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Abstract—Urban populations are significantly affected by air
pollution, which poses a major threat to public health. However,
standardized and public mobility data, essential for an exposure
assessment, are frequently unavailable. Earth observation-derived
and model datasets can support large-scale health studies, espe-
cially in remote areas with limited data availability. This study
investigates the use of a globally derivable variable from remote
sensing data to estimate the static versus dynamic population expo-
sure difference. A health risk assessment using a higher and a lower
resolution air pollution data was performed. This was achieved
by examining air pollution concentrations in two European re-
gions, Lombardy, in Italy, and Germany, incorporating commuting
datasets. Accordingly, a retrospective long-term exposure assess-
ment to particulate matter less than 2.5 microns (PM- 5), nitrogen
dioxide (NO-), and ozone (O3) was performed from 2013 to 2022.
The study evaluates the difference between the resident and the
dynamic population exposed to concentrations exceeding the new
limits set by the World Health Organization (WHQO). The relation
between pollutant concentration and the Fraction of Settlement
Area (FSA), a proxy of urbanization levels, derived from the global
World Settlement Footprint dataset was explored. Two pollution
datasets were used: with European, and global coverage. The anal-
ysis decouples daytime and nighttime hours. For each region and
pollutant specific FSA thresholds were identified, that maximize
the population exposure gap. Our findings highlight the impact of
air pollution on population health, revealing widespread exposure
exceeding WHO limits, particularly for PM, 5, and emphasizing
the importance of considering diurnal exposure variations in health
risk assessments.

Index Terms—Air pollution, remote sensing, risk analysis, urban
areas.
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I. INTRODUCTION

HE most recent number of premature deaths in the Eu-
T ropean Union attributable to air pollution exposure is
approximately three hundred thousand per year [1]. Accord-
ing to the estimation given by the World Health Organization
(WHO), this number increases to about 4.2 Million on a global
level [2]. The exposure to air pollution particularly affects the
urban population, whose share in 2022 reached 57% of the
global population and 75% in Europe [3]. Moreover, beyond
the urban-rural difference in exposure, the air pollution burden
is also not equally distributed worldwide. The WHO estimates
that 89% of the premature deaths occur in countries classified
as low- to middle income, where increasing pollution levels
can be observed [2]. Conversely, countries classified as high or
upper middle income, although at higher pollution levels, show
decreasing air pollution trends over the last decade [4], [5].

Nevertheless, the exposure to an even small concentration
of air pollutants poses health risks [6], [7]. In the new Air
Quality Guidelines (WHO-AQG) released in 2021, the WHO
further decreased the threshold of the maximum air pollutants
concentrations considered acceptable in the short- and long-term
exposure ranges [8]. For this reason, an accurate estimation of the
population exposure to air pollution becomes even more crucial.
This information is essential for improving epidemiological
studies, deepening our understanding of exposome-response
mechanisms and, most importantly, for the accurate planning
of active and passive countermeasures to minimize detrimental
effects on the population.

In the body of literature on environment and health, exposure
indicators are often provided in the form of air pollution and air
quality maps. The population, if considered at all, is usually
statically linked to the place of residence [9], [10]. Several
studies have demonstrated that neglecting the mobility patterns
of the population and the pollutants’ diurnal variability, leads
to errors in the population exposure estimation [11], [12]. In
addition, the selected pollution data source significantly affects
the exposure assessment due to its specific spatial and temporal
coverage and its defined resolutions. For studies conducted at a
large scale, a tradeoff in one of these aspects is, due to the current
data situation, unavoidable. Especially in remote areas and in the
global south, this phenomenon is even more prominent. Datasets
with global coverage, such as satellite remote sensing data due to
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their orbit, have limitations in temporal coverage, while modeled
data exhibit shortcomings in spatial resolution. Consequently,
the need to perform a health risk and exposure assessment on a
large, if not global, scale is intrinsically incompatible with the
possibility of having highly detailed information at the individ-
ual level of exposed people. The phenomenon is described in
epidemiology as “ecological fallacy,” which refers to the loss
of information in observational studies when inferences about
individuals are made based on aggregated group data [13].

The main scope of this work is to propose a methodology
to estimate the gap in the measured population exposure to air
pollution when the population diurnal mobility is not considered.
Target pollutants are: particulate matter smaller than 2.5 micron
(PMs 5), ozone (O3), and nitrogen dioxide (NO,). Particularly,
it is investigated whether settlement density can be used to
infer the information loss when data on mobility patterns are
unavailable. If settlement density turns out to be a satisfactory
proxy, comparisons among areas lacking consistent mobility
data would become possible.

The settlement density is derived from the globally available
World Settlement Footprint dataset. A retrospective long-term
exposure assessment to air pollution is performed for the period
from 2013 to 2022. We also tested the applicability of globally-
available air pollution dataset for the population exposure as-
sessment, in comparison to a regional, higher resolution dataset.
These are remote-sensing derived parameters on settlements and
air quality that are available worldwide. The study is carried
out in two European regions: the Lombardy region in northern
Italy and the entire country of Germany. The new concentration
exposure limits suggested by the WHO-AQG were consistently
used as references [8].

Furthermore, we examined global assessments. The over-
arching goal of this paper is to evaluate the feasibility of a health
risk assessment due to air pollution in remote areas where no
mobility patterns are provided and where only coarse-resolution
data are available.

The rest of this article is structured as follows. Section II
describes the study areas considered, the data sets used, and
the methodology adopted. Section III follows outlining the
results. Section IV provides a discussion including strengths and
limitations of the approach with respect to the current literature
as well as the perspectives for future work. Section V concludes
this article.

II. DATA AND METHODOLOGY

A. Study Areas

As study areas, we selected the Lombardy region in northern
Italy and the entire country of Germany. The choice is based on
the following criteria: availability of open access datasets of mo-
bility and air pollution, heterogeneity of degree of urbanization,
and air pollution profiles.

Lombardy’s land surface covers 23 000 square kilometers.
It hosts one fifth of the Italian population, i.e., roughly ten
million residents, and its population density in 2022 was of
432.5 inhabitants per square kilometer [14]. This is more than
four times the average European population density. Most of the
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population is concentrated along the Po Valley, which is highly
urbanized and industrialized, making it one of the most polluted
regions in Europe [15]. Here, poor air quality is often observed
due to the peculiar orographic profile that limits the diffusion in
the boundary layer [16].

Germany, on the contrary, presents a more scattered urban-
ization profile, with a population of roughly 84 Million inhabi-
tants spread over about 358 000 square kilometers of land. The
country is characterized by major urban centers, where most air
pollution sources are located, surrounded by vast low-settlement
density areas [17]. Its population density was 235.5 inhabitants
per square kilometer in 2022 [14].

B. Data

1) Air Pollution Datasets: Surface concentrations of PMs 5,
NO», and O3 were derived from the Copernicus Atmosphere
Monitoring Service (CAMS) European Air Quality reanalysis
dataset. This is a model-based dataset constituted by an ensemble
of seven regional chemical transport models (nine, since an
update occurred in 2019). Present-day, forecasts, and previous-
day analyses of gridded values of pollutants concentrations are
delivered daily, with an hourly temporal resolution and a spatial
resolution of 0.1° x 0.1°[18], [19]. This results in approximately
840 grid cells covering Lombardy and 7968 covering Germany.
Such datasets are available for the continental Europe. A data
validation is carried out each year and reanalyses data of the
previous year are produced by means of the assimilation of
and validation with in-situ observations from the European
Environmental Agency.
As an additional source of data, we considered a globally
available dataset for this study: the CAMS global reanalysis,
Atmospheric Composition Reanalysis 4 (EAC4) data. It is the
fourth generation of global reanalysis of atmospheric composi-
tion by the European Centre for Medium-Range Weather Fore-
casts (ECMWEF). It combines model data with observations, as
chemical transport models are integrated with emissions datasets
and atmospheric composition from satellite retrievals [20]. The
following retrieval products are included in the model within the
timeframe of our study.
1) Global Ozone Monitoring
Experiment-2A (GOME-2A, 2007-2015) and GOME-2B
(2013-2015)

2) Ozone Monitoring Instrument (OMI) Aura
(2004-2015), Microwave Limb Sounder (MLS) Aura
(2004-2018)

3) Moderate Resolution Imaging Spectroradiometer
(MODIS) Aqua and Terra (2002-2016).

The dataset has a three-hour temporal resolution and a spatial
resolution of 0.75° x 0.75°, resulting in roughly 25 grid cells for
Lombardy and 195 for Germany. Both datasets can be retrieved
from the ECMWF Atmosphere Data Store.! Since NO, and
O3 concentrations are provided as mass ratio units for EAC4,
these were converted into mass per volume units by assuming an
ambient pressure of 1 atmosphere and a temperature of 25 °C.

![Online]. Available at: https://ads.atmosphere.copernicus.eu.
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Fig. 1.  Graphical representation of the methodology implemented.

2) Mobility Data: Mobility data for Lombardy were ob-
tained from the dataset “Matrice Origine/Destinazione 2016”
(MO/D 2016) [21]. This is an improved version of the
"Source/Destination Matrix 2014” [22] that was developed
within the regional mobility and transport program of Regione
Lombardia. The table reports the number of residents, origi-
nally derived from the “2011 ISTAT Census”, and the hourly
commuting within and between each of the 1450 mobility zones
into which the region is divided. Data refer to travels due to
work, study, occasional, and others, in a typical Monday-Friday
working week. The matrix is the result of a complex interaction
between transport modeling, online questionnaires, face-to-face
interviews, and analysis of available surveys. The spatial subdi-
vision was adopted in the context of a larger study that makes
use of mobility data from the MO/D 2016.

Mobility data for Germany were obtained from the “Pendler-
rechnung der Linder,” a statistic of the Regionaldatenbank
Deutschland [23]. The dataset reports the daily mobility between
commuting areas in Germany. These correspond to German
municipalities or, in the cases of the states of Mecklenburg-
Western Pomerania, Rhineland-Palatinate, Schleswig-Holstein,
and Thuringia, to cross-municipal associations. The statistic,
released yearly, provides the employment-related potential mo-
bility of people who work and/or live in the federal territory
of Germany. The result is information on the estimated daily

Seasonal peak metric for O,

FSA geographical distribution

-

Difference in the
‘ population exposure
v when mobility data
are included for
incrementally higher -
FSA values

population and the residential one on working days for each of
the 6973 commuting areas into which the country is divided.

3) Settlement Data: The World Settlement Footprint 2019
(WSF) was used for this study. It is a global settlement mask
with a spatial resolution of ten meters. It is obtained by jointly
exploiting multitemporal satellite imagery from Sentinel-1 and
Sentinel-2 [24].

C. Methods

A graphical representation of the methodology implemented
in this study can be found in Fig. 1.

1) Definition of Timeframe Scenarios: Two timeframes, a
day and a nighttime one, were framed based on the hourly
population mobility observed for Lombardy in the context of a
previous study [11]. There, most travels occurred at the so-called
“rushhours” between 6 and 9 A.M. and between 4 and 7 P.M. In the
complementary timeframes, the population of the commuting
areas remained stable. Therefore, nighttime was defined as the
time span between 8 PM. and 6 A.M. with the population of the
commuting areas corresponding to the residential one. 6 A.M.
to 8 P.M. is defined as daytime. The same time patterns were
applied to Germany.

In this work, we refer to “static population” when consid-
ering the residential locations of the population. The so-called
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Fig. 2. Static and dynamic population distribution for different Fraction of Settlement Area (FSA) ranges in Germany, sub-figure (a) and Lombardy, sub-figure

(c). Geographical distribution of the FSA in the commuting areas of Germany, sub-figure (b), and Lombardy, sub-figure (d).

“dynamic population,” referring to the particular whereabouts of
the population with respect to the time of the day, was defined
as the residential one plus/minus the balance of commuters.

2) Calculation of Pollution Levels at Small Geographical
Aggregates: The native resolution of the two datasets utilized,
especially the one of EAC4, can be coarser than the size of
the small geographical aggregates (i.e., the commuting areas)
considered. Therefore, prior to the temporal aggregation, the
two datasets were oversampled by increasing the spatial reso-
lution. The respective upscaling factor was chosen by taking

the minimum integer allowing the new grid unit to be at least
two times smaller than the circle enclosing each commuting
area. The interpolation was performed with a bilinear method,
as recommended by Stroh et al. [25]. According to their work,
the accuracy of coarser datasets resampled bilinearly to a finer
grid increases together with the aggregation time. Subsequently,
the multiyear mean spatial aggregates were calculated for each
vector area for Lombardy and for Germany, separately for
day and nighttime hours. O3 concentrations feature relevant
diurnal and seasonal fluctuations. Here, instead of the yearly
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EPD when considering commuting areas with a FSA surpassing incrementally increasing thresholds. (a) Lombardy using CAMS Europe dataset.

(b) Lombardy using the EAC4 dataset. (c) Germany Using the CAMS Europe dataset. (d) Germany using the EAC4 dataset.

mean, the seasonal peak metric was calculated for each year,
as recommended by the WHO [8]. This metric was derived by
performing the average of daily maxima in an 8-h rolling mean
in the six consecutive months of the year presenting the highest
six-months running average ozone concentration.

Supplementary Figures 1-6 provide the geographical repre-
sentation of the long-term concentration metrics for the two
regions.

3) Definition of the Fraction of Settlement Area and the
Mobility Ratio: It has been shown that the settlement patterns
and the degree of urbanization influence the behavior in relation
to everyday routines [26], [27]. Against this background, we test
in this study, whether the settlement patterns, i.e., the fraction
of settlement areas (FSAs) are a feasible proxy for commuting
patterns.

The scope is to have a proxy for building density for each
of the administrative units considered. The FSA was derived
by assigning the value 1 to each pixel marked as “settlement”
and the value 0 to those marked as “no settlement” in the WSF
layer. Subsequently, the mean over each vector area was derived,
resulting in a value comprehended between 0 and 1. The popu-
lation distribution among different FSA ranges was calculated
for Lombardy and for Germany. Two cases were calculated, a
static and a dynamic population. This corresponds to the given
definition of the timeframes provided previously, i.e., for the
assumed daytime and nighttime scenarios (see Section II-B1).

4) Compliance With WHO-AQG: With respect to air pol-
lution exposure, we considered the new limits for long-term
exposure as suggested by the WHO-AQG. They correspond to a
maximum annual mean of 5 pg/m? for PMs 5 and 10 pg/m? for
NO3, and to a maximum of 60 g/m? of the peak season metric
for O3 [8].

We obtained the shares of the total population exposed to
multiannual air pollution concentration aggregates exceeding
these values. The population shares were derived considering
both, the static and the dynamic population for the daytime
and the static population for the nighttime hours. On this basis,
we investigated if a gap in the daytime population’s exposure
to the three air pollutants could be related to different FSA
thresholds. This was expressed in terms of the share of the total
population.

For each commuting area, the share of the total population
exposed to values exceeding the WHO limits during daily hours
were derived. This was based on the static and the dynamic
population distributions. The difference of these two values, the
exposure population difference (EPD), was evaluated as follows:

EPD — (Static pop. exposed — Dynamic pop. exposed)

Total population
ey
where the static population corresponds to the residential, i.e.,
night-time distribution, and the dynamic population corresponds
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TABLE I
SHARE OF THE POPULATION EXPOSURE TO POLLUTION CONCENTRATIONS ABOVE THE WHO-AQG, DURING THE DAYTIME AND NIGHTTIME HOURS FOR
GERMANY, USING THE CAMS EUROPEAN AND CAMS GLOBAL (EAC4) REANALYSES DATASETS

Germany: CAMS European reanalyses

Daytime
PM; 5 NO; O3
Static population (residents) 100% 76.3% 65.9%
Dynamic population (daily population) 99.9% 77.7% 64.2%
Mean conc. of areas Above limits [ng/m3] 10.1 12.4 65.2
Nighttime
Static population (residents) 100% 86.8% 91.3%
Mean conc. of areas Above limits [pg/m3] 11.1 13.2 68.7
Germany: CAMS global reanalyses (EAC4)
Daytime
PM; 5 NO; O3
Static population (residents) 100% 43.6% 85.3%
Dynamic population (daily population) 99.9% 44.1% 85.1%
Mean conc. of areas Above limits [pg/m3] 11.2 10.4 66.2
Nighttime
Static population (residents) 100% 99.8% 86.3%
Mean conc. of areas Above limits [ng/m3] 133 18.9 66.2

to the daily population obtained through the mobility infor-
mation. “Total population” refers to the overall population of
Lombardy and Germany, respectively.

In our analysis, we evaluated the EPD under the condition that
the FSA is larger than or equal to a certain threshold and by incre-
mentally increasing the threshold considered. Consequently, we
spatially located various areas as hot spots and various amounts
of people exposed as a function of the threshold. This process
was performed for all three pollutants and for the two different
pollution datasets.

III. RESULTS

Fig. 2 shows the distribution of the daytime and the nighttime
populations in relation to different FSA ranges. The analysis
comprises all commuting areas in Germany and Lombardy that
are depicted in the right column presenting the spatial distribu-
tion of the FSA.

In both regions, the day population shifts in comparison to the
nighttime population towards higher FSA ranges. This means
that most of the commuting occurs along the direction of rural-
to-urban areas, i.e., areas of higher settlement density.

The main differences between the two regions are the absolute
values of the FSA involved. Lombardy features a higher range
of FSA values. The FSA reveals areas of very high settlement
density with values up to 0.9 whereas the commuting turnover
ranges between 0.4 and 0.5 FSA. In contrast, in Germany,
the highest FSA is 0.44 and the turnover can be observed
around 0.1 FSA. Germany, compared to Lombardy, does not
feature a, large, contiguous densely settled area in proportion
to the territory extension. It has urban centers scattered across
the country, alternating with low-density rural environments,

instead. A visible cluster of high settlement density is located in
the western part of the country, corresponding to the Rhine-Ruhr
metropolitan region, together with a few other major city centers.
Lombardy is characterized by an extended triangle-shaped high
settlement density area that spans in the central part of the
region from west to east, including major cities like Milan,
Como, Brescia, and Bergamo. The low-density areas are in the
north, where the territory is predominantly mountainous. In the
southern part of the territory, there are scattered high-density
areas corresponding to bigger cities.

In Tables I and II, we present the share of the total population
exposed to long-term air pollutant concentrations exceeding the
most recent WHO limits. This is illustrated in the nighttime
and the daytime scenarios, where the static and the dynamic
populations are considered. Furthermore, the analysis is also
performed for the two different air pollution datasets. These
calculations consider the totality of commuting areas without
distinction of the FSA.

An outstanding finding revealed by almost all combinations
is that the majority of the population of both regions is exposed
to long-term air pollutant concentrations that exceed the limits
suggested by WHO. This is particularly true for PMs 5. Accord-
ing to our findings, for all combinations, more than 99% of the
population is exposed to excessive concentrations.

For NOg, a difference in exposure between day- and nighttime
is visible, with a higher proportion of the population being
exposed at night. This is particularly evident in Germany, where
the results remain consistent when one or the other pollution
datasets are used. The EAC4 CAMS Global dataset is less
capable of detecting NO, hotspots compared to the CAMS
European reanalyses. When applying EAC4 for Germany, the
population exposure share to excessive NO5 decreases by 32.7%
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TABLE II
SHARE OF THE POPULATION EXPOSURE TO POLLUTION CONCENTRATIONS ABOVE THE WHO-AQG, DURING THE DAYTIME AND NIGHTTIME HOURS FOR
LOMBARDY, USING THE CAMS EUROPEAN AND CAMS GLOBAL (EAC4) REANALYSES DATASETS

Lombardy: CAMS European reanalyses

Daytime
PM,s NO; O;
Static population (residents) 99.9% 97.2% 100%
Dynamic population (daily population) 99.7% 97.2% 99.8%
Mean conc. of areas Above limits [ng/m3] 18.8 21 71.3
Nighttime
Static population (residents) 100% 97.2% 100%
Mean conc. of areas Above limits [nug/m3] 20.1 22.9 79.1
Lombardy: CAMS global reanalyses (EAC4)
Daytime
PM, 5 NO, O3
Static population (residents) 100% 95.4% 100%
Dynamic population (daily population) 99.8% 95.5% 99.8%
Mean conc. of areas Above limits [ng/m3] 16.3 12.2 67.5
Nighttime
Static population (residents) 100%  100% 100%
Mean conc. of areas Above limits [ng/m3] 21 26.2 67.5

(for the static population distribution) and 33.6% (for the dy-
namic population distribution) during the day. On the contrary, it
increases by 13% at night when compared to the results based on
the higher resolution CAMS European reanalysis dataset. This
also suggests that EAC4 is less sensitive to diurnal variation of
NO3 concentration.

For Germany, the effect of the inclusion of population mo-
bility patterns on the exposure assessment is relatively small.
The population exposure, when assuming a static population, is
underestimated by 0.5% and 1.4%, when applying EAC4 and
CAMS European datasets, respectively.

When using the European dataset in Lombardy, the NO3 mean
concentration is significantly higher than in Germany with an
average of 22.9 ;1g/m? over the areas surpassing the WHO-AQG
limits. The excessive exposure affects almost the entire popula-
tion, consistently across daytime, nighttime, and independently
from the inclusion of population’s mobility patterns. However,
when using the EAC4 Global dataset, an increase in the expo-
sures is revealed during nighttime with 26.2 pg/m? of mean NO,
concentration in the areas exceeding the WHO-AQG at night and
12.2 pg/m? during the day. This suggests that EAC4 is sensitive
to diurnal variation of NOs concentration over highly polluted
areas.

Concerning O3, when utilizing the CAMS European dataset,
Germany exhibits higher variability in population exposure to
the O3 seasonal peak metric. This variability shifts from ap-
proximately 65% exposed people during daytime to about 91%
atnight. Itis important to note that not accounting for population
mobility results in a comparatively small difference, leading to
an overestimation of 1.7%. When using EAC4, there is little to
no diurnal variability or under/overestimation of the exposure
share associated with population mobility, with values ranging
from 85.1% to 86.3%.

For the Lombardy region, we find that almost the entire
population is exposed to excessive concentrations of Oz in
the peak season. This remains consistent for all the calculated
scenarios.

In a further step, we evaluated the effects of an incrementally
increasing FSA range on the exposed population shares. The
results are shown in Fig. 3.

For Germany, the difference in population exposure obtained
from static and dynamic population data shows a U-shaped
curve for the three pollutants. The turning point in the EPD
corresponding to different FSA thresholds varies slightly for
the three pollutants. The FSA threshold above which the EPD
is minimum, and therefore the underestimation of population
exposure in a static scenario is maximum, was 0.11, 0.12, and
0.09 for PM; 5, NO2, and Os, respectively, using the global
dataset. This results in an underestimation of the exposed pop-
ulation corresponding to 5%, 2.4%, and 4.5% of the total one.
No exposure overestimation was observed.

For Lombardy, we found the following EPDs: here, we mea-
sured a quasi-equal magnitude of EPD for all pollutants, with
the minimum measured at an FSA threshold of 0.49. Therefore,
when assuming a static population and for commuting areas
with an FSA higher than 0.49, 4.5% of Lombardy’s population
are measured as not exposed to excessive PMs 5, NO3, and O3
concentrations, while in reality, they are. The average FSA of
all geographical aggregates in Lombardy meeting this condition
is 0.61. We find that there is little to no overestimation of the
population exposure for every FSA threshold. These findings
remain consistent when the global and the European datasets
are applied.

When using the European data set, the FSA corresponding
to the minimum in EPD are 0.11, 0.11, and 0.07 for PMy 5,
NO,, and O3, respectively. The corresponding EPDs are 5%,
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4.7%, and 2.6%. An overestimation of exposure in the static
scenario, affecting 1.6% of the total population, is observed
when considering all commuting areas up to those with FSA
values higher or equal to 0.03.

IV. DISCUSSION

In this article, we investigated the influence of commuting on
the measured exposure to air pollution. Furthermore, we inves-
tigated whether a global health exposure and risk assessment is
meaningful, if mobility patterns of the population are inexistent
and a proxy information on the degree of urbanization is applied.
We performed a retrospective long-term exposure assessment
to PMs 5, NOo, and Ogs in relation to the WHO-AQG. This
was evaluated for the Lombardy region in Italy and for the
entire Germany. The analysis was conducted using the globally
available and remote sensing-derived variable FSA. Two sets of
air pollution data with different spatial coverage and resolution
were used to assess the proportion of populations exposed to con-
centrations above the WHO-AQG threshold values: The CAMS
European reanalysis, available for continental Europe and with
aresolution of 0.1° x 0.1°, and the EAC4, globally available and
with aresolution of 0.75° x 0.75°. We applied a static population
distribution and a dynamic population distribution, assigned to
all commuting areas in the two regions.

In general, we find that Lombardy, as a densely urbanized
area, is consistently more affected by high air pollution levels.
Regarding the pollution datasets, only small differences were
observed between the exposure assessments, as in both cases, the
majority of the population was found to be exposed to excessive
concentrations of air pollutants. For Germany, however, major
differences were observed in the exposure to NOy and Os.

By separating air pollution concentrations into daytime and
nighttime periods, the analysis allows us to distinguish between
exposures that occur between typical daily commuting peaks
and those that occur at night. By accounting for these tem-
poral variations in exposure, the study provides insights into
the relationship between population mobility and long-term air
pollution exposure, particularly in urban areas where commuting
patterns have a significant impact on daily pollution levels.

Our findings on the share of the total population exposed to air
pollution in the daytime hours, when using the European dataset,
are consistent with the findings of Beloconi and Vounatsou
[28]. Here 100% (99.6-10) and 78% (70.2-84.9) of the total
German population is measured to be exposed to air pollution
levels higher than the PMs 5 and NO» limits in 2021. Beloconi
et al. provide data for Italy as a whole country, making a direct
comparison with single regions like Lombardy difficult. Nev-
ertheless, they reported that 99.7% of the Italian population is
exposed to excessive concentrations of PMs 5. The introduction
of the new stringent limit of 5 jzg/m?, results in a noncompliance
across all considered areas, independently from the used dataset.
Given that the long-term relative risk of mortality due to all
causes provided by the WHO-AQG is 1.08 (1.06—1.09) for an
incremental increase of 10 ug/m? of PMj 5, the exposed popu-
lation faces an increased risk of mortality, of 4% (3%—4.5%), as
a minimum. If a linear dose-response relationship is assumed,
as suggested by WHO, this percentage increases incrementally
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with the PMs 5 long-term mean concentration recorded for each
commuting area.

For any study area-dataset combination, except for the
Lombardy—EAC4 combination, the nighttime population ex-
posure to NOs is reported higher. The highest diurnal difference
is measured for Germany when using the EAC4 data. This result
may be attributable to the accumulation effect of NOy at night,
especially in the winter months, when photolysis processes are
limited to few hours. The lifetime of NO, at the considered
latitude increases in fact from about 3 h in the summer season
to about 4.3 h in the winter one [29]. Moreover, it is expected to
further increase in cleaner, rural areas where background con-
centration prevails over emission sources but may still exceed
the limit of 10 pg/m>.

Concerning the O3 seasonal peak metric, the results obtained
using EAC4 show no general differences in day- and nighttime
exposures. The results show that it is affecting a large part of
the population (around 85% in Germany and almost the entire
population in Lombardy). This may be linked to the fact that the
global dataset is less capable of capturing the diurnal cycle of O3
production. Furthermore, the EAC4 validation report, confirms
a positive “Modified normalized mean bias” against AirBase
background rural observations [30]. This bias between 2003 and
2022 over central Europe is up to 15% for the months from May
to December.

The difference between static and dynamic population ex-
posure in the totality of commuting areas appears to be of
limited significance when expressed as percentages. However, in
absolute numbers, this is translated in a total population exposure
gap to PMs 5, NOs, and O3 for the two regions, respectively,
of +0.103, -1.162, and +1.431 million people when using the
CAMS European reanalyses dataset and of 4-0.103, —0.425,
and +0.186 million people when using EAC4. Positive val-
ues indicate an overestimation of the population exposure and
negative values indicate an underestimation when mobility data
is not considered. All the above-mentioned considerations are
made on the total commuting areas without differentiation by de-
gree of urbanization. The small percentage discrepancy and the
exposure underestimation in the dynamic scenario, especially
for PMs 5, is likely due to the underestimation of population
exposure in more urbanized areas being outweighed by the
overestimation of exposure in less urbanized areas. Moreover,
the new limits suggested by WHO are easily surpassed also
in less urbanized and cleaner areas. Therefore, while the total
exposed population remains consistent with previous research
studies, the lack of differentiation due to location, i.e., highly
urbanized versus rural areas, masks the existing local differences
in exposure.

The study provides FSA thresholds for the commuting areas
at which the exposure gap between a static and a dynamic
population scenario is maximum. These thresholds vary, span-
ning approximately around 0.1 for Germany and around 0.5 for
Lombardy. When only commuting areas above this degree of
urbanization threshold are considered, 4.6, 4.35, and 2.6 million
people are exposed to excessive levels of PMs 5, NO,, and Os,
respectively, when using the CAMS European reanalyses dataset
and a static population approach. When using EAC4 pollution
data, these numbers become 4.6, 2.44, and 4.18 million. Given
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that long-term exposure to air pollutants is linked to an increased
probability of numerous health outcomes, the social impact of
the misclassification of population exposure is considerable.
Also, in economic terms, this may lead to unforeseen costs and
burden for the public healthcare systems [31].

The study focuses on an approach that provides information
at small geographical aggregates, which is particularly useful
for studies adopting an ecological approach [32]. This allows for
the investigation of health effects in epidemiology for large areas
and for an easy integration of additional data. To support ecolog-
ical studies on the urban scale [33], however, the method would
require further refinements. Nevertheless, the inclusion of pollu-
tion diurnal variability and mobility patterns aims at mitigating
the ecological fallacy effect even if this cannot be completely ex-
cluded. The commuting data, in fact, cannot provide information
down to the individual level as they represent only the typical
mobility patterns in a Monday-to-Friday working week. Data for
Germany, in particular, rely exclusively on the information of the
location of study/work. They show, therefore, the potential trips,
without considering, for example, major changes in mobility
behavior that occurred during and after the COVID-19 pandemic
[34], [35]. Moreover, the lack of standardized definitions for
commuting areas between Lombardy and Germany introduces a
potential inconsistency in the analysis across the two regions. For
Lombardy, the definition of commuting areas was nonstandard
and meant to be optimized for the use of mobility data, whereas
in Germany, standard administrative areas are employed. For
this reason, big metropolitan areas like Munich and Berlin are
considered as a large single geographical unit. The consequence
is a loss of granularity in the information after data aggregation.

The subdivision of exposure assessments into day- and night-
time hours is influenced by the habits and activity patterns
specific to each country and population. This limits the repli-
cability of our findings to regions with similar sociocultural
characteristics. In order to replicate the study in diverse areas,
additional local data should be reviewed in order to substantiate
the applicability of our approach.

V. CONCLUSION
A. Summary and Main Findings

The study delivers a numerical assessment of long-term
population exposure to air pollutants in two European regions
with a total population of more than ninety million individuals.
It reveals that the majority of the population is exposed to
concentrations of PMs 5, NOy, and O3 exceeding the limits
recommended in the WHO-AQG. Notably, almost the entire
population is exposed to excessive PMs 5 levels. The study
highlights the importance of mobility data in conducting com-
prehensive health risk assessments, demonstrating substantial
differences in population exposure during daytime and night-
time, particularly in Germany where exposure to NO5 and Og
is higher at night. In addition, a comparative use of the globally
available dataset for the air pollutants (EAC4) was tested, with
encouraging results for future applications in remote areas. It
was found that, considering the stringent concentration limits
proposed by WHO, EAC4 constitutes a viable first option to
perform a preliminary exposure and health risk assessment.
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B. Major Limitations

One limitation of the study is represented by the lower sen-
sitivity of the globally available air pollution dataset (CAMS
reanalysis global, EAC4) to variations between daytime and
nighttime concentrations, and differences in concentration
magnitudes, when compared to the higher resolution CAMS
reanalysis for Europe. Future work could benefit from the use of
satellite-based air pollution data to mitigate this limitation [36].

In addition, the study finds no general rule for determining
a key FSA threshold linked to the maximum gap in the ex-
posure assessment when mobility data are not available, that
could be applicable worldwide. This indicates the need for
further research incorporating additional globally available data
layers. For example: socioeconomic indicators, and the three-
dimensional structure of the built environment [37]. Moreover,
additional data would be required to perform a sensitivity anal-
ysis in order to assess the possible biases between the mobility
datasets of the two analyzed areas.

C. Advantages for the Scientific Community

The study’s approach, which includes the use of globally
available air pollution data and the FSA, enhances the ap-
plicability of its findings beyond the examined regions. This
facilitates potential comparisons with other geographical areas
worldwide, extending the scope and relevance of this research.
The use of the globally available dataset (EAC4) for preliminary
health risk assessment can be particularly beneficial in areas
where other data sources are not consistently available. The
insights provided by the study on the long-term exposure of
the population to air pollution can support policymakers and
researchers in better addressing air quality management and
health challenges in Lombardy and Germany. Furthermore,
the study’s methodology of decoupling daytime and nighttime
exposure offers an increased understanding of population expo-
sure, which could be valuable in developing targeted air quality
interventions.
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