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IZVLEČEK V SLOVENSKEM JEZIKU
Ključne besede: kraški izvir, kvantifikacija krasa, numerični model, izvir Težka voda, podzemni tok vode
Polovico Slovenije prekriva kras, ki je tudi zelo ranljiv vodni vir, iz katerega se s pitno vodo oskrbujejo
številna naselja. Največji izziv pri zaščiti teh vodnih virov predstavlja določanje napajalnega zaledja.
Glede na naravo kraškega vodonosnika se pogosto zastavlja vprašanje o geometriji kanalov, ki vodijo
do kraškega izvira. V sodobni stroki so se uveljavili številni pristopi, s katerimi skušamo ugotoviti te
nedoslednosti. Mednje sodi numerično modeliranje toka podzemne vode z modeli, v katerih je združen
kanalski tok s tokom v medzrnskem poroznem mediju. V Sloveniji takega pristopa za modeliranje toka
vode skozi izvir še nismo uporabili.
Kot primer je izbran izvir Težka voda pri Novem mestu, kjer je velikost napajalnega zaledja približno
znana. Iz predhodno izvedenih sledilnih poizkusov izhaja, da je predpostavka o enem dovodnem
kanalu smiselna (Habič & Kogovšek, 1992).
Namen naloge je kvantitativno opisati dinamiko vodonosnika v zaledju izvira Težka voda. Z modelom
želimo prispevati k boljšemu razumevanju kraškega vodonosnika v zaledju Težke vode.
Metode, s katerimi so parametri vodonosnika izvira Težka voda določeni, so naslednje:
• Numerični kalibriran model obravnavanega vodonosnika na podlagi merjenih pretokov na
izviru Težka voda. Temelji na omejitvah Darcyjevega zakona toka podzemne vode,
• Izračun napajanja po enačbi ‘‘soil-water balance approach’’,
• Analize občutljivosti posameznih testnih parametrov,
• Glavna recesijska premica, izračunana po metodi Posavca s sodelavci (2017).
Z modelom so predstavljena tri reprezentativna leta, in sicer leto s povprečno količino padavin, leto z
najvišjo količino padavin in leto z najmanjšo količino padavin. Kalibriran model predstavlja oceno
časovne in prostorske spremenljivosti v odvisnosti od napajanja in njihov vpliv na iztok iz izvira ter na
razporeditev hidravličnih višin v vodonosniku.
Glavna ugotovitev kalibriranega modela je, da se leto s povprečno količino padavin najbolje ujema z
modelom na podlagi rezultatov. Leti z ekstremnimi količinami padavin ne dosegata merjenih pretokov
izvira Težka voda. To nakazuje na kompleksnejše delovanje sistema, kot je to predstavljeno z
modelom. Tako model za povprečne količine deluje, pri ekstremnih količinah pa zaradi
kompleksnejšega delovanja sistema odpove. Ugotovitve modela kažejo dobro izražen odnos med
matrično-kanalskim tokom podzemne vode v zaledju izvira Težka voda.

VIII

ABSTRACT
Key words: groundwater flow model, karst spring, numerical model, Težka Voda spring, karst quantification
The main problem related to the karst system in Slovenia is its complex and deep structure. In most
cases, the karst spring catchment area, recharge and conduit system are unknown. For this reason, the
Težka Voda spring was chosen where the size of the catchment area is known and one conduit can be
predicted on the basis of tracer tests (Habič, Kogovšek, 1992). The main goal of this master research
work is to develop a calibrated groundwater flow model of a karst aquifer drained by the Težka Voda
karst spring (SE Slovenia). This will provide the quantification of the system and dynamics of the karst
aquifer.
Thus, this work aims to improve the understanding of the Težka Voda spring and to calibrate the
model so that it adequately simulates the observed discharge while the hydraulic heads (for which no
observation exists) vary within reasonable ranges.
Methods used for defining the parameters for the karst spring of Težka Voda are:
•
•
•
•

Numerical calibrated model of the obtained aquifer based on the measured discharge rates of
the Težka Voda spring. The model employed is based on the assumption of Darcy flow,
Groundwater recharge calculation based on the equation soil-water balance approach,
Sensitivity tests of individual hydraulic parameters,
Master recession curve computed by the method developed by Posavec, et al. 2017.

The model is used with three representative years, a year with the average precipitation rate, a
maximum precipitation year and a minimum precipitation year. The calibrated model will finally be
used to assess the impact of changes in the temporal and spatial distribution of recharge on the spring
discharge and the hydraulic heads within the aquifer.
The main conclusion of the calibrated model is that the year with the average precipitation rate gives
the best estimation and simulation of the measured discharge rates at the Težka Voda spring. Years
with extreme precipitation rates do not describe the measured discharge rates. This indicates more
complex system conditions than the ones described with the model. Therefore, the model works well
for the year with the average precipitation; however, in the case of years with extreme amounts the
model fails to simulate these more complex conditions because of the model simplification. Based on
the model results the connection between the matrix and conduit flow is well expressed in the karst
aquifer.
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ŠIRŠI POVZETEK VSEBINE
Ključne besede: kraški izvir, kvantifikacija krasa, numerični model, izvir Težka voda, podzemni tok vode
Polovico Slovenije prekriva kras, ki je tudi zelo ranljiv vodni vir, iz katerega se s pitno vodo oskrbujejo
številna naselja. Največji izziv pri zaščiti teh vodnih virov predstavlja določanje napajalnega zaledja.
Glede na naravo kraškega vodonosnika se pogosto zastavlja vprašanje o geometriji kanalov, ki vodijo
do kraškega izvira. V sodobni stroki so se uveljavili številni pristopi, s katerimi skušamo ugotoviti te
nedoslednosti. Mednje sodi numerično modeliranje toka podzemne vode z modeli, v katerih je združen
kanalski tok s tokom v medzrnskem poroznem mediju. V Sloveniji takega pristopa za modeliranje toka
vode skozi izvir še nismo uporabili.
Za medzrnske vodonosnike je bilo narejenih veliko analitičnih in numeričnih raziskav, medtem ko
kraški sistemi pri numeričnem modeliranju predstavljajo določene omejitve. Vzrok je predvsem v
hidravličnih parametrih, ki so pri številnih takih sistemih neznani. V Sloveniji so kraški sistemi globoki,
zato se pri njihovem opisovanju uporabi veliko predpostavk o napajalnem zaledju. Vendar pa so iztoki
na izvirih iz vodonosnika lahko merljivi. Znano je, da so na krasu iztoki podzemne vode koncentrirani
v eni točki. Izviri tako predstavljajo veliko večino podzemne vode, ki izteka iz vodonosnika, in so tako
potencialno dobri indikatorji iztokov.
Kot primer je izbran izvir Težka voda pri Novem mestu, kjer je velikost napajalnega zaledja približno
znana. Iz predhodno izvedenih sledilnih poizkusov izhaja, da je predpostavka o enem dovodnem
kanalu smiselna (Habič & Kogovšek, 1992).
Namen naloge je kvantitativno opisati dinamiko vodonosnika v zaledju izvira Težka voda. Z modelom
želimo prispevati k boljšemu razumevanju tega kraškega vodonosnika.
Metode, s katerimi so parametri vodonosnika izvira Težka voda določeni, so naslednje:
• Numerični kalibriran model obravnavanega vodonosnika na podlagi merjenih pretokov na
izviru Težka voda, ki temelji na omejitvah Darcyevega zakona
• Izračun napajanja po enačbi ‘‘soil-water balance approach’’,
• Analize občutljivosti posameznih testnih parametrov,
• Glavna recesijska premica, izračunana po metodi Posavca s sodelavci (2017).
Podatke o iztokih je z merjenjem na hidrološki merilni postaji Stopiče zagotovila Agencija Republike
Slovenije za okolje. Obravnavano obdobje je bilo določeno med leti, ko ni bilo manjkajočih podatkov.
To je bilo obdobje med letoma 2005 in 2015. Model je predstavljen za tri reprezentativna leta, za leto
s povprečno količino padavin (2006-2007), leto z maksimalno količino padavin (2012-2013) in za leto
z minimalno količino padavin (2011-2012).
Kalibriran model predstavlja oceno časovne in prostorske spremenljivosti v odvisnosti od napajanja in
njihov vpliv na iztok iz izvira ter na razporeditev hidravličnih višin v vodonosniku. Zaradi omejene
količine merjenih podatkov vodonosnika, je model vpet na edino merjeno količino, to so pretoki na
izviru Težka voda. Model sistema predstavlja poenostavljen sistem z enim kanalom z višjo hidravlično
prevodnostjo, kot jo ima matriks okoli kanala. V sprednjem delu modela je predpisan izvir, ki ga
predstavlja ena celica, na nasprotni strani pa je predpisano površinsko napajanje ponikalne reke
neposredno v kanal, ki ga prav tako predstavlja ena celica. Oba parametra sta povezana s kanalom.
Da model lahko simulira iztoke iz vodonosnika, moramo slednjemu predpisati napajanje. Napajanje je
izračunano na podlagi podatkov, pridobljenih iz meteorološke postaje Novo mesto in objavljenih na
X

spletni strani Agencije Republike Slovenije za okolje. Napajanje je bilo določeno na podlagi enačbe
‘‘soil-water balance approach’’, ki temelji na količini kapacitete tal ter razmerja med potencialno in
dejansko evaporacijo in količino padavin. Območje napajalnega zaledja je razdeljeno na neposredno in
porazdeljeno napajanje, kjer nas je zanimalo, kako drugačne porazdelitve napajanja delujejo na iztoke
iz vodonosnika.
Z analizo občutljivosti so testirani parametri in vpliv spremembe v posamičnem parametru na sistem.
Testirani so parametri za hidravlično prevodnost matriksa in kanala.
Vsi podatki o iztokih, ki so bili izračunani z modelom, so bili nato še primerjani z glavno recesijsko
premico, ki opisuje predvsem lastnosti vodonosnika. Zato je to dobra metoda za primerjavo dobljenih
rezultatov modela.
Glavna ugotovitev kalibriranega modela je, da se modelirano leto s povprečno količino padavin na
podlagi primerjave izmerjenih in modeliranih iztokov najbolje ujema z modelom. Leti z ekstremnimi
količinami padavin z modeliranimi iztoki ne simulirata merjenih pretokov izvira Težka voda. To
nakazuje na kompleksnejše delovanje sistema, kot je to predstavljeno z modelom. Model tako deluje
za povprečne količine, pri ekstremnih količinah pa zaradi kompleksnejšega delovanja sistema model
odpove. To ugotovitev je potrdil izračun koeficienta učinkovitosti simulacije CE po enačbi Nash &
Sutcliffe (1970). Zanimivo je, da so koeficienti determinacije R2 na podlagi recesijskih krivulj podali
rezultat, da najboljši model predstavlja leto z maksimalno količino padavin. Vzrok je v večjih in hitrejših
iztokih za modelirane parametre. To kaže na neskladnost sistema s postavljenimi parametri, ki so
ugotovljeni kot veliko kompleksnejši. Glavni razlog za to je v morebitni večji količini in drugače
razporejenih kanalih, kar posledično vpliva tudi na razporeditev napajanja ter drugačne razporeditve
hidravlične prepustnosti.
Na podlagi modela se ugotavlja dobro izražen odnos med matrično-kanalskim tokom podzemne vode
v zaledju izvira Težka voda.
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1. INTRODUCTION
Karst systems are complicated systems which are poorly understood and a lot is still to be learnt.
In Slovenia, a great deal of surface is covered with karst systems, developed by surface flows on
carbonate rocks such as limestone and dolomite. Karst springs in Slovenia have not been
represented with a numerical model. Therefore, this research will examine the groundwater model
of a karst spring, Težka Voda.
In addition to widely used survey techniques, such as geological mapping, borehole analysis,
hydrograph analysis, chemical and isotopic analyses, tracing experiments and others, quantitative
characterization of karst hydrogeological systems is extremely important. In porous media,
numerical modelling techniques have been widely used to characterize groundwater flow; however,
the numerical modelling of groundwater flow in karst aquifers still remains a particular challenge
due to their strong heterogeneity and erratic hydraulic behaviour (Kovács, 2003). Karst springs are
one of the most important features of the karst hydrogeological system. Their physical
characteristics such as discharge can be easily measured, providing fundamental knowledge of
groundwater flow. The discharge in karst systems is concentrated in one point; therefore, karst
springs are discharging large volumes of groundwater (Fiorillo, 2014).
Before the transient groundwater model was developed, a few necessary steps had been taken. The
first very important step was to carefully choose the right karst spring for the investigation. This is
very important because in Slovenia there are a lot of karst springs with karst systems that are not
well known. Because the karst conduit systems are not well known, the exact recharge area of a
karst aquifer, remains unknown. The karst groundwater system is not only complex but invisible
to the eye and because of that the best indicators of the systems are karst springs where discharge
can be measured. If the catchment area of the spring is known and the size of it is smaller, it is
more likely to be easier to understand. Therefore, with the assistance of the Slovenian Environment
Agency, the Težka Voda spring whose catchment area size is known was chosen for the
investigation.
The spring is located on well-fractured dolomite from the Triassic period. In the catchment area of
the Težka Voda spring, the dolomite overthrusts well karstified limestone with the source of
groundwater feeds the spring. The aquifer of the Težka Voda spring is unconfined (ARSO, 2018a).
The catchment area of the spring is estimated to be 25.6 km2 (ARSO, 2018a).
Tracer tests were performed during the previous research in order to be able to delineate the
catchment area of the Krupa River. It belongs to the same water body of Dolenjska Karst, south of
the Težka Voda spring. One of the tracer tests showed a connection between the Krupa River and
the Težka Voda spring (Habič & Kogovšek, 1992). Because of the complicated dynamics of the
groundwater outflow in the catchment area, the watershed line is not delineated and therefore the
conduit system of the aquifer has not been well investigated. This connection of the spring and the
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Krupa River is not only the source of additional recharge but can be also used as the indication of
at least one conduit in the aquifer.
This research work aims at establishing how different parameters affect the discharge of the Težka
Voda karst spring. In doing so, the aim is to approach the quantification of the karst research area.
However, the hydraulic parameters of this area remain unknown, therefore an appropriate
conceptual model must be designed to describe the behaviour of the aquifer. Parameters are
selected so that they will provide a logical description of a karst aquifer.
To reach this goal, a calibrated transient model is developed and adjusted to get as close as possible
to the behaviour of the measured spring discharge. We seek to draw a comparison between the
calibrated model results and the measured discharges, and to present them with master recession
curves (MRC). After obtaining satisfying results of the calibrated model, sensitivity analyses are
preformed to observe how changes of different parameters affect the results. Finally, all of this will
improve the level of understanding of the behaviour of the Težka Voda karst spring.
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2. THEORETICAL BACKGROUND OF THE INVESTIGATED
AREA
2.1 GEOGRAPHY
The Težka Voda spring is positioned in the region of Dolenjska (Figure 1) in the south-east of
Slovenia. From the geographical perspective, this region is stretched from the Ljubljana Basin to
the Croatian border. The part with the Težka Voda spring is also called the Gorjanci hills. On the
east side the region of Dolenjska verges on the Sava River, the biggest river in Slovenia, while to
the west it reaches the municipality of Bloke and the Kolpa River. Dolenjska is a hilly landscape
along the Krka River and its tributaries, and it is a karst region also known as Dolenjska Karst
(Stele, 1970). The Težka Voda spring is in the vicinity of the capital city of the region of Dolenjska,
Novo Mesto. It is around 6 km in a northwesterly direction from the Težka Voda spring.
It is characterized by a great landscape diversity as it combines three units in Slovenia; the Alps,
the Pannonian Plain and the Dinaric Mountains.
Its outflow is in a small village, Gornja Težka Voda. In Novo Mesto - Kandija, the Težka Voda
River is the right tributary to the Krka River, the second biggest river in Slovenia (Orožen et al.,
1995). The spring is a part of the Gorjanci hills known as a plateau of hills with the highest peak at
the altitude of 1178 m called Trdinov vrh (Novak, 1998). The Težka Voda catchment area is in the
western part of the Gorjanci hills where the highest elevation is between 700 and 800 m (Habič &
Kogovšek, 1992).
Climate in this region is continental with the mean precipitation ranging from 1100 to 1300
mm/year. In the foothills, the mean January and July temperature is between 0 and 20°C.
The soil type is rendzina, a typical soil type for karst regions. Its typical field capacity is between
20 – 70 mm.
Higher parts of the Gorjanci hills are overgrown with extensive beech forests. Some areas had been
deforested and are now becoming naturally overgrown or reforested with spruce. Beech forest
spreads in the eastern part of the Gorjanci, oak forest in the western and central part, up to 600 m
of altitude.
The region also includes karst depressions. Two biggest ones in this part of the Gorjanci are called
Popova Rustinja and Rakitovec and have developed at the Dinaric and Balatonic tectonic directions
perpendicular to each other (Habič & Kogovšek, 1992).
The catchment area of the spring is 25.6 km2 (Figure 2) and is defined by the water balance
calculations, tracer tests and other investigations conducted by the Slovenian Environment Agency
(ARSO, 2018a).
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Figure 1: Geographical position of the investigated area and the region of Dolenjska (source: Klberer & Walker, 2017)

2.2 GEOLOGY
The area of the Težka Voda spring has an abundance of limestone and dolomite of the Mesozoic
age with karst porosity that varies from low to high intensity of karstification (Kakovost
podzemne…, 2008). The whole area belongs to the tectonic unit of the External Dinarides where
thrust units and faults are interlaced in the Dinaric and perpendicular Balatonic directions (ARSO,
2018a).
The spring and its catchment area belong to the unit of Dolenjska Karst and to the Gorjanci aquifer
system. The tectonic unit with the catchment area of the Težka Voda spring is called the External
Dinarides. In this tectonic unit the thrust and fault units intersect lengthways in Dinaric direction
and diagonally in Balatonic direction. The dominant rock types found in this area are very well
karstified Jurassic and Cretaceous limestones, well permeable dolomites that have a function of
hanging barriers and overthrust the limestone in the catchment area of the Težka Voda spring
(Figure 2) which is located in the area of highly fractured and tectonically crushed Triassic dolomite
(ARSO, 2018a).
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Figure 2: Geological map of the Težka Voda spring catchment area (source: Plečnikar et. al., 1967)

2.2.1 GEOLOGICAL STRUCTURE OF THE AREA BETWEEN THE KRKA AND
KRUPA RIVERS
According to Premru (1982), the western Gorjanci structurally belong to Notranjska and Dolenjska
sub-zones of the Friuli zone, the External Dinarides. It contains layers of thick successions that
mainly consist of carbonate rocks such as limestone and dolomite. Passing from the Eocene to the
Oligocene, these successions were overthrusted and folded, and later in time they were additionally
faulted. During this period, separate blocks either rose or sank. Tectonically, the dissected surface
was already well lowered and straightened by the time younger tectonic shifts at old and new fault
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zones cut the surface apart again. Today’s hydrogeological and morphological conditions result
from the multi-phase geological and morphological events (Habič & Kogovšek, 1992).
Beds found in this area from each period are described below. The area between the Krka and the
Krupa rivers is shown in Figure 3.

2.2.1.1 Triassic Period
Norian and Rhaetian gray layered and bright non-layered dolomites are the oldest rocks in this area.
They form the part between Novo mesto and the Gorjanci, between the Gorjanci and Metlika and
in the vicinity of the Črmošnjica River and Rožni Dol. Gradually, they transform upwards to
Liassic limestone with inserts of dolomite. Thickness of the late Triassic dolomite is up to 1200 m.
At faults Triassic dolomite connects with Cretaceous and Jurassic limestone, which means that
separate blocks of dolomite rose higher, and younger layers over the dolomite were eroded.
Another explanation could be that dolomite blocks are a part of the cover that was overthrusted
over the younger Cretaceous and Jurassic layers. In some parts, the dolomite is covered by the late
Cretaceous rocks, which could be a proof of older tectonic faulting and rising of the base in the
Balaton fault zone (Habič & Kogovšek, 1992).

2.2.1.2 Jurassic Period
Jurassic successions are the most widespread in this area. They form the area between the Krka
River towards Rožni Dol and Radoha, a part of the central ridge of the Gorjanci and lower eastern
catchment area of the Krupa and towards Suhorje. The characteristic layer of this period is light
gray limestone with discordantly deposited late Cretaceous pelagic sediments.
Successions of early and late Lias are represented by gray oolite limestone, limestone with
Lithiotidaes, brecciated limestone, limestone with chert and white grainy dolomite. The final
thickness of these layers is approximately 120 m. They are found in the valley of Sušica between
Uršna sela and Dolenjske Toplice.
Late Lias and Dogger layers are characterized by typical grey oolitic limestone found as a thin belt
at the western foot of Ljuben. These layers are around 200 m thick but play no important role. The
majority of this area is composed of early Malm light-grey limestone. It can be found between
Uršna Sela, Ljubno and Dolenjske Toplice and also at the foot of the northern slope of the Gorjanci.
Late Malm white and grey limestone with rare layers of dolomite and oolitic limestone are located
discordantly on late Triassic dolomite east of Rožni Dol. They stretch in the eastern higher part of
Bela Krajina. Significant quantities are also found between Uršna sela, Mraševo and Brod near
Novo Mesto. The thickness of these layers is between 300 and 600 m (Habič & Kogovšek, 1992).
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2.2.1.3 Cretaceous Period
The catchment area of the Krupa River is predominantly covered by early Cretaceous limestone
and dolomite. These beds are 500 to 700 m thick. These successions are called Barremian and
Aptian limestone and dolomite.
Late Cretaceous successions in the region of Novo Mesto and Črnomelj developed in two different
ways. Cenomanian and Turonian grey flat limestone covers smaller tectonically limited units in
the areas of Radoha and Rigelj. Pelagic development of late Cretaceous with mostly marl, sandy
and breccia rocks is specific for the eastern part of the catchment area of the Krupa and Težka
Voda. The lower part consists of grey and black limestone with parts of black or grey chert and
green or red marlish slate with parts of chert. Above this is a layer of red flat limestone, red and
grey marlish and clayish slate with parts of chert, and in between this layer there are thick parts of
limestone breccia. In this part of succession, grey mica sandstone is important which is similar to
cretaceous flysch sandstone. Near Popova Rustinja, conglomerates are found between the
limestone layer that is 10 to 20 m thick.
Late Cretaceous pelagic successions play an important role in the hydrogeological function in the
watershed between the Krka and Krupa rivers. Structure wise they are not consistent and because
of that they have different permeability, in some parts of this succession surface water flow is
present and in other parts layers are fissured and well conductive or consist of local aquifer with
small springs. As these layers consist of non-carbonate material as well, thick layers of weathered
material are deposited on these layers (Habič & Kogovšek, 1992).

2.2.1.4 TECTONIC STRUCTURE OF THE AREA BETWEEN THE KRKA AND KRUPA
RIVERS
In structural terms, these successions belong to different thrust units. According to Premru (1982),
the catchment area of the Krupa River belongs to the thrust unit of the External Dinarides and the
Dinaric-Balaton thrust unit. The area between the western Gorjanci and the Krka River belongs to
Toplice-Gorjanci thrust (TG in Figure 3), and the area between the Krupa River and the Gorjanci
belongs to Črnomelj plate or Rog thrust (R in Figure 3). The eastern part of Bela Krajina belongs
to Metlika thrust. Premru also named it Toplice-Vivodina thrust. It seems that the area of the
Gorjanci has a double thrust structure; the older External Dinaride structure and the younger
Dinaric-Balaton structure.
Besides folds, thrusts and faults, young tectonic movements are also geologically important in this
area. One of the most important faults in the western side are Žužemberk and Toplice fault (marked
as 1 and 2 in Figure 3) and on the east side of Novo mesto and Metlika fault. In the middle of the
area there are important diagonal faults in the Dinaric direction by which Gorjanci is rised. On the
north side, this area is delineated by Orehova vas fault (marked as 4 in Figure 3) and in the south
by Sošice fault (marked as 5 in Figure 3). Towards south-west, in contact with Toplice and
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Žužembek fault, these two faults have no important morphologic function anymore (Habič &
Kogovšek, 1992).

LEGEND: 1- limestone, 2 - dolomite, 3 - flysch, 4 – plioquaternary sand and loam, 5 – quaternary clay, 6 – terra rossa, 7 – overthrust (R – Rog, Tg – Toplice Gorjanci, Tv – Toplice Vivodina), 8 – important faults (1 – Žužemberk, 2 – Toplice, 3 – Novo mesto,
4 – Orehova vas, 5 – Sošice, 6 – Črešnjevci, 7 – Semič Radenci), 9 – karst spring, 10 – sinking stream.
Figure 3: Geological map of karst aquifer between the Krupa and Krka rivers with main faults and thrust units (source: Habič &
Kogovšek, 1992)

2.3 HYDROGEOLOGY
The most substantial right tributary of the Krka River is the Težka Voda with karst springs situated
east of the Petelinica brook. These springs supply the city of Novo Mesto with water. The
easternmost brook is called Klampfer and together with the Težka Voda it belongs to the Krka
River. Water is collected from the highest part of the Gorjanci, south of Gabrje. The area in between
Uršna sela, the Težka voda and Dolž is without any surface water and is a typical karst surface with
numerous sinkholes and shallow karst hollows typically situated at the bottom of dry valleys. In
the area of the Gorjanci there is only one small sinking river called the Reka in Ponikve, north of
Popova Rustinja (Habič & Kogovšek, 1992).
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Dolomite in the catchment area of the Težka Voda is karstified and does not perform a function of
a hydraulic barrier. The limestone layer under the dolomite layer is highly karstified and allows the
groundwater to flow in its usual way. The main recharge of the spring comes from the lower
limestone layer (ARSO, 2018a).
Surface waters in the area of the Gorjanci with a very well conductive aquifer mainly discharge
into the Težka Voda, Krupa and Metliški Obrh springs. Accurate division between the outflows of
individual springs is not possible, but current investigations show an extensive zone in their
catchment area that recharges all three springs. Bifurcation areas are on the area Ponikev na
Gorjancih, from where the main amount of water is recharging the spring Težka Voda and area
Malinska draga between the Krupa and Metliški Obrh springs (ARSO, 2018a).
Because of the well connected carbonate rocks, the water is hydrologically connected within the
whole karst aquifer from where groundwater is discharged to the surface only in three continuous
springs and an occasional one. Springs in the vicinity of the Petelinec and a smaller right affluent
of the Krka River between Vavta vas and Novo Mesto only partly drain smaller local aquifers. The
same applies to the Ušivec spring at Metlika and the Metličica stream. Important springs that
belong to the aquifer are the springs of Težka voda, Krupa and Metliški Obrh (Habič & Kogovšek,
1992).
The aquifer in the area of the Krka and Kolpa river basins, south-eastern part of Slovenia, consists
of compact sediment rocks and incoherent sediments. This aquifer represents a karst system of
Dolenjska region. Because of the rock structure described above, aquifer in this area is a
compounded karst aquifer (Habič & Kogovšek, 1992).
Three typical types of aquifers are found in this area (ARSO, 2008):
1) The first aquifer is slightly karstified, from the Mesozoic age. It is found in dolomites and
limestone. It is karst and fissured aquifer, extensive and highly to medium substantial.
2) The second is a karst aquifer which is a little to intermediate karstified, composed of
limestone and dolomite from the Mesozoic period. It is local or extensive, but low to
medium substantial. The hydraulic divide between the first and the second aquifer is mainly
lithological, occasionally tectonic. This divide can be characterized by varying conductivity
(one or two ranges) and porosity (karst or fissured). The hydraulic divide between the two
aquifers is mainly conductive to semi-conductive, and only at tectonic contacts it is nonconductive. The conductivity of the bottom of both aquifers is low to very low and plays a
role of a hydraulic barrier. Because the aquifers lie one above another, the divide between
them extends also in the horizontal way. Various hydrodynamic divides that delineate
various groups of local aquifer systems are present within both aquifers. The most important
regional hydrodynamic divides inside the system are the Krka and Kolpa rivers, but also
drainage surface flows and the related local watersheds (Ribnica, Rinža, Dobličica, Lahinja,
Temenica, Radulja, Težka voda) form local hydrodynamic divides. The most important part
of the water body is used to supply the local population with drinking water belongs to the
first and the second aquifer.
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3) The third, deep thermal aquifer, is in dolomite and limestone of the Mesozoic age.
According to porosity, it is a fissured aquifer which is local and discontinuously substantial
or extensive. This deep aquifer with thermal water is partly located under thick, low to very
low permeable upper layers, and partly it continuously passes into the depth through the
first and second aquifer. The hydrodynamic divide between the first two aquifers that are
surface aquifers and the third one that is a deep aquifer is mainly permeable and therefore
the hydraulic connection between all three aquifers is direct. The deep aquifer is mainly
draining through narrow tectonic zones and partly feeds the first two aquifers above it or
discharges directly through the springs such as Dolenjske Toplice, Šmarješke toplice,
Klevevž and others. The aquifer is recharged with infiltration through the upper two surface
aquifers. This recharge can be linked to narrow tectonic zones.

2.4 PREVIOUS RESEARCH WORK
2.4.1 WATER TRACING IN THE KRUPA KARST CATCHMENT AREA IN SE
SLOVENIA
This chapter summarizes the research work on water tracing tests of the Krupa River conducted by
Habič & Kogovšek (1992).
Since my work is only focused on the Težka Voda spring, the results of the tracer tests are
summarized for the Težka Voda spring (Figure 4).
As written by the authors Habič & Kogovšek (1992, p.2), “Water tracing tests performed in 1990
and 1991 contributed important new results with regard to water circulation in limestone dolomitic
aquifer among the Krupa, Težka voda and Metliški Obrh springs on the watershed between the
Krka and Kolpa rivers in the western Gorjanci, south-east of Slovenia. With these tracer tests the
connections with the springs of the Krupa, Topliška Sušica, Metliški Obrh and Težka Voda were
established. In the catchment area of these springs a large bifurcation zone lies feeding several
springs at a time”.
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LEGEND: 1 – sinking stream with spring and ponor, 2 – proved water connection, 3 – catchment area of the karst spring, 4 –
bifurcation catchment area of Krupa.
Figure 4: Map of tracer tests made in 1990 and 1991 (source: Habič & Kogovšek, 1992)

Geological profile interpreted by Habič & Kogovšek (1991) as seen in Figure 5 below shows the
maximum and minimum hydraulic heads developed in the cross-section of Sušica-Rožni dol-Krupa
that is situated in the north-west direction from the Težka Voda spring, but has the same Dinaric
direction as the spring and the Težka voda catchment area.

LEGEND: T-Triassic dolomite, K-Cretaceous dolomite, v.v.-high water in karst, n.v.-low water in karst, p-swallow hole, i-karst
spring, s-dry valley
Figure 5: Morphological cross-section Sušica-Rožni dol-Krupa (source: Habič, 1992)

Popova Rustinja and Rakitovec are the biggest sinkholes in the western part of the Gorjanci. The
base is composed of well-conductive late Jurassic limestone that is connected with late Cretaceous
poorly conductive successions in the northern side of Popova Rustinja. There, the surface flows
11

sink into the karst subsurface. The biggest river here is called the Reka and is more of a stream
than a river. It sinks in the valley of Ponikve (Figure 6).
The Reka stream sinks into several sinkholes at the altitude of around 690 m. Its basin covers the
area of 0.87 km2, it is 1.8 km long and maximum 1 km wide. The Reka stream has small flow rate
between 0.1 to 10 L/s. Surface water from less conductive late Cretaceous layers with chert and
marl discharges into more karstified Jurassic limestone in the base. Jurassic rocks are mainly in the
eastern part of the Krupa River catchment area. Less conductive Triassic dolomite is found on the
surface over the limestone in the direction towards the Težka Voda in the north and towards
Metliški Obrh.

LEGEND: 1 – sinking stream with spring and ponor, 2 – orographic watershed, 3 – border of karst plateau, 4 – dry valley, 5 –
ouvala, 6 – Reka water basin, 7 – the point of uranine injection.
Figure 6: Map of Ponikve at the Gorjanci where the Reka sinks into the groundwater (source: Habič, 1992)

Because of the different distance between these springs and Ponikve where the Reka River sinks
into the groundwater, velocity is the lowest towards the Težka Voda equalling 1.23 cm/s. The
differences in concentrations are more important since the main concentrations of uranium were
found in the Težka Voda. The maximum concentration of uranium in the Težka Voda was
10.20 mg/m3. In the Krupa, this concentration was only 0.025 mg/m3 and therefore it was 400 times
lower than the one in the Težka Voda. When lower concentrations of uranium are used, it will not
appear in the Krupa.
Water from the Reka stream in Ponikve na Gorjancih flows in three directions; the main part goes
to the Težka Voda, a little less to Malinska Draga and the smallest part of it flows to the Krupa.
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2.4.2 SPRING HYDROGRAPHS
The karst spring discharge is highly variable. After each precipitation event, hydrographs show the
discharge event as a response of an aquifer. Hydrograph peaks consist of a rising and a falling limb
(Figure 7). An inflexion point is at the top of a limb representing the maximum infiltration state.
After the inflexion point, the limb decreases with a steep slope called flood recession. The flood
recession is followed by a baseflow recession which is the most stable section of the hydrograph.
The flood recession has another inflection point where the limb becomes less steep, and then it
converts into the baseflow recession. This point represents the end of the infiltration event (Kovács,
2008).

Figure 7: A schematic model of a spring hydrograph (source: Kovács, 2008)

The decreasing limb of a hydrograph can be decomposed into several exponential segments.
Kovács (2008) made different models to investigate this statement. The conclusion of his work
was: “In case of concentrated and diffuse recharges into an aquifer, the spring hydrograph can be
reconstructed as a sum of individual block discharges and the discharge originating from the
conduit system. In the case of temporarily varying recharge, the end of the influence of the conduit
flow on a hydrograph manifests as an inflection point on the recession limb. This provides an
insight into the hydraulic behaviour of karst hydrogeological systems. This method also enables
the estimation of hydraulic parameters and conduit network geometry of karst aquifer”.
During the recession, hydrograph is the stable part, and it is believed to express some geometrical
and hydraulic characteristics of aquifers. In well karstified systems when the recharge event ends
or makes a major decrease, the decrease of discharge is observed on the hydrographs. This event
is interpreted as a rapid drainage of the conduit system. Hydraulic head in the conduit decreases
and Darcy’s law does not describe the flow properly because of the increased velocities of the flow,
and the flow is not linear anymore. When hydraulic heads in the conduit reaches the water table of
the matrix, the saturated zone being drained, which present the baseflow on the hydrograph (Figure
7). Gently sloped part of the decreasing limb in the second part indicates a higher water volume
stored in saturated zone, which causes a lower decrease of the discharge. The shape of spring
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hydrograph expresses the heterogeneity of karst aquifers. Generally Darcy’s law cannot describe
the entire recession, especially when the recession is the fastest in the fast decreasing part of the
recession curve that is typical for conduit drainage. It would work only in poorly karstified areas
(Fiorillo, 2014).

2.4.3 MASTER RECESSION CURVE
The master recession curve gives us characteristic behaviour and properties of the aquifer. It is the
sum of all recession events for an obtained spring hydrograph. It provides the information on the
probable size of recharge areas in karst and fissured systems. The wider the recharge area of the
system, the higher the probability of different geological structures, different storage and flow paths
in the system. This yields in wider spread of overlapped recession segments, outlining a more
stochastic nature of processes in the system (Posavec et al., 2017). Recession analysis has proven
useful in many areas of water recourse planning and management, such as low-flow forecasting for
the management of irrigation, water supply, hydroelectric power plants and waste dilution (Posavec
et al., 2006). The shape of the master recession curve reflects hydrodynamic properties of the
aquifer system and geomorphologic characteristics of its catchment area. It is influenced by
hydraulic conductivity, storage, and thickness of the aquifer, geometric features of the catchment
and the intensity and duration of the recharge events preceding the recession (Posavec et al., 2017).
In any given system, such as an aquifer, individual recession segments recorded at different times
may have different slopes depending on the variability in storage, evaporation loss, and recharge
rates. In many cases, it is possible to compile individual recessions into a single recession curve
that provides an average characterization of head, flow, or other observed variable response: the
resulting construction is termed a master recession curve known as MRC (Posavec et al., 2006).
The MRC is constructed by visually fitting a model function to the set of individual recession
segments to achieve the best fit (Posavec et al., 2006).
Using the recession curves of Cheddar springs (Great Britain) and flow recession of the
Gallusquelle spring (Germany) showed that the exponential recession function represents a longterm approximation of analytical solutions of the flow equation of fissured matrix blocks draining
toward a fixed-head boundary (Birk & Hergarten, 2010). Thus, early deviations from the
exponential behaviour potentially originate from the inappropriateness of this approximation at
short times. Analysis of early recession behaviour of spring hydrographs presented by Birk &
Hergarten (2010) showed that the long-term flow recession of fissured matrix blocks can be
approximated by an exponential function. The early recession is non-exponential and depends on
the initial conditions.
Pavlič (2016) used the MRC method in two different approaches. One involved manual adaptation
of the curves of different karst hydrograph spring recessions of Vipava, Slovenia, in order to get
the best approximation of master recession curve based on the same limitation criteria for
recessions that lasted for 7 days. In calculations, she used arithmetic mean and decile of the spring
discharges. Finally, she calculated median of each recession and found a really good match between
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them. In the second approach to the MRC analyses she used VBA algorithm of Posavec et.al.
(2006). She found that manually calculated master recession curve gave better results than the
algorithm. In conclusion she wrote that the algorithm calculates the recession based on combined
segments using a trigonometry approach and because of that it presents the simplification of the
calculation of the analysed system.
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3. CONCEPTUAL MODEL AND MODEL DESIGN
This chapter presents the conceptual model built on the knowledge gained from the theoretical
background described before. The conceptual model explains the logic background of what one
model will represent and what parameters it will use. It is presented in Figure 8.
Development of a groundwater flow model for the Težka Voda karst spring consists of the
following steps:
1. Collecting geological and hydrogeological data on the catchment area of the spring,
overview of the previous research work in this area,
2. Collecting the discharge flow rates of the karst spring for various years,
3. Determining the initial hydraulic parameters based on the information collected on the
catchment area,
4. Building a simple, one layered, steady-state model for better visualization of the modelling
area in Processing Modflow,
5. Collecting data on precipitation and temperature from the meteorological station near the
modelling area,
6. Calculating recharge from the precipitation with soil-water-balance approach for the given
time window,
7. Building the transient, one-layered model in Model Muse,
8. Comparing the modelled and measured discharge of the spring with recharge and
precipitation rates and with master recession curve,
9. Calibrating the model,
10. Comparing the calibrated modelled and measured discharge of the spring with recharge and
precipitation rates and with master recession curve.
Every conceptual model of a karst system incorporates heterogeneity and the duality of the
infiltration, duality of the groundwater flow field and duality of the discharge conditions. Duality
of the infiltration is represented with diffuse or slow infiltration into the low conductive media, in
my case matrix and concentrated infiltration into the conduit system. Duality of the groundwater
flow field separates low flow velocities from the high flow velocities in the conduit system. In case
of Težka Voda spring low flow velocities are presented in the matrix and high flow velocities in
the conduit. Duality of the discharge conditions divides diffuse seepage from the low permeability
volumes and concentrated discharge from the conduit system at the karst springs (Kovács, 2003).
In case of Težka Voda spring discharge is possible only through the karst spring.
With a groundwater flow model I wanted to quantify the karst aquifer that belongs to the Težka
Voda karst spring. However, hydraulic parameters are unknown since it is a poorly known area.
One of the first problems encountered was how to decide which parameters to use when modelling.
The only parameter measured for this aquifer was daily spring discharge 𝑄𝑑𝑖𝑠 and the catchment
area size. The following is only the estimation of possible size of the catchment area.
The model represents one-layered unconfined karst aquifer with karst spring discharge.
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Figure 8: Conceptual model for karst aquifer of the Težka voda spring

The model presents the catchment area of the Težka Voda spring. The catchment area is 25.6 𝑘𝑚2 .
The model is approximated into a square shape of size 5 × 5 𝑘𝑚. When modelling in program
ModelMuse, boundary conditions are set, and where there is no flow, cells are inactive, therefore,
the cells all around the model are inactive, except for the spring cell and the river recharge into the
conduit (Figure 9).
As the hydraulic heads are not measured, I defined maximum hydraulic head based on a crosssection of Sušica-Rožni dol-Krupa described before (Figure 5). The spring is at the altitude of
194 m, thus the minimum hydraulic head ℎ𝑚𝑖𝑛 was set to 194 m. At the cross section
Sušica- Rožni dol-Krupa (Figure 5), maximum hydraulic head is around 245 m, therefore
maximum hydraulic head ℎ𝑚𝑎𝑥 in a model was set to 250 m. These are the initial heads. The
constant head cell represents the spring and is kept constant (194 m) as a boundary condition. The
surface gradually increases from 200 m up to 700 m in the back of the model. The bottom of the
modelled area is at 0 m. The zone between maximum and minimum hydraulic head is known as
epiphreatic zone and is described as the most active zone where most dissolution in karst takes
place (Ford and Ewers, 1978). The conduit is located in this zone.
One conduit was introduced into the model based on tracer tests done by Habič & Kogovšek (1992)
as described in the previous chapter. Therefore, the conduit connects the spring (𝑄𝑑𝑖𝑠 ) with the
opposite end of the model where the river recharge feeds the aquifer. It is connected directly with
the conduit and therefore it has the same parameters. The model is the simplification of the karst
system in respect of which, as mentioned before, a lot of information is missing for a detailed and
precise groundwater flow model. Therefore, the model is simplified to a square shaped area with
one straight conduit that connects both sides of the model (Figure 9).
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The spring represents a point where the groundwater discharges from the aquifer and comes up to
the surface. Thus, the spring is represented in a model with one cell that is in the front part of the
model, marked as 𝑄𝑑𝑖𝑠 in Figure 9. The point discharge in the front part of the model simulates
concentrated groundwater flow into spring from the simulated aquifer area. Concentrated discharge
is possible because the spring has higher hydraulic conductivity than the surrounding objects.

Figure 9: Model with distributed recharge

Hydraulic conductivity was set based on theoretical values known for karst. Hydraulic conductivity
of karst varies from 10−3 𝑚/𝑠 to 10−7 𝑚/𝑠. Thus, the initial hydraulic conductivity for the spring
was set to 𝐾𝑠𝑝𝑟𝑖𝑛𝑔 = 0.01 𝑚/𝑠, for the conduit 𝐾𝑐𝑜𝑛𝑑𝑢𝑖𝑡 = 0.001 𝑚/𝑠 and for the matrix
𝐾𝑚𝑎𝑡𝑟𝑖𝑥 = 0.0001 𝑚/𝑠. As can be seen, the highest value was set for the spring and the lowest for
the matrix. This allows the water to discharge from the aquifer through the spring that has the
highest hydraulic conductivity. Because the conduit has higher hydraulic conductivity than the
surrounding matrix, it drains the water from the aquifer and into the spring. The model can simulate
a groundwater flow from back to the front part of the model where one cell with higher hydraulic
conductivity spring and the lowest elevation is, and towards which the groundwater flow
discharges. The initial parameters used for the model are given in Table 4, Chapter 5.
In the whole area of the model, groundwater recharge from precipitation is present. Where objects
with inactive cells, spring and river recharge are, there is no recharge from precipitation prescribed
to the cells. When the model is made for steady state, average groundwater recharge for the whole
period is used. And when modelling transient state, daily changing recharge is used. The first
transient model consists of equally distributed groundwater recharge, while the second and final
transient model is divided into two areas. This is done to see how different distributions of the
recharge affect the spring discharge. The first area is the front area where the spring is and presents
more than half of the modelled area. In this area, normally distributed recharge is used. The second
area is at the back of the aquifer and represents approximately one third of the modelled area. In
this area, groundwater recharge is divided into the direct and distributed recharge. Direct recharge
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represents 30% of all recharge. It is coloured pink and goes directly into the conduit. The distributed
recharge in the matrix represents 70% of the recharge and is coloured yellow (Figure 10). When
dividing the recharge in a smaller area, recharge becomes more concentrated and therefore higher
than in other areas, and it might affect the spring discharge. Because this model is a simplification
of the modelled area, the recharge is not precisely specified as to where the sinkholes or fractures
are. This is done based on the assumption that the back area has more precipitation since it is at the
higher elevation than the front part of the model, thus recharge increases. Moreover, if recharge is
increased at the back part of the aquifer, it is expected that the amount of water draining towards
the spring increases, which means increased discharge especially in the beginning of a recession
event.

Figure 10: 70% distributed (yellow) and 30% direct (pink) recharge

As found by Habič & Kogovšek (1992), the sinking Reka stream recharges the catchment area of
the Težka Voda spring. It’s recharge varies from 0.1 to 10 L/s. Average river recharge is
5.79 × 10−8 𝑚3 /𝑠 and is used for the steady-state model. When daily variating recharge is
introduced into the model, the river recharge depends on the recharge amount. When the
groundwater recharge for this day equals 0 mm, the minimum river recharge of 0.1 L/s is used, and
when groundwater recharge is higher than 0 mm, then maximum river recharge of 10 L/s is used.
It is defined in the last cell of the conduit (see Figure 10).
Recharge from the stream (𝑄𝑟𝑖𝑣 ) described above represents a boundary condition in the model. It
represents vertical recharge from the surface. Despite the fact that the recharge from this stream is
very low, I decided to include it into a model, even though no big changes on spring discharge are
expected. As explained above, its recharge depends on precipitation amount and has daily
recharges that are used in a transient model. Because river represents recharge through a sinkhole
on the surface, river recharge is prescribed as a point recharge in one cell, marked as 𝑄𝑟𝑖𝑣 in Figure
9 and 10. The same as for other parameters river recharge represents simplification and does not
necessary represent the exact conditions in nature (position wise) and is not necessarily connected
to the conduit.
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4. METHODS
All methods used in order to be able to achieve the final calibrated transient model of the Težka
Voda spring are presented in this chapter. Working methods are explained in six steps, the first
meaning the data selection from the gauging stations, then the calculation part follows - first for
the steady state model and then for the transient model. The fifth step is data representation and
lastly two programs are presented in which the groundwater flow model and master recession
curves were made.
One of the first necessary steps was to learn about the geology and hydrogeology of the spring
catchment area. If this requirement is not satisfied, it is impossible to design a groundwater model
of the aquifer. After acquiring the necessary knowledge, the initial parameters were established to
be able to imagine the modelling area.

4.1 OBSERVATION DATA SELECTION FROM THE GAUGING STATIONS
Verified data on the discharge flow rate of the Težka Voda spring was collected from the Slovenian
Environment Agency (ARSO, 2018b). The gauging station at the Težka Voda spring is called
Stopiče.
Meteorological data on average daily temperature and daily precipitation was collected from the
meteorological gauging station of Novo Mesto and is available on the website of the Slovenian
Environment Agency (ARSO, 2018c).
Data from the meteorological and hydrological gauging station used for modelling was collected
between 2005 and 2015. Furthermore, three years were chosen within this time period for better
representation. These were the years with maximum precipitation, minimum precipitation and
average precipitation.
Each observation year starts on 1 April and ends on 31 March the following year. This is the time
period when the groundwater recharge starts due to higher precipitation and melting snow.
The data on the distance between the gauging stations, the coordinates of the gauging stations and
elevations are collected from the website of the Environmental Atlas (Environmental Atlas, 2018).

4.2 STEADY STATE MODEL
First steady state, one-layered model was made with Processing Modflow, version 8.0.47
(Simcore Software, 2017). Processing Modflow is software developed by Simcore Software and is
a simulation system for modelling groundwater flow and pollution. Modflow is a modular three-
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dimensional finite-difference groundwater model published by the U. S. Geological Survey
(Chiang & Kinzelbach, 1998).
Because of the karst nature of the investigated area, the aquifer is considered unconfined.
One grid cell is square shaped and is 100 m wide. Processing Modflow prescribes the values to the
centre of each cell and therefore for the area of 5x5 km2 instead of 50x50 cells 51x51 cells are
rather used.
Subjects used in this one-layered, steady state model are the conduit and the spring point discharge.
The conduit connects the spring at the top of the model all the way down to the bottom of the
model. The conduit in a model is assigned with higher values of cells for hydraulic conductivity,
from surrounding matrix cells that have lower hydraulic conductivity values.
Recharge for steady state model is calculated employing the following equation:
𝐺𝑊𝑅 =

𝑄̅𝑑𝑖𝑠
𝐴

,

(𝑒𝑞. 4−1)

where average discharge 𝑄̅𝑑𝑖𝑠 is calculated for the whole time period from 1955 to 2015.
Groundwater recharge GWR is calculated for the whole catchment area of 25.6 km2.

4.3 TRANSIENT MODEL
4.3.1 GROUNDWATER RECHARGE CALCULATIONS
Groundwater recharge was calculated from the data collected from the meteorological station of
Novo Mesto described above. The data used from the meteorological station is daily precipitation
and daily average temperature. Groundwater recharge is given in units m/day.
The calculation of daily groundwater recharge rates consists of two steps; the first is the calculation
of daily potential evapotranspiration ETP with daily extraterrestrial radiation R a for different
latitudes for the 15th day of the month. Extraterrestrial radiation is estimated from the solar constant,
the solar declination and the time of the year with equation below (Raes, 2012);
𝑅𝑎 =

24(60)
𝜋

𝐺𝑠𝑐 𝑑𝑟 [𝜔𝑠 sin(𝜑) sin(𝛿 ) + cos(𝜑) cos(𝛿 ) sin(𝜔𝑠 )],

(𝑒𝑞. 4−2)

where;

𝑅𝑎 – extraterrestrial radiation [MJ m-2 day-1],
𝐺𝑠𝑐 – solar constant = 0.0820 MJ m-2 day-1,
𝑑𝑟 – inverse relative distance Earth-Sun,
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𝜔𝑠 – sunset hour angle [rad],
𝜑 – latitude [rad],
𝛿 – solar declination [rad].
Latitude used in calculations for Slovenia is 46 degrees. Values can be converted to equivalent
values in mm/day by dividing with Lambda = 2.45. Values for northern hemisphere for
extraterrestrial radiation Ra are given in Appendix 1 to which values of Ra should correspond.
Groundwater recharge is a result of precipitation, evapotranspiration and water stored in the soil.
This water is stored in soil pores and depends on density and size of the pores. It also depends on
ratio between air and water in them that is changing all the time. Water stored in the soil can go to
the groundwater or back to the atmosphere with process known as evapotranspiration.
Evapotranspiration is a process combined with two processes; evaporation and transpiration.
Transpiration is water going to the atmosphere through the plants, and evaporation is the water
going to the atmosphere from the soil.
There are two types of evapotranspiration. One is called potential and the other one is called the
actual evapotranspiration. Potential evapotranspiration is defined as the maximum quantity of the
water vapour which can be emitted by the surface, fully saturated with water, per unit surface area
in the atmospheric conditions. Actual evapotranspiration is the amount of water actually released
from the land and water surface into the atmosphere.
Field capacity is water that soil can keep in pores and that depends on the size of the pores in soil.
Water that comes to the soil is from precipitation. There are various types of soils with different
pore size distribution, which controls water retention and thus field capacities. The pore size
distribution is strongly dependent on soil texture (i.e. grain size distribution). Therefore different
soil types have different values for field capacities.
Potential evapotranspiration ETP is calculated with the following equation;
𝐸𝑇𝑃 =

𝑅𝑎
𝜆

×

𝑇̅ +5
100

,

(𝑒𝑞. 4−3)

where;
𝑅𝑎
𝜆

– extraterrestrial radiation [mm/day],

𝑇̅ – average daily temperature [°C].
Other recharge source that needs to be considered when establishing what affects the spring
discharge is precipitation. On the basis of daily precipitation, daily recharge rates can be calculated
with different approaches. In this work, the soil-water-balance approach is used as a second step in
calculating daily groundwater recharge. This calculation requires the knowledge of the soil type of
the obtained area. Recharge can be calculated from known potential evapotranspiration, daily
precipitation, reduction function and soil maximum capacity groundwater.
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Groundwater recharge is easily calculated in Excel Spreadsheet if all the data is available. Actual
evaporation ETR is calculated as product of the actual ratio between actual and potential
evaporation, with the factor f and potential evapotranspiration ETP;
𝐸𝑇𝑅 = 𝐸𝑇𝑃 × 𝑓 .

(𝑒𝑞. 4−4)

To account for the reduction of evapotranspiration at low soil water contents, it is assumed that
below a threshold 70% of the field capacity evapotranspiration is linearly reduced by a factor f.
Thus, the factor f is the ratio of actual soil water storage to the storage at 70% of field capacity.
This is the percent of maximum field capacity where we can have groundwater recharge GWR and
evapotranspiration below this value (30% of field capacity) plants start to reduce actual
evapotranspiration ETR and there will be no groundwater recharge (Birk, 2018).
To be able to calculate actual evaporation, absolute ratio ETR/ETP needs to be calculated. This is
done with “IF” function in Excel. With this function conditions are defined based on which it can
be determined when the function is fulfilled and when not. When it is fulfilled, function in Excel
is described as “true”, and when it is not, it is described as “false”. This function is used to calculate
absolute ratio between ETR/ETP, soil storage and finally groundwater recharge GWR. Units are
mm/day. Parameters used for calculating groundwater recharge are:
𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 – soil water storage at the beginning of this day [mm/day],
𝑆_𝑆_𝐸𝑛𝑑 – soil water storage at the end of this day [mm/day],
𝑆_𝑆_𝑚𝑎𝑥 – maximum available soil capacity [mm/day],
𝑃 – daily precipitation [mm/day],
ETR – actual evapotranspiration [mm/day],
ETP – potential evapotranspiration [mm/day],
∆𝑆 – change in storage [/],
𝐺𝑊𝑅 – groundwater recharge [mm/day],
ETR/ETP – absolute ratio between actual and potential evapotranspiration [/],
ETR/ETPr – relative ratio between actual and potential evapotranspiration [/],
GWR/Pr – relative ratio between groundwater recharge and precipitation [/].
Soil storage at the end of the day is calculated as sum of soil water storage at the beginning of this
day and change in storage. Soil water storage at the beginning of that day equals the ending value
from previous day 𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 = 𝑆_𝑆_𝐸𝑛𝑑𝑛−1 . If sum equals or is higher than maximum available
soil capacity there has been bigger change in storage than the soil allows and value equals value
for maximum soil capacity. If this sum is lower than maximum soil storage value equals the
calculated sum. This is described with equation below:
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− Soil water storage at the end of the day S_S_End, where if true:
𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 + 𝑃 − 𝐸𝑇𝑅 ≥ 𝑆_𝑆_𝑚𝑎𝑥, where
𝑃 − 𝐸𝑇𝑅 = ∆𝑆 represent change in storage,
and if false:
𝑆_𝑆_𝐸𝑛𝑑 = 𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 + 𝑃 − 𝐸𝑇𝑅

(𝑒𝑞. 4−5)

After soil storage at the end of the day is calculated, the actual ratio between ETR/ETP can be
calculated. Ratio ETR/ETP equals 1 if the soil water storage at the beginning of this day is higher
than 70% of the maximum field capacity (eq. 4-4). If it equals 1, this mean that soil capacity is
saturated with water. If it is lower, ETR/ETP equals ratio between soil water storage at the
beginning of the day and 70% of the maximum field capacity. This is described using the equation
below:
− Absolute ratio between ETR/ETP, where if true;
𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 > (0.7 × 𝑆_𝑆_ max) = 1,
and if false:
𝐸𝑇𝑅
𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡
= (𝑆_𝑆_𝑚𝑎𝑥×0.7)
𝐸𝑇𝑃

(𝑒𝑞. 4−6)

Finally, groundwater recharge can be calculated. The sum is calculated between changed storage
and beginning soil capacity for this day. If it is higher than maximum soil capacity, groundwater
recharge equals the difference between this value and maximum field capacity. Groundwater
recharge equals 0 if change in storage is lower than maximum field capacity. This tells us that
groundwater recharge is possible only when maximum field capacity has been reached and the
surplus of water from maximum field capacity can infiltrate as a groundwater recharge. This is
described with the equation 4–8 below:
− groundwater recharge GWR, where if true:
𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 + 𝑃 − 𝐸𝑇𝑅 > 𝑆_𝑆_𝑚𝑎𝑥 = (𝑆_𝑆_𝑆𝑡𝑎𝑟𝑡 + 𝑃 − 𝐸𝑇𝑅) − 𝑆_𝑆_𝑚𝑎𝑥,
and if false:
𝐺𝑊𝑅 = 0.

(𝑒𝑞. 4−7)

After the calculated recharge, transient model is developed. Recharge calculations are used as a
daily step. Model is one-layered and unconfined.
As mentioned before, three main models were established; a year with maximum, minimum and
average precipitation between 2005 and 2016. Each year has 365 days, which means 365 steps with
different daily recharge rates. For each year the final model included corrected recharge rate, river
recharge, one conduit that connects the spring at the top of a model with the bottom of the model
and a spring for discharge (Figure 9). This is explained in the previous chapter where the conceptual
model is presented.
The first step of the transient model is steady state from where further steps are calculated. Except
for the recharge, all other parameters remain the same throughout all time steps. Recharge for the
first step, which is steady state, represents the average recharge for this year.
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4.3.2 CALCULATION OF THE CORRECTION FACTOR
Correction factor is performed because the recharge values are too high or low in comparison with
other parameters, in this case precipitation and discharge values. Corrected recharge rates were
necessary to include because the first transient model with initially calculated recharge rates as
described above gave lower discharge rates than the measured discharge rates. There are several
potential causes for that; one cause could be that precipitation gauge is not representative for the
entire catchment area. Therefore, the correction factor is calculated. Correction factor 𝑓𝑐 is
calculated as ratio between average yearly measured discharge rate per area and the sum of
estimated groundwater recharge. Because this is ratio between real discharge in the investigated
area and sum of calculated groundwater recharge for one year, this gives us the value that recharge
must be multiplied with. In other words, the calculated recharges for this ratio of correction factor
are too low. In first step, the correction factor of the recharge is calculated and after that the initial
recharge 𝐺𝑊𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 values are multiplied by the correction factor 𝑓𝑐 to get corrected recharge
𝐺𝑊𝑅𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 values;
𝑓𝑐 =

𝑄̅𝑑𝑖𝑠
𝐴

÷ 𝐺𝑊𝑅,

𝐺𝑊𝑅𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐺𝑊𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝑓𝑐 .

(𝑒𝑞. 4−8)
(𝑒𝑞. 4−9)

Correction factor for recharge is calculated as a ratio between average yearly measured discharge
per area

𝑄̅𝑑𝑖𝑠
𝐴

and sum of estimated recharge GWR for one year.

4.3.3 CALCULATION OF 30% DIRECT AND 70 % DISTRIBUTED RECHARGE
If recharge is assigned to each cell as equal recharge in the whole model, we cannot see the impact
of the different recharge distribution on the spring discharge. Different arrangement of the recharge
also affects the discharge of the spring differently. If the recharge is concentrated in one channel
and is connected directly to the spring, the model will behave differently as to the scenario with
distributed recharge equally to the whole area. Therefore, one conduit has already been applied to
the model but sometimes a higher amount of the recharge changes the discharge behaviour if
recharge is higher at the back of the aquifer. It is expected to drain faster if aquifer is of correct
rectangular shape with only one conduit in this scenario. How the recharge is prescribed to the
model is already described in Chapter 3, Figure 10. This chapter offers a description of how
different recharge distribution was calculated.
Because recharge is prescribed to each cell it must be adjusted to the new modelling area. This is
done by summing up the cells in the back part of the area. After this is done, the recharge used until
now is multiplied by this amount of cells. When this is done, the recharge in the smaller area is
multiplied separately by 0.7 for 70% of the recharge and by 0.3 for 30 % of the recharge. Finally,
30 % of the recharge is divided by the number of pixels that conduit needs and 70% of the recharge
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is divided by the number of cells in the matrix. The newly obtained area has 1051 cells in total (the
grid with active cells presents 50x21 cells plus 1 cell for the river recharge into the conduit), where
the conduit takes 22 cells and the matrix 1029 cells (Figure 11).

4.3.4 CALIBRATION OF THE MODEL
After the transient model is finished, the calibration is performed. The purpose of the calibration is
to get model values as close as possible to the measured values. This is done with a few model runs
where only one parameter is changed at a time. This is repeated until the model gives satisfying
results. Calibrated parameters were hydraulic conductivity of the matrix and conduit and specific
yield.
Calibration is preformed based on average precipitation year. Parameters are changed manually
where one parameter is changed for each calibration step while other parameters are observed how
they are changing. When the difference between modelled discharge result and measured discharge
data were improved the calibration was completed. The calibrated parameters were then assigned
to other two observation years, where the assumption was they will give good results if the initial
parameters are correct. The Preconditioned Conjugate-Gradient Solver (PCG) Package was used
with all models. This solver uses both inner and outer iteration (Harbaugh, 2005).

4.3.5 SENSITIVITY TEST
When model is adequately calibrated, sensitivity tests are performed on the calibrated model.
Sensitivity tests are done additionally so as to get better understanding of the impact of a single
parameter on the aquifer. This is easily done with a few model runs on the already calibrated model
where only one parameter values are increased and decreased. Afterwards, this is compared in
diagrams where the change of recession behaviour is visible.
A sensitivity test was conducted for all three models; the years with average, maximum and
minimum precipitation. Tested parameters are hydraulic conductivity of the matrix and conduit.
They are increased and decreased once by a factor of ten.

4.4 DATA PRESENTATION
When all the models are finished, the data from the model must be imported to the Excel
Spreadsheet to be compared with the measured data. This is a very important step where the data
from the model is presented to the user. Data representation is to be clear and representative, thus
this is the final and most important step in modelling.
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The measured and modelled data is compared in a diagram for average, maximum and minimum
year of precipitation between 2005 and 2016.
This data representation allows us to see how the modelled and measured data match and if data
calibration is needed. The indicator of the fit between both discharges is also calculated by
subtracting both average discharges. If the difference between the measured and modelled
discharge is close to 0, this means that the difference between the real and modelled system is
small. The smaller the difference between both data, the closer the model simulation to the real
system. That means that parameters prescribed to the model should behave similarly to the real
system and that they describe the system well.
Finally, the data is also presented with Nash & Sutcliffe (1970) coefficient of efficiency. It gives
us the goodness of fit between the measured and simulated data. The range of coefficient of
efficiency is between minus infinity, which is very poor model, and 1. The closer the coefficient is
to 1, the better the model results are. It is given with the following equation:
𝐶𝐸 = 1 −

2
∑𝑛
𝑖=0(𝑦𝑖 −𝑦𝑆𝐼𝑀,𝑖 )

∑𝑛
̅)2
𝑖=0(𝑦𝑖 −𝑦

,

(𝑒𝑞. 4−10)

where:
𝐶𝐸 – coefficient of efficiency [/],
𝑦𝑖 – measured parameter [𝑚3 /𝑠],
𝑦𝑆𝐼𝑀,𝑖 – modeled parameter [𝑚3 /𝑠],
𝑦̅ – mean measured parameter [𝑚3 /𝑠].

4.5. MODELING PROGRAMS
4.5.1 MODELING IN MODEL MUSE
The transient model was made in ModelMuse (Winston, 2009), version 3.10.0.0, a software for
U.S. Geological Survey Techniques and Methods. First ModelMuse release was on May 11th, 2006,
and was originally called GoPhast. Newer versions of ModelMuse are based on GoPhast.
PMWIN was switched by ModelMuse because of easier user interface when assigning different
recharge values for each day. In PMWIN this is done manually while in ModelMuse all steps are
copied from Excel Spreadsheet.
ModelMuse is a graphical user interface for MODFLOW-2005 and PHAST. MODFLOW-2005 is
a three-dimensional finite-difference groundwater model. It simulates steady and unsteady flow in
an irregularly shaped flow system in which aquifer layers can be confined, unconfined, or a
combination of confined and unconfined. PHAST simulates multi-component, reactive solute
transport in three-dimensional saturated groundwater flow systems.
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ModelMuse is a graphical user interface (GUI) for U.S. Geological Survey (USGS) models
MODFLOW-2005, MODFLOW-LGR, MODFLOW-LGR2, MODFLOW-NWT, MODFLOWCFP, MODFLOW-OWHM, MODPATH, ZONEBUDGET, PHAST, SUTRA, MT3D-USGS, and
WellFootprint and the non-USGS model MT3DMS. In ModelMuse spatial data for the model are
independent for the grid, and the temporal data are independent of the stress periods. Being able to
input these data independently allows the user to redefine the spatial and temporal discretization at
will. It also has a variety of interpolation methods and geographic functions that can be used to
help define the spatial variability model. ModelMuse allows the user to define the spatial input for
the models by drawing points, lines, or polygons on top, front, and side views of the model domain.
Formulas are also used to specify the values of spatial data sets both globally and for individual
objects. Data for the model can be imported from variety of data sources and model results can be
viewed in ModelMuse. In cases where the input files for MODFLOW-2000 and MODFLOW-2005
are identical, it may be possible to use ModelMuse to create input files for MODFLOW-2000.
However, ModelMuse has not been extensively tested with MODFLOW-2000.

4.5.1.1 Defining the grid
The grid for the transient model is defined so that it describes the modelled catchment area of the
Težka Voda spring (Figure 11). The catchment area is approximately 25 km2 and is presented
with number of cells 52x52. Each cell is 100x100 m big, in total presents area that is
5200x5200 m. This is done because the cells at the side of the model all around it except where
the spring and river recharge into the conduit is, are inactive. In Model Muse this needs to be
done in order to set the boundary conditions. In this case they are at the sides of the model where
the flow is considered 0 m3/s. Using 52 cells in each direction means 50x50 active cells in total
plus two more for the spring and recharge into the conduit from the surface river. In total area has
2502 active cells. Data sets used in transient model are the spring and conduit. The spring is
situated in the first row, 26 columns. The conduit is defined by a line object and extends from the
spring to the other side of the model, where the river recharge is set into the conduit.
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LEGEND: White cells are inactive cells, coloured cells are active. Red – spring, Green – river recharge into the conduit. Units
are in meters.
Figure 11: Modelling grid of the Težka Voda catchment area

The grid in ModelMuse using MODFLOW model uses block-centred nodes; the locations at which
calculations are made are at the centre of each block. To represent spatially distributed data for
each cell in MODFLOW, data sets are used. 3-D data sets are defined for entire extent of the model
domain, 2-D data sets are defined for a top, front, or side projection of the model domain. User can
use data sets already integrated in the ModelMuse. Users can define data sets, with the Formulas
section to define the distribution of values in the data sets that are required by MODFLOW. For
data sets in MODFLOW models for which parameters have been defined, the values of the data set
will be determined by the parameters rather than the formula for the object. That way ModelMuse
will generate a formula that will mimic how the data set values are assigned by MODFLOW.
In ModelMuse it is possible to import shapefiles and images of the area.
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4.5.1.2 Module formulas
Formulas are used to help define the distribution of values in the data sets. One simple example of
a formula would simply be the name of another data set. For example, a formula to set hydraulic
conductivity in the y and x direction that have the same vales would be Kx for both. If value is
different, the user simply types the value in the section box.
The reason why Model Muse is more frequently used than Processing Modflow is in daily steps
that need to be applied in the model. Each step or day has a different recharge value. In Model
Muse the time steps we want with prescribed values are simply prepared in Excel Spreadsheet from
where the entire block of data is copied into the dialog box ‘Object Properties’ in Model Muse. In
procession Modflow all the time steps are assigned manually.

4.5.1.3 Modflow-2005
Modflow-2005 is a new version of the finite-difference ground-water model commonly called
Modflow.
This chapter is summarized after the U.S.G.S publications written by Harbaugh (2005). Units that
describe flow between cells are L which represents length unit and T for time unit. Groundwater
flow in the model is calculated using Darcy’s law.

4.5.1.3.1 Mathematical model
The three dimensional movement of ground water of constant density through porous earth material
may be described by the partial-differential equation:
𝜕
𝜕𝑥

𝜕ℎ

𝜕

𝜕ℎ

𝜕

𝜕ℎ

𝜕ℎ

(𝐾𝑥𝑥 𝜕𝑥 ) + 𝜕𝑦 (𝐾𝑦𝑦 𝜕𝑦) + 𝜕𝑧 (𝐾𝑧𝑧 𝜕𝑧 ) + 𝑞 = 𝑆𝑠 𝜕𝑡 ,

(𝑒𝑞. 4−11)

where:
𝐾𝑥𝑥 , 𝐾𝑦𝑦 , 𝐾𝑧𝑧 - values of hydraulic conductivity along x, y and z coordinate axes, which are
assumed to be parallel to the major axes of hydraulic conductivity [𝐿/𝑇],
h – hydraulic head [𝐿],
q – volumetric flux per unit volume representing sources and sinks of water, with q<0 for flow out
of the ground-water system, and q>0 for flow into the system [𝑇 −1 ],
𝑆𝑠 – is the specific storage of the porous media [𝐿−1 ],
t – time [𝑇].
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In general 𝑆𝑠 , 𝐾𝑥𝑥 , 𝐾𝑦𝑦 and 𝐾𝑧𝑧 are functions of space and q is a function of space and time.
Equation 4−11 describes ground-water flow, under non-equilibrium conditions in a heterogeneous
and anisotropic medium. Principal axes of hydraulic conductivity are aligned with the coordinate
directions. Except if system is very simple analytical solution is possible, but usually numerical
methods must be employed to solve this equation. One approach is the finite-difference method,
where space is described with elements that have prescribed head values at the centre point of each
element. The solution yields the values of head at specific points and times.

4.5.1.3.2 Finite-Difference Equation derivation
Development of the ground-water flow equation in finite-difference form follows the application
of the continuity equation, where the sum of all flows into and out of the cell must be equal to the
rate of change in storage within the cell. Under the assumption that the density of ground water is
constant, the continuity equation expressing the balance of flow for a cell is:
Δℎ

∑ 𝑄𝑖 = 𝑆𝑠 ∆𝑉,
Δ𝑡

(𝑒𝑞. 4−12)

where;
𝑄𝑖 – flow rate into the cell [𝐿3 𝑇 −1 ],
𝑆𝑠 – specific storage [𝐿−1 ],
∆𝑉 – volume of the cell [𝐿3 ],
∆ℎ – change in head over time interval of length ∆t.
The part of the right side of the equation 4–12 equals the volume of water taken into storage over
a time interval ∆t given a change in head ∆h. Flow is presented negative in case of outflow, and
positive in case of inflow. However, negative sign is already noted in Darcy’s law. Cells are in
each other relations to the surrounding ones, in total there are six surrounding cells as represented
in Figure 12 below. The flow is linear and is shown in Figure 13.

Figure 12: Surrounding cells of cell i,j,k that is in the middle and hidden (source: Harbaugh, 2005)
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Figure 13: Linear flow from cell to cell (source: Harbaugh, 2005)

Equation 4–12 describes flow for a one-dimensional steady state case, where there are no changes
in time. The path of flow is extending from node i,j-1,k to node i,j,k and has a cross-sectional area
∆𝑐𝑖 ∆𝑣𝑘 . 𝐾𝑅𝑖,𝑗−1/2,𝑘 is the conductivity of the material between nodes i,j-1,k and i,j,k. Hydraulic
conductivity is the same for the entire area between the nodes and is calculated as a harmonic mean.
The ½ is used to designate the region between nodes.
𝑞𝑖,𝑗−1/2,𝑘 = 𝐾𝑅𝑖,𝑗−1/2,𝑘 ∆𝑐𝑖 ∆𝑣𝑘

(ℎ𝑖,𝑗−1,𝑘 −ℎ𝑖,𝑗,𝑘 )
∆𝑟𝑗−1/2

(4−13)

,

where;
ℎ𝑖,𝑗,𝑘 – head at node i,j,k,
ℎ𝑖,𝑗−1,𝑘 – head at node i,j-1,k,
𝑞𝑖,𝑗−1/2,𝑘 – volumetric flow rate through the face between cells i,j,k and i,j-1,k [𝐿3 𝑇 −1 ],
𝐾𝑅𝑖,𝑗−1/2,𝑘 – hydraulic conductivity along the row between nodes i,j,k and i,j-1,k [𝐿𝑇 −1 ],
∆𝑐𝑖 ∆𝑣𝑘 – area of the cell faces normal to the row directions,
∆𝑟𝑗−1/2 – distance between nodes i,j,k and i,j-1,k [𝐿].
In the same way the equations for flows from six different front direction of the cell are shown in
Figure 12; 𝑞𝑖,𝑗+1/2,𝑘 , 𝑞𝑖+1/2,𝑗,𝑘 , 𝑞𝑖−1/2,𝑗,𝑘 , 𝑞𝑖,𝑗,𝑘−1/2 , 𝑞𝑖,𝑗,𝑘+1/2 . Each of these equations expresses
inflow through a face of cell i,j,k. This is simplified by combining grid dimensions and hydraulic
conductivity into a single constant called conductance:
𝐶𝑅𝑖,𝑗−1/2,𝑘 =

𝐾𝑅𝑖,𝑗−1/2,𝑘 ∆𝑐𝑖 ∆𝑣𝑘
∆𝑟𝑗−1/2

,

(eq. 4– 14)

where:
𝐶𝑅𝑖,𝑗−1/2,𝑘 – conductance in row i and layer k between nodes i,j-1,k and i,j,k [𝐿2 𝑇 −1 ].
Conductance is the product of hydraulic conductivity and cross-sectional area of flow divided by
the length of the flow path. Conductance C from different flow directions into the cell is rewritten
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for each direction, as well as the hydraulic conductivity K. Therefore conductance in column
direction thorough the front and the rear face is noted with CC and hydraulic conductivity with
KC. Conductance in vertical direction through the bottom and the upper face of the cell is noted
with CV and hydraulic conductivity with KV.
Flow from outside of the aquifer, such as recharge, may be represented with equation:
𝑎𝑖,𝑗,𝑘,𝑛 = 𝑝𝑖,𝑗,𝑘,𝑛 ℎ𝑖,𝑗,𝑘 + 𝑞𝑖,𝑗,𝑘,𝑛 ,

(eq. 4– 15)

where;
𝑎𝑖,𝑗,𝑘,𝑛 – flow from the n external source into the cell i,j,k [𝐿3 𝑇 −1 ],
𝑝𝑖,𝑗,𝑘,𝑛 – constant [𝐿2 𝑇 −1 ],
𝑞𝑖,𝑗,𝑘,𝑛 – constant [𝐿3 𝑇 −1 ].
Steady state conditions in nature are rare or do not exist for most of the cases. Between cells and
nodes hydraulic heads are changing with time head differences are divided by the time interval.
These conditions are transient:
𝑚
∆ℎ𝑖,𝑗,𝑘

∆𝑡 𝑚

=

𝑚
𝑚−1
ℎ𝑖,𝑗,𝑘
−ℎ𝑖,𝑗,𝑘

𝑡 𝑚 −𝑡 𝑚−1

,

(eq. 4– 16)

Where t is a time with m time steps and h is represented for cell i,j,k and is overscripted with m,
which indicates the head at this time step (Figure 14).

Figure 14: Changing head over time for cell i,j,k (source: Harbaugh, 2005)
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The finite-difference flow equation for a cell is a representation of the volumetric flow in units of
𝐿3 ⁄𝑇, where L is a length unit and T is a time unit.
Equation 4−16 can be rewritten in backward-difference form by specifying flow terms at 𝑡 𝑚 , the
end of the time interval, and approximating the time derivative of head over the time interval 𝑡 𝑚−1
to 𝑡 𝑚 , that is:
𝑚
𝑚
𝑚
𝑚
𝑚
𝑚
) + 𝐶𝑅𝑖,𝑗+1,𝑘 (ℎ𝑖,𝑗+1,𝑘
) + 𝐶𝐶𝑖−1,𝑗,𝑘 (ℎ𝑖−1,𝑗,𝑘
)+
𝐶𝑅𝑖,𝑗−1,𝑘 (ℎ𝑖,𝑗−1,𝑘
− ℎ𝑖,𝑗,𝑘
− ℎ𝑖,𝑗,𝑘
− ℎ𝑖,𝑗,𝑘
2

2

2

𝑚
𝑚
𝑚
𝑚
𝑚
𝑚
) + 𝐶𝑉𝑖,𝑗,𝑘−1 (ℎ𝑖,𝑗,𝑘−1
) + 𝐶𝑉𝑖,𝑗,𝑘+1 (ℎ𝑖,𝑗,𝑘+1
)+
𝐶𝐶𝑖+1,𝑗,𝑘 (ℎ𝑖+1,𝑗,𝑘
− ℎ𝑖,𝑗,𝑘
− ℎ𝑖,𝑗,𝑘
− ℎ𝑖,𝑗,𝑘
2

2

𝑚
𝑃𝑖,𝑗,𝑘 ℎ𝑖,𝑗,𝑘
+ 𝑄𝑖,𝑗,𝑘 = 𝑆𝑆𝑖,𝑗,𝑘 (∆𝑟𝑗 ∆𝑐𝑖 ∆𝑣𝑘 )

2

𝑚
𝑚−1
ℎ𝑖,𝑗,𝑘
−ℎ𝑖,𝑗,𝑘

𝑡 𝑚 −𝑡 𝑚−1

,

(eq. 4−17)

where;
CC – conductance in a column direction between nodes [𝐿2 𝑇 −1 ],
CV – vertical conductance between nodes [𝐿2 𝑇 −1 ],
SS – specific storage of the cell i,j,k [𝐿−1 ],
∆𝑟𝑗 ∆𝑐𝑖 ∆𝑣𝑘 – volume of cell i,j,k [𝐿3 ],
𝑚
𝑚−1
ℎ𝑖,𝑗,𝑘
−ℎ𝑖,𝑗,𝑘

𝑡 𝑚 −𝑡 𝑚−1

– finite-difference approximation for the derivate of head with respect to time [𝐿𝑇 −1 ],

𝑃𝑖,𝑗,𝑘 – constant [𝐿2 𝑇 −1 ].
This equation is a backward-difference equation and is used as the basis for a simulation of the
partial-differential equation of ground-water flow. This is a numerical solution to equation 4−11.

4.5.1.3.3 Recharge package
In this model, recharge is used for each time step to the whole model except where the spring is.
The chapter below describes how the discharge is divided into direct and distributed recharge in
the modelled area. Recharge is also used as a point for the recharge coming from the river. It is
positioned at the other side of the spring at the beginning of the conduit.
Different packages are assigned for simulating different hydrologic stresses to a ground-water
system. The stress packages add terms to the flow equation representing inflows or outflows.
Different packages are available for simulating different boundary conditions. In this case recharge
package is described because this was applied while working on my model.
Recharge package (RCH) is designed to simulate distributed recharge to the ground-water system.
Recharge applied to the model is defined as:
𝑄𝑅𝑖,𝑗 = 𝐼𝑖,𝑗 𝐷𝐸𝐿𝑅𝑗 𝐷𝐸𝐿𝐶𝑖 ,

(eq.4– 18)
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where:
𝑄𝑅𝑖,𝑗 – recharge flow rate applied to the model at horizontal cell location (i,j) expressed as a fluid
volume per unit time 𝐿3 𝑇 −1 and,
𝐼𝑖,𝑗 – recharge flux applicable to the map area 𝐷𝐸𝐿𝑅𝑗 𝐷𝐸𝐿𝐶𝑖 of the cell [𝐿𝑇 −1 ],
𝐷𝐸𝐿𝑅𝑗 𝐷𝐸𝐿𝐶𝑖 – horizontal size of cells; 𝐷𝐸𝐿𝑅𝑗 is the width of column j along the row and 𝐷𝐸𝐿𝐶𝑖
is the width of row I along the column.
At each stress period values of recharge flux 𝐼𝑖,𝑗 are specified by the user. To obtain values of 𝑄𝑅𝑖,𝑗
values are multiplied by horizontal cell areas, 𝐷𝐸𝐿𝑅𝑗 𝐷𝐸𝐿𝐶𝑖 . Recharge 𝑄𝑅𝑖,𝑗 enters the cells
vertically. Recharge does not occur at different depths, only at the top, which is limited by the
recharge package.

4.5.2 VBA PROGRAM FOR EXCEL SPREADSHEET TO CREATE MASTER
RECESSION CURVE
As mentioned before, aquifer characteristics can be determined by the exponential recession curve.
However, as found by Birk & Hergarten (2010), the early recession of the aquifer determined by
an exponential function may lead to a wrong interpretation. In this thesis, exponential recessions
are developed to see the difference/similarity between the measured and modelled discharge and
to help determine its accuracy. And as the MRC function gives us the aquifer characteristics, it
may help determine the right parameters which are unknown. For this purpose, Visual Basic
program for an Excel spreadsheet is used.
Visual Basic program for an Excel spreadsheet was written to construct a master recession curve
(MRC), using the adapted matching strip method, for recession analysis of ground water level time
series (Posavec et al., 2006).
After Visual Basic program the fully automated objective-based method for master recession curve
separation was developed by using Microsoft Excel spreadsheet and Visual Basic for Applications
(VBA) code (Posavec et al., 2010).
Finally, in 2017 Visual Basic for Applications (VBAs) algorithm utilizing trigonometry laws in an
innovative way to overlap recession segments of time series and create master recession curve
(MRCs) (Posavec et al., 2017). Based on trigonometry approach, the algorithm horizontally
translates succeeding recession segments of time series, placing their vertex, from the highest
recorded value of each recession segment directly onto the appropriate connection line defined by
measurement point of a preceding recession segment (Posavec et al., 2017). The Excel VBA
algorithm for modelling MRC using trigonometry approach is implemented with previously
published VBA algorithms into a spreadsheet tool MRCTools v3.0 (Posavec et.al., 2017).
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A criterion used by computer programs to select the most appropriate model is coefficient of
determination R2. Values range between 0 and 1 and indicate how well the trend line describes the
data. The trend line is the most reliable when R2 is near 1 (Posavec et al., 2006).
All of the above mentioned versions of VBA algorithm were tested and developed by Posavec et.al.
(2006). The result showed that in some cases the trigonometry based methods have better results,
that is creating narrower overlaps of the recession segments resulting in higher coefficients of
determination. However, there were also cases where the multiple linear/nonlinear regression
model-based method remained superior (Posavec et al., 2017).
Master recession curve with exponential regression model was designed and used as a comparison
between the measured and modelled discharge of the Težka Voda spring. Both recessions of the
modelled and measured discharge rates are plotted on the same diagram for better comparison. The
x-axis represents relative time and the y-axis shows exponential regression.
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5. RESULTS
This chapter is divided into two parts. The first part presents the statistical data collected from the
hydrological and meteorological gauging stations, and the second part presents the modelled
results.
All transient models are used for the three representative years with the average, maximum and
minimum precipitation rate. These years are selected in the time interval; they are the years with
no missing meteorological or hydrological data belonging to the period between 2005 and 2015
(Error! Reference source not found.).

5.1 STATISTICAL DATA
5.1.1 HYDROLOGICAL AND METEOROLOGICAL GAUGING STATIONS
Figure 15 presents the positions of the gauging stations where the meteorological and hydrological
data was collected; the Novo Mesto meteorological station, Stopiče gauging station and the Težka
Voda spring.

Figure 15: Map of the meteorological and hydrological gauging stations (source: Environmental Atlas, 2018)

Meteorological and hydrological data obtained from both the gauging stations is presented in
Table1.
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Table 1: Basic information on the gauging stations

Gauging station

Interval

Missing data

Elevation

GKY
coordinate
(D48 system)

GKX
coordinate
(D48 system)

Hydrological
station
STOPIČE

1955—2015

01.01.1973 – 31.12.1975,
01.01.1986 – 28.07.2004

194 m

516 103.10

69 241.19

Meteorological
station
NOVO MESTO

1972⎯ 2015

/

220 m

514 145.19

73 077.65

5.1.2 HYDROLOGICAL DATA
Verified data on the discharge flow rate of the Težka Voda spring was obtained from the Slovenian
Environment Agency. The gauging station at the Težka Voda spring where the data was measured
is called Stopiče. The data is available from 01.01.1955 to 31.12.2015 with a few years missing in
between (Table 1).
The catchment area of the Težka Voda spring is 25.6 km2. The mean flow rate in the period between
1955 and 1985 was 0.61 m3/s and between 2005 and 2015 it was 0.73 m3/s. The size of the
catchment area of the Težka Voda makes up approximately 10% of the Gorjanci aquifer system
(ARSO, 2018a). Table 2 represents the statistical data on the discharge for three representative
years.

Table 2: Statistical data for the data measured at the hydrological gauging station for three modelling years

Year

̅̅̅̅̅̅
𝑸

𝒅𝒊𝒔
[𝒎𝟑 /𝒔]

𝑸𝑴𝑨𝑿
[𝒎𝟑 /𝒔]

𝑸𝑴𝑰𝑵
[𝒎𝟑 /𝒔]

Maximum

01.04.2011 – 31.03.2012

0.94

6.64

0.09

Minimum

01.04.2012 – 31.03.2013

0.26

3.83

0.05

Average

01.04.2006 – 31.03.2007

0.53

3.47

0.08

̅̅̅̅̅̅
*𝑸
𝒅𝒊𝒔 – average yearly discharge, 𝑸𝑴𝑨𝑿/𝑸𝑴𝑰𝑵 – maximum/minimum yearly discharge
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5.1.3 METEOROLOGICAL DATA
Meteorological data was collected from the meteorological gauging station of Novo Mesto and is
available on the website of the Slovenian Environment Agency (ARSO, 2018c). The
meteorological station is positioned north of the hydrological gauging station in Stopiče, in the city
of Novo Mesto (Figure 15). The distance between both gauging stations is 4.3 km.
The data on daily precipitation and temperature obtained from this gauging station is available
between 1972 and 2015.
Table 3 below represents the statistical data on precipitation and temperature obtained from the
meteorological gauging station for three representative years.

Table 3:Statistical data based on the measured data from the meteorological gauging station for three modelling years

Year

[𝒎𝒎/𝒚𝒆𝒂𝒓]

̅
𝑻
[°𝑪]

P

Maximum

01.04.2011 – 31.03.2012

1516

13.5

Minimum

01.04.2012 – 31.03.2013

822

10.6

Average

01.04.2006 – 31.03.2007

1122

13.7

5.1.4 MASTER RECESSION GRAPH OF THE TEŽKA VODA SPRING
The recession curve was constructed based on the discharge data of the Težka Voda spring. The
data for the time interval between 2005 and 2015 is presented in the graph below for better
visualization and overview of the obtained data.
Because VBA, fully automated objective-based method for master recession curve separation gives
better results than VBAs trigonometry approach, exponential regression is used for master
recession curve. Graph 1 presents the data on discharge transformed into recession segments for
the time range between 2005 and 2015. The value of coefficient of determination R 2 is 0.72. A
trend line has equation 𝑦 = 1.29 × 𝑒 −0.069𝑥 .
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Graph 1: Master recession curve for the whole period made by using VBA, exponential regression

5.2 MODEL RESULTS
5.2.1 INITIAL HYDRAULIC PARAMETERS
Initial parameters (Table 4) used for the groundwater model were determined based on the
hydrogeological background of the Težka Voda catchment area described in Chapter 2. Expected
hydraulic conductivity for karst system ranges from 10-3 to 10-6 m/s, thus the matrix hydraulic
conductivity was set to 10-4 m/s. The value of the conduit and spring hydraulic conductivity was
increased by a factor of ten because both are more conductive then the matrix. With this initial
setting, the flow behaves as direct flow to the spring, where the flow is faster in the conduit and
slower in the matrix.
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Table 4: Initial hydraulic parameters used in the model

PARAMETER
Kspring
Kconduit
Kmatrix
Kriver
Specific yield
GWRriver
GWRspring
hspring
hmax

UNITS
m/s
m/s
m/s
m/s
/
L/s
m/s
m
m

VALUE
0.01
0.001
0.0001
0.001
0.01
0.1-10
0
194
250

*GWRriver is set to 0.1 L/s for times when precipitation is 0 mm per day, and 10 L/s when precipitation is more than 0 mm per day.
This small river recharges the aquifer through the sinkhole on the surface and represents vertical recharge of the aquifer directly
into the conduit. It is prescribed to one cell.

5.2.2 STEADY-STATE MODEL RESULT
The first model for the Težka Voda spring was a steady-state, one-layered model. The objects used
in this model were the spring with specific conductivity 𝐾𝑠𝑝𝑟𝑖𝑛𝑔 = 0.01 𝑚/𝑠, one conduit with
specific conductivity 𝐾𝑐𝑜𝑛𝑑𝑢𝑖𝑡 = 0.001 𝑚/𝑠 and a matrix with the lowest specific conductivity
𝐾𝑚𝑎𝑡𝑟𝑖𝑥 = 0.0001 𝑚/𝑠. Specific yield is not important for the steady-state model while the storage
does not change. Based on the Sušica−Rožni dol−Krupa profile (Habič & Kogovšek, 1992), the
maximum hydraulic head is determined at 240 m. The hydraulic head of the spring is fixed at 194
m. Groundwater recharge GWR is calculated for the A catchment area with surface area
approximately 25.6 km2, average discharge 𝑄̅ is calculated for the whole time period between 1955
and 2015 with the following equation:
𝐺𝑊𝑅 =

𝑄̅𝑑𝑖𝑠 0.68 𝑚3 /𝑠
=
= 2.65 × 10−8 𝑚/𝑠
𝐴
25.6 𝑘𝑚2

The model made in Processing Modflow is shown in Figure 16. Hydraulic heads are evenly
distributed and are represented with equipotential lines. The conduit is situated along the centre of
the model connecting the spring with the bottom of the model. The spring is represented with a
dark blue coloured cell at the top of the model. With decreasing hydraulic heads the equipotential
lines become lighter in colour.
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LEGEND:

presents direction of groundwater flow
Figure 16: Processing Modflow steady-state model

5.2.3 GROUNDWATER RECHARGE CALCULATIONS
Groundwater recharge is calculated as described in chapter 4.3.
Table 5 presents values for the potential and actual evapotranspiration, precipitation P and
groundwater recharge GWR for all three representative years. Groundwater recharges are presented
as calculated, including and excluding the correction factor 𝑓𝑐 . The corrected recharge
𝐺𝑊𝑅𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is used for the final model result. Correction factors for groundwater recharge are
also presented in Table 5 for all three representative years. In addition, the river recharge is
presented and is the same for all three years. The river recharge is presented for the average daily
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̅̅̅̅̅̅̅river recharge , minimum GWR river min and maximum GWR river max daily groundwater
𝐺𝑊𝑅
recharge.
For the final model, the recharge was divided to the distributed and direct recharge as explained in
Chapter 3. The average values for direct 30% (𝐺𝑊𝑅𝑑𝑖𝑟𝑒𝑐𝑡 ) and distributed 70% (𝐺𝑊𝑅𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 )
groundwater recharge are presented in Table 5.
Soil type in this area is mostly rendzina which is typical for karst areas. Field capacity of rendzina
is between 20 and 70 mm. The maximum field capacity used in calculations is 70 mm.

Table 5: Results of parameters in groundwater recharge calculations

PARAMETER
P
ETP
ETR
GWR
̅̅̅̅̅̅̅̅
𝑮𝑾𝑹

𝒇𝒄

𝑮𝑾𝑹𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑮𝑾𝑹𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅

𝑮𝑾𝑹𝒅𝒊𝒓𝒆𝒄𝒕

UNITS
[mm/year]
[mm/year]
[mm/year]
[mm/year]
[mm/day]
/
[mm/year]
[mm/day]
[mm/year]

MAXIMUM
1516
751
543
903
2.5
1.3
1157
3.2
45

MINIMUM
822
756
514
282
0.8
4.1
1157
3.2
45

AVERAGE
1122
757
576
482
1.3
2.4
1157
3.2
45

𝑮𝑾𝑹𝒅𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒆𝒅

[mm/year]

2.3

2.3

2.3

̅̅̅̅̅̅̅̅
𝑮𝑾𝑹𝒅𝒊𝒓𝒆𝒄𝒕

[mm/day]

16 582

16 582

16 582

̅̅̅̅̅̅̅̅
𝑮𝑾𝑹𝒅𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒆𝒅

[mm/day]

827

827

827

̅̅̅̅̅̅̅̅
𝑮𝑾𝑹𝐫𝐢𝐯𝐞𝐫

[mm/day]
[mm/day]
[mm/day]

40.7
0.8
84.4

40.7
0.8
84.4

40.7
0.8
84.4

𝑮𝑾𝑹𝒓𝒊𝒗𝒆𝒓 𝒎𝒊𝒏
𝑮𝑾𝑹𝒓𝒊𝒗𝒆𝒓 𝒎𝒂𝒙

5.2.4 TRANSIENT MODEL RESULTS
The development of a transient model required a number of steps until adequate results were
reached. In this chapter, the results of the model applied are presented for hydraulic head
distribution, a comparison between the results of the model and the measured data, and master
recession curves for three representative years. Hydraulic heads are presented with the model
obtained in ModelMuse, and a comparison between the results of the modelled and the measured
data are presented in graphs made in Excel which is also employed to compare master recession
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curve with the modelled results and the measured data. The measured and modelled data is
compared with precipitation and recharge rates. Data is presented in three steps; the first result
relates to the non-calibrated model, second to the calibrated model and finally, sensitivity tests are
represented.
The non-calibrated model is presented for comparison purposes. The improvement of a calibrated
model is well seen.
All results of the non-calibrated and calibrated models and sensitivity tests are presented in the
following sequence: the average, maximum and minimum precipitation year. In the front part of
the model, recharge is distributed normally as calculated using the correction factor.

5.2.4.1 NON-CALIBRATED MODEL RESULTS
The parameters used in the non-calibrated model are given in Table 4. Values for groundwater
recharge rates are given in Table 5.

5.2.4.1.1 Year with the average precipitation
Figure 17 presents the distribution of hydraulic heads in the model. Minimum hydraulic head is at
the spring level of 194 m and the maximum hydraulic head is at the altitude of 199.9 m. Therefore,
the change in hydraulic head ∆h is 5.9 m. Hydraulic heads gradually decrease towards the spring.
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Figure 17: Hydraulic head distribution for the average precipitation year

Graph 2 presents a comparison between the modelled results and measured data. It compares the
discharge data in relation with time, between model results and measured data. It also compares
the recharge rates and precipitation presented on the inverted secondary axis.
Average groundwater recharge is 0.37 × 10−4 𝑚𝑚/𝑠 and average precipitation is
0.36 × 10−4 𝑚𝑚/𝑠. Measured average discharge is 0.53 𝑚3 /𝑠 and modelled discharge
0.92 𝑚3 /𝑠. The difference between both discharges is -0.39 𝑚3 /𝑠. High difference between both
discharges is expected since this model is not calibrated. The maximum modelled discharge is
5.12 𝑚3 /𝑠 and minimum 0.12 𝑚3 /𝑠. Maximum measured discharge is 3.47 𝑚3 /𝑠 and minimum
0.08 𝑚3 /𝑠. The maximum value of groundwater recharge is 11× 10−4 𝑚𝑚/𝑠 and minimum is
0 𝑚𝑚/𝑠. These results are given in Table 6.
Graph 3 shows a comparison between the measured and modelled discharge data using master
recession curve.
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Table 6: Comparison between the non-calibrated (modelled) and measured data for the year with average precipitation

NON-CALIBRATED MODEL, YEAR WITH THE AVERAGE PRECIPITATION RATE
̅
̅
UNITS
MEASURED DATA
MODEL DATA
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
−4
−4
̅̅̅̅̅̅̅̅
𝑚𝑚/𝑠
𝐆𝐖𝐑
0.37 × 10
0.37 × 10
−4
−4
𝐆𝐖𝐑𝐦𝐚𝐱
𝑚𝑚/𝑠
11 × 10
11 × 10
0
0
𝐆𝐖𝐑𝐦𝐢𝐧
𝑚𝑚/𝑠
−4
−4
̅
𝑚𝑚/𝑠
𝐏
0.36 × 10
0.36 × 10
̅
0.53
0.92
−0.39
𝐐
𝑚3 /𝑠
3
𝐐𝐦𝐚𝐱
3.47
5.12
𝑚 /𝑠
3
𝐐𝐦𝐢𝐧
0.08
0.12
𝑚 /𝑠
/
𝐡𝐦𝐚𝐱
𝑚
199.9
𝐡𝐦𝐢𝐧
𝑚
194
194
/
∆𝐡
𝑚
5.9
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Graph 2: Comparison of discharge with recharge and precipitation; non-calibrated model, year with the average precipitation
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Graph 3: Comparison of the modelled and measured data with master recession curve; non-calibrated model, average precipitation
year

5.2.4.1.2 Results for the year with maximum precipitation rate
Figure 18 shows the distribution of hydraulic heads for the year with maximum precipitation rate.
Maximum hydraulic head is at the altitude of 201.6 m and minimum is at 194 m. Therefore, the
change in hydraulic heads ∆h is 7.6 m.
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Figure 18: Hydraulic head distribution for the maximum precipitation year

Graph 4 compares the modelled results and the measured data of the spring discharge. It presents
a comparison of the discharge data in relation with time, between model results and measured data.
It is also compared with recharge rates and precipitation presented on inverted secondary axis.
Average groundwater recharge is 0.37 × 10−4 𝑚𝑚/𝑠 and for precipitation 0.48 × 10−4 𝑚𝑚/𝑠.
Measured average discharge is 0.94 𝑚3 /𝑠 and modelled discharge 0.92 𝑚3 /𝑠. The difference
between both discharges is 0.02 𝑚3 /𝑠. Maximum measured discharge is obtained on 01.12.2012
and its value is 6.64 𝑚3 /𝑠 while minimum discharge is measured on 21.01.2013 with the value of
0.09 𝑚3 /𝑠. Maximum model discharge is 3.42 𝑚3 /𝑠 and minimum 0 𝑚3 /𝑠. Maximum value for
groundwater recharge is 8.42 × 10−4 𝑚𝑚/𝑠 and minimum is 0 𝑚𝑚/𝑠. These results are given in
Table 7.
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Table 7: Comparison of the non-calibrated (modelled) and measured data for the year with maximum precipitation

NON-CALIBRATED MODEL, YEAR WITH MAXIMUM PRECIPITATION RATE
̅
̅
UNITS
MEASURED DATA
MODEL DATA
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
−4
−4
̅̅̅̅̅̅̅̅
𝑚𝑚/𝑠
𝐆𝐖𝐑
0.37 × 10
0.37 × 10
−4
−4
𝐆𝐖𝐑𝐦𝐚𝐱
𝑚𝑚/𝑠
8.42 × 10
8.42 × 10
0
0
𝐆𝐖𝐑𝐦𝐢𝐧
𝑚𝑚/𝑠
−4
−4
̅
𝑚𝑚/𝑠
𝐏
0.48 × 10
0.48 × 10
̅
0.94
0.92
−0.02
𝐐
𝑚3 /𝑠
𝐐𝐦𝐚𝐱
6.64
3.42
𝑚3 /𝑠
0
𝐐𝐦𝐢𝐧
0.09
𝑚3 /𝑠
/
𝐡𝐦𝐚𝐱
𝑚
201.6
𝐡𝐦𝐢𝐧
𝑚
194
194
/
∆𝐡
𝑚
7.6

Graph 5 presents the data with a master recession curve as a comparison between the modelled and
measured discharge recessions.
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Graph 4: Comparison of discharge with recharge and precipitation; non-calibrated model, year with maximum precipitation
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Graph 5: Comparison of data using master recession curve; non-calibrated model, maximum precipitation year

5.2.4.1.2 Results of the year with the minimum precipitation
Figure 19 shows the distribution of hydraulic heads for the minimum precipitation year. Maximum
hydraulic head is at the altitude of 194.5 m and the minimum hydraulic head is at the elevation of
the spring, i.e. 194 m. The difference in hydraulic head ∆h is therefore 0.5 m.
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Figure 19: Hydraulic head distribution for minimum precipitation year

Graph 6 presents a comparison of discharge data with precipitation and groundwater recharge rate.
Average groundwater recharge is 0.37 × 10−4 𝑚𝑚/𝑠 and average precipitation is 0.26 × 10−4
𝑚𝑚/𝑠. Measured average discharge is 0.26 𝑚3 /𝑠 and modelled discharge 0.92 𝑚3 /𝑠. The
difference between both discharges is -0.66 𝑚3 /𝑠. Maximum modelled discharge is 7.32 𝑚3 /𝑠 and
minimum 0.12 𝑚3 /𝑠. Maximum measured discharge is 3.83 𝑚3 /𝑠 and minimum 0.05 𝑚3 /𝑠.
Maximum value of groundwater recharge is 16 × 10−4 𝑚𝑚/𝑠 and minimum is 0 𝑚𝑚/𝑠. These
results are given in Table 8. In Graph 7 the modelled and measured data are compared using master
recession curve.
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Table 8: Compared non-calibrated (modelled) and measured data for the year with minimum precipitation

NON-CALIBRATED MODEL, YEAR WITH MINIMUM PRECIPITATION RATE
̅
̅
UNITS
MEASURED DATA
MODEL DATA
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
−4
−4
̅̅̅̅̅̅̅̅
𝑚𝑚/𝑠
𝑮𝑾𝑹
0.37 × 10
0.37 × 10
−4
−4
𝑮𝑾𝑹𝒎𝒂𝒙
𝑚𝑚/𝑠
16 × 10
16 × 10
0
0
𝑮𝑾𝑹𝒎𝒊𝒏
𝑚𝑚/𝑠
−4
−4
̅
𝑚𝑚/𝑠
𝑷
0.26 × 10
0.26 × 10
̅
0.26
0.92
−0.66
𝑸
𝑚3 /𝑠
3
𝑸𝒎𝒂𝒙
3.83
7.32
𝑚 /𝑠
𝑸𝒎𝒊𝒏
0.05
0.12
𝑚3 /𝑠
/
𝒉𝒎𝒂𝒙
𝑚
194.5
𝒉𝒎𝒊𝒏
𝑚
194
194
/
∆𝒉
𝑚
0.5
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Graph 6: Comparison of discharge with recharge and precipitation; non-calibrated modes, year with minimum precipitation
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Graph 7: Comparison of data using master recession curve; non-calibrated model, minimum precipitation year

5.2.4.2 CALIBRATED MODEL RESULTS
Calibration steps are presented in Table 9. All these calibration steps were employed for each of
the three representative years. The parameters from step 13 in Table 9 were applied as parameters
for final adequately calibrated model for all three years. The values in Table 9 are presented in
units m/day, which are the same units as in the model. The ‘/’ symbol means that there has been
no change in that parameter during this calibration step. Where recharge was too high compared
with the measured data, only this particular peak recharge was decreased and the initially calculated
recharge before the application of the correction factor was used.
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Table 9: Calibration steps

STEP
Initial values
1
2
3
4
5
6
7
8
9
10
11
12
13

K conduit
[𝒎/𝒅𝒂𝒚]
864
8640
86400
864000
864000
864000
864000
864000
864000
864000
864000
864000
864000
86400

Kmatrix
[𝒎/𝒅𝒂𝒚]
86.4
/
/
/
8.64
8.64
8.64
8.64
8.64
8.64
8.64
8.64
8.64
8.64

Kspring
[𝒎/𝒅𝒂𝒚]
8640
/
/
/
/
/
/
/
/
/
/
/
/
8640

Specific yield matrix
0.01
/
/
/
/
0.1
0.08
0.05
0.03
0.02
0.02
0.05
0.03
0.02

5.2.4.2.1 Year with average precipitation
Figure 20 presents the distribution of hydraulic heads in the calibrated model. Blue contours in
Figure 20 present minimum and red contours maximum hydraulic heads. The minimum hydraulic
head is at the altitude of the conduit and the spring, which is 194 m, and the maximum hydraulic
head is at 198.5 m. The change in hydraulic heads ∆h is therefore 4.5 m.
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Figure 20: Hydraulic head distribution for the average precipitation year, calibrated model

Graph 8 gives a comparison between the measured discharge data and modelled discharge results
of the average precipitation rate year. The measured values are the same as with the non-calibrated
model. Correspondence between the modelled and measured discharge is improved if compared
with the non-calibrated model.
Since groundwater recharge was decreased with some peaks with too high values, the average
groundwater recharge is now 0.20 × 10−4 𝑚𝑚/𝑠. The maximum recharge value is now
4.99 × 10−4 𝑚𝑚/𝑠 and minimum 0 𝑚𝑚/𝑠. Average modelled discharge is now 0.49 𝑚3 /𝑠, with
maximum 3.20 𝑚3 /𝑠 and minimum 0.08 𝑚3 /𝑠. The difference between the modelled and
measured discharge is now 0.03 𝑚3 /𝑠. These results are given in Table 10.
Graph 9 presents the compared data using master recession curve.
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Table 10: Comparison of the calibrated and measured data for the year with average precipitation

CALIBRATED MODEL, YEAR WITH AVERAGE PRECIPITATION RATE
̅
̅
UNITS
MEASURED DATA
MODEL DATA
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
−4
−4
̅̅̅̅̅̅̅̅
𝑚𝑚/𝑠
𝐆𝐖𝐑
0.37 × 10
0.20 × 10
−4
−4
𝐆𝐖𝐑𝐦𝐚𝐱
𝑚𝑚/𝑠
11 × 10
4.99 × 10
0
0
𝐆𝐖𝐑𝐦𝐢𝐧
𝑚𝑚/𝑠
−4
−4
̅
𝑚𝑚
/𝑠
𝐏
0.36 × 10
0.36 × 10
̅
0.53
0.50
0.03
𝐐
𝑚3 /𝑠
3
𝐐𝐦𝐚𝐱
3.47
3.20
𝑚 /𝑠
3
𝐐𝐦𝐢𝐧
0.08
0.08
𝑚 /𝑠
/
𝐡𝐦𝐚𝐱
𝑚
198.5
𝐡𝐦𝐢𝐧
𝑚
194
194
/
∆𝐡
𝑚
4.5
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Graph 8: Comparison of discharge with recharge and precipitation; calibrated model, year with average precipitation
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Graph 9: Comparison of data using master recession curve; calibrated model, average precipitation year

5.2.4.2.2 Year with maximum precipitation
Figure 21 presents the distribution of hydraulic heads for the calibrated model, year with maximum
precipitation. The maximum hydraulic head is at 202.9 m and the minimum at the altitude of the
spring, i.e. 194 m. The change in hydraulic head ∆h is therefore 8.9 m.
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Figure 21: Hydraulic head distribution for the maximum precipitation year, calibrated model

Graph 10 presents a comparison between the discharge data and precipitation and groundwater
recharge. Because groundwater recharge was decreased for some peaks with too high values
average groundwater recharge is now 0.34 × 10−4 𝑚𝑚/𝑠. Maximal recharge value is now
8.42 × 10−4 𝑚𝑚/𝑠 and minimum 0 𝑚𝑚/𝑠. Average model discharge is now 0.84 𝑚3 /𝑠, with
maximum 4.64 𝑚3 /𝑠 and minimum 0.06 𝑚3 /𝑠. The difference between average discharges is now
0.10. These results are given in Table 11.
Graph 11 presents a comparison of the modelled and measured data using master recession curve.
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Table 11: Comparison of the calibrated and measured data for the year with maximum precipitation

CALIBRATED MODEL, YEAR WITH MAXIMUM PRECIPITATION RATE
̅
̅
UNITS MEASURED DATA
MODEL DATA
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
−4
−4
̅̅̅̅̅̅̅̅
𝑚𝑚/𝑠
𝐆𝐖𝐑
0.37 × 10
0.34 × 10
−4
−4
𝐆𝐖𝐑𝐦𝐚𝐱
𝑚𝑚/𝑠
8.42 × 10
8.42 × 10
0
𝐆𝐖𝐑𝐦𝐢𝐧
𝑚𝑚/𝑠 0
−4
−4
̅
𝑚𝑚/𝑠
𝐏
0.48 × 10
0.48 × 10
̅
0.94
0.84
0.10
𝐐
𝑚3 /𝑠
3
𝐐𝐦𝐚𝐱
6.64
4.64
𝑚 /𝑠
𝐐𝐦𝐢𝐧
0.09
0.06
𝑚3 /𝑠
/
𝐡𝐦𝐚𝐱
𝑚
202.9
𝐡𝐦𝐢𝐧
𝑚
194
194
/
∆𝐡
𝑚
8.9
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Graph 10: Comparison of discharge with recharge and precipitation; calibrated modes, year with maximum precipitation
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Graph 11: Comparison of data with master recession curve; calibrated model, maximum precipitation year

5.2.4.2.3 Year with minimum precipitation
Figure 22 presents the distribution of hydraulic heads for the calibrated model, year with minimum
precipitation. The maximum hydraulic head is at 194.7 m and minimum at spring elevation of 194
m. The hydraulic change is therefore 0.7 m.
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Figure 22: Hydraulic head distribution for the minimum precipitation year, calibrated model

Graph 12 presents a comparison between the data and precipitation and groundwater recharge.
Because groundwater recharge was decreased for some peaks with too high values, the average
groundwater recharge is now 0.09 × 10−4 𝑚𝑚/𝑠. Maximal groundwater recharge is now
3.85 × 10−4 𝑚𝑚/𝑠 and minimum 0 𝑚𝑚/𝑠. Average modelled discharge is now 0.20 𝑚3 /𝑠, with
maximum discharge 2.52 𝑚3 /𝑠 and minimum 0.02 𝑚3 /𝑠. The difference between average
discharge is now 0.06 𝑚3 /𝑠. These results are given in Table 12.
Graph 13 presents a comparison of data using master recession curve.

Table 12: Comparison of the calibrated and measured data for the year with minimum precipitation

CALIBRATED MODEL, YEAR WITH MINIMUM PRECIPITATION RATE
̅
̅
UNITS
MEASURED DATA
MODEL DATA
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
−4
−4
̅̅̅̅̅̅̅̅
𝑚𝑚/𝑠
𝐆𝐖𝐑
0.37 × 10
0.09 × 10
−4
−4
𝐆𝐖𝐑𝐦𝐚𝐱
𝑚𝑚/𝑠
16 × 10
3.85 × 10
0
0
𝐆𝐖𝐑𝐦𝐢𝐧
𝑚𝑚/𝑠
−4
−4
̅
𝑚𝑚/𝑠
𝐏
0.26 × 10
0.26 × 10
̅
0.26
0.20
0.06
𝐐
𝑚3 /𝑠
3
𝐐𝐦𝐚𝐱
3.83
2.52
𝑚 /𝑠
0.05
0.02
𝐐𝐦𝐢𝐧
𝑚3 /𝑠
/
𝐡𝐦𝐚𝐱
𝑚
194.7
𝐡𝐦𝐢𝐧
𝑚
194
194
/
∆𝐡
𝑚
0.7
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Graph 12: Comparison of discharge with recharge and precipitation; calibrated model, year with minimum precipitation
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Graph 13: Comparison of data using master recession curve; calibrated model, minimum precipitation year

5.2.4.3 SENSITIVITY TESTS
Sensitivity tests were made for hydraulic conductivity of the conduit (𝐾𝑐𝑜𝑛𝑑𝑢𝑖𝑡 ) and matrix
(𝐾𝑚𝑎𝑡𝑟𝑖𝑥 ), increased and decreased for a factor of hundred for all three observation years. To
approach this, four model runs were made for each year presented in Table 13:

Table 13: Changed parameters for sensitivity test

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↑
𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↓
𝑲𝒎𝒂𝒕𝒓𝒊𝒙↑
𝑲𝒎𝒂𝒕𝒓𝒊𝒙↓

K for sensitivity test [m/day]
864000
8640
86.4
0.864

K for sensitivity test [m/s]
10
0.1
0.001
0.00001

*Where subscript ↑ indicates increased hydraulic conductivity and ↓ decreased hydraulic conductivity by a factor of ten.

Results of a sensitivity test are presented below. How different parameters affect the spring
discharge is explained in the discussion.
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5.2.4.3.1 Year with average precipitation
Discharge results for a year with average precipitation are shown in Table 14. Data presented in
Table 14 is compared with the measured discharge data for the year with average precipitation rate.
̅ of the spring is 0.53 𝑚3 /𝑠, maximum discharge is 3.47 𝑚3 /𝑠 and
Average measured discharge Q
minimum 0.08 𝑚3 /𝑠. Maximum hydraulic head for calibrated model is 198.5 m.

Table 14: Sensitivity test results for the year with average precipitation

[𝒎𝟑 /𝒔]
̅
𝑸

𝑸𝒎𝒂𝒙
𝑸𝒎𝒊𝒏
̅
̅
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
𝒉𝒎𝒂𝒙 [𝒎]

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↑
0.49
3.36
0.08
0.03
198.5

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↓
0.49
2.35
0.10
0.03
198.8

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↑
0.51
5.62
0
0.02
198.5

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↓
0.50
2.39
0.31
0.03
223.7

All data comparisons between the modelled and measured discharge data are shown in graphs in
Appendix 2 for hydraulic head distribution, Appendix 6 for graph comparison between the
measured and modelled results, and Appendix 8 for MRC comparison.

5.2.4.3.2 Year with maximum precipitation
Discharge results for the year with maximum precipitation are shown in Table 15.
Data presented in Table 15 is compared with the measured discharge data for the year with average
precipitation rate. Average measured discharge of the spring is 0.94 𝑚3 /𝑠, maximum discharge is
6.64 𝑚3 /𝑠 and minimum 0.09 𝑚3 /𝑠. Maximum hydraulic head for the calibrated model is 202.9 m.

Table 15: Sensitivity test results for the year with maximum precipitation rate

[𝒎𝟑 /𝒔]
̅
𝑸
𝑸𝒎𝒂𝒙
𝑸𝒎𝒊𝒏
̅
̅
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
𝒉𝒎𝒂𝒙 [𝒎]

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↑
0.80
5.37
0.03
0.14
202.9

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↓
0.79
3.57
0.04
0.14
203.6

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↑
0.83
8.13
0
0.11
195.6

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↓
0.76
3.80
0.36
0.18
247.8
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All comparisons between the modelled and measured discharge data shown in graphs are in
Appendix 3 for hydraulic head distribution, Appendix 5 for graph comparison between the
measured and modelled results and Appendix 9 for MRC comparison.

5.2.4.3.3 Year with minimum precipitation
Discharge results for year with minimum precipitation are shown in Table 16.
Data presented in Table 16 is compared with the measured discharge data for the year with average
precipitation rate. Average measured discharge of the spring is 0.26 𝑚3 /𝑠, maximum discharge is
3.83 𝑚3 /𝑠 and minimum 0.05 𝑚3 /𝑠. Maximum hydraulic head for the calibrated model is 194.6 m.

Table 16: Sensitivity test results for the year with maximum precipitation rate

[𝒎𝟑 /𝒔]
̅
𝑸

𝑸𝒎𝒂𝒙
𝑸𝒎𝒊𝒏
̅
̅
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
𝒉𝒎𝒂𝒙 [𝒎]

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↑
0.21
2.59
0.02
0.05
194.7

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↓
0.21
1.76
0.03
0.05
194.8

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↑
0.21
4.53
0
0.05
194

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↓
0.21
1.75
0.12
0.06
206.3

All comparisons between the modelled and measured discharge data shown in graphs are in
Appendix 4 for hydraulic head distribution, Appendix 7 for graph comparison between the
measured and modelled results and Appendix 10 for MRC comparison.
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6. DISCUSSION
6.1 NON-CALIBRATED AND CALIBRATED MODEL RESULTS
The main focus is on the calibrated model results. Non-calibrated model is presented to compare
the improvement of the model results with calibrated model. The results are given in Table 17,
Table 18 and Table 19 for a better comparison between non-calibrated modelled and calibrated
modelled results, and the measured data.

Table 17: Modelled results of the non-calibrated and calibrated models; year with average precipitation rate

YEAR WITH AVERAGE PRECIPITATION RATE
PARAMETER
MEASURED
NON-CALIBRATED
DATA
MODEL DATA
UNITS
𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅

− 𝑸𝒎𝒐𝒅𝒆𝒍

̅̅̅̅̅̅̅̅
𝐆𝐖𝐑

𝐆𝐖𝐑𝐦𝐚𝐱
𝐆𝐖𝐑𝐦𝐢𝐧
̅
𝐏
̅
𝐐

𝐐𝐦𝐚𝐱
𝐐𝐦𝐢𝐧
𝐡𝐦𝐚𝐱
𝐡𝐦𝐢𝐧
∆𝐡

𝑚𝑚/𝑠
𝑚𝑚/𝑠
𝑚𝑚/𝑠
𝑚𝑚/𝑠

−4

0.53
3.47
0.08
/
194
/

−4

MODEL

𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
− 𝑸𝒎𝒐𝒅𝒆𝒍

−4

0.37 × 10
−4
11 × 10

0.20 × 10
−4
4.99 × 10

0
0.36 × 10

𝑚3 /𝑠
𝑚3 /𝑠
𝑚3 /𝑠
𝑚
𝑚
𝑚

−4

0.37 × 10
−4
11 × 10
0

CALIBRATED
DATA
MODEL
DATA

0
0.36 × 10
0.92
5.12
0.12
199.9
194
5.9

−4

0.36 × 10
−0.39

0.49
3.20
0.08
198.5
194
4.5

−4

0.04
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Table 18: Results of the non-calibrated and calibrated models; year with maximum precipitation rate

YEAR WITH MAXIMUM PRECIPITATION RATE
PARAMETER
MEASURED
NON-CALIBRATED DATA
DATA
UNITS
𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅

CALIBRATED DATA

𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
− 𝑸𝒎𝒐𝒅𝒆𝒍

− 𝑸𝒎𝒐𝒅𝒆𝒍

̅̅̅̅̅̅̅̅
𝐆𝐖𝐑

𝐆𝐖𝐑𝐦𝐚𝐱
𝐆𝐖𝐑𝐦𝐢𝐧
̅
𝐏
̅
𝐐

𝐐𝐦𝐚𝐱
𝐐𝐦𝐢𝐧
𝐡𝐦𝐚𝐱
𝐡𝐦𝐢𝐧
∆𝐡

−4

0.37 × 10
−4
8.42 × 10
0

−4

0.48 × 10

𝑚𝑚/𝑠
𝑚𝑚/𝑠
𝑚𝑚/𝑠
𝑚𝑚/𝑠

0.37 × 10
−4
8.42 × 10
0

𝑚3 /𝑠
𝑚3 /𝑠
𝑚3 /𝑠

0.94
6.64
0.09
/
194
/

𝑚
𝑚
𝑚

0.48 × 10

−4

0.34 × 10
−4
8.42 × 10
0

−4

−4

0.48 × 10
−0.02

0.92
3.42
0
201.6
194
7.6

−4

0.84
4.64
0.06
202.9
194
8.9

0.10

Table 19: Results of the non-calibrated and calibrated models; year with minimum precipitation rate

YEAR WITH MINIMUM PRECIPITATION RATE
PARAMETER
MEASURED
NON-CALIBRATED
DATA
DATA
UNITS
𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
̅̅̅̅̅̅̅̅
𝐆𝐖𝐑

𝐆𝐖𝐑𝐦𝐚𝐱
𝐆𝐖𝐑𝐦𝐢𝐧
̅
𝐏
̅
𝐐
𝐐𝐦𝐚𝐱
𝐐𝐦𝐢𝐧
𝐡𝐦𝐚𝐱
𝐡𝐦𝐢𝐧
∆𝐡

𝑚𝑚/𝑠
𝑚𝑚/𝑠
𝑚𝑚/𝑠
𝑚𝑚/𝑠

𝑚3 /𝑠
𝑚3 /𝑠
𝑚3 /𝑠
𝑚
𝑚
𝑚

−4

0.37 × 10
−4
16 × 10
0

−4

0.26 × 10
0.92
7.32
0.12
194.5
194
0.5

0.37 × 10
−4
16 × 10
0
0.26 × 10
0.26
3.83
0.05
/
194
/

−4

CALIBRATED DATA

− 𝑸𝒎𝒐𝒅𝒆𝒍

−4

𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
− 𝑸𝒎𝒐𝒅𝒆𝒍

0.09 × 10
−4
3.85 × 10
0

−4

−0.66

0.26 × 10
0.20
2.52
0.02
194.7
194
0.7

−4

0.06
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6.1.1 HYDRAULIC HEADS
The differences in hydraulic heads between the calibrated and non-calibrated models for all three
years are not significant. The hydraulic heads for the maximum and minimum precipitation year
are lower for non-calibrated models while in the average precipitation year it is lower for the
calibrated model. Hydraulic heads are not representative since there is no measured data available
for this aquifer.
The influence of the conduit is more obvious in calibrated models because hydraulic conductivity
in the conduit was increased. In addition, hydraulic conductivity of the matrix is decreased, which
allows greater impact on conduit. Because of that hydraulic heads are the lowest in the area of the
conduit and the spring from where the water is drained.
Water table is higher in the matrix and steeper around the conduit for all three calibrated models.
Impact of the increased recharge in the back modelled area is visible in the distribution of the
hydraulic head. It is wider in the back and decreases towards the conduit more gradually. As the
recharge was increased in the back and hydraulic conductivity in the conduit remained the same, it
was too low. That is most evident in the maximum precipitation year because of the highest change
in water table and less obvious in the year with minimum precipitation rate where we can observe
the lowest change in hydraulic heads. In the area closer to the spring, the hydraulic heads are
distributed steeper towards the conduit. Because the recharge is lower, higher hydraulic
conductivity in the conduit has more significant impact on the water distribution in the matrix.

6.1.2 DISCHARGE EVENTS
The differences between discharges showed that average and minimum years are improved (Table
17 and 19). The difference in discharge for the year with maximum precipitation rate is not
improved (Table 18).
Changes in hydraulic conductivity were introduced to the model because of steep discharge peaks
observed from the measurement data. These high peaks are visible in Graph 8, Graph 10 and Graph
12. The recessions for measured discharges are steeper and narrower, in other words faster than
non-calibrated discharges. This indicated that the hydraulic conductivity of a conduit needs to
increase.
Slow and thus wide discharge following the highest peak as indicate the need to increase the
hydraulic conductivity values of the matrix. As the peaks indicate discharge of the conduit, the part
of the recession after the peak belongs to the matrix. In this case, discharge of the matrix is too
slow, but because of very high discharge peaks of the conduit the matrix hydraulic conductivity is
rather decreased than increased. Otherwise discharge of the conduit would decrease. The very last
part of the recession belongs to the base flow. Measured discharge was lower than the modelled
discharge for this part of the recession. But in the beginning, the model recessions are faster than
the measured ones. This is because the specific yield was underestimated. When the specific yield
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is increased, it reduces the diffusivity of the aquifer and thus causes a slower propagation of pulses
through the aquifer. Because long-term recession in matrix is restrained, it is expected that decrease
of the specific yield causes faster decrease of the discharge in the recession.
After that the calibration is considered successful. However, some model discharge peaks are
higher than the measured ones. The model responded to some recharge events with very high peaks
even though the measured discharge was very low or non-existing. This means that in nature this
event did not occur. The reason for that could be the position of the meteorological station. The
meteorological station is approximately 4 km north of the Težka Voda gauging station at the
altitude of around 200 m. The catchment area altitude ranges from 200 m to 800 m. This could be
the reason for the uncertainties in precipitation rates based on which groundwater recharge was
calculated. The other possibility is overestimated maximum soil capacity. If it was lower, less water
would be stored in the soil and it will cause more groundwater recharge throughout the year.
Some parts in Graph 8, Graph 10 and Graph 12 have higher measured discharges and lower model
discharge rates. This is commonly seen on Graph 10 that represents the year with the maximum
precipitation rate. Recharge rates are clearly underestimated. The delay of the measured data is
seen from the graphs which indicate different and more complicated recharge and discharge
behaviour as considered. This means that water is not released from the aquifer immediately but is
first stored in it.
In the beginning, the common situation of all graphs with compared modelled and measured
discharge data is that the model recessions are faster than the measured ones. The measured
discharge has wider recession that corresponds to the matrix. Since this model is made of one layer,
it does not show response for two different layers with different hydraulic conductivity. This
modelled area consists of two layers; dolomite over limestone with limestone having higher
hydraulic conductivity. It is possible that the slow discharge belongs to slowly discharging water
from the dolomite resulting from the melting snow.
Calibration is considered successful when the error between the model and measured data is
minimal. Nash & Sutcliffe (1970) coefficient of efficiency CE gives the goodness of fit.
Table 20 provides the results for calibrated models.

Table 20: Nash & Sutcliffe coefficient of efficiency for calibrated models

COEFFICIENT OF EFFICIENCY FOR CALIBRATED MODELS

CE

AVERAGE

MAXIMUM

MINIMUM

0.42

0.25

-0.21

From Table 20 we can see that the year with the average precipitation results gives the best
estimates of the measured discharge rates. The minimum precipitation year gives the worst
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estimates based on Nash & Sutcliffe (1970) equation. The results based on Nash-Sutcliffe equation
are relatively low as a result of the simple recharge model.

6.1.3 MASTER RECESSION CURVE
Master recession curve with exponential regression results of coefficient of determination 𝑅2 and
the trend line are given in Table 21.

Table 21: MRC data comparison

𝟐

𝐑 model
𝐑𝟐 measured
Trend line model
Trend line measured

CALIBRATED
AVERAGE
0.67
0.77
0.69 × 𝑒−0.05𝑥
1.07 × 𝑒−0.08𝑥

MAXIMUM
0.82
0.77
1.27 × 𝑒−0.06𝑥
2.05 × 𝑒−0.11𝑥

MINIMUM
0.75
0.77
0.33 × 𝑒−0.04𝑥
0.71 × 𝑒−0.08𝑥

Master recession curves are presented for the calibrated model in Graph 9, Graph 11 and Graph 13.
In all three representative years, the measured values are higher in the initial part of the recession
and during later recessions, modelled discharge values become higher.
MRCs behave like calibrated models do. Otherwise all three recessions behave the same way; they
can be divided into three parts; high recession from the conduit, slower recession that belongs to
the matrix and a very slow recession event or baseflow.
MRC curves show a minor scattering pattern. In other words, the recession curve is not described
as a single narrow line where dots are easily connected, but as several recession curves. This
addresses the non-homogenous, complicated structure of the aquifer which is expected.
The year with the maximum precipitation gave the best results based on 𝑅2 and the average
precipitation year the worst (Table 21). The master recession curve is mainly controlled by the
aquifer properties. Coefficient of determination 𝑅2 assess how good the proposed type of master
recession curve fits the data. Hydraulic conductivity of the aquifer based on given results from
MRC is reflected best in a model using the year of maximum precipitation rate which is not
expected. However, when comparing the MRCs how they match visually from plotted MRCs and
the trend lines conclusions are different. From this perspective difference between trend lines seems
to be lower for the average year, while the difference seems to be larger for the year with minimum
precipitation. Also when trend lines between measured and modelled data are compared it seems
from exponents of the trend lines that recession is faster from the measured data. This suggest to
different behaviour of the non-exponential behaviour of the early recession and exponential long75

term flow recession as shown by Birk, et.al., 2010. It also refers to the simplification of the fullyautomated trigonometry approach which seems to fail when modelling with different types of
medium and the results are not reasonable.
Recharge seems to affect the early recession most as shown by Birk et al., 2010. This is well
illustrated in Graph 13 where the MRC results are presented concerning the year with minimum
precipitation. The recharge calculated for this year is very low and at the beginning of the MRC
the result is decreased below the measured results. Early recession could be improved with a higher
recharge rate for the maximum precipitation year as well (Graph 11). It seems to work best for the
year with average precipitation at an early stage, but it seems that with the continuing recession it
fails to match, the aquifer properties being the reason for this.
On the basis of the above, Nash-Sutcliffe results gave model estimates based on the discharge rates,
but MRCs gave result estimates based on the aquifer properties.

6.1.4 RECHARGE FROM THE RIVER
River recharge did not affect the model at all. This may not be the case if the position of the river
recharge was different. If the river recharge cell is more to the front part of the model, the influence
on the spring discharge could be higher. In this case study the exact map was not used, and this is
why the river recharge is not precisely positioned.

6.2 SENSITIVITY TESTS
As mentioned before, four sensitivity tests were conducted for each observation year by changing
hydraulic conductivity of the conduit and the matrix. How the model discharge is affected by the
changes in parameters is discussed below. All data is compared with the final calibrated model
discussed above. Table 22 shows the results of sensitivity tests for all representative years. Only
one parameter at a time is changed for one sensitivity test, other parameters remain the same. In
Table 23 results from MRC in sensitivity tests are given.
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Table 22: Compared results for sensitivity test

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↑
𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↓
[𝒎𝟑 /𝒔]
YEAR WITH AVERAGE PRECIPITATION
̅
0.49
0.49
𝑸
3.36
2.35
𝑸𝒎𝒂𝒙
𝑸𝒎𝒊𝒏
0.08
0.10
̅
̅
0.03
0.03
𝑸
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍
198.5
198.8
𝒉𝒎𝒂𝒙 [𝒎]
YEAR WITH MAXIMUM PRECIPITATION
̅
0.80
0.79
𝑸
5.37
3.57
𝑸𝒎𝒂𝒙
𝑸𝒎𝒊𝒏
0.03
0.04
̅
̅
0.14
𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍 0.14
202.9
203.6
𝒉𝒎𝒂𝒙 [𝒎]
YEAR WITH MINIMUM PRECIPITATION
̅
0.21
0.21
𝑸
2.59
1.76
𝑸𝒎𝒂𝒙
𝑸𝒎𝒊𝒏
0.02
0.03
̅
̅
0.05
𝑸𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑸𝒎𝒐𝒅𝒆𝒍 0.05
𝒉𝒎𝒂𝒙 [𝒎]

194.7

194.8

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↑

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↓

0.51
5.62
0
0.02
198.5

0.50
2.39
0.31
0.03
223.7

0.83
8.13
0
0.11
195.6

0.76
3.80
0.36
0.18
247.8

0.21
4.53
0
0.05

0.21
1.75
0.12
0.06

194

206.3

Table 23: MRC sensitivity test results

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↑

𝑲𝒄𝒐𝒏𝒅𝒖𝒊𝒕↓

YEAR WITH AVERAGE PRECIPITATION
0.66
0.70
𝐑𝟐
−0.04𝑥
−0.03𝑥
Trend line
0.66 × 10
0.69 × 10
YEAR WITH MAXIMUM PRECIPITATION
0.86
0.86
𝐑𝟐
−0.07𝑥
−0.05𝑥
Trend line
1.19 × 10
1.24 × 10
YEAR WITH MINIMUM PRECIPITATION
0.87
0.81
𝐑𝟐 model
−0.03𝑥
−0.05𝑥
Trend line
0.37 × 10
0.42 × 10

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↑
0.94
0.94 × 10

0.42
−0.27𝑥

0.96
5.27 × 10

0.61 × 10

−0.03𝑥

0.55
−0.33𝑥

0.91
2.39 × 10

𝑲𝒎𝒂𝒕𝒓𝒊𝒙↓

0.89 × 10

−0.035𝑥

0.59
−0.31𝑥

0.29 × 10

−0.034𝑥

If the heterogeneity of a karst system is low, the conduits cannot effectively drain the low
permeability matrix. Such systems are similar to porous systems where the drainage process is
dependent on the entire aquifer area, and where hydraulic parameters are homogenous. However,
the geometric factor is different from that of an equivalent porous system, and thus different
formula is required to express the recession coefficient. Kovács et. al. (2005) and Kovács (2003)
wrote that this flow condition has been defined as conduit-influences flow regime CIFR, and is
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typically during the baseflow or fissured systems or weakly karstified systems, defined as early
karst systems.
When changes are introduced regarding hydraulic conductivity of the conduit, the differences
between the models are not that obvious. In general, the sensitivity test with higher hydraulic
conductivity in the conduit worked very well for the year with the maximum precipitation rate.
Because of increased hydraulic conductivity of the conduit, some peaks have higher discharge rates
on graph with the comparison between numerical modelled and measured data. It is interesting that
the difference between modelled and measured discharges is not improved for this year. However
it is improved with MRC (Appendix 9a), and has a higher determination coefficient 𝑅2 than the
calibrated model. Used recession function can better match the recession of this model which could
be the reason of conduit-influenced flow mentioned above after Kovács et. al. (2005).
Sensitivity test with MRCs comparison has shown that changes in hydraulic conductivity greatly
affect the discharge, in particular when the hydraulic conductivity of the matrix is decreased and
the inflow into the conduit is decreased as well. Because hydraulic conductivity of the matrix is
too low, MRCs indicate bad modelled hydraulic properties of the aquifer where the measured
results are above the modelled data in later stages of the recession because the aquifer does not
properly discharge. Early recession stages are decreased for this test as well since drainage from
the matrix to the conduit is limited because of very low hydraulic conductivity.
A similar effect on MRCs at the beginning stage of the early recession is presented when hydraulic
conductivity is decreased in the conduit where later stages are not affected as much as before.
Increased hydraulic conductivity in the matrix showed better fit of the MRC for early recession
stages. But even though the differences in discharges between the measured and modelled data and
MRCs result gave the best results for the sensitivity test with increased hydraulic conductivity of
the matrix, these are clearly not the best results when looking at the base flow which is too low and
below the measured data presented on graph with compared modelled and measured data.
Sensitivity tests have shown high dependence of the system on the matrix conductivity. When
hydraulic conductivity of the matrix was increased, the discharge was much higher in comparison
with the decreased hydraulic conductivity in the matrix when the discharge is greatly decreased.
This is visible from graph with numerical modelled results in comparison with measured data and
also from MRCs. That indicates high amounts of groundwater discharging from the matrix to the
conduit.
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7. CONCLUSION
Karst systems are complex by nature. Numerical models are tools that help understand such
complex systems.
The investigated area in this thesis was the Težka Voda spring situated in SE of Slovenia. This
spring was chosen because of the known size of its catchment area and the daily measured
discharge data. The catchment area covers approximately 25.6 km2 with the average spring
discharge 0.73 𝑚3 /𝑠 during the time interval between 2005 and 2015. This work aims to develop
a calibrated groundwater flow model that will simulate measured discharge rates of the Težka Voda
karst spring. Therefore, the quantification of the system is developed to help us better understand
the system. When the model is adequately calibrated using good results, the modelled and measured
discharges of the spring are compared with the master recession curves computed by the Excel
spreadsheet (Posavec, et al., 2017). Another purpose of this work is to design sensitivity tests that
will show how changes in different parameters affect the discharge of the spring. This will
contribute to better understanding of how different parameters affect the karst aquifer. Three main
models were developed during this work; transient non-calibrated models, transient calibrated
models and sensitivity tests. All these models were made for three representative years; a year with
the average precipitation rate (2006-2007), a year with the maximum precipitation rate (2012-2013)
and a year with the minimum precipitation rate (2011-2012). Based on tracer tests made in this area
for the Krupa River (Habič & Kogovšek, 1992), one conduit was introduced into the model. The
first steady state model was developed in the simulation system Processing Modflow and was
followed by a transient model using the Model Muse.
The data on daily discharge measurements of the Težka Voda karst spring was collected from the
Stopiče gauging station. The meteorological data on the precipitation and average daily
temperature was collected from the gauging station of Novo Mesto. It was used to compute
groundwater recharge using the soil-water-balance approach. The non-calibrated transient model
had too low groundwater recharge, thus a correction factor was applied. Results on the
underestimated recharge based on soil-water-balance approach suggest that the precipitation
measured at a single point is not representative for the entire catchment area.
Calibration was developed with increased conduit hydraulic conductivity and specific yield, which
gave adequate results. This was based on assumption that contrast between matrix and conduit is
very strong to be able to obtain the observed discharge behaviour with the model. This concludes
to a mature karst aquifer.
When testing the efficiency of the models, the result showed that MRCs gave results based on the
aquifer hydraulic properties and Nash & Sutcliffe coefficient of efficiency gave results based on
the discharge rates. Therefore, Nash & Sutcliffe provided the best estimate of the average
precipitation year and when comparing the results with MRCs, the best results were related to the
maximum precipitation year which is interesting. However, when MRCs results were compared
with trendlines they gave different results. In this case the best result was average precipitation
year. This suggest to different early recession and long-term recession behaviour as pointed out by
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Birk et. al (2010). It is possible that fully-automated trigonometry approach does not simulate
properly conditions when different medium are modelled as in my case conduit and matrix.
The MRCs behaviour indicate more complex properties of the system. They show a minor
scattering pattern which addresses the non-homogenous and complicated structure of the aquifer
which is expected. The main reason is in the amount and different position of the conduit, which
consequently affects the distribution of the recharge and therefore hydraulic conductivity.
Finally, sensitivity tests were performed on the calibrated model. The parameters for hydraulic
conductivity of the matrix and conduit were increased and decreased for each observation year and
for one parameter at the time. They showed that the model gives a better solution to the year with
maximum precipitation with increased hydraulic conductivity in the conduit, and the opposite
applies to the model with minimum precipitation. Of course, in nature the hydraulic conductivity
of the conduit does not change depending on groundwater flow. Thus, the reasons for differences
in discharge rates in extreme years are elsewhere, in other factors which are not obvious. Master
recession curves based on sensitivity tests showed that changes in heterogeneity of the system
affect them greatly. These tests showed big dependency of the system on the discharge from the
matrix.
This suggests that MRCs are mainly controlled by the matrix conductivity. Discharge peaks are
still influenced by the conduit conductivity. This suggests the focus on the discharge peaks to obtain
information about the conduit properties, while the recession provides information mainly about
the matrix.
The final conclusion is that the year with average precipitation rate adequately simulates the
parameters of the spring system of the Težka Voda. However, years with extreme precipitation did
not work well. Model discharges were too high for the year with minimum precipitation rate and
too low for the maximum precipitation year. Since the parameters worked for the year with average
precipitation, the parameters applied are considered appropriate. Thus, different behaviour of
extreme years to recharge events with delays can be attributed to other factors. As regards the
events with huge groundwater recharge, the reason for the delay is stored water in the aquifer and
then released at some point. Recharge from the river did not affect the model results at all. Neither
did different recharge distribution, except for the hydraulic head distribution.
Until now not a lot of new findings were established regarding the Težka Voda karst spring since
the research made with tracer tests by Habič & Kogovšek (1992). New conclusions can be drawn
in respect of the Težka Voda karst spring based on the model described above:
•

•

As seen from the discharge behaviour and master recession curves, the discharge is mainly
affected by the matrix and conduit discharge. They are strongly connected. There are three
different groundwater flows in the system: the matrix flow, conduit flow and the baseflow.
Discharge is also dependent on groundwater recharge from precipitation.
The matrix represents the groundwater flow from fractured dolomite that has lower
hydraulic conductivity. It plays a very important role in slower recession after the high
discharge peaks. Based on delays of measured discharge to some recharge events, water is
stored in the aquifer and then at some point released. The reason for the delay is in the
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•

•

draining of quite large amounts of groundwater from the matrix with lower hydraulic
conductivity to the conduit as seen from sensitivity tests. This indicates strong connection
between matrix and conduit.
The conduit is developed in limestone underneath. It has an important part in this system.
It drains the aquifer and concentrates the groundwater flow at spring from where
groundwater is discharged. Baseflow is typical for the intervals with no recharge events.
Catchment area based on the obtained modelled results when using MRCs of Težka Voda
karst spring is non˗homogenous and complicated structure with highly variable conditions.
Thus, it is impossible to be able to describe the recession using only exponential function
applied in the VBA system. Master recession curve is strongly influenced by the matrix and
is indicating to the matrix restrained flow regime. This is typical for mature karst where
contrast between matrix and conduit is strong.

The model is adequately calibrated and it seems it imitates the aquifer behaviour. I quantified the
Težka Voda karst spring and its karst aquifer using the model. Therefore, it allows us to understand
this karst aquifer better and it is considered useful for the future karst models with similar problems.

7.2 OPEN QUESTIONS
Model results could be improved based on the following:
1) The first thing to be considered is to make a two-layered model where the bottom layer is
well karstified limestone with high conductivity, and the top layer is dolomite, karstified as
well but with lower specific conductivity. This will improve discharge of the matrix where
the discharge is slower.
2) If meteorological data on daily precipitation and average daily temperature would be
available regarding the catchment area of the Težka Voda karst spring, calculated recharge
rates could be improved. The catchment area expands from the elevation of the spring of
194 m up to 800 m. The closest meteorological station is positioned at the altitude of 200
m and is too far away from the catchment area. Thus, the recharge calculations are likely to
differ from the actual values.
3) Introduction of more complex equations to calculate groundwater recharge. There are
several meteorological factors that influence groundwater recharge.
4) Another factor to consider is to use lower soil capacity value. If lower soil capacity is used,
recharge rates will increase.
5) If the position of the river changes to the exact position in nature, it is possible that conduit
discharges improve at some points where it is too low. The maps imported into the model
as the model background will improve model results.
6) Different recharge distribution could be improved when the exact position of sinkholes is
known.
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Appendix 2: Sensitivity test result; hydraulic heads for the year with average precipitation

a) Increased hydraulic conductivity of the conduit

b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix

d) Decreased hydraulic conductivity of the matrix
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Appendix 3: Sensitivity test result; hydraulic heads for the year with maximum precipitation

a) Increased hydraulic conductivity of the conduit

b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix

d) Decreased hydraulic conductivity of the matrix
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Appendix 4: Sensitivity test result; hydraulic heads for the year with minimum precipitation

a) Increased hydraulic conductivity of the conduit

b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix

[m]

d) Decreased hydraulic conductivity of the matrix
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Appendix 5: Sensitivity test; year with average precipitation rate

a) Increased hydraulic conductivity of the conduit
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b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix
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d) Decreased hydraulic conductivity of the matrix
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Appendix 6: Sensitivity test; year with maximum precipitation rate

a) Increased hydraulic conductivity of the conduit
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b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix
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d) Decreased hydraulic conductivity of the matrix

101

Appendix 7: Sensitivity test; year with minimum precipitation rate

a) Increased hydraulic conductivity of the conduit
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b) Decreased hydraulic conductivity of the conduit

103

c) Increased hydraulic conductivity of the matrix
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d) Decreased hydraulic conductivity of the matrix
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Appendix 8: Sensitivity test; MRC comparison for average precipitation year

a) Increased hydraulic conductivity of the conduit

b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix

d) Decreased hydraulic conductivity of the matrix
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Appendix 9: Sensitivity test; MRC comparison for maximum precipitation year

a) Increased hydraulic conductivity of the conduit

b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix

d) Decreased hydraulic conductivity of the matrix
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Appendix 10: Sensitivity test; MRC comparison of the minimum precipitation year

a) Increased hydraulic conductivity of the conduit

b) Decreased hydraulic conductivity of the conduit
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c) Increased hydraulic conductivity of the matrix

d) Decreased hydraulic conductivity of the matrix
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