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RESUME

L’eau souterraine est une ressource vers laguelle les gens se tournent de plus en plus
pour différentes raisons, incluant sa facilité d’exploitation et sa qualité. Il est pourtant
nécessaire de bien la quantifier en évaluant son taux de renouvellement pour en assurer
une exploitation durable. L’objectif principal de cette étude est ainsi d’évaluer la recharge
de l'aquifére de Saint-Honoré, localisé dans la région du Saguenay-Lac-Saint-Jean au
Québec, Canada, par une approche cherchant a prendre en considération toutes les
composantes du cycle de I'eau. Ainsi, deux méthodes ont été utilisées conjointement dans
cette étude : (1) une analyse des fluctuations du niveau de la nappe et (2) une modélisation
hydrologique du bassin versant.

L’analyse des fluctuations du niveau de la nappe est une méthode répandue, mais
critiquée pour son échelle spatiale de validité (1-100 m? selon Delin, Healy, Lorenz et Nimmo
(2007)) qui est plutbt restreinte, alors que certains cas d’étude nécessitent I'évaluation de la
recharge a des échelles plus vastes. Une méthode optimisée, codée et automatisée de
lanalyse des fluctuations du niveau de la nappe (OCA-WTF), prenant en compte un
emmagasinement spécifique variable, a ainsi été développée dans le cadre de cette étude.
Celle-ci a été appliquée aux données de six puits d’observation répartis sur 'aquifére de
Saint-Honoré, résultant en une recharge moyenne de 350 mm/an. Cette méthode a été
comparée a d’autres, soit des bilans hydriques, des séparations d’hydrogrammes, une
analyse isotopique et une méthode analytique d’estimation basée sur les simplifications de
Dupuit-Forchheimer. Ces comparaisons ont permis de constater que les résultats obtenus
avec la méthode OCA-WTF sur le bassin versant de la riviere Caribou (120 km?) sont
représentatifs de l'aquifére et comparables a des méthodes d’estimation a plus grande
échelle spatiale.

De plus, la comparaison avec I'analyse isotopique a mis en évidence le délai entre les
périodes d’infiltration et de recharge qui peut parfois s’avérer trés long (i.e. plus d’'un an).
Ce délai fait en sorte que mettre en relation des données de précipitation et de niveau de
nappe phréatique ayant la méme échelle temporelle dans les calculs de recharge n’est pas
toujours approprié.

Le modéle physique distribué WaSiM (Schulla, 2015) a été retenu pour évaluer la
recharge par la modélisation hydrologique du bassin versant de la riviére Caribou (120 km?)
sur lequel l'aquifére de Saint-Honoré est localisé. Cependant, étant donné que ce bassin
versant n’est pas jauge, il a fallu trouver une solution pour reconstituer les débits a I'exutoire
avant de pouvoir mettre en place le modeéle hydrologique. Une approche de transfert de
débit a été retenue, nécessitant une étude de similarité du bassin versant a I'étude appuyée
sur une base de données de 106 bassins versants Québécois. Celle-ci a permis d’identifier
quatre bassins versants similaires pour lesquels les débits ont été transférés et ajustés a la
riviere Caribou. La calibration du modéle WaSiM devra étre complétée afin d’obtenir des
résultats de recharge a comparer a ceux obtenus avec la méthode OCA-WTF.
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CHAPITRE 1

INTRODUCTION

11 MISE EN CONTEXTE

Dans un contexte ou les principaux acteurs sur le plan de l'utilisation de I'eau
(villes, industries, agriculteurs, etc.) se tournent de plus en plus vers I'eau souterraine,
il est nécessaire de bien caractériser cette ressource en quantifiant la recharge des
aquiféres. Cette recharge, définie comme étant la quantité d’eau qui atteint la nappe
phréatique par infiltration (Freeze & Cherry, 1979), peut étre évaluée avec différentes
approches, mais il est généralement recommandé d’utiliser plusieurs méthodes a la
fois afin d’augmenter la validité des résultats obtenus, considérant les incertitudes

reliées a chacune de ces méthodes (Scanlon, Healy, & Cook, 2002).

Un producteur de bleuets sauvages de la région du Saguenay-Lac-Saint-Jean,
au Québec, Canada, souhaite irriguer une de ses bleuetiéres a partir de la ressource
en eau souterraine. Sa bleuetiére est localisée sur I'aquifere de Saint-Honoré dont
I'eau souterraine est actuellement exploitée a des fins de production d’eau potable par
la ville de Saint-Honoré et par la Mine Niobec. Puisque le systéme d’irrigation
représente un investissement important pour le producteur de bleuets, il est approprié
d’évaluer d’abord la recharge de l'aquifére de Saint-Honoré afin d’en assurer une

gestion et une exploitation durables.

Une approche multiméthodes est préconisée afin d’évaluer la recharge de
'aquifére en considérant les composantes surfaciques du cycle de I'eau (hydrologie)

autant que celles souterraines (hydrogéologie). Ainsi, une méthode basée sur



'analyse des fluctuations du niveau de la nappe est utilisée et un modéle hydrologique
est mis en place. Le but principal de I'étude est d’évaluer la recharge pour I'aquifére
de Saint-Honoré. Chacune des deux méthodes utilisées pour y parvenir comporte des

objectifs intermédiaires qui seront détaillés dans les chapitres suivants.

1.2 PRESENTATION DU TERRITOIRE D’ETUDE

L’aquifére de Saint-Honoré est localisé sur le bassin versant de la riviere
Caribou, au nord de la riviere Saguenay qui en est I'exutoire. Le bassin versant, d’'une
superficie de 120 kmz2, est principalement recouvert de forét et le sol est
majoritairement composé d’'un dépodt deltaique de sable fin @ moyen présentant des
traces de silt. Ce dépbt repose soit sur une mince couche d’argile ou de till ou
directement sur le socle cristallin précambrien (Tremblay, 2005). Les figures 1.1 et 1.2
présentent respectivement I'occupation du territoire et la perméabilité des dépbts de
surface du bassin versant. Elles ont été produites a partir des données de la carte
écoforestiére du Québec (Ministére des Foréts de la Faune et des Parcs, 2015), elle-

méme réalisée a partir de photographies aériennes.



Aéroport de Saint-Honoré

Superficie du
Occupation du
Couleur bassin versant
territoi
(%)
Foréts (1] 72,83
Zones agricoles 13,79
Zones urbaines [ 5,77
Milieux humides [0 6,68
Etenduesd’eau [ 0,61
Carriéres ] 0,82
Superficie totale 120 km?

0 075 15 3 Kilometers
————t———

Figure 1.1 — Occupation du territoire, bassin versant de la riviere Caribou (Modifié de :
Ministére des Foréts de la Faune et des Parcs, 2015)



Superficie du

Dépot Couleur bassin versant
(%%)
Dépéts grossiers,
o
bonne perméabilité (G)
Dépéts fins,
P 21,37
mauvaise perméabilité (F)
Dépébts mixtes,
[ T
Interstratification G/F (M)
Indéterminé / Incertain (I) 22,06

Superficie totale 120 km?

0 075 15 3 Kilometers

et —0—0--4

Figure 1.2 — Dépbts de surface, bassin versant de la riviere Caribou (Modifié de :
Ministere des Foréts de la Faune et des Parcs, 2015)

L’aquifere de Saint-Honoré ayant fait I'objet de recherches en eau par le passé,
autant par la municipalité de Saint-Honoré (LaboratoiresSL, 2000) que par la mine
Niobec (Qualitas, 2010), plusieurs puits d’observation y sont présents, et des données
de caractérisation des propriétés hydrauliques de I'aquiféere sont disponibles. Dans le
cadre de cette étude, six de ces puits d’observation ont pu étre équipés de capteurs
de pression afin d’enregistrer les fluctuations du niveau de la nappe. Ces six puits, ont

été sélectionnés en fonction des critéres suivants :



* hors de la zone d’influence des puits de pompage de la municipalité et

de la mine Niobec ;

= bonne répartition spatiale sur I'aquifére ;

* en bon état (pas de vandalisme, pas de particules dans le puits pouvant

I'obstruer, etc.).

Chacun des six puits d’observation instrumentés a également fait I'objet d’'un

essai de perméabilité a charge variable afin d’obtenir des données relatives a la

conductivité hydraulique de l'aquifére.

Le relief du bassin versant de la riviere Caribou est relativement plat et plusieurs

ruisseaux composent son réseau hydrographique qui est caractérisé par une bonne

densité de drainage. Le tableau 1.1 présente les caractéristiques climatologiques,

physiographiques et hydrographiques principales du bassin versant.

Tableau 1.1 - Caractéristiques climatologiques, physiographiques et hydrographiques

du bassin versant de lariviére Caribou

Climatologie

Précipitations totales annuelles moyennes

1082.5 mm

Température moyenne annuelle

19°C

Température minimale moyenne (janvier)

-15,8 °C

Température moyenne maximale (juillet)

18,1 °C

Précipitations totales annuelles moyennes (pluie)

833,4 mm

Précipitations totales annuelles (neige)

248 cm

Physiographie

Pente moyenne

1,83°

Altitude moyenne

154,24 m

Hydrographie

Densité de drainage

2,10

Ordre du cours d’eau (Strahler)

4
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2.1 ABSTRACT

The Water Table Fluctuation (WTF) method is widely used to assess
groundwater recharge but it is also criticized for certain limitations, namely that it is
limited to calculating local recharge because most aquifers are relatively
heterogeneous. This study proposes an optimized approach founded on the basic
WTF method, to which were added several enhancements, named the "optimized,
codified and automated water table fluctuation" method (OCA-WTF), which considers
a variable specific yield value. This OCA-WTF method was applied to observation
wells located in two aquifers in Eastern Canada for which groundwater recharge had
previously been evaluated using several methods. A comparison of OCA-WTF against
an isotopic method highlighted that the delay between infiltration and recharge periods
can be very long, such that the results are not comparable for the same observation
period and that linking water table fluctuations to precipitation records for the
groundwater recharge calculation is not always appropriate. Comparisons were
conducted between OCA-WTF and other methods, appropriate for regional
assessments: (1) two water budget approaches (2) hydrograph separation and (3) an
analytical regional solution based on Dupuit-Forchheimer assumptions. These
showed that applying the OCA-WTF method to several observation wells and then
calculating an average value can yield results that are comparable to those obtained
on the scale of catchment areas. The study concludes that the OCA-WTF method can
be used for the assessment of groundwater recharge at large, regional scales if the

aquifer is monitored by an appropriate network of observation wells.



2.2 INTRODUCTION

Reliable estimations of groundwater renewal rates are important to ensure
perennial management of the resource. The renewal rate, otherwise known as
groundwater recharge, is the quantity of water reaching the water table of an
unconfined aquifer through infiltration (e.g. Freeze and Cherry, 1979). Methods aiming
to determine recharge based on measuring water table fluctuations (WTF) are among
the simplest and most widespread. The basic WTF method, described in detail by
Healy and Cook (2002), is highly intuitive since it relies on the assumption that any
increase of the water table level is due to recharge events, when precipitation infiltrates
through the vadose zone of the unconfined aquifer. Schematically, the recharge
following an infiltration event corresponds to the increase of the water table level
multiplied by the specific yield. This soil property is described as the ratio of the volume
of water a saturated soil can yield by gravity to the total volume of this soil (Johnson,
1967). The basic WTF method considers the specific yield as a constant variable
because it is assumed to be uniform throughout the entire aquifer. This constitutes a
weakness of the WTF method, since we know that specific yield varies with depth from
ground surface (Childs, 1960) and according to different physical characteristics of the
soil such as grain size and porosity. Using the basic, traditional WTF method on an

event basis requires the user’s judgement and may therefore introduce a bias.

Several different variants of the basic WTF method have been developed and
implemented. The original method (Meinzer, 1923) assesses groundwater recharge
on an event basis and requires prior analysis of the water table (WT) data in order to
determine which WT level rises result from a recharge event and which do not.

Recharge is then calculated for time periods of different lengths, each representing a



recharge event. Crosbie et al. (2005) improved on the WTF method by relating the
recharge to time series of precipitation records rather than to individual events. With
this improvement, it was no longer required to identify whether a WT level rise was
related to a recharge event or not. Crosbie et al. (2005) also developed a methodology
able to account for variable specific yield values based on the Van Genuchten (1982)
parameters and also able to filter the WT level rises caused by the Lisse effect (Weeks,
2002). The Lisse effect occurs when intense rain seals the top layer of soil and entraps
air, causing a pressure rise in the unsaturated zone. This effect is observed in shallow
aquifers with an unsaturated zone thickness from 1-1.3 m. Later, Cuthbert (2010)
proposed an extended analytical solution of the Boussinesq equation to be used with
the basic WTF method. This improved the evaluation of the groundwater drainage
component. Moon et al. (2004) developed a statistical version of the WTF method,
clustering piezographs (graphic representations of the piezometric level as a function

of time) and relating them to precipitation records.

Despite all these enhancements, the basic WTF method remains imprecise, in
part because WT level fluctuations do not always correlate with precipitation, because
of the time lag during which water travels through the unsaturated zone before
reaching the WT. In addition, the variable specific yield proposed by Crosbie et al.
(2005) requires prior knowledge of the soil moisture retention curve. This data is not
always easily available, and it can be difficult or expensive to acquire data through
extensive field investigations and laboratory experiments. Thus, the aforementioned
improvements to the basic method proposed by Crosbie et al. (2005) and Cuthbert

(2010) are not always suitable.



Despite its known limitations described above, the WTF method has been used
in numerous studies to estimate the recharge of very different types of aquifers under
different climatic conditions. For example, Misstear et al. (2008) applied it on
piezographs from a sand and gravel aquifer in Ireland, in an oceanic climate. Sibanda
et al. (2009) and Jassas and Merkel (2014) used the WTF method to assess
groundwater recharge of aquifers under semi-arid climates in Zimbabwe and Northern
Irag, respectively. In contrast, Quiroz-Londono et al. (2012) as well as Varni et al.
(2013) applied the WTF method in the humid subtropical climate of the Argentina
plains, which is characterized by abundant precipitation during summer months and
relatively abundant precipitation during the rest of the year. Saghravani et al. (2015)
assessed groundwater recharge for a tropical rainforest catchment in Malaysia, a
region that experiences abundant precipitation all year long. Ala-aho et al. (2015) and
Chemingui et al. (2015) used the WTF method on catchments located in Finland and
Eastern Canada respectively, in boreal environments that experience winter
conditions during a long period each year and in which the recharge of aquifers is not
only controlled by direct precipitation during the summer months but also by snowmelt
in the Spring. All these studies used the WTF method combined with other methods
to obtain a more accurate series of groundwater recharge estimates. It is common
practice to apply several methods on the same territory to gain a better understanding
of the groundwater dynamics and reach a higher confidence level in the assessment

of recharge.

Despite its widespread use and simplicity, some authors criticize the WTF
method because, in most cases, the results are best interpreted in terms of local
estimates of the recharge, whereas many applications require a more general

estimation at the basin or aquifer scale. Indeed, the WTF method is often considered
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for the assessment of groundwater recharge for an area varying between 1 m2 and

100 m2 around an observation well (Delin et al., 2007).

The main objective of this study was to optimize the existing WTF method for
estimation of groundwater recharge by first combining the basic method with several
selected, appropriate, previously published enhancements to improve its reliability and
accuracy but especially to enlarge its scale of application (from local to aquifer), and
secondly, by codifying this optimized method into an automated, digitized program that
automatically calculates groundwater recharge estimates at the scale of the aquifer
when the required data values are entered. This optimized method for estimating
groundwater recharge we called the OCA-WTF for “Optimized, Codified, Automated
Water Table Fluctuation”. Another objective was to develop an optimized tool easily
used by practitioners to conduct an economical and rapid estimation of recharge at
the aquifer scale. Finally, the study compared the results of this OCA-WTF method

against other regional methods based on two case studies.

The objectives of this study are (1) to develop an improved, automated approach
to the WTF method (which we named OCA-WTF) that does not require detailed
information on soil hydraulic properties and can be easily applied; (2) to illustrate, by
comparison with other methods, that the OCA-WTF method can be used to estimate
recharge on a large scale when a network of observation wells is available to provide
data over an entire aquifer; (3) to illustrate results using two examples of aquifers
located in Eastern Canada in a boreal climate, and comparing them against results

obtained using other methods.
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2.3 METHODOLOGY

2.3.1 CODING FOR AUTOMATED CALCULATION

Similar to the approaches proposed by Crosbie et al. (2005) and Cuthbert
(2010), the simplified automated approach developed in this study is independent of
the user’s judgement. Recharge is computed following Eqn (2.1) (Healy and Cook,

2002):

Re = S, x AH/At 2.1)

where AH is the water table rise (mm) over the chosen time step At (day), S, is the
specific yield and Re is the recharge over the chosen time step (mm/day). There are
different approaches for calculating the water table rise; two of them are combined in
the OCA-WTF method proposed in this study. The first is the RISE algorithm
(Rutledge, 1998), which is known for being easily applied but also for underestimating
the recharge because it does not consider the continuous drainage of the aquifer.
Indeed, even if the groundwater level increases during a given period, the aquifer is
also continuously draining over that same period. In the absence of a recharge event,
the water table level would continue to fall. The quantity of water reaching the water
table is therefore greater than what is observed in the well. The RISE algorithm
considers the water level rise for one day as the difference between that day’s water
table level and that of the previous day. The second approach for calculating the water
table rise integrated into the proposed OCA-WTF is the graphic method developed by
Delin et al. (2007). It consists in manually extrapolating each recession period to

account for the continuous drainage of the aquifer, and calculating the recharge on an
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event basis, considering the rise in water for this event as the difference between the

maximum level observed and the extrapolated level for the same day.

The RISE algorithm by Rutledge (1998) and the graphical method by Delin et al.
(2007) are combined and integrated into the basic WTF method to create the proposed
OCA-WTF method developed in this study. The enhanced method extrapolates the
recession periods and calculates the water level rise for each day as shown in Eqn

(2.2) and Eqgn (2.3):

AH = Hpop(t) — Hpor(t — 1) (2.2)

Hpoe() = H(E) + (Hmin,i — Heyx (1)) (2.3)

where H(t) is the observed water table level (m) in the well at time t (day), Hyin,; IS
the level of the local minimum (m) for the recession period i preceding the WT rise
and H,,.(t) is the extrapolated level (m) for the same time t (day). H,,:(t) and
H,,:(t — 1) are notional water table levels (m) which represent the levels that would
be observed in the observation well at time t and t — 1, respectively, if there were no
constant drainage of the aquifer. The recharge over a period of one year is then simply

calculated as the sum of each day’s recharge, following Eqn (2.1).

The OCA-WTF method developed in this study was codified and automated by
implementation in MatLab R2015b. The automated calculation goes through five steps
shown in Fig. 2.1: (1) identification of the local minimums and maximums of the
piezograph; (2) logarithmic extrapolation of the recession periods from each minimum
to the next maximum; (3) calculation of the notional levels, H,,; over the period
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covered by the extrapolation; (4) calculation of the increase in level compared with the

previous day; (5) computation of groundwater recharge values for each time step with

Egn (2.1).
Calculation of a notional @
Water table level, Hy;. , for each day
level (m)

Local

max. @

I Water table

variation, AH

@ LOCai""---.._

min.

@ Exponential extrapolation
of the recession period

Time (day)

Fig. 2.1 - Diagram of the groundwater recharge calculation methodology implemented
in the proposed automated approach

Before applying these five steps, the observed water table level time series data
are smoothed using a simple moving average to remove noise that could lead to an
overestimation of groundwater recharge. The OCA-WTF approach is not powered to
determine whether the observed fluctuations are in fact caused by noise or by real
recharge events; it thus calculates recharge for all fluctuations, leading to a systematic
overestimation of recharge. The noise in data can be generated by: (1) the Lisse effect
(Weeks, 2002); (2) improper calibration or malfunction of the pressure sensors; (3)
preferential flow paths; (4) the presence of a nearby pumping well. In that last case,

the WTF method should not be applied on the observation well in question.

Finally, resolving Eqn (2.1) requires that specific yield values of the soil layers
be determined. When using the WTF method it should be noted that specific yield

proportionally affects our estimation of groundwater recharge; it is therefore important
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to evaluate specific yield as accurately as possible. When data is not available from
field investigations or laboratory experiments, the specific yield can be estimated from
the soil types identified in the drilling reports available for each observation well where
the WTF method is to be applied. This way, no additional field investigations are
required. Moreover, since the water table fluctuates over time, its location may change
from one material to another, depending on the stratigraphy. For this reason, the
proposed OCA-WTF approach accounts for the existence of variable specific yield
values within a single aquifer by allowing for multiple values for specific yield in its
calculation. First, the specific yield value of each material is identified qualitatively
according to Table 2.1 (Johnson, 1967) that compiles the results of several studies for

different aquifer materials and using different field and laboratory experiments.

Table 2.1 - Specific yield values for different soil types (adapted from Johnson, 1967)

Material Clay  Silt Sandy Fine Medium Coarse Gravelly Fine Medium Coarse

y clay sand sand sand sand gravel  gravel gravel
Specific 8 7 21 26 27 25 25 23 22
yield (%)

Once a specific yield value has been attributed to each layer of soil observed in
the observation well stratigraphy, the soil in which the water table is located is
identified for each time step and its specific yield value is used for the recharge
computation. The specific yield used in Eqn (2.1) varies with depth and changes as
often as the water table fluctuates within different materials. This enhancement of the
basic WTF method eliminates the assumption inherent to the basic WTF method that
the specific yield is constant and has a fixed value for each observation well or for the

entire aquifer. Indeed, authors calculating recharge using the basic WTF method (e.g.
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Jassas and Merkel, 2014; Misstear et al., 2008; Sibanda et al., 2009) had considered
a single averaged value for the specific yields of the different soil types encountered
in the stratigraphy of an aquifer, a practice which represents a limitation to accuracy.
The inclusion of multiple specific yield values as a function of stratigraphy by the
proposed automated OCA-WTF approach constitutes an improvement in the

calculation of recharge.

2.3.2 COMPARISON OF OCA-WTF AGAINST OTHER METHODS FOR THE

ASSESSMENT OF GROUNDWATER RECHARGE

Groundwater recharge rates obtained using OCA-WTF were compared to results
obtained using 4 other existing methods for calculating recharge: the isotopic dating
of groundwater (Chesnaux and Stumpp, 2018), an analytical regional estimate using
the Dupuit-Forchheimer assumption (Chesnaux, 2013), water budgets and

hydrograph separation (Huet et al., 2016). They are described hereatfter.

Isotopic method

A study conducted by Chesnaux and Stumpp (2018) aimed at assessing
groundwater recharge from stable isotopes of pore water contained in soil samples
from a site located on the Caribou River catchment located in Eastern Canada in a
nordic humid climate. These samples were collected along the unsaturated zone at
intervals of 10 cm from ground surface to the water table. The isotope ratios of pore
water extracted from the samples make it possible to identify whether the water comes
from snowmelt or from precipitation. On one hand, the infiltration periods can be linked

to pore water contained in the vadose zone of the aquifer as a function of depth. On
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the other hand, groundwater recharge is calculated from the determined volumetric
water content profile in the vadose zone from the soil samples. Combining the results
of both these analyses, i.e., pore water volumetric content results with pore water
isotope results, makes it possible to determine not only recharge, but also the period
to which recharge corresponds (months, seasons), and ultimately to correlate
recharge with the type of infiltration (precipitation vs. snowmelt). This method does not
consider possible horizontal flows in the unsaturated zone, but rather, it considers that
water infiltrates and flows only vertically until it reaches the water table. Consequently,
the isotopic method may overestimate the groundwater recharge. The results of this
method can also be affected by local site effects, as described in Chesnaux and
Stumpp (2018): topographical effects such as runoff accumulation or local effects of

heterogeneity of the vadose zone.

Regional calculation based on Dupuit-Forchheimer assumptions

The Dupuit-Forchheimer model (Dupuit, 1863; Forchheimer, 1886) simplifies
groundwater flows to a single dimension according to certain assumptions. The aquifer
must overlie an impervious substratum that is assumed to be fully horizontal. The
aquifer must also be bound by the upstream no-flow boundary and the downstream
constant head boundary. In this conceptual idealized model, the vertical component
of velocity is considered negligible compared to the horizontal component. Also, this
aquifer is considered homogeneous and isotropic; steady-state conditions are
assumed for the flow. An analytical approach developed by Chesnaux (2013)
proposes to estimate groundwater recharge on a large scale based on the Dupuit-
Forchheimer model. This approach requires prior knowledge of the hydraulic

conductivity of the entire aquifer, which is considered to be homogeneous. It also
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assumes water table levels to be static along the main horizontal flow direction to
determine the water table profile. Plotting the squared value of saturated thickness of
the aquifer observed (or projected) along the flow line as a function of the distance
from the upstream aquifer boundary then makes it possible to calculate groundwater
recharge based on a constant parameter (representing the ratio of recharge to
hydraulic conductivity) obtained from the equation established following a quadratic
regression. Groundwater recharge is then calculated when the hydraulic conductivity
is known. This method provides an estimate of the mean annual groundwater recharge

on a large scale, since it considers a regional flowline through the aquifer.

Water budget and hydrograph separation methods

Water budget methods and hydrograph separation can also be used to estimate
groundwater recharge. For instance, Huet et al. (2016) compared four different
approaches for assessing groundwater recharge. They assessed groundwater
recharge at a larger scale over four different catchments in a nordic humid climate,
also located in Eastern Canada. Two of the methods they used were water budgets
(WB). WBL1 relies on vertical inflows calculated using the GR4J (Perrin et al., 2003)
conceptual hydrological model and WB2 is based on vertical inflows calculated using
the HYDROTEL (Fortin et al., 2001) physics-based hydrological model. Both WB
methods involve an empirical equation developed by Hydro-Québec (Bisson and
Roberge, 1983) combined with the Budyko (1974) relation for the calculation of
evapotranspiration, along with hydrograph separation for surface runoff calculations.
The third method studied by these authors was also a water budget, but spatially
distributed on a 250 m x 250 m grid with surface runoff calculated using the USA Soll

Conservation Service Curve Number (SCS-CN) method adapted to the climatic
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conditions of the study territory (Monfet, 1979). The fourth approach was the baseflow
separation method (Eckhardt, 2005) which assumes that baseflow discharge equals
groundwater recharge based on the assumption that baseflow corresponds to
groundwater discharge into rivers. These four methods assess groundwater recharge

at the catchment scale.

2.4 FRAMEWORK OF APPLICATION

For the purposes of this study, the optimized, codified, automated WTF (OCA-
WTF) method developed in this study was applied to two different sites chosen for
purposes of comparison against the methods detailed above. These two sites are the
Caribou River catchment and the La Malbaie River catchment, both located in Eastern

Canada.

24.1 CARIBOU RIVER CATCHMENT

The first territory under study is the Caribou River catchment which contains the
Saint-Honoré aquifer. The study of Chesnaux and Stumpp (2018) assessed
groundwater recharge using the isotopic method at two locations on this aquifer, which
consists of a deltaic deposit composed mainly of fine to medium sand and is exploited
for drinking water production (Boumaiza, 2008; Tremblay, 2005). An evaluation of
groundwater recharge in this aquifer is crucial to ensure a sustainable management
of the resource by its different users. The OCA-WTF method developed in this study
was applied to assess groundwater recharge for the entire aquifer based on local
estimates at six locations of existing observation wells. These observation wells were

equipped with pressure sensors for a period varying between 394 days (minimum
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observation period length) and 535 days (maximum observation period length) to
observe the WT fluctuations. Fig. 2.2 shows the Caribou River catchment and the
location of the observation wells. According to the water table elevation contour plots
(dashed lines on Fig. 2.2) obtained from the mean water table observed in the six
observation wells, the direction of groundwater flow was determined to be mainly from
north to south, but there is a plateau from which a portion of groundwater flows in a
south-west direction. However, the behavior of the subsurface flows in the
northwestern part of the aquifer cannot be determined with certainty since there are

no observation wells in that area to testify.
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Fig. 2.2 - Caribou River catchment soil types, location of the six observation wells and
water table elevation contours

The soil material varies slightly from one observation well to another. Fig. 2.3
shows the stratigraphy of each well; the most frequently observed soil material in this
aquifer is fine to medium sand with traces of silt. Figure 2.3 also shows the mean water
table elevation from which the unsaturated zone thickness has been calculated for

each observation well. Note that the water table elevations in the six wells are not
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affected by the pumping wells and that these elevations are representative of regional

natural flow conditions.
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Fig. 2.3 - Observation wells, stratigraphy and mean water table levels (not to scale) on
the Caribou River catchment

24.2 LA MALBAIE RIVER CATCHMENT

The second territory under study is the La Malbaie River catchment, also located
in Eastern Canada. There is one observation well on this catchment that monitors the
water table for an unconfined granular aquifer, shown on Fig. 2.4, and it is part of
Quebec’s Provincial Government WT monitoring network covering the entire province.

The water table level observations are freely accessible, which facilitates the
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application of the OCA-WTF method for comparing the results obtained with those of

Huet et al. (2016).

Legend

B LaMalbaie River outlet Soil types
D La Malbaie River catchment Coarse deposit (good permeability)
—— Rivers I Fine deposit (poor permeability)
B Lakes 7 Rock outcrop

@® Observation well

‘w\*\ .
AR

-::—:—Kllometers
0 500 000 2000 3000 4000 &

Fig. 2.4 - La Malbaie River catchment, soil types and location of the observation well

The observation well is located in a deltaic deposit composed of fine to coarse
sand with gravel and silt traces, as noted in the stratigraphy of the observation well
shown in Fig. 2.5, along with the mean water table level.
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Fig. 2.5 - La Malbaie observation well stratigraphy and mean water table level

2.5 RESULTS

2.5.1 RESULTS OBTAINED WITH THE OPTIMIZED CODIFIED AUTOMATED-WTF

(OCA-WTF) METHOD IN THE CARIBOU RIVER CATCHMENT

The piezographs of the six observation wells on the Caribou River catchment,
shown in Fig. 2.6, made it possible to locally assess groundwater recharge. Fig. 2.6
also shows the WT recession period extrapolations. It should be noted that the
observation periods vary from one observation well to another and that they all end on
December 8, 2017. The 2017 recharge values calculated exclude 23 missing days of
WT observations. Regarding the moving average used to smooth the piezographs and
filter noise in the data, a sensitivity analysis has shown that a 5-day window was the
most appropriate. Indeed, the recharge results changed considerably by reducing the

time frame but were not changed significantly by increasing it.
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Fig. 2.6 - OCA-WTF analysis for six observation wells in the Caribou River catchment

The OCA-WTF analysis for the six wells combined yields a mean groundwater
recharge value of 0.95 mm/day for the Caribou river catchment, with a standard
deviation of 0.38 mm/day (see Table 2). This high variability between individual well
data was expected, given the fact that the WTF method provides very local estimates

of groundwater recharge, i.e., specific to each well.
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Table 2.2 - Groundwater recharge values obtained using the proposed Optimized
Codified Automated WTF (OCA-WTF) method for the six observation wells located in the
Caribou River catchment

. Length of Mean vadose 2017 Mean daily
Observation ) .
well ID ob_servatlon zone thickness Recharge recharge
period (days) (m) (mm) (mm/day)
LA-2 535 4.25 177 0.45
Pz-1 394 0.99 455 1.22
Pz-16 401 13.25 189 0.51
Pz-18 401 7.54 357 0.95
PZ-20 401 1.57 521 1.33
pPz-21 401 1.29 402 1.23
Mean 350 0.95
Standard deviation 140 0.38

The mean daily recharge values roughly correlate with the vadose zone

thicknesses (R?=0.52), as shown in Fig. 2.7. The lesser the thickness of the vadose

zone, the greater the recharge. This is explained by (1) the variation of the hydraulic

conductivity with depth that makes the soil surface increasingly impervious with

increasing vadose zone thickness, preventing water from infiltrating; and (2) the

horizontal flows occur more probably in thicker vadose zones and prevent some of the

infiltrated water from reaching the water table.
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Fig. 2.7 - Correlation between the vadose zone thickness and the calculated value of
recharge

2.5.2 COMPARISON BETWEEN RESULTS OBTAINED BY OCA-WTF AND OTHER

METHODS

Isotopic Method

The isotopic study conducted by Chesnaux and Stumpp (2018) on the Caribou
River catchment used samples collected from a borehole (named Site C2 in their
study) drilled at a distance approximately 5 meters from an observation well (LA-2,
see Fig. 2.2) in which data were recorded for this current OCA-WTF study (both
studies were being conducted over slightly different time periods that overlapped). In
their study, Chesnaux and Stumpp (2018) established that the infiltration rate at their
C2 borehole is of 0.89 cm/day in summer/early autumn and of 0.82 cm/day in spring
during the snowmelt period. This allowed them to associate a period of 140 days of
infiltration history (1%t June to 16™ October, 2016) to the 239 mm groundwater recharge
value they calculated from pore water content in soil samples collected on 16"
October, 2016. The OCA-WTF analysis was conducted on the LA-2 observation well
for approximately the same period, shown in Fig. 2.8 (June 215 to 16 October, 2018);

it yielded a recharge value of 58 mm. It must be noted that Chesnaux and Stumpp
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observation period calculated from the infiltration rate started 20 days before our study
(2% June) because the observation well LA-2 used for our study was equipped with a
pressure sensor only on 21% June. The mean daily recharge values obtained by
means of the isotopic and the OCA-WTF analysis for this period are, respectively, 1.73

mm/day for site C2 and 0.26 mm/day for LA-2 observation well.
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Fig. 2.8 - OCA-WTF analysis for LA-2 observation well (215t June to 16 October 2016)

Since water that infiltrates at this location has 4.25 meters of unsaturated zone
to travel before reaching the water table surface, the water table observations
collected at LA-2 from 215 June to 16 October 2016 correspond to an infiltration period
that occurred from 478 days (infiltration rate of 0.89 cm/day) to 518 days (infiltration
rate of 0.82 cm/day) before this date. The groundwater recharge calculated using the
OCA-WTF method in this study was generated by an infiltration period that occurred
more than a year before the one calculated using the isotopic analysis (Chesnaux and

Stumpp, 2018). It is therefore not surprising that groundwater recharge values are not
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the same. Table 3 summarizes the different infiltration periods analyzed using the two

groundwater recharge assessment methods and the corresponding results.

Table 2.3 - Groundwater recharge values calculated using two different methods and
their infiltration periods

Groundwater Dates of data Period of infiltration that led

Method recharge used with the 2 to this groundwater
value (mm) methods recharge value
Water table . : . .

observation Infiltration Approx!matlve

: rate period

period
OCA-WTF 58 21% January to
0.82 cm/day
21st June to 16 18 May 2015

October 2016

1t March to
089 cm/day 56 june 2015
Isotopic Soil sampling
analysis date
(Chesnaux 239 1st June to 16 October 2016
e SLIEE: 16 October 2016
2018)

Since the infiltration period corresponding to the observed water table level from
215 June to 16 October 2016 was deduced from the infiltration rate calculated using
the water isotope profile of the LA-2 site, it is impossible to identify the exact dates of
this infiltration period. Indeed, the infiltration rate depends on the season, as found by
Chesnaux and Stumpp (2018), but this exact infiltration season remains unknown.
Despite this uncertainty, the infiltration period corresponding to the water table levels
observed from 215 June to October 2016 at LA-2 is more likely the one calculated with
a 0.82 cm/d infiltration rate. Indeed, this infiltration rate indicates that the groundwater
recharge calculated for this observation period with the OCA-WTF method would have

been generated by infiltrations from 21st January to 18 May 2015, a period which
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corresponds to the winter and early spring seasons. The low groundwater recharge
calculated (58 mm) could very likely correspond to winter conditions and the beginning
of the spring melt in April and May of 2015. As observed in Fig. 2.8, the water table is
rising during all this period, as is expected for the spring melt. In order to know exactly
which period of infiltration yielded the groundwater recharge obtained using the OCA-
WTF method, the isotopic profile of the unsaturated zone would be needed for a longer
period preceding 21°% June 2016. This analysis highlights that the OCA-WTF approach
does not always make it possible to correlate single precipitation events with a
corresponding water table fluctuation value. The OCA-WTF method makes it possible
to determine the quantity of water reaching the water table, but not to trace back the
precise origin of the infiltration. In order to do that, one would have to conduct isotopic
tracing of pore water located above the water table. However, we can still roughly
expect that the shallower the water table, the younger the precipitation event

associated with an observed rise of the water table.

Regionall assessment method based on the Dupuit-Forchheimer

assumptions

The approach for assessing the mean regional groundwater recharge based on
the Dupuit-Forchheimer assumptions developed by Chesnaux (2013) was applied to
the Caribou River catchment for comparison against the results of the OCA-WTF
method and a good agreement was observed. The mean water table levels observed
in the six observation wells equipped with pressure sensors were used as the water
table profile of this aquifer, considered constant over time when using the Dupuit-
Forchheimer model. The quadratic regression of the squared saturated soil height
against the distance from the upstream boundary of this aquifer (see Fig.2.9) yielded

a mean recharge value of 307 mm/year.
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Fig. 2.9 - Quadratic regression of the squared saturated soil height against the distance
from aquifer’s upstream impermeable boundary

The mean value of the local results obtained using the OCA-WTF method (0.95
mm/day) is comparable to the one obtained using a regional approach (0.84 mm/day)
with a difference of 12%. However, even if this regional approach is a useful tool for
drawing a rough picture of the regional recharge, because it assumes mean steady-
state conditions, it does not consider the variation of regional recharge over time. The
similar recharge values obtained using the OCA-WTF and regional methods confirm
that for this case study, it is possible to estimate groundwater recharge at the aquifer
scale by applying the OCA-WTF method on several observation wells spatially

dispersed over the aquifer.

Water budget and hydrograph separation methods

The piezograph for the La Malbaie observation well is shown in Fig. 2.10 for a
period of 7 years (2010-2017) with daily time steps, along with the recession period
extrapolations and groundwater recharge values obtained for each year using the

proposed OCA-WTF approach. The average groundwater recharge for this
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observation well is evaluated to 208 mm/year based on the 7-year observation period

with a standard deviation of 85 mm/year due to inter-annual variability.
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Fig. 2.10 - OCA-WTF analysis for La Malbaie observation well and annual recharge
results

The mean annual groundwater recharge value obtained using the OCA-WTF
method for the La Malbaie observation well generally agrees with the values obtained
by Huet et al. (2016) using water budget methods and hydrograph separation (see

Table 4).

Table 2.4 - Mean groundwater recharge values for La Malbaie

Groundwater recharge results from Huet et al. (2016) (mm/y) Groundwater
recharge
WB1 WB2 Spatial water budget Baseflow Baseflow OCA-WTF
with SCS-CN (total year) (June-Feb) (mm/y)
237 180 208 368 220 208

Difference with the OCA-WTF result (%)

14 -14 0 77 6
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The mean groundwater recharge values from Huet et al. (2016) can be
compared to the mean annual result obtained with the WTF method. Excluding the
hydrograph separation method based on total year data (Table 4), which was
suspected to overestimate groundwater recharge by Huet et al. (2016), the OCA-WTF
method yields a local result with a difference lesser than 15% compared to regional

assessments.

The spatial water budget with surface runoff calculations using the modified
SCS-CN approach (Huet, et al., 2016) yields the exact same groundwater recharge
value as the one obtained using the proposed OCA-WTF approach. Huet et al. (2016)
used data from 1989 to 1992, so the 208 mm groundwater recharge is a mean annual
value over this period. For the OCA-WTF computation, data from 2010 to 2017 were
used in this study. Groundwater recharge values were expected to differ between the
two methods being compared in this section, because different infiltration periods are
considered. Furthermore, the spatial water budget of Huet et al. (2016) indicates the
quantity of water that infiltrates annually. This water is not expected to reach the
saturated zone in its entirety, because of preferential flow paths created by
heterogeneities of the aquifer and horizontal flow. It is therefore even more evident
that those two methods only rarely lead to identical results. The fact that we obtained
identical results in this comparison is probably incidental and cannot be explained by
the attributes of the different methods. Still, these results show that for the two
catchments under study, results from the OCA-WTF method are comparable with
regional estimation results. These comparable results depend in part on the nature of
the soil over the study territory; these might differ for aquifers or basins having very

different characteristics (for instance presenting a prevalence of fractured rock, or a
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high degree of heterogeneity). In the La Malbaie River catchment, groundwater
recharge occurs mostly through the small unconfined granular aquifer in which the
observation well is located (see Fig. 2.4), and the rest of the catchment surface is
covered with rock outcrops or impervious materials. Groundwater recharge in these

semi-confined and confined aquifers can thus be considered as negligible.

Comparison of all the methods

Water table levels do not vary in the same way each year; the same is true for
groundwater recharge, which presents an inter-annual variability due to climatic
variations (Tremblay, 2009). To compare all the different methods used in this study
to assess groundwater recharge, the mean daily values are presented in Table 5. The
lower standard deviation observed for the results of the La Malbaie River catchment
(0.21) are indicative of a better agreement between the four methods in this study
territory than in the Caribou River catchment. It should be noted, however, that data
records were much longer in the La Malbaie River catchment than in the Caribou River
catchment. Indeed, the observation wells on the Saint-Honoré aquifer (Caribou River
catchment) monitored the water table for only 535 days in the best of cases, whereas
the observation well on the La Malbaie River catchment recorded seven years of data.
The mean value obtained at La Malbaie River may be more representative of the

behavior of the catchment.
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Table 2.5 - Comparison of the results obtained using all the methods for the Caribou and
La Malbaie River catchments

Caribou River catchment La Malbaie River catchment
Mean dail iR delly
Method recharge (mm)//da ) Method recharge
9 y (mm/day)
WTF 0.96 WTF 0.57
Isotopes 1.73 Water budgets (3) 0.57
Dupuit- 0.84 Baseflow (total year) 1.00
Forchheimer Baseflow (June-Feb) 0.81
Mean 1.18 Mean 0.74
gtar)dgrd 0.48 Standard deviation 0.21
eviation

2.6 DISCUSSION

The optimized, codified and automated water table fluctuation approach proposed
in this study (OCA-WTF) yielded results that are comparable to other methods for the
two catchments under study, while requiring less data than previous versions of the
WTF method proposed by Crosbie et al. (2005) and by Cuthbert (2010). Although the
fact that the method is automated makes it independent of the user, it still requires a
sensitivity analysis to evaluate the appropriate moving average window to eliminate
the noise in the WT level data. For the two catchments of this study, a 5-day window

was deemed the most appropriate, but it could vary for other sites.

Quiroz-Londono et al. (2012) showed that there is no clear correlation between
precipitation events and the water table level over a same time frame. This is likely
due to the travel time of water in the unsaturated zone, which depends greatly not only

on soil type, but also on the unsaturated zone thickness that controls hydraulic
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properties. Indeed, hydraulic conductivity is a function of the capillary pressure partly

controlled by the thickness of the unsaturated zone.

The heterogeneity of the aquifer also impact the time required for water to infiltrate
until it reaches the water table. The groundwater recharge calculated from the WT
level rises observed in an observation well for one day does not necessarily
correspond to that day’s precipitation. This is also observed in the results obtained for
the LA-2 well. Therefore, it can be said that the WTF method makes it possible to
assess the groundwater recharge generated by water that actually reaches the water
table, but during an unknown infiltration period. As highlighted in the comparison
against the results from Chesnaux and Stumpp (2018) for the LA-2 well, unsaturated
zone pore water isotopic profiles can be used to complement one another in linking

infiltration periods to the groundwater recharge obtained using the OCA-WTF method.

According to many authors (e.g. Delin et al., 2007; Jie et al., 2011), the WTF
method assesses groundwater recharge values only on a very local scale, over an
area covering 1 to 100 m2. This is because the hydraulic properties of aquifers are
known to be highly variable from a spatial standpoint. Thus, the WTF method provides
local estimates of groundwater recharge, as shown with the results obtained on the
Caribou River catchment. If a sufficient number of those estimated values can be
collated and combined to cover the entire study territory, then averaged, the mean
value thus obtained may be considered to be representative of the whole territory.
Since the water table level varies more or less slowly depending on the soil’s hydraulic
properties, the location of the observation wells is important to obtain a representative

value of groundwater recharge. Lee et al., (2005) drew the same conclusion from their
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study, in which they assessed groundwater recharge when applying the WTF method

to six observation wells located over a 0.256 km?2 area.

2.7 CONCLUSION

The optimized, codified and automated water table fluctuation approach proposed
in this study (OCA-WTF) (objective 1) was applied to six observation wells located in
the Caribou River catchment and to one observation well located in the La Malbaie
River catchment for purposes of comparison against other previous studies that
assessed groundwater recharge at larger scales in the same catchments. Comparison
against the isotopic method highlighted the fact that the delay between infiltration and
recharge periods can be very long (more than a year), hence the fact that these two
methods are not comparable for the same period. This comparison also showed that
because of the long delay between infiltration and recharge, linking the water table
fluctuations to precipitation records to evaluate groundwater recharge is not always
appropriate (objective 3). Comparison against different water budget approaches,
baseflow separation methods from hydrographs and regional analytical estimation
based on Dupuit-Forchheimer assumptions, have shown that the mean result of
groundwater recharge obtained using the OCA-WTF method applied to multiple
observation wells over a study territory can be representative of a catchment area
(objective 2). This comparison also showed that in certain cases (e.g., in small and
homogeneous aquifers), such as the La Malbaie observation well, a single point of
information can also be representative of an entire catchment. The OCA-WTF method
can thus be used at scales greater than the 1-100 m? area that had previously been
evaluated by Delin et al. (2007), if the aquifer is well covered by piezometers or when

the aquifer is homogeneous.
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It is common practice to rely on several methods to define a range of groundwater
recharge values over a study territory (Scanlon et al.,, 2002). The present study
showed by comparison that different methods should not be expected to produce
identical results. The available methods do not take into account the same
groundwater components (i.e. water that infiltrates or water that reaches the water
table level) or the same periods, as was seen with the isotopic and OCA-WTF methods
or the water budgets and OCA-WTF methods, for example. Hence, using those
methods jointly to define a range of groundwater recharge values could lead to an

inadequate definition of the recharge range values.

Further work could include evaluating the minimum number of observation wells
that are necessary to assess groundwater recharge at large scales with the OCA-WTF
method. Considering the high uncertainties in groundwater recharge assessment, it
could be interesting to compare more methods to the OCA-WTF, including catchment

modeling that would account for interactions with surface water.
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CHAPITRE 3

MODELISATION HYDROLOGIQUE

3.1 REVUE DE LITTERATURE

Les modéles numériques de bassin versant peuvent étre classés selon le niveau
de détail de leur représentation de I'espace, allant de globale a distribuée, et de leur
représentation des processus du cycle de I'eau, allant de conceptuelle a physique
(Devia, Ganasri, & Dwarakish, 2015). Les modéles globaux, tels que MOHYSE (V.
Fortin & Turcotte, 2007) et GR4J (Perrin, Michel, & Andréassian, 2003), représentent
le bassin versant comme un tout alors que les modeles distribués, tels que
HYDROTEL (J. P. Fortin et al., 2001) et CEQUEAU (Morin & Paquet, 1995),
discrétisent I'espace en plusieurs portions, soit des mailles réguliéres suivant une
certaine résolution ou soit des unités hydrologiques relativement homogeénes. Les
modéles conceptuels tels que MOHYSE (V. Fortin & Turcotte, 2007) s’appuient sur
des relations empiriques et simples alors que les modéles physiques tels que MIKE-
SHE (DHI, 2017) s’appuient sur des connaissances approfondies des processus
physiques qui interagissent sur les données d’entrée pour produire les résultats
attendus. Parmi les modeéles physiques distribués existants, quelques-uns tiennent

compte des interactions entre I'eau souterraine et I'eau de surface.

Parmi toutes les méthodes utilisées pour évaluer la recharge des aquiferes, les
modeles numériques de bassin versant prenant en compte les interactions entre I'eau
souterraine et I'eau de surface sont les plus complexes (Doble & Crosbie, 2016). lIs
présentent des avantages tels que la possibilité d’étre calibrés sur différents types

d’observations et une meilleure capacité de simulation a I'extérieur des conditions de



calibration, mais le principal désavantage de ces modeéles réside dans le temps de
calcul qu’ils peuvent nécessiter. lls requiérent aussi des chroniques d’observations
pour un tres grand nombre de variables, et ces observations ne sont pas toutes
communes. Pour cette raison, ils sont plus souvent utilisés pour des bassins versants
de faibles superficies. Par exemple, Sciuto et Diekkriiger (2010) ont utilisé le modéle
HydroGeoSphere (Therrien & Sudicky, 1996) sur un trés petit bassin versant de 0.27
km? en Allemagne pour évaluer I'impact de la variabilité des propriétés hydrauliques
du sol sur le bilan hydrique. Par contre, Chemingui, Sulis et Paniconi (2015) ont utilisé
le modele CATHY (Camporese, Paniconi, Putti, & Orlandini, 2010) pour évaluer la
recharge d’un bassin versant ayant une grande superficie (690 km?) et ont obtenu des
résultats comparables a ceux obtenus avec des méthodes d’analyse des fluctuations

du niveau de la nappe et de séparation d’hydrogramme.

Le modele numérique choisi pour cette étude est WaSiM (Schulla, 2015), un
modéle physique distribué qui prend en compte les interactions entre I'eau de surface
et 'eau souterraine. Il est beaucoup utilisé dans le cadre de recherches caractérisant
l'impact des changements climatiques sur les ressources hydriques (ex. Gadeke,
Holzel, Koch, Pohle, & Grunewald, 2014; Jasper, Calanca, Gyalistras, & Fuhrer, 2004;
Natkhin, Steidl, Dietrich, Dannowski, & Lischeid, 2012) ou encore l'impact des
changements d’occupation du territoire sur ces mémes ressources hydriques (ex.
Bormann, Breuer, Graff, & Huisman, 2007; Richter et al., 2015). Cependant, peu de
chercheurs se sont intéressés a caractériser la recharge a l'aide de WaSiM. C’est
toutefois le cas de Bakundukize, Van Camp et Walraevens (2011) qui ont évalué la
recharge pour la région de Bugesera au Burundi, en Afrique, a I'aide du modéle
WasSiM. Chemingui, Jarraya-Horriche et Paniconi (2013) ont également utilisé WaSiM

pour évaluer la recharge mais cette fois pour le bassin versant Chiba, en Tunisie.
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Bien que WaSiM soit en développement depuis les années 1990, il n’est pas
encore beaucoup utilisé en Amérique du Nord. Parmi les quelques chercheurs qui
I'ont fait, on retrouve Novotna, van Bochove et Theriault (2014) qui I'ont utilisé sur un
petit bassin versant agricole de la riviere du Bras d’Henri au Québec afin d’évaluer les
impacts des changements climatiques sur la qualité de I'eau dans un cadre de gestion
agricole intensive. On retrouve également le grand projet ClimEx (Ludwig et al., 2018)
qui cherche a caractériser les impacts des changements climatiques et de la variabilité
naturelle du climat sur les événements hydrologiques extrémes au Québec, au

Canada, et en Baviére, en Allemagne.

Dans un autre ordre d'idées, le bassin versant de la riviere Caribou n’est pas
jaugé. Le transfert de débit est une pratique de plus en plus commune pour remédier
a cette situation, dans un contexte ou il y a peu de stations de jaugeage au Québec.
Plusieurs études s’intéressent a cette problématique (Hrachowitz et al., 2013). |l existe
des méthodes basées sur la proximité physique entre les bassins versants donneurs
et receveurs (Lebecherel, Andréassian, & Perrin, 2016; ex. Patil & Stieglitz, 2012) et
d’autres basées sur la similarité entre les bassins donneurs et receveurs (Auerbach
et al., 2016; ex. Hall & Minns, 1999; Razavi & Coulibaly, 2013). Une étude menée par
(Patil & Stieglitz, 2012) a démontré que la proximité des stations de jaugeage avec le
bassin non jaugé ne garantit pas une bonne prédictibilité des débits, mais peut

s’avérer utile a I'intérieur d'une méme région hydrographique.
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3.2 METHODOLOGIE

3.21 MODELISATION

Afin de mettre en place le modéle pour le bassin versant de la riviére Caribou,
plusieurs données hydrométéorologiques sont requises et celles-ci sont listées au
tableau 3.1. La résolution spatiale retenue pour le modéle est une grille de 100 m par

100 m, alors que la résolution temporelle est d’un jour.

Tableau 3.1 — Données requises pour la modélisation hydrologique avec WaSiM

Donnée requise Format / Source

Données quotidiennes interpolées sur grille de résolution

Précipitations ,
0.1° (MELCC, Gouvernement du Québec)

Données quotidiennes interpolées sur grille de résolution

Température moyenne ,
0.1° (MELCC, Gouvernement du Québec)

Modele d’élévation Grille de résolution 100m
numérique (MRN, Gouvernement du Canada)

Grille de résolution 100m produite & partir des données du

Dépbts de surface
(CERM-PACES, 2013)

Grille de résolution 100m produite & partir des données du

Occupation du territoire
(CERM-PACES, 2013)

Déterminée pour chaque type de dép6t avec des essais a
charge variable in situ, les granulométries et les données du
(CERM-PACES, 2013)

Conductivité hydraulique
des dépbts de surface

Données du Cadre de Référence hydrologique du Québec

Réseau hydrographique 3
(MELCC, Gouvernement du Québec)

Données quotidiennes transférées : le bassin versant de la

Débit . . , . .
riviere Caribou n’est pas jaugé
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Avec WaSiM, les composantes du cycle de I'eau sont toutes modélisées par un
sous-modéle propre a chacune. Chaque sous-modéle offre plusieurs méthodes de
calcul et celles retenues dans le cadre de cette étude en fonction des données

disponibles et de I'objectif principal de I'étude sont listées au tableau 3.2.

Tableau 3.2 — Méthodes de calcul sélectionnées dans WaSiM

Composante du cycle de 'eau 3 L
L . Méthode de calcul utilisée
modélisée dans WaSiM
Précipitations Polygones de Thiessen
Température Polygones de Thiessen
Evapotranspiration (Hamon, 1960)
Fonte de la neige Index de température
Ecoulements souterrains (Richards, 1931)

3.2.2 TRANSFERT DE DEBIT

La méthodologie de transfert de débits développée dans le cadre de cette étude
se base sur des approches privilégiant la similarité physiographique et
hydrographique entre les bassins donneurs et receveurs. Une base de données
composée de 106 bassins jaugés au Québec a d’abord été créée. La figure 3.1 situe

géographiquement ces bassins versants sur une carte du sud du Québec.
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Figure 3.1 — Bassins versants jaugés, donneurs potentiels pour le transfert de débit

Cette base de données contient tous les parameétres physiographiques et
hydrographiques retenus pour le calcul d’'un indice de similarité, ¢ (modifié de Burn &

Boorman, 1993), selon 'équation (3.1) :

2
= Z?:lwc(vc,j - Vc,ref) (3-1)

ou c représente le paramétre évalué parmi les n descripteurs retenus, w, la

pondération attribuée a ce parametre, V. ; la valeur normalisée pour ce parametre
pour le bassin versant j identifi¢ comme un donneur potentiel et V..., la valeur de

référence normalisée correspondant au bassin versant de la riviere Caribou. Cet
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indice de similarité cherche a minimiser les écarts entre les valeurs des parametres
des bassins donneurs et celles du bassin receveur.

Les paramétres retenus et leur pondération, listés au tableau 3.3, ont été
sélectionnés a partir de la littérature (Arsenault & Brissette, 2014; Razavi & Coulibaly,
2013) en considérant la qualité des données disponibles pour le territoire étudié. Une
étude menée par Ali, Tetzlaff, Soulsby, McDonnell et Capell (2012) met en évidence
l'importance d’inclure des paramétres physiographiques du bassin versant dans cette
analyse de similarité, en plus des paramétres hydrographiques, puisqu’il n’y a pas de
corrélation entre les indices de similarité obtenus en considérant ces deux catégories
distinctement. Cette étude conclut également que le choix des parameétres les plus
appropriés pour une analyse de similarité doit dépendre du contexte et de la région
d’étude. Une analyse de sensibilité a permis d’identifier que la pondération du tableau

3.3 était la plus appropriée pour le bassin versant de la riviére Caribou.
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Tableau 3.3 — Descripteurs et pondérations pour le calcul de I'indice de similarité

Descripteur Poids

(total de 1)
Superficie du bassin versant 0.016
Précipitations moyennes annuelles 0.016
Région hydrique 0.032
Elévation moyenne 0.063
Elévation médiane 0.063
Pente moyenne 0.159
Pente médiane 0.159
Densité de drainage 0.159
Occupation du territoire (6 catégories) 0.127
Type de sol (3 catégories) 0.048
Ordre du cours d’eau principal 0.079
Compacité du bassin 0.079

Parmi les descripteurs retenus, certains décrive la physiographie du bassin
versant, comme la superficie, I'élévation moyenne et médiane et les pentes moyenne
et médiane, tandis que d’autres comme les précipitations moyennes annuelles et la
région hydrique décrivent directement ou indirectement la climatologie. Finalement,
les autres descripteurs, soit la densité de drainage, I'occupation du territoire, le type
de sol, 'ordre du cours d’eau et la compacité du bassin décrivent la maniére dont 'eau
circule sur le bassin versant et interagit avec le sol. Ensemble, tous ces descripteurs

dressent un portrait global de I'hydrologie et de I'’hydrogéologie du bassin versant.
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Une fois les bassins similaires identifiés, leurs séries de débits quotidiens, Q, en
m?3/s, ont été transférées au bassin versant de la riviere Caribou avec une certaine
pondération en fonction de la superficie des donneurs par rapport au receveur, selon

I'équation (3.2) recommandée par le MDDELCC (2018) :

Q= (ﬁ)o'8 Q, 3.2)

ou Q, est le débit transféré en m3/s, A, la superficie du bassin versant de la riviére

Caribou et A, la superficie du bassin donneur.
3.2.3 CALIBRATION DU MODELE

La calibration du modéle est réalisée a l'aide de lalgorithme Dynamically
Dimensioned Search (DDS) (Tolson & Shoemaker, 2007) en évaluant la performance
de la modélisation avec le critére d’efficacité NSE de Nash et Sutcliffe (1970), dont
voici I'équation :

2

T t _nt
Zt:l(Qm (?0)2 (3 .3)
5T (8-0o)

NSE =1-—

Le NSE est un critére de performance bien connu pour sa sensibilité aux valeurs
extrémes, ce qui le rend particulierement adéquat pour des applications relatives au
débit. L’algorithme DDS cherche ainsi a minimiser I'écart entre les valeurs observées
et les valeurs simulées ; les valeurs observées étant en réalité celles transférées d'un
bassin versant similaire. La période de calibration varie de 11 a 56 ans en fonction de
I'étendue des données disponibles pour chaque bassin versant donneur.
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Les parametres de WaSiM calibrés sont ensuite utilisés avec les données
climatologiques applicables au bassin versant Caribou dans I'objectif d’obtenir des
résultats de recharge pour 'ensemble du bassin versant. Par la suite, étant donné que
le modele est distribué, la recharge obtenue pour la superficie occupée par I'aquifére

de Saint-Honoré pourra étre extraite des résultats.

3.2.4 DONNEES DE DEBIT ADDITIONNELLES

Afin de valider les résultats obtenus avec WaSiM pour le bassin versant Caribou
a partir des paramétres du modéle calibrés grace au transfert de débit, quelgues
jaugeages ponctuels de la riviere Caribou ont été effectués dans le cadre de ce projet
et peuvent étre comparés aux débits modélisés. Quelques-uns ont été réalisés avec
un vélocimétre électromagnétique et d’autres avec un profileur de courant Doppler
acoustique. Un total de 10 données ponctuelles de débits jaugés est disponible. Ces
données sont listées au tableau 3.4. Rojas-Serna, Lebecherel, Perrin, Andréassian et
Oudin (2016) ont évalué que 10 données ponctuelles est la quantité minimale de

jaugeages pouvant réduire I'écart entre les résultats simulés et ceux attendus.
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Tableau 3.4 — Débits jaugés a I’exutoire de lariviéere Caribou

Date Débit (m3/s)
27-06-2016 0.915
29-06-2016 1.624
02-07-2016 0.956
03-07-2016 2.536
05-07-2016 3.141
07-07-2016 1.900
13-07-2016 1.442
15-05-2017 3.418
06/07/2017 1.376
18-10-2017 2.939

De plus, une série de débits modélisés produite par Environnement et
Changements Climatiques Canada avec le modéle climatique global et un schéma de
routage appliqué au bassin versant Caribou a pu étre comparée a ces données
ponctuelles. La figure 3.2 présente cette comparaison pour les données de I'année

2016 pour laquelle le coefficient NSE est de 0.83.

20,00

18,00 Débit modélisé, Environnement et
16,00 . .

14 00 changements climatiques Canada

Débit jaugé

Débit (m3/s)
00
3

Figure 3.2 — Données de débit additionnelles
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3.3 RESULTATS PRELIMINAIRES

La modélisation hydrologique n’a pas permis d’obtenir des résultats de recharge
jusqu’a présent. La calibration n’a pas pu étre complétée dans le cadre temporel
restreint du présent projet de maitrise. Toutefois, la partie du projet concernant le
transfert de débits dans le but de calibrer le modéle hydrologique a été réalisée et des
résultats ont été obtenus. L’analyse de similarité effectuée sur les 106 bassins
versants de la base de données a permis d’identifier quatre bassins versants similaires
a celui de lariviére Caribou, listés au tableau 3.5 et présentés sur la figure 3.3. Comme
on cherche a minimiser cet indice de similarité pour trouver des bassins versants

similaires, ceux qui avait un indice inférieur ou égal & 0.12 ont été retenus.

Tableau 3.5 — Bassins versants similaires

Bassin versant similaire Indice de similarité
1. Riviére Noire 2 0.105
2. Petite riviere du Chéne 0.116
3. Riviére de la Chevrotiere 0.117
4. Riviére Beaurivage 0.120

Les séries de débits quotidiens de chacune de ces rivieres ont été transférées
au bassin versant de la riviere Caribou avec I'équation (3.2). L'incertitude sur la
recharge reliée au transfert de débit pourra étre évaluée en effectuant la calibration

avec les quatre séries de débit ainsi transférées.
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Bassins versants retenus pour I’étude de similarité (106)
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Figure 3.3 — Bassins versants jaugés retenus pour leur similarité avec le bassin versant
delariviere Caribou (1. BV de lariviere Noire ; 2. BV de la petite riviere du Chéne ; 3. BV
de lariviere de la Chevrotiére ; 4. BV de lariviéere Beaurivage)
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3.4 TRAVAUX FUTURS

Etant donné que la calibration du modéle hydrologique n’a pas pu étre menée a
terme, il reste du travail & accomplir afin d’obtenir des résultats de recharge avec cette
méthode. Ces travaux incluent de terminer la calibration du modele afin de pouvoir
simuler les processus du cycle de I'eau sur le bassin versant de la riviere Caribou et
ainsi obtenir des résultats de recharge de l'aquifere de Saint-Honoré. La figure 3.4
présente la procédure de travail planifiée. Ces travaux dépassent le cadre du présent

projet de maitrise, mais pourront peut-étre étre réalisés ultérieurement.

. " : Calibration de WaSiM ]
Données hydrométéorologiques

des bassins versants similaires

Parameétres libres
(x4)

de WaSiM calibrés

Données hydrométéorologiques Y
Simulation WaSiM

.

[ Débit a I'exutoire Recharge ]

o~

Validation du modéle ]

du bassin versant Caribou

Données additionnelles

de débit

Figure 3.4 — Procédure a adopter pour les travaux futurs
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CONCLUSION

L’objectif principal de cette étude était d’évaluer la recharge de l'aquifére de
Saint-Honoré par une approche couplant des modeles hydrogéologique (analyse des

fluctuations du niveau de la nappe) et hydrologique (WaSiM).

Le volet hydrogéologique de I'étude a permis de développer une méthode
optimisée, codée et automatisée de I'analyse des fluctuations du niveau de la nappe
(OCA-WTF). Cette méthode a été appliquée aux données de six puits d’observation
répartis sur l'aquifére de Saint-Honoré, résultant en une recharge moyenne de 350
mm/an. Cette méthode a été comparée a d’autres méthodes d’évaluation de la
recharge : bilans hydriques, séparation d’hydrogrammes, analyse isotopique et une
méthode analytique d’estimation basée sur les simplifications de Dupuit-Forchheimer.
Ces comparaisons ont mis en évidence le délai entre les périodes d’infiltration et de
recharge et ont permis de constater que les résultats obtenus avec la méthode OCA-
WTF sur le bassin versant Caribou sont représentatives de I'aquifére, bien que Delin
et al. (2007) évaluait I'échelle spatiale de validité de I'analyse des fluctuations du

niveau de la nappe a 1-100 m2.

En ce qui concerne le volet hydrologique de I'étude, la charge de travail requise
dépasse le cadre du présent projet de maitrise. L’analyse de similarité nécessaire a
I'obtention de données de débit pour le bassin versant non-jaugé de la riviére Caribou
a tout de méme permis d’identifier quatre bassins versant similaires, mais la calibration
du modele WaSiM devra étre complétée afin d’obtenir des résultats de recharge a

comparer avec ceux obtenus par la méthode OCA-WTF.



Pour pousser plus loin les conclusions tirées de cette étude, il serait intéressant
de comparer la méthode OCA-WTF a d’autres méthodes d’évaluation de la recharge
et de le faire sur d’autres territoires que celui du bassin versant de la riviere Caribou,
soumis a des conditions climatologiques différentes. Il serait également pertinent
d’évaluer la densité minimale et la répartition spatiale optimale de puits d’'observation
qui seraient nécessaires a une bonne évaluation de la recharge moyenne d’un
aquifére. Par ailleurs, les données de niveau de la happe obtenues dans les six puits
d’observation de l'aquifére de Saint-Honoré pourraient étre utilisées pour calibrer ou
valider le modéle hydrologique WaSiM. Cela pourrait contribuer a une meilleure

cohérence entre les composantes surfacique et souterraines du cycle de I'eau dans

I'évaluation de la recharge.

Finalement, dans une optique de développement durable et si la performance
du modeéle hydrologique calibré était jugée adéquate, il serait envisageable d’utiliser
ce dernier a des fins de prévisions de recharge. Cela pourrait assurer une gestion et

une exploitation durables de la ressource en eau.
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