* water

Article

Karst Lake’s Dynamics Analysis as a Tool for Aquifer
Characterisation at Field Scale, Example of
Cryptodepression—Red Lake in Croatia

Adrijana Vrsalovié *(, Ivo Andri¢ 19, Nenad Buzjak 2

check for
updates

Citation: Vrsalovi¢, A.; Andri¢, I;
Buzjak, N.; Bonacci, O. Karst Lake’s
Dynamics Analysis as a Tool for
Aquifer Characterisation at Field
Scale, Example of Cryptodepression—
Red Lake in Croatia. Water 2022, 14,
830. https://doi.org/10.3390/
w14050830

Academic Editor: Pankaj Kumar

Received: 15 February 2022
Accepted: 4 March 2022
Published: 7 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ognjen Bonacci !

Faculty of Civil Engineering, Architecture and Geodesy, Split University, Matice Hrvatske 15, 21000 Split,
Croatia; ivo.andric@gradst.hr (I.A.); obonacci@gradst.hr (O.B.)

Department of Geography, Faculty of Science, University of Zagreb, Trg Marka Maruli¢a 19/1I, 10000 Zagreb,
Croatia; nbuzjak@geog.pmf.hr

*  Correspondence: avrsalovic@gradst.hr

Abstract: This paper analyses complex hydrological and hydrogeological properties of a deep karstic
lake and its surroundings. Red Lake (Croatia) is a cryptodepression in the karst massif rich in well-
developed extreme surface karst forms and underground conduit system. It is interconnected with
other close water bodies and offers information on groundwater movement and characteristics. The
article analyses hourly data on precipitation and water levels in Red Lake and compares them with
data on discharges from near Opacac Spring for a period of five years. Data gaps in the record caused
by operational interruptions of the measuring equipment were compensated by the use of neural
networks. The study of the hydrodynamics of karst surroundings under recession was conducted
by observing the receding water levels and corresponding lake’s volumetry. By isolating recession
periods from the record of integral water volume change, some of the common techniques in recession
analysis were performed aiming to acquire new knowledge on the hydrogeological regime of the
karst system at the field scale. Additionally, spectral analysis was used as another tool of karst system
characterisation since it enables the signal decomposition in the frequency domain and detection of
dominant flow processes.

Keywords: karst; Red Lake; hydrograph recession analysis; quasi-recession curve; spectral analysis

1. Introduction

The dynamics of water in karst, a specific area with the circulation of surface and
groundwater and with an abundance of different landforms, is extremely complex and
dependent on various mechanisms and parameters. The availability of water in karst as a
heterogeneous spatial medium depends on land cover, the vegetation of the catchment area,
the degree of karstification, and the development of karst processes [1], but also external
factors-precipitation, alternation of dry and rainy seasons, humidity, temperature, and
other climatic parameters. In addition, the karst aquifer is highly vulnerable to pollution
and saltwater intrusion, resulting in groundwater quality degradation. The era of climate
change, increasing temperatures, decreasing precipitation and groundwater levels, water
salinization, and the simultaneous increase in water demand are putting pressure on
karst groundwater resources. According to Stevanovié¢ [2], up to 9.2% of the world’s
population are consumers of karst water, which further raises the issue of water availability
in karst. Several authors address the current problem of water availability in karst areas.
Thus, Bonacci [3] analyzed a karst feature on the island of Cres, which is affected by
water reduction and salinization. Both Ozani¢ and Rubini¢ [4] researched the same karst
area, emphasizing the importance of monitoring various parameters in order to gain and
maintain new knowledge and protect the area. Thus, the objective of this work is to learn
more about the dynamics of karst water in Red Lake and the wider area, which is not
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free of negative impacts on karst aquifers, and to define the prevailing hydrologic regime.
Accordingly, in the future, it is possible to apply appropriate measures for the sustainability
and protection of water resources in the area.

Red Lake, as one of the most impressive karst features of the Dinaric Karst, is located
near the town of Imotski. Its impressiveness stems from its extreme dimensions and
topography, which make it one of the deepest karst features in the world [5]. The deepest
point measured is 6 m below sea level or a total depth of 528.9 m [5]. Due to the exceptional
depth and location in an inaccessible area with steep slopes around the lake, access to the
lake is difficult and requires the use of special equipment and higher financial resources.
This proves the lack of measurement and scientific papers on Red Lake.

Most of the available literature deals with defining Red Lake and its origin. Thus, the
research of Gavazzi [6] and Cviji¢ [7] from the beginning of the 20th century states that
Red Lake and the adjacent Blue Lake were formed by the collapse of the cave ceiling [8].
Rogli¢ [9], on the other hand, defines them as cylindrically shaped dolines in which the
hydrological regimes are separated and considers Red Lake as a younger doline [10]. Based
on research conducted between 1955 and 1958, Petrik [11] also defines Red Lake as a
younger doline of all karst features in the area [10]. He emphasises the common origin
of the waters of Red and Blue Lake. According to Petrik, the different fluctuations of the
water level in lakes are related to the unequal capacity of karst conduits [12]. A different
view of the origin of the lakes is held by Milanovi¢ [13] and Bahun [14]. Milanovi¢ believes
that lakes were formed by chemical action on the limestone, while Bahun considers Red
Lake as a deep pit and Blue Lake as a sinkhole, both formed by the collapse of existing
sinkholes after the Miocene Lake dried up [10,15].

Recent research in the 21st century brings new assumptions and new insights. Thus,
Bonacci and Roje-Bonacci [16] describe Red and Blue Lake as natural piezometers connected
to the main karst conduit, with Red having a direct connection and Blue having an indirect
connection. Since both lakes show similar behaviour, the authors assign them to the same
karst aquifer. An expedition led by M. Garasi¢ [5] determined the elevation of the lake
bottom of —6 m a.s.l. and the dimensions of the lake bottom and surface. The same author
claimed the possible existence of a cave channel and a groundwater stream at the bottom of
the lake. Using technologies based on LIDAR and hydroacoustics, Andri¢ et al. [15,17,18]
have determined a computer model of the geometry of Red Lake and the strength of
the return echo at different elevations. Furthermore, using the lake’s geometry model,
volumetry data was derived, consequently a reliable volume curve as a function of the
lake’s water level.

Despite numerous geological, hydrogeological and hydrological studies, due to the
extremely complex system of surface and groundwater circulation in karst, both the catch-
ment boundaries and the directions of groundwater circulation are unknown [15,16]. To
better understand the hydrological regime of Red Lake, an analysis of the quasi-recession
curves and the corresponding envelope or master recession curve (MRC) was performed in
this paper. It is an alternative method to well-established geophysical methods, proven as a
reliable tool for characterizing the hydrogeological regime and geometry of karstic aquifers
using magnetic resonance sounding (MRS) and electrical resistivity tomography (ERT) [19].
The use of recession analysis allows the determination of aquifer characteristics, storage
properties and capacity, and the effects of various factors on the runoff process [20]. It also
highlights the distinction of the two flow characteristics, involving base flow through the
fissured matrix, and the quick flow through the conduit system [21]. In addition, spectral
analysis or frequency domain analysis has been used to observe the periodicity of signals,
interdependence, and time delay between signals. Spectral analysis was performed using
precipitation data from the Imotski gauging station in combination with the integral water
quantities of Red Lake and discharges from the Opacac Spring. The interrelation and de-
pendence between Red Lake and Opacac Spring were determined by the spectral analysis
of the integral water quantities of Red Lake and the discharges of Opacac Spring.
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2. Study Area

Red Lake is located near the town of Imotski (Croatia) in the central part of the Dinaric
Karst, or more precisely, in the northeastern higher part of Imotsko Polje (Figure 1). Imotsko
polje is an example of polje in karst, defined by Bonacci as “depressions in the limestone
karst, generally elliptical with relatively gently sloping bottoms from the spring zone to the
swallowhole zone” [1]. The best-known phenomena are the Blue and Red Lakes, although
there are up to 18 similar karst forms in the same area, dry or permanently filled with
water [5]. The most important spring is Opacac, which serves as a water supply of the
Imotski region.
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Figure 1. Hypsometric map of the study area with its surroundings.

The hydrogeological characteristics of the study area are influenced by the geological
composition, structures, and geomorphological development (Figure 2). The area can be di-
vided into two main geomorphological units: (1) higher NE karst plateau in the hinterland
of Red and Blue Lake and (2) negative morphostructural unit of Imotsko polje [22]. The NE
karst plateau consists of carbonate rocks, mainly Upper Cretaceous limestone, partially Cre-
taceous dolomite, and Eocene limestone. Carbonate rocks are highly karstified and without
any surface streams, clearly indicating diffuse infiltration of precipitation feeding karst
aquifer. This large karst plateau has less pronounced morpholineaments of Dinaric and
NE-SW direction and numerous karst phenomena. The Dinaric orientation is determined
by geological structures and is clearly detectible by the spatial distribution of hypsometrical
belts and morphometric indicators such as relative relief in the form of parallel belts. The
linear extension and change in the width of these belts indicate a change in the stages in
the relief evolution. The morpholineaments are in close relation with the high seismicity
connected with the displacements of the Adriatic microplate [23]. Using 5 x 5 m DEM,
at the plateau area of 27 km?, there are 601 dolines identified, with an average density of
22 dolines/km?. According to Pahernik [24], who determined doline density for Croatia,
this is a low-density value. The area NE of Imotski (Rudine) is an area of high density
(70-90 dolines/km?) with a high impact of precipitation infiltration and importance for
karst water quality. The most spacious surface karst features are collapsed dolines with
Red Lake and Blue Lake as the largest ones. According to the topo map and Croatian Cave
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Cadastre [25], there is known 15 caves, mostly vertical shafts (up to 100 m deep) in the
vadose zone. The Polje has a flat bottom filled and flattened by younger, mostly Holocene,
deposits (alluvium, marl, sand, and clay) [12,15] with prevalent fluvio-accumulational
and fluvio-denudational relief forms. The Polje is important as a local base level with the
occurrence of springs at the contact along the base of the karst plateau with Opacac Spring
as one of the biggest springs.
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Figure 2. Geological map of the study area (A), the cross-section a-a combined with the volume curve
of Red Lake as a function of water level (B) and doline density map (C).

The study area is characterized by a Mediterranean climate with the influence of
continental climate. According to the Képpen-Geiger [26] climate classification, it belongs
to class Cfb, defined as a temperate humid climate with warm summer. The average annual
temperature ranges between 12 °C and 14 °C, while the annual rainfall ranges between 750
and 2350 mm, with an average of about 1500 mm [15,27]. The maximum rainfall occurs in
the colder season, in October and November, while minimum rainfall occurs in July and
August. This phenomenon is characteristic of the maritime precipitation regime.

The natural and semi-natural landscape is prevailing within the study area, which
is generally a favourable status for groundwater quality due to the predominance of
autogenous karst infiltration. The area of Red and Blue Lakes is characterized by a mosaic
landscape where most environmental pressure originates from the urban area of Imotski
and nearby arable lands. The Imotsko polje is characterized by a cultivated landscape
with a predominance of arable land, which, depending on the intensity of anthropogenic
influences, can negatively affect the quality of groundwater and surface water. Increased
water use for the needs of the population, growing tourism and agriculture in the light of
climate change can also have a negative impact on surface and groundwater bodies.
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3. Materials and Methods
3.1. Data Used

In this article, data on the daily water level of Red Lake are analysed together with
data on precipitation observed at the Imotski State Hydrometeorological Institute (DHMZ)
measuring station from 28 September 2013 to 20 March 2019. In order to compare the regime
of hydrological functioning of the Red Lake and the Opacac system, data on discharges
from the Opacac Spring are also included in the analysis.

The new variable, integral volume change (IVC), was defined as the daily volume
change of the lake in order to better observe the oscillations and functioning of the lake and
compare it with the discharges at Opacac. Therefore, the corresponding values of volume
change for each water level were calculated using the existing morphometric model of Red
Lake (Figure 1). The morphometric model defining the volume curve as a function of water
level was established on extensive research by Andri¢ and Bonacci [15,18].

IVC; = (V;,, — Vi)/At 1)

Due to technical difficulties in measurement, a complete data set is not available, so
the missing data were replaced by using neural networks. Neural networks are a model
of artificial intelligence based on a set of interconnected data that model the neurons in
the biological brain. In this paper, a dynamic nonlinear neural network model was used
because the value of the output variable at a given time depends on the input/output values
in previous time periods [28]. The output values are predicted based on the connection
between input and output values. The dynamic nonlinear model is defined as follows:

y(t) =f(u(t = 1),y(t = D,ult = 2),y(t = 2),...) €

where f is a nonlinear function, u(t) values of input variables and y(t) values of output
variables [28].

The input data for predicting the values of integral volume change are: air temperature,
relative humidity and precipitation measured at the Imotski monitoring station. Since
the chosen dynamic nonlinear model is a multilayer network, it contains hidden layers
of neurons in addition to the layer with input and output values. The chosen number of
hidden layers is 10. Since most physical and biological processes involve delays, the time
delay is also included in the calculation [29]. Training of the neural network was carried
out with the first 727 values, validation with the next 388 values, and testing with the
next 885 values out of a total of 2000. Training of the data was carried out using Bayesian
regularisation, a mathematical method for solving problems in domains where limited data
is available. The method is based on Bayes’ conditional probability theorem [30]. All of
these steps were performed using the MATLAB software package (version R2021a (9.10)).
The results of applying the neural network to the integral volume change of the lake are
shown in Figure 3.

— Available data ] 4
— Inputed data

800 1200 1600 2000 400 800 1200 1600 2000
t (days) t (days)

Figure 3. Integral volume changes of Red Lake with imputed missing values obtained using neural
networks. The transformed values of the integral volume changes.

To avoid negative values of the integral volume changes in recession analysis, the
transformation of the obtained data was performed by adding the maximum of the calcu-
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lated quantities to each of the values (IVC;). The transformed values of integral volume
changes are shown in Figure 3.

IVC, = IVC; 4+ max(IVC,) 3)

3.2. Method Used
3.2.1. Recession Curve Analysis

The aquifer system was identified by analysing the recession segments of the integral
volume changes of Red Lake. The segment of the hydrograph showing the gradual decrease
in a runoff with little or no precipitation is called the recession curve. Each recession
period is a short-term event with specific characteristics that depend on the variability of
water storage, the rate of depletion of underground reserves, losses, and also on aquifer
characteristics [31,32]. Moreover, the variability of each recession period is also due to the
different spatial distribution of precipitation and climatic conditions. In order to determine
the characteristics of the recession periods, it is necessary to minimize the variability of
the individual recession periods by averaging them, for the reasons stated above. The
data are averaged by creating an envelope of individual recession segments, the master
recession curve (MRC). The MRC provides information on the average characteristics of
the runoff components, i.e., the hydrologic function of the lake and the surrounding area.
The methods used in constructing the master recession curve include the adapted matching
strip method, the tabulation method, and the Petras method.

The simplest method is the tabulation method. The starting value of MRC in the
tabulation method is the highest starting value of all the recession segments. The other
segments are sorted from higher to lower and arranged in columns until they match
horizontally [33,34]. The final values of MRC are the averaged values of all recession
segments.

In the matching strip method, all recession segments are plotted, superimposed, and
horizontally adjusted until a composite curve is obtained—MRC [31]. When we consider a
large number of recession segments, this method is impractical, so the adapted matching
strip method is used [35,36]. The first step in this method is to sort the recession segments
from highest to lowest. The first recession segment, the segment with the highest initial
value, is tested with different regression models (linear, logarithmic, second-order polyno-
mial, power and exponential). The model that best fits the observed recession segment is
the model with the highest coefficient of determination (R?). The second recession segment,
the one with the second-highest initial value, is translated to its proper position according
to the corresponding time shift. The next step is to test the composite curve of the first and
second recession segments with regression models. The most appropriate regression model
is selected and the next recession segment is translated to the corresponding position on
the previously defined curve. The procedure is repeated for all recession segments and the
result is MRC.

According to Petras [37], each recession curve can be divided into segments and
modelled with Maillet’s equation. In this way, each segment is defined with the initial
discharge Qg and the recession coefficient «:

Qr=Qpe ™ (4)

The representation of Maillet’s equation on the semi-logarithmic paper is the straight
line. The same equation can be expressed as follows:

logQ, = logQ, — 0.4343- -t (5)

The procedure consists of approximating an empirical curve by a straight line. The
slope of the straight line is «1, and the intersection with the y-axis is Qp;. By subtracting the
remaining values of the empirical curve from the values of the straight line, the empirical
values of the second segment are obtained. Then, the second segment is approximated by
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the straight line with slope &, and y-axis intercept Qp. The procedure is repeated for n
segments of the recession curve, which are merged into a single curve according to the
principle of superposition:

Q =Qp-e” *1'4+Qpp-e 24 ... 4+ Qpy-e” (6)

Since this study involves a lake and not a stream, it is necessary to clarify some of the
terms used in the recession analysis as a basis for considering periods of no precipitation.
First, the representation of the movement of the integral volume changes cannot be called
a hydrograph because these quantities include the input and output volumes of water
to the lake. The same applies to recession curves, which in this case reflect oscillations
in the movement of water volumes during the non-precipitation period and are called
quasi-recession curves. Accordingly, the recession coefficients that define the nature of the
depletion of water supplies are called quasi-recession coefficients. To obtain quasi-recession
curves with corresponding quasi-recession coefficients, the recession periods of the hourly
water volume change of the lake were isolated, normalized, and log-transformed.

3.2.2. Correlation and Spectral Analysis

Correlation quantifies the linear dependence of time series. The autocorrelation
function measures the correlation of two observed series with different time lags and
indicates the similarity of the observed data series with the same lagged series. Below is a
brief overview of the autocorrelation function with the corresponding expressions [38—40].

C(k) C(k
4m_&$_éﬁ @)
n—k
C(k)=% l(xt—i)(><t+k—i),1<:0,1,2,...,m (8)
t=
Ni x; —X)* )

Mlixt—x (10)

where C (k) is the autocovariance and o is the standard deviation.

According to Deni¢-Juki¢ et al. [38], the truncation point m represents the domain
of the function or the range of the time interval in which the analysis is performed. The
recommendation is that the value of the variable m does not exceed the value of n/3,
because for values in the range between n/3 and n/2 the results start to change, while after
n/2 they are no longer accurate [40].

The observation of how much resemblance exists between two different time series is
obtained from the cross-correlation function. The cross-correlation function (CCF) between
two time series is defined as follows:

,’3

 Cxy(k) ~ Cyx(k)
rxy(k) _Tﬁyl Tyx = TGy (11)
1 n—k
Cogr(k) = - Y (x—%)(yex—¥),k=012,...,m (12)
t=1
1 n—k
ny(k):H Y (i —9) (xeek —X),k=0,1,2,...,m (13)
t=1

o= = e —%)% oy =/~ Yy~ ¥) (14)
t=1
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where ny and ny are covariances and oy and oy are the standard deviations of the two
observed series [38,39,41]. Spectral analysis, unlike correlation analysis, analyses signals
in the frequency domain. Therefore, the spectral density function represents a Fourier
transform of the autocorrelation function. Both functions describe a stationary stochastic
process containing the same information but in a different domain. The identification of
periodic phenomena, expressed in terms of the detection of different peaks, is defined by
the spectral density function as follows [38,39]:

S(f)=2

1+2 i D(k)r(k)cos(27tfk)1 (15)
k=1

D) = % (1 + cosil:) (16)

for frequencies f=1/2m,1=0,1,2,... ,m.

The cross-spectral density function defines the relationship between two signals in the
frequency domain, as opposed to the cross-correlation function, which defines the relation-
ship in the time domain. The Fourier cross-spectral density function is a transformation
of the cross-correlation function [41]. It is represented as a function of the quadrature
spectrum Py (f) and the co-spectrum Ayy (f) [39,41].

Sxy (f)= d)xy(f) — iAxy(f) (17)
Uy ()= Z{rxy(O) + lil [rxy(k)+ryx(k)}chos(ank)} (18)
Ay (f) = Z{kil [y (K) — TYX(k)]DkSin(Zﬂfk)} (19)

The coherence function COyy and the gain function Gxy may be defined using the
known values of the spectral density functions Sy and Sy, as well as the cross-spectral
density function Sy [42]:

Sy ()7
CO (f) = S’X(fy)(sy)’(f) (20)
Gy (f) = |SSXXY((§| (21)

The coherence function, COxy, expresses the linearity of the input-output relationship
between signals. It ranges from 0 to 1, with 0 denoting no correlation and 1 denoting the
strongest correlation between two signals at frequency f. The gain function represents the
output signal’s amplification (>1) or attenuation (<1) in contrast to the input signal.

When considering the cross-spectral density function Syy as a complex number, the
amplitude oy and phase ¢y functions may be constructed using the complex number’s

trigonometric form.
oy (F) =1/ Wy (F) + AZ (F) (22)

1 Axy ()
bey (f)
The amplitude function, according to Larocque [39], identifies the manner the system

has changed the input signal. The phase function depicts the time difference between the
signals that have been processed.

dxy (f)= tan™ (23)
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4. Results and Discussion
4.1. Analysis of Lake’s Dynamics and Recession Periods

The data on the lake’s water level, as well as the amount of precipitation observed at
the Imotski gauging station and the computed integral volume changes (IVC) in the lake,
are shown in Figure 4. The integral volume changes in Red Lake were also compared to
the discharges from Opacac Spring. The occurrence of peaks in integral volume changes
was compared with the quantity of precipitation. Short-term precipitation, regardless of
intensity, has been found to have no major impact on integral volume changes as compared
to long-term precipitation, which accumulates more water. As an example, rainfall of
72.5 mm on the 264th day of observation did not result in a substantial change in both
the integral volume change and the water level in the lake. While precipitation from
the 110th to the 160th day, during which the longest period without precipitation was
only four days, replenished subsurface reserves and caused the second-highest peak in
integral volume changes. Underground reserves, which are dependent on the size and
number of karst conduits, pores, and fractures, have a substantial impact on integral
volume changes variations. When the underground reserves are replenished, the integral
change in volume reaches its maximum, after which direct runoff is activated during the
no precipitation period.
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Figure 4. Comparison of precipitation at the Imotski gauging station with Red Lake integral volume
changes (IVC), related water levels (H), and Opacac Spring discharges.

The water level in the lake oscillates in response to the precipitation’s temporal dis-
tribution (Figure 4). A shift in the slope of the water level (H) is detected in Red Lake
at a water level of 268.5 m above sea level, which corresponds to the height of Opacac
Spring. For water levels below 268.5 m a.s.], the discontinuity reveals a slower fall in the
water level, reflecting a slower depletion of water supplies. Above 268.5 m a.s.l., there are a
greater number of peaks and they are more significant. Quantities above this value cause
the lake to fill more quickly, but they also cause the lake to discharge once it reaches the
critical level of 268.5 m a.s.l. This phenomenon could be explained by the existence of a
karst conduit connecting Red Lake and the spring of Opacac. Therefore, a comparison was
made between the integral volume changes and discharges at Opacac, which is shown in
Figure 4. Between those quantities can be seen the coincidence among peaks and recession
periods. During recession periods, comparable values can be seen, followed by the filling
of Red Lake when the discharge of the Opacac increases. To better explain the interaction
between these two systems, the results of recession and spectral analysis are given below.

Analysis of the quasi-recession curves using three approaches yielded a composite
curve and average values of the quasi-recession coefficients (Figure 5). The composite curve
is divided into two sections: the steeper section reflects the quick runoff of water reserves,
while the gentler section represents the slow baseflow. The quasi-recession coefficients
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Adapted matching strip method

differ in the same way: «; denotes quick emptying of channels and cracks in karst and a
more permeable aquifer, whereas ; denotes slower emptying of subsurface reserves. As
a result, recession coefficients are used to describe the predominant flow mechanisms in
the karst aquifer. The average value of the quasi-recession coefficient & is 0.1103, while xy
is 0.082. A shift in the slope of the master recession curve indicates a change in the value
of quasi-recession coefficients. Looking at the quasi-recession coefficients, the dominance
of base flow over direct flow is undeniable. This can be explained by the dominance of
the rock matrix in the karst, which causes slow drainage of water from smaller pores and
cracks. It is obvious that groundwater plays an important role in the formation of integral
volume changes in Red Lake, which is why the lake never dries up. As previously stated,
the shift in the quasi-recession coefficient occurs around the level of Opacac Spring. To
better understand the functioning of the lake, but also its connection with the spring, the
signals were analysed in the time and frequency domain.
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Figure 5. Master recession curve obtained by Adapted matching strip method, Tabulation and
Petras method.

4.2. Analysis in Spatial and Frequency Domain

The correlation analysis was used to determine the autocorrelation function for inte-
gral volume changes in Red Lake and discharges at Opacac Spring, as well as the cross-
correlation function between these two data and the cross-correlation function of precipi-
tation with integral volumes and discharges in Opacac. The autocorrelation function can
be used to quantify the memory effect of the system, which is measured by the time delay
at which the autocorrelation function reaches 0.2 [40,41]. The memory effect shows how
water is stored, namely by filling and emptying subsurface reserves. Figure 6 depicts the
21-day memory effect for Red Lake and the 69-day memory effect for Opacac Spring. As
a result, the Opacac hydrogeological system is far more inert than the Red Lake system,
where water retention in the karst network is significantly shorter than at Opacac.

Autocorrelation function

Autocorrelation function

—IVC
—Q

OPACAC

20 40 60

lag (day)

100 200 300 400 80 100

lag (day)

500 600 700

Figure 6. Autocorrelograms of integral volume changes of Red Lake and discharges on Opacac Spring.

The cross-correlation function accepts values ranging from —1 to 1, with 1 denoting a
high correlation between the two observed series and —1 denoting a negative or inverse
correlation, which means the variables move in opposing directions. Uncorrelated series
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have correlation values close to zero. With a lag of 100 days, the values of the cross-
correlation function of integral volume changes and discharges at Opacac reveal a moderate
connection between the two systems (Figure 7). The asymmetry of the function and the
statistically significant value of the cross-correlation function with a lag of 3 days suggest
the system’s correlation, while the value of the cross-correlation function diminishes for a
longer number of days. Cross-correlation analysis also shows the response of the Opacac
and Red Lake systems to precipitation. The Opacac system reaches the highest value for
lag = 0, which means that it responds to precipitation without a time lag, unlike Red Lake,
which responds to precipitation after 7 days. The values of the cross-correlation function
are more significant in the Opacac system than in Red Lake, indicating that Red Lake is fed
by groundwater and to a lesser extent by precipitation. Both systems show a similar trend
in the cross-correlation function, suggesting their correlation.

Cross correlation function Cross correlation function
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Figure 7. Cross correlation functions of discharges at Opacac Spring with integral volume changes in
Red Lake and their combination with precipitation.

The spectral density functions for integral volume changes in Red Lake and discharges
at Opacac are shown in Figure 8. The spectral density function shows the power distribution
of the analysed series within the low-frequency range. At Red Lake and Opacac, the
periodicity occurs with a frequency of 0.003, which corresponds to a period of 333 days.
The observed periodicity corresponds to the period of one hydrological year.

Spectral density function Spectral density function
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—Q
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f (1/dan) f (1/dan)

Figure 8. Spectral density functions of integral volume changes in Red Lake and discharges at Opacac.

In the spectral analysis, precipitation was used as the input signal, while integral
volume changes in Red Lake and discharges at Opacac were used as outputs. The results
of the analysis are the coherence function, the phase function, and the gain function,
which are shown in Figure 9. The coherence function determines whether changes in the
output signal correspond to changes in the input signal [41]. The analysis shows that for
precipitation and integral volume changes in Red Lake, coherence is lost for frequencies
above 0.05 (periods shorter than 20 days), while when comparing precipitation signals with
discharges at Opacac, coherence is lost for frequencies above 0.23 (periods shorter than
4 days). The trend of coherence of discharges at Opacac is significantly higher than the
trend of coherence of integral volume changes in Red Lake, indicating the dominance of
base flow in Red Lake compared to Opacac, where rapid runoff is more pronounced. The
phase function shows the delay between the two observed signals at different frequencies.
The signal behaviour is similar to that of the coherence function. The phase function for
Red Lake shows good alignment up to a frequency of 0.05 and for Opacac up to a frequency
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of 0.23. The input signal is attenuated at higher frequencies. It is also possible to define
an average lag equivalent to the slope of the trend line passing through the coordinate
system’s origin using the phase function [41]. The average lag delay between integral
volume changes in Red Lake is 12 days, while for Opacac it is 6 days. Based on the known
values of the cross-spectrum’s amplitude and the spectral density function of the input
signal, the attenuation or gain function is defined, depending on the value of Gyy. The
values of Gyy > 1 indicate amplification of the input signal, while the values of Gxy < 1
indicate attenuation of the input signal. The input signal is attenuated at high frequencies
and amplified at low frequencies. Analysis of integral volume changes in Red Lake showed
attenuation of the input signal at frequencies above 0.036 and in Opacac discharges at
frequencies above 0.0038.
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Figure 9. Coherence, phase and gain function of integral volume changes in Red Lake and discharges
at Opacac Spring.

5. Conclusions

The problems of water availability in karst and its protection are presently actualized
more than ever, considering the challenges generated by the climate changes. This paper
assesses different tools for characterizing the particular hydrogeological karst system by
studying its hydrological dynamics. A novel approach is the recession analysis registered
in the karst lake.

Analysing the nearby recorded precipitation signal that corresponds with the data
record on Red Lake’s integral water volume changes shows that short-term precipitation
has no substantial influence on the hydrodynamics of the lake. It suggests that predominant
regional flow in the Dinaric karst is mostly responsible for the water levels in Red Lake.
Fluctuations of integral volume changes are registered after intense precipitation or after
the replenishment of subsurface reserves in karst conduit, pores, and fissures, whereupon
a direct flow is activated. The cross-correlation analysis of the precipitation signal, water
volume change in Red Lake and the discharge of Opacac Spring show that Red Lake
responds to precipitation after 7 days, in contrast to Opacac, which exhibits no time
lag. The regional flow system in the Dinaric Karst towards the Adriatic Sea is mainly
responsible for the hydrogeological regime of the lake. It is formed on a larger recharge
area and depends strongly on climate and meteorological parameters within the Dinaric
belt. By isolating and decomposing quasi-recession curves, different flow regimes were
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detected suggesting the same conclusion on the predominant recharge mechanism of the
lake. Registered larger time lag in the phase function on Red Lake data suggests the same.

Locally, on the field scale, Opacac Spring influences the hydrodynamics of Red lake.
Slope discontinuity of the hydrograph representing the integral volume change in the lake
and the shift in the quasi-recession coefficient can be registered at a certain altitude of
268.5 m a.s.l. which coincides with the position of Opacac Spring. It indicates the presence
of a probable conduit connection between these two systems.

The dominance of base flow indicates the crucial role of groundwater in the formation
of integral volume changes of Red lake. The longer memory effect of Red Lake compared
to Opacac by analysing autocorrelation functions suggests the longer water storage in
the subsurface. The coherence function shows that Red Lake has a far lower tendency of
coherence than Opacac Spring, demonstrating once again the relevance of groundwater in
the lake’s hydrogeological system and the dominance of the base flow.

The research presented in this article contributes to a better understanding of Red Lake,
which is one of the most remarkable karst formations in the world. Since the surrounding
karst massif is the main water source for the population of the region, the assessment of
available water resources is a quintessential task for hydrologists and hydrogeologists.
Some of the applied methods such as the study on karst system behaviour by observing
recession in the karst lake can be used in different topographic settings, yet this particular
study case shows that cryptodepressions in karst and their hydrodynamics reveal insights
into fundamental hydrogeological characteristics on the field and regional scale.
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