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PREAMBLE

Groundwater modelling is of primary importance &sess aquifer hydrological behaviour,
flow direction, transport travel times as well asimation of water resources in karst areas.
As groundwater modelling standard approaches daowbunt for the peculiarities of karst
aquifers, there is a need to improve the existijstused for karst aquifer modelling. Hybrid
models, which are frequently employed in basic aedg represent karst conduits by a pipe
network (allowing laminar and turbulent flow) embled in a matrix where the flow is
laminar. Even if these models present the advarntageproduce correctly the duality of flow
in karst aquifers, they have the significant disadage to be hard to implement in practical
applications, as many of the required input paramsedre rarely available. An alternative to
this kind of modelling is the so called single-agootim approach, which is derived from
porous aquifer groundwater modelling and presehés advantages to require less input
parameters and to be easier to implement. Nevegbeahis approach does not explicitly
consider the duality of flow reproduced by hybriddels. This lack was filled recently by the
development of two compatible MODFLOW packagesvaithg the implementation of non-
linear and turbulent flow within single-continuunodels. The present work has the purpose
to investigate to which extent the single-continuapproach (with and without non-linear
flow) can be applied to field examples, in orderdproduce hydrological processes occurring
in karst aquifers. The present research is basdobtingeneric and field sites (using real data
and related problems).



OUTLINE OF THE THESIS

This thesis is divided into five chapters and thappendices.

In Chapter 1 a general introduction of karst sciences and giauater modelling in karst
terrains is presented. This chapter is importanirtderstand the actual problematic related
with groundwater modelling in karst aquifers and tkason why single-continuum models
were chosen for this thesis.

Chapter 2 presents a study of a change of hydrological belawn an Austrian binary karst
system. This study shows that the change of draibatpaviour occurring at one karst spring
is caused by a change within the karst aquifelfigsed is not driven by a change of weather
or land use conditions. This chapter has alreaéw Ipeiblished as:

* Mayaud, C., Wagner, T., Benischke, R., and Birk, $2013.Understanding changes
in the hydrological behaviour within a karst aquif@.urbach system, Austria).
Carbonate Evaporite. doi: 10.1007/s13146-013-0172-3

Chapter 3 investigates an overflow behaviour reported irAastrian binary karst catchment
using statistical methods and groundwater modelliffge combination of both approaches
helps to determine the overflow location within tkerst aquifer. This chapter is currently
accepted for publication as:

* Mayaud, C., Wagner, T., Benischke, R., and Birk, $2014.Single event time series
analysis in a binary karst catchment evaluatedguaigroundwater model (Lurbach
system, Austria). doi: 10.1016/j.jhydrol.2014.0210Accepted for publication by
Journal of Hydrology.

In Chapter 4 a new numerical package simulating non-linear fieith the Forchheimer
equation is introduced. This package was programimeMODFLOW-2005 and showed a
good agreement with three different analytical sohs of the Forchheimer equation for
confined and unconfined aquifers. This chaptemisently under review in a peer-reviewed
journal:



 Mayaud, C., Walker, P., Hergarten, S., and Birk, S.Non-Linear Flow Process
(NLFP): a new package to compute non-linear floM@ODFLOW. Submitted as
Methods Note to Groundwater.

Chapter 5 presents the overall conclusions and outlookbisfwork.

Appendix A is a contribution where a change of hydrologicathdviour within the Lurbach
system is investigated with a lumped-parameter motes appendix has to be read in
parallel with Chapter 2 and has already been pudiss:

 Wagner, T., Mayaud, C., Benischke, R., and Birk, $.2013. Ein besseres
Verstandnis des Lurbach-Karstsystems durch ein équtianelles Niederschlags-
Abfluss-Modell. Grundwasser. doi: 10.1007/s00763-0234-4.

Appendix B contains five different abstracts presented dutimg course of this PhD at
several national and international conferences &heontributed as a first-author.

Appendix C contains a list of five different abstracts preedrduring the course of this PhD
at several national and international conferendesrevl contributed as a co-author.



SUMMARY

Karst aquifers represent about 25 % of the totaldvgroundwater reserves and are in many
areas the first resource of drinking water. As they very vulnerable to contamination there
is a need to improve the global understanding eir thow behaviour and to better quantify
their reserves. In general, groundwater modelsvatdely used to characterize porous aquifers
and to make predictions related to groundwater feovd transport phenomena. However,
these tools are much less employed in karst a@as. approach used for karst aquifer
modelling is the single-continuum model, which esants the conduit system by high
contrasts in the hydraulic conductivity of a poranedium. The aim of this PhD thesis is to
assess how far this approach is adequate for &qusfier modelling. To do this, two examples
applying a single-continuum model to a real kaysttesm are presented. Both case studies
combine the single-continuum approach with otheaaratierization methods (such as time
series analysis, master recession curves or ttasérdata) and improve significantly the
characterization of the aquifer system. Nevertlslbsth field examples show the limitations
of the currently available packages reproducindgulent conduit flow through single-
continuum models. A new package considering nosalinflow using the Forchheimer
equation was developed and proved to compute measli flow accurately for three
benchmark models and a more realistic field exardpteszed from one of the aforementioned
case studies. In summary, the use of single-camtinmodels for karst aquifer modelling is
relevant and should be further considered as aakiualternative to other modelling
approaches.



ZUSAMMENFASSUNG

Karstgrundwasserleiter stellen etwa 25 % der gb&rundwasservorrate und sind in vielen
Gebieten die vorrangige Trinkwasserversorgung. DOa sehr anféallig gegenuber
Schadstoffeintragen sind, ist es erforderlich, Wesstandnis des FlieBverhaltens in diesen
Grundwasserleitern zu verbessern und die jeweilig&mundwasservorrdte besser zu
guantifizieren.  Generell ~werden  Grundwassermodell®ft  verwendet, um
Porengrundwasserleiter zu charakterisieren undevedgen in Bezug auf Strémungs- und
Transportvorgange zu machen. Diese Modellwerkzewgeden jedoch weit weniger in
Karstgebieten eingesetzt. Ein Ansatz fur die Moeelhg von Karstgrundwasserleitern sind
Ein-Kontinuum-Modelle, in denen das Karsthohlraustesn durch starke Kontraste in der
hydraulischen Leitfahigkeit eines porosen Mediumneprasentiert wird. Das Ziel dieser
Dissertation ist es, zu beurteilen, inwieweit die&asatz fiur die Modellierung geeignet ist.
Zu diesem Zweck werden zwei Beispiele vorgestelltienen ein Ein-Kontinuum-Modell auf
ein reales Karstsystem angewendet wird. BeidetbdilEn kombinieren den Ein-Kontinuum-
Ansatz mit anderen Methoden (wie etwa Zeitreihely@ea Trockenwetterfalllinie oder
Markierungsversuche) und verbessern erheblich dhiardkterisierung des Aquifersystems.
Beide Feldbeispiele zeigen jedoch auch die Limitigen der derzeit verfligbaren
Programmpakete zur Berlcksichtigung turbulentedrting in Ein-Kontinuum-Modellen
auf. Ein neues Programmepaket zur Berucksichtiguadlgt-linearer Stromung mit Hilfe der
Forchheimergleichung wurde entwickelt und die kkteeBerechnung der nicht-linearen
Stromung anhand dreier Benchmark-Modelle sowieneirealistischen Feldbeispiel aus einer
der oben erwahnten Fallstudien gezeigt. Zusammsarfidskann festgestellt werden, dass die
Verwendung von Ein-Kontinuum-Modellen fur Karstgdwasserleiter relevant ist und als
angemessene Alternative zu anderen Modellansatsshgn werden sollte.
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CHAPTERI

INTRODUCTIONTO KARST SCIENCES
AND GROUNDWATER MODELLING IN
KARST AQUIFERS
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1. Introduction to karst sciences

1.1 Historical and geographical context

Karst is the German translation of kras, a Slovenian dwogferring originally to a
geographical area covering a large part of cursenthern Slovenia and surrounding the city
of Trieste (Italy). This area was already known anabstigated during the Austro-Hungarian
Empire due to its uncommon landscape includingrg sparse surface hydrological network,
many large caves, a high density of sinkholes averal intermittent lakes. One of the first
detailed scientific descriptions of this region wearried out by the famous Serbian
geographer Jovan Cu\ji(Das Karstphanomenen, 1893) who also defined alralbsthe
terminology currently used in karst sciences. Hnea is named tH€lassical Karst” (a part

of it can be seen on Fig. 1) and extends from phimgs of the Ljubljanica River in the North
to the flanks of the Mount Sneznik in the East, hediterranean shore and the limestone
plateau above Trieste for the southern boundad/ilaa Slovenian-Italian border with the city
of Gorizia in the West. Many famous show caves sashhe Postojna cave, the caves of
Skocjan or the Krizna cave are located within .
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Fig. 1 A part of the Classical Karst: the catchment ef thnica River (modified after Martel, 1894), bemgart
of the catchment of the Ljubljanica River.

1.2 General definition and hydrology of a karst ladlscape

Today the word karst is a worldwide known term usedefine a type of landscape made of
rocks composed mostly of limestone (Caf©r dolomite (MgCQ), but also of gypsum
(CaSQ) such as the giant Gypsum caves of Western Ukr@dtimchouk, 1996) or halite

(NaCl) like the Russian hyperkarst of the Perm saite (Salomon, 2006). Those landscapes
12



share the particularity to present a high concéntradf voids of different size and a tortuous
geometry, as they are normally generated by theradf acid rainwater dissolving and
enlarging them during the infiltration process.

This first geomorphologic and geographic definiteam lead to a second more hydrogeologic
definition which tends to consider karst landscapepotential aquifers (Fig. 2), where the
water can be stored or released depending on ti®@lbgical conditions within the conduit
network and its surrounding matrix.

stream coming from rain (autogenic
non karstified areas recharge)
swallow (allogenic recharge) .

overflow
spring

unsaturated
zone

permanent
spring

saturated
zone

phreatic
conduit

marl
aquiclude

Fig. 2 Schematic view of a karst landscape including ksaturated and unsaturated zones (modified from
Filipponi, 2009).

Nevertheless, karst aquifers have to be distinguisinom porous aquifers due to several
particularities:

() due to the numerous voids with sizes varyingesal orders of magnitude and a
tortuous geometry, their porosity can be describeda triple porosity comprising
matrix, fracture and conduit porosity (Worthingtd2)07). This is opposed to the
conventional porous aquifers where the porosity tmasovers only one order of
magnitude.

(i) the development of these voids and their omce in the saturated and
unsaturated zone creates a double infiltration @apwaith two time scales (Marsaud,
1996): slow and diffuse infiltration of the rainweain the fissures on top of the aquifer

13



(autogenic recharge); very rapid and localizedltration of the water through the
sinkholes, shafts and swallow holes (point sousmharge). Oppositely, the porous
aquifers have mostly a single diffuse infiltraticapacity.

(i) a double storage capacity (Atkinson and Sma#@81): in the saturated zone the
karst matrix offers an almost unlimited storageacdy and a long residence time of
water, opposed to the limited storage capacityhef ¢onduit network and its fast
release of water (due to its high hydraulic conghtg). On the contrary, porous

aquifers have only one type of storage and a rafber release.

(iv) two different types of flow regimes; whered&e tflow is laminar in the matrix, it
can be either laminar or turbulent (depending evdlue of the Reynolds number) in
the conduits. Again, this is different from the @os aquifers where flow remains
essentially laminar (Atkinson, 1977).

All this particularities are due to the physicatura of karst aquifers and can also be found in
medias which are not made of limestone or doloraitd are not shaped by the action of
rainwater acidity. The word Pseudokarst is therdusedescribe them (Ford and Williams,
2007). For example, mountain glaciers (frequendgaidibed by the term glaciokarst) present
similar hydrological processes and follow the sghgsical laws as karst aquifers made of
limestone (a third order porosity, a double storagpacity and a laminar/turbulent flow
behaviour); but their network genesis evolves diffarent (much shorter) time scale, mostly
driven by the effect of water temperature. Aquifefs/olcanic origin (vulcanokarst) belong
also to pseudokarst because their vuggy porositlytheir solidified lava tube network are
sensibly similar to the organization of karstifiedestone aquifers. In the following parts, the
word karst will refers only to aquifers made of éistone or dolomite and their hydrology.

1.3 Interactions between karst and humans: a multaspects problem

1.3.1 Short historical context of karst-humans relaonships

Karst and people interact with each other almasiesthe early days of humanity (Shen et al.,
2013): during the prehistory, innumerable cavesamces developed in karst medias were
used as shelters by the first hunters-gathererpandcted them against bad and cold weather
or foreign aggressions. These caves participatem tal their spiritual development and were
sometimes used as object of devotion (Leroi-Gournash Michelson, 1986; Mithen, 1996).
Many caves inhabited or visited by humans durirapn&tAge show numerous painting of the
local fauna, and can provide a good indicationhef past climate and the animal’s diversity
present on the surrounding of the cave at this.tiseexample, several of the most famous
European painting caves such as Lascaux and Chéeragtce) or Altamira (Spain) can be
cited (Bastian and Alabouvette, 2009; Bon et &11,19.

Later, people profited from the natural advantagfésred by the caves and their surrounding
environment and used them as defense place tocptbtan against foreign aggressions. The
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most famous examples can be found in Slovenia thithcastles of Predjama (Fig. 3a) and
Osp, or in Montenegro with the monastery of Ostiegen in the present times caves and
underground settlement are still used has hahitalip a non negligible percentage of
population (in 1995 about 40 million people werpared to live in underground habitations
in China, mostly build in loess; ThendscoCourier, 1995). Troglodyte habitations can also
be found overall around the world with famous exk®pin France (Fig. 3b), Turkey
(Cappadocia), Italy, Vietham, India or Morocco.

Fig. 3 (a) Picture of the castle of Predjama (literally “brefdhe cave” in Slovenian), Slovenia. A small stnda
vanishing in the Predjama cave system at the fotheocliff. (b) Troglodyte house near the Grotte du Sorcier,
south of France. Picture b was taken by the Wikigpeder Jebulon and is reproduced with permission.

During the past, karst areas were also exploitezhume of their natural wealth in diverse
minerals and ores such as phosphates or bauxite fM@ous examples can be found in the
regions of Quercy (south of France) and centraki&tyAustria) where the phosphates
deposits were exploited to produce fertilizers fgriculture, and were an important

contribution to the local economy (Aguilar et &Q07; Marchet, 1928). In the same way,
numerous karst poljes and dolines were also usquhstsy fields for the first ones and crop
fields for the second ones in several Europearonsgifor example since the Roman Empire
in the Slovenian karst). All these strong inter@asi explain the close proximity of humans to
karst areas and lead to the important problemétieater supply which will be treated in the

following part.

1.3.2 Water supply

As pointed out by Williams and Fong (2011) abou%l8f the emerged areas on earth are
constituted of limestone, dolomite or gypsum aneséhareas represent about 25% of the
available resources in groundwater. As examplargel part of the Alps is constituted of

limestone and dolomite and almost all the coastiradathe Mediterranean Sea is karstified

(Fig. 4).

As more than 768 million people around the worlckéd on an improved water resource in
2011, (WICEF, 2013), the huge reserves present in these ag@ferof extreme importance.
In many countries, karst waters represent oneeofrthjor reservoirs of groundwater and even
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sometimes the first. Countries like Slovenia or thastake about 50% of their groundwater
resources from karst aquifers (COST Action 64, 19R&Elik, 2001). Moreover, many
important European cities like Vienna (with the Hechwab massif; Plan and Decker, 2006),
Split (with the Jadro spring; Bonacci, 1987), Dubmix (Ombla spring; Bonacci, 1995),
Montpellier (Lez spring; Fleury et al., 2007), ongouléme (Touvre springs; Larocque et al.,
1998) are supplied totally or partly by karst water

Fig. 4 Map representing all carbonate rock outcrops imope (Williams and Fong, 2011). Carbonate rock
outcrops cover a surface of 21.8% of total Eur@pel(ding Russia and Iceland).

The importance of karst waters for water supplyliegthe need of an adapted management
and protection policy of the available resourcdsictv will be introduced in the next parts.

1.3.3 Protection of karst water resources and cavgodiversity

As karst aquifers are groundwater systems ableespond very quickly to a hydrological
event, (the waters flowing through their conduia tvave a very short travel time, reaching
sometimes the velocity of several hundred meters hoeir) they are very sensitive to
chemical or bacterial contamination. Oppositelye da the tortuous configuration of the
conduit network, pollution may stay trapped in Hwuifer for long period of time (LNAPL
and DNAPLs are falling within this category; Vesgemal., 2001; Ghasemizadeh et al., 2012).
This can be really problematic because the watdwaodt aquifers is a resource of primary
importance for the people living around them. Taimize this risk and understand to which
extent a karst aquifer is vulnerable to polluticezérds, several methods such as RISKE,
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EPIK, or PaPRIKa (Dorfliger and Plagnes, 2009; Dgef and Zwahlen, 1998; Kavouri et
al., 2011; Pételet-Giraud et al., 2000) were deyedoduring the two last decades. These
methods have the purpose to protect and prevesitiskaguifers from important contamination
(for example from an oil leak of a tank). To dosthihey use several evaluation criteria (like
the size of the catchment, its geology, the impmesof the human development on it and the
location of the aquifer recharge areas) which heldefine several protection perimeters for
the aquifer. These perimeters evaluate the conttiomrisk in the investigated area and are
of extreme importance for the local authorities,onder to make the appropriate decisions
leading to a careful development near karst aquifelnarge areas.

Fig. 5 Left: Intrinsic vulnerability map of the Ouysse karssteyn (France) evaluated with the PaPRIKa method
(Kavouri et al., 2011)Right: picture of an Olm in its natural environment. Biettaken by the Wikipedia user
Ranko Tomt and is reproduced with permission.

As karst aquifers need to be protected to preseéweyuality of their waters from chemical
and bacterial contamination, they also need to bmepted because of the very rich
biodiversity they host. Many troglodyte species énavbiotope very limited geographically
and are highly dependent of the water quality witthe cave. One of the most famous
example is the so called human fish or OldoeSka ribica in Slovenian and Proteus
anguinus in Latin) a cave salamander very senditiveater quality, which is also the biggest
vertebrae ever found in cave environment. As Wisidj area is spatially very limited (located
only in the northern and central parts of the Dim&arst) this animal can be very vulnerable
to a potential degradation of the water qualityzghe et al., 2011).

1.3.4 Protection of people and facilities againstazards

Another problem related to the interactions of karsd people arises from the hydrological
behaviour of karst aquifers during flood hazardse o the large but limited-in-space storage
capacity in their conduits, they can be subjectatastrophic flash flood events and cause
important destructions of facilities and a high lamdeath toll. This was the case in the city
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of Nimes (France) in 1988 where the storage capatithe karst aquifer was insufficient to
buffer the intense precipitations and resultedhe inundation of a large part of the city,
killing 9 people and causing more than 600 millieuros of damages (Maréchal et al., 2008).
A similar flood event happened in Slovenia in Segier 2010 and flooded a great part of the
country. This was one of the strongest floods reggbin the whole history of Slovenia, with
rain gauges recording a precipitation return pegogater than 100 years in many places
(Renko and Ir&-Zibert, 2011). An adapted monitoring system tceé@st such hazards and
give an alert to people in the right time is theeded (Llasat et al., 201Bailly-Comte et al.,
2012).

Fig. 6 Example of a seasonal “normal” flood on the catehtrof the Ljubljanica River (Slovenia): the Certeani
polje in June 201%a) and April 2013Db).

Besides extreme flood events, karst systems dr@rete to periodic floods which are not so
disastrous for people or facilities, but still peatv an optimal land use. This is the case for the
so-called polje, fields which are flooded periodlicane or two times per year and create an
intermittent lake. Good examples can be found m ¢htchment of the Ljubljanica River
(Slovenia), where the Cerknica and Planina polge rmgularly flooded and transformed
temporary in lakes (see Fig. 6). This prevents nsitee agriculture and settlement
development on their surface.
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Oppositely to flood forecasting, management of tkkaters is a very important issue in areas
where (seasonal) hydrological stresses can ocaoh as in most of the shoreline of the
Mediterranean Sea. Then, a good estimation of tbanglwater reserves of the aquifer is
fundamental to have an idea of the maximum disehastgich can be pumped during drought
periods, without a complete depletion of the avddaesources (e.g. Polém et al., 2013).

As presented in this first part, the interactiorween karst aquifers and humans are a
complex multi-aspects problem, where the charaagan and the understanding of the
aquifer behaviour are two of the most importanniTo do this, several techniques mostly
based on comparison between available input angubgé.g. hydrograph and chemograph
analysis) can be used (Bakalowicz, 2005; Kresic Stedanovic, 2010; Pinault et al., 2001).
Unfortunately, as only few percents of a karst fuis generally mapped (or recovered),
there is a lack of methods able to go beyond tipecfj@he black box approach. Groundwater
modelling is such a method and is particularly pdweo improve the general understanding
of the aquifer processes, to make forecasting anelad toward a careful management of the
groundwater resources. In the next part a shoriewevof the groundwater modelling
techniques in karst aquifers is presented.

2. Groundwater modelling in karst aquifers

2.1 Purposes of groundwater modelling

To start from a first definition, a model is a siifipd representation of the reality and can be
made for different purposes (Anderson and Woes40er):

() in a predictive way: the model is used to peedine future and has to be calibrated
(Wagner et al., 2012; Panagopoulos, 2012).

(i) in an interpretative way: the model is usedfrasnework to study and understand
the system dynamics and for aquifer characterimattodoes not necessarily need to
be calibrated (Ravbar et al., 2011; Mayaud et28l13; Wagner et al., 2013). Chapters
2, 3 and Appendix A are following this approach.

(i) in a generic way: the model is used to analylze flow in hypothetical systems
and does not need to be calibrated (Hubinger ark] BD11; Reimann et al., 2011).
Chapters 3 and 4 fall beyond this category.

In karst context, all these three different purgoaee frequently encountered. To reach them,
different types of groundwater models can be agdpliehe following part presents them
concisely.

2.2 Modelling approaches: a short state of the art
After Rehrl and Birk (2010) groundwater models iardt terrains can be divided in two

different main categories:
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(i) the non-physically based models: these kindnmafdels are also called global

models or black-box models. As they are non-philgidaased, they present the

advantage to require only few parameters to bébredéd (see example in Fig.7).
Lumped-parameter models enter also in this categod/ can provide really good

results to reproduce spring discharge. These madelsecommended to make long
term prediction or flood forecasting. For an examnpl the field of karst sciences,

models like GR4J, GR2M (Le Moine et al., 2008; Mawet al., 2011; Wagner et al.,
2013) or Vensim®© (Fleury et al., 2007) can be citelbdels using neural networks

(Kong-Siou et al., 2011) are also in this categbegause they are non-physically
based. A disadvantage of this modelling approacthas not all physical processes
occurring within the karst aquifer (for example tHaality between laminar and

turbulent flow and the location of the conduitsg &mken into account due to the few
input parameters required by the models. Nevertkelthis approach can provide
relevant results for aquifer characterization undertain circumstances. As an
example, the use of a lumped-parameter model inayokarst aquifer is presented in
the Appendix A of this thesis (Wagner et al., 2018)this paper, the authors use the
GR2M model and are able to recognize that a chantiee hydrological behaviour of

a well investigated karst system was due to a dahdmappening within the karst

aquifer itself rather than a change happening detsif it. The role of sediment

dynamics in the cave is pointed out to explaindh@nge of hydrological behaviour of
the karst system, rejecting then a change of meltagical conditions or of land use.
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Fig. 7 Schematic representation of a lumped-parameterehoaken after Le Moine et al., 2008): the GR4J
model (modéle hydrologique du Génie Rural a 4 patees au pas de temps Journalier).
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(i) oppositely, the physically based models trydpproach the reality taking into
account the most important physical and geometigbalracteristics of the system.
They first need the definition of a grid and th&ikaution of parameters values (e.g.
hydraulic conductivity, specific storage) for eaghgle element constituting it. The
shape of the grid can be composed either of reatanglements (finite differences),
of elements of different shape (in this case thenténite elements is used) or of
volumes of different form (finite volumes). Thehgtgroundwater equation is applied
and solved numerically at each node of the whakk @md the groundwater flow field
is computed. Software like MODFLOW (Harbaugh, 2068FLOW (DHI-WASY
GmbH, 2011) or MIKE SHE (Denmark Hydrology Instgu®2007) can be cited. These
models are also called distributives models andnawet frequently used for aquifer
characterization (the interpretative and generig ¥edl in this category). Their great
advantage is that they are able to integrate acpkat feature present in the real
system (like a karst conduit). Unfortunately, tb@é be also a disadvantage because a
lot of information and field parameters which areguently unknown or unavailable
are needed as input. This complex implementationlead to a higher computational
effort than the lumped-parameter model approach.

A classification of the different types of distried models frequently used in karst
groundwater modelling was done by Teutsch and $4&L891) and by Sauter et al. (2006),
and is described in the following (Fig. 8).

ti h fract del
continuum approaches hybrid models racture models

single continuum double continuum single fracture set multiple fracture set

—|f_ﬁ:' _

L iy i
deterministic approach » stochastic approach
small investigation effort > high
high =& practical applicability small
limited ——— capability to simulate heterogeneities > good

Fig. 8 The five different approaches used for distribeitiwodelling in karst areas (taken from Reimann2201
according to Teutsch and Sauter, 1991).

The single and multiple fracture sets belong toftaeture models, and consist to represent a
1-D single or multiple fracture set within a lowrpwable matrix (Berkowitz, 2002). Flow
and transport processes are only happening thrdlghfactures, following laminar or
turbulent flow regimes. Due to the high number afrgmeters they require for their
implementation, the practical applicability of tecspproaches is limited.
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The hybrid model approach is one of the most fratjyeused in basic research for karst
aquifer modelling. It combines a laminar matrixtwé discretized conduit network where the
flow in the conduits can be laminar or turbulenpeleding on the value of the Reynolds
number. The flow exchange between the matrix aadctinduit network is implemented by a
lumped-parameter, which uses the head differendbeémmatrix and the conduit system. As
example the works of Liedl et al. (2003) or Thrailkl974) can be cited. Until know, hybrid
models were mostly used to apply the “generic” apph presented above and only a few
studies applied them to real karst systems (Gatlegal., 2013; Hill et al., 2010; Saller et al.,
2013).

The double continuum approach combines two contirautogether representing the matrix
and the conduit system. This approach is able tsider laminar matrix flow and turbulent
conduit flow. The two systems are connected viaeal exchange term (Sauter, 1992).

Finally, the single-continuum (or equivalent poraugdium) approach is directly derived
from conventional groundwater modelling in porouedmas. This is the simplest of the five
approaches, as it considers the whole karst sysisma continuum and defines the
hydrological heterogeneities (such as the karstixnahd the conduits) by creating contrast in
hydraulic conductivity between them (Fig. 9a). Daets really simple assumptions and easy
implementation, this is the most frequently usepgraach for karst aquifer modelling of real
systems. This type of model can be used eithgpriediction and groundwater management if
the karst aquifer has boreholes or just simplyrasrpretative to understand the processes
happening within the aquifer. As application exagsplthe papers of Budge et al. (2009),
Mayaud et al. (2013, 2014 in press); Panagopo@0%2), Polonii¢ et al. (2013), Ravbar et
al. (2011), Scanlon et al. (2003) and Worthing2®09) can be cited.
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Fig.9 (a) Hydraulic conductivity contrasts between the mxatthd the karst conduit in the Mammoth cave
aquifer. (b) Computed water table and flow direction of the saanea. This model was implemented with
MODFLOW 96 in steady-state under laminar flow caiodis (figure modified after Worthington, 2009).
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Nevertheless, the single-continuum approach preskmitations compared to the other
approaches. For example, the definition of the rogtneities characterizing a given karst
aquifer can be misled due to a lack of availal#&dfdata (e.g. boreholes or conduit location).
Moreover, those models were until recently onlyeaiol compute the groundwater flow field
under laminar flow conditions, which was a stromgitation of their use (Worthington,
2009). Yet three MODFLOW packages allowing the catapon of non-linear or turbulent
flow with single-continuum models were recently dieyed (Mayaud et al., under review;
Reimann et al., 2012; Shoemaker et al., 2008). @nkese packages (Reimann et al., 2012)
showed for a basic karst setting than single-cantim models considering turbulent flow are
able to reproduce the same behaviour than hybridesoThis result is a strong argument in
favor of the use of single-continuum models forskaaquifer modelling. Finally, the last
developed package (Mayaud et al.,, under review)siders the implementation of the
Forchheimer equation in MODFLOW and is presente@hapter 4 of this work.

2.3 Purpose of this thesis

As the single-continuum approach is the most enguoyn research and by private

companies, one important question concerns theaete of its use instead of the use of a
hybrid model or a fracture model, which both reprcelthe flow processes occurring in karst
aquifers more accurately. This PhD thesis has thpgse to investigate how far the single-
continuum approach can be used for karst aquifetetting, and to which extent it is able to

reproduce the natural processes observed in retdmnyg.

Therefore, the applicability of single-continuum dets to reproduce the observed flow
processes in real karst catchments will be invastd) with practical field examples in
Chapters 2 and 3.

Finally, Chapter 4 will introduce a new MODFLOW jgage allowing the simulation of non-
linear flow within single-continuum models. Firdte theory beyond the programming of the
Forchheimer equation in MODFLOW is introduced, aheén three benchmark models
demonstrating the validity of the concept are pnessk To check the ability of the package to
compute non-linear flow in real karst systems, aemealistic example was directly taken
from Chapter 2 will be shown.
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CHAPTERII

UNDERSTANDING CHANGES IN THE
HYDROLOGICAL BEHAVIOUR
WITHIN A KARST AQUIFER
(LURBACH SYSTEM AUSTRIA)

Published in Carbonates and Evaporites asvlayaud et al., 2013. Understanding changes
in the hydrological behaviour within a karst aquifeurbach system, Austria). Carbonate
Evaporite. doi: 10.1007/s13146-013-0172-3

24



Abstract

A thorough data analysis combined with groundwatedelling was conducted in an Austrian
binary karst aquifer to better understand changebke hydrological behaviour observed at a
karst spring. During a period of four years aftemajor flood event the spring hydrograph
appears to be more damped with lower peak flow laigtier baseflow than in the years
before. The analysis of the hydrograph recessigyests that the observed hydrological
change is caused by changes within the karst systgher than by varying hydro-
meteorological conditions. The functioning of tlggidier and potential causes of the observed
changes are further examined using the groundwlatermodel MODFLOW. The simulation
results suggest that a modification of hydrauliadwrctivity and storage within the conduit
network, e.g. due to the plugging of the drainagedaits with sediments, may be the cause
of the different behaviour. MODFLOW was able to ragpuce the observed dynamics of
spring flow, although it does not account for tudmi flow within karst conduits. Using a
simplified model scenario it is demonstrated the tlamping of the hydrograph is much
stronger if turbulent conduit flow is taken intocaant. Thus, a turbulent flow model is
needed to assess potential changes in the storagerfles quantitatively.

Keywords: Binary karst aquifer - MODFLOW - Single-continuumodel - Groundwater
modelling - Laminar/turbulent flow - Hydrologicaébaviour
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1. Introduction

Karst waters represent an important part of theeistipply for the world’s population (20-
25%; Ford and Williams, 2007) but are known forithegh vulnerability to chemical and
bacterial contamination (e.g. Heinz et al., 2009¢ do the pressure of urbanization and
intensive agricultural use. To assess how chang#snwkarst areas might influence the
behaviour of karst springs a sound understandingrofesses which govern flow through
karst aquifers is needed. This work examines tlieddggical behaviour of the Hammerbach
karst spring in Austria, which appears to have gednafter a storm event in August 2005.
The purpose here is to improve our general undeistg of flow processes within karst
aquifers and especially to identify potential caustthe observed change within this spring
catchment. To this end, hydrograph data from thstkspring are analysed and interpreted
based on the existing knowledge from earlier ingaesibns to develop a simplified
conceptual aquifer model. The functioning of theiter and potential causes of the different
changes in the hydrological behaviour are furthem@ned using a process-based numerical
groundwater flow model.

2. Field site

The investigation area is a binary karst syster@3knf named Lurbach system and located
in the Central Styrian Karst (Fig. 1a), about 20 konth of Graz (Styria, Austria). The upper
part of the catchment is a 15 kmide area of low permeable rocks (comprising nyainl
Quaternary sediments and Paleozoic schists), ah@iised by the Lurbach stream in an East-
West direction towards the Tanneben massif, a hightstified limestone block with a sub-
catchment size of 8 KmAfter the Lurbach stream reaches the limestorie itrinfiltrates
along the streambed and finally disappears intapmnsinkhole located some tens of meters
behind the entrance of a big cave, the Lurgroteaied at 633 m a.s.l.). Then, the water
flows through the fissures and conduits of the #tome massif and resurges at the
Schmelzbach outlet and the Hammerbach spring, warietboth located at the western border
of the catchment, at the foot of a 300 m high ddfled Peggauer Wand. The highest point
within the catchment is the Fragnerberg in the N¢1.09 m a.s.l.; Fig. 1b) and the lowest is
at the level of the Mur River (~400 m a.s.l.) atwestern edge where the Hammerbach spring
originates. The town of Semriach (709 m a.s.lthesmain settlement in the area.

The Lurbach system is equipped with a measurenetntank well adapted to understand the
karst processes. The discharge is measured attimenidrbach spring and Schmelzbach outlet
as well as the Lurbach prior to its disappearante the ground: one gauge is located at the
contact between the schists and the limestone aather one just in front of the Lurgrotte
cave (Fig. 1c). However, not all of the measurengenices are operative at all times, mainly
due to maintenance after flood events or genenainfiial restrictions. As the Hammerbach
discharge data are available on a continuous basvill be the focus of the modelling
attempts presented below.
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Fig. 1 Field site location(a) Map showing the location of the Lurbach systemelation to the distribution of
karst rocks in Austria (modified after Schubert03)) (b) View of the upper Lurbach catchment and the
karstified area (the blue and pink polygons, retpely) taken from the summit of the Schdckl moumtél 445

m a.s.l.). Photo: M.Schneider & C.Aistleitner (useith permission)jc) Simplified geological map (modified
after Geologische Bundesanstalt, 2005; Blatt 164zj50f the Lurbach catchment including the différen
subsurface flow paths (black, red and yellow arjowierred from results of tracer tests (the undlow paths
were determined during a single tracer experimeitih wjection on top of the unsaturated zone andlbm
recovery rates; Behrens et al., 1992), the measmnemetwork and three minor sinkholes supplying the
Schmelzbach spring (E = Eisgrube, N = Neudorfersutievand KB = Katzenbachschwinde, respectivelye Th
low permeable part (blue polygon) corresponds éottipographic catchment whereas the highly kaestifiart
(pink polygon) was delineated taking into accowgults of tracers experiments. The boundary betvtleen
allogenic and the autogenic unit is based on tlodogéecal map.

Six rain gauges are located in the vicinity of daéchment and provide rainfall data (only the

Ertlhube and Semriach rain gauges are visible gn £¢). Temperature data are collected at a

meteorological station located close to the Lurbsg$tem, on the western side of the Mur

valley (at an altitude of 610 m a.s.l.). Unfortuglgt no water table data are available within
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the limestone massif. Moreover, the conduit systieaning towards the Hammerbach is not
yet explored, as all attempts to access it failedouthe present. However, the Lurgrotte cave
itself is a well explored partly water-active mu#vel cave (e.g. Wagner et al., 2011) and
shows relevant indications for the vadose/phreaticditions inside parts of the Tanneben
massif (Fig. 1c). Besides this, there are numeothisr caves known in this region (more than
200 in the Tanneben massif). Yet their extentsaitger small and they are generally plugged
with sediments or collapse material preventingheirtexploration inside of the karst massif.

The Lurbach system is under a climate regime vati Winter precipitation and is subject to
heavy thunderstorm events during the summer (HamdStadler, 1992). The mean annual
precipitation measured between 1965 and 2011 i;n880The maximum precipitation value
recorded in one day was 93.5 mm during the summEdb.

The subsurface drainage pattern of the Lurbachesysthanges depending on the
hydrological conditions (Harum and Stadler, 1992):

(i) at low water conditions, the Lurbach dischabgeomes very small and sometimes
intermittent (the minimum discharge measured atlthebach station is ~5-10 I/s)
along the streambed between the upstream gaude atitbach and the cave entrance
(some sinkholes become visible along the streank)bdimen, the Hammerbach and
Schmelzbach systems are totally separated, signtfic fed by infiltration of the
autogenic waters of the Tanneben massif and by al s@ve-spring called Laurins
spring (see in Fig. 1c) for the Schmelzbach.

(ii) at normal water conditions, the Lurbach diseaqs into the Lurgrotte and resurges
mainly at the Hammerbach spring, whereas the Sdiaeh is only supplied by the

autogenic recharge through the Tanneben massthéyaurins spring, and by three
small sinkholes (E, N and KB; Fig. 1b&c) locatede NE boundary of the karstified

area.

(i) at medium to high water conditions, an ovewil from the Hammerbach system to
the Schmelzbach system is observed. Harum andesid®92) showed that when the
Hammerbach spring discharge increases to more~R@f I/s, a part of the Lurbach
water flows towards the Schmelzbach system.

(iv) at flood conditions the Lurbach is subject ¢atastrophic flood events (the
maximum discharge measured at the Lurbach statkmeeeled 10 ffs) and the
Lurgrotte cave system itself acts as the main dgensystem (Fig. 1c). Then the
Hammerbach system cannot drain more than 8, whereas the Schmelzbach outlet
receives the most part of the Lurbach water andreanh peak discharges up to 10
m*s and more. These flash floods caused sometineedkage of measurement
devices at the Schmelzbach outlet and within thiwe@accessible cave stream. Then,
redistribution of sediments and plugging of sinldsodnd cave passages are regularly
reported (Harum and Stadler 1992, p. 39).
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3. Data analysis

The Hammerbach spring hydrograph between 1998 840 PFig. 2a) exhibits a changed
behaviour after a major flood event in August 20BEm then onward, the spring response
appears to be more damped and the peak dischatgeotlexceed 400 |/s over a period of
about 4 years. Moreover, the baseflow appears ve hcreased. In contrast, precipitation
appeared to be rather unchanged. Unfortunatelye tisenot enough discharge data of the
Schmelzbach spring to identify potential changeisinlischarge behaviour. Since June 2009,
several floods due to intense storm events inditetethe Hammerbach has recovered to its
previous flashy behaviour.

When plotting cumulative frequency curves of 3-ypariods of the Hammerbach discharge
from 1965 to 2010 (Fig. 2b) the curve from 2002008 (the bold solid black line) reveals a
rather damped discharge behaviour with a lower mawi and a higher minimum compared

to the other curves. If the year 2009 is includedhie curve from the previous 3 years, the
resulting bold dashed black curve is more simiathe curves prior to 2005. This observation
confirms that the hydrological behaviour of the Hwaembach spring from 2006 to 2008

differs from that of the years before and aftet thae period.
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The Hammerbach master recession curves shown in3Figpnfirm the hypothesis of a
different hydrological behaviour between August 208nd June 2009. The recession
behaviour of the period 1965-2005 is clearly défarfrom that of the period 2005-2008. The
return to the pre-2005 behaviour is illustratedhoy violet curve from 2005 to 2009, which is

30



closer to the recession curves from 1965 to 200 Jame result was found when master
recession curves of 3-year periods between 19652808 were compared to that of the

period 2005-2008. This is shown in the inset of. Bgwhere a similar trend is observable
when looking at the exponent and the coefficiena gfower law fit of the master recession

curves of 3-year periods before 2005, whereas ¢hieg between 2006 and 2009 (surrounded
by the red circle) is clearly different. As mastecessions curves provide information about
the aquifer structure (Kresic and Bonacci, 2010,184), these results suggest that the
observed hydrological change is caused by changbswhe binary karst catchment rather

than by varying meteorological conditions. Since ave also not aware of any significant

changes in land use, deforestation and/or housihg:h may potentially have influenced the

flow regime of the Lurbach stream in the upper pathe catchment, it is an obvious idea to
assume that changes occurred within the karst exgaif the Tanneben massif. Although a
sediment barrage in the Lurbach stream is dredged fime to time where some sinkholes

are reported, it appears unlikely that this mayehaaused a change in the hydrological
behaviour over a period of 4 years.
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Fig. 3 Master recession curves of the Hammerbach betd866 and 2010. The changed recession behaviour
within the period from 2005 to 2009 is evident.dnsoefficient and exponent of a power law fittieé master
recession curves for time periods of three yeans.dhange after 2005 is highlighted by the jumthefconstant
and exponent. Master recession curves were commtitedhe method according to Posavec et al. (2006)

A possible explanation of the observed hydrologatenge is a change in the karst drainage
system due to the flood event of August 2005. Ri@téynan aggradation of sediments in the
Hammerbach conduit network caused a decrease bifytiraulic conductivity and/or changes
in the storage properties. This is a plausible gsscas sediment redistributions are common
in karst aquifers (e.g. Farrant and Smart, 2011) ae noticed regularly in the accessible
parts of the cave system after stronger rainfafinéwv (Kibeck et al., 2013). The apparent
return to the former behaviour may be explainedthiy re-excavation of the sediments
previously plugging conduit sections during the anatorm events of summer 2009. Results
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from a tracer experiment in December 2008 (Osw20@9) further indicate that the above-

mentioned overflow from the Hammerbach system éoShhmelzbach may occur at a lower
Hammerbach discharge than earlier reported by HamdStadler (1992). In addition, the

transit times for this particular tracer experimevgre almost 60 hours (Oswald, 2009),

whereas tracer experiments conducted prior to ALZ0B5 show transit times of less than 40
hours at comparable discharge rates (Behrens, &198I2). This too might be explained by the
plugging of infiltration sinkholes and flow pathy bediments or tree lumps, caused by the
major flood event of August 2005.

4. Modelling

Karst aquifers are known for their large but orgadi heterogeneities, which can be
conceptualized as a dual flow system consisting bfghly conductive network of solution
conduits that is embedded in the less conductssfed carbonate rock (e.g. Kiraly, 1998).
These dual flow characteristics are responsible ifdrinsic difficulties in modelling
groundwater flow in karst terrains. An overview mbdelling approaches that have been
proposed to overcome these difficulties is providgdRehrl and Birk (2010). One approach
frequently employed for generic investigations ifitmyv and transport processes in karst
aquifers are hybrid models, which couple a pipavfimodel representing the network of
solution conduits to a continuum model representivgfissured rock (Teutsch and Sauter,
1991). Applying hybrid models to real karst agusfelnowever, is highly challenging, since
adequate information about the geometric and hyidratoperties of the conduit system are
rarely available. Therefore, single-continuum grbwater flow models such as MODFLOW
(Harbaugh et al., 2000) are frequently employedtiese purposes (e.g. Ravbar et al., 2011;
Worthington, 2009). The flow calculation in thigogyof model typically is based on Darcy’s
law, thus assuming only laminar flow conditions.irR@nn et al. (2011) demonstrated that
spring hydrographs simulated with MODFLOW may difsggnificantly from those obtained
with a hybrid model that accounts for turbulentflon solution conduits. Yet results obtained
with an extension to MODFLOW that accounts for tuemt flow were found to be in
agreement with those from the hybrid model. In thierk MODFLOW is employed
considering first only laminar flow. Subsequently,is attempted to apply a recently
developed turbulent-flow package for MODFLOW (Shaduer et al., 2008).
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Fig. 4 Model setup. Comparison of the horizontal hyd@abnductivities and the geometry between the model
without constrictionga) and the model with constrictioiis). The plugged conduits are represented in yellow in
(b). With these two model setups it is attempted foraduce the pre-event 4a and post-event 4b drainage
behaviour of the Lurbach system. The specific gferaf the matrix was set to 1an* for the two models
whereas it was given 0 in the conduit for the uggkd case and 0.5'o the constrictions of the plugged case.
The vertical conductivity was set to 40n/s for the whole model range, except where thebach allogenic
input is added, where a high value of 10 m/s wéisielé in order to simulate the sinkholes.

4.1 Laminar flow

The design of the numerical model is based on tmeeptual understanding of the Lurbach
system described above. The model is a simplifiacbach system representing only the
autogenic sub-catchment and consists of four lagreas differ in thickness and horizontal
hydraulic conductivity (Fig. 4a) to capture the guexity of the multi-level cave system. The
catchment is made up of a low conductivity matlight grey and dark grey in Fig.4) whereas
the highly conductive flow paths introduced in thger 2 to 4 represent the Lurgrotte cave
and the assumed Hammerbach conduit system. Thetwtuof the conduit system was
designed to account for the behaviour of the Lunbsstem described in Harum and Stadler
(1992): during low water conditions the lower lay&yer 4) drains most of the allogenic
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recharge and both Hammerbach and Schmelzbach systenseparated. When the allogenic
input rises above the drainage capacity of therldyehe layer 3 begins to drain and the
overflow towards the Schmelzbach aquifer is actidatThe layer 2 becomes prominent
during strong storm events and allows water to fltomugh the upper levels of the Lurgrotte
cave system (see Kubeck et al., 2013). The uppénager represents the more than 300 m
thick karst matrix of the Tanneben massif which mhigerve as further storage component if
extreme floods are considered (high historical deoaeported in Benischke et al. (1994)
indicate that part of the Semriach basin was floadel812 and 1827).

Three steady-state model scenarios were designad astogenic recharge based on the
formula of Turc (e.g. Gray, 1970), the minimum, mead maximum annual precipitation
depths, respectively, and a mean annual air teryerg7.4°C) reported in Harum and
Stadler (1992). Correspondingly, the lowest, meaah lsighest Lurbach discharges reported
by Harum and Stadler (1992) were used as concedtr@togenic recharge. The allogenic
recharge was given as localised input where the ratenimach and Schmelzbach conduits
begin (at the border between the Eichberg zonetlamanatrix zone in Fig 4) and along the
Lurbach riverbed with emphasis on the conduits mingi the Hammerbach system. The
autogenic recharge was given as a constant flex(ratm/s) within the entire model domain.
The three steady-state models were calibratededotiest, mean and highest discharges at
the Hammerbach spring and Schmelzbach outlet hystwg the hydraulic conductivity of
the low-permeability matrix and the highly conduetiflow paths. These simulations gave
reasonable results (Mayaud, 2010) and confidertoetlve model setup, especially concerning
the aforementioned intercatchment flow and its ddpace on the hydrological conditions.
The resulting model was subsequently employed riorsient simulations to reproduce the
Hammerbach spring hydrograph of the flood everAwjust 2005 (Fig. 2a). This event was
chosen because of its nearly undisturbed long-termession, because the discharge peak
reached almost the Hammerbach filling capacity, la@achuse it is likely the last strong event
prior to the change in the system behaviour. Unfately no Lurbach data is available for
this period. Thus, only the autogenic recharge w@saputed using daily precipitation data
minus 50% evaporation rate, whereas the concedti@tegenic recharge component was
adjusted in the model calibration. For the transsamulations the specific yield of the matrix
was set to 0.01 in the whole unconfined aquifer &g the specific storage was defined as 0
in the conduits and 170m™ in the matrix.

Fig. 5 shows the simulated (dashed red line) coetpan the measured (solid blue line)
discharge of the Hammerbach. The simulation matthesobserved discharge behaviour
reasonably well and makes the assumptions of thaehsetup a plausible option (admittedly
not the only one). To examine potential effectsediment aggradations that may have caused
the plugging of conduits within the Hammerbach eysthe hydraulic conductivity of some
conduit cells was lowered (see Fig. 4b). The resylflow constrictions cause an increase of
the water table and of the hydraulic gradient wittiie conduits, thus forcing more water to
flow towards the Schmelzbach network. As a consecgithe Hammerbach peak discharge is
lower in these scenarios compared to the scenaitimowt constriction (Fig. 5). This is
gualitatively similar to the behaviour of the Hanrivech spring hydrograph after the flood
event of August 2005 (Fig. 2a). It is evident tha constricted conduit sections prevent a
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part of the Lurbach water from flowing immediatébwards the Hammerbach spring. Thus,
the water flows more frequently towards the Schiveth drainage network and explains the
damped discharge behaviour presented in the preatagraphs. This is in accordance with
a tracer experiment in 2008 where overflow to thirelzbach system was already observed
at ~135 I/s (Oswald, 2009) compared to the preWouwsported threshold of ~200 I/s
(Behrens et al., 1992).
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Fig. 5 Measured and simulated Hammerbach discharge éfldlod event of August 2005 without and with
constrictions and sediment storage in the condativork (see the location of constrictions in Fig).4The violet
curve represents the discharge when constrictiaitts hydraulic conductivity of 18 m/s are assigned, the
yellow curve when constrictions with hydraulic comtivity of 10 m/s are assigned. The green and orange
curves represent the response when a high spetifiage value of 0.5 compared to the value of 0 given for
the previous cases) is given to the constrictions.

However, the observed increase in the baseflownigeproduced by the simple assumption
of constrictions with lower hydraulic conductivit4. potential explanation to this increase is
that the aggradation of the sediments may not balye changed the hydraulic conductivity
but also the storage properties of the Hammerbaggcifea. To examine if changes of the
storage properties related to the sediments ircdmstrictions may have caused the increase
of the baseflow observed after the major flood €ven2005, a simple hypothesis was
considered by assigning high values of storatitotyhe conduit constriction (storativity was
set to zero before). Results are presented in5-(gotted green and orange lines) and show
that the baseflow of the Hammerbach is increasetthaf storativity in the constriction is
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increased. Then, the peak flow is more damped coedpa the scenarios without change in
the storativity. Thus changes in the storativitygimi account for the second observed
characteristic of the Hammerbach behaviour betwerust 2005 and June 2009.

4.2 Turbulent flow

As flow in such a mature karst aquifer is likely be locally (i.e., in the karst conduits)
turbulent, it was an obvious objective to integrtatdulent flow into the modelling approach.
The program used for this purpose was the Condaoiv Process (CFP) for MODFLOW
developed by Shoemaker et al. (2008). Only a sfradlione-layer model was realized with
CFP due to convergence problems; more complex fewi®l models are subject of ongoing
modelling attempts. The geometry of the model aguifad to remain simple and comprised
only a square catchment with one conduit represgritie Hammerbach system (see Fig. 6a).
The spring response to an artificial event was adsip taking into account turbulent flow
and compared with a standard MODFLOW approach @lamilow only). The results (Fig.
6b) show an agreement with the previous resulBigf 5 with an increase of the baseflow
correlated to an increase of the storativity in ¢bastrictions. It is important to note that the
damping is much stronger in the model scenariasateount for turbulent conduit flow than
in those ignoring turbulent flow, which is in acdance with the findings by Reimann et al.
(2011). These authors showed that the hydraulidigm&ain the conduits is higher if turbulent
flow is taken into account. As a result, the cohdiydraulic heads are higher in the model
accounting for turbulent flow than in a purely lavai flow model. Thus, flow from the matrix
to the conduit is more strongly reduced in the ulegbt flow model, which causes an increase
of storage in the fissured matrix that is not cdesed in the laminar model. Therefore,
turbulent flow needs to be considered to be abtptmtitatively assess storage effects in such
a karst system.
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Fig. 6 Comparison of laminar and turbulent flow condisoof the simplified model setuga) Model setup
including the geometrical assumptions and the bandonditions(b) Changes in spring discharge considering
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5. Discussion

A change of hydrological behaviour was observeth@tHammerbach spring during a period
of nearly 4 years. This change resulted in a daniggtaviour of the peak flow combined
with an increase in the baseflow. The analysisistithrge data using cumulative frequency
and master recession curves combined with prewioregorted tracer experiment results
suggest that the change is caused by processan thighkarst system rather than by climatic
and/or anthropogenic factors. Based on field ingatibns it is suggested that sediments may
constrict and/or plug karstic conduits and leatheodamped discharge behaviour observed at
the spring. A simplified distributive groundwaterodel was built based on the current
conceptual understanding of the system in orddanvestigate if conduit constrictions and
sediment plugging in karstic conduits may causengbs in the spring response similar to
those identified from the field observations. Thawdation results are in accordance with the
aforementioned hypotheses: the modification of higdraulic conductivity and the specific
storage in the karstic conduit led to a more dantpiecharge at the spring.

It should be noted, however, that the design aritbration of the groundwater model is

highly non-unique because of the scarcity of dataus, the model should be viewed as an
interpretative (Anderson and Woessner, 1992, p.dilahthat is aimed at improving the

conceptual understanding of the hydrogeologicatesysat the field site but not as a
predictive model. For the latter purpose, a parsiows lumped-parameter rainfall-runoff

model appears to be more appropriate. When applgingh a model to simulate the

Hammerbach spring Wagner et al. (2013) found thais unable to reproduce the observed
change in the discharge behaviour with parameter identified from other time periods.

Within the 4 years period that is characterized thg damped discharge behaviour a
reasonable model fit was obtained only by an irsgdaoverflow towards the neighbouring

sub-catchment of the Schmelzbach aquifer and areased storage capacity in the aquifer
itself. This is in agreement with the findings frothe data analysis and groundwater
modelling presented here, which suggest that clsaofehydraulic properties rather than

climatic factors are responsible for the obserwadtdlogical change.

6. Conclusions

Data analysis reveals a change in the hydrolodiehaviour of the Lurbach system after a
storm event in August 2005 until June 2009. Théngpresponse appears to be more damped
and the baseflow higher than before, which is pobbeelated to the aggradation of sediments
in conduit sections during the storm event in 2008ing the distributive groundwater flow
model MODFLOW the changed behaviour of the Hamnmahrbspring was qualitatively
reproduced by incorporating sections of low conghtgt and high storage in highly
conductive flow paths representing the conduit netwto mimic plugged conduit sections).
Thus, the single-continuum model MODFLOW was foulodbe able to reproduce the
transient behaviour observed at the spring. Thiglehohowever, does not account for
turbulent flow in karst conduits. A MODFLOW packatigt considers turbulent flow in the
continuum model (CFP) was employed to assess paltegffects of turbulence on the
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transient flow behaviour. Results from a highly giified model scenario demonstrate that
the storage in the fissured matrix is underestithateturbulent flow is ignored. The
implementation of turbulent flow in a more realisthodel setting is the subject of future
work.
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Abstract

The Lurbach karst system (Styria, Austria) is dedibby two major springs and replenished by
both autogenic recharge from the karst massiffitsed a sinking stream that originates in low
permeable schists (allogenic recharge). Detaileéa flam two events recorded during a tracer
experiment in 2008 demonstrate that an overflounfame of the sub-catchments to the other
is activated if the discharge of the main springemds a certain threshold. Time series
analysis (autocorrelation & cross-correlation) vegplied to examine to what extent the
various available methods support the identificatad the transient inter-catchment flow
observed in this binary karst system. As inter{waent flow is found to be intermittent, the
evaluation was focused on single events. In ordesupport the interpretation of the results
from the time series analysis a simplified groungwaflow model was built using
MODFLOW. The groundwater model is based on theeturconceptual understanding of the
karst system and represents a synthetic karst eagfof which the same methods were
applied. Using the wetting capability package of MELOW, the model simulated an
overflow similar to what has been observed durhmgtracer experiment. Various intensities
of allogenic recharge were employed to generatéhsyin discharge data for the time series
analysis. In addition, geometric and hydraulic mrbes of the karst system were varied in
several model scenarios. This approach helps tatifgesffects of allogenic recharge and
aquifer properties in the results from the timaeseanalysis. Comparing the results from the
time series analysis of the observed data withettadsthe synthetic data a good agreement
was found. For instance, the cross-correlogramsvsimilar patterns with respect to time
lags and maximum cross-correlation coefficientsafipropriate hydraulic parameters are
assigned to the groundwater model. The comparadiaviour of the real and the synthetic
system allow to deduce that similar aquifer prdpsrtare relevant in both systems. In
particular, the heterogeneity of aquifer parametappears to be a controlling factor.
Moreover, the location of the overflow connectiihg tsub-catchments of the two springs is
found to be of primary importance, regarding theusence of inter-catchment flow. This
further supports our current understanding of agrfbasw zone located in the upper part of the
Lurbach karst aquifer. Thus, time series analysisimgle events can potentially be used to
characterize transient inter-catchment flow behavad karst systems.

Keywords: Binary karst aquifer - Single event - Overflow beiour - Time series analysis -
MODFLOW - Single-continuum model
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1. Introduction

Karst aquifers are of primary importance for supmydrinking water to nearly 25% of the
world’s population (Ford and Williams, 2007), buteir significant reserves are highly
vulnerable to contamination and to industrial demsive agricultural land use. Because karst
is a highly heterogeneous environment comprisiregtape diameters varying over more than
five orders of magnitude (from fracture openingssi¢han 1 mm in the limestone matrix to
conduits of more than 10 m width in large cave®rehis a need to develop and improve
existing tools helping to better understand thec@sses governing the hydrodynamic
behaviour of karst systems. As not more than agewent of a karst aquifer are generally
mapped (or explored), it can be defined as gregkblex system, where the input is routed
through to the output without a direct observatminthe water transfer. Thus, indirect
methods of characterization have been developadtain a maximum of information from
the karst systems. They are mostly focused ondh®arison between the available input and
output data and include hydrograph and chemograptyses using discharge, specific
electric conductivity, water temperature, chempalameters, isotopes and tracer experiments
(e.g., Bakalowicz, 2005; Geyer et al., 2013; Kresid Stevanovic, 2010; Pinault et al., 2001;
Rehrl and Birk, 2010).

Time series analysis are signal processing metheldsging to this category, and are mostly
used to improve the understanding of the hydrokddgoehaviour of karst systems. Mangin
(1984) was the first to apply them to the field kdrst hydrology. He compared the
autocorrelation and power spectral density funstiohthe discharge of three Pyrenean karst
aquifers under the same climatic conditions anduded that their different responses were
due to different degrees of karstification and afer capacities. Larocque et al. (1998)
extended the analysis to a broader dataset (pid¢rortevel, water discharge at the inlet and
outlet, precipitation, specific electrical condudi and water temperature) combined with
new methods such as cross-correlation, cross-gpetensity, coherence function, gain and
phase functions, and proved their usefulness fa& prpose of water management.
Panagopoulos and Lambrakis (2006) applied timesemalysis to two Greek karst aquifers
well-known for their different karstification andund that the different results were in
agreement with the differences in karstificationor® recently Bailly-Comte et al. (2008)
applied these methods to a small Mediterraneart kgstem and highlighted the interactions
between the karst aquifer and an overflow rivervda: (2010) applied autocorrelation,
cross-correlation, power spectral density and aatw function to the complex Unica river
catchment and improved the understanding of itsrddyghamic behaviour, allowing the
differentiation of flow paths using two datasetsddferent time scale. Time series analysis
were also successfully used by Amraoui et al. (20B8illy-Comte et al. (2011), Bouchaou et
al. (2002), Jemcov and P¢tr(2010), Genthon et al. (2005) and Massei et28l06) using a
broader dataset (rainfall, specific electric coritity, turbidity, water temperature) and
different methods (e.g. spectral and wavelet aeslys

Until now, time series analysis were mostly appliedime-periods covering a period of one
year or more (Eisenlohr et al., 1997; Kénva 2010; Larocque et al., 1998; Mangin, 1984;
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Panagopoulos and Lambrakis, 2006). Only a few stug@e.g. Bailly-Comte et al., 2008;
Budge and Sharp, 2009; Covington et al., 2009; &yon et al., 2012; Valdes et al., 2006)
applied the methods at a very short -or single etiere scale to provide information about
the hydrodynamic behaviour of a karst system fartsperiods. Indeed, as opposed to long-
term time series analysis, which is recommendegatdwide information about the “average”
aquifer behaviour/properties (Kaua, 2010; Panagopoulos and Lambrakis, 2006), single
event analysis has the potential to show how tiséesy reacts at the scale of a single event
only (Bailly Comte et al., 2008; Covington et &Q09; Covington et al., 2012; Valdes et al.,
2006). This is of primary importance, because kadgtifers are highly dynamic non-linear
systems whose behaviour may evolve or vary temipprdepending on the hydrological
conditions within the system (Mayaud et al., 200@gner et al., 2013).

As demonstrated by the examples cited above, tieness analysis has been frequently
applied to karst catchments. Although the resutimfthese applications were found to be in
gualitative agreement with field observations,astonly rarely been attempted to verify the
interpretation more quantitatively by applying thmethods to synthetic catchments
represented by a numerical model, where aquifepgsties and hydrological stresses are
known in detail. This approach was followed by Bisér et al. (1997) who evaluated the

results from times series analysis using a numegicndwater flow model. These authors
concluded that the results were not only dependarthe system geometry but also on the
frequency and type (allogenic vs. autogenic) ofrdeharge events and on their intensity. In
addition, an inappropriate length of the analysedetseries may cause errors in the
interpretation. Jeannin and Sauter (1998) conclutiatl these methods were inappropriate
without knowledge of the investigated area to cti@réze the underground geometry of karst
aquifers. Nevertheless, Larocque et al. (2000)iegp@uccessfully autocorrelation and cross-
correlation analysis to numerical data of a groustgw model representing the

Larochefoucault karst aquifer (France). Later, Bu@amd Sharp (2009) applied short term
cross-correlation analysis to a simplified synth&IODFLOW catchment in order to develop

a conceptual understanding of the Barton springsadls aquifer. Their results showed that
the cross-correlation was dependent on the ingatlulat also on the geometrical properties of
the aquifer.

The purpose of this paper is to improve the intggiron of time series analysis at the scale of
single events in karst catchments that are charaete by the existence of a localized
recharge component from a sinking stream and bpaeanily varying drainage pattern due to
the overflow from one spring catchment to anotfiirs involves the need to investigate how
physical characteristics of the karst system afleated in the results from the time series
analysis. To this end, two methods, autocorreladiot cross-correlation, are applied to a well
investigated field site, the Lurbach karst systéms{ria), where an overflow from one sub-
catchment to another one is reported by numeraggtrexperiments, and to a synthetic karst
catchment represented by a numerical groundwader rihodel, which accounts for the most
relevant features of the field site in a simplifi@dnner.
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2. Approach

The following subsection (2.1) provides a briefadluction into the two time series analysis
methods that are examined in this paper. Theseaudgetfre evaluated in parallel using both a
field site and a synthetic karst catchment represkby a numerical groundwater flow model,
which are both described in the subsequent subsscl.2 and 2.3, respectively. If the time
series analysis of the synthetic and the field gaskel comparable results, similar aquifer
properties and geometries of the overflow secti@sgnt in the model can be deduced for the
Lurbach system.

2.1 Methods

2.1.1 Autocorrelation

The autocorrelation function examines how a valepethds on the preceding values over a
period of time. This function is represented witbcarelogram. The slope of the correlogram
is determined by the response of the system tovantelf the event has only a short-term
influence on the response of the karst systemstbge of the correlogram will decrease
steeply and quickly. In contrast, if the systeninifuenced by an event for a long time, the
slope of the correlogram will decrease slowly. Galie the length of the influence of an
event is given by the “memory effect” which is aaiog to Mangin (1984) the lag number
whenr(k) reaches the value of 0.2. The formula for auteatation is (Larocque et al., 1998;
Mangin, 1984):

_C(k)
r(k) = O] (1)
n—k
with Cc(k) = %Z (xr — %) (Xpspe — %) (2)
t=1

wherek is the time lag and varies from Onto According to Mangin (1984n has to be taken
as 1/3 of the length of the whole dataset to astadility problems.

Applied at a single event or short time scale, eant@lation has the potential to allow an
estimation of the inertia of the system (Valdeslet2006). Then, the memory effect shows
how the karst conduits react to the event, and aaoe compared to memory effects resulting
from analysis of a long time series.

2.1.2 Cross-correlation

Cross-correlation is used to determine the relahgnbetween two variables x and y. In the
case of karst hydrology they are mostly input-otifglationships as for discharge-discharge,
rainfall-discharge or water level-discharge. Thessrcorrelation is represented by a cross-
correlogram, which has a positive and a negative pgoeak in the positive part means that
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the input signal has an influence on the outputaigf the cross-correlogram is symmetrical
then the two signals respond at the same time nTdsamum amplitude and the lag value of
the cross-correlogram provide information about dieéay which indicates the time of the
pressure pulse transfer into the aquifer. If thrutrsignal is a random process, then the cross-
correlation function has the form of the impulsespense of the system. According to
Larocque et al. (1998) the formula for cross-catieh is:

_ Gy
() = 228 €
n—-k
. 1
with Coy () == > (6 = ) G = 7) @

wherecy andoy are the standard deviations of the two time series

Applied at a single event scale, the cross-coroglaghows how the energy is transferred and
modified from the input to the output during a ftb(Bailly Comte et al., 2008; Covington et
al., 2009) and represents the impulse respondedyistem.

2.2 Field site

The area under investigation is a binary karsthecaemt of 23 km2 named Lurbach system,
located about 15 km north of Graz (Styria, Austaayl belongs to the Central Styrian Karst
(Fig. 1). The upper part of the catchment comprimesarea of about 15 Kmessentially
composed of Paleozoic schists, and is drained byl tirbach stream in an E-W direction
towards the lower part, which is an 8 kimighly karstified unit. After passing the contact
schist-limestone, the stream infiltrates along stieeambed at a length of some hundred
meters and finally disappears into a major sinkhotated right after the entrance of a big
cave, the Lurgrotte (entrance at 633 m a.s.l.)nTkiee water flows through the conduits and
fissures of the limestone massif and resurgeseaStthmelzbach outlet and the Hammerbach
spring, both located in the valley of the Mur Riwer the western side of the catchment. The
altitude of the whole area ranges between 1.109.91. @n the top of the Fragnerberg
mountain (Fig. 1) and approximately 400 m a.s.thatbottom of the Mur valley close to the
location of the Hammerbach spring.

The Lurbach system is subject to a climate regimgh wow winter precipitation
(approximately 50 days of snow cover per year) faeguent heavy thunderstorms during the
summer (Harum and Stadler, 1992). The mean anmealpitation recorded from 1965 to
2010 at the station of Semriach (Fig. 1) is 880 miime maximum precipitation value was
recorded at the same station during the summer W@A33.5 mm rain in one day.

As it is regularly reported for karst aquifers, thehaviour of the Lurbach system varies
strongly according to its different hydrologicalncttions (Harum and Stadler, 1992):
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() at low and medium water conditions, the allagelourbach waters (mean annual
discharge of 141 I/s) supply only the Hammerbaaingp(mean annual discharge of
193 I/s). The Schmelzbach outlet drains only autageecharge from the limestone
massif and has a mean annual discharge of 79 Iigs, Tboth Hammerbach and
Schmelzbach sub-systems are then totally separated.

(i) when the Hammerbach discharge increases ahdkeeshold discharge (about 200
I/s according to Behrens et al., 1992) an overffomm the Hammerbach sub-system
to the Schmelzbach sub-system occurs.

(i) at high water conditions the Lurbach streaanaeach a maximum discharge of
more than 10 fits and the whole system is subject to catastrdifdic events. Then,
the Lurbach flows directly through the Lurgrotteveatoward the Schmelzbach, which
becomes the main outlet of the karst aquifer amdreach peak discharges up to 10
m>/s, whereas the Hammerbach spring shows a limissharge capacity and cannot
drain more than 2 i¥s.
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[ Other karstifiable rocks
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Fig. 1 Simplified geological map (modified after Geolarfis Bundesanstalt, 2005; sheet 164-Graz) of the
Lurbach system including approximate flow directicand the monitoring network. The low permeable par
(allogenic catchment) corresponds to the topographichment whereas the highly karstified partdgeiic
catchment) was delineated taking into account tesifiinumerous tracer experiments (Behrens e1292). The
boundary between the allogenic and the autogerits imbased on the geological map. The boundatwesn

the Hammerbach and the Schmelzbach sub-catchmenariable depending on the hydrological conditions
within the autogenic catchment. Insets: locationthef Lurbach system in the Central Styrian Karst #re
distribution of karst rocks in Austria (modifiedt@f Schubert, 2003).
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The Lurbach karst aquifer has undergone a compieleslogical development: on the one
hand the Lurgrotte (see Fig. 1) is a well-explaabdut 3 km long multi-level cave (Wagner et
al., 2011). On the other hand, the Hammerbach agonéetwork is totally unexplored as all
attempts to access it failed up to the present.oMeeflow between the Hammerbach and the
Schmelzbach sub-systems is documented only byeictdwbservation of numerous tracer
experiments (Behrens et al., 1992; Kibeck et &132 Moreover, as no boreholes are
available in the study area, there is a lack obrimfation concerning the extent and local
position of a phreatic zone within the karst masHife only available information regarding
phreatic conditions in the karst aquifer were deglifrom speleological observations in the
cave Lurgrotte itself and by geomorphological otsagons of several dry caves located in the
Tanneben massif (with more than 200 known smatigctive caves).

The last field campaign in the Lurbach system wasdacted from the 2BNovember 2008
to the 30" December 2008). At the beginning of this time eyria tracer experiment had been
carried out (Oswald, 2009). One kilogram of uranifranin AP; AppliChem GmbH,
Germany) was continuously injected into the Lurbatieam at the contact between schist
and limestone (marked as Lurbach station in Fidrdtp the 28' November 2008 at 14:11 to
the 29" November 2008 00:35. The water levels were recbedehe stations Lurbach cave,
Hammerbach spring and Schmelzbach outlet with guérecy of 30 seconds, whereas the
Lurbach station was recorded at a frequency of Butes. Then, they were converted to
discharge rates using control measurements. Pt@ogpi and air temperature were recorded
at a 5-minute interval at the Ertlhube meteorolabsgtation (located at 763 m a.s.l.) on top of
the Tanneben karst massif (Fig. 1). During the ola®n period, two hydrological events
occurred. The results from this tracer experimeatide insight into the overflow behaviour
from the Hammerbach sub-catchment to the Schmeéizfiato-catchment, which will be taken
into account when interpreting the results fromtthee series analysis.

2.3 Synthetic karst catchment

In order to evaluate the interpretation of resfiten single event time series analysis, the
groundwater flow model MODFLOW-2005 (Harbaugh, 2005 used to implement a
simplified hypothetical karst setting similar teethurbach system. Since the model is applied
to a karst setting, it is an obvious idea to empley Conduit Flow Process (CFP; Shoemaker
et al. 2008) for MODFLOW-2005 to account for turdnt flow conditions. However, neither
CFP mode 1 (hybrid approach) nor CFP mode 2 (coatm approach) were found to be
capable of simulating the rewetting and falling dfycells representing the transient overflow
from the Hammerbach to the Schmelzbach sub-systetinei given model setting. Yet, it is
important to note that in this work the model iteimded to provide general insight into the
dependency of the results from the time seriesyaizabn the physical characteristics of a
generic type of karst catchment. Thus, similar te MODFLOW models presented by
Ravbar et al. (2011) and Mayaud et al. (2013), pphepose is to represent the natural
processes in a simplified manner rather than tvigeoa quantitative representation of the
actual field site. For this purpose, using MODFLQ®O5 without CFP appears to be
adequate, as it allows a robust, approximate reptason of the overflow dynamics.
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The general approach here is to apply single emetdt- and cross-correlation to a synthetic
catchment and to examine how far the results andasito or different from those obtained

for the Lurbach system. As the model parametersaltaown, the differences found in the

auto- and cross-correlation of the various scesazam be clearly attributed to a controlling
parameter. Thus, this approach helps to interpeetrésults from the real system. In addition
to a general evaluation of the applied time seaigaysis methods, this will also improve the
current understanding of the Lurbach system.
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toward the toward the
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Fig. 2 Model setup(a) Geometry of the MODFLOW model. The allogenic inpuimplemented using the Well
package of MODFLOW in one cell representing thebaah sinkhole. The two different assumptions reiggrd
the connection between the Hammerbach sub-catchamehthe Schmelzbach sub-catchment are respectively
indicated. If an overflow location close to thekdinle is considered (case 2), the solid arrowscatei the flow
toward the Hammerbach when the overflow is inagtithee dotted arrow the autogenic flow toward the
Schmelzbach(b) Schematic illustration of the functioning of theedflow in the MODFLOW model. When the
water table is below the level of the thresholdhbdammerbach and Schmelzbach sub-systems are tggpara
(left). Then, the Schmelzbach is only supplied byogenic waters from the limestone massif, whetbas
Hammerbach drains all water coming from the sinKingbach stream. When the water table rises abowe t
threshold, the overflow is activated and the twb-systems are connected (right). Then, both Schraelz
outlet and Hammerbach spring drain allogenic watemn the Lurbach sinkhole and share a large patheif
respective catchments together.

The model setting is composed of a single uncodfiager with a dimension of 8 Knf4 km
* 2 km), which provides a simplified, hypothetigapresentation of the autogenic part of the
Lurbach system (Fig. 2a). The mesh size is settaohgo 10 m * 10 m. The Lurbach
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allogenic input is introduced at a single pointg(F2a) using the Well package of
MODFLOW, whereas autogenic recharge is given asnatant flux over the whole area. The
model was built using the single-continuum appro@duter et al., 2006; Teutsch and Sauter,
1991) with two parallel cell lines of high hydrauliconductivity (representing the
Schmelzbach and Hammerbach conduits) embeddetbuws permeable matrix (see Fig. 2a).
The conduit length was set to 3 km for each oftétee conduits and is supposed to be close to
the real length of the Schmelzbach and Hammerbathkonk sections (Behrens et al., 1992).
The two outlets of the conduits were defined asstaont head cells (to simulate the karstic
springs) with a two meters difference of relatitéede (the Hammerbach spring being lower
than the Schmelzbach outlet) and a linear distah&50 m to each other. Similarly, the two
conduits are connected to each other by a cond&b@ m length with an overflow located
after the first junction (Fig. 2b).

Two different assumptions with regard to the gephi@al location of the overflow are
presented here (Fig. 2a). First, the overflow ated near the Schmelzbach outlet, whereas
in the second case it is located close to the larlsnkhole. These two extreme locations
were chosen in order to obtain the maximum diffeeem the hydrological behaviour of the
springs. The overflow was simulated by elevatingiadred meter stretch of the bottom of the
Schmelzbach conduit located just after the conoectietween the Hammerbach and
Schmelzbach sub-systems (Fig. 2b). Within this pathe Schmelzbach conduit, the bottom
of the cells was elevated by 9 m relative to tHeeotmodel cells, such that flow through the
conduit occurs only if a threshold water levelxe@eded. The initial water table was defined
below the overflow level to allow a separation loé two sub-systems at the beginning of the
simulation. Then, the Wetting-Capability packagdV@DFLOW was used to allow rewetting
of these cells and thus an activation of the owgerftlepending on the position of the water
table (Fig. 2b). This implies that after a firstests period computed in steady-state the model
simulation was transient with 384 stress periodthefsame length (30 minutes), making a
total simulation of 192 hours. For both locatiorfstioe overflow between the two sub-
systems, the values of constant head at the twetswtere adjusted such that the hydraulic
gradient between the overflow and the Schmelzbattetoremained approximately equal.
First, the Schmelzbach and the Hammerbach catchmven# assumed to consist of a
homogeneous matrix and conduit system with oneevalii conductivity (1 m/s) in the
conduits, one value in the matrix (1@/s) and a constant specific yield for both masmid
conduit (0.01). Then, differences in the hydraabaductivity and specific yield of the karstic
conduits connecting to the two springs inferredrirbield observations were introduced, to
account for heterogeneities of the two sub-systems.

3. Results

3.1 Field site

During the one-month period shown in Fig. 3a, twecpitation events of different intensities
occurred. The first was short and showed the seoagplitude (maximum intensity of 5.75
mm per hour at the Ertlhube rain gauge) but thesfosumulative rainfall of 12.9 mm from
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the 30" November 2008 to the"2December 2008; the second had lower intensityfaki
maximum of 2.6 mm per hour) but extended over gelatime span, resulting in a higher
cumulative rainfall of 42.7 mm from the "t0December 2008 to ¥3December 2008.
Interestingly, no precipitation in form of snow walsserved within this period. During these
two events the air temperature recorded at the ssatien stayed mostly between 0 °C and 5
°C, although negatives temperatures were also tegbéwr short periods.
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Fig. 3 Field data.(a) Discharge recorded at the stations Lurbach caeenrhlerbach spring and Schmelzbach
outlet; semi log-scale plot of uranine concentraiat Hammerbach spring and Schmelzbach outleeaeDber
2008 for the whole period and the two events sepadravertical bars: hourly precipitation recordedtlze
Ertlhube rain gaugdgb) Autocorrelation functions and memory effects & thischarge at Lurbach cave (LB),
Hammerbach spring (HB) and Schmelzbach outlet @B)he whole period and the two events separathby;
lags are given in houréc) Cross-correlation functions (amplitude and lagsieen Lurbach cave-Hammerbach
spring (LB-HB) and Lurbach cave-Schmelzbach oufleB-SB) for the whole period and the two events
separately; the lags are given in hours.

The two precipitation events led to two hydrologi@ents showing different spring

responses (the first with a low baseflow, the sdoaith a higher baseflow) recorded at the
discharge gauging stations. The raw data of thgigguwstations Lurbach cave, Hammerbach
spring, Schmelzbach outlet and the precipitatida @gere transformed in hourly data in order
to have an hourly scale for the time series amalysigap of approximately 30 hours in the

discharge dataset from the gauging stations Lurbeate, Hammerbach spring and
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Schmelzbach outlet was filled with white noise lohsa the discharge recorded at Lurbach
station which was complete.

The discharge and uranine concentrations showatherige part of the tracer was recorded at
the Hammerbach spring a few hours before thedwent was recorded at the station Lurbach
cave (Fig. 3). Within this time period, no uranimas detected at the Schmelzbach outlet. This
indicates that the Lurbach water was drained omlyatd the Hammerbach spring before the
hydrological event. After the beginning of the fiewent, the tracer was still mainly recovered
at the Hammerbach spring, and the breakthroughecshowed an undisturbed tailing.
However, some small quantities of uranine were esorded at the Schmelzbach outlet. This
suggests that the overflow towards the Schmelzlsathsystem was activated due to the
increasing water table during the event. An intemgsobservation is that the overflow
seemed to happen at lower discharge than the @90 I/s reported in Behrens et al.
(1992), which agrees with the findings of Mayaudlet(2013) and Wagner et al. (2013) that
the Hammerbach spring exhibits a changed hydrabdiehaviour since a major flood event
happened in 2005. The shapes of the hydrograplisefusupport the assumption of an
activation of the overflow from the Hammerbachhe Schmelzbach sub-system because the
hydrograph of the Schmelzbach appears to be sinvlahe hydrograph of the Lurbach,
whereas the Hammerbach spring shows a damped sssporhis event and seems to drain
mostly water from the aquifer storage.

Despite the lower maximum intensity of precipitatiauring the second event, the
Hammerbach responds stronger to the resulting rgehmulse possibly due to the higher total
amount of precipitation, which leads to an increate¢he water table and the hydraulic
gradient within the aquifer. The shape of the Sdhbaeh hydrograph still appears to be
almost identical to that of the Lurbach hydrographanine is still found in larger quantities
at the Hammerbach spring but the concentrationrdecbat the Schmelzbach outlet responds
faster than the Hammerbach to the recharge evéind. stiggests higher flow velocities and
thus probably higher hydraulic conductivity of therbach-Schmelzbach flow path and is in
agreement with the assumption that the Schmelzbgitldrained most of the Lurbach water
during the second event when the overflow was dyreactivated. The higher quantity of
tracer recovered at the Hammerbach during the seewent might be explained by a
remobilization of uranine that was still stored it the Hammerbach sub-catchment down-
gradient from the overflow.

Auto- and cross-correlations were computed for ttiree gauging stations Lurbach cave,
Hammerbach spring and Schmelzbach outlet usingirtteeseries of the whole period (from
the 28" November 2008 to the 80December 2008 on the left hand side on Fig. &), far
the two events separately (see Fig. 3 on the middteright hand side). The two different
events were defined taking into account the praipn distribution and the baseflow
discharge rather than the occurrence of dischaegésy This allows the clear definition of
two different periods: a first one with low basefl¢from the 28' November 2008 to the 11
December 2008) followed by a second one with adridiaseflow (from the f1December
2008 to the 38 December 2008, respectively). As can be seen bypatng the results of
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auto- and cross-correlation of event 1 and eventh@,system behaviour varied strongly
during the period. During the first hydrological e, the Hammerbach autocorrelation
indicates a damped behaviour with a longer memdfigsctecompared to the Lurbach and
Schmelzbach autocorrelations. In contrast, thecautelation of the Schmelzbach is similar
to that of the Lurbach. Correspondingly, the crosselation Lurbach cave-Schmelzbach
outlet is higher in amplitude and shows a shodgrtime than the cross-correlation Lurbach
cave-Hammerbach. This supports the idea that nfdsteo_urbach event-water was drained
towards the Schmelzbach system after the overflasvldeen activated during the first event.
The damped discharge of the Hammerbach is potgnteaiplained by a larger storage
capacity within this sub-catchment (Behrens et1&l92).

When looking at the second event, the results filoentime series analysis show a different
trend: the Hammerbach autocorrelation functionasywsimilar to those of the Lurbach and
Schmelzbach. More specifically, the memory effeadaaent in the autocorrelation of Lurbach
and Schmelzbach (17.9 and 17.2 hours in either) easgill similar to that of the first event
(10.8 hours and 14.1 hours, respectively), wheiretfse case of the Hammerbach it is clearly
reduced from 57.1 hours in the first event to 2@8rs in the second. This suggests that the
aquifer storage of the Hammerbach sub-catchmembtigble to attenuate the flood pulse of
the second event to the same extent as in evepbdsibly because additional conduit
pathways are activated at higher water levels (ke al., 2013). This further indicates that
at this time, the Lurbach water pulse is transmittevard the Hammerbach and Schmelzbach
spring at a similar time-scale and that the two-catichments have more similar drainage
behaviour compared to event 1. This is also supddsy the finding that the cross-correlation
between Lurbach-Hammerbach and Lurbach-Schmelzlaacthis time shows the same
pattern (x, values of 0.79 and 0.86 with lags from 1 to 2 Bowspectively, opposed tg, r
values of 0.27 and 0.96 with lags of 14 and 5 hauring the first event), which shows that
the two sub-systems behave similar. Obviously, difierent and varying behaviour of the
Hammerbach and Schmelzbach sub-catchments for thesearticular events cannot be
inferred from the autocorrelation and cross-cotiefaof the complete discharge dataset. In
particular, the different behaviour of Hammerbactl &chmelzbach during event 1 is not
apparent if the events are not separated in thysasdFig. 3b and 3c, first column), as both
springs then show similar memory effects (156 hdorghe Hammerbach, 164 hours for the
Schmelzbach) and similar cross-correlations with lthirbach (0.83 amplitude and 2 hours
delay for the Hammerbach opposed to 0.95 in angditand 4 hours delay for the
Schmelzbach). Thus, single event analysis provesulug this particular example, as it
allows distinguishing the change of the global veha of the Hammerbach sub-catchment
during the two events.

3.2 Synthetic karst catchment

3.2.1 Homogeneous cases

Fig. 4 shows the modelling results of the synthkéicst catchment for the overflow located
close to the Schmelzbach outlet (case 1 in FigaBd)the overflow located near the Lurbach
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sinkhole (case 2 in Fig. 2a). The aquifer is ungwmd and conduits and matrix are
homogeneous, i.e. with the previously mentionedstant values of hydraulic conductivity

and specific yield. In order to reproduce a hydgadal situation similar to that occurring

during the tracer experiment, two artificial alloge recharge events were defined. The
intensity of the allogenic input (Lurbach dischgrges increased from a first to a second
event roughly by a factor of two (Fig. 4) in ordersee the influence of event intensity on the
overflow and discharge characteristics. Autogemicharge remained constant during the
whole simulation.
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Fig. 4 Results from the groundwater flow model: Simulatédcharge response of Hammerbach and
Schmelzbach due to two recharge events of differgansity.(a) Overflow located close to the Schmelzbach
outlet (case 1 in Fig. 2ah) overflow located near the Lurbach sinkhole (cagefg. 2a). The inset shows that
some minor matrix flow happens from the Hammerbagh-catchment to the Schmelzbach sub-catchment
during the first event. Hydraulic conductivity, sife yield, and porosity are identical in the twaodel setups
and homogeneous within matrix and conduit system.

The comparison of the resulting responses of tmhsyic Schmelzbach and Hammerbach
hydrographs reveals an activation of the overflonilar to the observation at the field site: in
the case of the overflow near the outlet (Fig. #e) Schmelzbach hydrograph stays at a
constant value over a period of approximately 1#&rs during the first event when the
Hammerbach has already started to respond to thieath flood pulse by an increase in
discharge. In the case of the overflow near thkhgile (Fig. 4b), the Schmelzbach does not
respond to the first Lurbach flood pulse, and resisdater than the Hammerbach during the
second event (after 108.5 hours). Evidently, thensity of the first event is too weak to
activate the overflow in the case where it is ledatear the sinkhole (Fig. 4b). Yet, it should
be noted that a slight increase in Schmelzbaclhdige (see inset in Fig 4.b) is caused by the
pressure propagation within the low-permeabilitytnmelow. It is further noteworthy that the
peak discharge of the Schmelzbach slightly excéeaisof the Hammerbach for the second
event when the overflow is located near the sinkliBlg. 4b), while it stays below in the case
with the overflow near the Schmelzbach outlet (Fg). Likewise the baseflow of the
Schmelzbach remains higher with the overflow nkarsinkhole than with the overflow near
the outlet. These observations are explained bgitteeof the autogenic sub-catchment of the
Schmelzbach, which increases with increasing distar the overflow from the outlet. Thus,
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the location of the overflow in the groundwater ralod found to be of primary importance.
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sinkhole. Here the lags are given in half hoursnidey effects are given in hours.
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The autocorrelation of the hydrographs of the twadels is presented in Fig. 5. With the
overflow located near the outlet (Fig. 5a) the wealuof the memory effect for the
Hammerbach and Schmelzbach are identical for bethte and the values obtained for the
first and the second event are similar (approxifget®.8 hours during the first event; nearly
13 hours during the second event). Contrary, thdehwith the overflow located near the
sinkhole (Fig. 5b) shows different memory effeas Hammerbach and Schmelzbach and the
memory effect is found to be different for the texents. The result from the first event can
be explained by the inactivity of the overflow: alst all Lurbach allogenic water is drained
towards the Hammerbach spring, whereas the Schawizbutlet is supplied only by a
constant flux of autogenic water and a small amofimurbach water transferred through the
matrix (see Inset in Fig. 4b). As a consequence,niemory effect for the Schmelzbach is
higher than that for the Hammerbach. During theosdcevent both Hammerbach and
Schmelzbach are supplied by allogenic water from thirbach but still have different
memory effects (11.1 hours during the first evemd 20.5 hours during the second for the
Hammerbach; 17.2 hours during the first event add hours during the second for the
Schmelzbach). As opposed to the first event thengtdbach responds faster (lower memory

effect) than the Hammerbach. This is due to thelsadactivation of the overflow forcing a
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high proportion of Lurbach water to flow towardst®chmelzbach system. Similarly, the
memory effect of the real Schmelzbach was foundbé¢olower than that of the real
Hammerbach when the overflow was activated in itfs¢ évent observed at the field site (see
event 1 in Fig. 3b). The above findings thus dertrates that the memory effect is influenced
by the overflow. Yet, it should be noted that diffeces in the memory effects of different
events can also be caused by different input ssgmaiich suggests that the interpretation of
the memory effect in a setting with strongly vagyimput signals is not straightforward and
should be supported by additional evidence froneothethods.

LB-HB= 0.90 (1.5) : LB-HB=0.89 (3)
5)

LB-SB=0.95 (2. LB-SB=0.31 (14.5)

o0 -80 -60 -40 40 60 80 100 ',100 -80 -60 -40 40 60 80 100

20 0 20 20 0 20
k (lag in half-hours) k (lag in half-hours)

LB-HB= 0.96 (2.5) ; LB-HB= 0.93 (1)
LB-SB= 0.98 (2) - LB-SB= 0.89 (2.5)

L s
60 80 100

0.4 L L L
-100 -80 -60 -40

L L L It " L i
40 60 80 100 -100 -80 -60 -40

20 .0 20 20 0 20 40
k (lag in half-hours) El k (lag in half-hours)
Lurbach- Lurbach-
Hammerbach Schmelzbach

Fig. 6 Cross-correlation functions of the simulated Latb&lammerbach (LB-HB) and Lurbach-Schmelzbach
(LB-SB) discharges presented in Fig. 4 for the se@parated event&a) overflow near the outletb) overflow
near the sinkhole. Here the lags are given inthalirs. Cross-correlation results are given in hours

Single event cross-correlation results obtaineti e two model set-ups are shown in Fig. 6.
Corresponding to the results from the autocormatithe Lurbach-Hammerbach and
Lurbach-Schmelzbach cross-correlation functionssarglar in both events (more than 0.90
in amplitude for all cases) if the overflow is loed near the outlet (Fig. 6a). In contrast, the
model with the overflow near the sinkhole (Fig. &)ows a lower cross-correlation

amplitude for the Lurbach-Schmelzbach during thet fevent when the overflow is not

activated and a higher amplitude reaching almasttirbach-Hammerbach cross-correlation
during the second event. Yet even during the se@waht the amplitude of the Lurbach-

Hammerbach cross-correlation is higher than thatthef Lurbach-Schmelzbach cross-
correlation. In addition, the maximum of the laméi of the Lurbach-Schmelzbach cross-
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correlation is larger than that of the Lurbach-Haempach cross-correlation (14.5 hours
opposed to 3 hours during the first event and 2&$1to 1 hour during the second event).
These findings are explained by the activatiorhefdverflow during the second event, which
causes a delayed response of the Schmelzbaclvediatihe Hammerbach. This is in striking
contrast to the observation at the field site, whve real Lurbach-Schmelzbach cross-
correlation exhibits a higher amplitude and lovay time than the real Lurbach-Hammerbach
cross-correlation when the overflow is activatege(sevent 1 in Fig. 3c). Thus, the
autocorrelation of the observed hydrograph and dmhined with the model where the
overflow is close to the sinkhole show some sintygimemory effect of Schmelzbach lower
than that of Hammerbach when the overflow is at#idg but the cross-correlation from the
first event at the field site clearly suggests aranattenuated and damped response of the
Hammerbach than that obtained with the model. ¢nahove considered model scenarios the
matrix and the conduit system were assumed to b®beneous. As karst aquifers are highly
heterogeneous an important question is how heteedies may influence the numerical
spring response and the resulting shape of the amitb cross-correlation functions. This is
considered in the following sub-section.

3.2.2 Heterogeneous cases

As the Schmelzbach system is assumed to be highstifled than the Hammerbach system
(Behrens et al.,, 1992), heterogeneities were ioged in the groundwater model by
increasing the conduit hydraulic conductivity frolmm/s to 1.2 m/s from the overflow

location to the Schmelzbach outlet. Moreover, as Hammerbach is reported to have the
higher aquifer storage (Behrens et al., 1992),vidlae of specific yield of the conduit cells

within this sub-catchment was consequently increésen 0.01 to 0.5.

Fig. 7 presents a comparison of hydrographs, and-cross-correlation functions between
the heterogeneous case (dashed lines) and the kaemgs one (solid lines) for the overflow
located near the outlet (Fig. 7a) and the overflogated near the sinkhole (Fig. 7b). Auto-
and cross-correlation are shown only for the secemdnt. For both geometries the
Hammerbach hydrograph is evidently more dampedhm heterogeneous than in the
homogeneous case. In addition, the Hammerbach mespm the heterogeneous model
appears to be delayed compared to the homogenasasfahe overflow is located near the
sinkhole (but not when the overflow is near theleiut Another important result in the
heterogeneous model with the overflow near thehsleis the activation of the overflow
during the first event (after 14 hours) whereagmained inactive for the homogeneous case.
This result is consistent with the lower value @f5Lhours found for the overflow located
near the outlet.
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Fig. 7 Comparison of discharge, auto- and cross-coreogldtiom the homogeneous model (solid lines) and the
heterogeneous one (dashed linés)overflow near the outletb) overflow near the sinkhole. While matrix and
conduit parameters of the Schmelzbach and Hammerbals-catchments are identical in the homogeneous
model, the hydraulic conductivity of the SchmelZbaonduit and the specific yield in the Hammerbeghduit
were increased in the heterogeneous model. Autt-camss-correlation are shown for the second ewaht
Here the lags are given in half hours. Hourly auémd cross-correlation results are indicated far th
homogeneous and the heterogeneous model, respective

The autocorrelation for the model with the overflmgated near the outlet shows almost no
influence of the heterogeneities and yields simitegmory effects for Hammerbach and
Schmelzbach than those of the homogeneous cas#raGprihne model with an overflow
located near the sinkhole shows different memofgces for the Hammerbach and the
Schmelzbach and the values differ from those ofitrogenous case (18.5 and 13 hours as
opposed to 20.5 and 10.6 hours for the homogen=mey.

The results of the cross-correlation analysis gmpwed to those of the autocorrelation: the
heterogeneous model with the overflow located tieawoutlet has cross-correlograms similar
(Lurbach-Schmelzbach) or slightly damped and delqi.erbach-Hammerbach) compared to
the homogeneous case. Evidently, the heterogenadtyittle influence on the spring response
if the overflow is close to the outlet. In this eabe greater part of the aquifer is upstream of
the overflow and thus shared by the two springslenthere is only a small part downstream
of the overflow with two separate heterogeneouscaibhments. In contrast, the model with
the overflow located near the sinkhole is strongiffluenced by the heterogeneities: the
Lurbach-Hammerbach cross-correlation is clearly pleoln whereas the Lurbach-
Schmelzbach cross-correlation is only slightly adeth Thus, the Schmelzbach is the main
outlet of the system and has a more flashy behaviban the Hammerbach, which
corresponds well with the field observations andhier supports a location of the overflow in
the upper part of the aquifer.
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Results from the aforementioned tracer experimigigt Ba) also suggest an overflow location
close to the sinkhole: since most of the tracer weasvered at the Hammerbach spring and
even in the time period when the overflow was a&inly a small amount of tracer was
detected in the Schmelzbach, the overwhelming ntyjof tracer must have passed the
overflow location at the time when the overflow &e® active. In agreement with the results
of the single event time series analysis thesarfgelsupport an overflow location within the
upper part of the Lurbach aquifer.

4. Conclusion

Single event time series analysis was combined aigtoundwater model to examine how
the inter-catchment flow in a karst aquifer vadesing a period of one month and how this is
reflected in the results from the time series asialyAuto- and cross-correlation of the
observed data differ for the two events considéw@@, thus showing the necessity to make a
single event analysis rather than an analysis efvihole dataset. The numerical model
implemented with MODFLOW was able to reproduce theneral overflow behaviour
observed in the Lurbach system. Results of autd-camss-correlation of the numerical model
showed that aquifer heterogeneities and the owerlbxation were of primary importance.
The model with an overflow located near the outlas found to be relatively insensitive to a
variation of hydraulic parameters. Contrary, thedelowith an overflow located near the
sinkhole showed a high sensitivity to heterogeagiind was selected as the most probable
option to better reproduce the observed behavibuhe Lurbach system. Results from the
model with the overflow near the sinkhole and hegeneous aquifer parameters were found
to be in good agreement with the field observatidimis, in agreement with evidence from
tracer tests an overflow location in the upper péthe aquifer rather than in the lower part is
suggested. In summary, single event time seriedysisawas found to be useful for
characterizing transient inter-catchment flow arglir properties (overflow location,
aquifer heterogeneity) controlling the spring resg®s to recharge in this karst catchment.
Yet, it is important to note that results from tiseries analysis need to be complemented by
other aquifer characterization techniques to imegrphem in terms of flow processes and
aquifer properties. In this work, tracer testingl agroundwater modelling proved useful for
this purpose.
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CHAPTERIV

NON-LINEAR FLOW PROCESS
(NLFP):ANEW PACKAGE TO
COMPUTE NONLINEAR FLOW IN
MODFLOW

Submitted to Groundwater as Methods NoteMayaud et al., (under review) Non-Linear
Flow Process (NLFP): a new package to compute noeet flow in MODFLOW.
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Abstract

A new MODFLOW package (Non-Linear Flow Process; RLEimulating non-linear flow
following the Forchheimer equation was developed mmplemented in MODLFOW-2005.
The package is based on an iterative modificatiotin® conductance calculated and used by
MODFLOW to obtain an effective Forchheimer condact& The method was successfully
tested using different layer types, boundaries itmms, and solvers as well as the wetting
capability of MODFLOW. The correct implementatiamdemonstrated using three different
benchmark scenarios for which analytical solutiame available. A scenario considering
transient flow in a more realistic setting and egés model grid demonstrates that NLFP
performances well under more complex conditiorthoaigh it converges moderately slower
than the standard MODFLOW depending on the noratfitye of flow. Thus, this new tool
opens a field of opportunities to groundwater flsimulation with MODFLOW, especially
for core sample simulation or vuggy karstified dexs as well as for non-linear flow in
vicinity of pumping wells.

Keywords: Forcheimer equation - non-linear flow - MODFLOW atst - benchmark
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1. Introduction

Groundwater flow in porous aquifers is mostly cdesed to be laminar and thus described by
Darcy’s law (Darcy, 1856), i.e., by a linear redaiship between specific discharge and
hydraulic gradient. However, in some cases whezeotiserved flow behaviour is non-linear,
Darcy’s law is found to be inadequate (Kunianskyakt 2008; Scanlon et al., 2003). As
widely used groundwater modelling software packaget as MODFLOW-2005 (Harbaugh,
2005) are generally based on Darcy’s law, thera lisck of tools accounting for such non-
linear flow behaviour through porous media or kagtifers. The Conduit Flow Process
(CFP) released by the USGS (Shoemaker et al., 2088)he first MODFLOW package that
allowed the use of a non-linear (turbulent) flowuatjon in MODFLOW. This package offers
two different modes that can also be combinedfitsemode is based on a hybrid approach
coupling to MODFLOW a discrete pipe network whelewf can be laminar or turbulent
(Liedl et al., 2003); the second mode is intend@dpbrous or vuggy karstified aquifers and
allows turbulent flow simulations in preferenti&w layers, where a non-linear flow law is
used if the specific discharge exceeds a givershimid (Kuniansky et al., 2008). Reimann et
al. (2011, 2012) modified and extended CFP mode eéhable the use of different non-linear
flow laws.

The aforementioned packages are based on an appub&ee a switch from the linear Darcy
law to the non-linear equation occurs when the Riljinumber (calculated from the specific
discharge and a user-specified diameter of the flathways) exceeds a threshold defined by
the user. But in contrast to the flow in a singbmduit, the wide spectrum of conduit sizes
present in real aquifers should leads to a moreoimtransition from laminar to turbulent
flow. A parameter study based on laboratory expemis using core samples of a vuggy
Floridian aquifer suggests that an approach wharey’s law is entirely replaced by the non-
linear Forchheimer equation might be more approptidan a sharp transition from laminar
to turbulent flow (Chin et al., 2009). The purpadethis methods note is to present such an
approach and its implementation into a new packhgeallows the simulation of non-linear
Forchheimer flow in MODFLOW. This package is notyomtended for karst aquifers but
can also be employed in porous aquifers where meaul flow occurs close to pumping wells
(e.g. Forchheimer, 1901; Halford, 2000; Wen et 2011). The background theory and the
limitations of the package are presented in thet part of the paper. Then, three benchmarks
tests showing the validity of NLFP are describedhea second part. Finally, one additional
example comparing NLFP to CFP mode 2 in a mordsteakontext is shown in the third
part.

2. Background and theory

The Forchheimer equation (Chin et al., 2009; Foeahler, 1901) extends the linear Darcy
law by a quadratic term:

i =aq+ bq* (1)
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wherei is the hydraulic gradient [-} is the specific discharge [T, a [TL™] andb [TL™]?
are the Forchheimer parameters. It reproduces Balay in the limit of small discharges
wherea is the inverse of the hydraulic conductivify [LT™:

Ko =~ @)
a

In return, it turns into a quadratic flow law irethmit of large discharge. In general, Equation
(1) can be transformed to Darcy’s law with a disgeadependent hydraulic conductivity
LT

q = Kri 3)
where
o 1 K,
F = = 4
a + bq 1+q§ (4)

is the effective Forchheimer hydraulic conductiiit§f .

As MODFLOW uses conductance instead of hydrauliadoativity to compute flow,
equation (4) has to be written in terms of conductatoo. The linear conductanceTL] is
calculated by MODFLOW using the distantk[L] and the area of the flow cross-sectian
[L?] between two nodes:

KoA
_ B4 5
Co=p; ®)

In analogy, the Forchheimer conductanc@l[l] can be defined as:

Co

CF= 6
1+q§ ©)

Since the Forchheimer conductance is dependenthenspecific discharge it must be

calculated iteratively by a fixed point scheme. lgaus to the treatment of unconfined flow

in MODFLOW, the conductance is updated in eaclaiien step based on reconstructing the
specific discharge from the Forchheimer conductaacd the hydraulic gradient of the

previous iteration step:

C;lew — CO
cold  Apoldp (7)
1+ (_50 Ko=AT 3
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HereCZ¢” andc2' denote the Forchheimer conductanceéd fi] at the new and the previous
iteration step, andh°'® [-] the head difference between two nodes frompttesious iteration
step, respectively.

Thus, Equation (7) is used to modify the conduaaimc MODFLOW at each iteration. A
sketch of the NLFP algorithm and its implementationMODFLOW-2005 is shown in
Figure 1. The computation @¢f**" occurs only after the read and prepare procedumrere
the input data are read and boundary conditionygr leype and no-flow cells are identified.
As a being the inverse of the hydraulic conductivify is already available, NLFP requires
only the ratiob/a as input parameter from the user; typical valdds/@for various materials
are provided, e.g., by Chin et al. (2009), Sidindpa et al. (2007) or Zheng et al. (2006).
Settingb/a zero corresponds to using the standard Darcy iegqudt is noteworthy that in
contrast to the Conduit Flow Process, where tharpaters controlling the non-linear flow
are constant within each layer, different valuesbfaf can be specified for each cell with
NLFP. In addition to this aquifer parameter, aesrdn for convergence of the Forchheimer
conductance can be specified by the user, as itfowasd that under certain conditions the
hydraulic heads in MODFLOW converged while the breimer conductance would still
change if the iteration was continued.
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MODFLOW 2005  NLFP detailed procedure
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Fig. 1 Extract of MODFLOW 2005 flow chart (Harbaugh, 200&nd modified flow chart showing
implementation of NLFP.

At present, the NLFP package can be used only thighBlock Centered Flow package
(BCF). An adaptation to the Layer Flow Package (L®RH be subject of future work. NLFP
was successfully tested with the three solvers DEAB, and PCG2; the latter showed the
fastest convergence for the test runs.

NLFP supports the use of deactivated cells (whegdURID is set to 0) within the model. The
package is also compatible with each of the foustexg MODFLOW layer types (strictly
confined, strictly unconfined, unconfined with ctarg/variable transmissivity). The use of
wetting capability option is also possible. The NLpackage was written in a single file and
compiled with the last available version of CFP ighhcan be found on the USGS website).
The source code can be downloadedchtp://www.uni-graz.at/steffen.birk/research.htrAl
separate compilation with the last version of MOM/-2005 is also possible but was not
tested until now.

3. Benchmark tests

In order to verify the correct implementation anddtioning of the Forchheimer equation in
the NLFP source code, three benchmark scenaricasidered.
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3.1 First test: specified flow in a confined aquife

The first model is composed of 1 row and 11 coluniiie size of the cells is constant 10 m
by 10 m; the thickness of the single confined lageaalso 10 m. The hydraulic conductivity is
settoK, = 1/a = 1 m.s* andb/a = 0.25 s.nT. On the left boundary, a constant head is set
to 11 m, while on the right boundary a constantlisge is specified using the WELL
package of MODFLOW. The discharge is varied fronf h%/s to 16 m%s in subsequent
steady-state simulations. This scenario allowsagsttforward comparison of the hydraulic
gradient calculated by NLFP with that obtained dise from the Forchheimer equation
(Equation 1). As can be seen from Figure 2 NLFR@gmell with the Forchheimer equation
over a wide range of hydraulic gradients. For loydraulic gradients the Forchheimer
equation approaches the linear Darcy law, whereagyh hydraulic gradients the non-linear
term of the Forchheimer equation dominates and tieigraph approaches a power law with
an exponent of 2. The latter corresponds to wedkm turbulent flow laws such as the
Darcy-Weisbach equation.
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e Darcy'slaw == Forchheimer equation Power law A First benchmark ¥ Second benchmark

Fig. 2 Discharge versus hydraulic gradient of the twofioea benchmark models. Simulation results of fha f

test case are represented with triangles, thoieeodecond test case with stars. The power lawe@esented
with an exponent of 2.
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3.2 Second test: fixed gradient in a confined aquaf

The second test example comprises a single rowl afohfined cells with a constant head
defined at both the left and the right boundarye Bize of the cells is 1 m width by 10 m

length; the thickness of the single confined laigealso 1 m. The hydraulic parameters are
identical to the previous scenario. A sequence teady-state simulations is conducted
varying the hydraulic gradient by several ordersmagnitude. Figure 2 shows the results
computed by NLFP compared with those obtained ftioenForchheimer equation (Equation

1) solved for the discharge (Moutsopoulos et &05):

_ —a+Va?®+4bi
B 2b

(9)

q

Similar to the first benchmark model, NLFP is fouttdagree well with the Forchheimer
equation under conditions ranging from linear fléllowing the Darcy equation to non-
linear flow where the second term of the Forchheieguation dominates. These findings
show that NLFP behaves correctly regarding to trettheimer equation for confined flow.

3.3 Third test: specified discharge in an unconfingaquifer

To check if NLFP computes non-linear flow for unfioed conditions correctly, a
corresponding analytical solution is derived. Tm@ify the problem, only one-dimensional
steady-state flow is considered. The boundary ¢mmdi correspond to those of the first test
case, i.e. a constant he#@) = hy at one boundary and a specified discharge attties.o
Conservation of mass requires:

hq = Q = const (10)
with the hydraulic head [L] referring to the aquifer base as a datum leaet Q the

discharge per width fiT™.
Combining Equations (1) and (10) we obtain:

oh aQ bQ?
R Tt 11
ox h * h? 1)
The integration of Equation (11) using the polynalndiivision leads to:
b b?
X + const = ¢ (12)

@_?+a3h+a2deh

Adjusting the constant of integration to satisfg ttonstant-head boundary condition finally
gives the analytical solution:
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bQ
hz—hg_b(h—h0)+b2Q h+ =

2 3
2a0 a a h +bTQ

X =

(13)

wherex [L] is the distance from the constant-head boupdgrat which the hydraulic hedd

is obtained. Note that although this equation caengplicitly be solved foh, it can be used
for a graphical evaluation of the numerically c#éted hydraulic head distribution.

The analytical solution provided by Equation (18dahe respective numerical results are
shown in Figure 3 for three different valuesbéd and a specified discharge of 1&/sn As
can be seen NLFP witt'a = O (represented by squares in Figure 3) is ablepgroduce the
water table obtained with the Darcy equation (bmldve in Figure 3). The NLFP package
also shows good agreement with the analytical iswiufor a value oft/a = 0.25 s.rit.
Finally, the analytical solution of the Forchheimequation withb/a = 20.25 s.rit
(represented by circles) is shown. As can be 4eenIODFLOW model does not match the
analytical solution anymore under these conditidrtse reason for the deviation from the
analytical solution, however, is an inappropriaiceetization of the model. If the cell size is
reduced from 10 m to 1 m the numerical model (regméed by triangles) agrees well with the
analytical solution. This proves that the numeriogblementation is correct and demonstrates
that an appropriate model discretization is impdrtahen non-linear Forchheimer flow is
calculated under unconfined conditions.
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Fig. 3 Comparison of the analytical solution of the Féreimer equation in an unconfined aquifer to thailtes
of the numerical NLFP model.
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In summary, the three benchmark tests show thatNihieP package is able to simulate
Forchheimer flow under both confined and unconficedditions. However, the scenarios
considered above are highly simplified. The perfamge of NLFP in a more complex case
thus is considered in the next part.

4. Application example

The computational performance of the NLFP package examined using a more realistic
scenario taken from Mayaud et al. (2013). The setkcatchment is 3 km long and 1.5 km
wide. The model domain is discretized in 44700scefl constant size (10 m by 10 m) and
represents a simplified confined karst system ithdrained by a single conduit (length 2300
m). The simulation comprises 83 stress periodsesgmting a recharge event of in total 150
hours. A first steady-state stress period is usedidfine the initial conditions for the
subsequent transient simulation. The model scema®implemented to investigate how far
a conduit constriction (represented by reducingiyaraulic conductivity of individual model
cells within a sequence of highly conductive cetigi) influence the discharge behaviour of a
karst spring (for more details see Mayaud et &l1,32. The value db/a was varied from 0 to
500.25 s.iit in subsequent model runs. The model always coedeamd the computation
time varied from 61 s for linear flow simulated Wwithe standard MODFLOW-2005 to 91 s
for NLFP with b/a = 500.25 s.l. The resulting spring hydrographs are shown irufeigt
together with those obtained using the standardiiar) MODFLOW and MODFLOW-CFP
mode 2 (Shoemaker et al. 2008). NLFP showed areasanrgly damped response of the
simulated spring discharge, which is similar to behaviour of CFP mode 2 described by
Mayaud et al. (2013).
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Fig. 4 Numerical discharge due to an artificial rechaegent of a hypothetical karst catchment computed by
MODFLOW 2005, CFP Mode 2 and NLFB/@ = 500.25 s.i). See Mayaud et al. (2013) for more details on
the model scenario and the results obtained wittDFODOW 2005 and CFP Mode 2.

5. Conclusion

A new MODFLOW package (Non-Linear Flow Process; RLFcomputing non-linear
Forchheimer flow was developed and implemented @IMLOW-2005. The approach is
based on an iterative modification of the conduo¢gorovided by MODFLOW. The package
requires only one additional aquifer parameter andadditional convergence criterion to
check the convergence of the Forchheimer conduetadhicFP was tested in three benchmark
scenarios and found to compare favorably with theesponding analytical solutions both
under confined and unconfined conditions. The pgekaas also successfully applied to a
more realistic setting with a larger grid. Depemdian the choice of the Forchheimer
parameterb/a which determines the non-linearity of the equatibiLFP was found to
converge only moderately slower than the standa@DMLOW in the scenarios considered.
Thus, this new tool opens a new field of modellogportunities related to non-linear flow,
e.g., in (vuggy) karstified aquifers or in the wity of pumping wells.
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As each chapter of this thesis has its own commhydhe following section summarizes the
essential results of this work.

The purpose of this PhD thesis was to investigateshiich extent single-continuum models
are able to reproduce flow processes observedrst &guifers. To this end, several examples
show how single-continuum models can be employedkdost aquifer modelling in order to
improve our understanding of the aquifer functigpircontributing thus to the aquifer
characterization. Results of this thesis furthendestrate that the model application has to be
integrated in a broader investigation approach ith@dtides other methods such as recession
analysis (Chapter 2), time series analysis (ChaBleror conceptual lumped-parameter
modelling (Appendix A; Wagner et al., 2013). Theperences from these applications of
existing single-continuum models further suggestedneed for an improved implementation
of a non-linear flow package, which is provided i newly developed NLFP package
(based on the Forchheimer law) presented in Chdpter

In detail, the previous chapters lead to the follmpconclusions:

() Chapter 1 presents the current problematictedl@o karst aquifers (water quality,
extreme events forecasting as well as aquifer cheniaation). This part introduces the
current employed approaches for karst aquifer niodehnd explains why a general
need for a better understanding of modelling o§kaquifers is essential.

(i) Chapter 2 provides an example that single-cwntm models are able to reproduce
the general flow behaviour observed at a karshgmnd that they can be employed to
improve our understanding of the functioning ofdtaaquifers. In this particular case,
the model was used to examine the potential calissnh mbserved change in the
hydrograph response to recharge events of a bkaast system. The results support
the hypothesis of a change of the properties ofctireduit system within this karst
aquifer, possibly due to sediment redistributionerafa major flood event. This
demonstrates the advantage of single-continuum Isioda the one hand, they are
able to account for geometrical features and tpesition within a catchment (as
opposed to global models); on the other hand, #neyeasier to implement compared
to hybrid or fracture models.

(i) Chapter 3 also shows the usefulness of shrgletinuum models to mimic flow
processes observed within karst aquifers. Inddesl transient inter-catchment flow
behaviour reported from the Lurbach system wasesastally reproduced for different
model settings. Moreover, the combination of thegl&-continuum approach with
statistical methods (here time series analysig)dteto improve the understanding of
the overflow. Since hybrid or fracture models untiw are not able to simulate such
an overflow process this is a promising result, alhiurther supports the use of the
single-continuum approach, as such overflow prasesse frequently encountered in
karst systems.
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(iv) Chapter 4 supports the integration of turbtil@nnon-linear flow processes within
single-continuum models to reproduce appropriately flow dynamics observed
within karst aquifers. As Chapters 2 and 3 desdriiee limitations of the two
previously existing turbulent flow packages (e.gljppems with the rewetting package
or with inactive cells), it was a need to develowther package allowing a broader
use of non-linear flow with single-continuum modéelfie Non-Linear Flow Process
package (NLFP) was developed based on the norlir@zhheimer flow law. The
computation of turbulent flow for three benchmackrsarios and a large more realistic
karst setting proved to be successful and encodtetieer use of this approach.

These results lead to several future researcha@sche direct consequence of this work. All
of them are listed below and have the potentidlitther improve the common use of single-
continuum models in karst aquifers (compared taidydr fracture models).

(i) turbulent and non-linear flow modelling shoudd further developed and applied to
a greater number of real karst systems. A promiggsgarch topic is the integration of
transport simulations using single-continuum modelder turbulent flow conditions.

(i) the use of different synergetic methods (érgcer tests data/time series analysis,
as in chapters 2 and 3) with single-continuum mbdsl to be generalized as it allows
to improve the understanding of flow processes m@attlices the equifinality of the
model results.

(i) the development of several guidelines forgndwater modelling in karst terrains
is also a potential promising topic. These guiddishould serve as case study and
help other users (i.e. practical appliers suchtadests or private companies) with
similar modelling purposes.
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APPENDIX A

EIN BESSERESVERSTANDNIS DES
LURBACH-KARSTSYSTEMS DURCH EIN
KONZEPTIONELLESNIEDERSCHLAGS

ABFLUSSMODELL

A BETTER UNDERSTANDING OF THE_.URBACH KARST
SYSTEM VIA A CONCEPTIONAL RAINFALL-RUNOFF MODEL

Published in Grundwasser asWagner et al., 2013. Ein besseres Verstandnid ddsach-
Karstsystems durch ein konzeptionelles Niedersshddafluss-Modell. Grundwassdi§(4),
225-235. doi: 10.1007/s00767-013-0234-4.
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Zusammenfassung

Am Beispiel des Lurbach-Systems (Osterreich) wirdhtetsucht, inwieweit ein
parameterarmes globales Niederschlags-Abfluss-Madekinem komplexen Karstsystem
anwendbar ist. Trotz geringer Anzahl an freien Mipdeametern sind Abflusssimulationen
Uber einen Zeitraum von sieben Jahren in zufrigdéasder Ubereinstimmung mit den
beobachteten Abflissen. In der darauffolgenden xuegéhrigen Zeitperiode ist das Modell
jedoch nur unter Verwendung stark veranderter Patermin der Lage, das beobachtete
Abflussverhalten nachzuvollziehen. Die kalibriertearameterwerte zeigen, dass in diesem
Zeitraum der Abfluss zu benachbarten Einzugsgebiatel die Kapazitidt des Boden- oder
Gebietsspeichers stark erhoht sind. Dies ist inklemg mit Auswertungen von
Markierungsversuchen und Trockenwetterfallliniere duf Anderungen der Eigenschaften
des Quelleinzugsgebiets vermutlich durch  Sedimelastgenungen bei  einem
Starkniederschlagsereignis  hindeuten. Solche dydmen Prozesse kbénnen in
Niederschlags-Abfluss-Modellen (noch) kaum beriatksgt werden und bedingen daher
erhebliche Prognoseunsicherheiten. Das vorgestdiggspiel zeigt jedoch, dass ein
parameterarmes hydrologisches Modell zur Charakéeung von Quelleinzugsgebieten
beitragen kann.

Abstract

A parsimonious lumped-parameter rainfall-runoff relodas tested to determine if it could be
used to appropriately represent a karst hydrolbgigstem, the Lurbach system in Austria.
Simulated and observed hydrographs of spring digehaere favorably simulated for a time
period of seven years in spite of the small nundidree parameters. Following this period
the four year discharge records were only reprddecising strongly different parameter
values. Results suggest during this period overftlowneighboring catchments and the
capacity of production or routing store have stitgrnigcreased. This relationship is also
observed in tracer test and baseflow recession skti® and is attributed to the likely
redistributions of sediments. Such dynamic processe rarely accounted for in rainfall-

runoff models, and may cause severe prediction rtainges. However, in the Lurbach

system a parsimonious hydrological model was usedessfully to characterize changes in
hydrological conditions.

Keywords: Karst - Rainfall-runoff model - Lumped-parameteGroundwater exchange -
Spring catchment - Sediment redistribution
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1. Einleitung

Karstquellen tragen wesentlich zur Trinkwasservgnsog bei. Das Verstandnis des
Abflussverhaltens und die Bewertung der Vulnergdilsolcher Quellen sind daher wichtig.
Fur derartige hydrologische Fragestellungen konmdeindsatzlich physikalisch-basierte,
distributive Modelle verwendet werden. Dabei is¢raings die oft begrenzte Datengrundlage
problematisch. Haufig sind nur Niederschlag, Lunferatur und Abfluss verfliigbar (z. B.
Jakeman & Hornberger 1993). Alternativ bieten spdrameterarme, globale (,lumped-
parameter”) Niederschlags- Abfluss-Modelle (N-A-Mdld) an. Diese Modelle finden ihre
primare Verwendung, um Niederschlagsereignisse deden Auswirkungen auf das
Abflussverhalten von Oberflachengewassern abbilekdnnen (Perrin et al. 2001, Mouelhi
et al. 2006), sind aber auch fur Karstsysteme werésse, da meist die raumliche Lage und
Geometrie der hochdurchlassigen Karsthohlraumedendn Interaktion mit der geklufteten
Gesteinsmatrix nur unzureichend bekannt sind (Ré&hmBirk 2010). Es wird zwar das
(teilweise) Fehlen des physikalischen Hintergrurleser Modelle beanstandet (Abbott et al.
1986), zugleich aber auch eingesehen, dass eim{gikalisch-basierte distributive Modelle
ausreichende hydrogeologische Charakterisierung aefwendig ist und selbst dann das
Problem besteht, dass die gemessenen kleinskalyente in effektive Werte der
Modellzellen umgerechnet werden mussen (z. B. Gep#d. 2005). Ein distributives Modell
ware kaum eindeutig zu kalibrieren bzw. validierda,es zu viele Unbekannte gibt, die aus
dem Informationsgehalt von Niederschlag, Tempenatar Abfluss alleine nicht eindeutig zu
bestimmen sind. Selbst globale Modelle leiden udean Prinzip der Zielgleichheit (Beven
1993). Modellansatze mit einer geringen Anzahl arametern konnen jedoch auf effiziente
Art und Weise die Transformation von Niederschlagibfluss abbilden (Perrin et al. 2001).
Nach der Kalibrierung und Validierung solcher Mdeekénnen die Parameterwerte im
Hinblick auf die physikalische Relevanz interpretizverden und somit potenziell einen
Beitrag zur Charakterisierung des Einzugsgebietisseh (Mouelhi et al. 2006). In Bezug auf
die Anwendung in Karsteinzugsgebieten kommen JeadniSauter (1998) jedoch zur
Erkenntnis, dass globale Modelle zwar zum bess¥erstandnis der Karst-Hydrodynamik
beitragen kénnen und zur Interpolation (Luckenéi)l und Extrapolation (Prognose) von
Abflissen nitzlich sind, jedoch wenig zur Charakterung des Quelleinzugsgebietes
geeignet sind. Globale N-A-Modelle zum besserenstéeidnis bzw. zur Charakterisierung
von Karst-Grundwassersystemen konnten jedoch nahddolgreich eingesetzt werden (z.
B. Fleury et al. 2007, Geyer et al. 2008, Butschduggenberger 2008, Hartmann et al.
2012). Am Beispiel des bindren Lurbach-Karstsystawis hier diskutiert werden, ob ein
parameterarmes N-A-Modell fir Prognosezwecke hezaogen werden kann und inwieweit
es helfen kann, das konzeptionelle VerstandniKadestgrundwasserleiters zu verbessern und
damit zur Charakterisierung des Quelleinzugsgebie¢tzutragen. Von besonderem Interesse
ist, inwieweit eine augenscheinlich abrupte Andgruder Abflusscharakteristik der
untersuchten Quelle nach einem  Hochwasserereidoigh das verwendete Modell
nachvollzogen werden kann.
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2. Das Lurbach-System

Das Lurbach-System (LBS) ist ein binares Karstsysted. h. Oberflachenabfluss aus einem
nicht verkarsteten Teil des Einzugsgebietes spiist Schlucklécher das Karstsystem) im
Mittelsteirischen Karst des Grazer Paldozoikumsaet® km nérdlich von Graz (Osterreich;
Abb. 1). Das Gebiet kann generell in das starkamstiete Tannebenkarstplateau (~&)umd

das geringer durchlassige Semriacher Becken (~1% kingeteilt werden (Behrens et al.
1992). Das Semriacher Becken wird vom Lurbach (Ahbn westlicher Richtung entwassert.

i 2 e T T e i
I T T
0 0,5 1 2 3 Kilometer
L |

| "

Schockelkalk-Formation ¥ Schmelzbachursprung (SBU)
I Semriach-Phyllit-Formation N7 Schmelzbach-Pegel (SB)

Taschen-Schiefer-Formation v Hammerbachquelle (HB)
[ Flésserkogel-Formation v Pegel Lurbach-Hahle (LBH)

Neogene Sedimente W Lurbach-Pegel (LBP)
—re ; , Quartére Sedimente & Niederschlagsstation
1 mf"@mﬁ S LA, e 0 simulierter Bereich (19,4 km?)
HB-SB Trennung $==== Uberlauf zu h LB-HB FlieBweg n Autogenes Allogenes D LBS
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Abb. 1 Das Lurbachsystenfa) Geologische Karte (basierend auf Geologische Bsamtalt 2005; Blatt 164-
Graz). Rotes Polygon: Karststock der Tanneben;egetolygon: Einzugsgebiet des Lurbaches. Rot ghstté
Linie: Hammerbach- und Schmelzbach-Aquifer bei Mgpdasser (schematischp) Die Peggauer Wand bzw.
der Westabfall des Tannebenmassivs gesehen vom kBgehs (859 m Seehdhe) augc) Lage des
Mittelsteirischen Karsts und des LurbachsystemsS)L@nodifiziert nach Schubert 2003).
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Der Lurbach verliert nach Ubertreten der SchiefalkkGrenze Wasser in den Untergrund,
bis er kurz nach dem Eintritt in die Lurgrotte inem nicht weiter begehbaren Abschnitt zur
Ganze verschwindet. Die Verbindungen zwischen Lehbehwinde und den Quellen des
Hammerbaches und des Schmelzbaches (HB u. SB; Bbhauf der westlichen Seite des
Tannebenstocks sind durch Markierungsversuche tiggs(®ehrens et al. 1992, Oswald
2009). Die Hammerbachquelle stellt unter Niedrigseglsedingungen den einzigen Austritt
des versickernden Lurbachwassers dar. Ihr Einzbisgemfasst etwas weniger als 20%km
(Abb. 1a). Erst bei starkerer Wasserfuihrung der idarbachquelle (~200 I/s; Behrens et al.
1992) wird ein anteilhafter Austritt von Lurbachwas am Schmelzbach beobachtet. Bei
Starkniederschlagen kann zeitweise auch das Hgldtm der Lurgrotte selbst als FlieRweg
genutzt werden. Aufgrund speldologischer Untersngbn ist bekannt, dass diese Bereiche
des LBS durch ein mehrstufiges Hohlensystem chamglért sind (Behrens et al. 1992,
Wagner et al. 2010). Im Detail sind die FlieBweggszhen Lurbach und Hammerbachquelle
nicht bekannt (erste Ansatze siehe Kibeck et al3R0jedoch sind hochdurchlassige,
phreatische Rohrensysteme anzunehmen.

Fur das Gesamteinzugsgebiet liegen langjahrige ridatee der Schittung der
Hammerbachquelle sowie Niederschlag und Lufttermpeien Gebiet vor. Abflussdaten des
Lurbaches (LBP — Lurbach-Pegel; LBH — Lurbach-Hplsewie des Schmelzbaches liegen
nur far kurze Zeitrdume vor. Eine Niederschlagsstatbefindet sich in der Ortschaft
Semriach und einige weitere in unmittelbarer Nabe Hinzugsgebietes. Eine innerhalb des
Einzugsgebiets auf dem Tannebenplateau bei derubel (Abb. 1) gelegene Station wurde
aufgrund groRRer Datenliicken nicht bericksichtigtner sind auch keine Grundwasserstande
bekannt, da im Gesamteinzugsgebiet keine verwerbBohrungen vorhanden sind. Folglich
steht fir das N-A-Modell nur die Schittung der Hagnpachquelle sowie Niederschlag und
Lufttemperatur zur Verfigung. Im Untersuchungsgelsiad im Zeitbereich der Analyse
(1998-2009) keine wesentlichen Anderungen der Latzaing oder Bodenbeschaffenheit
bekannt. Eine Sedimentsperre oberhalb der Lurgwoite jedoch gelegentlich ausgebaggert
und kann somit die Versickerung entlang des Lurbadieeinflussen. Der verkarstete Bereich
des Tannebenmassivs ist dicht bewaldet und eint@tales Semriacher Beckens dient seit
jeher der landwirtschaftlichen Nutzung. Schnee ihatliesem Einzugsgebiet aufgrund der
geringen und kurzzeitigen Schneedecke zwar nurwtergeordnete Bedeutung, jedoch sind
Schneeschmelzereignisse im Frihjahr ausgepragggaenudiese mit zu bertcksichtigen.

3. Niederschlags-Abfluss-Modellierung

Das konzeptionelle, globale N-A-Modell GR2M (Mouelret al. 2006) ist ein

Wasserbilanzmodell mit monatlichem Zeitschritt. Ddedell bendtigt Niederschlag und

potenzielle Evapotranspiration (PET) als Eingang®gn sowie eine gemessene
Abflussganglinie fur die Modellkalibrierung. Da nNiederschlag und Lufttemperatur direkt
zur Verfugung stehen, wurde die PET nach Oudinl.e{2805) berechnet. Hierbei gehen
neben der Lufttemperatur auch die geographischee Ldgs Einzugsgebietes und die
Jahreszeit mit ein (um die extraterrestrische Sasinghlung zu berechnen). Um die Effekte
von festem Niederschlag, Schneespeicherung undeSsbhmelze aufgrund sich andernder
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Lufttemperatur zu bertcksichtigen, wurde ein Schragiell nach Xu et al. (1996) verwendet.
Somit werden die PET und die Schneespeicherungprecstsend der bestehenden
Datengrundlage nur mithilfe der Lufttemperatur lesben. Dieser vereinfachende Ansatz
ist gerade bei nur eingeschrankt vorhandenen Messddgwa in alpinen Einzugsgebieten
interessant.

T [°C] & P [mm/Monat]

f(Ts)
Schnee
E f(T,Re)

Schneeschmelze
f(Tm)
v
—
| Boden- |I X,
speicher

P ——
X, = 60 mm Gebiets- Xs 1 Benachbartes |
speicher 1 Einzugsgebiet |

e

Qi [MM/Monat]

Schneespeicher

Regen

Abb. 2 Schematische Darstellung des N-A-ModellsP = gemessene Temperatur und Niederschlagstithe;
aktuelle EvapotranspiratiorRe = extraterrestrische Sonnenstrahlu@gim = simulierte Abflusshdhe. Zwei
Parameter fur das Schneemodal (ind Tm), einer fur die Kapazitdt des Bodenspeich&d),( einer fur den
Austausch mit benachbarten Einzugsgebiets).( Die Kapazitat des Gebietsspeichebsd)( und der
Perkolationskoeffizient des Bodenspeicher¥2)( sind im Standardmodell konstant. In zuséatzlichen
Modellrechnungen wurden diese teils als freie Patanmverwendet (siehe Tab. 1).

Abbildung 2 zeigt schematisch die verwendete Matielktur. Es werden die Prozesse
Schneespeicherung und Schneeschmelze, EvapotrispiBoden- und Gebietsspeicherung
sowie der Wasseraustausch mit benachbarten Einzbigégn beriicksichtigt. Das
Standardmodell (4Pb; Tab. 1) kommt mit nur 4 freRarametern aus. Die Kapazitat des
BodenspeichersX(l [mm]; ,production store“) sowie der Austauschkaeént (X5 [-]), der
Ab- (X5 < 1) oder ZuflussX5 > 1) aus bzw. von benachbarten Einzugsgebieten ¢flsinbl
die zwei freien Parameter des N-A-Modells. Le Mogteal. (2007) konnten zeigen, dass die
Verwendung eines Austauschterms in Wasserbilanzimodeine wichtige Rolle spielt.
Insbesondere in Karstgebieten ist eine hydraulisctMechselwirkung zwischen
Einzugsgebieten von grofRem Interesse. Im FalleLddsachsystems ist diese Funktionalitat
wohl wichtig, da ein Uberlauf vom Hammerbach-zunhi8elzbachsystem bekannt ist. Der
Perkolationskoeffizient des Bodenspeiche2 [-]) und die Kapazitat des Gebietsspeichers
(X4 [mm], ,routing store*) wurden zunéchst wie in Mabi et al. (2006) vorgeschlagen
konstant gehalten (3 bzw. 60 mm). Durch das Schodelinkommen als zwei weitere freie
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Parameter die Schwellwerttemperaturen fir die Twagrvon Regen und Schneefali [-C]
und der Beginn der Schneeschmelz@ [-C] hinzu. Um zu untersuchen inwieweit die
verschiedenen Parameter bzw. die durch sie regréden Komponenten des Karstsystems
einen Einfluss auf die Glte der Modellanpassung diedPrognoseféahigkeit des Modells
haben, wurden erganzend zu diesem Standardmoddtl) (¢arianten mit 2 bis 6 freien
Parametern getestet (Tab. 1). Die Niederschlageiest fir die Modellierung wurde durch
arithmetische Mittelung aus 6 Stationen in der Ubuyeg (Semriach und Eichberg (Abb. 1)
sowie Frohnleiten, Gratkorn, Schockl und St. Raddyuerhalten, da einzelne Stationen
luckenhafte Datensatze haben und weil lokal ausggerNiederschlage von einzelnen
Stationen nicht immer erfasst werden. Temperatardatanden nur von der Station Eichberg
auf der Murwestseite (Abb. 1; 610 m Seehdhe) fim deitraum von 1998-2009 zur
Verfliigung. Da fir diesen Zeitraum auch Abflussdatea Hammerbachs mit nur kleineren
Licken vorlagen, wurde die N-A-Modellierung fur si® Zeitraum durchgefuhrt. Die
Modellkalibrierung erfolgte mithilfe des Solverskxcel (Gradientenmethode).

Modellvarianten

2 Parameter 3 Parameter 4 Parameter| 4 Parameter 4 Parameter 5 Parameter | 6 Parameter
LGR2M" Variante a | Standardmodell | Variante ¢
Parameter 4Pa 5P 6P Paramaler-

beschreibung

Kapazitat des
X4 [mm] Ja Ja Ja Ja Nein Ja Ja Bodenspeichers
(,production store*)

Grundwasser-

X5 [-] Ja Nein Nein Ja Ja Ja Ja Austausch-
Koeffizient
Schneefall hort auf,
Ts[°C] Nein Ja Ja Ja Ja Ja Ja sobald diese
Temperatur

Uberschritten wird

Schneeschmelze
setzt ein, sobald

freie (zu kalibrierende) Modellparameter

o .
Tw [°C] Nein Ja Ja Ja Ja Ja Ja diese Temperatur
Uberschritten wird
Kapazitat des
X4 [mm] Nein Nein Ja Nein Ja Ja Ja Gebietsspeichers
(,routing store*)
Perkolations-
Xz [-] Nein Nein Nein Nein Nein Nein Ja koeffizient des

Bodenspeichers

Tab. 1 Ubersicht der unterschiedlichen Modellvarianten dadjeweilig verwendeten freien Parameter.

Um die Glte des simulierten Abflusses zu beurteNeurde das klassische Nash- Sutcliffe-
(Nash & Sutcliffe 1970) sowie das logarithmisch umaladratwurzeltransformierte Nash-
Sutcliffe-Effizienzkriterium verwendet. Die Zeitteen wurden auf alle drei Kriterien
gemeinsam optimiert um alle Bereiche des Quellhydohen (Basisabfluss, Mittelwasser
und Spitzenabfluss) gleichermal3en zu bertcksiahntigeB. Perrin et al. 2001, Krause et al.
2005, Oudin et al. 2006). Der Anschaulichkeit hallvarden die Werte der Effizienzkriterien
gemittelt, sodass ein Wertebereich zwischenund 100 % entsteht. Als Nebenbedingung
wurde verlangt, dass jedes einzelne der 3 Kritezamindest 60 % erreichen sollte.
Zusatzlich  wurden die Abweichung zwischen simudiert und beobachteter

80



Gesamtabflussmenge (Bias) und die Residuen delismen und beobachteten Einzelwerte
bertcksichtigt (hier nicht gezeigt). Die Modellkaierung und -validierung wurde nach dem
Prinzip des ,(differential) split-sample test* (Khes 1986) durchgefihrt, d. h. es wurden
verschiedene Zeitperioden fur die Kalibrierung Whalidierung definiert. Es wurden drei
Zeitabschnitte gewahlt, die ein sehr unterschibdbc hydrologisches Verhalten zeigen,
einerseits eine gegenuber friheren Aufzeichnungengewdhnlich gedampfte
Abflussdynamik nach einem Hochwasserereignis (Sapde 2005 bis Juni 2009) und
andererseits einen Zeitraum mit ausgepragten Npdsserperioden (Juli 2001 bis Juli 2005)
sowie einen Zeitbereich, der eher unauffallig (ynat*) erscheint (Juli 1998 bis Juli 2001).
Zusatzlich wurde der Zeitraum von Juli 2000 big 2003 gesondert betrachtet, da dieser nur
die Niedrigwasserperioden sowie das Trockenjahi320€inhaltet und somit eine weitere
Herausforderung im Hinblick auf die Prognosefahigldes Modells darstellt. Erganzend
wurde fir jede der oben genannten Kalibrierungsplen auch die Anpassung an die gesamte
Datenreihe (Juli 1998 bis Dezember 2009) betrachtet geeignete Anfangsbedingungen zu
schaffen, wurden die Wasserstdande in den jeweilig@geichern durch mehrjahrige
Simulationsperioden (Aufwarmphasen) vor den zuyaialenden Zeitraumen eingestellt. Da
Lufttemperaturdaten erst ab 1998 vorliegen, wurddéir die Aufwarmphase
Monatsmittelwerte der vorhandenen Zeitreihe vereénd

4. Ergebnisse

Die Kalibrierung und Validierung des Standardmaxlell4Pb) an unterschiedlichen
Zeitfenstern zeigt generell eine zufriedenstelletd@reinstimmung bis 2005, nicht jedoch
fur die Zeit danach (Abb. 3 und Tab. 2). Je nacitp@dode erreicht das kalibrierte Modell
Effizienzkriterien von 55 % bis 79 %, fur den Ze&itbich 2005-2009 jedoch nur 28 %. Bei
der Validierung ergeben sich in der Regel Effizlgiterien von wenig unter 50 %, fir den
Zeitbereich 2005-2009 jedoch stark negative Wedftgsprechend ergeben sich auch bei
Anwendung der kalibrierten Modelle auf die ganzetréde (1998-2009) etwas geringere
Effizienzkriterien (12 % bis 46 %). Fur die Periodach dem Niederschlagsereignis vom
August 2005 bis etwa Juni 2009 kann mit den fUreaaeitbereiche kalibrierten Modellen
nicht einmal eine minimal zulassige Ubereinstimmydgh. Werte sind deutlich negativ)
gefunden werden (Abb. 3; Tab. 2). Umgekehrt ergibh mit dem Parametersatz aus der
Kalibrierung flr diesen Zeitraum bei Validierung ianderen Zeitraumen Kkeine
zufriedenstellende Anpassung. Ebenso werden diegger Abflisse der Sommermonate Juli
bis September des Trockenjahrs 2003 vom Modelltraatreffend simuliert (Abb. 3). Die
Niedrigwasserperioden der Jahre 2000 und 2001 weddgegen recht gut vom Modell
nachvollzogen. Betrachtet man die optimalen Pararsé@ize, die sich fur die jeweiligen
Zeitbereiche ergeben (Tab. 2), so fallt auf, dassképazitat des Bodenspeicherd) und
der AustauschkoeffizientXg) fur den Zeitbereich 2005-2009 gegentber den rande
Perioden deutlich erhéht bzw. erniedrigt sind. larlegenden Fall mitX5 < 1 zeigen
erniedrigte Werte des Austauschkoeffizienten eimenehmenden Abfluss in ein anderes
Einzugsgebiet an. Effizienzkriterien und Paraméitizes von Modellvarianten mit
unterschiedlich gewahlten freien Parametern sirehfgllls in Tabelle 2 aufgelistet. Generell
ist festzustellen, dass mit keiner Modellvarianiaeezufriedenstellende Simulation der
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ganzen Zeitreihe moglich ist; die Periode 2005-2@09 nicht zufriedenstellend simuliert,

wenn das Modell auf andere Zeitraume Kkalibriertdwiund ein auf diese Zeitperiode
kalibriertes Modell versagt bei Anwendung auf aedéreitraume. Beispielhaft sind in

Abbildung 4 die simulierten Quellschittungen deteuschiedlichen Modelle im Vergleich

zur Beobachtung durch Kalibrierung auf die Zeiteeif001-2005 dargestellt. Wird das
Schneemodell weggelassen (Modellvariante ,2P*),eleeg sich keine grundlegenden
Verschlechterungen bei den Effizienzkriterien. Did&sst darauf schlieRen, dass
Schneespeicherung und -schmelze zumindest fur dastg¥modell an diesem Standort nicht
sehr wichtig sind. Bei Anwendung in starker alpirigereichen (z. B. Wagner et al. 2012)
sind diese Prozesse jedoch auch im Monatsmodelhebar Bedeutung.
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Abb. 3 Beobachtete und simulierte Abflussganglinien demhierbachquelle sowie Niederschlagssummen und
Temperaturen reprasentativ fir das Einzugsgebfdlanatsbasis. Die Farbe der Zeitbalken entspigter der
simulierten Ganglinie, die bei Kalibrierung im guschenden Zeitraum erhalten wird (s. Abb. 4).

Eine wesentliche Verschlechterung der Effiziengkén ist hingegen sowohl beim 3-
Parameter-Modell (3P) als auch beim 4-Parametereillathne Austauschterm (4Pa) zu
beobachten. Lediglich in den Zeitrdumen, die dulNikRdrigwasserperioden gepragt sind
(2001-2005 bzw. 2000—- 2003) erreichen diese Mode#aten Effizienz-Kriterien von Uber

50 %. Bei der Kalibrierung oder Validierung in argte Zeitrdumen erweisen sich die
Varianten ohne Austauschterm dagegen als ungeniigendZeitraum des gedampften

Verhaltens sind selbst beim Kalibrieren stark negaEffizienzkriterien und damit ein

Versagen des Modells zu beobachten. Somit scheiieser Periode der Austauschterm von
grof3er Bedeutung zu sein. Verwendet man im 4-Paearivodell (P4c) statt der Kapazitat
des Bodenspeichers die des Gebietsspeich@rssiatt X1), so ergeben sich vergleichbare
Effizienzkriterien (Tab. 2). Auch hier zeigt sicledNotwendigkeit einer starken Erhdhung
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des (Gebiets-) Speichers, um das gedampfte Venhaiteden Jahren 2005 bis 2009 zu
reproduzieren. In beiden Modellvarianten (4Pb urfec)4gibt es jeweils einen freien
Parameter, der die Speicherung beeinflusst, urztiden ist eine Erh6hung der jeweiligen
Speicherkapazitat (im Standardmod€ll und in der Modellvariante 4P&) notwendig, um
das Modell im Zeitbereich 2005-2009 zu kalibrierBmes legt den Schluss nahe, dass in
dieser Zeit das Speichervermdgen im Quelleinzugegedshdht war, erlaubt jedoch keine
eindeutigen Schlisse in Bezug auf die Art des &iadternden Speichers. Wird die Kapazitat
des GebietsspeicherX4) zusatzlich zu den anderen vier freien Paramedegepasst, so
ergibt sich eine geringe Verbesserung der Effizieterien beim Kalibrieren, aber teilweise
ein leichter Riickgang beim Validieren. In Uberémstung mit den Ergebnissen von
Mouelhi et al. (2006) erweist sich ein zusatzlictfénfter) freier Parameter hier demnach als
kaum gerechtfertigt. Auch mit diesem Modellans&®)(ist deutlich zu erkennen, dass der
Austausch und die Kapazitat des Bodenspeicher®iirPdriode von 2005 bis 2009 erhoht
werden mussen. Die zusatzliche Anpassung des Rédmdkoeffizienten des Bodenspeichers
(X2) im 6-Parameter-Modell (6P) verbessert die GigieKhlibrierung weiterX2 schwankt
jedoch nur wenig und der Anstieg der Effizienzkiga bei der Validierung ist nur gering;
teilweise sind sogar geringere Effizienzkriterida bei Modellvarianten mit weniger freien
Parametern zu beobachten, was auf eine Uberpaisiering hinweist (Beven 1989, Perrin
et al. 2003). Auch hier sind wieder gegenluber detteeen Zeitperioden eine Erhéhung der
Kapazitdt des Bodenspeichers und eine Erniedrigieg Austauschkoeffizienten in der
Periode 2005-2009 erforderlich.
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g s n Kalibrierungszeitraum
N-S-Effizienzkriterien [%]
07/1998-07/2001 07/2001-07/2005 09/2005-06/2009 07/2000-07/2003
522 Bl 15,2 45,3 —427 6.8 -15,7 2l 82 32,8 —425 6,1
07/1998-07/2001 55,2 46,4 -13,6 33,6
546 - 58,9 44,0 14 432 20,1 i -29 30,3 e 411
£ 56,4 4 321 | 646 18! 524 | 204 &3 26,8 508 142 511
3 07/2001-07/2005 48,6 65,0 19,2 60,1
£ 534 s 546 74,4 . 776 435 s 30,6 68,6 e 73,5
ﬁ —252 Sk —1130,5 | -3234 =1384.3 -964,2 307 S -860,8 -590,5 =120 -088,3
@ 09/2005-06/2009 -269,6 -328 27,7 -588,4
5 —403,3 Py 2442 | -3145 s —243 18 . 429 -594,3 o —408,1
@
= 67,9 597 66,5 757 62,0 80,8 365 515 46,9 79,0 e 82,1
= 07/2000-07/2003 56,8 75,9 33,7 78,9
> 626 i 63,8 81,4 15 86,3 399 a0 446 856 e 89,4
49,7 <981 —433 38,5 “448 -26,5 334 =104.7 —11,4 12,0 £l 321
07/1998-12/2009 46,1 38,4 33,8 12,4
26,1 i 484 36.8 S5 455 479 5 424 9,5 7 332
404800 5% 50535 (195863 0 34798 1836120 06 30338 ||159550 438 0766
X; [mm] 3987,82 1964,51 17712,04 1598,79
355461 200865 aszp 105258 1314767 20038 823,86 25888
0,80 T 0,84 0,66 0,89 "
X5 [-] 0,80 0,84 0,66 0,89
. 0,97 b 0,81 0,97 b 0,89 0,96 b7 0,63 0,98 4 0,88
2 bisf 1,32 08 093 L0 1845 - 123
£ Ts [°C] 1,58 -1,12 0,60 -1,04
8 1,35 078 091 | -183 1o 1,11 0,294 0.08 0,43 -1,99 0598 -0,62
E- i 1,31 e -2,15 = 7,16 =392 -1,40
3 Tu["C] -0,83 -4,49 -1,42 -5,72
g 1,32 556 078 | -362 s 399 | -247 s ~1.21 6,67 e 5,82
1094,75 P 973,98 Ea 497878 S 805,40
X4 [mm] 60,00 60,00 60,00 0,00
1407 oo 10586 | 112007 o 310,53 | 3090,39 o 67,65 || 80831 s 204,01
X, [-] 3,00 3,00 3,00 3,00
0 . 2,39 ( 2,05 . 2,16 1,98
Legende: 4Pa
o 6P

Tab. 2 Mittelwert der drei Nash-Sutcliffe-Effizienzkritem (in %) des N-A-Modells fur die jeweiligen
Zeitbereiche in denen das Modell kalibriert bzwlidiart wurde (siehe Abb. 3). Die Zahl in der Mijeder Box
bezieht sich auf das Standardmodell (,4Pb"“). Die liegenden kleineren Zahlen beziehen sich auf
unterschiedliche Modellvarianten (Tab. 1) entspeachder Legende. Der untere Teil der Tabelle ligtet
kalibrierten Modellparameter der einzelnen Perioben. Modellvarianten auf.

5. Diskussion

Der hier verwendete globale Modellansatz liefedbste mit nur zwei freien Parametern
akzeptable Effizienzkriterien bei der Modellkalgming. Angesichts der Komplexitat des
betrachteten binaren Karstsystems erweist sich Miadell auch bei der Validierung im
Zeitraum bis 2005 als zufrieden stellend und eilsthelaher flur Prognosezwecke
grundsatzlich geeignet. Unabhangig von der Zahl lddibrierten Modellparameter wird
jedoch die Niedrigwasserperiode im Jahr 2003 nzcitteffend simuliert, selbst wenn sie in
den fur die Kalibrierung verwendeten Zeitraum (288005) fallt (Abb. 4). Dies legt den
Schluss nahe, dass die vereinfachte Abbildung ééiugsbildungsprozesse in der gegebenen
Modellstruktur fir zuverlassige Prognosen sommieglic Niedrigwasserperioden nicht
ausreicht, sodass hier der Ansatz von instationi@stellparametern, die sich z. B. zwischen
trockenen und feuchten Jahren unterscheiden komuwendig erscheint (Long & Mahler
2013).
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Abb. 4 Beobachtete und simulierte Abflussganglinien demkeerbachquelle bei Kalibrierung auf den Zeitraum
2001-2005 unter Verwendung der unterschiedlichedétearianten (Tab. 1).

Aus den zuvor erwdhnten Markierungsversuchen (Beshe¢ al. 1992) ist bekannt, dass sich
die unterirdischen Abflussverhaltnisse in diesemskgstem bei Niedrigwassersituationen
gegenuber Mittel- oder Hochwassersituationen statkrscheiden. In Ubereinstimmung mit
der Beobachtung, dass bei Niedrigwasser keine Weudnig zwischen Hammerbach und
Schmelzbach besteht, ergibt sich bei Kalibrierungt mdem durch ausgepragte
Niedrigwassersituationen gekennzeichneten Zeitra060—2003 der hdchste Werte fur den
Austauschkoeffizienten und damit der geringste \&asstausch im Modell. Aus demselben
Grund ist in diesem (und nur in diesem) Zeitraurohagie Kalibrierung von Modellvarianten
ohne AustauschX6 = 1) erfolgreich. Der in anderen Zeitraumen stggkAbfluss vom
Hammerbach ins Schmelzbacheinzugsgebiet kann vesenli Modellen jedoch nicht
nachgebildet werden. Umgekehrt gelingt die Simakatder Niedrigwasserperioden mit
geringem oder ohne Wasseraustausch nur bedingtn wenKalibrierungszeitraum eher
Mittel- oder Hochwassersituationen vorherrschenr Bmbau eines Schwellwertes, nach
dessen Uberschreiten der Austausch erst aktiv Wietshte keine Verbesserung des Modells.
Offenbar kann ein Monatsmodell aufgrund der hohamzzeitigen Variabilitat der
Quellschittung dieses Schwellenwertverhalten nmliteffend abbilden. Bei Verwendung
einer hoheren zeitlichen Auflésung (Tagesmodell)ewvdieser Ansatz aber vermutlich
vielversprechend. Im Gegensatz zu den akzeptalteal&ionsergebnissen fur den Zeitraum
bis 2005, versagt das Modell im Zeitraum 2005—-2@3bst bei der Kalibrierung liegen die
Effizienzkriterien allerModellvarianten deutlich t@n 50%und bei der Validierung mit
anderen Zeitraumen ergeben sich stark negativei&itikriterien. Der Austauschkoeffizient
X5 ist fur diesen Zeitraum kleiner als bei allen eneth Kalibrierungsperioden (Tab. 2). Das
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bedeutet, dass in diesem Zeitraum ein groBerer udbflvom Hammerbach- zum
Schmelzbachsystem angenommen werden muss.

« 4 W a ¢ - g I_“-r_;‘

Abb. 5 Feldeindriicke der befahrbaren Teile der Lurgrqag.Sedimentumlagerungen im Schauhéhlenbereich
der Lurgrotte, Sept. 2008) Aktives Gerinne des SB-Hbhlenbaches bei erhdhtasdatfiihrung, Juli 2012c)
Beschadigte Fuhrungssteige in der Lurgrotte 20@B8Sedimentablagerungen beim Schmelzbachursprung nach
einem Hochwasser im Juni 2012) Zerstorter Fuhrungssteig im Bereich Blocksberghn@ioem Hochwasser

im August 2009(f) Mit Sediment verlegte ehemals phreatische Gangeanmebenmassiv (Josefinenhéhle; 425
m), vermutlich pleistozénen Alters, November 2008.

Dies ist mit Feldbeobachtungen konsistent. Wahreings Markierungsversuchs im Jahre
2008 (Oswald 2009, Wagner et al. 2011) konnte geaserden, dass der Uberlauf ins
Schmelzbachsystem bereits bei einem gegentber rénih&Intersuchungen geringeren
Abfluss des Hammerbachs stattfand (etwa 135 I/# @@0 I/s) und gleichzeitig der
Markierungsstoff verhaltnismafig lange Durchgangeaeaufwies ¥ 60 h gegentibex 40 h
bei vergleichbarem Abfluss in friheren UntersuclamgGleichzeitig ist in diesem Zeitraum
im Modell eine Erh6éhung der Speicherung erfordbrliem das gedampfte Auslaufverhalten
der Hammerbachquelle zu ermdglichen. Dies wirftktigge auf, ob und welche Vorgénge im
Hammerbachsystem zu einer VergréRerung der Sp&mbezitat und einem Uberlauf ins
Schmelzbachsystem bei gegentber friheren Beobaygriugeringeren Abflissen gefihrt
haben kénnte. In diesem Zusammenhang ist festamhattass das Abflussverhalten des
Hammerbachs ab Ende 2009 anscheinend wieder s@fieigtvird (Abb. 3). Angesichts der
in den begehbaren Teilen der HoOhle nach groRerarterEignissen beobachtbaren
Sedimentumlagerungen (Abb. 5) liegt es nahe, dieseersibilitat durch ahnliche Vorgange
im Hammerbachsystem zu erklaren. Wie von Covingtoal. (2009, 2012) gezeigt, sind etwa
durch Sedimentablagerungen geschaffene Engstdiersiple geometrische Strukturen, um
ein gedampftes Verhalten einer Quelle zu verursacB8elche Verengungen wiirden zudem
einen Anstieg des Wasserspiegels oberstromig bewitknd somit einen Uberlauf in das
benachbarte Schmelzbachsystem bereits bei germgéhbiuss des Hammerbachs und damit
den erhéhten Austauschfluss im Modell im Zeitraud®32- 2009 erklaren. Die Hypothese,
dass das gedampfte Abflussverhalten des Hammerbagthsh Veranderungen im
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Karstsystem und nicht durch unterschiedliche Wittgsbedingungen verursacht ist, wird
durch die Auswertung von Trockenwetterfalllinien den unterschiedlichen Zeitraumen
gestutzt: Vor 2005 zeigt sich generell ein raschéyeslaufen mit geringeren Basisabfliissen
der Hammerbachquelle als im Zeitraum 2005-2009 k(B&Wagner 2011). Da das

Auslaufverhalten von Quellen in Trockenperioden m@n durch die hydraulischen

Eigenschaften des Grundwasserleiters bestimmt wiedit es nahe, dies strukturellen
Anderungen im System selbst zuzuschreiben (KresiBofacci 2010, S. 134). Sollte die
beobachtete Veranderung des Abflussverhaltens demiérbachquelle tatsachlich aufgrund
von Sedimentumlagerungen und damit verbundene Anden in den hydraulischen

Eigenschaften des Karstgrundwasserleiters verursaah so ist es nicht verwunderlich, dass
die Kalibrierung in diesem Zeitraum stark veraneleRarameter ergibt. Ein &ahnliches
Ergebnis ware dann allerdings auch fur physikalisasierte Modelle zu erwarten. In

Modellszenarien mit MODFLOW kann eine derartige &feterung des Abflussverhaltens
beispielsweise durch Herabsetzung der hydraulischertfahigkeit und Erhdéhung des

Speicherkoeffizienten von Modellzellen, die den Huhachlassigen FlieBweg von der
Lurbachschwinde zum Hammerbach reprasentieren,rkiewerden (Mayaud et al. 2013).

Bis dato werden nach Kenntnis der Autoren allerslimgkeinem physikalisch-basierten N-A-
Modell durch Sedimenttransport und -ablagerungrimtdi Anderungen in FlieBquerschnitten
(bis hin zu moglichen Verstopfungen von FlieBwegkajicksichtigt (erste Ansatze siehe
Covington et al. 2010).

6. Schlussfolgerungen

Zusammenfassend kann festgestellt werden, dasgaeameterarmes N-A-Modell zwar die
Quellschittung des Hammerbaches bis 2005 simulieren, nicht aber im Zeit raum 2005
bis 2009. Nur durch Verwendung anderer Paramet&wann in diesem Zeitraum eine
minimal  akzeptable  Ubereinstimmung gefunden werdemie erforderlichen
Parameteranderungen sind jedoch konzeptionell iaréibstimmung mit Ergebnissen aus
Markierungsversuchen und Auswertungen von Trockéewalllinien, die in diesem
Zeitraum auf einen gegenuber friheren Zeiten eegmbt8peicher und einen haufigeren
Uberlauf zum  Schmelzbach hindeuten. Als mdgliche sadhe kommen
Sedimentumlagerungen wahrend des Hochwasseremggnisn Sommer 2005 in Frage.
Durch derartige Prozesse verursachte Parametevingder stellen zwangslaufig die
Prognosefahigkeit hydrologischer Modelle in Fradresofern zeigt sich, dass die hier
offenkundige Dynamik von Karstsystemen grol3e Hdoadsrungen bezuglich
hydrologischer Prognosen stellt. Das hier vorgksteBeispiel zeigt jedoch, dass die
Anwendung des konzeptionellen hydrologischen Madelertvolle Rulckschlisse auf
Abflussprozesse und Eigenschaften im Karstsystdsmtdrund damit zur hydrogeologischen
Charakterisierung des Quelleinzugsgebietes beitr&ije aus der Modellkalibrierung
erhaltenen Parameterwerte haben zwar keine unbattelphysikalische Bedeutung, kdnnen
jedoch im Sinne konzeptioneller Modellvorstellumgerpretiert werden und tragen damit zu
einem besseren Prozessverstandnis bei. Die untéesudlodellvarianten zeigen eine in
diesem Quelleinzugsgebiet untergeordnete RolleSdbneespeicherung. Dagegen wird das
Abflussverhalten der Quelle bei Mittel- und Hochsa&dbedingungen stark vom Uberlauf
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zum benachbarten Einzugsgebiet beeinflusst. Im iegghden Fall konnen die
Modellergebnisse zudem dahingehend bewertet weddess, die beobachtete Verdnderung im
Abflussverhalten nicht primar auf Anderungen derteumlogischen EingangsgroRen,
sondern auf Anderungen im Karstsystem (erhohtecBpagigenschaften, verstarkter Uberlauf
zum benachbarten Einzugsgebiet) selbst zurtickzemi$ind.
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1. A dual approach to compute groundwater flow in larst aquifers using
distributive models: example of the Lurbach systenfAustria)

Distributive models of different complexity werepdied to the binary Lurbach karst system,
which is located 20 km north of Graz (Austria). Tingper part of the catchment comprises
impermeable schists and is drained by a stream, uHeach, towards the lower part, the 8.3
km? limestone plateau of the Tanneben massif. Aftereéiches the limestone unit, the
Lurbach infiltrates along its course and finallsabpears into an inaccessible subterranean
sinkhole located in a cave, the Lurgrotte. Ther, water flows through the fissures and
conduits of the massif and resurges at two sprinigs, Hammerbach spring and the
Schmelzbach spring, located at the foot of the ReggWand, a 300 m high limestone cliff,
at the western border of the catchment. Two differaodelling approaches were used to
learn more about the behaviour of the karst system:

(A) MODFLOW Ilaminar single-continuum models were impéted using the
geological knowledge, tracer results, and sprirsgltirge data. The purpose was to
reproduce the response of the two springs undtrdift hydrological conditions.

(B) Idealized catchments served to analyse the tranftam input signal in a conduit with
simple geometrical assumptions (such as varyingixnparameters) to learn more
about prevailing effects in the system and to eataliuhe significance of pressurized-
and open-channel flow.

Three different numerical models were used foritivestigation: the hybrid models CFPM1
(USGS), which couples MODFLOW to a discrete pipamoek simulating pressurized flow;
ModBraC, which couples MODFLOW to a discrete opbarmel flow model adapted for
karst conduits; and the modified single-continuuradei CFPM2, which is a version of
MODFLOW that accounts for turbulent flow by apprapely adjusting the hydraulic
conductivity of the model cells.

Results lead to the following conclusions:

(A) The MODFLOW simulations in steady and transistate show good agreement with the
discharge data. Transient state should be privilegehe future, because karst aquifers are
rarely in steady-state conditions. Even thoughhtbleaviour of the system is reproduced, the
lack of Schmelzbach data was a problem. Furthezsitigations are needed and should use
more data.

(B) Studies with synthetic catchments show that dhserved damping of the input signal
during recharge events at the Hammerbach sprinddcba a consequence of strong
interaction between conduits and the carbonateixmatien pipe flow is pressurized. The
model results with the new hybrid model ModBraCwhbat damping can also be obtained
using open-channel flow. As opposed to CFPM1 anBNIE, ModBraC displays a time lag
between the in- and output signal, which is alseeoked at the field site. First modelling
results with a ModBraC regional model, however,vghioat open-channel flow alone cannot
explain the strongly damped discharge curve andithe lag of up to 26 hours between the
in- and output signal at the Hammerbach springs Theans that the recharge signal is
obviously influenced by a combination of open-crelnifow, pressurized flow, and by the
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presence of reservoirs along the conduits. Howeaeasonable results were obtained for the
Schmelzbach system using the open-channel flow mode

Finally, results suggest that single-continuum agdrid models each with turbulent flow

representation are adequate to compute spring Westelrarge in karst aquifers. Nevertheless,
information about the conduit geometry and sufficieydrological data are required.
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2. Changes in the hydrological behaviour of a karstaquifer (Lurbach
system, Austria)

The purpose of this work is to better understarel glocesses which influence the global
behaviour of a karst aquifer. The area under ingason is the Lurbach system, a binary
karst aquifer located 20 km north of Graz (Austri@pe upper part of the catchment
comprises impermeable schists and is drained kyears, the Lurbach, towards the lower
part, the 8.3 kihlimestone plateau of the Tanneben massif. Afteeéches the limestone
unit, the Lurbach infiltrates along its course dimhlly disappears into an inaccessible
subterranean sinkhole located in a cave, the Lttegr@hen, the water flows through the
fissures and conduits of the massif and resurgésasprings, the Hammerbach spring and
the Schmelzbach spring, located at the foot ofReggauer Wand, a 300 m high limestone
cliff, at the western border of the catchment. @liendata, water discharge at the springs and
sinkhole as well as chemical data, which are ablgldor different types of hydrological
conditions, suggest that the Schmelzbach and Habauolersprings react very differently
during flood, drought or normal water conditionsnAmber of tracer tests further show that
the Hammerbach is the only resurgence of the ginKiorbach stream at low water
conditions, whereas at high water conditions thebhaoh water resurges at both Schmelzbach
and Hammerbach.

A thorough analysis using the hydrological datagests that the behaviour of the Lurbach
system has changed due to a large flood in Augd85.2Since then, no similar event was
recorded and the Hammerbach discharge seems tardyeglg damped compared to the
Lurbach input data. Recession analysis and cumal&tequency curves support this finding.
Analysis of chemical data based on recent traceerxents are also in good agreement with
this hypothesis and further suggest that intercagstt flow now occurs at lower discharge
rates than before August 2005. To improve the wstdeding of the different behaviour of the
two springs as well as the changes in their hydjiodd behaviour, groundwater modelling
with process-based distributive models was camtd Transient MODFLOW models were
implemented successfully. Turbulent flow was ingggd using a modified version of the free
USGS Software Conduit Flow Process Mode 2 for MODW-2005. Considering
constricted flow in conduits with reduced hydrautionductivity, the new behaviour was
reproduced by the model. Thus, the change in tsiesys behaviour might be due to collapse
material or sediment aggradation causing a cotisiniand thus lower hydraulic conductivity
of a conduit pathway connecting Lurbach sink andhki@rbach spring.

In summary, this approach was useful to improveuheéerstanding of the Lurbach system
and might be easily applied to investigate the aytic behaviour of other karst aquifers.
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3. Recharge time scales and discretization lengthcaes for single-
continuum models with turbulent flow in karst catchments

Karst catchments are known to have dual flow reginf@minar flow is essentially present in
the fissured matrix, whereas turbulent flow occtimough solution conduits. This duality
poses great challenges to the application of carwead numerical groundwater models.

For more than 20 years, specific approaches hase tbeveloped to reproduce the hydraulic
behaviour of karst aquifers (e.g. exhibited by #peing hydrographs) using groundwater
models. For instance, Teutsch (1988) introduceddthble-continuum approach, where the
fissured matrix and the solution conduits are regméed by two continuum models that are
coupled by a linear exchange term. Later, hybridie® coupling continuum and discrete
approaches, were found to provide adequate repetgars of the dual flow behaviour of
karst aquifers (e.g., Birk et al., 2006). The d#serapproaches implemented in hybrid models
may also account for turbulent conduit flow. Congghto conventional single-continuum
models, these models require higher computatiofiait® and additional input parameters,
which are frequently not available. Earlier reshgeg. Teutsch and Sauter, 1998) suggested
that single-continuum models cannot simulate theradteristic hydraulic responses of karst
aquifers.

However, Reimann et al. (2011, 2012) recently psepothe concept of conduit type flow in
continuum cells (CTFC) and demonstrated that singlginuum models that account for
turbulent flow, in principal, have the ability toimmc the realistic behaviour of more complex
hybrid models. Yet, in the simple hypothetical batent considered by Reimann et al.
(2011b), the solution conduit was represented Hg wath sizes corresponding to the conduit
diameter. This is hardly possible in model appiwad to real karst catchments. Thus, this
work examines how far this numerical model conéemapable of reproducing the dualistic
behaviour of karst aquifers if the cell sizes argcimlarger than the conduit size. To this end,
the CTFC approach was used for a parameter studydier to identify the influence of the
cell discretization on the simulated dynamic resgoof the karst aquifer. In doing so, the
performance of different model set-ups is evaludbediifferent recharge pulses with varying
time duration in order to infer relationships betwehe recharge time scale and the length
scale of the model cells required to provide angadee representation of the hydraulic
aquifer response.
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4. New insights into the functioning of the Lurbachsystem (Central Styrian
Karst, Austria)

Keywords: binary Karst, MODFLOW, single-continuum model, gnolwater modelling,
laminar/turbulent flow, hydrological behaviour

Karst aquifers are widespread (~20% of the ice-feegerged areas are constituted of
limestone or similar other karstifiable rocks; Fanad Williams, 2007) and well-known for
their large heterogeneities essentially due topdetporosity, a duality in their storage and a
dual flow behaviour. These features need to beesddd in groundwater modelling. Because
karstic waters represent an important part of theemwsupply for the world’s population (20-
25%; Ford and Williams, 2007) but are highly vubitgde to chemical and bacterial
contamination, and under pressure by an intengjviewdtural use, it is necessary to improve
the global understanding of processes which goftemthrough karst aquifers and to assess
how changes in these systems might influence thegpehaviour over time.

The here investigated aquifer belongs to the Lurbagstem, a 22.3 Kmbinary karst
catchment located 15 km north of Graz, in the Gér8tyrian Karst, Austria. The Lurbach
drains the upper low-permeable part of the catchraed disappears into the Lurgrotte cave,
some hundred meters after it enters the karstdieh. Then, the water flows through the
limestone massif and resurges at the Hammerbaahgsand the Schmelzbach outlet at the
western border of the catchment. Spring hydrographlyses suggest that a change in
behaviour happened in the system between 2005 @@8é. Previous work showed that a
redistribution of sediment within the conduits bé&tHammerbach network could explain this
temporary behaviour (Wagner et al., 2011; Mayau@lget2011). The present study uses
MODFLOW to investigate whether the behaviour can reproduced using different
hypotheses like a reservoir filling and emptyingtaveover the time. The role of turbulent
flow is also investigated using the equivalent psronedia approach of the Conduit Flow
Process, a MODFLOW-compatible package developedhbyUSGS (Shoemaker et al.,
2008). The study focuses first on the behaviourthae® Hammerbach spring where long
continuous time series are available; then we #tigye® the interactions of the
Hammerbach/Schmelzbach system where overflow froen Hammerbach system to the
Schmelzbach system is known to occur at high watels.
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5. Single event time series analysis in a karst cdiment evaluated using a
groundwater model

The Lurbach-Tanneben karst system (Styria, Austsajrained by two major springs and
replenished by both autogenic recharge from thstkaassive itself and a sinking stream that
originates in low permeable schists (allogenic aegh). Detailed data from two events
recorded during a tracer experiment in 2008 (Osvedldl., EGU2009-9255) demonstrates
that an overflow from one of the sub-catchment he bther is activated if the spring
discharge exceeds a threshold. Time-series andlygjs auto-correlation, cross-correlation)
was applied to examine how far the various avaglaéthods support the identification of the
transient inter-catchment flow observed in thisskasystem. As inter-catchment flow is
intermittent, the evaluation was focused on simglents. In order to support the interpretation
of the results from the time-series analysis a 8fre@ groundwater flow model was built
using MODFLOW based on the current conceptual wstdeding of the karst system. The
groundwater model represents a synthetic karstfexqtor which the same methods were
applied. Using the wetting capability package of DFELOW, the model simulated an
overflow similar to what has been observed durhmgytracer experiment. Various options of
recharge (e.qg., allogenic versus autogenic) weed ts generate synthetic discharge data for
the time-series analysis. In addition, geometrid Bypdraulic properties of the karst system
were varied in several model scenarios. This amrdeelps to identify effects of recharge
and aquifer properties in the results from the tgages analysis. Comparing the results from
the time-series analysis of the observed datatiwidke of the synthetic data a good agreement
was found. For instance, the cross-correlogramsvstimilar patterns with respect to time
lags and maximum cross-correlation coefficientsappropriate hydraulic parameters are
assigned to the groundwater model. Thus, the hggamity of hydraulic aquifer parameters
appears to be a controlling factor. Moreover, thetion of the overflow connecting the sub-
catchments of the two springs is found to be ahpry importance. Thus, time-series analysis
of single events can potentially be used to charee transient inter-catchment flow
behaviour of karst systems.
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Before all things reborn again

You learn the painful breath of time
Cold mourning stretches out your arms
To the mighty warmth of the golden sun
Seem all have gone insane for gold

All was created out of the night

We're all born from the burst of a star

The day you'll come to life you'll realize
Expanding force to life where you belong
And in the winter cold, with opened eyes

You'll find the strength to fight and stand upright
One day you'll walk the world and keep in mind
The heart you've been given in winter time
And through the bitter cold, with opened eyes
You'll find the strength to fight and stand upright
Gojira - Born In Winter

116



