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Abstract

The spatial relationship between saturated hydraulic conductivity and soil
texture has been analysed, in a semi-arid watershed in the Brazilian Northeast.
Adopting a 30m spacing regular mesh, 49 hydraulic conductivity tests have been
carried out using a Guelph permeameter. Trend components have not been de-
tected on data. A transformation was applied to the hydraulic conductivity data to
obtain Normality. Isotropic semivariograms for the transformed hydraulic conduc-
tivity exhibited weak spatial dependence for the adopted spacing, whereas for tex-
ture large ranges for the semivariograms have been observed. Although linear cor-
relation between hydraulic conductivity and texture was weak, the spatial
correlation is strong. Adopting the cokriging procedure for hydraulic conductivity
and texture, consistent maps could be produced, using the ArcView Software. The
use of the cross-semivariogram has allowed approximately 40% reduction in the
number of hydraulic measurements required, without increasing the precision er-
ror of the estimates.

Introduction

When modelling infiltration in hillslope areas, knowledge of the hydrau-
lic conductivity parameter variations in the soil zone is of critical importance for
accurately predicting runoff and seepage events. Even in a detailed soil investiga-
tion in watersheds, many areas between sampling points are left unmeasured, and
some degree of uncertainty remains concerning the actual rainfall- runoff process.
This uncertainty can be quantified by treating the soil parameters as random func-
tions (de Marsily, 1986). Given a set of measurements at specified field locations,
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geostatistical analysis consists of inferring (in a statistical sense) the parameters of
the probability model governing the behaviour of each random function in space
(Mackay et al., 1987). In addition, the geostatistical approach allows the genera-
tion of many realisations of this same random function, of which the actual meas-
urements represent only one particular realisation.

Comprehensive literature review has been presented by Mackay et al. (1987) on
the geostatistical characteristics of hydraulic conductivity in several unconsoli-
dated formations, regarding particularly on correlation length, as related to the size
of the study region. Ranges in alluvial soils have been reported from 100m to
800m.

In this study, a hillslope plot in semi-arid watershed in the Brazilian Northeast
has been selected and its hydraulic properties structure analysed. In the same plot,
Santos et al. (2003) have performed rainfall-runoff experiments in the selected
plot using a rainfall simulator device. Values between 2cm/h and 8cm/h have been
accessed for saturated hydraulic conductivity during the dry season, when bare
soil scenarios prevail.

Mackay and Montenegro (1996), Montenegro (1997) and Montenegro et al.
(2002) have investigated the geostatistical structure of hydraulic conductivity in
the same watershed, particularly in the alluvial valley downstream from the hill-
slope plot adopted. Ranges of approximately 84 m for the isotropic semivariogram
have been found, for the saturated hydraulic conductivity.

In order to investigate spatial variability of hydraulic conductivity, a Guelph
permeameter (Soil Moisture, 1991) has been applied in this study, due to its versa-
tility, allowing hydraulic conductivity assessment in about 2 hours time interval,
on average. According to Ragab and Cooper (1993), the Guelph permeameter
should be used where shallow water tables are not present, producing precise hy-
draulic conductivity estimates, and causing minimal disturbances onto soil struc-
ture. Ragab and Cooper (1993) have described an application of the Guelph per-
meameter to compare unsaturated hydraulic conductivity in grasslands and forest
zones in a same watershed. When applying the permeameter in sandy soils, bore-
hole wall collapsing might occur. Bagarello (1997) has inserted a wire screen to
prevent collapsing, producing consistent results. This method has been adopted in
this study, due to the sandy texture of the domain.

As pointed out by Vauclin et al. (1983), in several practical situations the spa-
tial structure of a given variable may not been fully described from an univariate
sampling procedure. The statistical precision may be improved by potentially con-
sidering the spatial correlation between this variable and another more frequently
sampled one, as stated by the cokriging procedure.

The purpose of this paper is to apply the cokriging procedure to hydraulic con-
ductivity evaluation and texture data from a semi-arid watershed, and to compare
the results to classical kriging procedure.
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Theory

Application of the geostatistical approach

Geostatistical theory is based on the assumption that the variability of a given
regionalized variable z(x) is random in space. According to Journel and Huijbregts
(1978), a random function Z(x) can be seen as a set of random variables Z(x;) de-

fined at each point x; in the domain of interest D: Z(X) = {Z(Xi),VXi € D}.

The random variables Z(x;) are spatially correlated, depending on the structure of
variation of the random function Z(x). At any point x;, the log-transformed value
of the measured hydraulic conductivity, z(x;), for example, can be interpreted as a
single realization of the random variable Z(x;). Assuming hypothesis of stationar-
ity, as stated by Journel and Huijbregts (1978), the function y(h) is called the
semi-variogram, and can be defined as:

v(h)= 0.5 { E[Z(x+h)-Z(x))* 1 } @

where E[.] represents the mathematical expectation.
When y(h) > ¢, >0, as h— 0, thencis called the nugget effect, and in-

corporates measurement errors and small-scale variability not captured by the field
sampling design (Cressie, 1993). In general, the semi-variogram can be interpreted
as representing a nested structure of variation, and encompassing contributions of
several scales of variability of a natural phenomenon. Each scale of observation
integrates the variability of all the smaller scales (Journel and Huijbregts, 1978).
The sill of the semi-variogram, vy, (ec), represents the limit of the y, (h) function as
h—o, and the range A of the semi-variogram indicates the separation scale at
which the semivariogram reaches the sill.

Prior to the semi-variogram analysis from the measurement data, assessment of
the univariate distribution for the probability model is required. According to
Woodbury and Sudicky (1991), hydraulic conductivity values are commonly as-
sumed to follow a lognormal distribution. In this study, lognormality tests were
performed on the set of hydraulic conductivity measurements.

After assessing the probability density function for the random function Z(x),
the covariance structure of Z(x) can be investigated by invoking the intrinsic hy-
pothesis and adopting an estimator function for the semi-variogram y(h), for ex-
ample the ‘classical’ experimental semi-variogram estimator y" (h).

Suppose now that two variables Z; and Z,, fulfilling stationarity requirements,
have cross covariances different from zero, then the cross semivariogram can be
estimated by:
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where n is the total number of measurements, n; is the number of pairs in the
interval [h;"; h;" ], and dist(z(x;), z(x4)) is the Euclidean distance in D.

In this study, the Weighted- Least- Square Method has been employed, as rec-
ommended by Cressie (1985), to fit theoretical semivariogram models to the ex-
perimental data. The most common functions used as semi-variogram models are
the exponential, the spherical, the linear and the Gaussian (Journel and Huijbregts,
1978)

The performance of the theoretical semi-variogram model in characterizing the
structure of a given data set should be verified before its use in mapping and pre-
diction. The method of jack-knifing or cross-validation is commonly applied for
such a validation (Vauclin et al., 1983), which consists of successively removing
one data point z; at a time and then estimating it from the remaining data, produc-
ing a value z; . The kriging technique is used in the estimation of z;". Thus, at each
data location x; , a reduced error R; can be calculated, which should be close to
zero if no bias is present, and a reduced variance should be close to 1, suggesting
that the variance of the errors (z; -z;') is consistent with the kriging variance (o ;).

For the purpose of this study, the experimental semi-variogram for the log-
transformed hydraulic conductivity was estimated based on the classical experi-
mental semi-variogram estimator proposed by Matheron (1963). The class intevals
were chosen such that at least 40 pairs of points were present in each class and the
semi-variogram captured the small scale variation of the hydraulic conductivity
field.

Kriging procedure description is well known in literature, representing a
weighted moving average with an estimation of the form:

2 () = 2 Az(x) @

where N is the number of measured values involved in the interpolation to X,
value, and 2; are weights. If z(x;) is a realization of the random function Z(x;)
fufilling the intrinsic assumption, then equation (3) can be rewritten in terms of Z.
It should be highlighted that one of the conditions for optimizing the choice of the
Aqis:

oy (%) =Var{Z"(x,) = Z (%,)}=min @)
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For analyzing the cokriging variance, let z, be a more difficult variable to
measure than z;. Supposing that the two variables have the cross correlation ex-
pressed by y1, (h), Z," can be estimated as:

Z204) = Y A0+ S A 20 ®

The variance requirement is then;
GCZK (Xp) =Var{Z, (X,) —Z,(X;)}=min (6)

In this study, mapping is performed for ox? and for o.«? aiming to assess the
improvement in Z; estimates when cokriging is adopted. For more details, Vauclin
et al. (1983) can be consulted.

Hydraulic conductivity tests

The Guelph permeameter has been employed adopting four hydraulic heads in
boreholes (2.5; 5.0; 7.5 and 10.0 cm), allowing six pairs of heads to be assessed.
Reynolds e Elrick (1986) have present the details for Gardner function parameters
estimation from each pair of heads. The basic principle is that the steady state re-
gime is quickly established in a borehole in a homogeneous isotropic domain, with
a low hydraulic head.

The matric flux potential ¢, can be defined as:

4, = [K(p)dg (7)

¢ i< <0, where, ¢, is the initial soil tension and ¢is the final one.

Adopting the Gardner (1958) expression, where ¢ is used as a soil porosity,
the saturated hydraulic conductivity K, can be expressed as:

g ®)

Results and discussion

A regular mesh with 30m spacing and 49 nodes has been adopted in the hill-
slope plot. In each node, texture has been evaluated and hydraulic conductivity as-
sessed, with at least three replications. The data basic statistics is presented in Ta-
ble 1. Figure 1 exhibits the Normal theoretical function and the experimental
cumulative statistics for Log K. It has been verified that the sand content and the
clay content are approximately Normally distributed, whereas hydraulic conduc-
tivity can be assumed as log-Normally distributed.
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Table 1- Basic statistics for log K, sand content, and clay content.

Variable n max min average sd Aver-
age/sd
Log K(cm/h) 49 2.10 0.12 1.40 0.40 28.57
% sand 49 68.20 39.40 54.46 7.07 12.98
% clay 49 39.00 17.40 27.53 5.46 19.83
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Figure 1- Cumulative frequency of Log (K).

The trend analysis on data has been performed by calculating the determination
coefficient of the multiple regression of log K in both directions X and Y, as:

Log K= 1.07+0.0008X+0.002Y R?=0.13

As R? is far from unit, and also the linear coefficients, then it has been assumed
that no trend is present in the data set.

Considering the hydraulic tests replication in each location in the field, the
nugget effect in the semivariogram for Log K has been estimated in 0.04. Figure 2
exhibits the experimental and theoretical semivariances for texture data, and Fig-
ure 3 presents the cross-semivariograms log K — sand content and log K — clay
content. Table 3 summarizes the optimal fitting of the semivariograms, and also
presents the theoretical semivariogram after removing 19 sampling points from the
mesh, aiming to evaluate the potential of cokriging procedure. Part of the removed
points comes from an entire transect.
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Figure 2- Semivariograms for sand content(a); clay content(b); log K (c) and the

cross semivariogram clay-sand (d)
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Figure 3- Cross semivariograms for logK-sand (a); and log K-clay (b).

Arcgis software (ESRI, 2001) has been employed to krige the 30 sampling

points, and to cokrige the 30 hydraulic conductivity estimates with sand and clay
contents. As the software limits the use of two distints semivariogram models
while cokriging, adjustments had to be made to the clay content model.
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Table 3- Summary of the optimal semivariograms fitting, for 49 and 30 nodes.

Variables 49 sampling points 30 sampling points
nugget range sill model nugget range sill model

Clay-— 4 4 16170 5750  E*
clay
Clay- = 1061 13389  -4541  G**
sand
Sand- 4 49 11986 3550  G**
sand
IOg K- *% *%
log K 0.04 51.07 0.14 G 0.04 52.17 0.15 G
'S‘;% dK T 016 11712 0.90 G+ 0.12 11546 085  G**
'C‘;gyK T 000 5200  -0.70 G** 0.00 5034 083  G**

*Exponential Model. (EXP).
** Gaussian Model. (GA).

Figure 4 presents the comparison of the standard error distribution and predic-
tion errors for ordinary kriging and ordinary cokriging using 30 sampling points.
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Figure 4. Standard error distribution and prediction errors for ordinary kriging.

The spatial distribution of prediction errors can be seen in Figure 5, where the cir-

cles are the 19 sampling points removed from the original mesh. The large ranges
for sand and clay contents have contributed for reducing and smoothing the pre-

diction errors.
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Figure 5. Prediction error map for kriging and cokriging estimation.

Figure 6 presents the kriging and cokriging standard deviations. It can be veri-
fied that the cokriging procedure have strongly reduced the standard deviation of
the interpolation process.

The kriged scenario (z°) of Log;oK(cm/h) is shown in Figure 7.

Kriging Cokriging
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Figure 6. Standard deviation maps for kriging (a)and cokriging (b).
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Figure 7. Spatial distribution for Log(K) using kriging and cokriging methods.
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Conclusions

In this study, performed in a watershed hillslope in the brazilian semi-arid, it
has been verified the relevance of cokriging procedure for mapping hydraulic
conductivity, which is an expensive variable to assess in the field, based more fre-
quently sampled variables, as sand and clay contents. For the studied domain, such
soil fractions exhibit larger ranges than the hydraulic conductivity, and also pre-
sent spatial correlation to hydraulic permeability. Texture were found to be nor-
mally distributed, while hydraulic conductivity distributed Log-Normally over the
field. Kriging and cokriging have been used for spatial prediction of saturated hy-
draulic conductivity at a 30 points approximately regular mesh, with 30 nodes, ob-
tained from a 49 nodes regular mesh by removing a transect and some random
points. Cokriging procedure reduced the predition error of the estimates, and con-
stitutes an important tool to provide, at unrecorded points, an unbiased estimation
of Log K parameter with a minimum standard deviation.
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