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Abstract
This research aims to determine appropriate methods for base flow separation under Sudano-Sahelian climate in
West Africa. Four Recursive Digital Filtering (RDF) methods and the Conductivity Mass Balance (CMB) method
were used. Daily streamflow of the Mouhoun River (formerly Black Volta River) at Samendeni gauge station has
been separated into base flow and runoff. The RDF methods are easy to use but cannot take into account the actual
hydrological processes within the watershed, while CMB method does it well. But, given that regular discharge
measurement is rarely coupled with Electrical Conductivity measurements, it is therefore not possible to apply CMB
method over time at each outlet. The CMB method is frequently used on a short time as a reference to assess the
performance or to calibrate RDF methods. In the present study, CMB method was used for the year 2017, especially
during the rainy season (from July to October) to produce more realistic base flow values. Statistical analysis was
used to compare RDF and CMB methods. It was found that all the four RDF methods used are significantly different
from the CMB method in the study area. Among the RDF methods, the Eckhardt method which is two parameters
filtering method was successfully calibrated using CMB method Base Flow Index (BFI) as constraint. With the
calibration process, the parameter BFImax of the Eckhardt method was adjusted to 0.32 in the study area context.
The achievements of this study can have several implications such as adequate base flow estimation over time at
Samendeni gauge station and at other similar gauges of the Mouhoun watershed which will be particularly beneficial
to the critical issue of assessment of climate change impact on base flow in the study area.

Keywords: Base flow separation; Methods evaluation; Daily
streamflow; Sudano-sahelian zone; Mouhoun River; Burkina Faso

Introduction
Base flow is generally regarded as sourced from groundwater
discharging into streams [1]. It is the ground water contribution to
stream flow [2,3]. In some cases, base flow is also considered as the
result of natural processes such as delayed flow through wetlands and
lakes, and anthropogenic processes such as flow regulation and
wastewater discharge [4]. Runoff can be considered as the non-base
ﬂow portion of the total ﬂow hydrograph [5].
Several recent studies revealed the importance of base flow in water
resources management. Metrics of base flow provide useful
information in analyses of water quantity and quality and aquatic
habitat [4,6,7]. Base flow recession analysis is required to estimate the
long-term reliable component of the hydrograph and water cycle, and
for drought management, inflow design and analysis, and contaminant
and nutrient transport [8]. Base flow separation is also important for
obtaining critical parameters for hydrological models [9], assessing the
effects of water use and climate change on water resources [1] and
understanding runoff generation in catchments [10].
In literature review, several methods exist to determine the base
flow. Analysis of the hydrographs base flow component had been done
since 1904 with an empirical experience [11]. With some recent
publications [9,12,13], approaches for base flow estimation can be
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grouped into two categories: Graphical Hydrograph Separation (GHS)
methods, which need only daily streamflow data, and tracer Mass
Balance (MB) methods, which rely on chemical constituents in the
streams, streamflow discharges, and the streamflow end-member
constituent concentrations (runoff and base flow). The GHS methods
include: (i) recession curve methods (ii) analytical methods and (iii)
Recursive Digital Filtering (RDF) methods. Artificial intelligence
techniques are also used [14]. Unfortunately, the definitions of basinspecific parameters used in GHS methods are generally subjective and
not based on hydrologic processes [13,15]. Only the Mass Balance
methods take seriously into account the watershed hydrologic
processes. There are also different Mass Balance methods. One of the
commonly used MB method is the Conductivity Mass Balance (CMB)
method. This method uses of Electrical Conductivity (EC) as a
chemical tracer for hydrograph separation [13,16-18].
The advantage of CMB method over other types of MB methods is
that EC is relatively easy and inexpensive to measure. In addition, high
frequency of EC measurements can be obtained using in-situ EC
probes [13,16]. Besides CMB method is generally considered to be
more objective than GHS methods. But its application is limited by the
fact that it requires high frequency EC records that are not always
widely available over long time periods or spanning large numbers of
watersheds.
Multiple studies developed methodologies to calibrate GHS
estimates of base flow to CMB estimates of base flow [9,13,15,19]. The
need to calibrate or to assess the performance of base flow separation
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methods has been shown in a large number of recent works
[6,8,12,20-26]. Besides rare are the studies about the performance of
base flow separation methods on African basin climate, hydrology and
hydrogeological context. Available literature are essentially limited to
the South African basin [24,27,28]. This weakness should be a relevant
challenge.
The main objective of the present study is to determine appropriate
methods for base flow separation under Sudano-Sahelian climate in
West Africa, particularly on the Mouhoun River. To achieve this
objective, four RDF methods proposed by Chapman [29], Chapman
and Maxwell [30], Lyne and Hollick [31] and Eckhardt [21] and the
CMB method are used for base flow separation. The RDF methods are
compared statistically to CMB method to find if they are similar or
not. The Eckhardt method which is a two-parameter filtering method
was also calibrated by using CMB results as constraint [6,16]. This
research is part of the National Program for the Integrated Water
Resources Management (IWRM) in Burkina Faso. It has to find some
decision support tools to assist in the process of implementation of
Water Development and Management Plan.

Figure 1: Study area.

Materials and Methods
Study area
The study area (called Samendeni watershed) is located in the South
West of Burkina Faso in West Africa (Figure 1). The Samendeni
watershed covered by the Sudanese and Sudano-Sahelian zones, is
drained by a transboundary perennial river called Mouhoun or Black
Volta River. The outlet of Samendeni watershed is the Samendeni
gauging station located at the upstream part of the Black Volta
watershed. The Black Volta watershed is shared between three
countries in West Africa (Burkina Faso, Ghana and Cote d’Ivoire). The
Samendeni watershed is fed by several water sources (springs) and
contributes to keep the Black Volta River permanent. There are about
forty seven (47) springs in the Samendeni watershed and about forty
(40) are perennial. Thus, groundwater contributes significantly to the
hydrological processes in this watershed. The area of Samendeni
watershed is about 4580 km2. In the study area the inter-annual mean
precipitation was 1063 mm over the period 1950-2013 (BoboDioulasso synoptic station). The rainy season is generally from June to
October. The inter-annual average of potential evapotranspiration is
1955 mm over the period 1961-2013. Daily temperature varies between
18.8°C (January) to 38.6°C (March). Tables 1 and 2 present the
summary of the important hydro-climatic properties of the study area.
According to Dakouré [32] and Derouane [33], the study area is
entirely in a sedimentary zone and dominated by sandstones. Figure 2
shows the details of the geology of the study area.
In the study area, there are several projects in progress: the
construction of the large Samendeni Dam to mobilize 1.05 billion m3,
an irrigation project of 21000 ha, a hydropower project etc. This
presents a challenging situation of an intense pressure on the available
water resources in the coming years. Besides, at the downstream of
Samendeni watershed, there exist a situation of high demand of water
(more than 8000 ha of irrigated area on Sourou valley, drinking water
system of Koudougou city, industrial uses, mining and livestock).
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Figure 2: Geology of Samendeni watershed.

Data collection
In general, in Burkina Faso there is no rain during the period from
November to May. During that period the streamflow is essentially due
to the springs on Samendeni watershed and the total streamflow can
be considered as base flow. The separation of the total streamflow into
base flow and runoff concerns essentially the rainy period (From June
to October). Therefore, during the year 2017, from July to October
(rainy season) the Electrical Conductivity (EC) were measured daily at
Samendeni gauge station as additional data to the discharge
measurements. November 2017 and December 2017 (dry season) were
also concerned by the EC measurements in order to determine the
plausible EC value of base flow. The multiparametric probe HI 98129
was used for the measurements.
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Data

Period

Annual
Average

Minimum

Maximum

Standard
Deviation

Daily rainfall (mm)

1950-2013

1063

775

1552

203

Daily potential evapotranspiration
(mm)

1961-2013

1955

1737

2202

116

Daily minimum temperature (°C)

1961-2013

22

20

23

0.47

Daily maximum temperature (°C)

1961-2013

33

32

34

0.56

Station

Bobo Dioulasso

Table 1: Meteorological properties of Samendeni watershed (Source of data: National Agency of Meteorology).

Gauging station

Coordinates (degree-minute)

Approximate altitude (m)

Drainage Area (km2)

Samendeni

11°28’ N 04°28’ W

287

4580

Inter-annual average of discharge
(1960-2013) (m3.s-1)
15.7

Table 2: Samendeni gauging station and its general features.

Base flow separation methods
Daily mean streamflow data at Samendeni gauge station were
separated into surface flow and base flow during the rainy season
(from July to October 2017). Four popular Recursive Digital Filtering
Gauging station

(RDF) methods (Chapman, Chapman and Maxwell, Eckhardt, Lyne
and Hollick) and the Conductivity Mass Balance (CMB) method were
used (Table 3).

Basic Statistics

Base flow Index (BFI)
Conductivity Mass

Chapman

Chapman and

Balance
Samendeni

Lyne and Hollick

Eckhardt

Maxwell

Mean

0.45

0.52

0.53

0.57

0.68

Min

0

0.05

0.05

0.05

0.05

Max

0.92

1

1

1

1

Standard deviation

0.3

0.29

0.29

0.3

0.27

Table 3: Base Flow Index (BFI) characteristics at Samendeni gauging station (from July to October 2017).
Recursive Digital Filtering methods (RDF): The mechanism of how
RDF methods operate is similar to signal or in frequency analysis. The
filter is used to separate (in hydrograph analysis) the quick flow
component (high-frequency signal) and the base flow component
(analog to low-frequency signal). The process is repeated over the
period of record. Several algorithms for RDF methods exist in the
literature [6,21,29-31,34-39]. The problem of RDF methods is that
several methods exist, but no technique is universally accepted [5].
They need sometimes to be calibrated by considering the hydrological
and hydrogeological characteristics of the watershed. In this study, four
digital filters proposed by Chapman, Chapman and Maxwell, Lyne and
Hollick, and Eckhardt were applied to the time series of daily
streamflow data in order to determine the base flow. The principle of
base flow separation by the digital filters is described by Equation 1
[21].
yk=fk+bk

Eq(1)

with
yk: Total streamflow,
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fk: Runoff,
bk: Base flow,
k: the time step
The filters proposed by the authors cited above are described by
Equation 2, Equation 3, Equation 4 and Equation 5.
Lyne and Hollick filter [31]:
�� = ��� − 1 +

1−�
(�� + ��−1); �� ≤ ��
2

Chapman filter [29]:
3� − 1

1−�

��(2)

�� = 3 − � �� − 1 + 3 − � �� + �� − 1 ; �� ≤ ��

Chapman and Maxwell filter [30]:
�

1−�

�� = 2 − � �� − 1 + 2 − � ��; �� ≤ ��
Eckhardt filter [21]:

��(3)

��(4)
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�� =

(1 − ��I���)��� − 1 + (1 − �)��I�����
1 − ���I���

��(5)

Where a is the filter parameter and BFImax in the Eckhardt method
is the maximum value of Base Flow Index (BFI). BFI is cumulative base
ﬂow divided by cumulative total discharge over the period of record of
analysis. The filter parameter a describes the rate at which the
streamflow decreases over the time following a recharge event. It can
be derived by recession analysis [6,9,21]. In this study, the filter
parameter (a) was determined by recession analysis as suggested by
Eckhardt [6].

correspond to a predominance of runoff. These lowest values are
observed with the peak flow (Figures 3 and 4) and are all close to 19
µS.cm-1. So the EC value of 19 µS.cm-1 is considered as the runoff
Electrical Conductivity. The values for base flow EC and runoff EC can
reasonably be considered to be constant for each individual stream
gage location [15,19].

The possible value of the parameter BFImax in the Eckhardt filter
depends on the watershed hydrological and hydrogeological
characteristics of the watershed. BFImax=0.80 for perennial streams
with porous aquifers; BFImax=0.50 for ephemeral streams with porous
aquifers; BFImax=0.25 for perennial streams with hard rock aquifers
[21].
According to Derouane [33,40] the study area can be considered as
a porous aquifer. Besides it has perennial streams. Based on these
considerations BFImax value of 0.8 was initially used. A calibration of
Eckhardt method was also done to find the adequate value of the
parameter BFImax in the climate, hydrological and hydrogeological
conditions for Samendeni watershed.

Figure 3: Discharge and electrical conductivity measurements at the
Samendeni gauge station.

The Conductivity Mass Balance (CMB) filtering method: The
advantage of the mass balance method is that site-specific variables are
measured, and the chemical or isotopic constituents of stream flow are
related to physical processes and flow paths within a basin [1,15,41].
As mentioned by Longobardi [16], the Mass Balance method is based
on the assumption that base flow has different chemical characteristics
compared with surface runoff due to the different flow paths of these
two types of flows. As a consequence, total streamflow hydrograph can
be separated into different components. The electrical conductivity EC,
as proxy of the Total Dissolved Solids (TDS) mass balance is one of the
most widely used technique. The base flow component has generally
greater EC value compared to the surface runoff conductivity and for
this reason EC can be used as a natural tracer of the streamflow
component [16]. This behavior is shown in Figure 3, where the
measured EC approaches the largest values during the low flow period.
According to this assumption, it is possible to consider the following
equation system (Equation 6) [16].
����(�) = ���(�) + ���(�)
����(�) . �����(�) = ���(�) . ����(�) + ���(�) . ����(�)

With

��(6)

qtot=measured total streamflow (m3.s-1);

Figure 4: Scatter plot of discharge at time step k+1 versus discharge
at time step k during recession periods. The slope of the line
through origin about 0.975 represents the recession constant [6].

qsf=surface streamflow component (m3.s-1);
qbf=base flow streamflow component (m3.s-1);
ECtot=measured streamflow EC (µS.cm-1);
ECsf=surface component EC (µS.cm-1);
ECbf=base flow component EC (µS.cm-1);
During the dry season the EC becomes practically a constant value
close to 58 µS.cm-1. This value is assumed to be the signal of base flow
EC [13,16]. The EC of the base flow and runoff components are
assumed to remain constant over the period of observation [13,15].
Previous studies [1,15] have proved that the lowest EC values
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Statistical analysis
Statistical analysis were performed in order to compare the results
obtained through RDF methods and CMB method. Firstly, boxplots
were used to show the range of base flow values for each method.
Secondly the correlation between each RDF method and CMB method
was analysed (Figure 5). Thirdly, a statistical test (Kruskal-Wallis mean
rank test) was performed to check if there is a RDF method which is
similar to the CMB method. The choice of this statistical test was
justified by the fact that base flow data are not normally distributed in
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the case of this study. Therefore, the appropriate statistical tests are
those based on rank (Figure 6).

Figure 5: Linear correlation scatter plots between uncalibrated RDF methods and CMB method. (a): Chapman vs CMB, (b): Chapman &
Maxwell vs CMB, (c): Lyne and Hollick vs CMB, (d): Eckhardt vs CMB.
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Figure 6: Temporal evolution of the total discharge and base flow from uncalibrated RDF methods and CMB method.

Calibration of Eckhardt filter method
As mentioned above, Eckhardt method is a two parameters filter
method. The first is the recession constant (a) and the second is the
BFImax. The second parameter depends to the hydrological and
hydrogeological features of the watershed. This parameter can be
adjusted through a calibration process [6]. To calibrate the Eckhardt
method, the CMB filtering results have been considered a constraint. A
set of four criteria percent bias (PBIAS), Root-Mean-Square Error
(RMSE), Nash Sutcliffe Efficiency (NSE) and coefficient of
determination (R2) were used to evaluate the performance of the
Eckhardt calibrated method by referring to Moriasi et al. [42] and
Mehan et al. [43].

Results of statistical analysis
Boxplots: The boxplots (Figure 7) showed the range of data falling
between the 25th and 75th percentiles, horizontal line inside the box
showing the median value, and the whiskers showing the complete
range of the base flow values for each method. The minimum value of
base flow (0.0 m3.S-1) was observed with the CMB method which takes
into account the real hydrological processes in the watershed. This
value was generally observed during the peak flows when the discharge
is essentially rain water (period with lower EC values). The median
value of base flow from CMB method was smaller than each median
obtained with RDF methods (Figure 7). The same conclusion was
stated above with the mean values of base flow (Table 4). Eckhardt
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method particularly gave base flow with a strong variability. Eckhardt
[21] suggests 0.8 as BFImax in porous aquifer with permanent
streamflow. In the case of this study, the above assumption was used in
reference to the study of Derouane [33,40]. However, the study area is
large and might not be entirely porous. Therefore the value of BFImax
was adjusted by calibration process in order to obtain accurate values
of the base flow. For the other three RDF methods (Chapman,
Chapman and Maxwell and Lyne and Hollick), the base flow values
distributions seemed to be similar. But their quantiles (Q1, M, Q3)
were significantly different from those of CMB methods. Statistical test
was thus used to support this conclusion.
Statistical test: The Kruskal Wallis mean rank test rejected the null
hypothesis which supposed that each RDF method was similar to the
CMB method with 95% confidence interval. Figure 8 gave more
information about the results of the Kruskal Wallis mean rank test.
Each RDF method was significantly different from CMB method.
These conclusions supported those mentioned above with Figures 3-5
and the boxplots analysis. Therefore, the need to calibrate the used
RDF methods in hydrology and hydrogeology context of the study area
was evident. The Eckhardt method which has a parameter (BFImax)
depending of the watershed features was calibrated.
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Gauging
station

Basic Statistics

Base flow (m3.S-1)

Total discharge
(m3.S-1)

Conductivity Mass

Chapman

Balance
Samendeni

Chapman and

Lyne and

Maxwell

Hollick

Eckhardt

Mean

4.8

1.1

1.5

1.5

1.7

2.5

Min

0.3

0

0.2

0.2

0.3

0.3

Max

15.9

2.9

2.6

2.6

3.4

6.2

Standard deviation

4.1

0.6

0.6

0.6

0.8

1.5

Table 4: Total streamflow and base flow characteristics in Samendeni station (from July to October 2017).

Figure 7: Distribution of base flow values from RDF and CMB methods at Samendeni station.
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Figure 8: Comparison of RDF methods and CMB method using Kruskal Wallis mean rank test at Samendeni gauge station.
(NSE=0.90, R2=0.91, RMSE=0.09, Pbias=-0.49) [42-45]. The Figure 9b
presented a good linear correlation between CMB BFI and Eckhardt
calibrated BFI and the Figure 9c showed a good linear correlation of
base flow values between Eckhardt calibrated method and CMB
method. Besides the Kruskal Wallis mean rank test performed with
Eckhardt calibrated method and CMB method confirmed that they
were similar with 95% confidence level (Figure 9d).

Eckhardt method base flow calibration: To calibrate the Eckhardt
method, the CMB method BFI values were used as constraint. The
Eckhardt filter parameter BFImax was adjusted to 0.32 in the study
climate, hydrology and hydrogeology context. The calibrated results
showed a significant improvement of Eckhart method although some
of the extreme (highest and lowest) values did not match perfectly with
those of the CMB method (Table 5). However, globally the calibration
results appeared satisfactory based on the performance statistics
Basic statistics

Base flow CMB

Eckhardt

Base flow index (BFI)
CMB

Eckhardt

Mean

1.1

1

0.45

0.41

Min

0

0.2

0

0.05

Max

2.9

1.3

0.92

1

Std

0.6

0.3

0.3

0.27

Table 5: Comparison between Eckhardt calibrated and CMB methods.
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Figure 9: Comparison between Eckhardt calibrated method and CMB method. (a) Temporal evolution of CMB base flow and Eckhardt
calibrated base flow, (b) linear regression (Eckhardt calibrated BFI vs CMB BFI), (c) linear regression (Eckhardt calibrated base flow vs CMB
base flow), (8d) Kruskal Wallis mean rank test (Eckhardt calibrated base flow vs CMB base flow).

Conclusion
Several base flow separation methods are available in the literature,
however identifying adequate method for a given watershed and
hydro-climatic conditions remains a challenging task. In general, the
Mass Balance (MB) methods for base flow separation are considered to
be more objective or to produce actual base flow values. Therefore, the
performance of four RDF methods (Chapman, Chapman and Maxwell,
Lyne and Hollick and Eckhardt) which are among the existing
streamflow separation methods frequently used in the literature has
been examined on a watershed in Sudano-Sahelian zone (West Africa).
The Conductivity Mass Balance (CMB) method was used during the
rainy season in 2017 (from July to October) to produce base flow
values. Through statistical analysis, it was found that the four RDF
methods are significantly different from the CMB method in the study
area context.
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Then the Eckhardt method which has a parameter (BFImax)
depending of the watershed features (hydrology and hydrogeology) has
been calibrated using CMB method as constraint. Eckhardt [21]
suggested the use of 0.8 as BFImax in porous aquifer with permanent
streamflow. In the case of the Samendeni watershed, the above
assumption has been used by referring to Derouane's study [33,40]. As
the study area is so large it is possible that, it is not porous everywhere.
The value of BFImax was adjusted by the calibration to 0.32. The
calibrated results show a significant improvement of Eckhart method
although some of the extreme (highest and lowest) values do not
match perfectly with those of the CMB method. However, globally the
calibration results appear satisfactory based on the performance
statistics (NSE=0.90, R²=0.91, RMSE=0.09, Pbias=-0.49) [42-45].
With the Eckhardt calibrated method, the mean value of BFI is 0.41
very close to the mean value of the CMB method (0.45). Furthermore,
the Kruskal Wallis mean rank test confirms that the Eckhardt
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calibrated method is similar to the CMB method at the confidence
level of 95%.

12.

The achievements of the present study have several potential
applications: (i) the calibrated method can be used to compute daily
base flow values over time from daily discharge at Samendeni gauge
station or in other watersheds with similar hydrology and
hydrogeology, (ii) the outputs of the calibrated method can be used for
hydrological model calibration or (iii) for the investigation of climate
change impact on base flow and groundwater or (iv) water
management purposes.

13.
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