
HAL Id: insu-03780541
https://insu.hal.science/insu-03780541v1

Submitted on 18 Sep 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Reducing uncertainty of karst aquifer modeling with
complementary hydrological observations for the sustainable

management of groundwater resources
Yohann Cousquer, Hervé Jourde

To cite this version:
Yohann Cousquer, Hervé Jourde. Reducing uncertainty of karst aquifer modeling with complementary hy-
drological observations for the sustainable management of groundwater resources. Journal of Hydrology,
2022, 612, ⟨10.1016/j.jhydrol.2022.128130⟩. ⟨insu-03780541⟩

https://insu.hal.science/insu-03780541v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


 

 1 

Reducing Uncertainty of Karst Aquifer Modeling with Complementary 1 

Hydrological Observations for the Sustainable Management of Groundwater 2 

Resources 3 

 4 

Yohann Cousquer1, Herve Jourde1  5 

1 HSM, Univ. Montpellier, CNRS, IMT, IRD, Montpellier, France 6 

 7 

 8 

 9 

 10 

Abstract 11 

 12 

A quantitative estimation of the sustainability of groundwater resources is a challenge for 13 

water supply in most regions of the world. Sustainability can be estimated through 14 

numerical simulation, but uncertainty of models somehow limits the reliability of models’ 15 

predictions. To overcome this limitation, we explore how parametric and predictive 16 

uncertainties is reduced by adding complementary groundwater and surface water dynamics 17 

data to a lumped parameter model. This is illustrated with the example of a Mediterranean 18 

karst hydrosystem pumped at high flow rate (~ 1 m3 s-1) to supply water to about 350,000 19 

habitants.  A lumped parameter model was set up to simulate spring discharge, water table 20 

levels and surface water discharge measured within this karst hydrosystem over a 40 year 21 

period. Then, a parameter estimation and uncertainty quantification, based on groundwater 22 

discharge, water table levels and surface water discharge observations, was conducted with 23 

a Bayesian approach. Our study illustrates how the consideration of complementary 24 

hydrological data allows reducing parametric and predictive uncertainty and improving 25 

model performance. The model is then applied to assess the impact of an increasing 26 

groundwater abstraction according to different prospective scenarios, with a focus on the 27 

storage and dynamic of flux between the different compartments of the karst hydrosystem. 28 

Based on simulation results and related predictive uncertainty, a groundwater abstraction 29 

threshold, which must not be exceeded for a sustainable management of the groundwater 30 

resource, is determined.  31 

 32 
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 35 

1. Introduction 36 

  37 

With the increasing water supply, the need for karst groundwater has grown, in particular in 38 

the Mediterranean area (Sivelle et al., 2021). In this context, understanding and predicting 39 

the influence of increased groundwater abstraction on the functioning and storage of karst 40 

hydrosystem is an important issue. 41 

In order to correctly describe and predict karst hydrosystem behavior at catchment scale, 42 

groundwater (GW) and surface water (SW) must be considered as a same entity, and thus as 43 

a unique water resource (Winter et al., 1999; Sophocleous, 2002; Bailly-Comte et al., 2009). 44 

Indeed, intensive water abstraction and/or contamination of groundwater is likely to affect 45 

surface water, and inversely, because of their high interaction and interrelationship (Bailly-46 

Comte et al., 2009). During extreme events, the addition of both karst groundwater and 47 

surface water discharge can also be at the origin of floods and flashfloods (e.g., López-48 

Chicano et al., 2002; Pinault et al., 2005; Bonacci et al., 2006; Najib et al., 2008; Naughton et 49 

al., 2012; Jourde et al., 2014). These interactions and relationships between GW and SW 50 

have been studied mainly over short time scales (flood event scale) with the help of 51 

hydrodynamic time series analysis or hydrological modeling (i.e., Jourde et al. 2007, Bailly-52 

Comte et al., 2009; Bailly-Comte et al., 2012, Darras et al., 2017).   53 

Due to the heterogenous nature of karst aquifers, distributed modeling cannot be easily 54 

implemented and calibrated because of difficulties in obtaining the necessary input data 55 

(Hartmann et al., 2014). Furthermore, times series generally consist in discharge 56 

measurements at the main outlets of the catchment. For this reason, modeling the 57 

hydrodynamics of such complex karst systems generally consists in the simulation of rainfall-58 

discharge relationship with lumped parameter models (Bittner et al., 2018; Dubois et al., 59 

2020; Labat et al., 1999; Ladouche et al., 2014; Long & Derickson, 1999, Mazzilli et al., 2011).  60 

Modeling can further be used to describe the global responses of a karst system to either 61 

climatic or anthropogenic forcing, in terms of water table or spring discharge fluctuations 62 

(Sivelle et al, 2021). Indeed, it may be of major importance to assess the consequences of 63 

intensive groundwater exploitation, especially in Mediterranean region (Vallejos et al., 2015) 64 

However, parameters involved in hydrological models are generally obtained by history-65 

matching against observations such as spring discharge and sometimes water table level. 66 
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The invers problem in hydrology is generally ill-posed because the solution does not exist 67 

uniquely and model output varies non-continuously as the unput data changes smoothly 68 

(Anderman and Hill, 1997; Carrera et al., 2005; Zhou et al. 2014), which may lead to non-69 

uniqueness, non-existence and non-steadiness of the solution (Zhou et al. 2014). In this case, 70 

an infinite number of parameter sets can calibrate the model equally well. To overcome this 71 

issue, some improvements of inversion tools and parameters dimension reduction have 72 

been developed. For example, the active subspace method was recently proposed to reduce 73 

the dimension of complex hydrological models (Bittner et al., 2020; Teixeira et al., 2019). The 74 

use of multi objective calibration framework have also been extended by considering 75 

autocorrelation of the discharge time series in addition to the classical least mean square 76 

errors (Moussu et al., 2011). The use of additional observations, such as water quality data 77 

(Hartmann et al 2017); electrical conductivity (Chang et al., 2021) or stream-aquifer mixing 78 

ratio (Cousquer et al., 2018)., alleviate the ill-posedness of the inverse problem and lead to a 79 

more robust model and a reduction of parametric uncertainty.  80 

In this study, we propose to quantify both parametric and predictive uncertainty reduction 81 

of a lumped parameter model used for the hydrological modelling of a karst hydrosystems. 82 

This model, designed with the KarstMod modelling platform (Mazzilli et al., 2019), allows 83 

accounting for different reservoirs representative of distinct karst compartments (epikarst, 84 

matrix, conduit). 85 

To reduce uncertainty, we consider an additional independent hydrological observation in 86 

complement to spring discharge and water table level, i.e, the outflow from the epikarstic 87 

compartment, in the parameter estimation procedure realized with a Bayesian approach. 88 

This multi objective calibration improves the robustness of the model by reducing 89 

uncertainty. The model is used afterward to assess an abstraction flow rate threshold and 90 

estimate a sustainable management based on several water resource management 91 

scenarios.  92 

The paper is organized as follows. In Section 2, we describe the Lez Mediterranean karst 93 

system and the groundwater management of the aquifer, as well as the data considered in 94 

this study. In Section 3, we present the structure of the lumped parameter model used to 95 

simulate karst spring discharge, the parameter estimation procedure, and the methodology 96 

adopted to assess the influence of various management options on the functioning of the 97 

karst hydrosystem. Section 4 is devoted to the analysis of the changes in the parametric 98 
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uncertainty when complementary observation data (water table data and surface discharge 99 

observation) are added to the objective function; then we discuss the consequences of 100 

various groundwater abstraction scenarios on the groundwater resource, internal fluxes 101 

between compartments of the karst hydrodystem and discharge at the karst spring.  102 

Based on simulation results and related predictive uncertainty, a groundwater abstraction 103 

threshold that must not be exceeded for a sustainable management of the groundwater 104 

resource, is finally determined. Section 5 presents the conclusions. 105 

 106 

2. Study Site: The Lez Karst Hydrosystem 107 

 108 

The Mediterranean karst hydrosystem considered in this study is located in the South of 109 

France and is encompassed between the Hercynian basement of the Cévennes to the north 110 

and the Mediterranean Sea to the south.   111 

With a main spring called Lez Spring, the karst aquifer supplies water to the city of 112 

Montpellier, southern France, since the end of the XIXth century. Nowadays, these are about 113 

10 000 m3 day-1 of drinking water which are provided to about 350 000 habitants of the 114 

metropolitan area of Montpellier city. The particularity of this aquifer lies in the 115 

management of the water resource, which consists in pumping groundwater directly within 116 

the karst conduit at a higher rate (~1000 l s-1) than the low-water spring discharge (~370 l s-1, 117 

Jourde et al., 2011). This management, referred to as “active management”, allows to 118 

extract part of the stored and naturally renewable groundwater but generates large 119 

drawdown (~ 25 m below the overflow level of the karst spring) during low-flow periods. 120 

The recharge area of the Lez Spring catchment is estimated to be about 150 km2, 121 

corresponding mostly to the surface area where the aquifer limestone directly outcrops 122 

(Mazzilli, 2011). The exact area of the aquifer that feeds the Lez Spring, referred to as the 123 

hydrogeological basin (Fig. 1), is not precisely known but is estimated to be around 250 km2 124 

(Leonardi et al., 2011). The intense Mediterranean events in autumn are the main 125 

contributors to the annual recharge. Annual rainfall occurs principally from September to 126 

December and to a lesser extent from March to May (Dausse et al., 2019). The mean annual 127 

precipitation ranges from about 600 mm to more than 1500 mm. 128 

The Lez aquifer is mainly composed of Upper Jurassic and Early Cretaceous limestone. The 129 

aquifer is overlain by the Lower Jurrassic marls and is locally covered by a succession of Early 130 
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Cretaceous marls and marly limestone. The aquifer shows a high degree of karstification 131 

developed from the Middle Cretaceous to the current period (Leonardi et al., 2011). The 132 

deep karstification at the origin of karst conduits and channels at depth is attributed to the 133 

Messinian Salinity Crisis (about 5.5 My ago) when the Mediterranean Sea-level dropped 134 

about 1500 m due to the closing of the Gibraltar straights (Audra et al., 2004; Clauzon et al., 135 

2005). The aquifer is divided into several NE-SW normal faults related to the Pyrenean 136 

orogeny (Eocene) and later impacted by the Oligocene extension phase (Seranne et al., 137 

1995; Benedicto et al., 1999).  138 

The Lez Spring, which was a perennial spring under natural conditions (before high flow rate 139 

pumping), feeds the Lez River. Besides this river, the Terrieu and the Lirou intermittent 140 

streams drain the upper part of the karst system and flow across the hydrosystem, mainly 141 

during intense rainfall events. The hydrogeological karst catchment encompasses the 142 

hydrological basin of the Lez River at the entrance of Montpellier (Lavalette gauging station), 143 

the area of which being about 130 km2 (Fig. 1).  144 

 145 

 146 

2.1. Observations 147 

2.1.1. Discharge data and water table measurements at the Lez Spring 148 

We considered discharge and water table time series at the Lez Spring, as well as discharge 149 

of the Lez River at the Lavalette Gauging Station (Fig. 1) over the 1982-2020 period. 150 

Discharge measured at the Lavalette Gauging Station corresponds to discharge at the outlet 151 

of the hydrological watershed that drains the Lez River and its main tributaries (Lirou and 152 

Terrieu streams) which flow essentially after intense Mediterranean rainfall events. Then, 153 

surface flow composed of secondary outflows of epikarstic intermittent springs from the 154 

karst aquifer can be estimated as follows: 155 

 156 

�������� = �
�����

� − �
�� 157 

 158 

Where Qsurface [L3 T-1] is the estimated discharge of the secondary outlets (i.e., contribution of 159 

karst overflow through the Lirou and Terrieu streams), Qlavalette [L3 T-1] is the Lez River 160 

discharge recorded at the Lavalette Gauging Station (Fig. 1) and Qlez [L3 T-1] is the Lez spring 161 

discharge (Fig. 1). 162 
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 163 

2.1.2. Meteorological Observations 164 

Precipitations has been recorded with rain gauges at 4 stations located over the Lez 165 

Hydrosystem or in its surrounding (Fig. 1). Global rainfall over the recharge area, where 166 

Jurrasic and Cretaceous karst limestone formations overly, was interpolated with Thiessen 167 

polygons.  Due to some gaps in precipitation time series at various of these monitoring 168 

stations, the weight of each station has been calculated over time to suit data availability.  169 

Effective evaporation (ET) has been measured with a Flux tower in P4 (Fig. 1) at the CEFE 170 

experimental station of Puechabon (Limousin et al, 2009), build over Quercus ilex forest with 171 

a shallow soil characteristic of Jurassic limestone epikarst, which comprises a high 172 

proportion of stone and rocks in the top layers (75%). Maximum available water content is 173 

around 120 mm (Olioso et al., 2019) and mean annual evapotranspiration corresponds to 174 

44% of precipitation with a high inter-annual variability depending on precipitation 175 

distribution (Limousin et al, 2009). At this site, the geology and the vegetation are like the 176 

one over the Lez Spring recharge catchment. As this experimental station is located about 13 177 

km from the hydrogeological basin boundary and spatial variation of ET in this area is very 178 

low compared to its daily variation (Limousin et al., 2009), we considered that 179 

measurements at this site provide a good proxy of ET over the Lez spring karst catchment. 180 

 181 

2.2 Groundwater Management of the Lez Karst Aquifer 182 

 183 

The Lez Spring has supplied drinking water to Montpellier city and its surroundings since 184 

1854. Initially, only part of the natural discharge of the spring was used, with an abstraction 185 

flow rate that was about 0.4 m3 s-1 due to the geometrical properties (diameter and slope) of 186 

the tapping conduit located at about 65 m A.S.L, one meter below the overflow level of the 187 

spring. From 1968 to 1982 water was extracted by pumping directly within the spring pool 188 

with a flow rate up to about 0.8 m3 s-1, which generated a water table decrease to -6.50 m 189 

below the overflow level of the spring during low flow conditions. During this period the 190 

pumping rate was sufficient to satisfy water needs, except during low flow conditions (June, 191 

July, August, and September). To overcome this issue, 4 boreholes were drilled in 1982, 400 192 

m upstream from the Lez Spring, to intercept the main karst conduit that feeds this spring. 193 

Groundwater is currently tapped by three pumping units located at 45 m below the overflow 194 
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level of the spring and consists of two submerged pumps, connected in series and operating 195 

at variable speed with an output flowrate of 600 to 1 000 l s-1, the mean pumping rate being 196 

of about 1.08 m3 s-1 over the 1982-2021 period. The active management performed since 197 

1982 allows providing a minimum discharge rate to the Lez River for ecological purposes 198 

(160 l s-1, then 230 l.s-1 after 2018) but also satisfying the increase of water need during the 199 

dry months (Fig. 2).  200 

 201 

3. Methods 202 

The data used in the model were precipitation, obtained by interpolation from Thiessen 203 

method from 4 stations presented Fig. 1, effective evaporation (ET) measured at the CEFE 204 

experimental station of Puechabon (P4, Fig. 1), water table level, pumping flow rate and 205 

discharge measured at the Lez Spring, as well as surface discharge (Qs) measured at 206 

Lavalette station at daily resolution from 01.01.1982 to 12.31.2020. We set up a warm-up 207 

period from 01.01.1982 to 12.31.1986 to avoid the influence of initial condition on both 208 

model calibration and validation. So that the model appropriately captures the hydrological 209 

variability of the karst hydrosystem, the calibration period is set up from 01.01.1996 to 210 

12.31.2005, which corresponds to a period of highly contrasted hydrometeorological 211 

conditions. The validation period covers both the (01.01.1987-12.31.1995) and the 212 

(01.01.2006-12.31.2020) periods. 213 

 214 

 215 

3.1. Model Development and Structure 216 

 217 

Several numerical models have already been developed to study the Lez aquifer’s 218 

hydrodynamics with a view to groundwater exploitation reservoirs (Guilbot, 1975; Thiery et 219 

al., 1983; Fleury et al., 2008, Mazzili, 2011) or to simulate several scenarios of pumping 220 

under present and future climatic conditions (Marechal et al., 2018). However, the studies 221 

did not consider surface water discharge from secondary outlets and intermittent springs in 222 

the modeling. Water table levels and discharge at the Lez Spring were simulated with the 223 

KarstMod modeling platform (Mazzilli et al., 2017) which is a conceptual reservoir model 224 

dedicated to karst flow simulation. This code is a modular bucket-style conceptual model, 225 

where water fluxes cross interconnected reservoirs to quantify them over chosen time steps. 226 
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The structure of the lumped reservoir model (Fig. 2) used to simulate discharge and 227 

hydrodynamics at the Lez Spring comprises three reservoirs that can be considered as 228 

representative of different hydrological compartments. This configuration was chosen to 229 

consider the behavior of epikarst, matrix and conduit, i.e., the epikarst compartment (E), the 230 

matrix compartment (M) and the karst conduits compartment (C). Qloss corresponds to the 231 

surface discharge from the epikarst compartment. Qpump represents the pumping discharge 232 

from karst conduits compartment C where water table level Z is estimated from water level 233 

in C . Qs corresponds to spring discharge. Each reservoir dynamic is driven by mass-balance 234 

equations provided by Mazzilli et al. (2017) and detailed in appendix. 235 

 236 

3.2. Parameter Estimation  237 

 238 

In hydrogeology, most models are mathematically ill-posed because the solution does not 239 

exist uniquely and model output varies non-continuously as the input data changes 240 

smoothly, which means that there are issues for uniqueness, identifiability, and stability of 241 

the problem solution (Ebel et al 2007, Zhou et al. 2014). To tend toward a well-posed 242 

problem, one can use various data types to constrain model solutions with a mathematical 243 

parameter space exploration. We propose to accomplish this through a stochastic approach 244 

based on Bayesian assumption with a sufficiently large prior range of parameters. 245 

The model contains fourteen parameters to be estimated (Table 1). The parameter 246 

estimation method considered to explore parameter space to reduce the gap between 247 

observed and simulated variables (spring discharge, water table level and surface water 248 

discharge) has been developed under a R script. First, the variance based Sobol sensitivity 249 

indexes (Sobol et al. 2001; Saltelli et al. 2004) are calculated for each parameter, following 250 

the Sobol procedure (Saltelli, 2002). These sensitivity indexes are related to the 251 

decomposition of the variance of model output into terms that are due either to each 252 

parameter i taken singularly (first order indexes) or to interactions between parameters 253 

(global sensitivity index). The sensitivity of each parameter is described by the first order 254 

sensitivity index, which is the contribution of a single model parameter to the model output 255 

variance (Sobol et al. 2001). The sensitivity index has been calculated for a number of 105 256 

parameter sets. This procedure allows identifying parameters that have a low effect on 257 

solution. A sensitivity threshold of 0.001 have been selected in order to set a fixed value for 258 
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parameters that have a very low sensitivity on the model. Following this procedure, M0 and 259 

C0 parameter have been set (Table 1). Other fixed parameter values (RA and Z0) have been 260 

chosen on expert knowledges based on field measurements. The reduction of the number of 261 

parameters to be estimated allows limiting the non-uniqueness of the solution by 262 

diminishing both over-parametrization and dimension of the parameter space.  263 

Range of parameters have been chosen sufficiently large to properly cover the solution 264 

space.  265 

Monte-Carlo procedure, with a latin hypercube uniform sampling of the parameter space 266 

has been set sufficiently large to explore parameter space. A sampling size of 5 × 105 267 

parameter set has been generated. Parameter estimation is then performed based on an 268 

objective function �  which account for three distinct Nash Sutcliff Efficiency (NSE) values 269 

related to either spring discharge, water table level or surface water discharge: 270 

 271 

� = ∑
���

� � �(��,� × 1 − ∑���,���

∑  !"# − !"#¯ %
�

�,�

)
'(,)

*��

+)

���
 272 

where ��,�  is the residual value between simulation and observation, L is the number of data 273 

types (spring discharge, water table level and surface water discharge), -� is the number of 274 

observation points for the i-th data type (1 in this case), and .�,�  is the number of 275 

observation records for the k-th observation point of the l-th data type (.�,� = 1 when 276 

considering steady state values). The weighing factor of each observation is 1/M. Every 277 

observation of each data type is then well balanced in the pre-calibration objective function. 278 

In the remaining of the paper, the objective function considering spring discharge only will 279 

be referred to as ϕtot = 1 × ϕQGW, the objective function considering spring discharge and 280 

water table level as ϕtot = 0.5 × ϕQGW + 0.5 × ϕQZ  and the objective function considering 281 

spring discharge, water table level and surface discharge as  ϕtot = 1/3 × ϕQGW + 1/3 ×ϕQZ + 282 

1/3 × ϕQSW. 283 

Third, each parameter set that equally calibrates the model with a minimum value of the 284 

objective function � of 0.6 is collected.  285 

 286 

3.3 Investigating future Groundwater Management Scenarios  287 

 288 
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Different management scenarios have been simulated accounting for the posterior 289 

parameters set that equally calibrate the model. These simulations permitted to assess the 290 

effects of various management options (distinct pumping flowrate) on the functioning of the 291 

karst hydrosystem under the current climate condition (similar P and ET). We estimated the 292 

mean annual discharge and water table at the Lez Spring, as well as the mean annual surface 293 

discharge versus the annual groundwater abstraction. This has been performed while 294 

considering an increase in pumping flowrate with an increment of 0.1 m3 s-1, from 0 to 2 m3 295 

s-1, over the same period as the calibration period (1996-2005), in order to consider highly 296 

contrasted hydrometeorological conditions. Predictive uncertainty was estimated from the 297 

simulations distribution that encompass all posterior parameter sets satisfying the objective 298 

function. 299 

Such hydrological modeling of alternative management scenarios can help us to assess the 300 

tipping point between sustainable and unsustainable groundwater management, and 301 

therefore the corresponding pumping flowrate that must not be exceeded.  302 

 303 

 304 

4. Results and discussion 305 

We present results of the parameter estimation procedure and uncertainty analysis, then 306 

analyze the hydrological response of the hydrosystem to various groundwater withdrawal 307 

scenarios.  308 

Observed, simulated and associated uncertainty in the calibration period are presented in 309 

Fig. 3, for spring discharge, water table level and surface discharge.  310 

Table 2 shows the number of posterior parameters set that satisfied the objective function 311 

threshold of 0.6 and the best objective function obtained as a function of observation 312 

variables considered for parameter estimation. We can observe that, when the objective 313 

function is enriched with a new type of data, the number of parameters sets satisfying the � 314 

threshold of 0.6 decreases and the best value of the objective function � (NSE in this case) 315 

also decreases both for calibration and validation period, it allows to gain in stability of the 316 

results and to minimize the problem of over-fitting 317 

Adding surface water discharge observations to the parameter estimation process allows to 318 

improve equifinality issue by reducing the number of parameter sets that equally calibrate 319 

the model, and thus the parametric uncertainty. The number of parameter sets decreases 320 
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from 6424 when accounting for spring discharge Qs only, to 52 when accounting also for 321 

both water table levels at the spring and surface discharge (Table 1). In this way, we reduce 322 

parameters set that equally satisfied the objectif function from 1.3% to 0.01% over the 5 × 323 

105 tested parameter sets. Reducing equifinality issues and parametric uncertainty 324 

constitute an important preliminary step to improve the confidence in model results before 325 

studying alternative management scenarios and their consequences on the sustainability of 326 

groundwater resources.  327 

Influence of observation type posterior parameter density are presented Fig. 4. When the 328 

objective function accounts for both the discharge and the water table level, there are very 329 

few improvements in parameter uncertainty (Fig. 4), except for the estimation of 330 

compartment C porosity parameter (ωc). On the contrary, when the objective function 331 

accounts for the discharge and water table level at the spring but also for the surface 332 

discharge observation, uncertainty is notably reduced for almost all parameters (Fig. 4), 333 

especially those which control surface water discharge (kloss, Emin) and fluxes between 334 

various hydrological compartments, i.e. the epikarst compartment, the matrix compartment 335 

and the karst conduit compartment (KEM, /EM, KMC, /23, /43). 336 

Results of the simulations for prospective pumping scenarios (Fig. 5) indicate that the mean 337 

annual discharge linearly decreases as a function of the pumping flowrate and becomes null 338 

when the pumping flowrate reaches the mean inter-annual spring discharge of 2 m3 s-1. 339 

Theoretically, pumping flowrate should be sustainable until the groundwater abstraction 340 

reaches this mean annual discharge value.  341 

However, when we analyze the mean annual water table in the karst conduit compartment 342 

(Fig. 5), it decreases slowly and drops abruptly when the mean annual pumping rate reaches 343 

about 1.5 m3 s-1 to 1.7 m3 s-1 depending on predictive uncertainty, which correspond to a 344 

water table level of about 45 to 55 m a.s.l which is 10 to 20 m under spring level. Beyond this 345 

value, the table level drops indicate that the recharge is no longer sufficient to recover the 346 

spring water table level, which can lead to several years without flow at the spring and a 347 

water table level far under the current pump level.  348 

Mean matrix to conduit flow decreases from the very beginning of pumping, and further 349 

decreases when the pumping flowrate reaches the threshold which is between 1.5 m3 s-1 to 350 

1.7 m3 s-1, which contributes to the water level drop in the conduit compartment (Figure 5). 351 

A median water table level of about 50 m a.s.l correspond to a pumping flow rate value 352 
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around 1.6 m3 s-1 can thus be considered as a tipping point (Gobble, 2020) indicating the 353 

change from a sustainable to an unsustainable management of the groundwater resource. 354 

Predictive uncertainty is then evaluated for each objective function, to estimate the 355 

reliability of the prediction and to quantify the interest off adding water table level and 356 

surface discharge observations to the parameter estimation step (Figure 6). Predictive 357 

uncertainty has been quantified by using every estimated parameter set for each objective 358 

function. Predictive uncertainty was estimated by a density function considering all 359 

parameter sets satisfying the objective function. This allowed to consider the uncertainty 360 

associated to the predictive simulation under alternative management scenarios for each 361 

objective function. This uncertainty is particularly significant for values of mean annual 362 

pumping discharge around and higher than the threshold range of 1.5 m3 s-1  to 1.7 m3 s-1, 363 

which defines the tipping point and corresponds to a median water table level of 50 m a.s.l. 364 

However, the mean annual pumping discharge distribution are noticeably different when 365 

considering each of the 3 objectives function Φtot, for a tipping point occurring for a 366 

selected water table level of 50 m a.s.l. The median tipping point pumping discharge value is 367 

of 1.71, 1.66 and 1.69 m2 s-1 for objective function with QGW, QGW + ΦQZ and QGW + ΦQZ + 368 

ΦQSW respectively with a standard deviation for those distribution of 0.083, 0.05 and 0.033 369 

m2 s-1. These distributions show that the uncertainty on pumping discharges associated to 370 

this tipping point is also reduced when the objective function includes complementary data, 371 

i.e water table level alone, or both water table level and surface discharge observation 372 

(Figure 6).  373 

The median value of these distributions, and especially the distribution obtained when the 374 

objective function Φtot = 1/3 × ΦQGW + 1/3 ×ΦQZ + 1/3 × ΦQSW is considered in the calibration, give a 375 

better estimate of the pumping flow rate threshold, which defines the tipping point. 376 

 One limitation of the proposed method is that, beyond the tipping point pumping flowrate 377 

threshold, the quantified predictive uncertainty increases (Fig. 6). This can be explained by a 378 

lack of observations at higher pumping flowrate than the mean pumping flowrate in the 379 

parameter estimation. However, even though the uncertainty is high, this unsustainable 380 

management would generate water table levels much lower (down to 150 m drawdowns) 381 

than the spring overflow level, when groundwater abstraction discharge changes from 1.6 382 

m3 s-1 to 2 m3 s-1. In this case, the spring will be dry most of the time as the occurrence of no 383 
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flow at the Lez spring would increase from 80 to 100% when pumping flow rate changes 384 

from 1.6 m3 s-1 to 2 m3 s-1.  385 

To further understand the change in hydrosystem dynamics under such anthropogenic 386 

forcing, we performed simulations considering i) the mean annual pumping rate of 1 m3 s-1 387 

which corresponds to the current management scheme over the 1982-2020 period, then a 388 

groundwater abstraction ii) slightly below (1.5 m3 s-1) and iii) above (1.7 m3 s-1) the pumping 389 

flow rate threshold. 390 

When pumping flowrate overpasses 1.6 m3 s-1 threshold, the water table level remains 391 

below the overflow level of the springover a very large period (spring discharge is null). In 392 

this case, pumped groundwater comes from water stored in the aquifer during wet years 393 

(i.e., 1987, 1995, 1996, cf red boxes Fig. 7).  394 

Under the current management with a groundwater abstraction of about 1 m3 s-1, we can 395 

observe an overflow at the spring 48% of the time. For a pumping flowrate of 1.5 m3 s-1, 396 

spring flows 28% of the time, and 18% of the time when the pumping flowrate reaches 1.7 397 

m3 s-1. Under the current management, aquifer recharge is thus sufficient to provide water 398 

at the spring every year but becomes insufficient when the pumping flowrate overpasses 1.6 399 

m3 s-1. For example, there are four complete years (over 9 years) with no flow at the spring 400 

for a pumping flowrate of 1.7 m3 s-1 (Fig. 7). 401 

Furthermore, when groundwater abstraction overpasses the 1.6 m3 s-1 threshold, there is a 402 

drastic drop of the water table level much below the authorized drawdown (30 m), which 403 

corresponds to a piezometry of 35 m. For greater drawdowns such as the one observed 404 

when the pumping flowrate reaches 1.7 m3 s-1 (> 50 m), the hydrodynamic response of the 405 

aquifer is unknown and the expected recovery during wet years might be altered. 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

5. Summary and Conclusion 416 

 417 
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The presented case study shows how the use of complementary hydrological data from 418 

different compartments of a karst hydrosystem allows improving the performance of karst 419 

hydrological modelling, and noticeably reducing both parametric and predictive 420 

uncertainties.  421 

The proposed karst hydrological model simulates spring discharge, water table levels and 422 

surface discharge. These complementary hydrological data are considered for model 423 

performance estimate on the basis of distinct objective functions. The parameter estimation 424 

is performed with a Bayesian procedure based on a Monte-Carlo approach considering 425 

objectives functions that contain these complementary hydrological data. When surface 426 

water discharge observations as well as water table levels and discharge observations at the 427 

spring are considered in the objective function, both parametric and predictive uncertainties 428 

are greatly reduced. 429 

This study also gives insights about the hydrological response of a karst hydrosystem under 430 

high anthropogenic pressure (increased groundwater abstraction). By analyzing the 431 

hydrodynamic response to various management options under current climate conditions, a 432 

groundwater abstraction threshold (maximum pumping flow rate) that must not be 433 

overpassed for a sustainable management of the groundwater resource has been identified. 434 

This pumping flow rate value can be considered as a tipping point in the functioning of the 435 

karst aquifer with unknown consequences on the recovery of the aquifer after successive 436 

dry years or droughts.  Indeed, we would expect that pumping flowrate corresponding to the 437 

mean interannual outflow at the spring (2 m3 s-1) should be possible. However, the 438 

prediction of water table levels and spring discharge shows that recharge is insufficient to 439 

recover annual water depletion each year when the pumping flowrate rate exceeds about 440 

1.6 m3 s-1. Beyond this pumping flowrate threshold, no flow at the spring would be observed 441 

44% of the time, and the occurrence of such events would increase significantly for higher 442 

pumping flowrate. Given these results and due to the variability of hydroclimatic conditions 443 

that limits the recharge of the aquifer during some years, a sustainable management of the 444 

groundwater resource will be possible only if the pumping flowrate remains below the 445 

pumping flowrate threshold of 1.6-1.7 m3 s-1 evidenced in this study.  446 

It thus points out the risk of unsustainability of the water resource management, especially 447 

in case of recurrent dry years. This disequilibrium might not only endanger the water supply, 448 

but also the downstream groundwater dependent ecosystem. The proposed methodology, 449 
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which allows reducing hydrologic modeling uncertainty and thus improving simulations 450 

results, should help stakeholders to take the right decisions for a sustainable management of 451 

the karst groundwater resource. 452 
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Appendix 462 

 463 

Each reservoir dynamic is driven by mass-balance equations provided by Mazzilli et al. 464 

(2017), is here detailed: 465 

52
56 = 7 − 28 − �9� − �9:  466 

 467 

 468 

54
56 = �9� − ��:  469 

 470 

 471 

53
56 = �9: − �:; 472 

 473 

 474 

Where: 475 

 476 

 477 

�9� = (<9� × 2 )�9�=>2 > 2@, !6ℎB�C=#B�9� = 0 478 

 479 

 480 

�9: = (<9: × 2 )�9:=>2 > 2@, !6ℎB�C=#B�9: = 0 481 

 482 

 483 

��: = <�: × (4 − 3) 484 

 485 

 486 

��E�� = (<�E�� × 2�E�� )��E��=>2 > 2�E��, !6ℎB�C=#B��E�� = 0 487 

 488 

 489 

�:; = (<:; × 3)�:; 490 

 491 
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 492 

where P and ET are respectively rainfall and evapotranspiration [L], E, M and C are 493 

respectively the water levels in the reservoirs E, M and C, k is the recession coefficient 494 

associated to the flow from reservoir E, M, or C to reservoir M, C or to the outlet S and Q is 495 

the discharge from reservoir E, M, or C to reservoir M, C [L/T]. Discharge [L3/T] is computed 496 

by the product of Q with the total surface of the recharge area (RA). 497 

Qloss corresponds to the discharge from the epikarst compartment E, when the E level 498 

becomes higher than Eloss. This discharge can be considered as representative of the surface 499 

discharge from the Lirou and Terrieu intermittent streams which flow when the water level 500 

in the epikarst is sufficiently high. Z corresponds to the water level in reservoir C [L], and its 501 

dynamic can be considered as representative of the water table level changes observed in 502 

the main karst conduit that feeds the Lez Spring. The water table level is obtained as follows: 503 

 504 

F = F@ + 3
� 505 

 506 

where Z0 [L] corresponds to an overflow threshold (which is similar to the overflow level at 507 

the karst spring) and � [-] to the effective porosity. 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 
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Parameter Lower bound Upper bound Unit Description 

 Emin -250 -15 m minimum water level in compartment E  

kloss 0 100 m s-1 specific discharge coefficient for the Qloss discharge law 

 Eloss 50 150 m threshold for the activation of the Qloss discharge law 

 kEM 1.23E-06 1.23E-04 m s-1 specific discharge coefficient for discharge law from E to M  

 kEC 0.001 0.1 m s-1 specific discharge coefficient for discharge law from E to C 

 kCS 0 30 m s-1 specific discharge coefficient for discharge law from C to S 

 kMC 0.01 0.1 m s-1 specific discharge coefficient for discharge law from M to C 

 ωc 0.001 0.005 - effective porosity 

 ɑEC 0.5 1.5 - exponent of the discharge law from E to C 

 ɑMC 0 1 - exponent of the discharge law from M to C 

 ɑEM 2 4 - exponent of the discharge law from E to M 

 ɑCS 0 2 - exponent of the discharge law from C to S 

 Z0 fixed : 65 m overflow threshold elevation of the E compartment  

 RA fixed : 154 1E6 m2 recharge area 

M0 fixed : -22 m overflow threshold elevation of the M compartment  

C0 fixed : 15 m overflow threshold elevation of the C0 compartment  

 

 



Obs. considered in 

Φtot 

Nb. Sim. with 

Φtot > 0.6 

best Φtot- 

Calibration period 

best Φtot - 

Validation 1 

best Φtot - 

Validation 2  

1) QGW 6424 0.8 0.72 0.77 

2) QGW + Z 2632 0.73 0.6 0.59 

3) QGW + Z + QSW 52 0.64 0.58 0.56 

 

 




