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Abstract. An understanding of processes and factors accounting for spatiotemporal variations in baseflow is
necessary for sustainable water resources management, particularly in semi-arid regions. This study assessed
the spatial and temporal variations in baseflow across three mountain streams within the Jonkershoek valley, in
the Table Mountain Group (TMG) geological region of South Africa. A two-parameter recursive digital filtering
method (RDF) was combined with conductivity mass balance (CMB) using electrical conductivity to separate
baseflow from daily streamflows during the 1946–2019 period. The results indicated that annual baseflow con-
tributions varied spatially. Baseflows were estimated to contribute 38 % to 86 % of the annual streamflows across
the three sub-catchments. This notable variation could be explained by differences in topography, geology and
fracturing, and vegetation cover. All three sub-catchments had higher proportional contributions from baseflow
in the dry summer compared to the wet winter, while interannual variations were relatively minor.
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1 Introduction

An understanding of processes and factors accounting for
spatiotemporal variations in baseflow is necessary to develop
appropriate water quantity and quality management strate-
gies (Santhi et al., 2008). This is particularly the case in
semi-arid regions, where water resources are under severe
stress. The southwestern part of the Western Cape Province
(WC) of South Africa experiences a Mediterranean climate
typified by long dry summers. Consequently, many of the
rivers are non- perennial. However, in some areas the deeply
fractured Table Mountain Group (TMG) quartzitic sandstone
aquifer contributes baseflow to surface water resources. The
fractured nature of this geology also favours the formation
of interflow within the shallow weathered zone where there
is a high density of fractures (Xu et al., 2003; Roets et al.,
2008). Baseflow from the TMG maintains streamflow in the

mountainous catchments during both the dry and wet sea-
sons (Saayman et al., 2003). These rivers are critical for wa-
ter supply throughout the Western Cape Province. However,
processes and factors accounting for the variability of base-
flows in rivers in the TMG geology region are not adequately
understood.

Streamflow hydrographs can be separated into quickflow
and baseflow. The separation of baseflow can provide in-
sights into streamflow generation mechanisms and by exten-
sion chemical transport and water quality effects of processes
within the catchment (Cartwright et al., 2014; Bosch et al.,
2017).

Previous studies investigating baseflows in the TMG ge-
ological region have mainly focused on a regional scale
across meso-scale catchments (Le Maitre and Colvin, 2008;
Smakhtin, 2001; Jia, 2007). For example, Jia (2007) investi-
gated baseflow characteristics in quaternary catchments with
areas ranging from 37 to 3000 km2 within the TMG re-
gion. The estimated baseflow index (BFI) ranged from 4 %
to 30 %.
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The present study has taken a step further by investigating
baseflow characteristics at a headwater sub-catchment scale
(< 10 km2), exploring variability across the Jonkershoek Val-
ley. The study aims to characterise baseflow across three
neighbouring headwater streams to determine spatial and
temporal variations that may exist at this scale in the TMG
region. The main objectives are, to quantify baseflow and es-
timate the baseflow index (BFI), to assess if the conductiv-
ity mass balance (CMB) method using electrical conductiv-
ity (EC) can improve baseflow estimation in the TMG catch-
ments, and to investigate the spatial and temporal variations
in baseflow characteristics across the sub-catchments.

2 Study area

The study was carried out in three neighbouring sub- catch-
ments of the Jonkershoek Valley with perennial streams that
are tributaries of the main Jonkershoek River (Fig. 1). The
Jonkershoek catchment has a total area of ∼ 146 km2. It is
located near the town of Stellenbosch (33°57′ S, 18°15′ E), in
the Western Cape Province. A summary of the sub-catchment
characteristics is given in Table 1.

The variation in morphology, land cover, rainfall, and
streamflow, coupled with the long-term hydrometric records,
made ideal study sites (Slingsby et al., 2021). The Bos-
boukloof sub-catchment consists mostly of afforested slopes,
with Pinus radiata covering nearly 58 % of the area since
1940. Tierkloof had pine plantations covering up to 36 %
from 1956 to 2014, but has been dominated by native fyn-
bos shrubland since fires in 2015. Langrivier has been kept
as a fynbos-dominated control site (Scott et al., 2000). The
planting of pines was found to reduce the streamflow yield
in the afforested sub-catchments (Scott et al., 2000). In all
three sub-catchments, the upper portion is occupied by pre-
cipitous cliffs of highly fractured, TMG quartzitic sandstone
of the Peninsula formation. These have little or no vegeta-
tion or soil (Hewlett and Bosch, 1984). This TMG unit over-
lies the basement bedrock of Malmesbury Shale with major
granite intrusions (Cape Granite). Much of this basement is
covered by talus and scree on the lower slopes and valley
floor. The TMG outcrop covers about 40 % of the Langriv-
ier catchment compared to 26 % in Tierkloof and 12 % in
Bosboukloof (Table 1). According to the conceptual models
(Roets et al., 2008; Saayman et al., 2003), the mountainous
catchments across the TMG are dominated by sub-surface
flow pathways. The streamflow appears to be mainly sourced
from springs and seeps near the base of the TMG outcrop.
Interflow was found to be a significant streamflow contribu-
tor across the sub-catchments, occurring as preferential flow
through fractured rock, the scree-talus, and at the rock-soil
(Mokua et al., 2020).

Figure 1. Jonkershoek Valley catchment including the location of
the study sites and stream guaging stations.

3 Materials and Methods

3.1 Data acquisition and measurement campaign

Streamflow and rainfall data from 1946 to 2019 were
obtained from the South African Observation Network
(SAEON). The instrumentation and datasets are described
in Slingsby et al. (2021). Each sub-catchment has a V-notch
gauging weir with continuous logging. The specific conduc-
tance (electrical conductivity referenced to 25 °C, µScm−1)
of streamflow at each weir was measured monthly from 2018
to early 2020 using a multi-parameter probe (YSI profes-
sional Plus, YSI Inc) resulting in 27 readings per stream. EC
of rainfall was measured from cumulative rainfall samples in
each sub-catchment.

3.2 Baseflow separation

3.2.1 Recursive Digital Filtering (RDF)

In this study, a two-parameter RDF (Eckhardt, 2005) was
used for continuous hydrograph separation. The filter equa-
tion was applied as follows.

QBj =
(1−BFImax)aQBj−1+ (1− a)BFImaxQTj

1− aBFImax
(1)

where QBj (m3 s−1) is the baseflow on day j , QTj is the to-
tal discharge (m3 s−1) on day j , BFImax and a are the filter
parameters. The BFImax is the maximum value of the base-
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Table 1. Summary of the study sites including mean Annual precipitation (MAP) and Mean Annual Runoff (MAR) for the hydrological
years 1946–2019 (SAEON, 2019).

Bosboukloof Tierkloof Langrivier

Area (km2) 2.09 1.45 2.46

Altitude (m a.m.s.l.) 274–1026 280–1530 366–1460

Average slope (°) 26 49 40

MAR (mm yr−1) 409 881 1461

MAP (mm yr−1)∗ 1104 1244 1539

Vegetation Pinus radiata (2015–2021) fynbos fynbos
(58 %) & fynbos (1954–2014)

Pinus radiata

TMG outcrop (% of area) 12 26 41

∗ Note catchment average rainfall estimated by Thiessen polygon method

flow index (i.e the ratio of baseflow to streamflow) and the a

is the recession constant.
Appropriate filter parameters values vary depending on

the hydrological and hydrogeological characteristics of the
catchment (Kouanda et al., 2018). As such, the BFImax and
a were determined for each sub-catchment separately. Ini-
tial BFImax was determined using the backwards filtering
method using the daily streamflow data (Collischonn and
Fan, 2013) implemented in U.S.G.S Groundwater Toolbox
(Barlow et al., 2017). The a was estimated using three meth-
ods namely, the correlation method (Tallaksen, 1995), mean
value (Saraiva Okello et al., 2018) and master recession curve
(Eckhardt, 2005). The average a value of the three methods
was applied. The RDF separation was applied to the daily
streamflow time series for the period 1946 to 2019 using
U.S. Geological Survey Groundwater Toolbox 1.3.1 (Barlow
et al., 2017).

3.2.2 Conductivity Mass Balance (CMB) and RDF
calibration

Considering the high sensitivity of the filtering parameters,
Eckhardt (2005) proposed that the RDF methods should be
validated using tracer-based hydrograph separations. The in-
tegration of recursive digital filter (RDF) with the conduc-
tivity mass balance method (CMB) has been shown to im-
prove baseflow estimation in many headwater catchments
(Kouanda et al., 2018; Saraiva Okello et al., 2018; Lott
and Stewart, 2016). The RDF method only requires stream-
flow data, while the CMB method relies on hydrochemical
measurements. The CMB method was used to calibrate the
BFImax parameter. The CMB method was applied using the
following equation (Lott and Stewart, 2016):

QBj =QTj

[
CTj −CS

CB−CS

]
(2)

where QT is the measured streamflow discharge (m3 s−1)
on day j , CTj is the measured specific conductance of the
streamflow at a given timestep given in micro Siemens per
centimeter (µScm−1), CB and CS are the estimated specific
conductance (µScm−1) of baseflow and quickflow compo-
nents, respectively. The CB values were assumed to be the
maximum EC value measured for each stream, which oc-
curred during the dry season. Due to the relatively low EC
values during the high flow season, especially in Langrivier
(Mokua et al., 2020), the quickflow component was repre-
sented by the EC value of the winter rainfall (20 µScm−1)
for all sub-catchments, assuming that quickflow had EC ap-
proximately equal to that of rainfall. This assumes little to no
EC change on the quickflow pathway(s), i.e., that it is direct
flow.

The RDF predictions were compared to the CMB baseflow
values for the sample days. Three goodness of fit methods,
percent bias (PBIAS), Root-Mean-Square Error (RMSE) and
coefficient of determination were used the evaluate the per-
formance of the RDF. BFImax parameter values were adjusted
to improve performance.

4 Results and discussion

4.1 RDF vs. CMB baseflow estimates for sampled days

The uncalibrated RDF tended to estimate greater BFI val-
ues than the CMB. This was most notable for Langrivier
(Table 2). The calibrated BFImax values improved the RDF
output in that most of the estimated BFIs showed better
agreement with the CMB method results (Table 2). How-
ever, while the correlations between the CMB and RDF out-
puts were improved by adjusting the BFImax parameter, the
R2 values remained low. The PBIAS results show that the
calibrated RDF generally estimated more baseflow than the
CMB on sampled days for Bosboukloof and Tierkloof, while
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for Langrivier there was a shift from overestimation to slight
underestimation. Given these different biases, the magni-
tudes of the BFI differences between the three catchments,
as predicted by the RDF, are rough estimates. Nevertheless,
the differences between the catchments’ mean annual BFIs
were large in relation to these biases, as described below.

4.2 RDF parameter values

The filter parameters exhibited differences among the sub-
catchments, particularly the calibrated BFImax. The recession
constant (a) showed minor spatial variation ranging from
0.967 to 0.974. These values were consistent with those of Jia
(2007) for meso-scale catchments across the TMG outcrop
areas: 0.945 to 0.985. The adjusted long-term BFImax value
was higher for Bosboukloof, at 0.86 compared to Tierkloof
at 0.68, and Langrivier at 0.54. The different values imply
the influence of catchment characteristics such as drainage
patterns, vegetation, topography and hydrogeological char-
acteristics (e.g., bedrock fractures and, degree of weathering)
(Price, 2011; Kouanda et al., 2018).

4.3 Spatial and temporal variation of baseflow

4.3.1 Annual scale

Annual BFI values were calculated for the period 1946–
2019. The mean annual BFI and baseflow volume estimated
for the study sites are shown in Fig. 2. The BFI estimates
and magnitudes of baseflow showed marked spatial varia-
tion. The mean annual BFI was highest in Bosboukloof at
0.86 (range: 0.75–0.89), lower in Tierkloof at 0.63 (range:
0.55–0.64), and lowest in Langrivier at 0.38 (range: 0.25–
0.41). Langrivier had the highest inter-annual BFI variabil-
ity. The BFI values are in agreement with those of previous
studies in the small catchments of the southwestern Cape re-
gion of South Africa (Brendenkamp et al., 1995). However,
they were higher than those of the quaternary catchments (av-
erage scale: 400 km2) of the TMG outcrop area (Jia, 2007)
which ranged from 0.30 to 0.48 and the value of 0.30 es-
timated for the fractured metasedimentary rock in general
(LeMaitre and Colvin, 2008). The variability across the three
sub-catchments could be explained by factors such as topog-
raphy, spatial irregularities in geological structures (e.g. frac-
tures) and vegetation cover (Bloomfield et al., 2009; Price,
2011). The sub-catchments with more scree-talus material
cover and pine forest, Bosboukloof and Tierkloof, had higher
baseflow proportions, than Langrivier, which has a larger
area of steep rocky cliffs. The scree-talus is likely to have
high infiltration rates and act as a shallow aquifer provid-
ing an additional source of baseflow (Harris and Diamond,
2013). The low BFI in Langrivier could potentially be ex-
plained by the steep topography suggesting that rainfall is
likely to be transmitted faster to the stream via both surface
flow and preferential pathways through the fractured rock

Figure 2. Temporal variations in annual BFI estimates and baseflow
(Qb) for the period 1946–2019 at (a) Bosboukloof, (b) Tierkloof
and (c) Langrivier.

(Hewlett and Bosch, 1984), increasing proportion of quick-
flow.

Figure 2 showed that Bosboukloof generates the low-
est mean annual baseflow of 342 mm yr−1 compared to
511 mm yr−1 for Tierkloof and 578 mm yr−1 for Langrivier.
This was expected considering the low mean annual runoff
(MAR) of Bosboukloof (Table 1). The higher baseflow vol-
umes in Tierkloof and Langrivier could be attributed to their
larger TMG outcrops and the higher rainfall amount in the
upper steep areas of these catchments. For small catchments
(<200 km2) in the United States, Santhi et al. (2008) found
that landscape characteristics such as relief and gradient are
highly correlated with BFI (R2

= 0.79) and baseflow volume
(R2
= 0.93), respectively. High baseflow was also found to

be correlated with the amount of rainfall. Considering land-
cover, a positive relationship between BFI and pine forest
area was reported by Pramono et al. (2017) in the Kedungbu-
lus sub-watershed (Indonesia), who found that a catchment
with 75 % pine forest cover had a higher BFI (0.75) than a
comparable catchment with 43 % pine cover (BFI of 0.55).
By promoting interception and infiltration, treed cover may
reduce the proportion of rainfall that becomes quickflow dur-
ing storm events.

However, when considering baseseflow volume,
Price (2011) found a positive correlation between higher
forest cover and lower baseflow amounts, which was at-
tributed to high evapotranspiration and infiltration rates of
the forest. This could be the case in the Jonkershoek where
the afforested Bosboukloof and Tierkloof had low baseflow
volumes compared to the non-afforested Langrivier. The
infiltrating water is likely to recharge the high draining
scree-cover and shallow weathered bedrock, and the pines
tap into this groundwater, reducing baseflow. Annual BFI

Proc. IAHS, 385, 239–246, 2024 https://doi.org/10.5194/piahs-385-239-2024



R. A. Mokua et al.: Evaluating the spatial and temporal variation in baseflow 243

Table 2. Summary of the goodness of fit indicators results between the uncalibrated or calibrated recursive digital filter and CMB method
daily BFI values, BFI (n= 27). Analysis period (2018–2019, 2020).

Site BFImax RDF mean BFI CMB mean BFI p-value RMSE R2 PBIAS (%)

Bosboukloof Uncalib 0.86 0.89 0.82 0.164 0.16 0.01 3.2
Calib 0.85 0.83 0.82 0.263 0.19 0.06 1.2

Tierkloof Uncalib 0.68 0.81 0.76 0.042 0.22 0.01 8.8
Calib 0.65 0.75 0.76 0.974 0.27 0.11 9.2

Langrivier Uncalib 0.54 0.67 0.51 0.040 0.25 0.101 9.6
Calibr 0.40 0.50 0.51 0.971 0.24 0.174 −0.3

Note: Uncalib = Uncalibrated, Calib = Calibrated

values showed only minor temporal variations, with Bos-
boukloof and Tierkloof showing the least variability (Fig. 2).
Baseflow is consistently a major component of streamflow
in these sub-catchments. Langrivier on the other hand had
a higher proportion of quickflow. These results could be
viewed as a contradiction to previous research, as peak flows
during storm events in this catchment have been shown
to be dominated by “old water” (e.g. Midgley and Scott,
1994; Mokua et al., 2020). These findings indicate that the
quickflow may include rapid sub-surface flows from the
shallow weathered zones that push older stored water into
the stream. Therefore, the assumption that rain chemistry
represents quick flow may not be a good fit for this site,
hence the poor correlation between CMB and RDF (Table 2).

4.3.2 Monthly and seasonal scale

BFI values for monthly and seasonal scales were also calcu-
lated. The mean monthly BFIs and baseflow discharge for
the three sub-catchments are presented in Fig. 3. Similar
to the annual BFI estimates, these values exhibit large spa-
tial variation and seasonality. All three sub-catchments had
higher proportional contributions from baseflow in the dry
summer (October–March) compared to wet winter (April–
September), as expected given seasonality of rainfall. Base-
flow peaks were detected during the wet winter months of
July and August but over 50 % of the dry season flow was at-
tributed to baseflow (BFI > 0.5). For the Bosboukloof, base-
flows contribute 89 % of summer flows and 82 % in winter,
Tierkloof 73 % and 60 %, while these were 50 % and 34 %
for Langrivier. According to Kelly et al. (2019), the high
BFI indicates permeable catchment conditions, whereby the
catchment water is stored during the wet season and is dis-
charged to the streams during the dry season. Also, the drier
antecedent conditions could have resulted in lower quick-
flow generation during episodic summer events, which would
increase BFI. In Bosboukloof and Tierkloof the pines have
been found to have impacted the dry season flow to a greater
extent compared to the annual and wet season runoff, poten-
tially due to high evapotranspiration rates (Scott et al., 2000).

Figure 3. Mean monthly BFIs and baseflow (Qb) for the 1946–
2019 period at the studied sub-catchments at (a) Bosboukloof,
(b) Tierkloof and (c) Langrivier.
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The larger baseflow volume during the wet season months
(July–September) indicates wetter antecedent conditions in
the scree-soil cover below the TMG and likely lower evap-
otranspiration (ET) from both pines and fynbos. As a result,
more quick flow was generated by the steep upper catchment
areas during the wet season, hence lower BFI. This is con-
sistent with other research that suggest catchment wetness
and/or water storage capacity is an important control on base-
flow (Yao et al., 2021).

The high BFI observed during the dry season across
the sub-catchments indicates the importance of baseflow in
maintaining dry season flows.

5 Conclusions

This study applied the RDF method, calibrated based on
CMB separation, to separate baseflow for three headwater
streams in the Jonkershoek catchment for the period 1946–
2019. Calibration of the BFImax filter parameter did improve
the fit of the RDF baseflow predictions to the CMB outputs
for the sampled days. However, while the two methods pro-
duced similar average baseflow estimates, the correlation re-
mained low. The dominant contribution of “old water” even
in storm responses that has been observed in these streams
(Midgley and Scott, 1994) may mean that the rainfall EC
values used in the CMB do not adequately represent what
is considered the “quickflow” response.

RDF outputs indicated spatial variations in annual and
monthly BFIs across the sub-catchments. This is likely to
be a function of several factors such as the heterogeneity in
bedrock geology, topography and vegetation cover across the
sub-catchments. The results suggest that more than half the
annual and summer streamflow in Bosboukloof and Tierk-
loof is derived from baseflow. Although, Langrivier’s flow
was dominated by quickflow, baseflow accounted for half of
the summer flow on average. This highlights the importance
of baseflow in sustaining the streamflow during the dry sea-
son in the Jonkershoek catchment. The seasonal variability
shown in the monthly BFI and baseflow amounts can be at-
tributed to low rainfall and high ET rates during summer. The
results demonstrate that a high degree of variability can exist
in the contribution of baseflow between neighbouring head-
water streams, likely linked to catchment geomorphic char-
acteristics and land cover. This study provides a useful refer-
ence for understanding baseflow characteristics in headwater
catchments of the TMG and can contribute to informed water
resources management.
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