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Geological conditions are an important parameter on hydrological modeling that strongly affects runoff

generation processes. They are not usually taken into account in the parameters of hydrological models,

especially karst catchments, where water transfers through fissures, cavities, caves, and phreatic

channels are regularly discarded in studies because of their nonlinear behavior and the variability of

their typology. The study compared using of base flow separation methods in the conditions of karst

catchments, where the reference base flow values measured are not available. The base flow separation
gEIL(éllslAL RESEARCH was realized by various methods and the models available, including BFI+ and WHAT
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1. INTRODUCTION

Estimating base flow has an essential role in many hydrology and water engineering issues
[1]. The shape, volume, and maximum base flow discharge is the function of a watershed’s
response to rainfall. The estimation of base flow discharges is necessary for the most accurate
description of the characteristics of flood waves (like volume and shape of flood waves), but it
is also necessary for the management of water sources in low flow conditions. For hydro-
logical modeling on the watershed is the Base Flow Index (BFI) very important parameter
tied to the base flow. It is the portion of water between the long-term base flow and the total
long-term discharge. This ratio indirectly describes the amount of water transformed into
direct runoff, the target of many hydrological studies.
The primary assumption of accurate base flow modeling is the linear groundwater flow.
Considering, that karst aquifers are characteristics to have a non-uniform porosity caused by
the karstification process, the consequences of what the nature of the sub-terrain flow in karst
aquifers is also not uniform [2]. The underground karst flow can be divided into two
mainstream types i.e., conduit flow and diffuse flow [3], but between the two main types of
underground flow the conjunctive flow, which is also called the fissure flow [4] exists. Diffuse
flow infiltrates through the soil and the fracture and matric permeability and is characterized
by a slow and laminar flow [5]. This diffuse flow is a very important source of water for the
karst springs in dry seasons [6].
The complexity of character of the underground flow in a karst watershed is the main reason
why the results from the base flow separation method are not capable of credibly describing the
*Corresponding author. real situation in a basin. It is necessary to find a useable method for this type of issue for water
E-mail: viera.rattayova@stuba.sk, management needs. According to Hartmann et al. [7], karst aquifers can be highly influenced by
rattayovaviera@gmail.com anthropogenic stress (changes in landuse and land cover) and changes in meteorological char-
acteristics consequence of climate change. The changes in the rainfall intensities will significantly
impact the runoff [8]; it is essential to estimate the possible impact of climate change on water
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Base flow separation methods were used in many
studies to estimate the accuracy of the methods [10-13]
and showed the changes in base flow. Results from Shao
et al. [10] showed that the base flow separation methods
underestimated the baseflow compared to the tracer-based
method results. Tenalem et al. [14] used the program
HYSEP and available methods for the separation of base
flow in seven river gauging stations. His results show that
the HYSEP method overestimates base flow in all water-
sheds. Although it is complicated and inaccurate to esti-
mate base flow in the conditions of a karst catchment with
standard methods, it is necessary in some water manage-
ment projects. The article compares the results from many
available and worldwide used base flow separation methods
and tries to find the best methods for condition, where
continuous conductivity method measurements are not
available.

2. METHODS

It is very important to find a suitable model for hydrological
modeling in a karst catchment. Standard hydrological
models were not constructed for this type of watershed ge-
ology, because it is not possible for them to describe the
nonlinear flow that occurs in a karst underground. The
groundwater flow in subterranean rivers and caves can be
turbulent, which significantly complicates base flow esti-
mates. In this research, results from five commonly used
base-flow separation methods were compared:

Base flow separation in the Bilan model;
Graphic methods;

e Local minimum method;

¢ Fixed interval method;

Lyne and Hollick digital recursive filter;
Eckhardt recursive digital filter.

2.1. Graphic methods for base-flow separation

Graphic methods are simple methods for determining base
flow separation, based on finding the minimum of stream
flow at selected intervals. The main difference between the
methods is in identifying the minimum discharge and in-
terval characteristics.

A stream-flow hydrograph is divided into non-inter-
secting intervals, and the minimum discharge is identified at
every interval in the fixed interval method. The length of the
interval is calculated according to Eq. (1):

N = 0.84-A%2, 1)

where N is the duration of quick flow; and A is the water-
shed area (km?).

The local minimum method uses interval blocks with the
fixed length where a local minimum is checked while the
lower position of the block slides to the next day. After this
process, the points with the local minima values are con-
nected with a straight line.
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2.2. Digital recursive filters

Digital recursive filters are the most methods used for the
separation of base flow from the measured data. These
methods are based on the assumption that long waves are
associated more with base flow and that the variability of a
more frequent stream flow is caused by direct runoff. This is
the reason why is it possible to identify the base flow by low-
pass filtering [11]. Two methods were used for research that
is preferred by many authors, i.e., the two parameters Eck-
hardt filter and the one-parameter Lyne and Hollick filters.

2.3. Line and Hollick digital filter

The one-parameter digital filter, which was constructed by
Lyne and Hollick [15] is based on the assumption that the
storage of the aquifer is linearly proportional with the
outflow from the aquifer [11]. Lyne and Hollick proposed
the base flow filter equation:

fe = afic + 12ﬂ (Yk — yk-1) ()

where a is the filter parameter. The problem with this filter is
in the attenuation of the waves in filtering, because in this
method, the BFI,,,, must be less than 1. The value range of @
parameter suggested by the author’s equation is from 0.7 to
0.9 [15]. The theoretical framework of the one-parameter
filter has been used by many other authors [16-20] and
reworked using the various constant values of BFI,,,. For
example, the Chapman and Maxwell [21] used the value of
BFI,,,.x = 0.5 in their research and the research clearly shows
that the one-parameter algorithm can only successfully
work, when operate with the restriction that the modeled
base flow can never exceed the stream flow (even in the case
of a low flow). Although the one-parameter filter uses only
the one input parameter a, it has to be seen as a two-
parameter filter [11], because the second BFI,,,, parameter is
incorporated hidden in the base equation.

This algorithm separates the runoff signal g, according
to the equation for filtering quick response gy:

(1+a)
2

Gk = aqk-1 + (hk — ki-1), gk > 0, 3)
where h is the total stream flow measured; k is the time
index; and the a is the filter parameter. The value of the filter
parameter « is optionally between 0.90-0.95, but the most
recommended value, according to many authors [21, 22] is
0.925.

2.4. Eckhardt’s digital recursive filter

Eckhardt’s digital recursive filter is widely applied because of
its clear physical basis and easy operation [23]. Eckhardt
[11] demonstrates that most of the previously published
digital filters [18, 19] are based on the equation:

bi=a bi_, +B-y, (4)

where y is the total stream flow; b is base flow; i is the time
step; and A and B are the filter parameters (a and BFI,,,),
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restricted to b;<y;. These two parameters are related to the

flow recession (a parameter) and the watershed response to

rainfall (BFI,,,,). Eckhardt [11] revised this basic equation

with the incorporation of his input parameters to the
following form:

3a—1

Qv(i) =

2
ey /[0 I (%‘) - aq(l—i))~ (5)

The maximum base flow index (BFI,,,,,) describes the response
of a watershed to rainfall. The value of BFI,, is a function of
watershed’s characteristics, especially the hydrogeological char-
acteristics, which can be very complex and variable.

The Eckhardt derived the values of BFI,,,, according to
the hydrogeology characteristics of a watershed:

— For perennial streams with a porous aquifer 0.80;
— For ephemeral streams with a porous aquifer 0.50;
— For perennial streams with a hard rock aquifer 0.25.

However, it is very difficult in some cases to estimate the
value of the BFI,,, parameter because of the complexity of
watershed’s geology. Smakhtin [23] mentions that the amount
between a 50-day and 90-day discharge can be interpreted as
an index representing the portion of groundwater stream flow
storage in a total discharge, excluding the effects of the
catchment area. Collischonn and Fan [24] proposed using this
ratio to estimate the base flow index. Using the daily stream-
flow data from 15 gauging stations, they proposed an equa-
tion for the BFI,,,, estimating:

BFlL,0x = 0.8344% + 0.2146. (6)

50

The results of Collischonn and Fan [23] show that the
BFI,,.x values estimated by the proposed method well corre-
late with the BFI,,,x values predefined by Eckhardt [11].

It is possible to obtain parameter a from the observed
stream flow data like value equal to recession constant.
Parameter @ describes the characteristics of the recession
behavior of the watershed. Parameter a can be determined
by two main procedures i.e., by the master recession curve
and by performing separate calculations of the parameter of
the individual recession segments [25]. Master recession
curve was used to calculate this parameter. In the first step,
the length of the duration of the recession must be deter-
mined by the histogram of the duration of the flood wave
recession. The characteristics length of the duration of
recession was selected as a value, where the frequency of the
length of the recession on the histogram has a marked
reduction. The correlation was constructed between the
stream-flows Q; and Q;; for the recession belonging to the
estimated length of recession duration. The resulting value
of parameter a is recession constant equal to the slope of a
regression line determined using the correlation method.

3. DESCRIPTION OF THE STUDY AREA

The case study was realized on a small watershed situated in
Little Carpathians, up to the Horne Oresany hydrological
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measuring station on the Parna Stream. The Parna stream
has a multi-branched structure in this basin with many small
tributaries.

According to the hydrogeological maps, the watershed
has predominantly mixed karst and fracture permeability
with inter-grain permeability in the northern part
[26, 27]. The area of the watershed is 42 km? The
watershed has mostly forested land cover with small areas
of dispersed settlements. The input data consists of a 24-
years long time series of daily discharges from the Horne
Oresany water gauge, and the daily precipitation and
mean daily temperature from the nearest climatic station -
Dolne Oresany. The difference in altitude is 468 m, while
the highest point of the watershed is 700 m.a.s.l. The
maximum discharges from the Parna are concentrated in
the spring season. The maximum measured discharge was
0.999 m®s~', the minimum discharge 0.002 m> s~ " with a
median value of 0.175 m* s .

This watershed was selected despite its karst character,
because it is located above to the Horne Oresany water dam.
The results from the base flow separation from this water-
shed was necessary for designing the control flood waves
characteristics, which are important for assessing of the
water structure.

4. RESULTS

The BFI 4 program was used to calculate the base flow with
the selected filtering methods. The input data necessary for
the hydrograph analysis are the daily discharge data. The
input parameters for selected methods were set at:

— for local minimum method F = 0.9, N = 2;
— for fixed interval method N = 2.

The daily time series was processed by the program to
the base flow values, and the base flow index was calculated.
The graphic methods do not provide the smooth behavior of
the separated base flow. While the local minimum method
does not react to any changes in the total discharge all the
stream flow changes are identifiable, including small
changes, in the results of the fixed interval method (Fig. 1).

The base flow estimated by the Lyne and Hollick one-
parameter digital filter was processed in the Web-based
Hydrograph Analysis Tool (WHAT). The value of the input
parameter a was selected as 0.925, which is the predefined
value in the tool and this value is recommended by many
authors (like the ones mentioned above).

The results show that the filter reacts sharply to changes
in the discharge. Every increase in the stream flow discharge
appears on the base flow discharge; the filtered base flow
represents the expected behavior of the base flow in the low
flows.

For estimating the base flow by the Eckhardt recursive
digital filter, three alternative input parameters were used:

— The predefined value of parameter & = 0.98 and the al-
ternatives of the BFI, . value;
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Fig. 1. Base-flow separated from total discharge by two graphic base
flow separation methods

— The calculated value of parameter @ = 0.8447 and the
estimated value of BFI,,, = 0.518;

— The calculated value of parameter @ = 0.8447 and the
alternatives of the BFI,,,, value.

For the first alternative of the input parameter, the range
of BFI . values 0.4-0.9 was applied. The expected behavior
of the base flow in low flow conditions is that the base flow
line will be very close or the same to the line of the total
discharge. This assumption follows from the knowledge, that
the main part (or the whole) of the stream flow in a longer
lasting drought is composed of the base flow (the slow part
of a runoff). The results from the first alternative show, that
the separated base flow with the predefined parameter of a
does not represent the expected manner of base flow and
that the course of the base flow curves does not correspond
with the total discharge in low flow conditions (Fig. 2).

In the next step the value of parameter a was calculated
according to the approach mentioned in the methodology.
A histogram of the recession duration was created, and the
representative length of the duration was set at 4 days. The
regression analysis was realized by applying the threshold
level of the Qo-predefined number in the “ifstat” R package,
which was used for this analysis. The value of the maximum
base flow index was estimated from the calculated values of
the 50 and 90-day discharge with the value BFI,,,, = 0.518.
This estimated value is very close to the Eckhardt BFI,,.y for
ephemeral streams with a porous aquifer (0.50), which
absolutely do not correspond to the characteristics of
watershed hydrogeology. The results from the base flow
separation show a relatively smooth reaction to changes in
the stream flow, but the course of the base flow is visibly
mismatched to the expected course of the base flow in the
low flow condition.
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Fig. 2. Base-flow separated from total discharge by Eckhardt
recursive filter, with using predefined input parameter @ = 0.98 and
6 alternatives of maximum base flow index (0.4-0.9)

The results from the separation process with the last
alternative of the input parameters show that the best
matched results of the base flow separation in the low flows
are in the greatest values of BFI,,,. The base flow increased
rapidly with the increased stream flow, and the line of the
base flow recession very quickly started to correspond with
the recession curve of the total discharge. The course of the
base flow curve becomes smoother with the lower values of
the BFI,,, parameter.

The base flow indexes were provided from every output
of the previous methods and then estimated by the BILAN
water balance model (Fig. 3). Although there is no reference
values of the base flow index for karst (from the method for
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Fig. 3. Base flow indices estimated by selected methods
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measuring conductivity), the results were compared with the
results from karst aquifer in Slovenia [22]. This output was
selected as a reference value according to the studied wa-
tershed’s similar geological and climatic conditions. The
results show that the value of BFI most corresponding with
reference value was calculated by Line and Hollick, local
minimum method, and Bilan model. The results of the base
flow index from each alternative input parameter of the
Eckhardt digital filters have very low values. These phe-
nomena are caused by the lower values of the separated base
flow compared with the total stream flow in the medium and
low flow conditions.

5. CONCLUSION

The results from the base flow separation with Eckhardt’s
recursive filter confirm the assumption that the diffuse flow,
which is part of the base flow behaves similarly to the base flow
in other rocky and small permeable watersheds. The character
of the flow of this portion of the base flow has a mostly linear
character. It corresponds with the three setting values of BFI
max parameter where the most porous and water collecting
aquifer has the lowest value of BFI,,,,, while the rocky aquifer,
which are the lowest collectors of groundwater, has the highest
value of BFI.,. It is still not possible to estimate the behavior
of the conduit segment of the base flow because of its nonlinear
character. The Lyne and Hollick one-parameter filter provide
relatively smooth results for the separated base flow curve, the
base flow values in the low flow condition are the close to total
discharge values, and the base flow index value calculated with
this method is relatively close to the reference value. These
results need to be verified on more karst river basins, but they
provide information about the complexity of choosing the
most appropriate base flow separation method and about the
importance of choosing proper input parameter values. The
trends in base flow volume are expected to be influenced by
climate change, mainly the consequence of changes in the
precipitation amount; this assumption can be a task for the
following research.
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