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Executive Summary

KARMA (Karst Aquifer Resources availability and quality in the Mediterranean Area) is a European
project that aims to achieve substantial progress with respect to the hydrogeological understanding
and sustainable management of Mediterranean karst water resources at various temporal and spatial
scales.

WP4 proposes new approaches to the characterization and hydrodynamic modelling of karst systems,
based on conceptual models, neural networks, and physical models. The aim is to build lumped-
parameter and ANN models to simulate karst spring discharge on the KARMA test sites, and
subsequently (i) to identify and understand the principal processes that dominate the overall
behaviour of these karst systems, (ii) to improve predictions concerning impacts of extreme events,
such as floods and droughts, and (iii) to help forecasting flash-floods at short timescale.
This document addresses Task 4.2 (Development of lumped-parameter and ANN models).

For this task, KARMA data from all sites were used in spite of a delayed start for some partners due to
the COVID-19. Additionally, three other sites have been included in the KARMA project for this
modelling work: (i) Gottesacker karst system, which is located at the border between Germany and
Austria and has been monitored hourly for 10 years - data from the office of the federal state of
Vorarlberg, division of water management. Oberstdorf station data is from German Meteorological
Service. (ii) Unica karst system, which is a large Slovenian karst system - data from the Slovenian
Environment Agency has been considered at a daily timestep for the period 1961-2018 (ARSO, 2021),
and (iii) Gato Cave system, which is a Spanish karst system monitored at a daily timestep since 1963.



KARMA - Application of lumped parameter modelling at KARMA test sites

Table of Content

TEChNICAl REFEIENCES. ...ci ittt st e s e st e s b e e st e e s b e e sabeeeaneeesaneeesnnes 3
AV A=T o] o I = 1) o o N 3
e o (= =Y 1= N 4
EXECUTIVE SUMIMIATY Lottt sasaaasssnan 5
R [ oo [¥ ot i o o FOU USRS 8
2  Lumped parameter MOAEIIING........ccuir ittt ree st e e tae e sate e etreesateeeteeessreesaseeenns 8
2.1 P NG DI ettt et et b e et e e etbe e s be e e abe e ebeeeaabeeebeeetaeeaabeeereeennres 8
2.2 The KarstMod platformm ...t et e et e e e aae e e e b e e e eenaeeeean 9
2.2.1 [DL=T Yol o] d o] o TP SRR 9
2.2.2 Input data and WOIrKfIOW .......ccuviiiiiiiie e e 10
2.2.3 PerformancCe Criteria .....ui ettt ettt e sbe e e 10

2.3 Snow routine: implementation to KarstMod as an external module ..........ccccocoveeeeiiieeenns 11

3 Description Of the ST SILES ..iiiiiiiie it e et e e e e stte e e e s ata e e e earee e e enreeeeeanes 13
3.1 FrANCO ottt ettt ettt et s bt e s b et e s b et e bt e e e a b e e s beeesabeeebeesanteesbeeenn 14
3.2 (G110 0 =101 PPN 14
B3 ANV ettt ettt e et et s e e e seeeeeeen et ee et eneeeeeeeerereeresraees 15
3.4 =] o =1 0T o RO PO OO PPRTUPTUOPUPRPOONt 17
3.5 SIOVENIA ettt ettt ettt h e h e e st e bt et be e bt e e bt e she e eateeaeeentean 17
3.6 Yo 11 SRS S 18
3.6.1 CANAIMEIO 1.ttt ettt ettt b et s bt e ht et s bt e st et eat et e sb e et e sheebe e besbeeabe bt easenbesbeenseneesaeens 18
3.6.2 GALO CAVE .ttt h e sttt et b e e bt s he e st e et e bt bt e bt e s he e st eateentean 18

BT TUNISIA ceeeteeet ettt b e he e st e bt et e bt e s bt e s bt e ea et et e e nbe e s be e sheesabesabe e be e beenes 18

O | (Y 1V o £ 7 PP 19
5  Estimation of the SNOW COMPONENT ......cooiiiiiiiie e e ae e 19
6  Systemic analysis of rainfall-discharge relationship........cccooeeeciiecie e, 20
6.1 Results of the classification ..........coieiiiiiiiii e 20
6.2 Statistical analysis of precipitation and diSCharge ..........cccoveeeeciei e 22

7 Precipitation-Discharge Modelling ........cccueiiiiiiiii i 24
7.1 MOEI STIUCTUIE ...ttt ettt b e st s sttt eesbeesreesane e 24
7.2 MOdEIlING APPIOACK ...eviieieecee et ettt e te e e ta e e st e e s ebaeesabeesbaeentaesabaeenes 26
7.3 MOAEHING FESUILS .....vieieiiie ettt e et e et e e e et e e e e e ab e e e e e areeeeeanbeeeeeenbaeeeeansenas 28
7.3.1 [ TSSOSO SRUPRUPRRPONt 28
7.3.2 AUDACR . ettt et 30

7.3.3 AV Yol = [ 1T=T = TR 33



KARMA - Application of lumped parameter modelling at KARMA test sites

7.3.4 (O Yol Vo To TH ol TP 35
7.35 LU T FO OO OO OO USROS PRURRPRPR 37
7.3.6 CANAIMEIO 1.ttt ettt ettt h et b e e et et s he e st e bt ea e et e sb e et e s bt eat e besbeente bt eabenbesaeentesbeeatans 39
7.3.7 GATO CAVE ..ttt ettt ettt ettt ettt b ettt ea et s bt et e s heeat e besheen e e beeatenbesaeetesbeeaten 41
7.3.8 &Y <4 o 1o YU T- T o SRR 43

7.4 Comparison With APLIS r€CHarge ...couviii ittt srae e s sarae e 45

8 CONCIUSION .ttt b et s b e et b e e h e et e s bt et e st e sbe e beebe et e bt eat e besbeebesbeeaten 47
O RETEINCES ..ttt ettt s h et b e e h et bt et e et e bt e bt bt et e bt ea s e be e bt e besbeeaten 48

10 AAPPENAIX. ot ettt ete ettt e et e et e e e ete e e tbeeeetbeeeeteeeetbeeebeeebaeeebeeebaeeabeeebaeeebeeataeearreesreeenns 52



KARMA - Application of lumped parameter modelling at KARMA test sites _

1 Introduction

Around 9% of the world’s population is dependent on karst water resources for drinking water
(Stevanovié¢, 2019). Understanding the functioning of these complex and heterogeneous systems is
therefore a major challenge for water resource management. Among many tools used is karst
hydrology, modelling is a key approach that helps to characterize the hydrological functioning of karst
systems and identify the principal processes that dominate their overall behaviour. Numerous
modelling approaches such as lumped, artificial neural network (ANN), and physical-based are used to
support the sustainable water resource management of karst aquifers (Jeannin et al., 2021).

Discharge modelling has been widely used in hydrology to gain insight into the functioning of
hydrosystems. The analysis of karst hydrological response through models is a powerful way of
developing knowledge of the internal processes. It can be used to look into the hydrological functioning
and structure of a system and identify the main processes and factors at stake. At catchment scale,
modelling can be used also to assess groundwater recharge and to estimate the dimensions of the
catchment.

This work aims to evaluate the characteristics of several Mediterranean karst systems through lumped-
parameter modelling, to better quantify groundwater recharge and karst storage from precipitation
and floodwater. Another objective is to make the link between the previous Task on the typology of
karst systems (4.1) and the structure of the models, to provide guidelines for helping in the design of
models and limit the choice of parameters.

This report is divided into five main sections:

. Section 2 introduces the lumped parameter modelling approach

. Section 3 presents the karst systems analyzed in the study

. Section 4 shows the dataset used for each site

o Section 5 presents the results of the snow module for 5 KARMA test sites

o Section 6 provides preliminary analyses on the precipitation-discharge relationship
o Section 7 presents the model structures, the modelling approach and the results

2 Lumped parameter modelling

The purpose of the lumped-parameter modelling approach is to gain insights into the functioning of a
karst system, in order to better respond to the problems of water management and preservation.

2.1  Principle

Lumped-parameter (or reservoir) models are a conceptual representation of a hydrosystem, which
involves the association of several reservoirs that are thought to be representative of the main
processes at stake. They are connected to each other through flow equations that turn an input signal
(precipitation and evapotranspiration) into an output signal (discharge at spring). Each reservoir is
described by a variable, its water height, and several parameters related to the flow equation that
translates the water height into a discharge (either linear or puissance laws). The parameters are
defined through calibration against observed data.

A lot of lumped-parameter models have been developed to study the relation between precipitation
and discharge in karst systems (Hartmann et al., 2014). They all differ in complexity regarding the
number of reservoirs and parameters, which have to be well-thought in order to preserve physical
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realism and limit equifinality on model parameters. Careful sensitivity analyses and uncertainty
assessment should be considered along with the results of the models to avoid over interpretations
(Refsgaard et al., 2007).

Lumped-parameter models can be seen as a trade-off between simulation performance and insight
into the functioning of a system. This approach is well suited to karst systems as there is a high
heterogeneity and usually little knowledge of system structure (Fleury et al., 2009; Hartmann et al.,
2012).

2.2  The KarstMod platform

2.2.1  Description

KarstMod is an adjustable modelling platform that provides a modular, user-friendly interface for
simulating spring discharge at karst outlets and analysing the hydrodynamic functioning of the
different compartments considered in the model (Mazzilli et al., 2019). The general structure of the
KarstMod model is based on the following conceptual model of a karst aquifer (Mazzilli et al., 2019):

. The infiltration zone (soil and epikarst) drains water from the surface through a vertical
network of fissures and conduits. Storage of water may occur in the unsaturated zone, as well
as local saturation;

. The saturated zone comprises a dual porosity functioning, with a network of high permeability
fractures and conduits, and a low permeability matrix with a high storage capacity.

The model structure can go up to four reservoirs (Figure 1) with one on the upper level that translates
the processes occurring in the soil and epikarst zone, and three on the lower level that may be
connected with the former and correspond to the infiltration and/or saturated zones. The discharge
can be simulated with (i) several linear and non-linear water level — discharge laws, (ii) a hysteretic
water level — discharge function for reproducing the hysteretic functioning observed on the wet-dry
cycles in the unsaturated zone (Lehmann et al., 1998; Tritz et al., 2011), and (iii) an exchange function
that aims to reproduce the interactions between matrix and conduits.
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Figure 1: Structuration of the KarstMod platform (Mazzilli et al., 2019).

More details about the balance equations, the parameters involved and the KarstMod platform in
general can be found in (Mazzilli et al., 2019) or in the KarstMod User Guide (Mazzilli and Bertin, 2019).

2.2.2 Input data and workflow

The model requires rainfall, evapotranspiration and observed discharge time series over the period of
concern. Pumped discharge time series can be provided and associated to a specific compartment (L,
M, C) or to the discharge before the outlet (S). Piezometric level time series can be used for calibration
and validation. A basic spline interpolation can be realised on the discharge dataset to fill eventual
gaps in the time series.

The user has to define the performance measure (detailed in next section 2.2.3) and the periods of
warm-up, calibration and validation. The warm-up period needs to be long enough for the model to
adjust and reach an optimal state. The calibration period is the period over which the parameters offer
the best results according to the performance measure. The validation period is to evaluate the
relevance of the parameters on a time interval that is not used for calibration purpose.

2.2.3  Performance criteria

Four performance criteria are proposed in the KarstMod model to evaluate the results of the
simulation:

. The Nash-Sutcliffe Efficiency coefficient NSE (Nash and Sutcliffe, 1970), which is based on the
sum of the squared errors. This criterion tends to favour the high discharges due to the
quadratic nature of the equation;
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Z(Qs - Qobs)2
Z(Qobs - %)2

NSE =1-—

o The Volumetric Efficiency VE (Hogue et al., 2006), which is the measure of the bias between
simulated and observed discharges;

Z |Qs - Qobsl

VE =1-
ZQobs

o The modified Balance Error BE (Perrin et al., 2001), which involves to compare the simulated
and observed discharge regarding the mass balance of the considered period. It is usually
associated with another criterion;

Z Qs - Z Qobs

BE =1 —
ZQobs

e  TheKling Gupta Efficiency KGE (Gupta et al., 2009), which is based on the NSE and aims to limit
some of its bias in a more balanced way.

KGE =1—(r— 12+ (a—1)2+ (8 —1)2

With Qg and Q,,s the simulated and observed discharges (or the equivalent piezometric level), r is the
Pearson correlation coefficient between the simulated and observed discharge, f is the ratio between
the mean simulated and mean observed discharge and « is the ratio between the simulated and
observed flow variance. Applied to discharge modelling, the three components help to evaluate
distinct errors between simulated and observed discharges: (i) 1 is related to shape and timing (Santos
et al., 2018); (ii) § focuses on the difference in discharged volumes; and (iii) a looks at the flow
variability.

The criteria can range from —oo to 1. A performance criterion of 1 for NSE, VE or KGE means a perfect
match between simulated and observed discharge, while for BE it means that the volume of water at
the total volume discharged at the outlet is equal for simulated and observed time series.

KarstMod platform allows to associate until 2 of these criteria, with a ponderation factor as well as the
possibility to apply the criteria above or below user-defined threshold.

2.3  Snow routine: implementation to KarstMod as an external module

The account of snow accumulation and melt in hydrological modelling can greatly enhance the results
of the models, especially for regions where the snow volume is significant. Chen et al. (2018)
successfully simulated spring discharge of a mountainous karst system heavily influenced by snow
accumulation and melt. They applied a modified version of the HBV snow routine Bergstrom (1992)
proposed by Hock (1999). We used this snow routine as an external KarstMod module (i.e. without
intern calibration), but we consider to further implement the module into the KarstMod platform for
directly calibrating the parameters of the snow routine.

This snow routine simulates snow accumulation and melt over different sub-catchments defined based
on altitude ranges. The input data consist in three time series (temperature, precipitation and potential
clear-sky solar radiation) and five parameters (temperature threshold, melt coefficient, refreezing
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coefficient, radiation coefficient and water holding capacity of snow). The potential clear sky solar
radiation time series and radiation coefficient are only used when working at an hourly time scale to
simulate a more refined snowmelt by considering sun exposure. We manually calibrated temperature
threshold, melt coefficient and radiation coefficient.

Temperature

+

Clear-sky solar radiation

-+

Precipitation

—_——— o — o — — — —

Separation

Snow melt

Snowpack

| 1 Snow routine

I:I Time series
1 Input

Internal
Output

Figure 2: Snow routine workflow.

Temporal redistribution of
precipitation

The workflow is presented in Figure 2. The precipitation is considered as snow when the air
temperature is lower than the temperature threshold. Snowmelt starts with the temperature above
the threshold according to a degree-day expression, where snowmelt is function of the melt
coefficient, the solar radiation and the degrees above the threshold. Runoff starts when the liquid
water holding capacity of snow is exceeded. The refreezing coefficient is for refreezing liquid water in
the snow if snow melt is interrupted (Bergstrom, 1992). The output of the snow routine is a

redistributed precipitation time series.
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3 Description of the test sites

" Carbonate outcrops
KARMA test site

@ Lez

@ Aubach

@ Vacelliera
Qachqouch

@ Unica

@ Canamero

© Gato Cave

Figure 3: Localisation of the KARMA test sites (delimitation of carbonate outcrops after Chen et al.
(2017)).

The Table 1 and Figure 3 display an overview of the main characteristics of the KARMA test sites (Figure
3).

Table 1: Summary of the main characteristics of the KARMA test sites.

Country Spring K(‘jp[_)e_n-(”;.eiger climate Catchment _ Mean Mear_1 allnn.ual
classification area discharge precipitation

km? mé.s?t mm

France Lez" Csa 130 0.91 904
Germany/Austria  Aubach Dfc 9 0.91 2089
Italy Vacelliera  Dfb/Dfc 13 0.06 1491
Lebanon Qachgouch Csa 56 2.01 1258
Slovenia Unica Dfb >820 21.97 1505
Spain Canamero  Csa NA 0.92 900
Spain Gato Cave Csa NA 1.50 1852
Tunisia Zaghouan  Csa/BSk 19 0.10 500

“Discharge under anthropogenic forcing. The mean total discharge including water abstraction is about 2 m3.s™.
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Five of the test sites are located on the Mediterranean area (Lez, Qachgouch, Canamero, Gato Cave
and Zaghouan) with a temperate climate, dry and hot summer (Csa) according to Képpen-Geiger
classification (Peel et al., 2007). The three other sites (Aubach, Vacelliera and Unica) are located in
mountainous regions in inland areas with continental climate and no dry season. Aubach system is
classified with cold summer (Dfc), Unica is classified with warm summer (Dfb) whereas Vacelliera is
classified as a mix of Dfb and Dfc.

3.1 France

The Lez spring catchment is located 15 km north of Montpellier (France). It is located between the
Hérault and Virdoule river valleys. The maximum extent of the hydrogeological basin which feeds the
Lez spring is estimated to be about 380 km?, on the basis of the area affected by regional drawdown
resulting from continuous pumping at the karst spring (Thiéry and Bérard, 1983). The lithology of the
Lez karst system corresponds to massive limestone of the Upper Jurassic (Argovian to Kimmeridgian)
and of the lower part of the Early Cretaceous (Berriasian), with 650 to 1000 m thickness (Avias, 1995).
The marls and marly-limestone of the Middle Jurassic (Oxfordian) constitute the lower boundary of
the aquifer. The marls and marly-limestone of the Early Cretaceous (respectively Lower and Upper
Valanginian) constitute the upper boundary of the aquifer (Mazzilli, 2011). The major tectonic events
that influenced the Lez aquifer were: the Hercynian/Variscan orogeny, the Pyrenees formation, and
the opening of the Lion Golf (Avias, 1995).

As a large part of the hydrogeological catchment is relatively impermeable, due to the presence of
marls and marly-limestones of the Valanginian, the effective Lez spring recharge area covers about 130
km? only (Fleury et al., 2009), which corresponds to the Jurassic limestone outcrops located at the
western and northern limits of the basin. Localized infiltration occurs through fractures and sinkholes
along the basin and through the major geologic fault of Corconne-Les Matelles, in the northern part of
the basin. A certain number of fractures are also known to appear only just upstream from the Lez
spring. The Lez catchment is exposed to a Mediterranean climate, which is characterized by hot, dry
summers, mild winters and wet autumns. Analyses by the Meteo France show that on average 40% of
the annual precipitation occurs between September and November with a high variability across years
(Bicalho et al., 2012). The average annual rainfall rate for the 1945-2019 period is 916 mm based on a
weighted average of four rainfall stations located on the Lez basin.

The Lez system is under anthropogenic pressure (i.e. aquifer exploitation for water supply) with
pumping performed directly within the karst conduit. The discharge is measured at the spring pool and
is regularly null during low water periods, when the pumping rate exceeds the natural spring discharge.

3.2  Germany

Aubach spring is located within the Hochifen-Gottesacker area at the border between Germany and
Austria (northern Alps). The system is part of a bigger catchment of about 35 km? with an altitude that
varies between 1000 m and 2230 m above sea level (Chen et al., 2018), which is highly concerned with
snow accumulation and melt. The Gottesacker catchment can be divided into karst and non-karst
areas, with highly karstified Schrattenkalk limestone formations on the northern part and
impermeable sedimentary rocks of the Flysch zone in the southern part, which connect through the
Schwarzwasser valley (Goldscheider, 2005). The Aubach spring is thus influenced by several temporary
springs that occur upstream and by inflow from the Flysch area where the surface runoff may sink into
an estavelle and connect via an underground connection during low flow periods.
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The meteorological data come from three stations that are located outside of the catchment at a lower
altitude. The mean annual precipitation is 1836 mm with snow accumulation occurring generally
between November and May (Chen et al., 2018). The estimation is slightly lower than the one of the
current dataset due to the consideration of a different time period (2012-2020 for our study).

3.3 ltaly

The Gran Sasso hydrostructure is a calcareous-karstic aquifer system containing one basal regional
aquifer of more than 700 km? of total extension of carbonate outcrops. The main springs have been
organized into six groups based on groundwater flow and hydrochemical characteristics, as illustrated
in (Figure 4). The aquifer has a total discharge of more than 18 m3/s from its springs (Amoruso et al.,
2013), including a highway tunnel drainage tapped for drinking water on both sides.

13°13’ 13°63"
] S
) 0 5km ¥
S IS &« |-
N
B
.
s
+ P
7
S &Y
§ 6 &« 8
& ]
13°13’

Figure 4: Gran Sasso hydrogeological outline. 1: aquitard (continental detrital units of intramontane
basins, Quaternary); 2: aquiclude (terrigenous turbidites, Mio-Pliocene); 3: aquifer (calcareous
sequences of platform Meso-Cenozoic); 4: low permeability substratum (dolomite, upper Triassic); 5:
thrust; 6: extensional fault; 7: main spring: AS: Assergi drainage; RU: Ruzzo drainage; VA: Vacelliera
spring: TS: Tirino springs; symbols refer to the six spring groups identified in Barbieri et al. (2005); 8:
linear spring; 9: springs belonging to a nearby aquifer; 10: INFN underground laboratories; 11:
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meteorological station (IS: Isola Gran Sasso, CC: Carapelle Calvisio); 12: presumed water table in m asl;
13: main groundwater flow path; 14: highway tunnels drainage (after Amoruso et al., 2013).

The spring taken into account for the application of lumped parameter modelling, is the Vacelliera Alta
spring, being part of the Vacelliera spring group. The entire group is located on the northern side of
the Gran Sasso aquifer. It is considered as representative of the overflow of the aquifer along the no-
flow regional thrust of the Gran Sasso. The Vacelliera spring is fed by shallow water flow that overlaps
the groundwater coming from the regional baseflow. The latter comes out at the tectonic contact
between the Meso-Cenozoic limestone complex and the Miocene terrigenous complex (Petaccia and
Rusi, 2008). The mean discharge of the total Vacelliera spring group, completely tapped by the Ruzzo
aqueduct for drinking water purposes, is about 0.168 m3/s, with a significant variability with seasons
and years.

The Vacelliera Alta spring is located about 1018 m a.s.l. and it is fed by a hydrogeological basin of about
1.30 km? with an average discharge of 0.053 m3/s measured in the period between 2000 and 2020
(Figure 5). The catchment area has been defined basing on geological setting and annual water
balance. Moreover, its altitude varies between 1200 m and 2300 m above sea level. Hydrographs of
the Vacelliera Alta spring shows a gradual increase due to seasonal recharge in the wintertime, typical
of Apennine springs fed by the regional aquifer. Seasonal recharge is in fact mainly due to snowmelt
that plays a significant role on aquifer recharge and consequently of spring feeding. The catchment
area is affected mainly by snowfall during winter and fall time (Jan- Apr and Nov-Dic). The climatic
station of Campo Imperatore has been considered to define meteoric events such as snow and rain. It
is located in the central region of the ridge at 2152 m a.s.l.. The obtained recharge of the catchment
area of Vacelliera Alta spring is influenced by the rainfall (1110 mm/y) and by the melting of the
snowpack (the data has been converted from cm of snow to mm of rainfall of about 265.66 mm/y) for
a total average recharge over a long period (2000-2020) of about 1376 mm/y.
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Figure 5: Position and catchment area (with brown border) of the Vacelliera Alta spring and the related
hydrogeological complexes.

34 Lebanon

Qachgouch spring is located within the Nahr el-Kalb catchment and originates from the Jurassic karst
aquifer at about 64 m above sea level. The recharge area is estimated of approximately 56 km? with
an elevation ranging between 60 to more than 1500 meters above sea level (Dubois et al., 2020).
During low flow periods, the spring is used to complement the water deficit in the capital city Beirut
and surrounding areas. The total yearly precipitation is estimated from two stations to about 950-1500
mm on average, with a limited snow accumulation.

The lithology of the surface water and groundwater catchments mostly consists of Jurassic karstified
limestone and dolomitic limestone (in the higher plateaus) grading into more massive micritic
limestone in the lower portion of the catchment. Formations of middle cretaceous age are exposed on
the upper parts of the catchment. The Qachqouch system is characterized by a duality of flow in a low
permeability matrix and high permeability conduit system (Dubois, 2017). The elongated shape of the
catchment may influence the hydrological response depending on the location of the precipitation.

35 Slovenia

The catchment of the Unica springs, which recharge a typical karst polje, is a complex binary karst
system with a recharge area estimated to be about 820 km?. It is subdivided into three subcatchments
(Gabrovsek et al., 2010), with prevailing (i) allogenic infiltration from two subcatchments drained by
sinking rivers that cross a chain of karst poljes and a river valley, and (ii) autogenic infiltration through
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a karst plateau with highly karstified limestone (Gabrovsek et al., 2010; Kovaci¢, 2010; Petric, 2010).
The poljes follow each other in a downward series and are connected in a common hydrological
system. Being characterized by a surface river network and frequent flooding, this induces a very
particular response at the Unica springs with very high hydrological variability (by many orders of
magnitude), as well as delayed and prolonged high-flow values (Mayaud et al., 2019). In the past 60
years, there has been a slight increase in forest cover but a sudden large-scale forest disturbance (ice
breakage, bark beetle infestation, windthrow) occurred in the period 2014-2018. This significant
change in land cover induced increases in effective precipitation (less canopy infiltration and
evapotranspiration) and observed discharge of the Unica River (Kovacic et al., 2020).

Unica river is fed by two springs and several temporary springs. The mean joint discharges is 21 m3.s-
1linthe period 1989-2018 with average annual precipitation estimated at 1505 mm for Cerknica station
(Kovacic et al., 2020). Unica spring discharge exhibit slow and rapid flow components as well as matrix-
conduits exchanges. The low water periods are sustained by flows from the karstified limestone area,
which has a significant groundwater storage (Gabrovsek et al., 2010). The soil over the catchment is
between 0 and 30 cm on the karstified limestone but thicker on the dolomites and flyschs of the
allogenic subcatchments. A part of the discharge is lost due to underground bifurcation (Kogovsek et
al., 1999).

3.6  Spain

3.6.1 Canamero

Canamero spring is part of the Sierras of Merinos-Colorado-Carrasco karst systems. Jurassic limestones
cover a large area in the test site and these lithologies are represented on surface, as karst exposures,
or in depth, as buried aquifer segments. Dolomitic rocks, which comprise the lower levels of the
Jurassic aquifers, can reach higher positions in the lithological sequence, and even appear on surface.
Gypsum bearing formations (Triassic clays with gypsum), whose thickness is still imprecise, constitute
the lower limit of the main aquifers and can uplift through faults. The drainage of the aquifer occur
through multiple springs and a groundwater transference toward the porous aquifer of the Ronda
basin. The mean annual precipitation is about 733 mm (Barbera, 2014).

3.6.2 Gato Cave

Gato Cave spring is part of the Sierra de Libar karst system, which has an area of 103 km? and two
other major outlets (Andreo et al., 2006). The site is mainly represented by Jurassic dolomites and
limestones, and Cretaceous marls and marly limestones (Algarra, 1987). There are well-developed
karst features such as karrenfields, vertical shafts and cave systems. Several poljes are present in the
synclines on the Cretaceous marls outcrops, which generate surface flow during rainfall. Soil is absent
on limestone and dolomite outcrops, and present on marls outcrops. The mean annual precipitation is
over 1500 mm (Andreo et al., 2006).

3.7 Tunisia

The Zaghouan massif extends from the East-west extension valley of the Rmal wadi in the north, to the
transversal syncline of Loukanda. The Zaghouan anticline is mainly constituted by Jurassic limestone
and is characterized by the presence of southern and transverse faults that have created individualized
blocks. The region of Zaghouan is characterized by an upper semi-arid to subhumid climate with an



KARMA - Application of lumped parameter modelling at KARMA test sites

average annual rainfall of 467 mm presenting heterogeneous spatial distribution and a large time
fluctuation (from 245 mm to 625 mm).

Djebel Zaghouan aquifer is one of the most important water resources of good quality in the region
and is currently exploited for water supply via several boreholes.

4 Input data

The data used for modelling is presented in Table 2. We worked with observed discharge (Q),
precipitation (P) and evapotranspiration (either AET when available or PET) time series on each site at
the more refined time-step available, which is daily for Lez, Vacelliera, Qachqouch, Unica, Canamero,
Gato Cave and Zaghouan, and hourly for Aubach. The length of the observations varies from 2 to 58
years. The Lez dataset is provided with an actual evapotranspiration time series, as well as a pumped
discharge and piezometry time series that were considered in the modelling process.

We handled missing values in the different time series as follows: (i) temperature gaps have been
interpolated linearly, (ii) precipitation and ET gaps have been considered equal to 0, and (iii) discharge
gaps have been interpolated with a Lagrange polynomial function. Maximum observed gaps are
detailed in Table 2. Note that on Lez system, we observed maximum gaps of 17 and 16 days for pumped
discharge and piezometric level, respectively.

Table 2: Details on meteorological and hydrological input data and characteristics of the time series.

Length of the observations Maximum gap

Country System Data considered Timestep (year) (days)

P T Q ET

Q, P, AET, Qpump,

France Lez 7 Daily 10 (2008-2018) 0 2 7 0
Germany/Austria  Aubach Q,P,PET Hourly 8(2012-2020) 0 O 0 0
Italy Vacelliera Q,P,PET Daily 3(2017-2020) 3 4 6 0
Lebanon Qachqouch Q,P,PET Daily 5(2015-2020) 0 O 11 0
Slovenia Unica Q, P, PET Daily 58 (1961-2018) 0 1 0 29
Spain Canamero  Q,P,PET Daily 3(2007-2010) 0 O 34 0
Spain Gato Cave Q,P,PET Daily 52 (1963-2015) 0 O 0 0
Tunisia Zaghouan  Q,P,PET Daily 2(1915-1917) 0 / 0 0

5 Estimation of the snow component

The snow routine was applied on systems with either occasional snow episodes (Lez, Qachqouch) or
significant snow coverage (Aubach, Vacelliera, Unica). It was not possible to apply the snow routine on
Zaghouan system due to the lack of temperature data, although the snow influence of the hydrological
functioning is thought to be significant. The snow accumulation was considered negligible on the Gato
Cave and Canamero catchment.
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Figure 6: Distribution of snow accumulation and rain calculated within the snow module.

Snow accumulation represent about 1.9%, 42.6%, 33.8%, 3.2%, and 12.8% of the total precipitation on
the studied period for the Lez, Aubach, Vacelliera, Qachqouch and Unica systems, respectively (Figure
6). Snow occurs in the winter months (November to April) on all sites. Significant snowfall events were
recorded at Lez, Aubach, Vacelliera, Qachgouch and Unica sites with a maximum 3 consecutive day
snow accumulation of 40 mm, 125.7 mm, 74.3 mm, 30.5 mm and 126.1 mm, respectively.

6 Systemic analysis of rainfall-discharge relationship

6.1 Results of the classification

Classification is a first-line tool for understanding the main characteristics of a natural system’s
response. We evaluated the functioning of the systems over the periods of concern according to the
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classification initially proposed in Deliverable 4.1, which has been revised in Cinkus et al. (2021,
submitted). The classification is based on recession curves analysis and consists in 6 different classes.
Karst systems functioning are differentiated with three indicators through their capacity of dynamic
storage (Kqx), the draining dynamic of their capacitive function (;,04,) and the variability of their
hydrological response (IR). We performed (i) correlational and spectral analyses to evaluate the
regulation time (RT), which gives insight into the global inertia of a system; and (ii) analysis of classified
discharges, to assess the presence or absence of major specific functioning.

Six of eight systems (Lez, Aubach, Qachqouch, Unica, Canamero and Gato Cave) have a low dynamic
storage and a fast draining of the capacitive function, which indicates a large degree of karstification.

Lez (Appendix 1) and Aubach (Appendix 2) are classified C2 with a very fast draining of the capacitive
function, which correspond to a highly reactive functioning. In the case of the Lez system, the indicator
is probably biased by the continuous pumping into the saturated zone of the aquifer. According to
Mangin’s interpretation grid of classified discharges (Mangin, 1971), the absence of bending points on
the curve indicates a homogeneous functioning regardless of the hydrological conditions. This result is
not consistent with the current knowledge of the overflow Lirou spring. For Aubach, there are no
evident bending points on the curve of classified discharges. However, the continuous curvature could
be related to the activation of overflow outlets, to flows outside the system, or a temporary storage
of water (which are detailed in Chen and Goldscheider (2014)).

Qachgouch (Appendix 4) and Unica (Appendix 5) are classified C3 with a high variability of the
hydrological functioning, which indicates a relation between the hydrological response and the
saturation state of the system. For Qachqouch, the dampened response in wet periods may be due to
the elongated shape of the catchment, which contributes to the filtration and the slow restitution of
the precipitation at the spring. The small bending point at 5 m3/s could be related to the activation
of an overflow outlet, to flows outside the system, or a temporary storage of water. For Unica, the
dampened response may be due to the extraordinary size and complexity of the system with autogenic
and allogenic recharge. The continuous draining and flooding of the multiple poljes maintain high
water levels in the aquifer system. The values above the bending point on the curve of classified
discharges at 85.5 m3/s! refer to rather sporadic and exceptional flood events (Ravbar et al., 2021).
Then the polje fed by the springs is completely flooded and the conditions consequently present
accurate measurements of the flow values.

Canamero (Appendix 6) and Gato Cave (Appendix 7) are classified C4 with a low variability of the
hydrological response. The springs’ responses are quite steady, regardless of the saturation state of
the system. For Canamero, the bending point at 3.5 m3/s may be due to the activation of an overflow
outlet, a discharge to another system, or a temporary storage of water, but it is not excluded that it
can be related to uncertainties on ungauged discharges. For Gato Cave, there are no bending points
on the curve of classified discharges, which indicates that there is no major specific functioning on the
system.

Vacelliera (Appendix 3) and Zaghouan (Appendix 8) are classified C6 with a very high capacity of
dynamic storage, a very slow draining of the capacitive function, and a very low variability of the
hydrological response. These characteristics are typical of little or no karstified systems with a high
capacity to filter the precipitation signal and a consistent hydrological functioning. For Vacelliera and
Zaghouan, the respective bending points at 0.06 m3/s? and 0.09 m3/s? could be related to the
activation of an overflow outlet, to flows outside the system, or a temporary storage of water.
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6.2  Statistical analysis of precipitation and discharge

We first performed a qualitative description of monthly mean interannual discharge against monthly
mean interannual redistributed precipitation (Figure 7). The shape of the redistributed precipitation
time series fits well with the shape of changes in discharge, especially for Aubach, Vacelliera and Unica
where the snow influence is significant. Their hydrological regimes are characterized by floods
occurring in the spring due to snow melt and in autumn due to precipitation. The hydrological regimes
of Lez, Qachqouch, Canamero and Gato Cave systems are characterized by floods in winter and spring,
and low flow periods in summer. The dry period is much more pronounced on the Qachqgouch system
(June-November) than the two others. The shift between discharge and precipitation on Zaghouan
system (January/April) may be explained by the non-consideration of the snow influence on the
catchment.

Lez Aubach Vacelliera Qachqgouch Unica Canamero Gato Cave Zaghouan
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Figure 7: Interannual monthly statistical analyses of precipitation and discharge.

Second, we performed cross correlational analyses between (redistributed) precipitation and
discharge on each site (Figure 8). Cross correlational analyses are time series analyses that are used to
study the relation between two signals. The principle is to examine the transformation of the input
signal into an output signal (Padilla and Pulido-Bosch, 1995). The maximum value of the cross-
correlation coefficient gives insight into the system capacity of filtration of the precipitation signal. The
decrease of the cross-correlation coefficient with time is related to the emptying of the aquifer. The
response time, which corresponds to the time lag for the maximum value of the cross-correlation
coefficient, is related to the dynamics of the functioning of the system.
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Figure 8: Cross correlation analyses of precipitation and discharge.

The cross-correlation functions of Lez, Aubach, Qachqouch, Unica and Gato Cave are characterized by
a sharp peak followed by a quick decrease during 10 to 20 days. It indicates a good transmissivity of
the water into conduits, likely associated with an efficient connectivity. The low response times (about
to 1 day for Aubach, Qachqouch, Unica, and 2 days for Lez and Gato Cave) highlight a fast transfer of
the quick component through the system, especially for Aubach, Qachqouch and Unica, which may
have an hourly response time that cannot be caught at daily timescale (n.b. we performed the analysis
at a daily time scale on Aubach spring for the comparison with the other test sites). The high peak
values of the cross-correlation function for Aubach, Qachgouch and Gato Cave (0.63, 0.66 and 0.52,
respectively) indicate a very low filtration of the precipitation signal in the first few days. The cross-
correlation functions of Lez, Qachqouch, Unica and Gato Cave are also characterized by slower
decrease from 30, 20, 40, and 20 days respectively. It may translate a slow filtration of a part of the
precipitation in the capacitive function of these systems, especially for Qachqouch and Gato Cave. For
the Lez system, this slow decrease may be biased by the consecutive null values during summer when
the spring dries out. The cross-correlation function of Qachqouch is characterized by several peaks
every 5-10 days, which can be either related to the elongated shape of the catchment or due to noise
in the signals.

The signals of Vacelliera, Canamero and Zaghouan do not exhibit a quick decrease in the first days after
a precipitation input, but only a slow decrease through all the hydrological response. It can be
explained by a much less karstified, even close to mainly fractured, system for Vacelliera and Zaghouan
systems. The response time of Canamero is between 4 and 12 days and may indicate a good capacity
of filtration of the precipitation signal in the system. The response times of Vacelliera and Zaghouan
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are greater than 20 days and the correlation coefficients are rather low compared to the other sites,
which confirm the inertial functioning of those systems. Similarly, as the statistical analyses of
precipitation and discharge (section 6.2), the non-consideration of the snow influence on Zaghouan
catchment likely induces a bias in the cross-correlational analysis.

The results of the cross-correlation analyses are mainly consistent with those of the classification
(section 6.1), except for Lez and Gato Cave. Aubach (C2) is highly reactive with a fast draining of the
system. Lez (C2) is reactive but does not exhibit a fast draining, which may be due to the continuous
pumping into the saturated zone that influences the result of the classification. Qachqouch and Unica
(C3) are both highly reactive but have a significant slow component, which is consistent with the high
variability of the hydrological functioning described by the class. Canamero (C4) has no highly reactive
functioning but a significant slow component, thus corresponding to the low variability of hydrological
functioning of the class. On the other hand, Gato Cave (C4) seems to be more reactive but still has a
considerable slow component. Gato Cave is very close to the threshold of the C3 class (3%), which
would indicate a medium variability of the hydrological functioning. Vacelliera and Zaghouan (C6) are
both very inertial with low variability of the hydrological functioning.

7 Precipitation-Discharge modelling

7.1 Model structure

We first approached the structure of the model with the help of expert knowledge from previous
studies and preliminary analyses of precipitation and discharge. For each site, we looked into the major
features that drive the functioning of the system and we associated the corresponding conceptual
modelling (Table 3). We then modified this base structure according to modelling performance while
trying to keep physical realism.

Table 3: Known system feature on each system based on previous expert knowledge and preliminary
analyses of precipitation and discharge.

Known system feature Conceptual modelling

Fast response with a network of conduits  Reservoir C with fast transfer function

Low porosity matrix Reservoir M with slow transfer function
Matrix-conduits exchanges Exchange function between M & C reservoirs
Overflow springs Transfer function outside of the model
Hysteresis functioning Hysteresis transfer function to C or S reservoirs

Figure 9 presents the most efficient model structure that we obtained after performing modelling. The
structure are based on (i) modelling performance, (ii) current knowledge of the system, and (iii) results
from the preliminary analyses of discharge and precipitation.

Lez spring (Figure 9a) discharge exhibit slow and rapid flow components as well as matrix-conduits
exchanges. The soil over the catchment is very shallow thus we considered a low soil available water
capacity. The discharge lost during activation of overflow springs was simulated with a function that
transfers water outside of the model. Aubach system (Figure 9b) exhibit a very reactive response and
a part of the discharge is lost through several overflow springs. The soil is very shallow so we did not
consider a soil available water capacity. Vacelliera and Zaghouan systems (Figure 9c and 9h)
hydrological functioning are not well known so model structure proposal is mainly based of the
preliminary analyses. They both showed a very inertial functioning that indicates slow transfer through
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the system. Qachqouch spring (Figure 9d) discharge exhibit slow and rapid flow components as well as
matrix-conduits exchanges. We considered a direct transfer function (Qeso) as the system has many
different response times. Unica (Figure 9e) is a large and complex system that exhibit slow and rapid
flow components, matrix-conduits exchanges, as well as hysteresis functioning. It also has overflow
springs and is under influence of polje flooding during wet periods. However, we only retain a very
simple structure with a slow compartment and a overflow direct transfer function. Canamero and Gato
Cave systems (Figure 9f and 9g) have a similar model structure with slow and rapid flow components.
The only differences are that we considered an overflow component for Canamero, and a low soil
available water capacity for Gato cave.
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Figure 9: Most efficient model structures for each test site.

There is an interesting similarity between the classification of the system (section 6.1) and the model
structure.

Qachgouch and Unica system are both classified C3 and have an overflow direct transfer function
(Qeso). This fast flow component may be necessary to reproduce the highly reactive responses in some
specific conditions, in relation to the identified high variability of hydrological functioning.

Canamero and Gato Cave are both classified C4 and have a standard model structure with a fast and
slow component. As the systems are located in the same area, the similar hydrological functioning may
be explained by similar lithology and karstification processes that occurred in the past.

Vacelliera and Zaghouan systems are both classified C6 and have a model structure with only a slow
component. The C6 class contains karst systems with a very inertial and steady hydrological
functioning, which is consistent with the retained structure that only allows slow flows through the M
reservoir.

There is no evident relation between Lez and Aubach systems, even though they are both classified
C2. It may be due to the anthropogenic influence on the Lez that necessarily impacts the hydrological
functioning of the system. In fact, we can imagine that without pumping, the Lez system would have a
more dampened response, resulting in a slower draining of the capacitive function (and lower a;;;eqn)-
This would result in a C4 classification and the model structure would be consistent with those of
Canamero (C4) and Gato Cave (C4) that is the standard slow and fast- components.
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7.2

Modelling approach

Table 4 depicts the time intervals of the calibration and validation period for each site, associated with
overview analyses: daily mean discharge (Q,,eqn), @annual redistributed precipitation (rP,,,, calculated
from daily mean precipitation multiplied by 365) and daily mean evapotranspiration (E T, eqn,)- The last
column gives details about the objective function and the performance criteria that were used for the
calibration of the model.

Table 4: Time intervals of the calibration and validation periods with (i) associated statistical analyses
on discharge, redistributed precipitation and evapotranspiration; and (ii) objective function. Q stands
for discharge and Z for piezometry.

System Calibration period Validation period Objective function
From To From To
Period 2008-10-21 | 2016-12-31 | 2017-01-01 | 2018-12-30
0.5NSE(Q)+0.5NSE(Z)
Qmean (m3.s’1) 0.87 1.05
Lez
rPan (Mm) 943 891 * NSE for Q >0 més?
ETmean (Mm) 1.23 1.18 *NSE forZ<64.5m
Period 2014-04-18 | 2019-12-31 | 2020-01-01 | 2020-10-31
Qmean (m3.S'1) 0.88 1.15
Aubach NSE(Q)
rPan (Mmm) 2061 2562
ETmean (Mm) 12 1.44
Period 2018-06-13 | 2020-03-24 | 2020-03-25 | 2020-09-21
Qmean (m3.5’1) 0.06 0.04
Vacelliera NSE(Q)
rPan (Mm) 1342 1088
ETmean (Mm) 1.12 2.06
Period 2015-09-06 | 2019-09-30 | 2019-10-01 | 2020-01-22
Qmean (m3.s’1) 1.94 2.83
Qachqouch NSE(Q)
rPan (Mm) 1189 2501
ETmean (MM) 1.12 0.95
Period 1961-01-02 | 2016-09-28 | 2016-09-29 | 2018-12-31
Qmean (M3.52) 21.85 2491
Unica NSE(Q)
rPan (Mm) 1604 1639
ETmean (MM) 2.04 2.23
Period 2008-02-15 | 2009-08-18 | 2009-08-19 | 2010-05-13
Qnmean (m3.5'1) 0.63 171
Canamero NSE(Q)
Pan (Mm) 715 1628
ETmean (mm) 4.12 3.61
Gato Cave  Period 1963-10-02 | 2011-09-03 | 2011-09-04 | 2015-04-29 NSE(Q)
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System Calibration period Validation period Objective function
From To From To
Qmean (M3.5) 1.48 1.79
Pan (mm) 1855 2091
ETmean (Mm) 2.98 2.95
Period 1915-07-20 | 1917-03-11 | 1917-03-12 | 1918-01-01
Qmean (M3.s7) 0.1 0.11
Zaghouan NSE(Q)
Pan (mm) 547 372
ETmean (Mm) 2.36 2.96

The validation period of Aubach, Qachqouch, Unica, Canamero and Gato Cave systems seems to be
wetter than the calibration period, especially for Qachqouch and Canamero where the precipitation
are estimated to be twice as much. On the other hand, the Lez, Vacelliera and Zaghouan systems had
dryer meteorological regime on the validation period than the calibration period.

All systems except Vacelliera have increases in mean discharge in the validation period. Lez and
Zaghouan system show this increase despite a lower annual redistributed precipitation. It can be
related to the intra-annual distribution of the precipitation that is not fully caught with the calculation
method of rP,,,. The changes in discharge range from 10% to 171%. The evapotranspiration is higher
during the validation period for Aubach, Vacelliera, Unica and Zaghouan systems, and is lower or equal
for the other systems.

The calibration of the models was realized with the Nash-Sutcliffe Efficiency coefficient for all systems.
For the Lez, we used a composite function of NSE over spring discharge and piezometry to consider
the hydrological functioning in its totality. We calibrated the model over observed discharge when the
discharge is greater than 0 m3/s’* and over piezometry when the spring is dry.

The results of the models were evaluated on validation periods that range between 4 and 44 months,
depending on the length of the entire time series. We used 8 performance criteria to assess the
performance of the models: NSE over (i) all discharges, (ii) low discharges, (iii) medium discharges, and
(iv) high discharges; the 3 components of KGE (r, § and «); and BE. The high discharges threshold
corresponds to the 0.9 quantile of the observed discharges and the low discharges threshold is equal
to 0.4 time the mean of observed discharge.

We calculated a modified NSE criterion according to Mathevet et al. (2009). They proposed a bounded
version of NSE that allows an easier comparison between different sites as well as different discharge
states. The lower bound of the C2M criterion is equal to -1, thus allowing a better comparison of the
results when very low performances occur, which can heavily influence comparisons in terms of mean
NSE values.

— NSE
M ™ 9 _ NSE

The Cym criterion is less optimistic than NSE (Figure 10) for values greater than 0.
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Figure 10: Relation between NSE and Cywm criteria (Mathevet et al., 2009).

7.3  Modelling results

731 Lez

The simulated discharges and piezometry are presented in Figure 11 for the calibration period, and in
Figure 12 for the validation period. On the two periods, the results of the models are assessed with
several performance criteria (Figure 13).

3
T £
100-%%
55
"3 | | \
D5
0 o g_ |..|l |.| || Ll ||\.h| I I‘l.l L .‘ l‘| |||. |.‘ l. |J ‘I |1L L |. J.ll el |\ ||l|“l |M.] ||]l| III.
»
o)
101 £
<)
L8 . u
70{ £
=
601 2
[»]
501 W
a ) |
40+

2009-01 2010-01 2011-01 2012-01 2013-01 2014-01 2015-01 2016-01

=== Qbserved time series === Simulated time series Confidence interval



KARMA - Application of lumped parameter modelling at KARMA test sites

Figure 11: Observed and simulated Lez spring discharge time series (bottom) and redistributed
precipitation (top) for the calibration period.
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Figure 12: Observed and simulated Lez spring discharge time series (bottom) and redistributed
precipitation (top) for the validation period.
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Figure 13: Comparison of the Lez model results through different performance measures on the
calibration and validation periods.
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On the calibration period, the model satisfactorily simulates both discharges (Cou=0.657, NSE=0.793)
and piezometry (Cou=0.511, NSE=0.677). The overall dynamics are quite good, especially on flood
peaks during wet periods. However, the model fails to accurately reproduce the first floods after or
during the dry periods. This weakness can also be observed on the piezometric level time series, where
the model does not succeed to reproduce the dynamics of draining and repletion of the capacitive part
of the aquifer. It may be due to an unadapted soil available water capacity, or a significant hysteresis
functioning that is not considered in the model.

On the validation period, the model shows lower performance on discharges (Cou=0.536, NSE=0.698)
and piezometry (Cau=-0.024, NSE=-0.048). This difference is likely explained by a particular period
between september 2017 and march 2018, where the observed piezometric level plateaus at around
47 m above sea level. As the model does not reproduce the plateau, there is a large error on the
reservoir level that induces a high delay in the spring response. Several boreholes at the north of the
spring showed flow-bearing structures at 50 m above sea level (Dausse et al., 2019). These fast water
transfer are not considered in the model and could explain the fast increases of piezometric level and
reactive spring responses. We also suspect an evolution of the carbonates facies with depth, which
could affect the effective porosity of the media and induce different flow dynamics.

The KGE components indicate a satisfying shape and timing in both calibration (r=0.9) and validation
(r=0.87), and very good estimations of discharged volumes (£=1) and flow variability (@=1.03) in
calibration. There is a deficit in discharged volumes (£=0.71) and less flow variability («¢=0.86)
regarding the observed time series in the validation period. The reservoir without bottom that cannot
reproduce the observed piezometry level likely induces a loss in water.

Lez system modelling is challenging because of the continuous pumping into the saturated zone of the
aquifer. This anthropogenic forcing induces a huge decrease of the piezometric level during summer
and causes the spring to dries out. Still, the model is satisfactory and can nicely reproduce the overall
dynamics of the system. The main aspects of the precipitation-discharge relationship that the model
struggles to reproduce are (i) reservoir levels during dry periods, and (ii) first floods after or during dry
periods. These aspects can be investigated by studying (i) the soil available water capacity, (ii) a
potential hysteresis functioning, (iii) an evolution of the carbonate facies with depth, or (iv) the
importance of the preferential water path a high depth.

7.3.2 Aubach
The simulated discharges are presented in Figure 14 for the calibration period, and in Figure 15 for the

validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 16).
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Figure 14: Observed and simulated Aubach spring discharge time series (bottom) and redistributed
precipitation (top) for the calibration period.
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Figure 15: Observed and simulated Aubach spring discharge time series (bottom) and redistributed
precipitation (top) for the validation period.
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Figure 16: Comparison of the Aubach model results through different performance measures on the
calibration and validation periods.

On the calibration period, the model is not satisfactory with a C;m of 0.13 and NSE of 0.23. The overall
dynamics are quite good but the model fails to accurately reproduce the discharges during winter and
spring seasons. There is a consistent deficit in water during winter/early spring and an excess during
late spring. It is likely due to a miscalibration of the snow routine, retaining too much water as snow
in winter and thus releasing too much in warmer periods. We can also appreciate that some flood
events in cold periods are not reproduced at all due to the lack of precipitation input.

The results are a bit better on the validation period (C.u=0.27, NSE=0.425), which are likely due to a
lower error of the redistributed precipitation input for this year.

The KGE components indicate a bad shape and timing (r) and very good estimations of discharged
volumes (f8) in both calibration (r=0.68 and f=1) and validation (r=0.7 and 5=0.93). There is too much
flow variability in the calibration period (@=1.16). The low r and high « values are likely related with
the miscalibration of the redistributed precipitation input, that induces a shift in the overall flow
dynamics and may bring too much water in one go in the upper reservoir, thus inducing very high flood
peaks.

Aubach system is challenging because of the high differences in altitude and heterogeneity of
precipitation. This makes it difficult to provide accurate inputs for the model, especially regarding snow
dynamics. Setting apart the mismatches related to inadequate meteorological inputs, the model
structure seems appropriate to simulate the hydrological response of the spring. The reactive
component of the system is reproduced through the Qgs transfer function while the slow depletion of
the capacitive part is simulated with the matrix reservoir. We also tested different configurations (lost
discharge from upper level reservoir and/or pumping in lower reservoirs) to simulate the lost
discharges through overflow springs and underground flows, but there were no significant increases
in model performance.
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7.3.3  Vacelliera

The simulated discharges are presented in Figure 17 for the calibration period, and in Figure 18 for the

validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 19).
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Figure 17: Observed and simulated Vacelliera spring discharge time series (bottom) and redistributed
precipitation (top) for the calibration period.
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Figure 18: Observed and simulated Vacelliera spring discharge time series (bottom) and redistributed
precipitation (top) for the validation period.
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Figure 19: Comparison of the Vacelliera model results through different performance measures on the
calibration and validation periods.

On the calibration period, the results are satisfactory with a Com of 0.57 and NSE of 0.726. The overall
inertial dynamics are caught by the model. In September 2019, a recharge event occurs but does not
influence observed discharges. However, it induces a large error as the model simulates a response at
the spring. It is likely due to a miscalibration of the snow routine or wrong assessment of the
precipitation, as we can see a deficit in water months after the event.

The results are worse on the validation period (Cou=0.165, NSE=0.284). This high difference can be
easily explained by the precipitation input, where the precipitation on 2020-05-20 and 2020-05-21 only
produced a negligible increase. It may be a limitation due to the mountainous aspect of this system as
the meteorological station is located on the other side of the massif.

Although the KGE components are quite good in calibration period (r=0.85, $=1.01 and @=0.92), there
is a high diminution of their values in the validation period (r=0.64, $=0.86 and a=0.6). It is likely
related to the redistributed precipitation input, which can explain the errors in shape and timing, as
well as flow variability.

The absence of a fast transfer function in the model structure indicate that the karstification is low or
very low. The soil available water capacity parameter increases the performance of the model and may
translate slow infiltration processes through a poorly transmissive media. The overall dynamics are
correct and the model succeed to reproduce the very inertial hydrological response of the system. The
model can probably be improved with more accurate precipitation input, but it remains challenging
due to the mountainous and snow problems.
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7.3.4 Qachgouch

The simulated discharges are presented in Figure 20 for the calibration period, and in Figure 21 for the
validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 22).
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Figure 20: Observed and simulated Qachqouch spring discharge time series (bottom) and redistributed
precipitation (top) for the calibration period.
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Figure 21: Observed and simulated Qachqouch spring discharge time series (bottom) and redistributed
precipitation (top) for the validation period.
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Figure 22: Comparison of the Qachqouch model results through different performance measures on
the calibration and validation periods.

The model results are really good on both calibration (C;u=0.753, NSE=0.859) and validation
(Com=0.804, NSE=0.891) periods. The simulated dynamics are consistent with the observed
hydrological response. However, the model struggles to reproduce very high flood peaks, which may
be because of (i) inflows into the system that are not considered in the model, (ii) uncertainties on
ungauged discharges and/or precipitation, or (iii) heterogeneity of precipitation. The model also often
overestimates or underestimates flood events after dry periods, which is either (i) due a hysteresis
functioning that is not considered, or (ii) a consequence of the soil available water capacity (Emin) that
may be not representative of the whole catchment. However, Enin appeared to be critical for a
satisfying modelling of low flows.

The KGE components are very good on both calibration period (r=0.93, =1.04 and @=0.96) and
validation period (r=0.94, £=1.01 and @=0.91). The [ values higher than 1 suggest that there may be
a little too much water in the model. The a values lower than 1 are likely related with the difficulties
to reproduce high flood peaks.

The model structure highlights the presence of multiple flow components: (i) a very fast transfer
function (Qeso), (ii) a fast transfer function corresponding to fractures and conduits (Qcs), and (iii) a
slow transfer function corresponding to matrix (Quc). The need for different speeds of water transfer
indicate a highly hierarchized functioning of the system, which may be related to the shape of the
catchment. The model has very good results and further performance enhancement may be achieved
by working on the input data or by identifying specific functioning of the system.
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7.3.5 Unica

The simulated discharges are presented in Figure 23 for the calibration period, and in Figure 24 for the
validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 25).

80 1
B
601 2 £
Sc
20
401G 8
Ta
@ o
204 = }
0 L
1001
:-'Jj“ l
751 € | | _
: '|
501 E | l' | |
I | A
g ! | \ 1 | |
251 & Ay " n \ |
! \ | | !
II'!‘ R - e | I\ \ l . ‘. L Wl

1995-01 1996-01  1997-01  1998-01  1999-01 2000-01 2001-01 2002-01 2003

Confidence interval === QObserved discharge == Simulated discharge

Figure 23: Extract of the observed and simulated Unica spring discharge time series (bottom) and
redistributed precipitation (top) for the validation period.
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Figure 24: Observed and simulated Unica spring discharge time series (bottom) and redistributed
precipitation (top) for the validation period.
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Figure 25: Comparison of the Unica model results through different performance measures on the
calibration and validation periods.

The results are quite good on both calibration and validation periods with C,v of 0.641, NSE of 0.781
and Cyu of 0.697, NSE of 0.822, respectively. The overall dynamics are relevant although there are
inconsistencies during winter and spring seasons, likely due to snow melt that is not correctly
simulated. The model also has difficulties to reproduce the depletion of the capacitive function,
although a lot of different configuration have been tested. It may be due to the size and complexity of
the catchment and due to very specific influence of poljes draining over the catchment, which cannot
be simulated within KarstMod platform. The model also underestimates high discharge conditions and
could not reproduce the plateau-like behaviours observed at very high discharge rates, which are due
to the flood of a polje at Unica spring that influences the monitoring station.

The KGE components indicate a satisfying shape and timing in both calibration (r=0.88) and validation
(r=0.94), and good estimations of discharged volumes (£=1.02) and flow variability (@=0.91) in
calibration. There is a deficit in discharged volumes (£=0.85) and less flow variability (a¢=0.74)
regarding the observed time series in the validation period (2016-2018). These differences may be
related with the changes in land cover and recharge conditions (large-scale forest disturbance in the
catchment), which happened between 2014 and 2018.

The retained model structure is pretty simple regarding this large complex system, but no other
configuration was worth enough in terms of performance to be kept. It indicates that the system has
a highly reactive response and a slow draining of the capacitive functioning that can be to a lesser
extent related to the porous matrix of the aquifer and to a greater extent to the draining of the poljes.
The model has good results and could benefit from more refined input data, although it is quite difficult
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regarding very large and complex catchment area. The consideration of the polje influence (as well as
surface flow) may also increase the performance of the model.

7.3.6  Canamero

The simulated discharges are presented in Figure 26 for the calibration period, and in Figure 27 for the
validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 28).
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Figure 26: Observed and simulated Canamero spring discharge time series (bottom) and precipitation
(top) for the calibration period.
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Figure 27: Observed and simulated Canamero spring discharge time series (bottom) and precipitation
(top) for the validation period.
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Figure 28: Comparison of the Canamero model results through different performance measures on the
calibration and validation periods.

The results are very good on both calibration and validation periods with Coum of 0.838, NSE of 0.912
and Cym of 0.972, NSE of 0.986, respectively. The overall dynamics of the simulated discharge fit really
well the observed time series. The imprecision of the model is likely due to uncertainties on the
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meteorological inputs and specific hydrological functioning of the system like localized recharge or
occasional preferential flow paths that are not considered in the model structure.

The KGE components are very good on both calibration period (r=0.96, $=1.01 and @=0.95) and
validation period (r=0.99, £=0.97 and @=0.99). The lower « in calibration period is explained by the
struggle of the model to nicely reproduce the flood events of November 2018.

The two lower level reservoirs of the model correspond to a classical configuration of a karst system
with a fast response through conduits and fractures and a slow response through matrix. The lost
transfer function (Quoss) Was necessary to increase the performance of the model, which is consistent
with the knowledge of several overflow springs on the catchment. The model has very good
performance and we do not see any room for further improvement, other than having a longer time
series to study different hydrological conditions.

7.3.7 Gato Cave

The simulated discharges are presented in Figure 29 for the calibration period, and in Figure 30 for the
validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 31).
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Figure 29: Extract of the observed and simulated Gato cave spring discharge time series (bottom) and
precipitation (top) for the calibration period.
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Figure 30: Observed and simulated Gato cave spring discharge time series (bottom) and precipitation
(top) for the validation period.
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Figure 31: Comparison of the Gato Cave model results through different performance measures on the
calibration and validation periods.

The results are quite good on both calibration and validation periods with C,v of 0.638, NSE of 0.779
and C,m of 0.813, NSE of 0.897, respectively. The overall dynamics of the simulated discharge are good
although the model has difficulties to reproduce some high flows events. It seems to happen only when
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precipitation occur during several days without attaining really high values (e.g. 1997-01-01), which
may indicate either (i) some kind of hysteresis functioning with flow occurring after established
connection in the system, or (ii) inflows into the system that are not considered in the model. We tried
to work with hysteresis transfer function but did not succeed in a better modelling of the observed
discharges. The soil availability water capacity parameter (Emwin) Was necessary to correctly reproduce
the discharge during dry periods, as there are many precipitation events that do not induce discharge
at the spring.

The KGE components are good on both calibration period (r=0.88, $=0.91 and «=0.92) and validation
period (r=0.96, £=0.86 and @=0.84). The model struggles to reproduce some flood peaks during the
validation period, thus inducing a slight diminution of 8 and a. However, the higher r indicates a better
catch on the shape and timing of the flow.

The classical model structure with a fast response through conduits and fractures and a slow response
through matrix is sufficient to correctly simulate the discharge of Gato Cave spring, but the
consideration of other internal processes could help to increase the performance of the model.

7.3.8 Zaghouan

The simulated discharges are presented in Figure 32 for the calibration period, and in Figure 33 for the
validation period. On the two periods, the results of the models are assessed with several performance
criteria (Figure 34).
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Figure 32: Observed and simulated Zaghouan spring discharge time series (bottom) and precipitation
(top) for the calibration period.
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Figure 33: Observed and simulated Zaghouan spring discharge time series (bottom) and precipitation
(top) for the validation period.
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Figure 34: Comparison of the Zaghouan model results through different performance measures on the
calibration and validation periods.

On the calibration period, the model simulates very well the observed discharges with a Coum of 0.909
and NSE of 0.953. The inertial dynamics of the system are nicely reproduced, although it seems that
the recession coefficient is too extreme. Also, one episode (January 1916) is simulated in the model
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but was not observed at the spring. As the time series for calibration is very short (1 year), it is difficult
to distinguish between uncertainties on discharges and/or precipitation, and lack of model relevance.

On the validation period, the results are really lacking with a Com of -0.175 and NSE of -0.424. The flood
peak is not reproduced on the simulated discharge. It can be due to (i) the non-consideration of the
snow accumulation and melt over the catchment, which induces a delayed response at the spring, or
(ii) uncertainties on the precipitation time series.

The KGE components indicate a satisfying shape and timing in both calibration (r=0.98) and validation
(r=0.93), and very good estimations of discharged volumes (f=1) and flow variability (@=0.98) in
calibration. There is a deficit in discharged volumes ($=0.8) and less flow variability (¢=0.81) regarding
the observed time series in the validation period. It is likely related to a lack in the precipitation input,
especially during the flood event in April 1917.

The absence of a fast transfer function in the model structure indicates that the karstification is poor
or very poor. The soil available water capacity parameter increases the performance of the model and
may translate slow infiltration processes through a poorly transmissive media. Overall, the model
seems relevant and could benefit from a longer time series and a refined input data.

7.4  Comparison with APLIS recharge

The Table 5 shows the estimation of the recharge on the KARMA test sites. For each system, we
considered an hydrological year with intermediate water conditions (closest to mean annual
precipitation) and calculated the recharge with the results of the models. The recharge corresponds to
the volume of water that goes into the lower level reservoirs (Qem and/or Qgc) or directly to the output
(Qeso) during the considered year.

Table 5: Recharge values calculated with the results of the models, in comparison to the results
obtained with the APLIS method, and other methods (detailed in Deliverable D2.2).

Precipitation
on

Country Spring :z:r?tt(::g l:)/lrii?p??ar:iuoi: hyd r(l)?;;?a?cijsgi intermed!ate Remggge(: Reﬁ:aLrgl;]Se M?emgzjs
hydrological
year
km? mm mm hm? hm? hm?
France Lez 130 904 2010 995 59.8 59.5 87.75
iﬁ;':r'f;y/ Aubach 9 2089 2014 1873 24.7 a4*
Italy Vacelliera 13 1491 2018 1557 1.7
Lebanon Qachgouch 56 1258 2017 1027 48.1 25.6 44
Slovenia Unica >820 1505 2007 1612 548.4
Spain Canamero NA 900 2008 871 29.8 21.3*
Spain Gato Cave NA 1852 2003 1878 42.4 86.7*
Tunisia Zaghouan 19 500 1916 460 1.8

* The recharge was estimated at the aquifer scale (which may include several springs).
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The model recharge estimated on the Lez system (59.8 hm?3) is very close to the recharge estimated
with the APLIS method (59.5 hm?3). On Qachqgouch system, the model recharge is twice as much (48.1
hm3) as APLIS recharge (25.6 hm?3). For the two Spanish systems, the APLIS recharge was calculated at
the aquifer scale, which can explain the higher value for Gato Cave, but shows a very different
estimation for Canamero. The comparison was not possible for the other systems as the APLIS method
was not performed at the catchment scale for these systems.
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8 Conclusion

We applied the lumped-parameter modelling approach on eight KARMA test sites. The objectives were
to study the hydrological functioning of the selected karst systems and identify the main processes at
stake. The use of an external snow module allowed to correctly simulate karst spring discharges on
five sites that are influenced by snow accumulation and melt. Systemic analyses of precipitation-
discharge relationship were applied as preliminary analyses to the modelling approach, in order to
better constrain the structure and parameters of the model. The results of the models were contrasted
either due to (i) difficulties to reproduce specific hydrological functioning or (ii) uncertainties on the
input data. Overall, the simulation results range from very good to satisfying and give relevant insights
into the functioning of the systems. The KARMA test sites cover a large variety of hydrological
functioning, from very reactive to very inertial, as well as different climate zones. This shows the broad
applicability of the developed modeling approach, which is not limited to specific climate or system
properties.

We used the classification developed in Task 4.1 to analyze the hydrological functioning of the karst
systems. We found that there is an interesting relationship between the determined classes and the
structure of the models, which is really valuable as one of the goals of the first task of WP4 was to
develop a methodology to help with model conception and parametrization.

The further perspectives of the modelling work are: (i) the development of an internal snow module
implemented directly within KarstMod to allow the calibration of the parameters of the routine, and
(ii) the comparison of the lumped-parameter modelling approach with ANN modelling approach.
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Lez - Class C2
| Display of the selected recession curves
8_
n=3
6_
~~
2
E
(0]
D 41
o
<
[&)
L
Qa
2_
N
™\
N
1 ‘v‘\—..\_\
O-
0 10 20 30 40 50
Time (days)
Indicators details Curve of classified discharges |
N° | k i alpha o 0.998
0.09 0.62 0.03 2 0.9954
& 0.99
0.04 0.71 0.047 3 0.981
q) -
0.02 061 0.047 g 0.9
w 0.9
>
£ 0.8+
o 0.7
()
£ 051
a 0.3
0.1
0 2 4 6 8

Discharge (m®/s)

Characterization of the hydrological functioning

kmax =0.09 -> Very low to Low capacity of dynamic storage

alpha = 0.042 -> Very high draining dynamic of the capacitive function
IR=0.1 -> Medium variability of the hydrological response

RT = NA -> No value to interpret

Appendix 1: Lez classification
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Aubach - Class C2
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Characterization of the hydrological functioning
kmax =0.01 -> Very low to Low capacity of dynamic storage
alpha = 0.258 -> Very high draining dynamic of the capacitive function
IR=0.11 -> Medium variability of the hydrological response
RT =25.9 -> Medium global inertia

Appendix 2: Aubach classification
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Vacelliera - Class C6
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Characterization of the hydrological functioning

kmax =1.99 -> High to Very high capacity of dynamic storage
alpha = 0.003 -> Low draining dynamic of the capacitive function
IR=0.01 -> Low variability of the hydrological response

RT = 52.2 -> Very high global inertia

Appendix 3: Vacelliera classification
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Qachqouch - Class C3
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Characterization of the hydrological functioning

kmax = 0.11
alpha = 0.029
IR =0.83

RT = 30.09

Appendix 4: Qachgouch classification

-> Very low to Low capacity of dynamic storage

-> Fast draining dynamic of the capacitive function
-> Very high variability of the hydrological response
-> High global inertia
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Unica -

Class C3
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1110.02 0.27 0.018 ]
kmax = 0.07 -> Very low to Low capacity of dynamic storage
1210.01 0.13 0.035
alpha = 0.017 -> High draining dynamic of the capacitive function
IR=0.7 -> Very high variability of the hydrological response
RT =38.9 -> High global inertia

Appendix 5: Unica classification
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Canamero - Class C4
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Characterization of the hydrological functioning

kmax = 0.05 -> Very low to Low capacity of dynamic storage
alpha = 0.014 -> Medium draining dynamic of the capacitive function
IR=0.11 -> Medium variability of the hydrological response

RT = NA -> No value to interpret

Appendix 6: Canamero classification
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Gato Cave - Class C4
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Characterization of the hydrological functioning

kmax =0.09 ->Very low to Low capacity of dynamic storage
alpha = 0.025 -> High draining dynamic of the capacitive function
IR=0.25 -> Medium variability of the hydrological response
RT =43.65 ->High global inertia

Appendix 7: Gato Cave classification
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Zaghouan - Class C6
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Characterization of the hydrological functioning

kmax =1.91 -> High to Very high capacity of dynamic storage
alpha = 0.002 -> Low draining dynamic of the capacitive function
IR=0.03 -> Low variability of the hydrological response

RT =76.88  ->Very high global inertia

Appendix 8: Zaghouan classification



