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contaminated 30 ha site.2 The histogram
of the frequency distribution of the
measurement values shows a positively
skewed distribution (Fig. 1a), but when
natural logarithms of the measurements
are taken, the distribution becomes
approximately normal (Fig. 1b).

The uncertainty of each of these
measurements was estimated using the
‘duplicate method’, in which duplicated
analytical measurements are taken on
duplicated samples taken at 10 of these
100 targets1 (Fig. 2).

The estimate of the expanded relative
measurement uncertainty, made using
analysis of variance (ANOVA) on the
original measurements,2 was 83.9%.
However, inspection of the differences
between the 10 duplicate samples
(Fig. 2a) reveals evidence of the same
positive skew seen for the 100 targets
(Fig. 1a), with a substantial proportion of
large differences (4/10 by a factor of
$1.5). The implication is that the nature
of the heterogeneity between the targets
is similar to that between the sample
duplicates within a target, which affects
the frequency distribution of the uncer-
tainty from sampling. To overcome this
problem, the ANOVA was applied to the
natural logarithms of the 40 measure-
ments made on the 10 duplicated
samples (Fig. 2b).

The initial estimate of uncertainty of
the log-transformed measurement (sL) is
 still ‘in log space’; that is, expressed on

the same logarithmic scale as the log-
transformed data. To make the resultant
estimate of the measurement uncertainty
useful in the linear domain, it can be
expressed as a (standard) uncertainty
factor (Fu), for the 68% condence
interval.3

Fu ¼ exp(sL) (1)

For the more usual 95% condence,
this is expressed as an expanded uncer-
tainty factor (FU). The value of FU can be
calculated, either by multiplying sL by the
coverage factor of two (k ¼ 2) in the log-
domain or, equivalently, by raising Fu to
the power of k.

FU ¼ exp(k � sL) ¼ (Fu)k (2)

To use the uncertainty factor, the
lower 95% condence limit is calculated
by dividing the measurement value by FU,
and the upper limit by multiplying the
measurement value by FU.

For this example, the value of sL is
0.48, Fu is calculated as 1.62 using eqn
(1), and FU is 2.62 using eqn (2).4 For
a typical measured lead concentration
value of 300 mg kg�1, the lower 95%
condence limit is 115 mg kg�1 (i.e., 300/
2.62) and the upper condence limit is
784 mg kg�1 (i.e., 300 � 2.62).

This condence interval is from 115 to
784 mg kg�1, which is from �185
to +484 mg kg�1 away from the
measurement value. This interval is
clearly asymmetric and reects the posi-
tive skew seen in the original measure-
ments (Fig. 1a).

A further advantage of the uncertainty
factor, is that it always gives positive
values for the condence limits of an
uncertainty estimate. This contrasts with
näıve approaches to high relative uncer-
tainty, which can easily imply an
expanded uncertainty extending well
below zero.

An apparent complication can arise
when the measurement uncertainty from
the chemical analysis is expressed as
relative uncertainty, but that from the
sampling is expressed as an uncertainty
factor. However, two solutions to this
issue of combining uncertainty expressed
in two different ways have been identi-
ed.4 One option is to also express the
uncertainty from chemical analysis as an
uncertainty factor, to match that from the
sampling. This option enables a valid
combination of the two uncertainties to
be made in the usual way, but in log
space, producing a combined uncertainty
factor for the whole measurement
process.
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the measurement value by the factor. This
contrasts with the approach of adding and
subtracting the uncertainty value from the
measurement value, for the Gaussian
(normal) situation. The uncertainty factor
is particularly applicable to higher levels of
uncertainty, and it also allows for the
increase of standard uncertainty as
a function of concentration.
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