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INTRODUCTION

Numerous studies confirm that pollutant con-
centrations can be significantly higher in indoor 
environments than outdoors [1–4]. Most pollut-
ants present in indoor environments, including 
aerosol particles, are considered harmful to room 
users. In the case of aerosol particles, detrimen-
tal health effects depend on their number and 
mass concentrations, size, chemical composi-
tion and exposure time.5–7 Apart from being infil-
trated from the outdoor environment, significant 
sources of such pollutants may also be found 
indoors. This particularly concerns premises in 
which relatively large numbers of users stay over 
fairly long periods of time. Such premises include 
churches and other places of worship in which 
aerosol particles are generated during religious 
ceremonies. The physical activity of the ceremo-
ny participants and the related resuspension pro-

cesses are generally responsible for the increase 
of indoor coarse particle concentrations [8, 9]. In 
turn, indoor combustion processes such as burn-
ing candles or incense are the main source of fine 
and ultrafine particles [10, 11]. All the generated 
particles may have detrimental health effects and 
may also contribute to the deterioration of the 
works of art inside churches [12–14]. Neverthe-
less, information gathered so far on this subject 
is scarce. The performed studies concerned only 
a small number of selected churches of few archi-
tectural styles. Moreover, such studies were con-
ducted mostly during important holidays or sim-
ulated Masses while the changes of indoor and 
outdoor conditions and the resulting implications 
were rather not considered. Weber15 carried out 
measurements of particle concentration changes 
in a Gothic Roman Catholic church in Germany 
during Christmas and New Year’s Eve church 
services with particular focus on the churchgo-
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Roman Catholic church in Poland and reports 
aerosol particle number and mass concentration 
changes inside the church and outdoors during 
three ordinary Masses with special consideration 
given to the manner of submicrometer particle 
emissions as well as the indoor microclimate and 
outdoor weather conditions.

MATERIALS AND METHODS

Measurement site

Particle number and mass concentrations 
were measured in the Roman Catholic church 
in Urzedow near Lublin in eastern Poland. A 
detailed description of the church has been pre-
sented elsewhere by Polednik [8]. In short, it is 
a brick-built gravitationally ventilated Baroque 
church with stained-glass windows. The church 
floor plan with an indication of the sampling in-
strument locations is shown in Figure 1. The in-
struments for indoor measurements were placed 
in the left altar at the height of about 1.3 m and 
about 6.5 m away from the main altar. The in-
struments for outdoor measurements were set up 
outside one of the front windows at the height of 
approximately 5 m. The church windows were 
closed during the measurement period.

Figure 1. The church floor plan with sampling 
instrument locations.

ers’ exposure to particles due to the length of the 
services and the number of Mass participants. It 
was found that burning the incense caused signif-
icant increases of indoor particle concentrations 
while candle burning was considered negligible 
in this case. The research conducted by Loupa et 
al. [12] in Byzantine Orthodox churches in Cy-
prus revealed that the presence and activity of 
the churchgoers as well as the presence of visi-
tors between Masses had a significant impact on 
the indoor particle concentration levels. Burning 
the incense and candles resulted in a considerable 
particle concentration increase. The impact of ra-
diant heating on the transportation and deposition 
of suspended particulate matter in two churches 
in Poland which differed in terms of their archi-
tectural style (late Baroque/Rococo and Gothic) 
and construction materials (wood and brick) was 
examined by Samek et al. [16]. The heating sys-
tem was fund not to increase the particle con-
centrations in those churches and specifically no 
resuspension processes were observed. Recently 
Mleczkowska et al. [17] have published a research 
concerning particle penetration and deposition in-
side two Catholic churches in southern Poland – a 
Gothic church made of brick and a small wood-
en church. The research provided evidence that 
deposition velocities for the considered fine and 
coarse particles were consistent in both moni-
tored churches despite the differences in their ar-
chitectural style, size and construction materials.

The evaluation of health risks resulting from 
regular exposure to candles or incense-derived 
particulate matter was performed by de Kok et 
al. [18] on the basis of measurements performed 
in a Romanesque Roman Catholic church in the 
Netherlands. The measurement results suggested 
that such exposure may increase the risk of lung 
cancer or other pulmonary diseases. Chuang et al. 
[19] investigated emissions from different types 
of candles and incense and their health implica-
tions in an Anglican church in the United King-
dom. The generation and subsequent inhalation 
of particles during church activities was found 
to pose significant respiratory health risks. It was 
revealed that during the burning of candles and 
incense the relative respiratory exposure risk con-
nected with the emitted particles was higher than 
in the case of tobacco particles.

The present study is a continuation of the re-
search carried out by Polednik [8] in a Baroque 
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Monitoring instruments

Particle concentrations were simultaneously 
measured inside the church and outdoors. The 
number concentrations of particles with the size 
ranging from 0.02 to about 1 μm (PN<1) were de-
termined with the use of ultrafine particle coun-
ters P-Trak model 8525 (TSI Inc., USA). The 
number concentrations and size distribution of 
particles greater than 0.3 µm (PN0.3–0.5, PN0.5–1, 
PN1–2, PN2–5, PN5–10 and PN>10) were measured 
using optical spectrometers OPS 3330 (TSI Inc., 
USA). Particle mass concentrations were mea-
sured using aerosol monitors DustTrak DRX 
model 8533 (TSI Inc., USA) which determined 
the approximations of mass concentrations of 
PM1, PM2.5, PM10, RESP and TSP (particles with 
an aerodynamic diameter equal or less than 1, 2.5, 
10 µm, respirable and total suspended particles, 
respectively). DustTrak monitors were subject to 
the standard real-time size correction factor cali-
bration. The obtained particle mass concentra-
tions were not actual gravimetric values, but only 
their approximations. While discussing the Dust-
Trak results, the term “approximation” is not used 
for simplification purposes. All instruments were 
calibrated by their manufacturer at the beginning 
of the measurements. The logging interval for the 
instruments was 1 minute. Due to a power fail-
ure during Mass M2 the measurement results re-
corded for this Mass are only partial and do not 
include all number and mass concentrations of all 
the considered particle sizes.

Monitoring methods

Continuous particle concentration measure-
ments inside the church and outdoors were con-
ducted for one Sunday (M1) and two weekday 
Masses (M2, M3). During each Mass three can-
dles were burned at the main altar and the incense 
was used in the main altar area. The candles were 
lit just before the Mass and put out at the end of 
each Mass. Incense of a comparable burning in-
tensity was applied at similar stages of each Mass. 
In the case of the third monitored Mass (M3) the 
incense was lit twice during the Mass.

The Masses were held at different times of 
the day. The Sunday Mass M1 with 170 partici-
pants and the weekday Mass M2 (about 150 par-
ticipants) were held in the afternoon and lasted 
for about 60 minutes. Approximately 160 persons 
participated in the weekday evening Mass M3 
which lasted for about 60 minutes. A 30-minute 
celebration attended by a smaller number of par-
ticipants took place before Mass M3, and a cer-
tain number of people stayed in the church after 
the Mass to help clean the church. Indoor micro-
climate and outdoor weather parameters during 
Masses are presented in Table 1. Average indoor 
air temperatures during Mass M1, M2 and M3, re-
spectively amounted to 16.5, 18.5 and 15oC while 
the relative humidity was at the average level of 
66, 63 and 79%, respectively. The outdoor weath-
er conditions during the individual Masses were 
as follows: Mass M1 was held on a cloudy day, 
without rainfall and with the outdoor temperature 
of approximately 17oC and relative humidity of 

Table 1. Indoor microclimate and outdoor weather parameters during Masses in the church

Specification
Mass

M1 M2 M3

Day
Sunday Friday Thursday

13.06.2012 08.06.2012 14.06.2012
Time 14:30–15:30 15:00–16:00 18:30–19:30

Outdoor T       [oC]
    and RH       [%]

16.7–16.4
63–64

22.5–22.1
48–49

13.0–12.9
99–100

Indoor   T       [oC]
    and RH       [%]

16.2–16.3
65–67

18.4–18.6
63–64

15.2–15.2
78–79

Air pressure  [hPa] 1001.4–1001.2 1006.1–1006.2 994.4–994.2 

Weather 
conditions

Cloudy
Light winds

Sunny
Calm

Heavy rain
Windy

T – air temperature; RH – air relative humidity.
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63%, it was mostly sunny during Mass M2 with 
the average outdoor air temperature of about 22o 

C and relative humidity of 48%, while Mass M3 
was held on a rainy day (with heavy rain during 
the time of the Mass) with the temperature not 
exceeding 13oC and relative humidity of 100%. 

Calculation methods

The measured particle concentrations were 
used to estimate the time-integrated particle ex-
posure. A simple mass balance model20 was ap-
plied and the amount of particles inhaled by the 
churchgoers during the Mass was determined 
from the equation (1):

 





   1e

λ
1t

λ
PBD λt  (1)

where:	B is the breathing frequency (12x103 cm3/
min), P is the particle concentration in-
crease rate (pt/cm3 min), λ is the particle 
decrease rate constant (1/min), and t is the 
time elapsed during the Mass (min).

The particle concentration increase rates and 
decrease rate constants were determined separate-
ly for each Mass. The average particle concentra-
tion in the period before the given Mass was con-
sidered as a background value and was subtracted 
from the measured data. The particle concentra-
tion increase rate was calculated by fitting the 
data obtained during the Mass to the formula (2): 

 λte1
λ
PC   (2)

where:	C is the particle concentration (pt/cm3).

The particle decrease rate constants which 
incorporate particle losses predominantly result-
ing from the church ventilation, exfiltration and 
deposition of particles were calculated by fitting 
the results obtained after the end of the Mass to a 
first-order exponential function (3):

eλt p eCC   (3)

where:	 Cp is the particle concentration deter-
mined at the end of the Mass (pt/cm3), te  
is the time elapsed since the end of the 
Mass.

All data analyses were performed for indoor 
and outdoor particle concentrations grouped ac-
cording to the Mass services in the church. De-
scriptive statistics were applied to characterize 

the particle concentration changes. Particle expo-
sure inside the church during the Masses as well 
as outdoors was determined with the application 
of the nonlinear regression technique.

RESULTS

The results of measurements performed dur-
ing the Masses in the church were presented to 
demonstrate the relationship between the par-
ticle concentration levels, the dynamics of their 
changes and the intensity of the particle generat-
ing sources e.g. the presence and activity of the 
churchgoers. Particular focus was placed on other 
factors that so far have not been typically exam-
ined such as the manner of the particle emissions 
and the outdoor weather conditions.

The time series of the particle number and 
mass concentrations of selected size fractions 
measured inside the church and outdoors during 
Mass M1 held on a cloudy day and M3 held on a 
rainy day are presented in Figure 2 and Figure 3, 
respectively. The time series of the particle con-
centrations during Mass M2 held on a sunny day 
have not been presented due to incomplete data re-
sulting from the measurement instrument failure.

Particle concentration levels in the church 
mostly depend on the intensity of the particle 
sources and the rate of eliminating particles from 
the indoor air. The average concentrations of all 
the particles measured in the church during the 
monitored Masses with a similar number of par-
ticipants were significantly higher than the levels 
recorded outside the church. During the Masses 
the greatest increases in the concentrations of all 
the considered particles were observed upon the 
commencement of the incense use. It needs to 
be emphasized, however, that the manner of the 
particle emissions in the church which was essen-
tially related to the number of times the incense 
was used during the Mass had a material impact 
on the increments of particle concentrations. It 
can be seen on the examples of the variations of 
particle number and mass concentrations during 
Mass M3, at which the incense was used twice. 

It is also worth noting that during Mass M1 
the increases in the number concentrations of finer 
particles occurred prior to the observed increases 
in the number concentrations of coarser particles. 
During that Mass the PN1 concentration increased 
about 16 times, the concentration of PN2–5 in-
creased around 50 times, while the concentra-
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Figure 2. Time series of the indoor and outdoor particle number and mass concentrations during Mass M1 held 
on a cloudy day. PN – particle number, PM – particle mass; the indices represent the particle size fractions, 

TSP – total suspended particles. 

Figure 3. Time series of the indoor and outdoor particle number and mass concentrations during the Mass M3 
held on a rainy day. PN – particle number, PM – particle mass; the indices represent the particle size fractions, 

TSP – total suspended particles. 
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tion of coarse particles PN>10 increased around 69 
times. The maximum concentration increments of 
the above-indicated particles occurred at the end 
of the Mass and amounted to about 3.6·103, 4 and 
0.1 pt/cm3min while their concentrations reached 
the respective levels of 36.1·103, 11 and 0.2 pt/
cm3. In the case of Mass M3 the PN1, PN2–5 and 
PN>10 concentrations reached the respective lev-
els of 59.4·103, 15 and 0.05 pt/cm3 which were 
respectively about 15, 10 and 7 times higher than 
the church background levels recorded before the 
start of the Mass. The maximum concentration in-
crements were measured during the first incense 
use and amounted to about 15.6·103, 0.2 and 0.02 
pt/cm3min, respectively.

Increases of particle mass concentrations 
were observed from the very beginning of the 
Masses and their various intensity was recorded 
until the end of each Mass. 

Particle concentration increases differed de-
pending on the particle size. During Mass M1 
the mass concentration of the finest measured 
particles PM1 increased about 18 times, the con-
centration of coarse particles PM10 about 29 times 

and the mass concentration of total particles 
suspended in the indoor air (TSP) increased al-
most 38 times. The maximum concentration in-
crements of these particles were observed at the 
end of the Masses and amounted to 40, 121 and 
151 µg/m3min respectively, reaching the respec-
tive concentration levels of 229, 506 and 650 µg/
m3. During Mass M3 the concentrations of PM1, 
PM10 and TSP reached the levels of 632, 665 and 
709 µg/m3 which were respectively about 39, 
35 and 27 times higher than the church back-
ground levels recorded before the start of the 
Mass. The maximum particle mass concentra-
tion increments were observed during the first 
incense use and amounted to about 210, 209 and 
207 µg/m3min, respectively.

The time series of the submicrometer par-
ticle number concentrations PN1 and mass 
concentrations PM1 inside the church and out-
doors during each of the considered Masses 
are presented in Figure 4a and 4b. 

Statistical information about the indoor and 
outdoor PN1 and PM1 concentrations and their 

Figure 4. Time series of the concentration of particles a – PN1 and b – PM1 in the church and outdoors during 
Masses M1, M2 and M3.
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indoor to outdoor (I/O) ratios during each of the 
monitored Mass are presented in Table 2. 

The greatest average concentrations of PN1 
and PM1 amounting to 23.9(16.9)·103 pt/cm3 and 
241.1(230.7) µg/m3 were recorded during Mass 
M3 at which the incense was used twice and 
which was held during heavy rainfall (the values 
in brackets represent standard deviations). Maxi-
mum PM1 concentration levels of up to 632 µg/m3 

were also measured during that Mass. In the case 
of Mass M1 and M2 at which the incense was 
used once and during which the weather outdoors 
was respectively cloudy and sunny, the average 
PN1 amounted to 9.0(10.0)·103 and 23.7(18.3)
x103 pt/cm3 while the average PM1 concentra-
tions amounted to 53.9(57.5) and 127.1(102.3) 
µg/m3, respectively. The maximum PN1 con-
centration amounting to about 65.0·103 pt/cm3 
was recorded during M2.

The maximum PN1 concentration incre-
ments during M1, M2 and M3 amounted to about 
3.6v103, 8.0·103 and 15.6v103 pt/cm3min and 
their number concentrations in the church reached 
the respective levels of 36.1·103, 65.0·103 and 
59.4·103 pt/cm3. The maximum PM1 concentra-
tion increments amounted to about 40, 47 and 210 
µg/m3min and their particle mass concentrations 
in the church reached the respective levels of 229, 
375 and 632 µg/m3. 

The variability of PN1 and PM1 concentration 
increments during the Masses in the church are 
presented in Figure 5a and 5b. The fluctuations 
were characterized by the empirical cumulative 
distribution functions (ECDFs) smoothed using 
locally weighted regressions (LOWESS). The 
ECDFs slopes demonstrate the ranges of PN1 
and PM1 concentration changes that were ob-
served during the individual Masses. Steep func-
tions observed for Masses M1 and M2 indicate 

that the narrow range of increments of PN1 and 
PM1 concentrations was overrepresented in the 
obtained measurement results. A more gradual in-
crease of the functions which can be seen in the 
case of Mass M3 are symptomatic for a broader 
range of increments of such particle concentra-
tions. A symmetry of the cumulative distributions 
with respect to the zero concentration increments 
would indicate an equability of positive and nega-
tive particle concentration increments. The above 
would basically mean that the particle concentra-
tion increases would be balanced by particle con-
centration decreases, and therefore that the same 
quantities of particles would be produced and 
removed during the Mass. The obtained asym-
metric ECDFs of concentration variations of the 
considered submicrometer particles indicate the 
prevalence of positive concentration increments 
which are associated with the domination of such 
particle delivery processes during the Masses in 
the church.

Particle number and mass concentrations of 
submicrometer particles measured in the church 
during the Masses significantly exceeded their 
corresponding outdoor levels. The highest aver-
age indoor to outdoor ratio for PN1 concentra-
tions was recorded during M2 and amounted to 
6.3(4.9), with the maximum value of 17.3. In 
turn, the highest average indoor to outdoor ratio 
for PM1 concentrations was determined during 
M3 and amounted to 9.6(10.2), with the maxi-
mum value of 26.3. 

Figure 6 presents the estimated amount of 
submicrometer particles inhaled by an average 
churchgoer during the individual Masses in the 
church as well as the amounts that would be in-
haled by an average Mass participant if he/she 
stayed outdoors during the same period of time.

Table 2. Descriptive statistics for submicrometer particle number (PN1) concentrations (in x103 pt/cm3) and 
particle mass (PM1) concentrations (in µg/m3) indoors (I) and outdoors (O) and for their indoor to outdoor (I/O) 
ratios during the individual Masses in the church. 

Mass
I O I/O

PN1

M1 9.0/4.7 (2.2–36.1)  [1.11] 2.3/2.3 (2.1–2.7)  [0.08] 4.0/2.2 (0.9–16.8)  [1.15]
M2 23.7/19.8 (3.9–65.0)  [0.77] 3.8/3.8 (3.4–4.7)  [0.08] 6.3/5.4 (0.8–17.3)  [0.77]
M3 23.9/22.5 (4.3–59.4)  [0.71] 6.1/4.6 (3.4–11.9)  [0.43] 4.8/3.8 (0.5–14.4)  [0.85]

PM1

M1 53.9/26.5 (13.0–229.0)  [1.06] 17.3/17.0 (15.0–20.0)  [0.08] 3.2/1.6 (0.8–14.3)  [1.12]
M2 127.1/111.0 (22.2–374.9)  [0.80] 21.4/21.2 (18.9–26.5)  [0.08] 6.0/5.3 (0.8–17.7)  [0.80]
M3 241.1/163.0 (26.0–632.0)  [0.96] 32.2/26.0 (20.0–70.0)  [0.39] 9.6/4.0 (0.6–26.3)  [1.06]

Arithmetic average/median (range)  [coefficient of variation].
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The greatest number of submicrometer parti-
cles i.e. about 18.5·109 was inhaled by an average 
Mass M2 participant and it was approximately 
7 times higher than the number that would have 
been inhaled outdoors. An average participant of 
Masses M1 and M3 inhaled about 8.3·109 and 
16.1·109 particles, respectively which values 
were about 4 times higher than the values that 
would have been inhaled outdoors in the same 
period of time.

The greatest mass of submicrometer particles 
i.e. about 195.4 µg was inhaled by an average 
Mass M3 participant and it was approximately 8 
times higher than the mass of particles that would 
have been inhaled outdoors during the same time. 
An average participant of Masses M1 and M2 in-
haled about 44.3 µg and 89.8 µg of particles, re-
spectively which were about 3 and 7 times higher 
than the amounts that would have been inhaled 
outdoors in the same period of time.

The number and mass concentrations of all 
the measured particle fractions gradually de-
creased after the end of each Mass and ultimately 

reached their church background levels. Concen-
trations of coarser particles generally decreased 
faster than the concentrations of finer particles.

DISCUSSION

This study demonstrates the variations of in-
door particle concentrations during Masses in a 
church and attempts to interconnect them with the 
changes of the indoor microclimate and outdoor 
weather conditions as well as the manner of the 
particle emissions.

As in the previously carried out research in 
the monitored church the Mass participants and 
their physical activity as well as the burning of 
candles and the incense were the main indoor 
particle sources [8]. The physical activity of the 
churchgoers contributed mainly to the increases 
of coarser aerosol particle concentrations in the 
church while the burning processes were respon-
sible for the increases of fine and ultrafine particle 
concentrations. In the case of the physical activ-

Figure 5. Empirical cumulative distribution functions (ECDFs) of a – PN1 and b – PM1 concentration variations 
during Masses M1, M2 and M3 in the church.
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ity of the churchgoers, the intensity of the particle 
emissions mainly depended on the number of 
the churchgoers, while in the case of the burning 
processes, the number of the lit candles and the 
incense burning was of significance. The highest 
particle number and mass concentrations were ob-
served when both candles were lit and the incense 
was burned. The increments of particle number 
and mass concentrations in the church during the 
Masses resulted from the changes of the condi-
tions both inside the church and outdoors. Not 
only the intensity of particle generating sources 
but also the manner of their emissions were of sig-
nificance. The outdoor conditions such as the air 
temperature, humidity and rain had an impact on 
the church ventilation which, in turn, had a signif-
icant impact on the concentration of particles sus-
pended in the indoor air. The outdoor conditions 
also impacted the indoor particle formation and 
growth processes which along with the aggrega-
tion and deposition contributed to the changes of 
indoor particle size distributions. Average indoor 
submicrometer particle number concentrations 
and the number of such particles inhaled by an 
average Mass participant were on similar levels 

during Masses which were held on two entirely 
different days in terms of the weather i.e. on a 
sunny and a rainy day and they were higher than 
during the Mass which took place on a cloudy 
day. Average indoor submicrometer particle mass 
concentrations and the mass of such particles in-
haled by an average participant of the Mass held 
on a rainy day were higher than during the Mass-
es that took place on the other two rain-free days.

The presented findings can be interpreted 
with the consideration of the knowledge about 
aerosol particles taking into account the dynam-
ics of their generation, transformation and dis-
persion both in the indoor and outdoor environ-
ment. The manner of particle emissions had the 
greatest impact on the measurements carried out 
during the Mass held on a rainy day i.e. the fact 
that the incense was used twice during that Mass. 
A larger number of submicrometer particles was 
emitted at that time which resulted in an obvi-
ous increase of such particle concentration in the 
church. The indoor and outdoor conditions also 
impacted the measurement results obtained dur-
ing all the considered Masses.

Figure 6. Amount of submicrometer particles inhaled by an average churchgoer during the individual Masses 
(M1, M2, M3) in the church (I) and outdoors (O); a – number of inhaled particles (in pt), b – mass of inhaled 

particles (in µg).
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Outdoor weather conditions such as the out-
door air temperature, humidity, rain, air pres-
sure, wind speed and its direction surely had an 
impact on the church ventilation which, in turn, 
had a significant impact on the concentration of 
particles suspended in the indoor air [21–23]. 
Furthermore, atmospheric processes of nucle-
ation, coagulation and condensation could also 
be of significance as they lead to the changes of 
the size and size distributions of outdoor particles 
which are more intensive at increased ambient air 
humidity observed on rainy days. Fuzzi et al. [24] 
and Davis et al. [25] reviewed the most recent lit-
erature on such atmospheric processes, including 
their impact on the human health. As shown in 
many laboratory studies, elevated humidity levels 
enhance aerosol formation [26, 27]. The above 
is also confirmed by numerous field studies. For 
example Gao et al. [28]  revealed that the sizes 
of aerosol particles increase due to moisture ab-
sorption under high humidity conditions. Silva et 
al. [29] described the aerosol particle hygroscop-
ic growth dependent on the atmospheric electric 
field. The research on the interactions between air 
pollution and humidity demonstrated that on days 
with relatively high humidity, heterogeneous for-
mations of secondary aerosols by gas-to-particle 
conversion processes are substantial [30,31]. In 
turn, Vu et al. [32] while characterizing the num-
ber size distributions of particles from major ur-
ban sources revealed that the course and intensity 
of the nucleation, coagulation and condensation 
processes that have a strong influence on the par-
ticle number size distributions are to a significant 
extent dependent on the air humidity. 

In the case of indoor conditions, indoor par-
ticle formation/growth processes could have had 
a certain impact on the obtained results as, ac-
cording to the literature, they are largely affected 
by ambient meteorological conditions. For ex-
ample Hirsikko et al. [33] reported increases in 
concentration of ions responsible for the growth 
of particles and new-particle formation processes 
indoors during the rain. Particle formation pro-
cesses together with the aggregation and depo-
sition processes described by e.g. Nazaroff [34] 
and the rain-related infiltration of particles can 
change the indoor particle size distributions. The 
research carried out by Chithra and Shiva [35] in 
a naturally ventilated classroom which indicated 
a significant impact of outdoor meteorological 
conditions on particle mass concentrations is also 
of relevance in this respect. 

The results obtained during the Mass held on 
a rainy day could also be impacted by the increase 
of the indoor air relative humidity caused by the 
presence of additional water vapor sources inside 
the church such as e.g. wet floor as well as wet 
shoes, clothes and umbrellas of the Mass partici-
pants. The significance of the indoor air humidity 
level may be confirmed by e.g. research demon-
strating rapid increases in indoor VOC concen-
trations (a precursor of organic aerosols) along 
with the increases of indoor humidity [36]. This, 
in turn, results in more intensive VOC-particle 
interactions [37]. The above might to a certain 
extent have contributed to relatively high levels 
of mass particle concentrations and low aver-
age particle number concentrations which were 
observed during that Mass.

The influence of outdoor particles on indoor 
particle concentrations does not seem to be signif-
icant in the case of Masses held on a cloudy and on 
a sunny day. However, such particles could have 
had some impact in the case of the Mass held on 
a rainy day. Similarly to the research carried out 
by Hussain et al. [38], the time-varying outdoor 
particle concentrations observed during the Mass 
which was held on a rainy day could have had a 
stronger influence on indoor particle concentra-
tions. One possible reason for the relatively high 
outdoor particle concentration changes during 
that Mass which were observed mainly at the be-
ginning and end of the Mass was a greater num-
ber of cars parked outside the church on that day 
and the resulting increased car traffic.

As observed in other studies [12,19], after 
the end of the Mass the submicrometer particle 
concentration decrease rate was mostly impacted 
by their deposition processes on indoor surfaces, 
aggregation processes into coarser particles and 
ventilation conditions which changed as a result 
of e.g. opening the church door. As for coarser 
particles, the concentration decrease rate was af-
fected by the physical activity of the churchgoers 
who exited the church after the Mass. Such ac-
tivity resulted in increased air circulation which 
hindered the deposition of such particles. It may 
have also led to the resuspension of the already 
deposited particles. 

The obtained results concerning the particle 
concentration levels are in agreement with the 
results reported in previous research in several 
churches in Europe in which both candles were 
lit and incense was burned. The research carried 
out in a Catholic church in Germany showed that 
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during Masses candle burning had only little ef-
fect on the measured particle concentrations as 
compared to incense burning [15]. The average 
PM1 and PM10 concentrations increased 9.1 and 
6.9 times and respectively amounted to 64.7 µg/
m3 and 85.3 µg/m3. The maximum concentra-
tions of such particles were elevated by a factor 
of 23.1 and 20.3 above the background levels. 
Comparable results were obtained during a Mass 
in an Anglican church in the UK [19]. The av-
erage PM2.5 and PM10 concentrations amounted 
respectively to 38.9 µg/m3 and 91.6 µg/m3. In 
the case of the latter, the concentrations were 7.2 
times higher than outdoors. Increases of particle 
concentrations were observed to take place very 
quickly after the candles and the incense had been 
lit. Furthermore, a large amount of particles was 
recorded several minutes after extinguishing the 
combustion sources. Due to limited ventilation, 
it took up to several hours after the Mass for the 
particle concentrations to return to their back-
ground levels. During such time finer suspended 
particles appeared to coagulate into coarse ag-
glomerative particles due to the changes of the 
indoor air thermal parameters (i.e. temperature 
and humidity). The concentration of PM10 mea-
sured in a Roman Catholic church in the Neth-
erlands reached the level of 658 µg/m3 which 
was 12.4 times higher than the outdoor values 
[18]. In a small chapel in that church such par-
ticle concentrations exceeded 1000 µg/m3 and 
were over 19 times higher than the concentra-
tions recorded in high-traffic outdoor locations. 
In turn, measurements performed in Orthodox 
churches in Cyprus showed that average con-
centrations of PM0.3–10 reached the values of 500 
µg/m3 and the highest concentrations of PM0.5–1 
were 10.7 times higher than outdoors.12 Similar 
mass concentration levels were also recorded in 
temples in Asia during religious ceremonies at 
which incense was burned. PM10 concentrations 
in a Buddhist-Taoist temple in Taiwan ranged 
from 44.8 to 257.2 µg/m3 [39]. Higher concentra-
tions were measured in Taoist temples in Hong 
Kong [40]. In one of the monitored temples dur-
ing the peak period in which a greater number of 
pilgrims appeared for blessing the highest PM2.5 
and PM10 concentrations reached respectively the 
levels of 1300 and 1500 µg/m3. Particle number 
concentrations recorded in temples in China [41] 
were similar to the levels reported in this paper. 
For example, the mean number concentrations of 
PN0.3–0.5 in the worship room during peak periods 
ranged between 214 and 239 pt/cm3. 

The increments of submicrometer particle 
concentrations recorded during incense burning 
roughly correspond to the emission rates of aero-
sol particles due to other indoor activities. For 
example Hussein et al. [38] estimated that burn-
ing wood and grilling in a fireplace can produce 
as much as 200 pt/cm3s. The estimated exposure 
to particulate matter of the individual Mass par-
ticipants is comparable to the data found in litera-
ture concerning the amount of inhaled particles 
during such activities as cooking, frying, or stay-
ing outdoors in a large polluted city center. For 
example, the contribution of 20 min frying to an 
individual’s typical exposure to particulate matter 
reported by Evans et al. [20] amounted to 1.7·1010 
of ultrafine particles and 50 µg of PM2.5. Based on 
the research carried out by Jeong et al. [42] the 
amounts of particles inhaled by individuals stay-
ing outdoors in downtown Toronto for 1 h on a 
polluted day amounted to 1.8·1010 particles and 
22 µg of PM2.5.

Further detailed research is required on the 
quality of indoor air deteriorated by the presence 
of particles generated during religious services 
in churches. Special focus should be placed on 
the indoor microclimate and outdoor weather 
conditions affecting the indoor particle concen-
tration levels. Research on the changes of the 
chemical and biological properties of such par-
ticles would also be beneficial as they have an 
important impact on the air quality in churches 
and therefore the health of the churchgoers. Ac-
tivities aimed at reducing particle generation in 
churches by e.g. replacing traditional candles 
by their flameless electric versions and using in-
cense producing less soot are also of significance. 
The improvement of ventilation inside churches 
would also be advisable.

CONCLUSIONS

Combustion activities during Masses in the 
church are mainly responsible for increased con-
centrations of submicrometer particles in the in-
door air. Concentrations of these particles in the 
church and thus the exposure of the Mass par-
ticipants depend not only on the intensity of the 
particle generating sources but also on the man-
ner of their emission as well as on the indoor mi-
croclimate and outdoor weather conditions. The 
outdoor and indoor conditions could impact the 
indoor particle formation and growth which along 
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with other aerosol processes could change the in-
door particle size distributions. 

Out of the three Masses held in the monitored 
church on a cloudy, sunny and rainy day with a 
similar number of participants during which the 
same number of candles were lit and incense was 
burned, the highest average number and mass 
concentrations of submicrometer particles were 
obtained during the Mass held on a rainy day. The 
greatest number of such particles was inhaled by 
an average participant of the Mass held on a sun-
ny day and it was approximately 7 times higher 
than the number that would have been inhaled at 
the same time outdoors. The greatest mass of sub-
micrometer particles was inhaled by an average 
participant of the Mass held on a rainy day and it 
was approximately 8 times higher than the mass 
of these particles that would have been inhaled 
outdoors during the same time. 

The reduction of particle generating sources 
and effective ventilation in all weather conditions 
will contribute to the improvement of the indoor 
air quality in a church environment. 
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