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Estimation of the NO2 population exposure in the Northern Harbour district 
of Malta 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The first study to estimate NO2 exposure 
considering population mobility in 
Malta. 

• The highest NO2 exposure is noted in 
the home microenvironment. 

• The lowest NO2 exposure is estimated 
for the traffic microenvironment. 

• The NO2 exposure is 25% higher when 
using a constant NO2 concentration for 
MEs. 

• The total NO2 exposure is 3% less if a 
static population is used for each time 
step.  
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A B S T R A C T   

This study presents an estimate of the total NO2 exposure in a polluted and densely populated region in Malta, 
the Northern Harbour district. To estimate the population mobility, we follow a dynamic approach whereby four 
microenvironments are mapped onto defined Copernicus Urban Atlas 2012 land use classifications. These include 
the home (ME_home), work (ME_work), traffic (ME_traffic), and other outdoor activities (ME_other) microen
vironments. In addition, generic time-activity profiles are used to estimate the hourly mobility in the different 
microenvironments depending on weekday or weekend profiles. Measured hourly NO2 ambient concentrations 
from the air quality network run by the Environment and Resources Authority (ERA) are used in conjunction 
with the estimated time-activity profiles to calculate the total exposure. 

The highest NO2 population exposure is estimated for ME_home (71%) as people spend the majority of the 
time in this microenvironment followed by ME_other (15%), ME_work (10%) and ME_traffic (4%), respectively. 
In addition, we test the sensitivity of the total NO2 exposure to changes in NO2 concentrations for different 
microenvironments. The total NO2 exposure using infiltration rates to estimate infiltrated outdoor NO2 con
centrations in indoor microenvironments, is up to 25% lower compared to the NO2 exposure estimated using 
outdoor NO2 concentrations for all microenvironments. Results also suggest a decrease of 3% in the estimated 
NO2 exposure if a static population is assumed for each microenvironment as opposed to a dynamic one. 
Exposure assessments such as that presented in this study are essential to aid the development of targeted policies 
to limit such exposures.  
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1. Introduction 

Identifying the exposure to indoor and outdoor air pollution is 
essential as a first step to aid the formulation and implementation of 
targeted policies to limit air pollution exposure. The World Health 
Organisation (WHO) as well as the European Environmental Agency 
(EEA) outline three major outdoor air pollutants most detrimental to 
health, one of which is nitrogen dioxide (NO2) (EEA, 2019; WHO, 2005). 
Nitrogen oxides (NOX) emissions can be both natural (~23%) and 
anthropogenic (~77%; Seinfeld and Pandis, 2016). Some examples of 
natural emissions of NOX include volcanic emissions and lightning. In 
contrast, anthropogenic sources of NOX emissions are mostly related to 
the burning of fossil fuels for example for heating and power generations 
as well as vehicle emissions (EEA, 2019; Seinfeld and Pandis, 2016). 

NO2 has several properties which make it an important pollutant to 
study. Apart from the associated adverse health effects, the absorbing 
qualities of NO2 can lead to impaired visibility as well as global climate 
change at high levels (WHO, 2000). In addition, NO2 plays a critical role 
in the photochemical formation of ozone (Monks et al., 2015; Seinfeld 
and Pandis, 2016); another key outdoor air pollutant resulting in various 
adverse health effects (e.g. Malley et al., 2017; Turner et al., 2015; WHO, 
2013a, 2015). Globally and regionally, efforts have been made to reduce 
NO2 concentrations by setting guidelines as well as target and limit 
values for countries to adhere to (EEA (European Environmental 
Agency), 2019; US Environmental Protection Agency (EPA), 2017; 
WHO, 2005). 

Several adverse health effects are associated with both long- and 
short-term exposure to outdoor NO2. Short-term outdoor NO2 exposure 
is related to increased hospital admissions for respiratory diseases 
(WHO, 2013a), exacerbations of asthma in both children and adults 
(Guarnieri and Balmes, 2014) as well as all-cause mortality (WHO, 
2013). In addition, long-term exposure to outdoor NO2 concentrations 
has been associated with new-onset asthma (Guarnieri and Balmes, 
2014), lung function issues (He et al., 2019; Royal College of Physicians 
(RCP), 2016) as well as cause specific (Crouse et al., 2015; Krewski et al., 
2009) and all-cause (natural) mortality (COMEAP, 2018). However, 
evidence related to indoor NO2 exposure is limited and mostly related to 
home exposures (Salonen et al., 2019). Studies focusing on offices and 
schools have suggested high indoor NO2 concentrations in urban and 
traffic hotspots compared to rural locations (e.g. Al-Hemoud et al., 2017; 
Villanueva et al., 2018). 

Personal exposure is mostly determined by the air pollutant con
centration in different environments where people spend their time as 
well as the amount of time they spend within each environment (WHO, 
2005). Therefore, the exposure cannot simply be assessed by the 
pollutant levels. This also depends on the number of people exposed to 
that air pollutant concentration and for how long. Total exposure rep
resents the exposure in all microenvironments both indoors and out
doors (WHO, 2005). Over the past years, several different exposure 
metrics have been implemented which vary depending on the air 
pollutant of interest, the study design as well as the health outcome 
(Dionisio et al., 2016; Özkaynak et al., 2013). Exposure assessments 
have developed over time and increased in complexity starting with the 
simplest approach of using measured outdoor air pollutant concentra
tions from fixed monitoring sites to the most complex approach, that of 
exposure modelling. The latter more complex approach may include the 
use of monitoring data, emission data, meteorological data land-use and 
or topography, time-activity profiles as well as microenvironmental 
characteristics (Özkaynak et al., 2013; WHO, 2005). Kazakos et al. 
(2020) have quantified the health burden misclassification because of 
different exposure approaches in London. The authors estimate a 
misclassification of 1174–1541 mean predicted mortalities in Greater 
London Area by using outdoor concentrations as a representative con
centration of total exposure (i.e. both indoor and outdoor irrespective of 
the microenvironment). Furthermore, their study highlights the impor
tance of incorporating different microenvironments as well as increasing 

the complexity of such models to limit this misclassification of health 
burden assessments. For this reason, multiple efforts have been made 
within the science community to shift from the more simplistic exposure 
estimates to more complex and dynamic exposure modelling techniques 
(e.g. Gariazzo et al., 2020; Li and Friedrich, 2019; McGrath et al., 2017; 
Reis et al., 2018; Terry et al., 2014). For example, Li and Friedrich 
(2019) developed a probabilistic exposure methodology and suggest 
that the lifelong exposure to PM2.5 and NO2 is also affected by age, 
gender and socio-economic status. Personal activity diaries and surveys 
are subject specific and might not capture the true population-level 
exposure. In addition, such data and surveys are not easily available 
through national or regional records. To address this issue, Ramacher 
et al. (2019) developed a novel generic approach to model dynamic 
population activity in various microenvironments with the use of pub
licly available data. 

In Europe, about 10% of all reporting stations recorded NO2 con
centrations above the annual EU and WHO limit of 40 μg m− 3 in 2017, 
primarily at traffic stations (EEA, 2019). Even though NO2 concentra
tions and exposures have decreased along the years, around 7% of the 
urban population within the European Union are exposed to elevated 
concentrations of NO2 which exceed the annual limit value compared to 
a maximum of 31% in 2003 (EEA, 2019; Guerreiro et al., 2014). In 
Malta, annual mean NO2 concentrations range from 3.2 μg m− 3 in the 
rural background site of Għarb, Gozo to 38.6 μg m− 3 in the traffic site of 
Msida. Being part of the European Union (EU) since 2004, Malta is 
bound by EU regulations on NO2 limits and target values. The annual 
limit of 40 μg m− 3 for NO2 concentrations was not exceeded in any of the 
stations in the Maltese Islands between 2009 and 2017. Annual NO2 
exceedances were only recorded in 2008 reaching 60.9 μg m− 3 in Msida. 
Even though no exceedances are recorded for NO2 between 2009 and 
2017, no statistically significant reductions are found in Msida across 
these years (Fenech and Aquilina, 2020). 

In this study we focus on the Northern Harbour district of Malta 
which has the highest recorded levels of NO2 compared to the other 
districts and also registers the highest population totals (Environment 
Resource Authority (ERA), 2018; National Statistics Office Malta (NSO), 
2017). The health burden associated with long-term exposure to NO2 
concentrations between 2010 and 2015 has already been estimated 
(Fenech and Aquilina, 2020). However, the method used by Fenech and 
Aquilina (2020) considers a static population exposed exclusively to 
outdoor NO2 concentrations in conjunction with pre-established con
centrations response coefficients in literature (COMEAP, 2015; WHO, 
2013). Though extremely limited, exposure assessments in Malta, typi
cally lack spatial or temporal resolutions. In this study we focus on 
including a dynamic modelling approach to estimate the total popula
tion exposure to hourly NO2 concentrations in 2017 in the Northern 
Harbour district. Using this novel approach, we estimate the hourly 
movement of people and in turn study the overall population exposure 
in the different microenvironments within this district. The Northern 
Harbour district is characterised by a continuously changing urban 
fabric with residential and working population totals on the increase for 
the past five years however, no local policies have been targeted to 
improve personal exposure within this district as evidence on local 
personal exposure is lacking. Using a dynamic approach to estimate 
personal exposure avoids the recruitment of large cohorts of people 
which would be both time consuming and expensive. To our knowledge 
this is the first study conducted in Malta to present an estimate of the 
total population exposure using a generic approach to simulate popu
lation mobility across different microenvironments. 

The rest of the paper will be divided as follows: first the methods 
used in this study will be described in Section 2 followed by results and 
discussion in Section 3 and ending with a summary and conclusion in 
Section 4. 
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2. Methods 

2.1. Measured outdoor NO2 concentrations 

This study is conducted in the Maltese archipelago with an area of 
approximately 316 km2 and a population density if 1380 persons km− 2 

with 93.2% of the population living in the urbanised areas (World
ometer, 2020). The Maltese Islands are divided into a total of six dis
tricts: Northern, Northern Harbour, South Eastern, Southern Harbour, 
and Western districts in Malta and one district representing the islands 
of Gozo and Comino (Fig. 1). Air pollution concentrations in the Maltese 
Islands are routinely measured by the Environment and Resources Au
thority (ERA) which manages the Air Quality Monitoring Station 
network at four sites in Malta representing the Western (Attard), 
Northern Harbour (Msida), Southern Harbour (Kordin) and South 
Eastern (Żejtun) districts and one in Gozo (Għarb) (Fig. 1). Further de
tails on this network are given in Fenech and Aquilina (2020). 

The district with the highest measured outdoor NO2 concentrations 
and population totals is the Northern Harbour district reaching an 
annual mean NO2 concentration of 38.59 μg m− 3 at the traffic site of 
Msida between 2008 and 2017 (Fenech and Aquilina, 2020) and a 
population of 151,664 in 2017 (NSO, 2019). The Northern Harbour 
district is one of the smallest districts in Malta covering approximately 
10% of the land. In addition, no statistically significant trends in NO2 
concentrations between 2008 and 2017 are found at the Msida site 
(Fenech and Aquilina, 2020) therefore, making this district an important 
one to study especially in the context of NO2 exposure. The only mea
surement site located within the Northern Harbour district is the Msida 
traffic site. This site typically exhibits high NO2 concentrations which 
may overestimate the overall urban background concentrations within 
the whole district. To avoid the overestimation of NO2 concentrations at 
urban background sites, we apply an hourly ratio derived from the 
relationship between NO2 concentrations at the traffic site of Msida and 
those measured at the urban background site of Żejtun. These two sites 
exhibit a similar diurnal profile albeit lower NO2 concentrations at 
Żejtun. At both stations, peak morning and evening NO2 levels are 
measured at 7am and 7pm, respectively. Thus, for each hour we scale 
the Msida NO2 concentrations by an hourly ratio ranging from 0.23 (at 
2pm) to a maximum of 0.54 (at 7am). The NO2 concentrations used 
throughout this study are therefore outdoor hourly concentrations 
measured at the Msida traffic site in 2017 but scaled by an hourly ratio 
representative of urban background concentrations. 

2.2. Dynamic population exposure 

In this section we describe the procedure followed to estimate the 
population mobility which is based on the novel approach described by 
Ramacher et al., (2019) as well as the overall total NO2 exposure in the 
Northern Harbour district. 

2.2.1. Definition of the microenvironments in the Northern Harbour district 
To estimate the population mobility within the district we firstly 

define different microenvironments (MEs). The spatial distribution of 
these MEs is based on the Copernicus European Urban Atlas Land Use 
and Land Cover dataset for the 2012 (UA2012) reference year which is 
the latest validated dataset (Copernicus Land Monitoring Service, 
2012b). This dataset is mainly based on Very High Resolution satellite 
imagery to provide detail on the density of the urban fabric. In addition, 
the UA2012 dataset incorporates other information such as road net
works and other services and utilities. However, although using this 
dataset does not allow the distinction between for example commercial 
buildings and homes one can easily separate between for example green 
areas, urban areas or roads (more details on this dataset can be found in 
Copernicus Land Monitoring Service (2012a)). In this study we use the 
same assumptions used by Ramacher et al. (2019) to map the different 
MEs onto the UA2012 classifications. Using a dynamic approach, the 
population activity in the Northern Harbour district is assigned to four 
different MEs: the work microenvironment (ME_work), the home 
microenvironment (ME_home), the traffic microenvironment (ME_traf
fic) and the other microenvironment (ME_other). Table 1 lists the 
different classifications within the UA2012 dataset and the corre
sponding MEs associated with each classification. The ‘discontinuous 
urban fabric’ classification as well as the ‘isolated structures’ were 
mapped onto ME_home while industrial, commercial, mineral extrac
tions and construction site classification where assigned to ME_work. As 
no information is available to distinguish different facilities within a 
‘continuous urban fabric’ classification, based on local general knowl
edge, the assumption applied in Ramacher et al. (2019) is used and 
therefore 70% and 30% of this UA2012 classification is assigned to 
ME_work and ME_home, respectively. Thus, accounting for work envi
ronments in more densely built areas. The proportion of employed 
people in the Norther Harbour district assigned to ME_work was also 
scaled to match census data (i.e. people living and working in the 

Fig. 1. Definition of the district boundaries across the Maltese Islands. The air 
quality monitoring stations maintained by the Environment and Resource Au
thority (ERA) at: Attard (ATD), Msida (MSD), Kordin (KDN), Żejtun (ŻTN) and 
Għarb (GRB) are also shown. 

Table 1 
The UA2012 Land Use Land Cover classification together with the assigned MEs.  

Microenvironment Code UA2012 Classification 

ME_home 11210 Discontinuous Dense Urban Fabric  
11220 Discontinuous Medium Density Urban 

Fabric  
11230 Discontinuous Low Density Urban Fabric  
11240 Discontinuous Very Low Density Urban 

Fabric  
11300 Isolated Structures 

ME_work 12100 Industrial, commercial, public, military, 
and private units  

13100 Mineral extraction and dump sites  
13300 Construction sites 

70% ME_work/30% 
ME_home 

11100 Continuous Urban Fabric 

ME_other 13400 Land without current use  
14100 Green urban areas  
14200 Sports and leisure facilities  
21000 Arable land (annual crops)  
23000 Pastures  
32000 Herbaceous vegetation associations (e.g. 

natural grassland)  
33000 Open spaces with little or no vegetations (e. 

g. beaches) 

ME_traffic 12220 Other roads and associated land  
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Northern Harbour district (NSO, 2014)). While these totals represent the 
majority of the workforce in the Northern Harbour district, employees 
working within this district but residing elsewhere in Malta are not 
accounted for. The ‘roads and associated lands’ classification was 
assigned to ME_traffic while all other classifications such as ‘green urban 
areas’, ‘sports and leisure facilities’ and ‘open spaces’ where mapped 
onto ME_other. The ME_other classification therefore represents outdoor 
activities excluding those which are traffic related. 

The resultant spatial distribution of the different MEs in the Northern 
Harbour is illustrated in Fig. 2. It can be clearly seen that, following the 
definitions of the different MEs, this district predominantly consists of 
two MEs: ME_home and ME_work (Fig. 2a). Overall, ME_home consti
tutes much of the Northern Harbour district area at 34% followed by 
ME_work at 32%, ME_other at 24% and ME_traffic at 11% (Fig. 2b). 

2.2.2. Estimation of the population mobility 
Following the mapping of the different MEs onto the Urban Atlas 

classification, we analyse the population totals within each ME. The 
population estimates used in this study are those included in the UA2012 
dataset as an attribute of the polygon features (Copernicus Land Moni
toring Service, 2012b). This way we ensure coherent sources of data and 
avoid any additional biases. The National Statistics Office (NSO) 2012 
population totals for the overall Maltese population (excluding Gozo and 
Comino) and the Northern Harbour district are 391,087 and 122,954, 
respectively (Table 2; NSO, 2019). The corresponding population total 
for the Northern Harbour district for 2017 is of 151,664. To represent 
the spatial distribution of the 2017 population, we scaled the UA2012 
population data by 1.23%. In addition, we made sure that the ratio 
between the respective towns making up the Northern Harbour district 
remains unaltered and represents the true population totals of the in
dividual towns, with the highest population in the town of Birkirkara 
and the lowest in Ta’ Xbiex. 

To add a temporal dimension to the population within each ME, we 
assign generic diurnal profiles for the whole population. As no such data 
is available locally, we use the static population data mentioned above 
and apply diurnal fractions obtained from Ramacher et al. (2019). The 

diurnal activity profile is characteristic of a European one (Borrego 
et al., 2009) with most of the time spent indoors especially during 
weekdays (Fig. 3a). Peak working European hours (9am – 6pm) are 
represented by a higher proportion of the population in ME_work 
reaching a maximum at noon during weekdays (Fig. 3a). This profile is 
typical of the Maltese Islands with morning rush hours occurring at 
around 7am followed by a flatter peak at around 7pm. The weekend 
time-activity profile allows for a greater proportion of the population to 
venture outdoors with up to 50% in ME_other between 3pm and 5pm an 
even larger proportion of the population in ME_home in the morning and 
evening (Fig. 3b). Using these generic time-activity profiles in 
conjunction with the static population data we can simulate and esti
mate the hourly population mobility within the different MEs. 

The total population exposure is then estimated for each hour of 
every day. This is done by multiplying the spatially and temporally 
varying dynamic population (described in Sections 2.2.1 and 2.2.2) with 
the associated measured hourly NO2 concentrations at the Msida station 
in 2017. In this study we present the annual average of the hourly NO2 
exposure estimates in the Northern Harbour district. 

2.2.3. Sensitivity of the NO2 exposure to a varying pollutant concentration 
in different MEs and a static population 

Throughout the study we assume that all microenvironments are 
exposed to the outdoor scaled NO2 concentrations measured at the 
traffic site of Msida (representative of urban background concentra
tions). However, NO2 concentrations in indoor environments can vary 

Fig. 2. (a) Spatial distribution of the different microenvironments which are mapped onto the UA2012 classification described in Table 1 and (b) the fraction of land 
associated with each ME as a function of the total Northern Harbour district area (expressed as a percentage). 

Table 2 
Comparison between the 2012 and 2017 population estimates from the national 
Maltese database (NSO, 2019) and the UA2012 dataset (Copernicus Land 
Monitoring Service, 2012b).  

Population Malta Northern Harbour District 

UA2012 384,610 122,883 
NSO (2012) 391,087 122,954 
NSO (2017) 442,978 151,664   
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from the outdoor levels. Some outdoor concentrations may infiltrate 
indoors and the degree to which this happens depends on several factors 
such as the building type and materials, ventilation systems as well as 
outdoor meteorology (e.g. Gaffin et al., 2018; WHO, 2010). In addition, 
indoor NO2 concentrations may be higher than those outdoors due to 
their generation from indoor sources such as cooking and wood burning 
(Li and Friedrich, 2019). However, wood burning in Malta is not very 
common and only limited to the colder months mostly using HVAC 
systems (December to February). To estimate the indoor NO2 concen
trations in ME_home and ME_work which both represent indoor envi
ronments, we apply infiltration factors based on values implemented by 
Ramacher et al. (2019). Unfortunately, local infiltration data is very 
limited as most local studies focus on the infiltration of other air pol
lutants such as particulate matter at different size fractions (Vella, 2019) 
or Volatile Organic Compounds (Hicklin et al., 2018). Limited local 
evidence suggests low mean air exchange rates in buildings (<3 h− 1) 
with ratios between indoor and outdoor concentrations ranging mostly 
between 0.5 and 0.8 (Hicklin et al., 2018; Vella, 2019). The infiltration 
factors used in this sensitivity test for indoor MEs are representative of 
the Southern European region and range between 0.7 in summer and 

0.85 in winter for ME_home and ME_work (Table 3). The rest of the MEs 
represent outdoor activity profiles and therefore no changes in the 
ambient concentrations were made in this case (i.e. I/O is set to 1). The 
indoor/outdoor (I/O) ratios used in this study are broadly consistent 
with other studies. For example I/O ratios in four elementary schools in 
Lisbon range between 0.36 and 0.95 with indoor NO2 concentrations 
from 15 to 37 μg m− 3 in spring (Pegas et al., 2011). 

We also estimate the total exposure assuming a static population for 
every time step. To represent a static population the original population 

Fig. 3. Generic time-activity profiles to estimate the population mobility during (a) weekdays and (b) weekends.  

Table 3 
Different infiltration factors used to estimate the indoor NO2 concentrations in 
each microenvironment during winter and summer (Ramacher et al., 2019).  

Microenvironment Infiltration Factors  

Winter (Sep–Feb) Summer (Mar–Aug) 

ME_home 0.70 0.80 
ME_work 0.75 0.85 
ME_other 1.00 1.00 
ME_traffic 1.00 1.00  
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distribution from the UA2012 database was left unchanged for every 
time step and assigned to ME_home as population totals are based on 
residential addresses as defined by (Ramacher and Karl, 2020). In 
addition, when using the static population, we also estimate the total 
exposure with and without the infiltration factors for the indoor MEs. 

3. Results and discussion 

The results section is divided into two main parts, firstly we present 
results of the estimated NO2 exposure by simulating the movement of 
people in the different MEs but using the measured outdoor NO2 con
centrations for all MEs (Section 3.1). Secondly, we carry out a set of 

Fig. 4. (a) UA2012 (static) population distribution scaled to 2017 population totals, (b) annual mean dynamic population and (c) difference between the static 
(UA2012) and annual mean dynamic population (calculated as annual dynamic population – static population). 
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sensitivity tests to assess the impact of infiltrated outdoor pollutant 
concentrations into indoor MEs as well as the impact of using a static 
population approach as opposed to a dynamic approach on the total 
exposure estimates (Section 3.2). 

3.1. Dynamic population exposure using ambient NO2 concentrations 

Fig. 4 illustrates the spatial distribution of the original population in 
the UA2012 dataset scaled to 2017 totals (as described in Section 2.2.2; 
Fig. 4a) as well as the annual mean dynamic population (Fig. 4b) as 
estimated using the generic time-activity profiles and MEs definitions 
described in Section 2.2. Since the population data in UA2012 is based 
on residential addresses no population is associated with ME_traffic, 
ME_other and the industrial areas defined as ME_work in Fig. 4a. In 
contrast, as per definition of ME_home, higher population totals are 
noted for this microenvironment (Fig. 4a; Refer to Fig. 2a for ME defi
nition). The spatial distribution for the estimated dynamic population is 
illustrated in Fig. 4b with population totals in each microenvironment. 
Some distinct differences between the spatial distribution of the static 
and annual dynamic populations can be clearly seen in Fig. 4c. De
creases in the population can be noted in ME_home while increases are 
noted for ME_other, and ME_work as we move from a static population in 
ME_home to a moving population in all MEs. 

The percentage contribution of the population in each ME for the 
dynamic approach is presented in Fig. 5 with 72%, 15%, 4% and 9% in 
ME_home, ME_other, ME_traffic and ME_work, respectively. Overall, we 
have estimated that people will mostly be in ME_home both in weekdays 
and weekends. In addition, we increase the amount of people in 
ME_other in the weekends and assign a portion of the population to 
ME_traffic. As no population within the UA2012 data lies within 
ME_other and ME_traffic, we assign a constant number of people to these 
MEs depending on the time-activity profiles discussed in Section 2.2.2. 
Therefore, we do not account for any busy roads or traffic profiles. 

The hourly NO2 concentrations used in this study are obtained from 
the traffic site of Msida but scaled to better represent urban background 

concentrations (Refer to Section 2.1). The raw daily NO2 concentrations 
measured at Msida as well as the scaled concentrations are illustrated in 
Fig. 6. Daily NO2 concentrations at Msida range from 9 μg m− 3 to 80 μg 
m− 3 with the highest concentrations occurring mostly in January. 
Throughout the rest of the year the range of NO2 concentrations seems to 
be largely unaltered. The annual average NO2 concentrations for 2017 
reach 38 μg m− 3. The scaled daily NO2 concentrations used in this study 
range between 3 and 31 μg m− 3 with an annual mean of 14 μg m− 3. In 
Europe, naturally occurring background annual NO2 levels typically 
range between 0.4 and 9.4 μg m− 3 while annual urban levels range 
between 20 and 90 μg m− 3 with a large range of recorded hourly max
ima (EEA, 2019; WHO, 2000). 

The annual mean NO2 total exposure calculated as the annual mean 
scaled hourly NO2 concentrations at Msida multiplied by the hourly 
dynamic population for the Northern Harbour district is illustrated in 
Fig. 7a. Since the NO2 concentrations used in this study vary temporally 
but not spatially, the spatial distribution of the exposure can only be 
explained by the spatial distribution in the estimated dynamic popula
tion (Fig. 4b). Thus, the proportion of the NO2 exposure in each ME is 
72% in ME_home, 15% in ME_other, 9% in ME_work and 4% in 
ME_traffic. The lowest exposure in all the MEs is found towards the 
middle of the Northern Harbour district which is the area with the 
lowest population total and lies within ME_work (Fig. 7a and c). The 
highest NO2 exposure is estimated for ME_home (Fig. 7b) as this is the 
microenvironment with the largest estimated annual mean proportion of 
the district’s population totals (Fig. 5). ME_other which represents any 
outdoor activity, also includes some high exposure areas (Fig. 7c). This 
can be explained by the assigned generic diurnal profiles especially for 
the weekend which include a higher fraction of the population in 
ME_other. ME_work also exhibits high exposure however, as less time is 
spent in this microenvironment, the NO2 exposure is lower compared to 
ME_home and ME_other (compare Fig. 7b and c to 7e). The NO2 expo
sure in ME_traffic is a constant, as a fixed percentage of the population is 
assigned to this microenvironment for each time step as described pre
viously (Fig. 7d). 

In a study focusing on urban population exposure to NOx emissions in 
three Baltic Sea harbour cities, Ramacher et al. (2019) estimate similar 
fractions of exposure in various microenvironments even though their 
study also included spatially varying pollutant concentrations. The au
thors suggest up to a 59% contribution to the total NO2 exposure from 
ME_home followed by up to 24% in ME_other. ME_work is estimated to 
constitute between 13 and 19% of the total exposure while the exposure 
in ME_traffic is estimated to reach a maximum of 9% of the total expo
sure in all MEs. These similarities are to be expected as the diurnal 
profiles used in this study are the same as those used in Ramacher et al. 
(2019). 

3.2. Sensitivity of total NO2 exposure to indoor infiltration rates and a 
dynamic population 

In this section we present two sensitivity tests: i) to estimate the total 
exposure using infiltrated outdoor NO2 concentrations into ME_home 
and ME_work as opposed to considering outdoor concentrations for all 
MEs and ii) to estimate the impact of implementing a static population 
for every time step as opposed to a more dynamic approach as presented 
in Section 3.1. 

For the first sensitivity test we apply the infiltration factors (IF) 
described in Section 2.3 to estimate the infiltration of outdoor NO2 
concentrations into indoor MEs while keeping a moving population. The 
estimated annual mean NO2 concentrations used when implementing 
the infiltration factors are illustrated in Fig. 8. Reflecting the infiltration 
rates used, the lowest annual NO2 concentrations are estimated for 
ME_home at 10 μg m− 3 followed by ME_work at 11 μg m− 3 and ending 
with ME_traffic and ME_other having the same unaltered measured 
outdoor NO2 concentration at 13 μg m− 3. These concentrations gener
ally compare well with other measured indoor NO2 concentrations. For 

Fig. 5. Percentage contribution of the population in each microenvironment 
for the annual mean dynamic population estimates (Pop_Dyn). 
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example the mean indoor NO2 levels in 34 buildings in Sweden reach 10 
μg m− 3 (Wichmann et al., 2010) while the indoor concentrations in a 
study conducted in Spain range from 4 μg m− 3 to 21 μg m− 3 in rural and 
urban areas, respectively (Villanueva et al., 2018). This suggests that the 
estimated indoor NO2 concentrations in this study are within range of 
measured European levels. In this section, this test will be referred to as 
“DynP_IF” and to facilitate the comparison to other sensitivity test we 
will take this as the reference. 

Table 4 represents the total exposure for all the different sensitivity 
tests together with the set up details. Results suggest that the total 
exposure estimated using the outdoor NO2 concentration for all MEs and 
a moving population (Section 3.1; DynP_noIF) is 25.19% higher 
compared to DynP_IF. Assuming a static population for all time steps, we 
find that when the outdoor concentration is used to represent the NO2 in 
all MEs the total eposure is 25.19% higher then the reference estimate 
(StatP_noIF compared to DynP_IF). In contrast the total exposure esti
mate for the static population with infiltrated NO2 concentrations for 
ME_home and ME_work is 3.26% less compared to the DynP_IF estimate 
(StatP_IF compared to DynP_IF). These results highlight the importance 
of adequately representing indoor air pollutant concentrations as 
exposure results from outdoor concentrations may lead to higher 
exposure estimates by up to 25%. In addition, implementing an esti
mation of the moving population results in a higher total exposure es
timate as opposed to a static population approach by up to 3%. As 
expected, these results are consistent with results of Ramacher et al. 
(2019) for Rostock, Riga and Gdansk-Gdynia. 

Although results suggest a higher total exposure when assuming 
outdoor NO2 concentrations within every ME as opposed to lower con
centrations indoors (DynP_noIF compared to DynP_IF), we note that in 
all our calculations no indoor sources are considered. The presence of 
indoor sources especially in ME_home in conjunction with infiltrated 
outdoor NO2 concentrations can result in a higher indoor exposure 
compared to the exposure in outdoor MEs. Dimitroulopoulou et al. 
(2006) suggest an increasing I/O ratio for NO2 following a decrease in 
outdoor concentrations as indoor sources contribute more compared to 
the infiltration from outdoors. In addition, other characteristics can in
fluence indoor NO2 concentrations. For example in offices and class
rooms, the type of ventilation (natural or mechanical) and different air 
exchange rates (Challoner and Gill, 2014; Wichmann et al., 2010), 

furnishings and cooking methods (WHO, 2010) as well as proximity to 
outdoor sources (Al-Hemoud et al., 2017; Villanueva et al., 2018) have 
all been found to influence indoor NO2 concentrations. 

The proportion of the exposure within each microenvironment for 
the different sensitivity tests described in Table 4 is illustrated in Fig. 9. 
Implementing a moving population approach results in an exposure that 
is highest in ME_home followed by ME_other, ME_work and ME_traffic, 
respectively. This is the same distribution as that noted for the dynamic 
population totals in Fig. 5. When considering infiltration rates in con
juction with a dynamic population (DynP_IF), the distribution changes 
compared to that in DynP_noIF. The estimated NO2 exposure for DynP_IF 
in ME_home is 5% less compared to DyP_noIF as a result of lower NO2 
concentrations in this ME. In addition, the proportion of the NO2 
exposure in ME_other and ME_traffic increases by 3% and 1%, respec
tively while no changes are noted for ME_work. Using a dynamic pop
ulation we highlight ME_home as the microenvironment with the 
highest NO2 exposure followed by ME_other. This exposure is a con
servative one as no indoor sources are taken into account. Thus targeted 
policies to reduce NO2 exposure should focus primarily on this ME. 

4. Summary and conclusions 

This study is the first to present an estimate of the total NO2 popu
lation exposure in a polluted and densely populated district in Malta. To 
estimate the total NO2 exposure we use a generic method to simulate a 
moving population together with outdoor NO2 concentrations from a 
traffic site in Msida that lies within the Northern Harbour district. 

Results highlight differences between a static population distribution 
which is typically used in exposure assessments and a moving popula
tion. Following the definitions of the different microenvironments we 
estimate that the greatest portion of the population is mostly in 
ME_home followed by ME_other, ME_work and ME_traffic, respectively 
when implementing a dynamic population approach. The total exposure 
is then estimated across all MEs. The spatial distribution of the annual 
total NO2 exposure is generally the same as the dynamical population 
distribution as the NO2 concentrations are constant for all MEs and only 
vary temporally. 

In a sensitivity test we estimate the indoor NO2 concentrations in the 
indoor MEs by using infiltrations factors established in literature. The 

Fig. 6. Daily NO2 concentrations measured at the traffic site of Msida in 2017 (solid) together with the scaled NO2 concentrations following the procedure described 
in Section 2.1 to represent urban background concentrations (dashed) within the district. Missing data was omitted from the analysis. 
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Fig. 7. The NO2 exposure calculated as the annual mean of the hourly dynamic population multiplied by the hourly NO2 scaled concentrations at the traffic site of 
Msida (μg m− 3 × population) for (a) all MEs, (b) ME_home, (c) ME_other, (d) ME_traffic and (e) ME_work. N.B. colour scale for (a) is different compared to (b–e). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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estimated total exposure using outdoor NO2 concentrations for all MEs is 
25% higher compared to the estimated total exposure with varying in
door and outdoor NO2 concentrations. The total exposure is also affected 
if a static population is assumed instead of a dynamic one with results for 

a static population being 3% less compared to a more dynamic 
approach. These results highlight the importance of adequately repre
senting NO2 concentrations in the different microenvironments as well 
as the importance of considering population mobility as these will alter 
the estimated exposure substantially. 

A limitation of this study is the use of NO2 concentrations at a fixed 
site to represent the NO2 exposure throughout the Northern Harbour 
district with scaling to represent urban background concentrations. 
Consequently, exposure estimates are somewhat conservative as high 
levels of pollution exposure for MEs close to major traffic routes are not 
accounted for. Future work should focus on developing new tools to 
better represent the air pollution gradients typical of urban and densely 
populated areas such as the Northern Harbour district. Using outdoor 
NO2 concentrations as a proxy for total exposure as well as infiltration 
factors to simulate infiltrated pollutant concentrations is a method 
widely used in literature however, in this study no indoor sources are 
considered. Future research would benefit from a more detailed repre
sentation of the local indoor exposures. Personal air pollution moni
toring in conjunction with GPS technology would give the exact 
pollutant exposure at high temporal and spatial resolutions however, 
this is costly, time consuming and subject specific. Nonetheless, other 
methods can be used to better represent the spatial distribution of both 
outdoor and indoor data. For example, the use of chemistry transport 
models (which are still under development for our country) as well as 
machine learning methods to simulate outdoor concentrations (e.g. 
Gariazzo et al., 2020) and indoor probabilistic and/or statistical models 
to estimate indoor concentrations using established I/O ratios under 
different scenarios (e.g. Dimitroulopoulou et al., 2006; Li and Friedrich, 
2019; Terry et al., 2014). In addition, in this study we have assigned a 
constant number of people to ME_traffic for every time step. A better 
representation of the population mobility within this ME is required to 
simulate for example the number of people stuck in traffic in major roads 
during rush hours. 

Nonetheless this study presents estimates for indoor NO2 concen
trations (of outdoor origin) in the Northern Harbour district of Malta 
together with the corresponding NO2 exposure in the different MEs 
using both a static and a dynamic population approach. The results 
presented highlight the importance for local future research to focus on 
the indoor microenvironments especially ME_home as the NO2 exposure 
is highest in this ME. Exposure assessments such as that presented in this 
study are essential to aid the development of targeted policies to limit 
such exposures. 
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Fig. 8. Annual mean NO2 concentrations including summer and winter infil
tration rates for the indoor microenvironments: ME_home and ME_work. 

Table 4 
Details of the different sensitivity test together with the percentage difference in 
each test compared to the reference.  

Test Name Population IF Total Exposure (μg 
m− 3 x pop.) 

% Diff (compared 
to Ref.) 

DynP_IF 
(Ref.) 

Dynamic Yes 1.6 × 106 / 

DynP_noIF Dynamic No 2.0 × 106 +25.19% 
StatP_IF Static Yes 1.6 × 106 − 3.26% 
StatP_noIF Static No 2.0 × 106 +25.19%  

Fig. 9. Percentage contribution of the exposure in each microenvironment for 
each of the sensitivity test described in Table 4. 
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