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ABSTRACT
This paper will discuss the statistical research studies on external corrosion of
underground pipelines that DNV GL carried out for Gasunie Transport Services, on GTS
data. An empirical relation was found between the logged cathodic protection (CP) ON
potentials and the occurrences of external corrosion that were found by in-line
inspections. This relation was used to define a statistical model to calculate the
probability of occurrence of external corrosion based on the CP history. The soil
characteristics and pipeline coating are also factors in the statistical model.
It will be discussed how the ON potentials that were measured at discrete points and
times can be used to reconstruct the full CP history, how this reconstructed history can
be related to the observed external corrosion and how this gives raise to a statistical
model for external corrosion in which other circumstances, besides the cathodic
protection, are also taken into account.
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INTRODUCTION

This paper presents the statistical research on external corrosion of underground
pipelines that DNV GL performed for Gasunie Transport Services (GTS), the gas
transmission system operator in the Netherlands. This research provides quantified
insight in the effect of the cathodic protection in the practical situation of a pipeline
network. The research also provides a statistical model with which the probability of
occurrence of external corrosion can be calculated, based on the ON potentials that a
pipeline section has experienced over its lifetime. The coating and soil type are also
taken into account
The statistical model for the probability of external corrosion presented here is not based
on any prior knowledge or theoretical models. The results are purely empirical, based
only on the observed relationship between occurrences of external corrosion on the
pipelines and the historical ON potentials, as well as the pipeline coating and the soil
properties.
The research is based on the occurrences of external corrosion that were reported by inline inspections of over 3800 km of GTS pipelines, the ON potentials that were
systematically recorded since the early 1970’s at thousands of test posts, the pipeline
construction parameters, and soil information that is publicly available. The data are
discussed in more detail in the appendix.
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MOTIVATION

Before going into the details of the statistical research, some discussion is in place of the
value of statistical research on external corrosion.
External corrosion on underground pipelines is challenging to predict, because many
factors can potentially influence whether corrosion will occur and the rate at which the
corrosion will proceed. These factors include:
1.
2.
3.
4.
5.
6.
7.
8.

Coating degradation.
Cathodic protection.
Physical soil properties, such as permeability.
Chemical soil properties, such as acidity.
Biological soil properties, especially the presence of sulfate reducing bacteria.
Ground water level.
Ground water properties.
Electrical effects.

In the realistic situation of a pipeline network, all these factors vary along the pipelines
and are known only in part, if at all. In consequence, theoretical models for the growth of
external corrosion apply poorly for predicting where corrosion will occur and the rate at
which corrosion will grow. The research projects that DNV GL performs for GTS are aimed
at obtaining knowledge from the corrosion that occurs in practice.
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APPROACH

The analysis consists of the following three steps:
1. Estimation of what the ON potential of each pipeline section has been at each
moment during its liftime, based on the ON potentials that were measured at test
posts at different locations and on different dates. This is described in paragraph 4.
2. Calculation of the probability of occurrence of external corrosion on a pipeline
section, based on the full history of ON potentials of that section. This is described
in paragraphs 5 and 6.
3. Calculation of the influence of conditions that enhance or inhibit external
corrosion.This is described in paragraph 7.
The reason to take this approach is as follows. The correlation between external
corrosion and the pipeline age is quite unconvincing, as has been found by previous
statistical research1. A plausible explanation of this poor correlation is the fact that
external corrosion defects do not generally grow at a constant rate. Realistically, it can
be expected that the growth rate of a corrosion defect varies in time, depending on
circumstances that themselves vary in time. One of those time-varying circumstances is
the IR-free.
The IR-free of the GTS pipelines is not easily measured. The ON potential, on the other
hand, is periodically measured at a large number of test posts. There is a strong relation
between the ON potential and the IR-free, and a relation is expected to exist between the
IR-free and the corrosion rate. The research was initiated to investigate a statistical
relation between the ON potential and the occurrence of corrosion. This statistical
relation was indeed found and could be quantified in a predictive model, as discussed in
this article.
The test posts at which the ON potential is periodically measured are typically some two
kilometres apart from each other along one pipeline. The ON potential of pipeline
sections between test posts is not often measured2. In order to determine the relation
between the history of ON potentials and external corrosion of any pipeline section, it is
first necessary to estimate what the ON potentials of that section have been over the
years, even for those sections where there is no test post.
Once the historical ON potentials have been estimated for every pipeline section, step 2
becomes possible. In this step, it is investigated how the full history of ON potentials of a
pipeline section correlates to the external corrosion that is or isn’t present on that section.
With the results from step 2, it becomes possible to investigate how other factors,
besides the history of ON potentials, enhance or inhibit external corrosion. This is step 3.
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Research by DNV GL, unpublished.

2

CIPS can be used to measure the ON potential, as well as the off potential, between test posts, but the data
from CIPS surveys are quite different from the data from test post measurements and could not be
included in the present study.
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ESTIMATE THE HISTORICAL ON POTENTIALS OF THE
ENTIRE NETWORK

The ON potential of the GTS pipelines has systematically been measured3 at the test
posts since the early 1970’s. The resulting data set provides an indication of what the ON
potential has been on the full network. However, this is not a complete picture, for four
reasons:
1. The test posts along one pipeline are typically some 2 kilometres apart from each
other. The ON potential of the pipeline sections between test posts has not been
measured.
2. Each measurement provides only a one-hour snapshot. The measurements are
not performed simultaneously.
3. The measurements contain some measurement inaccuracy.
4. Not every test post has always been measured.
The aim of the research is to investigate the relation between the ON potential and
external corrosion. To do that, it is necessary to first calculate the best possible estimate
of the ON potential at each point of the network at each moment in the past.

4.1 Expected continuity in measured values
The ON potential varies along the length of each pipeline. It is expected that this
variation of the potential along the pipelines is subject to a form of continuity, due to the
electrical conductivity of the pipelines. If this expectation is correct, the potentials that
are measured at two points on a pipeline, or on pipelines that are electrically connected,
should be quite similar if these two points are close together, and not so similar if the
points are far apart.
A form of continuity that can be rigorously defined, observed in the data, and quantified,
is as follows. This is the form of continuity that is expected to hold for the ON potential
measurements:

( −
(
( + Δ , the variance of the difference between two
measurements taken either simultaneously or almost simultaneously, increases
with increasing Δ , the distance between the measurements.
The ON potential also varies in time. These temporal variations can occur on millisecond
time scales (especially due to electrical influences), but also long-term trends occur (on a
timescale of months or years4). The present analysis is concerned with these long-term
trends. It is expected that the ON potential presents a continuity in time, like it does in
space: when the ON potential is measured twice at one test post, the measured
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The measurement procedure is specified in the appendix.
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It is not part of the current research to investigate the causes of these long-term trends. Among the possible
causes could be seasonal effects, ongoing coating degradation, anode ageing and changes in the
configuration of the transformer rectifiers.
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potentials will be more similar if the time interval between the measurements is short
than if this interval is long.
The rigorous definition for the temporal continuity that is expected to hold for the ON
potentials is (analogously to the spatial continuity):

(

−
( + Δ , the variance of the difference between two
measurements taken at the same test post, increases with increasing Δ , the time
between the measurements.
(

These two assumptions, the assumed continuity in space and in time, need to be verified.
A first, qualitative way to verify them is by plotting the measurements on a series of
maps. Each map displays all measurements that were taken in one six-month period.
Two such maps are shown in Figure 1. These maps clearly show that the expected
continuity in space is indeed present. Moreover, since each map displays six months of
measurements, they provide some evidence that the continuity in time is also present.

Figure 1: Measured ON potentials in two six-month periods.

A second tool to assess whether continuity in space and time is present in the ON
potential measurements, is the spatio-temporal variogram5. The variogram enables to
assess whether the measured ON potentials are subject to the continuity in space and in
time that were defined above. Roughly speaking, it shows whether and how the
variability between measurements increases with increasing distance and time.
The variogram that was computed from the collection of ON potential measurements of
the GTS network is displayed in Figure 2. It can be seen that, roughly speaking, the
variogram forms a surface that has its lowest point at the origin and attains higher
5

See the appendix for a more rigorous discussion of the variogram.
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values at longer time intervals and greater distances. By having this shape, the
variogram confirms that the continuities in space and time of the ON potential are indeed
present in the data, as expected. Moreover, the variogram also provides a rigorous
quantitative estimate of the increase of variability between measurements with
increasing distance and time between them. This quantitative estimate plays a key role in
the block kriging algorithm that is applied to perform the estimation of the ON potential
history of the full network.

Figure 2: Variogram of the set of measured ON potentials. The dimensionless
vertival axis is the variance.

4.2 Estimation of the ON potential history
To estimate what the ON potential has been at any point of the network at any moment
in the past, the mathematical technique ‘spatio-temporal block kriging’ is applied. Block
kriging is a well-known technique6 to analyse spatial data (i.e., data that come with
geographical coordinates). Thanks to recent academic research on algorithms and
software, it is now also possible to apply block kriging to spatio-temporal data. Spatiotemporal data are data that come with geographical coordinates and time information.

6

See the appendix of a more rigorous discussion of the mathematical technique block kriging.
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The data from ON potential measurements are of this kind, because each measurement
was taken at some geographical location on a specific date.
Using kriging, it is possible in principle to calculate an estimate of the ON potential at
each point of the pipeline network at every moment of its lifetime. However, the number
of points at which to perform this computation would be extremely large, leading to an
infeasibly long computation time. For that reason, the calculation was performed at a
spatial resolution of 2.5 kilometres. The temporal resolution was taken at 3 months. The
word ‘block’ in ‘block kriging’ refers to the 2.5 km × 2.5 km blocks for which the ON
potential was calculated.
The calculation results in a series of maps that together form a ‘movie’ of what the ON
potential has been over the full network. Two snapshots from this movie are displayed in
Figure 3.

Figure 3: Calculated ON potential for the full network for two three-month
periods.

It can be seen in the two maps that the estimated ON potentials tend to be more
negative inland7 than in the coastal areas. The same is observed on the sequence of
maps which display the measurements (two of which have been displayed in Figure 1). A
plausible reason for these regional differences is that the soil resistivity is higher inland
than in the areas closer to the sea.

7

The Netherlands borders with the sea in the north and the west, and with land in the east and the south.

7

5

DEPENDENCY OF CORROSION ON ON POTENTIAL

The previous section has described how, for every point on all the GTS pipelines, an
estimate was calculated of the ON potential over its full lifetime8. This section will discuss
the correlation between the ON potentials and external corrosion.
External corrosion data are available for thousands of kilometres of GTS pipelines that
have been inspected by pigruns. Almost all of these data, corresponding to 3800
kilometres of pipelines, could be used for the analysis that follows.
For the analysis, the pipelines were divided into 25 meter sections, resulting in over
150,000 sections. The segments were classified in two classes, depending on whether or
not external corrosion of significant depth is present. For technical reasons (see
appendix), corrosion defects were considered significant if their depth exceeds 1.56 mm.
Having estimated the ON potential for each pipeline section, it is now possible to
compare the history of pipeline sections with and without corrosion. This is done as
follows.
For each section under analysis, with or without corrosion, it is computed how many total
years over its lifetime the section has experienced an ON potential that was less negative
than some chosen criterion value. In what follows, the criterion will be -1350 mV. This
choice of criterion is rather arbitrary and a whole range of criteria can be used. The
criterion -1350 mV produces visually convincing results9.
This computation results in two tables, one for the sections with corrosion and one for
the sections without corrosion, similar to the two tables (with fictive data) displayed in
Figure 4.

Sections with corrosion
Section
Nr. of years ON
no.
potential > -1350 mV

Sections without corrosion
Section
Nr. of years ON
no.
potential > -1350 mV

1

35

1

0

2

23.5

2

5.5

3

27.25

3

12

4

31

4

3.25

5

18

5

0

…

…

…

…

Figure 4: Illustration, with fictive data, of the approach to compare sections
with and without corrosion. The full right table would have many more rows
than the left one, because there are more sections without than with corrosion.

8

The ON potential was calculated for every three months from 1970 to 2010. For pipelines that are older than
1970, no ON potential has been calculated over those first years.
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Ongoing research is aimed at overcoming two properties of the current modelling: the facts that only
corrosion of some significant depth is currently taken into account, and that only one level of ON potential
is taken into account. More on this in the final paragraph of the article.
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Based on these two tables, two frequency curves can be calculated. One curve
corresponds to the pipeline sections with external corrosion, and the other one to the
sections without corrosion. The frequency curves that were calculated based on the GTS
data are plotted in the graph in Figure 5.
The thick, blue curve is the frequency curve corresponding to all pipeline sections with
external corrosion. At year 20, this curve attains value 65 %. This indicates that 65
percent of all pipeline sections with external corrosion have experienced 20 years or
more during which the ON potential was more positive than -1350 mV. The green, thin
curve is the curve of all pipeline sections without corrosion. At year 20, this curve attains
the value 50 %. This indicates that 50 percent of all pipeline sections without corrosion
have experienced 20 years or more during which the ON potential was more positive
than -1350 mV.

Figure 5: Curves to compare the ON potential history of pipeline sections with
and without external corrosion.

The curve of the sections without corrosion is lower, along the full range, than the curve
of the sections with corrosion. This indicates that the sections without corrosion have a
history of more negative ON potentials than the sections with corrosion, which matches
9

intuition. It also provides a quantification of the effectiveness of cathodic protection to
stop external corrosion.

6

PREDICT EXTERNAL CORROSION BASED ON ON
POTENTIAL HISTORY

The previous section has shown empirical differences between the historical ON
potentials of the pipeline sections with and without corrosion. It could be seen that the
sections with corrosion have a history of more positive ON potentials than the sections
without corrosion. This provides insight in the effect of cathodic protection on the
evolution of external corrosion on underground pipelines. The current section will discuss
how this evidence-based insight can be used to create a model to compute the
probability of occurrence of external corrosion.
The probability of occurrence of external corrosion in a pipeline section will be modeled
as being dependent on the total time that the ON potential of the section has been more
positive than -1350 mV. The mathematical method that is used to create a predictive
model is the logistical regression method [1]. In this method, the probability of
occurrence of external corrosion in a pipeline section is modeled as follows:

ln 1− =

+

⋅ +c+s

:

probability of occurrence of corrosion in
the pipeline section (dimensionless).

:

total time [years] that the ON potential of
the pipeline section was more positive
than -1350 mV.

, :

model coefficients.

(1)

Or equivalently

+ ⋅ +c+s

=

1+

+ ⋅ +c+s

(2)

c, s:

numerical coefficients to adjust for
coating type and soil type, see next
section.

The coefficients and , as well as the coefficients to adjust for the coating type and soil
type, are estimated from the data.
By the chosen model formulation, it follows that the calculated probability of corrosion in
a pipeline section increases in the form of an S-curve with longer time that the section
has had an ON potential more positive than -1350 mV. The probability of corrosion in a
25 meter section can be multiplied by 40 (the number of 25 meter sections in a kilometre)
to obtain the expected number of defects per kilometre.
The curve in Figure 6 displays the probability curve that was calculated based on the
observed occurrences of external corrosion and the estimated ON potentials of each
pipeline section. This curve was calculated for pipeline sections under specific
circumstances: coating ‘Type A bitumen’ (one of the several coating specifications on
GTS pipelines), and soil type ‘heavy sabulous soil’ (one of the soil types that occur in the
Netherlands). The coefficients and that correspond to these two circumstances are
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both equal to 0. The next section will discuss the coefficients that are calculated for other
circumstances, which adjust the curve either up or down.

Figure 6: Probability of external corrosion in a 25 meter section and expected
number of defects per km based on the historical ON potentials.
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ANALYSE THE EFFECT OF OTHER CIRCUMSTANCES ON
CORROSION

This section will discuss how the outcomes in the previous section can be combined with
other data about the pipelines or their surroundings in order to arrive at a full statistical
model for external corrosion.
The curve in Figure 6 provides the probability of significant corrosion in a pipeline section
that is coated in Type A bitumen and is located in heavy sabulous soil. As stated in the
previous section, the coefficients and that correspond to these two circumstances are
both equal to 0. In the GTS network, there are four other coating types and seven other
soil types [2]. Based on the data, a coefficient is estimated for each of these 11
circumstances. If an estimated coefficient is negative, this indicates that the
corresponding circumstance causes less corrosion than the reference circumstances, and
if it is positive, the corresponding circumstance leads to more corrosion.
11

The coefficients
the coefficients

that were calculated for each coating type are displayed in the top, and
for the soil types are displayed in the bottom of Figure 7.

Figure 7: Estimated coefficients for the coating type (top) and the soil type
(bottom).
It can be seen that, respective to Type A, the other two bitumen types empirically lead to
less corrosion. This is in agreement with what can be expected based on the coating
specifications: Type A has the least fiber reinforcement, Type B has more and Type C has
12

the most. PE empirically outperforms all bitumen types, which matches intuition since PE
is the current standard, applied according to current-day procedures. Concrete coating
performs worse than all other types, but this can be due in part to the fact that concrete
is always applied in water crossings, unfavourable circumstances.
The bottom five soil types (heavy clay to sand) are arranged according to the proportion
clay / sand that they contain. Heavy clay consists mostly of clay particles. Light clay is a
mixture of clay with sand. Heavy sabulous soil contains more sand, light sabulous soil
even more, and sand soil consists entirely of sand particles. The empirical conclusion is
that with the same ON potential more corrosion occurs in sand than in clay, and more
clay is better.
It is not part of this study to investigate the cause why a higher clay content in the soil,
respective to sand, leads to less corrosion with the same ON potential. Further research
could hopefully find an explanation for this. Among the facts that may be relevant are:
the lower permeability of clay respective to sand; the higher soil resistivity of sand; and
the fact that sand correlates empirically to more coating defects, as found in earlier
research.
Peat soils are soils that are composed of organic matter. It is not very surprising that this
soil type correlates to more corrosion. The reason why loam stands out as the worst of all
soil types is unclear.
Urban area is not a real soil type, only a placeholder. The soil map provides no data for
these areas, and therefore urban areas can consist of any soil type.
It is remarked that the classification of the soils in the seven classes plus urban areas is
rather coarse, based mostly on particle size. More precise data on physical, chemical and
biological soil characteristics was not available for the present research.
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SUMMARY AND ONGOING RESEARCH

An empirical relationship has been demonstrated between the ON potentials that pipeline
sections experimented over their lifetime and the presence of external corrosion. The
relationship that has been found is in agreement with what would be expected: the
probability of external corrosion increases with longer time at less negative ON potentials.
This relationship has been made quantitative in a curve for how the probability of
corrosion increases, the longer a pipeline section is at relatively positive ON potential.
This curve is based purely on empirical data that were obtained from thousands of
kilometres of in-line inspections and 40 years of ON potential measurements at
thousands of test posts.
The statistical model for external corrosion also takes into account the coating type and
the soil type. The effect of the coating type agrees with what is known about those
coating types, and provides a quantification for the effectiveness of each coating type.
The effect of the different soil types in the Netherlands on external corrosion was
quantified. These observed effects raise interesting questions on the causes for these
differences between soil types, that may give raise to further research.

13

A significant part of the research was aimed at obtaining an auxiliary statistical model to
estimate what the ON potential has been on each pipeline section at each moment in the
past. The fundamental assumptions on which this model is based are continuity in space
and in time of the ON potential. It was determined, based on the measurement data,
that these continuities are present in the data. Moreover, these continuities were
quantified according to a rigorous definition.
The research was based on the ON potentials that were registered. The reason to work
with the ON potentials is that these are the potentials that are available. An interesting
subject for further research would be to investigate whether similar results could be
obtained with the potential that is measured or estimated in some other way, such as the
instant OFF potential.
The research was carried out on data from the Netherlands. The Netherlands has some
unique characteristics: large areas of peat soil, high groundwater, high humidity, and
(roughly speaking) no slopes of any significance and no rocks in the soil. Therefore, it is
not expected that the results presented here would apply for other countries. On the
other hand, the three-step approach (estimate the historical potentials, determine how
they correlate with external corrosion, assess the effect of other circumstances) could
very well be applied in every situation, as long as sufficient data are available.
The estimation of the historical ON potentials has been done using recently-developed
mathematical techniques. However, these techniques are not perfect for the situation of
a pipeline network: it is not yet possible to take into account the differences in electrical
conductivity between pipelines and the network structure. Future research could be
aimed at further improving this.
Two properties of the presented statistical model are as follows.
1. Only occurrences of external corrosion of significant depth (over 1.56 mm) are
taken into account. In consequence, data on shallower defects are not used, and
the presence of those cannot be predicted using the current model.
2. Only one ON potential criterion is used. It is assumed that the probability of
external corrosion is determined only by the total time that a pipeline section has
experienced during which the ON potential exceeded -1350 mV. This is not
completely satisfactory. To illustrate this: the same probability of corrosion is
calculated for a section that has always been at -900 mV ON potential as for one
that has always been at -1300 mV. Similarly, the same probability of corrosion is
calculated for a section that has always been at -1400 mV ON potential as for one
that has always been at -1700 mV.
Current research is aimed at expanding beyond these boundaries. The ultimate goal is to
obtain a method with which to calculate an estimate for the actual corrosion rate (mm /
yr) at which defects grow, depending on the IR-free and the other circumstances.
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APPENDIX

This appendix provides some more in-depth discussion of issues that were skipped over
in the main text. In the first part of the appendix, the data on which the research is
based are discussed. The second part provides some more information on the
mathematical techniques that were used.

9.1 Data
The statistical analysis is based on combined data from different data sets. These data
sets are described in this paragraph.

9.1.1 Cathodic protection data
Since the early 1970’s, a monitoring program has been carried out in which the cathodic
protection ON potential is periodically measured at test posts, of which there are several
thousands, irregularly spaced over the entire pipeline network. The primary purpose of
these measurements is to verify the proper functioning of the CP. A summary of the
measurement results has been stored. These more than 40 years of measurements at
thousands of test posts have resulted in a data set of hundreds of thousands of ON
potential measurements.
The potentials are measured respective to a copper – copper sulfate reference electrode.
The reference electrode is attached to a test post and placed on the ground right above
the pipeline. The cathodic protection is not switched on and off during the measurement,
so the ON potential is measured. The potential is measured for a period of one hour. The
5 percent most positive and the 5 percent most negative measured values are discarded.
The most positive and the most negative of the remaining measurement values are
registered. The raw data are not stored.
The value that has been used for the present analysis is the most positive measurement
value after discarding the top 5 percent. No use has been made of the other value that
was registered, the most negative value after discarding the bottom 5 percent.

9.1.2 External corrosion data
Over 3800 km of pipelines in the GTS network have been inspected by in-line inspections
(ILI) since the year 2000. For each external corrosion defect that is reporterd, the
position on the pipeline is recorded, as well as its depth, width and length. For the
current investigation, only the geographic position and the depth of the defects are taken
into account. The clock position, width and length of the defects are not analysed.
GTS requires the ILI vendors to report only the anomalies in wall thickness that have a
depth of 10 percent or more of the wall thickness. The reason for this restriction is the
limited accuracy of the ILI tool at shallower depths, as well as the fact that shallow
defects are not a threat to the integrity of the pipeline on the short run.
The thickest pipeline in the data set has a wall thickness of 15.6 mm. Consequently, only
defects 1.56 mm or deeper are reported in all cases. This is the reason that in this
research only defects of at least 1.56 mm have been taken into account, and that the
statistical model yields the probability of occurrence of defects this depth or deeper.
15

9.1.3 Other data
The other data that are included in the analysis are:
1. The pipeline parameters: geographical coordinates, depth of cover, diameter, year
of construction and coating type.
2. Soil data: obtained from the publicly available map [1].

9.2 Spatio-temporal geostatistics
In this study, spatio-temporal geostatistical techniques have been applied to the
measured ON potentials. The objective is to calculate an estimate, based on the short,
discrete and irregularly spaced measurements at test post, what the ON potential has
been at each point of the network at each moment in the past.
Spatio-temporal geostatistical techniques are a quite novel extension of older
geostatistical techniques that apply to data that are only spatial, not temporal.
References [3] and [4] are two books on this subject.

9.2.1 Variogram
The variogram is a mathematical tool to assess and quantify how the variability between
measurements increases with increasing distance and time between those measurements.
The formula for the variogram is as follows.

, Δ : position and distance
between two positions
(Δ , Δ

= 1/2 ∙

(

( ,

−

( +Δ , +Δ

, Δ : time and time interval
:

recorded ON potential

In this formula,
stands for the variance, which is the square of the standard
deviation and hence provides a rigorous definition for what is meant by ‘variability’.
The variogram that was calculated from the measured ON potentials was displayed in
Figure 2 on page 6. The fact that the variogram forms a surface which has its lowest
point at the origin and increases with longer time and greater distance indicates that the
variance between measurements empirically grows with greater distance and longer time
between measurements. This confirms that the continuity of the ON potential in space
and in time that was expected do indeed occur.

9.2.2 Block kriging
Block kriging is a technique to calculate an estimate of the mean ON potential over a
geographical area (in our case, 2.5 × 2.5 km squares) and over a time interval (3
16

months). The estimated potential is a weighted average of the values that were
measured either inside the square or close to it, and either within the 3 months or shortly
before or after. The formula is as follows:
:

Estimated mean ON potential. The mean is
over a 2.5 × 2.5 km square and 3 months.

# , $# , # : Positions and times of measurements

= ∑%& ,'& ,(& "# ⋅

( # , $# ,

either inside or close to the square, either
within the 3 months or shortly before or
after.

#

"# :

Numerical weight coefficients, to be
determined.

The numerical weight coefficients "# are determined for each square and three-month
period for which the average is to be calculated. They are determined from a set of
equations called the ‘kriging equations’ that theoretically lead to the smallest estimation
inaccuracy. They sum up to 1, so that the calculated value is a weighted average of a set
of observations. The variogram plays a key role in the algorith for the determination in
these optimum coefficients.
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