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A B S T R A C T   

The restrictive measures in place during the COVID-19 pandemic provided a timely scenario to investigate the 
effects of human activities on air quality, and the extent to which mobility reduction strategies can impact at
mospheric pollutant levels. Real-time concentrations of PM1, PM2.5 and PM10 were measured using a mobile 
platform in a small city of Portugal, during morning and afternoon rush hours, in two distinct phases of the 
pandemic: emergency phase (cold period, lockdown) and calamity phase (warm period, less restricted). The 
Multiple-Path Particle Dosimetry Model (MPPD) was used to calculate the PM deposition for adults. Large spatio- 
temporal variabilities and pronounced changes in mean PM concentrations were observed, with lower concen
trations in the calamity phase: PM1 = 2.33 ± 1.61 μg m− 3; PM2.5 = 5.15 ± 2.77 μg m− 3; PM10 = 23.30 ± 21.53 
μg m− 3 than in the emergency phase: PM1 = 16.85 ± 31.80 μg m− 3; PM2.5 = 30.92 ± 31.93 μg m− 3; PM10 =

111.27 ± 104.53 μg m− 3. These changes are explained by a combination of meteorological factors and local 
emissions, mainly residential firewood burning. Regarding regional deposition, PM1 was the main contributor to 
deposition in the tracheobronchial (5%) and pulmonary (12%) regions, and PM10 in the head region (92%). In 
general, total deposition doses were higher for males than for females. This work quantitatively demonstrated 
that even with a 38% reduction in urban mobility during the lockdown, the use of firewood for residential 
heating is the main contributor to the high concentrations of PM and the respective inhaled dose.   

1. Introduction 

The coronavirus disease 2019 (COVID-19), caused by the Sars-Cov-2 
virus, spread rapidly around the world, affecting the health, economic, 
social and environmental domains, being declared in March 2020 as a 
global pandemic by the World Health Organisation (WHO, 2020). In 
Portugal, the first confirmed case was on the 2nd of March, and the first 
death was recorded on the 16th of that month. To fight the fast spread of 
the disease, contingency plans and restrictive measures - including 
school closures, mandatory confinements, closure of non-essential es
tablishments, reduced mobility and transport - were put in place in the 
first week of March (DRE, 2021). 

Global studies reported that this socioeconomic disruption had 

positive effects on the environment, especially on the regional air 
quality, with lower ambient concentrations for some air pollutants 
compared to the period before the pandemic (Collivignarelli et al., 2021; 
Krecl et al., 2020b; Sulaymon et al., 2021; Venter et al., 2020), except for 
tropospheric ozone which showed regional increases (Adam et al., 2021; 
Nie et al., 2021; Sicard et al., 2020). The decrease in ambient concen
trations was more evident for exhaust pollutants arising from 
fossil-fuelled on-road vehicles (such as NOx) due to the mobility re
strictions. However, this decreasing pattern was not as evident for par
ticulate matter (PM) (Sokhi et al., 2021), which showed complex signals 
in relation to other pollutants. Some cities showed increases in PM 
concentrations due to secondary aerosol formation, biomass burning 
and long-range transport (Sun et al., 2020; Wang et al., 2021). The 
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northern regions of Spain and Portugal, particularly, experienced en
hancements in PM concentrations (Menut et al., 2020; Querol et al., 
2021) attributed to the increased use of biomass for residential heating, 
which greatly contributed to primary and secondary aerosols, since the 
citizens were instructed to stay home as much as possible during the 
lockdown. 

The scientific literature has shown a well-established relationship 
between PM exposure and its association with increased morbidity, in 
terms of specific mass fractions (Chen et al., 2015; Liu et al., 2013; 
Samek et al., 2018) and species within the PM (Caggiano et al., 2019; 
Hassanvand et al., 2015). 

The population circulating close to motorised traffic is usually 
exposed to high peaks of atmospheric pollutants, such as PM (particu
larly in terms of particle number and specific markers, such as black 
carbon) and NOx (Krecl et al., 2020a, 2019; Targino et al., 2016; Van 
den Bossche et al., 2016). Recently, it has been argued that the current 
24-h standard for PM concentrations mask spikes occurring during the 
day, and that air quality mandates should consider shorter periods for 
threshold values, along with the assessment of the highest percentiles (e. 
g., 99th) (Nazarenko et al., 2021). The inhalation of airborne particles is 
one pathway for particles to enter the human body, which will be 
deposited later in different regions of the respiratory system. A large 
body of research about PM deposition in the pulmonary region focuses 
mainly on the total PM deposition, especially in adult males (Jia et al., 
2020; Madureira et al., 2020; Prabhu et al., 2019). However, from an 
epidemiological and toxicological perspective, it is important to quan
tify the PM deposition and understand the response to pollution for 
different population groups, genders and in specific regions (extra
thoracic: H, tracheobronchial: TB and pulmonary region: P) of the 
human respiratory tract (Kecorius et al., 2019; Lv et al., 2021). 

Few studies have addressed PM deposition doses in pedestrians (Lv 
et al., 2021; Manigrasso et al., 2017; Menon and Nagendra, 2018), 
which commonly dominate the scene in multimodal chains. In this work, 
PM concentrations were monitored while cycling and used to assess the 
deposition in the respiratory system of pedestrians. Mobile monitoring 
with bicycles proved to be effective in covering an extensive area in a 
relatively short time compared to walking. Studies measuring on mul
tiple transportation modals concluded that cyclists (de Nazelle et al., 
2012; Kaur et al., 2005; McNabola et al., 2008) and pedestrians (Goel 
et al., 2015; Quiros et al., 2013) are more exposed than passive modals. 
Furthermore, cycling close to sidewalks showed substantial or irrelevant 
differences between the exposures found on the sidewalk (Pattinson 
et al., 2017). 

In this study, we profit from a wealth of in situ real-time PM con
centrations (PM1, PM2.5 and PM10) collected on a mobile platform in the 
city of Bragança to analyse how they responded to the measures adopted 
in two contingency phases of the COVID-19 pandemic. For this reason, 
the objectives of the present work were to 1) evaluate the spatio- 
temporal variability of PM mass concentrations in different seasons, 
periods of the day and road configurations, 2) to investigate the impact 
of restriction measures during the COVID-19 pandemic on ambient 
concentrations of PM, and 3) to quantify the exposure and total and 
regional doses of different sizes of PM deposited in the human respira
tory system for adults of both genders, through a pulmonary deposition 
modelling tool (MPPD), allowing stronger associations with health 
outcomes. 

2. Methods 

2.1. Study area 

The study was conducted in Bragança (lat. 25◦ 440′N, long. 6◦

480′W, alt. 690 m), a city with a population of 35,000 inhabitants in 
north-eastern Portugal (Pordata, 2021). The climate of the region is 
temperate with dry and hot summers (Csa in the Köppen-Geiger classi
fication, Peel et al., 2007). Firewood is the main fuel for residential 

heating, totalling 17,000 tons per year, corresponding to an average of 4 
tons per dwelling (Azevedo et al., 2016). As in other regions of the 
Iberian Peninsula, PM concentrations in Bragança increase sporadically 
as a result of long-range transport of forest fires smoke and intrusions of 
desert dust (Pereira et al., 2008; Fernández et al., 2019; Russo et al., 
2020). In particular, the city does not have a fixed air quality station and 
has been the subject of very few PM monitoring studies (Dantas et al., 
2019). 

PM concentrations were monitored in the urban area (10 km2) of the 
city along two prescribed routes (Fig. 1), covering an area of 3 km2 with 
different road configurations, influences and traffic densities. The route 
selection was based on factors known for affecting the PM spatial dis
tribution, such as the number of on-road vehicles, urban structures (e.g., 
tunnels and street canyons), proximity to sources of smoke from resi
dential heating, and other PM emission sources (e.g., on-going con
struction activities). Traffic counts were manually measured at 14 points 
along the routes at times of the day coinciding with the mobile moni
toring. The number of vehicles was counted by category (cars, motor
cycles, buses, and trucks) in two 15-min intervals, alternating every 15 
min with a break, following Targino et al. (2016). The hourly traffic 
volume at each counting point was estimated as twice the number of 
counts. 

2.2. Monitoring and data collection protocols 

2.2.1. Instrumentation 
An optical particle sizer spectrometer (model OPS 3330, TSI, USA) 

was used to measure the ambient PM mass concentrations in 16 size 
channels (0.3 − 10 μm), with a threshold of 3000 #/cm3 (total con
centration). The OPS detection range was from 0.001 to 275,000 μg 
m− 3, with a size resolution of ±5% at 0.5 μm (TSI Inc., 2019). The OPS 
was operated with a flow rate of 1 L min− 1 and a temporal resolution of 
1 s, following the manufacturer’s specifications. Before each sampling 
session, the following checks were performed: zero calibration, flow 
rate, battery, memory and clock synchronisation. PM concentrations 

Fig. 1. - Map of the study area with the selected routes and traffic count
ing points. 
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provided by the OPS monitor were corrected against gravimetric mea
surements (see section 2.4). A GPS receiver and logger was operated 
simultaneously at a sampling frequency of 1 s to geo-reference the OPS 
measurements. 

The OPS is a very practical, compact, and portable and has been used 
in a variety of applications to measure particle number concentrations 
and PM mass concentrations (Jing et al., 2014; Jasiński et al., 2021). 

2.2.2. Monitoring campaigns 
The mobile monitoring campaigns took place on 17 selected non- 

rainy days in the summer of 2020 and 14 non-rainy days in the winter 
of 2021 (Table S5, supplementary material), covering weekdays and 
weekends and during morning (9:00 to 11:00 local time) and afternoon 
rush hours (17:00 to 19:00 local time). Measurements were not per
formed on rainy days to avoid the removal of particles in the atmo
sphere, affecting ambient PM concentrations. The equipment was 
installed inside a bicycle basket (Fig. S1, Supplementary Material), 
about 70 cm from the ground, protected by plastic bubble wrap and 
foam materials to reduce vibration. The cyclist used a mobile phone to 
record audio that helped interpret outstanding PM concentration events 
along the route. The study comprised two routes of approximately 11 km 
each, with different urban configurations, number of vehicles, and land 
use. The data collection covered of 17 sampling sessions in the calamity 
phase and 14 sampling sessions in the emergency phase. All sampling 
sessions started at the same point and time, to minimise possible vari
ations in the number of vehicles and to capture rush periods, and each 
session lasted between 1 and 2 h. A cycling speed of 10 km h− 1 was 
adopted to measure PM concentrations with a fine spatial resolution (on 
average, one data point every 2.5 m). Cycling occurred as close as 
possible to the sidewalk (maximum of 1 m from pedestrians) to better 
represent the pedestrian’s exposure (Pattinson et al., 2017). 

2.2.3. Study period 
The study was carried out from May 30 to June 21, 2020 (covering 

the state of calamity) and from February 15 to March 07, 2021 (covering 
the state of emergency). The fraction of population that stayed at home 
was used to assess the reduction in mobility during the pandemic 
(Fig. 2). The calamity phase was characterised by about 22% of the 
population staying at home, due to the recommended teleworking, 
reduction in opening hours of commercial establishments, and curfew 
applied at times. In January 2021, Portugal started the emergency phase 
and implemented stricter measures, resulting in 38% of the population 

spending more time at home. The measures imposed by the government 
lasted until March 15, after which there was a slow and gradual 
resumption. The emergency phase was characterised by the closure of 
schools, mandatory teleworking, mandatory confinement, travel with 
authorisations, and restricted curfews (DRE, 2021). 

2.3. Data analysis 

The PM1, PM2.5 and PM10 mass concentrations were obtained by 
integrating the following bins: 0.3–1 μm, 0.3–2.5 μm, and 0.3–10 μm, 
respectively. The PM concentrations and GPS location data were com
bined using a computer software that scanned for coincident timestamps 
and merged the occurrences, creating georeferenced points. Inaccurate 
or missing geolocation data (e.g., inside road tunnels) were fixed by 
reprojecting them onto the prescribed route using a GIS software, based 
on valid neighbouring data points of bike speed, distance travelled and 
the known cycling path. Descriptive statistics of size segregated PM were 
performed to identify differences between spatial, seasonal and tempo
ral concentrations. Non-parametric tests (Mann-Whitney test at 5% 
significance level) were calculated to assess statistical differences be
tween median pollutant concentrations. The spatial analysis followed 
the methodology by Targino et al. (2016) and Van den Bossche et al. 
(2016), in which streets along the two routes were segmented into 70-m 
polygons (310 polygons in total) and all data points that fell into each 
individual polygon were aggregated and used to calculate PM statistics 
for each segment. Each polygon contains on average 25 p.m. data points 
per sampling (Fig. S2, Supplementary Material). 

2.4. Quality assurance and control 

The OPS might have experienced deviations during sampling, 
depending on the response of optical equipment to different types of 
aerosols (Ramachandran and Cherian, 2008), and the calibration pro
cess is essential to ensure more accurate measurements. As we didn’t 
have a any reference instrument was available for calibration during 
sampling period, we correlated data from two previous campaigns to 
correct OPS data. The calibration took place in two inter-comparisons 
steps: 1) OPS versus light-scattering laser photometer (DustTrak, 
Model 8533, TSI Inc., USA), and 2) DustTrak versus Echo sampling head 
(TECORA, model 2004.01, Italy). The TECORA sampler is certified by 
the European Committee for Standardization as a reference instrument 
for PM10 and PM2.5 measurements according to EN 14907. Both 

Fig. 2. Fraction of the population that “stayed at home” between March 1, 2020 and January 10, 2022, and the period of mobile monitoring. Adapted from 
INE (2021). 
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campaigns evaluated the external PM10 concentrations for the warm and 
cold periods in Bragança. Good correlations were obtained between the 
OPS and DustTrak (R2 of 0.89 and 0.9 for the warm and cold period, 
respectively). The PM10 concentrations measured by the OPS were 
corrected based on the equations described in Fig. S3. Subsequently, the 
OPS data resulting from the first inter-comparison began to be corrected 
by the second equation (Fig. S4, Supplementary Material) obtained 
through the correlation of DustTrak and Gravimetric data. In the second 
stage of inter-comparison, DustTrak shows an excess of mass concen
tration in relation to the gravimetric method (cold period), by a factor of 
up to 1.82, in line with correction factors reported in other studies 
conducted in urban areas (Kingham et al., 2006; Wallace et al., 2011). 
PM1 and PM2.5 data were corrected based on PM10 concentrations. As we 
didn’t have correlations for all size fractions, we used the ratios obtained 
between the initial concentrations of PM1/PM10 and PM2.5/PM10 and 
multiplied by the concentrations of corrected PM10, assuming that the 
proportions would be maintained between the segregated size fractions. 

2.5. MPPD model and inhaled dose 

The Multiple Path Particle Dosimetry model (MPPD version 3.04) 
was used to calculate three main deposition parameters in the human 
respiratory tract (HRT), namely, deposition fraction (DF), deposited 
mass rate (DMR), and clearance rate of inhaled PM (Anjilvel, 1995). The 
MPPD model software is freely available to the public (https://www.ara. 
com/mppd/) with a user-friendly interface and menu-driven selections. 
To simulate lung particle deposition, eight options are available: Sto
chastic lung, Age-specific Symmetric, Age-specific 5 lobe, Yeh-Schum 
Symmetric, Yeh-Schum 5 lobe, Weibel and Pacific Northwest National 
Laboratories (PNNL) Symmetric and PNNL Asymmetric models. Here, 
the Yeh-Schum 5 lobe model (Cassee et al., 1999) was adopted to esti
mate particle deposition in human respiratory regions in more detail, 
considering multiple paths, asymmetric lung geometry, airway size and 
respiratory parameters. The DF calculations are based on the deposition 
efficiency by several mechanisms (diffusion, impaction, and sedimen
tation) as a function of lung anatomy, tidal volume, breathing rate, mass 
median aerodynamic diameter (MMAD) and geometric standard devi
ation (GSD). The DMR shows the rate at which the mass of PM was 
deposited in a specific region. The clearance rate refers to the rate at 
which particles are eliminated from the lung in a two-step process: i) a 
rapid phase where clearance occurs in the TB region through muco
ciliary activity, and ii) a slow phase where particles are removed by 
alveolar macrophages in the P region. MMAD and GSD were calculated 
for PM1, PM2.5 and PM10 and for the different periods of the day and 
pandemic phases (Table 1). 

A number of parameters were used as input variables for the MPPD to 
simulate the size-segregated deposition fraction (Table 2), considering 
the non-use of protective masks due to changes in respiratory rate pat
terns (Ciocan et al., 2020) and particle retention (Pacitto et al., 2019). 
The following assumptions were made for both genders when estimating 
DF: respiratory fraction of 0.5, unit density particles (1 g cm− 3), nasal 
breathing route and constant exposure. The inhaled dose was subse
quently calculated using the DF provided by the MPPD model following 

equation (1) (Goel et al., 2018): 

Dose(μg)=
∑

PMi * DF * t*VE (1)  

where PMi is the median PM concentration of size fraction i (in μg m− 3) 
for each sampling period, t (min) is the exposure time, set up as 60 min 
to calculate the hourly dosage exposure to PM within the mobile sample 
range, and VE is the ventilation per minute (L min− 1). The VE was ob
tained from the literature, adopting the short-term exposure values 
(males and females combined) recommended by the USEPA (2011). A 
mean VE of 12.5 L min-1 was used to represent a light intensity walk for 
the age group from 21 to 81 years. All the particles were assumed to 
enter in the HRT through the nose. The selection of the nasal route was 
based on two main reasons: (1) mouth breathers deposit more PM in the 
respiratory system, especially for the extrathoracic region than those 
with nasal breathing (Lippmann et al., 1980); (2) It was assumed that the 
study population (pedestrians) were walking at light intensity and 
breathing spontaneously through the nose. Bragança is characterised by 
an inverted age pyramid, with an overwhelming majority of the popu
lation in adulthood. Thus, in the modelling assessment only adults of any 
gender were considered. It should be noted that the ratio between the 
number of female and male inhabitants in the municipality is close to 1. 

2.6. Ancillary data 

During the study period, meteorological data (air temperature, 
relative humidity, wind speed and direction) were collected continu
ously at 10-min rate with a portable meteorological station installed 
close to the industrial area (Fig. 1). 

Regional pollution, such as wildfire smoke, can also contribute to PM 
concentrations in Portugal and Spain (Rigo et al., 2017). As PM back
ground measurements were not available during the study period, the 
location of fire foci (http://effis.jrc.ec.europa.eu/) were combined with 
air mass backward trajectories to identify possible long-range transport 
events. In this study, six-day backward trajectories were calculated 
using the Hybrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT 4.0) model (Rolph et al., 2017) from the National Oceanic and 
Atmospheric Administration (NOAA), arriving at Bragança, 100 m 
above ground level, using a Global Forecast System Reanalysis (0.25◦, 
global). 

Table 1 
MMAD and GSD values used in the MPPD model simulations.   

MMAD (μm) GSD 

Period State of Calamity  

PM1 PM2.5 PM10 PM1 PM2.5 PM10 

morning 0.43 1.38 6.34 2.42 2.22 2.01 
afternoon 0.49 1.65 6.33 2.41 2.23 2.02 

State of Emergency 

Morning 0.51 1.76 4.82 2.22 2.41 2.18 
Afternoon 0.39 0.63 2.10 3.59 3.38 4.34  

Table 2 
Input parameters for the MPPD model.  

Parameters Options/Values 

Adult Male Adult 
Female 

Airway 
Morphometry 

Species Human 
Model Yeh/Schum 5-Lobe 
FRC (ml)a 3300 2680 
URT volume (ml)b 50 40 
Density (g cm− 3) 1 1 

Particle Properties Aspect ratio 1 1 
Diameter (μm) MMAD MMAD 
Particle distribution Single Single 
MMAD Calculated Calculated 
GSD Calculated Calculated 
Exposure condition Constant exposure 

Exposure Scenario Aerosol concentration (μg 
m− 3) 

PM1, PM2.5 and PM10 

Breathing frequency 
(min− 1)c 

20 21 

Tidal volume (ml)d 1250 992 
Inspiratory fraction 0.5 0.5 
Breathing scenario Nasal Nasal  

a FRC: functional residual capacity. 
b URT: upper respiratory tract. 
c (ICRP, 1994). 
d (Brown et al., 2013). 
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3. Results and discussion 

3.1. General description 

The meteorological conditions in the two sampling periods were 
clearly distinct, with mean air temperatures of 20.7 ◦C and 10.7 ◦C, 
mean relative humidity of 49% and 67% and mean wind speeds of 2.5 m 
s-1 and 1.2 m s-1 in the 1st (calamity) and 2nd (emergency) periods, 
respectively. Northwestly and southeastly winds prevailed in the 1st and 
2nd periods, respectively. The fleet composition was the same in the two 
periods, largely dominated by light-duty vehicles (95.5% cars and 1.5% 
motorcycles), whilst heavy-duty vehicles represented a share of 2.5% for 
trucks and 0.5% for buses (Table S4 Supplementary Material). However, 
a 18% reduction was observed in the total number of vehicles from the 
1st to the 2nd period, with heavy vehicles showing the highest percentage 
reduction (85%). The combined fire spots and backward trajectories 
showed that during the entire sampling period, the city was not affected 
by the long-range transport of smoke from forest fires (Fig. S5, Supple
mentary Material). Thus, it was assumed that the air pollution in the 
study area was mainly due to local sources. 

3.2. Changes in particulate matter concentrations 

In general, about 7-, 6-, and 5-fold increases in PM1, PM2.5, and PM10 
were observed during the 2nd period compared to the 1st (Fig. 3). 
Although wood consumption for residential heating was not quantified, 
the greater increase in PM1 in relation to the other fractions can be most 
likely attributed to residential wood combustion, given the numerous 
voice records reporting “smell of smoke”, “chimneys emitting smoke” 
and “visibility reduced by smoke”. The lowest mean PM concentrations 
were observed in the 1st period (PM1 = 2.33 ± 1.61 μg m− 3; PM2.5 =

5.15 ± 2.77 μg m− 3; PM10 = 23.30 ± 21.53 μg m− 3), while the highest 
concentrations corresponded to the 2nd period (PM1 = 16.85 ± 31.80 
μg m− 3; PM2.5 = 30.92 ± 31.93 μg m− 3; PM10 = 111.27 ± 104.53 μg 
m− 3). A greater variability in concentrations was observed during the 
2nd period than in the 1st, as shown by the difference between the 5th 
and 95th percentiles. Besides meteorological factors, seasonal changes 
in activities may have affected these variabilities (e.g., use of firewood 
for residential heating), as there was an 18% reduction in the total 
number of vehicles from the 1st to the 2nd period (Table S4, Supple
mentary Material). 

Sicard et al. (2020) quantified the effect of lockdown during the 
COVID-19 pandemic in four cities in Europe and one in China, finding 
reductions in PM10 concentrations during lockdown of 6% in Nice, 9% in 

Turin, 32% in Valencia and 49% in Wuhan, while they increased by just 
2% in Rome. For PM2.5, changes of − 2.9%, +10.6%, − 12.6%, − 12.6% 
and − 36.3% were observed in Nice, Rome, Turin, Valencia and Wuhan, 
respectively. Abatements in PM2.5 and PM10 for urban stations showed 
different magnitudes, with a reduction of around 8% in Europe and 42% 
in the Chinese city, due to increases in PM emissions in the residential 
sector, offsetting the effect of the reductions in the road traffic and fuel 
burning in commercial buildings. 

In the most populous cities, such as Lisbon, the reductions in PM 
concentrations were more evident, with a decrease of approximately 
43% (Rodríguez-Urrego and Rodríguez-Urrego, 2020). The results of the 
present study show that, despite the reductions in mobility and primary 
emissions from road traffic and industries during the 2nd period, mean 
PM concentrations remained high in Bragança when compared to the 1st 
period, at least during the sampling campaigns. With tighter restrictions 
imposed by local authorities, more people stayed at home during the 
2nd period, increasing the likelihood of using firewood for space 
heating. 

The median PM2.5/PM10 ratios were 0.21 and 0.30 for the 1st and 
2nd periods, respectively. The lower value for the first period might be 
explained by construction activities observed in the central and upper 
part of the route (Figs. S5 and S6, Supplementary Material), contributing 
to the mineral dust load (coarse fraction). The higher ratio in the 2nd 
period might be due to the increase in fine particles, mainly from resi
dential wood combustion. The role of residential biomass burning as the 
primary source of the finer PM fractions is evidenced and reinforced by 
the highest median values of the PM1/PM2.5 ratio found during the 1st 
(0.37) and 2nd period (0.44). High median values of PM1/PM2.5 (0.42) 
were found during the 1st period, related to unfavourable atmospheric 
conditions for the dispersion of pollutants (wind speed <1.6 m s− 1), 
while the highest median ratios (PM1/PM2 .5 = 0.95) were found near 
residential areas during the 2nd period. 

3.3. Spatio-temporal characteristics of PM concentrations 

The median spatial distributions of PM1, PM2.5, and PM10 are sum
marised in Fig. 4 (1st period) and Fig. 5 (2nd period). PM showed 
marked seasonal variability, with higher concentrations occurring dur
ing the 2nd period when compared to the warm season (P < 0.05). The 
concentrations in the 1st period were markedly higher in the morning 
than in the afternoon. This result can be explained by two main factors: 
1) lower mixing height in the morning and lower wind speeds (mean: 
1.86 m s− 1) compared to the afternoon (mean: 2.88 m s− 1), resulting in 
weaker dispersion; 2) more efficient formation of secondary fine 

Fig. 3. - Boxplots of PM1, PM2.5 and PM10 concentrations on weekdays and weekends, morning (solid boxplots) and afternoon (boxplots with stripes) split per 
contingency phases of COVID-19. The box represents the interquartile range, whereas the upper and lower whiskers indicate the 95th and 5th percentiles, 
respectively. The median value is indicated by the line across the box, and the black circle represents the mean. 
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particles during the afternoon, due to higher temperatures and more 
photochemical activity (Wang et al., 2016). On the other hand, PM 
concentrations during the 2nd period showed higher values in the af
ternoon than in the morning, suggesting an increase in domestic emis
sions. Assuming that non-essential business (such as restaurants, coffee 
shop, and shopping mall) emissions decreased in the 2nd period due to 
the lockdown, this suggests that firewood burning outweighed this effect 
and contributed to the increase in PM concentrations. However, this 
hypothesis requires further investigations to better understand this 
behaviour. 

In general, the highest PM concentrations in the 1st period occurred 
in the central part of the monitored area, where construction activities 
were taking place (e.g., main avenue of the city), reaching median PM10 
values up to 57 μg m− 3, while the lowest concentrations (PM1 = 1.05 μg 
m− 3; PM2.5 = 3.03 μg m− 3; PM10 = 13.71 μg m− 3) were registered in the 
vicinity of open areas and green spaces. The 2nd period showed the 
lowest median concentrations (PM1 = 3.43 μg m− 3; PM2.5 = 11.47 μg 
m− 3; PM10 = 50.57 μg m− 3) in areas further away from residential 
neighbourhoods, while the highest median concentrations (PM1 =

24.19 μg m− 3; PM2.5 = 49.35 μg m− 3; PM10 = 236.55 μg m− 3) were 
recorded in areas where the highest population densities are observed. 

3.4. PM deposition fractions 

With respect to total deposition fractions (DFtotal = DFhead + DFtra

cheobronchial + DFpulmonay), PM10 represented the largest HRT inhaled 
deposition (65–97%), followed by PM2.5 (46–68%) and PM1 (32–40%), 
as shown in Table 3. The deposition fractions for PM2.5 and PM10 
showed a similar pattern: H > TB > P, while PM1 presented higher 
values of deposition for the P region in relation to TB: H > P > TB. 

The highest DFs for PM10 were found during the 1st period, while for 
the finest modes (PM2.5 and PM1), were higher during the 2nd period. 
This is likely due to a larger contribution of road dust resuspension to the 
coarse mode during the 1st period (PM10 with MMAD = 7.33 μm), while 
for the 2nd period, residential wood combustion emissions contributed 
to the increase of smaller particles (PM10 with MMAD = 3.01 μm). As for 
the region-specific deposition, PM sizes deposited in the H, TB and P 
varied over a noticeable range: head PM10 (56–92%) > PM2.5 (31–57%) 
> PM1 (17–23%), tracheobronchial PM1 (4–5%) > PM2.5 (3–4%) >
PM10 (1–3%), and pulmonary PM1 (9–12%) > PM2.5 (8–11%) > PM10 
(4–6%). In summary, PM10 was mostly deposited in the upper region of 
the respiratory system, while the finest size fractions penetrated into 
deeper airways. This result agrees with those documented by other au
thors (Amoatey et al., 2022; Behera et al., 2015; Manojkumar et al., 
2019). For PM10, the behaviour is related to the deposition mechanisms 
involved (impact and sedimentation) in the upper airways, while for 

Fig. 4. Spatial distribution of median PM1, PM2.5, and PM10 concentrations in the state of calamity (May 30 to June 21, 2020) split by morning (a,b,c) and afternoon 
(d,e,f) periods for weekdays. 
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PM2.5 and PM1, the deposition is controlled by Brownian diffusion, 
reaching deeper airways. It was observed that differences based on 
population gender were small to negligible. Despite all pollutants having 
a similar behaviour, the total estimated DFs for males were slightly 
higher than for females in the different periods. This result is consistent 
with the findings by other studies (Hussein et al., 2013; Lv et al., 2021; 
Madureira et al., 2020; Manojkumar et al., 2019). 

3.5. Mass rate deposition 

For both genders, total DMR showed notable differences between 
measurements conducted in the 1st and 2nd periods. During the 2nd 
period, the total DMR reached values of up to 1.95 μg min− 1 for PM10, 
0.39 μg min− 1 for PM2.5 and 0.09 μg min− 1 for PM1, being about 4 times 
higher than the values found for the 1st period (Tables S1 and S2, 

Fig. 5. Spatial distribution of median PM1, PM2.5, and PM10 concentrations in the state of emergency (February 15 to March 07, 2021) split by morning (a,b,c) and 
afternoon (d,e,f) periods for weekdays. 

Table 3 
Total and region-specific deposition fractions of PM1, PM2.5 and PM10 for male and female.   

Gender PM1 PM2.5 PM10 

Total H TB P Total H TB P Total H TB P 

State of calamity 

Morning Male 0.33 0.19 0.05 0.09 0.62 0.51 0.03 0.08 0.97 0.92 0.01 0.04 
Female 0.32 0.17 0.05 0.10 0.59 0.47 0.03 0.09 0.96 0.90 0.02 0.05 

Afternoon Male 0.35 0.21 0.04 0.09 0.67 0.56 0.03 0.08 0.97 0.91 0.01 0.04 
Female 0.33 0.19 0.04 0.10 0.65 0.53 0.03 0.09 0.96 0.90 0.02 0.04 

State of emergency 

Morning Male 0.34 0.21 0.04 0.09 0.68 0.57 0.03 0.08 0.93 0.86 0.02 0.05 
Female 0.33 0.19 0.04 0.09 0.66 0.54 0.03 0.08 0.92 0.84 0.02 0.06 

Afternoon Male 0.40 0.23 0.05 0.12 0.48 0.33 0.04 0.10 0.66 0.58 0.03 0.05 
Female 0.39 0.21 0.05 0.12 0.46 0.31 0.04 0.11 0.65 0.56 0.03 0.06  
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Supplementary Material), in line with the high PM concentrations 
recorded during the 1st and 2nd periods. Furthermore, regardless of PM 
size, the total and regional mean DMR was higher for male than for 
female (12% PM1, 11% PM2.5 and 10% PM10), due to the higher DFs 
calculated for males. Higher DMR values were observed during the af
ternoon of the 2nd period for P region, with regional lung deposition 
values for PM1 (female = 0.23 μg min− 1; male = 0.27 μg min− 1) being 
higher than total DMR values for PM1 (female = 0.15 μg min− 1; male =
0.19 μg min− 1 during the 1st period, which also suggests the large 
contribution of firewood combustion to the emission of small particles. 
This result confirmed that the afternoon during the cold season had 
more harmful impacts on human health than any other period. 

3.6. PM doses 

For the 2nd period, the total dose showed a tendency for both gen
ders, with PM1 highest dose during the afternoon, whereas PM2.5 and 
PM10 doses were highest in the morning period (see Fig. 6). The MMAD 
results for PM1 during the 2nd period (MMADmorning = 0.51 μm, 
MMADafternoon = 0.39 μm) reinforce the importance of particle size for 
regional deposition. Considering the dose deposited per region, the 
largest fraction of the total deposited dose was observed in the H 
(53–94%) and P (4–32%) regions, compared with the TB region 
(1–15%). It was estimated that PM10 contributed 95% of the dose in the 
head region, while PM1 was pointed out as the main contributor to the 
doses experienced in the TB and P regions, with 28% and 24%, 
respectively. Similar findings of PM10 doses for the H region were 
observed in other studies, with contributions up to 98% (Gupta and 
Elumalai, 2017; Lv et al., 2021). As noted for the previous calculations 
by the model, the dose for all PM fractions followed the same tendency, 
with higher doses for males compared to females. The deposition doses 
in the winter period for males (females) were 4.1 (3.8), 3.9 (3.7), 4.5 
(4.1) times higher in relation to the deposition doses found in the 
summer for PM10, PM2.5 and PM1, respectively. Based on the results of 
this study, it is clear that seasonality is a decisive factor for population 
exposure and dose. This implies that the health effect of increasing 
biomass consumption during the winter period may be more significant 
for men than for women (P < 0.05). 

3.7. Clearance of PM from the tracheobronchial and alveolar regions 

The clearance of PM deposition in the TB and P regions was evalu
ated for the males in cold period, considering the higher vulnerability 
calculated to this gender and the doses for the 2nd period as the most 
critical scenario. The results of PM clearance in the different regions of 
the HRT are displayed in Fig. 7. For all PM fractions, a larger clearance 
was found in the TB region compared to the alveolar region. Note that 
the TB region presents a high rate of clearance in the first hours and 
becomes low in the later stages, whereas the clearance in the alveolar 
region is low and constant during the process. The particles deposited in 
TB have a high initial clearance rate due to mucociliary activity, whose 
glands secrete mucus to eliminate the deposited PM, via coughing and 
ciliary movements (Walsh et al., 2011). The lower clearance rate for the 
P region is attributed to the processes of phagocytosis and lymphatic 
transport, mechanisms of slow nature for PM clearance (Lippmann et al., 
1980; Manigrasso et al., 2017). Removal time may favour the accumu
lation of PM in these regions, and faster removal decreases the time 
available to cause interactions and direct tissue damage (Pauluhn, 
2011). 

4. Study limitations 

Some aspects that may have interfered with the data collection and 
interpretation must be highlighted: i) the study started spontaneously in 
an opportunistic period, when restrictive measures were implemented 
due to the COVID-19 pandemic, reducing certain human activities and, 

thus, changing typical emission patterns, ii) calculations of PM deposi
tion in the respiratory tract were only performed for morning and af
ternoon periods, and iii) the spatial representativeness of the study in is 
limited. Thus, to improve the exposure assessment in future works, 

Fig. 6. Deposition doses of PM1, PM2.5 and PM10 in specific regions (head, 
tracheobronquial and pulmonary) split per gender, period of the day, and 
contingency phases of COVID-19. M/M = male/morning; F/M = female/ 
morning; M/A = male/afternoon; F/A = female/afternoon. 
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different periods should be considered, covering other urban areas to 
identify new patterns and using an instrument capable of measuring a 
full range of particles (ultrafine to coarse particles). 

5. Summary and conclusions 

The PM fractions (PM1, PM2.5 and PM10) showed higher concentra
tions in the 2nd period compared to the 1st period, which can be 
attributed to meteorological factors such as the lower wind speed and 
higher atmospheric stability favouring the accumulation of pollutants, 
and anthropogenic factors, such as residential wood consumption for 
space heating during the winter season. Furthermore, high concentra
tions of PM10 and PM2.5 were found during the 1st period, associated 
with resuspension of road and construction site dust. Regarding the 2nd 
period, the high levels of PM in all fractions are linked to biomass 
burning, since it was a period with low urban traffic and reduced in
dustrial activities. Through the MPPD dosimetry model, it was observed 
that PM10 was the fraction that most contributed to the total deposition, 
followed by PM2.5 and PM1. The highest deposition values for the head 
region were attributed to PM10, while the deposition in the tracheo
bronchial and pulmonary regions was dominated by PM1. Moreover, 
higher PM deposited doses were observed for males compared to fe
males. The mass deposition rate was also higher in males, whose values 
were higher during the 2nd period. The clearance rate of PM deposited 
in the post-exposure period is initially fast in the TB region, but it loses 
intensity with the passing of hours, while in the alveolar region, clear
ance is very slow throughout the process. In general, the variability of 
the PM deposition doses can be associated with the high spatio-temporal 
variability observed in exposure concentrations, travel time and particle 
size. As future work, it is recommended a multi-pollutant assessment to 
get a more complete overview of the impact on the air quality. Because 
the reduction in mobility was not sufficient to reduce the atmospheric 
PM levels, an accurate source distribution is required. In particular, 
emissions from residential wood burning should be better characterised, 
considering the regional specificities of biofuels and appliances to better 
understand their health effects and implications for the atmospheric 
chemistry, as well as to design awareness campaigns and regulatory 
measures. 
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