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Spatio-Drainage Approach:
A Tool for Proper Management, Accurate Design and Cost Effective

Subsurface Drainage Projects and Water Saving
Mahmoud Moustafa*

ABSTRACT

Selecting areas for a subsurface drainage system and the proper design of such a system  require
sufficient and reliable soil data, which are inherently variable in both space and time. Spatial variability
of soil properties is a complex process consisting of many scales of variation superimposed upon one
another and may affect therefore the economical and technical feasibility of subsurface drainage
projects. This study shows development of a new approach using concepts of Regionalized Variable
Theory to incorporate such variability of soil properties into both feasibility and design stages of a
drainage project to provide decision makers and designers with reliable estimates, a way of selecting
areas for a subsurface drainage system and determining its implementation priority, and a way of
accurate design of that system. The developed approach was also tested from cost effectiveness and
water saving point of view in comparison with the conventional technique, currently used in Egypt. The
study is applied to a practical area of 1,533 ha in the Nile Delta of Egypt.

Results showed that the developed approach renders tremendous economic and technical benefits,
chiefly with limited financial resources and the high rate of on-going drainage projects in Egypt. It was
found to be a very useful tool in diagnosing the extent and severity of drainage problems over an area.
The conventional technique yielded about 67% underestimation of drainage necessity and 59%
overestimation of implementation priority compared with developed approach. The effect of using the
developed approach on the determined lateral drain spacing and the required lateral drain pipe length
was demonstrated. Wider drain spacing was obtained with developed approach compared with
conventional technique by approximately 5% with most of steady- and unsteady-state drainage
formulas. This value was approximately doubled using some other unsteady-state formulas. In this
context, a total of 18.25 and 35.04 km of required lateral pipe length is saved in each case,
respectively. Thus, a lower cost for installation and maintenance of lateral drains up to 10% is acquired
using the developed approach. Moreover, the minimum sample size for estimating a mean value of a
soil property at a given precision level was assessed using conventional technique and developed
approach. Results indicated that the sample size of soil properties could be reduced by 3 - 7 times
using developed approach, implying further reduction in the overall cost of the drainage project.

From a practical point of view, adoption of the developed approach over 90 irrigation intervals of a
3-year crop rotation under steady-state flow conditions resulted in a possible water saving in a range
of 137 – 547 m3/ha that would otherwise be lost through the subsurface drainage system. Under
unsteady-state flow conditions, water saving quantities were approximately 92% larger than those of
steady-state conditions. They were in a range of 262 – 1,049 m3/ha over the 3-year crop rotation.
The developed approach moreover does not require special skills and can be easily implemented for
interactive use into subsurface drainage softwares using computer-aided design and GIS technology.
Furthermore, the magnitude of spatial dependence of soil properties obtained with this approach may
be of great help for better understanding and modeling of water and solutes movement in, and through,
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the agricultural soils in Egypt. The study draws the attention of drainage scientists to the merit of the
approach developed herein in the drainage applications.

 

PROBLEM OVERVIEW

The term “water management” implies partial or total control of the water on the land and in the soil
to enhance a high level of production and reduce damages to a minimum. One phase of this control
involves land drainage. The function of a drainage system in arid regions is to maintain the water and
salt balance within the root zone at a level sufficient to maximize crop production. The subsurface
drainage systems are engineering structures that remove water according to the principles of soil
physics and hydraulics. At first glance, the problem facing the practicing drainage engineer is so
complex that it appears to defy subjugation to idealized theoretical analysis of the problem. The
application of drainage theory requires knowledge of the pertinent soil properties, an area of work
where too often the engineer and the theorist are far apart. For instance, measurements of hydraulic
conductivity on soil samples show wide variations: hundred-fold differences are common even within a
small area. Aside from spatial variations in soil properties, any property may vary with time as the
result of physical, chemical and biological forces. The installation of subsurface drains is likely to result
in inhomogeneity of the soil in the neighborhood of the drain with possible drastic effects on system
performance. Couple these uncertainties with the low efficiency of irrigation water application and the
difficulty of prescribing drainage requirements quantitatively, it becomes understandable that drainage
design is still treated as an art more than as a science.

As the technology improves in any one phase of the complex agro-physico-engineering system
called drainage, this new information can be readily applied in better management and design. An
efficient drainage system can only be put to practical use if the design equations include reliable and
accurate estimates of soil properties. Inadequate data will cause some uncertainties in determining the
drainage requirements and cost estimates. A mistake made in subsurface drainage design is quite
difficult to correct after its installation. Prior to the design stage of the drainage system, such
uncertainties may also affect the decision of when and where to implement such system. This decision
is a very complex management process. In Egypt, water table depth and soil salinity, depending on
threshold values, play an important role in selecting areas that need subsurface drainage and
determining their priorities for implementation (as they affect crop yield). On the other hand, soil
hydraulic conductivity is one of the most important parameters for the system design where it affects
the required drain spacing in selected areas, and hence the drainage project cost.

FAO (1976) indicated that to be able to predict the performance of any specific subsurface
drainage design, the soil behavior should be understandable, as the soil is the most important factor in
the performance of a drainage system. FAO (1980) showed that uncertainties in the subsurface
drainage design still exist about some concepts and values of design factors, primarily due to an
inadequate database and flow of information from the field to designers. Therefore, it is necessary to
conduct intensive field measurements, which may require intensive human and financial resources.
New developments in the field of drainage during the feasibility and design stages can do much to
provide the decision-makers and designers with accurate estimations of soil properties prior to the
design procedures. At the same time, it is necessary that these developments be within easy reach. In
order to ensure this, additional data are indispensable which can be supplied only by research.
However, the research effort in this area has in general not received adequate support.
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A major ongoing challenge to subsurface drainage is to treat the uncertainty in the parameters of
management and design of the drainage system more quantitatively. This uncertainty can be broken
down into two classes: the natural spatial variability and information uncertainty (Strzepek and Garcia,
1987). The natural spatial variability of soil properties is a complex process consisting of many scales
of variation superimposed upon one another. Information uncertainty represents the lack, in quantity
and quality, of information concerning the soil properties as a result of sparse data, measurement error
and statistical or conceptual inadequacy. Increasing the size of the data sample, better measurement
techniques or use of better tools may reduce this uncertainty. Information uncertainty can be
accordingly reduced while the natural uncertainty due to spatial variability cannot be reduced. van
Schilfgaarde (1965) indicated that of great importance in the drainage theory is an improved method
of characterizing soil properties and a mean of establishing acceptable design criteria to provide an
adequate performance of the drainage system. This poses the additional challenge of incorporating
variability of soil properties into the technical feasibility and design stages of subsurface drainage
design, while minimizing costs.

To account for such uncertainties in the drainage design, average values of soil properties are used
and recommended by major guidelines for drainage design (SCS, 1973; Luthin, 1978; Bouwer and
Jackson, 1974). However, this approach gives no information about the expected variation of the true
performance about the average value (Strzepek and Garcia, 1987). Another approach that is currently
applied in many countries, is the use of “a safety factor” for drain design. However, in this approach,
the design engineer cannot give a quantitative estimate of the reliability of the drainage system
performance, which is a great task for him to deal with soil property uncertainty in a subjective
manner.

Many other approaches have been made in the past to incorporate soil variability into analyses of
soil drainage systems ( Peck et al., 1977; Freeze, 1975; Warrick et al., 1977; Bakr et al., 1978;
Dagan, 1979; Russo and Bresler, 1981; Prasher et al., 1984; Strzepek and Garcia, 1987; Liu and
Molz, 1997). However, virtually non-of them has found its way into practice. This may be attributed
to the fact that most of these approaches require large amount of data which are seldom, if ever,
available in practical situations, involve large computational efforts as prerequisites to the solution of
the initial-boundary value problems, and require knowledge of advanced mathematics at a level
beyond that of many design professionals.

One technique, which has been extensively used to characterize variability of soil properties, is
classical statistics. The probability distribution function is predicted based on classical statistical
methods, such as variance analysis, to measure changes over distance. Nielsen et al. (1973) and
Campbell (1978) used this approach to study variability in soils. When this approach is used,
observations are treated as being statistically independent, regardless of their spatial positions. The
method that way produces an incomplete description of the variability of soil properties because it
provides no link between the calculated variances and the distance between observations. In addition,
the assumption of independence leads to conservative estimates of precision (Burgess et al., 1981).
The variation of soil properties is not completely disordered in space. Gelhar (1976) and Bakr et al.
(1978) found that the saturated hydraulic conductivity at closely spaced points were, on the average,
correlated.

Another approach for describing spatial variability and overcomes the limitation of classical statistics
is the use of geostatistics. This approach utilizes the fact that variations in soil properties are not always
random, but have some spatial structures. Geostatistics is based on the Regionalized Variable Theory
(RVT) developed by Matheron (1963). A regionalized variable is a numerical space function, which
has properties intermediate between a truly random variable and one that is completely deterministic.
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Regionalized variables are spatially continuous, but the variations are too complex to be described by
an ordinary deterministic function (Olea, 1975). The RVT covers all the possibilities from the
smoothest variable to the roughest to establish the theoretical grounds for expressing the structural
properties of the natural phenomena in an useful mathematical form. It provides a practical mean for
solving various problems of estimation. Therefore, it is convenient from both the conceptual and the
practical standpoints, to deal with regionalized variables such as hydraulic conductivity, water table
depth, and soil salinity by using the probabilistic theory of random functions (Delhomme, 1978). The
practical application of RVT is through an interpolation technique called kriging. It was developed by
Matheron (1963) in honor of D.G. Krige who first reported some results on zone of influence of gold
ore samples (Krige, 1966). Kriging uses the function defined by the model to interpolate between
measured values. In this case an accurate estimation of soil properties based on limited field
measurements can be obtained with the kriging technique, and local estimates at unsampled points can
be made from sampled data. The results are mainly presented as contour maps.

Although the RVT has been applied recently in several case studies to characterize variation in soil in
the lateral plane (Ahmed and deMarsily, 1987; Hoeksema, 1989; Hosseini et al., 1993, Fonteh and
Podmore, 1994; Agrawal et al., 1995; Mallants et al., 1996; Bracq and Delay, 1997; Christakos,
1998; Hoosbeek, 1998) to perform local estimation and to map soil properties with substantial gains
in precision over traditional practice, literature on how to incorporate soil-water spatial variability into
subsurface drainage projects for proper management and design of the drainage system is still scarce.
This challenge was therefore one of the main motivations of the present study. Furthermore, before
adapting drainage practices to include such variability, the spatial variability of soil-water properties
should be determined and be understandable so that it will be useful for determining a proper soil
sampling strategy and designing field drainage experiments. Data on this aspect is also scarce and thus,
a part of this study is assigned to address the spatial variability of soil-water properties and to design
sample size of soil properties.

In view of the above, an intense effort is undertaken in this study to perform an integrated task, that
is to develop an approach to estimate accurate soil-water parameters needed for drawing the feasibility
study of a subsurface drainage system and for designing that system. In this regard, the magnitude of
spatial variability of soil-water properties involved in the fields was evaluated and incorporated into the
management and design of subsurface drainage based on the concepts of Regionalized Variable Theory
(RVT) taking into account both the random and structured characteristics of these properties. The cost
effectiveness of this approach, a way of installing lateral drains and designing sample size of soil
properties at minimal cost, is demonstrated. Further, the merit of this approach in water saving is also
evaluated in this study. The study is applied to an area of 1,533 ha located in the western portion of the
Nile Delta of Egypt (Fig. 1).
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Fig. 1. Location of Study Area and Measurement Sites

STUDY AREA AND FIELD MEASUREMENTS

The 1,533 ha study area is located in West Delta within El-Behira Governorate, Egypt (Fig. 1) as a
part of the national program to install a subsurface drainage system in irrigated lands to prevent the
development of waterlogging and soil salinity problems. The study area has a soil characterized by
dark brown clay to clay loam to a depth of 50-120 cm over marine shells mixed with sand and clay.
Rice, cotton, and maize are cultivated primarily in summer, whereas wheat and forage crops are raised
in the winter. The average maximum temperature reaches 35OC in July. The annual average rainfall is
650 mm (1980-1994, St. 318 at Al-Nozhah, Alexandria).

A field investigation was carried out to provide the basic soil information for the subsurface drainage
feasibility study. Soil measurements were made at 61 locations on a regular 500 m square grid (Fig. 1)
and include hydraulic conductivity, water table depth, and soil salinity. Hydraulic conductivity tests
were  performed in 8-cm diameter and 2 m deep auger holes using the method of Van Beers (1983).
The water table in the hole was measured using a wooden float attached to the bottom of 1.5 cm wide
by 3 m long tape. Soil samples were taken from depths of 0-25 and 25-50 cm. Three samples drawn
randomly within 1 m2 around each grid point were composited, and a subsample of about 750 cm3 of
soil was retained to assess soil salinity levels on saturated paste extracts according to the procedure of
ASCE Manual No. 71 (1990a).

PROCEDURES

In this study, a new approach to incorporate spatial variability of soil properties into feasibility and
design stages of drainage projects is developed using concepts of Regionalized Variable Theory. In
this theory, the relation between variability and distance is quantified by the spatial correlation function
(semivariogram or covariance). However, Isaaks and Srivastava (1988, 1989), Srivastava and Parker
(1989), and Moustafa (2000) have found that the covariance reveals the character of the spatial
structure of soil properties and is more appropriate for interpolation than the semivariogram. The
covariance variogram is used in this study and can be estimated by
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where γ(h) and C(h) are the covariance variogram (referred to hereafter as variogram) and covariance
function, respectively, at a separation distance h; C(0) is the finite variance of the measured values and
is assumed to be constant under the assumption of second-order stationarity; N(h) is the number of
pairs of observations [z(xi), z(xi+h)] separated by the distance h; and m1 and m2 are the means of
z(xi+h) and z(xi) data values, respectively, and are equal under the assumption of second-order
stationarity. Second-order stationarity for the spatial structures of soil properties was assumed in this
study, because it is all that is usually required in geostatistics (Olea 1975). This assumption implies that
the mean is the same everywhere and that covariance exists and is a unique function of separation
distance h.

Kriging requires a variogram model, which is determined by fitting a mathematical function to the
plot of the experimental variogram versus the distance between sample points (lag). It is the only way
to ensure the mathematical consistency required for kriging calculations. For our data sets, the shape
of the experimental variograms suggested either a spherical or exponential model. Both of these
models were fitted visually to the experimental variograms of soil properties and a procedure, which
has been the most commonly used in geostatistical estimation up to this time (e.g., Delhomme 1978;
Vieira et al. 1981; Russo 1984; Davis 1987; Samper and Neuman 1989; Agrawal et al. 1995),
involving standardized kriging errors or residuals was performed for each model to check its validity.
This procedure is often referred to as cross-validation. This is done by suppressing each measured
point, one at a time, by providing an estimate in that point using the remaining N-1 data and analyzing
the estimation errors (ek). The validity of the model and kriging technique was tested by two conditions
of the estimation errors: (1) zero mean estimation error (me), unbiasedness condition; and (2) minimum
variance condition of the estimation error (σ2

e), indicating low dispersion. The mean reduced error
(T1), which should be close to zero (no systematic error), and the mean reduced variance (T2), which
should be close to unity (consistency between the kriging variance and the squared error), were
calculated. Standard deviation of the estimation errors (σe) and the percentage of errors lying within
±2σe were also calculated. The minimum variance condition requires that the percentage of errors
�95 under the assumption of normality (Journel and Huijbregts 1978). Flowchart of this structural
analysis is shown in Fig. 2.

Based on the validity results the spherical model, γ*(h), is appropriately fitted to our experimental
variograms of soil properties
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in which γ*(h) = estimated variogram for lag h; co = nugget effect; c1 = spatially dependent or stochastic
component; co+c1 = the sill; h = distance between measurement points (lag); a = range of the
variogram.
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Fig. 2. Flowchart of Structural Analysis for Spatial Model Development

Kriging is a technique that selects an unbiased estimator by combining the calculated spatial
dependence (from the variogram model) and the weighted influence of nearby points. Assuming
stationarity of order 2, ordinary point kriging can be used, and the value of a variable at unsampled site
xo can be estimated as a weighted sum of the neighboring measured values. The extent of the
neighborhood around xo determines the n points used in the estimation

z x z xo i i
i

n
* ( ) (=

=
∑ λ )                                                                                                          (3a)

1

λi∑ = 1                                                                                                                           (3b)

where n = number of neighboring sampled points used for estimation; and λi = weight applied to the
neighboring sample z(xi). The weights are chosen so that z*(xo) is an unbiased estimate, and the
variance between z*(xo) and the true value of the soil property at point xo is minimized. This is done
using the known variogram model by solving

   [ ] [ ] [ ]λ = −C b1                                                                                                                      (4)

[ ] [ ]σ λk o
tx C b2 0( ) ( )= −                                                                                                        (5)

in which [λ] is the matrix of unknown weighting factors λi; [C]-1 is the inverse of the variogram matrix
between sampling sites; [b] is the matrix of the variogram between sampling sites and the point being
estimated; σ2

k(xo) is  the minimum estimated variance; and [λ]t istranspose of [λ].
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Because the use of ordinary point kriging may produce undesirable, large estimation variances,
especially if the nugget effect of a soil property is large, these shortcomings of point kriging can be
avoided by interpolating average values for blocks, using the block kriging technique, which results in
smaller estimation variances (Burgess and Webster 1980; Trangmar et al. 1985). Therefore, instead of
just a point xo, we consider a block of area 100x100 m2 with its center at xo. A grid size of 2x2
containing four points was used to discretize the block being estimated (Fig. 3). The points are located
within the square so that each discretize point accounts for the same area, as shown by the dashed
lines. In the estimation process, the only difference between point and block kriging is in the
determination of the weighting coefficients, λi. In the weighting procedure of block kriging, the
covariances between the sampling sites and the interpolated points are replaced by the average
covariances between the data points and all points in the block. The optimum combination of the
weights on sample locations is that for which the estimation variance is minimized.

 

Fig. 3. Design of a Regualr 2x2 Grid of Point Locations within a 100x100 m Discretized Block

The main advantage for modeling the covariance variogram rather than the semivariogram in this
study is that the covariance variogram yields savings in terms of computer time. This is mainly due to the
fact that the diagonal of the kriging matrix, based on semivariograms contains zeros that require the so-
called “pivoting” (Shoup 1983) to be performed before the actual solution to avoid division by zero.
This procedure may consume a significant amount of computer time (ASCE 1990b). Conversely, when
the covariance is used, the zeros of the main diagonal of the kriging matrix are replaced by the variance,
and therefore it has the largest numerical values in the matrix because the covariance function is a
decreasing function. This does not require pivoting to solve the matrix, and thus, use of the covariance
may lead to saving of valuable time and to combating the computational difficulties involved with the use
of semivariogram.

The developed approach is depending on the combination of spatial information obtained from the
variograms and kriging estimations of soil properties together with the current drainage design practices,
thus it is called “Spatio-Drainage Approach”. This approach was then used to study its effectiveness in
comparison with the conventional technique, currently used, for investigation of necessity and
implementation priority of a subsurface drainage system to be implemented in the study area. The use of
both conventional technique and developed approach in the design of drain spacing for such a system
and in the estimation of the minimum sample size required to obtain a mean value of soil properties at a
given precision level was also investigated. Developed approach was also evaluated for water saving.
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RESULTS AND DISCUSSION

Statistical Analysis

Summary statistics for the soil properties are presented in Table 1. Among the soil properties, the
coefficient of variation (CV) for hydraulic conductivity was the highest, whereas that of water table
depth was the lowest. The hydraulic conductivity ranged from 0.03 to 2.76 m/d with an average of
1.03 m/d. The statistical measure of dispersion, i.e., standard deviation (σ), variance (σ2), and CV for
soil salinity were all found to be relatively lower in subsoil vis-à-vis topsoil indicating that the variation
of soil salinity is decreasing with depth. High soil salinity level (7.7 and 8.7 dS/m for topsoil and
subsoil, respectively) was coupled with shallow water table depth ( 84.5 cm in average) in the study
area. Frequency distributions and normal curves of soil properties are shown in Fig. 4.

Table 1.  Summary Statistics of Soil Properties

Soil Properties       Range   Mean  St. Dev. (σ)   Variance (σ2)  Skewness   Kurtosis   CV (%)

 Hydraulic conductivity (m/d)   0.03 - 2.76     1.03        0.78           0.61       0.87       -0.40       76
 Water table depth (cm)       40 - 150   84.49      27.86       776.11       0.89        0.33       33
 Soil salinity (dS/m)
      0 - 25 cm     2.2 - 20.0     7.71        4.26         18.11       1.02        0.11       55
    25 - 50 cm     1.2 - 20.0     8.70        3.58         12.83       0.86        1.96       41

Fig. 4. Frequency Distribution and Normal Curve for Different Soil Properties in Study Area

Spatial Analysis

The variogram of (1a) was used to interpret and model the spatial variability of soil properties.
Because the frequency distribution has no particular geostatistical significance regarding the spatial
prediction of a soil property that does not require any assumption regarding the distribution of
observations (Clark 1979), variograms and kriged estimates were obtained from nontransformed



Mahmoud Moustafa – The ICID WatSave Awards 2002

10

values. Fig. 5 presents the estimated variograms of soil properties at different separation distance h
with spherical models fitted to them. Coefficients of spherical models derived for different soil
properties are given in Table 2. A visual examination of the experimental variograms in the four
principal directions indicated that the soil variation was reasonably isotropic where it is directionally
independent, so the averages were pooled over all directions. The range of variogram values
calculated for the four principal directions of each soil property is also shown in Fig. 5, as indicated by
upper and lower values.

Fig. 5. Variograms of: (a) Hydraulic Conductivity; (b) Water Table Depth; (c, d) Soil Salinity of Topsoil
and Subsoil in Various Directions

Table 2. Coefficients of Spherical Models Fitted to Variograms of Soil Properties

Soil Properties      co       c1       cs   a  (m)   c1/cs  (%)

Hydraulic conductivity (m/d)    0.25     0.40    0.65    2,000        62
Water table depth (cm)     280      530     810    1,700        65
Soil salinity (dS/m)
   0 - 25 cm    12.5      6.5    19.0    2,400        34
 25 - 50 cm     6.4      6.5    12.9    1,700        50

The co, a measure of variability within the sampling spacing and measurement errors, was present for
all soil properties and at the two soil layers with noticeably high values. This is mostly due to the
inherent variability of the clay soil in the study area and to the lack of sufficient data resolution to show
the continuous behavior at a scale small compared with that at which the data are available. Depending
on soil property and depth, the stochastic component (c1) varied from 34 to 65% of the sill, cs, with an
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average value of 53% of cs. The sill (cs) and nugget value (co) were observed to decrease with the soil
layers for soil salinity, whereas the stochastic component ( c1) was the same for the two sampled
layers.
The range (a) among the soil properties varied from 1,700 to 2,400 m with an average of 1,950 m.

This spatial coefficient provides information about the average maximum distance over which a soil
property of two samples is related. At distances less than the range, measured properties of two
samples become more alike as the distance between them decreases. The range had the highest value
in the case of soil salinity of the topsoil, whereas it had the lowest value in case of soil salinity of subsoil
and water table depth.

These structural components (co, c1, cs, and a) reveal that the soil properties in the study area are
spatially variable with a high nugget effect. The sill exists and approximately equals the variance for
each soil property, suggested that stationarity of order 2 is also valid for the spatial structures of these
soil properties.

Regularization Effect

The estimated variograms of soil salinity and hydraulic conductivity from the measured data are
strictly defined on the support of these data, which is the sample value, i.e. regularized variograms. The
results of variogram modeling depend to some extent on the sampling dimension and geometry of such
sampling support (Journel and Huijbregts 1978). Although it seems imperative to consider this
regularization effect on the variogram modeling, hence on the kriging estimates, it is expected that this
effect within our data sets might not affect the variogram parameters owing largely to the small sample
volumes used to assess soil salinity (about 7.5x10-4 m3) and to measure hydraulic conductivity (0.01
m3), which included less of the overall spatial variability than larger volumes (Hawley et al. 1982).
Moreover, the sampling dimensions in the horizontal plane (500x500 m) used to estimate and model
the variograms are much larger (2,000-fold for soil salinity and 250-fold for hydraulic conductivity)
than those of the vertical direction. The range of the estimated variograms (1,700-2,400 m) is also
much larger than the sampling distance in that direction, indicating that the sampling distance in the
vertical direction might not affect the calculated variogram parameters of our data sets.

As a check, we also carried out the deconvolution (deregularization) procedures suggested by
Journel and Huijbregts (1978) to account for the regularization effect on the variogram modeling, but
the variogram parameters obtained that way were almost the same as the previously calculated
variogram parameters presented in Table 2. The differences are insignificant (0.05-0.07%). These
results confirm therefore the previous assertion that the regularization effect on the modeling of
variograms of our data sets could be neglected.

Validation and Kriging

The results of cross-validation are shown in Tables 3 and 4 using 16 neighboring values and the best
fitted model. These neighboring values were sufficient for these particular data sets with a sampling
interval of 500 m. The comparison of statistical parameters obtained from the measured values and the
kriged estimates showed that the kriging technique can estimate the means of soil properties very
accurately with minimum variances (Table 3). The mean values of kriged estimates for all the soil
properties were almost at par with those obtained from the measured values. Assuming that the mean
values of the measured values are correct and true, the kriging technique has also maintained the
uniqueness. However, the estimated variances associated with the kriged estimates were found to be
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very low as compared with those associated with the measured values. The ratio of variance of
measured and kriged values (σ2/σ2

k) ranges from 3.0 to 7.4, and was highest in case of soil salinity
(7.4 and 5.6 for topsoil and subsoil, respectively). The mean reduced error (T1) was approximately
zero, whereas the mean reduced variance (T2) was almost equal unity for different soil properties,
suggested that the assumptions of second-order stationarity for kriging estimation are met, and the
selected spherical variogram models are theoretically consistent and adequately describe the spatial
behavior of these soil properties.

Table  3. Statistical Parameters for Testing Validity of Variogram Models and Kriging
                Estimation

           Soil Properties
           Mean
Measured    Kriged

         Variance
Measured    Kriged
    (σ2)            (σ2

k)
σ2/σ2

k    T1   T2

Hydraulic conductivity (m/d)   1.030          1.028     0.61           0.16   3.81  0.000 0.998
Water table depth (cm) 84.492        84.421 776.11        261.82   2.96  0.001 1.005
Soil salinity (dS/m)
   0 - 25 cm   7.706          7.684   18.11           2.45   7.39 -0.003 1.004
 25 - 50 cm   8.699          8.699   12.83           2.31   5.55 -0.001 1.009

In addition, the statistical parameters for testing the hypothesis of normally distributed kriging errors
are presented in Table 4. This was verified by the percentage of observed estimation errors contained
within me±2σe. This was always above 95%, indicating that the kriging technique produced truly
representative values for the soil properties.

Table 4. Statistical Parameters for Testing Hypothesis of Normally Distributed Kriging Errors
Soil Properties    me    σ2

e    σe % of Estimation Errors
Contained within me±2σe

Hydraulic conductivity (m/d) -0.002     0.447   0.669                           94
Water table depth (cm) -0.071 468.419 21.643                           98
Soil salinity (dS/m)
   0 - 25 cm -0.022   16.337   4.042                           96
 25 - 50 cm  0.000   11.971   3.460                           97

The aforementioned validation results may be interpreted as a verification that the mean of the kriged
estimates is more accurate than that of the measured values and that contour maps produced with kriged
estimates will be much more precise than those produced with the measured values owing to low
variance of kriged estimates. Thus, a decision based on the measured values is expected to have a
higher error than one based on the kriged estimates. This increases the confidence for using kriging
technique to determine the necessity and implementation priority of a subsurface drainage in the study
area. Furthermore, information of kriging estimation errors can be extremely useful, for instance, for
designing of future sampling schemes, especially where financial resources are limited.

Using the validated kriged models and 16 neighboring observations, the soil properties were block-
kriged at 100 m regular intervals so that accurate average values and precise contour maps could be
estimated using the spatial dependency found in the variograms.



Mahmoud Moustafa – The ICID WatSave Awards 2002

13

PRACTICAL APPLICATION

Selection Criteria for Subsurface Drainage Projects

The primary criterion for selecting areas for subsurface drainage in Egypt is the proximity of the
water table to the soil surface (Amer 1990), where for at least 75% of the area the water table depth
is less than 1.0 m; this causes the saturation of a part of the root zone, which decreases crop yields.
High priority is given to areas where the soil salinity over a depth of 0-50 cm is above 4 dS/m at 25
oC. Following these criteria, areas that have drainage priority are ranked according to their soil salinity
status.

Prediction of Subsurface Drainage Necessity and Implementation Priority

The difference between the use of the conventional technique and the kriging technique proposed in
this study to judge for a subsurface drainage necessity and its implementation priority is demonstrated.
The conventional technique calculates the mean values of measured water table depth and soil salinity
and produces contour maps, using a standard contouring package, based on the original
measurements of 500 m square grid. The kriging technique, on the other hand, uses ordinary block
kriging to interpolate the original grid at a 100 m regular square grid covering the entire field using the
validated kriged models and the neighboring observations. The estimated values were offset, such that
none of the original measurements were estimated. Included with these estimates are their respective
estimation errors. These kriged estimates were then used to calculate the spatial mean and serve as
inputs to the contouring package to produce the kriged contour maps. For each soil property the same
procedures were repeated.

Figs. 6 and 7 show contour maps of measured and kriged values for water table depth and soil
salinity, respectively. The contour maps of measured water table depth and soil salinity [Figs. 6(a) and
7(a and b) ] present large variations, whereas their kriged maps [Figs. 6(b) and 7(c and d)], as
expected, are smoother, thus allowing easier identification of their spatial distributions. This is because
the kriging preserves the measured values, but outside of these points it filters the nugget effect
associated with the measurements. Therefore, the kriged values at grid nodes become smoother, while
a discontinuity develops around the data points. Because a high nugget effect was observed in the
study area (Table 2), such smoothing is particularly desirable because it removes small scale variations
and some of the random error associated with the measurements that may obscure spatial structures of
the soil properties. However, too much smoothing may also obscure spatial variations, thus failing to
show the regional pattern of the variable being mapped. On the other hand, insufficient smoothing may
hide a regional trend (Trangmar et al. 1985). The ideal interpolation method should operate an optimal
smoothing by providing a precise estimate at unsampled points and a distribution of interpolated values
as close as possible to that of observed values, because the method that smoothed less is also less
precise (Burgess and Webster 1980b; Trangmar et al. 1985; Hosseini et al. 1994).
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Fig. 6. Contour Map of Water Table Depth (cm) Based on: (a) Measured Values; (b) Block Kriged
Estimates

Having tested the adequacy of kriging estimates (as mentioned above), the visual appearance of
kriged maps, with regards to their relative smoothness when compared with the contour maps of the
measured values, seems therefore to have an optimal smoothing provided that kriging estimates are
accurate with minimum known errors. Based on the estimation errors of water table depth and soil
salinity shown in Fig. 8 (only soil salinity of topsoil is shown because it is almost identical to that of
subsoil) and the validation results of kriged estimates (Tables 3 and 4), we have shown that kriged
estimates of water table depth and soil salinity, and hence their respective contour maps, are
sufficiently accurate and acceptable.

The kriged map of water table depth [Fig. 6(b)] showed that the lefthand side of the area had
attained water table depth of deeper than 1.0 m, whereas the upper righthand corner had attained the
shallower water table depth. The resulting water table characteristics are presented in Table 5. These
results reveal that the measured values of water table depth underestimate by about 67% the need of
the study area to be provided with a subsurface drainage system, whereas the kriged estimates almost
met the criteria for providing the area with such a drainage system. The difference between arithmetic
means of kriged (spatial arithmetic average) and measured values was about 2.4%.

Table  5. Difference between Measured and Kriged Water Table Depth
Water table characteristic Measured    Kriged

Area where water table depth < 1.0 m (%)       45       73
Area where water table depth > 1.0 m (%)       55       27
Arithmetic mean (cm)       84       86
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Fig. 7. Contour Maps of Soil Salinity of Topsoil and Subsoil (dS/m) Based on: (a, b) Measured Values;
(c, d) Block Kriged Estimates

Because the contour maps of measured soil salinity [Figs. 7(a and b)] produced using the
conventional technique show that soil salinity in the area is generally higher than 4 dS/m over a depth
of 0-50 cm, one does not need to run kriging to realize that there is a high level of soil salinity.
However, this is probably not always the case and, for the sake of complete clarification between the
conventional and the kriging techniques in diagnosing the extent of soil salinity problem, we also
present the kriged maps of soil salinity [Figs. 7(c and d)]. The measured values represent an
overestimate of soil salinity of about 59% compared with the kriged values (Table 6), suggesting the
importance of using the kriging technique to realize the extent and severity of salinity problems, and
hence the proper decision for implementation priority of a subsurface drainage in a region. The
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difference between arithmetic means of kriged and measured values of soil salinity were 10.4 and
13.8% for the topsoil and subsoil, respectively.

Fig. 8. Kriging Estimation Errors Map for: (a) Water Table Depth (cm); (b) Soil Salinity of Topsoil
(dS/m)

Table  6. Difference between Measured and Kriged Soil Salinity
                 Soil salinity characteristic          Measured

 Topsoil      Subsoil
           Kriged
Topsoil       Subsoil

Area where soil salinity < 10 dS/m (%)      58             52     85              77
Area where soil salinity 10-12 dS/m (%)      32             26     15              18
Area where soil salinity > 12 dS/m (%)      10             22      -                  5
Arithmetic mean (dS/m)     7.7            8.7    8.5              9.9

The foregoing results reveal that according to the developed approach using kriged estimates the
study area is suffering from waterlogging and salinity problems, whereas according to the conventional
technique using measured values the salinity problem is the only prevailing problem in the area.
Because the kriged estimates are the optimal estimates and any necessary action should depend upon
them, a subsurface drainage system should be implemented with high priority in the study area.
Providing the area with a subsurface drainage system will maintain the desired water table depth and
favourable soil salinity levels, which are the crucial issues for crop yield enhancements (Williamson and
Kriz 1970; Hamdy et al. 1993).

These results show that kriged estimates of water table depth and soil salinity are very useful tools as
a guide to determining the extent and severity of drainage problems over an area, and hence for the
proper prediction of drainage necessity and its implementation priority. This reflects the importance of
using the developed approach in the feasibility stage of a drainage project because it maximizes the
accuracy of the management decisions and addresses variability aspects of soil properties at a minimal
cost owing to the need to visit only a few locations in the field and the ability to estimate the properties
at unvisited locations accurately at minimal error.
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Drain Spacing and Cost Effectiveness Comparison between Conventional
and Developed Approach

The drain spacing calculation using the current conventional technique is based on the geometric
mean of the measured values of hydraulic conductivity (Amer 1990). However, more accurate design
and efficient drainage systems would result from the use of the geometric mean of the developed
approach using kriged estimates of hydraulic conductivity and from the division of the area into
subareas of homogeneous hydraulic conductivity as determined from the kriged contour maps.

Fig. 9. Contour Map of Hydraulic Conductivity (m/d) Based on: (a) Measured Values; (b) Block
Kriged Estimates

Fig. 9 presents the contour maps of hydraulic conductivity based on the original measurements [Fig.
9(a)] and the kriged estimates [Fig. 9(b)]. The contour map of measured hydraulic conductivity shows
large variations, making it difficult to identify homogeneous areas of hydraulic conductivity to be used
in the calculation of a single drain spacing. The kriged map combated these difficulties and showed that
there is a patch, which represents about 30% of the area and is delineated by the contour line of 1.3
m/d, in the middle of the area that had attained the highest values of 1.3 to 2.1 m/d. The upper and
lower parts had attained the lowest values of the hydraulic conductivity. These results may suggest a
division of the area into three subareas, delineated by the contour line of 1.3 m/d, with different drain
spacing based on the geometric mean of hydraulic conductivity (Bouwer 1969) of each subarea. The
division of an area into subareas strongly depends on the physical constraints within that area.
Gallichand et al. (1992) showed that division of an area into subareas decreased the area with shallow
water tables without substantially increasing the length of lateral drain required. Therefore, based on
these considerations and the current scope of this section, a single drain spacing was assumed required
for the entire study area.

The characteristics of hydraulic conductivity are presented in Table 7. The difference between
arithmetic means of kriged and measured values was approximately 16.5%, whereas the difference in
their geometric means was about 9.6%. Because kriged estimates of hydraulic conductivity were
found to be more accurate and precise than the measured values [Tables 3 and 4], this may be
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interpreted as verification that the means of kriged hydraulic conductivity are more appropriate than
those of the measured values to be used in the subsurface drainage design of the study area.

Table  7. Difference between Measured and Kriged Hydraulic Conductivity

Hydraulic conductivity characteristic Measured Kriged

Area where hydraulic conductivity < 1.2 m/d (%) 55 66
Area where hydraulic conductivity > 1.2 m/d (%) 45 34
Arithmetic mean (m/d) 1.03 1.2
Geometric mean (m/d) 0.73 0.8

The drain spacing steady-state (Hooghoudt 1940; Donnan 1946) and unsteady-state (Dumm 1954;
Van Schilfgaarde 1963; Bouwer and van Schilfgaarde 1963) formulas relate drainage system
properties (spacing, depth, dimensions,…etc.) to soil properties (e.g. hydraulic conductivity, K).
Because the geometric mean of hydraulic conductivity is used in the drainage design and the kriged
hydraulic conductivity values are the optimal estimates, the relation between the drain spacing and both
measured and kriged values of hydraulic conductivity can be simply represented by
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where Lm and Lk = lateral drain spacings based on the geometric mean of measured (Km) and kriged
(Kk) values of hydraulic conductivity, respectively.

Installation of lateral drains

Cost is an extremely important factor in the overall drainage project and is related directly to the
percentage of increase or decrease of lateral drain spacing. Because Hooghoudt’s formula is used in
subsurface drainage design in Egypt, according to (6) the kriged hydraulic conductivity had the effect
of increasing the calculated drain spacing by approximately 5%. The wider drain spacing decreases
the total length of the lateral pipes required. A total of 18.250 km of lateral pipe is saved with the use
of kriged hydraulic conductivity in the study area.

The effect of kriged hydraulic conductivity on lateral drain spacing and the required lateral pipe
length is illustrated in Fig. 10 for a wider range of  (Kk/Km) value. In case of the kriged estimate of
hydraulic conductivity, this is less than the measured value, and so more intensive drain spacing will be
required which has a direct effect on increasing the efficiency of the subsurface drainage system.
Whether the drain spacing is increased or decreased by a factor (f) due to use of kriged hydraulic
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conductivity (Kk), the required lateral drain pipe length will accordingly decrease or increase,
respectively, by the same factor (f) as shown in Fig. 10.

Using (7) yields a higher effect on the calculated drain spacing and the required lateral pipe length, as
shown in Fig. 10(b). Using (7) within the study area yielded 9.6% wider drain spacing, which is about
twice the value calculated by (6). In this case, a total of 35.040 km of lateral pipe is saved.

Fig. 10. Effect of Kriged Hydraulic Conductivity on Lateral Drain Spacing and Required Lateral Pipe
Length Based on: (a) (6) and (b) (7)

The reduction in lateral pipe length implies a reduction in the total cost of the drainage project.
Based on 2001 prices, the cost for installation of 8 cm PVC corrugated lateral drains without envelop
materials is 1127 LE/km (~249 US$/km) and is calculated by dividing the hour price of the laying
pipes drainage machine by its capacity, whereas the cost including gravel and pre-wrapped envelop
materials is 5145 and 3127 LE/km (~1138 and 692 US$/km), respectively (Menshawy et al. 2001).
These costs do not include the price of the PVC pipe that is about 3000 LE/km (~664 US$/km). The
maintenance cost is about 3500 LE/km (~774 US$/km).

Based on these costs and the reduction in lateral pipe length calculated by (6) and (7), the cost
reduction of installation and maintenance of lateral drains using the developed approach was calculated
as shown in Table 8 at different installation options. These costs of the developed approach are 5-
10% lower than those of the conventional technique. As shown in the table, the cost of installation with
pre-wrapped synthetic envelop material is lower than that of a well graded gravel. This can be
attributed to: (1) if pre-wrapped envelop material is used, the higher is the installation capacity of the
drainage machine. On average, if gravel is used, the capacity of drainage machines decreases by 50%;
(2) the lower price of the synthetic envelop material. In the future, its price will be further decrease if
produced on a larger scale.

Table 8. Cost Reduction of Installation and Maintenance of Lateral Drains using  the Developed
Approach (US$)

Case Unsteady-state condition Steady-state condition

Installation without envelop  materials 31,993 16,663
Installation with gravel filter 63,142 32,887
Installation with pre-wrapped envelop
materials

47,498 24,739

Maintenance of lateral drains 27,121 14,132
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These results indicate that the developed approach seems to be an attractive approach to reducing
the installation and maintenance costs of the drainage system, which can be considered to be important
economically, chiefly with the high rate of on-going drainage projects in Egypt (69,000-72,000
ha/year).
Designing sample size of soil properties

Having established the accuracy of spatial information given by the variograms and the kriging
estimates of soil properties, we can use them to assess the minimum sample size of these properties for
future studies in the area. To realize the advantage of using the developed approach, using kriging
technique, in this particular application, the sample size was also calculated using the conventional
technique of the measured values. The minimum sample size for each soil property was calculated at
95% and 90% probability level and allowing 5%, 10%, and 15% errors around the true mean with the
help of Student’s t-test. The estimated sample sizes of soil properties at 95% and 90% probability
level are given in Tables 9 and 10, respectively.

Table 9. Number of Samples Required for 95% Probability Level to Obtain Sample
Mean within ±5%, ±10%, and ±15% of the True Mean

         Soil Properties Conventional Technique
 5%        10%        15%

   Developed Approach
  5%        10%        15%

Hydraulic conductivity (m/d)  881        220          98   236         59           26
Water table depth (cm)  167          42          19     57         14             6
Soil salinity (dS/m)
   0 - 25 cm  470         118         52     64         16             7
 25 - 50 cm  260           65         29     47         12             5

Table 10. Number of Samples Required for 90% Probability Level to Obtain Sample
Mean within ±5%, ±10%, and ±15% of the True Mean

           Soil Properties Conventional Technique
 5%        10%        15%

    Developed Approach
  5%        10%        15%

Hydraulic conductivity (m/d)  621        155          69   166         42           19
Water table depth (cm)  118          29          13     40         10             4
Soil salinity (dS/m)
   0 - 25 cm  331          83          37     45         11             5
 25 - 50 cm  183          46          21     33           8             4

At any given level of precision, the sample size was lower with developed approach than that
associated with the conventional technique by a factor varies from three to seven for different soil
properties. The sample size decreased with decreasing levels of precision. The estimated sample size
for hydraulic conductivity was the highest among all the soil properties. The sample size was very high
at 5% variation around the true mean compared with 10% and 15% variations for both probability
levels, suggesting that the soil properties are very sensitive to the level of precision used for sampling
design. The minimum sample size required using the conventional technique for all soil properties was
higher than the present sample size of 61 at the highest precision level for both probability levels.
However, the present sample size was found to be sufficient to characterize soil properties other than
hydraulic conductivity using the developed approach at the highest level of precision. The sample size



Mahmoud Moustafa – The ICID WatSave Awards 2002

21

of hydraulic conductivity for both conventional technique and developed approach was higher than the
present sample size at the highest level of precision. It decreases with the precision levels to be lower
than the present sample size with the developed approach only. This may be attributed to the high
spatial variation of hydraulic conductivity accounted for by the developed approach, using kriging
technique, in the study area.

The reduction in number of samples associated with the developed approach, will yield savings in
terms of field works and sampling area and costs. Because soil measurements were sampled on a
regular 500 m square grid, the reduction of one sample will save about 25 ha of the sampling area.
The total reduction in the sampling area as a result of using the developed approach was calculated at
95% and 90% probability level and allowing 5%, 10%, and 15% errors around the true mean. The
results are presented in Table 11.

Table 11. Reduction in Sampling Area (ha) at 95% and 90% Probability Level to Obtain
Sample Mean within ±5%, ±10% and ±15% of the True Mean Using the Developed
Approach

Soil Properties
     95% Probability Level
 5%            10%         15%

      90% Probability Level
  5%              10%         15%

Hydraulic conductivity (m/d) 16,254       4,057      1,814 11,466          2,848      1,260
Water table depth (cm)   2,772          706         328   1,966             479         227
Soil salinity (dS/m)
   0 - 25 cm 10,231       2,570      1,134   7,207          1,814         806
 25 - 50 cm   5,368       1,336         605   3,780             958         428

The foregoing results suggest that the developed approach can be used to reduce number of
samples for different soil properties, and hence the overall cost of the drainage project, provided that
their variograms are available. This is an important issue chiefly where financial resources are limited
and the implementation rate of drainage projects is high. The developed approach seems therefore to
be very useful for ascertaining reliable planning and accurate design of a drainage project at a
minimum cost.

Water Savings Comparison between Conventional and Developed Approach

It is clear that the introduction of the developed approach to design of subsurface drainage reduced
the required lateral pipe length as a result of the wider drain spacing associated with this approach.
Accordingly, this essentialy implies a reduction in the discharge through the lateral and collector drains.
Moreover, the wider drain spacing can be taken as a verification for avoiding excessive drainage
water associated with the conventional technique of less drain spacing. As a consequence, farmers
need to irrigate their lands less frequently, which implies savings in terms of irrigation water,
operational activities and draining more lands with the same lateral pipe length.

Furthermore, controlling overdrainage will help plants to extract enough water from the readily
draining soil profile to sustain good growth, leading to improvements in quantity and quality of crop
production that might also be translated into water saving. In addition, from an operational point of
view, introducing the developed approach to design of subsurface drainage will lead to avoid
excessive pressure in the lateral drain pipes, and thus ensuring a satisfactory performance of the
drainage system, leading to avoid irrigation water losses associated with waterlogging problems and to
save water that might be used to leach soil profile due to salinization problems.
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The design practices in Egypt calculate lateral drain spacing based on an average drainage rate (q)
of 1.0 mm/d for steady-state drainage conditions. Recently, this rate was increased to 1.25 mm/d for
the northern parts of Nile Delta between contours 5 and 3 m above mean sea level and 1.50 mm/d
north of contour 3 m above mean sea level to account for an anticipated contribution from upward
seepage (Amer 1990). The discharge (Q) at the end of the lateral pipe line was estimated as q x A at
different values of drainage rate and at the practical lateral drain spacing used in Egypt (30-80 m),
where A is the drained area. The estimated discharge ranges between 30 and 120 m3/d per km length
of lateral pipe. Thus, the reduction in lateral pipe length associated with the developed approach
resulted in a possible water saving in a range of 548 - 2,190 m3/d and 1,051 - 4,205 m3/d for steady-
state and unsteady-state flow conditions, respectively.

To realize the advantage of the developed approach in water savings, water savings quantities were
estimated over 90 irrigation intervals of a typical 3-year crop rotation in the Nile Delta (Fig. 11). The
results are presented in Table 12 and indicated that the developed approach would save a quantity of
water in a range of 137 – 547 m3/ha, using the design practices mentioned earlier over the 3-year
crop rotation. Hence, a subsurface drainage design based on the developed approach would be a tool
for water savings.

Fig. 11. A Typical 3-year Crop Rotation in Study Area

Table 12. Average Water Saving Quantity (m3/ha) over a Typical 3-year Crop
Rotation using Developed Approach

Lateral Spacing (m) Drainage Rate (mm/d)
     1.0                                        1.25                                     1.5

30    137                                 171                              205
80    365                                 455                              547

The water table movements under irrigation may be fast enough to make the application of
nonsteady-state formulas preferable since most irrigation systems use periodic water appliocation,
which results in a time-development situation. Bouwer and van Schilfgaarde (1963) proposed an
extremely simple concept for adaptation of any steady-state solution to a falling or a rising water table
assuming that the flux per unit surface area in a steady water application can be equated to the
instantaneous flux in the falling water table case for the same water table height. Their solution is
mathematically and physically compatible with more complicated analyses of nonsteady-state
conditions (van Schilfgaarde 1974; Moustafa 1998). Thus, water savings quantities were also
calculated for unstaedy-state flow using Bouwer and van Schilfgaarde formula and they were in a
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range of 262 -1,049 m3/ha over the 3-year crop rotation. These quantities are approximately 92%
larger than those of steady-state flow. This was in agreement to the results obtained by Smedema and
Rycroft (1983) who found that the discharge of lateral drain of a given size and slope under unsteady-
state flow conditions is approximately 75% larger than a similar pipe under steady-state flow along the
lateral pipe length.

CONCLUSION

The selection of areas to be provided with a drainage system, as well as their proper design,
depends on accurate and adequate field data. This may require intensive field measurements that can
be laborious, time-consuming, and expensive. This study conclusively demonstrates the need and
value of spatial modeling of soil properties as a useful tool to estimate the soil property at an
unsampled location to improve estimation without bias and with minimum variance, to develop precise
mapping of soil conditions, and to reduce the required sample size to estimate a mean value at a given
precision level. This therefore assures proper management decisions for the necessity and the
implementation priority of a subsurface drainage system in a region at a lower cost.

Use of regionalized variable theory concepts in the design of subsurface drainage projects provides
more reliable data not only to ascertain proper design so that more economic and efficient drainage
systems can be implemented but also to be acting as an inevitable tool for water saving.
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APPENDIX  II.   NOTATION

The following symbols are used in this paper:
a         =   range of variogram;
[b]      =   covariance matrix between sampling sites and the point being estimated;
C(h)    =   covariance function at lag h;
C(0)    =   finite variance of measured values;
[C]-1    =   inverse of covariance matrix between sampling sites;
cs        =   sill of variogram;
co        =   nugget effect of spatial model variogram;
c1        =   spatially dependent or stochastic component of spatial model variogram;
ek        =   kriging estimation error;
h         =   distance between sample points;
Kk       =   geometric mean of kriged hydraulic conductivity;
Km       =   geometric mean of measured hydraulic conductivity;
Lk        =   lateral drain spacing based on geometric mean of kriged hydraulic conductivity;
Lm        =   lateral drain spacing based on geometric mean of measured hydraulic conductivity;
me        =   mean estimation error;
m1        =   mean of all the data values which appear as z(x+h) in (1);
m2        =   mean of all the data values which appear as z(x) in (1);
N(h)     =   number of pairs of observations separated by the distance h;
n          =   number of neighboring sampled points used for estimation;
T1         =   mean reduced error;
T2         =   mean reduced variance;
z(x)      =   data values at location x;
z(x+h)  =   data values separated by distance h from z(x) data values;
z(xi)      =   neighboring sample at location xi;
z*(xo)    =   estimated value at unsampled point xo;
γ(h)      =   covariance variogram for lag h;
γ*(h)     =   variogram for lag h estimated from spatial model;
[λ]       =    matrix of unknown weighting factors;
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λi         =    weighting factor;
[λ]t       =    transpose of unknown weighting factors matrix;
σ   =    sample standard deviation;
σe         =    standard deviation of estimation error;
σ2         =    sample variance;
σ2

e        =    variance of estimation error; and
σ2

k(xo)   =   minimum estimated variance at unsampled point xo.


