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Abstract: Spatially representative estimates of saturated hydraulic conductivity, Ks, are needed for
simulating surface runoff and infiltration at different scales. This quantity is highly variable in space with
values that can vary even more than two orders of magnitude at small catchment scale as well as at the
plot or hillslope scale. The spatial variation of Ks is linked with both the basic soil properties and soil use
and in addition with the presence of macropores and other preferential flow paths that are difficult to
quantify. Therefore, the saturated hydraulic conductivity is considered a random variable depending also
on random factors. From a theoretical point of view, the most recent areal infiltration approaches
available in the literature and incorporated as components of many hydrological models require the
assessment of the first two moments of the K probability density function. In principle, the estimate of
these two parameters would imply the realization of a great number of local Ks measurements. On the
other hand, many devices commonly used rely on the attainment of a steady-state flow rate, so that the
time taken for each measurement is usually very large. In this context, it is important to determine in a
given area the appropriate number of Ks measurements required for estimating the two moments. We
previously performed an analysis for the first moment (the Ks mean) that is extended in this study to the
K; coefficient of variation linked with the second moment (the variance). On the basis of a dataset of 69
Ks observations on three grassy plots of a small Austrian catchment an analysis of uncertainty based on
the non-parametric bootstrap method has been performed. It has allowed to estimate the 95% confidence
interval around the coefficient of variation of K; for different numbers of observations and different plot
sizes. The outcomes have shown that the width of the normalized confidence interval obtained with a
specific number of measurements is almost invariant with plot size while decreases with increasing the
number of measurements in a specific area. The presented approach defines a methodology useful for
determining the minimum number of measurements to be carried out in an area of specific dimensions to
have a fixed level of uncertainty in the estimate of K coefficient of variation.

Keywords: Saturated hydraulic conductivity; Statistical characterization; Areal
infiltration.

1. Introduction

The soil saturated hydraulic conductivity, Ks, has a primary role in the evolution of groundwater
flow and pollutant transport through the vadose zone, as well as in the partitioning of rainfall into
infiltration and overland flow at different spatial scale. Under natural conditions, it is
characterized by a huge spatial heterogeneity with values that can vary even more than two
orders of magnitude at small catchment scale (Sharma et al., 1987; Loague and Gardner, 1990;
Baiemonte et al., 2017), as well as at plot and hillslope scale (Papanicolaou et al., 2015;
Morbidelli et al., 2017; Picciafuoco et al., 2019). The spatial variability of Ks is linked with the
basic soil properties as soil structure, texture, land cover, and management practices. In addition,
a key role is played by the presence of macropores and other preferential flow paths that can
influence the infiltration magnitude even more than the characteristics of the soil matrix. The last
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features cannot be quantified, therefore Ks should be represented involving a random component
to be considered by a detailed spatial characterization. Recently proposed theoretical models for
estimating expected areal infiltration rate and overland flow in vertically homogeneous and
layered soils require the knowledge of the mean and coefficient of variation of the Ks probability
density function (Corradini et al., 2011; Flammini et al., 2018). The assessment of these two
quantities in principle implies the implementation of many Ks measurements at the point scale,
that are typically of long duration because the devices commonly used rely upon the attainment
of a steady infiltration rate observed even after a few hours. This indicates the difficulty of
planning monitoring campaigns performed in space under the same conditions and with a proper
density of measurements. Important insights to make these choices easier can be obtained by
experimental investigations directed to define both control factors of the K; statistical properties
in a natural environment and the minimum number of measurements required for estimating the
mean and coefficient of variation of K representative at the plot scale. Along this line,
Picciafuoco et al. (2019) carried out a statistical analysis on 131 double-ring infiltrometer
measurements performed in 12 plots of a small Austrian catchment. They found Ks slightly
influenced by physical and topographical soil characteristics and strongly affected by land use.
The highest values of Ks were obtained in arable fields, where, with respect to the ones of
grassland areas, a much larger median and a coefficient of variation of about 75% were derived.
In addition Picciafuoco et al. (2019), applying an uncertainty analysis based on the non-
parametric bootstrap method (Carpenter and Bithell, 2000), determined the minimum number of
Ks measurements necessary for estimating the mean of Ks with a specific accuracy for a given
plot size. The objective of this paper is to extend the uncertainty analysis to the coefficient of
variation of Ks to complete the investigation concerning the moments of the Ks probability
density function to be determined for the application of areal infiltration modeling. The same
dataset earlier analyzed by Picciafuoco et al. (2019) is used under the hypothesis of independent
observations that allows the application of the non-parametric bootstrap method.

2. Study Area and Methods

The dataset used in this study is that earlier assembled by Picciafuoco et al. (2019) on the
Hydrological Open Air Laboratory (HOAL) catchment, located in Petzenkirchen in the western
part of Lower Austria, of area 0.66 Km? and elevation ranging from 268 to 323 m a.s.l. with a
mean slope of 8%. Land cover consisted of arable land (87%), pasture (5%), forested area with
grassland and high-stemmed vegetation of low density (6%), and paved surfaces (2%) (Bldschl
et al., 2016). Pasture and forested area were collectively denoted as “grassland areas” because
the forested area was really characterized by grassland, and not by brushwood, as a result of the
patchy type of land use. Organic matter content, clay, silt and sand percentages at multiple
depths were available on a 50 x 50 m grid. The topsoil in the catchment consisted (USDA soil
classification) of silt loam (75% of the area), silty clay loam (20%), and silt (5%). A high-
resolution digital terrain model (DTM) was used to derive elevation (el) and local slope angles
(s) across the catchment. Little spatial variation between the measurement locations was
observed for the physical and topographical soil characteristics. The maximum Coefficient of
Variation (CV) observed for textural composition and organic matter content was about 15%,
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consistent with the USDA soil classification of the catchment according to which only two main
soil types are identified in the basin topsoil.

Different crops were used in the catchment. The harvest of the winter crops occurred in July,
allowing the access to the cultivated areas for infiltration measurements until the late-
August/September.

The available measurements were performed, by double-ring infiltrometers using a 3x3 m grid,
in 131 sites of 12 plots belonging to both grassland areas and areas devoted to agricultural
practices. The main statistics associated with the total measurements on grassy and arable plots
are summarized in Table 1, where the arithmetic mean of Ks and the corresponding coefficient of
variation are shown. In the whole grassland areas the measurements were substantially
completed in the period March 15 — April 7, while in the remaining ones were made later in the
period between harvest and tillage The measurements in each plot were performed in a narrow
period, up to 3 days for the larger plot.

The ANOVA method (Armstrong et al., 2000) was selected by Picciafuoco et al. (2019) for the
analysis of variance of the experimental data associated to the different plots to understand
whether the variability of Ks across the catchment was linked to specific soil physical
characteristics of the measurement locations. An application of ANOVA method requires that
two specific conditions on the experimental data subdivided into different groups are satisfied.
Specifically, the random elements should be normally distributed and the variance should be the
same in all groups, while the means can be variable from group to group. The available Ks
dataset did not satisfy these two conditions, while log-transformed values of Ks were found
appropriate for the ANOVA method application (see also Snedecor and Cochran, 1980).

The above approach was applied to different group ensembles: (1) ensemble obtained
considering the plot locations as sources of variation to understand whether Ks variability is
substantially linked to the specific physical and topographical characteristics of the measurement
areas; (2) ensemble identified grouping areas with the same land use, considered because the
outcomes of step (1) suggested a significant dependency of Ks variability on the plot location; (3)
ensembles of plots characterized by the same land use to understand if (a) other plot-specific
properties had a significant influence or (b) the observations could be considered as different sets
sampled from the same population, even though collected at different locations in the catchment.
The results highlighted that the land cover had a major role, while the plot location influenced Ks
only as an effect of the involved differences in the land use.

An uncertainty analysis was also performed using the confidence intervals to determine the
minimum number of samples required for estimating the geometric mean of Ks for a selected
area with a specific accuracy. In this context, the non-parametric bootstrap method based on the
hypothesis of independent observations was used (see also Ahmed et al., 2015) for deriving 95%
confidence intervals around the geometric mean of Ks for different numbers of observations.
Finally, from the behavior of the confidence intervals with increasing Ks observations the
appropriate number of measurements to be performed in the area of interest was taken out.

In this work, a similar procedure has been carried out to define the minimum number of local Ks
measurements required for assessing the geometric coefficient of variation of Ks, CVy(Ks), for a
given area, that is computed as:
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where n is the number of measurements in the specific plot, Ks; is the ith observation, <Ks> is
the plot geometric mean of Ks.

Table 1 — General statistics of the saturated hydraulic conductivity (Ks) values measured with
double-ring infiltrometer: Min = minimum value; Max = maximum value; Mean = arithmetic
mean; CV = coefficient of variation; Arable land = Ks values measured in arable areas;
Grassland = Ks values measured in grassy areas; Total = all K values.

Statistics Arable land  Grassland Total

Min (mm h?) 2.0 1.0 1.0
Max (mm h?) 130.0 84.0 130.0
Mean (mm h?) 46.9 20.2 25.1
St. dev. (mm h1) 35.5 20.3 25.8
CV (%) 75.6 100.3 102.7

3. Results and Discussion

The aforementioned statistical analysis for the minimum observations to be made for estimating
CVy(Ks) has been performed using the dataset available for grassland plots 2 (see also Figure 1),
11-12 and 7 of area 500 m?, 200 m? and 80 m?, respectively, where the measurements had the
same spatial resolution with a density of about 1 observations per 10 m2. The choice to limit our
investigation to these plots with grassland is linked to the necessity to have extended areas with a
significant number of measurements. Data available on arable plots do not satisfy this
requirement. The main features associated with the measurements on the selected plots are
synthesized in Table 2.

In spite of the limited spatial variation of the physical and topographical soil attributes, saturated
hydraulic conductivity varies significantly, with values ranging almost over two orders of
magnitude, from a minimum of 1 mm h to a maximum of 84 mm h*.

A site-by-site examination reveals rather similar minima of saturated hydraulic conductivity on
the selected plots, while the maxima vary from 48 to 84 mmh™. The coefficient of variation,
CV(Ks) approximately assumes values in the range 0.5-1.1 that fairly well reflects that associated
to all the grassy plots of the catchment (Table 1). This suggests that the Ks spatial variability is
still traceable in the observation plots individually considered.

In Table 2 also the geometric means, <Ks>, and the corresponding coefficients of variation
CVy(Ks) are shown; it can be deduced that the geometric means assume values lower than the
arithmetic means while the opposite occur for the coefficient of variation. The use in the
uncertainty analysis of <Ks> and CVy(Ks) as overall representation of the experimental data is
supported by the consideration that the Ks dataset follows a lognormal probability density
function.
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Figure 1: Picture of plot 2, the largest plot located in the proximity of the forested area of the
catchment and characterized by a grassy meadow land (a). The correspondent scheme of
performed measurements is also shown (b).

Table 2: General statistics the saturated hydraulic conductivity (Ks) values used in this study
grouped by plot: n = number of observations in each plot; Min = minimum value; Max = maximum
value; Mean = arithmetic mean; CV = coefficient of variation; <Ks> = geometric mean; CVq =
geometric coefficient of variation.

Plot 2 7 11 12
n 40 9 10 10
Min (mm h) 1.0 30 30 20

Max (mmh?) 780 48.0 540 84.0
Mean (mmh?) 117.0 303 20.2 36.8

cV 1.09 050 0098 0.72
<Ke> (mmh?) | 91 240 115 227
CV, 222 069 188 134

Representative outcomes of the uncertainty analysis obtained by the non-parametric bootstrap method are
shown in the Figures 2-6. Figure 2 shows the 95% confidence interval of CVy(Ks) for the three different
plots. Figure 3 shows explicitly the 95% interval confidence width that decreases with increasing the
measurements number tending to an almost constant value and highlights that for a specific number of
measurements, n, the plot with smaller area (7) seems to be in a smaller uncertainty. Figure 4 shows the
95% interval confidence of CVy(Ks) normalized by an average geometric coefficient of variation
calculated through the sampling simulation involved in the bootstrap method. As it can be seen, in this
case a rather similar behavior in terms of uncertainty is obtained for the three plots, as a result of the
normalization procedure that involves different values of the average geometric coefficient of variation.
This last outcome referred to CVy(Ks) is somewhat different from the corresponding one obtained for
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<Ks> by Piacciafuoco et al. (2019) who deduced a higher reliability of the geometric mean estimates for
smaller areas after the normalization procedure.

95% confidence mnterval
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Figure 2: 95% confidence intervals of the Ks geometric coefficient of variation, CVy(Ks),
obtained by the non-parametric bootstrap method for the considered grassy plots. Ks is the
saturated hydraulic conductivity.
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Figure 3: Width of the non-normalized 95% confidence interval of the Ks geometric coefficient
of variation, CVy(Ks), as a function of the number of measurements, n. Ks is the saturated
hydraulic conductivity.
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Figure 4: Normalized 95% confidence intervals of the Ks geometric coefficient of variation,
CVy(Ks), obtained by the non-parametric bootstrap method for the considered grassy plots. Ks is
the saturated hydraulic conductivity.

Figure 5 shows the reduction of the 95% confidence interval width with increasing the number of
measurements for the three plots. This reduction has been obtained as the difference between the
width of the non-normalized confidence interval associated with n measurements and the width
associated with n-1 measurements. On each plot it is larger for small n while tends
asymptotically towards zero for n increasing. This is very clear for the plot 2 interpolated curve.
A similar behavior is suggested by the trend of the interpolated curves for the smaller two plots
even though the reduced number of measurements does not allow a complete evidence.

Figure 5 provides information on the benefit — in terms of width reduction — gained by
performing one extra measurement on each plot. It is high for small n and decreases with plot
extent up to a point, specific for each plot, after which becomes negligible. Therefore, the n
associated with this point can be considered as the minimum number of measurements necessary
to enter the “zone” where the confidence interval is stable. For example, the interpolated curve of
plot 2 is almost constant for n greater than 12.

Finally, Figure 6 shows the results of a further uncertainty analysis performed using plot 2 to
determine for different plot areas the minimum number of measurements requested to derive
CVy(Ks) with a specific accuracy. This plot has been chosen because the one with the largest
dataset. Ten sub-areas of 55, 110, 165, 215, 280, 345, 405, 470, 535 and 595 m? have been
considered, with larger sub-areas always containing all the smaller ones. In each sub-area, a

Organized by Indian Institute of Technology Roorkee and National Institute of Hydrology,
Roorkee during February 26-28, 2020



Roorkee Water Conclave 2020

number of measurements ranging from 4 to 16 has been drawn, if any, and the normalized 95%
confidence intervals of CVy(Ks) have been estimated through the non-parametric bootstrap
method for a total of 79 combinations area - sample number. Finally, the widths of the
normalized 95% confidence intervals have been plotted against area for different sample
numbers. The resulting curves suggest how the confidence in the estimation of CVy(Ks) appears
invariant when an equal number of measurements is considered on plots of increasing
dimensions, at least in the range of both number of measurements and plot area investigated.
Furthermore, on a plot of specific dimensions, a better estimate of CV(Ks) can be achieved by
increasing the number of measurements in the area. For example, for a plot of 345 m? sampled at
5 locations the width of the confidence interval is about 2.5 times the average CVy(Ks), while 16
measurements on the same plot determine an interval width almost halved (about 1.3 times the
average CVy(Ks)), i.e. a reliability associated with the CVy(Ks) estimation about doubled. On the
other hand, when the same number of samples is taken in bigger areas, the width of the
confidence interval remains invariant.

Figure 6 is very useful to derive a minimum number of samples that have to be taken in an area
of specific dimensions as a tradeoff between accuracy (or uncertainty) and time required for the
measurements.
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Figure 5: Reduction of the width of the non-normalized 95% confidence interval of the Ks
geometric coefficient of variation, CVy(Ks), obtained using one extra measurement in the
bootstrap method. For a specific number of measurements, n, the corresponding point represents
the difference between the width associated with n measurements and with n-1 measurements. Ks
is the saturated hydraulic conductivity.

4. Conclusions
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From a dataset of 131 measurements of saturated hydraulic conductivity Ks earlier performed by
double-ring infiltrometers in a small Austrian catchment over 12 plots belonging to both
grassland areas and areas devoted to different agricultural practices (Picciafuoco et al., 2019), 69
observations from three grassy plots have been taken out. A statistical characterization of Ks at
the plot scale has been made for studying problems linked with the assessment of its coefficient
of variation. An analysis of uncertainty based on the non-parametric bootstrap method has been
performed for estimating the 95% confidence interval around the coefficient of variation of Ks
for different numbers of observations and different plot areas. The coefficient of variation
CVy(Ks) is calculated considering the geometric mean <Ks>. The width of the normalized
confidence interval obtained with a specific number of measurements is almost invariant with
plot size while decreases with increasing the number of measurements in a specific area. These
outcomes define a methodology useful for determining the minimum number of measurements to
be performed in an area of specific dimensions to have a fixed level of uncertainty in CVy(Ks)
estimate.

This study does not involve a specific analysis of spatial correlation of Ks measurements. If
present the spatial correlation would have the effect of reducing the width of the confidence
interval for a specific number of measurements in comparison with uncorrelated data. The same
confidence in the estimates of CVy(Ks) would be therefore achieved with a smaller number of
observations. In any case, the assumption of independent data allows to transfer to other
geographical areas the results regardless of the plot correlation structure, even though they may
represent an upper limit of the required sample density in the presence of correlation.
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Figure 6: Width of the normalized 95% confidence intervals of the Ks geometric coefficient of
variation, CVy(Ks), as a function of plot size. Lines represent the number of measurements used
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for the evaluation of the confidence interval for different values of area. Ks is the saturated
hydraulic conductivity.
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