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Abstract
The Brunswick modular framework for modeling unsaturated soil hydraulic proper-

ties (SHP) over the full moisture range was implemented in the Hydrus suite. Users

can now additionally choose between four different variants of the Brunswick model:

(i) van Genuchten–Mualem (VGM), (ii) Brooks–Corey, (iii) Kosugi, and (iv) modi-

fied van Genuchten. For demonstration purposes, simulation results for two different

setups, (i) bare soil evaporation and (ii) root water uptake, are presented, along with a

comparison of the original VGM model and its Brunswick variant. Results show that

the original VGM model underestimates the simulated cumulative evaporation and

cumulative transpiration due to the inconsistent representation of the SHP in the dry

moisture range. We also implemented a two-step hydro-PTF (pedotransfer function)

into the Hydrus suite that converts the parameters of the original VGM model (from

Rosetta) to the corresponding Brunswick variant. In that way, physically comprehen-

sive simulations are ensured if no data on SHP are directly available, but information

on physical soil properties (e.g., texture and bulk density) exists.

1 INTRODUCTION

Accurate simulations of water dynamics in soils with the
Richards–Richardson equation (Richards, 1931; Richardson,
1922) require the correct representation of the soil hydraulic
properties (SHP) from saturation to very dry conditions (Iden
et al., 2021). According to Weber et al. (2023), we can eas-
ily obtain 200 different models of SHPs if we combine the
22 water retention models listed in Du et al. (2016) with the 9
models of relative conductivity presented by Assouline and Or
(2013). Among all those models, the most widely used model
for representing SHP is by far the van Genuchten–Mualem

Abbreviations: BC, Brooks-Corey; BW, Brunswick; Cum. Transp.,
cumulative transpiration; PTF, pedotransfer function; KS, Kosugi;
modVGM, modified van Genuchten; RWU, root water uptake; SHP, soil
hydraulic properties; VGM, van Genuchten-Mualem.
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model (VGM) (Mualem, 1976; van Genuchten, 1980). Dur-
ing the last years, many different models have been proposed
in the literature with the aim to extend or replace the VGM
model, with the focus either on the wet range or the dry
range (Fayer & Simmons, 1995; Lebeau & Konrad, 2010;
Peters, 2013; Vogel et al., 2000), among hundreds of others.
Such a system for modeling SHPs was presented by Weber
et al. (2019), which, for the most popular model configura-
tion, comes with a pedotransfer function to predict the model
parameters (Weber et al., 2020).

In this technical note, we present implementations of the
Brunswick model variants (Streck & Weber, 2020) into the
Hydrus suite, Version 5. These models are: (i) van Genuchten-
Mualem (VGM) (Mualem, 1976; van Genuchten, 1980), (ii)
Brooks–Corey (BC) (Brooks & Corey, 1964), (iii) Kosugi
(KS) (Kosugi, 1996a), and (iv) modified van Genuchten
(modVGM) (Vogel & Cislerova, 1988). As an example, we
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compared the performance of the classical VGM model to
the Brunswick variant (VGM-BW). For this, we first fitted
the two models to water retention and unsaturated hydraulic
conductivity data for three soils with contrasting proper-
ties. Second, for the three selected soil types, we tested the
difference between the two SHPs models by conducting two
different simulations: (i) bare soil evaporation and (ii) root
water uptake (RWU). For the RWU simulations, we used two
different models: the Feddes model (Feddes et al., 1978) and
the Nimah–Hanks model (Nimah & Hanks, 1973). The main
difference between the two models is that in the Nimah–
Hanks model RWU is calculated using the unsaturated
hydraulic conductivity of the local soil and the pressure head
gradient between the soil and the roots, whereas, in the Fed-
des model, the local pressure head determines actual uptake.
Third, we discuss the systematic differences in the simulation
results, identifying the relevance of including a comprehen-
sive representation of the SHP in the dry range. Finally, we
present the equations for all BW variants implemented in
Hydrus in the Appendix.

2 MATERIAL AND METHODS

In the following paragraphs, we present the governing equa-
tion of water flow in soils, the different models for SHP, and
the simulation setups in Hydrus.

2.1 Water flow in soils

Water fluxes in unsaturated isotropic soils are described by
the RE (Richards, 1931; Richardson, 1922) assuming RWU
is represented as a sink term:

𝜕𝜃(ℎ)
𝜕𝑡

= −∇ ⋅ 𝐪 − Γroots = ∇ ⋅ [𝐾(ℎ)∇ℎ] + 𝜕𝐾(ℎ)
𝜕𝑧

− Γroots,

(1)
where 𝑧 is the vertical coordinate [L], ℎ is the pressure head

[L], 𝜃 is the volumetric water content [L3 L‒3], 𝐪 is the Darcy
flux [L T−1], K [L T−1] is the saturated/unsaturated hydraulic
conductivity as a function of 𝜃 or ℎ, and Γroots is the sink
term representing RWU [T−1]. Equation (1) requires that the
air pressure in the soil is equal to the atmospheric pressure
(single-phase flow) and that a local equilibrium between water
content and pressure head is always valid (Diamantopoulos &
Durner, 2012) and is described by the water retention curve
𝜃(ℎ).

2.2 Models for SHPs

In the following, we limit the description of the SHP to a min-
imum. The full mathematical expressions for all original and
extended models are provided in Appendix A.1–A.4.

Core Ideas
∙ A modular framework was implemented in Hydrus

to describe soil hydraulic properties.
∙ The new model is more robust in describing soil

hydraulic properties in the dry moisture range.
∙ Hydrus simulations with the new model predict

high bare soil evaporation and transpiration fluxes.

2.2.1 The classical approach

In the classical approaches, the water retention curve is
described as a function of the pressure head:

𝜃(ℎ) = 𝜃r + (𝜃s − 𝜃r)Φe(ℎ), (2)

where Φe(ℎ) is the effective water saturation function, with
values between 1.0 and 0.0, and 𝜃s [L3 L‒3] and 𝜃r [L3 L−3]
are the saturated and residual water contents, respectively.

The unsaturated hydraulic conductivity is given as a
function of the pressure head by:

𝐾(ℎ) = 𝐾s𝐾r(ℎ), (3)

where 𝐾r [-] is the relative unsaturated hydraulic conductivity
function, which is scaled with the saturated hydraulic conduc-
tivity, 𝐾s [L T−1]. Full expressions for Φe(ℎ) and 𝐾r(ℎ) are
given in Appendix A.2–A.5 for all four models presented in
the introduction.

2.2.2 The VGM-BW model

According to Weber et al. (2019), the SHP in Equations (2)
and (3) may be extended using the Brunswick model frame-
work. Therein, the soil water retention and the unsaturated
hydraulic conductivity are partitioned into two domains. One
represents water stored and conducted in completely filled
capillaries, and another one water stored and conducted in
partially full pores. These two domains are, respectively,
named the capillary (suffix c) and the non-capillary (suf-
fix nc) pore domains. The water retention function in BW is
given as:

𝜃(ℎ) = 𝜃sc𝑆c(ℎ) + 𝜃snc𝑆nc(ℎ), (4)

where 𝜃sc [L3 L−3] and 𝜃snc [L3 L−3] are the saturated water
content values of the respective domains. 𝑆c(ℎ) [-] and 𝑆nc(ℎ)
[-] describe the effective water saturation as a function of the
pressured head, respectively. The function 𝑆c(ℎ) is a rescaled
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3 of 10 DIAMANTOPOULOS ET AL.Vadose Zone Journal

Φe(ℎ) by

𝑆c(ℎ) =
Φe(ℎ) − Φe(ℎ0)
1 − Φe(ℎ0)

. (5)

This ensures a water content of 0 at a fixed very low pressure
head, here ℎ0 = −106.8 cm, as it is described in Appendix A.1.

The unsaturated hydraulic conductivity function is given by

𝐾(ℎ) = 𝐾sc𝐾rc +𝐾snc𝐾rnc. (6)

Again, c and nc stand for the capillary and non-capillary pore
domains, 𝐾sc [L T-1] and 𝐾rc [-] are the saturated and rela-
tive hydraulic conductivities of the capillary pore domain, and
likewise, 𝐾snc [L T-1] and 𝐾rnc [-] the saturated and relative
hydraulic conductivities of the non-capillary pore domain.
Note that the full BW model framework includes a term for
isothermal vapor conductivity. In Hydrus, the option to sim-
ulate isothermal vapor conductivity is a standard feature that
can be selected and, therefore, not included here.

2.3 Modeling soil evaporation

In Hydrus, evaporation dynamics at the soil surface are simu-
lated by assuming a Neumann-type boundary condition. The
water flux at the soil surface, 𝑞top [L T-1], is set equal to the
potential evaporation flux (𝑞Pot. E.) [L T-1], provided by the
user. However, if the ℎsoil(𝑧 = 0) [L] becomes equal or less
than a critical pressure head ℎcrit [L], the boundary condi-
tion is switched to a Dirichlet-type boundary condition with
ℎsoil(𝑧 = 0) = ℎcrit [L]. In that way, the potential evaporation
rate is reduced to the actual evaporation rate, and it is calcu-
lated by applying the Darcy law to the soil surface. For more
information, we refer to Šimunek et al. (2006).

2.4 Modeling RWU

We calculated Γroots in Equation (1) based on the two macro-
scopic approaches of Feddes et al. (1978) and Nimah and
Hanks (1973). In this technical note, we do not present
the models systematically but focus on the basic differences
between them. For full details about the two models, we refer
to the original publications of Feddes et al. (1978) and Nimah
and Hanks (1973), respectively. The model of Feddes et al.
(1978) calculates Γroots, based on potential transpiration and
on the soil pressure head ℎsoil(𝑧) at each numerical node, by
applying a stress function 𝛼(ℎ), which varies between 0 and 1
(1: no water stress, 0: no RWU). In the model of Nimah and
Hanks (1973), Γroots is calculated by the difference between
the “effective” pressure head at the root surface, ℎroot(𝑧) and
ℎsoil(𝑧), and the unsaturated hydraulic conductivity of the soil

at each depth, calculated from Equations (3) and (6) for the
two SHP models, respectively. The main difference between
the two models is that for the same values of ℎsoil(𝑧) and for
the same plant (the same stress function, 𝛼(ℎ)), the model
of Feddes et al. (1978) will calculate the same Γroots for
any soil. This is different in the model of Nimah and Hanks
(1973), in which the conductivity curve controls the RWU
calculations.

2.5 Experimental data

We fitted the VGM and VGM-BW models to experimental
water retention and conductivity data for three different soils
from the recently published database of Hohenbrink et al.
(2023). We selected a very sandy soil (Sand) (99.8%, sam-
pleID: “KIT_063”), a clay loam soil (CLoam) (37.4% sand,
34.1% loam, and 28.5% clay, sampleID: “TUBS_106”), and a
clay soil (Clay) (66.4% clay, sampleID: “KIT_140”). Details
about the experimental protocol can be found in Hohenbrink
et al. (2023). We followed the fitting protocol for tabulated
SHPs data as in Diamantopoulos and Durner (2015) and
Peters and Durner (2008). The parameters for the three soils
and two models are presented in Tables 1 and 2.

2.6 Simulation setup

2.6.1 Evaporation

We assumed a 10-cm-long soil profile with a uniform initial
pressure head distribution, a zero flux at the bottom of the
column, and a potential evaporation rate of 0.5 cm day−1 at
𝑧 = 0 cm. In total, we ran six simulations for three differ-
ent soil types, parameterized with the VGM and VGM-BW
models.

2.6.2 Root water uptake

We assumed a 150-cm long soil profile with a uniform ini-
tial pressure head distribution. We assumed a seepage face
boundary condition at the bottom of the profile and a lin-
early decreasing RWU distribution with depth. Similarly, as
for evaporation experiments, we ran simulations for three dif-
ferent soils and two RWU models. Finally, we assumed the
potential transpiration rate equal to 0.5 cm day−1. The critical
pressure heads for the Feddes model were set to: 𝑃 0 = −10
cm, 𝑃𝑂𝑝𝑡 = −25 cm, 𝑃 2𝐻 = −320 cm, 𝑃 2𝐿 = −600 cm,
and 𝑃 3 = −16, 000 cm (Sugar Beat; Wesseling et al., 1991).
For the Nimah and Hanks model, the maximum value of the
pressure head that the roots can apply was assumed to be equal
to -16,000 cm or pF = 4.2 (wilting point).
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T A B L E 1 Parameters for the van Genuchten–Muealem model for three different soils.

Soil type 𝜽r [-] 𝜽
𝒔

[-] 𝜶 [cm−1] 𝒏 [-] 𝑲s [cm day−1] 𝝀 [-]
Sand 0.059 0.306 0.0213 3.4 74.9 −0.4

CLoam 0.217 0.679 0.149 1.1 1000 −0.5

Clay 0.059 0.608 0.015 1.1 8.6 4.6

T A B L E 2 Parameters for the van Genuchten–Muealem model to the Brunswick variant model for three different soils. For all the simulations
with this model, we fixed 𝑎 = 1.5 and ℎ0 = 106.8.

Soil type 𝜽snc [-] 𝜽sc [-] 𝜶 [cm−1] 𝒏 [-] 𝑲sc [cm day−1] 𝑲snc [cm day−1] 𝝀 [-]
Sand 0.063 0.242 0.021 3.5 74.3 0.0 −0.4

CLoam 0.400 0.257 0.111 2.8 71.0 0.17 −1.7

Clay 0.000 0.611 0.020 1.1 80.0 1e-3 10.0

2.7 Initial conditions

As the primary emphasis of this study lies in the representa-
tion of the dry range of SHPs, we deliberately selected distinct
initial pressure heads for the three soil types (green lines in
Figure 1). This ensures that any variations in the simulation
results arise exclusively from the representation of the dry
range in the two models and not from the wet range.

3 RESULTS AND DISCUSSION

3.1 Fitting of VGM and VGM-BW to data

Both the VGM and VGM-BW models describe the water
retention and conductivity data in the wet range very well
(Figure 1, Tables 1 and 2). Any disparities visible in the wet
range between the two models can be attributed to the absence
of conductivity data in the wet range, along with compensa-
tion made by the fitting algorithm to characterize data in the
dry range (mostly retention data), accounting for limitations
inherent in the models, especially in the VGM model. How-
ever, the difference between the VGM and VGM-BW models
becomes apparent in describing the dry range of both curves,
since the VGM model predicts an almost constant and non-
zero water content for pF >2.5 (h in cm) for the Sand, pF > 4
for the CLoam, and pF > 6.8 for the Clay, respectively. On the
other hand, the VGM-BW model describes the retention data
in the dry range very well, showing an almost linear decrease
of the water content versus pF in that range, guaranteeing by
definition that water content will be zero around a value of pF
= 6.8 (in cm) (“oven dryness,” (Blöcher et al., 2023)). It has
also been shown before that this dry component in the water
retention curves is required for simulating bare soil evapo-
ration at the continuum scale (Iden et al., 2021, 2021; Saito

et al., 2006). For the conductivity data, both models perform
almost equally, with a distinct change in the slope around pF
= 2.5 for the Sand, which is typical for corner and/film flow
(Diamantopoulos & Durner, 2015; Tuller & Or, 2001) com-
ponents. Only the VGM-BW model can describe this change
in slope in the logK versus pF data, while the VGM model
cannot (Figure 1).

3.2 Simulations of bare soil evaporation

For all three soils, the simulations with the VGM-BW model
yielded a higher Cumulative Evaporation value (Cum. Evap.)
at the end of the simulation (Figure 2). The difference was
low (around 0.2 cm) for the Sand and CLoam soil and slightly
higher for the Clay soil (around 0.8 cm). For the VGM model,
the simulation for the Sand did not finish because Hydrus
experienced numerical problems due to the constant water
content value after pF > 2.5 (Figure 2, top, red x sign).
Although the differences in Cum. Evap. were low, more
important implications is that for the Sand and CLoam soil,
the simulations predict a later time for stage 2 evaporation
to be reached when the water content at the top of the soil
equals 0.069 cm3 cm‒3 and 0.217 cm3 cm‒3, respectively.
This is physically implausible since, under prolonged high
atmospheric demand, we expect a near zero water content
at the top of the soil surface, with corresponding effects on
the water content profiles. We note that Iden et al. (2021)
have illustrated that a correct description of bare soil evapo-
ration experiments of different soils with isothermal Richards
equation requires a water retention model that ensures a zero
water content at oven dryness (Saito et al., 2006), as well as a
film component in the conductivity function, and an isother-
mal vapor conductivity component which is not included in
our simulations.
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F I G U R E 1 Water retention curves (left column) and hydraulic
conductivity curves right column) for the three soils and for the van
Genuchten–Mualem model (VGM) and VGM model to the Brunswick
variant models. The green line shows the initial value of the pressure
head for each soil type and for all simulations. The red line shows the
pressure head at the wilting (-16,000 cm or pF=4.2) point for both
RWU models.

3.3 Simulations of root water uptake

For all three soils and the two RWU models, the simulations
with the VGM-BW model yielded a higher Cumulative Tran-
spiration value (Cum. Transp.) at the end of the simulation
(Figure 3, left panel). For the Feddes model, the difference
in the final value of Cum. Transp. for the Sand and CLoam
soils was around 4 and 6 cm, respectively. This is due to the
shape of the water retention curve in the dry range: from the
wet range until the permanent wilting point (in our simulation
ℎwp = −16, 000 cm or pFwp = 4.2) and the concept of resid-
ual water content. For the VGM model, the retention curve
shows a change in slope at around the residual water con-
tent, indicating less water capacity for RWU. This is especially
visible for the Sandy and CLoam soils. Due to this change
in slope in the dry range, the VGM simulation reaches the
wilting point pressure head faster than the VGM-BW model
and, therefore, transpiration stops. This is not the case for the
VGM-BW model due to the linear part of the water retention
curve (Figure 1) in the dry range. For VGM-BW, deviation

F I G U R E 2 Cumulative actual evaporation for the three soil types
(rows) and the two soil hydraulic property models (blue line: van
Genuchten-Mualem model [VGM], orange line: VGM model to the
Brunswick variant). For the VGM model and for the Sandy soil, the
simulation could not be completed because once the soil reaches the
residual water content, no water can be removed by evaporation and
numerical problems occur (red X sign in the top figure).

from the cumulative potential transpiration line (black line in
Figure 3) always starts later than for VGM. This difference
is very small for the Clay soil since, until pFwp = 4.2, both
retention curves are similar (Figure 1, bottom left).

Similar to the Feddes model, the VGM-BW model yielded
higher values of Cum. Transp. at 100 days (Figure 3, right
panel) for the Nimah and Hanks RWU model. For the Sand,
both the VGM and VGM-BW simulations show a longer
period where actual transpiration is equal to potential, which
indicates an inherent compensation built in the model of
Nimah and Hanks, where the roots can apply higher suction
to satisfy the demand. However, after a critical time (different
for the two SHP models), actual transpiration is reduced due to
the lower conductivity of the dryer soil. We note that at the end
of the simulation, the VGM model simulates a pressure head
of –3100 cm, residual water content, and very low conductiv-
ity on the order of 10−9 cm day−1 at the soil surface (dryer
node due to higher root length density). On the contrary, for
the VGM-BW model, these values were -11,000 cm, 0.04 cm3

cm‒3, and 10−6 cm day−1, respectively. For the CLoam soil,
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DIAMANTOPOULOS ET AL. 6 of 10Vadose Zone Journal

F I G U R E 3 Cumulative actual transpiration for the three soil
types (rows), the two root water uptake models (left: Feddes, right:
Nimah & Hanks), and the two soil hydraulic property models (blue
line: van Genuchten-Mualem model [VGM], orange line: VGM model
to the Brunswick variant).

due to the lower ℎinit, the drop in the hydraulic conductivity is
the limiting factor for reducing actual transpiration and over-
all lower uptake values in comparison with the Feddes model.
For the clay soil, differences between VGM and VGM-BW
are larger due to the larger differences in the unsaturated con-
ductivity for the two models (Figure 1, right panel). We note
that the change of the slope in the conductivity data in the
dry range can be a result of corner flow (Diamantopoulos &
Durner, 2015) and/or film flow (Tuller & Or, 2001). Convinc-
ing experimental evidence of this change in slope exists for
sandy soils, but not for heavier soil classes, meaning that our
results, especially for the CLoam and Clay soil and the Nimah
and Hanks model, should be interpreted with caution, since no
change in the slope in the conductivity data can be observed
or hypothesized.

Overall, there are significant differences between the
simulation results with the VGM and VGM-BW models con-
cerning bare soil evaporation and RWU with the Hydrus suite.
This indicates the high need for water retention and unsatu-
rated conductivity data of high quality, especially in the dry
range, and SHP models that can describe those data accu-
rately (Peters, 2013; Weber et al., 2019). This can now be
done in Hydrus by the use of the Brunswick model as well as

with the use of a two-step hydro-PTF functions (Weber et al.,
2020), that allow the conversion of the VGM parameters to
the VGM-BW parameters. This guarantees more physically
coherent simulations if SHP data are missing.

4 CONCLUSIONS

We implemented the Brunswick modular SHP model and the
two-step hydro-pedotransfer function of Weber et al. (2020)
in the Hydrus suite. The model allows for a more physically
coherent representation of the water retention and hydraulic
conductivity curves in the dry range. We also show that the
widely used VGM model may underestimate bare soil evap-
oration and transpiration when compared to the Brunswick
model. Given the simulation results of this study, we sug-
gest replacing the VGM model with the VGM-BW model,
especially for simulations under arid conditions. Future work
will target the implementation of the bimodal version of the
VGM-BW model into the Hydrus suite.
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APPENDIX A: SOIL HYDRAULIC FUNCTIONS AND
ANALYTICAL SOLUTIONS
In the following subsections, we first define the non-
capillary saturation and conductivity functions, followed by
the description of the VGM, BC, and KS models, modified
VGM, in the original and BW variants. In each model case,
the analytical solutions for the non-capillary saturation model
to Equation (A.1) are given. Therefore, we will use the equal-
ity 𝑥 = log10(|ℎ|) as in the original publication (Streck and
Weber, 2020).

A.1 The BW non-capillary saturation and conductiv-
ity functions

To model the non-capillary saturation 𝑆nc as a function of
pressure head ℎ, (Weber et al., 2019) developed a universal
and flexible integral approach. The main advantage is that
it can, in principle, be used for any model of Φe(ℎ). In the
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following, we adopt the notation by (Streck and Weber, 2020).
For convenience, we first introduce 𝑥 = log10(|ℎ|). Then we
write 𝑆nc as a function of 𝑥 which is given by

𝑆
∗pF
nc (𝑥) = ∫

𝑥

−∞

(
ΦpF

e (𝑥′ ) − 1
)
𝑑𝑥

′
(A.1)

where ΦpF
e (𝑥) [-] is Φ𝑒(ℎ) in log10, and 𝑥

′
is the dummy

variable of integration. Streck and Weber (2020) explicitly
explain that the integral equals the area between full saturation
(𝑥

′ = −∞, corresponding to ℎ = 0 cm) and the capillary satu-
ration at a given pF value. Analytic solutions for special cases
of𝑆c(ℎ)were derived by Streck and Weber (2020). Numerical
integration from−∞ is not tractable. Thus, numerical integra-
tion is done by replacing −∞ with −3, which corresponds to
a pressure head of 10−3 cm. Weber et al. (2019) transform
Equation (A.1) to normal space by substituting 𝑥 by ℎ. Using
the relationship

𝑑𝑥

𝑑ℎ
= − log10(𝑒)

1
ℎ
, (A.2)

then yields

𝑆∗
nc(ℎ) = ∫

−10𝜖

ℎ

(
Φ′

e(ℎ
′ ) − 1
ℎ
′

)
𝑑ℎ

′
. (A.3)

Since 𝑆∗
nc(ℎ) neither reaches from 1 at full saturation to 0 at

complete dryness, shifting and re-scaling are required, which
is achieved by

𝑆nc(ℎ) = 1 −
𝑆∗

nc(ℎ)
𝑆∗

nc(ℎ0)
(A.4)

𝐾rnc [-] is a function of the non-capillary saturation (Peters,
2013; Tokunaga, 2009)

𝐾rnc(ℎ) =
(|ℎ0|

ℎr

)−𝛼s(1−𝑆nc(ℎ)),
(A.5)

where ℎr [L] ensures matching dimensions in 𝐾rnc(ℎ) and is
set to 1 cm. 𝛼s controls the slope of decrease in 𝐾rnc(ℎ).

A.2 The VGM and VGM-BW models
According to van Genuchten (1980), the effective water sat-
uration, Φe is given as a function of pressure head by:

Φ𝑒(ℎ) = [1 + [|𝛼ℎ|]𝑛]−𝑚, (A.6)

where 𝛼 [L−1] and 𝑛 [-] are shape parameters and 𝑚 = 1 −
1∕𝑛. The relative unsaturated hydraulic conductivity is given

by:

𝐾r(ℎ) = Φe(ℎ)𝜆[1 − (1 − Φe
1∕𝑚)𝑚]2, (A.7)

where 𝜆 [-] is a shape parameter of the conductivity
function.

Equations (VGM): 2, 3, A.6, A.7
Parameters (VGM): 𝜃s, 𝜃r, 𝛼, 𝑛, 𝐾s, 𝜆
According to Streck and Weber (2020), the analytical solu-

tion of the non-capillary saturation function for the van
Genuchten case is given as

𝑆pF
nc (𝑥) =

1
𝑛 ln(10)

[
B(1 + (𝛼10𝑥)𝑛; 1, 0) − B

(
1 + (𝛼10𝑥)𝑛; 1

𝑛
, 0
)

+𝑛 − 1
𝑛
+
(1
𝑛
− 1

) ∞∑
𝑘=1

1
𝑘(𝑘 + 1)(𝑛𝑘 + 1)

]
,

(A.8)

where B is the incomplete beta function.
The unsaturated hydraulic conductivity of the capillary part

(Equation 6) for the VGM variant of the Brunswick model
framework is given by

𝐾rc(ℎ) = 𝑆c(ℎ)𝜆
(
1 −

[ 1 − Φe(ℎ)1∕𝑚

1 − Φe(ℎ0)1∕𝑚

]𝑚)2

(A.9)

Equations (VGM-BW): 4, 5, A.6, A.8, 6, A.9, A.5
Parameters (VGM-BW): 𝜃sc, 𝜃snc, 𝛼, 𝑛, 𝐾sc, 𝐾snc, 𝜆, 𝛼s, ℎ0

A.3 The BC and BC-BW models
The Brooks–Corey (BC) (Brooks & Corey, 1964) effective
saturation model is given as a function of pressure head by

Φe(ℎ) =

{|𝛼ℎ|−𝑛 ℎ < −1∕𝛼
1 ℎ ≥ −1∕𝛼, (A.10)

with 𝑛 [-] and 𝛼 [L-1] as flexible parameters.
The unsaturated hydraulic conductivity function is given by

𝐾𝑟(ℎ) = Φe(ℎ)2∕𝑛+𝜆+2. (A.11)

Equations (BC): 2, 3, A.10, A.11
Parameters (BC): 𝜃s, 𝜃r, 𝛼, 𝑛, 𝐾s, 𝜆
By substituting 𝑛 = 1∕𝛽 the solution to Equation (A.1) for

the BC-BW model is given as

𝑆
pF
nc (𝑥) =

⎧⎪⎨⎪⎩
𝛽+ln (1∕𝛼)
ln(10) − 𝛽

ln(10) (𝛼10
𝑥)−

1
𝛽 − 𝑥 𝛼10𝑥 ≥ 1

0 otherwise.

(A.12)
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The unsaturated hydraulic conductivity function for the
capillary part is given by:

𝐾rc(ℎ) = Φe(ℎ)2∕𝑛+𝜆+2. (A.13)

Equations (BC-BW): 4, 5, A.10, A.12, 6, A.13, A.5
Parameters (BC-BW): 𝜃𝑠𝑐 , 𝜃𝑠𝑛𝑐 , 𝛼, 𝑛, 𝐾𝑠𝑐 , 𝐾𝑠𝑛𝑐 , 𝜆, 𝛼𝑠, ℎ0

A.4 The Kosugi and Kosugi-BW models
The Kosugi (KS) (Kosugi, 1996a) effective saturation model
is given as a function of pressure head by

Φe(ℎ) =
⎧⎪⎨⎪⎩
0.5 erfc

(
ln(ℎ∕𝛼)√

2𝑛

)
ℎ < 0

1 otherwise.
(A.14)

The relative hydraulic conductivity is given by

𝐾r(ℎ) = Φe(ℎ)𝜆
(
1
2
erfc

[
ln (ℎ∕𝛼)√

2𝑛
+ 𝑛√

2

])2

. (A.15)

Equations (KS): 2, 3, A.14, A.15
Parameters (KS): 𝜃s, 𝜃r, 𝛼, 𝑛, 𝐾s, 𝜆
Note that in Hydrus, the symbol 𝛼 instead of ℎ0 and 𝑛

instead of 𝜎 are used, compared with the original notation in
Kosugi (1996a).

Substituting 𝑥𝑚 = log10 𝛼 the analytical of the integral
model using Equation (A.14) is

𝑆
pF
nc (𝑥) =

⎧⎪⎪⎨⎪⎪⎩
𝑥−𝑥𝑚
2 erfc

(
ln(10)(𝑥−𝑥𝑚)√

2 𝑛

)
− 𝑛

ln(10)
√
2𝜋

exp
(
−ln2(10)(𝑥−𝑥𝑚)2

2 𝑛2

)
− (𝑥 − 𝑥𝑚) ℎ < 0

0 otherwise,

(A.16)
and the hydraulic conductivity curve of the capillary pore
domain is given as

𝐾rc(ℎ) = 𝑆c(ℎ)𝜆
(
erf[erfc−1[2Φ𝑒(ℎ0)] + 𝑛∕

√
2] − erf[erfc−1[2Φ𝑒(ℎ)] + 𝑛∕

√
2]

1 + erf[erfc−1[2Φe(ℎ0)]] + 𝑛∕√2

)2

. (A.17)

Note that the rescaled 𝑆c(ℎ) is used as multiplier before the
bracket and Kosugi’s original Φe(ℎ) from Equation (A.15) in
the fraction which is evaluated in two instances at Φe(ℎ0 =
106.8).

Equations (KS-BW): 4, 5, A.14, A.16, 6, A.17, A.5
Parameters (KS-BW): 𝜃sc, 𝜃snc, 𝛼, 𝑛, 𝐾sc, 𝐾snc, 𝜆, 𝛼s, ℎ0

A.5 The modified VGM and VGM-BW models
A more flexible model of SHPs (modVGM), proposed from
Vogel and Cislerova (1988), is implemented in Hydrus. Vogel
and Cislerova (1988) modified the equation of van Genuchten
(1980) to add flexibility in the near saturation SHPs. The soil
water retention in Equation (2) is given in an alternative form
by:

𝜃(ℎ) =

{
𝜃𝛼 +

(
𝜃𝑚 − 𝜃𝛼

)
Φe(ℎ) ℎ < ℎs

𝜃s ℎ ≥ ℎs,
(A.18)

where Φe(ℎ) is given by:

Φe(ℎ) =

{ 1
(1+(𝛼∣ℎ∣)𝑛)𝑚 ℎ < ℎs

1.0 ℎ ≥ ℎs,
(A.19)

and 𝜃𝑚 [L3 L−3] is a fictitious parameter slightly higher than
𝜃s, and 𝜃𝛼 [L3 L−3] is an extra parameter, with 𝜃𝛼 ≤ 𝜃r, that
adds flexibility in the dry range of the water retention.

The relative conductivity function for the modified van
Genuchten model is given by:

𝐾r(ℎ) =
⎧⎪⎨⎪⎩
𝐾1

r (ℎ) ℎ ≤ ℎ𝑘
𝐾𝑘

𝐾s
+ (ℎ−ℎ𝑘)(𝐾s−𝐾𝑘)

𝐾s(ℎs−ℎ𝑘)
ℎ𝑘 < ℎ ≤ ℎs

1.0 ℎ ≥ ℎs,

(A.20)

where

𝐾1
r (ℎ) =

𝐾𝑘

𝐾s

[ Φe

Φe𝑘

]𝜆[
𝐹 (𝜃r) − 𝐹 (𝜃)
𝐹 (𝜃r) − 𝐹 (𝜃𝑘)

]2
, (A.21)

and

𝐹 (𝜃) =

[
1 −

(
𝜃 − 𝜃𝛼

𝜃𝑚 − 𝜃𝛼

)1∕𝑚
]𝑚

(A.22)

Φe𝑘 =
𝜃𝑘 − 𝜃r

𝜃s − 𝜃r
. (A.23)

The modified VGM model allows for a non-zero minimum
capillary height ℎs [L], by adjusting the value of 𝜃𝑚, to a value
slightly higher than 𝜃s. In that case, 𝜃 = 𝜃s (and 𝐾(ℎ) = 𝐾s)
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for ℎ ≥ ℎs. This change has no effect on the water retention
curve, but a big effect on the conductivity function, especially
for fine-textured soils, with 1.0 < 𝑛 ≤ 1.3 (Šimůnek, 2006).
A second conductivity point (less or equal to 𝐾s) can be pro-
vided by the user at which 𝐾𝑘 = 𝐾(𝜃𝑘(ℎ𝑘)) [L T−1], where
the conductivity value is linearly interpolated between the two
points ((ℎ𝑠,𝐾𝑠) and (ℎ𝑘,𝐾𝑘)).

A simpler version of this model is also implemented in
Hydrus, where users can fix ℎs = −2 cm, as proposed by
(Vogel and Cislerova, 1988), and recommended for fine-
textured soils. In that model ℎ𝑘 = ℎs, 𝜃𝑘 = 𝜃s, and 𝐾𝑘 =
𝐾s.

Equations (modVGM): A.18, A.19, 3, A.20, A.21, A.22,
A.23

Parameters (modVGM): 𝜃s, 𝜃𝑚, 𝜃r, 𝜃𝛼 , 𝛼, 𝑛, 𝐾s, 𝐾𝑘, 𝜃𝑘, 𝜆
The Brunswick variant of the modified VGM model

(modVGM-BW) is given by:

𝜃(ℎ) = 𝜃𝑚𝑆c(ℎ) + 𝜃snc𝑆nc(ℎ), (A.24)

where 𝜃𝑚 is higher than 𝜃sc and 𝑆c(ℎ) is calculated from
Equation (5) where Φe is given by Equation (A.19).

The relative conductivity function for the capillary part in
modVGM-BW is calculated by:

𝐾rc(ℎ) =
⎧⎪⎨⎪⎩
𝐾1

rc(ℎ) ℎ ≤ ℎ𝑘
𝐾𝑘

𝐾sc
+ (ℎ−ℎ𝑘)(𝐾sc−𝐾𝑘)

𝐾sc(ℎs−ℎ𝑘)
ℎ𝑘 < ℎ ≤ ℎs

1.0 ℎ ≥ ℎs,

(A.25)

where 𝐾1
rc(ℎ) is calculated by Equations (A.21–A.23),

where 𝜃r = 𝜃𝛼 = 0. The simpler version with ℎs = −2 cm was
also implemented. Note that for 𝑆nc the function derived for
the VGM model can be used directly since Φe is identical in
the VGM-BW and modVGM-BW case.

Equations (modVGM-BW): A.24, 5, A.19, A.8, 6, A.25,
A.21, A.22, A.23

Parameters (modVGM-BW): 𝜃sc, 𝜃𝑚, 𝜃snc, 𝛼, 𝑛, 𝐾s, 𝐾𝑘, 𝜃𝑘,
𝜆, 𝑎s, ℎ0

 15391663, 2024, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/vzj2.20326 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [21/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Implementation of the Brunswick model system into the Hydrus software suite
	Abstract
	1 | INTRODUCTION
	2 | MATERIAL AND METHODS
	2.1 | Water flow in soils
	2.2 | Models for SHPs
	2.2.1 | The classical approach
	2.2.2 | The VGM-BW model

	2.3 | Modeling soil evaporation
	2.4 | Modeling RWU
	2.5 | Experimental data
	2.6 | Simulation setup
	2.6.1 | Evaporation
	2.6.2 | Root water uptake

	2.7 | Initial conditions

	3 | RESULTS AND DISCUSSION
	3.1 | Fitting of VGM and VGM-BW to data
	3.2 | Simulations of bare soil evaporation
	3.3 | Simulations of root water uptake

	4 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	APPENDIX A: SOIL HYDRAULIC FUNCTIONS AND ANALYTICAL SOLUTIONS
	A.1 | The BW non-capillary saturation and conductivity functions
	A.2 | The VGM and VGM-BW models
	A.3 | The BC and BC-BW models
	A.4 | The Kosugi and Kosugi-BW models
	A.5 | The modified VGM and VGM-BW models




