METRICA

MET Rnlngy Institutional CAfulug

ISTITUTO NAZIONALE DI RICERCA METROLOGICA
Repository Istituzionale

Risk of a false decision on conformity of an environmental compartment due to
measurement uncertainty of concentrations of two or more pollutants

This is the author's accepted version of the contribution published as:

Original

Risk of a false decision on conformity of an environmental compartment due to measurement uncertainty
of concentrations of two or more pollutants / Pennecchi, Francesca R; Kuselman, llya; da Silva, Ricardo J N
B; Hibbert, D Brynn. - In: CHEMOSPHERE. - ISSN 0045-6535. - 202:(2018), pp. 165-176.
[10.1016/j.chemosphere.2018.03.054]

Availability:
This version is available at: 11696/59853 since: 2020-09-30T17:33:14Z

Publisher:
Elsevier

Published
DOI:10.1016/j.chemosphere.2018.03.054

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic
description in the repository

Publisher copyright

(Article begins on next page)

28 December 2024



Accepted Manuscript "

Chemosphere

Risk of a false decision on conformity of an environmental compartment due to
measurement uncertainty of concentrations of two or more pollutants

Francesca R. Pennecchi, llya Kuselman, Ricardo J.N.B. da Silva, D. Brynn Hibbert

PII: S0045-6535(18)30468-5
DOI: 10.1016/j.chemosphere.2018.03.054
Reference: CHEM 20998

To appearin: ECSN

Received Date: 17 November 2017
Revised Date: 6 March 2018
Accepted Date: 7 March 2018

Please cite this article as: Pennecchi, F.R., Kuselman, I., da Silva, R.J.N.B., Hibbert, D.B.,
Risk of a false decision on conformity of an environmental compartment due to measurement
uncertainty of concentrations of two or more pollutants, Chemosphere (2018), doi: 10.1016/
j-chemosphere.2018.03.054.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.chemosphere.2018.03.054

I 0.0012

e - 0.0008
E
8 -
X
0.0004
0.0000

\/ @%'

e

Dependence of the total risk of overestimation Ry, Of suspended particulate

matter concentration in ambient air on the measurement results ¢, in proximity to the
three quarries (c,,= 0.250 mg m3; c,,, and ¢, are varying from 0.210 to 0.300 mg m-3).
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1. Introduction

Actual (‘true’) concentratiom; of thei-th pollutant,i = 1, 2, ...,n, in an environmental
compartment, e.g. ambient air (Duursma and Ca(i®96); TIMBRE project, Online), should
not exceed a regulation or legal tolerance uppmait [Ty;. ‘Concentration’ is used here as a
generic term (CvitaS, 1996; Tolhurst, 2005; Fuestateriu, 2013). Comparing a chemical
analytical test/measurement resulf of thei-th pollutant concentration with thej; value, one
should decide whether the compartment conform&darégulation or not. Since any restil
has an associated measurement uncertainty (ElbsohWilliams, 2012; Magnusson et al.,
2012), several kinds of risk of a false decisiorconformity of the compartment may arise.

The probability of a decision that the actpallutant concentration does not exceed the limit
sincecim< Tui, When it is not correct (i.& > Tyi), is named ‘consumer’s risk’. The ‘consumer’
in the present paper is a habitant whose qualitffef(including health) depends on adequate
control of the pollutant. Thus, the consumer’s iskhe probability of underestimation gfdue
to measurement uncertainty associated wjth

On the other hand, the probability of falsedyecting the decision on conformity of the
compartment to the regulation (i.em> Ty when ¢<Ty) is the ‘producer’s risk’. The
‘producer’ here is a plant or another organizatiora source of the environment pollution,
obliged to pay a fine and/or to invest money for uamecessary reduction of the pollutant
concentration in the case of false nonconformitye producer’s risk is therefore the probability
of overestimation of; due to measurement uncertaintyGin

For a specified compartment, e.g. ambieninadr certain location at a certain time, such risks

are referred to as the ‘specific consumer’s risk’'uaderestimationR;,, and the ‘specific
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producer’s risk’ of overestimatioR;; ., for i-th particular pollutant concentration. The risks o
incorrect conformity assessment of a compartmerdamly drawn from a statistical population
of such compartments are the ‘global consumerks agunderestimatiorR;.,, and the ‘global
producer’s risk’ of overestimatioR;,, respectively, as they characterize the envirortahen
quality globally.Evaluation of the particular risks (both specifitcdaglobal) is described in the
JCGM 106 (2012) based on a Bayesian approach forcoity assessment.

However, when concentrations of two or mordlupants are controlled, pollutant-by-
pollutant evaluation of the risks is not completegeneral, as it does not give an answer to the
guestion of the probability of a false decision the overall compartment conformity. If
conformity assessment for eacth pollutant concentration of a compartment iscegsful, i.e.
the particular specifi®;; or globalR; risks of both under- and overestimation are seradiugh,
the total probability of a false decision conceghconformity of the compartment as a whole
(thetotal specificR;,, or total global R, risk) might still be significant.

A scheme summarizing the used terminologyh®a in Fig. 1, where the particular risks
described in the JCGM 106 (2012) are shown atdpef the scheme. Thetal risk evaluation
as the task of the IUPAC Project (2016), is higmiggl by an ellipse at the bottom of the scheme.

Using the law of total probability for the easf independent quantities (pollutant
concentration values and corresponding measurerasults) the total risk of underestimation
can be evaluated as a combination of the particidks (Kuselman et al., 2017a). For example,
for three pollutionsi = 1, 2, 3, assuming independent actual values awh epollutant
concentratiorr; and independent corresponding measurement regyltshe total specific risk

of underestimation is:
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Reotaiwy = Re1quy + Rezquy + Rezwy — RerapRezqny — RerqwResw) — RezquyRezy T+

ReywRezqyResy- (1)

E.g., for all the particular specific risk:; ) = 0.05, the total specific risk by formula (1) is

R{,ta1 = 0.14. Total global risk of underestimation for theee pollutants is:

Rtotal(u) =
P(CZ)P(CB)Rcl(u) +P(C1)P(C3)Rc2(u) + P(Cl)P(CZ)RCB(u) _P(C3)Rc1(u)Rc2(u) -

P(C)Rc1wyResw) — P(CORezwyResw) + ReruyRezuyResqu)» (2

where P(C)) is the probability that a measurement resyltis acceptable, i.ecim< Ty;. For
example, for the particular riskB.; = 0.05 and probabilitieB(C;) = 0.90 for alli, formula (2)
giVeSR ) = 0.12.

General expressions for evaluating the tasld of underestimation for any numberof the
material components (or pollutants of an environ@enompartment) are also provided in the
mentioned above referencEreatment of correlated measurement results fat tisk evaluation is
discussed in the paper by Kuselman et al. (2017b).

In the present paper, the total risk of oviametion (producer’s risk) is formulated in the sam
Bayesian framework for uncorrelated test results ass applied in the previous work (Kuselman
et al., 2017a) for underestimation (consumer’s)rigkore code developed in R programming
environment (the R project, Online) for correspoigdcalculations is also provided. As a case
study, total risk values are calculated for confityrassessment of concentration of total suspended

particulate matter (TSPM) in ambient air from thiedependent stone quarries in Israel. In this
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study TSPM contributed by theth quarry,i = 1, 2, 3, is considered as théh pollutant. While
particular risk values of false decisions on comiity of thei-th TSPM concentration, evaluated
earlier (Kuselman et al., 2012a), were relatedattheth pollutant {-th quarry) separately, the total
risk values discussed below allow characterizatiboonformity of the TSPM concentration in the
region of the quarries as a whole. That is impartas for the Regulator (the Ministry of
Environmental Protection, Online) protecting theahitants’ quality of life in the area surrounding
the quarries, as for the Manufacturers Associafionline) acting in the interests of the stone

producers in the country.

2. Methods

2.1. Raw data

2.1.1. Test method and likelihood functions

A measured TSPM concentration in ambientgirmg ni°, is an averaged mass of particles
with aerodynamic diameters of 1Q@n or less collected from the air drawn throughltarfin a
high-volume sampler over the sampling period oftést in proximity to the-th stone quarry.
The testing was organized at a distance of (1-3)from each quarry during the quarry' work.
Each test lasted 24 hours for collection of pagticirom about 2000 fof air (EPA 10-2.1,
1999). The distribution of the test/measurementiltesi, at the actual concentratian was

found to be normal with standard deviation equahi standard measurement uncertaunty
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0.07cim and mean equal t@ (Kuselman et al., 2012a). Corresponding likelihdaaictions are

normal probability density functions (pdfs):

1 ( im i)z
fleml) = ——=ex [— %] 3)

2.1.2. Database and prior distributions of acteahcentratiorvalues

The database of 496 test results obtainedngluai year and described in the work of
Kuselman et al. (2012a) is considered again irptiesent paper. On the basis of the analysis of
variances (ANOVA), it was shown that the wind froime desert did not influence the test results
significantly, whereas anthropogenic contributie@sTSPM concentration were dominant. No
correlation among test results for different quesnvas observed. The theoretical distributions of
actual values of TSPM concentratignfitting successfully the data collected closet@mrryi,

were lognormal distributions, used in the followes prior pdfs:

1 (Inc; — p;)?
flc) = mexp [— T]’ 4)

l

where standard deviatiorns and meangy; are for the first quarryi (= 1) 0.434 and -2.326,
respectively, on the logarithmic scale; for theasetquarry i( = 2) they are 0.280 and -2.031,

respectively; and for the third quamy = 0.403 andi; = -2.338.

2.2. Regulation and acceptance limits
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There are national regulations of ambientality including upper regulation limifsy; for
TSPM concentration depending on the period of sampln Israel, Ty; = 0.200 mg i1 for 24
hours, i.e. the same limit value is valid for awgdtion in the country, also close to tihth
quarry.

Besides the regulation limit, a lower/stricéexceptance limité; could be applied for the test
results with the purpose of decreasing the underason (inhabitant’s) risks due to
measurement uncertainty, In such a case, the decision rules (is the aiforming or not?) are
based on comparing the test results with the rateivth acceptance limit (JCGM 106, 2012;
Ellison and Williams, 2007). The acceptance linmtshe present study are taken as coincidental

with the regulation limits.
2.3. Particular risksof under- and overestimation
2.3.1. Particular specific risks

The particular specific risks of the pollutasdincentration under- and overestimation are

respectively

Réiwy = Jpo, f(cileim) de, for cim< Tui, and (5a)

Rio) = foTUif(Ci|Cim) dc;, for Cim> Tui, (5b)
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where f(c;|cim) is the posterior pdf for the actual value of th8PM concentratiorc;
contributed by the-th quarry, given the measurement result near tlergu,;,,. From Bayes

Law the posterior pdf is

fleileim) = f(Cimledf e/ J2, f (cimlcdf (e dey, (5¢)
wheref (c;m|c;) is the likelihood function by eqn (3) aifidc;) is the prior pdf by egn (4).
2.3.2. Particular global risks

The global risks of; under- and overestimation related to the TSPM e limit Ty;, are

respectively

Reiwy = fTO;. foTUif(Cimlci)f(Ci) deimdc, (6a)

Tyi
Reioy =, " fTUif(Cimlci)f(ci) dcimde;. (6b)
2.3.3. Probabilities of an acceptable test resuitl @ conforming actual concentration value
ProbabilityP(C;) of a conforming test/measurement result for ittle pollutant ¢, <A =

Tyi) is calculated by marginalization of the joint paffthe measurement results and the actual

values of TSPM concentration:
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PC) = [ [T f(cimle) f (e deimdc - (7a)

Probability P(B;) that the actual concentration value for ik pollutant is conforming

(ci<Ty) is calculated as:

P®B) =[] f(codc; . (7b)

Note that the probabilitp (B;) of a conforming actual (true) valug in egn (7b) does not
depend on the measurement resyjt by definition. However, the vice versa holds: @bitity
P(C;) of a conforming measurement reseyf, by eqn (7a) does depend on the relevant actual

valuec;.

3. Modeling and calculation

3.1. Total risks of overestimation

3.1.1. Events

Define the following events possible duringtieg concentrations of two or more pollutants
in an environmental compartment:
= B;: the actual concentrationy of pollutanti does not exceed its regulation linig;;

probability of this evenP (B;) is defined by formula (7b).
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B: the actual concentration valugsfor anyi do not exceed their own regulation limits

Tui, B=B; NnB, n.. nB,; probability of this event i?(B) = [[[~, P(B,), if B; are

mutually independent.

B;: the actual concentratianof pollutanti exceedd i, i.e. violates it; probability of this

event isP(B;) = 1 — P(B)).

B: the actual concentration valugsof one or more pollutants exceed their regulation

limits Tyi, B = B; UB, U ...U B,; probability of this event i#(B) =1—-P(B) =1 —
i=1 P(By).

C;: the test resulti,, for i-th pollutant does not exceed its acceptance Wmniprobability

of this eventP(C,) is defined by formula (7a).

C: the test resultsi,, for anyi do not exceed their own acceptance limitsC = C; N

C, N .. NC,; probability of this event isP(C) =[[X,P(C;), if C; are mutually

independent.

C;: the test resulti, for i-th pollutant exceeds its acceptance lifit i.e. suchc, is an

out-of-specification test result (Kuselman et 20;12b) asA; = Ty; in the present study;

probability of this event i®(C;) = 1 — P(C)).

C: one or more test results, exceed their owd, ,C = C,; U C, U ...U C,,; probability of

this event isP(C) = 1 —P(C) = 1 — [T, P(CY).

3.1.2. Total specific risk

When a specified environmental compartmertested concerning concentrations of three

pollutants, the total specific risk of overestinoatiR,, ) IS the probability that the actual
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concentrations of all pollutants in this comparttneenform to their regulation limitB(= B; n
B, N B;), whereas one or more test/measurement resylis c,, and c;, exceed their
acceptance limits. This event can occur when:

a) Just one measurement result out of the three xamplec,,, without losing generality,
exceeds its acceptance limit, while the actual eotrationc; does not exceed the
regulation limit. In this case, the actual concatiinc, will be overestimated. Hence, the
total risk that the compartment is falsely consédeas not conforming is equal to the
particular specific risk concerning the first podot: R, o) = P(B1|cim)-

b) Two measurement results, ecg,, andc,,,, exceed their acceptance limits. The total risk
IS Rital(o) = P(B1 N Bz|C1m, C2m)-

c) All the three measurement results exceed their ph@nee limits. The total risk is
Riotal(o) = P(Blcim, Coms €3m) = P(B1 N B, N B3|y C2mr C3m)-

If the eventsB; are conditionally independent, i.e. independenthef measurement results,,

the total specific risk in each of the three coasgd situations is, respectively:

a) Rgotal(o) = P(§1|C1m), a8
b) R:Otal(o) = izzlp(éilcim)1 (8b)
€) Riotaico) = [1i=1 P(Bilcim), (8c)

whereP (B;|cym) = R by formula (5b).
For any numben of pollutants,v < n of which are characterized by the measurementtsesul

exceeding their acceptance limits, the total speddgk of overestimation is
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Riotaio) = Ili=1 Reico- 9)

Note again thak;;,, in eqn (9) are related to the out-of-specificati@asurement results of
concentrations of the pollutants, sorted as tls\fifrom all n pollutants under control

From eqn (9) it follows that any onewoparticular specific risk of overestimati&y; ) equal
to zero will lead taR(,, (o) = 0. That occurs when the actual concentration ofi-tepollutant
¢ exceeds/violates the regulation limit unquestibndb > Ty;) at a given measurement result
Cim> Ty for this pollutant. In such a case, which does deppend on measurement results of
concentrations of the other pollutants, the conmpant as a whole is certainly not conforming.
Therefore, the producer(s) should take action dlnee the-th pollutant concentration and/or to
pay a fine.

In the opposite case of a particular speciB& valueR;;, = 1, althoughcim exceeds its
acceptance limit, the actual concentratpoertainly conforms. SucR;;,, would not influence
the total specific riskR,ia10) DY €gn (9). In this case, the numiveof pollutants isde-facto

decreased by one.

Another property of eqn (9) is reductionR{f,;,, With increasing number of pollutants

for which the measurement results are out-of-spatibn. The logic is that the more such
measurement results, the smaller is the total fibtyaof the overestimation. Thus, the greater
is the probability that the compartment as a widales not conform.

Note also that the model used in the work wbaBic-Leitis (2010) and adopted later in the
EURAMET guide (Pendrill et al., 2015) leads to ampression equivalent to egn (9) when the
variables (concentrations of the pollutants in task) are independent, hence validating the

model proposed in the present work.
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3.1.3. Total global risk

Particular global riskR;,, of overestimation for thé-th pollutant { = 1, 2, 3) is the

probability of false nonconformance when the cqroesling test result exceeds its acceptance

limit A;, while the actual value does not exceed the régulémit Ty;:

Reioy = P(B; N Cy). (10)

The total global risR.a1(0) Of Overestimatiors the risk of having the actual concentrations
of the three pollutants within their regulation iisnTy;, when at least one of test results are
outside its acceptance limits (that is outside thee-dimensional domaidxAxxAs), i.e.

Rtotal(o) = P(E n C), where

o5
D
ol
I

B,NnB,NnB;n(C;uC,uC3)=((B;NnB,NnB;NnC)UB;NB,NnB;NnC,)U(B; N

B, N B3 N Cs). (11)

The total global risk of overestimation is thus:

Riotalo) = P(B1 N B, NB3NCy) + P(B;NB,NB;NC,) +P(B;nB,NB;NC3) —P(B; N

§20§3ﬂClﬂCZ)—P(ElﬂEZﬂ§3ﬂélﬂc3)— P(Elﬂ§20§3ﬂczﬂa3)+P(§lﬂ

B, nB;nC;nC,NnCy). (12)
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WheneverB;, B, and B, as well asxC;, C,, andCs, are mutually independent, evelsn C,,
B, n C, andB; n C; are also independent and equation (12) can béttemwusing notation (10)

in the following way:

Rtotal(o) =
P(EZ)P(E3)RCI(0) + P(El)P(EB)RCZ(o) + P(El)P(EZ)RcG(O) - P(EB)Rcl(o)Rcz(o) -

P(B2)Rc1(0)Rez0) = P(B1)Rc2(0)Re3(o) + Re1(oyRez(o)Res(o)- (13)

Note that eqn (13) is similar to egn (2) foe total global risk of underestimation. However,
it involves probabilities of different events anifferent particular risks.

In general, for any numbetrof pollutants

Riotalo) =
1M PBD)Rei(o) —
® o 2 si(Tieij PBD) (TMg=ij Reqoy) +
Vi Xjsi Zk>j(1_[z¢i,j,k P(Ez)) (Hq:i,j,k ch(o))+ e+ (DL, P(Ei)(nqii ch(O)) +

(_1)71—1 HZ:l ch(o) ) (14)

wherei, |, k, | andq are subscripts of the pollutant in the range (1, n)-

3.2. Calculation



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

15

When the likelihood function is a normal disition and the prior pdf is lognormal, the
posterior pdf cannot be easily described by anyéinal closed form. Therefore, the posterior
pdf was obtained by numerical integration (and egbent normalization) of the product of the
prior and the likelihood. The under- and overestiomaparticular risks were calculated as the
fraction of the (approximated) posterior pdf lyiogtside/inside the tolerance limit, respectively.

Core code developed in R programming envirorirfa calculation of the risks is reported in
Annex A. Calculation of total specific risks of werd and overestimation by egns (1) and (8),
respectively, using corresponding particular speciék values by eqgns (5), is shown in Section
A-1. Time spent for calculation of the total specifisks with a regular PC (Intel® Cdré i5-
3470 Processor, CPU @ 3.20 GHz, Windows 7 Profeaki® bit) is about one second. While
increasing (doubling, for example) the number & ithvolved components does not affect the
calculation time, decreasing the numerical integraparameter (stepsize) from 0.001 to 0.0001,
increases the execution time up to 6 seconds.

Calculation of total global risks of under-damverestimation by egns (2) and (13),
respectively, using particular global risk valueg &qns (6), probabilities of conforming
measurement results by eqn (7a) and probabilifie®forming actual concentration values by
egn (7b), is detailed in Section A-2. Time spemtdalculation of the total global risks with the
same PC is about 5 seconds. In this case, doubiiegwumber of components doubles the
required time, whereas decreasing the integratemarpeter (step) from 0.00001 to 0.000001

increases the computational time up to about 3@rskc

4. Results and discussion
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4.1. Total specific risks of under- and over estimation

Dependence of the total specific risks of uadmation of TSPM concentration in air on the
measurement results, is demonstrated in Fig. 22 case when only the first quarry is active and
the total riskRya ) €quals to the particular riske, ), is shown in Fig. 2a by solid line 1.
Dotted lines 3 and 2 point a measured TSPM coragonr ¢;,, = 0.194 mg i and
corresponding risk valug;,,,, = 0.211, as an instance. One can see in Fig. &a{h,, is
close to zero (negligible) at, < 0.170 mg i, however significantly increasing wittym
approaching the tolerance linfig; = 0.200 mg rii.

A case when only the second and the tpii@ries are active, is represented in Fig. 2brevhe
the total risk,R{,a1n)» ShOwn as a surface, depends on hlmthand czmin the range [0.010,
0.200] mg nT. The surface lies mostly on the bottom of the gkdenensional region where
Riotaiuy IS Close to zero, as in Fig. 2a, increasing with and csm approaching their tolerance
limits Tuz = Tuz = 0.200 mg 1. When bothc,m, andcsm simultaneously approach 0.200 m@,m
this leads to a ‘protuberance’ in the total riskace.

The same dependenceRjf; ;) on Cam andcsm is observed when all the three quarries are
active simultaneously, b, < 0.170 mg rii: the contribution of the particular rigk, ;) to the
total one in such a case is negligible as showhign 2a. For comparison, Fig. 2c illustrates a
scenario when all the three quarries are activeripd,(,,, - the surface - is depending o
andcsnm in the range [0.010, 0.200] mghas in Fig. 2b, whereas,= 0.194 mg rii. Fig. 2c
seems very similar to Fig. 2b. However, the colales of theR,,, ) surfaces are different,
since the scale in Fig. 2c is greater becauseeokitgnificant contribution ok, = 0.211 at

cim= 0.194 mg n (indicated in Fig 2a by dotted lines).
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Dependence of the total specific risks of overeatiom of the actual TSPM concentration in
air on measurement results, when they are out-@dipation €, > Tyi), is detailed in Fig. 3.
A case when only the first quarry is active, anel tbtal riskR,, ) is equal to the particular
risk Rz1 (o), IS shown in Fig. 3a by solid line 1. Dotted lingsand 2 point a measured TSPM
concentratiorc;m = 0.250 mg i and corresponding risk valug, ,, = 0.008, as an example.
Naturally, the risk of overestimation increasescasapproaches 0.200 mghfthe tolerance
limit), and is close to zero fas, > 0.260 mg .

The case when only the second and the thiedries are active, as in Fig 2b, a0
value depending on both, andcsmin the range [0.210, 0.300] mginis shown in Fig. 3b. The
maximumR;,..; (o) vValue is observed &sm andcsmnear the tolerance limit simultaneously.

Fig. 3c illustrates a case when all the tlqearries are active, as in Fig. 2c¢, byt = 0.250
mg m°. The scale of th& 1) SUrface, shown by the color bar, is two orders taan in Fig.
3b. The reason is that the total risk of overediona defined as a product of the three particular
risks, is influenced by the contribution B, ,, = 0.008 att;m= 0.250 mg M (indicated in Fig

3a by dotted lines). In other words, if an out-pésification measurement result is significantly
greater than the tolerance limit, the probabilifyvmlation of the regulation is high and the
particular risk of overestimation is low. Therefdhe total specific risk of overestimation is low

also.

4.2. Total global risks of under- and overestimation

The particular global risks of underestimatiBg ) = 0.006,R 5,y = 0.010 andR 3¢y =

0.005 obtained here are equal to the values pwdiglarlier (Kuselman et al., 2012a). They are
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used as a part of the validation process of theenurcalculations.The probabilities of
conforming measurement results &€C;) = 0.949,P(C,) = 0.929 andP(C3) = 0.963. The
total risk of underestimation, evaluated in thespré work for the first time, iBtaiuy = 0.019,
hence greater than the particular risk contribigdach quarry.

The particular global risks of overestimation &,y = 0.007,R.; o) = 0.015 andR 3o =
0.006. They are also equal to those published tsekuan et al. (2012a). The probabilities of
conforming actual concentration values calculategl R(B,) = 0.951, P(B,) = 0.934 and
P(B;) = 0.965. The total risk of overestimation, evaluatethe present work for the first time
as well, iSRota1(0) = 0.026, again greater than edty.

The total risk of overestimatia® o) €xceeds the total risk of underestimatRge,y),
which implies that there is a reasonable balanded®n the requirements of an inhabitant’s

quality of life and the producer’s expenditure @wieonmental protection.

5. Conclusions

Quantification of risks of false decisions @onformity assessment of an environmental
compartment due to measurement uncertainty of cdrat®ns of two or more pollutants, is
developed. Even if the assessment of conformity dach pollutant in the compartment is
successful, the total probability of a false dexisconcerning the compartment as a whole might
still be significant.

A model of the total probability of a falsectl@on, formulated on the basis of the law of total
probability, is used for a study of test resultdatbl suspended particulate matter concentration

in ambient air from three independent stone quarrie Israel. Total probabilities of
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underestimation of the particulate matter concéotra(total risk of the inhabitants) and
overestimation (total risk of the stone producarg) evaluated as a combination of the particular
risks of air conformity assessment near to eachrgua

It is shown that the total global risk of uneiimation of the particulate matter concentration
is smaller than the total risk of its overestimatidhat is a reasonable balance between the
requirements of an inhabitant’s quality of life atimg producer’s expenditure on environmental

protection.

Acknowledgment

This research was supported in part by thermational Union of Pure and Applied

Chemistry (IUPAC Project 2016-007-1-500).

Appendix A. Core of theR code

A-1. Calculation of thetotal specificrisks

T

# Specific risks #

T T TR TR E

# Input data for the quarries

mul = -2.326 # Prior location parameter for Q1
mu2 = -2.031 # Prior location parameter for Q2
mu3 = -2.338 # Prior location parameter for Q3
sigmal = 0.434 # Prior scale parameter for Q1
sigma2 = 0.280 # Prior scale parameter for Q2

sigma3 = 0.403 # Prior scale parameter for Q3
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436 Rsigmam = 0.07 # Relative measurement uncertainty
437 TU=0.2 # Tolerance limit
438

439 # Settings for numerical integrations

440 stepsize <- 0.001

441 obsvalues = seq(0.01,TU,stepsize)

442  postmean = rep(0,length(obsvalues))

443 poststd = rep(0,length(obsvalues))

444 Rspecl =rep(0,length(obsvalues))

445 Rspec2 =rep(0,length(obsvalues))

446 Rspec3 =rep(0,length(obsvalues))

447 ¢ =seq(0,0.5,stepsize)

448

449w R T T R T R T T
450 # Consumer specific risk for each observed valyé.oil, TU]
451 # Normal Likelihood and Lognormal prior

452
453 #0Q1
454 i=1

455  prior <- dlnorm(c, meanlog = mul, sdlog = sigmal)
456 logprior <- log(prior)

457  for(obs in obsvalues)

458 {

459  loglik <- dnorm(obs, mean = ¢, sd = Rsigmam*obg,+ T)
460 logpos <- logprior + loglik

461  posterior <- exp(logpos)

462  posterior <- posterior/(sum(posterior)*stepsize)

463 postmean[i] <- sum(posterior*c)*stepsize

464  postvar <- sum(posterior*(c"2))*stepsize-postmgan|
465  poststd[i] = sqrt(postvar)

466  Rspecl][i] = stepsize*sum(posterior[c>TU])

467 =i+l
468 '}

469

470 #Q2
471 i=1

472  prior <- dlnorm(c, meanlog = mu2, sdlog = sigma2)

473  logprior <- log(prior)

474  for(obs in obsvalues)

475 |

476  loglik <- dnorm(obs, mean = ¢, sd = Rsigmam*obg,+ T)
477  logpos <- logprior + loglik

478  posterior <- exp(logpos)

479  posterior <- posterior/(sum(posterior)*stepsize)

480 postmean]i] <- sum(posterior*c)*stepsize

481  postvar <- sum(posterior*(c"2))*stepsize-postmgan|
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482  poststd[i] = sqrt(postvar)
483  Rspec?2[i] = stepsize*sum(posterior[c>TU])

484 =i+l
485 )

486

487 #Q3
488 i=1

489 prior <- dlnorm(c, meanlog = mu3, sdlog = sigma3)

490 logprior <- log(prior)

491 for(obs in obsvalues)

492 {

493  loglik <- dnorm(obs, mean = ¢, sd = Rsigmam*obg,+ T)

494  logpos <- logprior + loglik

495  posterior <- exp(logpos)

496  posterior <- posterior/(sum(posterior)*stepsize)

497  postmean]i] <- sum(posterior*c)*stepsize

498  postvar <- sum(posterior*(c"2))*stepsize-postmgan|

499  poststd[i] = sqrt(postvar)

500 Rspec3|[i] = stepsize*sum(posterior[c>TU])

501 i=i+l

502 }

503

504 # Total specific consumer risk for the particulase obsl1=0bs2=0bs3
505 Rtotu = Rspecl + Rspec2 + Rspec3 - Rspecl*Rspdk@pecl*Rspec3 - Rspec2*Rspec3 +
506 Rspecl*Rspec2*Rspec3

507

508  HHHAHHHAHHHAHHH
509 # Producer specific risk for each observed valyé.ial, 0.3]

510

511 # Settings for numerical integrations

512 obsvalues = seq(0.21,0.3,stepsize)

513 postmean = rep(0,length(obsvalues))

514 poststd = rep(0,length(obsvalues))

515 Rspecl =rep(0,length(obsvalues))

516 Rspec2 =rep(0,length(obsvalues))

517 Rspec3 =rep(0,length(obsvalues))

518
519 #0Q1
520 i=1

521 prior <- dlnorm(c, meanlog = mul, sdlog = sigmal)

522 logprior <- log(prior)

523 for(obs in obsvalues)

524 {

525 loglik <- dnorm(obs, mean = ¢, sd = Rsigmam*obg,+ T)
526  logpos <- logprior + loglik

527  posterior <- exp(logpos)
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posterior <- posterior/(sum(posterior)*stepsize)
postmean(i] <- sum(posterior*c)*stepsize

postvar <- sum(posterior*(c"2))*stepsize-postmgan|
poststd[i] = sqrt(postvar)

Rspecl][i] = stepsize*sum(posterior[c<=TU])

i =i+l

}

# Q2

i=1

prior <- dlnorm(c, meanlog = mu2, sdlog = sigma?2)
logprior <- log(prior)

for(obs in obsvalues)

{

loglik <- dnorm(obs, mean = ¢, sd = Rsigmam*obg,# T)
logpos <- logprior + loglik

posterior <- exp(logpos)

posterior <- posterior/(sum(posterior)*stepsize)
postmean(i] <- sum(posterior*c)*stepsize

postvar <- sum(posterior*(c"2))*stepsize-postmgan|
poststd[i] = sgrt(postvar)

Rspec2]i] = stepsize*sum(posterior[c<=TU])

=i+l

}

# Q3

i=1

prior <- dlnorm(c, meanlog = mu3, sdlog = sigma3)
logprior <- log(prior)

for(obs in obsvalues)

{

loglik <- dnorm(obs, mean = c, sd = Rsigmam*obg,+ T)
logpos <- logprior + loglik

posterior <- exp(logpos)

posterior <- posterior/(sum(posterior)*stepsize)
postmean]i] <- sum(posterior*c)*stepsize

postvar <- sum(posterior*(c"2))*stepsize-postmgan|
poststd[i] = sqrt(postvar)

Rspec3[i] = stepsize*sum(posterior[c<=TU])

=i+l

}

# Total specific producer risk for the particulase obsl1=0bs2=0bs3
Rtoto = Rspecl*Rspec2*Rspec3
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A-2. Calculation of the total global risks

B s

# Global risks #

B s

# Input data for the quarries

mul = -2.326 # Prior location parameter for Q1
mu2 = -2.031 # Prior location parameter for Q2
mu3 = -2.338 # Prior location parameter for Q3
sigmal = 0.434 # Prior scale parameter for Q1
sigma2 = 0.280 # Prior scale parameter for Q2
sigma3 = 0.403 # Prior scale parameter for Q3
um = 0.07 # Relative measurement uaoeyt
T=0.2 # Tolerance limit

A=T # Acceptance limit

# Consumer's risk Rc and the producer's risk Rp

# Normal Likelihood and Lognormal prior

# Initializations

step = 0.00001

etac = seq(T,10,step) # Integral doniT, infinity]
etap = seq(step,T,step) # Integral donta T]
etacinf = seq(step,10,step) # Integral darfi infinity]

#Q1

ymeanlogQ1 = mul

ystdlogQ1 = sigmal

RcQ1 = sum( (pnorm((A-etac)/(um*etac)) - pnorm(egiam*etac))) *
dinorm(etac,ymeanlogQ1,ystdlogQ1) * step)

PC1 = sum( (pnorm((A-etacinf)/(um*etacinf)) - pndretacinf/(um*etacinf))) *
dinorm(etacinf,ymeanlogQ1,ystdlogQ1) * step)

RpQ1 = sum( (1-pnorm((A-etap)/(um*etap))) * dinoetgp,ymeanlogQ1,ystdlogQ1) * step)
PBcompll = plnorm(T,ymeanlogQ1,ystdlogQ1)
c(RcQ1,RpQ1,PC1,PBcompll)

# [1] 0.005769988 0.007368876 0.949038432 0.9508373

# Q2

ymeanlogQ2 = mu2

ystdlogQ2 = sigma2

RcQ2 = sum( (pnorm((A-etac)/(um*etac)) - pnorm(egfam*etac))) *
dinorm(etac,ymeanlogQ2,ystdlogQ?2) * step)

PC2 = sum( (pnorm((A-etacinf)/(um*etacinf)) - pndretacinf/(um*etacinf))) *
dinorm(etacinf,ymeanlogQ2,ystdlogQ2) * step)
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RpQ2 = sum( (1- pnorm((A-etap)/(um*etap))) * dingetap,ymeanlogQ2,ystdlogQ2) * step)
PBcompl2 = plnorm(T,ymeanlogQ2,ystdlogQ2)

c(RcQ2,RpQ2,PC2,PBcompl2)

# [1] 0.01045913 0.01525355 0.92911792 0.93391234

# Q3

ymeanlogQ3 = mu3

ystdlogQ3 = sigma3

RcQ3 = sum( (pnorm((A-etac)/(um*etac)) - pnorm(egfam*etac))) *
dinorm(etac,ymeanlogQ3,ystdlogQ3) * step)

PC3 = sum( (pnorm((A-etacinf)/(um*etacinf)) - pndretacinf/(um*etacinf))) *
dinorm(etacinf,ymeanlogQ3,ystdlogQ3) * step)

RpQ3 = sum( (1- pnorm((A-etap)/(um*etap))) * dingetap,ymeanlogQ3,ystdlogQ3) * step)
PBcompl3 = plnorm(T,ymeanlogQ3,ystdlogQ3)
c(RcQ3,RpQ3,PC3,PBcompl3)

# [1] 0.004602961 0.006233814 0.963053939 0.96486847

# TOTAL global consumer risk (underestimation risk)

c(PC1,PC2,PC3)

#[1] 0.9490384 0.9291179 0.9630539

c(RcQ1,RcQ2,RcQ3)

# [1] 0.005769988 0.010459133 0.004602961

Rtotu = PC2*PC3*RcQ1 + PC1*PC3*RcQ2 + PC1*PC2*RcQBAC3*RcQ1*RcQ?2 -
PC2*RcQ1*RcQ3 - PC1*RcQ2*RcQ3 + RcQ1*RcQ2*RcQ3

Rtotu # 0.01865286, for step = 0.00001

# TOTAL global producer risk (overestimation risk)
c(PBcompl1,PBcompl2,PBcompl3)

#[1] 0.9506373 0.9339123 0.9646848

¢(RpQ1,RpQ2,RpQ3)

# [1] 0.007368876 0.015253553 0.006233814

Rtoto = PBcompl2*PBcompl3*RpQ1 + PBcompl1*PBcomBRpQ2 +
PBcompl1*PBcompl2*RpQ3 - PBcompl3*RpQ1*RpQ2 - PBq@BtRpQ1*RpQ3 -
PBcompl1*RpQ2*RpQ3 + RpQ1*RpQ2*RcQ3

Rtoto # 0.0259206, for step = 0.00001
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Figure captions

Fig. 1. Classfication of the risks in conformity assessment of an environmental
compartment due to measurement uncertainty. Specific risk refers to a specified
compartment in a certain location at a certain timeereas global risk — to the population of
such compartments. Particular risk (specki or globalR.;) refers toi-th pollutant of the
environmental compartmerntz= 1, 2, ...,n, according to the JCGM Guide 106 (2012); and total
risk (SpecificR{,, Or globalR,.,) — to the compartment as a whole. The total ngluation is
the task of the IUPAC Project (2016), highlightadhe figure by an ellipse. These kinds of risks
are relevant as for an underestimation of the patluconcentratiow;, as for itsoverestimation,

i.e. to the consumer’ and producer’s risks, respelgt

Fig. 2. Dependence of the total specific risks of underestimation R, Of TSPM
concentration in air on the measurement results ¢i,. Fig. 2a is for a case when only the first
quarry is active and the total rigK,,,, is equal to the particular riskz, ), shown by solid
line 1. Dotted lines 3 and 2 point, as an examplmeasured TSPM concentratiof, = 0.194

mg m° and corresponding risk valug, )= 0.211. Fig. 2b is for a case when only the second
and the thirdjuarries are activer;,., ), presented as a color surface, is depending dndqt
and czm in the range [0.010, 0.200] mginThe meaning of the color is the total risk value
according to the color scale of the bar on thetrgjthe of the plot. Fig. 2c illustrates a case when
all the three quarries are active g, - the color surface - is depending @, andcsn, in

the range [0.010, 0.200] mgtas in Fig. 2b, butim= 0.194 mg i (indicated in Fig 2a by

dotted lines).



Fig. 3. Dependence of the total specific risks of overestimation Ryy, ) Of the TSPM
concentration in air on the measurement results ¢i. Fig. 3a is for a case when only the first
quarry is active and the total rigk,.,;, is equal to the particular risk;; ,, shown by solid
line 1, while dotted lines 3 and 2 point, as annepi@, a measured TSPM concentratmp =
0.250 mg rit and corresponding risk valug, ) = 0.008. Fig. 3b is for a case when only the
second and the thirquarries are active, as in Fig 2b, and the tosk R/, value is
depending on botty,, andcsnin the range [0.210, 0.300] mgimFig. 3c illustrates a case when
all the three quarries are active simultaneouslydsg. 2c, butc,,= 0.250 mg i (indicated in

Fig 3a by dotted lines).



HIGHLIGHTS

Evaluation of total risks of false decisions on conformity of an environmental compartment is
developed.

The total risks due to measurement uncertainty of concentrations of two or more pollutants
are considered.

As a case study, the total risks are evaluated at control of total suspended particulate matter
(TSPM) concentration in air.

The study concerns three independent stone quarries as pollutant sources.

The total probabilities of under- and overestimation of TSPM concentration in air are

caculated.



