.

Other error sources in our model are likely associated with a low
density of meteorological stations and derived rainfall interpolations,
and the generation of runoff components in the soil water balance
model since this process is highly dependent on soil parameterization.
Studies on soil properties and infiltration capabilities from the study
area are, however, rare and the soil map used has a low resolution
(error source 4).

6 | CONCLUSION
The following conclusions can be drawn from the presented inte-

grated modelling study:

e Runoff characteristics and particularly base-flow dynamics in the
investigated catchments can be modelled satisfactorily using
the developed hydrological model despite restrictions in data
availability.

e The annual groundwater recharge in the coastal South African
catchments assessed in this study underlies strong spatio-temporal
variations and is largely in accord with previous (point) data on
groundwater recharge in the area of work.

e The integration of baseflow modelling techniques in hydrological
water balance modelling allows for the spatio-temporal assessment
of groundwater recharge on a sub-catchment level, even under
several constraints (actively managed barrage system, semi-arid cli-
matic conditions, and dominantly fractured aquifer types). The
yielded information on groundwater recharge in turn can support
the time- and cost-efficient targeting of more detailed groundwa-

ter exploration studies.
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APPENDIX A.
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FIGURE A1 Conceptual model: Runoff generation, runoff concentration and open channel flow are processed for sub-watersheds with

hydro-meteorological input time-series (TS) taking into account spatial information (locations, flow-directions, sub-watershed and hydrotope
properties) and infrastructure information as operation rules, extraction, and injection TS. Calibration and evaluation was performed with
observations of streamflow, dam reservoir volume and pan evaporation. Factors adding water to the system are shown in green and factors

removing water from the system are shown in red
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TABLE A1 Original names, locations, sources and resolution of time-series from the simulation period (SP). Discharge data of river and dam
gauges, pipeline gauges (* abstraction-meters at barrage locations) and canal gauges (transfer-meters) was downloaded from the Department of
Water and Sanitation (DWS) and estimated irrigational water requirements of sub-regions (%) from a DWS report. WWTW-meter data and data
from an abstraction-meter at bridle drift were derived from the Buffalo City metropolitan municipality (BCMM) as well as evaporation data

(? locations of return nodes visible in Hughes et al. (2014)). DWS data were available online at http://www.dwa.gov.za/Hydrology/Verified/
hymain.aspx

Latitude Longitude Resolution (years
Station [dd:Mm:Ss]  [dd:Mm:Ss] Source Time-series available within SP)
River gauges
R2HO01 32:43:55 27:17:37 DWS Discharge Daily (2004-2017)
R2H008 32:46:05 27:22:23 Discharge Daily (2004-2017)
R2H006 32:51:30 27:22:15 Discharge Daily (2004-2017)
R2HO005 32:52:31 27:22:58 Discharge Daily (2004-2017)
R2H009 32:54:56 27:23:11 Discharge Daily (2004-2017)
R2HO016 32:56:07 27:26:45 Discharge Daily (2004-2017)
R2H010 32:56:26 27:27:38 Discharge Daily (2004-2017)
R2HO015 32:55:54 27:28:21 Discharge Daily (2004-2017)
R2H027 32:59:30 27:38:24 Discharge Daily (2004-2017)
R2H029 32:59:41 27:44:02 Discharge Daily (2004-2017)
R3H003 32:54:19 27:48:34 Discharge Daily (2004-2017)
Dam gauges
R2R002 32:45:19 27:19:33 DWS Discharge (spill); Storage volume Daily (2004-2017)
R2R001 32:58:08 27:29:36 Discharge (spill); Storage volume Daily (2004-2017)
R2R003 32:59:22 27:43:51 Discharge (spill); Storage volume Daily (2004-2017)
R3R001 32:54:35 27:48:40 Discharge (spill); Storage volume Daily (2004-2017)
Pipeline gauges (water abstraction)
R2HO017 1 DWS Discharge Daily (2004-2017)
R2H020 Discharge Daily (2004-2017)
R3HO004 Discharge Daily (2004-2017)
Canal gauges (water transfer)
R2HO025 32:42:53 27:33:11 DWS Discharge Daily (2004-2017)
R3H005 32:41:58 27:33:51 Discharge Daily (2004-2017)
Hydro-meteorological stations
R2E002 32:58:08 27:29:24 DWS Precipitation; Evaporation Daily (2004-2017)
R2EO03 32:45:01 27:19:49 Precipitation; Evaporation Daily (2004-2017)
R2E004 32:59:24 27:43:60 Precipitation; Evaporation Daily (2004-2017)
R3E001 32:54:17 27:48:35 Precipitation; Evaporation Daily (2004-2017)
S6E002 32:36:51 27:16:32 Precipitation Daily (2004-2017)
S6E003 32:34:53 27:34:02 Precipitation Daily (2004-2017)
Bisho 32:51:45 27:25:64 Agricultural Research Council Precipitation; Radiation; Daily (2004/2005-
Temperature; Humidity; Wind 2017)
speed
Berlin 32:56:09 27:35:52 Agricultural Research Council Precipitation; Radiation; Daily (2005/2007-
Temperature; Humidity; Wind 2017)
speed
East London 33:01:48 27:49:48 https://en.tutiempo.net/ Precipitation; Temperature; Daily (2004-2017)
Humidity; Wind speed
Bisho https://www.worldweatheronline. Air pressure Monthly (2004-
com/lang/de/bisho-weather- 2017)
averages/eastern-cape/za.aspx
East London https://www.worldweatheronline. Air pressure Monthly (2004-
com/lang/de/east-london-weath 2017)

er-averages/eastern-cape/za.aspx

(Continues)


http://www.dwa.gov.za/Hydrology/Verified/hymain.aspx
http://www.dwa.gov.za/Hydrology/Verified/hymain.aspx
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https://www.worldweatheronline.com/lang/de/east-london-weather-averages/eastern-cape/za.aspx
https://www.worldweatheronline.com/lang/de/east-london-weather-averages/eastern-cape/za.aspx

16 of 17 Wl LEY NOLTE ET AL

TABLE A1 (Continued)

Latitude Longitude Resolution (years

Station [dd:Mm:Ss]  [dd:Mm:Ss] Source Time-series available within SP)
WWTWs
Berlin 2 BCMM Discharge Daily (2007-2017)
Bisho Discharge Daily (2007-2017)
Breidbach Discharge Daily (2007-2017)
Central Discharge Daily (2007-2017)
Mdantsane Discharge Daily (2007-2017)
Potsdam Discharge Daily (2007-2017)
Reeston Discharge Daily (2007-2017)
Schornville Discharge Daily (2007-2017)
Zwelitsha Discharge Daily (2007-2017)
Other water abstractions
Irrigation 3 DWAF (2008) Volume Annual (2008)

demand
Pumped water 1 BCMM Volume Monthly (2005-

from Bridle 2017)

Drift

TABLE A2 Spatial and constant datasets with associated sources, resolution and format. Data were either directly imported into the
modelling system, the information was converted or, data was used as a reference

Dataset Source Resolution Format
Topography Shuttle Radar Topography Mission (SRTM) from Earth Resources 30x30m Raster
Observation And Science (EROS) Center (2017)
Hydrometric data (Rooikrantz, BCMM 20 cm spacing Table
Laing, Bridle Drift and Nahoon (water level)

dam reservoirs)

Hydrometric data (Maden dam Hughes et al. (2014); Mantel et al. (2010); Poleni equation after - Combined
reservoir and weir below Bridle Bollrich and PreiRler (2000) information
Drift)

Land use classes 2013-14 National Land-Cover - 72 classes - documentation: 30x30m Raster

Department of Environmental Affairs (DEA, 2014); available
online at http://media.dirisa.org/inventory/archive/spatial/
carbon-atlas/phase-ii/2013-14_national_land_cover_72_
classes.zip on 01 February 2019

Soil properties (grain size Soil and Terrain (SOTER) database of the International Soil varying Polygon-shape
distribution) Reference and Information Centre (ISRIC) - documentation:
Batjes (2004); available online at https://files.isric.org/public/
sotwis/SOTWIS_SAF.zip on 01 February 2019

MAP Water Resources of South Africa, 2012 Study (WR2012) - 1.8 x 1.8 km Raster

documentation: Bailey and Pitman (2015); available online at
https://waterresourceswr2012.co.za/ on 01 February 2019

GWR Documentation: DWAF (2005); available online at https:// 1x1km Raster
waterresourceswr2012.co.za/ on 12 June 2020

River network and dam reservoirs Department of Water and Sanitation, South Africa; available - Line-shape/
online at http://www.dwa.gov.za/iwgs/wms/data/ polygon-shape
000key2data.asp on 01 February 2019


http://media.dirisa.org/inventory/archive/spatial/carbon-atlas/phase-ii/2013-14_national_land_cover_72_classes.zip
http://media.dirisa.org/inventory/archive/spatial/carbon-atlas/phase-ii/2013-14_national_land_cover_72_classes.zip
http://media.dirisa.org/inventory/archive/spatial/carbon-atlas/phase-ii/2013-14_national_land_cover_72_classes.zip
https://files.isric.org/public/sotwis/SOTWIS_SAF.zip
https://files.isric.org/public/sotwis/SOTWIS_SAF.zip
https://waterresourceswr2012.co.za/
https://waterresourceswr2012.co.za/
https://waterresourceswr2012.co.za/
http://www.dwa.gov.za/iwqs/wms/data/000key2data.asp
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TABLE A3 Value ranges of the calibrated parameters of the

sub-processes of runoff generation, runoff concentration and open
channel flow. More detailed process and parameter descriptions in
LWI-HYWAG and IfW (2019)

Runoff generation

Base Flow Groundwater

Storage

Penman-Monteith

Standard Interception

Dyvesom1

Runoff Concentration

Unit Hydrograph

Open Channel Flow

Linear Storage

Parameter

Initial Groundwater Storage

Content
Initial Base Flow
Factor ET Potential
Maximal Interception

Maximal Interception
Settlements

Emptying Rate
Slope

Initial Matrix Potential
Horizon 1

Initial Matrix Potential
Horizon 2

Initial Matrix Potential
Horizon 3

Proportional Surface Runoff

Offset Storage Content
Factor Drying

Factor Percolation
Preferential

Factor ET Actual
Parameter

Factor ko

Factor ki

Factor ku

Factor kb

Water Density

Factor Frost Formation
Parameter

Factor Retention

Factor Translation

Range
500

0.2-10
0.87-1
2-7

1

0.1-0.5
1

700-
1000

500-700

300-500

900-
2000

0.2-0.68
2
0.5-0.6
0.4-0.75
1

Range
2-8
100-500
1

1500-
5000

500

Range
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