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Abstract

The objective of this research was to assess the use
of unsaturated water flow in terms of soil water
evaporation, which was determined by evaluating
some soil hydraulic parameters in different soil tex-
tures. The results show that the predicted values of
these parameters, which were obtained through in-
verse modeling with the HYDRUS-1D software and
depend on the change of the volumetric water con-
tent, exhibited a significant agreement with the me-
asured values from laboratory or field simulation
data for soil water evaporation at 5. 10. 20. and
45 days of measurement. At the same time, inverse
simulation was conducted on soil hydraulic para-
meters obtained from a 5-day laboratory soil eva-
poration period to predict field infiltration values
and water retention curve, which showed a signi-
ficant agreement with measured values for all soil
textures.

Keywords: cumulative infiltration, soil evaporation,
soil hydraulic parameters.
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Abstract

El objetivo de esta investigacion fue evaluar el uso de
agua insaturada en funcién de la evaporacion del agua
del suelo, que fue determinada mediante el examen
de algunos pardmetros hidraulicos del suelo en dife-
rentes texturas. Los resultados muestran que los valores
predichos de estos pardmetros, que fueron obtenidos
por medio de modelado inverso con el software HY-
DRUS-1D y dependen del cambio de contenido volu-
métrico de agua, mostraron estar significativamente de
acuerdo con los valores medidos de simulaciones con
datos obtenidos en un laboratorio o en campo para la
evaporacion del agua del suelo a los 5. 10. 20y 45 dias
de medicion. Simultdneamente se realizé una simula-
cién inversa de un periodo de 5 dias de evaporacion
del suelo en un laboratorio para predecir los valores de
infiltracion y la curva de retencién de agua, los cuales
mostraron estar significativamente de acuerdo con los
valores medidos de todas las texturas del suelo.
Palabras clave: infiltraci6én acumulativa, evapora-
cién del suelo, pardmetros hidraulicos del suelo.
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INTRODUCTION

The agricultural applications of HYDRUS include
irrigation, drainage design, salinization of irrigated
lands, pesticide leaching and volatilization, virus
movement in the soil subsurface, and the analy-
sis of riparian systems. Typical non-agricultural
problems include the design of radioactive waste
disposal sites, contaminant leaching from landfills,
design and analysis of capillary barriers, transport
and degradation of chlorinated hydrocarbons, and
recharging from deep vadose zones. Any of these
applications, in principle, may involve the estima-
tion of soil hydraulic parameters.

An effective system for measuring the hydrau-
lic parameters is needed when they are used in
predicting parameters for modeling the ecosystem
and the movement of the groundwater. This is why
such a system needs to contribute to these para-
meters when using modern irrigation techniques
and different methods of fertilization. Mathema-
tical models of the movement of water and salts
are important tools for analysis and understan-
ding However, using models is not easy, especia-
[ly with the huge number of parameters that must
be known before implementing them to fulfill their
purpose. The success of forecasting and achieving
high correlation depends on similar and identical
parameters that appear clearly during the mode-
ling process (Minasny & McBratney, 2002). Estima-
ting hydraulic parameters requires great effort and
work, and it takes a long time, be it by measure-
ment in a laboratory or in the field. To overcome
this problem, indirect methods have been used to
predict soil hydraulic parameters, the most promi-
nent being inverse modeling, which has yielded
good results (Simunek et al., 1998a and Hopmans
et al., 2002). Inverse modeling is one of the me-
thods to predict many of these parameters through
measurements of the water movement in the soil.
With this information, functions can be predicted
with high accuracy and flexibility. This method is

a modern scientific technique based on secondary
easy-to-measure characteristics associated with
the parameters under study. It is more flexible than
other methods, it is relatively simple to implement,
and it can be assimilated to all experimental condi-
tions (Hopmans et al., 2002). Inverse modeling has
been characterized as an effective method for esti-
mating soil hydraulic parameters, which is eviden-
ced by a series of repeated measurements of soil
moisture content during converged periods, where
soil water movement models are linked with the
best appropriate algorithm (Levenberg-Marquardt)
in order to find the best set of constants to redu-
ce error. It is an advanced method suitable for any
range of sites, and it can accommodate differences
in conditions such as the number of variables and
the surrounding conditions, as well as being an in-
novative method that addresses the sensitivity of
numerical solutions (Ritter et al., 2003; Simunek &
van Genuchten, 2008).

Samani and Fatah (2009) and Simunek et al.
(2011) used inverse modeling to find values for
soil hydraulic parameters and stated that estima-
ting these parameters in this way could result in a
high degree of accuracy to predict the water move-
ment and the heterogeneity of the groundwater le-
vel. The most important aspect of inverse modeling
is its ability to analyze all changes in the porous
system of the soil, as well as to give accurate pre-
dictions while having a high flexibility towards the
data that is used. This method is considered to be
the best simulating model because it is very sensi-
tive when comparing the real measured parame-
ter values with the predictions made (Simunek et
al., 2012). Soil hydraulic parameters can also be
obtained by means of inverse modeling procedu-
res in HYDRUS-1D using simple water diffusion in
soil columns. The derived parameters are capable
of accurately describing water movement over ex-
tended periods of time, as well as alternative flow
through the scenarios to which they were fitted
(Kirkham et al., 2019).
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Hachimi et al. (2019) used a direct and inver-
se method on the values obtained from the field
measurements of cumulative infiltration and wa-
ter contents to obtain soil hydraulic parameters.
The results of their study showed a high correlation
between the simulated and measured values, and
they stated that that HYDRUS is highly efficient at
predicting soil hydraulic parameters. Fujimaki and
Yanagawa (2019) used the evaporation data from
two tension meters to inversely determine water
retention and hydraulic conductivity functions in a
relatively low-cost and fast laboratory method for
different soil textures. Amini et al. (2019) conclu-
ded that using the inverse procedure to determi-
ne soil hydraulic properties constituted a relatively
simple and rapid reliable alternative method to
estimate both soil water retention and hydraulic
conductivity curves. Guellouz et al. (2020) used
infiltration flow, soil water contents, and pressu-
re heads, which were measured during ponded in-
filtration and internal drainage tests, as input data
for the inverse problems. They also estimated un-
saturated soil hydraulic parameters to predict wa-
ter dynamic transport through a vertical soil profile
under the effects of irrigation, drainage, and eva-
potranspiration, which is imperative for managing
soils in arid regions.

The aim of this research is to use the inverse
modeling of the HYDRUS-1D software to obtain
the values of soil hydraulic parameters through
water movement during evaporation in heteroge-
neous soils. This is carried out by determining the
optimal evaporation time for optimal estimation
processes, as well as by reducing the HYDRUS-1D
software to the lowest possible period for calcula-
tion. The inverse model of estimated values for soil
hydraulic properties can be validated as follows:
(i) by comparing simulated cumulative infiltration
with field data and (ii) with the degree of agree-
ment between the water retention curves, which
were computed from inverse simulated data, and
the laboratory-measured data.

MATERIALS AND METHODS
Field and laboratory experiments

Ten surface samples, taken from 0-30 cm depths
and with different textures ranging from sandy
loam to clay (Figure 1, Table 1), were collected
from different areas in the Nineveh Governorate
in Irag, 223 m above the sea level under semi-arid
climate. Some physical properties of the soil were
measured according to Klute (1986), as shown in
Table 1. A pressure plate device (a Model 1500
pressure extractor from Soilmoisture Equipment
Corp., CA, USA) was used to determine the cha-
racteristic tension curve under following pressures:
33.100. 300. 500. 700. 900. 1100. and 1500 Kpa.
The Mulaem-van Genuchten (MVG) equation was
used, and its 6, 6, a, and n parameters were fitted
from the water retention curve using Microsoft Ex-
cel and the nonlinear optimization technique. The
soil bulk density was measured by means of cores
with a 5 cm diameter and a 5 cm height.

Inverse modeling was carried out using the
HYDRUS-1D software package (Simunek et al.,
2013) to predict the soil hydraulic parameter va-
lues of 0, 6, a, and n, which were obtained from
the change in moisture content values of soil wa-
ter evaporation in a micro-lysimeter at laboratory
temperature (a 25.4 cm diameter and 40 cm long
cylinder filled with soils of different textures).
Soil water evaporation was measured through the
soil samples taken by a micro auger from the fo-
[lowing depths: 0-5. 5-10. 10-15-, 15-50. and 20-
30 cm. A plot of 2x2 m was used for measuring
evaporation in the field at each of the four sites.
The aforementioned soil samples were taken at
the following times: 5. 10. 20. and 45 days. Simu-
lation processes were carried out by feeding the
program data according to the changing values of
the soil moisture content.

Double rings with diameters of 0.3 and 0.6 m
were used for measuring the water infiltration rate.
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Figure 1. Map of the Nineveh Governorate in Iraq (36° 34’ N, 43° 13’ E) and the soil sample locations

Table 1. Some soil physical properties under study

Initial _ . Total Soil particle fractions
Order o oment " hgans porosity
cm.cm 3 c¢m.cm .

sand silt clay

Loamy sand ARIDISOLS 0.133 1.35 0.491 53 29 18
Sandy loam ENTISOLS 0.065 1.559 0.412 80 10.3 8.7
Loam ENTISOLS 0.146 1.37 0.483 30 45 25
Silty loam ENTISOLS 0.185 1.33 0.499 243 52.3 23.4
Clay loam ENTISOLS 0.19 1.389 0.476 24.5 47 28.5

Sandy clay loam ENTISOLS 0.14 1.373 0.482 54 25 21
Silty clay loam ENTISOLS 0.189 0.317 0.503 11 52 37
Sandy clay ARIDISOLS 0.201 0.301 0.51 3.8 47.4 48.8
Silty clay ARIDISOLS 0.195 0.344 0.493 7.5 47.5 45
Clay ARIDISOLS 0.222 0.205 0.546 5 37.5 57.5
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Figure. 2. Flowchart of the special technique program
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Soil hydraulic parameters

In this study, the MVG model (van Cenuchten,
1980; Mualem, 1976) were used for the soil hy-
draulic functions, as shown in Equations (1) to (4).

6 -0
1
m=1--— n>1.0<m (2)
K(S,) = K,SH1-(1=8 Vmym>? (3)
s;= %75 (4)
60 -0

where 0 is the volumetric water content (L’L?),
K(h) is the hydraulic conductivity (LT™), 6, and 6,
the residual and saturated water content , K_is the
saturated hydraulic conductivity (LT™), h is the soil
water matric pressure head (L), a is the inverse of
the bubbling pressure (1/L), n is the pore size distri-
bution index, | is the pore connectivity parameter,
m is the shape parameter of soil water characte-
ristic, and S_ is the effective saturation. The value
of parameter | was considered to be 0.5. resulting
from average conditions in a range of soils.

The 0, 0, 0, and n parameters of the MVG mo-
del were fitted by the Excel Solver using a nonli-
near optimization technique to minimize the sum
of square error (SSE) between the measured and
predicted values of soil water contents at h = 33.
100. 300. 500. 700. 900. 1100. and 1500 Kpa. The
soil water retention curve, 0(h), was determined
using the fitted MVG parameters (6, 6, o, and n).

Theoretical background for inverse modeling

Hydraulic parameters of soil could be indirect-
ly estimated from transient flow and/or transport
using a parameter optimization approach. Minimi-
zing the difference between the observed values
and the predicted response of the system, which
is known as the objective function, is typically the
basis of inverse methods.

The numerical solution of the flow equation, the
initial and boundary conditions, and some transport
parameters and parameterized hydraulic functions all
represent the system response. The Levenberg-Mar-
quardt algorithm is used to improve the optimized
system parameters, estimated initially by iteratively
reducing the errors to achieve the objective function.

The data column outflow generated in the labo-
ratory and the steady state water flow field transport
data are obtained by applying this methodology.
Simunek and van Genuchten (1999) and Simunek
et al. (2013) are the references for conducting this
methodology.

Special technique program

Many steps were performed on the HYDRUS -1D
software to achieve inverse modeling and reduce
the implementation time to the minimum period
possible (1 to 5 seconds only). However, traditio-
nal methods can take many hours. This technique
has been used successfully to obtain our results, as
explained by the flowchart in Figure. 2.

RESULTS

The measured and predicted values of the soil hy-
draulic parameters are shown in Table 2. These
results showed a good agreement between the
predicted and measured values. Nevertheless,
it was noticed that all soil hydraulic parameters
reported a low agreement between the measured
and predicted values as the percentage of clay
increased. The difference in the results was about
20%.

The predicted and measured saturated hydrau-
lic conductivity values (K ) during all the periods of
evaporation measurement were in very good agree-
ment, especially at 20 and 45 days, thus resulting
in a coefficient of determination (R? 0of 0.9998 and
root mean square error (RMSE) values ranging from
0.341 t0 0.6290. as shown in Table 3.
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Table 2. Values of the soil hydraulic parameters for 6, 6, o, and n, measured and predicted using inverse modeling
under field conditions at 5, 10, 20 and 45 days

5 days
Texture cm. day 1 n o 0. 0,
Pr Me Pr Me Pr Me Pr Me Pr Me

Sandy clay loam 8,20 8,35 0.363 0.363 0.013 0.013 0.138 0.138 0.44 0.44
Clay loam 3.48 3.51 0.292 0.305 0.04 0.056 0.185 0.186 0.51 0.56
Silty loam 5.06 5.04 0.316 0.324 0.013 0.024 0.169 0.179 0.45 0.48
Clay 2.10 2.01 0.278 0.283 0.042 0.042 0.2 0.2 0.591 0.59
R? 0.9997 0.98558 0.84117 0.97424 0.86309
RMSE 0.0890 0.0131 0.01355 0.0051 0.041

10 days
Sandy clay loam 8,13 8.35 0.356  0.363 0.01 0.013  0.113  0.138  0.443 0.44
Clay loam 3.31 3.51 0.301 0.305 0.04 0.056 0.186 0.186 0.564 0.56
Silty loam 4.88 5.04 0.311 0.324 0.01 0.024 0.161 0.179 0.45 0.48
Clay 0.90 2.01 0.277 0.283 0.04 0.042 0.2 0.2 0.522 0.59
R? 0.9999 0.9873 0.83797 0.97004 0.78059
RMSE 0.1800 0.0153 0.01385 0.020 0.0495

20 days
Sandy clay loam 8,05 8,35 0.36 0.363 0.01 0.013 0.138 0.138 0.443 0.44
Clay loam 3.3 3.51 0.302  0.305 0.06 0.056 0.186  0.186  0.564 0.56
Silty loam 4.75 5.04 0.322 0.324 0.02 0.024 0.179 0.179 0.48 0.48
Clay 0.83 2.01 0.281 0.283 0.04 0.042 0.196 0.2 0.591 0.59
R? 0.9999 0.999785 0.99999 0.996106 0.99999
RMSE 0.2526 0.005 0.0004 0.002 0.000012

45 days
Sandy clay loam 7,96 8,35 0.339 0.363 0.04 0.013 0.113 0.138 0.444 0.44
Clay loam 2.90 3.51 0.303 0.305 0.042 0.0564 0.186 0.186 0.521 0.564
Silty loam 4.10 5.04 0.323 0.324 0.013 0.024 0.179 0.179 0.48 0.48
Clay 2.11 2.01 0.282 0.283 0.013 0.042 0.2 0.2 0.54 0.59
R? 0.9753 0.948625 0.83984 0.984907 0.974801
RMSE 0.5962 0.014 0.0137 0.0125 0.0465

Pr=predicted Me=Measured

The deviation percentage between the measu-
red and predicted values of K_did not exceed 6%
for all soil textures.

The laboratory measurements also showed a
good agreement between the measured and the
predicted values of hydraulic parameters when
using inverse modeling by means of HYDEUS-1D,
which is also the case for field measurements.

Table 4 showed a high correlation between 6
and K, nand 6, and nand (8, 0), as shown in the
bold entries of Table 5. implying a significance level
of 0.05. This Table also evidences a good correlation
between 6, n, and K_and each of the silt%, sand%,
and soil bulk density.
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Table 3. Values of the soil hydraulic parameters for 6, 6, o, and n, measured and predicted using inverse modeling

under laboratory conditions at 5, 10, 20 and 45 days

5 days
K
cm .day n “ b,
Texture Pr Me Pr Me Pr Me Pr Me Pr Me
Clay 2.48 2.56 0.260 0.267 0.0740 0.0865 0.219 0.219 0.64 0.640
Silty clay 0.45 0.53 0.302 0.302 0.0311 0.0333 0.188 0.188 0.52 0.556
Sandy clay 0.41 0.46 0.282 0.284 0.0489 0.0618 0.19 0.19 0.579 0.576
Silty clay loam 0.66 0.72 0.318 0.327 0.0310 0.0317 0.178 0.178 0.555 0.555
Sand Clay loam 7,91 8,35 0.363 0.363 0.0133 0.0133 0.119 0.138 0.444 0.443
Clay loam 3.61 3.51 0.300 0.305 0.0400 0.0564 0.186 0.186 0.526 0.564
Silty loam 4.88 5.04 0.320 0.324 0.0138 0.0242 0.179 0.179 0.430 0.480
Loam 6,22 6,57 0.301 0.302 0.0501 0.0710 0.131 0.131 0.410 0.430
Sandy loam 17,24 20.36 0.371 0.399 0.0122 0.0122 0.120 0.129 0.428 0.425
Loamy sand 80.11 89,12 0.356 0.434 0.0517 0.0705 0.057 0.056 0.421 0.428
R? 0.9996 0.85459 0.9346 0.9844 0.9412
RMSE 2.7249 0.04191 0.026342 0.008140 0.043418
10 days
K
Texture S n a 0
cm .day r
Clay 0.91 2.56 0.301 0.305 0.0645 0.0865 0.219 0.219 0.64 0.64
Silty clay 0.41 0.53 0.3 0.283 0.0311 0.0333 0.188 0.188 0.48 0.556
Sandy clay 0.40 0.46 0.363 0.363 0.0498 0.0618 0.190 0.190 0.57 0.576
Silty clay loam 0.54 0.72 0.317 0.324 0.031 0.0317 0.178 0.178 0.555 0.555
Sand Clay loam 7,70 8,35 0.327 0.327 0.0133 0.0133 0.120 0.138 0.444 0.443
Clay loam 3.62 3.51 0.282 0.284 0.0564 0.0564 0.161 0.186 0.51 0.564
Silty loam 4.44 5.04 0.371 0.399 0.0138 0.0242 0.179 0.179 0.42 0.48
Loam 5.91 6,57 0.3 0.302 0.0467 0.071 0.131 0.131 0.43 0.43
Sandy loam 15.22 20.36 0.356 0.434 0.0517 0.0705 0.057 0.056 0.428 0.428
Loamy sand 78,22 89,12 0.267 0.267 0.0122 0.0122 0.120 0.129 0.428 0.425
R? 0.9986 0.8400 0.8934 0.9630 0.8100
RMSE 3.8328 0.04635 0.02775 0.018392 0.080504
20 days
K
Texture S n a 0
cm .day r
Clay 0.81 2.56 0.266 0.267 0.074 0.0865 0.219 0.219 0.64 0.64
Silty clay 0.39 0.53 0.302 0.302 0.0311 0.0333 0.188 0.188 0.556 0.556
Sandy clay 0.34 0.46 0.282 0.284 0.0508 0.0618 0.190 0.190 0.576 0.576
Silty clay loam 0.46 0.72 0.311 0.327 0.031 0.0317 0.178 0.178 0.555 0.555
Sandy clay loam 7,31 8,35 0.363 0.363 0.0133 0.0133 0.125 0.138 0.443 0.443
Clay loam 3.66 3.51 0.3 0.305 0.0538 0.0564 0.186 0.186 0.529 0.564
Silty loam 4.21 5.04 0.312 0.324 0.0143 0.0242 0.179 0.179 0.48 0.48
Loam 5.61 6,57 0.308 0.302 0.071 0.071 0.12 0.131 0.443 0.43
Sandy loam 14.46 20.36 0.371 0.399 0.0122 0.0122 0.118 0.129 0.428 0.425
Loamy sand 74.31 89,12 0.357 0.434 0.0578 0.0705 0.057 0.056 0.428 0.428
R? 0.9985 0.8610 0.9587 0.9886 0.9780
RMSE 5.0745 0.040212 0.015648 0.00572 0.00785
45 days
K
Texture s n a (7]
cm .day r
Clay 0.66 2.56 0.26 0.267 0.074 0.0865 0.219 0.219 0.64 0.64
Silty clay 0.36 0.53 0.301 0.302 0.0311 0.0333 0.188 0.188 0.493 0.556
Sandy clay 0.31 0.46 0.282 0.284 0.0491 0.0618 0.19 0.19 0.576 0.576
Silty clay loam 0.34 0.73 0.321 0.327 0.031 0.0317 0.178 0.178 0.555 0.555
Sandy clay loam 6,73 8,35 0.363 0.363 0.0133 0.0133 0.119 0.138 0.443 0.443
Clay loam 3.41 3.51 0.292 0.305 0.0421 0.0564 0.186 0.186 0.527 0.564
Silty loam 3.88 5.04 0.316 0.324 0.014 0.0242 0.166 0.179 0.45 0.48
Loam 5.17 6,57 0.302 0.302 0.0501 0.071 0.131 0.131 0.43 0.43
Sandy loam 12.79 20.36 0.371 0.399 0.0122 0.0122 0.119 0.129 0.428 0.425
Loamy sand 68,36 89,12 0.357 0.434 0.0517 0.0705 0.057 0.056 0.428 0.428
R? 0.9979 0.8594 0.9402 0.979381 0.9209
RMSE 7,0363 0.0443 0.02519 0.01236 0.0382

Pr=predicted Me=Measured
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The predicted values of the hydraulic para-
meters were obtained through inverse simulation
conducted in the laboratory with soil water evapo-
ration measurement data for 5 days. These values
were used to simulate and predict the soil water in-
filtration values using HYDRUS-1D (Figure 3).

Figure 4 shows the soil moisture characteris-
tic tension curve, which was computed using the
van Genuchten parameters from Table 3. These
results show a different degree of agreement be-
tween the predicted and measured water content
values.
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Figure 3. Measured and simulated cumulative infiltration curves and instantaneous infiltration rate
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Figure 4. Water retention, ©(h), curves obtained through inverse simulation of laboratory soil evaporation for 5 days

Table 4. Correlation matrix and variance inflation factor between soil hydraulic parameters and some soil
characteristics

Pb Clay% Silt% Sand% 0, 0. a n K,

Pb 1 -0.8507  -0.4666 0.8039 -0.3940  -0.6522 0.1805 0.4629 0.6921
Clay% -0.8507 1 0.4218 -0.8781 0.4232 0.5038 0.0254 -0.3442  -0.4618
Silt% -0.4666 0.4218 1 -0.8042 0.3831 0.6555 -0.0740 -0.6426 -0.7536
Sand % 0.8039 -0.8781 -0.8042 1 -0.4796  -0.6762 0.0223 0.5647 0.7004

0 -0.3940 0.4232 0.3831 -0.4796 1 0.8573 0.3638 -0.7866  -0.5197

0 -0.6522 0.5038 0.6555 -0.6762 0.8573 1 0.0400 -0.8920 -0.8577

a 0.1805 0.0254 -0.0740 0.0223 0.3638 0.0400 1 -0.3379 0.2184

n 0.4629 -0.3442  -0.6426 0.5647 -0.7866  -0.8920 -0.3379 1 0.8045

K, 0.6921 -0.4618  -0.7536 0.7004 -0.5197  -0.8577 0.2184 0.8045 1

variance inflation factor (VIF)

Pb 3.621 0.278 2.827 0.184 0.740 0.034 0.273 0.920
Clay% 3.621 0.216 4.368 0.218 0.340 0.001 0.134 0.271
Silt% 0.278 0.216 2.831 0.172 0.754 0.006 0.703 2.315
Sand % 2.827 4.368 2.831 0.299 0.842 0.001 0.468 0.963

0, 0.184 0.218 0.172 0.299 3.775 0.153 2.623 0.370

0, 0.740 0.340 0.754 0.842 3.775 0.002 4.897 3.783

a 0.034 0.001 0.006 0.001 0.153 0.002 0.129 0.050

n 0.273 0.134 0.703 0.468 2.623 4.897 0.129 2.836

K 0.920 0.271 2.315 0.963 0.370 3.783 0.050 2.836

Note: bold entries mean a significance level of 0.05
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DISCUSSION

The measured and predicted values of the soil hy-
draulic parameters shown in Table 2 show a good
agreement between the predicted and the mea-
sured values, with a coefficient of determination
(R?) ranging from 0.78 to 0.9999, and the values
of the root mean square error (RMSE) ranging
from to an extremely small value of 0.000012 up
to 0.146. However, the highest and the lowest va-
lues of both the R?and RMSE (0.99 and 0.00012.
respectively) were obtained at 20 days of eva-
poration. These results agree with Minasny and
McBratney (2002) and Simunek et al. (2012) who
indicated the possibility of using inverse mode-
ling to predict the values of some soil hydraulic
parameters under field conditions. The low agree-
ment resulting from the simulation of the parame-
ter n at 10 and 45 days of evaporation meant the
lowest and highest values for R*?and RMSE (0.948
and 0.0153. respectively). Moreover, the results
showed a good agreement between the predicted
and the measured values of K_for all periods of
evaporation. The values of R? ranged from 0.975
to 0.999, but the RMSE values ranging from 0.18
to 0.25 at two measurement periods (10 and 20
days in the relay). The estimation of the values of
0, K, and n is predominantly better than that for
0, and a over the entire periods of evaporation
measurement (Table 2). The predicted values of
the soil hydraulic parameters (6, 0, o, and n ob-
tained through inverse modeling were close to
the measured ones. This is due to the capabilities
of the HYDRUS-1D software concerning inverse
modeling for field conditions and soil characteris-
tics. Moreover, this method yielded the least va-
riations and had a high accuracy. These results are
validated by Hopmans et al. (2002), Simunek and
van Genuchten (2008), Samani and Fathi (2009),
and Simunek et al. (2012). Moreover, they allow
stating that inverse modeling is simple to imple-
ment and does not take a long time. It also cons-
titutes a predictive function with high flexibility
and precision under field conditions.

The 6, n, a, and 0, values, which were predic-
ted through the inverse modeling under laboratory
conditions were close to their measured values.
This was confirmed by the statistical indices (the
R? ranged from 0.81 to 0.99, and the RMSE ranged
from 0.0057 to 0.6291). The highest correlation
appeared at 20 days of evaporation measurement.
These results confirm the efficiency of inverse mo-
deling on the HYDRUS software to predict van
Genuchten equation parameters, as indicated by
Kelleners et al. (2005), Scharnagl et al. (2011),
Simunek et al. (2011), and Schelle et al. (2012).

The results in Table 4 showed a high correlation
between 6 and K, and also between nand 6. which
indicate parameter nonuniqueness and a correspon-
dingly high uncertainty these results agree with the
Kirkham et al (2019), also a good correlation betwe-
en the paramters of ¢, n, and K_with each of the
silt %, sand% and soil bulk density,can be used to a
predicte these soil hydraulic parameters values from
the routin soil analysis. This correlation can be used
to predict soil hydraulic parameter values. This re-
sult agrees with Mohammed et al. (2019), who used
Artificial Neural Networks (ANNs) to estimate soil
hydraulic parameters from some soil characteristics
with high accuracy. The values of variance inflation
factor (VIF) in Table 4 show that there was no mul-
ticollinearity between the variables under study, as
the values were less than 10.

The predicted and measured values of the
cumulative infiltration curves and the instanta-
neous infiltration rate showed a good agreement
for all soils of different textures under study, with
R?values ranging from 0.998 to 0.999 (Figure 4).
These results agree with those in Amini et al.
(2020).

The values of the van Genuchten parameters in
Table 3 were used to obtain the soil moisture cha-
racteristic tension curve, and they were compared
with measured values, thus showing a good agree-
ment between them, with R2 values ranging from
0.927 to 0.981 (Figure 4). A little variation is noti-
ced between predicted and measured values of the
soil water retention curves, which may be due to
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the soil hysteresis phenomenon, as mentioned by
Rezaei et al. (2016).

Several pressure heads were used to predict the
moisture content of all soil samples with ten diffe-
rent soil textures. Different degrees of agreement
were found, as it can be noticed from the R? (0.6130.
0.8609, 0.8574. 0.8780. 0.8732. 0.9559, 0.9045.
0.8828, and 0.9085) and the RMSE values (0.053.
0.042. 0.025. 0.028, 0.020. 0.034. 0.039, 0.039,
and 0.042) for soil water content at pressure heads
of 33. 100. 300. 500. 700. 900. 1.100. and 1.500
Kpa, respectively. The lowest and highest agreement
between the predicted and measured values of the
water content were obtained at pressures of 0 and
700 Kpa in ten different soil textures. The variation
of these results may be due to the anisotropy of the
soil, as reported by Simtinek et al. (1998b), who ar-
gued that “the overprediction of s for the inverse
solution could be caused by the anisotropy of the
soil” as they work on parameter estimation of the
hydraulic properties of unsaturated soil.

CONCLUSIONS

Inverse modeling using the HYDRUS-1D software
could be used successfully and accurately with low
computation times to predict some soil hydraulic pa-
rameters from data obtained from soil water evapo-
ration measured both in the field and in a laboratory.
This showed a good agreement relationship with the
measured data for the ten different soil textures.

The inverse model of HYDRUS-1D was used
with high accuracy to predict the accumulated in-
filtration values from soil water evaporation data
for 5 days in a laboratory experiment.

Meanwhile, this model was applied to the pre-
dicted van Genuchten parameters to get the volu-
metric soil water content at each different pressure
heads, thus resulting in a good agreement with the
measured values. The inverse modeling procedu-
re using laboratory soil evaporation data was very

good for predicting some soil hydraulic parameters
and estimating a cumulative infiltration and soil
water retention curve with a relatively fast, simple,
and reliable alternative method, in addition to re-
ducing the costs and time of determining labora-
tory and field measurements.

REFERENCES

Amini, M., Ebrahimian, H., Liaghata, A. & Fujimaki, H.
(2019). Unsaturated Soil Hydraulic Properties ac-
cording to Double-Ring Infiltration of Saline Water.
Eurasian Soil Science, 53. 1596-1609.
https://doi.org/10.1134/S1064229320110022

Fujimaki, H., & Yanagawa, A. (2019). Application of
evaporation method using two torsiometers for
determining unsaturated hydraulic conductivity
beyond tensiometric range. Eurasian Soil Science,
52.405-413.
https://doi.org/10.1134/5S1064229319040069

Guellouz, L., Askri, B., Jaffré, ]., & Bouhlila, G. (2020).
Estimation of the soil hydraulic properties from field
data by solving an inverse problem. Nature, 10(1),
9359.
https://doi.org/10.1038/s41598-020-66282-5

Hachimi, M., Maslouhi, A., Tamoh, K., & Qanza, H.
(2019). Estimation of soil hydraulic properties of
basin Loukkos (Morocco) by inverse modeling.
KSCE)ournal of Civil Engineering, 23(3), 1407-1419.
https://doi.org/10.1007/s12205-019-0628-7

Hopmans, J. W., Simunek, J., Romano, N., & Durner, W.
(2002). Inverse methods. In J. J. Dane & G. C. Topp
(Eds.) Methods of soil analysis. Part 4: physical me-
thods. 3rd ed. (pp. 963-1008). American Society of
Agronomy, Soil Science Society of America.
https://doi.org/10.2136/sssabookser5.4.c40

Kelleners, T. J., Soppe, R. W., Ayars, J. E., Simunek, J., &
Skaggs, T. H. (2005). Inverse Analysis of upward wa-
ter flow in a Ground water Table lysimeter. Vadose
Zone Journal, 4. 558-572.
https://doi.org/10.2136/vzj2004.0118

Colombia Forestal ® ISSN 0120-0739 © e-ISSN 2256-201X  Bogota-Colombia ® Vol. 25 No. 1 e Enero-Junio de 2022 * pp. 21-35

[33]


https://doi.org/10.1134/S1064229320110022
https://doi.org/10.1134/S1064229319040069
https://pubmed.ncbi.nlm.nih.gov/?term=Guellouz+L&cauthor_id=32518263
https://pubmed.ncbi.nlm.nih.gov/?term=Askri+B&cauthor_id=32518263
https://pubmed.ncbi.nlm.nih.gov/?term=Jaffr%C3%A9+J&cauthor_id=32518263
https://pubmed.ncbi.nlm.nih.gov/?term=Bouhlila+R&cauthor_id=32518263
https://doi.org/10.1038/s41598-020-66282-5
https://doi.org/10.1007/s12205-019-0628-7
https://doi.org/10.2136/sssabookser5.4.c40
https://doi.org/10.2136/vzj2004.0118

Using Inverse Modeling by HYDRUS-1D to Predict Some Soil Hydraulic Parameters from Soil Water Evaporation
MoHAMMED, E.M., QAssaB, S.A., & SALIH, F.A.

Kirkham, J. M., Smith, C. ., Doyle, R. B., & Brown, P. H.
(2019). Inverse modelling for predicting both water
and nitrate movement in a structured-clay soil (Red
Ferrosol). Peer/, 16(6). €6002.
https://doi.org/10.7717/peerj-6002

Klute, A. (1986). Methods of Soil Analysis. Part 1: Phy-
sical and Mineralogical Methods. American Society
of Agronomy, Soil Science Society of America.
https://doi.org/10.2136/sssabookser5.1.2ed

Minasny, B., & McBratney, A. B. (2002). The Neuro-m
Method for Fitting Neural Network Parametric Pe-
dotransfer Functions. Soil Science Society of Ameri-
ca, 66, 352-361.
https://doi.org/10.2136/sssaj2002.1407a

Mohammed, E. M., Qassab, S. A., & Salih, F. A. (2019,
October 3-5). Application of Artificial Neural
Network to Predict Some Water Hydraulic Func-
tions and Parameters for Some Soils in Nineveh
Province / lIraq [Conference presentation]. 6th
International Conference on Sustainable Agricultu-
re and Environment, Ankara, Turkey.

Mualem, Y. (1976). A new model for predicting hydrau-
lic conductivity of unsaturated porous-media. Wa-
ter Resources Research. 12(3), 513-522.
https://doi.org/10.1029/WR012i003p00513

Ritter, A., Hupet, F., Munoz-Carpena, R., Lambot, S. , &
Vanclooster, M. (2003). Using inverse method for
estimating soil hydraulic properties from field data
as an alternative to direct methods. Agricultural Wa-
ter Management, 59, 77-96.
https://doi.org/10.1016/S0378-3774(02)00160-9

Rezaei, M., Seuntjens, P., Shahidi, R., Joris, |., Boenne,
W., Al-Barri, B., & Cornelis, W. M. (2016). The re-
levance of in situ and laboratory characterization
of sandy soil hydraulic properties for soil water si-
mulations. Journal of Hydrology, 534. 251-265.
https://doi.org/10.1016/j.jhydrol.2015.12.062

Samani, J. M., & Fathi, P. (2009). Estimation of unsatu-
rated soil hydrodynamic parameters using Inverse
problem Technique. Journal of Agricultural Scien-
ce and Technology, 10. 199-210.

Schaap, M. G., Leij, F. J., & van Genuchten, M. Th.
(2001). Rosetta: a computer program for estima-
ting soil hydraulic parameters with hierarchical

pedotransfer functions. Journal of Hydrology,
251(3-4), 163-176.
https://doi.org/10.1016/S0022-1694(01)00466-8

Scharnagl, B., Vrugt, J. A., Vereecken, H., & Herbst, M.
(2011). Inverse modeling of in situ soil water dyna-
mics: Investigating the effect of different prior dis-
tributions of soil hydraulic parameters. Hydrology
and Earth System Sciences, 15. 3043-3059.
https://doi.org/10.5194/hess-15-3043-2011

Schelle, H., Iden, S.C., Fank, J., & Durner, W. (2012). In-
verse modeling of water flow in lysimeter. Geophy-
sical Research, 13(3), 435-442.

Simunek, J., Angulo-Jaramillo, R., Schaap, M. G, Marti-
nus, J. V., & Van Genuchten, Th. (1998a). Using an
inverse method to estimate the hydraulic properties
of crusted soil from tension-disc infiltrometer data.
Geoderma, 86, 61-81.
https://doi.org/10.1016/S0016-7061(98)00035-4

Simunek, J., van Genuchten, M. Th., Gribb, M. M., &
Hopmans, J. (1998b). Parameter estimation of unsa-
turated soil hydraulic properties from transient flow
processes. Soil Tillage Res, 47(1-2), 27-36.
https://doi.org/10.1016/S0167-1987(98)00069-5

Simunek, J., & van Genuchten, M. Th. (1999). Using the
HYDRUS-1D and HYDRUS-2D codes for estima-
ting unsaturated soil hydraulic and solute transport
parameters. In M. Th. van Genuchten, F. J. Leij, & L.
Wau (Eds.) Characterization and measurement of the
hydraulic properties of unsaturated porous media
(pp. 1523-1536). University of California.

Simunek, J. & van Genuchten, M. Th. (2008). Mode-
ling Non equilibrium flow and transport processes
using HYDRUS. Vadose Zone Journal, 7, 782-797.
https://doi.org/10.2136/vzj2007.0074

Simunek, J., Neumann, L. E., & Cook FJ. (2011). Im-
plementation of quadratic upstream interpolation
schemes for solute transport into HYDRUS-1D.
Environmental Modeling and Software, 26(11),
1298-1308.
https://doi.org/10.1016/j.envsoft.2011.05.010

Simunek, J., van Genuchten, M. Th., & Sejna, M. (2012).
HYDRUS: Model use calibration and validation.
Procedures for Model Calibration and Validation

Colombia Forestal ® ISSN 0120-0739 © e-ISSN 2256-201X  Bogota-Colombia ® Vol. 25 No. 1 e Enero-Junio de 2022 * pp. 21-35

[34]


https://pubmed.ncbi.nlm.nih.gov/30671285/
https://pubmed.ncbi.nlm.nih.gov/30671285/
https://pubmed.ncbi.nlm.nih.gov/30671285/
https://doi.org/10.7717/peerj-6002
https://doi.org/10.2136/sssabookser5.1.2ed
https://doi.org/10.2136/sssaj2002.1407a
https://doi.org/10.1029/WR012i003p00513
https://doi.org/10.1016/S0378-3774(02)00160-9
https://doi.org/10.1016/j.jhydrol.2015.12.062
https://doi.org/10.1016/S0022-1694(01)00466-8
https://doi.org/10.5194/hess-15-3043-2011
https://doi.org/10.1016/S0016-7061(98)00035-4
https://doi.org/10.1016/S0167-1987(98)00069-5
https://doi.org/10.2136/vzj2007.0074
https://doi.org/10.1016/j.envsoft.2011.05.010

Using Inverse Modeling by HYDRUS-1D to Predict Some Soil Hydraulic Parameters from Soil Water Evaporation

MoHAMMED, E.M., QassaB, S.A., & SALIH, F.A.

Transactions of the ASABE, 55(4), 1261-1274.
https://doi.org/10.13031/2013.42239

Simunek, J., Sejna, M., & van Genuchten, M. Th. (2013).
The Hydrus-1D Software Package for Simulating
the Movement of Water, Heat, and Multiple Solutes
in Variably Saturated Media, version 4.17, HYDRUS
Software Series 3. Department of Environmental
Sciences, University of California.

van Genuchten, M. Th. (1980). A closed-form equation for

predicting the hydraulic conductivity of unsaturated
soils. Soil Science Society of America.44(5),892-898.
https://doi.org/10.2136/sss5aj1980.036159950
04400050002x

&0

Colombia Forestal ® ISSN 0120-0739 © e-ISSN 2256-201X  Bogota-Colombia ® Vol. 25 No. 1 e Enero-Junio de 2022 * pp. 21-35

[35]


https://creativecommons.org/licenses/by-sa/4.0/
https://doi.org/10.13031/2013.42239
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.2136/sssaj1980.03615995004400050002x

