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Abstract – Exposure to ultrafine particles (diameter less than 100 nm) is an important topic in 9 

epidemiological and toxicological studies.  This study used the average particle number size 10 

distribution data obtained from our measurement survey in major micro-environments, together with 11 

the people activity pattern data obtained from the Italian Human Activity Pattern Survey to estimate the 12 

tracheobronchial and alveolar dose of submicrometer particles for different population age groups in 13 

Italy. We developed a numerical methodology based on Monte Carlo method, in order to estimate the 14 

best combination from a probabilistic point of view. More than 106 different cases were analyzed 15 

according to a purpose built sub-routine and our results showed that the daily alveolar particle number 16 

and surface area deposited for all of the age groups considered was equal to 1.5 x 1011 particles and 2.5 17 

x 1015 m2, respectively, varying slightly for males and females living in Northern or Southern Italy. In 18 

terms of tracheobronchial deposition, the corresponding values for daily particle number and surface 19 

area for all age groups was equal to 6.5 x 1010 particles and 9.9 x 1014 m2, respectively. Overall, the 20 

highest contributions were found to come from indoor cooking (female), working time (male) and 21 

transportation (i.e. traffic derived particles) (children). 22 

 23 

Keywords: tracheobronchial and alveolar particle deposition, ultrafine particles, time activity pattern, 24 

Monte Carlo method. 25 

 26 

1. Introduction 27 

 28 

People are exposed to particulate pollution from a range of indoor and outdoor sources. 29 

Epidemiological data from air pollution studies associate particulate matter with  negative effects on 30 

human health, including breathing difficulties, cardiovascular disease and a general increase in 31 

mortality and morbidity (Schwartz, 1991; Vedal, 1997; Cheng et al., 1999; Cheng, 2003; Kreyling et 32 

al., 2006). Currently, there is considerable research activity to investigate the possible associations 33 
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between short term fluctuations in airborne particulate matter and morbidity or mortality (Brugge et al., 1 

2007), as well as mortality from long term chronic exposure (Miller et al., 2007). A number of 2 

epidemiological studies associated the above effects with particle mass concentration, including PM2.5 3 

(Pope, 2000) and PM10 (Loomis, 2000), as well as ultrafine particle (UFP, particle diameter < 100 nm) 4 

number concentration (Hauser et al., 2001), surface area concentration (Giechaskiel et al., 2009) and 5 

overall exposure level (Siegmann and Siegmann, 1998). Most of the epidemiological investigations 6 

rely on measurements of particle concentration at some central location in the urban area of interest and 7 

then use these data to estimate individual exposure. This methodology can be easily applied for larger 8 

fractions of particulate matter (PM) but is generally not applicable to UFPs, which present a higher 9 

concentration decay with respect to distance to the source and, hence displaying a concentration 10 

gradient with less spatial homogeneity  (Buonanno et al., 2011a). In general, exposure to particulate 11 

pollution can come from a range of sources, including inside buildings, in vehicles, and in the general 12 

urban environment. Human exposure was defined by Ott (1982) as ‘the event when a person comes 13 

into contact with a pollutant of a certain concentration during a certain period of time’. Consequently, 14 

exposure implies that both the pollutant and the person must be present (Ashmore, 2009). 15 

Despite a number of pollution abatement policies which have been recently proposed in Western 16 

countries (Sundqvist, 2002; Bramoulle, 2005; Dellink, 2006), basic information concerning the air 17 

quality monitoring data and time activity patterns are not adequate to permit policy-makers to develop 18 

an accurate exposure profile of, or to identify the major contributors to human exposure. This 19 

information is essential for policy-makers to identify the potential at risk groups and to develop 20 

appropriate risk reduction measures. In fact, though there is an increasing number of studies reporting 21 

pollutant concentrations in different micro-environments (Chau et al., 2002; Kaur et al., 2007; 22 

Hänninen et al., 2009), the integrated exposure or integrated dose of the people was not successfully 23 

estimated. 24 

The main objectives of this study were: i) to provide quantitative information on the levels of UFPs 25 

(including particle number and surface area concentrations, as well as size distribution), in over 20 26 

smoke-free micro-environments in Cassino, Central-Southern Italy (average concentrations were 27 

obtained from our measurement survey data); ii) to estimate the daily alveolar- and trachebronchial-28 

deposited particle number and surface area concentrations for people of different age groups on the 29 

basis of time activity patterns reported in Bastone et al. (2003; 2006), Soggiu et al. (2005; 2010) and 30 
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ISFORT (2010), which represent the Italian Human Activity Pattern Survey; and iii) to determine the 1 

exposure profiles of people with respect to different commuting and behavior patterns, in particular by 2 

comparing the lifestyle of people living in the Northern and Central-Southern Italy. Hence, this work 3 

represents a population-based study: the results would be very different between individuals, especially 4 

when on and off road environments are considered. 5 

 6 

2. Methodology 7 

 8 

In order to estimate the daily tracheobronchial and alveolar-deposited fraction of airborne particles, the 9 

following aspects were considered: i) matching the locations in which each exposed person spends time 10 

with the average time spent in each location, ii) the particle number size distributions that are thought 11 

to exist in each location, iii) the selection of inhalation rates to be used as a function of the age of the 12 

exposed population and the corresponding specific activity levels, and iv) the fraction of inhaled 13 

particles deposited in the respiratory.  14 

In the indirect exposure assessment approach (Ott, 1982; USEPA, 2004; Klepeis 2006), the daily 15 

number (N) or surface area alveolar-deposited (S) dose for each age group (x), where x can be N or S 16 

for particle number and surface area concentration, can be evaluated through the following equation: 17 

 18 
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 20 

where activityIR  is the inhalation rate of each age group depending on the human activity, φA(IRactivity,D)  21 

is the fractional alveolar deposition depending on inhalation rate and particle diameter,
 dx D

dD
 is the 22 

particle number size distribution for each microenvironment and Tj is the time spent for an activity in a 23 

defined location. The same methodology can be applied to evaluate the daily number or surface area 24 

tracheobronchial-deposited dose for each age group (x) by considering the corresponding fractional 25 

tracheobronchial deposition φTB(IRactivity,D). 26 
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In this formulation, locations are termed micro-environments and they are assumed to have a range of 1 

particle number size distributions. Furthermore, we have considered that different activities can be 2 

performed in the same micro-environment. Therefore, equation (1) has to be applied to the different 3 

daily activities j = 1…n carried out by each age group (male/female younger than 1 year, 1-5 years, 6-10 4 

years, 11-18 years, 19-40 years, 41-65 years and older than 65 years). A stochastic algorithm based on 5 

the Monte Carlo method was proposed to solve equation (1) and the following paragraph provides a 6 

detailed description of the model and of the input parameters used. 7 

 8 

2.1 Inhalation rates 9 

Inhalation rates as a function of the different activities and age groups are reported in Table 1. These 10 

values, adapted from EPA (2009) and CARB (1993), vary between 0.3 m3 h-1 for children and young 11 

people who are at rest or sleeping, and 2 m3 h-1 for adults during sporting activities. 12 

 13 

2.2 Fractional deposition in regions of the respiratory tract 14 

Particle properties, dimensions of airways and breathing patterns are among the most important 15 

parameters required to evaluate the fraction of inhaled particles deposited in the respiratory system. 16 

The International Commission on Radiological Protection (ICRP) dosimetry model (ICRP, 1994) was 17 

applied by the authors to estimate alveolar and tracheobronchial deposition. To determine the amount 18 

of atmospheric particle number or surface area deposited per cubic centimeter of air inhaled, the 19 

number or surface area of the particles were multiplied by the deposited fraction (DF) (reported in 20 

ICRP, 1994) for the size of the midpoint of each logD interval. In order to obtain the functional 21 

relationship between particle diameter and alveolar and tracheobronchial deposition, the author 22 

interpolated the data from ICRP (1994) as piecewise cubic Hermite interpolating polynomials (Kahaner 23 

et al., 1988) of φA(IRactivity,D) versus  log D , for each activity selected. When evaluating the fractional 24 

deposition in different regions of the respiratory tract, only normal nose breathers were considered. 25 

 26 

2.3 Particle number size distributions 27 

According to equation (1), one fundamental piece of information necessary to estimate the dose is the 28 

particle number size distribution to which each group is exposed in the different micro-environments . 29 
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The maximum and minimum values of the particle number size distributions for the different micro-1 

environments were obtained from our previous measurement survey data (Buonanno et al., 2009a; 2 

2009b;  2010; 2011a; 2011b; 2011c), as reported in Table 2. Cassino is located in Central-Southern 3 

Italy (41°30’00” N -13°50’00” E), and can be considered a typical busy Italian middle town (resident 4 

population: 33 000 inhabitants; daily commuter workers and students: 20 000; surface area: 83 km2). 5 

Particle size distributions used to evaluate the daily particle dose were fitted through lognormal 6 

distribution. In Table 2, log-normal distribution parameters (mode, standard deviation, total particle 7 

number) for each micro-environment are reported, as well as the maximum (Nmax) and a minimum 8 

(Nmin) total particle number concentration value. The particle number concentration values in Table 2 9 

show higher concentrations during cooking activities (not only due to particle emission from cooking 10 

but also because of the natural ventilation conditions normally used in an Italian kitchen during 11 

cooking), in some working conditions and during transportation. As expected, the concentration level 12 

varied widely among different types of micro-environments and such concentrations are comparable to 13 

those reported in other studies (see Table 2). It is noteworthy to point out that we also present a range 14 

of particle number size distributions for each micro-environment, in order to help the individuals set-up 15 

a time budget plan for optimizing their lifestyles, and consequently reducing their total particle dose. 16 

 17 

2.3 Daily time activity patterns 18 

The starting point for the determination of daily time activity patterns is based on Bastone et al. (2003; 19 

2006) and Soggiu et al. (2005;2010). The data reported in these studies can be considered the Italian 20 

Human Activity Pattern Survey for the Northern and Southern parts of Italy, respectively. These were 21 

carried out using specific questionnaires, which provided a valid method for acquiring information on 22 

individual variability, in order to perform the exposure evaluation. In fact, even though Cassino is 23 

located in the Central-Southern part of Italy, we also applied our analysis to Northern Italy, in order to 24 

evaluate the influence of lifestyle on particle dose. In Italy, a more Western style of living is typical in 25 

the North, rather than a more traditional Mediterranean style of living in the South. In terms of daily 26 

time activity patterns for transportation, data were obtained from ISFORT (2010). In particular, 27 

transportation data are reported up to the first semester of 2010 for different age groups, geographical 28 

areas, gender, working occupation and city dimensions. 29 
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Firstly, we generated a combination matrix ( ,i jC ) by alternatively considering the presence (value 1) 1 

or absence (value 0) of some activities, such as: indoor or outdoor entertainment, indoor or outdoor 2 

sport, and having a sedentary or non- sedentary job. Therefore, 24 combinations were obtained (nc) for 3 

a total number of 21 activities (na).  4 

From an arithmetic point of view, a total time greater than 1440 min (24 h) was found by considering 5 

the total daily time spent by the age groups for each combination. Consequently, in order to normalize 6 

the data to 1440 min, the following procedure was applied: 7 

 8 
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 13 

where  a cn nC  is the activity combination matrix,  1anT  is the vector of the time activity 14 

patterns corresponding to the different activities (see Table 3),    a cn n  is the matrix of the 15 

normalized times where an 21  is the number of activities and cn 24  is the number of 16 

combinations,  1i aT n   and   1i aT n σ  are the normalized time vector and its corresponding 17 
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standard deviation. The procedure described by equations (2-3) was applied for each gender and each 1 

age group considered in the present investigation. 2 

 3 

2.4 Application of the Monte Carlo method in the evaluation of the tracheobronchial and alveolar 4 

dose 5 

In order to apply equation (1), the authors performed a Monte Carlo simulation (Hammersley and 6 

Handscomb, 1964) to generate both particle size number distributions and daily time activity patterns. 7 

In particular: 8 

 for each activity, a sample of 50 particle size number distributions was generated according to a 9 

random uniform distribution between the minimum and maximum values reported in Table 2 10 

for the corresponding microenvironment; 11 

 for each age group, a sample of 106 daily time activity pattern combinations was generated 12 

following a Gaussian distribution based on the parameters reported in equation (3). Among 13 

these combinations, a sub-sample was chosen with the constraint that the total daily time was 14 

equal to 24±0.5 hours. Then, each sample activity time combination belonging to the sub-15 

sample was normalized to 1440 min; 16 

 a random sample of 106 combinations of the generated particle size number distributions and 17 

daily time activity patterns was then obtained; and 18 

 the daily alveolar x, or tracheobronchial, x number or surface area deposited dose for each 19 

age group was finally evaluated using equation (1) on the basis of a total number of 20 

combinations of 106. 21 

 22 

3. Results and Analysis 23 

3.1 Normalized daily time activity patterns 24 

Figure 1 shows the normalized daily time activity patterns for Northern and Southern Italy, and the 25 

corresponding standard deviations for each age group and gender, by considering the 21 activities. The 26 

surveyed age groups mainly engage in different primary activities. For example, for the 1-5 years age 27 

group, sleeping and resting, (1) sedentary activities (2), eating (6) and entertainment (15-16) were the 28 
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primary activities. For 6-10 and 11-18 years, the contribution of study time to their primary increases. 1 

In the case of females, a higher contribution of house cleaning (4) and cooking (5) was observed for 2 

Southern Italy than for Northern Italy (confirming the influence of a more traditional lifestyle). For 3 

adults (18–41 and 41-65 years old), working time makes an important contribution to the primary 4 

activity pattern. Our survey results showed that the total time spent undertaking indoor activities, by 5 

individuals from all age groups varied slightly, ranging from 1180 min (82%) for males in Southern 6 

Italy to 1224 (85%) for females in Northern Italy.  7 

The average value for total time spent at home was about 1000 min (69%) and in general, Women 8 

spent more time indoors (generally at home) than men. This difference is mainly due to the different 9 

lifestyles and climate between Northern and Southern Italy. As a function of age group, the minimum 10 

values for time spent at home were found for the 19-40 years are group. The total time spent using 11 

transportation was reasonably constant and equal to about 60-73 min (4-5%). The obtained values were 12 

in good agreement with the data presented by previous research. For example, Chau et al. (2002) 13 

reported that individuals from Hong Kong (China) spent an average of 86% of their time indoors, 3–14 

7% in enclosed transit and 3–7% outdoor,  for all three of the age groups analyzed, (6–18 years, 18–60 15 

years and >60 years). 16 

Brasche and Bischof (2008) carried out an analysis of the time spent indoors at home, based on a study 17 

of about 12,000 persons living in 5,530 randomly selected apartments and houses in Germany. The 18 

mean time spent at home was equal to 942 min (65%) with higher values for women (996 min, 69%) 19 

than men (882 min, 61%). This difference is very pronounced in the age range 25–54 years. Generally, 20 

older persons and pre-school children are characterized by the longest periods at home. 21 

The overall mean time spent at home is also in good accordance with results from American (940 min, 22 

65%) and Canadian (950 min, 66%) human activity surveys carried out in the nineties, as reported by 23 

Leech et al. (2002). The comparison between the presented data and the current literature highlights an 24 

adopted Italian lifestyle that is typical of Western countries, with slight differences found between 25 

Northern and Southern Italy. 26 

 27 

3.2 Alveolar and tracheobronchial particle number and surface area deposited dose  28 
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In Figure 2, the average daily alveolar and tracheobronchial particle number and surface area deposited 1 

are reported with the corresponding standard deviations, by considering age groups, gender and 2 

location (Northern and Southern Italy). 3 

The daily alveolar particle number (and surface area) deposited for males from the all age groups 4 

ranged from 1.39 × 1011 ± 2.6 × 1010 particles (2.28 x 1015 ± 4.9 × 1014 m2) in Northern Italy to 1.51 x 5 

1011 ± 7.2 × 109 particles (2.51 x 1015 ± 4.7 × 1014 m2) in Southern Italy. The corresponding values for 6 

females ranged from 1.44 x 1011 ± 2.9 × 1010 particles (2.64 x 1015 ± 6.5 × 1014 m2) in Northern Italy 7 

to 1.51 x 1011 ± 4.8 × 109 particles (2.56 x 1015 ± 3.1 × 1014 m2) in Southern Italy. 8 

In terms of tracheobronchial deposition, the daily particle number (surface area) deposited for males 9 

from all age groups, ranged from 5.88 x 1010 ± 9.6 × 109 particles (8.04 x 1014 ± 1.7 × 1014 m2) in 10 

Northern Italy to 6.59 x 1010 ± 2.9 × 109 particles (9.88 x 1014 ± 6.1 × 1013 m2) in Southern Italy. The 11 

corresponding values for a female varies from 6.72 x 1010 ± 1.3 × 1010 particles (1.06 x 1015 ± 2.7 × 1014 12 

m2) in Northern Italy to 6.67 x 1010 ± 2.2 × 109 particles (1.11 x 1015 ± 5.2 × 1013 m2) in Southern 13 

Italy. 14 

These values highlight a slightly higher dose for people living in Southern Italy (compared to Northern 15 

Italy), and for females (compared to males). However, these differences are lower than the 16 

corresponding standard deviations and, therefore, have to be considered as not significant. Another 17 

noteworthy point is the general increase in dose from the younger (1-18 years old) to older (19-65 years 18 

old) age groups, with a decrease in dose for people > 65 years old). The main reason for this is less to 19 

do with differences between the inhalation rates for the different age groups, and more to do with 20 

different level of particle exposure in the different micro-environments where people spend their time. 21 

In fact, when compared to adults (41-65 years old), the percentage difference in alveolar 22 

(tracheobronchial) number deposition for children (6-10 years old) and the elderly (> 65 years old) was 23 

equal to 74% (57%) and 17% (14%), respectively. By normalizing the data with respect to mean 24 

inhalation rate as a function of activities for all age groups (0.57 m3 h-1), these differences only 25 

decrease to 69% (50%) and 14% (11%), which confirms that the main factor contributing to increased 26 

exposures was related to the different micro-environments rather than physiology. 27 

 28 

3.3 Contributions to the alveolar and tracheobronchial particle number and surface area deposited 29 

dose  30 
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In Figure 3, the time contribution for each activity, as well as the average daily alveolar and 1 

tracheobronchial particle number and surface area deposited for each activity are reported. In order to 2 

analyze these contributions in more depth, we introduced a new parameter (Wang et al., 2011) termed 3 

“dose intensity”, defined as the ratio of the daily dose contribution compared to the daily time 4 

contribution. 5 

The average contribution to alveolar deposited number and surface area for indoor micro-environments 6 

was equal to 69% ± 9.3% and 86% ± 5.5%, respectively. In terms of dose intensity, this ranged 7 

between 0.82 ± 0.10 and 1.26 ± 0.11. Overall, the maximum dose intensity values found for indoor 8 

environments were for children (1-5 years old), while the minimum values found were for teenagers 9 

(11-18 years old). In terms of daily total particle number deposition, these values show that the high 10 

contribution from indoor activities mainly depends on the time contribution these activites make to the 11 

overall daily activity profile, as opposed to a high dose intensity for indoor micro-environments. The 12 

corresponding values for tracheobronchial deposition in indoor micro-environments are comparable, in 13 

terms of both particle number and surface area (72% ± 6.2% and 84% ± 4.6%), as well as dose 14 

intensity (0.84 ± 0.07 and 1.17 ± 0.06). 15 

Another important contributor to daily total particle deposition is transportation micro-environments. 16 

Even though the average contribution to alveolar deposited number and surface area for these micro-17 

environments is low (4.7% ± 0.6% and 9.8% ± 5.2%), the dose intensities are significantly higher than 18 

those observed for indoor environments, equaling 3.8 ± 1.6 and 2.0 ± 0.9, respectively. This trend was 19 

also observed for tracheobronchial deposition, with the only difference being that the higher values 20 

were found for surface area deposition as opposed to number deposition dose intensity, being 3.1 ± 1.4 21 

and 0.5 ± 0.2, respectively. In terms of particle number deposition, the highest dose intensity values 22 

were found for children (6-10 years old), indicating that it is very important to consider the exposure of 23 

children to ultrafine particles emitted by traffic. 24 

Based on the obtained data, we also investigated the contributions of  single human activities, which 25 

varied considerably for each age group. For 1-5 year olds, the following activities represent a 26 

contribution to alveolar particle number deposition greater than 10%: sleeping and resting (18%), 27 

cooking time (17%), eating time (21%) and transportation (12%). Similar values are found for 28 

tracheobronchial number deposition. In terms of alveolar and tracheobronchial surface area deposition, 29 

the predominant contributions came from cooking and eating time, which ranged from 61-67% when 30 
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taken together. These values highlight the fact that, in addition to transportation, the particles generated 1 

from cooking activities also represent a significant source of exposure for children (1-5 years old), with 2 

a dose intensity higher than 10. 3 

The major contributors to alveolar and tracheobronchial particle number deposition in children (6-10 4 

years old) were sleeping and resting (13% and 15%, respectively), eating (22% and 18%, respectively) 5 

and transportation (19% and 20%, respectively). With regard to surface area, the predominant 6 

contribution was from eating time (>54%). 7 

For the teenager group (11-18 years old), the main contributions to alveolar particle number deposition 8 

arose from cooking time (15%, with higher values for females), eating time (19%), non-sedentary work 9 

(outdoor) (15%) and transportation (11%). These values were quite different from those observed for 10 

tracheobronchial particle number deposition, which were: sleeping and resting (13%), eating time 11 

(17%), and transportation (20%). In terms of surface area deposition, this finding also confirms the 12 

importance of eating time, where high particle concentrations are likely to remain in the air following 13 

cooking activities 14 

For the 19-40 and 41-65 year age groups the main contributors to alveolar particle number deposition 15 

were cooking time for females and eating time for males (including time spent in restaurants and 16 

pizzerias), with a mean value of 34%, as well as working activities for both groups (39%).  For the 17 

elderly group (>65 years old), the main contributor was cooking and eating time, representing 45% and 18 

31% for alveolar and tracheobronchial particle number deposition, 71% and 73% for alveolar and 19 

tracheobronchial surface area deposition, respectively. 20 

 21 

Conclusions 22 

In this work, activity pattern data were combined with micro-environmental data (human activities and 23 

particle number size distributions) using an indirect approach, in order to evaluate the doses of alveolar 24 

and tracheobronchial deposited particle number and surface area experienced by different age groups in 25 

Cassino (South Italy). The analysis of activity pattern data was also extended to Northern Italy, in order 26 

to compare exposure levels for the two different lifestyles. Our survey results showed that the total time 27 

spent undertaking indoor activities varied slightly for all age groups, ranging from 82% for a males in 28 

Southern Italy to 85% for a females in Northern Italy. This difference was mainly due to the different 29 

lifestyles and climates found in Northern and Southern Italy. Overall, women were found to spend 30 
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more time indoors (generally at home) than men, however the total time spent on transportation was 1 

fairly constant at 4-5%. Overall, the comparison of these data to current scientific literature showed 2 

good agreement with both time spent indoors, as well as time spent in transportation micro-3 

environments .One fundamental piece of information necessary to estimate dose is the particle number 4 

size distribution to which the different age groups were exposed in the different micro-environments. 5 

The maximum and minimum values of the particle number size distributions for the different micro-6 

environments were obtained from our measurement survey data, with the highest particle number 7 

concentrations observed during cooking activities, under some working conditions and in transportation 8 

micro-environments. As expected, the concentration level varied widely among different types of 9 

micro-environments, with the daily alveolar particle number (surface area) deposited from the all age 10 

groups equal to 1.5 x 1011 particles (2.5 x 1015 m2), varying slightly for males and females living in 11 

Northern or Southern Italy. In terms of tracheobronchial deposition, the corresponding values were 12 

equal to 6.5 x 1010 particles (9.9 x 1014 m2). Overall, deposition increased as a function age group, 13 

with the maximum value observed for 41-65 years old. The elderly age group (> 65 years), on the other 14 

hand,  displayed lower deposition rates with respect to adults. This trend mainly depended on the 15 

increased exposure of adults in the different micro-environments, as opposed to physiological 16 

differences, such as respiratory inhalation rate. Finally, the major contributions to exposure dose, which 17 

were estimated on the basis of “exposure intensity” were found to arise from indoor cooking and eating 18 

times (female), working time (male) and transportation (children).  19 

 20 
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Table 1 – Inhalation rates (m3 h-1) as a function of activity and age group. 

Activities 
Age (years) 

1-5 6-10 11-18 19-40 41-65 >65 
Sleeping and Resting 0.31 0.31 0.36 0.36 0.41 0.41 
Sedentary activities 0.42 0.42 0.45 0.45 0.49 0.49 
Walking (not along a road) 0.58 0.58 0.60 0.60 0.63 0.63 
House cleaning 0.62 0.62 0.64 0.64 0.67 0.67 
Cooking 0.48 0.48 0.50 0.50 0.54 0.54 
Eating 0.42 0.42 0.45 0.45 0.49 0.49 
Entertainment indoor 0.91 0.91 0.94 0.94 1.01 1.01 
Entertainment outdoor 0.91 0.91 0.94 0.94 1.01 1.01 
Sport indoor 1.27 1.27 1.36 1.36 1.59 1.59 
Sport outdoor 1.44 1.44 1.67 1.67 1.94 1.94 
Sedentary job 0.42 0.42 0.45 0.45 0.49 0.49 
Non sedentary job 0.91 0.91 0.94 0.94 1.01 1.01 
School 0.42 0.42 0.45 0.45 0.49 0.49 
Studying 0.42 0.42 0.45 0.45 0.49 0.49 
Playing indoor 0.91 0.91 0.94 0.94 1.01 1.01 
Playing outdoor 1.27 1.27 1.36 1.36 1.59 1.59 
Transportation 0.58 0.58 0.60 0.60 0.63 0.63 
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Table 2 – Particle number size distributions, in terms of lognormal functions, applied in the different 
microenvironments 

Microenvironment 
Mode 

nm 

Standard 
deviation 

σ 

Nmax (Nmin) 
particles cm-3 

Our measurement 
survey data 

Other references 
(average particle 

number concentration, 
particles cm-3)

Indoor evening & 
night  

42 2.0 
1.0×104 

(7.0×103) 
Buonanno et al., 2011a Zhu et al., 2005 (9.0×103) 

Indoor day 40 2.2 
2.0×104 

(1.0×104) 
Buonanno et al., 2011a 

Fromme et al., 2007 
(1.2×104) 

Outdoor day 40 2.1 
2.5×104 

(1.40×104) 
Buonanno et al., 2011a 

Shi et al., 1999 (2×104)  
Mejìa et al., 2007 (1×104) 

Cooking 65 1.9 
6.9×105 

(1.0×105) 
Buonanno et al., 2009b 

See and Balasubramanian, 
2006; (7.7×105) 
He et al., 2004 (2×105) 

Eating 70-100 1.7-1.8 
2.0×105 

(7.0×104) 
Buonanno et al., 2009b 

Dennekamp et al., 2002 
(6×104) 

Working  47 1.8 
1.5×105 

(1.0×105) 
Buonanno et al., 2011c 

Elihn and Berg, 2009 
(1.0×105) 

Restaurants & 
pizzerias 

50 1.8-2.0 
1.2×105 

(5.7×104) 
Buonanno et al., 2010 

Wallace et al., 2011 
(1.7×105) 

Pedestrian and bikes 
mode 1: 11 
mode 2: 40 

σ1: 1.6 
σ2: 1.6 

9.0×104 
(4.5×104) 

Buonanno et al., 2011a 
Berghmans et al., 2008; 
(4×104) 
Kaur et al., 2007 (8×104) 

Car and buses 
mode 1: 11 
mode 2: 38 

σ1: 1.6 
σ2: 1.6 

7.0×104 
(4.0×104) 

Buonanno et al., 2011a Kaur et al., 2007; (6×104) 
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Table 3 - Daily time activity patterns (minutes) for Northern and Southern Italy (F - female, M – male) 
Activity 

identifying 
number 

Activities (na) Gender 
Age (years) 

<1 1-5 6-10 11-18 19-40 41-65 >65 

1 
Sleeping & 
Resting 

F/M (South)
F/M (North)

703/660
-/- 

584/611 
615/622 

537/526 
550/569 

511/518 
509/514 

469/460 
466/452 

443/442 
454/451 

435/434 
466/470 

2 
Sedentary 
activities 

F/M (South)
F/M (North)

-/- 
-/- 

127/141 
152/165 

149/144 
166/170 

132/140 
184/179 

128/131 
171/194 

171/155 
199/215 

267/236 
320/302 

3 
Walking (not 
along a road) 

F/M (South)
F/M (North)

90/80 
-/- 

58/55 
36/- 

49/57 
31/- 

58/68 
43/2 

70/76 
48/16 

73/77 
42/14 

69/96 
48/28 

4 House cleaning 
F/M (South)
F/M (North)

-/- 
-/- 

38/- 
-/- 

29/- 
2/- 

66/29 
7/29 

141/45 
73/45 

166/73 
108/73 

126/82 
105/82 

5 Cooking 
F/M (South)
F/M (North)

-/- 
-/- 

30/- 
-/- 

19/- 
1/1 

39/100 
4/1 

78/42 
51/17 

87/61 
82/18 

79/62 
82/28 

6 Eating 
F/M (South)
F/M (North)

86/128 
-/- 

70/80 
-/- 

73/65 
-/- 

76/72 
-/- 

70/72 
-/- 

69/74 
-/- 

71/77 
-/- 

7 Hobbies indoor 
F/M (South)
F/M (North)

330/180
-/- 

109/165 
1/3 

148/131 
2/- 

155/158 
4/2 

153/163 
24/13 

139/148 
32/18 

141/153 
30/29 

8 Hobbies outdoor 
F/M (South)
F/M (North)

171/45 
-/- 

189/230 
3/3 

184/264 
10/15 

198/242 
28/33 

194/210 
16/21 

176/183 
24/31 

172/187 
21/56 

9 Sport indoor 
F/M (South)
F/M (North)

-/- 
-/- 

90/- 
1/3 

94/87 
17/12 

111/119 
19/17 

101/115 
7/10 

82/88 
5/5 

120/93 
1/4 

10 Sport outdoor 
F/M (South)
F/M (North)

-/- 
-/- 

-/300 
1/2 

70/102 
4/17 

116/115 
9/30 

101/116 
6/12 

90/98 
7/12 

99/220 
2/7 

11 Sedentary job 
F/M (South)
F/M (North)

-/- 
-/- 

-/- 
-/- 

-/- 
-/- 

-/- 
-/- 

339/346 
122/168 

323/348 
113/182 

-/- 
7/32 

12 Non sedentary job 
F/M (South)
F/M (North)

-/- 
-/- 

-/- 
-/- 

-/- 
-/- 

-/357 
2/- 

339/442 
95/147 

284/367 
66/102 

-/325 
4/9 

13 School 
F/M (South)
F/M (North)

-/- 
-/- 

250/296 
-/- 

304/297 
-/- 

324/308 
-/- 

281/237 
-/- 

-/- 
-/- 

-/- 
-/- 

14 Studying 
F/M (South)
F/M (North)

-/- 
-/- 

-/- 
8/1 

94/83 
158/167 

137/117 
203/198 

237/216 
30/23 

80/53 
6/12 

-/- 
1/2 

15 
Entertainment 
indoor 

F/M (South)
F/M (North)

260/297
-/- 

184/220 
266/250 

138/134 
105/100 

120/109 
21/46 

-/- 
18/16 

-/60 
3/5 

-/- 
2/6 

16 
Entertainment 
outdoor 

F/M (South)
F/M (North)

276/- 
-/- 

147/147 
85/101 

145/136 
62/55 

141/174 
27/24 

-/- 
6/7 

-/- 
2/2 

-/- 
1/3 

17 
Walking or 
bicycle 

F/M (South)
F/M (North)

12/14 
13/14 

12/14 
13/14 

13/15 
12/16 

13/15 
12/16 

11/14 
13/16 

14/17 
14/16 

22/23 
20/24 

18 Motorbike 
F/M (South)
F/M (North)

-/- 
-/- 

-/- 
-/- 

-/- 
-/- 

3/6 
4/5 

3/4 
3/5 

1/2 
2/3 

-/- 
-/- 

19 Car 
F/M (South)
F/M (North)

43/45 
44/47 

43/46 
44/46 

43/45 
43/46 

41/44 
42/45 

44/47 
45/48 

42/45 
44/45 

26/27 
27/29 

20 Bus 
F/M (South)
F/M (North)

16/17 
17/18 

16/17 
17/18 

16/17 
17/18 

15/17 
16/17 

11/12 
10/13 

5/6 
6/8 

5/8 
7/9 

21 
Restaurants and 
pizzerias 

Evaluated as 49.3% of the total eating time for working people and one time a week 
for the other age groups older than 18 years. 
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Figure Captions 

 

Figure 1 - Normalized daily time activity patterns for Northern and Southern Italy and corresponding 
standard deviations for each age group and gender, by considering the 21 activities: Sleeping & Resting 
(1), Sedentary activities (2), Walking through different indoor microenvironment (3), House cleaning 
(4), Cooking (5), Eating (6), Hobbies indoor (7), Hobbies outdoor (8), Sport indoor (9), Sport outdoor 
(10), Sedentary job (11), Non sedentary job (12), School (13), Studying (14), Entertainment indoor 
(15), Entertainment outdoor (16), Walking or bicycle (17), Motorbike (18), Car (19), Bus (20), 
Restaurants and pizzerias (21). 

 

Figure 2 - Average daily dose with the corresponding standard deviations as a function of age group, 
gender and location (Northern and Southern Italy). a) Alveolar particle number deposited, b) alveolar 
surface area deposited, c) tracheobronchial particle number deposited, b) tracheobronchial surface area 
deposited. 

 

Figure 3 – Contribution of different activities to daily activity patterns, average daily alveolar and 
tracheobronchial particle number and surface area deposited for each age group investigated: Sleeping 
& Resting (1), Sedentary activities (2), Walking (not along a road) (3), House cleaning (4), Cooking 
(5), Eating (6), Hobbies indoor (7), Hobbies outdoor (8), Sport indoor (9), Sport outdoor (10), 
Sedentary job (11), Non sedentary job (12), School (13), Studying (14), Entertainment indoor (15), 
Entertainment outdoor (16), Walking or bicycle (17), Motorbike (18), Car (19), Bus (20), Restaurants 
and pizzerias (21). 

 


