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Abstract Air pollution and air quality issues have been widely discussed in the
scientific literature and by major international institutions (e.g. Samoli et al., 2019;
WHO, 2021; EEA, 2021). Among the most commonly analysed air pollutants are
carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), sulphur dioxide (SO2) and
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particulate matter of less than 2.5 um (PM2.5) and 10 um (PM10) aerodynamic
diameter (Nowak et al., 2018). This interest in the study of air quality is linked to the
increasing process of urban growth worldwide and evidence of the consequences and
relationships associated with climate change (Lu et al., 2018; McDonald et al. 2020). In
turn, air quality and increased pollution have been linked by numerous studies to
increased mortality and physiological vulnerability in a region or area (e.g. EEA, 2020;
Jerrett et al., 2004, Finkelstein et al., 2005; Forastiere et al., 2007). Thus, it is obvious
that it is essential for any administration to know the distribution of the air pollution
gradient in order to efficiently plan strategies to alleviate unequal access to health
services (Marmot, 2007).

The high level of pollution and the complex interrelationship between the different
variables related to air quality make this problem particularly important in
mediterranean urban areas (Galindo et al., 2019; Selmi, et al., 2016). The latest
available estimates determine that 96 % of the population living in urban areas in the
EU would be exposed to high levels of air pollution (Targa et al., 2022). Based on the
idea of urban ecosystems as a complex mosaic of climates, land uses, biophysical and
socio-economic variables (Escobedo & Nowak, 2009), urban air quality can now be
considered more fragile due to unsustainable urban development and building patterns
since the late 20th century (Thunis, 2018).

Based on all these considerations and the diversity of results, our research develops a
socioecological approach (Afriyanie et al., 2020; Cook et al., 2012; McHale et al., 2013)
at the census tract level to correlate air quality, as measured by the most commonly used
pollutants (NO2, PM10, PM2.5), with a series of socioeconomic, ecological and
building contextual variables. With this approach we aim to generate a holistic
explanation for air quality in the city of Barcelona in 2019. We have opted for an
ecological design as they are the most widely used when relating the socioeconomic
situation and pollution in the city. Although pollution and its effect on health is an
individual matter, the contextual analysis developed by ecological studies allows us to
determine the role of poverty in the area of residence. In this sense, using a unit of
analysis such as the census tract, which usually has an average demographic size of
around 1,500 inhabitants, allows us to consider that we start from the basis of very
uniform socio-economic contexts. In fact, an analysis at the local and micro scale
improves the understanding of the effects of the urban forest on pollution removal and,
consequently, on the well-being of residents (Escobedo & Nowak, 2009). In turn, the
spatial analysis at this micro scale allows us to uncover the spatial heterogeneity
inherent to ecological studies, and smooth the modifiable areal unit problem (Anselin,
1988). This last aspect, together with the divergences in the results obtained in other
studies, is mitigated in our case by the type of analysis used in our research, a
Geographically Weighted Regression (GWR) approach (Fotheringham et al. 2001)
following the strategy of specification proposed recently by Comber et al., (2022) at
census tract level. By means of this research design we want to answer the following
research questions:

RQ1: How does the presence of vegetation and building density affect air quality in
Barcelona, and does it vary according to the pollutants analysed?

RQ2: Is the population with a higher degree of socio-health vulnerability exposed to a
higher amount of air pollutants?

RQ3: Is there a relationship between socio-economic status and air quality in the city?
Through these research questions and the development of a methodology based on
spatial statistics, we make an innovative contribution to the state of the art in two ways:
(i) the holistic nature of the socio-ecological approach chosen. In this way, the variables
used allow us to analyse the relationship between the physical and social factors that



explain air quality in Barcelona. (ii) the spatial focus of the analysis developed through
the use of the GWR techniques at census tract level and its comparison with classical
non-spatial statistical methods such as the OLS model. Although recently some studies
have started to use the GWR model for air quality studies (e.g. Li et al., 2022), our
study is particularly innovative in that it contrasts the analyses of spatial and non-spatial
statistics and produces more robust results specified at the census tract level. In turn, the
implementation of the results at the census tract level provides practical tools for local
policy makers to take specific measures to address air pollution in the city. This is
essential when working with variables of territorial implementation in order to achieve
rigorous results that show the diversity of situations in the area analysed, but which
studies dealing with air quality have not done so far.

The city of Barcelona is located on the central coast of Catalonia, at the northeast of
Spain, with an extension of 102.16km2 and a population of 1,608,746 inhabitants. It
comprises 4.7km of linear beach extension on the southeast and a hill on the northwest
with of 2.6 km2 of forest parcs, and 8.9 km2 of urban parcs within the city. In 2018, the
City of Barcelona's gross domestic product (GDP) was €46,600 per inhabitant. In 2019,
Catalonia generated a GDP of €250,597 million, representing 20.1% of Spain's total
GDP. In the same year, Catalonia's per capita GDP exceeded the European Union's
GDP by 12%.

The city has a street network which extends to 1,368 km long, overlaying an area with
11.3 km2 of streets, roads, and highways, and 9.8 km2 of sidewalks (Institut
d’Estadistica de Catalunya). Barcelona is the most densely populated city in Spain
experiencing a mostly centralized growth during the last decades (Ciommi et al., 2018),
with a moderately polycentric and dense metropolitan organization. Subcenters, with an
important historical background, located out of the classical center took over the urban
expansion. In this context, the immigration is particularly relevant in the city where the
total proportion of immigrants has increased significantly within a very short period
(2.90% in 2000 to 15.11% in 2019) and has concentrated in two types of zones: the
historical center, where housing is of poor quality, and the peripheral districts close to
public transport and where housing is relatively cheap, resulting in segregation and the
emergence of ethnic enclaves (Martori et al., 2016).

In order to develop a socio-ecological approach firstly data about air contamination
levels in the city of Barcelona have been collected through the Open Data BCN Portal
(Ajuntament de Barcelona, 2022), the Barcelona's Town Hall’s open data service,
managed by the Department of Statistics and Data Dissemination of the Municipal Data
Office. The service offers a catalogue of different datasets where users may find all
information opened by Barcelona City Council in reusable formats. Regarding
contamination, the air quality immission maps provide a set of detailed information on
the quality of the environment that the city of Barcelona is subject to. Specifically, the
data, on annual average at street section level, of the main atmospheric pollutants
(Gémez-Moreno et al., 2019; Rodriguez et al., 2016) in Barcelona namely, nitrogen
dioxide (NO2), fine particulates (PM2.5) and coarse particulates (PM10), measured
according to the evaluation criteria of Directive 2008/50/EC (European Union, 2015).
We use the census tracts as a proxy for all the data at local scale (i.e. Barcelo et al.,
2009) to study, from an ecological approach, the relationship between the pollutants and
different characteristics of each census tract. The city of Barcelona is divided into 1068
census tracts. According to the theoretical framework, we collected data describing
various dimensions, at local scale, from many different publicly available data sources.
We gathered the socio-economic and socio-health data at the census tract level from the
Spanish National Statistics (INE, 2022): income level (e.g. Nowak et al., 2006),
percentage of people from non-EU countries (e.g. Carrier et al., 2014); population under
four years old and population over eighty years old (e.g. Moreno-Jiménez et al., 2016)



and population density (e.g. Bartholomew & Ewing, 2008). The information about land
use and vegetation for the city of Barcelona is also publicly available and we assembled
our dataset from two different sources, the Open Data BCN Portal, and the Geologic
and Cartographic Institute of Catalonia. Precisely, for each census tract, we computed
the areas covered by green spaces (urban and forest parcs), the number of trees (inside
and outside parcs), the normalized difference vegetation index average (NDVI), the
built surface, and some more data regarding land use, i.e., number of parcels, shops
surface, number of dwellings, number of parking slots. We transformed some variables
with natural logarithm because they violated the assumption of normality and moreover,
were highly skewed. Once the dataset was assembled, we performed some tests to
measure the statistical association between the three pollutants, NO2, PM2.5 and PM10
—the dependent variables— and the socio-economic, socio-health, vegetation, and land
use variables available.

We started the analysis following a standard approach, as in most empirical work,
starting with non-spatial Ordinary Least Squares (OLS) linear regression models to
interpret, globally, the influence of each possible predictor variable. We estimated
several models applying OLS regressions following a stepwise procedure, to clarify the
global relationship between the dependent and the explanatory variables. We used the
Variance Inflation Factor (VIF) values (O’brien, 2007) to assess the OLS models by
multicollinearity and the Corrected Akaike Information Criterion (AlICc) (Akaike, 1973)
to assess the relative quality of the models.

This study has proposed a socio-ecological analysis based on the use of spatial statistics
using a variety of GWR modelling techniques, applied to the highest level of spatial
desegregation possible at the administrative level for the city of Barcelona. The results
that have just shown allow us to offer a series of reflections articulated on the basis of
the answers to the research questions that have been posed and the advantages that the
methodology developed provides for this type of study.

Firstly, our results support the findings of studies in Barcelona that highlight the
relationship between higher population density and building density with poorer air
circulation, greater heat island and higher air pollution (Yang et al., 2020). Broadly
speaking, it can be considered that the areas of Barcelona with higher building density
and population density are characterised by higher levels of pollution in the three types
of pollutants analysed. This aspect is also related to the higher level of traffic in areas
with higher building density and the lower dispersion of pollutants (Vance & Hedel,
2007; Bartholomew & Ewing, 2008). Although the results are significant in the spatial
and non-spatial models, they are reinforced at the high and medium levels of the GWR
and MS GWR models. If we focus the analysis on the role of tree mass, our results
show that larger areas of tree mass, urban parks, are clearly related to lower pollution in
line with what has been shown in numerous studies (e.g. Escobedo et al., 2011).
However, these results show an inverse relationship when analysing the effect of
isolated street trees on pollution. In these cases, as some studies have also shown, either
because of the insufficient and isolated nature of the trees (McPherson et al., 1999), the
excessive accumulation of pollen particles (Salmond et al., 2013) or the canyon-like
layout of the streets (Wania et al., 2012), the presence of isolated street trees in
Barcelona is associated with a higher level of concentration of the three types of
pollutants analysed, regardless of the statistical model used. This aspect leads us to the
reflection that municipal measures to improve air quality, rather than focusing on
planting street trees in areas close to traffic, should prioritise the design of larger green
zones.

The analysis of the most vulnerable population groups from a socio-health point of
view, i.e. the migrant population from non-EU countries, children under four years of



age and those over 80 years of age, leads to different conclusions depending on each
group analysed. In general terms, both the OLS model and the GWR model in their
mean levels show a significant relationship between higher pollution levels and the
presence of migrant population in the same line as already shown for Barcelona
(Moreno Jiménez et al., 2016; 2022) and for other areas outside Spain (e.g. Ard et al.,
2021; Carrier et al., 2014; Fecht et al., 2015). However, if vulnerability groups are
analysed by age, the relationships are no longer so clear. Broadly speaking, the
population under four years of age does not show a relationship with the highest degree
of pollution and is therefore not significantly exposed to the three pollutants analysed.
However, the older population alternates between areas with an inverse relationship
with pollution in the north of the city, while a significant positive relationship with
pollutants is found in the central area of the city, in the oldest and most socio-
economically advanced neighbourhoods (e.g. Sarria and Ciutat Vella). In this case, the
GWR models show a much more complete and complex reality that relativises the
validity of the OLS model for this variable.

Finally, the analysis of income level and the presence of pollutants shows that the
higher the income level, the worse the air quality. In this sense, the case of Barcelona
shows the same trend as other European cities where it has been shown that certain
sectors of middle and high social status experience greater exposure to pollutants in the
city (Goodman et al., 2011; Santana et al., 2017). This relationship between better social
status and higher exposure to particulate pollutants has been explained as collateral
damage that is bearable compared to the advantages of living in urban areas (Buzzelli &
Jerrett, 2007). In the case of Barcelona, this area with the highest relationship between
income level and greater exposure to pollution is located in the Eixample area and
adjacent neighbourhoods. This area of the city is characterised by a high level of traffic,
high building density and is also one of the areas with the highest residential demand in
the city. In this case, it seems clear that the profitability of housing in the area acts as a
deterrent to increased exposure to pollutants, especially NO2, which is related to car
traffic. This Barcelona model, like that of other European cities where the historic
centre has undergone significant gentrification processes, is contrary to the North
American model where pollutants tend to concentrate in the most degraded metropolitan
peripheries due to increased car use (Chi et al., 2016; O' Lenick et al., 2017).

The models that our results reveal for Barcelona has shown a clear relationship between
building and population density, higher income levels, road traffic and the presence of
isolated trees at street level with exposure to a greater number of the pollutants normally
analysed. At the same time, it has been shown that the presence of large green areas or
urban parks reduces the presence of pollutants. Given these results and the obvious
impossibility of building large parks and reducing building density in the areas of the
city where it would be most necessary (the Eixample and surrounding areas), it is clear
that local politicians should opt for measures to reduce the main source of pollution, i.e.
motorised traffic. In this sense, the implementation of plans for the restriction of private
traffic, the promotion of public transport and pedestrianisation, such as those developed
by Barcelona City Council with the Climate Plan 2018-2030, have marked a line that
has shown results in only two years of application. However, its partial paralysis due to
the decision of the High Court of Justice of Catalonia opens important unknowns for the
future of the city.

Finally, the variety of results offered by the OLS and GWR and MS-GWR models, the
contrast between them and the possibility of qualifying the conclusions with the data
offered by the spatial and non-espatial statistical approach, open a very important way
to a more rigorous study of the distribution of pollutants in the city and their
relationship with different socio-ecological variables. For the future, this study should
be contrasted with the results pending publication on pollutants in the city of Barcelona



in order to analyse the effects of the lockdown during the start of the COVID 19 crisis,
as well as the implementation of the Climate Plan in the city.

References

Afriyanie, D., Julian, M.M., Riqqi, A., Akbar, R., Suroso, D.S., & Kustiwan, 1. (2020).
Re-framing urban green spaces planning for flood protection through socio-ecological
resilience in Bandung City, Indonesia. Cities.
https://doi.org/10.1016/j.cities.2020.102710

Ajuntament de Barcelona (2022), Open Data BCN. https://barcelona.cat/opendata

Akaike, H.. (1973). Information theory and an extension of the maximum likelihood
principle. In: Petrov, B.N., Csake, F. (Eds.), Second International Symposium on
Information Theory. Akademai Kiado, Budapest, pp. 267—-281.

Anselin, L. (1988). Spatial econometrics: methods and models (Vol. 4). Springer
Science & Business Media.

Anselin L (1995) Local indicators of spatial association. Geographical Analysis
27(2):93-115

Apparicio, P., & Séguin, A. M. (2006). Measuring the accessibility of services and
facilities for residents of public housing in Montreal. Urban studies, 43(1), 187-211.
https://doi.org/10.1080/00420980500409334

Ard, K., Fisher-Garibay, D. & Bonner, D. (2021). Particulate Matter Exposure across

Latino Ethnicities. International Journal of Environmental Research and Public
Health, 18, 10, 5186. https://doi.org/10.3390/ijerph18105186

Arneth, A., Harrison, S. P., Zaehle, S., Tsigaridis, K., Menon, S., Bartlein, P. J., ... &
Vesala, T. (2010). Terrestrial biogeochemical feedbacks in the climate system. Nature
Geoscience, 3(8), 525-532.

Barceld, M. A., Saez, M., Cano-Serral, G., Martinez-Beneito, M. A., Martinez, J. M.,
Borrell, C., ... & Figueiras, A. (2008). [Methods to smooth mortality indicators:
application to analysis of inequalities in mortality in Spanish cities [the MEDEA
Project]]. Gaceta Sanitaria, 22(6), 596-608. DOI: 10.1016/s0213-9111(08)75362-7
Barcelo, M. A., Saez, M., & Saurina, C. (2009). Spatial variability in mortality
inequalities, socioeconomic deprivation, and air pollution in small areas of the
Barcelona Metropolitan Region, Spain. Science of the Total Environment, 407(21),
5501-5523. https://doi.org/10.1016/].scitotenv.2009.07.028

Bartholomew, K., & Ewing, R. (2008). Land use—transportation scenarios and future

vehicle travel and land consumption: A meta-analysis. Journal of the American
Planning Association, 75(1), 13-27. https://doi.org/10.1080/01944360802508726



https://doi.org/10.1016/j.cities.2020.102710
https://doi.org/10.1080/00420980500409334
https://doi.org/10.1016/j.scitotenv.2009.07.028
https://doi.org/10.1080/01944360802508726

Bereitschaft, B. & Debbage, K. (2013) Urban Form, Air Pollution, and CO2 Emissions
in Large U.S. Metropolitan Areas. The Professional Geographer, 65:4, 612-635, DOI:
10.1080/00330124.2013.799991

Borrell, C., Azlor, E., Rodriguez-Sanz, M., Puigpinés, R., Cano-Serral, G., Pasarin, M.
l., ... & Muntaner, C. (2008). Trends in socioeconomic mortality inequalities in a
southern European urban setting at the turn of the 21st century. Journal of
Epidemiology & Community Health, 62(3), 258-266.
http://dx.doi.org/10.1136/jech.2006.057166

Bowen, W. (2002). An analytical review of environmental justice research: what do we
really know?. Environmental management, 29(1), 3-15. https://doi.org/10.1007/s00267-
001-0037-8

Brainard, J. S., Jones, A. P., Bateman, I. J., Lovett, A. A., & Fallon, P. J. (2002).
Modelling environmental equity: access to air quality in Birmingham, England.
Environment and Planning A, 34(4), 695-716. https://doi.org/10.1068/a34184

Brunsdon, C., Fotheringham, A. S., & Charlton, M. (1999). Some notes on parametric

significance tests for geographically weighted regression. Journal of regional science,
39 (3), 497-524.

Buzzelli, M., & Jerrett, M. (2004). Racial gradients of ambient air pollution exposure in
Hamilton, Canada. Environment and planning A, 36(10), 1855-1876.
https://doi.org/10.1068/a36151

Carrier, M., Apparicio, P., Séguin, A. M., & Crouse, D. (2014). The application of three

methods to measure the statistical association between different social groups and the
concentration of air pollutants in Montreal: A case of environmental equity.
Transportation Research Part D: Transport and Environment, 30, 38-52.
https://doi.org/10.1016/j.trd.2014.05.001

Chan, L. Y., & Kwok, W. S. (2000). Vertical dispersion of suspended particulates in
urban area of Hong Kong. Atmospheric Environment, 34(26), 4403-4412.
https://doi.org/10.1016/S1352-2310(00)00181-3

Chakraborty, J. (2009). Automobiles, air toxics, and adverse health risks:

Environmental inequities in Tampa Bay, Florida. Annals of the Association of American
Geographers, 99(4), 674-697. https://doi.org/10.1080/00045600903066490
Chakraborty, J., Maantay, J. A., & Brender, J. D. (2011). Disproportionate proximity to

environmental health hazards: methods, models, and measurement. American Journal of
Public Health, 101(S1), S27-S36. https://doi.org/10.2105/AJPH.2010.300109



http://dx.doi.org/10.1136/jech.2006.057166
https://doi.org/10.1007/s00267-001-0037-8
https://doi.org/10.1007/s00267-001-0037-8
https://doi.org/10.1068/a34184
https://doi.org/10.1068/a36151
https://doi.org/10.1016/j.trd.2014.05.001
https://doi.org/10.1016/S1352-2310(00)00181-3
https://doi.org/10.1080/00045600903066490
https://doi.org/10.2105/AJPH.2010.300109

Chen, L., Zhang, M., Zhu, J., Wang, Y., & Skorokhod, A. (2018). Modeling impacts of
urbanization and urban heat island mitigation on boundary layer meteorology and air
quality in Beijing under different weather conditions. Journal of Geophysical Research:
Atmospheres, 123(8), 4323-4344. https://doi.org/10.1002/2017JD027501

Chi, G. C., Hajat, A., Bird, C. E., Cullen, M. R., Griffin, B. A., Miller, K. A,, ... &
Kaufman, J. D. (2016). Individual and neighborhood socioeconomic status and the

association between air pollution and cardiovascular disease. Environmental health
perspectives, 124(12), 1840-1847. https://doi.org/10.1289/EHP199

Ciommi, M., Chelli, F. M., Carlucci, M., & Salvati, L. (2018). Urban growth and
demographic dynamics in southern Europe: Toward a new statistical approach to
regional science. Sustainability, 10(8), 2765. https://doi.org/10.3390/su10082765

Clark, L. P., Millet, D. B., & Marshall, J. D. (2014). National patterns in environmental
injustice and inequality: outdoor NO2 air pollution in the United States. PloS one, 9(4),
€94431. https://doi.org/10.1371/journal.pone.0094431

Cook, E. M., Hall, S. J., & Larson, K. L. (2012). Residential landscapes as social-
ecological systems: a synthesis of multi-scalar interactions between people and their
home environment. Urban Ecosystems, 15(1), 19-52. https://doi.org/10.1007/s11252-
011-0197-0

Comber, A., Brunsdon, C., Charlton, M., Dong, G., Harris, R., Lu, B., ... & Harris, P.
(2021). A route map for successful applications of Geographically Weighted

Regression. Geographical Analysis. https://doi.org/10.1111/gean.12316

Crouse, D. L., Goldberg, M. S., & Ross, N. A. (2009). A prediction-based approach to
modelling temporal and spatial variability of traffic-related air pollution in Montreal,
Canada. Atmospheric environment, 43(32), 5075-5084.
https://doi.org/10.1016/j.atmosenv.2009.06.040

Currie, B. A., & Bass, B. (2008). Estimates of air pollution mitigation with green plants
and green roofs using the UFORE model. Urban ecosystems, 11(4), 409-422.
https://doi.org/10.1007/s11252-008-0054-y

Escobedo, F.J., & Nowak, D.J. (2009). Spatial heterogeneity and air pollution removal

by an urban forest. Landscape and Urban Planning, 90, 102-110.
https://doi.org/10.1016/j.landurbplan.2008.10.021
Escobedo, F. J., Kroeger, T., & Wagner, J. E. (2011). Urban forests and pollution

mitigation: Analyzing ecosystem services and disservices. Environmental pollution,
159(8-9), 2078-2087. https://doi.org/10.1016/j.envpol.2011.01.010



https://doi.org/10.1002/2017JD027501
https://doi.org/10.1289/EHP199
https://doi.org/10.3390/su10082765
https://doi.org/10.1371/journal.pone.0094431
https://doi.org/10.1007/s11252-011-0197-0
https://doi.org/10.1007/s11252-011-0197-0
https://doi.org/10.1111/gean.12316
https://doi.org/10.1016/j.atmosenv.2009.06.040
https://doi.org/10.1007/s11252-008-0054-y
https://doi.org/10.1016/j.landurbplan.2008.10.021
https://doi.org/10.1016/j.envpol.2011.01.010

Estarlich, M., liiiguez, C., Esplugues, A., Mantilla, E., Zurriaga, O., Nolasco, A., &
Ballester, F. (2013). Variacion espacial de la exposicion a contaminacion atmosférica en
la ciudad de Valencia y su relacion con un indice de privacion. Gaceta Sanitaria, 27,
143-148. https://dx.doi.org/10.1016/j.gaceta.2012.05.010

European Environment Agency (2020). Air quality in Europe- 2020 Report. Report no.
9/2020, ISBN 978-92-9480-292-7- ISSN 1977-8449- doi:10.2800/786656

European Environment Agency (2021). Air quality in Europe 2021. Report no. 15/2021.
ISBN 978-92-9480-403-7 - ISSN 1977-8449 - doi: 10.2800/549289

European Union (2015). Directive 2008/50/EC of the European Parliament and of the
Council of 21 May 2008 on ambient air quality and cleaner air for Europe. Consolidated
text 2015. https://eur-lex.europa.eu/eli/dir/2008/50/2015-09-18

Fairburn, J., Walker, G., & Smith, G. (2005). Investigating environmental justice in
Scotland: links between measures of environmental quality and social deprivation.
Edinburgh: Sniffer.

Fairburn, J., Schile, S. A., Dreger, S., Karla Hilz, L., & Bolte, G. (2019). Social
Inequalities in Exposure to Ambient Air Pollution: A Systematic Review in the WHO
European Region. International journal of environmental research and public health,
16(17), 3127. https://doi.org/10.3390/ijerph16173127

Fecht, D., Fischer, P., Fortunato, L., Hoek, G., De Hoogh, K., Marra, M., ... & Hansell,

A. (2015). Associations between air pollution and socioeconomic characteristics,

ethnicity and age profile of neighbourhoods in England and the Netherlands.
Environmental pollution, 198, 201-210. https://doi.org/10.1016/j.envpol.2014.12.014
Finkelstein MM, Jerrett M, Sears MR. (2005). Environmental inequality and circulatory

disease mortality gradients. Journal of Epidemiology & Community Health, 59:481-487.
http://dx.doi.org/10.1136/jech.2004.026203
Forastiere, F., Stafoggia, M., Tasco, C., Picciotto, S., Agabiti, N., Cesaroni, G., &

Perucci, C. A. (2007). Socioeconomic status, particulate air pollution, and daily
mortality: differential exposure or differential susceptibility. American journal of
industrial medicine, 50(3), 208-216. https://doi.org/10.1002/ajim.20368



https://dx.doi.org/10.1016/j.gaceta.2012.05.010
https://eur-lex.europa.eu/eli/dir/2008/50/2015-09-18
https://doi.org/10.3390/ijerph16173127
https://doi.org/10.1016/j.envpol.2014.12.014
http://dx.doi.org/10.1136/jech.2004.026203
https://doi.org/10.1002/ajim.20368

Fotheringham, A. S., Charlton, M. E., & Brunsdon, C. (2001). Spatial variations in
school performance: a local analysis using geographically weighted regression.
Geographical and environmental Modelling, 5(1), 43-66.

Galindo, N., Yubero, E., Clemente, A., Nicolas, J. F., Navarro-Selma, B., & Crespo, J.
(2019). Insights into the origin and evolution of carbonaceous aerosols in a
mediterranean urban environment. Chemosphere, 235, 636-642.
https://doi.org/10.1016/j.chemosphere.2019.06.202

Gollini I, Lu B, Charlton M, Brunsdon C, Harris P (2015). “GWmodel: An R Package

for Exploring Spatial Heterogeneity Using Geographically Weighted Models.” Journal
of Statistical Software, 63(17), 1-50

Gomez-Moreno, F. J., Artifiano, B., Ramiro, E. D., Barreiro, M., Nlfez, L., Coz, E., ...
& Borge, R. (2019). Urban vegetation and particle air pollution: Experimental
campaigns in a traffic hotspot. Environmental pollution, 247, 195-205.

Goodman, A., Wilkinson, P., Stafford, M., & Tonne, C. (2011). Characterising socio-
economic inequalities in exposure to air pollution: a comparison of socio-economic
markers and scales of measurement. Health & Place, 17(3), 767-774.
https://doi.org/10.1016/j.healthplace.2011.02.002

Grimmond, C. S. B., King, T. S., Cropley, F. D., Nowak, D. J., & Souch, C. (2002).

Local-scale fluxes of carbon dioxide in urban environments: methodological challenges

and results from Chicago. Environmental Pollution, 116, S243-S254.
https://doi.org/10.1016/S0269-7491(01)00256-1

Hajat, A., Diez-Roux, A. V., Adar, S. D., Auchincloss, A. H., Lovasi, G. S., O’Neill, M.
S., ... & Kaufman, J. D. (2013). Air pollution and individual and neighborhood
socioeconomic status: evidence from the Multi-Ethnic Study of Atherosclerosis
(MESA). Environmental health  perspectives, 121(11-12), 1325-1333.
https://doi.org/10.1289/ehp.1206337

Hajat, A., Hsia, C., & O’Neill, M. S. (2015). Socioeconomic disparities and air
pollution exposure: a global review. Current environmental health reports, 2(4), 440-
450. https://doi.org/10.1007/s40572-015-0069-5

Havard, S., Deguen, S., Zmirou-Navier, D., Schillinger, C., & Bard, D. (2009). Traffic-

related air pollution and socioeconomic status: a spatial autocorrelation study to assess

environmental equity on a small-area scale. Epidemiology, 223-230.
Iglesias-Pascual, R. (2019) Social discourse, housing search and residential segregation:

the social determinants of recent economic migrants’ residential mobility in Seville,

Housing Studies, 34:7, 1163-1188, DOI: 10.1080/02673037.2018.1520817


https://doi.org/10.1016/j.chemosphere.2019.06.202
https://doi.org/10.1016/j.healthplace.2011.02.002
https://doi.org/10.1016/S0269-7491(01)00256-1
https://doi.org/10.1289/ehp.1206337
https://doi.org/10.1007/s40572-015-0069-5

Instituto Nacional de Estadistica (INE) Municipal Register. Available at
<http://www.ine.es/en/inebmenu/ mnu_cifraspob_en.htm> Accessed on 10 March 2022.
Jerrett, M., Burnett, R. T., Brook, J., Kanaroglou, P., Giovis, C., Finkelstein, N., &
Hutchison, B. (2004). Do socioeconomic characteristics modify the short term
association between air pollution and mortality? Evidence from a zonal time series in
Hamilton, Canada. Journal of Epidemiology & Community Health, 58(1), 31-40.
http://dx.doi.org/10.1136/jech.58.1.31

Jerrett, M. (2009). Global geographies of injustice in traffic-related air pollution
exposure. Epidemiology, 20(2), 231-233. doi: 10.1097/EDE.0b013e31819776al
Keuken, M. P., Moerman, M., Voogt, M., Blom, M., Weijers, E. P., Rockmann, T., &
Dusek, U. (2013). Source contributions to PM2. 5 and PM10 at an urban background

and a street location. Atmospheric Environment, 71, 26-35.
https://doi.org/10.1016/j.atmosenv.2013.01.032

King K & Stedman J (2000). Analysis of Air Pollution and Social Deprivation. Report
No.AEAT/ENV/R/0241, AEA Technology on behalf of Defra and the Devolved
Administrations. AEA Technology Environment

Kumar, R., Mishra, V., Buzan, J., Kumar, R., Shindell, D., & Huber, M. (2017).
Dominant control of agriculture and irrigation on urban heat island in India. Scientific
reports, 7(1), 1-10. https://doi.org/10.1038/s41598-017-14213-2

Lee, C. (2019). Impacts of urban form on air quality: Emissions on the road and

concentrations in the US metropolitan areas. Journal of environmental management,
246, 192-202. https://doi.org/10.1016/j.jenvman.2019.05.146

Leung, Y., Mei, C. L., & Zhang, W. X. (2000). Statistical tests for spatial
nonstationarity based on the geographically weighted regression model. Environment
and Planning A, 32(1), 9-32.

Li, C., Zou, Y., Dai, Z., Yin, J., Wu, J. & Ma, Z. (2022). The Impacts of POI Data on
PM2.5: A Case Study of Weifang City in China. Applied Spatial Analysis and Policy,
15, 421-440. https://doi.org/10.1007/s12061-021-09408-0

Li, Y., Zhang, J., Sailor, D. J., & Ban-Weiss, G. A. (2019). Effects of urbanization on
regional meteorology and air quality in Southern California. Atmospheric Chemistry
and Physics, 19(7), 4439-4457. https://doi.org/10.5194/acp-19-4439-2019

London, L., Joshi, T. K., Cairncross, E., & Claudio, L. (2011). Environmental justice:

An international perspective. Encyclopedia of Environmental Health. Elsevier, USA,
441-448. 10.1016/B978-0-12-409548-9.11886-X


http://dx.doi.org/10.1136/jech.58.1.31
https://doi.org/10.1016/j.atmosenv.2013.01.032
https://doi.org/10.1038/s41598-017-14213-2
https://doi.org/10.1016/j.jenvman.2019.05.146
https://doi.org/10.5194/acp-19-4439-2019

Lu, Q., Chang, N. B., Joyce, J., Chen, A. S., Savic, D. A., Djordjevic, S., & Fu, G.
(2018). Exploring the potential climate change impact on urban growth in London by a
cellular automata-based Markov chain model. Computers, Environment and Urban
Systems, 68, 121-132.

Maguire, K., & Sheriff, G. (2011). Comparing distributions of environmental outcomes
for regulatory environmental justice analysis. International journal of environmental
research and public health, 8(5), 1707-1726. https://doi.org/10.3390/ijerph8051707
Marmot, M. (2007). Achieving health equity: from root causes to fair outcomes. The
Lancet, 370(9593), 1153-1163. https://doi.org/10.1016/S0140-6736(07)61385-3
Martori, J. C., Apparicio, P., & Ngui, A. N. (2016). Understanding immigrant

population growth within urban areas: a spatial econometric approach. Journal of
International Migration and Integration, 17(1), 215-234.
https://doi.org/10.1007/s12134-014-0402-0

McDonald, R. I., Mansur, A. V., Ascensdo, F., Crossman, K., EImgvist, T., Gonzalez,

A, ... & Ziter, C. (2020). Research gaps in knowledge of the impact of urban growth on
biodiversity. Nature Sustainability, 3(1), 16-24.

McHale, M. R., Bunn, D. N., Pickett, S. T., & Twine, W. (2013). Urban ecology in a
developing world: why advanced socioecological theory needs Africa. Frontiers in
Ecology and the Environment, 11(10), 556-564. https://doi.org/10.1890/120157
McPherson, E. G., Simpson, J. R., Peper, P. J.,, & Xiao, Q. (1999). Benefits-cost
analysis of Modesto's municipal urban forest. Journal of Arboriculture, 25 (5), 235-
248., 25(5), 235-248.

Mitchell, G., & Dorling, D. (2003). An environmental justice analysis of British air
quality. Environment and planning A, 35(5), 909-929. https://doi.org/10.1068/a35240
Moreno-Jimenez, A., Cafada-Torrecilla, R., Vidal-Dominguez, M. J., Palacios-Garcia,

A., & Martinez-Suarez, P. (2016). Assessing environmental justice through potential
exposure to air pollution: a socio-spatial analysis in Madrid and Barcelona, Spain.
Geoforum, 69, 117-131. https://doi.org/10.1016/j.geoforum.2015.12.008

Moreno-Jiménez, A., Suarez, P. M., Dominguez, M. J. V., & Garcia, A. P. (2022). How
much inequality in exposure to high PM10 pollution is too much to be considered

environmentally unfair? An assessment for vulnerable groups in two major Spanish
cities.  Boletin de la  Asociacion de  Geografos  Espafioles, (92).
https://doi.org/10.21138/bage.3173



https://doi.org/10.3390/ijerph8051707
https://doi.org/10.1016/S0140-6736(07)61385-3
https://doi.org/10.1007/s12134-014-0402-0
https://doi.org/10.1890/120157
https://doi.org/10.1068/a35240
https://doi.org/10.1016/j.geoforum.2015.12.008
https://doi.org/10.21138/bage.3173

Most, M. T., Sengupta, R., & Burgener, M. A. (2004). Spatial scale and population
assignment choices in environmental justice analyses. The Professional Geographer,
56(4), 574-586. DOI: 10.1111/j.0033-0124.2004.00449.x

Niinemets, U., Fares, S., Harley, P., & Jardine, K. J. (2014). Bidirectional exchange of
biogenic volatiles with vegetation: emission sources, reactions, breakdown and
deposition. Plant, cell & environment, 37(8), 1790-1809.
https://doi.org/10.1111/pce.12322

Nowak, David J.; Crane, Daniel E.; Stevens, Jack C.; lbarra, Myriam (2002).
Brooklyn"s urban forest. Gen. Tech. Rep. NE-290. Newtown Square, PA: U. S.

Department of Agriculture, Forest Service, Northeastern Forest Experiment Station.
https://doi.org/10.2737/NE-GTR-290

Nowak, D. J., Crane, D. E., & Stevens, J. C. (2006). Air pollution removal by urban
trees and shrubs in the United States. Urban forestry & urban greening, 4(3-4), 115-
123. https://doi.org/10.1016/j.ufug.2006.01.007

Nowak, D. J., Hirabayashi, S., Bodine, A., & Greenfield, E. (2014). Tree and forest
effects on air quality and human health in the United States. Environmental pollution,
193, 119-129. https://doi.org/10.1016/j.envpol.2014.05.028

Nowak, D. J., Hirabayashi, S., Doyle, M., McGovern, M., & Pasher, J. (2018). Air
pollution removal by urban forests in Canada and its effect on air quality and human
health. Urban Forestry & Urban Greening, 29, 40-48.
https://doi.org/10.1016/j.ufug.2017.10.019

O’brien, R. M. (2007). A caution regarding rules of thumb for variance inflation factors.
Quality & quantity, 41(5), 673-690.

O'lenick, C. R., Winquist, A., Mulholland, J. A., Friberg, M. D., Chang, H. H., Kramer,
M. R., ... & Sarnat, S. E. (2017). Assessment of neighbourhood-level socioeconomic

status as a modifier of air pollution—asthma associations among children in Atlanta. J
Epidemiol Community Health, 71(2), 129-136. http://dx.doi.org/10.1136/jech-2015-
206530

Powe, N. A., & Willis, K. G. (2002). Mortality and morbidity benefits of air pollution

absorption by Woodland. Social & Environmental Benefits of Forestry Phase, 2.
https://doi.org/10.1016/j.jenvman.2003.11.003

Ren, C., & Cao, S. J. (2019). Development and application of linear ventilation and

temperature models for indoor environmental prediction and HVAC systems control.
Sustainable Cities and Society, 51, 101673. https://doi.org/10.1016/].5¢s.2019.101673



https://doi.org/10.1111/pce.12322
https://doi.org/10.2737/NE-GTR-290
https://doi.org/10.1016/j.ufug.2006.01.007
https://doi.org/10.1016/j.envpol.2014.05.028
https://doi.org/10.1016/j.ufug.2017.10.019
http://dx.doi.org/10.1136/jech-2015-206530
http://dx.doi.org/10.1136/jech-2015-206530
https://doi.org/10.1016/j.jenvman.2003.11.003
https://doi.org/10.1016/j.scs.2019.101673

Richardson, E. A., Pearce, J., Tunstall, H., Mitchell, R., & Shortt, N. K. (2013).
Particulate air pollution and health inequalities: a Europe-wide ecological analysis.
International journal of health geographics, 12(1), 1-10. https://doi.org/10.1186/1476-
072X-12-34

Rodriguez, M. C., Dupont-Courtade, L., & Oueslati, W. (2016). Air pollution and urban

structure linkages: Evidence from European cities. Renewable and Sustainable Energy
Reviews, 53, 1-9. https://doi.org/10.1016/j.rser.2015.07.190
Samoli, E., Stergiopoulou, A., Santana, P., Rodopoulou, S., Mitsakou, C.,

Dimitroulopoulou, C., Bauwelinck, M., de Hoogh, K., Costa, C., Mari-Dell'Olmo, M.,
Corman, D., Vardoulakis, S., Katsouyanni, K., & EURO-HEALTHY Consortium
(2019). Spatial variability in air pollution exposure in relation to socioeconomic
indicators in nine European metropolitan areas: A study on environmental inequality.
Environmental  pollution  (Barking, Essex : 1987), 249, 345-353.
https://doi.org/10.1016/j.envpol.2019.03.050

Santana, P. (2017). Atlas of population health in European Union regions. Coimbra

University Press.

Schabenberger, O., & Gotway, C. A. (2017). Statistical methods for spatial data
analysis: Texts in statistical science. Chapman and Hall/CRC.

Seaman, N. L. (2000). Meteorological modeling for air-quality assessments.
Atmospheric environment, 34(12-14), 2231-2259. https://doi.org/10.1016/S1352-
2310(99)00466-5

Selmi, Wissal; Weber, Christiane; Riviere, Emmanuel; Blond, Nadége; Mehdi, Lotfi;

Nowak, David. 2016. Air pollution removal by trees in public green spaces in
Strasbourg city, France. Urban Forestry & Urban Greening. 17: 192-201.
https://doi.org/10.1016/j.ufug.2016.04.010

Su, J. G,, Larson, T., Gould, T., Cohen, M., & Buzzelli, M. (2010). Transboundary air
pollution and environmental justice: Vancouver and Seattle compared. GeoJournal,
75(6), 595-608. https://doi.org/10.1007/s10708-009-9269-6

Targa, J., Ripoll, A., Banyuls, L., Gonzalez, A. & Soares, J. (2022). Status report of air

quality in Europe for year 2020, using validated data (Eionet Report — ETC/HE
2022/2).

Temam, S., Burte, E., Adam, M., Ant6, J. M., Basagafia, X., Bousquet, J., ... &
Jacquemin, B. (2017). Socioeconomic position and outdoor nitrogen dioxide (NO2)
exposure in Western Europe: A multi-city analysis. Environment international, 101,
117-124. https://doi.org/10.1016/j.envint.2016.12.026



https://doi.org/10.1186/1476-072X-12-34
https://doi.org/10.1186/1476-072X-12-34
https://doi.org/10.1016/j.rser.2015.07.190
https://doi.org/10.1016/j.envpol.2019.03.050
https://doi.org/10.1016/S1352-2310(99)00466-5
https://doi.org/10.1016/S1352-2310(99)00466-5
https://doi.org/10.1016/j.ufug.2016.04.010
https://doi.org/10.1007/s10708-009-9269-6
https://doi.org/10.1016/j.envint.2016.12.026

Thunis, P. (2018). On the validity of the incremental approach to estimate the impact of
cities on air quality.  Atmospheric  Environment, 173, 210-222.
https://doi.org/10.1016/j.atmosenv.2017.11.012

Tiwary, A., & Kumar, P. (2014). Impact evaluation of green—grey infrastructure
interaction on built-space integrity: an emerging perspective to urban ecosystem service.
Science of the Total Environment, 487, 350-360.
https://doi.org/10.1016/j.scitotenv.2014.03.032

Tonne, C., Mila, C., Fecht, D., Alvarez, M., Gulliver, J., Smith, J., ... & Kelly, F.

(2018). Socioeconomic and ethnic inequalities in exposure to air and noise pollution in

London. Environment international, 115, 170-179.
https://doi.org/10.1016/j.envint.2018.03.023
Tong, N. Y., & Leung, D. Y. (2012). Effects of building aspect ratio, diurnal heating

scenario, and wind speed on reactive pollutant dispersion in urban street canyons.
Journal of Environmental Sciences, 24(12), 2091-2103. https://doi.org/10.1016/S1001-
0742(11)60971-6

Vance, C., & Hedel, R. (2007). The impact of urban form on automobile travel:

disentangling causation from correlation. Transportation, 34(5), 575-588.
https://doi.org/10.1007/s11116-007-9128-6

Wania, A., Bruse, M., Blond, N., & Weber, C. (2012). Analysing the influence of
different street vegetation on traffic-induced particle dispersion using microscale
simulations.  Journal  of  environmental = management,  94(1), 91-101.
https://doi.org/10.1016/j.jenvman.2011.06.036

Wang, K., Jiang, S., Wang, J., Zhou, C., Wang, X., & Lee, X. (2017). Comparing the

diurnal and seasonal variabilities of atmospheric and surface urban heat islands based on

the Beijing urban meteorological network. Journal of Geophysical Research:
Atmospheres, 122(4), 2131-2154. https://doi.org/10.1002/2016JD025304
World Health Organization. (2021). WHO global air quality guidelines: particulate

matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon
monoxide. World Health Organization. https://apps.who.int/iris/handle/10665/345329.
Licencia: CC BY-NC-SA 3.0 IGO

Yang, J., McBride, J., Zhou, J., & Sun, Z. (2005). The urban forest in Beijing and its
role in air pollution reduction. Urban forestry & urban greening, 3(2), 65-78.
https://doi.org/10.1016/j.ufug.2004.09.001



https://doi.org/10.1016/j.atmosenv.2017.11.012
https://doi.org/10.1016/j.scitotenv.2014.03.032
https://doi.org/10.1016/j.envint.2018.03.023
https://doi.org/10.1016/S1001-0742(11)60971-6
https://doi.org/10.1016/S1001-0742(11)60971-6
https://doi.org/10.1002/2016JD025304
https://doi.org/10.1016/j.ufug.2004.09.001

Yang, J., Shi, B., Zheng, Y., Shi, Y., & Xia, G. (2020). Urban form and air pollution
disperse: Key indexes and mitigation strategies. Sustainable Cities and Society.
https://doi.org/10.1016/j.5¢s.2019.101955

Yassin, M. F. (2012). Filtering effect of wind flow turbulence on atmospheric pollutant
dispersion. Environmental monitoring and assessment, 184(6), 3749-3760.
https://doi.org/10.1007/s10661-011-2221-5

Keywords: Air quality, GWR, Barcelona City
JEL codes: C50, Q53


https://doi.org/10.1016/j.scs.2019.101955
https://doi.org/10.1007/s10661-011-2221-5

