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Karst spring/stream discharge reflects the global configuration of the aquifer. However, quantitative
description of the aquifer structure such as effective porosity (n.g) and water storage capacity by the dis-
charge analysis is difficult because of the complex conduit/fracture system. This study attempted to
quantify the characteristics of karst aquifer based on discharge recession and time series analysis meth-
ods. Three recession models, including modified Maillet, Mangin and Boussinesq models, were evaluated
to choose the most suitable one for analyzing the aquifer structure, and auto-correlation and cross-
correlation functions were applied to study the aquifer response in both year and rainfall event time
scales. The results showed that the modified Maillet model was more suitable in the study catchment
with Mangin model overestimating and Boussinesq model underestimating the discharge. The n.g was

Keywords: 3.73% for the total aquifer, and it was 0.07%, 0.33% and 3.33% for the conduit, fracture and matrix, respec-
Karst tively. Based on a case study of a rainfall event with precipitation of 68 mm, the water volumes drained
Aquifer structure by the three media were 25.43%, 33.40% and 41.17%, respectively. This indicates that, although conduit
Hydrograph network is not very developed with lower n.g, it is still an important water transmissive element (drain-

Time series analysis

§ 4 ing more than a quarter of water after the rainfall event). The memory time of the aquifer was 4 days for
Effective porosity

the year scale and 8 h for the rainfall event (68 mm) scale. This demonstrates that the aquifer has a well
developed drainage system with a quick response to the rainfall. The above results provide further
insights for hydrological processes modeling and water resources management for the small catchment
in karst regions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Karst aquifer always has a dual hydrological system where
extremely fast and slow water flow can be found in both saturated
and unsaturated zone (Ford and Williams, 2007; Ghasemizadeh
et al., 2012; Goldscheider and Drew, 2007; Katsanou et al., 2014;
Padilla et al., 1994). High heterogeneity is the most important
characteristic of the aquifer where the aperture diameters can vary
more than five orders of magnitude from fracture to conduit
(Mayaud et al., 2014). Quantitative data of pumping or tracing
from points can only provide information of surroundings (Liu
et al., 2010; Padilla et al., 1994). As a consequence, global methods,
including isotope, absolute gravity, hydrochemistry and many
other methods, were widely used to study the overall
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characteristics and the related hydrological processes of karst aqui-
fer (Aquilina et al., 2006; Hu et al., 2015; Jacob et al., 2008, 2009;
Kiraly, 2002; Perrin et al., 2003 ). However, these methods have dis-
advantages that more parameters and more expensive instruments
are required. By contrast, hydrograph or discharge recession anal-
ysis method is simpler because fewer parameters, only discharge
data, are needed. Although only hydrograph is considered, similar
conclusions, perhaps even more numerous and reliable, can be
reached (Bonacci, 1993; Dewandel et al.,, 2003; Fiorillo, 2014,
Tallaksen, 1995).

Since the studies of Boussinesq (1877) and Maillet (1905), dis-
charge recession analysis has become a very popular method to
study the hydrological processes and to deduce the aquifer charac-
teristics. The recession analysis was firstly developed to study
aquifers with homogeneous structures. However, it was gradually,
and then widely, used in karst area with a heterogeneous system as
its simplicity (Bonacci, 1993; Chang et al., 2015; Dewandel et al.,
2003; Eisenlohr et al., 1997; Fiorillo, 2009; Ghasemizadeh et al.,
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2012; Kiraly et al., 1995; Kovacs et al., 2005; Padilla et al., 1994;
Schmidt et al., 2014). Fiorillo (2014) provided a useful review of
the recession analysis and categorized the recession models into
empirical, semi-empirical, and physically-based models. Boussi-
nesq, Maillet, and Mangin models are three of the widely used
empirical or semi-empirical models (Amit et al., 2002; Eisenlohr
et al., 1997; Farlin and Maloszewski, 2013; Lo Russo et al., 2014;
Padilla et al., 1994; Schmidt et al., 2014). Boussinesq model
(Boussinesq, 1904) is a quadratic equation, but Maillet model
(Maillet, 1905) is a simple exponential equation. Both of the two
models are used to describe the whole recession process of the dis-
charge from an aquifer, but hardly different flow regimes can be
noticed. Karst aquifer is always characterized by different flow
media with conduit, fracture and matrix (Forkasiewicz and Paloc,
1967). Therefore, modified Maillet equation, which constituted of
several exponential components standing for different flow
regimes, was always used (Forkasiewicz and Paloc, 1967; Kovacs
and Perrochet, 2008). There is no problem that the baseflow is an
exponential recession. However, whether the quickflow, which
always turbulent flow appeared in the conduit, follows the expo-
nential recession is always questioned. Mangin (1975), for exam-
ple, pointed out that the exponential equation was not suitable
for simulating the quickflow. Based on the Maillet model, he
described the discharge recession as a sum of infiltration influ-
enced process (quickflow) and baseflow recession process. Mangin
model considered the characteristics of karst aquifer with fast and
slow water flows, but one or more intermedia flows may be
ignored. As can be seen, these models have both advantages and
disadvantages. Moreover, which model can provide better results
is still under debate (Dewandel et al., 2003; Lo Russo et al., 2014;
Padilla et al., 1994).

The recession coefficient is one of the most important parame-
ters that reflect the aquifer characteristics. Numerous equations
were used to calculate this parameter (Boussinesq, 1877;
Dewandel et al., 2003; Maillet, 1905). In general, the recession coef-
ficient varies directly with the hydraulic conductivity but inversely
with the aquifer storativity (Bonacci, 1993; Fiorillo, 2014;
Forkasiewicz and Paloc, 1967; Katsanou et al., 2015; Kiraly, 2002).
Different recession coefficients reflect the flow regimes with differ-
ent hydraulic conductivities (Bonacci, 1993). Therefore, the reces-
sion coefficient was always used to describe the development of
the conduit network with high hydraulic conductivity, and also to
identify the karstification degree of an aquifer (Bailly-Comte et al.,
2010; Bonacci, 1993; Ghasemizadeh et al., 2012; Katsanou et al.,
2015; Malik and Vojtkova, 2012; Padilla et al., 1994; White, 2003).
Most of the descriptions were qualitative. However, the quantifica-
tion of the effective porosity (nes) and water storage capacity for
each hydraulic conductivity media may be more valuable in under-
standing the aquifer characteristics (Amit et al., 2002; Li, 2009).

Time series analysis is a useful tool for studying the aquifer
characteristics. It was firstly used to study karst aquifer by
Mangin (1984). Generally speaking, this method includes both uni-
variate (auto-correlation function, ACF) and bivariate (cross-
correlation function, CCF) analysis, which could characterize the
temporal structure of hydrologic signals under the linear-
stationary hypotheses (Labat et al., 2000; Padilla and Pulido-
Bosch, 1995). Correlogram, memory time and delay time are
always used to describe the karstification degree and the response
of the aquifer to the rainfall (Covington et al., 2009; Katsanou et al.,
2015; Lo Russo et al., 2014; Mayaud et al., 2014). The existing stud-
ies mainly concerned on long time scale (one year or more). Only
few considered short time scale (rainfall event or flood scale)
(Bailly-Comte et al., 2008; Mayaud et al., 2014). The results of
the long time scale reflect the average response of the aquifer to
the rainfall, but the short time scale reflect the response of the
aquifer to a given pulse (Bailly-Comte et al., 2008; Mayaud et al.,

2014). Therefore, it is necessary to study the processes in both time
scales. Moreover, the results can be compared with that of the
hydrograph analysis to see whether the two methods reflect the
same characteristic of the aquifer.

Karst landscape is widely distributed in southwest China with
an area of more than 500,000 km? (Yuan, 1994). Precipitation in
this area is abundant, more than 1000 mm per year. But water
resources shortage is still a problem for both ecosystem and
human society due to the heterogeneous aquifer and fast hydrolog-
ical processes (the rapid water flow in both saturated and unsatu-
rated zone), with much water lost through the underground
system (Chen et al., 2013; Jiang et al., 2014). Until now, researchers
mainly concerned on the hydrological processes of the soil layer
(Chen et al., 2010; Li et al, 2014; Zhang et al,, 2011). However,
the global characteristics of the water storing and transferring in
the total aquifer may be more valuable, because soils in this area
are always thin and distributed as mosaic with base-rock outcrop
widely spread (Chen et al., 2010; Fu et al., 2015b). Therefore, stud-
ies should be done to further understand the aquifer structure and
the related hydrological processes in this area. Previous study
based on isotope method showed a poor development of conduit
system and slow hydrological processes (Hu et al., 2015). It is
inconsistent with the generally accepted knowledge that extre-
mely fast and slow flow appear in a dual system. Therefore, a
new method is needed to verify such results. Hydrograph method,
as aforementioned, is a useful way. However, the hydrograph is
influenced by the catchment’s geomorphologic characteristics,
vegetation community and many other environmental factors
(Dewandel et al., 2003; Eisenlohr et al., 1997; Gregor and Malik,
2012; Lacey and Grayson, 1998; Lo Russo et al., 2014), all of which
are quite unique in southwest China (Chen et al., 2011; Fu et al.,
2015a; Nie et al., 2012). As a consequence, the recession models
should be evaluated to see which is more suitable in this area.

The purposes of this study were (1) to characterize the hydro-
graph of the stream and evaluate three recession models (modified
Maillet, Mangin and Boussinesq models), (2) to estimate the pro-
portion of conduit, fracture, and matrix and calculate their water
storage capacities, and (3) to verify the results with time series
analysis method in a small karst catchment in southwest China.

2. Materials and methods
2.1. Recession analysis

Boussinesq (1904) developed a quadratic equation to describe
the discharge recession process based on the simplified assump-
tion that the aquifer was porous, free, homogeneous and isotropic:

Qo (1)

U=

In which Qg is the total discharge at t=0 and « is the recession
coefficient.

Unlike the Boussinesq model, Maillet (1905) used an exponen-
tial equation to simulate the recession process with the following
formula:

Q=Qxe™ @)

where Q; is the discharge at time t, Qg is the discharge at t = 0, and «
is the recession coefficient. In karst area, modified Maillet model was
always used and it can be expressed by a sum of several exponential
components (Eisenlohr et al., 1997; Fiorillo, 2014; Forkasiewicz and
Paloc, 1967; Ghasemizadeh et al., 2012; Tallaksen, 1995):

Q= 0 x e 3)
i=1
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where i represents the media i in the aquifer, Q; represents the dis-
charge of media i at t = 0, and n represents the number of flow com-
ponents. Karst aquifer can always be divided into conduit, fracture,
and matrix systems based on the different hydraulic conductivities
(Ghasemizadeh et al., 2012; Katsanou et al., 2015; White, 2003).
Therefore, the modified Maillet equation can be written as:

Q=Qcxe ™ +Qpxe ¥ +Q,xe™ (4)

where Q. Q; Qn are the initial discharges, and o, o5 o, are the
recession coefficients of the conduit, fracture and matrix,
respectively.

Based on Maillet equation, Mangin (1975) concluded that expo-
nential equation was suitable for modeling the baseflow, but not
for the quickflow. He calculated the discharge by the following
formula:

Q= (1) + () = Qq x T 0t + Qe (5)
where Y/(t) and ¢(t) represent the infiltration function and baseflow
function, respectively (El-Hakim and Bakalowicz, 2007). Padilla
et al. (1994) pointed out that the value of y(t) and ¢(t) just equals
that of fastflow and baseflow. Qg is the initial infiltration flow rate,
and Qy, is the initial baseflow rate. The parameters # and ¢ mean the
infiltration velocity and flow heterogeneity, respectively, and o, is
the baseflow recession coefficient.

The quantitative relationship between recession coefficient and
the neg was given by Fiorillo (2011, 2014):

%1 Teff2 (6)
Oy Teff1
%o Teff3 (7)
03 Teff2

where nefg; (i = 1-3) means the neg of different media in the aquifer.
Therefore, the neg of the conduit (nef.c) and fracture (nes.r) can be
estimated if we know the recession coefficients of the conduit
(oec), fracture (o), matrix (o,,) and the effective porosity of the
matrix (Neem):

O X Neff-m

neff_f ~ T (8)
Olf X Neff-
Meffc & % 9)
c

Then the total effective porosity (nes.;) of the aquifer can be cal-
culated by:

Neffy = Neff-c + neff—f + Neff-m (10)

Integrating the recession curve over time provides the water
storage capacity, that is, water available for drainage from the

aquifer (Amit et al, 2002; Farlin and Maloszewski, 2013;
Tallaksen, 1995):
te
Vt:/ Q.dt (11)
Jo

where V, is the water volume drained at time t. When t approaches
infinity, the volume represents the water storage capacity, i.e. the
maximum water drained by the aquifer. Accordingly, integrating
the recession curve of conduit, fracture or matrix over time provides
each water storage capacity.

2.2. Time series analysis
ACF and CCF are widely used in time series analysis. ACF evalu-

ates to what extent does the discharge depends on the preceding
values over a specified time period (lag time) (Mayaud et al.,

2014). The formula for the ACF is (Eisenlohr et al., 1997; Mayaud
et al., 2014):

ACF = o (12)
where
-1 n—k
Ce =EZ(Xf>’<)(Xr+r>’<) (13)
t=1
and
c -1y %)2 14
0= HZ(Xf —X) (14)

t=1

where x; is the discharge value at time ¢, X is the average discharge,
n is the total number of the data, and k is the lag time. The memory
time, which stands for the lag time when the ACF > 0.2, is used to
describe the time that the discharge is influenced by the initial con-
dition (Katsanou et al., 2015; Lo Russo et al., 2014; Mayaud et al.,
2014).

The CCF is used to examine the dependence of output series y
(discharge) on the input series x (precipitation). It can be calculated
by (Mayaud et al., 2014; Padilla and Pulido-Bosch, 1995):

Cx
ACF = % 15
CxOCyO ( )
where
1 n—k B ~
Cy = HZ(": = X)Vek —Y) (16)
t=1
18 _
Go=1> (X —-x)° (17)
t=1
18 _
i (18)

t=1

The symbols have the same meaning with that in the calculation of
ACF. The delay time, the lag time between O and the time when
maximum CCF value appears, can reflect the response time of the
aquifer to the rainfall event, and shorter delay time always means
faster aquifer transfer (Garfias-Soliz et al., 2010; Katsanou et al.,
2015).

Both of ACF and CCF are always analyzed in correlograms. The
steep slope in the correlogram means a fast response of the aquifer
to the rainfall and indicates a higher karstification degree. The
results can be compared with that of the hydrograph analysis.

2.3. Study area

The study catchment (24°43'58.97-24°44'48.8"N, 108°18'56.9"-
108°19'58.4"E) is located in Huanjiang County of northwest
Guangxi, southwest China (Fig. 1a). It is a typical small karst catch-
ment, with an area of 1.14 km? (Fu et al., 2015a). It is characterized
by a flat depression surrounded by mountains. The average annual
precipitation is 1389 mm and the average annual temperature is
18.5 °C. Large rock outcrops are widespread in the catchment with-
out superficial deposits. Spatial distribution of vegetation is
heterogeneous, including forestland, shrubland, shrub-grassland
and farmland (Fu et al., 2015b).

The studied aquifer is mainly constituted of middle and late Car-
boniferous dolomite, underlain by an early Carboniferous sand-
stone aquifer acts as a relatively impermeable layer (Fig. 1b). The
superficial deposits are loose and rocky with high hydraulic con-
ductivity (Chen et al., 2011; Fu et al., 2015a). Most of the rainfall
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Fig. 1. Location of the study area (a) and geohydrologic background around the study catchment (b). The numbers 1 to 6 mean karst aquifer, sandstone aquifer (relatively
impermeable layer), porous quaternary aquifer, spring, ground water flow paths, and fault, respectively. P1 means early Permian and Q means Quaternary, C1, C2, and C3
mean early, middle and late Carboniferous, respectively. S1, S2 and S4 stand for the location of the three springs in the study catchment.

infiltrates to the underground system, and the surface runoff coef-
ficient is always lower than 5% on the hillslope (Chen et al., 2012).
Three epikarst springs, all of which flow only in rainy season, are
scattered at the foot of the slopes in the catchment. A perennial
stream flows from southwest to northeast, and flows into a water
reservoir to the northeast of the catchment (Fig. 1a). The average
water table depth is about 1 m in the rainy season and more than
3 m in the dry season (Chen et al., 2012). As can be seen from the
contour lines and the ground water flow path, the study catchment
is closed for both the surface and the underground, and water in the
aquifer was only drained by the stream (Fig. 1a and b). Therefore,
the stream discharge may reflect the overall characteristics of the
aquifer above the outlet (280-640 m a.s.l.), including the soil layer,
the epikarst layer and the underlain massive compact dolomite.

2.4. Data obtaining

2.4.1. Precipitation and discharge measurement

A meteorological station, which records the data automatically
every 1 h, is located in the center of the catchment to measure the
precipitation. A V-notch weir is built in the outlet of the catchment
to measure the stream discharge (Fig. 1a). The length of the
channel is 5m and the width is 0.8 m. The height of the

triangular-notch weir is 0.35 m. The water level in the weir is mea-
sured with a pressure transducer (PS1000, Greenspan Technology,
Australia), which records the water level every half hour (Hu et al.,
2015). Then the discharge is calculated by water head in the
V-notch weir (Mande et al.,, 2014; Schmidt and Clark, 2012).
The instrument is calibrated before the data are analyzed (Fig. 2).
The slope of the regression line is 1.012, and R? is 0.992, indicating
a reliable measurement of the instrument. Then, the modified
Maillet, Mangin, and Boussinesq models were used to simulate
the stream discharges after six rainfall events chosen from a hydro-
logical year (from Jun., 2013 to Jun., 2014). Other two discharge
events after the rainfall on Nov. 7, 2014 and May 25, 2015 were
used to verify the models.

2.4.2. The measurement of effective porosity of matrix

Soils in the study area are always thin and even missing in some
patches. Compared to the thick dolomite aquifer, the ng of soils
can be neglected. Therefore, the n.g of the rock could be approxi-
mate to the neg of the matrix. Two profiles, about 400 cm depth,
were dug with an excavating machine. Two duplicate rock samples
with diameters of about 5-10 cm were collected for each layer,
every 20 cm from the top to the bottom. The rock samples were
taken to the laboratory and the neg.,, were measured with
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Fig. 2. The calibrating of the instrument for water level measurement.

saturation and buoyancy method (Kurtulus et al., 2012; Yavuz
et al,, 2013).

3. Results

3.1. Precipitation and stream discharge in a hydrological year and the
characteristics of the selected rainfall events

The total precipitation in the studied hydrological year (Jun.
2013 to Jun. 2014) was 1288.4 mm. Quick recession process was
found followed each rainfall event. However, no significant sea-
sonal recession was found although long dry period appeared from
Dec. 17,2013 to Feb. 15, 2014 (precipitation is low and can be neg-
ligible for some rainfall events such as on Jan. 11 and Jan. 13, 2014)
(Fig. 3). The average discharge of the stream in the whole hydrolog-
ical year was 21.55 m>/h, with the maximum value of 456.11 m3/h
and the minimum of only 0.67 m>/h.

An ideal discharge recession process always appears in a long
dry period without rainfall (Bonacci, 1993). Therefore, six rainfall
events, after which no rainfall event happened until the discharge
decreased to the baseflow, were chosen to analyze the recession
process of the stream discharge. The monthly precipitations before
the selected rainfall events ranged from 99.5 to 278.5 mm. The total
precipitations of the selected six rainfall events were from 17.5 to
68 mm. Except May 11 and 18, 2014, when the rainfall intensity
data were missing for the problem of the instrument, the maximum
rainfall intensities ranged from 4 to 25.5 mm/h, and the maximum
and minimum average intensity was 2.48 and 1.46 mm/h, respec-
tively (Table 1). The maximum stream discharges after the selected
rainfall events ranged from 95.2 to 824.8 m>/h, and the minimum
discharges ranged from 3.9 to 28.4 m>/h. The mean discharges of
the stream after the rainfall events were from 22.7 to 92.4 m®/h.
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Hourly precipitation and discharge data were shown in Fig. 4. A
clearly fast and then slow recession process can be found for the
discharge after each rainfall event.

3.2. Characteristics of the stream hydrographs after the selected six
rainfall events using modified Maillet, Mangin and Boussinesq models

Based on the modified Maillet equation, three exponential com-
ponents could be seen clearly, which could represent the flow from
conduit, fracture and matrix, respectively after the rainfall events
on Sep. 24,2013, Apr. 26, 2014 and May 11, 2014. For other rainfall
event, conduit recession and even fracture recession were missing
for the lower total precipitation or the lower rainfall intensity
(Table 1). The Mangin model showed a clearly fast and then slow
recession process for the discharge after each rainfall event except
the rainfall on Oct. 1, 2013 which had the lowest precipitation and
rainfall intensity. The total discharge after each rainfall event was
fitted by Boussinesq model in which a smooth recession curve was
found for each recession process (Fig. 5).

The parameters of the three models for simulating the dis-
charges after the six rainfall events were shown in Table 2. For
the modified Maillet model, the recession time ranged from 5 to
11 h for the conduit and 35 to 70 h for the fracture. The recession
coefficients of the conduit ranged from 0.2441 to 0.5027 h™',
which were about two orders of magnitude higher than that of
the baseflow. For the Mangin equation, the infiltration process of
the six rainfall events lasted from 13 to 36 h and the infiltration
velocities were in the same order of magnitude, ranging from
0.028 to 0.077 h™!. But the variation of flow heterogeneity was
higher with a maximum value of 0.655h™! and a minimum of
0.045 h~'. For the Boussinesq equation, the recession coefficients
ranged from 0.0158 h™! to 0.1518 h™!, which was higher than the
baseflow recession coefficients of modified Maillet and Mangin
equation (Table 2).

Outliers of the calculated parameters in Table 2 were deleted,
and then the average values were used to obtain the final equa-
tions of the three models (Table 3). For the modified Maillet model,
the recession coefficient decreased from conduit to matrix by two
orders of magnitude. The recession time for the conduit and frac-
ture were 10 h and 51 h, respectively. For the Mangin model, the
infiltration influence period was 20 h.

3.3. Verifications of the modified Maillet, Mangin and Boussinesq
models

The discharges of the stream in our study catchment after two
Rainfall events, on Nov. 7, 2014 and May 25, 2015, with abundant
precipitation followed by a long period without rainfall were used
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Fig. 3. Precipitation (bars) and stream discharge (solid line) in a whole hydrological year, from Jun. 2013 to Jun. 2014.
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Table 1

Characteristics of the rainfall events and stream discharge.
Date Pre-precipitation® (mm) Total precipitation (mm) Ive (mm/h) Imax (mm/h) Qmax (m>/h) Qmin (m>/h) Qmean (m3/h)
Sep. 24, 2013 137.40 68 2.48 12.5 824.8 7.3 47.3
Oct. 1, 2013 163.10 17.5 1.46 4 95.2 7.4 332
Nov. 11, 2013 99.50 61 1.5 6 161.0 3.9 22.7
Apr. 26, 2014 278.80 39.5 1.72 25.5 840.6 28.4 924
May 11, 2014 162.00 283 - - 436.8 9.9 27.0
May 18, 2014 146.6 209 - - 347.7 12.1 335
Nov. 7, 2014 83.2 88.1 - - 602.2 123 45.7
May 25, 2015 751 61.3 - - 284.7 59 30.8

¢ Note: Pre-precipitation means the total precipitation of one month (30 d) before the studied rainfall event. I,,. means the average rainfall intensity; I;,,x means the
maximum rainfall intensity. Qmax, Qmin, aNd Qmean Mean the maximum, minimum and mean discharge after the rainfall event. - means missing data for the instrument
problem. Discharge of Nov. 7, 2014 and May 25, 2015 were used to verify the models, and others were used for the model simulation.
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Fig. 4. The hourly discharge (solid line) and precipitation (bars) for the rainfall events on Sep. 24, 2013 (a), Oct. 1, 2013 (b), Nov. 11, 2013 (c), Apr. 26, 2014 (d), May 11, 2014
(e), and May 18, 2014 (f). For (e) and (f), the hourly precipitation data were missing for the instrument problem, and the total precipitation was shown for each rainfall event.

to verify the three models (Fig. 6). It is a pity that the hourly precip-
itation data of the two verified events were missing because of mea-
surement problems. But the pre-precipitation and the total
precipitation could be obtained by manual measurement (Table 1).

The mean discharges of the stream after the two verified rainfall
events were 45.6 and 30.8 m3/h, respectively. For both of the rainfall
events, the modified Maillet model had the best fitness to the dis-
charge. Mangin model always overestimated the discharge, except
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Fig. 5. Simulations of the stream discharge after the selected rainfall events by modified Maillet, Mangin, and Boussinesq models.

the first 20 h. However, Boussinesq model always underestimated
the discharge during the whole recession process (Fig. 5a and b).

3.4. The aquifer characteristics deduced by the modified Maillet model
As aforementioned, the modified Maillet model was more suit-

able for the study catchment. Therefore, this model was used to
deduce the aquifer characteristics and the water storage capacity.

3.4.1. The effective porosities of conduit, fracture, and matrix

No obvious trend of ne¢.,, was found in the profile 1. However,
in the profile 2, neg.,, decreased with increasing depth in 0-85 cm
depths, but had little variation in 85-400 cm depths (Fig. 7).
Although the trends of neg.,, were different in the two profiles,
the variations were low, which ranged from 1.67% to 6.50% in the
profile 1, and from 1.73% to 7.42% in the profile 2 (Table 4). As a
consequence, the neg,, could be calculated by the average of the



Table 2

Parameters of the modified Maillet, Mangin, and Boussinesq models for simulating the stream discharge in the six rainfall events.

Boussinesq model

o (h™1)
0.1518
0.0158
0.0741
0.0873
0.1165
0.0777

Mangin model
o(h™)
0.0167

0.0169

0.0234

0.0129

0.0076

0.011

Modified Maillet model

Q: (m*/h)

697.6

Date

Qo (m*/h)

852.68

¢ (h)

18

e(h™")

H(h™)
0.350

Qq (m*/h)

820.65

Q (m*/h)

om (W)
0.0097
0.0209
0.01

tm (h)
>70

Qun (m*/h)

t(h)  or(h)
28.33

70

Q (m*/h)

165.49

ac(h™")
0.3807

tc (h)

11

0.056

59.198
71.969
24.819

111.07

0.0693

Sep. 24, 2013
Oct. 1, 2013

85.59
183.03

80.88

20

0.048
0.045

0.049
0.077

140.21

>48
>60
>40
>35

42

9.
7217

0.1128
0.0568
0.1151
0.2097

48

158.75

Nov. 11, 2013
Apr. 26, 2014

868.11

13
36
20

707.08

0.0082
0.0059
0.0098

0.2441 102.91 60
0.5027 40

13

873.09

335.11

0.655

392.80 0.028

30.96
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41.97

158.43
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180.02

May 11, 2014

261.83
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46.94

35

370.06

May 18, 2014
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two profiles, which is 3.33%. Base on Eqs. (8) and (9), Nefrc and nNey¢
were calculated to be 0.07% and 0.33, respectively. Then, the per-
centages of the neg were 1.88% for conduit, 8.85% for fracture,
and 89.27% for matrix (Table 5).

3.4.2. Water storage capacity of the conduit, fracture and matrix

The initial condition with a more saturated aquifer and a higher
stream discharge was more ideal for the recession processes and
water storage analysis. Both of the rainfall events on Sep. 24,
2013 and on Apr. 26, 2014 were suitable with higher precipitation
and stream discharge (Table 2). However, the rainfall on Apr. 26,
2014 was scattered and resulted in a fluctuated recession curve
(Fig. 4), which could change the recession process and bring some
errors in the calculation. Therefore, water storage capacity of the
aquifer was estimated based on the discharge after the rainfall
event on Sep. 24, 2013. The maximum volumes of water drained
by the three media (conduit, fracture and matrix) were 1804.6,
2369.3, and 2920.6 m>, respectively. The conduit system drained
25.43% of the total volume in the first 11 h. The water drained from
the matrix increased steadily with time and its volume was the
highest which accounted for 41.17% of the total volume (Table 5).
About half of the water was drained in the first 11 h (Fig. 8) indicat-
ing a fast hydrological process.

When the aquifer is saturated, i.e. all the effective porosities are
filled with water, the water storage of the aquifer can be estimated
by multiplying aquifer thickness and the n.g As no aquifuge is
found in the aquifer above the outlet (Fig. 1b), the assumption is
made that the discharge from the outlet reflects the characteristics
of the aquifer above the outlet. Then the thickness of the consid-
ered aquifer can be estimated by the elevation. The average eleva-
tion is 354 m and the elevation of the outlet is 280 m (Fig. 1a).
Then, the average thickness of the studied aquifer is calculated to
be 74 m. Therefore, the saturated water storage was 51.8, 244.2
and 2464.2 mm for the conduit, fracture and matrix, respectively,
and 2700 mm for the total aquifer (Table 5).

3.5. Time series analysis of the discharge data in both year and rainfall
event scales

The ACF, for the year scale, had a maximum value of 0.6, and
rapidly dropped down to 0.18 in the fifth day. Then it decreased
slowly, and fluctuated around 0 at last. This indicated a fast reces-
sion of the stream discharge and a well developed karst system. In
the rainfall event (68 mm precipitation) scale, the ACF varied more
smoothly, with a steep slope in the first 11 h, and a gentle slope in
the following time. The memory times of the aquifer for the year
and rainfall event scales were 4days and 8h, respectively
(Fig. 9). The CCF had a delay time of 1 day in year scale, indicating
that the average response time of the aquifer to the rainfall was
1 day within a hydrological year. However, in the rainfall event
(68 mm precipitation) scale, the delay time was only 1 h, suggest-
ing a very fast response of the aquifer to the rainfall. The cross-
correlogram had a steep slope in the first 4 days in the year scale
and 10 h in the rainfall event scale, which was similar to that of
the auto-correlation analysis.

4. Discussions

4.1. Comparison of modified Maillet, Mangin and Boussinesq recession
models in the study catchment

The modified Maillet model is always used in homogeneous
aquifers (Bonacci, 1993; Dewandel et al., 2003; Fiorillo, 2014;
Tallaksen, 1995). However, it provides the best results in our study
catchment which has a heterogeneous aquifer. This suggests that
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Table 3
The formular of the three models and their parameters.

Model Formula

The separation time of hydrograph (h)

Modified Maillet model
Mangin model
Boussinesq model

Q = 0807

(1+0.0872t)

Q = Q037581 | 9, -0.0804t ), o~00075¢
_ 1-0.052 00148t
Qi = Qg x 1501 + Qe

t; =10, t; =51
t=20

Note: For symbols see text.

the studied aquifer could be considered as several parallel reser-
voirs which contribute to the stream discharge independently
(Bailly-Comte et al., 2010; Forkasiewicz and Paloc, 1967). For each
of the reservoirs, i.e. conduit, fracture, and matrix (Ford and
Williams, 2007; Katsanou et al., 2015), it can be regarded as homo-
geneous, and a sum of exponential components provides better
results. Some researchers had the opinion that the quickflow (con-
duit flow) may follow a linear decrease (Bailly-Comte et al., 2010;
Malik and Vojtkova, 2012; Schmidt et al., 2014). Fiorillo (2011)
used a tank reservoir to simulate this process, and concluded that
the reservoir would be linear decrease when the flow was free

650 I a
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= « o Boussinesq
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2
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BYu8 58844
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without energy loss, but could be exponential decrease when the
flow recession was an energy loss process. Actually, in our study
catchment, conduits are always filled with weathered material.
The friction cannot be ignored and the energy is lost during the
recession. Therefore, the quick flow can be simulated with expo-
nential recession model.

Dewandel et al. (2003) compared the Maillet and Boussinesq
models, and they found Boussinesq equation provided better
results but Maillet equation always overestimated the discharge
especially in the “influenced” stage. However, they also referred
that the Maillet equation was more suitable for an aquifer with a
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Fig. 6. The validation of modified Maillet, Mangin and Boussinesq models by the stream discharge after the rainfall event on Nov. 11, 2014 (a) and May 25, 2015 (b).
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Fig. 7. Effective porosity of the matrix in two profiles. Red points mean the sampling points and the blue points mean the effective porosity value of each point. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Effective porosity of matrix in two profiles.
N Minimum (%) Maximum (%) Standard Mean (%)
Deviation (%)
Profile1 20.00 1.67 6.50 1.28 3.39
Profile2 19.00 1.73 7.24 1.70 3.27
Note: N means number of sampling points.
Table 5
The characteristic of the studied karst aquifer.
Types Volume  Percentage  neg Percentage  Saturated water
(m3) (%) (%) (%) storage (mm)
Conduit  1804.6 25.43 0.07 1.88 51.8
Fracture 2369.3 33.40 033 8.5 2442
Matrix 2920.6 41.17 3.33 89.27 2464.2
Total 7094.5 100 3.73 100 2760.2

Note: The neg means effective porosity.
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Fig. 8. Percentage of water volume drained by conduit (V1), fracture (V2), matrix
(V3), and the total aquifer after the rainfall on Sep. 24, 2013.

thick part under the outlet. In our study catchment, a thick aquifer
may locate under the outlet of the catchment. This could also be
the reason why the modified Maillet model provides better results.
Mangin model was developed for karst aquifer with a dual system
including fast and slow water flow (Mangin, 1975), and it was well
used in karst aquifer (Eisenlohr et al., 1997; Padilla et al., 1994).
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However, it overestimates the discharge in our study area. This
may be caused by the relatively higher proportion of the interme-
diate hydraulic conductivity media (fractures) (Table 5).

Although the modified Maillet model provides good results in
simulating the stream discharge, and is used in our article to
deduce the aquifer structure, it must be acknowledged that there
exist questions when this method is used in karst areas. For exam-
ple, Eisenlohr et al. (1997) gave detailed reasons for the misunder-
standing of the separation of the hydrograph, and concluded that
the recession of the baseflow was influenced by the total aquifer,
not only the matrix. Bailly-Comte et al. (2010) found that the
exchange of water between conduit and matrix could control the
flow regime of the spring. More recently, Schmidt et al. (2014)
found the conduit restrict karst aquifer had a unique flow process.
Although numerous questions have been pointed out in the analy-
sis of the hydrograph, the deduced aquifer structure and the
related hydrological processes still have their significance, at least
in providing an actual phenomenon and guiding the management
of water resources (Fiorillo, 2014).

4.2. Recession coefficient of the stream in the modified Maillet model

Recession coefficient always decreases with increasing time
(Table 3). However, different results have been found by different
researchers. For example, Bonacci (1993) showed that the reces-
sion coefficient could increase with increasing time, which was
probably caused by the caves or poljes. Schmidt et al. (2014) also
found a convex recession curve and they interpreted this by the
conduit restricted system. In our study area, no caves or poljes
are found, and the conduits may be well connected. As a result,
the recession coefficient conventionally decreased in the three
phases. The number of the flow phases mainly depends on the
degree of karstification. Li (2009) studied three karst springs in
southwest China and found three flow phases in two springs and
only two phases in the other one. They pointed out that this spring
was characterized by matrix and fracture only. In our study area,
three phases of recession have been found, indicating that the
studied aquifer was characterized by a complex system with con-
duit, fracture and matrix. However, for a well karstified aquifer
with conduit, fracture and matrix systems, not all rainfall could
result in three flow regimes of the discharge (Fig. 5 and Table 2).
They may appear under the following two conditions. One is that
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Fig. 9. Auto-correlation and cross-correlation function of the stream discharge in one year scale (a and b), and rainfall event (68 mm) scale (¢ and d).
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the rainfall event has a high precipitation which may saturate the
aquifer including the fracture and the conduit systems. The other is
that the rainfall event has a high intensity which makes the water
reach the fracture and conduit immediately. Therefore, the rainfall
can influence the calculation of the recession coefficients.

The above analysis about the recession coefficient is based on
the simplified assumption that the recession coefficient is time
independent (Fiorillo, 2011). However, it is not always constant
even in the same flow regime. Padilla et al. (1994) presented that
the recession coefficient varied continuously with time. This may
be caused by the change of hydraulic or geometric characteristics
of the aquifer during the depletion process (Fiorillo, 2011). The
changes of recession coefficient provide significant information
about water supply especially during drought period. When the
recession coefficient decreased continuously with time, the
decrease of the discharge is slower than the exponential recession.
Then the aquifer provides more available water during long dry
periods. In contrast, when the recession coefficient increases with
time, a more rapid decrease of discharge was found and little avail-
able water can be supplied (Fiorillo et al., 2012). As can be seen, the
knowledge of recession coefficient is very helpful in water
management.

4.3. The structure of the studied karst aquifer

Various neg.; values of the karst aquifer have been reported. It
was 0.1-1% for Bonacci (1993), 2-7% for Delbart et al. (2014),
and 5% for Fiorillo et al. (2015). Compared to these results, our
study catchment may have a moderate karstification degree with
the negr, of 3.73% (Table 4). The neg.¢ is only 0.07% (Table 4) which
is much lower than that of Schmidt et al. (2014) who obtained a
value of 0.4%. This indicates that the conduit network is not very
developed in our study catchment, that is in accordance with our
previous study in which long mean residence time, indicating
fewer conduits, was found for the studied stream (Hu et al,
2015). However, from the point of view of discharge volume, the
conduits drained more than a quarter of the total water volume
(Table 5). The proportion of the water drained by different media
varies in different areas. Amit et al. (2002) found that the ratio of
baseflow volume (matrix storage) to the total storage volume is
larger than 80% in northern Israel. Padilla et al. (1994) found the
baseflow accounted for 100%, 91%, 90% and 40% of the total vol-
ume, respectively for four karst springs in southeast Spain. Li
(2009) studied three karst springs and found two of them had
higher storage value for the fracture and the other one had higher
storage capacity for the matrix in southwest China. As can be seen,
this proportion varies irregularly even in the same region. In sum-
mary, compared our results with these studies, it can be concluded
that the conduit system, in our study catchment, is an important
water transmissive media, even though it is not very developed
with lower neg This indicated that the conduits system in the
catchment had high connectivity.

Although the method of integrating the discharge equation over
the time from 0 to t, (or infinity) could estimate the water storage
capacity, it also has been questioned. For example, it may underes-
timate or overestimates the water volume of drought-resistant or
drought-vulnerable springs when the recession coefficient varies
with time (Fiorillo, 2014; Fiorillo et al., 2012). In addition, it reflects
nothing about the water volume which is below the outlet level
(Kiraly, 2002). Despite the problems with this method, it is still
very useful in reflecting the water drainage capacity after a rainfall
event, especially when other data are missing.

In addition, water storage capacity calculated by the integration
method varies from event to event, because the initial discharge is
always different caused by different precipitations (Amit et al.,
2002). Unlike this method, saturated water storage, which is an

intrinsic property and not different under various rainfall condi-
tions, could reflect the maximum water that the aquifer can store.
The saturated water storage of the aquifer was 2760.2 mm
(Table 5), which is about two times of the average annual precipi-
tation. However, relatively little available water, i.e. the water
drained through the outlet, can be used by human (Table 5). This
indicated that karst aquifer has a high potential for water supply,
but the available water that the aquifer actually provides is low.
This may be caused by the high evapotranspiration and, as well,
the high proportion of water seeping into the deep aquifer under
the outlet. This part of water was lost and cannot be used.

4.4. ACF and CCF in time series analysis

Extremely different results of ACF and CCF have been obtained
in the year scale and rainfall event scale analysis (Fig. 9). Long time
scale reflects the “average” behavior of the aquifer and event scale
shows the system reaction after a single rainfall event. Important
information may be lost for the long time scale analysis compared
to the event scale, just like Mayaud et al. (2014) who found similar
memory effects of two subcatchments in longer time scale but
quite different in shorter time scale. In addition, Labat et al.
(2000) also found different results of ACF in daily and half hourly
scales. Therefore, there is no meaning to compare the time series
analysis results of different time scales. However, both of the
results showed a steep slope in the auto-correlogram
(Fig. 9a and c), which always indicated a high karstification degree
of the aquifer with rapid infiltration and fast drainage (Garfias-
Soliz et al., 2010; Lo Russo et al., 2014).

The delay time both in longer time scale (1 d) and shorter time
scale (1 h) presents to be short (Fig. 9b and d), indicating a quick
response of the aquifer to an input signal in our study catchment.
This may result from two reasons. On one hand, our study catch-
ment is much smaller (1.14 km?). Longer response times were
always found in large systems than in small ones, and the longer
time was needed to transmit the input impulse to the output
(Fiorillo, 2011; Kovacic, 2010). On the other hand, the conduit sys-
tem may have a well connectivity as deduced by the hydrograph,
which results in a shorter lag time (Katsanou et al., 2015). In sum-
mary, CCF of both scales showed a fast transmitting from the rain-
fall to the discharge.

Although the hydrograph analysis and the time series analysis
reflect the aquifer structure in different point of view, similar
results have been obtained that the studied karst catchment has
a quick response to the rainfall. For example, the drainage time
of the conduit deduced by the modified Maillet model is about
10h (Table 3). The lag time of the steep slope of the auto-
correlogram, which could reflect the influence of the conduit
(Panagopoulos and Lambrakis, 2006), is also about 10 h (Fig. 9c).
This indicated that the results obtained from the two methods
are reliable.

5. Conclusions

Three recession models were evaluated for simulating stream
discharge, and the modified Maillet model was found to be more
suitable than Mangin and Boussinesq models in the study catch-
ment. This is because that the studied aquifer can be clearly
divided into three hydraulic conductivity components (conduit,
fracture and matrix), each of which drained water followed an
exponential formula. The effective porosity of the conduit was
small (two orders of magnitude lower than that of the matrix),
indicating a poorly developed conduit network. However, based
on the study of the discharge after a 68 mm rainfall event, the
water drained by the conduit system reaches 25.43% of the total
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volume, which is very high considered its low effective porosity.
This suggests a good connectivity of the conduit network. A great
percentage of water is drained by the aquifer in the first 11 h.
Therefore, the early recession stage after rainfall should be paid
more attention to in water management of the small karst catch-
ment. Both auto-correlogram and cross-correlogram showed a
steep slope in short lag times, suggesting a well developed drai-
nage system after the rainfall event. The aquifer characteristics
deduced by the hydrograph analysis and time series analysis meth-
ods were similar, indicating reliable results of our study. The above
results are helpful for further study of the hydrological processes
and water resources control in the small catchment in karst
regions.
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