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Abstract

Spatial variability of surface hydraulic properties is an important factor for infiltration and runoff processes in agricultural
fields. At 120 locations on a hillslope, steady-state infiltration rates were measured at two applied pressure heads with a single-
ring infiltrometer. The solution of two steady-state infiltration equations for each location (the simultaneous-equation approach,
SEA) yielded 41 negative a-values, 79 positive a values and 120 positive Ki-values. The sensitivity of Ky and « to small
measurement errors was estimated using a Monte-Carlo simulation (MC). Results of this MC simulation showed that the
uncertainty on « is extremely high while the uncertainty on Kj is fairly small. Hence, although the pressure infiltrometer
technique as applied here is useful to estimate Kj, at each measurement location, it is not suited for the estimation of an a-value
at each measurement location. A new procedure is proposed for the simultaneous estimation of one overall ‘field o’ and the 79
K values of measurement locations having a positively calculated « using SEA. Using this field «, Kj values for the other
locations with a negative « are hence determined. Finally, the spatial correlation of Ki on the hillslope is examined. Ranges of
In(Kj,) between 2.85 and 3.8 m were observed, respectively, for the omnidirectional case and the y direction along the hillslope
. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Field investigations of the hydraulic properties of
the unsaturated (vadose) zone are becoming increas-
ingly important elements in hydrogeological and
geotechnical studies. The properties of the unsatu-
rated zone control the generally slow downward
seepage of potential ground water contaminants as
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well as the amount of direct runoff (Elrick et al.,
1989). A number of field techniques have been used
to measure the hydraulic properties of soils in the
unsaturated zone (Angulo-Jaramillo et al., 2000).
Infiltration based methods are recognised as valuable
tools to investigate hydraulic and transport soil prop-
erties. In particular, three complementary methods
appear to be interesting in the study of unsaturated
and-near saturated hydrological soil behaviour. They
are the confined one-dimensional pressure double ring
infiltrometer, the unconfined three-dimensional single
ring pressure infiltrometer and the unconfined three-
dimensional tension disc infiltrometer methods.
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In this study we examine infiltration data measured
with a constant head single-ring pressure infiltrometer
method. This technique is useful in the estimation of
the in situ Kj [LT ] (‘field-saturated’ hydraulic
conductivity) and ¢, [L°T "] (matric flux potential).
The term field-saturated is used because, under field
conditions, a certain amount of air is usually
entrapped in the soil during the infiltration process
(Reynolds et al., 1983; Elrick et al., 1989). This can
result in lower estimates of the ‘saturated’ hydraulic
conductivity compared to measurements in comple-
tely saturated soils (Stephens et al., 1987).

The flux potential, ¢, is defined as (Gardner,
1958):

0
b = | Kl M
where £ is the soil pressure head and #; the initial soil
pressure head [L]. ¢, is independent of the applied
head for the pressure infiltrometer method and is
related to « [Lfl]:

_ Kfs
¢m

The a parameter is a measure of the relative contribu-
tions of gravity and capillary forces to water move-
ment in an unsaturated soil. The smaller the « value,
the larger the capillary forces relative to gravity. The
value of @ measured in the field using ponded infiltra-
tion techniques is determined primarily by soil struc-
ture, particularly when macropores are present (Elrick
et al., 1989, 1995).

Constant head conditions have traditionally been
used because constant head devices are easy to main-
tain experimentally and because the analysis is rela-
tively simple. A difficulty with this approach is that
insufficient information is obtained from the measure-
ment of steady state flow under one constant head to
evaluate both K, and ¢, (Elrick et al., 1995). Either
one of the two parameters (or the a-value), must be
measured or estimated independently (Elrick et al.,
1989) or steady state flow measurements are needed
for two or more ponded heads. If « is estimated inde-
pendently however, some error can result. If steady
state measurements are taken at two or more heads,
soil heterogeneity can cause a large percentage of
invalid (i.e. negative) and unrealistic Ky and ¢,
values (Elrick et al., 1995).

o

@

The fixed a value approach as suggested by Elrick
et al. (1989), requires only one flow rate measure-
ment. However, individual «-values for soils are
generally not available. Based on structural and
textural information, Elrick et al. (1989) classified
soils into four categories and suggested choices of «
for each category. They proposed values of « ranging
between 0.01 cm ™' (compacted clays e.g. landfill caps
and liners, lacustrine or marine sediments, etc.) and
0.36cm™' (coarse and gravely sands; may also
include some highly structured soils with large cracks
and macropores).

In this study, only constant head infiltration
measurements were performed for two heads at each
measurement location. This was done because of the
simplicity of measuring the infiltration and because of
the belief that the procedure presented in this study
allows the achievement of good estimates of K. K
and «a are calculated from the observed infiltration
rates (Q; and Q, [LTfl]) corresponding to the applied
heads (h; and A, [L]) using the classical constant head
approach (or simultaneous-equations approach, SEA)
(Reynolds and Elrick, 1990). Philip (1985) concluded
that negative values of Ky and o imply that solutions
for K¢, and « are too strongly dependent on the ratio of
the observed infiltration rates (Q,/Q;). He gave two
numerical examples how a random measurement error
and some mild heterogeneity could cause negative Kj;
or o estimates. Elrick et al. (1989) report three error
sources that could cause negative Ky or & when using
Guelph permeameter method: (i) non-attainment of
true steady-state flow; (ii) errors in the experimental
measurements of Q; and Q, because of air bubble size
and reading errors in the permeameter; and (iii)
entrapment of air in the soil due to water redistribution
during filling of the permeameters and restarting of
infiltration. These three error sources exist also for the
single-ring pressure infiltrometer measurements since
the only difference is the borehole and its preparation.
We minimised these error sources during measure-
ments by (i) increasing measurement time, (ii) using
small air inlet tubing and (iii) making the reservoir
large enough to make measurements at two heads
possible without refilling (Ankeny et al., 1988).
Nevertheless Ky and « are very sensitive to the O,/
Q, ratio (Wu et al., 1993). Preferential flow in macro-
pores (vertical and lateral cylindrical pores, cracks)
not activated in one infiltration measurement at a
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Fig. 1. A scheme of the hillslope showing the 120 measurement locations.

specific head becomes activated in the other infil-
tration measurement with the second applied head,
can change the Q,/Q, ratio, depending on the
geometrics and locations of the macropores. The
activation are not of macropore flow depending on
the potential is well known in the unsaturated
domain (Elrick and Reynolds, 1992). In the ideal
case where macropores would be homogeneously
spread out over the soil volume, no artefacts can
be encountered. When the saturated bulb is so
small that no macropores are within the bulb for
the smaller pressure head but are in the saturated
bulb for the subsequently applied pressure head,
the flow may increase dramatically due to the
expansion of the bulb and the activation of macro-
pores.

The objectives of this research were to: (i) examine
the possibilities of single-ring pressure infiltrometer
measurements in estimating that K¢ and « using the
classical constant head approach for two heads at each
measurement location, (ii) study the sensitivity of K
and « to small measurement errors, (iii) develop a
procedure for the estimation of one overall ‘field o’
using an inverse optimisation technique and (iv) esti-
mate the spatial correlation scale of K, measured on a
hillslope.

2. Materials and methods
2.1. Site description

We measured infiltration using single-ring pressure
infiltrometers at 120 locations on a 80 X 20 m” field
plot located on a hillslope with a sandy-loam soil
texture (Luvisol) in Rillaar, Belgium. The selected
plot is located in a fruit tree research area. Before
September 1999, the plot was covered with apple
trees for 14 years. In September 1999, the apple
trees were removed and the site was covered with
grass ever since. The hillslope has a mean slope of
10% and is currently in use as an experimental plot for
a rainfall-runoff study. The pressure infiltrometer
measurements were done in August 2000 in the
context of this hillslope rainfall-runoff study.

2.2. Measurements

To estimate field-saturated conductivity (Kg), we
measured the steady-state infiltration rate from a
ring under a constant positive pressure head (H)
using a single-ring pressure infiltrometer. Water is
supplied to the soil surface at a positive head through
a sealed top lid by a Mariotte bottle with a moveable
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air tube allowing a wide range of H. The set-up is similar
to the Guelph Permeameter reservoir (Reynolds et al.,
1985; Reynolds and Elrick, 1990; Vauclin et al., 1994;
Angulo-Jaramillo et al., 2000). The ring has a diameter
of 95 mm and can be driven into the ground to a maxi-
mum depth of 57 mm. The ring was carefully driven into
the ground without removing the short grass; no special
surface preparation was needed. The grass was not
removed as we were interested in the in situ natural
infiltration characteristics. At each location, steady
state infiltration rates were measured manually at two
different pressure heads applied in a sequence at a single
location. The supplied pressure heads were slightly
different for each location, but in all cases, the measure-
ments started at the smallest value. The supplied pres-
sure heads ranged from +6cm to a maximum of
+25 cm. Steady state was reached after an average of
90 min per head. The criterion used for attaining steady-
state infiltration was that the 5 min infiltration volume
during a 30 min record remained constant. All measure-
ments were done during a long dry period since the
initial water content of the soil may influence the esti-
mation of K, (Bagarello and Provenza, 1996). The
measurement campaign was limited in time thereby
minimising the risk of temporal changes in soil structure
that may affect the saturated conductivity (Russo et al.,
1997). In this case, no prior rainfall-runoff experiments
were performed and the measurement campaign was 2
weeks long. No precipitation was recorded during that
period.

The total number of measurement locations was 120
and the measurement scheme is shown in Fig. 1. The
scheme layout was designed in order to obtain enough
pairs for the estimation of semi-variograms at different
lag distances in both the x- and y-direction. An accurate
estimation of the semi-variograms requires a minimum
of 3050 pairs (Journal and Huijbregts, 1978). To esti-
mate directional variograms, measurements were done
on lines parallel and perpendicular to the hillslope. The
testing of the layout was performed using the GSLIB
program (Deutsch and Journal, 1992).

3. Derivation of K;, and «
3.1. Simultaneous-equations approach

An analysis of steady, ponded infiltration from a

single ring which takes into account the soil hydraulic
parameters, ring radius, depth of ring insertions, and
depth of ponding was published by Reynolds and
Elrick (1990). The following equation for three-
dimensional steady flow of water from the ring was

given:
Pm
+
) mryG ®)

Goco = Kfs(1 + p—
where goo (LT Y is the steady flow rate, K (LT h
the field-saturated hydraulic conductivity, H (L) the
height of the ponded head, ry4 (L) the ring radius, ¢,
(L*T™") the matric flux potential and G (-) a dimen-
sionless parameter:

G=O.316£ +0.184 (@)
Tq
where d (L) is the depth of insertion of the ring in the
soil. The first term in the right-hand side of Eq. (3)
represents the gravitational effect, the second one
corresponds to the influence of the ponded head, H,
and the third term represents the contribution of the
capillary forces to the soil water flow (Angulo-Jara-
millo et al., 2000). When the steady-state infiltration
rates are measured at two positive hydraulic heads H|
and H, at the same location, K, and ¢, are obtained
by solving the resulting two Egs. (3) and (4) (SEA
approach). On each measurement location, two
hydraulic heads were supplied and the corresponding
steady state infiltration rate measured. This allows the
simultaneous solving of Egs. (3) and (4) for Kj; and
¢, (or «) per measurement location.

3.2. Sensitivity analysis

A rigorous analysis of the uncertainties of the
single-ring pressure infiltrometer measurements is
beyond the scope of this study. Instead, a simple
error analysis using Monte-Carlo simulations (MC
simulations) was performed here to assess the propa-
gation of uncertainties in measured inflow rates on the
values of K, and «. A random error on the steady state
infiltration rate is assumed. The error is assumed
equivalent to a possible reading-off error of mean
0 mm and standard deviation 0.5 mm (normal distri-
bution) on the value read-off the reservoir. The error is
randomly added to read-off values for both applied
pressure heads. Inflow rates (Q, and Q,) are calculated
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and the assumed error in this experiment results in a
standard deviation on Q, and Q, of 0.0034 cm min .
Mean of Q; and Q, over all measurements is
0.2 cm min~! so the mean error on the inflow rates
is about 1.7%. Consequently Ky and « values are
calculated using the SEA for each random error.
Thousand simulations per measurement location or
120 000 simulations were performed and the statisti-
cal properties deduced.

A second sensitivity analysis is performed in order
to examine the effect of an increase in the number of
pressure head levels per location on the uncertainty of
Ki, and «. This analysis is done for three pressure
heads and the corresponding infiltration rate per
measurement location is measured. MC simulations
were performed using the same probability distribu-
tion on the inflow rate as described earlier, but assum-
ing three pressure head levels. Three Kj values
(0.005, 0.03, and 0.09 cm minfl) and six a values
(0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 cmfl) are arbitra-
rily chosen though keeping in mind the range of «
proposed by Elrick et al. (1989). For each pair of Kj
and «, three gy, values were calculated for three
different H’s (10, 20 and 30 cm) using Eq. (3). Then
a measurement error is added to gy and a regression
through the new (H, q%%o) is performed (qf)@oo : theore-
tical perturbed infiltration rate). Three pressure head
levels require regression through the three pairs
(H, q?m) while when using only two levels, simulta-
neously solving of Eq. (3) for both pairs was suffi-
cient. Three pairs are hence expected to result in
smaller standard deviations of Ky and « but are
more time consuming when the field measurements
are taken into account.

3.3. Inverse optimisation technique

The calculation of best fit parameters (e.g. Kz and
a) in general requires minimisation of the following
objective function (Bard, 1974):

n
SSR = > [F(p) — m;)’ (5)
i=1
where SSR is the sum of squared residuals, F(p) the
model function with a set of parameters p, and m a
vector of n data points.
We propose here a new procedure using an optimi-
sation technique. The procedure optimises simul-

taneously one overall ‘field’ « and n K values (one
at each measurement location). The optimum is
reached when the SSR is minimal i.e. when the sum
of squared differences between observed Q and simu-
lated gy« values for each location is minimal. Consid-
ering only one «, Eq. (3) can be rewritten as:

011 [ Hi100-07] [a] [ 100---0 T
Qi1 H;,00---0 a; 100---0
0. 0H,,00--0 | | a, 0100--0
022 | = | 0H2,100--0 | | a2 | + | 0100---0
On1 00---H,, a, 00---1

| O | 00---H,, _ Ly L 001

o
a
a
X| % |xb
ay
A |
(6)

where a; = K;/wryG, b = 1/a + wryG, Q; 1, Qi » and
H; |, H; , correspond, respectively, to the first and
second measured steady state infiltration rate (Qye)
and head (H) at each measurement location i.

Eq. (6) is the model with parameter @; and b. Note
that Eq. (6) is in fact a non-linear model because of the
second term. Lower limits for K, and o were set to 0
while upper limits were set to infinity for all para-
meters. The initial estimates of Ky were arbitrarily
set at 0.25 cm min~ ' and the initial estimate o was

set at 0.01 cm ™.

3.4. Statistical and geostatistical methods

Since only one field a value is considered in this
study, only Ky is considered in the analysis. Prior to
the spatial analysis of K, it is convenient to examine
the data of Ki by means of simple conventional
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Table 1

Descriptive statistics of K and « calculated using the SEA and in comparison with the statistics of the optimised values

N Avg. Min. Max. Std Dev.
All measurements (SEA)
K, (cm min ") 120 0.0734 0.0010 1.4544 0.1555
a(lem™) 120 —0.0126 —9.5796 8.2911 1.1739
Location of positive a values (SEA)
K, (cm min ") 79 0.0324 0.0010 0.1320 0.0350
a(lcm™) 79 0.1864 0.0006 8.2911 0.9298
Location of negative o values (SEA)
K¢, (cm min ") 41 0.1526 0.0051 1.4544 0.2445
a(lecm™) 41 —0.3958 —9.5796 —0.0249 1.4784
All measurements (optimisation)
K, (cm min ") 120 0.0293 0.0020 0.1516 0.0292
o (1em™) 1 0.03 / / /

statistical methods. The Lilliefors test (Conover,
1980) is used as normality check of In K. The Lillie-
fors test is similar to the Kolmogorov—Smirnov test,
but adjusts for the fact that the parameters of the
normal distribution are estimated from the K; values
rather than specified in advance. Using the theory of
the regionalised variables (Cressie, 1993), the spatial
correlation structure of Ky is investigated. The semi-
variance is defined as:

n(h)

= 5 (h) Z[z(x) 2 + WP )

where y(h) is the estimated semi-variance for lag
distances class h, z(x;) and z(x; + h) the measured
sample values at point x; and x; + h, respectively,
and n(h) the total number of sample pairs for the
interval 4. The omnidirectional and directional vario-
grams along x and y axes are calculated using the
GSLIB program (Deutsch and Journal, 1992). An expo-
nential model was visually fitted to the variograms:

y(h) = Cy + C[1 — e "] ®)

where C is the nugget variance and C; the (co)var-
iance contribution or sill value, & the lag distance (m)
and a the practical range, that is the distance at which
the variogram value is 95% of the sill. The model was
checked by cross-validation, testing for the absence of
systematic errors and the consistency of the kriging
variance and error. In particular, following Jury et al.
(1987a,b) and Russo and Jury (1987a,b), we checked

the following criteria:

- % ;RE(xi) =0 ©)
where
~ Tt~ (10)
and that
MRE = [l iRE(xi)z]mE 1 (11)
=

where ME is the mean of the reduced error vector RE,
MRE the mean square reduced error, n the sample
size, z(x;) and Z(x;) the measured and predicted
(krigged) values at location x;, where i varies from 1
to n.

4. Results and discussion
4.1. Simultaneous-equations approach

As discussed earlier, an important limitation of the
single-ring pressure infiltrometer measurements is the
potential for negative values of the estimated K and/
or o (Heinen and Raats, 1990; Elrick and Reynolds,
1992; Wu et al., 1993; Russo et al., 1997). The SEA
approach (Egs. (3) and (4)) can only yield positive
values for K if O, > Q;, but can yield both positive
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Fig. 2. Result of the MC simulations with two applied pressure heads. (a) K¢ and standard deviation of K¢ (b) o and standard deviation of «.

and negative values for «. That is why all 120 calcu-
lated K values of our data set were found to be posi-
tive. Table 1 shows the basic statistical properties of
the calculated Ky and « values using the SEA proce-
dure. Of the calculated « values, 79 out of 120 were
positive. A negative value of « is physically impos-
sible since this would mean that either K or ¢, is
negative. The 41 negative o values make that the
overall average « of all positive and negative «
values was negative. Values of « down to
—10 cm ™! were obtained. The mean Kj, for locations
where a > 0 is half (0.032 cm min ") of the mean Kj,
for all locations (0.073 cm min ') and only one-fifth
of the mean Ky, where & < 0 (0.152 ¢cm min "~ "). Stan-
dard deviation on Ky when taking only negative
values into account is eight times larger than the one
of K, where only positive a values are considered.
Table 1 suggests that negative « values generally
correspond to higher K values. Examining the single
measurements reveals that this is not true for all since
distributions of Ky, values for positive a and for nega-
tive a overlap partly, although the overlap is minor.

As studied by Wu et al. (1993) preferential flow in
macropores changes the Q,/Q, ratio which may lead
to negative a values. Since macropore flow is only
gravity driven and barely influenced by capillary
forces, the third term in Eq. (3) is very small (i.e.
due to its large positive «). Therefore measurement

errors which are propagated in the intercept of the g
versus H relation (sum of the first and third term), may
result in a negative third term in Eq. (3) (i.e. negative
a). This matches the finding of this study that loca-
tions where « is calculated negative, generally have
high Ky values. Preferential flow indeed increases
hydraulic conductivity values (Bouma, 1981; Beven
and Germann, 1982; Edwards et al., 1988; Logsdon et
al., 1990). However, we will demonstrate in Section
4.2 that measurement errors result in erroneous and
uncertain estimates of « values for all types of soils.

4.2. Sensitivity analysis

The aim of this part of the study is to examine the
effect of small fluctuations in ‘measured’ inflow rate
on Ki and «. Only those observations where a was
found positive using the SEA (79 locations) were used
in the sensitivity analysis in order to avoid the effect
of negative a values. MC simulations (1000 simula-
tions for each of the 79 locations) result in model
output statistics for Kg and «. Fig. 2 shows the simu-
lated mean value and standard deviation for K, (a)
and a (b). The standard deviation of « is very high
(notice the log scale) for all measurement locations
and a trend of increasing standard deviation with
increasing o values is observed. The sensitivity of
a to small variations in inflow rate is extremely
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Fig. 3. Result of the MC simulations of fictive pressure head infiltrometer data using three pressure head levels (a) K and standard deviation of

K, (b) a and standard deviation of «.

high and small input fluctuations in measured infiltra-
tion rates result in a large range of a values: from
—1000 up to +2000cm'. This exercise reveals
that the a value calculated using the SEA from
single-ring pressure infiltrometer measurements with
only two pressure head levels is meaningless. This
conclusion must at this stage be restricted to our
conditions (e.g. initial soil moisture content and soil
type, etc.). As stated earlier, negative a values do not
necessarily imply high Kj values (or preferential
macropore flow) but as shown in the MC simulations,
negative a values could also be the result of small
variations in the measured infiltration rate due to
e.g. measurement errors.

The standard deviation of K, is nearly constant for
all measurement locations i.e. no trend of increasing
standard deviation with increasing K¢ values can be
noticed, and standard deviations remain reasonably
small for all measurement locations. Kj is not very
sensitive to these infiltration rate measurement errors.
In conclusion, single-ring pressure infiltrometer
measurements using only two pressure head levels
at each location is a suitable method for the in situ
derivation of K, but unsuitable for estimating «.

The result of the second sensitivity analysis (three
theoretical heads applied) in which three Ky values
(0.005, 0.03, and 0.09 cm min_l) and six a values

(0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 cm_l) are arbitra-
rily chosen and MC simulations performed as
explained earlier, is shown in Fig. 3. As shown in
Fig. 3(a), standard deviations of K again remain
quite constant and reasonably small over the range
of K, for all considered « values. Six MC simulations
(1000 runs each) were performed for each of the three
considered K, levels i.e. one simulation for each value
of «. Fluctuations in infiltration rate over the consid-
ered range of a and Ky values do not influence the
standard deviation of Ky. Fig. 3(b) shows that even
when considering three pressure head levels, the esti-
mated « values remain very sensitive to measurement
errors in the infiltration rate over the considered range
of a.

A trend of increasing standard deviation with
increasing values of « can again be observed. This
trend can be explained physically: low « values corre-
spond to soils in which capillary forces are relatively
important compared to gravity forces. This means that
in these soils, the third term of Eq. (3) is relatively
large and hence a or ¢, has a large influence on the
value of gge. In other words, go. 1S sensitive to the
value of a or a can be determined quite well. On the
other hand, when « increases (gravity forces more
important than capillary forces), the third term
becomes very small compared to the first two terms
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of Eq. (3), which implies that « does not contribute a
lot to the value of gy (0T go 1S insensitive to the value
of a) and can hence not be determined with great
certainty.

It is obvious from Fig. 3(b), that single-ring pres-
sure infiltrometer measurements is not a suitable
method to estimate «, even when using three pressure
head levels. Here, the conclusion that calculated «
values using SEA are meaningless can be extended
to a large number of other soils having a wide range of
« and K, values. Since small infiltration variations (or
measurement errors) do not have a large effect on the
estimation of K, it is a stable method for the in situ
estimation of Kj.

4.3. Inverse optimisation technique

As discussed earlier, a single-ring pressure infilt-
rometer measurement is a good tool for the estimation
of Kj; in situ. A problem remains that the estimation of
K, is a function of «. However, the sensitivity analy-
sis showed that it is impossible to obtain a meaningful
estimation of « from the steady-state infiltration rate
measurements. As stated earlier, Elrick et al. (1989)
suggested a fixed a value method. However, indivi-
dual a values for soils are generally not available.

One solution for the choice of the o value could be
to consider the average of the 79 positive «a values as
the ‘overall’ «. Following this solution, an overall «
of 0.19 cm ™' can be calculated. Recalculating all K
values with the overall a value would finally result in
two Kj, values per measurement location (or 240 Ki)
and one overall «. Finally, the average of both Kj
values at each measurement location can be consid-
ered as the best estimate. However, taking the average
of the positive a’s as the overall hillslope a is not
very meaningful when considering the large uncer-
tainty in «.

An alternative, more robust way of estimating the
overall « value is proposed in this study. In the sensi-
tivity analysis, it was proven to be impossible to get an
accurate estimate of local o values using the SEA. It
also revealed that K, is less sensitive to measurement
errors and also to an erroneous « estimate or that «
can be completely out of the normal range while the
estimate of Kj is still acceptable. That is why the
authors believe that it makes sense to suggest a
fixed a for all measurement locations. Using this

fixed « value, an error is made due to the fact that
the local o might differ from the optimised one but
this error only has a very small impact on the estima-
tion of the local Kj,.

Again, only locations where a was positive (SEA)
are taken into consideration. The optimisation (Eq.
(6)) aims at finding 79 a values (equivalent to 79 Kj;
values) and 1 overall b value (related to «) by mini-
mising the sum of the squared residuals. Several sets
of initial parameters were used, all leading to the same
optimised parameter set. This means that the opti-
mised parameter set does not correspond to a local
minimum in the objective function but corresponds
to the overall minimum or optimum. Compared to
the case in which the average of the positive « values
is taken as the overall «, this optimisation procedure
results in a value of « which is based on all measure-
ments where « is positive simultaneously.

The sensitivity analysis learned that negative «
values can be the result of measurement errors.
Though positive « values do not imply that measure-
ment errors are negligible, negative a values are for
sure an indication of ‘large’ uncertainty, hence it
makes sense (first reason) to exclude these negative
a locations. It must be stressed that the actual « value
using SEA is meaningless, though in this study, its
sign decides whether it is to be used in the optimisa-
tion procedure or not.

When the Levenberg—Marquardt optimisation
procedure was applied for all locations, including
the negative « sites, the optimised o value always
reached the top of the upper bound set in the optimi-
sation procedure, even when this bound reached
extreme values of 100 cm ™', This is because the opti-
misation procedure looks for one overall o which is
negative but « is not allowed to become negative by
its lower bounds (set to 0). Therefore, the optimisation
procedure increases the value of a« in order to
decrease the third term of Eq. (3) in the same way a
negative « does. Hence, (second reason) the optimi-
sation procedure was limited to the locations having a
positive a value.

Fig. 4 shows the result of the optimisation proce-
dure: simulated (‘optimised’) and measured infiltra-
tion rates are very close (R2 =0.9961) and no trend
was found in the residuals. The overall a or a was
0.03 cm ™' and the optimised Kj, values are shown in
Fig. 5. The large difference between average positive
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R2 = 0.9961

Optimised infiltration rate (cm/min)

04 0.8 1.2 1.6
Measured infiltration rate (cm/min)

Fig. 4. Result of inverse optimisation: measured infiltration rate
compared to optimised (simulated) infiltration rate.

as using SEA (0.18 cm™') and the optimised «
(0.03 cm_l) is due to a few outliers (e.g. one a of
8.29 cmfl) in the result of the SEA calculation and
the large uncertainty on o as shown in the sensitivity
analysis. Comparing this a, of 0.03 cm ™' with the

Optimised Kfg (cm/min)

| ' | ' | ' | ' |
0

0.04 0 0.16

.08 0.12
Calculated Kfs usinf SEA (cm/min)

Fig. 5. Optimised Kj, values at locations with an originally calcu-
lated positive & compared to originally calculated K using the SEA
method.

----- Kfs (SEA)
4 — Kifs,avg (%opt)
————— Kfs,1 (ctopt)

————— Kfs,2 (ctopt)_ _ -
/

-

0.01

0.001
[ I I [

0 10 20 30 40
Location number sorted according to increasing Kfs (SEA)

Fig. 6. Kj, values based on a,, at locations with an originally
calculated negative .

values proposed by Elrick et al. (1989) indicates that
this value lies within the range of the ‘unstructured
fine textured soils’, in which the soil found at the
measurement site can be classified. Optimised K
values are generally not as high as the originally
calculated Ky values using the SEA, although this is
certainly not true for all measurement locations.

At locations where « was found negative, we
solved Eq. (3) for Ky using o, and obtained two
K, estimates at each location, one for each applied
pressure. The average of these two estimators (=
K avg) is considered to be the in situ measured Kj
for that location. Fig. 6 shows the originally calculated
K, values using the negative «, the K values from Eq.
(3) for each H (using a ) and the averaged Ky, which
is considered to be the in situ estimated Ky for that
location. Fig. 6 shows that the K,y is again lower
than the originally calculated Kj using negative o
values, and that for all measurement locations. This
is quite obvious because an increase in the third term
of Eq. (3) (« from a negative to a positive value) has
to be compensated by a decrease in K for equal ¢
values. Advantage of the optimisation technique
compared to calculating K, according to SEA is that
in this technique, all measurements (at least where «
was found to be positive with the SEA) are involved in
finding the optimum 79 Ky values and the overall «
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Fig. 7. Normal probability plot of In(Kj). Straight line represents
the theoretical cumulative normal probability function.

value simultaneously. No posterior averaging (except
for the negative « values) of K values compared to
the method proposed by Elrick et al. (1989) is needed.
The statistics of the Ky for all locations using the
overall a value are shown and compared with the
K, values calculated using the SEA in Table 1.

4.4. Statistical and geostatistical results

The normal probability of the In(Ky) values calcu-
lated based on ay, is shown in Fig. 7. The Lilliefors test
did not reject the null (normal) hypothesis at the 0.05
level of significance, meaning that Ky is log-normally
distributed as shown in several other studies (Jury, 1985;
Russo etal., 1997; Zavattaro et al., 1999; Mohanty et al.,
1994; Jacques, 2000). Fig. 8(a) shows the omnidirec-
tional variogram of In(Kj), Fig. 8(b) the directional
variogram in the x-direction or orthogonal to the hill-
slope and Fig. 8(c) the directional variogram in the y-
direction or along the hillslope. In addition, the fitted
exponential model through each variogram is shown in
Fig. 8. The three parameters of the exponential model
(Eq. (7)) were estimated by visual fitting and are shown
in Table 2. Cross-validation using the model parameters
fitted to the omnidirectional variogram, resulted in a

Fig. 8. Experimental semi-variograms (circles) and fitted models of
In(K¢) (a) omnidirectional semi-variogram (b) directional semi-
variogram along x axis, and (c) directional semi-variogram along
y axis.
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mean of the reduced error vector (ME) of —0.045, a
mean square reduced error (MRE) of 1.056. As these
values are ideally, respectively, 0 and 1, the fitted model
was found to be suitable.

Examining the semi-variograms reveals that some
spatial pattern is present in all the three semi-vario-
grams. A range of In(Ky) of 2.85 m (omnidirectional)
to 3.8 m (along the hillslope) is observed. Russo et al.
(1997) found a range of In(Ky,) between 0.6 and 2.5 m
which is in the same order of magnitude as the values
found here. The quite high nugget values also suggest
that the local variation between adjacent locations is
high. As shown earlier, the uncertainty of measure-
ment errors on the K is reasonably small, so this
rather short correlation distance or range could be
caused by several other factors. The field plot used
to be a fruit tree orchard of which the roots have
created preferential flow pathways resulting of course
in the shortening of the range. Worm- or moleholes
can be another factor resulting in big differences
between adjacent measurements.

5. General conclusions

In situ measurements of discharge—head (Q-H)
pairs were used to estimate the field-saturated hydrau-
lic conductivity Kj, and the parameter o (Gardner,
1958) at 120 locations on a hillslope (80 m long,
20 m wide) by means of a single-ring pressure infilt-
rometer. Only the steady-state infiltration rate was
used for further analysis and using the classical SEA
approach, 79 of these (Q, H) pairs yielded positive «
while all pairs resulted in positive Kgvalues. The SEA
approach showed that locations where o was nega-
tive, generally have high Ky values. The negative «
values might be the result of the domination of macro-
pore flow in the infiltration process at that location,
though negative « values do not imply that preferen-
tial macropore flow (or higher Kj) is the case as

Table 2
Estimated parameters of the exponential semi-variogram models

Nugget (Cp) Sill (Cy) Range in m (a)
Omnidirectional 0.4 0.65 2.85
Directional (x) 0.2 0.7 32
Directional (y) 0.7 0.5 3.8

shown in the sensitivity analysis. This MC analysis
reveals that the sensitivity of & on measurement errors
using the constant head SEA with two or three pres-
sure head levels is enormous. Therefore, negative «
values can be the result of a small measurement error
instead of macropore flow. Sensitivity of Kj to
measurement errors is very low and constant over
the range of K, and «. Based on this sensitive analy-
sis, we believed that single-ring pressure infiltrometer
measurements using two or three pressure head levels
at each location is a suitable method for the in situ
derivation of K but unsuitable for the estimation of
a.

A new technique using the inverse optimisation of
120 K, values and only one « value using all infiltra-
tion measurements was proposed. The technique
allows a robust method for the derivation of that «
value which is generally not known for a given loca-
tion. The inverse optimisation converged successfully
and optimised and measured infiltration rates are very
close. Finally, the spatial analysis revealed ranges of
In(K;,) between 2.85 and 3.8 m omnidirectional and
along the hillslope (y-axis), respectively.
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