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h i g h l i g h t s
� Indigo carmine impregnated passive filters for evaluation of ozone concentration.
� Require only examination via reflectometer and calibration curve.
� Linear mixed models used to estimate latent reflectance.
� Method allows outlier detection and accommodation.
� Useful for sample size determination.
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a b s t r a c t

Measurements of optical reflectance in passive filters impregnated with a reactive chemical solution may
be transformed to ozone concentrations via a calibration curve and constitute a low cost alternative for
environmental monitoring, mainly to estimate human exposure. Given the possibility of errors caused by
exposure bias, it is common to consider sets of m filters exposed during a certain period to estimate the
latent reflectance on n different sample occasions at a certain location. Mixed models with sample oc-
casions as random effects are useful to analyze data obtained under such setups. The intra-class corre-
lation coefficient of the mean of the m measurements is an indicator of the reliability of the latent
reflectance estimates. Our objective is to determine m in order to obtain a pre-specified reliability of the
estimates, taking possible outliers into account. To illustrate the procedure, we consider an experiment
conducted at the Laboratory of Experimental Air Pollution, University of São Paulo, Brazil (LPAE/FMUSP),
where sets of m ¼ 3 filters were exposed during 7 days on n ¼ 9 different occasions at a certain location.
The results show that the reliability of the latent reflectance estimates for each occasion obtained under
homoskedasticity is km ¼ 0.74. A residual analysis suggests that the within-occasion variance for two of
the occasions should be different from the others. A refined model with two within-occasion variance
components was considered, yielding km ¼ 0.56 for these occasions and km ¼ 0.87 for the remaining
ones. To guarantee that all estimates have a reliability of at least 80% we require measurements on
m ¼ 10 filters on each occasion.
� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

In the urban environment, both inhalable particulate matter and
ozone have been identified as the two pollutants with the greatest
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impact not only on human health, but also on plants, buildings and
on the ecosystem itself (WHO, 2006; Chiqueto and Silva, 2010).

In particular, ozone, a chemical compound with high oxidative
potential and one of the least studied because of the difficulties
with its monitoring and with the evaluation of its impact on health
(WHO, 2006; Chiqueto and Silva, 2010), has demanded the atten-
tion of authorities and scientists. The methods and equipments
recommended for its monitoring (CETESB, 2011) require high
capital as well as installation and operation costs. Although precise
time series behavior of the pollutant may be generated with this
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type of equipment, a good spatial resolution or the identification of
black spots with high ozone concentration may not be feasible.
Furthermore, the use of fixed monitoring stations in epidemiolog-
ical studies generates pollutant exposure misclassification since
they do not reflect personal behavior, habits and mobility
characteristics.

Environmental monitoring of ozone by passive filters not only
constitutes a cheaper and easy to use solution, but is also a
reasonable alternative to quickly identifying areas with high con-
centrations of the pollutant. Given their simplicity (they do not
require pumps or other devices), theymay be used as personal and/
or portable monitors for outdoor and indoor measurements. While
generating less precise results, the combined use of passive filters
with traditional monitoring networks could enrich the spatial and
temporal knowledge of the pollutant behavior, improving the
exposure characterization of epidemiological studies.

The use of passive filters impregnated with a reactive chemical
solution that fades progressively during its exposure to ozone was
proposed by Grosjean and Hisham (1992) and constitutes an indi-
rect process for evaluating its concentration. The variation of
reflectance, i.e., the fraction of the incident light flux reflected by
the surface before and after environmental exposure can be
determined by a reflectometer and used to predict the latent con-
centration of ozone in the exposure period via calibration models.
Compared to other types of passive filters [see Koutrakis et al.
(1993) or Krupa and Legge (2000), for example] that require
chemical extraction after exposure, the use of a reflectometer saves
time and eliminates chemical waste resulting from the extraction
phase. In our study we simplified the impregnation process origi-
nally proposed by Grosjean and Hisham (1992), using only an in-
digo carmine solution (2 g of indigo carmine reagent diluted in
1000 mL of distilled water) eliminating the need for glycerol and
methanol.

The possible contamination by other pollutants, however, re-
quires a careful reliability evaluation. Given the possibility of errors
caused by exposure bias, it is common to consider sets of m filters
exposed during a certain period to estimate the latent reflectance
on n different sample occasions.

Our objective is to propose a protocol to evaluate the reliability
of reflectance measurements that will be used in a calibration
procedure to estimate the latent ozone concentration. With this
objective, a pilot study conducted by the Laboratory of Experi-
mental Air Pollution, University of São Paulo, Brazil (LPAE/FMUSP)
exposed sets ofm¼ 3 filters for a period of 7 days on n¼ 9 different
sample occasions at a location where the State of São Paulo Envi-
ronment Protection Agency (CETESB) had an ozone monitor. In
each filter, reflectance was measured at the beginning and at the
end of the exposure period. The difference between the two mea-
surements (here simply called reflectance) is the variable of inter-
est. The results of this pilot study will be used to design the
calibration study. The protocol involves: a) identification of
outlying reflectance values; b) computation of the reliability of each
observation and of the mean of the observations on the same
occasion; c) determination of the number of filters (m) required to
obtain a pre-specified reliability of the latent reflectance estimate.

The paper is organized as follows: in Section 2 we present the
proposed statistical model; in Section 3, we describe the analysis of
the reliability of the measurements; in Section 4, we analyze the
LPAE/FMUSP data; finally in Section 5, we present a brief discussion
and some final considerations.

2. The model

A linear model with a random factor (see Pinheiro and Bates,
2004, for example) can be used to characterize studies as the one
described above whereinm observations of the same characteristic
are obtained for n different samples. In the passive filter example,
the samples correspond to the n ¼ 9 occasions, each with m ¼ 3
filters being evaluated. The model is

yij ¼ mþ ai þ eij; (1)

where m is the latent reflectance across the population of occasions
being sampled, ai is a random variable representing the deviation
between the latent reflectance for the ith occasion and the latent
population reflectance, and eij is a randomvariable representing the
difference between the observed reflectance for filter j on occasion i
and the latent reflectance on occasion i, i ¼ 1, ., n and j ¼ 1, .,m.
The random variables ai and eij are assumed to be independent,
normally distributed with mean zero and constant variance. The
variance of ai, (betweeneoccasions variance) is denoted by s2a, and
the variance of eij, (within-occasion variance) is denoted by s2.

Under this model, the fitted value of the reflectance on the ith
occasion is

byij ¼ y::þ kðyi: � y::Þ (2)

where y:: ¼
Pn

i¼1
Pm

j¼1yij=N, N ¼ m$n, yi: ¼
Pm

j¼1yij=m and
k ¼ s2a=ðs2a þ s2=mÞ, i ¼ 1, ., n and j ¼ 1, ., m. The role of the
shrinkage constant k is to accommodate possible outliers. Note that
when m is large or when s2 is small in relation to s2a that is, when
the observations within the same occasion are more homogeneous,
k approaches 1 and the best predictor of the occasion latent
reflectance is the mean of the observed responses on that occasion.

The parameters s2a and s2 are usually unknown and may be
estimated by

bs2
a ¼ MSA�MSE

m
and bs2 ¼ MSE; (3)

where MSA ¼ Pn
i¼1mðyi: � y::Þ2=ðn� 1Þ and

MSE ¼ Pn
i¼1

Pm
j¼1ðyij � yi:Þ2=ðN � nÞ represent, respectively, the

between occasions mean square and the within occasions mean
square from the Analysis of Variance (see Fisher and van Belle
(1993), for example).

Appropriate index-plots of the conditional and marginal re-
siduals, defined as beij ¼ yij � byij and rij ¼ yij � yi:, respectively, are
useful to verify the assumptions of model (1) as indicated in Nobre
and Singer (2007) and Singer et al. (2014). Computer routines in R
(R Development Core Team (2012)) based on lme4 and nlme func-
tions are being developed for this purpose and can be downloaded
from www.ime.usp.br/wjmsinger/lmmdiagnostics.zip. With the
proposed residual analysis it is possible to detect outlying obser-
vations as well as occasions with different reflectance variability. In
such cases, an alternative is to consider a heteroskedastic model.
This procedure will be illustrated in the analysis of the LAPAE/
FMUSP data in section 4.
3. Analysis of the reliability of the measurements

To minimize the effect of exposure bias, it is recommended that
m filters be exposed during a certain period to obtain a more reli-
able estimate of the latent reflectance on a given occasion.

A measure of the reliability of an observation is the intra-class
correlation coefficient (Bartko, 1966; Fleiss, 1986; McGraw and
Wong, 1996), also called intra-class correlation coefficient of reli-
ability, given by:

r ¼ s2a

.�
s2a þ s2

�
: (4)
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The value of r approaches 100% when the observations on the
same occasion (class) are more homogeneous; on the other hand,
the value of r decreases when s2 increases with s2a fixed.

The degree of reliability of the response can be increased if each
of its values corresponds to the average of m observations.

In this context, for yi: ¼ mþ ai þ ei; where ei ¼
Pm

j¼1eij=m, the
intra-class correlation coefficient of the average of m observations
on the same occasion is

rm ¼ s2a

.�
s2a þ s2

.
m
�
; (5)

Note that this expression is the same as that of the shrinkage
constant k in (2).

From (4) and (5) we obtain

rm ¼ ðmrÞ=½1þ ðm� 1Þr�: (6)

Therefore, the reliability of the average of m observations de-
pends on r and increases with m. As m increases, the reliability
tends to 100%. Ifm is small, the reliability of the average depends on
r, which in turn, is a function of the between- and within-occasion
variances, indicating that attention must also be focused on such
variances to specify the appropriate number of filters to be
observed on each occasion. For details the reader is referred to
Singer et al. (2007). From (6) we may conclude that the value of m
required to achieve a pre-specified degree of reliability rm is

m ¼ rmð1� rÞ=½rð1� rmÞ�:
In practice, as r is unknown, it is necessary to replace it with an

estimate that can be obtained from the analysis of variance based
on model (1). This estimate is

br ¼ MSA�MSE
MSAþ ðm� 1ÞMSE

;

where MSA and MSE are given in (3).
4. Analysis of LPAE/FMUSP data

In this section we analyze the LPAE data, displayed in Table 1,
using model (1). The variance components estimates arebs2
a ¼ 100:4 and bs2 ¼ 104:8. From (5) it follows that the reliability

of the average of 3 observations on the same occasion is 74%. To
achieve a reliability of 80%, five filters must be exposed on each
occasion.

A residual analysis suggests that the variability within occasions
3 and 5 is larger than the variability within the other occasions, and
that the first observation on occasion 5 may be an outlier.

As an alternative to model (1), we considered a heteroskedastic
model to accommodate the possible differences among the within-
occasion variances, i.e., we let s2i ¼ s2, i ¼ 3, 5 and s2i ¼ s2
Table 1
Individual values of reflectance observed in the three filters exposed on the nine
occasions.

Occasion Reflectance Occasion Reflectance Occasion Reflectance

1 27.0 4 51.2 7 50.4
1 34.0 4 54.5 7 50.7
1 17.4 4 52.2 7 55.9
2 24.8 5 77.7 8 54.9
2 29.9 5 53.9 8 43.2
2 32.1 5 48.2 8 52.1
3 35.4 6 47.9 9 38.8
3 63.2 6 60.4 9 59.9
3 27.4 6 47.3 9 61.1
otherwise. We also assumed that eijwNð0; s2i Þ so that the resulting
shrinkage constant corresponding to the ith occasion is
ki ¼ s2a=ðs2a þ s2i =3Þ, i ¼ 1, ., 9.

Here, the estimates for the variance components arebs2
a ¼ 114:3, bs2 ¼ 49:6 and bs2 ¼ 274:0 implying that the esti-

mated shrinkage constants are ki ¼ 0.56 for i ¼ 3,5 and ki ¼ 0.87
otherwise. Consequently the average of the three observations on
occasions 3 and 5 has a reliability of 56%.

Based on these results, the design of the calibration study should
include 10 filters on each occasion to guarantee that the reliability
of the mean reflectance for each occasion is at least 80%.
5. Discussion

Passive filters constitute a practical and low cost alternative
procedure to evaluate ozone concentrations indirectly considering
optical reflectance measures. However the variability of its mea-
surements on the same occasion may be large due to exposure bias
and so, evaluation of the reliability of the reflectance measures
constitutes an important step to discuss during the field protocol
development. An inherent byproduct of linear mixed models is a
reliability measure given by the intra-class correlation coefficient.
This may be used to determine the number of filters to be exposed
on each occasion so that the reliability of the mean reflectance
reaches a pre-set value. The model can also be used to predict the
latent reflectance on different occasions accounting for the pres-
ence of possible outliers. In the study conducted by the LPAE/
FMUSP the number of filters to be used in the calibration experi-
ment was computed considering the worst situation, in which the
variability of the within-occasion reflectance attained its maximum
value. If this number of filters is considered excessive for practical
purposes, a smaller number may be considered but, in this case,
there is no guarantee that the reliability will have the pre-specified
value. Although the requirement of 10 filters to obtain an 80%
reliable estimate on every occasion may seem excessive, one must
recognize that this might be a reasonable price to pay for
employing such a simple filter as the considered here. The pro-
posed method may be employed for any type of filters and we
might expect to obtain a reliable estimate with smaller sample size
if more sophisticated filters are employed.
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