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Tobias K. D.Weber1 ,WolfgangDurner2 , Thilo Streck1 , and Efstathios Diamantopoulos3

1Institute of Soil Science and Land Evaluation, University of Hohenheim, Stuttgart, Germany, 2Institute of Geoecology,
Division of Soil Science and Soil Physics, Braunschweig University of Technology, Braunschweig, Germany, 3Department
of Plant and Environmental Science, Section of Environmental Chemistry and Physics, University of Copenhagen,
Frederiksberg, Denmark

Abstract A generalizedmodular framework for partitioning soil hydraulic property (SHP) functions into
a capillary and a noncapillary part is developed. The full water retention curve (WRC) is modeled as a
weighted sum of a parametric capillary saturation function and a new general model for the noncapillary
saturation function. This model is directly computed from any selected capillary saturation function.With it,
a physically complete, continuous, and flexible representation of the WRC is achieved, ensuring zero water
content at oven dryness. In a modular and hierarchical framework, the expressions for the capillary and
noncapillary saturation function are used to calculate the respective hydraulic conductivity curves (HCC).
This is achieved by adopting Mualem's integral for the capillary part of the HCC only and calculating the
noncapillary HCC directly from the new noncapillary saturation function. This leads to consistent
descriptions of measured HCC data, including the often observed change in slope beyond −100 cm pressure
head. Compared to the classical van Genuchten‐Mualem approach, it requires only one additional model
parameter. The SHP framework model describes both WRC and HCC adequately and coherently. We
demonstrate the suitability of the SHP framework and versatility by describing measured WRC and HCC
data across the full moisture range using soil samples from a wide range of textures and origins. Themodular
framework was implemented in the soil physics and soil hydrology (spsh) R‐package, available from the
Comprehensive R Archive Network. It contains several SHP models, model parameter estimation, and
features options for goodness of fit statistics, and model selection.

Plain Language Summary Soils are important features of the landscape and provide many
ecosystem services related to food production and clean water. Most of the terrestrial life depends in
some way or the other on this biologically, chemically, and physically highly active and complex
environment. Soil water is a connecting factor linking most of the soils' properties. In order to predict a
soil's ability to store and conduct water, mathematical models have been developed. These are commonly
referred to as (effective) soil hydraulic property functions. Most commonly, the hydraulic property
functions from van Genuchten and Mualem have been used, but these models have widely acknowledged
deficiencies. In this study, we develop a modular framework model that overcomes some core
deficiencies. The improvements are demonstrated by comparison with measured soil hydraulic properties
from soils. We expect the framework model to have a considerable impact in increasing the precision and
accuracy in predictions of water movement and evaporation from soils and ultimately crop growth.

1. Introduction

Vadose zone properties control most biotic and abiotic subsurface and near‐surface processes, including
evaporation, infiltration, and water redistribution, energy partitioning, solute transport, andmatter turnover
in the groundwater‐soil‐plant‐atmosphere continuum (Field et al., 2015; Kirkby, 2016; Lin, 2014). Moreover,
8 out of the 17 UN Sustainable Development Goals are directly or indirectly related to current research
questions in hydropedology (Bouma, 2016), by ecosystem services that the vadose zone provides to human
livelihoods (Field et al., 2015; Lin, 2014). Manifesting the importance of vadose zone hydrology in the
scientific community, large monitoring networks such as Critical Zone Observatories (White et al., 2015)
and Terrestrial Environmental Observatories (Bogena et al., 2016) have been established in recent years
(Guo & Lin, 2016). Mathematical models are indispensable to understanding the complex biological,
chemical, and physical feedbacks necessary to tackling global challenges such as climate change, the food
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security problem (Asseng et al., 2013), insufficient drinking water quantity and quality (Jury & Vaux, 2005),
and the leaching of agrochemicals to ground and surface water (Diamantopoulos et al., 2017). Models enable
the exploration of the fundamental processes, testing of hypotheses, and predicting trajectories of develop-
ments (Vereecken et al., 2016).

Essential to vadose zone research is the correct representation of the moisture state. For this, numerical
simulations of transient unsaturated moisture dynamics in soils frequently adopt a combination of the
Buckingham‐Darcy equation with the continuity equation, independently proposed by Richardson (1922)
and Richards (1931), which is arguably the most commonly used process model in the area today (Beckie,
2006). The Richards equation (RE; Richards, 1931) relies on the concept of the representative elementary
volume enabling a volume‐averaged continuum description of the pressure‐dependent state of soil water
retention and conductivity (Assouline & Or, 2013). These constitutive relationships are reflected in the soil
hydraulic properties (SHP) of the water retention curve (WRC) and the hydraulic conductivity curve (HCC).
Accurate knowledge of the SHP is required for reliable modeling of water fluxes and solute transport in
unsaturated soils (Durner & Flühler, 2006).

Theories as well as parametric functions describing SHP have been reviewed in detail elsewhere (e.g.,
Assouline & Or, 2013; Coppola, 2000; Cornelis et al., 2005; Khlosi et al., 2008; Kosugi et al., 2002; Leij
et al., 1997), and even more research papers give detailed accounts in their introductions (e.g., Madi et al.,
2016; Peters, 2013; Rudiyanto et al., 2015). For this reason, we have limited ourselves to an epitome of
the matter.

The most widely used set of SHP functions was formulated by van Genuchten (1980), typically referred to as
the van Genuchten‐Mualem (VGM) model. Essentially, the VGM conceptualizes the water storage and con-
ductance in soils to take place in completely filled capillaries (Mualem, 1976a). In spite of its usefulness, a
number of authors have pointed out four main shortcomings:

The first shortcoming addresses the inability of the VGM to describe the dry end of the WRC (Assouline &
Or, 2013; Nimmo, 1991) and the HCC, properly. A number of effective amendments have been proposed for
the WRC by Fayer and Simmons (1995), Lebeau and Konrad (2010), and Khlosi et al. (2006). For the HCC,
examples are the corrections by Peters and Durner (2008) and those summarized in Assouline and Or (2013).
Figure 1 highlights this shortcoming by showing the discrepancy between measured and VGM‐modeled
WRC. Two cases are considered: one where the parameter for the residual water content was set to 0
(Figure 1a) and the other where it is treated as an additional free parameter in the calibration process
(Figure 1c). Both cases lead to an inadequate description of the measuredWRC data, but also to the modeled
HCC as shown in Figures 1b and 1d. The discrepancy can partially be associated to a misrepresentation of
modeled soil water assumed to only be stored in capillaries (Diamantopoulos & Durner, 2013, 2015;
Tuller & Or, 2001). This realization has led to diverse formulations partitioning water storage and flow into
capillary and noncapillary parts (Lebeau & Konrad, 2010; Peters, 2013; Zhang, 2011).

The second shortcoming concerns structural deficits in describing multimodal pore size distribution (PSD).
These deficits have been resolved by introducing flexible expressions suited to describe multimodal PSD
(Iden & Durner, 2007; Othmer et al., 1991). The most successful approach for mineral and organic soils
has proven to be superpositioning weighted unimodal WRC functions (Durner, 1992; Durner, 1994;
Mallants et al., 1997; Romano & Nasta, 2016; Ross & Smettem, 1993; Weber et al., 2017a, 2017b; Wilson
et al., 1992).

The third shortcoming relates to the finding that the VGM model may be inadequate to describe the HCC
near saturation. The proposed corrections are simple and straightforward modifications, often to the VGM
model (Schaap & van Genuchten, 2006; Vogel et al., 2000) or to the HCCmodel by introducing an empirical
expression for macropores and thereby replaces the Young‐Laplace law for this pore domain (Iden
et al., 2015).

The fourth shortcoming relates to hysteresis in the capillary and noncapillary parts of theWRC. To cope with
this phenomenon a few models have been developed (Kool & Parker, 1987; Lenhard & Parker, 1987;
Rudiyanto et al., 2015). For completeness, we point out that inadequate descriptions of the underlying
SHP may not only lead to discrepancies between observed and simulated experimental data but also ques-
tion the applicability of the RE. For example, if nonequilibrium effects play a role at the scale of
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application this would require explicit representation (Diamantopoulos et al., 2012; Diamantopoulos &
Durner, 2012; Šimůnek et al., 2003).

To overcome these shortcomings, a vast number of models have been formulated in the course of the past
decades, leading to a mosaic of effective SHP models. Moreover, outside the soil hydrological community,
numerical simulations of unsaturated soils with the RE heavily rely on outdated SHP parameterizations
such as the Clapp and Hornberger equation (Chen et al., 2016; Clapp & Hornberger, 1978).

From this we derived two aims for this study. First, we propose an elegant and parsimonious solution to
model also the dry end of the WRC. It is based on a generalized method to obtain a function for the non-
capillary saturation from any capillary saturation model. Second, we embed this function into a unifying
modular framework for the specification of the SHP models, which we present as a hierarchal flowchart.
This modularity provides a high level of flexibility in model choice, and serves didactical and
practical purposes.

We have structured the paper as follows: In section 2, we present the concept of themodular SHP framework
and the holistic expression for the noncapillary saturation function. In section 3, the framework model (FM)
is tested against measured WRC and HCC data, demonstrating the versatility of the FM. This is exemplified
by adopting the VGMmodel components as the building blocks for capillary retention and conductivity. The
results are presented and discussed in section 4. Finally, section 5 gives a summary and conclusion. In
Appendix B, we list 12 isothermal vapor conductivity models and in the supporting information (SI) two
alternatives to the van Genuchten VG saturation model, which illustrate the versatility of the newly devel-
oped method to model the noncapillary saturation function within our FM.

Figure 1. Illustration of the structural mismatch between measured data from an evaporation experiment on two
samples from a tailing sand (TS; experimental details in Appendix A). First, the residual water content is fixed to the
physically plausible value of 0 cm3/cm3 at a pressure head corresponding to oven dryness (top row; the respective water
retention curve [a] and the hydraulic conductivity curve [b]). Second, it was fixed to the estimated optimum
parameter (bottom row; the respective water retention curve [c] and the hydraulic conductivity curve [d]). VGM = van
Genuchten‐Mualem.
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2. Theoretical Development
2.1. Conceptual Framework of SHP Models

The modularity of the conceptual framework is illustrated by the flowchart in Figure 2. Often, pedotransfer
functions, indicated by the dashed arrows on the top left of the flowchart, are used to relate soil physical
properties to the parameters of soil hydraulic functions by statistical methods. SHP parameters are predicted
from, among others, soil texture, soil organic matter, and bulk density (e.g., Schaap & Leij, 2000; Scharnagl
et al., 2011; Tóth et al., 2015; Vereecken et al., 1989; Weynants et al., 2009). Assuming the validity of the
Young‐Laplace law, the flow chart follows the general idea that the basis of any parameterization of the
RE is an effective representation of the pore size distribution (f(r), PSD) of a rigid soil.

While the size and configuration of the soil pores determine the PSD (Nimmo, 2004), researchers have long
argued that not all water can be conceptualized as stored and conducted in capillaries (Assouline & Or, 2013;
Diamantopoulos & Durner, 2013; Tuller & Or, 2001). In our framework this is reflected by partitioning into a
capillary and a noncapillary part (Figure 2, second row). The new feature introduced in this study is that the
noncapillary saturation function is directly determined from the shape of the capillary saturation part. Based
on the two component saturation function, the full expressions for the WRC and HCC are then modeled fol-
lowing the flowchart (Figure 2, second and third rows). The full WRC and HCC are, respectively, finally
obtained by summation of their components. Figure 2 shows two further components; one representing
the saturated conductivity, Ks, the other the isothermal vapor conductivity. Ks may be derived from soil per-
meability reflecting the PSD and pore connectivity, for which a number of equations have been postulated,

Figure 2. Modular flow chart depicting the building blocks (boxes) for the representation of the soil hydraulic properties
necessary to numerically simulate water flow in unsaturated soils with the Richards equation. Mathematical operations
are shown as blue arrows. New parts in this study are given in red. Ks is the saturated hydraulic conductivity. The soil
physical properties and pedotransfer functions exist to, among others, make assumption on pore size distributions, but
mostly specific formulations exit to directly predict soil hydraulic data or model parameters (dashed blue arrows).
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best known are the Kozeny‐Carman equation and derivations thereof (Green et al., 2003). Alternatively, Ks

can be interpreted as a measurable parameter determined by experiments. Lastly, Ks may be determined by
inverse modeling (Hopmans et al., 2002). Classically, only liquid water is considered in the RE. However,
under isothermal conditions the vapor diffusion can be treated as part of an effective total water conductiv-
ity. Following Saito et al. (2006), this conductivity component is obtained from knowledge of the basic
physical properties of water, and relations of soil air content and pore tortuosity. In the appendix
(Table B1), we list 12 models for the tortuosity, leading to model variants for the isothermal vapor conduc-
tivity. A high‐resolution image of the framework in Figure 2 is presented in the SI.

2.2. Mathematical Implementation of the Framework
2.2.1. Retention Model
The soil water retention θ (−) is a function of pressure head h (L). As a sum of the capillary Sc(h) (−) and
noncapillary Snc(h) (−) saturation function it is given by

θ hð Þ ¼ θcs Sc hð Þ þ θncsSnc hð Þ (1)

where θcs (−) and θncs (−) are the saturated water contents of the capillary and the noncapillary parts,
respectively. In analogy to the classical notation found in the literature, the saturated water content, θs
(−), is the sum of θcs and θncs.

θs ¼ θcs þ θncs (2)

2.2.1.1. Saturation Function for Completely Filled Capillaries
Various expressions have been suggested in the literature to describe the effective SHP. In the VG model,
among others, a water content of 0 at pressure heads corresponding to oven dryness is not ensured
(Fredlund & Xing, 1994; Rudiyanto et al., 2015). For this reason, we adopt the rescaling approach introduced
by Iden and Durner (2014). The effective saturation function Sc(h) is given by

Sc hð Þ ¼ Γ hð Þ−Γ0

1−Γ0
(3)

where Γ(h) is the saturation function and Γ0 is Γ(h) at oven dryness where θ= 0. Suggested by Schneider and
Goss (2012) and in agreement with literature values, it is set to h0 = − 106.8 cm (Iden et al., 2015; Volk et al.,
2016; Weber et al., 2017a, 2017b). The exact value can be determined experimentally using, for example,
oven dried soil and the dewpoint (DP) method (Gee et al., 1992).

Importantly, the rescaling of Γ(h) permits the generic expression of Sc(h) in equation (3) and can be replaced
by any proposed saturation equation, among others, Campbell and Shiozawa (1992), Ross and Smettem
(1993), Kosugi (1994, 1996), Fredlund and Xing (1994), Rossi and Nimmo (1994), Weiss et al. (1998), the
VG and VG‐type functions (Kosugi et al., 2002; van Genuchten, 1980). A case study using the VGM model
is shown in the results section, and examples of the Kosugi, and Fredlund and Xingmodels within the frame-
work can be found in the SI.
2.2.1.2. New Noncapillary Saturation Function
The remaining, noncapillary water content decreases nearly linearly toward 0 on the semi‐log10 scale in the
dry end of theWRC (Campbell & Shiozawa, 1992; Riedel &Weber, 2016; Schneider & Goss, 2012). To model
this behavior, Peters (2013) slightly modified an originally proposed model by Fredlund and Xing (1994), to
describe the pressure head‐noncapillary saturation function Snc(h) [−]. This is achieved by modeling Snc(h)
as a piecewise function, similar to the Brooks‐Corey saturation model (Brooks and Corey, 1964). For this, an
extra model parameter for an explicit air entry pressure head ha (cm) was introduced by Peters (2013) so that
∀h> ha, the relationship Snc(h) = 1 holds. This parameter is chosen to ensure that the modeled noncapillary
water cannot be extracted from the soil before the capillary water. As a result, the function is not continu-
ously differentiable at ha, because of the associated discontinuity of the soil water capacity function at ha
(see also Iden & Durner, 2014), and it introduces an additional model parameter.

To alleviate these problems, we introduce a new model for Snc(h). We require that Snc(h) is (i) continuously
differentiable over the entire pressure head range, (ii) is unity close to the air entry pressure head and
decreases more slowly than Sc(h) on the wet end of the WRC, (iii) decreases log‐linearly to 0 on the dry
end, and (iv) that all this is achieved without introducing an extra model parameter. This new model com-
putes Snc(h) directly from the modularly exchangeable Sc(h). The desired properties are obtained by
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integrating Sc(h) − 1 in pF space, where pF = log10(−h), and rescaling the resulting function

to values between unity and 0. In an initial step we derive S*nc hð Þ from

S*pFnc pFð Þ ¼ ∫
pF

ϵ
SpFc pF ′

� �
−1

� �
dpF ′ (4)

where ϵ =log10(−hϵ), SpFc pFð Þ ¼ Sc −10pFð Þ, and dpF′ is the dummy variable of integration.
The pressure head, hϵ (cm), is a fixed pressure head very close to 0, which is necessary because
the integral cannot be numerically evaluated at zero pressure head. For example, we may
choose hϵ = − 10−3 cm, leading to ϵ = − 3.

Equation (4) can be transformed to normal space by substituting pF by h. Using the
relationship

dpF
dh

¼ − log10 eð Þ 1
h

(5)

yields

S*nc hð Þ ¼ log10 eð Þ ∫
−10ϵ

h

Sc h′
� �

−1

h′
dh′ (6)

where e is Euler's number and h′ the dummy variable of integration.

In the second step, we rescale the function S*nc hð Þ by

Snc hð Þ ¼ 1−
S*nc hð Þ
S*nc h0ð Þ (7)

which ensures that Snc(h) scales between 0 and 1 when h varies between ε and h0 = − 106.8 cm. Figure 3
illustrates examples of Snc(h), computed for typical soils (loamy sand, silt, and clay) as examples for the
model behavior for soils with widely contrasting textures. These are taken from the Carsel and Parish soil
catalogue (Carsel & Parrish, 1988) and demonstrate the desired near linear pF‐noncapillary saturation rela-
tionship toward the dry end. As demonstrated in Figure 4, Snc(h) will in general drop more slowly than
Sc(h) as the pressure head decreases. The mathematical justification for this desired behavior is given in
Appendix C.

The fact that, regardless of the chosen model Sc(h), the new integral approach for Snc(h) introduces no extra
parameter is a clear advantage over the modification of the Peters (2013) model by Iden and Durner (2014).
As a consequence of the normalization in equation (7), Snc(hϵ) is unity, and therefore, it is continuously
extendable with unity and Snc(h ≥ hϵ) = 1 holds true. Moreover, it is ensured that Snc(h0) = 0. The similarity

to the scaled integral expression of Mualem's capillary bundle model becomes evident, when S*nc h0ð Þ in

equation (7) is written explicitly as log10 eð Þ ∫
hϵ

h0

Sc h′
� �

−1

h′
dh′.

2.2.2. Model of the Hydraulic Conductivity
In general, water flow in soils may occur in its liquid and vapor states (Nassar &Horton, 1989; Noborio et al.,
1996). Since the soil water retention in this framework is partitioned into conceptually two different pore
regions, this has to be reflected in the total hydraulic conductivity function Ktot(h) (L/T) which is given by
the sum

K tot hð Þ ¼ Kc hð Þ þ Knc hð Þ þ K ivc hð Þ (8)

where Kc(h) (L/T) is the hydraulic conductivity of liquid water in completely filled capillaries, Knc (h) (L/T) is
the hydraulic conductivity of the noncapillary liquid water, and Kivc(h) (L/T) is the isothermal water vapor
conductivity. Since Kivc dominates Ktot only at very low pressure heads, where the gravitational force may be
ignored in the RE, the approximation is valid as stated (Peters, 2013). We purposely exclude a further

Figure 3. Examples of the noncapillary saturation
function for three common soils with a wide texture
range from the Carsel and Parish Soil Catalogue
(loamy sand, silt, and clay): On the semi‐log10 scale,
the function is close to linear in the high pF range.
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treatment of the isothermal vapor conductivity in the main text and explore the topic in Appendix B, where
we report on various tortuosity models and the associated calculation of vapor diffusivity.

The total liquid hydraulic conductivity K(h) (L/T) is partitioned by the following weighted sum expression
similar to Peters (2013)

K Sc; Sncð Þ ¼ KscKrc Scð Þ þ KsncKrnc Sncð Þ (9)

where Krc(Sc) is the relative hydraulic conductivity associated to completely filled capillaries as described by
equation (3) and, analogously, Krnc(Snc) is the saturation dependent relative conductivity of the noncapillary
part. To facilitate readability, h is dropped in the notations in equations (9)–(11). Further, Ks (L/T) is the tra-
ditional total saturated hydraulic conductivity, which is partitioned into the saturated capillary conductivity,
Ksc, and the noncapillary conductivity Ksnc, which means only one extra free parameter is introduced, com-
pared to the VGM model.
2.2.2.1. Hydraulic Capillary Conductivity Model
A generalized capillary bundle model for the prediction of unsaturated hydraulic conductivity K(h) from
Γ(h) is given by Mualem and Dagan (1978) and Hoffmann‐Riem et al. (1999) as

Krc Scð Þ ¼ Γτ
∫
Γ
Γ0h

−qdu

∫
1

0h
−qdu

2
4

3
5r

(10)

where τ represents the tortuosity (−). By setting q = 1 and r = 2, it becomes the well‐known Mualem model
for unsaturated hydraulic conductivity (Mualem, 1976a), and, finally, u is the dummy variable of integra-
tion. In the rescaled case, this function is marginally different and becomes

Krc Scð Þ ¼ Sc
τ ∫

Γ
Γ0h

−qdx

∫
1

0h
−qdx

2
4

3
5r

(11)

Note that the only difference between the two stems from the rescaling approach in equation (3). Peters
(2014) gives analytical solutions to equation (11) for some special cases, which could be adopted in the
framework, too. For maximum flexibility within this FM, it is recommended to implement numerical
solutions to equation (11), which can be considered as essentially error free and fast. With regard to the
overall modular framework, equation (10) may be replaced by other expressions (e.g., Burdine, 1953;
Clapp & Hornberger, 1978; Gardner, 1958).

Figure 4. Contours illustrating the difference in pF at which a specific degree of saturation of the noncapillary and
capillary saturation, Snc(h) and Sc(h), occurs, where positive values indicate that Sc(h) drops quicker with increasing pF
than Snc(h). Saturation levels (Se = 0.99; left and Se = 0.95; right). This is shown for ~104 parameter combinations
of the van Genuchten shape parameters α and n.
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2.2.2.2. Hydraulic Noncapillary Conductivity Model Based on the
New Noncapillary Saturation Function
Finally, the noncapillary conductivity is similar to the expression by
Peters (2013), who, in turn, based the expression on work by Tokunaga
(2009), which we give as

Krnc Sncð Þ ¼ jh0j
hr

� �−a 1−Sncð Þ
(12)

where hr (cm) is unity, introduced to ensure Krnc is dimensionless, a (−) is
the slope of Krnc, and therefore Ktot when the capillary saturation
approaches 0. It could be argued that Krnc also requires rescaling, similar
to the capillary saturation function in equation (3), to ensure Knc = 0 at h0.
However, the effect of this technicality is deemed irrelevant.

3. Model Testing
Soil Data
To test the FM in its ability to describe measured retention and conductiv-
ity data, we compiled two sets of data. A first data set containing measure-
ments of 53 samples was obtained from the literature covering mineral
soils with a wide range of textures and origins (Mualem, 1976b, data
obtained from the SI of Rudiyanto et al., 2015; Schindler & Müller, 2010;
organic soils, Schindler & Müller, 2015; horticultural substrates,
Schindler, 2016, and from the widely used UNSODA, Nemes et al.,
2001) and “Vereecken” (Vereecken et al., 1989) databases. Measured data

were obtained employing a wide range of measurement techniques. For details the reader is referred to the
original sources. A summary of selected samples is given in Table 1. Second, we use two sets of measured
retention curves studied by Schelle et al. (2013) in their method comparison: one for a sand (Sand1) and
one for a silt loam (Silt Loam 1). We restrict these two data sets to the data obtained by the evaporation
experiment (EE) for the slightly moist to medium dry range (h > − 103.2 cm), and those obtained by the
DP method for the dry range (h ≤ − 103.2 cm; Gee et al. (1992)).
Case Study: Capillary Saturation Function of van Genuchten
Asmentioned above, expressions for saturation functions (in our framework it would be the nonscaled capil-
lary representation of the saturation function) are abundant and can be inserted in equation (3). For a case
study, we use the widely used VG saturation function (van Genuchten, 1980) in the modular framework for
the capillary part of the retention function in equations (1) and (3). The shape function is given by

Γc hð Þ ¼ 1þ αjhjð Þn½ �−m (13)

where α (L−1), n (−), and m (−) are shape parameters. We constrain m to m = 1 − 1/n, which is beneficial
due to the often observed high correlation between n andm. In the following, the presented model is named
VGM‐framework model (VGM‐FM).

Figure 5 shows an example of the VGM‐FM with details of the capillary and noncapillary parts of the WRC
and HCC, using the Mualem integral for the relative capillary conductivity function. The noncapillary parts
are calculated based on the newly presented integral method.
Inverse Modeling
Parameters were estimated by minimizing the weighted sum of squared errors given by

Φ pð Þ ¼ wθ ∑
rθ

j¼1
θj−bθj pð Þ

D E2
þ wK ∑

rK

k¼1
log10Kk− log10bKk pð Þ

D E2
(14)

where p is the vector of parameters, θj are measured and bθj pð Þ modeled water contents, Kk are measured
and bKk pð Þ modeled conductivities, while rθ and rk are the lengths of the respective data sets and wθ and
wK are the associated weights, which were calculated for each data class to normalize the range of the

Table 1
Physical Properties of Selected Soils, Concerning the Particle Size Classification

Soil ID/name
Clay
(%)

Silt
(%)

Sand
(%)

ρB
(g/cm3)

corg
(g/cm3)

Pachapaa

Rehovotb

Pachepsky SLc

SM 6‐62d,* 0.08 0.83 0.09 1.38 2.4
SM 22‐88d,* 0.13 0.77 0.10 1.22 0.01
SM 35‐119d,* 0.07 0.84 0.09 1.52 0.0
SM 41‐127d,* 0.21 0.76 0.03 1.35 0.0
SM 1005e,* 0 0.01 0.99 1.60 nv
UNSODA 2571f 0.08 0.10 0.82 1.30 1.5
UNSODA 4010f 0.06 0.04 0.90 1.44 1.9
UNSODA 4031f 0.11 0.24 0.65 1.48 1.4
UNSODA 4650g,f 0.02 0.04 0.94 1.27 3.3
Ver P26 C1gg 0.02 0.02 0.96 1.67 0.2
Schelle S1h sand 1.60 nv
Schelle SL1h loamy sand 1.10 nv

Note. The soils marked with (*) were classified by the German classifica-
tion system (BGR, 2005; clay <2 μm, 2 μm ≤ silt <63 μm, 63 μm ≤ sand
<2000 μm), the remaining soils were classified by the FAO system
(FAO, 2006; clay <2 μm, 2 μm ≤ silt <50 μm, 50 μm ≤ sand
<2,000 μm). nv = no value.
aJackson et al. (1965). bMualem (1976b). cPachepsky et al. (1984).
dSchindler and Müller (2015). eSchindler and Müller (2010). fNemes
et al. (2001). gVereecken et al. (1989). hSchelle et al. (2013).
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data values between 0 and 1. We used the differential evolution algorithm (Price et al., 2006) as imple-
mented in the R‐package DEoptim (Mullen et al., 2011; Ardia et al., 2016) and used R 3.4.1 (R Core
Team, 2017) for the calculations. The goodness of fit was calculated using the root‐mean‐square weighted
error, RMSEw. Parameter estimation was done with the soil physics and soil hydrology R‐package version
0.9.18309, and the back bone of the model is available from the SI, implemented as R and Matlab scripts.

4. Results and Discussion
4.1. Model Testing on Measured Data

Figure 6 shows the measured and VGM‐FM model predicted WRC and HCC data of 14 selected samples
from diverse literature sources covering a wide range in textures (texture fraction ranges: sand 0.03–0.96, silt
0.09–84, and clay 0.0–0.21). Figure 6 also shows that a water content of 0 could be modelled in all cases. The
corresponding estimated parameter values are given in Table 2. Results were obtained by inverse modeling
adopting a VG saturation function. Visibly, the VGM‐FMmodel describes the measured data very well, cor-
roborated by the very low RMSEw,K and RMSEw,θ values with means of 0.02 (−) and 0.03 [log10 (cm/day)],
respectively (Table 2).

In all cases, the structural shape of the measurements was captured very well by the VGM‐FM. In
particular, our approach overcomes one typical deficiency of the VG saturation function. While the cur-
vatures of the VG model are nearly symmetric on a semilog plot, measured WRC data frequently are not.
Often more distinct air entries are observed before the steep slopes in the medium moisture range are
attained, which is often followed by smooth transitions toward the drier end. The measured data of
the samples Pachapa, UNSODA 2571, SM 41‐127, and SM 22‐88 in Figure 6 illustrate this phenomenon
very clearly.

Measured HCC at pressure heads < − 103 cm are not as common, so that during past model development
and calibration, a bias toward the wetter range may be expected by predominantly considering data in the
wetter range. To overcome this, we specifically included samples with measured HCC data from pressure
heads of down to −105 cm. At those pressure heads, the capillary bundle model is modeled as a straight line
on the log10‐log10 scale. The examples of the data sets Rehovot, SM 1005, and UNSODA 4010 in Figure 6,
make it clear that a change in slope occurs (often between −100 and −1,000 cm), which requires additional
model flexibility. Clearly, this model flexibility is achieved using the VGM‐FM. It has to be noted that this is
possible by introducing only one additional parameter, in comparison to the classical VGM model, and
obeys the requirement of model parsimony.

Figure 5. (a) Exemplified retention function of the proposed framework model based on the van Genuchten saturation
function for the capillary part in equation (3) and the new model for the noncapillary part in equations (4)–(6)
(θcs = 0.42, θncs = 0.08, α = 0.1 cm−1,n = 3). The capillary part drops from a water content value θc to 0. After air entry to
the capillary part, the noncapillary water content reduces nearly linearly from θnc to 0. The total retention function is
the summation of the two parts. The total saturated water content is given by adding the saturated water contents of the
two parts, that is, θs = θc+θnc., and C represents the specific capacity function. (b) Exemplified conductivity function
with the modular option of the Mualem model for the capillary conductivity in equation (10) and the noncapillary
conductivity in equation (12) (Kc = 100 cm/day,τ = 0.5,Knc = 10−4 cm/day). The total saturated hydraulic conductivities
are given as the sum of the respective parts Ktot = Kc+Knc.
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Figure 6. Parameterization for 14 different soils (the modular components are described in the text. (a) TS2, (b) Rehovot, (c) Pachapa, (d) SM 6‐62, (e) Pachepsky,
(f) SM 35‐119, (g) SM 22‐88, (h) SM 1005, (i) SM 41‐127, (j) UNSODA 4010, (k) UNSODA 2571, (l) UNSODA 4650, (m) UNSODA 4031, and (n) VerP26‐C1g. In
each example the water retention functions reach a water content of 0 (‐) at pF = 6.8. Examples of fitting the sample soils replacing the saturation function with the
two parametric expression of Kosugi (1996), and the Fredlund‐Xing model (Fredlund and Xing (1994), are shown in the supporting information).
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In earlier studies, it could be shown that the partitioning of the full SHP into noncapillary and capillary
parts, may, in comparison to the traditional VGM model, lead to more positive values for τ (Weber et al.,
2017a, 2017b), which is physically plausible (Peters et al., 2011). We note that with the VGM‐FM, 11 out
of the 14 presented samples were parameterized with τ > 0 (Table 2).

4.2. Prediction of the Dry Range in the Retention Curve

Since measurements of water retention in the dry range are laborious, the ability of a model to predict the
water contents in this range is of great interest. Figure 7 presents such a case. It shows measured retention
curves for two samples with different textural properties, one sand sample (Figure 7, left) and one silty loam
(Figure 7, right) from Schelle et al. (2013). The black circles represent data obtained from evaluation of EE,
and the gray diamonds are DP data.

Only the data from the EE were used to estimate the VGM‐FM model parameters. In both cases the model
inversion of the observational data leads to small RMSEw values between modeled and measured retention

Table 2
Estimated VGM‐FM Parameters Through Minimization of Equation (14) and the Goodness of Fit Quantified by the Root‐Mean‐Square Weighted Error for the Two
Data Types (Model Parameters and Weighting Scheme Are Explained in the Text).

Soil ID/name θncs (−) θcs (−) α (cm−1) n (−) log10Ksc (cm/daya) τ (−) log10Ksnc (cm/daya) RMSEwθ (−) RMSEwK (cm/daya)

TS2 0.27 0.20 0.028 7.000 1.01 −1.3 −0.6 0.034 0.014
Pachapab 0.108 0.212 0.010 3.23 1.16 0.18 −2.73 0.026 0.024
Rehovotb 0.023 0.361 0.039 4.13 3.41 1.32 −6.05 0.033 0.053
Pachepsky SLc 0.033 0.382 0.008 1.73 0.94 0.30 −2.90 0.024 0.079
SM 22‐88d 0.112 0.295 0.005 1.95 2.47 3.22 −4.20 0.015 0.023
SM 35‐119d 0.196 0.058 0.032 1.37 2.68 4.04 −4.19 0.011 0.008
SM 41‐127d 0.230 0.215 0.025 1.84 3.19 2.18 −4.21 0.007 0.004
SM 6‐62d 0.191 0.298 0.022 1.58 3.18 3.55 −4.57 0.016 0.028
SM 1005e 0.026 0.300 0.064 5.92 0.45 −0.87 −2.27 0.025 0.033
UNSODA 2571f 0.128 0.341 0.054 2.04 1.82 −0.40 −2.58 0.021 0.026
UNSODA 4010f 0.122 0.308 0.011 2.97 1.21 7.22 −3.08 0.045 0.027
UNSDOA 4031f 0.070 0.354 0.023 1.30 0.79 1.61 −2.90 0.040 0.035
UNSODA 4650f 0.111 0.334 0.020 2.04 1.80 0.95 −2.83 0.026 0.026
Ver P26 C1gg 0.027 0.324 0.022 2.28 1.73 0.20 −2.41 0.034 0.034

Note. VGM‐FM = van Genuchten‐Mualem framework model; RMSE = root‐mean‐square error.
aTo be fully consistent with the log10 transformation, the units are log10 (cm/day), too. bMualem (1976b). cPachepsky et al. (1984). dSchindler and Müller
(2015). eSchindler and Müller (2010). fNemes et al. (2001). gVereecken et al. (1989).

Figure 7. Model prediction of observed data obtained by the dew point method on the dry end of the water retention curve
(gray diamonds; pressure heads >103.2 cm; Schelle et al., 2013). The model prediction is based on the inversion of the
data at pressure heads <103.2, only (black circles). For the capillary parts components, the van Genuchten saturation
model was used, and for the noncapillary parts, the new modeling framework was employed. The names of the samples
correspond to the names in the original source.
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curves (Table 3). For Sand1 the prediction of the DP data is very good.
It shows no error in the slope. This can be attributed to fixing the
WRC to a moisture content of 0 at a pressure head of
h = − 106.8 cm; thus, the prediction of the WRC at pressure heads
h < − 103.2 cm can be seen as an interpolation, rather than an extra-
polation, and so can be expected to predict the observed values better.
The results shown in Figure 7 (right) indicate a reasonable prediction
of the DP data for the Silt Loam 1 data; however, it is not as good as
for the Sand1 sample. This can be explained by the fact that impor-

tant information on the shape of the curve is actually missing, when the DP data are not included in the
objective function. Examples are the Pachepsky SL and UNSODA 2571 samples, where a wider range is
included and a suitable model description is achieved. The resulting VGM‐FM model parameters are listed
in Table 3.

In summary, by introducing a fix point at which the moisture content is 0, the prediction of SHP in the dry
range is possible, provided that sufficient data are available. An in‐depth discussion about theminimum data
set for robust estimation of SHP model parameters is beyond the scope of this work.

5. Summary and Outlook

As Assouline and Or (2013) pointed out, the reliance on WRC for an inference of the HCC requires
improved conceptual models of capillary and viscous interactions within realistic pore spaces. Although
we are still far away from a mechanistic‐based upscaling of all relevant processes from the pore scale, we
think that our model framework introduces an empirical, yet, physically more complete and thus improved
model for the description of the effective SHP toward the dry end. The modular framework facilitates a
complete description along the entire moisture range. We could show that even in the absence of measured
data, the WRC in the dry range was described with reasonable accuracy. The here presented model for the
noncapillary saturation function introduces no extra parameter as compared to the traditional retention
curve models and can be directly derived from any given expression of the capillary saturation function.
For the tested capillary saturation function of van Genuchten (1980), we showed in this paper that we
obtained very good modeling results for a variety of soils. Other prominent and widely used capillary
saturation functions have been formulated by Fredlund and Xing (1994) and Kosugi (1996), but in princi-
ple, any (bounded) continuous statistical distribution can be used. Also, multimodal expressions for
Sc(h) can be used.

With respect to the HCC, the modular FM is physically more complete than the traditional models by
accounting for capillary, noncapillary, and isothermal vapor flow. The composite conductivity curve
requires only one additional model parameter (Ksnc). There is strong evidence that the inclusion of a
noncapillary conductivity component is required in numerical simulations under evaporative conditions,
when the system state reaches relatively dry conditions. The deficiencies in the capillary bundle model
based estimation of the HCC near saturation and the lack of a proper representation of hysteresis in the
WRC have not been explicitly discussed in this framework. However, it appears straightforward to adopt
the approaches presented by Iden et al. (2015) for the HCC and Rudiyanto et al. (2015) for the
WRC, respectively.

The traditional functions are implicitly contained in our FM by setting the modular noncapillary compo-
nents to 0 and directly using Γc(h) instead of the rescaled Scap(h). For example, the VGM (van Genuchten,
1980; Mualem, 1976a), the Brutsaert‐Gardner (Brutsaert, 1966; Gardner, 1958), Hutson and Cass‐Burdine
(Burdine, 1953; Hutson & Cass, 1987), and Brooks and Corey‐Burdine (Brooks & Corey, 1966) models with
their respective mathematical representations can be seen as nested models within the modular framework.
The framework can be easily incorporated into existing numerical simulation software (e.g., Hydrus‐1D,
Šimůnek et al., 2016; Expert‐N, Priesack, 2006; DAISY, Hansen et al., 2012; SOIL‐SOILN, Jansson, 1999;
LEACHN, Hutson & Wagenet, 1992; and NOAH‐MP GECROS, Ingwersen et al., 2018). Implementing the
novel framework into existing codes would increase flexibility, benefitting research and model application,
and finally, it can lead to more accurate simulations.

Table 3
Estimated VGM‐FM Based on Model Calibration Using Only Data at Pressure
Heads below pF 3.2

Soil ID/name θsnc (−) θsc (−) α (cm−1) n (−) RMSEθ (−)

Schelle S1a 0.144 0.234 0.031 4.4 0.028
Schelle SL1a 0.101 0.427 0.021 1.4 0.01

Note. VGM‐FM = van Genuchten‐Mualem framework model.
aSchelle et al. (2013).
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It remains an open question to what extent these more structurally detailed models are beneficial in
improving simulations of water fluxes in the soil‐plant‐atmosphere continuum. Since the differences
between the traditional parameterizations and the models are particularly large in the hydraulic conductiv-
ity function in the medium to dry region, we expect that plant water uptake and bare soil evaporation under
semiarid and arid conditions may be greatly affected. However, further studies are required to test
this hypothesis.

Appendix A: Material and Methods of the EE
In the following, the material and methods which were used to obtain the measured data for Figure 1
are explained.

The tailing sand soil used for the EEs was collected in June 2015 from a constructed fen in Northern Alberta
(Ketcheson et al., 2016, 2017), stored in buckets and transported to the laboratory. Subsequently, two 250‐
cm3 cylinders (5 cm i.h., 8 cm i.d.) were packed, saturated with de‐aired water, and mounted on a
HYPROP (v1; UMS GmbH) device open to the atmosphere on the upper boundary. The EE was conducted
in a room at a constant temperature of 20 °C and the evaporation rate determined from the weight loss
between two measurement times. From knowledge of the oven dry soil weight, determined at 105 °C until
a constant weight over 1 day was achieved, the water contents of the soil at each time step was determined.
From the two tensiometers readings, installed at 1.25 and 3.75 cm, an average pressure head and the gradient
for the calculation of the unsaturated hydraulic conductivity at the midpoint of the sample was determined.
The pressure head‐water content relationship (WRC) and the pressure head‐hydraulic conductivity relation-
ship (HCC) are given in Figure 1. More details on the measurement technique can be found in Schindler
et al. (2010).

Appendix B: Models for the Isothermal
Vapor Conductivity
Under isothermal and isobaric conditions, water vapor conductivity, Kivc

(LT‐1), only depends on the vapor diffusivity, D (L2/T; e.g., Saito et al.,
2006).

K ivc ¼ ρsv
ρw

D
Mwg
RT

aw (B1)

where ρsv (M/L3) is the saturated vapor density, ρw (M/L3) is the density of
liquid water, Mw (MN‐1) is the molecular weight of water, g (L/T2) is the
gravitational acceleration, R (M L2 /(T2 N θ)) is the universal gas constant,
T (θ) the absolute temperature, aw is water activity (−), calculated from

the Kelvin equation, aw ¼ exp − hMg
RT

� �
, as used in Riedel and Weber

(2016), with h (L) as pressure head. The vapor diffusivity is determined
by relating the diffusivity of water vapor in air, Da (L2/T1) to that in an
unsaturated soil, which is achieved by accounting for the pressure head
dependent volumetric air content, θa(h) given by

D ¼ ξDa (B2)

D also depends on the substrate's tortuosity, ξ (−), for which some empiri-
cal models are given in Table B1 (ξmust not be confused with the “tortu-
osity” parameter of the Mualem's integral)

Finally,

θa hð Þ ¼ ϕ−θ hð Þ (B3)

where ϕ (L3/L3) is the soil porosity, which can, for the sake of simplicity,
be set equal to θs.

Table B1
Tortuosity Models Implemented in the Functions of the
Supporting Information

ξ‐model Reference Model code

θ10=3a =ϕ2 Millington and Quirk (1961) MQ61
(standard)

θ2a=ϕ
2=3 Millington and Quirk (1960) MQ60

0:66 θa θa
ϕ

� �12−m
3 Moldrup et al. (1997) PMQ

ϕ2 θa
ϕ

� �X
, with

X ¼
log10

2*θ3
100

þ0:04*θ100
ϕ2

� �
log10

θ100
ϕð Þ

Moldrup et al. (2004) TPM

ϕ2 θa
ϕ

� �X
, with

X ¼ 2þ 0:25 log10 θ100ð Þ
log10

θ100
ϕð Þ

Moldrup et al. (2005) TPEM

θ2:51a =ϕ2 Xu et al. (1992) Xu

1e−6θa
3.36 Grable and Siemer (1968) GS

0.66(θa − ϕim) Call (1957) C

θ5=3a
Lai et al. (1976) L

0.66θa Penman (1940) P

θ2a Buckingham (1904) B
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The expressions for Da and ρsv can be found in Saito et al. (2006).

For the sake of readability we dropped the (h) notation from θa(h), θ100, is the air content at a pressure head
of 100 cm, ϕim is the immobile pore space, which we set to θr, but ensure the expression θa − ϕim remains
positive. Since organic soils are receiving increasing attention (Weber et al. 2018, Gerling et al. 2019), we
would like to point out the tortuosity model for gas diffusion of Caron and Nkongolo (2004) but do not
include it here.

Appendix C: On the Relative Steepness of the Saturation Functions
For simplicity, the following derivation is based on the modulus of the pressure head, |h|, also known as the
soil moisture tension. Both Sc and Snc have accordingly been redefined as functions of |h|. Assuming that
both Sc(| h| ) and Snc(| h| ), respectively range from unity (at |h| = 0 and |h| = ∣ hϵ∣) to 0 (at |h| = ∣ h0∣), it fol-
lows that.

Sc≤Snc at hj j ¼ hϵj j (C1)

and Sc(| h| ) ≤ Snc(| h| ) is guaranteed to hold as long as

dSc
d hj j≤

dSnc
d hj j (C2)

on the interval [|hϵ|, |h|]. Taking the derivative of equation (7) (combined with equation (6)) yields

dSnc
d hj j ¼ Sc−1ð Þ= hj j Snc;f

� �
(C3)

where, by definition

Snc;f ¼ − ∫
∣ho∣

∣hϵ ∣

Sc h0j jð Þ−1
h0j j d h0j j (C4)

Note that Snc,f equals the area above the retention curve in pF space (bounded by Sc = 1) divided by log10(e).

Inserting equation (C3) into equation (C2) finally gives:

dSc
d hj j≤ Sc−1ð Þ= hj j Snc;f

� �
(C5)

Equation (C5) can be evaluated for specific retention models. Inserting, for example, the VG model (equa-
tion (13)), Γc hj jð Þ ¼ 1þ a hj jð Þnð Þ1n−1, into equation (C5) (through equation (3)) yields

1þ a hj jð Þnð Þ1n−1− Snc;f n−1ð Þ þ 1
� �

a hj jð Þn−1≤0 (C6)

Evaluation at, for example, a|h| = 1, yields

1
n−1

22−
1
n−2

� �
≤Snc;f (C7)

In general, n ≥ 1.1 and Snc,f > 3, so that equation (C7) (and hence equation (C5)) will hold and the new
model can safely be applied.
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