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Abstract:  The Modder river basin, located in Central South Africa, covers an area of 1.73 Million hectares of land. Stream flow 
analysis was conducted using four base flow separation methods for a quaternary catchment with drainage area of 
92,682 ha, which is the origin of the Modder River. These methods are: the Nathan and McMahon (N&M) method, 
the Chapman method, the Smakhtin and Watkins method (S&W), and the frequency duration analysis. All the 
methods gave higher percentage of the low flow component (base flow), except for the S&W method which 
underestimated it. The N&M filtering equation gave base flow components greater than 66% in 1999 and increased to 
84% in 2007 while the Chapman equation gave 65% and 74% in 1999 and 2007, respectively. Similarly, the 
frequency duration analysis gave 62% in 1999 and increased to 79% in 2007. The frequency duration analysis gave up 
to 13% lower than the N&M filtering equation. The nine year base flow averages were 69%, 69%, 75% and 43% for 
frequency duration analysis, Chapman, N&M and S&W filtering equations, respectively. The result showed that the 
Modder River is largely supplied by the ground water discharge. The result seemed to concur with the fact that for a 
semi-arid catchment such as the Modder river basin, with an average annual runoff coefficient of approximately 6%, 
the contribution of annual rainfall to direct runoff seems to be minimal. 
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1. INTRODUCTION  

Understanding of the groundwater contribution to stream flows is very important in the planning 
of water resources management. There are well-established methods for the understanding of the 
magnitude and dynamics of groundwater discharge. One such method is the analysis of the stream 
flow hydrograph. The aim here is to separate and interpret base flow (which is the long-term 
delayed flow from storage) from quick flow which is the short-term response to a rainfall event. In 
this regard, a multitude of methods have been developed which can be conveniently categorised 
into four basic approaches: graphical base flow separation, filtering algorithms, frequency analysis 
and recession analysis. 

The direct flow is primarily the direct response of a rainfall event and includes the overland flow 
(runoff) and the lateral flow in the soil profile also known as interflow. The base flow is a 
component of the stream flow which is discharged from the natural storage of aquifers. Certain 
stream flows can be affected by both direct flow and/or base flow components. Many stream flows 
can acquire modified base flow situations due to the abstraction and use of water resources directly 
from the stream or from the ground water storage. A stream flow can also be affected by the 
interruption of the direct flow, such as by diversion of runoff and water harvesting mechanisms. 
Therefore, it is necessary to separate the direct and base flow of a stream flow in order to 
understand the important component that is more influential on the stream flow as well as to 
identify the component which is more likely to be affected by land use changes. Moreover, in order 
to have a targeted policy in water resource development and use, it is essential to have a reasonable 
estimation of the direct and base flow components of a stream flow. 

The graphical method separates the base flow on a discharge-duration graph by connecting an 
intersection point of base flow and direct flow upon the hydrograph rising limb’s lowest flow point 
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(i.e. at a point where direct flow is assumed zero) to a point on the falling limb where it is assumed 
all flows are changed to base flow. There are several methods that can be used to get the point 
where direct flow ends upon the falling limb part of the hydrograph. The most popular one is an 
empirical formula given by the following equation (Linsley et al., 1975): 

2.0827.0 AD =  (1) 

where D is the number of days between the storm crest and the end of the quick or direct flow, and 
A is the area of the catchment in square kilometres  

In stream flow separation, the most frequently used method is the filtering separation method 
which separates the base flow from the stream flow time series data by processing or filtering 
procedure. Although these methods do not have any physical or hydrological basis it aims at 
generating an objective, repeatable and easily automated index that can be related to the base flow 
response of a catchment (Arnold et al., 2000). The second most frequently used method is a 
statistical method known as frequency-duration analysis. It calculates the probability of a given 
flow that will be equalled or exceeded in daily, monthly or annual flows. In this study, these two 
methods were used. 

2. MATERIAL AND METHODS 

2.1 Study site 

The Modder River Basin is located in the Free State Province, central South Africa (Figure 1). 
The basin encompasses a total area of 1,735,980 ha. The Modder River originates in the eastern and 
upper part of the basin near Lesotho highlands and crosses the basin downstream by dividing it 
approximately into two equal parts, North and South, and ends up at the western and flat lowlands. 
The basin is sub-divided into 11 quaternary catchments. The study was undertaken on one of the 
upper Modder River Basin quaternary catchments, known as C52A, which has an area of 92,682 ha. 
This catchment receives about 537 mm of annual rainfall. The origin of the Modder River is also 
located in this catchment. Located at the outlet of the catchment is a dam known as Rustfontein 
Dam (Figure 1) with gross capacity of 71.22 Million cubic meters. 

2.2. Base flow separation methods 

In this study, three filtering (hydrograph separation) methods and a frequency duration function 
were used. The filtering methods are the one proposed by Muller et al. (2003) and a filtering 
algorithm by Chapman (1999). Both methods were used to separate the base flow of the upper 
Modder River basin daily average stream flow as measured at the inlet of the Rustfontein dam 
(gauging station C5R003). 

The first method is a Lyne and Hollick (1979) algorithm given by Equation (2): 

( ))1()()1()( 2
1
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−
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 (2) 

where,  
QT = the total stream flow 
Qb = the base flow 
i = the time step number 
α = a coefficient usually has a value of 0.925 
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Figure 1. Location of the Modder river basin and the study area (C52A). 

Equation (2) was later modified by Nathan and McMahon (1990), known hereafter as N&M, and 
is given in Equation (3). 

( ) ( ) ( ) ( )( )11)( 1 −− −++= iTiTidid QQQQ αβα
  (3) 

where, 
Qd = direct flow part of the stream flow which is subject to Qd ≥ 0 for the time i in days,  
QT = total flow (i.e. base flow + direct flow).  
α = a coefficient with value 0.925 
β = a coefficient with value 0.5 
 

Replacing the coefficients in Equation (3) with values for α and β as 0.925 and 0.5 respectively, 
gives the following equation (Equation 4): 

Qd(i) = 0.925Qd(i-1) + 0.9625(QT(i) – QT(i-1))  (4) 

The second filtering method (Chapman 1999), hereafter known as Chapman method, is given by 
Equation (5).  
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Similar value for α (i.e. α = 0.925) as in N&M method was used and the equation was solved by 
using two pass algorithms. 

Frequency–duration analysis, known as flow duration curve (FDC), was another method used to 
analyse the characteristics of a stream flow. The flow-duration curve shows the percentage of time 
that a given flow rate is equalled or exceeded (Lyne and Hollick 1979; Smakhtin 2000). The FDC is 
constructed from flow data of fixed time period (e.g. daily, monthly and annual) by using the 
following relations:  
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where, 
P = the probability of a given flow that will be equalled or exceeded, 
m = the rank number when daily or monthly flows are arranged in descending order and 
n = the total number of observations (i.e. 365 or 366 for daily data within a year). 
 

A stream discharge value at P = 50% (Q50) is taken as the median stream flow. Stream flows 
greater than Q50 are taken as low flow rates. Moreover, the slope of the curve beyond the Q50 mark 
describes the dominant flow type of the stream. Low slope indicates the dominancy of the base flow 
while steep slope curve after Q50 is interpreted as the dominance of the direct flow component. The 
ratio of Q90 to Q50 indicates the proportion of stream flow contribution from ground water storage or 
the percentage of the base flow component (Lyne and Hollick, 1979).  

Hughes et al. (2003) reported that for a large number of observed daily flow-time series in South 
Africa, Smakhtin and Watkins (1997) determined that a fixed value of 0.995 for the α  parameter 
can be considered suitable. They also reported that the study investigated fewer time series. They 
also gathered from the study by Smakhtin and Watkins (1997) that there were many catchments 
where slightly higher α  values (up to 0.997) were more appropriate. However, the differences were 
quite small. 

After considering the report by Hughes et al. (2003) about Smakhtin and Watkins’ (1977) work, 
we also evaluated the same daily flow data of quaternary catchment C52A by using  suggested α 
value of 0.997 and β value of 0.5 (in Equation 3) for daily time series stream flow data separation. 
Substituting these values in the filtering equation modified by N&M gives Equation (7), hereafter 
called S&W method. 

( ) ( ) ( ) ( )( )11 9985.0997.0 −− −+= iTiTidid QQQQ   (7) 

The above equation (Equation 7) was then used to separate the base flow of the same mean daily 
flow data of the Modder river basin recorded at a gauging station C5R003.  

3. RESULTS AND DISCUSSION 

Figures 2 and 3 present results of the base flow and direct flow components of the daily stream 
flow for the Modder River at the inlet of the Rustfontein dam during 1999 and 2000, as calculated 
by the N&M and Chapman equations (Equations 4 and 5). A study by Mau and Winter (1997) 
indicated that the N&M filtering method agreed reasonably well with the graphical partitioning 
method. During the analysis, the time series flow data for the year 2000 was subdivided into two 
seasons, namely wet and dry seasons of the year. The wet season was described by the months 
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where rainfall contribution was significant. The results for the two seasons are presented in Figures 
11a and c. Figure 11b presents that of the dry season in between the two wet seasons (i.e. DoY 130 
– DoY 257). 

According to the results, base flow is the dominant component of the Modder River at the Upper 
Modder river basin. In most cases it comprises daily flows that fluctuate between 100 L·s-1 and 
300 L·s-1. During 1999 the base flow was 67%, 65% and 62% of the total flow when estimated by 
N&M, Chapman and FDC, respectively.  In 2000 the base flow contribution was 66%, 65% and 
66% of the total flow when estimated by N&M, Chapman and FDC, respectively. The values are 
almost similar to that of the previous year. In 2000 the two wet seasons’ base flows (Figures 3a and 
c) calculated by N&M contributed 66% and 64% of the seasons’ total stream flow, respectively; 
while during the dry season (Figure 3b) the base flow contributed 69% of the season’s total flow. 
These results substantiate the dominance of the base flow component in the upper Modder river 
catchment (C25A). Le Maitre and Colvin (2008) showed, in their study in quaternary catchments of 
South Africa, that only catchments with base flow components greater than 35% are consistently 
associated with non zero flows. In this study, the daily stream flow data for quaternary catchment 
C52A contains none zero flows for the period between 1999 and 2007. 
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Figure 2. Base flow and direct flow components of the Modder River at the inlet of Rustfontein dam for  
(a) 1999 and (b) 2000. 
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Figure 3. Base flow and direct flow components (using N & M method) of the Modder river at the inlet of Rustfontein 
dam during 2000: (a) for wet season flow between DoY 1 and DoY 129, (b) for dry season flow between DoY 130 and 

DoY 257 and (c) for wet season flow between DoY 258 and DoY 366. 

Similarly, results obtained using FDC method showed that the curves (Figures 4a and b) beyond 
Q50 with low slopes indicate higher contribution of the ground water to the stream flow. The ratio 
Q90 to Q50 indicates the proportion contributed from ground water storage, which in this case is 
66%. The value is similar to the one calculated by using the filter equation (equation 3).  
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Q90/Q50 = 0.62 → portion of the stream flow contributed by baseflow
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Figure 4. Daily mean flow duration curve (FDC) for (a) 2000 and (b) 20007. 

All the three methods provided reasonably acceptable proportion of the base flow values except 
the S&W method which underestimated the base flow (Table 1). The FDC method gave more 
consistence results than the other two methods (i.e. with minimum standard deviation, SD = 4). It is 
interesting to note that the trend of all the three methods shows almost similar pattern (Figure 5). 
The Chapman method and the FDC have similar order of magnitudes. The results obtained by using 
S&W method (Hughes et al. 2003) gave high daily mean direct flow and low base flow compared to 
the other three methods (Table 1 and Figure 5). In this study the N&M, the Chapman and the FDC 
methods provided comparable estimation of the base flow component. 

Figure 6 shows the trends of the three components of the yearly stream flow (total, direct and 
base flow). It was obtained by summing the daily results. The lowest flow rates were recorded 
during 2000. The increasing trend of the total flow shows similar trend to the base flow. The direct 
flow component shows fairly a constant flow trend. The direct flow basically needs to have a 
similar response to the rainfall pattern. More precisely, it is the quick response of a rainfall event 
that flows overland as a runoff plus as an interflow within the soil profile. In most perennial streams 
the ground water storage is one of the sources that supply the base flow component of a stream (Le 
Maitre and Colvin 2008). 
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Figure 5. Contribution of base flow during 1999 to 2007 as estimated by the four methods. 

Table 1. Base flow proportion (%) of the total stream flow separated by the four methods. 
Year S&W N&M Chapman FDC Mean 
1999 20 66 65 62 64.3 
2000 23 66 65 66 65.7 
2001 43 67 64 62 64.3 
2002 49 76 70 70 72.0 
2003 46 74 70 68 70.7 
2004 50 80 72 73 75.0 
2005 51 81 73 75 76.3 
2006 39 79 72 66 72.3 
2007 63 84 74 79 79.0 
Mean 43 75 69 69 71.0 
SD 14 7 6 4 5.4 
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Figure 6. Annual stream flow components of the Modder River at Rustfontein Dam as estimated by N & M method for 
the period of 1999-2006. 

In this study, the indication for an increased base flow may be due to inter aquifer flow which 
may have resulted from its geological formation which was described as Fractured 
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Metasedimentary by LeMaitre and Colvin (2008). It could also be due to high rainfall contribution 
to the ground water. It may also be attributed to unaccounted sources/supplies such as from 
reservoirs or wet lands to the stream flow or into the ground water aquifer. The latter seems to be 
more plausible, because if one looks at the 2000 land use map of C52A (Figure 7), one can see a 
considerable area (2427 ha) occupied by water bodies and wetlands. Thus, this may have 
contributed to a significant amount of water to recharge the ground water storage that in turn may 
discharge as a base flow to the downstream of the C52A catchment outlet. The fact that there are 
records of continues non-zero daily stream flows at the outlet, even during a prolonged dry period, 
substantiates this assumption about the ground water recharge. Therefore, it is possible that 
regionalized results may be affected by such localized condition which may otherwise be 
overlooked by the generalized results. Hughes et al. (2007) expressed concern of the fact that digital 
filtering base flow separation techniques are not capable of identifying the source of the base flow. 

 

Figure 7. Land use of quaternary catchment C52A during 2000. AGRR = Agriculture; FRSE = Forest; PAST = 
Pasture; RNGB = Range land and Brush; URBN = Urban; WATR = Water; WETN = Wetland. 
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4 CONCLUSIONS 

In the upper Modder river basin where the perennial river originates, it was found that the stream 
flow is primarily recharged by the ground water. In this study of stream flow analysis using 
different methods, it was revealed that annual base flow components ranged between 65% and 75% 
with an average of 71% (S&W method was not included in the calculation). The Chapman (1999) 
method gave more consistent values than the other two methods during the period of 1999 – 2007.  

Generally, the three methods (N&M, Chapman and FDC) provided reasonably good estimation 
of the base flow component and that the values are in the same order of magnitude, except for the 
S&W method which underestimated the base flow. The fact that there were records of continuous 
daily stream flow at the inlet of the Rustfontein dam, even during the long non-rainy periods, 
confirms the large contribution of the ground water to the stream flow. The localized hydrological 
as well as geological features of C52A, such as large areas of wetlands and water bodies may have 
contributed to a relatively high recharge of the ground water which in turn provides high base flow 
component to the stream. Therefore, it is advisable to use a calibrated physically based model which 
is capable of identifying the source of the base flow in addition to the quantification of the amount 
of the base flow. 
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