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Abstract:

For many scientific and practical tasks, it is important to estimate the soil-water percolation fluxes. This paper builds on
measurements with large horizontal time-domain reflectometry water content sensors in a loamy Mollisol. The sensors were
installed into pre-drilled holes and the gaps between them, and the soil was filled with a slurry of local soil with water. This gave
rise to envelopes around them that contained artificial macropores. The sensors reacted to intensive rains by a rapid increase of
their readings, often above the native soil’s porosity, followed by an almost equally rapid decrease.

The paper explores the feasibility of quantifying the rapid percolation, based on these anomalous water content peaks, and
demonstrates that this is possible in principle, if the processes are simulated by a suitable model. A two-dimensional dual
porosity non-equilibrium (mobile-immobile) model was tried. The envelope around the sensor was modelled as an annulus with
higher porosity and hydraulic conductivity, which attracts preferential flow and amplifies the percolation signal. With the model
at hand, the flux hydrographs can be derived from model simulations and measured precipitation.

For contrast, the Durner equilibrium dual porosity model was tried but was found little suitable. However, even the mobile-
immobile model did not perform perfectly. Simulated water contents were similar to the measured ones at some depths but not in
the others, and the percolation fluxes were overestimated, compared to cumulative soil-water balance. Efforts to improve model
performance were not successful. Hence, the model structure needs to be improved. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Whenever one is concerned with the soil-water regime
and its practical consequences, e.g. in terms of the soil
forming processes or groundwater recharge and pollution,
one has to quantify, among other things, the portions of
surface water (coming from rain, snowmelt, irrigation,
flooding etc.) that are capable of penetrating into different
depths in the soil and the speed with which this
penetration happens. It is therefore important to be able
to determine the soil-water fluxes and their variation in
space and time and also to distinguish the preferential
percolation from the non-preferential one, as the two
processes may have different consequences in terms of
soil functions (Clothier et al., 2008). In many cases, the
preferential and non-preferential fluxes co-exist and
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collectively contribute to groundwater recharge, which
occurs even in very dry climates (Crosbie et al., 2010).
Some investigations (e.g. Ireson er al., 2006; Mathias
et al., 2006; Pirastru and Niedda, 2010) suggest that the
preferential flux makes only a minor part of the total flux
in deeper layers of the unsaturated fissured chalk rocks.
On the other hand, the preferential flux is a considerably
more efficient carrier of pollutants than the non-
preferential one (Kohne et al., 2009).

Many methods of investigation of preferential flux in
soils were recently published. For example, one can refer
to the overviews by Allaire ef al. (2009) and Gerke et al.
(2010) and also to those by Gerke (2006), Jarvis (2007),
Kohne er al. (2009) and Beven and Germann (2013) that
are focused on concepts and models but also mention
measurement methods. It is rarely possible to measure the
preferential fluxes directly and continuously, especially
under field conditions. The impossibility of direct
measurement of fluxes was also noticed, e.g. by Ireson
et al. (2006). A feasible option, briefly mentioned by
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Allaire et al. (2009), is to use several soil-water sensors
in parallel, in order to continuously monitor the variability
of water occurrence in the soil. This variability is, among
other factors, affected by the preferential flow (as also
noticed, e.g. by Rosenbaum et al. (2012)). Allaire et al.
(2009) suggest that it is more advantageous to place the
sensors horizontally and place numerous sensors at small
spatial intervals from each other. The sensors must allow
continuous monitoring at high temporal frequency so that
they can detect short-duration preferential flow events.
Moysey and Liu (2012) suggested to detect the preferential
flow in macropores using electrical resistivity measure-
ments, while Umarova and Samoilov (2011) used
temperature measurements for the same purpose.

Dolezal et al. (2012a,b; 2015) measured soil-water
content by large time-domain reflectometry (TDR)
sensors that had been installed horizontally in a loamy
Udic Haplustoll. They found that the TDR readings
become very high for some time during and after
intensive rainfall and snowmelt events. These readings
were perceivably higher than those before the percolation
event and sometimes even higher than the saturated water
content of the soil. Typically, the anomalously high TDR
reading quickly fell down as soon as the percolation
event was over. The cited authors interpreted the
phenomenon qualitatively in terms of preferential
percolation through the macropores of the native soil
and the artificial macropores and gaps between the
sensors and the native soil, assuming that a temporary
accumulation of water near the sensor was preferentially
detected and made them a sort of amplifiers of the
percolation signal. Dolezal et al. (2012a,b; 2015)
conclude that the anomalous and short-lasting water
content peaks are indicators of the rapid downward
percolation, which is very probably of preferential (i.e.
non-equilibrium) nature. The same authors envisage that
sensors of this type could be used for a safe qualitative
detection of the preferential flow and, perhaps, also for its
quantification, assuming that the magnitude of the effect
described previously can be related to the magnitude of
the preferential flux.

Adamsen and Hunsaker (2000) and Zhao et al. (2006)
found that large TDR sensors did not measure accurately
when the soil was near to saturation, which may have
been caused by the variable amount of water in the
macropores near to the sensors. Alaoui et al. (1997)
reported about water content peaks measured by TDR
probes after irrigation. These peaks may have reached or
exceeded the saturated water content of their soil. Nolz
(2013) also found short-lasting peaks of soil-water
contents measured by vertically installed frequency-
domain and capacitance sensors after irrigation and
rainstorm events. These peaks, however, did not perceiv-
ably exceed the saturated water content. Similar but
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longer lasting peaks were measured by a deep vadose-zone
monitoring system in cracking clay sediments exposed to
dairy waste percolation (Baram et al., 2012). Oberdorster
et al. (2010) found that their horizontally placed TDR
probes showed significantly higher peaks of the bulk soil
electrical conductivity during infiltration of salt solution
into a pre-saturated loamy forest soil, compared with a
concurrent electrical resistivity tomography.

Some authors recognize that the measured peaks such
as those mentioned previously are indicators of occur-
rence of preferential flux (Baram et al., 2012), while some
others regard them as artefacts (e.g. Nolz, 2013). Ireson
et al. (2006) state that soil-water measurements may be
unrealistic due to the interference of instruments with the
natural system or other instrumentation artefacts. We
suggest that these and similar apparent artefacts can be
analysed in order to provide information about the
processes of concern. We are not aware of any explicit
hydraulic modelling of the effect of gaps and disturbed
zones around dielectric soil-water content sensors and the
use of this effect for the purpose of sensing preferential
flux. Very loosely associated with our problem is the
works by Knight ef al. (1997) and Bore et al. (2013), who
modelled the electrostatic potential around TDR probes
and the effect of fluid-filled or air-filled gaps on their
reading.

The objective of this paper is to explore the feasibility
of quantifying the rapid downward percolation fluxes in
the soil, based on short-lasting peaks of soil-water
content measured with large horizontal TDR sensors.
We build on the results obtained by Dolezal et al.
(2012a,b; 2015) and on their conceptual model of a thin
annular macroporous zone around the sensors, in which
the percolating water accumulates for a while. In
particular, we want to find out whether or not

a. the high and short-lasting peaks obtained by large
horizontal TDR water content sensors and the processes
that these data represent can be feasibly simulated by a
suitable soil-water model;

b. the model parameters needed for such simulation can
be reasonably well estimated, and, once they have been
estimated,

c. the simulations can predict rapid percolation fluxes at
particular depths from the known rain intensities.

MATERIALS AND METHODS

Site description

The field research was conducted in Prague — Suchdol
(50°8’N, 14°23’E, 286 m a.s.l.). Average annual temper-
ature and precipitation are 9.1°C and 495 mm, respec-
tively (Cerny et al., 2012). According to Néme&ek (2009,
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personal communication), the soil is Udic Haplustoll (Soil
Survey Staff, 1999) or Haplic Chernozem (IUSS Working
Group WRB, 2006) of loamy texture on an aeolic loessial
substrate. There is virtually no textural difference between
topsoil and subsoil. The boundary between the A and C
horizons lies at about 35 cm. The transitional A/C horizon
is only about 10cm thick. The layer between about 15
and 25cm of depth, comprising the lower part of topsoil
and the plough sole, is perceptibly more compacted than
the rest of the profile. The fine earth contains 22-32.5%
sand, 39.5-54% silt and 22-28% clay, while the saturated
hydraulic conductivity (100cm? cores) varies roughly
between 6x10™% and 4x 10" 'cmmin~!, and the total
porosity varies between 0.40 (plough sole) and 0.54
(topsoil) cm®*cm ™3, its mean value (0-100cm) being
0.457 cm®cm™>. The topsoil dry matter contains about
2.5% of total organic carbon (Nedvéd et al., 2008) and
7.8% of calcium carbonate (Brodsky et al., 2011). No
groundwater (i.e. a permanently saturated zone) exists
either in the soil profile or in the underlying loess down to
at least few metres. The soil has a moderate capacity to
swell and shrink. During dry spells, cracks of about 1 to
3 mm wide appear at the surface, lying 15 to 20 cm apart.
The structure is granular in the A-horizon and
subpolyhedric in the loessial C-horizon. At the higher
level of organization, the structure is prismatic. The
average water retention curve obtained from 100cm?
cores can be approximated, e.g. by the single-porosity
(van Genuchten, 1980) equation with the saturated water
content #,=0.475, the residual water content 6,=0.001,
the capillary rise parameter a=0.06548cm™' and the
shape factor n=1.11534. The soil had been ploughed for
several centuries. Grass was sown in spring of 2009 and is
maintained since then as a short lawn. The site is neither
irrigated nor tile-drained. The grass often suffers from
water stress. The terrain is flat. Local short-term ponding
of water can be very rarely observed on the surface during
very intensive rainstorms.

Field measurement

Precipitation was observed directly on the site at hourly
intervals, using a tipping-bucket rain gauge. Three water-
content sensors AQUA-TEL-TDR (McCrometer CON-
NECT, J & S Instruments, Inc., 2010) were installed at
10, 20 and 30cm depth into horizontal boreholes, pre-
drilled into the vertical wall of a temporary installation
pit. The soil above the sensors remained undisturbed. The
readings were recorded hourly. The sensors are cylindri-
cal, about 700 mm long, with a 20-mm diameter, locally
up to 25 mm. The sensing TDR elements, 457 mm long,
and the associated electronics are encapsulated within the
sensor body. The diameters of the boreholes (25-27 mm)
were slightly larger than those of the sensors; otherwise,
the sensors could not get in because of friction. The
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sensors were wrapped with slurry made of native soil and
water before their insertion in the boreholes. The slurry
had a very soft plastic consistency just below the liquid
limit. Subsequent measurements showed that the slurry
came rather quickly (within less than 1month) into
hydraulic equilibrium with the surrounding soil. The
slurry did not refill the gaps around the sensors perfectly,
which gave rise to a system of artificial macropores
surrounding each sensor and connected with the
macropores of the natural soil. The existence of these
artificial macropores was confirmed by visual inspection
during other sensors’ de-installation (Figure 1).

The AQUA-TEL-TDR sensors appeared suitable
because of their robustness and large length, allowing
the measurement of average soil-water contents over
relatively large volumes. DoleZal et al. (2012b) found that
they are sensitive to water up to 10 to 50 mm from their
surface. The larger range has been observed in a moist
soil. Within this range, the sensors are most sensitive to

Figure 1. Artificial macropores in the soil around the AQUA-TEL-TDR
(time-domain reflectometry) sensors, seen before (a) and after (b) the
sensor removal
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water when the latter occurs immediately at their surface.
Obviously, when there is no such water, they are sensing
the water in the soil, both in the thin slurry envelope and
also in the native soil around it. As the slurry did not fill
the gaps around different sensors in the same way, the
readings of the sensors (expressed in cm’cm™) were
biassed with respect to each other (Dolezal et al., 2012b).
This bias was mainly due to installation and seems to be a
widespread phenomenon. It is usually eliminated by
individual calibration (Ireson et al., 2006).

In our case, the field calibration (Dolezal et al., 2012b;
2015) consisted in relating the sensor readings in cm® cm >
to the soil-water contents obtained gravimetrically at a
distance of the order of 1 m from the sensors. While the
laboratory calibration of another AQUA-TEL-TDR sensor
in quartz sand with volumetric water contents from zero to
0.41cm®cm™ (Dolezal et al., 2012b) resulted in a
virtually linear calibration equation with a slope (sampling
vs TDR) 0.654 and no anomalies (RZ=0.992), the field
calibration in our loamy soil showed virtually no
correlation between the sampled and TDR values related
to individual sensors (with R? less than 0.042 and the
regression coefficients between —0.267 and —0.002),
because of the small-scale heterogeneity of the native
soil-water content, captured by gravimetry but averaged
by the large TDR sensors. It was, however, found that the
standard deviation of water contents obtained by field
sampling at a particular depth on different dates was not
significantly different from that of the parallel TDR
readings (Dolezal et al., 2012b). Therefore, it seemed
most adequate to relate the water contents derived from
field samples to the TDR measurements by applying
sensor-specific offset corrections (differences of means)
only. The outlying data points affected by aftermaths of
rapid percolation events were excluded from the calcula-
tion of offsets. The purpose of the field calibration was to
make the TDR data from different depths more comparable
and to add more physical significance (in terms of the
native soil-water content) to the data not belonging to the
rapid percolation events. The adding of the offset reduced
the effect of the gap between the native soil and the sensors
(as did the use of the slurry) whenever the gap was filled
with air, but not when it was filled with water. The
anomalously high TDR readings obtained during the
percolation events of course remained anomalous even
after the offset correction. A more detailed description of
the experimental area, field measurements and sensor
calibration procedures was provided by Dolezal et al.
(2012a,b; 2015).

Modelling

The expected preferential water flow during percolation
events was simulated by the HYDRUS 2D/3D (two-
dimensional/three-dimensional) software package,

Copyright © 2015 John Wiley & Sons, Ltd.

version 1.06 (Simtnek er al., 2012; Siminek and van
Genuchten, 2008). We chose the dual porosity option,
which distinguishes the mobile soil-water domain
(macropores) from the immobile one (matrix) and allows
for water transfer between them. The model, referred in
the succeeding texts to as mobile-immobile or MIM, is
based on the mixed formulation of the Richards’s
equation for the mobile domain, the mass balance for
the immobile domain and an equation of the head
difference-driven interaction between the two domains,
which are, for the two-dimensional case, respectively:

0, 0 oh,\] . @ Ohy,
a o {’“’1’") (T)} > {’“’W <67+ 1)} R
1)
aeim o
Fw = aw(hm - him) (3)

where 6,, and 6 ;,, (cm®>cm™?) are the volumetric water
contents in the mobile and the immobile domains,
respectively, h,, and h;, (cm) are the corresponding
pressure heads, K (cmmin~!) is the hydraulic conductiv-
ity of the soil (of the mobile domain), 7 (min) is the time, x
(cm) is the horizontal coordinate, z (cm) is the vertical
coordinate, positive upwards (cm), S, and S;,, (min~—') are
the corresponding sink terms (not considered in this study),
I, (min~') is the volumetric rate of water transfer from the
mobile domain to the immobile one and a,, (cm™ ' min—!)
is the first-order mass transfer coefficient. We chose the
pressure head-driven inter-domain transfer Equation (3),
rather than the fluid saturation-driven one (Simtnek ez al.,
2003), because it is the pressure head difference that acts as
the actual driving force and because this option allows to
optimize the retention curves of the two domains
independently, while the use of a water-content-difference
analogue of (3) in HYDRUS 2D/3D would require that water
retention properties of the matrix and the preferential flow
domain be identical (Simfinek ez al., 2012).

The retention curves of the two domains were approx-
imated by the usual van Genuchten (1980) formulae. The
total soil-water content was taken as the sum of the two
domains’ water contents:

0= gm + Him ; Hr = 01‘,m + gr,im ; 93 = gs,m + Hs,im

4)

where 6 (cm® cm ) is the total soil-water content, 8,.,,,, 0,.;,
and 6, (cm’®cm™>) are the residual water contents of the
mobile domain, the immobile domain and the soil as a
whole, respectively, and 0, 0, and 6 (cm®cm™?) are
analogous symbols for the saturated water contents. The
hydraulic conductivity K is a function of the mobile domain
pressure head £, according to the Mualem—van Genuchten
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formula (van Genuchten, 1980). The total soil-water flux is
assumed to be equal to the preferential flux.

Our choice of model was a compromise between the
need for physical adequacy, the requirement of parsimony
in the number of parameters and the ease of relying on at
least some standard soil physical properties measured in
the laboratory, namely, the retention curves and the
saturated hydraulic conductivities. A consequence of this
choice was that only the rapid soil-water movement could
be simulated, while the slower movement taking place
within the soil matrix and avoiding the macropores
(evaporation, capillary rise and redistribution) had to be
put aside, because the model did not allow for water
movement in the matrix.

For contrast, as instigated by a reviewer, we tried to use
the Durner equilibrium dual porosity model (Durner,
1994; Simiinek ez al., 2012), also supported by HYDRUS
2D/3D. In the Durner model, the flow and retention of
water in the soil are described by a single Richards’s
equation without any mass-transfer term:

2 Efon(E)] -2 oo 2

0=0,+ (0 —6,)S. (6)
Se = Se1 + Sea = wi[l + (a1h)" ™™ + wa[l + (ah)™]™™
@)
(®)

wy+wy=1

2
(WlSel + szez)l(wlal |:1 — (1 — Sell/ml)ml:| + waan [1 — (1 — Sezl/mz)m2}>

S, is the total relative soil-water content, K is the saturated
hydraulic conductivity (cmmin~') and, for i=1 or 2
(denoting the two pore domains in local equilibrium), S,; is
the relative soil-water contents, w; is the volumetric
weighting factors, a;, n; and m; = 1-1/n; are the van Genuchten
parameters and S is the sink term (not considered).

Other modelling options, not tested in this study, include
in particular the dual permeability model with a Richards’s
equation in either of the domains (e.g. Siminek et al.,
2003) and kinematic wave models for the preferential flow
domain (e.g. Alaoui et al., 2003; Jarvis and Larsbo, 2012).
As far as we know, no commonly available model allows to
combine various modelling options (e.g. one option in one
material and another option in the other material) within a
single model run.

A 2D model was needed in order to realistically
simulate the concentration of flow and the temporary
accumulation of water around the sensors. The 2D flow
simulation region was obtained by projecting the 3D
prototype onto a vertical plane perpendicular to the
sensors. It was defined as a vertical rectangle 100 x 75 cm
(depth x width), containing three impermeable circular
features (2cm in diameter) that represented the cross
sections of the TDR probes, with their centres at 10, 20
and 30 cm depths and at 12.5, 37.5 and 62.5 cm horizontal
distance from the left boundary of the flow region
(Figure 2). An annular zone 0.25cm thick was defined
around each TDR sensor to represent the average

where € (cm® cm™?) is the total volumetric water content, /
(cm) is the pressure head (the same in both pore domains),

125cm 25cm  25cm  125cm

C))

wioy + waap

behaviour of the slurry material, including its macropores,
over the sensor’s entire active length (457 mm). While it

material 1
- -
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Figure 2. Two-dimensional flow region definition for dual-porosity models. Materials 1 and 3 are the native soil. The dark-shaded annulus in the inset

(material 2) is the sensor envelope with special properties (slurry and artific

ial macropores). The crosses denote the points in which the simulated native

soil fluxes are observed
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may seem unusual to include artificial macropores around
the sensors into the macroscopically continuous and
homogeneous annuli, this approximation is completely
acceptable, especially when one realizes that the same
macroscopically continuous representation is normally
used for the macropores of the native soil and, indeed, for
any soil pores. No weighting function for expressing the
sensitivity of TDR sensors to water contents occurring at
different distances from their surfaces was explicitly
assumed in the model. Instead, the sensitivity to the native
soil-water content (outside the slurry envelope) was taken
into account by applying the field calibration equation to
the TDR-measured data, and the sensitivity to the slurry
envelope water content was taken into account by
adjusting the saturated water content of the mobile
domain in the material 2 so that it corresponds to TDR
measurements during the percolation events. Zero-flux
boundary conditions were defined on the sides of the 2D
flow region and on the surfaces of the sensors. Free
drainage at unit hydraulic gradient was postulated at the
bottom of the flow region, while an atmospheric boundary
condition was prescribed at the top of it in terms of hourly
averaged rainfall rate data. No surface ponding occurred
during the simulations.

The onset of rainfall in each simulation run took place
after a 120-min pre-rain period. Two typical measured
percolation events were mimicked by simulations. The
former was instigated by a series or rainstorms from 23 July
2010, 01:00 (24-h format) to 24 July 2010, 09:00, with the
total 42.2mm. The latter was due to a series of less-
intensive rains from 16 November 2010, 04:00 to 20
November 2010, 00:00, with the total 10.7mm. The
duration of each simulated period was 7080 min. The
constant pressure head (—1100cm for the July event and
—250cm for the November event) initial condition was
used in both domains. This pressure head corresponded
approximately to the geometric mean of the pressure heads
obtained from the pre-event TDR-measured soil-water
contents at the three depths. The latter was converted to
pressure heads by using the sum of the van Genuchten —
parameterized retention curves for the mobile and the
immobile domains of the slurry annuli. This is hoped to be
a suitable and virtually universal procedure for estimation
of initial conditions for similar simulations.

The finite element grid of the 2D flow region was
composed of 9593 nodes, 18742 2D triangular elements
and 994 one-dimensional elements of boundaries and
internal lines. The grid was sufficiently refined around
each TDR probe (Figure 3). The simulated soil-water
contents to be compared with the TDR-measured values
were obtained as arithmetic means of the simulated values
in 64 observations points, creating a circle around each
sensor at 0.1 cm distance from the sensor surface. It was
found by numerical analysis (not shown) that the exact

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 3. A detail of the two-dimensional finite element grid for the dual
porosity model in the vicinity of a time-domain reflectometry (TDR) sensor.
The slurry envelope is represented by the innermost four layers of nodes
(including the layer lying at the very surface of the sensor). The observation
points make the second layer (counted from the sensor surface)

distance of the observation points from the sensor surface
was not critical, because there was only a little difference
between simulated water contents at different finite
element nodes within a particular slurry annulus at any
particular time. For the same reason, the choice of the
slurry annulus thickness was not critical. The water
contents and the vertical fluxes in the native soil (the latter
being the final goal of the simulation), were taken from
typical single nodes at 10, 20 and 30cm depths at
sufficient horizontal distances from the sensors (at 69.1,
69.4 and 11.9cm from the left boundary of the region,
respectively) and therefore virtually unaffected by their
presence, as checked by comparing water contents at
various distances from the sensors (not shown). Similarly
located nodes at 12, 27 and 35 cm depths were used for
obtaining simulated fluxes to compare with water balance
in Table IV.

Three soil materials were defined within the flow
region. The first material represented jointly the native
topsoil (0—15cm) and subsoil (25-100cm). The second
material symbolized the slurry annuli around the sensors,
while the third one corresponded to the layer of increased
compaction at 15-25 cm. The allocation of materials and
the initial estimates of their immobile domain parameters
were inspired by measured profiles of soil texture and
hydraulic properties. In particular, the retention curves
(taken as appropriate to characterize the immobile
domain) and the saturated hydraulic conductivities (used
as initial estimates of K for the native soil materials) were
taken into account. Some parameters were then optimized
for the July percolation event, while the November event
was used for validation. The inverse simulation option of
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HYDRUS was used at some stages, followed by a trial-and-
error optimization. The saturated water contents of the
preferential flow domains of the native soil were
deliberately kept very low to simulate the low volume
of macropores. The analogous parameter for the slurry
layer was set high, to allow for both the higher volume of
macropores in the slurry layer and the increased
sensitivity of the TDR probes with respect to water in
their vicinity. Its value was adjusted by trial and error so
that the maximum total water contents obtained by
simulation become similar to the measured ones. The
residual water contents of the preferential flow domains
were set a priori to zero and were not optimized, because
the measured data did not provide enough information
about the dry part of the water content range. The only
parameters optimized for the three materials were the
saturated hydraulic conductivities and the van Genuchten
retention curve shape parameters (a and n) of the
preferential flow domains. Care was taken that the
unsaturated hydraulic conductivity of the slurry material
be higher than that of the other two materials over the
range of pressure heads between about —100 cm and zero,
so that the capillary barrier effect at the entry of water into
the slurry layer is avoided; the slurry annuli served as
attractors of the simulated water flow (checked but not
shown). It was assumed that the physical disturbances due
to soil tillage, compaction and slurry preparation affected
mainly the preferential flow domain, while the retention
curve parameters of the matrix domain were taken the
same for all three materials as obtained from the
laboratory measurements. The residual and saturated
water contents of the matrix domain were estimated a
priori and not optimized. The mass transfer coefficients
a,, were estimated by trial and error and were kept small
in order that the simulated inter-domain mass transfer
rates remain realistic everywhere and at all times, as
demonstrated in the succeeding texts. The resulting final
set of parameters is presented in Table 1. Probationary
sensitivity analysis indicated that no further improvement
of model performance can be easily reached by variation
of model parameters.

The parameters for the Durner equilibrium dual
porosity model were then derived from the parameters
of the MIM non-equilibrium dual porosity model (Table I)
as follows:

Hr = er,m + er,im ; 05 = 0.3‘.}71 + Hs.im (10)

O =0y ; O =0m ; N =Ny ; Np=npy (1)
65 im — erim

szﬁ; wr=1-wp (12)

taking the domain 1 as corresponding to the mobile
domain of the MIM model. The remaining parameters K

Copyright © 2015 John Wiley & Sons, Ltd.

Table I. Optimized van Genuchten parameters of model materials

Material: 1 2 3
Description: Topsoil and Shrunken Lower topsoil and
escription: .
subsoil slurry plough sole

0y m 0 0 0
Osm 0.03 0.4 0.01
a,, (cm™ Y 0.010315 0.010315 0.06548
N,y 2 3 1.5
K, cmmin™")  0.18 0.3 0.11

0.5 0.5 0.5
0, im 0.001 0.001 0.001
Oy im 0.475 0.475 0.475
A (cm™h) 0.06548 0.06548 0.06548
Nim 1.11534 1.11534 1.11534
a,, (cm™ min_l) 0.00006 0.001 0.00006

and / remained unchanged. In this way, the Durner model
was made as similar as possible to the MIM model.
Further effort for optimization of the Durner model
parameters in order that it better resembles the observa-
tions did not lead to a success.

The adequacy of simulation was estimated by
comparing the simulated and TDR-measured soil-water
contents, first qualitatively and then using the mean error
(ME) and the root mean square error (RMSE), both
evaluated between time zero (start of simulation) and
7080 min (end of simulation). It was also tested to which
extent the simulation outputs fulfil the soil-water

balance over the percolation event (according to Pirastru
and Niedda (2010)):

D= (0;—6;41)Az+R (13)
where D is the percolation flux at the depth Az, 0; is the
mean soil-water content of the layer between the soil
surface and the depth Az before the event, 0, is the same
after the event and R is the precipitation total over the
event. The evapotranspiration was neglected. It was
assumed that the TDR-measured soil-water contents
(corrected by the field calibration) before the percolation
event can be regarded as virtually unbiassed. The
analogous measurement taken after the percolation event
(yet within the range of the period simulated) can also be
taken as almost unbiassed, with a reservation that some
water having flowed through the macropores during the
event may have been absorbed by the matrix and so may
have contributed to the after-event total soil-water content.
We calculated D from the measured data and compared it
with the time integral of the simulated fluxes over the same
period at the depths corresponding to bottoms of the
balanced layers. As the simulated data at the sharp
boundaries between different materials (at depths 15 and
25 cm) were to some extent affected by numerical noise,
we chose to do the balance for slightly different depths,
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namely, 12 and 27 cm, respectively. The bottom of the third
layer was kept at 35 cm depth, as there was no boundary
between different materials there. The mean soil-water
contents 6; and 6;,, in (13) were calculated as weighted
means of TDR measurements made within particular layers
(0-12, 0-27 and 0-35 cm), the weights being taken as the
thicknesses of the corresponding sublayers (12, 15 and
8cm for the TDR measurements at 10, 20 and 30cm,
respectively).

RESULTS AND DISCUSSION

Figures 4 and 5 show the MIM model simulations of soil—
water contents before, during and after two percolation
events in the nodes near the sensors (in the zones of the
slurry annuli at 0.1 mm distance from the sensors’ surface,
averaged along the entire circumference of the sensors).
These simulated data are compared with those measured
by the sensors over the same periods and corrected by
field calibration. The July 2010 event is a calibration
period, and the November 2010 event is a validation
period. Qualitatively judged, the measured data are
reasonably well approximated by the simulations at
10cm for both periods and at 30cm for the November
period. The agreement between simulation and measure-
ment is moderately good at 30 cm for the July period, but
poor at 20 cm for both periods. The simulated values at all
depths tend to be systematically higher than the measured
ones, except for November at 30cm. Table II presents
basic statistical indicators of agreement between the MIM
simulation and the measurement. The overall pattern of
model performance according to RMSE corresponds
approximately to the visual assessment, except that RMSE
renders the agreement less satisfactory at 10 cm and more
satisfactory at 30 cm for both periods.

The overall performance according to RMSE is even
slightly better in November than in July. Poor perfor-
mance at 20 cm is confirmed by both RMSE and ME. The
negative ME at 30cm in November indicates that the
simulated values are on average smaller than the
measured ones. The lack of substantial difference in
overall simulation performance between July and No-
vember suggests that the soil properties and parameters
may not have changed between July and November 2010.
The performance of the model can be regarded as
qualitatively adequate, i.e. the model can simulate the
basic features of the measurement in a qualitative, but not
yet quantitative way. The persisting discrepancies confirm
that it is rather difficult to optimize the soil parameters of
the model for such a complex flow region, based on
existing measurements.

Figures 4 and 5 also show simulated water contents in
the native soil far from the slurry annuli. In spite of the
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Figure 4. Comparing the results of two-dimensional mobile-immobile (MIM)
dual-porosity simulation in terms of soil-water contents with the time-domain
reflectometry (TDR) measurements, July 2010 (calibration event)

absence of independent direct measurements of these
water contents, we can make a qualitative conclusion that
the native soil water content varies much less than the
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Figure 5. Comparing the results of two-dimensional mobile-immobile (MIM)
dual-porosity simulation in terms of soil-water contents with the time-domain
reflectometry (TDR) measurements, November 2010 (validation event)

TDR readings. Figures 6 and 7 present simulation results

of the Durner equilibrium dual porosity model for the
same two events. We may conclude that the Durner

Copyright © 2015 John Wiley & Sons, Ltd.

Table II. Statistical indices of the non-equilibrium [mobile-
immobile (MIM)] dual-porosity model performance [mean error
(ME, simulated—measured) and root mean square error (RMSE)]

RMSE (cm® cm73)
for the depth

ME (crn3 cm73)
for the depth

Event 10cm 20cm  30cm 10cm  20cm  30cm

July 0.0485 0.1097 0.0090 0.0829 0.1559 0.0260
November 0.0578 0.1348 —0.0171 0.0794 0.1540 0.0231

model with the soil hydraulic properties similar to those
of the MIM model behaves substantially differently. It
predicts that the water passing through the soil is largely
absorbed by the soil matrix as long as the matrix is
unsaturated. Consequently, the water percolation is little
or none unless the matrix becomes saturated enough.
After that, the percolations becomes quick, but the water
content of the soil then remains high for a long time
because of slow drainage of the matrix. The simulated
water content hydrographs for the slurry annular zones
are substantially different from the TDR-measured ones.
On the other hand, the Durner model suggests that not
only the slurry annuli but also the native soil responds to
precipitation with considerable water content amplitudes,
which is especially visible during the July event
(Figure 6). Table III presents statistical indices (RMSE
and ME) illustrating that the performance of the Durner
model is generally poor, except perhaps for November at
30cm. Our attempts to further optimize the soil
hydraulic parameters of the Durner model led us to a
conclusion that the only way how to make the simulated
water content hydrographs more alike to the measured
ones, with their rapid ascents and almost equally rapid
descents, would be to keep the saturated water content
parameter () of the native soil very low, about 0.01 to
0.1, which is, of course, unrealistic. Even then, the
Durner model would not yield satisfactory results (not
shown).

The same simulation runs also provided estimates of
vertical soil water flux hydrographs in the native soil far
enough from the sensors (Figure 8 for the MIM model
and Figure 9 for the Durner model). The fluxes were
compared with the water balance estimates according to
(13) in Table IV and with the precipitation rates in
Figures 8 and 9. Leaving aside the first few hours of the
July event, when the soil is being rewetted, Figure 8
suggests that the rain intensities of the order of
10 2cmmin~!, which occurred during the highest
hyetograph peaks in July, are not perceivably higher than
the soil water flux peaks occurring as a result of them at
10, 20 and 30 cm. This happens because the mobile water
domain is, at these moments, almost saturated and quickly
transmits water down the soil profile. Hence, the presence
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Figure 6. Comparing the results of two-dimensional Durner equilibrium
dual-porosity simulation in terms of soil-water contents with the time-
domain reflectometry (TDR) measurements, July 2010 (calibration event)

of permeable macropores renders the rapid percolation of

water and pollutants well possible even in a Chernozem
soil under a moderately dry climate.
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Figure 7. Comparing the results of two-dimensional Durner equilibrium
dual-porosity simulation in terms of soil-water contents with the time-domain
reflectometry (TDR) measurements, November 2010 (validation event)

A different picture can be seen in July during the
secondary showers and in November. In these cases, the
peak rain intensities are by almost an order of magnitude
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Table III. Statistical indices of the equilibrium (Durner) dual- July
porosity model performance [mean error (ME, simulated— 1E-1
measured) and root mean square error (RMSE)]
ME (cm’em ™) RMSE (cm®cm™) = LE2q =
for the depth for the depth E 4
g 1E3 ' 0
Event 10cm 20cm  30cm 10cm  20cm  30cm -:; & i e 30
1,E-4 i - I
July 0.2281 0.2551 0.1219 0.2815 0.3140 0.1772 !
November 0.1083 0.1306 0.0294 0.1580 0.1568 0.0396
1,E-5 L : ‘
0 2000 4000 6000
Time (min)
July November
1;E-1 1,E-1
1,E-2
T T
g —10 g - - —10
8 ---20 g ---20
7 —-30 3 —-30
- Rain - Rain
1,E-5 Hi ; ; i 1,E-5 ; ‘ ‘
0 2000 4000 6000 0 2000 4000 6000
Time (min) Time (min)
November
1E1 Figure 9. Vertical soil-water fluxes, simulated by the Durner model for (a)
! June event and (b) November event. Average hourly rainfall rates are
plotted as points for comparison
1,E-2
E —10 Table IV. Percolation fluxes derived by water balance from the
£ 20 measured soil-water contents and rainfall sums (according to
= —.30 Pirastru and Niedda, 2010), compared with the vertical fluxes
' _ R simulated by the non-equilibrium (MIM) and the equilibrium
(Durner) dual porosity models
1,E-57 w w w Event July November
0 2000 4000 6000
Time (min) Length of period (min) 3720 7080
Cumulative rainfall (cm) 4.22 1.78
Figure 8. Vertical soil-water fluxes, simulated by the mobile-immobile . .
(MIM) model, for (a) June event and (b) November event. Average hourly ~Cumulative vertical flux (cm) at the depth:
rainfall rates are plotted as points for comparison 12cm measured 2.84 1.73
MIM 3.75 1.79
lower than those during the highest hyetograph peaks of Durner 2.63 0.98
July. Then, the peak soil water fluxes at 10cm are 27em ﬁii‘f{umd é ;(5) }23
fiistin'ct.ly lower than the correspondiqg peak rain Durner 0.89 033
intensities but markedly higher than the soil water fluxes 35c¢m measured 0.85 1.48
at larger depth, which react only a little or not at all to MIM 3.37 1.71
Durner 0.17 0.13

these rains. Even in these cases, however, the reaction of
soil water flux at any depth comes almost simultaneously
with the rain or after only a little delay, not exceeding 1 h.
A similar rapid reaction to precipitation was reported, for
example, by Pirastru and Niedda (2010) for the fissured
chalk rock, in the cases when the rock was wet.
According to Figure 8, the fluxes at all depths gradually
decline during rainless periods, whereas the fluxes at
larger depths decline more slowly than those at smaller

Copyright © 2015 John Wiley & Sons, Ltd.

MIM, mobile-immobile.

depths. The fluxes at larger depths go on declining even
when the short-lasting low-intensity showers (e.g. in July
at 2100min) produce secondary peak fluxes at small
depths, which even may not exceed the slowly declining
fluxes at larger depths. Analogous flux hydrographs
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obtained by the Durner model (Figure 9) show a
comparably quick rise of flux only in the hours when
the rain intensities were very high and the soil matrix was
near to saturation. The quick rise of flux is, however,
followed by a slow decline of the same. This observation
only confirms our conclusion that the Durner model is not
suitable.

Table IV compares the measured cumulative fluxes
obtained by water balance (13) according to Pirastru and
Niedda (2010) with the cumulative rainfall and the
cumulative percolation fluxes simulated by the non-
equilibrium (MIM) and the equilibrium (Durner) models.
The measured and simulated fluxes are of the same order
of magnitude. In June, the Durner model agrees better
with the water balance method than the MIM model
(except for 35cm), while in November, the MIM model
performs better. In general, the MIM model underesti-
mates the dampening of the flux with depth, and the
Durner model overestimates it.

When discussing the choice of the model and its
parameterization, we must reiterate that our decision to
use a simpler dual porosity model, with one of the flow
domains immobile, rather than the dual permeability
model with both domains mobile (gimﬁnek et al., 2003;
Simtinek and van Genuchten, 2008) ended with a set of
parameters (Table I) suitable for describing short
percolation events only. With our parameterization, a
major part of soil water is regarded as virtually immobile,
and it is only in the thin annuli around the sensors that the
model allows substantial amounts of mobile water to
accumulate for a short time. This seems to correspond to
reality, i.e. the water modelled as immobile is even in
reality slow to move on the time scale of a percolation
event. Neglecting evapotranspiration (of the order of
magnitude of mm d~') may have caused about 10%
overestimation of the upper boundary condition, which is
of the order of magnitude of tens of mm d~!, but this has
been qualitatively counterbalanced by the generally
known tendency of standard rain gauges to underestimate
precipitation (e.g. Wagner, 2009). The adoption of this
model also brings about a necessity to estimate a new
initial condition for each event, based on the direct pre-
event TDR measurements, using, e.g. the procedure
described previously.

The inter-domain transfer coefficients a,, for the native
soil (materials 1 and 3 in Table I) are quite small, in
contrast to that for the slurry annuli. They are about ten to
hundred times smaller than the typical values obtained by
Kohne et al. (2004) (their w* in their Table 1V), for a
loamy soil in Northern Germany, which is lighter than our
soil. We deliberately kept these inter-domain transfer
coefficients low during the optimization, in an effort to
avoid unrealistically high inter-domain transfer rates 77,
approaching 1 min~'. Finally, it appeared that even for

Copyright © 2015 John Wiley & Sons, Ltd.

the slurry annuli (material 2), where our transfer
coefficient was of the same order of magnitude as those
of Kohne et al. (2004), our MIM simulation of the June
event produced reasonable maximum [, values around
the 10cm sensor at 300 min, when the immobile water
content rose by 0.017 over 15 min. However, our attempts
at improving the performance of the MIM model further
by enhancing the inter-domain transfer coefficients were
not successful.

CONCLUSIONS

Our results suggest that water content measurements
made with several large dielectric (e.g. TDR) sensors at
different depths and accompanied by precipitation
measurements may indeed yield insight into the temporal
and spatial patterns of rapid soil water fluxes, provided
that the model of soil water movement is adequately set,
and its parameters, expressing the properties of a
particular soil profile and its interaction with a particular
assembly of sensors, have been adequately estimated.

The anomalous and short-lasting water content peaks
measured by Dolezal et al. (2012a,b; 2015), especially if
they are higher than the saturated water content of the
native soil, are rather reliable qualitative indicators of the
rapid downward percolation, which is very probably of
preferential (i.e. non-equilibrium) nature. This is
evidenced by the fast response of water content peaks
to rain or snowmelt inputs, an almost equally rapid
response to the cessation of the inputs, and by fact that the
non-equilibrium (MIM) dual porosity model, even though
not yet able to simulate the reality perfectly, yields better
results (in terms of water content and flux density vs time)
than the equilibrium Durner dual porosity model.

The optimization of soil parameters and other model
settings appeared to be quite difficult. More sophisticated
optimization procedures, involving additional input
information such as water balance, may be needed. In
spite of these difficulties, the existing set of parameters of
the non-equilibrium model made it possible to investigate
and partly explain how systems of this type work. In
particular, the model is capable of predicting, even if not
yet accurately, the anomalous water content readings
during rapid percolation events and the attenuation of rain
impulses along the percolation paths (the attenuation
being underestimated). At this stage of research, we
consider it appropriate to expose our approach to public
discussion.

Our study confirms that these or similar sets of water
content sensors can be used for detection of rapid
percolation fluxes and suggests that, after some additional
effort, quantitative measurements of these percolation
fluxes may be possible. In our study, we used the water
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content sensors, in the first place, for the estimation of
model parameters and for validation of the model. Their
readings were also needed to estimate the initial
conditions for particular simulation runs. On the other
hand, the flux hydrographs were not directly derived from
the readings of water content sensors. Instead, they were
derived from model simulations in which the precipitation
measurements were used as inputs.

Using slurry during the installation of large sensors
(which is a widely recommended procedure, Sentek,
2003; J & S Instruments, Inc., 2010; Aquacheck, 2013)
may make their readings during percolation events
(especially in the case of horizontally installed sensors)
of little direct use, while the readings outside the
percolation events are useful but should be corrected
based on a sort of field calibration that comprises the
effect of the slurry and the gap. On the other hand, this
apparent disadvantage turns out to be also an advantage,
making these sensors a sort of amplifiers of the
preferential flux signals. The observations by Baram
et al. (2012) or Nolz (2013) suggest that unexpected peak
readings, not necessarily anomalously high, of other types
of water content sensors may in principle also be used to
infer about the magnitude of preferential flux. In these
cases, however, the effect may not be as strong as in the
case of large horizontal sensors.

The practical importance of this research is manifold.
First, it helps us to interpret more fully the soil water
content measurement, including some features regarded
up to now as biassed due to artefacts. Second, it suggests
a method of estimating soil water flux hydrographs at
different depths and, thereby, the rates of groundwater
recharge and the risk of groundwater pollution. Third, as
already mentioned by Dolezal et al. (2012a), this
methodology enables irrigation practitioners to use their
soil water metres in a better way, avoiding misinterpre-
tation of anomalous peaks.
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