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Abstract

The uncertainty in soil hydraulic parameters is often not taken into account in

process-based hydrological modeling. Performing runs with 104 stochastic parameter

realizations, we evaluated the propagation of uncertainty in the Van Genuchten–

Mualem (VGM) parameters into estimates of the threshold values of soil water

content used to calculate the total and readily available water, and on the long-

term (30 years) simulations of evaporation, transpiration, bottom flux, and runoff

by the SWAP hydrological model. The simulated scenarios included weather data

from a location in southeast Brazil and seven soils from the same region cropped

with maize, comprising a wide range of texture classes. The results showed that

uncertainties in VGM parameters affect the estimates of total and readily available

water. Water balance components obtained by a deterministic simulation with aver-

age VGM parameters did not always agree with the average or median of stochastic

simulations, and stochastic simulations including parameter uncertainties should be

preferred. Variations in yearly rainfall characteristics were more important for bottom

flux and evaporation, while transpiration and runoff were more strongly influenced

by the variations in soil hydraulic properties.

1 INTRODUCTION

Hydrological modeling is a tool for predicting the effect of soil
water balance components on ecosystem services (Decsi et al.,
2022), agricultural crop growth (Siad et al., 2019), ground-
water recharge and pollution (Amin et al., 2017; Nolte et al.,
2021), erosion, and soil loss (Shojaei et al., 2020), among
other practical applications. Hydrological models based on
the Richards equation require the quantitative description of

Abbreviations: FC, field capacity; LP, limiting point; RAW, readily
available water; RWU, root water uptake; TAW, total available water; VGM,
Van Genuchten–Mualem; WP, wilting point.
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fundamental soil hydraulic properties, namely, water retention
and hydraulic conductivity functions.

In a process-based approach, atmospheric conditions
together with properties of the canopy-atmosphere boundary
layer are used to determine the potential transpiration rate,
whereas soil hydraulic properties and soil-root boundary con-
ditions control the potential root water uptake (RWU) rate
(Couvreur et al., 2012; De Jong Van Lier et al., 2013). If the
potential RWU rate exceeds the potential transpiration rate,
the scenario is sink-limited, that is, the actual transpiration
equals the potential rate. On the other hand, if the potential
RWU rate is lower than the potential transpiration rate, crop
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transpiration will be source-limited, determined by soil water
status and root system properties.

In this context, the estimation of water availability is an
essential part of soil water balance modeling, as it determines
the fraction of soil water available for crop transpiration. This
estimation can be performed using the threshold values of soil
water content used to calculate plant available water, field
capacity (FC), wilting point (WP), and limiting point (LP),
commonly linked to cascade reservoir or “bucket” models
(Švob et al., 2022). Such models mimic the involved pro-
cesses without addressing the physical mechanisms and do not
explicitly include the soil hydraulic properties (De Melo et al.,
2023; Jarvis et al., 2022).

Several approaches are also available to predict the actual
RWU and transpiration rates as a function of the soil water
status. One of these, the RWU function by Feddes et al.
(1978), is included in the vadose zone hydrological models
Hydrus (Šimůnek et al., 2016) and SWAP (Kroes et al., 2017).
According to the Feddes function, actual transpiration is deter-
mined based on empirical threshold pressure heads defining
the onset of transpiration-limiting conditions. Respective val-
ues for several crops are compiled in Taylor and Ashcroft
(1972).

Besides the Feddes function, the most recent versions of the
SWAP model (versions 4.X) also include the process-based
RWU function MFlux (De Jong Van Lier et al., 2013). This
function uses an axisymmetric single-root scenario, which
is upscaled per soil layer and allows predicting RWU and
transpiration based on soil hydraulic properties, root system
geometry, and internal plant resistances (Casaroli et al., 2010;
De Melo & De Jong van Lier, 2021; Durigon et al., 2012;
Pinheiro et al., 2017).

The equations for water retention and hydraulic conduc-
tivity functions are presented as a set of equations with
soil-specific parameters (Madi et al., 2018). Parameters can
be estimated using measured data of soil water retention (θ-
h) or hydraulic conductivity (K-h or K-θ). If enough data are
available, pedotransfer functions can be developed to establish
correlations between soil hydraulic parameters and other soil
properties, most commonly based on information about parti-
cle size distribution, organic matter content, and bulk density
(Minasny & Hartemink, 2011; Schaap et al., 2023).

The uncertainty of the parameter estimates may be due
to measurement errors, intrinsic variability between sam-
ples, or inadequacy of the mathematical equation to mimic
the physical phenomenon. This parameter uncertainty and
its propagation into simulation results is often not taken
into account in process-based hydrological modeling (e.g.,
Pinheiro & de Jong van Lier, 2021; Wesseling et al., 2020).

The propagation of parameter uncertainty into simulation
results cannot be analyzed by a one-at-a-time sensitivity anal-
ysis, as parameters are correlated. An adequate approach
to assess hydrological model output uncertainty due to the

Core Ideas

∙ Hydraulic parameter uncertainty and correlations
can be used in stochastic simulations with a
hydrological model.

∙ Parameter uncertainty propagates more strongly
into estimates of plant available water than in its
threshold water contents.

∙ Stochastic averages of simulated water balance
components may differ from deterministically
obtained values.

∙ Bottom flux and evaporation respond to rainfall,
while transpiration and runoff depend most on soil
properties.

uncertainty in soil hydraulic parameters is by stochastic meth-
ods. Specific fitting software like RETC (Van Genuchten
et al., 1991) reports the parameter uncertainty in terms of a
standard error. Furthermore, correlations between the param-
eters are quantified in a correlation matrix. This information
can be used in a Monte Carlo simulation approach (Caflisch,
1998; Ross & Marshak, 1991). Whereas a deterministic simu-
lation with the mean parameter values yields one single model
output, a Monte Carlo (stochastic) approach results in a large
number of output values, which are then analyzed by statisti-
cal methods to obtain, for example, means, medians, standard
deviations, or uncertainties (e.g., A. K. B. Dos Santos et al.,
2022; Pinheiro & de Jong van Lier, 2021).

In this study, we aimed to evaluate the uncertainty of
flux-based threshold values for plant water availability and
the uncertainty of the soil water balance components simu-
lated by a hydrological model using a stochastic modeling
approach. Specific objectives were to (1) conduct a stochas-
tic analysis to evaluate the propagation of uncertainty of
soil hydraulic properties into the threshold values of plant
available water, FC, LP, WP; (2) investigate the impact of
the uncertainty of these parameters on long-term (30 years)
hydrological simulations of soil water balance components
for seven southeast-Brazilian soils covering a wide range of
texture classes; and (3) compare the stochastic to the deter-
ministic estimates of plant available water and soil water
balance components in some simulated scenarios.

2 MATERIALS AND METHODS

2.1 Study area and soil sampling

Seven soils under agricultural (arable) use, labeled A–G, were
sampled in the São Paulo state in southeast Brazil. At each
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T A B L E 1 Location, particle size distribution, texture class, and soil order for both layers of the seven analyzed soils.

Coordinates

Soil ID Latitude Longitude Layer (cm)

Sand

(kg kg−1)

Silt

(kg kg−1)

Clay

(kg kg−1)

Texture class

(USDA)

Soil order

(USDA)

A −22.73756 −47.74259 0–20 0.811 0.050 0.139 Sandy loam Inceptisol

20–40 0.806 0.033 0.161 Sandy loam

B −22.70133 −47.77510 0–20 0.601 0.186 0.213 Sandy clay loam Oxisol

20–40 0.654 0.160 0.185 Sandy loam

C −22.70274 −47.62287 0–20 0.273 0.201 0.525 Clay Oxisol

20–40 0.302 0.175 0.523 Clay

D −22.85942 −47.07900 0–20 0.316 0.154 0.529 Clay Ultisol

20–40 0.261 0.094 0.645 Clay

E −22.85516 −47.03172 0–20 0.337 0.206 0.457 Clay Oxisol

20–40 0.324 0.199 0.478 Clay

F −22.81273 −47.03464 0–20 0.556 0.155 0.289 Sandy clay loam Oxisol

20–40 0.550 0.164 0.286 Sandy clay loam

G −22.78973 −46.99957 0–20 0.473 0.153 0.374 Sandy clay Ultisol

20–40 0.327 0.116 0.556 Clay

location, undisturbed and disturbed samples were taken at
about 10cm depth, representing the 0–20 cm layer, and at
about 30-cm depth, representing 20–40 cm. Undisturbed sam-
ples were taken in large sample rings (8-cm diameter and 5-cm
high, volume 250 cm3 approx.), six replicas, as well as in
small rings (5-cm diameter and 3-cm high, volume 60 cm3

approx.), five replicas. Disturbed samples for particle size
determination were taken at the same depths. The sampled
soils cover a wide range of texture classes and three important
USDA soil orders (Table 1).

2.2 Soil hydraulic properties

For each soil layer, three of the large undisturbed soil sam-
ples were saturated with deaired 0.005 M CaSO4 solution
and used to determine the saturated hydraulic conductivity
(Ks) using a falling head permeameter (Ksat equipment by
Meter Inc.). Measured Ks values were corrected for tempera-
ture to 20˚C. The other three large samples were saturated with
water and submitted to standard HyProp (Meter Inc.) analysis
(Peters & Durner, 2008), in which two tensiometers were ver-
tically aligned along the sample axis and placed at 1.25 and
3.75 cm from the bottom of the sample. The sample and ten-
siometers were placed on a balance and weights and tensions
were automatically logged every 15 min, yielding a series of
h-θ and h-K data pairs in the range of h between approx-
imately −10 and −800 cm. The five smaller samples were
saturated and subsequently submitted to pressure heads of
−10, −20, −40, −60, −100, −330, and −600 cm on a tension
table (EcoTech pF laboratory station) and pressure heads of
−1000 and −3000 cm in a porous plate pressure chamber and

weighed after equilibration (varying from a few days to a week
depending on the tension). Disturbed samples were analyzed
in a WP4 dewpoint tensiometer to yield water contents corre-
sponding to pressure heads in the range between −5000 and
−50,000 cm.

Soil hydraulic properties were expressed as parameters of
the Van Genuchten (1980) equations with the Mualem (1976)
parametric restriction:

Se =
[
1 + |�ℎ|n](1∕n)−1 (1)

and

K = Ks Se
l
[
1 −

(
1 − Se

n∕(n−1)
)1−(1∕n)]2

(2)

where Se is the effective saturation given by

Se =
� − �r

�s − �r
(3)

and h (cm) is the pressure head, θ (cm3 cm−3) is the water
content, θs (cm3 cm−3) is the saturated water content, and θr

(cm3 cm−3) is the residual water content; α (cm−1), n, and l

are empiric parameters; and Ks (cm day−1) is the saturated
hydraulic conductivity. The parameters of these equations
will be referred to as the Van Genuchten–Mualem (VGM)
parameters.

To ensure normality of the distribution of fitted parame-
ters, Ks, α, and n, improve the quality of the subsequently
generated set of stochastic VGM parameter realizations, the
transformations proposed by Carsel and Parrish (1988) were
applied, that is,
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� = ln
(
Ks

)
⇔ Ks = e�

� = ln (�) ⇔ � = e�

� = ln (n − 1) ⇔ n = 1 + e�
(4)

Inserting Equation (4) in Equations (1 and 2) yields,

Se =
[
1 + |e�ℎ|(1 + ev)

] −ev

1+ ev (5)

and

K = e� Se
l
⎡
⎢⎢⎣
1 −

(
1 − Se

1+ ev

ev

) ev

1+ ev
⎤
⎥⎥⎦

2

. (6)

Means, standard deviations, and the correlation matrix for
parameters θs, θr, τ, ν, l, and κ were obtained by fitting Equa-
tions (5 and 6) to the measured data, that is, values of Ks,
h-K data pairs obtained from the HyProp equipment, values
of total porosity (corresponding to θs at h = 0), and h-θ data
pairs obtained from the HyProp, the tension table, the pressure
chamber, and the WP4 dewpoint tensiometer. Fitting was per-
formed using specific software developed by Inforsato et al.
(2022), reporting τ, ν, and κ, as well as l, and θ1 and θ2 (corre-
sponding to h1 and h2, taken in this study as h1 = −1000 cm
and h2 = −10 cm), related to θr and θs by the equations as
follows:

�r =
�1Se

(
ℎ2

)
− �2Se

(
ℎ1

)

Se

(
ℎ2

)
− Se

(
ℎ1

) (7)

�s =
�2

[
1 − Se

(
ℎ1

)]
− �1

[
1 − Se

(
ℎ2

)]

Se

(
ℎ2

)
− Se

(
ℎ1

) (8)

This procedure considers θr and θs as mere fitting param-
eters, and negative values of θr may occur without numerical
consequences in subsequent simulations.

2.3 Generating stochastic realizations

The means and standard deviations of the transformed param-
eters along with their correlation matrix were used to generate
104 stochastic parameter realizations for each layer of the
seven soils using a Cholesky decomposition performed by the
software StochHyProp (De Jong van Lier, 2023), without tail
exclusion. The resulting transformed parameters τ, ν, κ, θ1,
and θ2 were transformed back to their original VGM values
(α, n, Ks, θr, and θs) using Equations (4, 7, and 8).

Attempts to make an individual analysis of parameter
values are generally ineffective as hydraulic parameters act
together to result in a specific curve shape and hydrological

F I G U R E 1 Monthly distribution of rainfall and minimum and
maximum temperatures observed in Piracicaba, Brazil, between 1992
and 2022. Error bars indicate ± the standard deviation.

behavior. The overall effect of parameters and their statistical
properties is better evaluated concerning crop water availabil-
ity or water balance components, as specified in the following
items.

2.4 Evaluating threshold values for plant
water availability

Threshold values for plant water availability, that is, FC, LP,
and WP, were determined by flux-based methods considering
a rooting depth of 60 cm. The calculations were performed for
each of the 104 stochastic parameter realizations of each of the
seven soils (A–G). The soil hydraulic properties below 20-cm
depth were considered to correspond to the second measured
layer (Table 1).

FC was determined using the SWAP hydrological model
(Kroes et al., 2017) in a scenario similar to the one used
by De Jong Van Lier (2017): a 120-cm deep soil profile
was discretized into 24 layers of 5 cm. The initial hydraulic
conditions were defined as corresponding to a saturated soil
profile (pressure head h = −0.1 cm over the entire pro-
file). Evaporation and precipitation were set to zero, and the
lower boundary condition (at 120 cm depth) was set to the
“free drainage of soil profile” option, that is, gravitational
flow. Simulations were run for 90-day periods with an out-
put every simulated hour. FC was considered to correspond
to the hydraulic conditions at the first occurrence of a bottom
flux (BF) <1 mm day−1 at the depth of 60 cm and expressed
as the corresponding average θ or h between the surface and
the 60-cm depth.

The LP, defining the onset of the falling rate phase of crop
transpiration (Feddes & Raats, 2004; Metselaar & De Jong
Van Lier, 2007), was calculated using the equation by Pinheiro
et al. (2017), yielding the corresponding matric flux potential
MLP (cm2 day−1) given as follows:
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T A B L E 2 Mean Van Genuchten–Mualem (VGM) parameters (Equations 1 and 2) for both layers of the seven evaluated soils.

Soil A Soil B Soil C Soil D Soil E Soil F Soil G

0–20 cm

α (cm−1) 0.036 0.113 0.085 0.367 0.178 0.192 0.098

n 1.370 1.080 1.255 1.057 1.806 1.135 1.506

Ks (cm day−1) 55.2 4832 970.3 5777 1011 1520 111.5

l 1.75 8.00 1.56 −5.38 −1.08 −0.70 −0.73

θs 0.367 0.412 0.451 0.548 0.611 0.597 0.593

θr 0.089 −0.156 0.233 −0.435 0.239 −0.115 0.312

20–40 cm

α (cm−1) 0.067 0.023 0.139 0.111 0.264 0.158 0.338

n 3.207 1.481 1.506 2.098 1.249 1.152 1.096

Ks (cm day−1) 78.2 116.9 330.8 241.8 896.2 2094 1109

l −1.39 1.69 −0.63 −1.13 −1.47 −0.53 −3.26

θs 0.434 0.400 0.474 0.504 0.508 0.509 0.484

θr 0.191 0.081 0.263 0.343 0.187 −0.046 0.167

MLP =

ℎLP

∫
ℎref

Kdℎ =
5.3Tp

�
∑k

i=1
LiPi

(9)

where K is the hydraulic conductivity as a function of the pres-
sure head h, href =−1.5∙104 cm, hLP (cm) is the pressure head
at the LP, Tp (cm day−1) is the potential transpiration taken as
0.4 cm day−1, k is the number of layers (in our scenarios: k

= 2), Li (cm) is the thickness of layer i (here: 20 and 40 cm,
respectively), and Ρi (cm cm−3) is the root length density per
layer. We used Ρ1 = 1.0 cm cm−3 and Ρ2 = 0.1 cm cm−3,
which are common values for arable crops (see, e.g., the com-
pilation of data by De Willigen & Van Noordwijk, 1987).
Using these values, MLP = 2.817∙10−2 cm2 day−1. The cor-
responding value of pressure head hLP for each stochastic
realization was found numerically using the first two terms of
Equation (9), and the water content θLP was calculated using
Equation (1).

The WP, corresponding to a low soil water content at which
plants do not recover after 24 h in a zero-transpiration envi-
ronment, was estimated using the matric-flux-based proposal
by De Melo et al. (2023), using a multiplicative factor fWP:

MWP =

ℎWP

∫
ℎref

Kdℎ = fWPMLP (10)

In this study, we used the value of fWP = 0.01 pro-
posed by De Melo et al. (2023). It corresponds to MWP
= 2.817∙10−4 cm2 day−1, and subsequently allowed us to
calculate hWP and θWP.

These threshold values for plant available water (FC, LP,
and WP) expressed as soil water content (θ) were used to

calculate the total available water, TAW (TAW = θFC−θWP)
and the readily available water, RAW (RAW = θFC−θLP) con-
tents. To express TAW and RAW in units of water depth (cm)
for the rooted soil profile, they were multiplied by the rooting
depth of 60 cm.

2.5 Crop simulation scenarios

Simulations were performed with the hydrological model
SWAP, v. 4.2.32, an updated version of the fully documented
v. 4.0.1 (Kroes et al., 2017). SWAP is a 1-D model that
numerically solves a discretized version of the Richards equa-
tion with a root water extraction sink term (Van Dam &
Feddes, 2000), describing vertical water flow in the soil–
plant–atmosphere environment. To do so, the model makes
use of the VGM soil hydraulic parameterization.

A rainfed maize crop was simulated using a simple crop
file “MaizeS.crp” (Appendix A), including information about
the rooting depth (zR) as a function of the development stage
reaching a maximum value of 100 cm, with a root length den-
sity of 1.0 cm cm−3 at the surface, linearly decreasing to zero
at zR. The crop cycle was defined at a fixed length of 111 days,
starting on December 1 of each simulated year and ending on
March 21 of the subsequent year.

Hydrological simulations were performed for 30 years
starting on July 1, 1992, and ending on June 30, 2022, encom-
passing 29 growing seasons starting on July 1 and ending on
June 30 of the subsequent year. Weather data from the meteo-
rological station of the University of São Paulo in Piracicaba,
Brazil (22.7030˚ S; 47.6235˚ W, 526 m a.s.l), were used in the
simulations (Table 1). Piracicaba is characterized by a winter-
dry tropical climate, Koeppen Aw. The annual average rainfall
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T A B L E 3 Average profile water content (0–60 cm) at field capacity (θFC), at the limiting point (θLP), at the wilting point (θWP), readily
available water (RAW), and total available water (TAW) estimated deterministically with mean Van Genuchten–Mualem (VGM) parameters
(VGMmean) and stochastically as the mean estimate for 104 stochastic parameter realizations (meanr) with the respective coefficient of variation (cvr

= σr/meanr), for each of the evaluated soils.

Soil ID θFC θLP θWP RAW (cm) TAW (cm)

A VGMmean 0.2173 0.1864 0.1714 1.856 2.754

meanr 0.2174 0.1863 0.1713 1.868 2.778

cvr (%) 1.60 1.59 1.85 13.5 9.4

B VGMmean 0.2717 0.1780 0.1305 5.620 8.470

meanr 0.2716 0.1775 0.1303 5.646 8.481

cvr (%) 0.46 0.95 1.71 1.6 1.8

C VGMmean 0.3437 0.2852 0.2685 3.512 4.510

meanr 0.3437 0.2850 0.2683 3.522 4.520

cvr (%) 0.56 0.96 1.52 5.2 6.3

D VGMmean 0.3636 0.2897 0.2819 4.436 4.900

meanr 0.3658 0.2770 0.2515 5.331 6.857

cvr (%) 1.94 11.76 5.60 37.0 12.9

E VGMmean 0.3293 0.2417 0.2304 5.256 5.936

meanr 0.3295 0.2417 0.2302 5.268 5.957

cvr (%) 1.51 3.45 4.06 6.3 6.8

F VGMmean 0.3422 0.1553 0.1188 11.212 13.406

meanr 0.3421 0.1553 0.1187 11.205 13.398

cvr (%) 1.39 6.48 9.90 3.9 4.0

G VGMmean 0.4263 0.3270 0.3087 5.960 7.056

meanr 0.4264 0.3274 0.3088 5.941 7.057

cvr (%) 1.57 2.82 2.79 6.7 7.6

is 1300 mm, the average Tmin and Tmax are 15.4 and 28.1˚C,
respectively, and the average radiation is 14.5 MJ m2 day−1.
The monthly distribution of rainfall and temperature is shown
in Figure 1.

To simulate transpiration and growth reduction due to water
stress, the simulations were performed using the process-
based RWU function MFlux (De Jong Van Lier et al., 2013),
(SwDrought= 2 in the SWAP crop file—Appendix A). MFlux
is based on the simulation of soil water flow toward individ-
ual roots. The corresponding axisymmetric water flow toward
the roots is numerically solved using the matric flux potential,
M (the integral of soil K[h] at a predefined h interval) as the
driving variable (De Jong Van Lier et al., 2008, 2013). The
concept also includes radial and axial hydraulic resistances
within the plant system.

The MFlux function was used with root and xylem radii
of 0.5 and 0.2 mm, respectively, a hydraulic conductance
between leaf and root xylem Ll = 1.03·10−4 day−1, and
a radial hydraulic conductivity of the root tissue Kroot =

3.5·10−5 cm day−1. Other parameters from the MFlux func-
tion were set to their standard values, that is, root coefficient
a = 0.53, root efficiency = 1.0, and the limiting leaf pressure
head hl = −15,000 cm.

2.6 Generating simulated soil water
balance components

The propagation of uncertainties in the soil hydraulic parame-
ters and its effect on simulated soil water balance components
were evaluated using the generated stochastic realizations of
the VGM parameters (Section 2.3). For each soil (A–G), the
SWAP model was run 104 times, once for each stochastic
realization, yielding 104 realizations of the yearly soil water
balance components bottom flux (BF), runoff (R), evapora-
tion (E), and transpiration (T), for the period between July 1,
1992, and June 30, 2022.

3 RESULTS AND DISCUSSION

3.1 Soil hydraulic properties

A summary of the parameter estimates is shown in Table 2,
containing the backtransformed mean VGM parameters
(Equations 1 and 2) for the seven soils. The full set of
results from the fitting procedure is presented in Appendix
A for both layers of the seven analyzed soils, including the
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7 of 17 VAN LIER ET AL.Vadose Zone Journal

T A B L E 4 Average simulated values of the soil water balance components bottom flux (BF, cm; negative values designating a downward flow),
evaporation (E, cm), transpiration (T, cm), and runoff (R, cm) considering 30 years (1992–2022), seven soils, and 104 stochastic realizations. Yearly
means (meany) and standard deviations (σy) from 30 yearly mean values of 104 stochastic realizations. Soil means (means) and standard deviations
(σs) from the seven evaluated soils.

BF E T R

Soil ID meany σy meany σy meany σy meany σy

A −74.4 19.6 28.8 3.0 30.7 3.5 2.7 0.9

B −55.8 19.5 28.9 3.1 42.5 4.3 0.0 0.0

C −61.9 21.4 29.9 2.8 41.1 4.6 4.2 3.2

D −64.9 20.6 30.0 2.8 32.0 3.8 0.0 0.0

E −60.3 23.1 29.9 2.8 42.0 5.1 5.1 2.7

F −62.3 22.4 30.3 2.7 45.3 5.8 1.5 1.3

G −71.6 22.4 29.8 2.9 34.1 4.4 1.2 0.5

means −64.4 21.3 29.7 2.9 38.3 4.5 2.1 1.2

σs 6.5 1.4 0.6 0.1 5.8 0.8 2.0 1.3

F I G U R E 2 Example of data points obtained by different methods
and fitted curves (blue lines) for water content (Equation 1) and
hydraulic conductivity (Equation 2) as a function of pressure head for
one of the analyzed layers (soil F, 20–40 cm).

transformed parameter estimates with their standard devia-
tions and the correlation matrix used to generate the stochastic
parameter realizations. The l parameter has an average coef-
ficient of variation of the order of 30%, reflecting the
uncertainty in the measurements of unsaturated hydraulic

F I G U R E 3 Average profile water content at the limiting point
(θLP) versus field capacity (θFC) estimated for the 104 stochastic
realizations for soil A. Dashed lines are isoRAWs and numbers in italic
represent the corresponding readily available water (RAW; in cm)
considering a 0–60 cm profile.

conductivity. The coefficient of variation of the other param-
eters was around 3% on average, and an order of magnitude
higher (around 10%) for ν = ln(n − 1).

A very high negative correlation (<−0.95) was observed
between parameters l and ν = ln(n − 1) in most of the ana-
lyzed soil layers. Parameters l and n are used in Equation (2)
to calculate hydraulic conductivity K, and the observed
correlation means that high values of l imply values of n close
to 1. A high negative correlation was also obtained between
l and τ = ln(α), and a high (positive or negative) correlation
occurred between l and κ = ln(Ks) in some cases.

It should be noted that all parameter values are based on
data obtained from the measurement techniques described in
Section 2.2. The very high values of Ks for the surface layer
of soils B and D go together with values of n very close to 1,
causing a very rapid decline of K with a decreasing pressure
head close to saturation. In the case of the surface layer of soil
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VAN LIER ET AL. 8 of 17Vadose Zone Journal

F I G U R E 4 Cumulative frequency of readily available water (RAW) and total available water (TAW) in two of the soils (soil D and G)
considering a 0–60 cm profile.

T A B L E 5 Simulated values of bottom flux in absolute values (|BF|, cm) and transpiration (T, cm) in the wet, average, and dry year for each of
the seven soils obtained stochastically (averages of 104 stochastic realizations ± respective standard deviations (stoch ± σr) and deterministically
(det.).

Wet year Average year Dry year

|BF| T |BF| T |BF| T

Soil ID Stoch ± σr det. Stoch ± σr det. Stoch ± σr det. Stoch ± σr det. Stoch ± σr det. Stoch ± σr det.

A 104.8 ± 2.2 94.9 31.2 ± 1.7 30.4 74.9 ± 2.0 67.7 31.5 ± 1.1 29.7 37.7 ± 0.9 33.3 25.5 ± 0.7 23.1

B 87.1 ± 0.1 87.2 40.1 ± 0.0 40.1 56.1 ± 0.4 56.3 41.4 ± 0.2 41.4 32.3 ± 0.3 32.3 34.3 ± 0.3 34.3

C 96.0 ± 13.2 88.6 38.6 ± 0.3 38.8 65.1 ± 9.1 62.3 40.6 ± 1.7 35.0 16.8 ± 6.9 31.1 45.3 ± 5.1 27.9

D 93.8 ± 3.6 91.8 34.1 ± 3.5 36.1 66.4 ± 3.3 64.9 30.9 ± 3.1 32.3 31.3 ± 0.9 31.0 24.7 ± 1.1 25.0

E 99.8 ± 10.4 90.5 35.8 ± 0.4 36.4 58.4 ± 14.2 58.7 40.7 ± 1.0 38.3 14.7 ± 8.7 29.5 48.9 ± 7.5 34.9

F 101.2 ± 0.8 87.9 38.2 ± 0.2 38.5 64.2 ± 5.1 51.9 44.0 ± 0.2 44.1 25.1 ± 8.8 32.9 48.6 ± 2.0 42.3

G 111.5 ± 3.8 99.7 24.9 ± 3.7 25.9 74.3 ± 3.6 63.1 31.4 ± 3.6 32.9 34.2 ± 0.6 30.7 34.6 ± 1.0 32.4

D, for example, the fitted value of Ks = 5777 cm day−1 reduces
to less than 1% of its value (K = 31 cm day−1) at h = −1 cm.
This is unrealistic and shows that Ks is a mere fitting parame-
ter. On the other hand, when using these parameter values in
a vadose zone hydrological simulation, the very high Ks will
only affect the results in fully saturated conditions.

Figure 2 shows an example of data points obtained by
the different methods and the fitted θ-h and K-h curves for
one of the analyzed soil layers (soil F, 20–40 cm). In the
example of Figure 2, but also in the other examined layers,
differences between methods and variability due to replica-
tion can be observed. Variability of this order of magnitude
may be caused by hysteresis, equipment calibration, or other
sources (Gubiani et al., 2013; Guillaume et al., 2023; Schelle
et al., 2013). It will determine the standard deviation of fitted
parameters and the uncertainty of modeling results. Without a
stochastic analysis, the impact of uncertainty on the simulated
results would not be quantifiable.

3.2 Threshold values for plant water
availability

For the seven soils, Table 3 shows θFC, θLP, θWP, RAW, and
TAW according to a deterministic estimation procedure using
only the mean VGM parameters and the mean estimate for
the 104 stochastic parameter realizations with the coefficient
of variation. There are no important differences between the
deterministic and the stochastic mean values, except for the
case of soil D, where differences show up, especially in RAW
and TAW estimates. The surface layer of soil D has a high
uncertainty in α and Ks, with a coefficient of variation for τ =

ln(α) and κ = ln(Ks) both in the order of 10%, which in turn
affects the coefficients of variation in this soil as well as the
estimates of the threshold water contents.

Coefficients of variation for RAW and TAW are higher, for
most of the soils, than the coefficients of variation for the three
specific water contents (θFC, θLP, and θWP). As the calculation
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9 of 17 VAN LIER ET AL.Vadose Zone Journal

F I G U R E 5 Cumulative rainfall on a yearly basis (July 1–June 30)
and during the growing season of maize (111 days, December 1–March
21) for the 30 analyzed years in Piracicaba, Brazil. The years labeled
dry (2013–2014), wet (1998–1999), and average (2012–2013) are
highlighted.

of RAW and TAW includes the difference between θFC and
θLP or θWP, the coefficient of variation will likely increase
in RAW and TAW values. Figure 3 illustrates this with an
example of θLP versus θFC estimated for the 104 stochastic
realizations of soil A. Although the relative differences in the
threshold water contents are small, the obtained data points
cover a wide range of RAW, increasing threefold from about
1 to 3 cm, considering the 0–60 cm profile.

Figure 4 shows the cumulative frequency of RAW and TAW
in soils D and G. In this example, the variability of values is
higher in soil D, especially for RAW. Again, this is most likely
caused by the higher uncertainty in α and Ks in the surface
layer of this soil, where both parameters affect the conversion
of the limiting matric flux potential MLP (Equation 9) to the
soil water content θLP.

Given the stochastic realizations for each soil, no correla-
tion was found between the threshold water contents θFC, θLP,
and θWP, on the one hand, and available water contents TAW
and RAW, on the other hand. This indicates that the cumula-
tive frequency of TAW and RAW, as shown in Figure 4, is not
determined by one of the threshold water contents alone, but
rather by both θFC and θWP in the case of TAW, and θFC and
θLP in the case of RAW. This agrees with the fact that a posi-
tive correlation coefficient r (r ≈ 0.4–0.7) was found between
θFC and θLP, and somewhat lower (r ≈ 0.2–0.5) between θFC
and θWP for the stochastic realizations. Therefore, an increase
in θFC is likely to be accompanied by an increase in θLP and
θWP, reducing the effect on TAW and RAW.

3.3 Simulated soil water balance
components

Considering the 30 simulated years (1992–2022), the mean
potential transpiration of the maize crop was 49.2 cm over
the 111 days growing season, corresponding to an average of
0.443 cm day−1, with a standard deviation of 8.6 cm over the
years. The mean potential evaporation was 96.0 cm year−1

(equivalent to a daily average of 0.263 cm day−1), with a
standard deviation of 7.1 cm.

The 30 evaluated years were organized in terms of the
yearly (July 1–June 30) rainfall and the maize growing sea-
son (December 1–March 21) rainfall. About half of the yearly
rainfall was normally observed during the maize growing sea-
son, from December to March (Figure 5). Considering both
the yearly and the growing season rainfall, 2012–2013 showed
to be an average year for both; the driest year was 2013–
2014, while the wettest year was 1998–1999. These 3 years

F I G U R E 6 Transpiration and bottom flux in soil A simulated for the 30 analyzed years in Piracicaba, Brazil, deterministically (solid lines)
using the VGMmean parameter set and stochastically (dashed lines) using the mean value of the 104 parameter realizations.
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F I G U R E 7 Cumulative frequency of simulated soil water balance components bottom flux, evaporation, transpiration, and runoff resulting
from 104 stochastic realizations of hydraulic parameters of soil A and soil G for a dry (2013–2014), wet (1998–1999), and average (2012–2013) year.
Dotted lines labeled “D” mark the deterministically obtained value.

were labeled “average,” “wet,” and “dry,” respectively, and
analyzed with more detail in some examples in the following.

The average simulated values of the four soil water bal-
ance components, BF, E, T, and R, considering the 30 years,
seven soils, and 104 stochastic realizations, resulted in the val-
ues shown in Table 4. Values of R are relatively insignificant
for most soils and even zero for others (B and D). Values

of E are very similar among the soils, but T showed greater
differences and with higher standard deviations among years
(σy). Consequently, BF tends to be lower in soils with higher
T and vice versa. The standard deviations among the years
are similar among the soils, with a coefficient of variation
of about one-third of the average for BF and one-tenth for E

and T. Comparing to the standard deviation among the soils
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(σs), σy is three to five times greater for BF and E, show-
ing the yearly rainfall characteristics to be more important
for these components than the soil properties. In contrast, in
the case of T and R, σs > σy and soil properties show to be
more important. The median values (not shown) were very
close to the average values, with differences <0.1% in all
cases.

Figure 6 shows, for soil A, the transpiration and BF sim-
ulated along the 30 analyzed years, comparing the mean
value from 104 simulations and the value from determinis-
tic simulation based on the mean hydraulic parameter values
(VGMmean, Appendix B, Table A1). In absolute values, the
stochastically determined mean BF is always greater, as are
the stochastic T values. Furthermore, higher variability of BF

is observed compared to T. BF responds directly to rainfall
with a smaller interference of soil hydraulic properties and
crop water use, whereas T is the result of the strong interaction
between rainfall, atmospheric demand, and the crop response
to excess or deficit soil water conditions.

To analyze the results for BF and T in more detail,
Table 5 contains the average and standard deviation of the 104

stochastic realizations for each of the seven soils simulated
for the wet, average, and dry year, together with the deter-
ministically obtained values using the VGMmean parameter
set. Important differences between stochastic and determinis-
tic simulation results can be identified. Stochastic BF is higher
than the corresponding deterministic value in the wet year.
In the average year, results are more similar, and in the dry
year, stochastic BF is lower than deterministic BF. There is
no straightforward explanation for these results, as they have
their origin in complex parameter interactions in hydrological
simulations. It is more important to observe that the parame-
ter uncertainty, when considered using a stochastic approach,
may lead to important differences in the simulated values
of water balance components. Similarly, for the T compo-
nent, differences between stochastic and deterministic values
are observed, not so much in the wet year when T tends to
its potential value with less influence of soil properties but
pronounced in the dry year in some of the soils (C and E).

As an illustration of the results obtained from the stochas-
tic analysis, Figure 7 shows cumulative frequency curves of
BF, E, T, and R for the dry, average, and wet years in two of
the soils, soil A representing soils with an increase in T from
the wet to average to dry year and soil G representing those
with the highest value of T in the average year. The median
values of the four water balance components in the average
year correspond closely to the overall yearly means presented
in Table 4, confirming that the average year represents well
the overall average, both in terms of rainfall characteristics
and for the water balance components. The figure also shows
the deterministically obtained values illustrating, again, dif-
ferences between those values and the stochastic medians or
means.

4 CONCLUSIONS

The deterministic and stochastic estimation of plant available
water and the simulation of soil water balance components for
a 30-year period in seven Brazilian soils cropped with maize
allowed us to conclude that (1) hydraulic parameter uncer-
tainty strongly propagates into the estimates of plant available
water despite a relatively small uncertainty in the threshold
water contents; (2) variations in rainfall characteristics are
more determinant for bottom flux and evaporation than vari-
ations in soil properties; on the other hand, variations in soil
properties are more determinant for transpiration and runoff;
(3) average values of stochastic simulations for soil water
balance components may differ significantly from the results
of deterministic simulations; and (4) the complex interaction
between soil water retention and conductivity parameters, soil
water dynamics and related processes like root water uptake,
evaporation, infiltration, and drainage, makes the statement
of simple relations between those parameters and soil water
balance components unfeasible.

AU T H O R C O N T R I B U T I O N S

Quirijn de Jong van Lier: Conceptualization; funding
acquisition; investigation; methodology; project administra-
tion; supervision; writing—original draft; writing—review
and editing. Marina Luciana Abreu de Melo: Formal
analysis; investigation; methodology; writing—review and
editing. Everton Alves Rodrigues Pinheiro: Methodology;
writing—review and editing.

A C K N O W L E D G M E N T S

The research leading to this publication was supported by
the São Paulo Research Foundation (FAPESP), projects
2022/00853-2 and 2020/07294-3. Further acknowledgments
to the Kirkham Foundation for covering the APC charges.

C O N F L I C T O F I N T E R E S T S T AT E M E N T

The authors declare no conflicts of interest.

O R C I D

Quirijn de Jong van Lier https://orcid.org/0000-0002-
7131-5523
Marina Luciana Abreu de Melo https://orcid.org/0000-
0002-5500-0345
Everton Alves Rodrigues Pinheiro https://orcid.org/0000-
0002-2442-7039

R E F E R E N C E S

Amin, M. G. M., Veith, T. L., Collick, A. S., Karsten, H. D., & Buda,
A. R. (2017). Simulating hydrological and nonpoint source pollu-
tion processes in a karst watershed: A variable source area hydrology
model evaluation. Agricultural Water Management, 180, 212–223.
https://doi.org/10.1016/j.agwat.2016.07.011

 1
5
3
9
1
6
6
3
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://acsess.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/v

zj2
.2

0
3
0
6
 b

y
 U

n
iv

 o
f S

ao
 P

au
lo

 - B
razil, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

3
/0

7
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n
s L

icen
se



VAN LIER ET AL. 12 of 17Vadose Zone Journal

Caflisch, R. E. (1998). Monte Carlo and quasi-Monte Carlo
methods. Acta Numerica, 7, 1–49. https://doi.org/10.1017/
S0962492900002804

Carsel, R. F., & Parrish, R. S. (1988). Developing joint probabil-
ity distributions of soil water retention characteristics. Water

Resources Research, 24(5), 755–769. https://doi.org/10.1029/
WR024i005p00755

Casaroli, D., De Jong Van Lier, Q., & Dourado Neto, D. (2010). Valida-
tion of a root water uptake model to estimate transpiration constraints.
Agricultural Water Management, 97(9), 1382–1388. https://doi.org/
10.1016/j.agwat.2010.04.004

Couvreur, V., Vanderborght, J., & Javaux, M. (2012). A simple
three-dimensional macroscopic root water uptake model based on
the hydraulic architecture approach. Hydrology and Earth System

Sciences, 16(8), 2957–2971. https://doi.org/10.5194/hess-16-2957-
2012

Decsi, B., Ács, T., Jolánkai, Z., Kardos, M. K., Koncsos, L., Vári, Á.,
& Kozma, Z. (2022). From simple to complex—Comparing four
modelling tools for quantifying hydrologic ecosystem services. Eco-

logical Indicators, 141, 109143. https://doi.org/10.1016/j.ecolind.
2022.109143

De Jong Van Lier, Q. (2017). Field capacity, a valid upper limit of
crop available water? Agricultural Water Management, 193, 214–220.
https://doi.org/10.1016/j.agwat.2017.08.017

De Jong van Lier, Q. (2023). StochHyProp: A software to generate
stochastic realizations of correlated parameters dedicated to soil
hydraulic properties. Software Impacts, 15, 100483. https://doi.org/
10.1016/j.simpa.2023.100483

De Jong Van Lier, Q., Van Dam, J. C., Durigon, A., Dos Santos, M. A.,
& Metselaar, K. (2013). Modeling water potentials and flows in the
soil–plant system comparing hydraulic resistances and transpiration
reduction functions. Vadose Zone Journal, 12(3), 1–20. https://doi.
org/10.2136/vzj2013.02.0039

De Jong Van Lier, Q., Van Dam, J. C., Metselaar, K., de Jong, R., &
Duijnisveld, W. H. M. (2008). Macroscopic root water uptake distri-
bution using a matric flux potential approach. Vadose Zone Journal,
7(3), 1065–1078. https://doi.org/10.2136/vzj2007.0083

De Melo, M. L. A., & De Jong van Lier, Q. (2021). Revisiting the Feddes
reduction function for modeling root water uptake and crop transpi-
ration. Journal of Hydrology, 603, 126952. https://doi.org/10.1016/j.
jhydrol.2021.126952

De Melo, M. L. A., Inforsato, L., Pinheiro, E. A. R., & De Jong van Lier,
Q. (2023). Plant available water predicted by a flux-based approach.
Geoderma, 429, 116253. https://doi.org/10.1016/j.geoderma.2022.
116253

De Willigen, P., & Van Noordwijk, M. (1987). Roots, plant production

and nutrient use efficiency. https://edepot.wur.nl/202228
Dos Santos, A. K. B., Looms, M. C., & De Jong van Lier, Q. (2022).

Stochastic merging of soil hydraulic properties for vadose zone
hydrological modeling. Journal of Hydrologic Engineering, 27(11),
05022014. https://doi.org/10.1061/(ASCE)HE.1943-5584.0002208

Durigon, A., Dos Santos, M. A., De Jong Van Lier, Q., & Metselaar,
K. (2012). Pressure heads and simulated water uptake patterns
for a severely stressed bean crop. Vadose Zone Journal, 11(3),
vzj2011.0187. https://doi.org/10.2136/vzj2011.0187

Feddes, R. A., Kowalik, P. J., & Zaradny, H. (1978). Simulation of field

water use and crop yield. Centre for Agricultural Publishing and
Documentation.

Feddes, R. A., & Raats, P. A. C. (2004). Parameterizing the soil–water–
plant root system. In R. A. Feddes, G. H. de Rooji, & J. C. van

Dam (Eds.), Unsaturated zone modeling: Progress, challenges and

applications (pp. 95–144). Kluwer Academic Publishers.
Gubiani, P. I., Reichert, J. M., Campbell, C., Reinert, D. J., & Gelain, N.

S. (2013). Assessing errors and accuracy in dew-point potentiome-
ter and pressure plate extractor meaurements. Soil Science Society

of America Journal, 77(1), 19–24. https://doi.org/10.2136/sssaj2012.
0024

Guillaume, B., Aroui Boukbida, H., Bakker, G., Bieganowski, A.,
Brostaux, Y., Cornelis, W., Durner, W., Hartmann, C., Iversen, B. V.,
Javaux, M., & Ingwersen, J. (2023). Reproducibility of the wet part
of the soil water retention curve: A European interlaboratory compar-
ison. EGUsphere, 9, 1–23. https://doi.org/10.5194/egusphere-2022-
1496

Inforsato, L., de Jong van Lier, Q., & Durner, W. (2022, May
23–27). A novel fitting procedure for soil hydraulic properties

with improved parameter uncertainty assessment [Conference ses-
sion]. 24th EGU General Assembly, Vienna, Austria. https://
meetingorganizer.copernicus.org/EGU22/EGU22-8760.html

Jarvis, N., Larsbo, M., Lewan, E., & Garré, S. (2022). Improved
descriptions of soil hydrology in crop models: The elephant in the
room? Agricultural Systems, 202, 103477. https://doi.org/10.1016/j.
agsy.2022.103477

Kroes, J. G., Van Dam, J. C., Bartholomeus, R. P., Groenendijk, P.,
Heinen, M., Hendriks, R. F. A., Mulder, H. M., Supit, I., & Van
Walsum, P. E. V. (2017). SWAP version 4; Theory description and

user manual. https://edepot.wur.nl/416321
Madi, R., de Rooij, G. H., Mielenz, H., & Mai, J. (2018). Parametric

soil water retention models: A critical evaluation of expressions for
the full moisture range. Hydrology and Earth System Sciences, 22(2),
1193–1219. https://doi.org/10.5194/hess-22-1193-2018

Metselaar, K., & De Jong Van Lier, Q. (2007). The shape of the transpira-
tion reduction function under plant water stress. Vadose Zone Journal,
6(1), 124–139. https://doi.org/10.2136/vzj2006.0086

Minasny, B., & Hartemink, A. E. (2011). Predicting soil properties in
the tropics. Earth-Science Reviews, 106(1), 52–62. https://doi.org/10.
1016/j.earscirev.2011.01.005

Mualem, Y. (1976). A new model for predicting the hydraulic conduc-
tivity of unsaturated porous media. Water Resources Research, 12(3),
513–522. https://doi.org/10.1029/WR012i003p00513

Nolte, A., Eley, M., Schöniger, M., Gwapedza, D., Tanner, J., Mantel,
S. K., & Scheihing, K. (2021). Hydrological modelling for assess-
ing spatio-temporal groundwater recharge variations in the water-
stressed Amathole Water Supply System, Eastern Cape, South Africa.
Hydrological Processes, 35(6), e14264. https://doi.org/10.1002/hyp.
14264

Peters, A., & Durner, W. (2008). Simplified evaporation method for
determining soil hydraulic properties. Journal of Hydrology, 356(1),
147–162. https://doi.org/10.1016/j.jhydrol.2008.04.016

Pinheiro, E. A. R., & de Jong van Lier, Q. (2021). Propagation of
uncertainty of soil hydraulic parameterization in the prediction of
water balance components: A stochastic analysis in kaolinitic clay
soils. Geoderma, 388, 114910. https://doi.org/10.1016/j.geoderma.
2020.114910

Pinheiro, E. A. R., De Jong Van Lier, Q., & Metselaar, K. (2017). A
matric flux potential approach to assess plant water availability in two
climate zones in Brazil. Vadose Zone Journal, 17(1), 160083. https://
doi.org/10.2136/vzj2016.09.0083

Ross, J., & Marshak, A. (1991). Monte Carlo methods. In R. B. Myneni &
J. Ross (Eds.),Photon-vegetation interactions: Applications in optical

remote sensing and plant ecology (pp. 441–467). Springer.

 1
5
3
9
1
6
6
3
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://acsess.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/v

zj2
.2

0
3
0
6
 b

y
 U

n
iv

 o
f S

ao
 P

au
lo

 - B
razil, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

3
/0

7
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n
s L

icen
se



13 of 17 VAN LIER ET AL.Vadose Zone Journal

Schaap, M. G., Zhang, Y., & Nemes, A. (2023). Pedotransfer functions
and their application to soil water dynamics. In M. J. Goss & M. Oliver
(Eds.), Encyclopedia of soils in the environment (2nd ed., pp. 642–
654). Elsevier.

Schelle, H., Heise, L., Jänicke, K., & Durner, W. (2013). Water retention
characteristics of soils over the whole moisture range: A comparison
of laboratory methods. European Journal of Soil Science, 64(6), 814–
821. https://doi.org/10.1111/ejss.12108

Shojaei, S., Kalantari, Z., & Rodrigo-Comino, J. (2020). Prediction of
factors affecting activation of soil erosion by mathematical modeling
at pedon scale under laboratory conditions. Scientific Reports, 10(1),
20163. https://doi.org/10.1038/s41598-020-76926-1

Siad, S. M., Iacobellis, V., Zdruli, P., Gioia, A., Stavi, I., & Hoogenboom,
G. (2019). A review of coupled hydrologic and crop growth mod-
els. Agricultural Water Management, 224, 105746. https://doi.org/10.
1016/j.agwat.2019.105746

Šimůnek, J., van Genuchten, M. T., & Šejna, M. (2016). Recent develop-
ments and applications of the HYDRUS computer software packages.
Vadose Zone Journal, 15(7), 1–25. https://doi.org/10.2136/vzj2016.
04.0033

Švob, M., Domínguez-Villar, D., & Krklec, K. (2022). Characteriza-
tion of soil drainage dynamics on karst terrains by developing a
site-specific reservoir cascade scheme hydrological model with pref-
erential flows. Journal of Hydrology, 612, 128147. https://doi.org/10.
1016/j.jhydrol.2022.128147

Taylor, S. A., & Ashcroft, G. L. (1972). Physical edaphology:
The physics of irrigated and non-irrigated soils. Journal of

Environmental Quality, 3(2), 188. https://doi.org/10.2134/jeq1974.
00472425000300020028x

Van Dam, J. C., & Feddes, R. A. (2000). Numerical simulation of infil-
tration, evaporation and shallow groundwater levels with the Richards
equation. Journal of Hydrology, 233(1), 72–85. https://doi.org/10.
1016/S0022-1694(00)00227-4

Van Genuchten, M. T. (1980). A Closed-form equation for predicting
the hydraulic conductivity of unsaturated soils. Soil Science Society of

America Journal, 44(5), 892–898. https://doi.org/10.2136/sssaj1980.
03615995004400050002x

Van Genuchten, M. T., Leij, F. J., & Yates, S. R. (1991). The RETC

code for quantifying the hydraulic functions of unsaturated soils

(EPA/600/2-91/065). US EPA, Ada, Oklahoma, United States. https://
www.pc-progress.com/Documents/programs/retc.pdf

Wesseling, J., Kroes, J., Oliveira, T. C., & Damiano, F. (2020). The
impact of sensitivity and uncertainty of soil physical parameters on
the terms of the water balance: Some case studies with default R
packages. Part II: Results and discussion. Computers and Electronics

in Agriculture, 170, 105072. https://doi.org/10.1016/j.compag.2019.
105072

How to cite this article: de Jong van Lier, Q., de
Melo, M. L. A., & Pinheiro, E. A. R. (2024).
Stochastic analysis of plant available water estimates
and soil water balance components simulated by a
hydrological model. Vadose Zone Journal, 23,
e20306. https://doi.org/10.1002/vzj2.20306

APPENDIX A: RELEVANT PARTS OF THE SWAP

SIMPLE CROP FILE MAIZES.CRP USED IN

SIMULATIONS

* Filename: MaizeS.CRP
* Contents: SWAP 4 - Crop data of simple model
*** PLANT GROWTH SECTION ***
* Part 1: Crop development
* Duration of crop growing period
IDEV = 1 ! 1 = duration is fixed
! 2 = duration is variable
* If duration is fixed (IDEV = 1), specify:
LCC = 111 ! Duration of the crop growing period [1..366

days, I]
* Part 2: Light extinction
KDIF = 0.60 ! Extinction coefficient for diffuse visible

light [0..2 -, R]
KDIR = 0.75 ! Extinction coefficient for direct visible light

[0..2 -, R]
* Part 3: Leaf area index or soil cover fraction
SWGC = 1 ! choice between leaf area index [ = 1] or soil

cover fraction [ = 2]
* If SWGC = 1, leaf area index LAI [0..12 (m2 leaf)/(m2

soil), R], as function of dev. stage [0..2 -, R]:
* If SWGC = 2, soil cover fraction SCF [0..1 (m2

cover)/(m2 soil), R], as function of dev. stage [0..2 -, R]:
* DVS LAI or SCF ! (maximum MAGRS records)
GCTB =

0.00 0.05
0.30 0.14
0.50 0.61
0.70 4.10
1.00 5.00
1.40 5.80
2.00 5.20
* End of table
* Part 4: Crop factor or crop height
SWCF = 2 ! 1 = crop factor 2 = crop height
DVS CF CH
0.0 0.8 1.0
0.3 0.8 15.0
0.5 0.9 40.0
0.7 1.0 140.0
1.0 1.1 170.0
1.4 1.2 180.0
2.0 1.2 175.0
* End of table
* If SWCF = 2, in addition to crop height list crop specific

values for:
ALBEDO = 0.23 ! crop reflection coefficient [0..1.0 -, R]
RSC = 70.0 ! Minimum canopy resistance [0..1d6 s/m, R]
RSW= 0.0 ! Canopy resistance of intercepted water [0..1d6

s/m, R]
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* Part 5: rooting depth
* List rooting depth RD [0..1000 cm, R], as a function of

development stage DVS [0..2 -, R]:
* DVS RD
RDTB =

0.00 5.00
0.30 20.00
0.50 50.00
0.70 80.00
1.00 90.00
2.00 100.00
* End of table
* Dry weight of roots at soil surface [0..10 kg/m3, R], as a

function of development stage [0..2 -,R]:
* DVS W_ROOT_SS
WRTB =

0.0 0.07
2.0 0.07
* End of table
* Part 6: yield response
* Yield response factor KY [0..5 -, R], as function of

development stage DVS [0..2 -, R]:
* DVS KY (maximum MAGRS records)
KYTB =

0.00 1.00
2.00 1.00
* End of table
* Part 7: Soil water extraction by plant roots
* – Part 7a: Oxygen stress ———————–
* Switch for oxygen stress:
SwOxygen = 1 ! 0 = No oxygen stress
! 1 = Oxygen stress according to Feddes et al. (1978)
HLIM1 = -15.0 ! No water extraction at higher pressure

heads [-100..100 cm, R]
HLIM2U = -30.0 ! h below which optimum water extr.

starts for top layer [-1000..100 cm, R]
HLIM2L = -30.0 ! h below which optimum water extr.

starts for sub layer [-1000..100 cm, R]
* – Part 7b: Drought stress ———————–
* Switch for drought stress:
SwDrought= 2 ! 1=Drought stress by Feddes et al. (1978),

2 = MFLUX by De Jong van Lier et al. (2008)
* If SwDrought = 1, or in case of irrigation scheduling

(SCHEDULE = 1), specify:
HLIM3H = -325.0 ! Pressure head below which water

uptake reduction starts at high Tpot
HLIM3L = -600.0 ! Pressure head below which water

uptake reduction starts at low Tpot
HLIM4 = -8000.0 ! No water extraction at lower soil water

pressure heads
ADCRH = 0.5 ! Level of high atmospheric demand,

corresponding to HLIM3H

ADCRL = 0.1 ! Level of low atmospheric demand,
corresponding to HLIM3L

ALPHACRIT= 1.0 ! Critical stress index for compensation
of root water uptake

* If SwDrought = 2, specify:
PLhalf = 15000.0000 ! leaf or root water potential at which

T reduction is 0.5 [cm; R]
CampA = 7.0 ! exponent in Campbell sigmoidal T

reduction function
KSTEM = 1.03d-4 ! Hydraulic conductance between leaf

and root xylem [/d, R]
RXYLEM = 0.02 ! Xylem radius [cm, R]
ROOTRADIUS = 0.05 ! Root radius [cm, R]
KROOT = 3.5d-5 ! Radial hydraulic conductivity of root

tissue [cm/d, R]
ROOTCOEFA = 0.53 ! Relative distance between roots at

which mean soil water content occurs
SWHYDRLIFT = 0 ! Switch for possibility hydraulic lift

in root system [N = 0, Y = 1]
ROOTEFF = 1.0 ! Root system efficiency factor [R]
STEPHR = 1.0 ! Step between values of hroot and hxylem

in iteration cycle [cm, R]
CRITERHR = 0.001 ! Maximum difference of Hroot

between iterations; convergence criterium [cm, R]
TACCUR = 0.001 ! Maximum abs difference between sim

and calc Tpot (cm/d, R)
* Part 8: salt stress
* Switch salinity stress
SWSALINITY = 0 ! 0 = No salinity stress
* Part 9: interception
* Switch for rainfall interception method:
SWINTER = 1 ! 0 = No interception
! 1 = Agricultural crops (Von Hoyningen-Hune and

Braden)
! 2 = Closed forest canopies (Gash)
* In case of interception method for agricultural crops

(SWINTER = 1), specify:
COFAB = 0.25 ! Interception coefficient Von Hoyningen-

Hune and Braden [0..1 cm, R]
* Part 10: Root density distribution and root growth
* List root density [0..100 cm/cm3, R] as function of

relative rooting depth [0..1 -, R]:
* Rdepth Rdensity ! (maximum 11 records)
RDCTB =

0.00 1.00
1.00 0.00
* End of table
*** IRRIGATION SCHEDULING SECTION ***
* Part 1: General
SCHEDULE = 0 ! Switch for application irrigation

scheduling [Y = 1, N = 0]
* End of file

 1
5
3
9
1
6
6
3
, 2

0
2
4
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://acsess.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/v

zj2
.2

0
3
0
6
 b

y
 U

n
iv

 o
f S

ao
 P

au
lo

 - B
razil, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

3
/0

7
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n
s L

icen
se



15 of 17 VAN LIER ET AL.Vadose Zone Journal

APPENDIX B

T A B L E A 1 Transformed parameters with respective standard deviations and correlation matrix, and untransformed (VGMmean) parameters for
both layers of the seven analyzed soils. θ2 and θ1 correspond to pressure heads of −10 and −1000 cm, respectively. VGM, Van Genuchten–Mualem.

Soil A Correlation matrix

0–20 cm mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −3.3183 0.02809 1. α (cm−1) 0.0362

ν = ln(n − 1) −0.9947 0.04317 0.7248 1. N 1.3698

κ = ln(Ks) 4.0109 0.04688 0.2657 −0.3469 1. Ks (cm day−1) 55.195

l 1.7498 0.18625 −0.8277 −0.9612 0.2967 1. L 1.7498

θ2 0.3509 0.00262 0.4613 0.5160 −0.0839 −0.5200 1 θs 0.3671

θ1 0.1628 0.00227 0.2943 0.2776 0.0051 −0.2925 −0.1502 1. θr 0.0893

Soil A Correlation matrix

20−40 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −2.6989 0.07090 1. α (cm−1) 0.0673

ν = ln(n − 1) 0.7916 0.14928 0.9025 1. n 3.2070

κ = ln(Ks) 4.3590 0.07744 0.2756 −0.1087 1. Ks (cm day−1) 78.181

l −1.3894 0.21671 −0.9252 −0.9929 0.0936 1. L −1.3894

θ2 0.3961 0.00901 0.6208 0.6404 0.0167 −0.6426 1. θs 0.4342

θ1 0.1908 0.00442 0.5527 0.5896 −0.0226 −0.5887 0.0960 1. θr 0.1908

Soil B Correlation matrix

0−20 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −2.1787 0.04119 1. α (cm−1) 0.1132

ν = ln(n − 1) −2.5289 0.18407 0.7823 1. n 1.0797

κ = ln(Ks) 8.4832 0.28874 −0.7077 −0.9902 1. Ks (cm day−1) 4832.8

l 8.0000 1.93392 −0.8397 −0.9905 0.9773 1. l 8.0000

θ2 0.3807 0.00251 0.5201 0.6096 −0.5962 −0.6111 1. θs 0.4118

θ1 0.2333 0.00197 −0.3260 −0.4200 0.4163 0.4156 −0.3454 1. θr −0.1558

Soil B Correlation matrix

20−40 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −3.7776 0.01957 1. α (cm−1) 0.0229

ν = ln(n − 1) −0.7313 0.02890 0.7965 1. n 1.481

κ = ln(Ks) 4.7615 0.02694 0.2664 −0.2331 1. Ks (cm day−1) 116.9

l 1.6939 0.13006 −0.8852 −0.9683 0.1772 1. l 1.6939

θ2 0.3890 0.00312 0.5359 0.5569 −0.0156 −0.5680 1. θs 0.3999

θ1 0.1513 0.00195 0.0943 0.0612 0.0421 −0.0735 −0.2075 1. θr 0.0808

Soil C Correlation matrix

0−20 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −2.4668 0.06546 1. α (cm−1) 0.0849

ν = ln(n − 1) −1.3654 0.11888 0.9099 1. n 1.255

κ = ln(Ks) 6.8776 0.07734 −0.4847 −0.7558 1. Ks (cm day−1) 970.3

l 1.5627 0.47213 −0.9458 −0.9879 0.7340 1. l 1.5627

θ2 0.4260 0.00322 0.1344 0.1582 −0.1307 −0.1537 1. θs 0.4508

θ1 0.3032 0.00387 0.1316 0.1246 −0.0726 −0.1281 −0.0900 1. θr 0.2332

(Continues)
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T A B L E A 1 (Continued)

Soil A Correlation matrix

0–20 cm mean σ τ ν κ l θ2 θ1 VGMmean

Soil C Correlation matrix

20−40 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −1.9703 0.04766 1. α (cm−1) 0.1394

ν = ln(n − 1) −0.6809 0.07958 0.8677 1. n 1.5062

κ = ln(Ks) 5.8016 0.05135 0.1720 −0.2644 1. Ks (cm day−1) 330.8

l −0.6298 0.12100 −0.9085 −0.9814 0.2432 1. l −0.6298

θ2 0.4150 0.00438 0.3043 0.3555 −0.1007 −0.3479 1. θs 0.4740

θ1 0.2801 0.00342 0.4692 0.5074 −0.0872 −0.5046 −0.0963 1. θr 0.2628

Soil D Correlation matrix

0−20 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln(α) −1.0032 0.13104 1. α (cm−1) 0.3667

ν = ln(n − 1) −2.8727 0.04230 0.8948 1. n 1.0565

κ = ln(Ks) 8.6616 0.79987 −0.8832 −0.9992 1. Ks (cm day−1) 5777.0

l −5.3760 3.40884 0.7507 0.9623 −0.9654 1. l −5.3760

θ2 0.4672 0.01722 0.2165 0.2499 −0.2501 0.2444 1. θs 0.5478

θ1 0.2687 0.02030 −0.6234 −0.6908 0.6900 −0.6619 0.0347 1. θr −0.4352

Soil D Correlation matrix

20−40 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −2.2031 0.03141 1. α (cm−1) 0.1105

ν = ln(n − 1) 0.0933 0.03963 0.7786 1. n 2.0977

κ = ln(Ks) 5.4880 0.05050 0.3804 −0.2094 1. Ks (cm day−1) 241.8

l −1.1316 0.13591 −0.8149 −0.9893 0.1990 1. l −1.1316

θ2 0.4486 0.00598 −0.4242 −0.3571 −0.1269 0.3699 1. θs 0.5038

θ1 0.3439 0.00778 0.57499 0.6508 −0.0421 −0.6516 −0.2081 1. θr 0.3430

Soil E Correlation matrix

0−20 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −1.7288 0.04573 1. α (cm−1) 0.1775

ν = ln(n − 1) −0.2155 0.04170 0.7269 1. N 1.8062

κ = ln(Ks) 6.9186 0.07449 0.4379 −0.1965 1. Ks (cm day−1) 1010.9

l −1.0747 0.17257 −0.7783 −0.9824 0.1890 1. l −1.0747

θ2 0.4438 0.02163 −0.7963 −0.8213 −0.0840 0.8340 1. θs 0.6112

θ1 0.2450 0.01530 0.4466 0.5276 −0.0259 −0.5269 −0.2749 1. θr 0.2393

Soil E Correlation matrix

20−40 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −1.3304 0.04343 1. α (cm−1) 0.2644

ν = ln(n − 1) −1.3910 0.01527 0.9330 1. n 1.2488

κ = ln(Ks) 6.7982 0.04637 −0.7646 −0.9175 1. Ks (cm day−1) 896.2

l −1.4686 0.11602 −0.9381 −0.8451 0.7559 1. l −1.4686

θ2 0.4265 0.00566 −0.4468 −0.4381 0.3751 0.4142 1. θs 0.5082

θ1 0.2673 0.00847 0.5006 0.5122 −0.4538 −0.4591 −0.1893 1. θr 0.1872

Soil F Correlation matrix

0−20 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −1.6496 0.05482 1. α (cm−1) 0.1921

ν = ln(n − 1) −2.0051 0.01529 0.8827 1. n 1.1346

κ = ln(Ks) 7.3264 0.12719 −0.7623 −0.9649 1. Ks (cm day−1) 1519.8

(Continues)
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T A B L E A 1 (Continued)

Soil A Correlation matrix

0–20 cm mean σ τ ν κ l θ2 θ1 VGMmean

L −0.7026 0.40974 −0.9494 −0.9044 0.85546 1. l −0.7026

θ2 0.5071 0.00709 −0.3360 −0.3255 0.29443 0.3276 1. θs 0.5965

θ1 0.2352 0.01388 0.1635 0.1562 −0.1404 −0.1588 0.0616 1. θr −0.1154

Soil F Correlation matrix

20−40 cm mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −1.8434 0.05657 1. α (cm−1) 0.1583

ν = ln(n − 1) −1.8863 0.01715 0.8633 1. n 1.1516

κ = ln(Ks) 7.6469 0.11296 −0.7915 −0.9780 1. Ks (cm day−1) 2094.1

l −0.5299 0.43763 −0.9738 −0.8672 0.8338 1. l −0.5299

θ2 0.4409 0.00639 −0.0677 −0.0386 0.0306 0.0639 1. θs 0.5089

θ1 0.2113 0.00995 0.2591 0.2625 −0.2499 −0.2563 −0.0834 1. θr −0.0461

Soil G Correlation matrix

0−20 cm mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −2.3247 0.05013 1. α (cm−1) 0.0978

ν = ln(n − 1) −0.6820 0.02611 0.9033 1. N 1.5056

κ = ln(Ks) 4.7139 0.04062 0.0753 −0.2802 1. Ks (cm day−1) 111.5

l −0.7344 0.23051 −0.9449 −0.9741 0.24253 1. l −0.7344

θ2 0.5358 0.01249 0.0661 0.0998 −0.0709 −0.0887 1. θs 0.5928

θ1 0.3399 0.01126 0.4763 0.4932 −0.0834 −0.4913 −0.1539 1. θr 0.3123

Soil G Correlation matrix

20−40 cm Mean σ τ ν κ l θ2 θ1 VGMmean

τ = ln( α) −1.0836 0.07343 1. α (cm−1) 0.3384

ν = ln(n − 1) −2.3443 0.02012 0.9590 1. N 1.0959

κ = ln(Ks) 7.0111 0.25596 −0.9257 −0.9938 1. Ks (cm day−1) 1108.9

l −3.2247 0.38769 0.8546 0.9501 −0C9 1. l −3.2247

θ2 0.4433 0.00518 −0.1602 −0.1557 0.1511 −0.1403 1. θs 0.4841

θ1 0.3481 0.00730 0.1550 0.1549 −0.1517 0.1426 −0.0216 1. θr 0.1665
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