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Abstract Lateral waterfluxes are not realistically taken into account in soil column models, although they
influence the dynamic evolution of the vertical soil moisture profile. By neglecting these fluxes, the model-
ing of the soil-vegetation-atmosphere continuum is incomplete, and the feedbacks between these three
compartments cannot be fully simulated. These fluxes have an importance in the different fields where soil
column models are used: hydrology, hydrometeorology, biogeochemical cycles, ecology, and soil weather-
ing. This paper introduces a novel Hydrological Hillslope-based Soil Column model (H2SC) that simulates
the temporal evolution of the water table depth and evapotranspiration fluxes and their interaction. The
interconnected processes are infiltration, evapotranspiration, vertical soil water movements, and the non-
explicitly modeled lateral fluxes flowing through the soil column. These lateral fluxes are modeled as a
drainage function built from physically based equations that describe a simplified hillslope hydrology. This
drainage function can be easily implemented in any soil column model without penalizing computational
times. The H2SC model was validated on numerical experiments where a 2-D hillslope simulation performed
with an integrated hydrologic model was compared with simulations using the H2SC 1-D model. Each of
the H2SC simulations represents a specific location of a soil column along the hillslope. Different climate
forcings, soil properties, and geometric shapes of the hillslope were tested. The model was then applied at
the locations of two piezometers in the Strengbach catchment, France. The model reproduced the temporal
evolution of the water table level fairly well for both the numerical experiments and for the real test case.

1. Introduction

The spatial and temporal evolution of soil water content is interconnected with land surface processes and
vegetation dynamics [Rodriguez-Iturbe et al., 2001; Chen et al., 2015; Ford et al., 2015]. All of the hydrological
processes involving water flows depend on the soil water content profile and also influence it. On one
hand, temporal and spatial variations in water content and atmospheric parameters drive the dynamic
growth of vegetation and its temporal and spatial patterns. On the other hand, vegetation processes, which
depend on the morphological features of the vegetation, impact the soil and the atmospheric water cycle.
A good comprehension of the coupling which occurs at different spatial scales, from the plot to the water-
shed, between atmosphere, vegetation dynamics, and hydrological processes is important in different fields
such as hydrometeorology, ecology, biogeochemical cycles, geochemistry of soil, and rock weathering. For
example, a realistic representation of this coupling is necessary to address the following issues: the impacts
of arid or semiarid climates on vegetation and soil erosion [Rodriguez-Iturbe et al., 2001], the circulation of
chemical nutrients in the soil (C, N, . . .) and the weathering of soil and rock minerals [Zhang et al., 2002;
Godd�eris et al., 2009], the impacts of the climate change on vegetation or water resources, from the local to
the regional scale [Krinner et al., 2005; Xia and Shao, 2008], the measures to propose to stakeholders for for-
est and water management [Chen et al., 2015]. Therefore, a hydrological model that incorporates vegetation
and land surface processes is needed to accurately model at the different scales of interest the interactions
and the feedbacks between atmospheric, vegetation, and water dynamics along the vertical soil-
vegetation-atmosphere continuum and over time.

Models developed in the different scientific fields previously mentioned aim to represent the links between
the biosphere, the soil hydrology, the climatic forcing, and their impacts on biogeochemical processes. They
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describe transfers in the soil-vegetation-atmosphere continuum [Zhang et al., 2002; Godd�eris et al., 2009;
Krinner et al., 2005; Chen et al., 2015], and most of the processes involve vertical water transfers. Hence, the
majority of these models represent only a soil column, e.g., Orchid�ee [Krinner et al., 2005], Noah-MP [Niu
et al., 2011], VIC [Liang et al., 1994], and CLM [Dai et al., 2003]. The classical configuration of these models
includes a free drainage at the bottom, as in Orchid�ee [de Rosnay et al., 2002], Noah [Mahrt and Pan, 1984],
and ISBA [Decharme et al., 2011]. These models neglect by construction the lateral water transfers and the
associated transport of chemical elements that occur through the soil column. However, the soil water con-
tent profile depends on the subsurface characteristics such as the spatial relationship to the groundwater
table, or lateral subsurface flow. As a consequence, these column models are not able to take into account
a potential near-surface water table flowing from hilltops to streams in a watershed, whereas the variations
in the water table depth over time may impact significantly the soil water content in a column. Moreover,
the space and time evolution of the water table level is jointly governed by topographic gradients and also
by vegetation and land surface processes such as rainfall infiltration and root water uptake. This complex
coupling induces feedbacks on atmospheric and vegetation processes. For instance, a shallow water table
influences evapotranspiration fluxes by sustaining capillary rise [Yeh and Eltahir, 2005; Kollet and Maxwell,
2008; Miguez-Macho and Fan, 2012], as has been numerically observed [Maxwell and Kollet, 2008; Condon
et al., 2013]. Simulations reveal that up to 20% of evapotranspiration can be drawn from an aquifer [York
et al., 2002]. This coupling essentially concerns lowland areas, i.e., areas with shallow groundwater tables
[Brauer et al., 2014a], which represent a significant part of the world [Miguez-Macho and Fan, 2012; Fan
et al., 2013; Brauer et al., 2014a]. The extent and distribution of lowland area changes over time depend on
the hydrological response of the catchment to seasons and climate. Hence, the catchment hydrology is also
important to identify where these couplings between land surface processes, vegetation and water table
occur. For example, feedbacks on climate can be induced by the increase of water transfers from the soil to
the atmosphere due to a near-surface water table [York et al., 2002; Anyah et al., 2008; Yuan et al., 2008;
Jiang et al., 2009; Leung et al., 2011; Campoy et al., 2013; Vergnes et al., 2014] as well as feedbacks on vegeta-
tion dynamics [Fernandez-Illescas and Rodriguez-Iturbe, 2003; Ridolfi et al., 2006; Liu et al., 2012]. As a conse-
quence, the representation of shallow groundwater is of particular importance to properly model soil-
vegetation-atmosphere interactions and their impact on biogeochemical cycles and soil weathering pro-
cesses. Integrated hydrologic models coupled to land surface models offer this possibility, e.g., Parflow with
CLM [Maxwell and Miller, 2005], Cathy with NoahMP [Niu et al., 2014], Modflow with Vos [York et al., 2002].
Other hydrological models directly include the vegetation and land-surface processes, such as HydroGeo-
Sphere [Li et al., 2008] or Amanzi-ATS [Coon et al., 2016]. However, the implementation of these codes is
complex. The objective of the present paper is to propose a simpler model that relies on the soil column
concept. In soil column models, whatever their application, the water table is generally assumed to be too
deep to interact with the vegetation [Rodriguez-Iturbe et al., 2001; Xia and Shao, 2008]. Only the vertical
water transfers in the unsaturated zone are taken into consideration. The question of how to incorporate
lateral hydrological processes into vertical column models has been emphasized in the literature [Chen
et al., 2015].

An option for introducing groundwater flow in column models is to couple columns with a 2-D or 3-D
groundwater model. This has been done by different authors and tested on various test cases and at differ-
ent spatial scales. One can cite Twarakavi et al. [2008] and Niswonger et al. [2006] who performed a coupling
between HYDRUS 1-D and MODFLOW softwares, or Zhu et al. [2012] who proposed a coupling strategy
devoted to regional studies. The coupling between SVAT models, based on soil column models, and discre-
tized hydrogeological models must be also mentioned, e.g., MIKE SHE [Graham and Butts, 2005] or SIM
[Habets et al., 2008]. However, this option has a cost in terms of numerics and computing time: the Darcy
equations must be discretized on a 2-D or 3-D mesh and coupled with the Richards equation in each
column.

Taking into account the specificities of catchment hydrology, Hazenberg et al. [2015, 2016] have recently
proposed a hillslope model that couples the vertical resolution of the Richards equation with the lateral res-
olution of a Boussinesq equation. Following the work of Troch et al. [2003], this last equation is reformulated
in terms of soil water storage and denoted HsB equation. The resulting model (h3D) is designed to simulate
the runoff of a hillslope without solving the Richards equation in the whole hillslope. However, a simpler
column model based on a drainage equation would lead to reduced calculation times and would be
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coherent with the level of simplifications generally introduced in column models to describe processes
such as water uptake by the roots, weathering processes, nutrient migration. This paper addresses this
issue: how to incorporate in a soil column model a drainage function at the bottom of the column that rep-
resents in a simple but realistic way the spatial and temporal evolution of a water table in interaction with
vegetation and atmospheric processes?

In the present paper, we describe a new Hydrological Hillslope-based Soil Column model (denoted H2SC)
for coupling the vegetation cover and its root profiles with the water table dynamics. This model is based
on a physical approach in the vertical direction and on a simplified description of the complex 3-D saturated
flow in the other directions. A drainage function is added to represent the lateral water transfers in the satu-
rated zone. The function is built from physically based equations of a simplified hydrological behavior at
the hillslope scale. The hillslope scale was chosen as the basic unit of the hydrological part of the H2SC
model because this scale is recognized as a meaningful and fundamental hydrologic unit [Carrillo et al.,
2011; Miguez-Macho and Fan, 2012; Hazenberg et al., 2015].

We first describe the approach and explain in detail the structure of the H2SC model and the equations
used (section 2). The evaluation of the model on synthetic test cases is presented in section 3, and its appli-
cation to the Strengbach catchment (France) is discussed in section 4. The conclusions are presented in the
last section.

2. H2SC 1-D Vertical Column Model

2.1. Representation of a Hillslope
The H2SC model represents a soil column that must be associated with the hillslope it belongs to in the
catchment. In a catchment, streamlines behave as impermeable limits [Bear, 1972; Fan and Bras, 1998].
Therefore, water flows in the streamline system are 2-D. The streamline that intersects the location of the
modeled soil column is used to define the ‘‘hillslope’’ needed for the model. This hillslope may be approxi-
mated by the steepest slope from the hilltop of the catchment to the stream that intersects the location of
the soil column. The hillslope is described by its geometry, its soil type and its vegetation, all of which are
supposed to be homogeneous. The rainfall is also assumed to be uniform. The geometric parameters are
the length of the hillslope, Lt , the aquifer height below the river, hr , the aquifer slope, a, and the surface
slope, c, as shown in Figure 1a. The soil column is then characterized by its distance to the river, L.

The soil and vegetation types in the column are the same as those assigned to the hillslope. The height of
the column, Dh, is equal to the thickness of the hillslope at the distance L from the river (Figure 1a):

Dh5hr1L tan c2tan að Þ: (1)

The associated boundary conditions for the hillslope are as follows. The upslope end of the hillslope repre-
sents a watershed divide. Hence, it corresponds to a no-flow boundary condition, such as the lower surface

Figure 1. Schematic representation of an idealized hillslope and of the selected column: (a) case where the water table level does not intersect the bedrock, (b) case where the water
table intersects the bedrock and definition of the parameter Ll .
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delineating an impermeable layer. A specified head boundary condition is employed at the downslope end
to represent the river [Ogden and Watts, 2000].

2.2. Vertical Flow Through the Soil Column
Surface and subsurface flows are modeled by the generalized Richards type equation developed by Weill
et al. [2009]. The resolution of this equation is limited to the vertical dimension for the H2SC model. This
equation unifies the surface and subsurface flow equations by using domain-dependent parameters. It
allows the surface and subsurface flow equations to be solved in a single domain instead of introducing an
interface with a change in the boundary conditions.

In the subsurface domain, the generalized equation is equivalent to the Richards equation:

r hð Þ @h
@t

2~r � K hð Þ~r h1es2zð Þ
� �

1d z; tð Þ1ev z; tð Þ1tr z; tð Þ50; (2)

where h is the pressure head [L], t is time [T], z is the depth [L], es is the soil elevation [L], r hð Þ is the specific
volumetric storativity [L21], K hð Þ is the hydraulic conductivity [LT21], d is the drainage uptake [T21] (section
2.4), and ev and tr are the evapotranspiration uptake of water [T21] (section2.3).

In the surface domain, the generalized equation is equivalent to the diffusive-wave approximation of the
Saint Venant equation associated with the Manning-Strickler flow formula. The details are outlined in Weill
et al. [2009].

2.3. Vegetation Model
The vegetation model is based on the Orchid�ee land surface model [de Rosnay and Polcher, 1998]. It
accounts for evaporation from bare soil, transpiration by root water uptake and interception loss, which is
the evaporation of the intercepted rainfall by the foliage. The soil-plant interaction is modeled using a mac-
roscopic approach, i.e., the root system is represented as a diffuse sink that is uniform in each layer but may
vary with depth [Feddes et al., 2001]. The foliage is represented by the ‘‘big-leaf’’ approach, i.e., the vegeta-
tion cover is simplified by considering a single leaf [de Rosnay, 1999]. Only one type of vegetation can be
prescribed for a column of the H2SC model.

The transpiration flux TR tð Þ is computed at each time step by integrating the root water uptake in each layer
of the root zone tr z; tð Þ :

TR tð Þ5
ðzmax

0
tr z; tð Þdz; (3)

where zmax is the limiting depth of the root zone, z is the depth, and t is the time. The root water uptake at
a given depth depends on the potential evapotranspiration Ep, the fraction of soil covered by the vegeta-
tion, the fraction of foliage that is not covered by intercepted water, a resistance term fr1 tð Þ, the water avail-
ability gt hð Þ, and the root density ht zð Þ:

tr z; tð Þ5Ep 12fbsð Þ 12
I

Imax

� �
fr1gt hð Þht zð Þ; (4)

where fbs is the fraction of bare soil inside the vegetation cover, I is the amount of water intercepted by the
foliage, and Imax is the maximal amount of water the foliage may intercept. The expressions of these varia-
bles can be found in Appendix A.

The evaporation, EV tð Þ, is calculated applying a similar methodology:

EV tð Þ5
ðz0max

0
ev z; tð Þdz; (5)

where z0max is the limiting depth for the evaporative uptake, and z is the depth. It is assumed that the evapo-
rative uptake occurs over a specific thickness due to energy penetration in the soil. The water uptake for
evaporation, ev z; tð Þ, is proportional to the potential evapotranspiration, the fraction of bare soil, a water
availability function for evaporation, ge hð Þ, and an evaporation distribution function, he zð Þ, that represents
the reduction of energy penetration in the soil. The total water uptake from evaporation, transpiration, and
interception must be lower than the potential evaporation. As a consequence, ev z; tð Þ is given by
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ev z; tð Þ5min Ep; Epfbs2TR2IN
� �

ge hð Þhe zð Þ: (6)

2.4. Water Table Dynamics
The conceptual representation of the system under study is an unconfined aquifer flowing from a hilltop to
the stream. In the H2SC model, the water table dynamics is modeled via a drainage uptake d L; z; tð Þ that
represents the total flow-rate through the column. The column is characterized by its distance to the river, L
(Figure 1a). The drainage function is introduced as a sink term in the Richards equation (equation (2)) in the
lowest layer of the column. The drainage uptake is linked to the drainage flux function, i.e., the flux of water
extracted from the column, D [LT21], as follows:

D L; tð Þ5
ð

z
d L; z; tð Þdz: (7)

The simulation of the whole hillslope is required to get the exact total flow rate through the column. There-
fore, some simplifying assumptions are necessary to obtain an estimation of this flow rate. The adopted
approach consists in establishing a drainage function from a simplified but physical hydrological behavior
of the hillslope.

The groundwater level is supposed to be linear along the hillslope with a variable seepage face (Figure 1).
This hypothesis of a linear water table is realistic for hillslopes with gentle and uniform soil slopes, with perme-
able and generally homogeneous soils and with a near-surface aquifer. In such cases, the water table responds
almost instantaneously to a rainfall event throughout the entire hillslope, and the water table slope can be
considered as constant. This assumption of a linear water table is also consistent with the hypothesis of a
water table parallel to the topography in the TOPMODEL code [Beven and Kirkby, 1979]. Moreover, a linear
water table is a simple approximation that has the advantage of introducing only two parameters (the slope
and the intercept point). The use of a parabolic function to describe the water table level would be more real-
istic. However, it would lead to significant complications for the model because a third parameter should be
introduced. To solve the resulting equation system, an additional relationship should be found and thus
another physical assumption should be proposed. In the perspective of a simple and computational costless
approach, the assumption of a linear water table provides a satisfying compromise between a simple but real-
istic representation of the water table level. This will be shown and discussed further in sections 3 and 4. Two
variables define the groundwater level over space and time (Figure 1a): the angle with respect to the horizon-
tal axis, i tð Þ, and the extension of the seepage face, xs tð Þ. The groundwater level is defined as follows:

hw x; tð Þ5
hr1x tan c if x 2 0; xs½ �

hr1xs tan c1 x2xsð Þ tan i if x 2�xs; Ll �
;

(
(8)

where hw x; tð Þ is the water table level at a distance x from the river and at time t, hr is the height of the
aquifer below the river, and c is the surface slope (Figure 1a). Ll tð Þ is defined as the length of the hillslope,
Lt , when the water table does not intersect the bedrock. Otherwise, Ll is the distance between the river and
the location where the water table intersects the bedrock (Figure 1b):

Ll tð Þ5
min Lt;

hr1xs tan c2tan ið Þ
tan a2tan i

� �
if i < a

Lt if i � a

:

8><
>: (9)

The temporal evolutions between t2dt and t of the two variables of this water table model, i tð Þ and xs tð Þ,
depend on their respective values at time t2dt. Three different situations can occur at time t: (i) the ground-
water level has decreased in the column (hw t2dtð Þ > hw tð Þ) and there was no seepage face at the previous
time step (xs t2dtð Þ50), (ii) as in the previous case, except that the extension of the seepage face was posi-
tive (xs t2dtð Þ > 0), and (iii) the groundwater level has increased (hw t2dtð Þ < hw tð Þ). In the first case, we
suppose that the water table level remains linear with a fixed level equal to hr at the downstream point of
the hillslope (Figure 2a). There will still be no seepage face at the next time step. This case represents a
smooth discharge of the hillslope in the river. The greater the distance from the river, the more significant
the decrease in the water level. In the second case, the water table is supposed to remain at a constant level
at the distance Ll (Figure 2b). The extension of the seepage face decreases in this situation. This case repre-
sents a rapid discharge of the seepage face in the river. In this situation, the groundwater level remains
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almost constant far from the seepage face, and this justifies the hypothesis that the water table level does
not evolve at the upstream point (x5Lt). Finally, the third case concerns a period where the water table rises
in the column model. The infiltration time of the rainfall water amount in the unsaturated zone is assumed
to be homogeneous along the hillslope and thus also the rise of the water table level (Figure 2c). This leads
to the introduction and increase of the seepage face.

Finally, the drainage function for representing the lateral flow through the column based on these hypothe-
ses is proposed as follows:

D L; tð Þ5

D11DEV if xs50

D21DEV if xs > 0 and if L � Ls

12f1 Lsð Þð Þ3D11f1 Lsð Þ3D21DEV if xs > 0 and if L > Ls;

8>><
>>: (10)

where D1 and D2 are the two main drainage functions depending on whether there is a seepage face or
not, respectively, and f1 is a mixing function to ensure a smooth transition between the two drainage func-
tions. DEV is a function that accounts for the influence of the evapotranspiration fluxes on the water table
dynamics. Ls, which is called the seepage-dominant distance, is a parameter that defines the transition
between the case with no seepage face and the one with a seepage face.

In the following subsections, we describe the approach used to obtain these functions’ members, and we
specify their formulae. D1, D2, f1, and Ls are described in section 2.4.1, and DEV is introduced in section 2.4.2.
2.4.1. The Drainage Function Without Evapotranspiration Fluxes
The derivation of the drainage function (equation (10)) is based on a global water balance at the hillslope
scale, a relationship between the variation of the volume of water in a column at a given distance of the
river and the variation of the volume of water in the whole hillslope. Ignoring precipitation and evapotrans-
piration, which are modeled directly in the column, the water balance at the hillslope scale is

dVw

dt
1Qsoil

out1Qsf
out50; (11)

where Vw is the volume of water in the hillslope, Qsoil
out is the flow of water through the downslope end, and

Qsf
out is the flow of water through the seepage face. These two flows are calculated using Darcy’s law and

equation (8):

Figure 2. Representation of the three different cases for the evolution of the two variables i tð Þ and xs tð Þ and: (a) the water table level is decreasing in the soil column, and there was no
seepage face, (b) the water table level is decreasing in the soil column, and there was a seepage face, and (c) the water table level is increasing in the soil column.
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Qsoil
out tð Þ5

� Ksathr tan i if xs50

Ksathr tan c if xs > 0

Qsf
out tð Þ5Ksat xs tan cð Þ2

:

8>>><
>>>:

(12)

where Ksat is the saturated hydraulic conductivity [LT21].

Various relationships between the variation of the volume of water in the hillslope and in a column at a
given distance from the river are established in the following sections for the different hydrological regimes
that the model describes. Their relationships depend on the values of Ll tð Þ, xs tð Þ, and i tð Þ.
2.4.1.1. No Seepage Face Case (xs tð Þ50)
First, we consider the particular case where there is no seepage face (Figure 2a). Furthermore, if Ll tð Þ5Lt ,
and i tð Þ 6¼ c, there is a saturated zone and an unsaturated zone along the whole hillslope, and the following
equation is established:

dVw

dt
tð Þ5

ðLt

x50

ðhr 1xtan c

z5hw

@h
@t

x; z; tð Þdz dx; (13)

where h is the soil moisture described by the van Genuchten function in the unsaturated zone [van Gen-
uchten, 1980]. The pressure head, h, and the hydraulic head, H, are linked via the depth, z, and the soil eleva-
tion, es, as follows: H5h1es2z.

The assumption of a constant hydraulic head along a vertical profile and the time derivative of the van Gen-
uchten function lead to

@h
@t

x; z; tð Þ52 hs2hrð Þ @
@z

11 2b hw x; tð Þ2zð Þð Þn½ �2m� � @hw

@t
x; tð Þ; (14)

where b, n, and m5121=n are empirical shape-defining parameters of van Genuchten, and hs and hr are
the saturated and residual water contents, respectively.

Moreover, the water table is linear, and its value is imposed at a constant level at the river. One may then
infer a relationship between the variations in the water table levels at two different distances from the river,
x1 and x2:

8 x1; x2ð Þ 2 0; Ll½ �2; @hw

@t
x1; tð Þ5 x1

x2

@hw

@t
x2; tð Þ: (15)

As a final step, we combine equations (13)–(15):

dVw

dt
tð Þ5 hs2hrð Þ

L
@hw

@t
L; tð Þ L2

t

2
2

ðLt

x50
x 11 bx tan c2tan ið Þð Þn½ �2mdx

� �
; (16)

where L is a given distance to the river (Figure 1a).

On the other hand, the variation in the volume of water in a given column at a distance L from the
river is

dV col
w

dt
L; tð Þ5

ðhr 1L tan c

z5hw

@h
@t

z; tð Þdz: (17)

Using equations (14) and (17), we obtain

dV col
w

dt
L; tð Þ5 hs2hrð Þ @hw

@t
L; tð Þ 12 11bn hr1Ltan c2hw L; tð Þð Þn½ �2m� �

: (18)

As a final step, we combine equations (11), (16), and (18):

dV col
w

dt
L; tð Þ52Qsoil

out L
w

L2
t

2 2u0

; (19)

with
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w L; tð Þ512 11bn hr1Ltan c2hw L; tð Þð Þn½ �2mand (20)

u0 tð Þ5
ðLt

x50
x 11 b tan c2tan ið Þxð Þn½ �2mdx: (21)

This final equation corresponds to the ‘‘drainage function’’ for the case xs tð Þ50, Ll tð Þ5Lt , and i tð Þ 6¼ c.
The development of equation (19) into a Taylor series shows that this drainage function is still valid for
i tð Þ5c.

For the case Ll tð Þ < Lt , the drainage function is obtained by applying the same methodology. An additional
and particular situation must be considered: when the distance L of the column to the river is larger than
Ll tð Þ, i.e., the whole column is unsaturated. In that case, we apply a free drainage at the bottom of the
column.

Finally, when xs tð Þ50, we obtain the following general expression for the drainage function, denoted
D1 L; tð Þ:

D1 L; tð Þ5 dV col
w

dt
L; tð Þ5

2Qsoil
out n12ð Þ Ln11

Ln12
t

if i5c

2Qsoil
out L

w

L2
l

2
2u1

if i 2 �il; c� or i < il and L < Llð Þ

Ksatkr h zcol50ð Þð Þ if i < il and L � Ll

:

8>>>>>>>><
>>>>>>>>:

(22)

In this expression, il is the water table angle such that the water table intersects the bedrock at x5Lt :

il tð Þ5arctan
Lt tan a2xs tan c2hr

Lt2xs

� �
: (23)

The function u1 tð Þ in equation (22) is defined as follows:

u1 tð Þ5
ðLl

x50
x 11 bx tan c2tan ið Þð Þn½ �2mdx: (24)

The drainage function, D1 L; tð Þ, and the flow of water through the downslope end of the hillslope, Qsoil
out tð Þ,

have opposite signs. For i tð Þ > 0, the flow through the downstream boundary condition is oriented outside
of the hillslope, and the drainage function is negative. This leads to a fall in the water table level in a col-
umn, as expected. On the contrary, for i tð Þ � 0, the river contributes to the recharge of the aquifer, and the
drainage function is positive.
2.4.1.2. Seepage Face Case (xs tð Þ>0)
The same methodology as in the case with no seepage face is applied. In this case (Figure 2c), the drainage
function is denoted D2 tð Þ. One may notice that the hypothesis concerning the evolution of the water table
is different from the previous case. The water level is imposed at x5Ll tð Þ instead of x50. Equation (15)
becomes

8 x1; x2ð Þ 2 xs; Ll½ �2; @hw

@t
x1; tð Þ5 Ll2x1

Ll2x2

@hw

@t
x2; tð Þ: (25)

It can then be shown that the drainage function D2 is

D2 L; tð Þ5

2 Qsoil
out1Qsf

out

� �
n11ð Þ n12ð Þ Lt2Lð ÞLn

Lt2xsð Þn12 if i5c

2 Qsoil
out1Qsf

out

� � Ll2Lð Þw
Ll2xsð Þ2

2
2u2

if i 2 �il; c� or i < il and L < Llð Þ

Ksat kr h zcol50ð Þð Þ if i < il and L � Ll

;

8>>>>>>>><
>>>>>>>>:

(26)

with
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u2 tð Þ5
ðLl

x5xs

Ll2xð Þ 11 b tan c2tan ið Þ x2xsð Þð Þn½ �2mdx: (27)

2.4.1.3. Transitional Case
To ensure a soft transition between the functions D1 and D2, a phase involving a combination of the two
functions is introduced. The drainage function D1 represents a discharge of the groundwater in the river,
whereas D2 corresponds to a fast discharge after a rainfall. This fast discharge is mainly due to the exfiltra-
tion of the water table along the seepage face. However, the impact of the seepage face is only significant
in the seepage area. Beyond a given distance from the seepage face, which is denoted Ls and called the
‘‘seepage-dominant distance,’’ the impact of the seepage face on the discharge decreases until the dis-
charge of the groundwater in the river becomes dominant. To estimate Ls, we assume that the variation in
the volume of water in the interval x 2 xs tð Þ; Ls tð Þ½ � is equal to the flow of water through the seepage face,
Qsf

out . Then, the formulation of this hypothesis isðLs

x5xs

@V col
w

@t
x; tð Þ dx5Qsf

out tð Þ: (28)

Using the second case of equation (26) and approximating w x; tð Þ by w xs tð Þ1Ls tð Þð Þ=2; tÞð , we deduce that
Ls tð Þ is a solution of

g Xð Þ5 Ll X2xsð Þ2 X2

2
1

x2
s

2

� �	 

12 11 b

X2xs

2
tan c2tan ið Þ

� �n� �2m	 

2

Qsf
out

Qsoil
out1Qsf

out

Ll2xsð Þ2

2
2u2

 !
50:

(29)

The function g Xð Þ is strictly increasing over the interval X 2 �xs; Lt�, and g X5xsð Þ is negative. If
g X5Ltð Þ < 0, the equation g Xð Þ50 has no solution. The impact of the seepage face exceeds the length
of the hillslope. If g X5Ltð Þ � 0, the equation has a unique solution, Ls tð Þ, which can be approximated
by numerical methods. Finally, the ‘‘seepage-dominant distance’’ is given by

Ls tð Þ5
Ll if g X5Llð Þ � 0

the unique solution of g Xð Þ50 if g X5Llð Þ > 0
:

(
(30)

2.4.1.4. General Case
In summary, the global drainage function without a consideration of the evapotranspiration fluxes, D L; tð Þ,
which models the water table dynamics in the column, is given by equation (10) with DEV 50, and where D1

and D2 are given by equations (22) and (26), respectively. In equation (10), f1 is a mixing function defined
for Ls 2 0; L½ � such as f1 Ls5Lð Þ51. Moreover, the influence of the seepage face on the drainage drops to
zero when the seepage face disappears, i.e., when Ls tð Þ50. Then, f1 Ls50ð Þ50. The chosen function is based
on the arctangent function:

f1 Xð Þ5 1
2

11
2
p

arctan 2C
1
X

1
1

X2L

� �� �� �
; (31)

where C52tan 0:83p=2ð Þ= 1=X011= X02Lð Þð Þ, and X053L=4, such as f1 X5X0ð Þ50:9. The arctangent func-
tion has been chosen because its derivative is zero in 21 and 11. Consequently, the derivative of the
function f1 is 0 when Ls5L, that leads to a continuous transition between the transitional case and the case
D5D2. From a numerical point of view, a continuous transition prevents from oscillations between the two
cases. Similarly, the derivative of f1 is 0 when Ls50 and the transition between the transitional case and the
case D5D1 is continuous. Moreover, the function f1 is built so that the weight given to D1 and D2 is sym-
metric between the cases Ls5X and Ls5L2X .
2.4.2. The Evapotranspiration Fluxes
The evaporation and transpiration fluxes are two sink terms in the water budget that pump some of the
water near the surface and along the root zone, respectively. In the H2SC model, near the downstream
boundary condition where the hydraulic head is fixed, the modeled river may contribute to these fluxes.
This contribution has to be taken into account in the drainage function. We consider a flat hillslope for esti-
mating this flow from the river. This initially flat water table would decrease uniformly along the hillslope if
the hydraulic head was not imposed. In the case of an imposed groundwater level for modeling the river,
we assume that the water table decreases while remaining linear. The configuration of this case is the same
as for the determination of D1 which is still available for a negative angle i.
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In that specific case, the water balance at the hillslope scale must account for the evapotranspiration fluxes:

dVw

dt
1Qsoil

out 2 Ev1Trð Þ3Lt50; (32)

where Ev and Tr are the evaporation and transpiration fluxes, respectively. Moreover, the variation of the
volume of water in a column must be updated as follows:

dV col
w

dt
L; tð Þ5DEV

1 L; tð Þ2 Ev1Trð Þ; (33)

where DEV
1 is the drainage function that takes into account the contribution of the downstream boundary

condition for the evapotranspiration fluxes. By applying the same methodology as previously, we deduce
the following relationship:

DEV
1 L; tð Þ5D1 L; tð Þ1DEV L; tð Þ; (34)

DEV L; tð Þ5max 0; Ev1Trð Þ 12
L Lt w
L2

l
2 2u1

0
@

1
A

0
@

1
A: (35)

The new drainage function that takes into consideration the evapotranspiration fluxes is linked to the one
obtained in the previous section. An additional term just has to be added. We may notice that at L50, i.e., a
column located at the river, the drainage function is equal to the evapotranspiration fluxes. In that way, the
water table level would remain constant in such a column because the evapotranspiration fluxes are com-
pensated by the drainage function (33). This new term in the drainage formulation must be positive
because it represents an inflow of water in the hillslope. When the right hand side of equation (35) becomes
negative, it means that the column is too far from the river to be influenced by the boundary condition.
There is no coupling between the river and the evapotranspiration. As a consequence, its value must be
forced to zero.

Finally, the drainage function, D L; tð Þ, that models the lateral flow through the vertical column in the H2SC
model is given by equation (10), where D1, D2, f1, and DEV are given by equations (22), (26), (31), and (35),
respectively.

2.5. Numerical Implementation
The H2SC model is solved numerically with the Cast3M computer code (website: http://www-cast3m.cea.fr/).
This code was developed for solid and fluid mechanics applications at the Commissariat �a l’Energie Atomique
(CEA, France). It has been used in hydrology and hydrogeology [Teles et al., 2007; Weill et al., 2009; M€ugler
et al., 2011; Kollet et al., 2017]. The integrated model of surface and subsurface flows is discretized with a finite
volume formulation. The equations are solved with an implicit time discretization scheme and an iterative
Picard algorithm, except for the drainage function, which is explicitly solved. The time steps automatically
adjust between two imposed values to capture short but significant variations in the water flow in the mod-
eled domain and transitions in the saturation of the subsurface.

Atmospheric variables need to be evaluated for the modeling of evapotranspiration fluxes. However,
Cast3M is not designed to simulate land-atmosphere interactions. Conversely, Orchid�ee is a land surface
model that was initially developed to couple with atmospheric models and to simulate the climate on a
global scale [Krinner et al., 2005]. Evapotranspiration processes are implemented in Orchid�ee as described in
section 2.3. The formulations of the evaporation and transpiration can be decomposed in three main terms:
a term depending on the time, another depending on the water content and a final term that represents
the vertical distribution of the flux in the soil as follows:

tr z; tð Þ5ft tð Þgt h t; zð Þð Þht zð Þ; (36)

ev z; tð Þ5min fe tð Þ; Ep tð Þfbs tð Þ2TR tð Þ2IN tð Þ
� �

ge h t; zð Þð Þhe zð Þ ; (37)

where ft and fe are deduced from equations (4) and (6), respectively. These two functions are first evaluated
with an Orchid�ee simulation. Second, a Cast3M simulation is performed imposing tr (equation (36)) and ev
(equation (37)) as sink terms in the generalized Richards equation (2). These two functions are calculated
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using the values of the soil moisture in the Cast3M simulation and the values of ft and fe previously deter-
mined from the Orchid�ee simulation. The functions ht and he are constant over time. This chaining between
Orchid�ee and Cast3M is illustrated in Figure 3. It allows the evapotranspiration fluxes to be more accurately
modeled in comparison to an over-simplified parameterization.

The climate forcing for the Orchid�ee simulations is comprised of seven variables [Guimberteau et al., 2014].
Only the precipitations are reused by the Cast3M simulations. They are imposed as a source term in the
generalized Richards equation. The functions ft (equation (36)) and fe (equation (37)) deduced from
Orchid�ee simulations are imposed as time series in the Cast3M simulations. Orchid�ee uses a large number
of parameters. Some of them, such as soil parameters, are also used in Cast3M. These common parameters
must be consistent between the two codes for a given simulation. The parameters of the drainage function
are deduced from the hillslope geometric characteristics.

To limit the impact of the initial conditions in Orchid�ee, the model is run over several years, and only the
final results are used for the chaining. It has been verified that the initial conditions have a negligible impact
on the forcing functions (not shown here). Cast3M simulations are initialized with an imposed hydraulic
head in the whole column. It corresponds to a given water table level in the column.

3. Numerical Experiments

In this section, we present some of the test cases that have been performed to validate our model
approach. For each test case, the time evolution of the water table depth obtained from our column
approach (H2SC model) was compared with the results of a complete 2-D simulation performed with
Cast3M.

3.1. Description of the Test Cases
The geometry of the configurations is displayed in Figure 1a. The geometric parameters are the same for all
four test cases described in this section: hr55 m, Lt550 m, and a5c510%. A 2-D simulation representing
the entire hillslope was performed for each test case. The results of this simulation were used as a reference.
The H2SC model was applied at four various distances from the river: L55; 15; 25; and 35 m. The values
of all other geometric parameters (hr , Lt , a, c, and xs t50ð Þ) and the values of all soil parameters (Ksat , hs , hr ,
b, and n) needed for the H2SC model were the same as those used in the 2-D hillslope simulations.

In the first test case, neither the precipitation nor evapotranspiration were imposed. The objective was to
validate the D1 drainage function given by equation (22). Initially, the water table was linear, its slope was
equal to 7%, and there was no seepage (xs t50ð Þ50). The soil parameters represented a medium-textured
soil, and their values were as follows: Ksat52:8931026 m/s, hs50:43, hr50:078, b53:6 m21, and n51:56
[de Rosnay et al., 2002]. Fine and coarse-textured soils with different saturated and residual water contents,
van Genuchten parameters, and saturated hydraulic conductivities were also tested (results not shown
here) [Maquin, 2016]. Ninety days were simulated. The second test case implied a rainy period. Its purpose
was to involve the D2 drainage function given in equation (26) and the transition phase between D1 and
D2. The rainfall rate was 1027 m/s for 53105 s. The initial water table level had a 6% slope. The third test
case only involved the evaporation to validate the addition of the DEV function given by equation (35). The

Figure 3. Schematic diagram showing the chaining of Orchid�ee with Cast3M.
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evaporative rate was imposed at a constant rate of 1028 m/s over time. In the fourth test case, real forcing
data were used. The data were measured at the Amplero tower (Italy) and obtained from the Fluxnet data-
base (http://fluxnet.ornl.gov/site/528). The objective was to test the complete formulation of the drainage
function of the H2SC model when the precipitation, evaporation and transpiration varied with time. In this
case, the simulation combined the Orchid�ee model with the Cast3M one to properly simulate the evapo-
transpiration fluxes from atmospheric data. Orchid�ee was run using data from 2002 to 2004. The soil was
still the medium-textured one, and the vegetation was a grassland (plant functional type number 10 in
Guimberteau [2010]). For the Cast3M simulations (hillslope and column simulations), only the 2004 results
from Orchid�ee were used. A month without any precipitation or evapotranspiration was added before the
2004 forcing for the hillslope simulation. The aim was to minimize the impact of the initially prescribed
water table level on the 2-D results. The initial water level in each column was deduced from the results of
the hillslope at the end of the first month of simulation, which represented the beginning of the year 2004
simulation.

3.2. Results and Discussion
The results of the four test cases are displayed in Figure 4. In all cases, the time evolutions of the water table
depth obtained from the H2SC model for various distances from the river (dashed lines in Figure 4) are com-
pared with the ‘‘reference’’ results (2-D simulations, solid lines in Figure 4).

Concerning the first test case, we observed a good agreement between the 1-D and 2-D results for the four
studied distances (Figure 4a). The RMSE varied between 1 and 5 cm, which is particularly low. The difference
between the 1-D and 2-D results slightly increased with the distance from the river. This finding is observed
because the water table tends to curve until it is horizontal near the top of the hillslope, where a no flux
boundary condition is imposed in the 2-D simulations. As a consequence, the hypothesis of a linear water
table in the H2SC model reaches its limit of validity in the upstream part of the hillslope. Some sensitivity
studies for various parameters were also performed (not shown here). Only the main conclusions are
detailed here. First, the same comparison between the 1-D and the 2-D simulations were performed with
two other types of soil: a fine and a coarse-textured soil [de Rosnay et al., 2002]. We obtained the same order

Figure 4. Results of the four test cases: (a) no precipitation, no evapotranspiration, (b) only precipitation, (c) only evaporation, and (d) real
forcing from the Orchid�ee simulation with the Fluxnet database data.
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of magnitude for the RMSE regardless of the soil type. We also verified that the initial slope of the water
table did not affect the agreement between the 1-D and the 2-D simulations. Concerning the geometric
parameters, the slopes a and c were the main parameters that affected the quality of the results of the
H2SC model. The RMSE increased as they increased. The largest errors occurred when the top of the satu-
rated zone was close to the bottom end of the aquifer and hence the bottom of the column, shortly before
completely disappearing and leading to an entirely unsaturated column. In this case, the simulated water
table elevation in the column decreased to the bottom of the column faster than in the 2-D simulation. This
difference is explained by the invalidity of the assumption of a linear water table in this particular case.

The second test case implied a rainfall period. The results are displayed in Figure 4b. The rise of the water
table due to the rainfall event was clearly observed, and the 1-D and 2-D time evolutions were in good
agreement during this period regardless of the distance of the column from the river. The increase in the
water table depth due to infiltration was delayed in the columns compared to the 2-D results, and the maxi-
mum value was slightly lower with the 1-D approach. The reason is that the rise in the water table was due
to vertical transfers from the unsaturated zone and from lateral diffusion that was not taken into account in
the H2SC model. The decrease in the water table level after the rainfall event was well reproduced by the
H2SC model. The column located 15 m from the river clearly showed two successive phases during the
declining phase: a fast drop just after the rise of the water table and a smoother one later. In the H2SC
model, the first phase was related to the D2 function and the second one to the D1 function. These two
dynamics of dropping were adequately represented by the H2SC model. It should be noted that these
observations were confirmed by additional simulations. For higher rates of rainfall, the rise in the water
table was more abrupt, such as in the first phase of dropping. In such cases, the differences between the 1-
D and 2-D results were higher because the H2SC model failed to reproduce sudden changes. However, after
the strong variations, the 1-D simulated water table level converged to the 2-D one, and the agreement
was as good as in the first test case without a rainfall event. The time needed to reach the convergence
between the 2-D and 1-D results depended on the soil type. The time increased as the soil became finer
because the dynamics were slower [Maquin, 2016]. Another limitation of the H2SC model occurred when
the saturated zone reached the top of the column. In that case, the column was located in the seepage
face, and the model could not estimate the length of the seepage face beyond the column. It was assumed
that the seepage face did not extend past the column. The distance between the river and the column was
then a maximal value for the length of the seepage face. As a consequence, the value of the drainage func-
tion may have been inappropriate, and the H2SC model failed to reproduce the decrease of the water table
level immediately after the column had been completely saturated.

The purpose of the third case was to validate the modeling of the evaporation in the H2SC model. The
results are displayed in Figure 4c. The dashed and dotted lines represent the results of the H2SC model
with and without the DEV term in the drainage function, respectively. Let us recall here that DEV given in
equations (34) and (35) is the term in the drainage function that accounts for the influence of the evapo-
transpiration fluxes on the water table dynamics. As seen in Figure 4c, the temporal evolutions of the water
table depth in the columns located at L55 m and at L515 m were significantly improved when the DEV

term was taken into account. On the contrary, no difference can be observed between the simulations with
and without the DEV term at L525 m and at L535 m. The two columns were too far from the river. As a con-
sequence, there was no interaction with the boundary condition at the river. Other test cases (not shown
here) were performed with other initial water table slopes, rates of evaporation, and vertical distributions of
the water uptake. All the cases led us to the same conclusions [Maquin, 2016].

The fourth test case involved a real time series of precipitation and evapotranspiration over a whole year. The
results are displayed in Figure 4d. Only the two columns located at distances L525 m and L535 m from the
river are presented. Indeed, the columns located at L55 m and at L515 m were completely saturated during
the rainy period, and the H2SC model was no more appropriate. In this case, a substantial reduction of the cal-
culation time between 2-D and H2SC simulations is observed. The factor of reduction is 15 for L525 m and 20
for L535 m. As shown in Figure 4d, the global trend and the dynamics of the water table level were properly
simulated in the two columns. The series of increases and rapid and smooth drops were well captured by the
H2SC model. The RMSE was equal to 11 cm and 17 cm at L525 m and L535 m, respectively. The observed dis-
crepancies have already been mentioned in the previous test cases. In particular, we observe a time lapse at
the start of the rise of the water table and a lower value of the minimum water depth.
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There is no simple analytical expression for giving the critical depth beyond which the water table depth is
no more influenced by evapotranspiration. When only evaporation is considered (third case), this depth can
be estimated as follows. In this case, evaporation concerns a soil thickness of 20 cm [Maquin, 2016] and the
b parameter of van Genuchten function is taken equal to 3.6 m21, which gives a capillary length of 30 cm
approximately. This leads to a critical depth that we approximately take equal to 80 cm, i.e., the soil thick-
ness of 20 cm plus two times the capillary length. Therefore, we can estimate that the water table is no
more influenced by evaporation when its depth is greater than 80 cm. This is what Figure 4 shows: there is
an influence in the columns located at L55 m and at L515 m where the water table depth is smaller than
80 cm although there is no influence for the columns located at L525 m and at L535 m where the depth is
greater than 80 cm. When transpiration is taken into account, as in the fourth case, this type of estimation is
more difficult to do as the root profile is exponential [de Rosnay and Polcher, 1998].

In the four test-cases, the HS2C model showed important reductions of the calculation times in comparison
with the hillslope simulations. HS2C simulations of the simplest configuration (first test case), and of the
more complicated one (fourth test case) were 3 and 20 times faster, respectively.

4. Application to the Strengbach Catchment

In this section, we present an application of the H2SC model to the Strengbach granitic catchment that is
located in the Vosges Mountains (northeastern France). The objective is to test the ability of the column
model to simulate the water table variations measured in two piezometers and induced by the 3-D catch-
ment hydrology.

4.1. Site Description
The Strengbach catchment is a small forested watershed that covers an area of 80 ha (Figure 5). The eleva-
tion ranges from 883 m above sea level to 1146 m. The climate is temperate oceanic mountainous with a
mean annual temperature of 168C and a monthly average temperature ranging between 22 and 1148C.
The mean annual precipitation is approximately 1400 mm, and snowfall occurs from October to April. The

Figure 5. The Strengbach catchment and the position of the piezometers. The hillslope transects that cross piezometers A and B are repre-
sented by dashed lines.
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mean annual runoff from 1986 to 2006 was 853 mm, and the annual runoff ranged from 525 to 1147 mm
[Pierret et al., 2014]. Forests cover approximately 90% of the catchment; they are comprised of spruces (80%
of the forested area) and beech trees (the remaining 20%). The bedrock is mainly composed of a hydrother-
mally altered granite on the northern slope [Ladouche et al., 2001; Godd�eris et al., 2006; Lemarchand et al.,
2012; Pierret et al., 2014]. Approximately 10 springs have been identified in the catchment, and some are
collected for the water supply [Pierret et al., 2014]. The others flow into the stream. A variably saturated area
is located near the outlet (Figure 5). Several piezometers have been installed in that zone [Ladouche et al.,
2001]. The Strengbach catchment has been surveyed since 1986, and meteorological, hydrological, and
geochemical data have been recorded. It is now a permanently instrumented environmental observatory
(Observatoire Hydro-G�eochimique de l’Environnement, OHGE, http://ohge.unistra.fr/). It is worth mentioning
the works of Godderis et al. [2006] on the use of the soil column model WITCH to study soil and rock weath-
ering processes. Different geochemical studies of the soil and surface waters of the catchment have illus-
trated the necessity to integrate into soil column models a realistic representation of the hydrological cycle
[Cenki-Toc et al., 2009; Godderis et al, 2009].

4.2. Data and Parameters
Piezometric heads have been measured at an hourly time step during several months in only two piezome-
ters, denoted A and B in Figure 5. Hence, we selected these two piezometers for modeling with the H2SC
model. Temporal evolutions of the water table depth in A and B were compared with simulated ones. Piez-
ometers A and B are located in a spruce area and in a clearing, respectively. The soil and vegetation parame-
ters required for the model were obtained from Biron [1994]. The soil parameters (Ksat , hs, hr , b, and n)
correspond to data obtained from samples extracted from an old area of spruces in the catchment, such as
the area where piezometer A is located. The same values were used for the modeling of piezometer B
because no specific study has been conducted for the clearing. The distribution with depth of the soil prop-
erties was characterized between the surface and a depth of 1 m. Below a depth of 1 m, the values were
constant.

The root profile for the spruce species was deduced from field observations (ht zð Þ in equation (36)). Three
depth ranges were isolated and assigned root density values: 30% of the roots were located in the top
10 cm, 60% were between depths of 10 and 70 cm, and the remaining 10% were between depths 70 cm
and 1 m. Concerning the clearing, the root profile followed an exponential function as in de Rosnay and
Polcher [1998] that had an exponential coefficient of 4 and a maximum depth of 2 m. This finding corre-
sponded to the representation of grassland in Orchid�ee [Guimberteau, 2010]. Soil macroporosity due to the
roots was observed in the field [Biron, 1994]. To model the rapid flow through the macropores, the hydraulic
conductivity Ksat was set to 1023 m/s in the first 60 cm of the soil for the spruces and in the first 40 cm for
the clearing [Shi et al., 2013; Milly et al., 2014].

The ranges in the geometric parameters for the H2SC model (L, Lt , hr , a, and c in Figure 1a) were inferred
from a consideration of the location of the piezometers in the catchment and from expert knowledge. In
the H2SC model, each of the two columns corresponding to the piezometers’ locations must be associated
with a hillslope. Those hillslopes were defined along the steepest surface slope from the watershed divide
to the river intersecting the location of the piezometers. They were deduced from topographic information.
The distances of piezometers A and B from the river were approximately 20 m and 70 m, respectively. The
total length of the hillslope (Lt in Figure 1a) was evaluated at approximately 200 m and 600 m, respectively.
The surface slope (c in Figure 1a) was approximately 26% for both cases. The aquifer height below the river
(hr in Figure 1a) was estimated to be between 2 and 3 m, with a slight increase along the hillslope from
the stream to the hilltop. No data were available for the aquifer slope that was estimated to 10% (a in
Figure 1a).

The forcing data imposed on the Orchid�ee simulations originated from two sources. Rainfall, air tempera-
ture and wind data have been measured in the Strengbach catchment. Because some parameters are
unavailable, including humidity, surface shortwave and longwave radiation and surface pressure, outputs of
the meteorological analysis model SAFRAN were used [Durand et al., 1993, 2009; Quintana-Segu�ı et al., 2008;
Vidal et al., 2010]. Forcing data needed for the Cast3M simulations were then extracted from the results of
the Orchid�ee simulation. Two periods of forcing data were obtained by merging the local measurements
and SAFRAN data set. The first one began on 11 April 1996, and ended at the end of the day on 23 July
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1996. The second period was from 13 April 1997, to 13 October 1997. The periods corresponded to the
measurement periods of piezometers A and B at an hourly time step.

Initially, a constant head was prescribed in the H2SC columns. The value of the water table depth was mea-
sured in the corresponding piezometer at the beginning of the period. However, two model parameters
had to be initialized: the slope of the linear water table i t50ð Þ and the length of the seepage face xs t50ð Þ.
They were linked to the initial water table depth, but they could not be differentiated from this unique
data.

4.3. Calibration and Validation Simulations
Because of the lack of measurements and lack of confidence in the geometric and physical parameters,
some model parameters were subjected to a calibration procedure. The HydroPSOR package was used,
which performs sensitivity analyses and model calibrations. Several studies have shown that the HydroPSO
R package is efficient for calibration [Zambrano-Bigiarini and Rojas, 2013; Abdelaziz and Zambrano-Bigiarini,
2014; Brauer et al., 2014b].

First, a sensitivity analysis was performed for piezometer A in the first data period (11 April 1996 to 23 July
1996). Thirteen relevant model parameters were selected (geometric and physical parameters). Their
respective ranges originated from the ranges of the parameters in Biron [1994], from a spatial analysis of
the catchment, expert knowledge of the catchment (cf. section 4.2), and the first calibration attempts. The
performance of each simulation was assessed using the root-mean-square error (RMSE) indicator applied to
the water table depth results. The sensitivity analysis showed that the model was particularly sensitive to
five parameters [Maquin, 2016]. Two of the five sensitive parameters characterized the soil (the van Gen-
uchten parameter n and the saturated hydraulic conductivity of the lower soil layer Ksat). The remaining
three parameters characterized the geometry (the surface slope, c, the length of the hillslope, Lt , and the
aquifer height below the river, hr ). The five parameters were selected for the calibration procedure of the
piezometer A.

The RMSE was used as the goodness of fit measure for the calibration. The investigated ranges for the
parameters were the same as those investigated in the sensitivity analysis. The optimal set of parameters
implied an RMSE of 0:066 m. The corresponding evolution of the water table depth over time is displayed
in Figure 6a.

The calibrated parameters were then used to simulate the second period of data (13 April 1997 to 13 Octo-
ber 1997) for piezometer A. The objective was to test whether the values obtained from the calibration pro-
cedure were still valid for another forcing data signal. The values of the parameters were the same as for
the calibration study, except for the initial water table depth and the initial length of the seepage face that
were set to 0:68 m and 0 m, respectively, to match the measured water table depth on 13 April 1997. The
results for this simulation are shown in Figure 6b.

The water table depth in piezometer B was also simulated for the two periods. The soil parameter values
were kept the same as those used for the piezometer A simulations. However, the vegetation and geomet-
ric parameters were different. The length of the initial seepage face was set to 2 m, which was taken from a
manual calibration. The initial water table depth was set to 0:27 m. The simulation of the second period
should have differed from the simulation of the first period only due to the initialization. Fortuitously, the
initial water table depth was the same for the two periods, and the initial length of the seepage face was
set to 0 m.

4.4. Discussion
Regarding the calibrated results of piezometer A, we observed that the simulated water table depth
obtained using the H2SC model was in good agreement with the corresponding observations (cf. Figure
6a). This observation was supported by both a relatively high value of the coefficient of determination
(R2 5 0.68) and a low RMSE. The general trend of the water table depth was well reproduced by the H2SC
model, with several alternations of rising and dropping phases due to the succession of rainy periods. How-
ever, there were some discrepancies during particular dropping phases. They essentially occurred in the
second part of the simulation when the evaporative demand became more important at the beginning of
the summer period. Those discrepancies may not have arisen only from the discharge function proposed in
the H2SC model. They may also be explained by an inadequate parametrization or an ill calibration of the
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evapotranspiration model of Orchid�ee. Another difference was also observed; the daily variability in the
water table level was not captured by the H2SC model. This variability can be explained by the diurnal cycle
of the evaporative demand [White, 1932; Loheide, 2008; Miller et al., 2010;Grimaldi et al., 2015]. Once again,
those differences can be mainly explained by the evapotranspiration part of the model. As a consequence,
the discharge function developed in the present paper seems to properly model the temporal evolution of
the water table level.

The second run for piezometer A was applied to the second period of data with the calibrated parameters
(cf. Figure 6b). As was the case during the calibrated period, the global trend in the water table level was
well reproduced (R250:70 and RMSE50:10 m). It globally decreased until the end of the summer period
and alternatively rose and fell in phases that perfectly corresponded to the rainy periods. However, the sim-
ulated water level sometimes began to decrease too early compared to the measurements. It seems that
there would be a lack of water supply in the model during this period. One reason can be advanced; the
runoff may have occurred upstream of the piezometer due to local topographic variations, leading to a lon-
ger infiltration period after a rainfall. However, despite those discrepancies, the general trend was not
affected, and the lowest water table level at the end of the summer was accurately simulated with the
H2SC model.

The results for piezometer B are shown in Figures 6c and 6d for periods 1 and 2, respectively. In both cases,
the RMSE and R2 indicators suggest the fairly good quality of the simulations (R250:43 and 0:66, and RMSE
50:08 m and 0:10 m, respectively). Looking in further detail, we observed that the peak values of the

Figure 6. Evolution of the water table depth over time: (a) best-fit simulation (in red) of the calibration study for piezometer A, period 1,
(b) simulation of piezometer A, period 2, (c) simulation of piezometer B, period 1, and (d) simulation of piezometer B, period 2. The shaded
gray zones represent the measured water levels.
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increases in the water table level were not reproduced by the H2SC model. In general, the levels before and
after rainfall events were well simulated, but the modeled levels did not increase enough. This observation
was previously noted in the test cases section (section 3.2), emphasizing that these differences are directly
consequences of the H2SC model. Nevertheless, despite temporary underestimations, the general evolution
of the water table level was not impacted. As for piezometer A during period 1, we observe that the drop
was too slow during June after the two rainy periods. It strengthened the hypothesis that the gaps were
mostly due to errors in the evapotranspiration estimations. Finally, the maximum measured water level
seemed to be limited to approximately a depth of 20 cm, whereas the simulation results were higher than
that value. Because piezometer B is located on a small and local soil elevation and due to the macropore
network near the surface, the water can flow rapidly downstream of the 20 cm soil surface layer. This may
explain the limit in the measurement of the water level and the differences with the simulated one. Finally,
if we do not take into account the occasional differences just underlined, the H2SC model appeared to be
able to simulate the main evolution of the water table level over time.

These calibration results show that the 1-D soil column model H2SC can simulate the water table variations
measured in the two piezometers A and B and induced by the 3-D catchment hydrology. This means that
the linear water table and the 2-D plan hillslope approximations hold at these two locations. Nevertheless,
one must have in mind that the model may have not captured all the hydrological processes taking place
in the well area and may have been therefore ‘‘over-calibrated’’ to compensate these non represented pro-
cesses [Beven, 2005; Gupta et al., 2012]. As discussed in section 2.4, the linear water table assumption is justi-
fied for gentle and uniform slopes, and for shallow and permeable soils. It is known that soils in the
mountainous catchments of Vosges Mountains have these properties [Biron, 1994]. Figure 5 shows that the
hillslope at piezometers A and B is approximately uniform and the slope also, except near the catchment
south boundary where the soil slope is twice as large as the slope in the piezometers area. If we consider
another area of the Strengbach where the groundwater flow is convergent, at the head of the catchment
for instance, or divergent, it is clear that the assumptions of the model do not hold anymore [Troch et al.,
2003]. Nevertheless, one could apply the HS2C model with the mean slope value as a first approximation if
both the cross section of the stream tube that defines the 3-D hillslope, denoted hillslope width function by
Troch et al. [2003], and the soil slope do not ‘‘vary much’’ along the hillslope longitudinal axis. However,
there is no rule setting the validity limits of such an extension to 3-D hydrologic contexts and these limits
have to be defined and tested for each catchment.

5. Conclusions

A new hydrological hillslope-based soil column model, which is denoted H2SC, that realistically represents
water table dynamics has been presented. It is based on a novel approach for incorporating the total lateral
fluxes in a column model. Instead of solving the 2-D generalized Richards equation at the hillslope scale,
the lateral fluxes through a given soil column along the hillslope are estimated. This estimation is then
imposed as a source/sink term at the bottom of the column, which is called the drainage function. The
introduced drainage function leads to a realistic simulation of the temporal evolution of the water table
depth in a soil column that belongs to a specific hillslope. The evaluation of this function is based on physi-
cally based equations of the hydrological behavior at the hillslope scale and on simplifying assumptions
such as a linear water table along a hillslope with a varying seepage face. The level of simplification is coher-
ent with the physics that is usually introduced in soil column models considering that they may be used for
computer time demanding simulations. The drainage function accounts for the geometry of the steepest
slope of the catchment that intersects the location of the column, and for soil and vegetation parameters.
As a consequence, it is not a site-specific equation. Different hydrological regimes leading to different for-
mulations of the drainage function were distinguished (no seepage face case, seepage face case with a
nearby column, and seepage face case with a distant column). The drainage function finally depends on
two newly introduced and time-varying variables: the angle of the linear water table level and the length of
the seepage face. These two variables are updated at each time step according to the hydrological regime.
The impact of the evapotranspiration fluxes on the water table level has also been included in the drainage
function. Finally, this column model simulates the temporal evolution of the water table depth and of the
evapotranspiration fluxes while taking into account their interaction. For a given hillslope, the model is able
to represent the impact of a near-surface water table on evapotranspiration fluxes. For instance, columns
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located near the river have a higher water table and consequently higher evapotranspiration fluxes. These
mathematical developments may seem complex, but the drainage function is finally relatively simple. Its
implementation does not raise any difficulties and its numerical resolution is straightforward.

The H2SC model was first validated using numerical experiments. Column simulations were compared to 2-
D reference simulations of a hillslope. Distances along the hillslope were selected to compare the 1-D and
the 2-D simulations. Different climate forcings, soil types, and geometric parameters were tested. In the sec-
ond part, the H2SC model was applied to the locations of two piezometers in the Strengbach catchment,
France, during two periods. The parameters of the H2SC model were calibrated using the first piezometer
during the first period. The calibrated parameters were then applied to the second period and to the sec-
ond piezometer in the two periods. Globally, considering all the tested cases, the H2SC model was able to
model the rising and dropping phases of the water table due to rainy events at a daily scale and also the
general trend at a seasonal scale. The application to a 3-D hydrologic situation showed also that the use of
the column model to simulate locally the water table in a catchment is possible and makes sense, provided
a number of conditions on the local catchment characteristics are met.

The ability of HS2C to simulate the piezometry of a catchment is one of the perspectives of the model. The
comparison between the hydraulic head distributions simulated with a 3-D hydrologic code and with HS2C
at different points in a catchment would allow to set the limits of validity of the soil column model
approach, both inside a catchment and for different types of catchment. Moreover, it would also allow to
address different issues raised by the assumptions of the model such as: how to take into account the land
cover spatial variability, the soil heterogeneity or a nonuniform rainfall rate distribution?

Appendix A

The potential evapotranspiration (Ep in equation (4)) is proportional to the gradient of specific humidity
between air (qa) and air at saturation for soil temperature (qs Tsð Þ):

Ep tð Þ5 q
ra

qs Tsð Þ2qað Þ; (A1)

where q is the air density and ra is the aerodynamic resistance. The bare soil fraction (fbs in equation (4)) is
computed as follows:

fbs tð Þ5e2c3LAI; (A2)

where c is an extinction coefficient depending on the type of vegetation and LAI is the leaf area index
[d’Orgeval, 2006].

The resistance function (fr1 in equation (4)) is expressed as:

fr1 tð Þ5 1

11 rc1r0
ra

; (A3)

where rc is the canopy resistance, r0 is the architectural resistance. More details about these variables can
be found in de Rosnay and Polcher [1998].

The water availability function (gt hð Þ in equation (4)) is a function of nodal water content. It represents the
ability of roots to extract water depending on water content. The shape of this function is similar to the one
used in Orchid�ee [de Rosnay et al., 2002]. It depends on two parameters, hw and hd . hw is the wilting point,
i.e., the water content below which the roots are not able to extract water anymore. hd is the water content
above which the root water uptake is maximal.

The water availability function for evaporation (ge hð Þ in equation (6)) is similar to the one for transpiration.
The difference is that the two characteristic water content variables (hw and hd) are replaced by two other
values, h1 and h2, respectively. h1 is the moisture content below which evaporation is zero and h2 is the
moisture content above which full evaporation can occur.

Similarly to the evapotranspiration fluxes, the interception losses (IN tð Þ in equation (6)) depend on potential
evapotranspiration and they take into account the leaves’ exposure to the air. Moreover, the amount of
water available on the foliage limits this flux.
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IN tð Þ5min I; Ep
I

Imax
fr2

� �
; (A4)

where fr2 is a resistance function expressed as follows:

fr2 tð Þ5 1
11 r0

ra

: (A5)
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