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Abstract: The focus of this paper is to investigate the ability to assess the flow exchanges between
the matrix and the conduits in two karstified watersheds (Aliou and Baget, Ariege, France) using
the KarstMod modeling platform. The modeling is applied using hourly and daily time series. First,
the flow dynamics between the conduit and the surrounding matrix are described on a rainfall event
scale (i.e., a few days). The model allows us to describe a physical reality concerning the flow reversal
between matrix and conduit when there is a significant rainfall event. Then, the long-term trends
(i.e., inter-annual) in the matrix water level are evidenced using the moving average over shifting
horizon method (MASH). The mean water level in the matrix dropped about 10% to 15% since the
late 1960s. Also, the matrix recharge has been delayed from February in the late 1960s to April since
the 1990s. Moreover, the contribution of the matrix in the total spring flow is estimated though mass
balance. It is estimated that the annual matrix contribution in the total spring flow is about 3% and it
can increase to up to 25% during periods with low rainfall.

Keywords: karst aquifers; KarstMod model; hydrodynamics; lumped model

1. Introduction

Carbonate watersheds throughout the world are very often characterized by karst features.
Karstification processes occur when the following conditions are met: (1) mechanical actions create
fissures and fractures; (2) water-dissolved CO; reacts with carbonate rock and (3) hydraulic gradient is
sufficiently high to ensure the water renewal and to maintain the karstification potential [1]. This results
in complex structures with a heterogeneous permeability field and non-linear hydraulic behavior.
Drainage in karstic systems consists of an underground self-organized structure leading to preferential
water pathways through a conduit network embedded in either a porous matrix which sometimes is
highly permeable (i.e., Floridan Karst aquifer) or a low permeable fissured matrix [2,3]. This drainage
organization might be divided between (1) a ‘main drainage system’ (MDS), associated to rapid transit
time and (2) an “annexe drainage system’ (ADS), associated with a long period of water residence [4,5].
As a result, groundwater water flow in the karstic system could be divided into several compartments
with contrasted hydrodynamic behavior.

Four compartments are classically distinguished in karstic aquifers: (1) The impluvium consists
of the recharge area composed of either karstic or non-karstic formations, or any combinations of
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those formations [5]. (2) The epikarst constitutes the uppermost zone with a relatively homogeneous
hydraulic conductivity field at the top and becomes heterogeneous in its bottom, leading to a flow
concentration towards deeply drainage structures [3,6]. (3) The transmission zone consists of a
non-saturated zone between the epikarst and the deeper saturated-zone. In some systems, this
compartment can play an important role in the overall hydrological dynamics and supports low
flows [7-11]. (4) The saturated zone represents the major part of the water storage (either in matrix or
ADS) and at the same time assumes the transmissive function in conduits and main fractures.

The complex internal drainage structure leads to a highly non-linear and non-stationary
rainfall-runoff relationship in karst hydrosystems [12-15]. Consequently, rainfall-runoff modeling
in karstic watersheds is a difficult task and needs specific modeling tools derived from catchment
hydrology. When dealing with rainfall-runoff modeling at the catchment scale, many types of models
can be classified as being either reductionist approaches or systemic approaches [16].

Reductionist approaches consist of applying physical laws to a reduction of the system [17],
provided that the modeling grid is sufficiently refined to properly describe the watershed in its
complexity [18]. Such an approach requires a significant number of parameters for rainfall-runoff
modeling. As an example, Chen and Goldscheider [19] used a fully-distributed model using 54
parameters on Gottesacker’s system, covering 35 km?.

Systemic approaches analyze the system at the catchment scale and describe the rainfall-runoff
transformation using empirical or conceptual relationships. These relationships may be described in
many ways such as transfer function models [20,21] or lumped parameter models such as CREC [22],
BEMER [23] and GARDENIA [24]. Furthermore, Fleury et al. [25] proposed a lumped parameter
model, including flow partition between slow and fast discharge. This has been improved with a
threshold-based transfer function, pumping discharge and hysteretic behavior [26] and implemented
in the KarstMod model [27,28]. Otherwise, lumped modeling may include the impact of the change in
land uses [29].

Taking the examples of two small karstic systems, the purpose of this study is to assess the
internal flow dynamics of karst, particularly focusing on how the internal drainage system interacts
with the surrounding long-term storing aquifer. The KarstMod platform, a lumped hydrological
modeling tool dedicates to karst systems, is proposed. Then, the following points are examined:
(1) calibration of the KarstMod model on Aliou and Baget watersheds on both daily and hourly time
series; (2) description of the flow dynamics between conduit and surrounding matrix at a rainfall event
scale and (3) assessment of long-term trends in the internal fluxes and in the reservoirs water level.

2. Material and Methods

2.1. Study Sites

We studied field data from two karstic springs of the French Pyrenees Mountains (Ariége): the
Aliou and the Baget watersheds (Figure 1). These two watersheds share a common median altitude
of 1000 m and the recharge area are respectively estimated at about 11.9 km? and 13.2 km? [4]. They
belong to the carbonated belt bordering the north of the French Pyrenees. The two systems share a
common boundary oriented west-east. South of this boundary, the Baget area is affected by the Alas
fault: Jurassic to Cretaceous metamorphic limestone dips 45° to 75° under slaty flysch on the southern
border. The valley follows the contact between karstified calcareous formations and impervious flysch
oriented in a west-east direction. Jurassic and Palaeozoic metamorphic dolomite and flysch constitute
the northern border of the watershed. This corresponds to the Sainte-Suzanne marls, playing the
role of a tight barrier. North of this barrier, the Aliou watershed is composed of Aptian limestone.
The drainage is done in a north-south direction until the outlet located in the Aliou cave.
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Figure 1. Localization of the Aliou (a) and Baget (b) karstic watersheds in the south of France with
physiographic maps, modified from [30]. The circle indicates the position of the hydrometric station
located at the outlet of the basin.

The meteorological data are measured by Météo-France in the station of Antichan (Pyrenees) on
both a daily and hourly sampling rate. Considering the respective geographical locations and the
available meteorological data, we decided to consider the same rainfall time series for both watersheds.
Both watersheds have never been instrumented in order to get local value of the evapotranspiration
on this mountainous area. Without this kind of measurement, estimation of a real evapotranspiration
constitutes a complex task, giving more uncertainty in the modeling especially when moving from a
daily time step to an hourly time step. Then we choose to neglect the evapotranspiration as it is not
possible to consider it in proper way.

Aliou and Baget karstic systems are monitored since the late 1970s [31] with daily measurement
of the outlet discharge and hourly measurements since the early 1990s [14]. The hourly time series
presents some gaps [30]. Here, we focus on common periods in order to properly compare flow
dynamics in the two studied watersheds. Both Aliou and Baget are responsive hydro-systems. Based
on hourly discharge time series, the memory effects [31] have been estimated to be 70 h and 110 h
respectively. Also, the cross-correlation function between hourly rainfalls and spring discharge time



Water 2019, 11, 569 40f 15

series show a peak value on 7 h for Aliou and 14 h for Baget. Both watersheds are subject to quick
infiltration and a rapid transit time between infiltration points and the outlet. Preliminary statistics
highlights the interest in working with sub-daily time series. Moreover, these systems are classified as
well karstified watersheds with highly developed speleological networks [4].

2.2. Modeling Approach

2.2.1. Conceptual Reservoir Modeling

The KarstMod modeling platform [27,28] is a conceptual reservoir model dedicated to karstic
groundwater flow simulation. This model is developed by the French institution INSU-CNRS SNO
KARST [32]. It consists of a modular “bucket-style” conceptual model that enables us to build a
structured assembly of interconnected reservoirs and to quantify water fluxes between reservoirs
in several time steps. In its most complex form, the platform offers 4 compartments organized as a
two-level structure: (1) compartment E (higher level) and (2) compartments L, M and C (lower level).
A priori, the higher-level stands for the infiltration zone, and the lower level stand for the saturated
zone where compartment L, M, and C stand for the different sub-systems of the saturated zone.
The rainfall, noted as P, and the evapotranspiration, noted as ET, only impact the reservoir E. Then
the water flows towards the deep reservoirs C, M, and L or is lost to the system. The KarstMod
model has been successfully applied to the Norville chalk aquifer [33], Dardenne’s spring [34]
and Fontaine de Vaucluse [28]. Also, it constitutes a valuable tool for hydrodynamic analysis in
a context of intrinsic vulnerability and pollution risk mapping [35] or even for the assessment of the
vadose zone contribution in the groundwater recharge [36]. Furthermore, the KarstMod platform
(http:/ /www.sokarst.org/) allows high flexibility in karstic groundwater flow modeling with the
possibility to include, where appropriate, pumping discharge and loss.

The KarstMod model is based on the mass-balance equations given by Mazzilli et al. [28]:

dE

EZP—ET—QEM—QEC 1)

dM
e Qem — Qmc )

dC
i Qrc — Qcs 3)

where:

QEM = kEM X E(t)aEM if E(t) >0, otherwise QEM =0 (4)
Qgc = kgc X E(t)™C if E(t) > 0, otherwise Qgc =0 ()
Quic = knic X [M(t) — C(t)]e ©)
Qcs = kmc x C(t)* @)

where P and ET are respectively rainfall and evapotranspiration (L), E(t), M(t) and C(t) are the water
levels in the reservoirs E (epikarst), M (matrix) and C (conduit), kap is the recession coefficient
associated with the flow from reservoir A (either E, M, or C) to reservoir B (either M, C, or L) or to the
outlet S and Qag (L/T) is the discharge from A to B. Discharge in (L3/T) is computed by the product
of Qap with the total surface of the recharge area (Ra).

Here, the L reservoir is not used as both Aliou and Baget are very responsive watersheds.
To reproduce the different flow behavior between epikarst (E) and the deeper reservoirs conduit (C)
and matrix (M), emptying exponents are fixed as agpm = amc = 1, agc = 2 and acg = 4. Then we assume
turbulent flow with non-linear law in conduit and capillary flow with linear law in the matrix. Both
Aliou and Baget karstic watersheds are well karstified and conduit dominated with a short memory
effect [31]. The emptying exponent between reservoir M and C is chosen to be equal to the emptying
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coefficient for E to M as the exchange between the conduit and the surrounding matrix is mainly
determined by the hydraulic conductivity of the fissured system [37]. To give better physical realism
to the model, it has been chosen to set all output discharge rate through reservoir C (Figure 2) Also,
previous studies have shown that the rainfall-runoff relationship for both Aliou and Baget watersheds
may be correctly described by making ET equal to zero [14,38,39].
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Figure 2. Top: synthetic time series of rainfall, spring discharge (Qspring) and matrix-conduit flow
dynamics (Qpsc); Bottom: Structure of the reservoir model: epikarst (E), matrix (M) and conduit (C)
are inter-connected from the top to the bottom of the structure. Qpc corresponds to the flow from
reservoir M to reservoir C and depends on the difference between water levels in M and C. The model
is considered on several time steps: (a) the water level is higher in reservoir C, so Qac < 0; (b) the water
level in reservoirs C and M are equal, so Qpjc = 0 and (c) the water level is higher in M so Q¢ > 0.

2.2.2. Model Calibration

The rainfall-discharge model is calibrated using a quasi-Monte-Carlo procedure with a Sobol
sequence sampling of the parameter space [28]. The best parameters set for the model are chosen as
the ones that maximize the performance criteria. Here, it corresponds to a weighted sum of a classical
Nash-Sutcliff efficiency NSE [40] and a modified balance error BE [41].

2
NSE = 1 — =i ~ Gobs) ®)
Z(Qobs - Qobs)

) (qsim — qobs)
Z obs

where qgin, is the discretized time series simulated by the model, and q,s is the discretized experimental
time series measured in the field. The NSE criterion is fluently used to judge the quality of a
rainfall-runoff model [28,34,42,43]. Nonetheless, this criterion tends to favor the conformity of the
model for the strong discharge values to the detriment of the weakest ones. Introducing a balance error
estimation allows us to better describe the quality of the model in the case where overestimation of
discharge during low water could introduce important mass errors between observed and simulated

BE=1- )




Water 2019, 11, 569 60f15

data. Also, the effects of bias introduced by some conditions such as large events can be reduced by
data transformation [44] or by including the bias as an explicit component, as for the Kling-Gupta
efficiency KGE [45]. Here the optimization function Wy, is defined such as:

Wpj = 0.9 x NSE + 0.1 x BE (10)

The KarstMod model is warmed, calibrated and validated considering periods shown in Table 1.
As such, the model is warmed over 2 years, calibrated over 10 years and validated over 36 years for
the daily time series (corresponding to 17,898 successive data). In the same way, the model for hourly
time series is warmed over 1 year, calibrated over 2 years and validated over 5 years (corresponding to
67,200 successive data). So, the warm-up period is long enough to ensure the calibration independence
from initial conditions. Also, this allows a good balance between the number of calibration and
validation data with a validation period at least two times longer than the calibration period [26,34].

Table 1. Warm-up, calibration and validation periods for KarstMod models.

[24 h] [1h]
Period Warm-Up Calibration Validation Warm-Up Calibration Validation
from 1 January 1968 1 October1970 1 October 1980 1 October 2009 1 October 2010 1 October 2012

to 30 September 1970 30 September 1980 31 December 2016 30 September 2010 30 September 2012 31 May 2017

2.2.3. Scale Effects

The temporal resolution of hydrological models has been widely discussed during the past
decades [46—48], in the context of scaling of regional flood frequency [49,50]. The transformation of
rainfall into streamflow includes several processes with characteristic time covering several orders
of magnitude [46]. Then, the sampling rate must be suitable in the range of time and space scale if
the physical phenomenon was to take place. For example, at small catchment scales, within-storm
patterns of rainfall variability are important, while at large catchment scales, longer timescales such as
seasonality are dominant [49]. According to Ficchi et al., [47] the proper description and simulation
of these processes requires a short time step for at least three reasons: (1) the short duration of
runoff events (e.g., flash floods); (2) the considerable intra-storm variability that control some runoff
processes and (3) the integration of differential equations in the model structure (numerical reason).
A low sampling frequency may numerically increase the catchment response time and leads to a
bad description of time dependence between rainfall and spring discharge. This gives rise to a
phenomenon which can be described as representing a space to time connection—a spatial scaling
behavior which is generated by the interactions in the time domain between rainfall and runoff
processes. So, considering rainfall-runoff relationships at the catchment scale in a karstic system with a
small recharge area needs high-resolution monitoring. Previous studies have already shown interest in
a high-resolution monitoring of the Aliou and Baget watersheds [12,14,30].

3. Results and Discussion

The KarstMod model has been calibrated and validated on both Aliou and Baget karstic
watersheds. As these two systems show strong similarities in terms of size, morphology, and lithology,
the same model structure has been chosen (Figure 2). All information about model parameters, and
about performance criterion has been respectively reported in Tables 2 and 3. The model is calibrated
on both hourly and daily time series, allowing us to study the internal flow over different observations
scale: (1) the hourly monitored time series allow a better description of the physical processes at the
flood event scale and (2) the daily monitored time series measured over 50 years allow us to identify
long-term trends in the internal fluxes and in the reservoirs water level.



Water 2019, 11, 569 7 of15

Table 2. Calibration values of the model parameters for Aliou and Baget watersheds.

Parameter Calibration [24 h] Calibration [1 h]

Ra Recharge area 14.8 km? 14.2 km?

kem Recession coefficient from E to M 6.10 x 103 mm/day 1.11 x 10~* mm/h
Aliou kgc Recession coefficient from E to C 9.83 x 1073 mm/ day 2.69 x 1073 mm/h

kes Recession coefficient from C to S 2.36 x 1073 mm/ day 1.80 x 1074 mm/h

kmce Recession coefficient from M to C 3.17 x 107 mm/ day 241 x 1072 mm/h

Ra Recharge area 15.8 km? 13.1 km?

kem Recession coefficient from E to M 3.36 x 1073 mm/ day 2.09 x 1074 mm/h
Baget kgc Recession coefficient from E to C 2.71 x 1073 mm/ day 435 x 1074 mm/h

kcs Recession coefficient from C to S 121 x 1073 mm/ day 7.21 x 10~% mm/h

kmce Recession coefficient from M to C 7.03 x 1072 mm/ day 1.25 x 10~ mm/h

Table 3. Model performances for calibration and validation periods for daily and hourly KarstMod
models (NSE: Nash Sutcliff Efficiency, BE: Balance Error and KGE: Kling Gupta Efficiency).

[24 h] [1h]
Period Calibration Validation Calibration Validation
ertods (1970-1980)  (1980-2016)  (2010-2012)  (2012-2017)
NSE 0.53 0.51 0.63 0.5
Aliou BE 0.88 0.97 0.99 0.91
KGE 0.58 0.51 0.67 0.54
NSE 0.59 0.52 0.56 0.47
Baget BE 0.94 0.89 0.98 0.77
KGE 0.61 0.52 0.64 0.44

3.1. Short-term Varibility of Internal Fluxes

Several studies have shown interest in assessing the flow dynamics between the main drainage
structure and the surrounding matrix at a flood event scale [51]. This is a key point when dealing
with short-term solute transport and testing source pollution scenarios. Indeed, considering the
internal flow dynamics allows us to better quantify the potential consequences of pollutions. In case
of the existence of a hydraulic gradient between the conduit and the surrounding matrix part of the
contaminant may be temporally stored in so-called “dead space” [52]. This has been investigated at a
laboratory scale [53,54] but remains badly constrained in real karst systems. Then, a well-constrained
flow partition between different flow compartments can be useful for solute transport modeling. This
point may help to improve the application of an Advection-Dispersion Equation (ADE) approach
where the discharge is often considered to be the spring discharge [55]. Recent studies have shown
interest in discretizing transport along the flow path [51,56]. Also, solute transport modeling can be
improved with a well-constrained balance of exchange between the main drainage structures and the
surrounding matrix [57].

The KarstMod modeling platform was used to model Aliou and Baget karstic systems on hourly
time-steps to assess the ability of the model to give physically significant internal flow dynamics.
As the dynamics in karst aquifers may vary on several orders of magnitude, one needs monitoring
with a sufficiently high frequency to correctly characterize the variability of the flow dynamics over
a flood event. For instance, flood event in karst aquifers such as Fontaine de Vaucluse [25] can be
correctly characterized based on daily time series. But assessing flow dynamics on a highly karstified
watershed, with the short-term response, needs monitoring at a higher frequency, as it is the case for
Aliou and Baget watersheds [30].

Figure 3 shows part of the KarstMod model time series for Aliou watershed from 16 April 2015 to
2 May 2015. The rainfall time series is mainly composed of two rainfall events separated by six days.
During the first rainfall event (19 and 20 April 2015), the water level in reservoir E (epikarst) rises
quickly and most of the water goes to the reservoir C. On the same time interval, Qyic shows negative
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values, which means that the reservoir C feeds the reservoir M. Then, at the end of the rainfall event,
the water level in all reservoir drops with different dynamics and after about two days without rainfall,
the fluxes between reservoir M and C change direction. Then, the reservoir M feeds the reservoir C
during recessional, until the next rainfall event (i.e., new water input in the system). These event scale
dynamics are consistent with results obtained with a physically-based approach [58,59]. Nonetheless,
these approaches need a correct knowledge of flow geometry to give a reliable discretization of the
flow path in so-called “reach” were flow and transport parameters may be considered as homogeneous.
The matrix-conduit dynamic had also been highlighted using conceptual modeling [60]. Duran [33]
highlighted the dynamic fluxes between the conduit and a surrounding matrix over the Norville chalk
aquifer using a KarstMod model coupled with turbidity and electrical conductivity analysis. In the
study by Duran [33], the fluxes Q¢ represent about 10% of the spring discharge. Over the Baget and
Aliou watersheds, the contribution of the fluxes Qyjc in the spring discharge is in the same order of
magnitude. Zhang et al., [61] proposed a conceptual model coupled with dissolution rates estimations
in “slow flow” and “fast flow” systems. They estimated the contribution of exchange from “slow flow”
to “fast flow” systems in three catchments to vary between 64.1% and 87.5%.
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Figure 3. Example of event base time series for KarstMod model on Aliou watershed on the hourly
sampling rate: (a) Rainfall time series with observed and simulated discharge; (b) water level in
KarstMod reservoirs E, M and C and (c) fluxes between reservoir M and C. When Q¢ > 0, the flow
goes from reservoir M to C, otherwise the flow goes from reservoir C to M.

3.2. Long-Term Variability of Internal Dynamics

The next step consists of assessing the effect of inter-annual variability of rainfall on both internal
fluxes and water levels in the considered reservoirs (E, M, and C) of the KarstMod model. Here,
we focus more especially on how the internal drainage system interacts with the surrounding long-term
storing aquifer. To do so, the analysis focuses on the matrix-conduit exchanges and on the reservoir M
storage capacity. Then, analyzing the evolution of water level over 5 decades, coupled with rainfall
analysis, allow us to assess the effects of long-term trends on water supply.

To study seasonal patterns and inter-annual variability, Anghileri et al. [62] introduced the MASH
method (Moving Average over Shifting Horizon) involving mobile averaging across both the day
of the year and year of the time series to allow trend detection. So, the MASH method needs to
define only two parameters (i.e., number of days for seasonal pattern detection and number of years
for inter-annual pattern). As the MASH methods do not provide specific recommendations about
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its two parameter values, several options have been tested and the best solution is presented here:
the method was applied in such a way that seasonal pattern is evidenced by a 2-month centred moving
average of the times series whereas inter-annual pattern is evidenced by a 15-year shifting horizon.
This configuration gives a satisfactory balance between detection of seasonal patterns and inter-annual
patterns for each of the variable of interest in this study: rainfall, spring discharge and the water level
in reservoir M.

The MASH method is first applied to the daily rainfall time’s series, which ranges from 1 January
1969 to 31 December 2016. As a reminder, both Aliou and Baget models are fed by the same rainfall time
series. The moving average along the day of the year is shown for the years 1968 to 2016 (Figure 4—left).
The corresponding curves are coloured from blue for the oldest to red for the more recent periods.
Considering the daily rainfall time series, the MASH analysis shows that the mean rainfall decreased
during the past decades. This decrease appears to be more important during the early spring season,
with a mean rainfall rate decreasing from 3.5 mm/day to 2.1 mm/day and during summer, with a
mean rainfall rate decreasing from 2.5 mm/day to 1.7 mm/day. Also, rainfalls seem to be smoothed
during late summer and early autumn periods, with a mean rainfall rate about 2 mm/day whereas
oldest decades show a certain variability from about 1.8 mm/day in August to 2.6 mm/day in October.
Then, winter appeared to be drier from the 1980s onwards and the rain deficit during summer has
appeared to last longer since the 1990s (Figure 4—right). Nonetheless, one should keep in mind the
strong smoothing effect of the MASH method: it gives only global trend effects and does not provide
information about the rainfall event intensity and their temporal repartition.

1968
1973
1978
1983
1988
‘ 1993
“ 1998
1.5 2003 : : 3

gbo Q?’P V‘\’S\ Y’Q\ @,5\ 30(\ N ‘F\,ﬁb fb?’Q 0(} ‘\54 Q@O \%@ \%,\"b C_:;\,\ \qu\ \o"fbh ,\Cb‘gb \%qnl

Rainfall [mm/day]
Mean rainfall [mm/day]

A

&
S

Calendar unit [ 30 days ] Moving horizon [ 15 years ]
Figure 4. MASH of the daily rainfall (w = 30 days, Y = 15 years). The dates correspond to the starting
year, noted Ys, for shifting horizon average, so the corresponding shifting horizon period is from the
starting year Ys to Ys + 15 years. Due to the 15 years moving average window, the abscissa finished
in 2003.

Then, the MASH method is applied to the reservoir M water level time series, inferred from
the KarstMod model, on Aliou and Baget (Figure 5). The MASH method highlighted an important
decrease in the water level during spring periods since the 1960s (Figure 5—left). It represents about
—13.1 % for Aliou and —11.3% for Baget. The annual recharge seemed to occur later during the
hydrological cycle: recharge now seemed to start in April since the early 1990s, whereas it apparently
used to begin in February from 1968 up to the early 1990s (Figure 5—left). The total water volume
calculated in the M reservoir is in the same order of magnitude as the dynamic volume calculated
based on the analyses of the recessional curve [4].



Water 2019, 11, 569 10 of 15

g9 . . . 1668
1973
1978
1983

11988

ALIOU

Stock in M [m’]
Calendar unit
Stock in M [m°]

| by7s

7 i i i i i L - 't " - sy 0 J 74
R R R I A O CCIC A
Calendar unit [ 30 days ]

o
R
|

© 1.25 =2

Stock in M [m°]

-
()

w

BAGET
S'tc:)ck|nl’v|[rna

5 & =

2 883 g

@ L oo w o
Calendar unit

11"
5 LY L
F @ @ VPR
Calendar unit [ 30 days ] Moving horizon [ 15 years |

Figure 5. MASH of the estimated water volume in the reservoir M (w = 30 days, Y = 15 years).

Finally, the contribution of the flow from the matrix to the conduit was assessed by computing
a water balance defined as the ratio of the volume of exchange between reservoir M and C to the
total volume flowing out of the system. It was then possible to determine the proportion of the water
volume flowing through the matrix before coming out of the system (Figure 6). The results showed
that the contribution of water coming from the matrix to the conduit to total spring discharge. This
contribution varied from about 2% to 5% over a complete year, can increase up to 25% over a month,
and seemed to be well constrained with the water level in M reservoir and the total inflow (cumulative
rainfall). Also, the more important the contribution of M reservoir to total spring outflow, the lower
the water level in reservoir M and the lower the inflows (cumulative rainfalls). This means that the
system tends to drain rainfall inflows directly through reservoir C to the outlet when the reservoir M
is already filled. In contrast, during dry periods the contribution of the matrix increases and entirely
accounts for spring base-flow.

Calibration of the KarstMod model over long periods (i.e., several years) may provide robust
long-term flow behavior modeling (i.e., validation over several decades). The model proposed here
has been calibrated over one decade and validated over four decades. This allowed a long-term
description of internal flow dynamics and may provide a valuable source of information to assess
the effect of climate variability and changes on karst system water supply. This is a major issue for
water management and water security for the future. It is estimated that one-quarter of the world’s
population depends on freshwater from karst aquifers [2]. Also, the environment is subject to natural
and anthropogenic changes leading to an increase of imbalance between freshwater supply and needs
for a growing population [63]. So, providing efficient models to predict evolutions of water resources
constitutes a major challenge for hydrological sciences [18,64]. Otherwise, those models may include,
where appropriate, special features about the impacts of change in land use [29,65].
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4. Conclusions

A reservoir model based on KarstMod modeling platform has been applied on two highly
karstified watersheds with small recharge area (~10 km?) in order to assess the dynamics of internal
flow and water levels in the different compartments of the watershed (i.e., Epikarst, Matrix, and
Conduit). The modeling has been conducted for two different time steps. Based on this modeling
approach, hydrodynamics relationships between reservoirs M and C (representative of the matrix
with slow flow and the conduit with fast flow and non-linear behavior, respectively) have been more
preferentially explored on the short-term scale (i.e., a rainfall event) and on the long-term scale (i.e.,
inter-annual scale).

The KarstMod model appeared to be an efficient way to model the internal flow dynamics in
highly karstified watersheds and allowed characterizing flux inversions between conduit and matrix
over successive rainfall events. The internal flow dynamics highlighted here with a conceptual model
appeared to be consistent with results obtained from physically-based approaches and hydrochemical
studies [58,61]. Moreover, the estimated volume of water available in the matrix compartment was of
the same order of magnitude as the dynamic volume estimated through recession curve analysis [4].
It is estimated that the matrix would contribute up to 25% of the total monthly spring discharge during
periods with low rainfall. This contribution would decrease to about 3% when there are important
rainfalls. Therefore, the main part of the watershed drainage is operated by reservoir C (i.e., fast flow
and nonlinear behavior).

Moreover, long-term trends in water levels have been assessed using the moving average over
the shifting horizon method [62]. It is estimated that the mean water level during spring periods
decreased by 13.1% for Aliou and 11.3% for Baget. Also, the recharge of the aquifers appears to occur
later during the hydrological cycle: recharge has appeared to start in April since the early 1990s,
whereas it apparently used to begin in February between 1968 up to the early 1990s. This kind of
information can be of major interest for water management and water security, as it gives an overview
of recharge processes and gives an estimation of the water volume stored in the aquifer. Also, the
KarstMod modeling approach coupled with the MASH analysis can be extended to assess the effects
of the climate changes.
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