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Abstract

Current soil water models do not take into account the internal organization of the soil
medium and, a fortiori, the physical interaction between the water film surrounding the
solid particles of the soil structure, and the surface charges of this structure. In that
sense they empirically deal with the physical soil properties that are all generated from
this soil water-structure interaction. As a result, the thermodynamic state of the soil wa-
ter medium, which constitutes the local physical conditions, namely the pedo-climate,
for biological and geo-chemical processes in soil, is not defined in these models. The
omission of soil structure from soil characterization and modeling does not allow for
coupling disciplinary models for these processes with soil water models. This arti-
cle presents a soil water structure model, Kamel®, which was developed based on a
new paradigm in soil physics where the hierarchical soil structure is taken into account
allowing for defining its thermedynamic properties. After a review of soil physics prin-
ciples which forms the basis of the paradigm, we describe the basic relationships and
functionality of the model. Kamel® runs with a set of 15 soil input parameters, the pedo-
hydral parameters, which are parameters of the physically-based equations of four soil
characteristic curves that can be measured in the laboratory. For cases where some of
these parameters are not available, we show how to estimate these parameters from
commonly available soil information using published pedotransfer functions. A pub-
lished field experimental study on the dynamics of the soil moisture profile following a

ounded.infiltration rainfall event was used as an example to demonstrate soil charac-
terization and Kamel® simulations. The simulated soil moisture profile for a period of
60 days showed very good agreement with experimental field data. Simulations using
input data calculated from soil texture and pedotransfer functions were also generated
and compared to simulations of the more ideal characterization. The later comparison
illustrates how Kamel® can be used and adapt to any case of soil data availability. As
physically based model on soil structure, it may be used as a standard reference to
evaluate other soil-water models and also pedotransfer functions at a given location or

1112



20

25

20

agronomical situation.

1 Introduction

Representing the top soil structured medium with special attention to its hierarchy of
scales is important to the modeling and understanding of the dynamics of water flow
and water storage in soil for agronomic needs and for the fate of pollution at the field,
farm and watershed scales. The later is critically relevant from an agronomic standpoint
since agriculture continues to be the main source of pollution. Single pore representa-
tion of |ry soil water medium is very comman in agronomic models such as GRASIM
(Mohtar'et al., 1997) or CROPSYST (Stdckle et al., 2003). The tendency for modeling
water flow and solute transport in structured soil is to distinguish two domains, micro-
and mﬂcropore, in an implici.t’soil horizon REV (Bepresentative Elementary Volume)
(Othmer et al., 1991; Chen et al., 1993; Gerke and Van Genuchten, 1993; Katterer
et al., 2001; Logsdon, 2002; Simunek et alf,’ 2001, 2003). Only few of these models
consider the soil medium as a structured medium with aggregates and none used the
notion of primary peds, which represent the first level of organization of the primary
particles into aggregates (Brewer, 1964). Consequently, the swelling-shrinkage prop-
erties of these primary peds within the soil structure (Braudeau and Bruand, 1993)
and the resulting hydro-structural properties of the soil medium (Braudeau et al., 2004,
2005))55&101 physically modeled.

Additionally, as long as these characteristics of the soil organization and structure
are not defined nor integrated in soil-water models, the modeling of biophysical and
chemical processes in the soil medium cannot be physically linked to this soil organi-
zation and structure, thus, cannot be physically related to any type of soil characterized
by its hydro-ls}ructural functioning.

Braudeau et al. (2004) presented a new conceptual and functional model of the in-
ternal soil organization where the soil horizon is made up of non rigid primary peds
arranged in that which was called pedostructure. This representation led Braudeau
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and Mohtar (2008} to define a new paradigm for modeling soil water that takes into
account the hierarchical internal organization of the soil medium, and thus allowing
for: i) defining the local thermodynamic state of this medium at a point of socil in depth
and ii) transferring the information data through the different functional scales, from
the pedostructure, to the soil horizon, the pedon and the soil mapping unit. A com-
puter model simulating the hydro-structural functjoning of the pedon, named Kamel®,
was developed based on this paradigm {Braudeau, 2006). A short outline is given in
Appendix D.

The objectives of the paper are to i) describe the basic principles of Kamel® along
with its state variables, parameters and equations used; ii) present a procedure for es-
timating the model input parameters using pedotransfer functions and iii) demonstrate
how the model can be used to simulate & soil water movement in the field using an
example from literature including how to estimate soil parameters from measured soil
data given in the example.

2 Basic principles of the soil water structure model Kamel®
2.1 The Structural Representative Elementary Volume (SREV)

In order to take into account the soil structure in the \«gll-known notion of Repre-
sentative Elementary Volume (REV) in soil physics (Bear, 1972), Braudeau and Mo-
htdr {2009) introduced the notion of “Structural Representative Elementary Volume”
(SREV). According to the qualitative definition of a REV, the SREV is the smallest vol-
ume representative of the scil medium where the pedohydral properties are the same
everywhere in the medium at the scale of the structural unit of soil that is considered
(clod, horizon, pedon etc.). However, unlike the REV, the SREV is virtually delimited
by an enclosure which is permeable to air, water, or saly?'fluxes but not to solids that
compose the structure. This description defines any SREV as a volume V' comprising
a fixed mass of solids belonging to the structure, mg, such that its specific volume,
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defined as V' =V//myg, depends only on the changes in the content of its mobile phases,
water and air, since dmg=0 in every case. This allowed writing the specific thermody-
namic potential of a SREV of the soil medium in reference to the structural mass (mg)
enclosed in the delimitation such that:

dG = -SdT + VdP + u,dW - Ady, ()

where G=G/mg,S=5/mg;V=V/ms;W=my/mg and A=m,/mg, respectively, the

specific Gibbs energy, specific entropy, specific structural volume, specific water con-

tent and specific air content. The controlled variables of state are 7, P, W, and y,,

respectively the temperature, the pressure exerted on the SREV, water content and

air potential, Equation (1) characterizes the variation of the specific thermodynamic

potential of a SREV of soil with a change of T, P, W, and air pressure in the medium.
This description gives SREVs the following properties:

1. The soil medium SREV is physically characlerized by extensive specific state
variables like G,S,V, A and W (extensive variables of the soil medium SREV
divided by the structural mass of the SREV), in addition to the classical intensive
variables such as temperature T, pressure P and soil water potential u,,.

2. The homogeneity of a soil medium can be defined as a uniform distribution of the
functions of state S, V/, A and g,,, in regard to the state variables T, P, W and i,
Practically, neglecting the role of S and knowing that A=V -W -V (V' being the
specific volume of the solid phase), a soil horizon will be considered structurally
homogeneous against water if the shrinkage curve, v (W), and the water potential
curve, u, (W), are the same for a given P and 7, everywhere in the medium of
the horizon.

3. Specific extensive variables of an SREV can be nested with respect to the hierar-
chical organization of the medium. This property allowed defining the descriptive
variables of the soil medium at its various functional levels organization, namely
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the pedon..porizon, pedostructure, primary peds and primary particles (Table 1,
Braudeau and Mohtar, 2009). The representation and discretization of the pe-
don needed for modeling and that result from these concepts are summarized
hereafter.

2.2 Pedon representation and modeling

2.2.1 Primary peds and pedostructure

v
Brewer (1964) introduced the following concepts of primary ped and S-matrix: “A ped

is an individual natural soil aggregate consisting of a cluster of primary particles and
separated from adjoining peds by surfaces of weakness which are recognizable as
natural voids or by occurrence of cutans.”

“Primary peds are thus the simplest peds occurring in a soil material. They cannot
be divided into smaller peds, but they may be packed together to form compound peds
of higher level of organization. The S-matrix of a soil material is the material within the
simplest (primary) peds, or composing apedal soil materials, in which the pedological
features occur; it consists of plasma, skeleton grains, and voids that do not occur in
pedological features other than plagfna separations.”

Braudeau et al. (QOEﬁNcompletathis morphological definition of primary peds with
a functional definition based on the determination of air entry point in the plasma us-
ing the continuously measured shrinkage curve (Braudeau and Bruand, 1993). They
introduced the term of pedostructure which is the assembly of primary peds and char-
acterizes the structure of a soil horizon (Fig. 1). These definitions allowed the physical
characterization of the primary peds properties, inside the pedostructure, using the
shrinkage curve continuously measured on a soil sample in the laboratory. They al-
lowed also separating the primary peds of a soil sample in laboratory using the sail
fractionation method of Colleuille and Braudeau (1996).

Therefore, variables and parameters are defined for both distinct media owing to
the pedostructure: inside and outside of the primary peds: V,;, Vo, Wiy Bis Ki
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VP mar Wimar Pmar Kma (see the nomenclature and definition in Table 1) subscripts mi
and ma referrir‘x,g to as micro (intra primary peds) and macro (inter primary peds).

Braudeau and Mohtar (2009) showed that the pedostructure corresponds to the mj{ @/ﬂw/ um'i o
SREV of the soil horizon medium as assembly of primary peds and primary particles in M/MJ fo .ga? 3 C’g‘-’*
about 100 cm® of soil sample. All organization variables are relative to the same mass i
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of solids contained in the SREV and relationships between them express the structure
hierarchy such as:

V= Vm,— +Vpn, and Vm,- =Vp,i+ Vs
where VS is the specific volume of pedostructure primary particles.
2.2.2 Discretization of the Pedon according to the SREV concept

Modeling water and gas transfer through the pedon requires discretization of the
medium into representative elementary layers at the scale of the pedon. To keep all
properties of the pedosiructure at the scale of the layer, the latter must be defined ac-
cording to the SREV concept as Structure Representative Elementary Layer (SREL)
(Braudeau and Mochtar, 2009) which consists of the lateral extension of the horizon
SREV over the width of the pedon (Fig. 1). In general, fine layers of near 0.2 dm thick-
ness can be taken as SRELs at the pedon scale. The pedon must be wide enough
so it can be representative of the'soil in regards of the size of pedologic features like
fissures, stones or other that may be observed at this scale level.

Thus, descriptive variables of a SREL include those of the pedostructure plus few
new features (roots, biogenic macropores, stones ,..) of which volumes are related
to the total mass of the layer. However, the mass of pedostructure included in the
SREL is more convenient to be taken as reference rather than the total mass of the
layer. This allows for not changing the variables and properties of the pedostructure
as part of the new SREL set of variables. As an example, suppose that a sample,
large enough to represent the horizon, has a dry mass M and comprises two kinds of
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pedostructure of specific volumes: V; and I, and masses: m, and m,; and stones of
specific volumes: V.5 and mass mMg.q, such that M=my+m,+Mgane- The specific
volume of the SREL should be written such as:
T V.M v Mstone Viiss
1 +Va + Vstone
my + my my + my my +my 1+ My

|'/Ia_\,ler =

to the total pedostructure mass; Vs the volume of fissures and cracks appearing as
the horizon dries.

According to the SREV definition, the reference mass of solids in a layer is associ-
ated with its delimitation. Thus, the discretization of the pedon in layers (Fig. 1) must be
conducted in such a manner that the reference mass of solids in the layer can be cal-
culated. Since SREV position in depth (z) and thickness are controlled by the specific
volume of the layer (Va.e), horizons in the pedon must be considered, for discretiza-
tion, at uniform water content and near saturation in order to avoid opened fissures due
to shrinkage.

We note that the spatial distribution of variables in the SREL is not defined and not
known. However, while the intensive variables, like h,,; and f,,, can be considered as
averaged values in the SREL, its specific extensive variables like W, W,,, or W,,;, etc.
correspond to total contents of components in the layer. This is important to consider
in modeling water transfer using finite elements calculation. In fact, discretization of the
pedon into SRELSs allows modeling internal processes that could not be modeled before
using the classical REV concept; for example, the opening of the vertical porosity (—V-ﬂss)
when a wetted soil is drying and the conjoint dynamics of the water and the layer in the
pedon, which are developed below.
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2.2.3 Modeling vertical fissures and cracks

Position and thickness of the layers are governed by V,ayer which is known in terms of
W according to the pedostructure shrinkage curve equation. Because of the difference
between the one-dimensional volume change of the soil layer as a function of water
content and the three-dimensional volume change of the pedostructure, the relation-
ship between the two SREVs (soil layer and pedostructure) is, in case of an isotropic
shrinkage of the pedostructure (Braudealret al., 2004b):

Vieyer = (V +2V5) /3 and Vpyee = Vigyor =V = 2(V, - V) /3 (3)

Vp being the specific volume of the pedostructure at water content Wy, corresponding
to the beginning of shrinkage of the primary peds, such that:

Viayer = V for W > W, (4)
2.3 Thermodynamic functions of the pedostructure

The soil shrinkage curve and the soil water potential curve are two of the four ther-
modynamic state functions of the structured soil medium relative to-ehaﬁges-i;waier
content. These functions depend on the internal organization of the soil medium and
reveal the interaction between soil water and the surface of solids composing the pe-
dostructure (primary peds and their assembly). In order to determine their physical
equations, new variables describing the soil organization were defined (Braudeau et
al., 2004a). A brief summary of this organization and structure is described in this
section.

2.3.1 Pores systems and types of water pools

For interpreting the shrinkage curve (SC) Braudead et al. (2004a) define two pools of
water in the?two pore system;‘(Fig. 2) corresponding to inside and outside primary
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peds: swelling water, and non-swelling water. Swelling water occupies a pore space
acquired by the spacing of particles or aggregates under the effect of osmotic pressure.
Its removal from the sample causes shrinkage of the concerned pore system. Non
swelling water, on the other hand, occupies an interstitial pore space and is replaced
by air {or water vapor) when it leaves the pore system; its loss causes little or no
shrinkage. During drying, each linear phase of the shrinkage curve is caused by the
predominant departure of one type of water from either the micro- or the macro-pore
system. Braudeau et al. (2004) defined four water pools that contribute to water flow
upon drying successively from a soil sample initially at saturation: they were called
in reference to the corresponding shrinkage phase, interpedal, structural, basic and
residual: w;,, W, Wye, W,q.

Equations of these water pools contents at the state of equilibrium represented by
the shrinkage curve and their characteristic parameters are presented in Appendix A.

According the definition of the water pools, the variation of the pedostructure specific
volume is written such as:

aV = KysOdWps + Ki,dw,, (5)

where Kj is the slope of the basic linear shrinkage phase and Kj,=1 dma/kg is the
slope of the asymptote to the curve at saturation, parallel to the saturation line and
represents the interpedal shrinkage at saturated state (Fig. 3). They represent the
pedostructure volume change caused by the change in content of the swelling water
pools wys and w;,. The slopes K, and K, are considered as structural pargineters of
the pedostructure, linking the macroscopic assembly level to the water pool)jllvevels. As
an example:

Kys = OV [Owys = OV [V (6)

where Vm, is the specific volume of primary peds (Table 1).
Figure 3 shows different encountered shapes of shrinkage curve, depending on the
texture, type of clay and on the aggregated structure of the soil nﬁadlum. Each graph
1120
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of the figure represents a continuously measured curve of a soil sample, the fitted
curve (Eq. 5) and a curve corresponding to the same material (same parameters for
the primary peds) but with a change of structural properties (porosity and cohesion of
the assembly) represented by a change in bulk density and parameters of Wip- k; and
W, (Table 2). This difference in shape depending on the structural stability is important
for loamy or silty soils of which Kj,; <1 (Shaffer et al., 2007). One can appreciate on
Fig. 3 the great difference that may exist between W, and W,,,, depending on the type
of shrinkage curve. W, is at the intersection of the basic shrinkage curve V(W) and
the saturated line while W, is at the junction of the shrinkage curve V(W) and the
saturated line. This point is not stable and is better defined and determined as the soil
water content corresponding to a soil water suction #=0kPa.

2.3.2 |Inter and intra primary peds water potentials: the thermodynamic approach

The usual approach for modeling soil water potential emphasizes the geometrical as-
pect of soil structure, restricting the soil water potential to the interfacial tension of the
air-water meniscus. Its curvature determines the potential according to the Laplace-
Kelvin law and it is assimilated to the pore radius r, for which all pore segments with
sides shorter than 2r, are filled with water. This approach does not make any reference
to swelling pressure, caused by osmotic or hydration force or interaction between solid
surfaces and water.

Braudeau and’ m:)htar 2004) showed that the thermodynamical approach of Low
(1987), Voronin (1980) and Berezin (1983) calls for other notions than the interfacial
meniscus curvature. According 10'1'_/5\1 (1987), water is arranged in layers at the surface
of the particles and a swelling pressure is observed depending on the thickness of the
water film (1) and the specific surface area of the soil particles. In this approach, the
thickness t of the film of water at the surface of the unsaturated pores is used as the
variable. The difference with the Laplace-Kelvin approach is that the change of water
is simply related to T by dW=Sd1 where S is the specific surface area of the solids.
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v
The swelling pressure is analogous to an osmotic pressure but, as explained by Low
(1987), is primarily due to the interaction of water molecules with the surface of the clay
particles which modifies the struciure of the surrounding water layers.
According to this approach, the Watersueﬁenrbressure intra and extra primary peds,
hmi and b, (kPa) are expressed in terms of W,,,; and W,,, such as:

Ping = PSma = PSpa = Py ma(‘/( ma+a) 1/( s = Wiy + 0)) )
Reyj = PSpp; = PS2, —pw = Wy) - 1/(Wy - Wy)) @)
SPQ’C' 'c- J‘_hs; Wa..ff.l"

where p,, is the wateﬁ-bulk-den&bf 1 kg/dm ), Psy; and Ps,,. (kPa) are the swelling
pressure inside and outside the primary peds, Em, and £, are the potential energies
of the solid phase resulting from the external surface charge of clay particles, inside
and outside the primary peds, in joules/kg of solids; o (kg water/kg soil} is a part of
the micropore water at interface with interpedal water. Both terms Ps,,. and P50
represent the swelling pressure at saturation, inside and outside of the primary peds,
respectively, namely when W, =W, c..=Ws—W)yy; and W,,=max(W,,;)=W,,, where
Wy and Wy, are two parameters of the water pools equilibrium equations given in Ap-
pendix A.

2.4 Dynamics of water within and through the soil layer
2.4.1 Dynamic of water through the interped space

v
Braudeau and Mohtar (2009) distinguished three types of transport represented in

Fig. 4 that schematizes the functional compartments of a pedostructure unit and its hy- -

draulic functioning: (1) a local transport within the pedostructure (SREV of the horizon)
corresponding to a water exchange between-the’both pore spaces inside and outside
primary peds; {(2) a transport through the pedostructure that involves only the interped
water, W,,.; and (3) a flux across cells that is accounted for between neighboring micro
pores due to differences in micro potential.
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We can assume then that the water transfer micro-micro and micro-macro have in-
trinsically the same transfer rate coefficient K, (KGuicrowator KGooy kKPa™ ' s7') defined by
Braudeau and Mohtar (2006) but that in the case of the micro-micro transfer this coef-
ficient will depend on the contact area between primary peds. Accordingly, neglecting
the lateral water transter, equations of transfer for W,,, and W, ; are written such as:

aw, — 8 ah
d;ﬂa = .OWVE ( ma (_ d;'.'a F 1)) = ki (i = Nipa) 9
where z is the -d-oee?‘(positive upward); and
A
dW,,; ,
Tt“ = kmjAthf + ki (i = Pipa) (10)

where A, h,, is the difference of suction pressure between the pedostructure unit and
the adjacent units. In these equations, suctions h,,, and h,,; are expressed in dm of
height of water (equivalent to kPa), z in dm and k,,, in dm/s.

However, considering that contact areas (s) between primary peds are small in re-
gard to their external surfaces (S), k;=(s/S)k,; can be neglected in Eq. {10} and the
transfer of water from micro to micro is only possible through the macro water. In fact,
the transfer of water between two layers (or pedostructure units) will concern W,,, only
(Eq. 9) leading to consider W,,, as exactly the mobile water and W,,;, the (temporary)
immobile water.

2.4.2 Soil hydraulic conductivity

The hydraulic conductivity &, in Eq. (9) is considered with respect to the macropore
water content, W,,,, which comprises the interped water of the pedostructure plus
eventually the water present in the biogenic pores of the SREL defined in Eq. (2). Since
the micro-micro water flux between layers is neglected compared to the macro-macro
and micro-macro water fluxes, k,,,(W,,,) is equal to the classical hydraulic conductivity
k, which is described in literature by several empirical equations in terms of the total
water content, W, or the water-suétiod pressure, 5.
1123

Based on considerations presented in-theJAppendix B it is assumed that the hy-
draulic conductivity &, is described by two exponential functions of W,,, which are
different at high (near saturation) as compared to low water content (near W). The
two exponential equations are written such as:

Kina = KpameXpl@yWea) and kp, = kpa.expla,Wp,) (11)

for the high and low ranges of W,,,, respectively defined on the shrinkage curve: high
and low ranges of W,,, corresponding to (W, 1o Wy) and (W, to W,), respectively.
The two sets of parameters (k4. Oy and &0, @,) are characteristics of these two
ranges of water content.

In order to have only one equation for describing the hydraulic conductivity curve
but keeping the distinction between the two ranges of conductivities, Eq. (11) wer
combined in a logistic such that: e

kmaMexD (ao Wma)
Kmam ! Kman + X0 (@ — Ay )W)

This equation represents the conductivity curve for Kamel® model and has four pa-
rameters: &ap, Qp, Kipao, and @y, The first two parameters can be measured in situ
using an infiltrometer (Angulo-Jaramillo et al., 2000) or on non-disturbed samples in
laboratory using the method presented in BruckleF et al. (2002); the last two parame-
ters relative to low macro water content (near point G of the shrinkage curve) can be
measured by the evaporation method (Wendrofﬁ et al., 1993a).

(12)

Kma =

2.4.3 Dynamic of water within the pedostructure

The two opposite dynamics of the pedostructure, swelling and shrinking, are supposed
to be governed by the same conceptual process that is theywater exchange between
the primary peds and the interped pore space. Braudeau and Mohtar (2008) validated
in a particular case (aggregates immersed in water) the following equation where the
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water exchange between the two media is proportional to the difference in their suction
pressure:
dW,,;
dt
In this equation, k,,; is the transfer rate coefficient (kQmicrowater kg;;" kPa™' s™"} for
the absorption-desorption of the interped water by the primary peds. This coefficient
expresses the velocity of the last layer of water on the surface of the clay particles
entering or leaving the primary peds. We assume that this transfer rate coefficient &,
is constantin the range of water content [Wz-W,,,] and that Eq. (13) can be generalized
to the shrinkage (dw,/dt<0) as well as the swelling (dw,s/dt>0). Braudeau and
Mohtar (2006) showed that the micro-macro water exchange coefficient, k,,;, can be
calculated by:

= Kpi (hmi - hma) (13)

(W — Wy)? 0.1931

(14)
pwEm," l!L1/2

Kmi =

where t4, is the time of half swelling in seconds at wj,=max(w,;)/2=(W, - Wy)/2.
This time to half swelling is a characteristic of the kind of plasma in the soil (in fact
the primary peds constitution) and is easily determined in laboratory using the mea-
surement of the swelling of aggregates immersed in water versus time. The literature
lacks descriptions about measurements of the water absorption by aggregates versus
time or soil swelling versus time, limited mentions of this phenomenon can be found
in Quirk and Panabokke (1962) and Mclntﬁe et al. (1982). However, these were not
interpreted in terms of swelling of primary peds impacting the soil structure. The time
of half charge can be graphically eslimatcig from the time dependent swelling curves
such as those measured by Braudeau and Mohtar (2006); therefore, we retained iz
as input parameter for Kamel® rather than k,,,;.
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2.5 Computation of water fluxes

The discretization of the soil horizons into soil layers and the nomenclature used are
shown in Fig. 5, where the fluxes F1 and F2 are represented for each layer at every
time step along with the thickness H;, the water sugtiert 1, (/1,,,) and the conductivity
ki (kpa) of the layer. A

Each layer is small enough (2 cm thick is recommended) such that the state variables
keep the same values everywhere in the layer and the resulting conductivity of the
portion delimited by two dashed lines (k;_;/> or k;,4,) can be approximated by the
arithmetic average of the two corresponding conductivities:

Kiovze = (kig + k;)/2 and Ky g0 = (K + Kiq)/2. (15)

At each time step, for the layer /, fluxes through the upper and lower surfaces of the
soil layer /, F1; and F2;, are calculated:

F1.:M B ﬁh,_m (16)
i Hi—1 +H,- -1 i 2
and
Ki + Kitq Hi + H; 4
r=—t L p -y ——— 17
P = gttt (- g - 2 ) (17)

The conditions are such that F2,_,=F1; and F2;,=F1,,, and that F2 and F1 cannot be
greater than the available space in the receiving layer nor can they extract more water
than possible from the providing layer. At the inferior limit of the profile (i=end), F2..4
is calculated as if the layer outside has the same characteristics as the last layer of the
profile but with k and A being taken as kg4 and hg,g calculated at the previous time
step £—1.

Under these conditions, changes in W, due to F; and F, for each step is then calcu-
lated by

AW, = 0y, Viayer, (F2; = F1,)/H, (18)
1126
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The change AW is initially considered as a change in W,,,, which provokes temporarily
achange in h,,, and then an imbalance between W,,; and W,,,. This is corrected when
new values of W,,; and W,,, are computed. The transfer of water between the two pore
systems during the time step is calculated as:

AW, = _AWma = Ki (P = hma) (19)

3 Materials and Methods

3.1 Experimental field data used

the
v
We applied Kamel® model for simulating a field drainage experiment reported by David-

son et al. (1969} starting from two sets of parameters: i) pedohydral parameters cal-
culated from the soil characteristics given by these authors, namely, the tensiometric
and conductivity curves, and the bulk density at every 30 cm depth; and ii) pedohydral
parameters calculated from soil characteristics estimated according to the pedotrans-
fer functions (PTFs) gathered by Saxton and Rawls (2006). Davidson et al. (1969)
measured field water redistribution and drainage during 60 days following saturation of
the soil profile. The soil characteristics given in the article for each depth (30cm in-
terval) are 1) the water potential curve in the range 0 to 50 kPa, which was measured
in the laboratory on-soil core samples; 2) the bulk density; and 3) the two parameters
of the exponential form of the conductivity equation, k=kgexpla(@ — 844, that were
considered unvarying for the whole profile. Their field measurements consisted of soil
water suction recorded from tensiometers located at 30-cm depth increments for the
Yolo soil. Soil water suction measurements from the tensiometers were used then with
soil water characteristic curves to esiimﬁte the soil water content and the soil water flux
at each soil depth. This allowed Davidson et al. (1969) to present in a figure the vol-
umetric soil water content (&) distribution within the Yolo loam soil (at 30, 60, 90, 120,
and 180 cm depth) at various times after the cessation of infiliration without evaporation
from the soil surface: 0, 1, 5, 20 and 60 days. Hereafter, we attempted to approach
1127

these field data using Kamel®, according to the characteristic information about Yolo
soil described in their paper. For comparison, these soil characteristics estimated using
PTFs on the basis of the texture will also be presented and used for the simulation.

3.2 Estimation of Kamel® parameters

A complete soil physical characterization requires the measurement in laboratory of the
four characteristic curves mentioned above: shrinkage curve (Eq. 5), water potential
curves (Egs. 7 and 8), conductivity curve (Eq. 12) and the time dependent swelling
curve (Eq. 13). These measurements may not be always available. In these cases,
approximate non ideal characterization must be developed using readily available data
from soil maps or any laboratory measurements on local soil samples. KamelSoil® was
developed using Excel® to provide the hydrostructural parameters required by Kamel®
(parameters of equations listed in Table 2) using classical soil characteristics and PTFs.
Two successive steps are considered in the Kamel® parameters estimation:

1. Estimation of the hydrostructural soil state parameters provided by both equations
of state of the pedostructure: the shrinkage curve and the potential curve.

2. Estimation of the dynamical parameters: of the hydraulic conductivity inter-
aggregates (K Kmaer @y and a®); and of the swelling of the clayey plasma:

tise.
3.2.1 Hydrostructural equilibrium state parameters

They are all provided by the shrinkage curve and the water potential curve, from satu-
ration up to the dry state. Concerning the water potential measurement, the methods
of reference in laboratory that will be considered valid are the tensiometer method from
saturation to 60 kPa and the Richards apparatus for suctions of 100 kPa to 1500 kPa.
There are three characterization cases: 1) the shrinkage curve and the potential
curve are both available 2) only the tensiometric curve is available and 3) neither the
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shrinkage curve nor tensiometric curve is available.
The ShC and the tensiometric curves were measured

The ideal scenario in this case is that the two curves were measured simultaneously on
the same undisturbed sample (or on two separate replicates) and that all the shrinkage
phases are clearly distinguished on the shrinkage curve. The following parameters for
the micro pore system (V,, ky, Wy), and the interpedal pore system (Ky;, kyy, Wiy,
ko, W), respeotively,jre determined on the measured ShC, using the procedure de-
scribed in Braudeau et al. (2004a). The tensiometric curve will be used for determining
E mar Emi» © and W, the water content at saturation (zero suction) by fitting equations
of h,; and fi,, on the measured curve, using Egs. (7) and (8) where W,,; and W, are
calculated using parameters of the ShC, namely, &y, Wy, ky, and W, (Appendix A).

However, another procedure must be considered for calculating the macropore sys-
tem parameters if only the micro parameters: V,, ky, Wy, and K, can be determined
or are valid using the ShC. This is the case when the ShC measurement was made
on reconstituted samples (disturbed structure). In this case, the tensiometric curve is
used for determining macro-parameters of the ShC: Wy, ky, Wea (at h,,=0) along
with those of the potential curve: E,,,, £, and o. This is done using the Excel® solver
by fitting the two equations of h,,; and f,,, (Egs. 7 and 8) simultaneously on the mea-
sured curve (Fig. 6a). The following constraints: &y and Wy, known, fi,;=h,,, over the
range of 0 to 150kPa, h,,;=M,,=h in the range of O to 50 kPa (validity of the measured
tensiometric curve h(W)) are enough to get these 6 parameters above.

KamelSoil® uses this latter procedure in all cases (good measurement of ShC or not)
for determining the macropore system parameters from a set of (W, 1} data that may
come from measurements or from estimation using pedotransfer functions (e.g. Saxton
and Rawls, 2006). An Excel® sheet also is attributed to the treatment of a set of (W, V)
data from the ShC measurement for estimating the shrinkage curve parameters: V,
Wy, Ky Kps-
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The tensiomelric curve is only available

The treatment of the tensiometric curve provides the macro pore parameters (W, ky,
Woat, Emas Emi @and o as we have seen above. Three additional inputs are required for
calculating the other parameters; they can be found in soil database or estimated from
texture and organic matter using appropriate pedotransfer functions (PTFs):

1. The bulk density of the pedostructure: DBD (dry} or BD (moist), corresponding
to the specific volume at dry state or moist state: V,=1/DBD or V,=1/BD. If
DBD or BD are given, their value are put in the input Data sheet of KamelSoil®; if
not, the moist bulk density BD is estimated by KamelSoil® using PTFs via 84 (or
W;,} and the density of the solid phase supposed equal to 2.65, according to the
following equation:

1/BD = 1/2.65 + W,y = 1/2.65 + 65/BD (20)

2. The wilting point Wysqq (soil moisture at 1500 kPa) for estimating Wy and &y using
the tensiometric curve and assumlng that this point W5, corresponds to the air

entry point Wz on the ShC (Braudeau et al., 2005). The equations used are:
--——-_"—._-——'

""‘7 Wisvo WM},

fo ¥y “qy mﬁ,

1500 = £/ (Wispo — W) = E i/ (Whs = W) (21) 2

and ! 7 / :"
redoluad

kN = 3461’..’?(2)/(”/1500 - WN) 22 M 4 9

according to, respectively, Eq. (8) and the relationship Eq. (22) given by Braudeau 4&

et al. (2004a) where Wg=W,g,q and A=1500 kPa.

In general, the wilting point is measured in kg/kg and is available in soil data
bases. In thls case the gravimetric value kg/kg is put in the Data input sheet of
KameSoil®. If Wi is not available, KameSoil® will calculate it using the pedo-
transfer functions of Saxton and Rawls (2006).
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3. The standard COLE index (NF{ES, 1995) for calculating AV =V}, — V. then K,
the slope of the basic shrinkage phase of the shrinkage curve, according to the
relationship Kyo=(Vyy —Vn.) /(Wi — Wy) (Appendix A). The COLE denotes the
fractional change in the clod dimension from a dry to a moist state at 33kPa. It
can be expressed such as:

COLE = FagfWo) * 1 # (Fag~ W) Winny]

Assuming that V33 is a good approximation of VM, for all types of ShC (Fig. 3) and
that V 4, =V .=V 4, we can then calculate K, ; as:

Kps = (3COLEV 5/ (3COLE + 1))/ (Wpy - Wy) (23)

If the COLE index is not available, a relationship b?t,ween Kps and the con)ents in
clay, silt and sand (kg/kg) can be sought (Braudeau et al., 2004b, Boivin et al.,
2004). In KamelSoil® Eq. (24} is used waiting for more investigations:

If (Clay +0.25Silt) > 0.5 kg/kg then Ky, = 1.1 else K, = 2(Clay + 0.25Silt}(24)
Both shrinkage and tensiometric curves are not available

In addition to the three soil properties listed in the section above (BD, W;gp, COLE
or Kps) two other properties are required 1) the soil moisture at 100kPa (1 bar), W,qq
and 2) soil moisture at 33kPa: W,;. These characteristics are generally measured and
found in the soil data bases in kg/kg. If not, they will be estimated in KamelSoil® using
pedotransfer functions according to Saxton and Rawls (2006). With W,gq,, and Wi,
one can calculate the two parameters A and B of the Eq. (25) used by Saxton'and
Rawls (2006} for representing the tension segment of 1500 to 33 kPa:

Nits00-33) = AWE (25)
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In KamelSoil® this equation is used to fit #1,,; (Eq. 8) on these three points (W54,
Wigo and Waz) and on A, (Eq. 7) between 100 kPa to saturation (0 kPa). The assump-
tion here is that 1, and h,,, are equal from 70kPa up to saturation, which is the case
for many soils. Thus, the segment between 33 kPa and saturation which was taken as
a straight line by Saxton and Rawls (2006) is actually modelled by h,,, and h,, under
this assumption Fig. 6b. This procedure provides Wy, &y, Weat, Ema » O, E i Wy, and
kN.

3.2.2 Hydrostructural dynamic parameters

Parameters of k,,.(W,.,) in Eq. (12) are estimated by fitting this equation to the con-
ductivity curve k(6) simulated by Brooks ahd Corey equation (1964):

k(6) = ksat (60 - 6,)/ (@ - 6,))" (26)

where parameters @, and n are determined byfTFs from clay %, sand %, and poros-
ity ¢ (volume fraction) according to Saxton and Rawls (2006). The conductivity at
saturation kg, is calculated by the Saxton and Rawls (2006) procedure according the
following relationship:

Kear = 1930(855 — B55) /8 (27)

where B is the parameter of Eq. (25) calculated with points (W, 40, 1500 kPa) and (Ws3,
33 kPa).

The conductivity‘}equation of Kamel® (Eq. 12) is then adjusted to the conductivity
curve of Brooks and Corey (1964) (Eq. 26) using the solver function of Excel® after
initialization of the Kamel® parameters as:

ay = nfWaar = Wy)i Kmao = K(O2): Kppaps = K(Opy) (28)

and a, given by Eq. (12) at W =Wy (K=K pnan and Wi =we, (W)= — Ln(2)/ k4 from
Eq. (A2) of w, in Appendices).
1132
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An example is presenied on Fig. 7a showing the fit of the logistic equation of &,
on the conductivity curve estimated by KamelSoil® from the texture for two horizons of
the Yolo loam soil which is studied here‘gﬂer. For comparison, we put on Fig. 7b the
measured corresponding data (Davidson et al., 1969éfitted also by the logistic equation
of k. This procedure was automated in KamelSoil™.

Concerning the absorption rate of water by the swelling plasma of primary peds,
kmi, this rate was rarely measured. The time of half charge, 1442, Which is chosen as
parameter for representing k,,,; via Eq. (14), depends on the soil plasma and its degree
of division in the structure. It was fixed at 30 min, waiting for more future investigations.

4 Results and discussion
4.1 Parameters estimation using measured soil characteristics
4.1.1 Soil water pools and water potential parameters

The potential curve is measured, from 0 to 50 kPa, while the shrinkage curve was not
measured. Based on soil texture of 18% clay, 49% silt and 33% sand found in literature
for the Yolo Loam Soil, KamelSoil® calculates W;sq, for the four depths of which the bulk
density is, respectively: 1.36, 1.17, 1.8, 1.17. That gives, respectively W,5,,=0.086 at
30cm and 0.10 at 60; 90 and 120cm. These values were used as approximate values
of Wy to calculate W, and k. As in KamelSoil®, all parameters of W,., A, and h,,;
(Was knps Wear, Emay 0, E iy Ky and W) were determined by optimizing the fit of both
h,,; and h,,., on the ten points (W, h) of the potential curve measured by Davidgon et
al. (1969) and the point (W50, 1500 kPa) estimated above. Results are presented in
Table 3 for the four horizons considered by Kamel®.

For comparison, the potential curves of the four horizons were estimated using
Kamg@oil® from the texture according to the pedotransfer functions proposed by Sax-
ton and Rawls (2006), except for the bulk density which was given. Estimated pa-
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rameters are Iigt_ed in Table 4 and Fig. 8a shows the potential curves of two horizons
measured (Davidson et al.,, 1969) and estimated according to the pedotransfer func-
tions.

4.1.2 Hydraulic conductivity parameters

Davidson et al. (1969) observed that their field measurements of water potential and
fluxes at the various depths fitted very well to the following exponential equation:

k = k,expla(® - 8,)) (29)

where @ is the volumetric water content, k,=50cm/day, a=48.2cmd,/cmi, ., and

0,=0.474 cmfvaller cm;f" for all depths of the Yolo loam soil.

As for estimation of the conductivity parameters using KamelSoil®, we searched the
better fit of Eq. (12)-(29) measured by Davidson et al. (1969) using the solver of Excel®
as follows: were

In first approximation, parameters of Eq. (1 2)argeslimaled considering the high and
low ranges of W,,, as in the Appendix B: -
Py Oy = aBD (30)
kmaM = koeXp(aMWM - ag,) (81)
Kmao = kK(B¢) = Kk explayWe — ad,), (32)

the conductivity at point C, where W,,,, is near 0.
The fourth parameter ao.ifestimated by equating Egs. (12) and (31) at W=W),,
knowing that W,y =-In(2}/ky according to Equation of W, =w +w;, in Table 2:

K Ko
a, = 1 ,,n( maM/ ma ) ) (33)

1 —exp{—ayWyam)
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Excel® solver-'r? then used for optimizing the fit by changing (10”00), (1OB(JM), Kmao
and Kp,.u. Results are presented together with those calculated using KamelSoil® from
the texture, bulk density and W, on Fig. 8b. We note that a very good fit of the Kamel®
Eg. (12) on the exponential Eq. (29) of Davidson's data (straight line) and the important
difference between these data and the hydraulic conductivity estimated by KamelSoil®
using Brooks and Corey Eq. {26) with pedotransfer functions.

4.1.3  Determination of Kg, V4 and ¢,

Kps Was estimated near 0.6dm>/kg by KamelSoil® for this loam soil according to
Eq. (24). <

In order to calculate the lower value of the specific volume, V, iNgassumed that the
soil bulk dens.,’i.ty considered by Davidson etal. (1969), as well as bulk density estimated
by Saxton and Rawls (2006) using pedotranster functions, is the bulk density at field
capacity, (1/V ). Then the pedostructure specific volume at dry state is:

Vg =Vp—Kys Wiy — Wy) (34)

This completes the parameters needed to construct the shrinkage curve including: V/ ,,
Kpgs Wy, Ky, Wiy, Ky, and Wy (with &, =100). The last parameter required, the"half
time of swelling ¢, 5, was fixed to 30 min, mean value of the results given by Braudeau
and Mohtar (2006).

4.2 Simulation of field experiments

Tables 3 and 4 summarize the fifteen required pedostructure parameters for Kamel®
that were calculated, respectively, from the soil data of Davidsdh et al. (1969) and
those estimated using KamelSoil®. In Table 3, parameters that do not correspond to
any measurement are only K5, Wy, ky and t, ;, which concern the micropore system
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behavior. The thicknesses of harizons were not given in the article; they were taken for
the simulations as 0-40, 40-80, 80-100, and 100-120 cm.

Figure 9 shows the computed moisture profiles of Kamel® at 0, 1, 5, 20, and 60 days
of drainage, without evaporation from the surface and starting from the saturated state
after infiltrgtion. For comparison, the field measured data of Davidson et al. (1969)
are shown';r'\ the figure: the soil water content at 30, 60, 90 and 120 cm depth af-
ter 1day, 5:‘20 and 60days of drainage without evaporation. Non calibrated simu-
lation results have a good agreement with measured values (Fig. 9a): the first day,
AW, 4ay=-0.006 and 0.02 kg/kg are the water content at 60 and 120 ¢cm, respectively.
Less than 0.01kg/kg are observed at 5 and 20 days for horizons 3 and 4 (90 and

120cm). for,  small

Assuming that parameters of the hydraulic conductivity are responsible theseitl
deviations we tried to change the input values of W, (corresponding to the term @, in
Eqg. 29) of horizons 2 and 4, adding to W, the observed deviation between the mea-
sured and simulated water content at one day: —-0.006 and 0.02kg/kg, respectively.
The new simulation showed on Fig. 9b reproduces exactly all the experimental field
data except the very light deviation (-0.004 kg/kg) observed for the water contents of
horizons 2 and 3 at 60days. In fact, because of the relationship between k, and 6,
in Eq. (29), leading to Eq. (B10) in the Appendix B relating the hydraulic conductivity
parameters between them, the same effect on the simulation is obtained by changing
Keq instead of W, according to:

k;m = Kgat€Xp (_QMAWMay) (35)

The new values of Kgy, kipy=3.9x107* and 8x107°, instead of the common value of

2.6x10™* for both horizons 2 and 4, keep the conductivity curves withirl,the cloud of

experimental data reported in the graph {log (k) vs. 6) used by Davidson et al. (1969)

for determining parameters of the unique exponential Eq. (29) that they proposed for

the whole soil profile. This simplistic procedure of calibration, used for approaching the

accurate values of the conductivity parameters, is justified in Appendix C according to
1136
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the equation of the water content developed by Davidson'fet al. (1969) at depth L and
time t after the end of the infiltration while the hydraulic gradient is near unity.

For comparison, we present in Fig. 10a the simulation of the same field experiment
but using the soil parameters estimated by KamelSoil® from texture data only. Results
are coherent but very different from the measured field data. We applied the same
procedure listed above for correcting the hydraulic conductivity: new values of kg,
were calculated using Eq. (35) where AW, had the observed values 0.009, 0.015
and 0.036 kg/kg for horizons 2, 3 and 4; that gave a new kg, of 1.3x107*, 8.5x107°
and 3.6x107°, respectively. The new simulation presented on Fig. 10b provided much
better results. The deviation observed at 60 days comes certainly from the slopes,
represented by the coefficient ay, (Tables 3 and 4), of the estimated conductivity curves
of the last horizons which are lower than those of the measured ones (see Fig. 8b).

These results demonstrate that in the range of the water contents obtained by
drainage (without water uptake by plants}, the exponential equation proposed by David-
son et al. (1969) seems to be the physical adequate equation for the hydraulic conduc-
tivity of a soll, at least in the range of 0 to 20kPa. Several works assumed this shape
of equation for developing useful methods for determining the hydraulig conductivity
functior‘Lin spite of the uncertairy of the measurement and model (Libardi et al., 1980;
Wendroth et al., 1993b; Reichardt et al., 2004); despite the fact that no pedotrans-
fer function were introduced using this form of equation. The three parameters k,, a,
and 8, reduce in fact in two characteristic parameters: k,/exp(a8,) and a, that are
constant within the profile regardless the very different bulk density of the first horizon.
They seem to be characteristic of the soil material, independent of changes in bulk
density. The fact that using W,,, instead of the total water content W in the conductivity
equation highlight Eqgs. (B9) and {B10) developed in the Appendices between conduc-
tivity parameters (a, ay,, a, 8,, k,, Ksa, Kman) Of both exponential equations (in terms
of water content and water suction) and some parameters of the pedostructure such
as Ep,,, Wiy, Wy, and V.

Notably, knowing that a,, is of the form ay, =a'/V, where &' is a constant similar to a
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characteristic of the material regardless to the structure, is important for the determina-
tion of this parameter and research of related pedotransfer functions. Results in Table 4
give a'=ay,/BD=57+1 for this loam soil. In the same way, k., must be measured or
found in databases along with the corresponding value of W, since the characteristic
of the curve is kgy/Wear-

Concerning the two other parameters, k., and o°, they cannot be commented
on because they have no impact within the range of water content covered by the
field experiment. It is the same for functionalities of Kamel® relative to the dynamic of
swelling of the primary peds, such as the water exchange between both macro and
micro pore systems and the aperture of fissures or cracks with drying.

Overall, this example demonstrates that the use of Kamel® for simulating the soil
and water can be easily and accurately adapted according to the degree of information
available at our disposal. the

It is important to note that if these parameters have been measured in _laboratory,
then in theory the model does not need to be calibrated because the 4 basic functions
of a soil horizon (shrinkage curve, soil water potential curve, hydraulic conductivity
curve and the time dependent swelling curve) would have already been determined. In
contrary, if only the texture is known, then KamelSoil® estimates the 15 characteristic
parameters of the soil with a degree of approximation depending on the pedotransfer
functions used. Hence, the result of the simulation will be coherent but approximate;
and modeling by Kamel® may require calibration with field data like other soil-water
models. Nevertheless, for Kamel®, knowledge of the physical significance of the pa-
rameters describing the four characteﬁgtic functions of the pedostructure simplifies this
calibration step as this has been showe’g"in the case of the saturated hydraulic conduc-
tivity (Appendix C), which no longer requires a long and difficult sensitivity analysis as
in the case of other models.
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5 Conclusions

We have shown a new paradigm for soil water modeling that is built on new concepts
of Structure Representative Elementary Volume (SREV) and pedostructure that takes
into account the hierarchical internal organization of the soil medium. The paper also
demonstrated the paradigm to ensure the transfer of scale from laboratory charac-
terization to soil water modeling at the field level. A computer model Kamel® was
developed based on this theory.

As a soil-structure water model, Kamel® has the following features:

1. It represents the soil organizational characteristics and variables for each hy-
drostructural state at any soil depth.

2. Itis able to simulate the water flow in this organization (the vadoze zone) in re-
sponse to external factors such as rain, ETP (inducing water uptake by roots),
and structural change of the surface layer.

3. It generates outputs which keep the link between the internal physical state vari-
ables (SREV variables, referred to the structural mass of solids and used for
describing processes at their local scale) with the classical volumetric averaged
variables used in agriculture to generalize at larger scales (REV variables, units in
dm/dm or kg/ha). The model therefore solves the scaling problem among mea-

surements in laboratory, estimation from soil databases, and modeling at the field

scale.

414t allows 45 2 framework¥to integrate biogeochemical processes that act at the
pedostructure level.

Because Kamel® is entirely founded on physical equations describing the scil-water
interaction, and on significant and measurable parameters, it can be adapted to all
types of soil and situations (simulation of experiments in the laboratory or in the field).
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In particular, it is able to provide the same macroscopic information (volumetric vari-
ables) as that commonly sought after using existing soil-water models and the charac-
teristics inputs of these models, which are often estimated by pedotransfer functions.
But, at the same time, it also describes the internal functioning of the corresponding
pedon as if it was characterized by the 15 pedostructure parameters. For this, it relies
on a program associated to Kamel®, KamelSoil, which transforms common information
generally used today to characterize soils (texture, pF4,2, apparent density, -} into
the set of hydrostructural parameters needed for Kamel using pedotransfer functions.

For all these reasons Kamel® can be used as a standard reference to evaluate other
soil-water models and also pedotransfer functions at a given location or agronomical
situation.

Appendix A

Water pools equations

At equilibrium at given water content W, equations of the water pools in term of the
total water content W are, according to Braudeau et al., 2004a:

w9 = lmn +exp (k, (W - W) (A1)
ip kL
w'l = -imn + eXp (—ky (W — Wy )] - w7 (A2)
st kM ip
Whe = klmﬁ +exp (ky (W - Wy))] + ;Lfn(‘i + exp (—ky (W = Wyy)) (A3)
N M
Wil = ”;(1]’”[1 +exp (ky (W - W) + W (Ad)
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Parameters Wy, Wy, W, are the water content at the intersection points N, M’, L’ of
the tangent lines extending the quasi-linear shrinkage regions of the shrinkage curve
(Fig. 3). Their values represent characteristic pore volumes of the pedostructure with
0., being the water density in kgdm™>:

Wy=max(w,)=p,,min(V p,,), the pore specific volume of primary peds at dry state;

Wy =max(w,,)+max(wys)=p,max({V p,,), the maximum pore specific volume of sat-
urated primary peds; and

W, —Wy=max{wy)=p,Vp;,, the interpedal pore specific volume in the structural lin-
ear region of the shrinkage curve (D-E).

Parameters ky, ky, and k; represent the y-distance between these intersection
points and the shrinkage curve (as for example: ky,/Log2=(Ky, — Kg)/ Wy - Vig)).
They are constants under experimental conditions, but they depend on the load and
overburden pressure under field conditions.

Appendix B

The conductivity curve equation

In the literature, the hydraulic conductivity is expressed in terms of the suction h rather
than W. Many authors cited by Angulo-Jamarillo et al. (2000) used the exponential ex-
pression of k in terms of the soil water suction /1 (Eq. 6, Gardner, 1958) in deterministic
models and in particular for the in situ measurement of conductivity using disc or ring
infiltrometers:

k = kegexplah) (B1)

where kg, is the apparent field saturated hydraulic conductivity and « is a constant.
We note that for high water content, Gardner's equation above can be written in
terms of W,,. Indeed, according to Eq. (7), the suction pressure h,,, for the high range
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of water contents can be expressed such as:

owE 1 PwE
Apg = — ( 1) A (WmaSar - Wma) (B2)

Winasat + 0 \ AW,/ (Wpasar + 0) +1 w2 ...
Substituting 4 in Eq. (B1) by #,,, leads to:
k = ksaexp(Qy(Wina = Winasar) = KmnamexplayWina) (B3)
where ay = ~ap,, Epa/Wpasa)? > 0 (B4)
and Kmay = Ksa/eXp(@yuWirasa) (B5)

Finally, knowing that W,,,=W -W,,; and that W,,;~W,, (Appendix A) in the high range
of water content, the hydraulic conductivity in the range of water content near saturation
(Egs. B1 and B3) can also be written in terms of W such as:

k = Ksa@Xp(ah) = Kpamexp(@uWina) = [Kman/explay W)lexp(ay W) (B6)
The same for Eq. (B5) leads to:
Knam /€Xp(ayWy) = Kear/explanWea) (B7)

These Egs. (B6) and (%7) match very well with the following conductivity equation
that was found by Davidson et al. (1969) from their field experimental data:

k = koexp(a(0 - 6,)) (88)

where 8 is the volumetric water content and k,, a, 6, are soil characteristics. &, and
8, are the hydraulic conductivity and the corresponding water content at a point in high
range of moisture. Identifying Egs. (B6) and (B8) and using Egs. (B4) and (B5) leads
to:

a = aypy,/BD = (~ap%, Epa/BD) [ Wia ~ Wy )? (89)
where 8D is the bulk density at moist state, and
ko/exp(aly) = keu/exp (y Weat) = Kmanr/€xp (@ Wiy) (B10)
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Appendix C

Calibration of kg,

The procedure used for correcting kg, can be justified as follows, according to equa-
tions developed by Davidson et al. (1969): up until the first day after infiltration water

drains under a unit hydraulic gradient and in a relatively uniform soil profile Black et

al. (1969 show,g?:that the hydraulic conductivity should increase with soil depth after
the cessation of infiltration as:

k(z)y=v,z/L (C1)

where L is the length (dm) of the drainage profile and v, is the soil-water flux (dm/s)
at L. Introducing & in the continuity equation leads to:

aw /dt = —p, Vdk/dz = —p, Vv, /L = (p,,/BD)k/L (C2)

Using our terminology, for high water contents, W =W, + W, =W, +Wy, and &, (=K)
can be approximated by, according to Eqs. (B6) and (B7):

Kma = KmameXp (a (W - WM))\ = keaoxp (a (W - Weay) (C3)

After substitution in Eq. (C2) and integration with time leads to:
W= W, - —;m (1 + akgat /L) (C4)

Thus, a deviation of AW=W,;-W, at time t and depth L corresponds to
AksastaH —kgat0 SUCh that:

exp (~aAW) = (1 + akgaqt /L) /(1 + aKgapat /L) (C5)
Since the term (akg,t /L) is larger then 1 (at t=8640s), Akg, can be approximated by:

Ksat = Ksarp@Xp(—ay(W; - Wa))
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Appendix D

Kamel® model Simile® version

The Kamel® model was developed in the Simile® (http://www.simulistics.com) environ-
ment by Braudeau (2006) according to the concepts and equations presented in the
article. Nomenclature, equations and parameters are listed in Tables 1 and 2.

The model is composed of three parts (input, output and pedon), which are described
below.

a) Inputs: Four kinds of input are shown as submodels:

Pedon parameters (fixed parameters) comprising the depths of the four soil horizons,
the thickness of the soil layers (choice of the discretization), the root distribution (% of
the total roots mass) by horizon, and the pedostructure parameters for each horizon,
that says the parameters of the four characteristic curves.

Initial soil moisture (fixed parameter) which consists of initial saturation level of the
available water in each soil layer along the profile.

Rain and/or evapotranspiration (variable parameters) for entering the potential
evapo-transpiration and rain intensity during simulation.

Surface properlies and end-of-profile drainage conditions (variable parameters) giv-
ing the conditions at the surface and the end of the profile. Some properties of the
surface layer (for example, conductivity at saturation, specific volume, thickness of the
surface layer, and surface water storage) can be changed during a simulation taking
into account the impact of tillage, irrigation, etc. The condition at the end of the profile
concerns the drainage, which can be either free or sealed drainage.

b) Output: The different kinds of output are:

State variables in the SREV units at 10 cm depth increments from the surface.

Volumetric contents (REV variables) of water pools, pore space, air, available water
storage, available macropore water storage, etc. per group of 1dm of soil layers over
the entire soil profile.
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Local state variables in the SREV units of a soil layer (2 cm thick) at a chosen depth.
The variables of this submodel can be displayed in xy graphs, such as f,,=f(W} or
Wia=f(W).

All state variables of the surface referenced to the structural mass of the surface
layer. These variables can also be displayed in xy graphs,

Allvariables of the soil profile water budget, such as infiltration {(cumulative flux trough
the first layer), drainage (through the last layer}, runoff, water storage in the profile,
water storage in the surface layer and on the surface, and rain.

¢) Pedon: The pedon is presented as a stack of soil-layers: each layer contains the
same mechanism (equations, compartments, flux, variables) with variables and param-
eters having their own values according to the layer position in the stack. Each layer
is in relationship with its adjacent layer above and below by means of two associations
with a submodel outside the pedon submodel.

A soil layer is organized into seven sub-units (except for the first layer, which has one
additional surface unit). These sub-units are similar to directories containing variables,
parameters, fluxes, and compartments, which can be inspected at any time by pointing
the cursor to the particular variable:

— Horizon parameters: the input pedohydral parameters are distributed by horizon
for each layer.

~ Water fluxes: The two fluxes are computed for each time step, F, flux through the
upper surface of the layer and F, flux through the lower surface.

— Layer state variables: This submodel calculates the changes in W and W, due
to net flux (F,—F,} (see Fig. 5) and to the resulting change in water potential
(hmi=hpa) between the two compartments, respectively. Then, W, =W -W,,, is
calculated along with all the state variables of the layer.

- Cell size: The dimensions of a pedostructure unit in which H; is the height of
the layer are calculated at the field capacity point (W;). Point D corresponds
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to the maximum swelling of the pedostructure and is taken as reference since
it is assumed that for W>W,, the structural volumes of the layer and of the pe-
dostructure are equal. The horizontal dimensions, a and b, are not defined in this
one-dimensional simulation.

= Initial W and W ;: The two variables representing initial soil water (W) and initial
water in micropores (W,,;) are calculated from a given hydral state profile as input.
They constitute the initial values of the two corresponding compartments W and
W, in the State variables of each layer submodel.

- Volumetric state variables: The SREL organizational variables which are cal-
culated in kg or dm? per kg of solids are converted in volumetric variables (in
dm per dm of soil height or in kg per dm® of soil) for each layer.

- Water balance terms: The total water inputs and outputs and the water storage in
the pedon are calculated in this submodel.

- The Surface variables submodel is also updated at each time step. Their changes
in value result from the water balance between the flux into the first layer, the rain,
runoff, and the change in the water storage into and above the surface layer.
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Table 1. Pedostructure state variables. Subscripts mi and ma, hor, fiss, and s; refer toa&’—

micro and macro, horizon, fissures and solids; ip, st, bs and re, refer:lfq the name of the cor-
responding shrinkage phase of the shrinkage curve: interpedal, structural, basic and residual.

Veolume al corcern  Specific valume  Specific pora volume  Specific watercontenl  Non swelling water  Swelling water cw/‘@nducﬁvw
a)

(dm®/kg) (dm®/xg) (kg w./kg soil) {kg w.fkg soil) (kg w./kg soil) (dm/s)
Harizon E: Ve, W
Pedostructure v w h k
Inmerpadal porosity V.. W, W, [ L. Kon
Primary peds Vo Vi, W, Wra Wpy P fn

Primary particles Vs

ov "Hatcp

"Stechon Frovune”

fod 1
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Table 2. Equations and parameters of water pools and hydrostructural characteristic curves of
the pedostructure (soil medium).

State variable Equation Parameters
Waler pools equalions at equilibrium state

Interped swelling water wf:= (1/k,) In[1+ expk, (W-W,))) koW,

Interped Struclural water wig= = (1/ky) n[1+exp (=ky (W-W,))) -y Ky W

Plasmic basic water Woe = (1/ky) I [1+exp (Ky, (W Wy )] + (1/K,,) Inf1 +exp (—ky, (W -W,,)) Ky Wag, kg, Wy

Plasmic residual water wid= = (1/ky) In[1 +exp (ky, (W-Wy))] +W

Shrinkage curve

Pedoslructure specific volume V=V +Kpsdwy +dw, Vi, Koo

Swelling and suclion pressures curves

Interped swelling pressure PSp=0,E s f(Why+0) Eps 0, Wy, Wy

Interped suction pressure Na =P8 =Py E i/ (Wey =Wy +0)

Primary ped suction pressure Ty =P Ey (1/(w55) =1/ (W= W) E s War, Wy

Conductivity

Soil conductivity for the macropore water K,
Primary peds conductivity (constant)

i Kesuexpla W}
AT Ny +eaplla, =0y W)

i =01931 (Wyy = W)/ (PuEty/2)

0°, Ringo s @ap Kpaps
112 (time of half charge)

Fond s s Y00 sradl.

Plopsc netane 7.
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e
Table 3. Kamel® parameters calculated from the measured data of Davidson et al. (1969).

no. Paramelers  horizoni horizon2 horizon3 horizon4 Units

1 Kps 06 0.5 0.5 0.5 dm®/kg water
2V, 0.735 0.855 0.847 0.855 dm®/kg soil
3w, 0.128 0.082 0.072 0.083 kg w/kg soil
4 W, 0.219 0.250 0.240 0.249 kg w/kg soil
5 W, 0.319 0.426 0.417 0.426 kg w/kg soil
6 ky 410 184 86 71 kg soil/kg w
7 Kur -37 -20 -19 -19 kg soil/kg w
8 £, 0.4 1.0 1.6 1.7 Joule/kg soil
9  ay 75.0 68.6 66.7 68.7 kg soil/kg w
10 o 0.0001 0.0001 0.0001 0.0001 kg w/kg soil
11 ke 1.7x107'% 88x107" 1.0x10™"" 85x107" dm/s
12 o° 278 238 194 238 kg soil fkg w
13 E,y 6.8 13.8 21.2 23.7 Joule/kg soil
14ty 30 30 30 30 min

15 Ky 9.0x107% 26x107% 16x10™ 26x10™% dm/s
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Table 4. Kamel® parameters estimated for the Yolo loam Soil in Davidson et al. {1969) using
KamelSoil® given the texture, the bulk density and the soil moisture at saturation.

no. Parameters  horizon1 horizon2 horizon3 horizon4 Units
1 Ky, 0.605 0.535 0.535 0.535 dm® /kg w
2V, 0.65 0.77 0.77 0.77 dm® /kg soil
3 Wy 0.07 0.08 0.08 0.08 kg w/kg soil
4 Wy, 0.21 0.23 0.23 0.23 kg w/kg soil
5 W 0.32 0.43 0.42 0.43 kg w/kg soil
6 ky 212.32 197.38 195.22 197.38 kg soil/kgw
7 ki -32.22 -26.99 -27.92 -26.99 kg soil/kg w
8 En, 0.71 0.7 0.67 0.7 Joule/kg soil
9 Ty 70 48 48 48 kg soil/kg w
10 o 0.0017 0.0005 0.0003 0.0005 kg w/kg soil
M Ko 421x107" 1.16x10™"  1.94x107""  1.16x107" dm/s
2 a° 501 389 360 389 kg soil/kgw
13 E,y 17.47 18.4 18.78 18.4 Joule/kg soil
14ty 30 30 30 30 min
15 ke 575x107%® 2.04x10™% 1.75x10™ 2.04x107 dm/s
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Fig. 1. Soil medium organization.
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Fig. 2. Schematic definition of the four types of water within the inter and intra primary peds
spaces.
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Fig. 3. Various shapes of shrinkage curves:‘éﬁe two shrinkage curves (S,C) in the same
graph differ only by effect of three characterislics: BD (Bulk Density at moist state), W, and
k,. Curves in black gh the graphic on the right represent the shrinkage curve if the interped
swelling water, w;,, IS not taken into account (w;,=0in Eq. (5} of the 5,C). The curves in blue
dols are measured curves {Ferrisol in Martinique and loam soil of Indiana).
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Medium variables relationships:

dr =Kps OWps + K,'p d'v‘l."_.‘p
VD = mei + mea

W= W, + Wy

Wini = Was + Wee

Wina = Wst + Wjp

V_mi b mei + 1/,03

Vom: = (max(Wre) + Wos)/pw

VDma = V =Vmi

[ Interpedal porosity
1 Primary ped medium
4==dp  Darcian water transfer

Micro-macro and
micro-micro water
exchange

e
R

Pedostructure unit of
specific volume Vv
%

Micropore N Micropore
Macroporé swelling residual
water (Wst W) water (wps)+ water (We)+
solids solids

Fig. 4. Schematic representation of the pedostructure, as SREV of the soil medium, and water

movements in this medium.
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Fig. 5. Representation of three successive soil layers with their associated state variables
resulting from the discretization of the soil profile into SRELs. The dashed line represents the
middle of the layer. The fluxes through each surface of the layers are such that F2,_,=F1; and

F2,=F1
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Fig. 6. Example of calculated micro and macro soil water suctions, f1,,; and #,,,, for the Yolo
loam soil sample (60cm) in Davidsonet al. (1969): (a) fitted on the measured soil moisture
characteristic curve A(W) from 0 to 500 hPa; and (b) with h,,; forced to pass by the estimated
point (Wigqq . 1=1500kPa).
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Fig. 7. Hydraulic conductivity parameters obtained by optimizing the fit of the exponential
logistic equation of k,,,, on: {a) the estimated Brooks and Corey's equation of the conductivity
k for horizons 1 and 3 of the Yolo loam Soil using KamelSoil®; and {b) on the measured
exponential equation of the conductivity for the same horizons (Davidsdhi et al., 1969).
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Fig. 8. Soil water suction and hydraulic conductivity curves for 30cm and 90cm depth of the
Yolo loam Soil. DV refers to as data of Davidsoet al. (1969) and Sxt refers to as data estimated

according to Saxton a'r’1d Rawls (2006} using KamelSoil®.
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Fig. 9. Simulation of drainage after infiltration up to equilibrium (black line "starting”) in the Yolo
loam soil profile (Davidson et al., 1969). Squares represent the measured observations and
lines represent the simulated moisture profile using the measured soil characteristic parameters
given in the article: (a) without any change of these parameters and (b) with a correction of
the parameter W, for the second and fourth horizon corresponding to the deviation of water
content at one day (-0.006 kg/kg and +0.02 kg/kg, respectively).

1162



a)

020

04—

20
40
60
£0
100

Depth {em;}

120

140 -

Water content (kg kgi
033

{ FRE

025

0.30

040

.

04s

b) Water content kg kgi r

Tw Obs1day |
020 0.30 040 04
: ) | Obs5d
i ¢ ObsZ0d
20
] = OhsBld
= 40 — Saluration
< &0 —— Starting
-]
g84 PV 1 N e Iday
o
100 5 days
120 0days
---—-E0 days
140 -

Fig. 10. Simulation of Davidson et al. (1969) field experiment using characteristic parameters
estimated by KamelSoil® using pedotransfer functions according to Saxton and’Rawls (2006):
(a) without any change of parameters and (b) with a correction of k., calculated from the
deviation of water content at one day (Eq. 36).
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