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Abstract

Estimation of soil hydraulic and solute transport parameters is important to provide input parameters for numerical models
simulating transient water flow and solute transport in the vadose zone. The Levenberg—Marquardt optimization algorithm in
combination with the HYDRUS-1D numerical code was used to inversely estimate unsaturated soil-hydraulic and solute transport
parameters from transient matric pressure head, apparent electrical conductivity, and effluent flux measurements. A 30 cm long soil
column with an internal diameter of 5 cm was used for infiltration experiments in a coarse-textured soil. Infiltration experiments
were carried out with both increasing and decreasing solute concentrations following a sudden increase in the infiltration rate.
Matric pressure heads and solute concentrations were measured using automated mini-tensiometers and four-electrode sensors,
respectively. The simultaneous estimation results were compared with independently measured soil water retention, unsaturated
hydraulic conductivity, and solute dispersion data obtained from steady-state water flow experiments. The optimized values cor-
responded well with those measured independently within the range of experimental data. The information contained in the ap-
parent electrical conductivity (which integrates information about both water flow and solute transport) proved to be very useful for
the simultaneous estimation of soil hydraulic and solute transport parameters. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In arid and semiarid regions that are characterized by
high air temperatures and low precipitation rates, salts
accumulation at or near the soil surface is common. Soil
salinization in irrigated agriculture may be accelerated
by the presence of high groundwater table when, for
example, deep drainage is reduced because of low sub-
soil permeability. The combined effects of waterlogging
and salinization may cause a significant decrease of ag-
ricultural productivity of irrigated lands [17]. When a
reliable drainage system is present, salts can be removed
from the root zone by leaching using excess irrigation
water. Such practices can be conveniently described
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using models that simulate simultaneously water flow
and solute transport processes [22].

Computer models based on numerical solutions of
the flow and solute transport equations are increasingly
being used for a wide range of applications in soil and
water management. Model predictions depend largely
on the accuracy of available model input parameters.
Soil hydraulic parameters, characterizing the water re-
tention and permeability properties, and transport and
chemical parameters affecting the rate of spreading of
chemicals and their distribution between solid and liquid
phases are the most important input variables for such
models.

The use of parameter estimation techniques for de-
termining soil hydraulic properties is well established
[2,8]. The approach has been widely used for various
laboratory and field experiments. Among others, lab-
oratory experiments include one-step [7,30] and multi-
step [1,31] outflow experiments, upward flux or head
controlled infiltration [3], the evaporation method
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[20,24], and infiltration followed by redistribution [25].
In separate lines of research, solute transport parameters
are often obtained from column experiments assuming
steady-state water flow [15], and using parameter esti-
mation codes such as CFITIM [33] or CXTFIT [29] for
fitting analytical solutions of the transport equation to
experimental breakthrough curves. Solute transport
parameters for conditions for which no analytical solu-
tions exist, such as for nonlinear adsorption, can be
obtained using numerical solutions [10,25]. The above
parameter estimation efforts for water flow and solute
transport have remained relatively disjoint. Although
there are numerous studies that combined estimation of
flow and transport parameters for groundwater flow
problems [12,27,34], only a very few studies have used
combined transient variably-saturated water flow and
solute transport experiments for simultaneous estima-
tion of soil hydraulic and solute transport parameters
[13].

Different strategies in combined estimation of water
flow and solute transport parameters can be followed.
Only water flow information (matric pressure heads
and/or fluxes) can be used first to estimate soil hydraulic
parameters, followed with estimation of transport
parameters using only transport information (concen-
trations). Combined water flow and transport informa-
tion can be used to estimate sequentially soil hydraulic
and solute transport parameters. Finally, combined
water flow and transport information can be used to
simultaneously estimate both soil hydraulic and solute
transport parameters. The last approach is the most
beneficial since it uses crossover effects between state
variables and parameters [27] and it takes advantage of
the whole information, because concentrations are a
function of water flow [12]. Misra and Parker [13]
showed that simultaneous estimation of hydraulic and
transport properties yields smaller estimation errors for
model parameters than sequential inversion of hydraulic
properties from water content and matric pressure head
data followed by inversion of transport properties from
concentration data.

The main motive for the simultaneous estimation of
water flow and solute transport parameters in ground-
water studies is to use the most information available
and to decrease parameter uncertainty. In soil studies,
this is accompanied by the motive to avoid carrying out
repeated experiments on the same sample. That is, re-
peated experiments on the same or identically-packed
soil columns most likely will affect the magnitude of flow
and transport parameters. Moreover, the presented
transient flow and transport experiments are more re-
alistic than those requiring steady state. The combined
use of transient flow and transport data for estimation
of the soil hydraulic and solute transport parameters can
also result in substantial time-savings as compared to
steady-state methods.

Excellent tools have been developed over the years to
analyze transient flow experiments such as ONESTEP
[6], SFIT [9], and HYDRUS-1D [23]. Some programs
are designed for specific experiments only (e.g., ONE-
STEP [6]), while others are more versatile (e.g., SFIT [9],
HYDRUS-1D [23]). Of the above codes, only HY-
DRUS-1D allows simultaneous inversion of soil hy-
draulic and solute transport parameters, including
situations involving linear and nonlinear solute trans-
port during either steady-state or transient water flow.

The objective of this study is to determine soil hy-
draulic and solute transport parameters of a Tottori
dune sand using various steady-state and transient water
flow and solute transport laboratory column exper-
iments. The transient and steady-state tests involve in-
filtration at different rates. Parameters determined using
different analytical and parameter estimation ap-
proaches will be compared. We also discuss the appli-
cation and calibration of a four-electrode sensor to
measure the bulk soil electrical conductivity. The
measured bulk soil electrical conductivity is a variable
that integrates information on both water flow and
solute transport and can thus be beneficially used to
estimate simultaneously soil hydraulic and solute
transport parameters. We show that the measured bulk
soil electrical conductivity is especially advantageous
when used for the simultaneous estimation of soil hy-
draulic and solute transport parameters.

2. Theory
2.1. Water flow

Variably-saturated water flow in porous media is
usually described using the Richards equation

=2 (kS k), (1

where ¢ is time and z is depth (positive upward), and 0
and /& denote the volumetric water content and the soil
water matric pressure head, respectively. The Richards
equation can be solved numerically when the initial and
boundary conditions are prescribed and two constitutive
relations, i.e., the soil water retention, 0(%), and hy-
draulic conductivity, K(%), functions, are specified. The
soil water retention curve in this study is described using
the van Genuchten analytical expression [32]
0(h) — 0, 1

S = =0 T T 2
The hydraulic conductivity function is described using
the capillary model of Mualem [14] as applied to the van
Genuchten function [32]

K(h) = KSI[1— (1=, (3)
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In Egs. (2) and (3), 0, and 0; denote the residual and
saturated volumetric water contents, respectively; S. is
effective saturation, K the saturated hydraulic conduc-
tivity, £ a pore connectivity coefficient, and o, n and m
(=1-1/n) are empirical coefficients.

2.2. Solute transport

Solute transport in variably-saturated porous media
is described using the convection—dispersion equation
OROC 0 ( Dac) vl C

ot Oz

5 oz ) (4)

where C is the solute concentration, R the retardation
factor, D the effective dispersion coefficient, and v is the
pore water velocity. The retardation factor R and the
dispersion coefficient D are defined as

K

D = Av|, (6)

where Kj is the linear adsorption distribution coefficient,
py the bulk density, and A is the longitudinal dispersiv-
ity. Eq. (6) assumes that molecular diffusion is insignif-
icant relative to dispersion.

2.3. Initial and boundary conditions

The initial condition for each infiltration experiment
was obtained by establishing steady-state downward
infiltration with a constant water flux and a constant
solute concentration. Then, at some time f=1¢;, both
matric pressure head and solution concentration were

constant with depth
h(Z, tl) = h[,

_ ()
(:'(Z7 tt) = Cl-

The upper boundary conditions (z=0) for the infiltra-
tion experiments are given by

Oh
_K<az+ 1> = %op(t)v

& (8)
- 0D§ +4C = quop(t) Cuop (1),

where ¢, and Cyp are, respectively, water flux and
solute concentration applied at the soil surface.

A zero matric pressure head gradient (free drainage,
¢=-K) and a zero concentration gradient are used as
the lower boundary conditions (at z=-L) for water
flow and solute transport, respectively,

E)
62 z=—L
().
oz ),

©)

The water flow and solute transport equations subject to
initial and boundary conditions were solved numerically
using the HYDRUS-1D code [23].

2.4. Parameter optimization

The general approach of parameter estimation in-
volves the minimization of a merit, goal or objective
function that considers all deviations between the mea-
sured and simulated data, with the simulated results
controlled by the adjustable parameters to be optimized
[26]. The objective function OF(b) for the transient flow
experiments is given by

th ho(t3, b))
+ WZ (1

where W), and W, are normalization factors for matric
pressure head and flow rate, respectively, with each
factor being inversely proportional to their measure-
ment variance; N;, and N, the number of observations
for matric pressure head and flux, respectively; and b is
the vector of optimized parameters. The subscripts m
and o refer to the measured and optimized values. The
weighted least-squares estimator of Eq. (10) is a maxi-
mume-likelihood estimator as long as the weights contain
the measurement error information of particular
measurements.

The objective function for the transport part of the
transient experiments is given by

— qo(ti,b)]*, (10)

OF(b) = Wchj[Eca,m(z,.) — EC,,(t;,b)], (11)

i=1

where EC, is the bulk electrical conductivity, Wgc its
normalization factor, and Nj is the number of electrical
conductivity measurements. The objective function for
simultaneous optimization of soil hydraulic and solute
transport parameters combines objective functions
Egs. (10) and (11).

The Levenberg—-Marquardt method [11,27,34] (as in-
corporated in the HYDRUS-1D code [23]) was used to
minimize the objective function OF(b). The parameter
vector b includes the parameters o, n, 0;, 05, K;, [, and 4.
Each inverse problem was restarted several times with
different initial estimates of optimized parameters and
the run with the lowest value of the objective function
was assumed to represent the global minimum. The soil
bulk electrical conductivity, EC,, was calculated in the
HYDRUS-1D code from calculated values of the solu-
tion electrical conductivity, EC,,, and the water content,
0 (see Section 3.1).
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3. Materials and methods
3.1. Electrical conductivity measurements

Nondestructive methods for direct measurement of
soil salinity include buried porous electrical conductivity
sensors, four-electrode probe systems, electromagnetic
induction sensors, and time domain reflectometry sys-
tems [16,18]. These methods all measure the bulk soil
solute concentration rather than the solution concen-
tration of individual ions [19]. The four-electrode probe
is used for measurement of solute concentrations when
rapid measurements are needed; this method is well
suited for measuring both water flow and solute trans-
port variables simultaneously during transient infiltra-
tion and/or evaporation. The main disadvantage of the
four-electrode sensor is that soil-specific calibration is
required.

The four-electrode sensor developed for this study is
described in detail by Shiozawa et al. [21]. The sensor
consists of four stainless steel rods of 1 mm outside di-
ameter, which are inserted parallel in the center of an
acrylic cylinder ring of 20 mm length and 50 mm inside
diameter (Fig. 1). The two inner and two outer stainless
steel rods are spaced 8 and 16 mm, respectively.

The ratio of the electric current (/) flowing through
the outer electrodes to the voltage difference (V5) be-
tween the two inner electrodes is measured. The ratio 1/
V, is inversely proportional to the electrical resistance of
the measured medium, or proportional to its electrical
conductivity (EC). The magnitude of the electric current
(I) through the two outer electrodes is obtained from
I="V\/R;, where R; is a known resistance inserted in
the circuit (Fig. 1). The ratio V,/V, is automatically
measured using a 21X micro-datalogger (Campbell
Scientific) which also supplies the required AC of 750
Hz. The proportionality constant between the output
value V1/V, and the bulk EC depends on the shape and
construction of the sensor, and is determined by mea-
suring known EC-values of various water solutions at a
known reference temperature. This was done with all
three sensors using sodium chloride solutions in the
range between 0.005 and 0.2 mol/l.

The four-electrode sensors were calibrated in mix-
tures of Tottori dune sand and sodium chloride solu-

21X datalogger

Cylinder ring

Electri¢ mini-tensiometer

Fig. 1. The four-electrode sensor and the electric circuit.

tions [4,21]. The measured bulk soil electrical
conductivity (EC,) depends on the electrical conductiv-
ity of the soil solution (EC,), the volumetric water
content (0), the dry bulk density (py), and temperature
of the water solution and the soil (7). After washing the
sand with distilled water, clay and silt fractions were
removed, and the pure sand samples were oven-dried.
Clay and silt fractions were removed in order to prevent
potential clogging and permeability changes of the po-
rous plate by transport of these finer fractions during the
relatively fast infiltration experiments. Known volumes
of NaCl solution with known concentrations were added
to the sand to obtain the desired water content and salt
concentration values. In all, four-electrode probe cali-
bration was carried out for NaCl concentrations of
0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.5,
and 1.0 mol/l, and for volumetric water content values
ranging from 0.0287 to 0.454 cm?®/cm?, including full
saturation. The mixtures were kept in a vinyl bag at a
constant temperature of 25°C for two days. A total of 96
prepared soil samples were packed uniformly in columns
of 50 mm inside diameter and 60 mm height, and the
surfaces leveled and covered to prevent evaporation.
After measurement of EC, with the four-electrode sen-
sor, the volumetric water content and the dry bulk
density of each soil sample were determined from oven-
drying. The average value of the dry bulk density (pyp)
was 1.45+0.02 g/cm? at an average soil temperature of
T=25.0%0.5°C.

We assumed that the relation between EC, and EC,,
can be described by the following relationship, which
neglects the surface conductance of the solid phase [17]

EC,
0

The surface conductance, associated with the ex-
changeable ions at the solid-liquid interface, can be
neglected only for sandy soil. Rhoades and Oster [18]
discussed relations between EC, and EC,, for situations
when the surface conductance cannot be neglected, such
as for silt and clay fractions. The fitted relations of EC,
versus 0 are shown in Fig. 2 for various solution con-
centrations; symbols in the figure are experimental val-
ues and the lines represent the fitted Eq. (12). Fitted
values for a and b were 1.45 and 0.102, respectively, with
a correlation coefficient value of 0.998.

To convert EC,, to concentration, the following ex-
perimentally derived power relationship was used [4]

C = 0.008465 - ECL. (13)

= a(EC, - 0) +b. (12)

Using Eq. (12), the water content can be determined if
the pore water salinity, EC,,, is known, or alternatively
EC,, can be computed from the measured EC, and a
known 0. Average relative errors were calculated using
the expression 100> (|¥, — Y:|/Y.)/n, where n, Y. and
Y., represent the number of experimental data, and
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Fig. 2. Calibration of the four-electrode sensor for dune sand. Lines
represent fitted Eq. (2) for different concentrations (different electrical
conductivities of the soil solution as given in the legend), with the
highest concentration at the top and lowest at the bottom.

estimated and experimental values, respectively. We
obtained average errors of 2.41% and 5.60% for the
volumetric water content and the soil water electrical
conductivity, respectively. Hence, the four-electrode
probe can be conveniently used to measure either water
content 0 or concentration C.

3.2. Steady-state infiltration experiments

Four-electrode probes and mini-tensiometers were
used to determine the soil water retention curve from
steady-state downward infiltration into the washed
Tottori sand. The experimental setup consisted of a soil
column of 50 mm diameter and 30 cm height, and a
balance to measure the drainage rate (Fig. 3) [34]. The
soil column was packed under wet condition at the bulk
density of 1.504+0.03 g/cm®. Two mini-tensiometers
with pressure transducers and four-electrode sensors
were installed at the 13 and 23 cm depths, and an ad-
ditional tensiometer at the 27 cm depth. A 5 mm thick
coarse-sintered glass plate with a saturated conductivity
value of 0.000405 cm/s was placed at the bottom.

Using the syringe pump a constant infiltration rate of
a NaCl solution having a constant concentration of 0.02
mol/l was applied to the soil surface. After establishing a
steady drainage rate at saturation, the infiltration rate
was first decreased in steps (to obtain drying retention
data) and then increased (providing wetting retention
data). Variations in the soil water matric pressure head
(h) and the bulk electrical conductivity (EC,) with time

Stop cock

Microtube pump

23cm

Four-electrode sensor

— < Electric mini-tensiometer
/ Two-electrode sensor

Electrical balance

Fig. 3. Schematic illustration of the column experimental setup.

were measured using the mini-tensiometers and the four-
electrode sensors, respectively. The matric pressure head
at the bottom of the column was continuously adjusted
to the value monitored by mini-tensiometer at the 23 cm
depth. Since the solution concentration (C) was known
and constant, EC,, was determined directly from Eq.
(13). Hence, the water content, 0, could be estimated
directly using Eq. (12) and the four-electrode sensor’s
measurement of EC,.

We then conducted a series of eight steady-state flow
experiments with steady-state infiltration fluxes (i)
varying between 0.022 and 0.00036 cm/s (first column of
Table 1). Using the steady-state data of the four-elec-
trode sensors and mini-tensiometers at column depths of
13 and 23 cm, unsaturated hydraulic conductivities, K,
were calculated with Darcy’s law from the known
steady-state water fluxes and measured total hydraulic
head gradients, dH/dz. Since flow is steady state, the
water flux is equal to the infiltration rate at any column
depth. The results in Table 1 show that the hydraulic
gradient dH/dz is near unity during each of the experi-
ments, and that unsaturated hydraulic conductivity K is
a rapidly decreasing function of 0. The values of v, 0, A,
K, and dH/dz, presented in Table 1 are average values
between depths of 13 and 23 cm.

Once steady-state water flow was established over the
entire soil column, the NaCl concentration of the inflow



682 M. Inoue et al. | Advances in Water Resources 23 (2000) 677688

Table 1

Estimation of unsaturated hydraulic conductivities, dispersivities, and dispersion coefficients from steady-state water flow experiments*
i (cm/s) v (cm/s) 0 (cm?*/cm?) h (cm) dH/dz (cm/cm) K (cm/s) 2 (cm) D (cm?/s)
0.0219 0.0727 0.301 -11.9 1.036 0.0211 0.157 0.0114
0.0185 0.0668 0.277 -11.2 1.063 0.0174 0.162 0.0108
0.0151 0.0583 0.259 -12.6 0.928 0.0163 0.232 0.0135
0.00869 0.0382 0.227 -13.7 1.008 0.00862 0.304 0.0116
0.00506 0.0249 0.203 -12.4 0.968 0.00522 0.280 0.0070
0.00227 0.0134 0.169 -14.1 1.004 0.00226 0.278 0.0037
0.00105 0.0075 0.140 -15.5 0.945 0.00111 0.272 0.0020
0.00036 0.0030 0.121 -18.0 1.020 0.00035 0.190 0.00056

@ — Infiltration rate, v — pore water velocity, 0 — volumetric water content,

conductivity, 4 — dispersivity, D — dispersion coefficient.

solution was changed from 0.02 to 0.1 mol/l. The EC in
the soil column was measured at two depths using the
four-electrode sensors, while the EC of the effluent was
measured with a two-electrode sensor in the outflow
tube at the bottom of the soil column (Fig. 3). As an
example, we present here the experimental results for a
steady-state water flux of i=0.00506 cm/s, correspond-
ing to a soil water matric pressure head /2 of —12.4 cm, a
mean pore water velocity v of 0.0249 cm/s, and an av-
erage volumetric water content 0 of 0.203 cm?/cm?. The
breakthrough curves using relative concentration for the
three depths of 13, 23, and 30 cm are shown in Fig. 4.
Dispersion coefficient, D, dispersivity values, /, and
mean pore water velocity, v, were determined by fitting
the analytical solution of the convection—dispersion
equation to the measured concentration values using the
CXTFIT program [31]. The average volumetric water
content, 6, was then calculated from a steady-state water
flux, i, and a mean pore water velocity, v (0 = i/v). Dis-
persivity values estimated from each of the eight steady-
state experiments for the breakthrough curves measured
at the 23 cm depth are presented in Table 1. Similar
dispersivity values, as those give in Table 1, were ob-

0.5 -

i = 0.00506 cm/s
6 = 0.203 cm3/cm3
v = 0.0249 cm/s

D = 0.0070 em%/s

Relative concentration (C-C;)/(C,-C,)

BT A R W TR TR I TR T WO N A MO MO N

0 500 1000 1500 2000 2500
Time t [s]

Fig. 4. Breakthrough curves of NaCl solution measured using four-
electrode (at depths of 13 and 23 cm) and two-electrode (at a depth of
30 cm) sensors in the unsaturated sand column and fitted using the
CXTFIT code.

h — matric pressure head, dH/dz — total head gradient, K — hydraulic

tained when we analyzed breakthrough curves at depths
of 13 and 30 cm. Although pore water velocities varied
more than one order of magnitude (0.0030-0.0727 cm/s),
dispersivity values were reasonably close (0.157-0.304
cm). The dispersivities were computed using Eq. (6)
from the estimated pore water velocities and fitted dis-
persion coefficients.

3.3. Transient infiltration experiments

The scanning wetting and drying water retention
curves were obtained by matching matric pressure head
and water content values measured during the transient
infiltration experiments. From the simultaneous
measurements at the 23 cm depth during three wetting
(applied flux varying between 0.4 and 3.2 ml/min) and
two drying (flux varying between 3.2 and 0.4 ml/min)
processes, the hysteretic relationships between 6 and 4
could be determined as shown in Fig. 5.

We subsequently conducted three infiltration exper-
iments (Experiment I, II, and III) to simultaneously
measure the hydraulic and solute transport variables. In
each of the three experiments, the initial steady-state

=}
~

o Steady-state data

|
8

+ Wetting scanning data

. Drying scanning data

Volumetric water content 6 [cm3/cm3]
9 (=1
— ¥
I I

. ] . ] . ] .
-10 -20 30 -40
Soil water matric pressure head h [cm]

=1

=1

Fig. 5. Wetting and drying soil water retention curves obtained using
measurements of mini-tensiometer and four-electrode sensor at a depth
of 23 cm during steady-state and transient infiltration experiments.
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Table 2
Summary of transient infiltration experiments
Experiment no. I (cm/s) C (mol/l) hy; (cm) Measured variables
I i;=0.00033 G =0.02 —24.7 hy, hy, hs, g, ECy1, ECy2
ir =0.00278 Cr=0.1
11 i;=0.000321 G =0.02 -26.8 hy, ECyp
ir =0.002581 Cr=0.1
111 i =0.000312 C=0.1 -27.2 hy, ECyp
ir =0.002632 Cr=0.02

infiltration rate (i) of about 0.00032 cm/s was increased
to about 0.0026 cm/s at time = 1000 s. For Experiments
I and II, the solute concentration, C, was increased from
0.02 to 0.1 mol/l simultaneously with the infiltration rate
increase. The solute concentration was decreased from
0.1 to 0.02 mol/l at t=1000 s in Experiment I1I. Table 2
summarizes the applied infiltration rates and solute
concentrations, combined with the type of measure-
ments, and at which depth they were taken. Subscripts
1, 2, and 3 refer to depths of 13, 23, and 27 cm,
respectively, and the subscripts i and f denote the
initial and final stages of the infiltration experiment,
respectively.

4. Results and discussion
4.1. Experimental data

Observed values of /1, EC,, and calculated values of 6
and C versus time at the 23 cm depth for Experiment 1T
are shown in Fig. 6. The values of # and EC, were di-
rectly measured with the mini-tensiometer and the four-
electrode sensor, respectively. The values of in 6 with
time were computed from the measured % values, while

=30 — ' ' : ' : 03
S, L g e h [cm] - — E
= F 2 Pt o ECa[dsim] £ g

Il =Y . 3,3 2
- 8] e * 6 [cm'em’] = 9,
§ o e+ C [mol/dm’] = £ o

.

° =20 - .E’ 041 . AAAAMAMAA'AMAAAMMAMAAAAAAA: 0.2 O
— o=
3 I g .o.AAAA . - %
8 [ Zost =, . S g
AR e
2 r s YVIVVVVIVeL = o
S0 Eo2f N prripererrrtly | 805
g 1 =2 . o g =
5 |2 --“.--‘ N o E
] 2 0.1 < S 5
ES - ---' + < E

L f:s .:-: ...n"’ 4 =
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(2 0 A 1 P IS S IR | >

1000 2000 3000 4000
Time t [s]

Fig. 6. Variation of /1, EC,, 0, C with time at a depth of 23 cm in the
soil column after changing both ¢ (from 0.000321 to 0.00258 cm/s) and
C (0.02 to 0.1 mol/dm®) at t=1000 s (Experiment II).

those of C were calculated from the measured EC, and
the estimated 6 using Egs. (12) and (13). As shown in
Fig. 6, the water content 6 and the solution concentra-
tion C at the 23 cm depth started increasing at about
1250 and 2400 s, respectively. Hence, the concentration
front lags behind the moisture front. This observation is
well known and occurs because new infiltrating water
displaces old water initially present in the porous media,
and because of diffusion, mixing and equilibration of
solute between the new and old water. The old water
with the initial solute concentration is thus pushed in
front of the advancing new water with the new solute
concentration. This process results into separate water
and solute fronts, each traveling at different speeds de-
pending on the ratio of the initial and final water con-
tents [5,28]. The higher infiltration rate during the
second stage increased /1, from —26 to about —13, cor-
responding to an increase in 0 from 0.12 cm?*/cm?® to
0.19 cm*/cm?®. The EC, curve in Fig. 6 also clearly shows
the combined control of both water content and solu-
tion concentration on the bulk electrical conductivity
curve. This combined effect of 6 and C on EC, results in
two fronts, the first one at about 1250 s caused by
wetting front, and the second one starting at about 2500
s responding to the concentration front.

The results of Experiment I1I for the 23 cm depth are
presented in Fig. 7. As the water content increased be-
cause of the higher infiltration rate, the bulk electrical
conductivity, EC,, increased during the time interval
between 1250 and 2300 s. However, the decreasing sol-
ute concentration at about 2300 s caused the EC, to
decrease after that time. As in Experiments I and II, the
initial part of the EC, curve reflects mainly changes in 6,
whereas the second part of the curve characterizes solute
transport properties.

4.2. Inverse analysis

4.2.1. Hydraulic parameters

We next used the parameter optimization features if
HYDRUS-1D to analyze the 0 and C distributions. To
better understand the possible influence of the porous
plate at the bottom of the column, we compared opti-
mization results for profiles with a plate (using a two-
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Fig. 8. Measured and optimized outflow rates and matric pressure
heads for Experiment I. Either a one-layer (solid lines) or two-layer
(dashed lines) models were used in the inverse analysis.

layer model) and without a plate (using a one-layer
model). The columns for this purpose were first sche-
matized as a two-layered profile with the Tottori sand
representing the first layer and the sintered glass plate
representing the second layer. The saturated hydraulic
conductivity of the plate was independently measured
and found equal to 0.000405 cm/s. Fig. 8 shows the

Table 3
Optimization results for transient flow and transport experiments

measured and optimized flow rates, ¢(¢), and the matric
pressure heads /(t), hy(?), h3(¢) for depths of 13, 23, and
27 cm of Experiment I. Results reveal a very good
agreement between the measured and optimized values
of both the outflow rate (¢) and matric pressure head
(7). Only the arrival of the water content front to ten-
siometer at depth of 27 cm lags behind the model pre-
diction. The inversely obtained parameters are listed in
Table 3 (first row).

Optimized flow rates and matric pressure head values
for the 23 cm depth of Experiment I using the one-layer
model and the free drainage bottom boundary condition
are also shown in Fig. 8. The correspondence between
measured and optimized values for both outflow rates
and matric pressure heads are similar to those when a
two-layer model was used. The optimized parameters
obtained with the one-layer model for Experiment I are
also listed in Table 3 (second row). The optimized
parameters are also very similar with those obtained
using the two-layer model and 95% confidence intervals
for all optimized parameters overlapped. Only the /
parameter differs by about one-third between the two
solutions, but that has no significant consequence on the
prediction of the hydraulic conductivity function within
the measurement range (Fig. 9). Fig. 9 compares the
optimized soil water retention and hydraulic conduc-
tivity functions for both the one-layer and two-layer
models, and independent data obtained using the stea-
dy-state and transient infiltration methods. Notice that
all optimized functions closely approximate the inde-
pendently measured data within the water content range
of the transient experiments (0.1<60<0.2) and that
larger differences exist only beyond the measurement
range. Since results for two- and one-layered sys-
tems were similar, we conclude that the sintered glass
plate did not significantly influence flow at the mea-
surement depths (13 and 23 cm) used in optimization
calculations.

4.2.2. Transport parameters

Next, we optimized solute transport parameters for
Experiment I using the objective function of Eq. (11),
and fixing the already optimized soil hydraulic param-
eters for water flow. The measured and optimized bulk

Experiment Optimized parameter values
0, (cm3/cm?) 05 (cm3/cm?) o (cm™") n K, (cm/s) I /. (cm)

I (two-layer) 0.0 0.385 0.163 2.05 0.090 —-0.66

I (one-layer) 0.0 0.345 0.164 1.89 0.070 -1.05

I (two-layer) 0.243
I (one-layer) 0.246
II (one-layer) 0.027 0.310 0.138 2.01 0.045 -1.16 0.221
III (one-layer) 0.057 0.372 0.117 242 0.0514 -0.813 0.190
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Experiment I. A one-layer model was used in the inverse analysis.

soil electrical conductivities, EC,;(r) and EC,(?), at
depths of 13 and 23 cm, respectively, are presented in
Fig. 10. As discussed above, the initial small increase of
the bulk soil electrical conductivity corresponds with the
arrival of the moisture front, whereas the second, steeper
and larger increase corresponds with the concentration
front. Excellent agreement was obtained between the
measured and optimized EC,-values. The optimized
dispersivities A were equal to 0.246 and 0.243 cm using a
one- and two-layer models, respectively. This shows that
the porous plate also did not significantly affect the
dispersivity. Fig. 11 compares the optimized dispersion
coefficients with the independently measured values
obtained with the steady-state column experiments
(Table 1). Again, notice the excellent agreement between
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Fig. 11. The dispersion coefficient D as function of the mean pore
water velocity v obtained by inverse optimization and from analysis of
steady-state data.
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Fig. 12. Measured and optimized matric pressure heads and bulk
electrical conductivities for Experiment II. A one-layer model was used
in the inverse analysis.

dispersion coefficients obtained from transient and
steady-state experiments.

4.2.3. Simultaneous optimization of hydraulic and trans-
port parameters

The next case involves transient Experiment 11, again
with an increasing infiltration flux and increasing solute
concentration, for which hydraulic and solute transport
parameters were optimized simultaneously using the
one-layer model. The optimized and measured matric
pressure heads and bulk soil electrical conductivities for
the 23 cm depth are presented in Fig. 12. As indicated
earlier, this figure also clearly shows that the positions of
the wetting and solute fronts are distinct, with their
positions being a function of the initial water content.
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Since the initial (6;) and final (0;) water contents were
about 0.12 and 0.19, and the initial () and final (i)
infiltration rates about 0.00032 and 0.00258, re-
spectively, one may expect the wetting front (f,) to move
about 2.7 times faster than the concentration front (f;):

ir—i O
= | | (14)
This means that the center of the concentration front
should arrive approximately 2.7 times later than the
wetting front at some location in the column. The
measured centers of the wetting and concentration
fronts (defined here as the arithmetic averages of the
initial and final values of the matric pressure head and
the concentration, respectively) reached the 23 cm depth
at 640 and 1780 s after the change in the infiltration rate,
respectively. Thus, the concentration front arrived about
2.78 times later than the wetting front, which agrees well
with the estimated value of 2.7, according to Eq. (14).
Therefore, information contained in the two fronts does
not overlap and can be used to advantage for the
simultaneous estimation of soil hydraulic and solute
transport parameters. Fig. 13 compares the inversely
estimated hydraulic functions against the independently
measured data. Notice again the excellent correspon-
dence of the optimized retention curve and the transient
wetting data within the experimental range. Optimiza-
tion results are also presented in Table 3.

Finally, we optimized simultaneously the hydraulic
and solute transport parameters to data from Experi-
ment III, i.e., the experiment in which the infiltration
rate was increased (from 0.000312 to 0.00263 cm/s) and
the solute concentration decreased (from 0.1 to 0.02
mol/l) at t=1000 s. The comparison of measured and
simulated /# and EC data at the 23 cm column depth is
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Fig. 13. Comparison between soil hydraulic properties estimated in-
versely for Experiments II (solid lines) and III (dashed lines) using a
one-layer model and obtained from analysis of steady-state and tran-
sient infiltration data (data points).
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Fig. 14. Measured and optimized matric pressure heads and bulk
electrical conductivities for Experiment III. A one-layer model was
used in the inverse analysis.

shown in Fig. 14. Again, excellent agreement exists be-
tween the optimized and measured soil water matric
pressure heads, A(f), and bulk soil electrical conductivi-
ties, EC,(¢). Similarly as for Experiment II, the water
front moved about 2.7 times faster than the concentra-
tion front. The optimized soil hydraulic functions are
compared in Fig. 13 with optimization results based on
Experiment II, and with the independently measured
retention and hydraulic conductivity data. While there is
a very good correspondence between the hydraulic
conductivities obtained from the different experiments,
the optimized retention curve for Experiment III is
slightly shifted towards higher water contents as com-
pared with the curve for Experiment II. The parameter
estimates are again presented in Table 3. The optimized
dispersivity value, however, compares again very well
with the independently measured values and with the
optimized values from the other infiltration experiments
(Fig. 11).

5. Summary and conclusions

Matric pressure head and solute concentration were
simultaneously measured during infiltration of sodium
chloride solution using mini-tensiometers with pressure
transducers and four-electrode sensors. Both the tensi-
ometers and four-electrode sensors proved to be useful
for measuring the rapid changes in matric pressure head
and electrical conductivity during the simultancous
movement of water and solute in the sandy soil columns.
The bulk soil electrical conductivity (EC,) depends on
the solution electrical conductivity (EC,,) and the volu-
metric water content (6). After calibrating the functional
relation of EC, =f(EC,,, ) for each soil, EC,, can be
obtained from the measured EC, and the known 6.
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Alternatively, 0 can be obtained from the measured EC,
and a known EC,,. In either case, EC, can be measured
accurately using the calibrated four-electrode sensor.
The more complex functional relation would be needed
for finer textured soils [18].

The Levenberg—Marquardt algorithm [11] in combi-
nation with the HYDRUS-1D (version 2.0) [23] code
was used to inversely estimate the unsaturated soil hy-
draulic and solute transport parameters from transient
matric pressure head, soil bulk electrical conductivity
and flux measurements. Experiments were carried out
with both increasing and decreasing solute concentra-
tions following a sudden increase in the infiltration rate
in a sand-filled column. Optimization results were
compared with independently measured soil water re-
tention, unsaturated hydraulic conductivity and solute
dispersion data. The optimized values corresponded well
with those measured independently within the exper-
imental range. Larger differences between fitted
functions existed only outside the measurement range.
However, it is generally accepted that parameters ob-
tained with parameter estimation are to be used only
within the measurement range for which they were
determined [24].

Since the apparent electrical conductivity, EC,, inte-
grates information about both water flow and solute
transport, information imbedded in EC, proved to be
very useful for the simultaneous estimation of the soil
hydraulic and solute transport parameters. Infiltration
experiments produced two distinctive fronts for water
movement and solute transport, and thus the effects of
water content and concentration changes could be well
distinguished. Application of the parameter estimation
technique, which combines a numerical solution of the
governing partial differential equations with the Leven-
berg-Marquardt method, to transient water flow and
solute transport data resulted in accurate estimation of
the soil hydraulic and solute transport parameters. The
combined use of transient flow and transport data for
estimation of the soil hydraulic and solute transport
parameters resulted in substantial timesaving as com-
pared to steady-state methods. The presented method
with simultaneous measurement of water flow and sol-
ute transport variables using a four-electrode probe and
coupled estimation of soil hydraulic and solute transport
parameters can be a very efficient method for multi-di-
mensional field experiments as well.
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