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Abstract

Recession Curve Analysis is a common method to characterize karstic aquifers and their discharge
dynamics. Although this technique provides crucial information on quantifying system hydrodynamic
properties, the manually selected recession curves analysis is neither a practical technique to cover all
candidate recession curves, nor it allows extracting the entire hydrological diversity of the recession
behavior. This study aimed to comparatively evaluate the applicability of automated recession
selection procedures to the late-time recession analysis of karst spring hydrograph. For the
comparative evaluation of the three automated recession extraction methods (Vogel Method,
Brutsaert Method, and Aksoy and Wittenberg Method), we quantified the late-time recession
parameters of spring hydrographs by combining three extraction methods with four recession analysis
methods (Maillet, 1905; Boussinesq, 1904; Coutagne, 1948; and Wittenberg, 1999). By applying our
experimental design into the five karst springs located in Austria, we identified the possible
weaknesses of the automated recession extraction procedures for the late-time recession analysis for
spring hydrographs. To explore the value of the karst spring’s physicochemical data (electrical
conductivity and water temperature) as a completion data for the recession curve analysis, we carried
out the hydro-chemograph analysis to examine the recession time and its duration. The research
provides a research direction as to how the automated recession extraction procedures for the karst
spring hydrographs could be improved by the physicochemical signatures of karst springs.

Keywords: automated recession extraction methods (REMs), karst spring, hydrograph
analysis, hydro-chemograph analysis, recession curve analysis

Oz

Kaynak hidrograflarinda Cekilme Egrisi Analizi, karstik akifer sistemlerinin akim ve bosalim
dinamiklerini karakterize etmek i¢in kullanilan yaygin bir yontemdir. Bu yontem, akifer sisteminin
hidrodinamik &zelliklerinin tanimlanmasinda énemli bilgiler saglamasina karsin, aday bir ¢ekilme
egrisi(leri)nin elle secimi ne tiim ¢ekilme egrilerinin analizini kapsayacak sekilde pratik bir tekniktir,
ne de hidrolojik bir degisiminin karstik kaynak ¢ekilme davranisi iizerindeki etkisinin tanimlanmasina
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izin vermektedir. Bu ¢alismada, otomatik ¢ekilme egrisi se¢im prosediirlerinin kaynak hidrografi geg-
donem cekilme analizlerinde uygulanabilirligi arastirilmistir. Bu kapsamda, Vogel Metodu, Brutsaert
Metodu ile Aksoy ve Wittenberg Metodu olmak iizere ii¢ otomatik ¢ekilme egrisi se¢im prosediirii
dort adet c¢ekilme egrisi analizi metodu (Maillet, 1905, Boussinesq, 1904, Coutagne, 1948 ve
Wittenberg, 1999) ile birlestirilerek karstik kaynaklarda ge¢-donem kaynak cekilme (bosalim)
katsayilar1 karsilagtirmali olarak hesaplanmistir. Calismada, Avusturya'da bulunan bes karstik
kaynagin g¢ekilme katsayilar1 belirlenmis olup karstik kaynak fizikokimyasal verileri (elektriksel
iletkenlik ve su sicakligi) hidro-kemograflar yardimiyla degerlendirilerek otomatik ¢ekilme egrisi
secim prosediirlerinin olasi zayif yonleri ortaya konmustur. Bu arastirma, karstik kaynaklarda geg-
donem c¢ekilme egrisi analizlerinde ¢ekilme baslangicint ve siiresini tamamlamak i¢in otomatik
cekilme egrisi se¢im prosediirlerinin uygulanabilirligi i¢in bir arastirma yonii saglamaktadir.

Anahtar sozciikler: otomatik ¢ekilme egrisi belirleme metotlari, karstik kaynak, hidrograf
analizi, hidro-kemograf analizi, ¢ekilme egrisi analizi

Introduction

Recession curve analysis is a hydrogeological tool to characterize the karst
aquifer internal hydraulic properties, catchment characteristics, and climate
characteristics (Atkinson, 1977; Amit et al., 2002; Dewandel et al., 2003; Yiice,
2007; Fiorillo, 2014; Ford & Williams, 2013; Kovacs & Perrochet, 2008; Padilla &
Pulido-Bosch, 1995). For this reason, the structure of mathematical models for the
recession curve analysis of karst spring hydrograph is studied in-depth with a
particular focus on the quantification of the storage-discharge relationships in karstic
aquifers.

Due to the dual-flow characteristics of the karstic aquifers, each segment on
the recession curve is characterized by — at least — two flow components, each of
which informs about the different sub-regimes in the hydrological system (Bonacci,
1993; Estrela & Sahuquillo, 1997; Fiorillo, 2014; Kovacs et al., 2005; Stevanovic,
2015), thereby leading to several recession coefficients that characterize the distinct
flow components on a single recession curve (Xu et al., 2018). To a certain extent,
while the late-time recession segment on the recession curve represents the more
stable part of the spring hydrograph, while indicating the maturity of the system's
hydrological response, the early-time recession segment represents rather flashier
characteristics of the system of interest (Birk & Hergarten, 2010; Tallaksen, 1995).
Therefore, on a single recession curve, while the baseflow characteristics of the
karstic system are mainly linked to the matrix-dominated flow component defined
as the behavior of the late-time recession curve, the fractured and/or conduit-
dominated flow is tracked by the early-time recession behavior. Furthermore, the
transition flow between these distinct flow regions could develop, thereby resulting
in more than two inflection points on the single recession curve.
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The extraction of the candidate recession segment(s) from the recession curve
is the first step to analyze the recession characteristics based on the recession
parameters. Thus, the recession curve analysis inherently covers the identification of
the recession time (or initial discharge value of the recession curve/segment) and
recession length (or recession duration) of a candidate recession curve(s). For this
reason, these two variables of the recession curve are of great importance to obtain
the recession coefficients while covering the recession variability over the spring
hydrograph analysis. Therefore, for the identification of the recession time and its
duration in the recession curve, different methodological approaches have been
proposed with a primary aim to eliminate the potential biases and uncertainties —
mainly sourcing from the implementation procedure such as the single-event analysis
and master recession curve analysis (Gregor & Malik, 2002; Nathan & McMahon,
1990).

As a traditional karst spring hydrograph analysis approach, the manual
selection of a candidate recession curve/segment is the main step to define the
recession parameters, followed by the implementation of an appropriate conceptual
model for the candidate recession curve —under either the linear reservoir or non-
linear reservoir model assumptions. Of all, the linear reservoir model — known as
Millet exponential formula — is commonly used for the karst spring hydrograph
analysis for the delineation of recession characteristics. This analysis simultaneously
covers the matrix-dominated and conduit-dominated flow segments (Celik & Calls,
2021; Forkasiewicz & Paloc, 1967; Fu et al., 2016).

Despite the merit of the traditional recession curve analysis (Biswal & Marani,
2010; Shaw & Riha, 2012), the flow characteristics of any hydrological system
cannot be only derived by an individual recession curve/segment (Fiorotto & Caroni,
2013). This is mainly because the structure of the recession curve (shape and degree
of steepness) significantly varies from one hydrological event to another. Along with
this, the manually selected recession curve procedure is neither a practical technique
to cover all candidate recession curves, nor it allows extracting the entire
hydrological diversity of the karst spring recession behavior (Calli & Hartmann,
2019). For that reason, the recession analysis should be collectively performed to
capture the hydrological variability of discharge dynamics and its hydraulic
properties considering a long data record (Chen & Krajewski, 2015; Jachens et al.,
2019; Sanchez-Murillo et al., 2015; Stewart, 2015; Stoelzle et al., 2013). In this
context, the framework of the automated recession curve extraction procedures for
the streamflow hydrograph analysis has been gained attention as an alternative
approach to objectively extract candidate recession curves(s) while delineating the
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catchment baseflow conditions (— or late-time recession characteristics) of the
streamflow. Therefore, this framework provides an opportunity to eliminate the
potential biases and uncertainties caused by the subjectivity of the manually selected
curve procedure, thereby allowing to capture the hydrological diversity of the system
of interest based on the recession behaviour.

Since the applicability of the recession curve extraction procedure is still not
being evaluated for the recession curve analysis in karst spring hydrographs for the
delineation of the late-time recession characteristics, the overall goal of this study is
to investigate the applicability of the automated recession curve extraction
procedures to the late-time recession parameters of the karst spring hydrograph. To
achieve so, we applied three automated recession extraction methods (REMs), which
are specifically developed to characterize the baseflow characteristics of the
streamflow hydrographs. By coupling these three REMs — Vogel; Brutsaert; and
Aksoy and Wittenberg Methods — with four recession analysis methods (RAMs) —
Maillet (1905); Boussinesq (1904); Coutagne (1948); and Wittenberg (1999)
Methods —we comparatively evaluated the applicability of each procedures for the
estimation of the late-time recession parameters of each karst springs. Doing that,
we simultaneously examined the variations in the range of recession parameters in
response to the applied recession extraction procedure. Therefore, to reveal the
possible weakness of REMs procedures, we carried out spring hydro-chemograph
analysis for the identification of the late-time recession time and its duration
considering the independent physicochemical data of spring discharge.

Method
Data Sets

To reveal to what extent the REMs is applicable for the characterization of
spring hydrograph’s late-time characteristics we selected five karst springs in
Austria. Each spring reflects the different hydrological flow regimes (Figure 1). The
main properties of the springs are provided in Table 1. The recession curve analysis
was performed daily over the 10 years (01/01/2002-31/12/2012). Daily
precipitation, spring discharge, and physicochemical dataset including electrical
conductivity and water temperature were obtained from https://ehyd.gv.at/#.
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Table 1

Metadata of the Selected Karst Springs in Austria

Sprine Name Elevation Geolo Mean Annual
pring (m.asl) gy Discharge (m*/s)
Gollinger Wasserfall 555 Cretaceous Limestone 1.25
Hammerbach Spring 410 Paleozoic carbonate rocks 0.19
Schreiende Brunnen 980 Limestone 0.08
Wasseralm Spring 802 Triassic Limestone and 0.24
dolomites
. . Triassic Limestone and
Sieben Springs 797 dolomites 0.37
Figure 1
The Karst Spring Hydrographs in Austrian Site Over the Period of 01/01/2002 —
31/12/2012
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Applied Procedure to Define Late-time Recession Characteristics of
Hydrographs

To define the late-time recession characteristics of the karst springs we used
the HYDRORECESSION toolbox developed by Arciniega-Esparza et al. (2017) in
MATLAB environment while R-Studio was used for the post-processing analysis of
the obtained recession parameter sets.

For the estimation of hydrograph recession parameters, we first applied three
automated REMs to extract the candidate recession segments from each recession
curve from spring hydrographs during the period of 01/01/2002 - 31/12/2012. The
REMSs procedures are the Vogel Method (Vogel & Kroll, 1992); Brutsaert Method
(Brutsaert & Nieber, 1977; Brutsaert, 2008), and Aksoy and Wittenberg Method
(Aksoy & Wittenberg, 2011). After the extraction of each recession segment from
the 10-year data record, four RAMs including Maillet (1905); Boussinesq (1904);
Coutagne (1948); and Wittenberg (1999) were applied to the hydrographs for the
estimation of the late-time recession parameters. Then, we compared each parameter
estimation procedure by referring to the different combinations of REMs and RAMs.
Furthermore, to reveal the variations in the value of estimated parameters due to the
applied parameter-fitting techniques (PFTs), the linear regression, lower envelope,
and data binning methods were used for the estimation of the recession parameters.

Recession Curve Analysis and Recession Plots

To comparatively evaluate the automated recession curve methods, we
performed the automated recession extraction procedures to the karst spring
hydrographs. All methods are already successfully applied to the streamflow
hydrographs to analyze the baseflow characteristics of the catchment hydrology
while discarding the influence of the storm events on the early-time response of the
recession curve to capture the late-time hydrological response (baseflow
characteristics) of the catchment.

As an analytical model parameterization method, the late-time recession
analysis is performed based upon the recession slope curve (hereinafter referred to
as hydrograph recession plot) analysis. This analysis involves the
selection/extraction of a candidate recession segment(s) and plotting the log — log
graph of the recession rate (dQ/dt) as a function of the discharge (Q). This linking
approach based on the Boussinesq equation is proposed by Brutsaert and Nieber
(1977) to eliminate time dependencies on recession curve analysis (Rupp & Selker,
2005).
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The hydrograph recession plot defines the storage-discharge relationship by
the slope of the hydrograph (- dQ/dt, (LT 2)) and discharge (Q, (LT!)) using a power
law of form of storage-discharge relationship expressed by;

-dQ
ek (1)
where b and a are the recession parameters, referring to the power coefficient
(—) and recession coefficient (T-! or (L3/T)'™®), respectively. These parameters vary
from catchment to catchment (Brutsaert & Nieber, 1977), thus indicating the instinct
properties of the hydrological system (Rimmer & Hartmann, 2012). In Eq. 1, the
discharge rate (- dQ/dt) is computed by the differences of two consecutive points on
the extracted recession segment (dQ/dt = (Qi+1 - Qi)/At) while Q is calculated as a
mean value of these discharge values (Q = (Qi+1+ Qi)/2).

In general, the exponent b (—) ranges from less than 1 to larger than 3
(Chapman, 1999; Harman et al., 2009; Kirchner, 2009; Wittenberg, 1999), which is
attributed to the catchment heterogeneities (Clark et al. 2009; Tague & Grant, 2004).
As a special case, when the exponent b (—) is equal to 1, the hydrological system acts
as a linear reservoir, referring to the main concept formula for the recession curve
analysis in the karst spring hydrograph analysis — known as the Maillet’s exponential
formula by Maillet (1905):

Qr = Qoe™** (2)

where Q, and Q. are the initial discharge and the discharge at the time, ¢,
respectively. a is the recession coefficient (T™') indicating the intrinsic hydraulic
properties of aquifer system.

To obtain late-time recession parameters of the karst spring hydrograph we
used the recession plot approach (- dQ/dt vs. Q) which overlaps the multiple
individual recession segments extracted by four REMs. Each procedure for the
parameter estimation is detailed in Table 2 and Table 3. After applying the recession
plot to estimate the recession parameters of b (=) and a (T ), to assess model
performance on late-time flow analysis and the quality fit of the recession plots the
performance metrics of Nash Suffice Efficiency, NS and Coefficient of
Determination, R? were performed.

N B ;
NS=1-— Zl=1|QSlm,L QObS,ll (3)

Zliv=1|Qobs,i_ Qobs |
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2

Rz — Zli\]:o (Qobs,i_szs)(Qsim,i_QSLm) = (4)
\/Z?Lo(Qobs,i_Qobs) JZ:V:O (Qsim,i_QSLm)

where Q,ps; and Qg ; are the observed and simulated spring discharges at time, i,
while Q,,s and Qg,,, represent the mean values of the corresponding variables.

Procedure for the Estimation of Recession Parameters

For the estimation of recession parameters of five karst springs in Austria, we
used three REMs and four RAMs provided in the HYDRORECESSION software
toolbox. The algorithms of the recession curve extraction and recession analysis
methods are summarized in Table 2 and Table 3.

To comparatively assess the REMs, the recession coefficients were only
calculated by the Maillet exponential formula as it is the most preferable recession
analysis method for spring hydrograph recession analysis. Additionally, we used
PFTs which are broadly used for the model fitting techniques over the hydrograph
recession plot [log (- dQ/dt) vs. log (Q)].

For the sake of simplicity, we used the abbreviations of VG, BRU, and AWM
for the Vogel Method, Brutsaert Method, and Aksoy and Wittenberg Method,
respectively. Similarly, the abbreviations of MAI, BOU, and WIT were used for the
Maillet (1905), Boussinesq (1904), and Wittenberg (1999) Methods. During the
recession analysis, the PFTs including the linear regression, lower envelope, and data
binning were also shortened by LR, LE, and BIN, reciprocally.

To refer to the dual combination of REMs and RAMs for the procedure of
recession parameter estimation we used the mathematical symbol of the intersection
“N”. For instance, we called VG N MAI to combine the Vogel recession extraction
method with the Maillet recession analysis method.
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Table 2

Recession Extraction Methods (REMs)

Minimum Filter Exclusion of
Recession Extraction . . Criterion* Anomalous
Criterion Duration* .
Methods (days) (removed Recession
days) Decline*
Decreasing 3- Q; - Q,
Vogel and Kroll, 1992 day moving 10 First30 %  ——1>309%
average Qisa
Brutsaert and Nieber, dQ 6.7 First 3-4 Qi — Qi+1 S aQ
1977 <0 - Last 2 0y dt
Aksoy and Wittenberg, 4@ _ 5 First 2 cV >0.20
2011 dt
*Editable features provided by the HYDRORECESSION Toolbox. We used the same properties as
provided.
Table 3

Recession Analysis Methods (RAMs)

Recession Storage-Discharge = Recession Curve Eiﬁiﬁneter‘
Analysis Methods  Relationship Equation g
Techniques
. Q _ —at Mean Square
Maillet, 1905 S= po Q¢ = Qoe Error
Boussinesq, 1904 S = f f(Q)dt Q; = (15#)2 Least Squares
1 Linear
aQ b — Regression
Coutagne, 1948 dt =-aQ e [001—1; -(1- b)at]l_b Lower Envelope
Data Binning
1
Wittenberg, _ a (1-d)Q,]l@D Mean Square
1999%* §=cQ Q= Qo [1 + Tl Error

**provided by the HYDRORECESSION Toolbox. In the paper, the recession parameters, ¢ and d, of
the Wittenberg Method are referred to a and b, respectively.

Incorporation of Hydro-Chemographs into Late-time Recession Curve Analysis

To reveal the late-time recession time and its duration based on the
physicochemical response of the karstic aquifers we examined spring hydro-

10
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chemographs by relating this process-based knowledge with the aquifer internal flow
dynamics. To do so, we considered the dynamic hydrological response of the karstic
aquifer considering karst spring physicochemical data including electrical
conductivity (EC) and water temperature (7) in response to variations of spring
discharge (Q). This, therefore, allowed us to examine to what extent the late-time
recession time and its duration could be captured by the hydro-chemograph analysis.

Results and Discussions
Extraction of Late-time Recession Curves

Figure 2 and Figure 3 demonstrate how an automated REM was implemented
into the spring hydrograph recession curve analysis while collectively analyzing the
recession parameters over the 10-year discharge data. In both figures, the spring
hydrographs are also accompanied by the recession plots [log (- dQ/dt) vs. log (Q)]
in which the aggregation of all candidate recession curves (hereinafter referred to the
‘point cloud’) and the plot of linearity of the selected points (Qi+1 vs. Qi) are provided.
Here, the model results for the Hammerbach spring and Gollinger Wasserfall are
particularly given for the comparison of the main differences between the automated
recession curve analysis, which are only resulted from the hydrological regimes of
both springs. The BRU recession extraction method was used to exemplify the
implementation procedure of the REMs in each spring while the Maillet method was
selected as a reservoir model. Furthermore, Appendix Figure A1 demonstrates the
model results for the Gollinger Wasserfall spring with the selection of three REMs
over the period of 01/01/2002 — 31/12/2012.

Overall, the recession extraction procedure does not necessarily capture the
late-time recession behavior of Hammerbach spring (Figure 2), instead mainly
extracting the early-time recession characteristics. By comparison, the late-time
recession segments are, in general, represented by the extracted curves from the
Gollinger Wasserfall during the 10 years (Figure 3). Considering the recession plots
— indicated as the point cloud in both figures — the point space for the Gollinger
Wasserfall is more consistent, providing a denser space for the point cloud than that
of Hammerbach spring. Overall, the dependency of the recession rate (- dQ/dt) on
the discharge of the Gollinger Wasserfall is higher to obtain the storage-discharge
relationship, thus defining the late-time flow characteristics. However, the extracted
segments do not ensure a condensed space for the Hammerbach spring hydrograph,
thereby resulting in a rather noise for the estimation of recession parameter, despite
the better model performance (NS: 0.74 and R?: 0.93).

11
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Figure 2

Model Results Obtained from HYDRORECESSION
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Note. Upper Panel: Extracted recession curves of Hammerbach spring hydrograph over 10 years.
Lower Panel (1): (Left) Hydrograph recession plot is demonstrated as a form of a cloud of points,
which indicates the noise reduction from log (- dQ/dt) vs. log (Q). Lower Panel: (Right) Linearity of
the dataset based on the simulation with the Maillet method. Lower Panel (2): (Left) Hydrograph
recession plot is demonstrated as a form of a cloud of points, which indicates the noise reduction from
log (-dQ/dt) vs. (Q). The Lowest Panel: (Right) Model performance on the late-time flow analysis
based on the with the Maillet method, and the quality fit of the recession plots demonstrated by the

model performance metrics.
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Figure 3

Model Results obtained from HYDRORECESSION

curves, Dataset: Gollinger Wasserfall
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Note. Upper Panel: extracted recession curves of Gollinger Wasserfall for 10 years (01/01/2002 —
31/12/2012). Lower Panel: (Left) Hydrograph recession plot is demonstrated as a form of a cloud of
points, indicating the noise reduction from log (- dQ/dt) vs. log (Q). Here, the red points correspond
to the clouds with higher frequency. Lower Panel: (Right) Linearity of the dataset based on the model

simulation with the Maillet method.

For the comparison of three REMs, Figure 4 exemplifies the extracted curves
from the Hammerbach spring hydrograph over a one-year time-window. Overall, the
BRU method extracted the 14 recession segments (a = 0.039 day!, NS =0.71, R? =
0.91) during which the VG method extracts 27 segments (a = 0.035 day™', NS =0.75,
R? = 0.93) whereas the AWM method selected more segments with 31 segments, in
total (@ =0.020 day™', NS = 0.89, R? =0.98). Figure 4 also reveals that some extracted
recession segments were interrupted by a sudden - but rather small — increment in
the spring discharge, which limits to obtain the longer recession curves. This
ultimately led to the extraction of a rather short recession segment. For that reason,
it is not necessarily possible to cover a long recession curve when the recession rate

13
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(- dQ/dt) is exposed to a small increment over the recession curve. Therefore,
considering the flow characteristics of the extracted segment(s), the REMs
procedures mainly captured the transition-time and late-time recession
characteristics. This implies that all three methods do not necessarily correspond to
the late-time recession characteristics in the spring hydrograph in each level of the
recession curve analysis. Figure 4 confirms that the AWM method extracts more
recession segments while capturing the recession variability much better, thereby
providing with candidate recession segments for the spring hydrograph recession
curve analysis.

Figure 4

The Comparison of the REMs during the Automated Recession Curve Extraction
Procedure for the Hammerbach Spring

Extracted recession curves by Vogel method (VG)
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Variations in Obtained Recession Coefficients Due to the Implementation
Procedure

The variations in the obtained late-time recession coefficients, a (day™') of the
karstic sprines are indicated in Figure 5. Overall. the estimated values were mainlv
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influenced by which parameter estimation procedure was applied into the spring
hydrograph analysis, thereby bringing in a wide range of parameter range. Of all dual
combinations with RAMs, the AWM method consistently provided the lowest
recession coefficients, followed by the VG and BRU methods, respectively.
Similarly, as a reservoir model, the Boussinesq method ensured the estimation of the
lowest recession coefficient by all dual combinations with three REMs regardless of
which type and shape of the spring hydrograph were under the examination.
Therefore, the results in Figure 5 are also supported by the previous findings about
the streamflow hydrograph recession curve analysis (Stewart, 2015; Chen &
Krajewski, 2016) such that the parameter estimation is strongly influenced by which
procedure is implemented into the recession curve analysis. Yet here, the only
exception would be the Boussinesq method which delivered the lowest values in the
parameter range among all dual combinations by REMs and RAMs.

Figure 5

Variations of the Estimated Recession Coefficients for the Austrian Site Springs
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= 0.06- * » ® @ Boussinessa, 1904
E- 832: * ® P 4 Ccoutagne,1948
1 83:24 : P’ ® @ Maillet, 1905
: AWM BRU VG @ Wittenberg, 1999
Wasseralm Spring RAMs
. 0.025- : ‘ & Boussinessq, 1904
", 0.020- @ Coutagne, 1948
£ 0.015- 3 4 s HoEL
® 0.010- > & Maillet, 1905
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~- Ojlg: A4 ° & Boussinessq, 1904
E 0:08- L 2 4 Coutagne,1948
= 0.04- 3 ’ * & Maillet, 1905
AWM BRU VG 4 Wittenberg, 1999

Note. The recession parameters for the karstic springs are obtained from the 10-year spring discharge
data records (01/01/2002 — 31/12/2012).

15




16

Kiibra Ozdemir Calli, Andreas Hartmann
Turkish Journal of Water Science & Management 6 (1) (2022) /3 - 30

The box-and-whisker plots in Figure 6 demonstrate the sensitivity of the annual
recession coefficient, a (day™) to the selection of the PFTs. The recession analysis
results are also provided in Appendix Figure A2 for the Hammerbach spring over
01/01/2002 — 31/12/2012. Here, the Coutagne method was used to estimate the
recession coefficients as it mainly gives insight into the non-linearity of a
hydrological system due to the different b (—) values. Overall, the lower envelope
(LE) with all REMs provided the lowest parameter values while ensuring a strictly
confined parameter space with a lower interquartile range (IQR). This, therefore,
gave less uncertain parameter estimation. Similarly, the AWM method enabled to
obtain the lower recession coefficients as compared to the BRU and VG methods,
particularly allowing a larger interquartile range with the linear regression (LR)
method. As opposed to the AWM method, the higher values of the recession
coefficient obtained by the combination of BRU N LE and BRU N LR amplified the
parameter uncertainty, as indicated by the wider IQRs. Furthermore, the LE naturally
contributed to the lower values with all dual combinations by each REM, thereby
providing a less uncertain parameter range. Hence, Figure 6 confirms that the
selection of PFTs inherently designs the estimation of the recession parameter(s) as
much as the implementation of the REMs and RAMs procedures. From this point of
view, it would be possible to infer that the dual combination procedure of the
recession parameter estimation would serve to obtain different parameter ranges
depending on the research target — preferably to estimate either lower or higher
recession coefficients.

Incorporation of Hydro-Chemograph Analysis into Late-Time Recession Curve
Analysis

Figure 7 and Figure 8 exemplify the main difference between the
physicochemical response of Sieben springs and Hammerbach spring, accompanied
by the spring hydrographs. In general, the temporal variations in EC for both springs
did not have the same behavior during certain time-periods, particularly over the
summer during which the young water came into the hydrological system via the
storm event(s). The same hydrological response could also be tracked over the 10-
year period (2002-2012) (see Appendix Figure A3-A4).
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Figure 6
The Range of the Annual Recession Coefficients for the Hammerbach Spring
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Note. Here, the Coutagne method was used as a RAM for the model parameterization. The boxplots

indicate the 25" and 75" percentile of the annual recession coefficients. The black line in each plot
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demonstrates the median value of the estimated values.
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Figure 7

A Time-Window for the Physicochemical Response of the Sieben Springs Over A
One-Hydrological Year (01/10/2010 - 01/10/2011)
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Note. Here, when the young water comes into the aquifer system by the storm (precipitation) event,

the old water in storage is quickly mobilized by the propagation of hydraulic pulses, thereby resulting

in a corresponding decline in EC.

In Figure 7, the physicochemical response of the hydrological system is mainly
characterized by the system hydrological process in such that after the entrance of
the new coming water into the karstic system, the stored old water is quickly
mobilized by the propagation of hydraulic pulses. This process is primarily known
as the ‘piston effect’ (Ford & Williams, 2013), typically seen in karstic aquifers,
thereby resulting in a sudden decline in EC in response to the increment of spring
discharge. To a lesser extent, this typical response of the karstic system entails the
strong cross-correlation between storm events and spring discharge (Fiorillo &
Guadagno, 2010; Ford & Williams, 2013).

As oppose to the physicochemical response of Sieben springs in Figure 7, the
positive relationship between the Hammerbach spring discharge and EC can be
observed during the period of late-May and mid-August in Figure 8. Here, the peaky
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behavior in the spring discharge and EC mainly overlapped each other during the
shaded periods. Indeed, this is not a typical or common response observed in karstic
hydrological system, which can be explained by the piston effect. Instead, the
chemical response of the system in the shaded areas could be related to the
hydrogeological settings of the karstic aquifer. For that reason, a reasonable
explanation is that that the epikarst zone could consist of easily soluble evaporitic
rocks such as gypsum, thus leading to a substantial increase in EC followed by a
snowmelt period around May during which the snowmelt dominates the
physicochemical response of Hammerbach spring. Therefore, the shaded time-
periods in the Figure 8 are not necessarily informative about the karst spring
hydrograph late-time recession characteristics, especially while resembling the late-
time recession time and duration.

Figure 8

A Time-Window for the Physicochemical Responses of the Hammerbach Spring
During the Period of 01/01/2008 - 01/01/2009
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Note. The spring discharge hydrograph is classified considering the variations in the temperature. The

hydrograph is also accompanied by the temporal variations in the £C.

As for the temporal relationship between Q and 7" for Hammerbach spring in
Figure 8, the lowest values of T primarily characterize the matrix-dominated flow
regimes whereas an increase in the spring discharge leads to a decline in 7"due to the
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dilution effect. More importantly, the time-period during which the discharge flow
component (either conduit or matrix, or a combination of both) dominating the spring
flow can be identified by the analysis of the temporal variation of 7 in karst spring.
For instance, at the beginning of the time-period — indicated by the shaded areas —
the spring flow still reflects the matrix-dominated discharge characteristics with the
values of T varying between 7°C and 8°C. However, the substantial increase in the
water temperature, 7 after mid-July could be explained by the domination of the
conduit/fracture flow component on the spring hydrograph. Therefore, as compared
to EC, the temporal variation in 7 is particularly important as it is more likely to
bring the process-based system knowledge into the pure late-time recession
curve/segment analysis.

Conclusions

Our research attempted to explore the applicability of the REMs procedures to
the late-time recession analysis in the karst spring hydrograph. To do so, we
comparatively evaluated the REMs by combining with four RAMs, while obtaining
late-time recession parameters.

Our results confirmed that although the procedures of the REMs for the
streamflow recession curve analysis is a convincingly systematic approach to
objectively extract the candidate curves (— or segments), it is not necessarily possible
to capture the late-time recession characteristics of karst spring hydrograph by the
REMs during in our research. In fact, the primary problem encountered over five
spring hydrograph analysis was that the candidate recession curves/segments did not
necessarily reflect a certain type of flow characteristic in each hydrograph. Instead,
the automated REMs extracted the different recession segments — mainly considering
the decreasing discharge rate (- dQ/dt) — while reflecting the different sub-regimes
in the karstic hydrological system. Therefore, since each REM procedure mainly
ignores the early-time recession behavior to analyze the catchment baseflow
characteristics from the streamflow hydrograph under the assumption that the early-
time recession segment is more frequently influenced by the storm events —
considering its intensity and duration —, it might not be possible to define the
recession characteristics of the conduit-dominated flow mechanism, either. At this
point, when an automated recession procedure is applied to the spring hydrograph
analysis it would be wise to first decide upon which type of hydrograph (e.g., flashy,
or steady) is under the examination, then to estimate the recession parameters by
those recession segments.

To define the recession time and the duration for the spring recession curve
analysis, it is also reasonable to couple spring hydrograph analysis with the hydro-
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chemograph analysis to reliably extract the candidate recession curve/segments
based on the hydro(geo)logical process over the karstic system. This, therefore, leads
to capturing the hydrological process knowledge of which distinctive flow
mechanism could be more dominant on the recession curve.

Due to the hydrological and climatological characteristics of the karstic
hydrological system, the automated recession curve selection approach is of great
importance to reduce the potential uncertainties conveyed throughout the manually
selected curve procedure — which is typically applied in the spring hydrograph
analysis — In this context, our research highlighted the fact that a framework of
collectively and automatedly extracted recession curve analysis for karst spring
hydrograph is essential to capture the recession variability while eliminating the
subjectivity of the manually selected recession curve analysis. Therefore, there is an
apparent need to develop an automated recession curve extraction procedure(s) to
collectively analyze the recession behaviors of karst spring hydrographs, either
characterizing the matrix-dominated flow or quantifying the conduit/fractured-
dominated flow characteristics.

Our study provided a research direction to improve the automated recession
curve extraction procedures, while drawing a conclusion that the hydro-chemograph
analysis is a reasonable complementary technique when this knowledge is coupled
by the automated recession curve analysis algorithm. Doing that, the recession time
(initial discharge) and its duration (length) of a recession curve/segment could be
captured by the physicochemical response of a karst spring, thereby constraining the
parameter uncertainty in the recession analysis based on the system process-based
knowledge.
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Appendix
Figure A1

Automated Recession Curve Analysis by HYDRORECESSION for the Gollinger
Wasserfall Spring over the Period of 01/01/2002 - 31/12/2012
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Figure A2

The Model Results Obtained by the Automated REMs for the Hammerbachquelle
Spring
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Figure A3

The Time-Series of the Precipitation, Discharge, and EC for the Sieben Springs Over
the Period of 01/01/2002 — 31/12/2012
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Extended Turkish Abstract
(Genisletilmis Tiirkce Ozet)

Otomatik Cekilme Egrisi Se¢cim Prosediirlerinin Karstik Kaynak Hidrograflarinda
Karsilastirilmal Degerlendirilmesi

Cekilme egrisi analizleri, hidrolojik sistemlerin hidrodinamik o&zelliklerini tanimlamak
amactyla kullanilan temel ve yaygin analiz yontemlerinden birisidir. Akim hidrografi ¢ekilme egrisi
analizlerinden farkli olarak, karstik kaynak c¢ekilme egrisi analizlerinde bir ¢ekilme egrisi iizerinde
birden fazla ¢ekilme segmenti tanimlanmaktadir. Bu segmentler farkli bosalim rejimleri ile
karakterize edilmekte olup birden fazla gekilme katsayisi belirlenmektedir. Ornegin, bir karstik
kaynak hidrografi lizerinde ge¢-zaman ¢ekilme egrisi karstik sistemde taban akisini temsil eden taneli
ortam akim ozelliklerini yansitmaktadir. Ote yandan, ayni ¢ekilme egrisi iizerindeki erken-zaman
¢ekilme segmenti kirikli-gatlakli ortamlart ve/veya karstik kanal bosalim kosullarmi karakterize
etmektedir.

Geleneksel bir yaklasim olarak, karstik kaynak bosalim parametrelerinin belirlenmesinde
temel adim, cekilme egrilerinin baslangi¢ ve bitis zamanlarinin manuel olarak belirlenerek, ilgili
cekilme segmentine bir matematiksel model egrisinin uydurulmasi esasina dayanmaktadir. Bu
yontemin uygulanabilirliginin 6nlindeki en temel kisitlayict unsur, aday bir ¢ekilme egrisinin
arastirmaci tarafindan siibjektif olarak se¢imidir. Bununla birlikte, karstik sistemdeki bosalim
ozelliklerinin 6znel olarak belirlenmis tek bir ¢ekilme egrisine dayanarak tiiretilmesi de temsil edicilik
acisindan yeterli olmamaktadir. Bunun baglica nedeni, ¢ekilme egrisinin yapisinin bir hidrolojik
olaydan digerine 6nemli dl¢lide degigsmesidir. Bu temelde, bir karstik kaynak hidrografinda gekilme
egrilerinin manuel olarak se¢imi, ne tim aday cekilme egrilerini kapsayacak sekilde pratik bir
tekniktir, ne de uzun donemli bir kaynak hidrografi ¢ekilme davranigindaki tiim
hidrolojik/hidrodinamik ¢esitliliginin tanimlanmasma izin vermektedir. Buradan esasla, karstik
kaynaklarda g¢ekilme egrisi analizleri, uzun bir veri kayd: dikkate alinarak akim dinamiklerinin
hidrolojik degiskenligini ve hidrolik 6zelliklerini yakalamak amaciyla toplu olarak yapilmalidir.

Akarsu hidrograf analizi i¢in otomatiklestirilmis ¢ekilme egrisi belirleme prosediirlerinin
gergevesi, havza baz (temel) akis kosullarmi (— veya ge¢ donem c¢ekilme karakteristiklerini)
betimlerken, ¢ekilme egrilerinin nesnel olarak tanimlanabilmesi igin alternatif bir yaklasim olarak
dikkat ¢ekmektedir. Buradan hareketle, otomatik ¢ekilme egrisi analiz teknikleri, manuel olarak
secilen ¢ekilme egrisi secim prosediiriiniin 6znelliginden kaynaklanan olast belirsizlikleri ve
onyargilart ortadan kaldirmak i¢in 6nemli bir firsat saglamaktadir.

Bu c¢alisma kapsaminda, karstik kaynaklarda geg-donem ¢ekilme egrisi analizlerinde otomatik
¢ekilme egrisi belirleme prosediirlerinin uygulanip uygulanmayacagi arastirilmistir. Bu kapsamda, tig
adet otomatik cekilme egrisi belirleme yontemi (Vogel Metodu, Brutsaert Metodu, Aksoy ve
Wittenberg Metodu) ile dort adet ¢ekilme egrisi analiz metodu (Maillet, 1905; Boussinesq, 1904;
Coutagne, 1948; Wittenberg, 1999) birlestirilerek karstik kaynak hidrograflarinda ge¢-dénem ¢ekilme
egrisi parametreleri belirlenmis ve ilgili yontemler karsilastirmali olarak degerlendirilmistir.
Avusturya’da bulunan bes karstik kaynakta (Wasseralm spring, Sieben springs, Hammerbach spring,
Gollingen Wasserfall, Schreniende Brunnen) kaynak g¢ekilme egrisi analizi uygulanarak otomatik
¢ekilme egrisi belirleme prosediirlerinin olasi zayif yonleri degerlendirilmistir. Buna ilaveten, karstik
kaynak suyu fizikokimyasal verileri (elektriksel iletkenlik ve yeralti suyu sicakligi) kaynak ¢ekilme
egrisinin ¢ekilme baslangici ve ¢ekilme siiresinin belirlenebilmesi kapsaminda degerlendirilmis ve
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karstik sistemdeki hidrodinamik siiregler ile iliskilendirilerek ¢ekilme egrisinin tanimladigi bosalim
kosullar1 karakterize edilmeye ¢alisilmistir.

Calisma metodolojisi sirastyla dort temel adimi igermektedir: (1) otomatik ¢ekilme egrisi
belirleme yonteminin se¢imi (REM), (2) ¢ekilme egrisi analiz metodunun se¢imi (RAM), (3) ¢ekilme
parametrenin belirlenmesinde egri uydurma tekniklerinin secimi ve (4) karstik kaynak hidro-
kemograflari ile ¢ekilme egrisi zamani ve siiresinin tahmini.

Caligma sonucunda, akarsu akisi ¢ekilme egrisi analizi igin gelistirilen REM prosediirlerinin,
aday cekilme egrilerini nesnel olarak ¢ikarmak/belirlemek i¢in ikna edici sistematik yaklasim oldugu
desteklenmistir. Ancak, ilgili metotlarin karstik kaynak bosalim hidrografinin ge¢ zaman g¢ekilme
Ozelliklerini yakalamada yeterli olmayabilecegi goriilmiistir. Bu temelde, calismada otomatik
REM'ler ile gergeklestirilen kaynak ¢ekilme egrisi analizlerinde bes adet karstik kaynakta karsilasilan
temel ve ortak sorun, aday cekilme egrilerinin farkli kaynak hidrograflarinda belirli bir bosalim
karakteristigini yansitmamasi olmustur. Bunun yerine, otomatiklestirilmis REM'ler, karstik akifer
sistemdeki farkli alt bosalim rejimlerini yansitmistir. Burada ilgili yontemler, kaynak bosaliminin
zamanla degisimini (- dQ/dt) dikkate alarak farkli ¢ekilme egrilerini ¢ikarmay1 bagarmistir.

Bir karstik kaynak hidrografi {izerinde erken dénem ¢ekilme segmentinin yagis girdilerinden
dogrudan etkilendigi bir gercektir. Bu durum 6zellikle kanal baskin bosalimin hakim oldugu karstik
akifer sistemlerinde Onemli oOlgiide sistem hidrodinamigini etkilemektedir. Dolayisi ile bu
kaynaklarda geg-donem ¢ekilme 6zelliklerini otomatik REM'ler ile tanimlamak miimkiin olmayabilir.
Bu nedenle, bogalim hidrograf analizine otomatik bir ¢ekilme prosediirii uygulanmak istenildiginde,
once hangi tip akim hidrografinin (6rnegin kanal ya da gbzenek baskin akim) inceleme altinda
olduguna karar verilmeli, ardindan ¢ekilme parametreleri bu esasa gore otomatik ¢ekilme egrisi secim
metotlari ile tahmin edilmelidir.

Karstik bir hidrolojik sistemin otomatik c¢ekilme egrisi secimi yaklasimi, geleneksel olarak
uygulanan ¢ekilme egrisinin manuel olarak se¢iminde karsilasilan potansiyel belirsizlikleri azaltmak
i¢in biiyiikk 6nem tasimaktadir. Bu baglamda, arastirmamiz, manuel olarak segilen ¢ekilme egrileri
icin hesaplanan ¢ekilme katsayilart sonuglari iizerindeki 6znelligi ortadan kaldirmistir. Calisma
ayrica, karstik kaynak hidrograflarinda ¢ekilme degiskenligini yakalamak amaciyla kaynak bosalim
analizi i¢in toplu ve otomatik olarak ¢ikarilan bir ¢ekilme egrisi analizi prosediiriiniin gerekliligini
vurgulamistir. Calisma sonucunda, karstik kaynak hidrograf-kemograf analizlerinin otomatik ¢ekilme
egrisi analizleri ile birlestirildiginde, makul bir tamamlayic1 teknik oldugu sonucuna varilmistir. Buna
ilaveten, bir ¢ekilme egrisinin ¢ekilme siiresinin bir karstik kaynagin fizikokimyasal tepkisi ile
yakalanabildigi, boylece sistem siirecine dayali c¢ekilme analizindeki parametre belirsizliginin
sinirlandirilabilecegi sonucuna ulasilmustir.






