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Abstract. Although an invisible component of the hydrologic cycle, groundwater generally takes prece-
dence over other water resources in the area of drinking water supply. Among groundwater resources, karst
aquifers tend to be rich in sufficiently-accessible amounts of high-quality water. During most of the year, this
water requires only disinfection prior to delivery to the end user. However, in many cases extreme rainfall
and/or sudden snow melt results in transient turbidity, increase in bacterial count and temporary contamination
(e.g. increase in nitrate and phosphate concentrations). To be able to determine the effect of the precipitation
regime on various groundwater quality parameters, it is necessary to establish continuous monitoring of the
parameter of interest and certain parameters should be observed at least once a day, if not more often (contin-
uously). Such monitoring provides sufficiently long time-series of the considered parameter, so that autocorre-
lation and cross-correlation analyses can be undertaken and AR, CR and ARCR modeling used for simulations
and short-term forecasts. Apart from the theoretical background, the paper presents a case study of the occur-
rence of nitrates at a karst spring called “Banja” near the city of Valjevo, Serbia. A ten-year (1991-2000) time-
series of the discharged volume of water was used in the study, as well as nitrate concentrations recorded on a
daily basis. In addition, daily precipitation was gauged in the immediate vicinity of the catchment and the rain-
water chemically analyzed. The analyses included nitrate concentrations in precipitation. The generated time-
series were used for autocorrelation and cross-correlation analyses of nitrate concentrations in the Banja Spring
pool during the entire period of monitoring, as well as in one wet and one dry year. The results are presented
for all three cases, based on simulations applying AR, CR and ARCR modeling.

Key words: autocorrelation, cross-correlation, autoregressive model, cross-regressive model, autocross-
regressive model, nitrates, Banja Spring, Serbia.

AnctpakT. ITonzemHe Bozie, HaKko MPECTaBIbajy HEBU/IJbUBY KOMIIOHEHTY XUAPOJIOLIKOT IUKITyCa, Kaja je
y THTamky BOIOCHAONEBAFC y BEIMKO] MEPH MpPEy3WMajy MpHMaT HaJ OCTaJIMM BOTHUM pecypcuma. Of
MOI3EMHHX BOJa, OOrare M3/1aHM ca JIOBOJHHO JOCTYITHUM KOJMYMHAMa BOAA BHCOKOT KBAJINTETA IPEICTa-
BJbAjy KapCTHE M3JaHCKe Bosie (hopMUpaHe y OKBUPY KapCTHUX MacuBa. J{a Ou oBe Bozie CTHIVIE 01 M3BOPHUILTA
JI0 Kpaji-eT KOPUCHUKA, HEOIX0/[Ha je TOKoM Beher jena rognna camo muxoBa ae3uHdexnnja. Melhytum, To-
KOM M3y3€THO KHMIITHUX NEepHo/a W/UIIM HAaKOT HalJINX OTallamba CHEeXXHOT ITOKPUBAYa, J0JIa3u Yy BEIUKOM Opojy
cilydajeBa JI0 poJia3Hux 3amyhema, mopacra yKyImHor 0poja 6akrepuja, Kao U Ipojia3Hux 3arahema (mopacra
HUTpara, HUTpUTa, Qocdara...). 3a nmorpede yrBphuBama yTuiaja rryBHOTpad)CKOr peKHUMa Ha PEKUM
MOjEeIMHUX TapaMerapa KBaJNTETa, HEOIMXOJHO j€ YCIOCTABUTH KOHTHHYaJHH MOHHUTOPHHI I1apamerpa
KBaJIUTETa OJf HHTEpeca, CTHM Ja OU Ce TOjEeANHHU apaMeTpH TPedaao 0CMaTpaTH MUHUMYM jEIHOM THEBHO
ako He u yemhe (Y CBakOM TPEHYTKY). YCIIOCTaB/balkheM MOHHTOPHHIA MOTY ce€ ()OPMHUpATH JTOBOJHHO JIyT'H
HHU30BU pa3MaTpaHOr HapaMeTpa Tako Jia ce 3a MOTpede HEeroBe aHaIn3e MOTY HCKOPUCTHTH ayTOKOpe-
JIAMOHE U KPOCKOPEIAMOHE aHaIN3¢E, a 32 MOTpede BUXOBE CUMYJIALNje M KPATKOPOYHUX IIPOTHO3a CE MOTY
xopuctut AR, CR 1 ARCR mozenn. ¥V pany je, mopen TEOpHjCKUX OCHOBA AT M MPAKTHYHH TPUMEpP Be3aH
3a 110jaBe HUTpara y KapcTHOM Bpeny bama kox Basbea. Y momeHyTy cBpXy McKopHIIleH je 1eCeTOroNIIBH
HU3 ocMaTpama (1991-2000) xonmnvrHA MCTEKIMX BOAA OBOT BpENla alld M KOHIIGHTpAIlUje HUTpaTa Koje Cy
3a0ereeHe CBaKor JlaHa y OBOM Bpeny. Takolje, TOKOM ocMaTpadkor Iepruoja BpIieHa Cy Meperha KOINInHa
JTHEBHHX I1aJJaBUHA Y HETTOCPEAHO] OJIM3MHU CIIMBHOT MOZpYyYja a y NCTO BPEME BPILICHE CY U XEMH]jCKE aHaJIN3e
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KUIIHKIE KOoje cy oOyXBaTuie U KOHLEHTpallWje HUTpara y najgaBuHama. Ha ocHOBY (opmupaHux HH30Ba
U3BPILCHE Cy ayTOKOPEIAllMOHE U KPOCKOpEJAllOHE aHalu3e KOHIEHTpalMja HUTpaTa y Bpely bama 3a
yKyIlaH ocMaTpadky Iepuos, Kao U 3a ofadpaHy KUIIHY U CYLIHY FOAMHY. 3a pa3MaTpaHa TPH Cllydaja [1arT je
Y IIpUKa3 JOOMjEeHHX pe3yliTara Ha OCHOBY CIpoBesieHHX cumyinanuja npumeHoM AR, CR u ARCR wmoperna.

Kibyune peum: ayToxopeiamnuja, KpocKOpelaluja, ayTOPErpeCHOHHM MOZAEN, KPOCPErPeCHOHH MOZEIN,
ayTOKPOCPETepCHOHN MOJIeN, HUTpaTH, Bpeno bame, Cpbuja.

Introduction

Groundwater, the invisible component of the hy-
drologic cycle, currently plays a fundamental role in
maintaining public health and supporting industry and
agriculture, as well as entire ecosystems (PETTITA et
al., 2015). The importance of groundwater resources
is corroborated by the fact that in most of Europe
(more than 50% of European countries), groundwater
accounts for 70% or more of the public water supply
(HARTAL 2016%). From a groundwater quality perspec-
tive, water resources formed in karst are specific and
generally feature high quality that does not require a
lot of spending to ensure compliance with drinking
water standards (STEvANOVIC et al., 2011). The rea-
sons for this high quality certainly lie in the fact that
karst massifs are generally inaccessible, unpopulated
and at some distance from large urban agglomera-
tions.

A karst aquifer is a highly dynamic phenomenon in
spatial and temporal terms. The regime of a karst aqu-
ifer is driven by a series of factors: the geologic fra-
mework; structural, tectonic, geomorphological and
hydrogeologic characteristics of the setting; and cli-
mate. The most important features are (RISTIC, 1995):

— the thickness of the carbonate rock complex,

— the spread of the carbonate rocks,

— the tectonic activity that led to the development of
regional fault structures, macro and micro fracturing,
dipping of strata, etc.,

— the karstification process and the creation of abo-
ve-ground and underground morphological features,

— groundwater recharge, flow and discharge,

— the precipitation and temperature regimes in the
area,

— the distribution and nature of vegetation, and the
like.

All of the above govern the rate of karst aquifer
recharge, groundwater flow, discharge regime, varia-
tions in physical and chemical characteristics of
groundwater, etc. Based on the duration and intensity
of changes caused by climate factors, we distinguish
perennial, annual, seasonal, daily and hourly regimes,
or variations in the quantity and/or quality parameters
in these time intervals.

From a drinking water supply perspective, daily
fluctuations of a certain parameter are definitely the
most important aspect, although seasonal and annual
fluctuations are not far behind. On the one hand, daily

variations in qualitative and quantitative parameters
of karst groundwater can be slight. On the other hand,
meteorological factors (early and rapid snow melt or
protracted rain) can cause a sudden increase in, prima-
rily, karst spring discharge, but also quality parame-
ters (e.g. turbidity and total bacteria). This shows that
the correlation between precipitation and discharge, or
between precipitation and a quality parameter of the
karst spring, can be diverse (RisTIC, 2007; RISTIC et
al., 2012a). As a result of catchment response, spring
discharge hydrographs can be very steep and of short
duration or, conversely, their receding limb can exhib-
it a very mild slope (RISTIC VAKANIJAC, 2015). Be-
tween these two extremes, there is a large number of
sub-variants and combinations. The same applies to
plots of karst groundwater quality parameters as a
function of time.

Apart from monitoring quantitative parameters,
which are among the major components of the karst
aquifer regime, it is also necessary, if possible, to esta-
blish monitoring of physical properties (temperature,
color, odor, taste, etc.); chemical, bacterial and gas
compositions; radioactivity; and the like. Sampling of
karst groundwater is not an easy task because it is not
readily accessible as it tends to occur in areas difficult
to reach. Also, the groundwater samples required for
analyses need to be transported to an accredited labo-
ratory. In addition, the entire undertaking, from the
field trip to the lab work, is rather costly. As a result,
karst groundwater tends to be sampled once a month
or even once a season. However, sudden changes in
certain quality parameters require daily or even more
frequent observation (every 12 hours, 6 hours, or con-
tinuously). Monitoring of a certain quality parameter
allows for the generation of sufficiently long time-
series, such that autocorrelation and cross-correlation
analyses can be used for assessment purposes, as well
as AR, CR and ARCR models for simulations. The
presented models are developed by N. KRESIC and the
methodology used in this paper is presented in details
in several articles (KRESIC, 1994, 1997, 2007).

Theoretical background
Autocorrelation analysis

In the case of a certain quality/quantity parameter
of the karst spring regime, it is evident that the current

* Harrtal, E. 2016. Inventory of information sources (D1.4), PPT at the KINDRA orientation workshop for national experts, Seville

(February, 2016).
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value tends to be affected by the value recorded yes-
terday, two days ago, three days ago, etc.
Autocorrelation analysis is used to define this type of
correlation and effect — to analyze the influence of a
variable on itself. Autocorrelation is the effect of a
random variable X (in the specific case karst spring
discharge, spring pool water level, groundwater level,
turbidity, nitrate concentration, total bacteria, etc.) on
itself at a time step of 1, 2, 3, 4, ... n. The most often
used time step is one day, but it can also be expressed
in weeks, months, etc. The strength of correlation
between time-series is expressed via the correlation
coefficient r, derived from the equation (KRESIC &
STEvVANOVIC, 2010):
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where: n is the number of data points, x,,, is the aver-
age value of the sample, and x; is the value of the ran-
dom variable at time =i+ k. The resulting autocorrela-
tion coefficients for different time steps, as a function
of the time steps, constitute an autocorrelogram.

Cross-correlation analysis

With regard to the effect of precipitation, it should
be noted that a raindrop that reaches karst and carries
certain chemical information received in the atmo-
sphere, requires some time to reach the aquifer and
then, as part of the aquifer, to travel down privileged
pathways to the spring (RISTIC VAKANJAC, 2015).
Along the way, it interacts with the ground surface
and the geologic setting, and changes its own chemi-
cal composition. It also entrains certain deposited
components that lay dormant in karst conduits and
caverns during a dry period. As such, the quality of
karst groundwater varies and, if we exclude the an-
thropogenic impact and excessive accidental pollu-
tion, largely depends on the precipitation regime.

Based on the above, it is safe to say that spring flow
(or any other component of the karst spring regime) is
more or less influenced by precipitation (or any other
water input), and this influence can be delayed for a
variety of reasons (KRESIC & STEvVANOVIC, 2010).
Cross-correlation analysis is used to assess the effect
of mutually dependent variables at different time
steps. The cross-correlation coefficient for any time
step can be obtained from (PROHASKA, 2006; KRESIC
& STEVANOVIC, 2010):
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where: COV is the covariance between two time-seri-
es, x; is the independent variable (in the specific case
the amount of daily precipitation), y; is the dependent
variable — time-series of the daily average values of
the analyzed quality or quantity parameter, VAR(x;)
and are the variances of the two time-series. The
covariance is calculated applying the equation
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The cross-correlation coefficients as a function of
different time steps constitute a cross-correlogram.

Autoregressive (AR), cross-regressive (CR)

and autoregressive-cross-regressive models
(ARCR)

Autoregressive (AR) models can be used to simu-
late (estimate) karst spring discharges or concentra-
tions of a quality parameter, where X, is the predicted
parameter at time ¢ and the independent variables X, i,
X, 5, ... X, stand for the analyzed parameter 1, 2, ... k
days earlier. The equation is as follows (KRESIC &
STEVANOVIC, 2010; RISTIC VAKANJAC, 2015):

Xy=a+ byX, +byX o+ . AbpX (6)
where a, by, b, ...b; are model parameters.

Cross-regressive (CR) modeling can be used for the
same purpose, based on the same principle, where the
dependent variable X, also represents the concentra-
tion of a quality parameter at time ¢. Independent vari-
ables Y, ;, Y, 5, ... ¥, denote precipitation 1, 2, ...
days earlier or the concentration of the considered
parameter in precipitation. The equation is (KRESIC &
STEVANOVIC, 2010; RISTIC VAKANJAC, 2015):

X,=a+byY_ +byY, ,+ .. +b,Y,, (7)
where a, by, b,... b, are also model parameters.
And, finally, the above two models combined are

the most frequently used ARCR model for simulations
and short-term forecasts (AR + CR = ARCR), whose

Geol. an. Balk. poluos., 2018, 79 (1), 71-81.
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general equation is (KRESIC & STEVANOVIC, 2010;
RisTIC VAKANJAC, 2015):

Xatby X . X tep Y tey Yot 4o Y, (8)

where a, by, b,... by, ¢y, ¢5... ¢, are also model para-
meters.

Study area — karst spring “Banja”
near Valjevo

Population growth and industrial and agricultural
development are having an increasing impact on the
entire ecosystem. The quality of air, water and soil is
changing in the negative direction and the biocenosis
is under increasing stress. Nitrogen compounds,
which are generally a result of the chemical industry,
application of fertilizers, exhaust gases, and the like,
have been classified as polluters extremely harmful to
human health (RISTIC VAKANJAC et al., 2012). On the
other hand, frequent bacterial contamination of water,
due to natural processes but mostly as a result of
human activity (e.g. illegal dumps), can also have a
major impact on public health.

With this in mind, the catchment of the Banja
Spring (source of the Banja River) was selected in
1990 as a test site to monitor qualitative parameters
and assess the effect of precipitation on them. There
were multiple reasons, but the most important were:

1. the immediate vicinity of the Petnica Research
Station (PRS), where the necessary analyses were per-
formed, as well as easy access to the spring (PRS is
located about 500 m from the Banja Spring - Fig. 1);

2. the proximity to an urban agglomeration — the
city of Valjevo (7 km as the crow flies), which is an
industrial center and has a population of 60,000 with-
in the city fabric according to the 2014 census, and
more than 90,000 including the extended area; and

3. crop farming, rural households and a relatively
small livestock farm within the spring catchment
(Figs. 2 and 3).

In January 1991, a dam and staff gauge were in-
stalled at the Banja Spring for water level tracking, as
well as a rain gauge at PRS for precipitation monitor-
ing in the catchment. Sampling for hydrochemical
analyses of the spring water was conducted daily.
When there was precipitation, hydrochemical analyses
also included meteoric water. As a result, the spring
discharge and quality parameters (flow rate, tempera-
ture, pH, FTU, electrical conductivity, suspended sed-
iment, Ca, Mg, Na, K, Cl, HCO3, SO,4, NO;, and total
bacteria) were monitored from 1991 to 2000. In paral-
lel, precipitation chemism was also observed, includ-
ing (apart from precipitation depth) pH, electrical con-
ductivity, Ca, Mg, HCO;, SO,4, NO3, and PO,.

The Banja Spring catchment is located in western
Serbia, 7 km from the city of Valjevo (to the east-

Geol. an. Balk. poluos., 2018, 79 (1), 71-81.
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Fig. 1. Petnica Cave and Banja Spring.

Fig. 2. Livestock farm in the Banja Spring catchment.

Fig. 3. Crop fields in the Banja Spring catchment.

southeast) and in the immediate vicinity of the Petnica
Research Station (Fig. 4). The elevations of the catch-
ment are from 181 m (point of spring discharge) to
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slightly more than 600 m above sea level. Most of the
catchment is comprised of massive Middle Triassic
limestones, partly covered by Miocene sediments
composed of marls and red bituminous schists (Fig. 4).

ducted tracing tests on several occasions and con-
firmed that there was a connection between the two
streams and the Banja Spring (GoLUBOVIC et al.,
2014; RISTIC VAKANJAC et al., 2015).
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Fig. 4. Location and hydrogeological map of Banja Spring watershed (RISTIC VAKANJAC et al. 2015).

The above-ground morphological features of the
Triassic limestones include numerous sinkholes (12
per km?2 on average), which are mostly found in series.
Among underground features, there are cavers and
fractures; the Petnica Cave is the most important fea-
ture and the place where the Banja Spring emerges
(Fig. 1).

There are two surface streams in the Banja Spring
catchment: the Zlatar and the Bukovik. The Zlatar is
formed in Miocene sediments and sinks in a ponor, at
Pecurine, when it enters a karst substrate. The Buko-
vik rises in Triassic limestones, in an area where kars-
tification is low (no sinkholes), Fig. 1b. Its lower
course is in a highly-karstified part of the limestones,
where in follows the linear occurrence of sinkholes,
slowly depletes and ultimately dries out. PRS has con-

Assessment of nitrates

Animal wastes from livestock farms, fertilizers,
pesticides, and herbicides, as well as the lack of sew-
erage system for wastewater, significantly influences
the increased amount of rural pollutants in groundwa-
ter, including nitrates which belong to this group of
pollutants. Waters of improper chemical constitution,
used for irrigation of agricultural soil (deposits) cov-
ering karst aquifers, could also be placed among rural
pollutants when leakage is present (KRESIC et al.
1992).

Nitrates were certainly one of the most interesting
parameters of the Banja Spring water quality, which
were monitored in both karst groundwater and precip-
itation (Figs. 5 and 6). Before the monitoring at the

Geol. an. Balk. poluos., 2018, 79 (1), 71-81.
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Banja spring was initiated in 1991, sampling had been
sporadically carried out during the period from 1976
to 1988 in order to determine concentration of nitrates
in karst waters. According to the available informa-
tion, the maximum concentration of nitrates in the
karst spring Banja varied within the interval from 6
mg/dm3 to 27 mg/dm3 during this period (KRESIC et
al., 1989; PariC et al., 1991). Therefore, the maximum
concentration of nitrates in the karst spring Banja
increased about 4.5 times during the twelve years
period.
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Fig. 5. Parallel plots of nitrate concentrations in the Banja Spring
pool and in total daily precipitation (modified after, RisTIC
VAKANJAC et al. 2013).
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Fig. 6. Parallel plots showing nitrate concentration fluctuations in
the Banja Spring pool and in precipitation (modified after, RisTIC
VAKANJAC et al. 2013).

Over the 10-year monitoring period (1991-2000),
the perennial average nitrate concentration was 20.1
mg/dm3 and the annual averages were in the interval
from 15.1 mg/dm3 (1994) to 27 mg/dm3 (1998). On a
daily basis, the lowest concentration was recorded on
October 15t 1994 (3.4 mg/dm?) and the highest (46.9
mg/dm3) was on July 9th 1999 (RISTIC VAKANJAC et
al., 2013). The perennial average nitrate concentration
in precipitation was 7.7 mg/dm3 and on an annual

Geol. an. Balk. poluos., 2018, 79 (1), 71-81.

basis from 5.06 mg/dm3 (1993) to 12.8 mg/dm3
(1991). The highest nitrate concentration in precipita-
tion, of 65.6 mg/dm3, was recorded on June 15t 1998
and the lowest (0.05 mg/dm3) was on May 5th of the
same year (1998) (RISTIC VAKANIJAC et al., 2013). It
should be noted that the highest nitrate concentrations
in precipitation are associated with the first day of a
rainfall episode and that they increase with the length
of time between two episodes. For example, a sample
collected on the first day of a rainfall episode (when
the interval between two episodes was one day or mo-
re (> 1)) and a sample taken after there was no pre-
cipitation for a minimum of five days (¢ > 5) revealed
that the nitrate concentration was about 18% higher in
the case of > 5, compared to # > 1 (RISTIC VAKANJAC
et al., 2013). The situation was similar with standard
deviation, which was about 17% higher in the specif-
ic case.

To simulate nitrate concentrations in the karst
spring pool, first autocorrelation and cross-correlation
analyses of the concentrations were undertaken, for
the entire period (10 years) and for each year, to assess
the occurrence of nitrates at the karst spring during
dry and wet years.

The simulations resulted in an autocorrelogram of
the nitrate concentrations of the Banja Spring for the
entire period, as shown in Fig. 7. The autocorrelo-
grams for the selected wet and dry year are shown in
Fig. 8. It follows from these figures that the autocor-
relation coefficient declines with increasing time lag.
With regard to the entire period, the sample was
extremely autocorrelated. It is apparent (in Fig. 7) that
the autocorrelation coefficient was greater than 0.3
even after 100 days. The situation was similar in the
selected cases (dry and wet year). In the dry year, the
autocorrelogram declined slowly and the autocorrela-
tion coefficient dropped to below 0.2 only after 40
days (i.e. the memory of the system was up to 40
days). In the wet year, the autocorrelogram was steep-
er and the memory up to 12 days. More precisely, after
12 days the nitrate ion concentrations in the Banja
Spring pool become independent variables (there was
no persistence and the time series had no memory)
(KRESIC & STEVANOVIC, 2010).

With regard to cross-correlation, the effect of pre-
cipitation totals on nitrate concentrations in the spring
pool were analyzed for the entire period (Fig. 9) and
separately for the wet and the dry year (Fig. 10). In
addition, the effect of nitrate concentrations in precip-
itation on the nitrate concentrations in the spring pool
were analyzed following the same principle — the
cross-correlogram for the entire period is shown in
Fig. 11 and for the wet and the dry year in Fig. 12.

The correlation coefficient in both cross-correlation
analyses of the entire study period was extremely low
(less than 0.1), which indicated that neither precipita-
tion nor nitrate concentrations in precipitation had a
significant effect on the occurrence of nitrates at the
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Fig. 7. Autocorrelogram of NO; concentrations in the Banja
Spring pool (entire study period).
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Fig. 9. Cross-correlogram of NO;5 concentrations in the Banja
Spring pool and total precipitation (entire study period).
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Fig. 11. Cross-correlogram of NO; concentrations in the Banja
Spring pool and in precipitation (entire study period).

.

—wet year (1995)

_ 08
g —dry year (2000)
206
[}
38
© 0.4
,g
p 02 /\’WW/\”W
g o - A
E \\W‘/
<
0.2 \IV\'\'\\'\/_,_,
0.4
0 20 40 60 80 100
Lag (time)
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Fig. 10. Cross-correlogram of NO3 concentrations in the Banja
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Fig. 12. Cross-correlogram of NO5 concentrations in the Banja
Spring pool and in precipitation (one wet and one dry year).
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spring. The correlation was somewhat stronger when
each year as analyzed separately, especially in the case
of wet years, although the correlation coefficients still
remained below the threshold value of 0.2. The reason
for such cross-correlograms is certainly nitrate pollu-
tion within the Banja Spring catchment, as a result of
application of fertilizers, the livestock farm, and rural
households with no access to public sanitation.

Simulation of nitrate concentration in the
Banja Spring pool

All three models: AR, CR and combined ARCR,
were used to simulate nitrate concentrations in the
water of the Banja Spring. The resulting values show-
ed that the correlation coefficients obtained with the
AR model for nitrates in the karst spring pool were
much higher than those of the CR model (Figs. 13, 14
and 15). The AR model coefficients based on data for
the entire study period were from 0.866 (order 1) to
0.882 (order 15) and were the result of a long memo-
ry (Fig. 7). Conversely, the CR model coefficients
were extremely low:

— from 0.004 (order 1) to 0.036 (order 15) — simu-
lation of nitrate concentrations in the spring pool as a
function of daily precipitation totals over the entire
study period, and

— from 0.065 (order 1) to 0.183 (order 15) — simu-
lation of nitrate concentrations in the spring pool as a
function of nitrate concentrations in precipitation over
the entire study period.

The application of these models on an annual basis
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— CR model (NO3 in karst spring and NO3 in precipitation)

Fig. 13. Parallel plots of a simple autoregressive model and cross-
regressive model (entire study period).

and to one wet and one dry year provided slightly bet-
ter results. The AR model correlation coefficients
were still high but the simulations were better for dry
years (higher correlation coefficients). Relative to the
entire study period, the CR model yielded much high-
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er correlation coefficients for both the dry and the wet
year, but it should be noted that in this case the simu-
lations were better for the wet years (higher correla-
tion coefficients, Figs 14 and 15).

0.81 -~ 0.18
08 0.16
= 0.14 =
5 0.79 012 §
— W
a 01 2
@078 o
2 0.08 3
go77 0.06 g
=t 0.04 O

0.76
0.02
0.75 0
0 5 10 15 20

model order

— AR model
— CR model (NO3 in karst spring and precipitation)
— CR model (NO3 in karst spring and NO3 in precipitation)

Fig. 14. Parallel plots of a simple autoregressive model and cross-
regressive model (dry year).
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Fig. 15. Parallel plots of a simple autoregressive model and cross-
regressive model (wet year).

In general, the combined ARCR model should have
produced the best results. However, because the sim-
ulation results of the AR model were good and those
of the CR model much poorer (for the entire study
period), the ARCR model correlation coefficients
were roughly equal to those of the AR model. For
example, when nitrate concentrations in the spring
pool were simulated as a function of nitrate concentra-
tions in the spring pool on the previous days and those
in precipitation on the previous days, the ARCR
model correlation coefficients were:

— from 0.866 (model order 1) to 0.881 (model order
7) for the entire study period,

— from 0.762 (model order 1) to 0.804 (model order
7) for the dry year, and
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— from 0.734 (model order 1) to 0.756 (model order
7) for the wet year.

Figure 16 is a parallel representation of measured
and calculated nitrate concentrations for model order 1.
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Fig. 16. Parallel representation of measured and calculated nitrate
concentrations in the Banja Spring pool.

Conclusion

Assessments of the regimes of quantitative and
qualitative parameters of karst groundwater provide
better insight into the karst system itself, types of hy-
drogeological structures, method of recharge, depen-
dence on precipitation, regime of the analyzed param-
eter, etc. For any kind of regime assessment aimed at
defining an appropriate simulation and/or short-term
forecasting model, the first requirement is a sufficient-
ly long time-series. Such an assessment was enabled
by ten-year monitoring of the qualitative and quantita-
tive parameters of karst groundwater that emerges at
the Banja Spring near Petnica (Valjevo), and of preci-
pitation by means of a rain-gauge station installed at the
Petnica Research Station. The assessment was conduct-
ed for the entire period of monitoring (1991-2000), as
well as for one dry and one rainy year. The correlation
coefficients in the autocorrelation analysis of nitrate
concentrations in the spring pool were found to de-
crease with increasing time lag in all three cases. The
memory of the system was very long — more than 100
days — for the entire period. The autocorrelogram of
the dry year exhibited a slower decline than that of the
wet year. The memory in the case of the dry year was
about three times longer than that of the wet year. The
strong autocorrelation of the time-series indicated that
there was a strong inter-dependency of the random
variable (in the specific case nitrate ion concentra-
tion), resulting in a weak dependency in cross-corre-
lation analyses (precipitation — nitrate concentration
in the spring pool or nitrate concentration in precipita-
tion — nitrate concentration in the spring pool). The
undertaken cross-correlation analyses corroborated

this. The correlation coefficients in the cross-correla-
tion analyses were extremely low (less than 0.1),
meaning that neither precipitation nor nitrate concen-
trations in precipitation had a significant effect on
nitrate concentrations in the spring pool. When each
year was studied separately, the resulting correlation
was somewhat stronger, especially in the wet year,
although the correlation coefficients remained below
the threshold value of 0.2. The reason for the low
cross-correlation coefficients was definitely nitrate
pollution in the Banja Spring catchment as a result of
application of crop fertilizers and the presence of a
livestock farm and rural households with no access to
public sanitation.

In view of all the above and based on the results of
the auto- and cross-correlation analyses, AR models
were expected to produce much better results than CR
models. The following models were used to simulate
nitrate concentrations in the Banja Spring pool: auto-
regressive — AR, cross-regressive — CR, and combined
ARCR models. The correlation coefficients derived
from the AR and CR models showed that in the case
of nitrates, the AR model yielded much higher corre-
lation coefficients than the CR model (Figs. 13, 14
and 15). The AR model coefficients based on the
entire study period were from 0.866 (with one 1st
order random variable) to 0.882 (equation of the 15t
order — 15 random variables), and were a result of a
long memory (Fig. 7). Conversely, the CR model
coefficients were extremely low:

— from 0.004 (15t order eq.) to 0.036 (15th order eq.)
— simulation of nitrate concentrations in the spring
pool as a function of daily precipitation over the entire
study period, and

— from 0.065 (15t order eq.) to 0.183 (15th order eq.)
— simulation of nitrate concentrations in the spring
pool as a function of nitrate concentrations in precipi-
tation over the entire study period.

The situation was somewhat better when the models
were applied on an annual basis and to one dry and one
wet year. The correlation coefficients derived from the
AR model were still high but the simulation was better
(higher correlation coefficients) for dry years. Relative
to the entire study period, the CR models yielded much
higher correlation coefficients for both the dry and the
wet year, although it should be kept in mind that the
simulations were better (the correlation coefficients
were higher) for wet years (Figs. 14 and 15).

The combined model — ARCR should generally
have yielded the best results. However, because the
AR model produced good results and the CR model
much poorer results (for the entire study period), the
correlation coefficients of the ARCR model were
roughly equal to those of the AR model. For example,
in the case of nitrate concentrations in the spring pool
as a function of nitrate concentrations in the spring
pool on previous days and in precipitation on previous
days, the ARCR model correlation coefficients were:
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— from 0.866 (15t order eq.) to 0.881 (7th order eq.)
for the entire study period,

— from 0.762 (1st order eq.) to 0.804 (7th order eq.)
for the dry year, and

— from 0.734 (1st order eq.) to 0.756 (7th order eq.)
for the wet year.
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Pe3nme

IIpumena AR, CR u ARCR mozgesna kon
aHAJIN3a M CUMYJIAIUja KBAJTUTATUBHUX
napaMerapa KapcTHUX U3IaHCKHUX BO/Aa

AHaJIN30M peXUMa KBAaHTUTATUBHUX MJIM KBaJIHUTa-
TUBHUX IapaMeTapa KapCTHUX H3AAHCKUX BOAA IO-
CTHXe ce 00JbM YBUA O CaMOM KapCTHOM CHCTEMY,
TUIYy XMIPOTCONOIIKUX CTPYKTYpa, HAYMHY IPUXpa-
BHUBAKbA, 3aBUCHOCTHU ITYBUOTPAa()CKOT PeKUMa U pe-
JKUMa TapaMeTpa KOju ce€ aHajJu3upa, uTh. 3a Omio
KOjy BpPCTY aHallM3a pexuMa a ca IubeM JeduHuca-
Ba ofromapajyher mozmena 3a cHMynanujy W/WiH
KpaTKOpOYHe MPOTHO3€, Ha MPBOM MECTY j€ HEOIXO-
JHO IIOCENOBaTH JOBOJBHO AYTHM OCMAaTPauykKu HU3.
Jleceroronuuimby MOHUTOPHUHT KBAJIUTATUBHUX U
KBaHTUTAaTHBHUX IapaMeTapa KapcTHUX BOAA Bpesa
bame xox [lernune (BaskeBo) m mamaBuHa y3 moMoh
KHIIOMEPHE CTAaHHUILE MOCTABJbEHE y OKBHPY Kpyra
Uctpaxusauke cranuie llerHunia omoryhno je mpu-
MEHE ITIOMEHYTHX aHaln3a. AHajIM3e Cy U3BpLICHE Ha
HUBOY TIeJIor ocMarpadkor nepuoza (1991-2000) xao
W 3a CylIHy W KUIIHY ToauHy. Koedummjentn xope-
Jauyja KoJ ayTOKOPEJIallMOHEe aHalu3a HUTpara y
Bpenry bame omanajy ca moBehamem BpeMeHCKOT KO-
paka Koz CBa TpU aHajIM3upaHa ciydaja. Ko ykynHor
Meprosia, MEMOpHja CUCTEMA je jaKO IyTa U Tpajama je
nyxer on 100 nana. AyTokopenorpam CyIlIHE TOIUHE
uMa OJaKu Tajl y OAHOCY Ha UCTH JTOOWjeH 3a KHIITHY
TO/IMHY, a2 MEMOpHja CHCTeMa je KO/ CYIIHE TOIUHE
OKO 3 myTa IIyXer Tpajamba HEro KOj BJIa)KHE T'OJHHE.
JloOpa ayTokopenaTHBHOCT cepHje yKa3yje Ha J00py
MeljyCOOHY YCIIOBJBEHOCT BPEIHOCTH CITy4ajHO TIPO-
MEHJbUBE BeNWYMHE (Y KOHKPETHOM CIIy4ajy KOHIIEH-
Tpanuja HUTPATHUX jOHA) INTO 3a TMOCIEAWIY HMa
ci1aly yCIOBJBEHOCT KOl KPOCKOPEIALMOHUX aHAIN3a
(Be3a majaBUHE - HUTPATH y BpEJLy, UM Be3a HUTpATa
y najlaBUHaMa - HUTpartu y Bpeiy). CrposeneHe Kpoc-
KOpeJIallMOHEe aHaJIn3e Cy OBO M MoTBpamie. BpenHo-
CTH KoeduIlMjeHaTa KopeJamnuje Ko KpOCKOpeallu-
OHHMX aHAJIM3a Cy M3y3eTHO HHCKe (Mambe of 0.1) mTo
MOTBphyje YMI-CHHIly J1a HeMa 3Ha4ajHUjer yTHIlaja
HH TaJjaBUHA HU KOHLEHTpalWje HUTpara y IajaBu-
HaMa Ha I0jaBy HUTpara y Bpely. AKO IOCMarpamo
CBaKy TOJIMHY MIOHA0C00, 1001ja ce HemTo 0oJba Be3a,
HApOUYUTO KOJI BIAKHHUX TOIMHA, MaJia KOe(UIHjeHTH
KOpeJanuyje ¥ Jajbe He Mpesa3e IPaHUYHYy BPEIHOCT
0.2. Pazmor oBako AOOWjEHHX HHCKHX BPEIHOCTH
Koe(uIjeHaTa KpPOCKOpealje Cy CBaKako MPHCY-
THa HUTpaTHa 3aral)ema Ha caMoM ciuBYy Bpeia bame
Koja cy pesynrar Kopuiihema hyOpuBa 3a mosporpH-
BpEIHE CBpXE, )KUBOTUICKE (hapMe Ha CIUBY Kao U
ceockux noMahmHCTBA Koja Hemajy mirpal)eHy KaHa-
JU3aLMIOHY MPEXY.

Kao nocnenuiia cBera n3HeTOr, CXOIHO JT00HMjeHUM
pe3yiaTaruma ayTo U KpOCKOpeIalMoHUX aHalIu3a, Ou-
710 je 3a ouekuBaru @ AR mozenu najy 3HaTHO O0Jbe

pesynrare ox CR. 3a morpebe cumynaryje KOHIICH-
TpamMja HUTpaTa y BOAaMa KapcTHOT Bpena bama
MIPUMEEHN cy ciefehn Momenn: ayToperpecuoH -
AR, xpocperpecuonn - CR u xomOmaoBanm ARCR
mogien. Jlooujenn koedunrjeHTH kopenanuja 3a AR u
CR wmopene ykasyjy na AR mopmen 3a HuUTpare mMa
3HATHO Behe BpeqHoCTH KoeuIjeHara Kopeianmje y
OJTHOCY Ha HUCTe J00MjeHe KPOCPErPECHOHUM MOJIe-
moMm (cruka 13, 14 u 15). Koedunmjentn ayroperpe-
CHOHOT MOJIeJla CpadyHaTHX Ha OCHOBY IIO/IaTaka Be-
3aHHX 3a YKymaH mnepuon kpehy ce om BpemHOCTH
0.866 (ca jemqHOM CcTy4ajHO HE3ABUCHOM - IIPBOT pefa)
ma 1o 0.882 (jemnaumna 15-Tor pema - 15 ciydajHo
HE3aBHUCHUX BEIIMUMHA) a pe3yJTaT Cy AyroTpajHe Me-
Mopuje (cimuka 7). HacympoTr oBome, xoeduiujeHTH
KPOCpPETPECHOHOT MoJiella Cy W3Y3€THO HHCKHUX
BpenHocTH U Kpehy ce:

—ox 0.004 (jem. mmpBor pena) mo 0.036 (jem. 15-or
pena) (cumyrnaiyja KOHIIEHTpaIlija HUTpaTa y Bpely y
(yHKIMjH THEBHUX CyMma TaJaBUHA HA HHUBOY YKY-
ITHOT TIepHoIa OCMaTpama), 1

—ox 0.065 (jem. mpBor pena) mo 0.183 (jem. 15-or
pena) (cuMmyrnaiyja KOHIIEHTpaIlija HUTpaTa y Bpely y
(yHKIIMjU KOHIICHTpAIlMja HUTpara y TaJaBWHA Ha
HUBOY YKYITHOT TIEpHOJIa OCMaTpPamba).

[IpumenoM OBHX MozeNia Ha HUBOY jefJHE TOAWHE U
3a CyIIHYy W BIIQXHY TOIWHY CHTyalldja jeé HEIITO
boma. Koedpunmjentn kopemamuja g00WjeHN Ha
ocHOBY AR Mopena nMajy u 1ajbe BUCOKE BPEITHOCTH
CTHM J1a ce O6oJpe cuMynaruje (BUIIHN KOe(HUIHjeHTH
KopemaIije) nooujajy 3a CyIrHe roguHe. Y oIHOCYy Ha
ykymaH niepuog CR Monenu majy u 3a cymHy # 3a
BIIQKHY TOAMHY 3HATHO BUIIIE BPEIHOCTH KOE(DHUIIH]-
€HTa Kopenanuje, CTUM Ja OBJe Tpeba HarjacuTH Jia
cy 6oJbe cumynanyje (Behe BpenHoCTH KoehUIjeHa-
Ta Kopenanuje) Ao0HjeHe 3a BIaKHE TOIWHE (CITUKEe
14 u 15).

KombunoBann momen — ARCR renepamxHo Ou
Tpebao nmatm HajOosbe pesynrare. Mehyrum, u3 pa-
370Ta MTO cuMyJanuje KopumrhemeM AR Mozena faje
noope pesynrare a CR mozmena 3natHO nommje (3a
yKyIiaH mniepuon), koedurujertn kopemanuje ARCR
Mozena Cy HpHOMMKHO HCTH KoedummjeHTHMa AR
Moznena. Tako Ha puMep, 3a cydaj CUMYyJIalfje KOH-
LIEHTpallja HUTpaTa Bpeny y (DyHKIHMjH KOHIICHTpa-
[Mja HUTpaTa PETUCTPOBAHHUX Yy BPEIy IMPETXOIHUX
JlaHa M PETUCTPOBAHMX y TaJaBHHAMa IPETXOIHUX
naHa, koedunujent kopenanuje 3a ARCR mozena ce
kpehy ox:

— 0.866 (jem. l-or pema) ma mo 0.881 (jem. 7-or
pena) 3a mojgaTke Ha HUBOY YKYITHOT TIEpHOAa,

— 0.762 (jen. l-or pema) ma mo 0.804 (jem. 7-or
pena) 3a mojarke Ha CYUTHY TOIUHY, U

— 0.734 (jen. l-or pema) ma mo 0.756 (jem. 7-or
pena) 3a mojaTke Ha BIAYKHY TOAHHY.
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