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transformed values. This is analogous to examining the residuals during regression 
analysis. The residual should be randomly distributed within the model domain, without 
pattern. If the deviations are similar to, or greater than, the area-weighted average of the 
kriging relative standard deviation (AWA KRSD) it would imply that the kriging model is 
not as reliable as might be indicated by the kriging standard deviation alone. 

▪ Cross-validation – a standard test of a kriging model – sequentially eliminate each data 
point from the data base and compare the interpolated value to the missing data point. 
Compute the root mean square deviation between observed and cross-validated 
interpolated results. Cross validation is more rigorous than the simple comparison of 
observed and interpolated results described in paragraph (a) but is substantially more 
resource-intensive (the kriging analysis must be repeated as many times as there are data 
points). Consequently, this technique should be applied to one representative data set, and 
the results interpreted. On the other hand method (a) should be performed for each data set 
evaluated. 

Identification of a Metric for Characterizing Data Quality 

The kriging program produces interpolated estimates of the input variable (in the example case, the 
logarithm of the concentrations) and an estimate of the uncertainty in this parameter, referred to as the 
kriging standard deviation. In the subject case, this parameter is also in logarithmic (base e) units. Several 
potential metrics are suggested. First convert the kriging standard deviation from logarithmic units by 
taking its exponential. For example, if the kriging standard deviation is 0.2 in logarithmic units, then 
exp(0.2) = 1.22, implying a relative standard deviation (RSD) of 22%. This will be referred to as the 
kriging relative standard deviation (KRSD). Two metrics are suggested: 

(a) the AWA KRSD over the model domain (the network), and 

(b) the maximum kriging relative standard deviation (MAX KRSD) within the model domain.  

For the example case, the AWA KRSD over the model domain was 20%. The MAX KRSD was 40% and 
that value occurred near the edge of the network, at Alpena, MI. Relatively large KRSDs will always 
exist at the boundaries of the network, simply because they are at the boundary and there is no data 
outside network to “bound” the estimates. These types of errors must be tolerated unless a high density of 
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stations were established along the boundary. This is probably not cost-effective. The KRSDs are shown 
in Figure 2.
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Figure 2: Kriging Relative Standard Deviation (%),SO  
2, 4th Quarter 2000 

A second meaningful metric is the kriging absolute standard deviation, KASD, which would be calculated 
by multiplying the geometric mean by the KRSD. For the test case, results of this calculation are 
illustrated on Figure 3. The maximum kriging absolute standard deviation (MAX KASD) is 
approximately 1.6 µg/m3 near Atlantic City, NJ, and Cape Hatteras, NC. As was the case with KRSDs, 
large KASDs occur near the boundary. A large KASD at the boundary is a greater problem than a large 
KRSD and possible corrective actions may be considered. This could lead to greater density of stations 
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near the boundary, but only in areas with high absolute concentrations. The area-weighted average 
kriging absolute standard deviation (AWA KASD) over the northeastern United States was 1.1 µg/m3.
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Figure 3: Kriging Absolute Standard Deviation (µg/m3), SO  
2  4th Quarter 2000 

 

These metrics appear suitable for characterizing the success of the network in defining spatial patterns.  
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Additional Applications/Benefits of the Kriging Technology 

The primary management benefit of performing the kriging analyses would be to provide an objective 
method to evaluate cost/benefit of alternative network configurations. Existing stations could be 
prioritized by quantifying the effect that their removal would have on the spatial pattern metric (e.g., 
removal of station X would increase the MAX KASD from 1.6 µg/m3 to 1.8 µg/m3, and the AWA KASD 
from 1.10 µg/m3 to 1.16 µg/m3; while removal of station Y might have a negligible effect. Consequently 
station Y is more easily sacrificed than station X). Likewise optimum locations of new stations could be 
identified by identifying points within the domain with large absolute or relative kriging standard 
deviations. 

Does the Current Network Adequately Define Spatial Patterns? 

The current analysis provides metrics that can be used in answering this question. 

The kriged estimates (shown in Figure 1) represent the best estimate geometric mean on the map at any 
location without a station. In effect, this describes what you know at places where you did not make a 
measurement. These exhibit a range from high (12.5 µg/m3) to low (1.6 µg/m3) of 10.9 µg/m3. The AWA 
KASD is 1.1 ug/m3. So the error is only 10% of the apparent range. The corollary to this result is that, 
with statistical confidence, 90% of the apparent spatial pattern is real. Consequently it can be concluded 
that the apparent spatial pattern is an actual spatial pattern. This quantity is a reasonable measure of the 
validity of apparent spatial patterns. The formula would be: 
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This formula produces a non-dimensional result that can be computed and readily compared across all air 
quality parameters.  

Identification of a Data Quality Objective that Can be Applied to other Parameters and Averaging Times 

As previously discussed, the Spatial Pattern DQO should be based on the most accurate definition of the 
spatial pattern, and should not depend on time. The most reliable definition of the spatial pattern will be 
achieved when the averaging time is selected so as to produce the smallest intrastation uncertainty in 
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means, specifically, when the standard deviation of the station means of the logarithms of the data within 
that averaging period is minimal. This is calculated by: 

▪ Take the logarithms of the reported values. 

▪ Determine the standard deviation of the resulting logarithms. 

▪ Divide the standard deviation of the logarithms by the square root of N, the number of 
samples in the averaging period. 

▪ Identify the averaging period for which the resulting quantity is minimal, across the grid 
(each station has a resulting standard deviation of the mean – select an averaging period 
for which the average and/or maximum of these values is at a minimum). 

This process was tested for SO  
2  concentrations measured during the period October 1999 through 

September 2000. Three averaging periods were tested, quarters, half years (October through March), and 
the full year. It was found that the standard deviations of the logarithms (result of step 2) were steady 
when the averaging period was increased from the quarter to the half year, but increased significantly 
over the full year. The result of step 3 (after dividing by the square root of N) was that the full year 
produced a more reliable estimate of intrastation means (lower standard deviation of the means). Based on 
these results either the half-year (Summer vs. Winter) or the full year should be selected as the 
appropriate averaging period for SO  

2.

In contrast to the test case, it is recommended that the kriging process be applied to all the available data, 
characterizing the entire network, rather than just the northeastern United States. 

After performing the kriging analysis for the appropriate averaging period, determine whether the 
maximum interpolated logarithmic mean is significantly greater than the minimum interpolated 
logarithmic mean, using the t test. Recognize that all variances entering into this analysis are actually 
standard deviation of the means rather than standard deviations of the population of values. 

For the 4th quarter 2000 SO  
2, the maximum interpolated logarithmic mean is 2.524 (corresponding to the 

maximum interpolated geometric mean of 12.48, i.e., 12.48 = e2.524). The standard deviation of this 
logarithmic mean is 0.107 (corresponding to the KRSD of 11.3%, i.e., 0.113 = e0.107 – 1). The minimum 
interpolated logarithmic mean on the network is 0.478 (corresponding to the minimum interpolated 
geometric mean of 1.61), and its standard deviation is 0.299 (corresponding to its KRSD of 34.9%). The 
test is whether the maximum is significantly greater than the minimum, a one-tailed test. The test statistic 
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is (2.524 – 0.478) ÷ (0.1072 + 0.2992)1/2 = 2.046 ÷ 0.318 = 6.434. This implies that the high 
concentration is greater than the low concentration with more than 99.9% confidence, and the spatial 
pattern is real. 

Although it is more appropriate to perform this calculation on the logarithms, because the underlying data 
is lognormal, a similar result is obtained if the geometric means and the KASDs are used, and this may be 
helpful to illustrate the idea. Expressed in concentration units, the maximum interpolated value is 12.48 ± 
1.41, the minimum interpolated value is 1.61 ± 0.56. The high value is significantly greater than the low 
value. If these results were characterizing a normal variate, the test statistic would be (12.48 – 1.61) ÷ 
(1.412 + 0.562)1/2 = 10.87 ÷ 1.52 = 7.15, i.e., the test statistic by this inappropriate method is practically 
the same as the test statistic calculated from the lognormal distribution. In either case the maximum is 
significantly greater than the minimum, implying that the observed spatial pattern is real. 

There may be parameters or averaging periods that exhibit less pronounced spatial patterns than the test 
data set. It is assumed that parameters that have less than a factor of 2 between the high and low 
interpolated values, have a negligible spatial pattern. It is not necessary to accurately and definitively 
define the spatial pattern for parameters with such negligible spatial patterns. 

The recommended Spatial Pattern DQO following this procedure can be stated as: 

Where the maximum interpolated value within the network exceeds the minimum 
interpolated value by a factor of 2, the difference is statistically significant with 90 % 
confidence. The quantitative test is that the maximum interpolated value will be shown to 
be greater than the minimum interpolated value with 90 % confidence. Specifically, this 
means that the test statistic must exceed 1.28. 
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Identification of Locations where Additional Stations Should be Located 

The above-described DQO characterizes whether apparent spatial patterns are 
statistically significant, looking at the network footprint as a whole. It is not useful for 
identifying local areas where interpolation errors are unacceptably large. 

A simple criterion would be that the KRSD should not exceed a specified value. For 
example, if the KRSD exceeds 52%, then the interpolated geometric mean is not reliable, 
with 90 % confidence, to within a factor of 2. This result is obtained from the logarithmic 
standard deviations as follows: 

▪ KRSD = 52%, implies that the kriging standard deviation in natural 
logarithm units is ln(1.52) = 0.418; 

▪ To be 90% confident that the true concentration is within a factor of 2 of 
the interpolated estimate, then ln(2) ÷ 0.418 > 1.645 (this is tcritical for a 
two-tailed test, with infinite degrees of freedom; the approximation at 
infinite degrees of freedom is appropriate because the number of data that 
were used to estimate the interpolated value is very large). 

▪ ln(2) ÷ 0.418 = 0.693 ÷ 0.418 = 1.66, which is greater than, but 
approximately equal to, 1.645. 

In the test case, the MAX KRSD = 39.6%, so all interpolated values are accurate to 
within a factor of 2, with 90% confidence. 

This statistically simple test, however, may not appropriately represent the needs of EPA 
and other stakeholders. For example, an area with very low concentrations could have a 
high KRSD without compromising the utility of the network. One may still be highly 
confident, in such a case, that concentrations are well below thresholds expected to cause 
adverse effects. Additional stations in such areas would not be warranted. 

Consider a criterion based on absolute errors. When the KASD anywhere in the network 
approaches the maximum geometric mean within the network, then the local error is 
large relative to any apparent spatial pattern. In the test case, the MAX KASD was 1.6 
µg/m3 (on the mid-Atlantic seaboard) while the maximum geometric mean was 12.5 
µg/m3 in central Pennsylvania. The MAX KASD is 13% of the maximum interpolated 
concentration. Wherever the KASD exceeds 25% of the maximum geometric mean, the 
error at that location is presumed to compromise the validity of the apparent spatial 
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pattern, and additional stations at or near such locations should be considered. This 
presumptive and preliminary DQO is defined as: 

MAX KASD anywhere within the network should not exceed 25% of the 
maximum geometric mean within the network 

As previously discussed, the statistical significance of this criterion is not obvious, so it is 
a subjectively defined criterion. Further experience with statistical evaluation of the 
network could lead to modifying the numerical value associated with this criterion. 
Nonetheless, areas with high KASD should be priorities for siting of new stations. 

 

 




