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Abstract

We present outcomes from a large-scale air quality citizen science campaign (xAire, 725 mea-

surements) to demonstrate its positive contribution in the interplay between advances in exposure

assessment and developments in policy or collective action. A broad partnership with 1,650 people

from communities around 18 primary schools across Barcelona provided the capacity to obtain

unprecedented high-resolution NO2 levels and an updated asthma Health Impact Assessment. It

is shown that NO2 levels vary considerably with at some cases very high levels. More than a 1,000

new cases of childhood asthma could be prevented each year by lowering NO2 levels. Representa-

tivity of site selection and the minimal number of samplers for land use regression modelling are

considered. Enhancement of community knowledge and attitudes towards collective response were

observed and identified as key drivers for successful large-scale monitoring campaigns. The re-

sults encourage strengthening collaboration with local communities when exploring environmental

health issues.

∗Electronic address: josep.perello@ub.edu
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Introduction

Outdoor air pollution causes 4.6 millions premature deaths worldwide [1] each year and

400,000 premature deaths in Europe, and contributes significantly to cardio-vascular dis-

eases, asthma, allergies, strokes or impediments on cognitive development [2–6]. Guideline

values established by the World Health Organisation (WHO) are very often exceeded by one

or multiple air pollutants in urban areas worldwide [1]. Nine out of 10 people live in areas

above the WHO guidelines.

Among the existing air pollution indicators, nitrogen dioxide (NO2) concentration level

is considered a key value to evaluate air quality in urban areas, due to its relationship with

motor vehicles with internal combustion engine emissions [7]. According to the European

Environment Agency [2], around 7% to 8% of the Europeans living in urban areas, about 25

million people, were exposed to high or very high levels of NO2 concentrations between 2015

and 2017 (above 40 µg/m3). Exposure to high concentrations of NO2 results in a broad range

of environmental health impacts [1], especially affecting vulnerable groups such as elder and

younger inhabitants, and causes for instance childhood asthma [8–10]. Motorized traffic

is a main contributor (around 70-80%) to NO2 levels in cities such as Barcelona (Spain).

Barcelona is a compact city that has a very high vehicle density (approx. 9,525 vehicles per

km2), and the majority of passenger cars are diesel (65%) [11, 12]. It is also estimated that

at least 48% of Barcelona inhabitants are exposed to high NO2 concentration levels [13].

In 2017, the annual concentrations of NO2 in Barcelona captured by the two existing

traffic automatic monitoring stations were 59 and 52 µg/m3 [13], both above the 40 µg/m3

WHO and European Commission (EC) limit values [2, 14]. This noncompliance with air

quality recommendations has been systematically reported for several years [15]. It is also

well documented that NO2 concentration levels can show strong variations, from one street

to another, and thus individual citizen’s exposure to air pollution can also vary depending

on the location he/she lives, studies or works [16–19]. However, the distribution of official

air quality stations that comply with EU Legislation [20] is not dense enough to obtain

complete or high-resolution data for any city [21–27]. For instance, in Barcelona in 2019,

there were only seven NO2 air quality monitoring automatic stations (as mentioned, two

urban traffic stations in densely populated areas and five urban background stations [13]

for a 101 km2 area, with 1.636.762 inhabitants [12]). The low number of NO2 air quality

3



automatic monitors can limit in several ways a robust understanding of air pollution exposure

distribution in cities such as Barcelona, and especially when this data is expected to be used

to translate air quality levels into health impacts and policy [21].

In terms of public awareness, a recent opinion poll in European cities showed air pollution

as the issue of most concern for citizens after climate change [28]. However, a majority of

respondents did not feel well-informed about air quality problems in their country, and only

around one third of respondents had heard of the European air quality standards. Even

with this lack of information, respondents were more likely to think that air quality has

deteriorated (58%) over the past ten years, even though the opposite occurred, and that the

EC should propose additional measures to address air quality-related problems in Europe

(71%). Finally, 38% of the respondents would like to be able to express their own views on

this issue.

Citizen science practices provide a way to actively and collectively respond to air quality

issues [29]. Citizen science, broadly defined as the participation of the public in research

[30, 31], offers methods to gather massive data and accelerate data processing while elevating

public awareness, knowledge, and understanding about scientific methods and the societal

relevance of science outcomes [32]. There are already a wide range of disciplines and topics

that are obtaining significant outcomes thanks to active public involvement in scientific re-

search [33, 34]. However, the more popular citizen science is, the more diverse and ambitious

it has become, thanks to its interplay between research, society and policy making [35–44].

Recent articles illustrate how crowdsourced citizen science data can elucidate opportunity

costs and large spatiotemporal representations including: conservation efforts of fisheries

[45], migratory birds species [46], biodiversity in general [47, 48], mosquito and other or-

ganisms control from a public health perspective [49–51], human mobility patterns [52] or

earthquake locations [53]. These examples, among others, consider and evaluate collective

spatial coverage and mapping in one way or another.

For air pollution, citizen science is generally using low-cost sensors. Indeed, connect-

edness low-cost sensor technologies [54–61] are helping to improve air quality monitoring,

transparency, awareness and action between citizens and authorities [62–64]. Cities [55, 65]

and public agencies [29] are also beginning to share their environmental exposure data and in

some cases to introduce participatory frameworks [66]. Worldwide, nonprofit organizations

[67], public health or environmental agencies [29], and even self-organised groups are indeed
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developing citizen science strategies for the interplay between advances in environmental

exposure assessment and developments in policy [55, 64, 65, 68, 69]. Opportunistic mobile

monitoring campaigns are one possible strategy to gather high-quality resolution data [70].

These campaigns make use of existing mobile infrastructures and people’s common daily

routines to deploy measurement devices, for example, with the participation of city employ-

ees to measure black carbon [71] or determining burden of disease by adding passive sensing

of human mobility using cellular phone signals [72]. Other initiatives enhance their impact

on participant’s knowledge and attitudes [73, 74] and untap the potential of incorporating

citizens and local communities in research processes [75].

The CurieuzeNeuzen citizen science project in Antwerp (517,000 inhabitants), promoted

by a group of experts, the Ringland Academy, is a particularly relevant example [76]. Aiming

to provide evidence for capping the traffic rings of the city, the role of civic movement was

combined with the role of the knowledge network in order to feed public debate with evidence

[34, 64]. CurieuzeNeuzen later evolved to the wider Flanders region of Belgium [29, 34, 64].

Another example is Mapping For Change [67]. The organisation has intervened in different

locations worldwide, including periodic greater London campaigns or specific campaigns in

African cities where citizen science collected ambient concentrations might be the only air

quality records available [67]. Mapping for Change takes collective mapping and community

based research approaches, and their campaigns show wider implications in aspects such as

scientific literacy [77]. These two initiatives both use Palmes diffusion tubes for monitoring

NO2 concentration levels [29, 78].

Palmes’ sampler consists of an acrylic tube 7.1 cm long and 1.1 cm internal diameter

and they can be hung at selected locations. Palmes tubes are thus simple, relatively cheap,

easy to use, ideal to be deployed in large numbers over a wide area and thus providing good

spatial coverage [23, 29]. Palmes tubes also comply with the data quality objectives (e.g.

EU/WHO standards) and they are comparable to long-term limit values like annual average

[64], a key and easy-to-understand value both for citizens and public bodies [29]. All these

characteristics make Palmes tubes an attractive choice for citizen science initiatives [64, 67]

such as the xAire project (Barcelona, Spain).

The xAire project was conceived as a pop-up citizen science initiative [79] within the

City Station (a participative community-based initiative) as part of the After The End of

The World exhibition at the Centre de Cultura Contemporània de Barcelona (an important
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exhibition venue in Barcelona, 2017-2018). Under the general framework of art-science hy-

brized initiatives (e.g. [80]), several participatory research activities were taking place at

the City Station, and the xAire project was the most ambitious one. A broad partnership

was established to launch the xAire project with more than 1,650 participants, 10 profes-

sional research scientists (the authors of this article), about 36 teachers and 4 non-scientific

organisations. To articulate this large participation and catalyze its impact in the city, the

xAire project opted to make a general call to families through primary schools (with children

between 7 and 12 years old) with a similar spirit to other experiences with students that

link popular epidemiology and community based research [81]. The xAire project was built

as an opportunity for families to meet and work together in an inclusive after-class activity

that enabled families to directly intervene in a topic related to the health of their children.

As a partner of the xAire project, the Barcelona Education Consortia (public schools

municipal network, Consorci d’Educació de Barcelona, CEB) engaged 18 primary public

schools evenly distributed among the 10 districts of the city. Provided with a methodology

guideline [82], after a training session and in a coordinated manner, the schools organised

mixed groups of 4-5 people with parents and children and autonomously placed up to 800

Palmes passive diffusion tube NO2 samplers following identical protocol and resulting in

725 valid data points (671 outdoor, 31 outdoor playground, and 23 indoor school, between

February 16th 2018 and March 15th 2018, four weeks). In the case of Barcelona, large

simultaneous sampling has only been conducted by professional scientists, and it has never

reached more than 300 sampling points [21]. Each of the schools interpreted the data and

provided a set of conclusions and demands during the Barcelona Science Congress, where

young students were the presenters and the attendants, with the presence of the Barcelona

Mayor. The schools also promoted the organisation of a non-initially planned event at

the Town Hall where representatives for each school delivered results and demands to the

Deputy Mayor of Ecology, Urbanism and Mobility, and the Commissioner of Ecology. Data

was finally uploaded onto a digital mapping platform for public consultation [83]. Broad

press coverage reported this unprecedented effort in the city of Barcelona throughout the

project (e.g. [84, 85]).

Cost-effectiveness and the simplicity of the Palmes passive samplers [78] facilitates the

inclusion of large numbers of citizens in a study that can bring several benefits to society

while providing new scientific insights [62, 64]. However, compared to citizen science ini-
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tiatives in other fields or topics, studies to demonstrate on a large scale (city level) the full

potential of citizen science for air quality monitoring are still scarce and partial [64]. Some

studies have focused on the methods and strategies being deployed [67, 76], while others

on data quality and standards compliance [64]. Others show their societal impact through

interviews [73] or highlight the need to take an inclusive approach in research design [74, 75].

The main goal of the current paper is thus to jointly present the results of the xAire project.

We pay special attention to three key interdependent aspects that, from our perspective, can

make citizen science practices an attractive approach to face air quality issues in our cities:

(1) an unprecedented, reliable, and representative high-resolution air pollution level data;

(2) an updated high-resolution air pollution exposure for Health Impact Assessment (HIA);

and (3) an enhancement of community (and individual) knowledge and attitudes towards

city-level collective responses to air quality issues. The main reason for this multifaceted

approach in a single paper is precisely because it is at this broad level where potential of air

quality citizen science initiatives can be fully perceived.

Results

Results are structured in three subsections. Firstly, urban NO2 concentration data in

a high-resolution level is carefully analyzed and data quality is discussed in terms of reli-

ability and representativeness. Secondly, we show how the large number of spots enriches

and updates current Land Use Regression (LUR, e.g. [86, 87]) models for both air pollu-

tion exposure and HIA in the case of asthma disease (for the 1-18 year old population).

Thirdly, participants’ knowledge and attitudes are reported to provide qualitative evidence

on how the xAire project has increased public awareness and promoted bottom-up collective

actions to improve air quality. To provide further context to the research outcomes, Figure

1 summarizes the different phases of the xAire research process, including co-definition and

interaction with participants to select sampling sites, from the project inception to results

interpretation that were publicly shared and motivated collective actions. The Methods sec-

tions provide detailed information on where the xAire project was created, on the preliminary

test serving as a participatory prototyping effort, on the participatory process involving com-

munities from 18 primary schools, and on the Palmes’ passive samplers deployment following

a common protocol, among other technical aspects.
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Context and inception

After the End 
of the World
Art-science 
show
Climate crisis

City Station
Participatory 
Infrastructure
To improve 
environmental health

xAire
Large-scale 
campaign
To increase air 
pollution information

Participatory research process

Cultural centre Cultural centre, 
municipality, city 
district, civil society 
organisations, com-
panies, public schools 
consortia, universities, 
and research centres.

Cultural centre, 
municipality, 
companies, festival, 
research groups,  and 
public schools 
consortia.

Recruitment 
Communities 
around evenly 
distributed public 
schools

Codesign
Scientific 
protocol and 
training to 
community 
representatives

Samplers’ 
location
Each community 
decides following 
shared protocol

Sharing 
All communities
share  their 
locations to avoid 
overlaps

Simulta-
neous
800 Palmes tubes 
for 4 weeks, 
1,650 
participants

Laboratory 
Annualized 
nitrogen dioxide 
levels. Data is 
delivered to each 
group.

Interpreta-
tion
Each community 
interprets their 
own dataset. 725 
locations in total

Large-scale citizen science campaign outputs

High-resolution 
NO2 levels

Health Impact 
Assessment

Community 
knowledge and 
collective action

Communica-
tion and 
Collective 
Action
Each community 
communicates results. 
Communities  promote 
collective actions and 
support air quality
demands

FIG. 1: A summary of the xAire project. Project inception and its context together with

a description of each step in the participatory research process jointly with the interdependent

outputs of its large-scale air quality citizen science campaign. Color intensity grades the intensity

level of participation of the schools. Further details in Methods.

High-resolution NO2 concentration levels

The xAire project distributed a total of 800 passive samplers to different school groups,

and this joint effort finally resulted in a total of 725 NO2 valid concentration level points

(91% of the total samples, a slightly higher success ratio than a recent even larger air

quality citizen science campaign in Belgium [64]). Figure 2 shows the map with all samplers’

locations selected by participants.

Figure 3(a) verifies a high degree of precision and accuracy, and confirms that obtaining

very good quality data in large-scale citizen science NO2 campaigns is effectively possi-

ble. Furthermore, annual concentration adjustment factor to data can be applied [88]. De

Craemer et al. [64] have recently shown the validity of this extrapolation procedure in a

similar large-scale citizen science campaign. We will use the annual adjusted data in all the

forthcoming analyses. See Methods, Data precision and accuracy section for further details.
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FIG. 2: Map with all sampler locations (n=725). It includes outdoor locations n=671,

playgrounds n=31, inside school buildings mostly inside classrooms n=23 with colour code based

on their annualized NO2 concentration level. This is an English version of the map delivered to

public authorities (see Methods Public presentations and Tables S1 and S2).
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FIG. 3: Samplers compared to automatic stations. (a) Passive samplers (averaged triplicate

Palmes’ diffusion tubes, co-located samplers at each station) linear regression (solid line) with re-

spect to automatic monitoring stations. Dashed lines delimit 10% error tolerance, all samplers are

within this uncertainty tolerance (dashed lines, see also Methods, Data precision and accuracy).

(b) Annualized NO2 outdoor (n=671) concentration levels comparison between the seven auto-

matic monitoring stations and the average of xAire samplers when divided into the corresponding

districts. Sarrià and Gràcia districts are assigned to the same automatic monitoring station [13].

There are two traffic automatic monitoring stations (Sarrià/Sant Gervasi or Gràcia and Eixample)

and five background automatic monitoring stations (Horta Guinardó, Les Corts, Sants / Montjüıc,

Ciutat Vella, Sant Mart́ı).

Aligned to other studies made with and without citizen science strategies [16–19, 64]

Figure 3(b) shows that passive samplers records describe relevant differences with respect

automatic official monitoring stations (averaged annual monitoring reference [13]). In fact,

the average overall passive samplers (49±1 µg/m3) is higher than the Barcelona level aver-

aged over the automatic official monitoring stations (42±4 µg/m3, n=7 [13]). Indeed, 68%

of the xAire outdoor samplers give higher values than the Barcelona level averaged over the

seven automatic stations (see Table S1).

Figure 4 illustrates several statistical aspects related to the xAire passive samplers. Again
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consistent with current literature [16–19, 64], Fig. 4(a) shows a large range of concentrations

(mean=49±1 µg/m3, median=45, Quartile 1=39, Quartile 3=55, Skewness=1.82, see Table

S1). There is a considerable number of samplers (5%, n=34) that have concentration levels

higher than 86 µg/m3. Figure 4(b) goes into more detail and discerns between traffic sites

(mean=52±1 µg/m3, n=482, 5% of the samplers show higher values than 89 µg/m3) and

background sites (100 meters away from streets with motorized vehicles, mean=41±1 µg/m3,

n=182, 5% of the samplers show higher values than 56 µg/m3), thus confirming strong

differences persist within this classification (see also Table S1). Averaged annual levels

from traffic (n=2) and background (n=5) automatic official monitoring stations [13] are

respectively 56 and 38 µg/m3.

Looking at the granularity for the 10 districts, boxplot in Fig. 4(c) and Tables S2 and S3

show that even within each district there exists a strong variability biased towards higher

concentration levels. Background concentration levels are generally lower than traffic con-

centration levels. Figure 4(c) shows disparity among the 10 districts and this also becomes

evident in Table S2 where in 3 districts 5% of the samplers show values at least higher than

89 µg/m3. In one of these 3 districts, 5% of the samplers have values below 28 microgram/m3

(the lowest value over all 10 districts).

Schools were also interested in knowing the air quality in their playgrounds (n=31) and

inside their schools (n=23, indoor, mostly inside classrooms). The xAire project left the

freedom to each school to use some of the samplers for this purpose. NO2 concentration

levels are in both cases quite high. The playground outdoor mean level is very close to the

EU/WHO threshold (37±1 µg/m3, median=38, Quartile 1=34, Quartile 3=40, see Table

S1). School indoor samplers broadly show, as expected, lower levels but they are broadly

distributed (31±3 µg/m3, median=28, Quartile 1=24, Quartile 3=36, Skewness=2.43, see

Table S1). Both values are positively correlated (Pearson correlation ρ = 0.34, n=15).

Linear regression y = ax+ b of indoor school levels with respect playground levels can also

be performed albeit errors are high (a = 0.24 ± 0.17 and b = 28 ± 5 µg/m3).

Regarding the question of whether samplers’ location can be considered to be represen-

tative, participant’s selection may result in underexplored areas and general conclusions

from the data collected may be thus questioned. Spatial representativeness is indeed a key

question raised in environmental monitoring or collective mapping citizen science projects

[36, 39, 45–48, 51, 53, 89–91]. In the context of citizen science and air quality monitoring,
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FIG. 4: Statistical aspects of passive samplers. (a) Distribution of sampling sites with respect

to their NO2 outdoor concentration levels. (b) Disaggregated traffic (red) and background (blue)

distributions of sampling sites as a function of their NO2 concentration levels. Vertical dashed

lines correspond to mean values of traffic (red) and background (blue) samplers. (c) Disaggregated

traffic (red) and background (blue) NO2 concentration levels for every district including median

(white line), interquartile (between 25% and 75%, boxes) and 95% confidence intervals (bars).

there is still no literature to evaluate this issue. Since xAire aimed to evaluate representa-

tivity in terms of air pollution exposure and HIA for Barcelona inhabitants, we evaluated

the outdoor samplers’ spatial distribution and compare it with the population spatial distri-

bution all over Barcelona at the smallest scale available [92] (census tract scale, few blocks).

Figure 5(a) shows that both distributions are very similar and the two-sided Kolmogorov-

Smirnov test allows us to state that participant’s selection is representative enough to

undergo an air pollution exposure analysis (KS test: 0.05, p-value: 0.32, see Methods

Kolmogorov-Smirnov test and Pearson correlation). The average population per census tract
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FIG. 5: Distribution of passive samplers sites. (a) Distributions of population (red, n=1,068)

and distribution of samplers (blue, n=671), per unit of census tract. (b) Scatter plot between NO2

concentration levels and population in each census tract (Pearson’s r=0.08, p-value=0.035). See

Table S4 for detailed statistical traits.

in Barcelona (n=1,068) is 1,525±11 (SD=358) while the equivalent one by taking the sam-

pler’s location is 1,556±15 (SD=383, n=671). Table S4 provides further statistical details.

Similarly, and at least as a test-bed, we can perform the analysis with the income spatial

distribution [93] showing a much weaker similarity which leads us to conclude that our sam-

ple spatial distribution is not representative of Barcelona income spatial distribution (KS

test: 0.11, p-value: 0.0001, Fig. S1(a) and Table S4). If the research aimed to incorporate

this economic dimension [62], it would be then necessary to change participatory protocols

or to engage alternative or additional communities, in our case evenly distributed commu-

nities around public schools across Barcelona and somewhat under-representing wealthier

neighborhoods.

Finally, the current analysis also allows the study of the correlation of NO2 concentration

levels with population (see Fig. 5(b)) and with income (see Fig. S1(b)). See also Methods

Kolmogorov-Smirnov test and Pearson correlation. Correlations are in both cases small, but

income is observed to be more relevant in relation to air quality exposure and, maybe in

contrast to other cities, it is positively correlated with income [62].
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LUR model and asthma exposure

The best Land Use Regression (LUR) model [17, 86, 87, 94] found includes as covariates:

the total traffic flow (total vehicles per day passing through) within 25m and 100m circular

buffer, building density (total terrain surface covered by built area) within 100m circular

buffer, site type (the sampling location characterization in terms of traffic flows, e.g. traffic

or background), the interaction of traffic flow within 25m with district sampler location

(x and y coordinates, k = 10 in Barcelona) and a Generative Additional Model spatial

component. The air pollution concentration levels:

NO2 ∼ trafflow25 + trafflow100 + build100 + type + trafflow25 × dist + s(x, y, k = 10)

The best model performance using the xAire data was found for a scenario with a total of

370 sampling sites after excluding samplers placed within 25m from a street intersection or

a bus stop and in addition to removing all influential observations based on standard Cook’s

distance. See Methods, Land Use Regression model for further details about the procedure.

It represents a larger number of samplers than in any other previous simultaneous study in

Barcelona [21]. Adjusted R2 (0.60) and leave-one-out cross-validation R2 (0.55) provided

a moderate model performance, a bit lower than most of the models published, which are

around 0.70 and 0.80 [86, 87]. Participants’ sampling selection could explain these small

differences since site selection in LUR models is systematically applied for ensuring the best

model performance.

The number of sites used in the xAire project for LUR modelling are well above the 80

measurement points being used in previous NO2 air pollution exposure [95] and the minimum

of sites required (n=120) to obtain a stable and reliable model performance [96, 97]. The

latter studies have shown that models with a higher number of sampling sites produce a

better model performance and less chance of including noisy predictor variables into the

model [96, 97].

The xAire data also allowed for an updated and high-resolution picture of health impacts

related to NO2 in Barcelona. A quantitative HIA framework was used to estimate the

childhood asthma cases attributable to NO2 concentrations in a census tract level (see Figure

6), as described in Table I, Methods, Health Impact Assessment, Figure S2 and References

[8, 10]. Using the WHO guidelines (annual concentration of 40 µg/m3 of NO2 [14]) as

counterfactual exposure, the HIA analysis estimated that 225 cases of asthma in children
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Scenarios 1 and 2 % Asthma cases LCI UCI

Comparing with WHO guidelines (40 µg/m3) 9 225 96 302

Comparing with minimum reported levels (1.5 µg/m3) 42 1,084 515 1,364

TABLE I: Results estimating the percentage and number of annual asthma cases in

children (1-18 years old) attributable to NO2. We use xAire data from Barcelona in two

different scenarios. LCI: Lower confidence interval of asthma cases; UCI: Upper confidence interval

of asthma cases.

(1-18 years old), around 9% of all asthma cases in Barcelona, could be attributed to NO2

concentrations. In addition, using a counterfactual exposure of 1.5 µg/m3, the HIA analysis

estimated 1,084 cases of asthma in children could be attributed to NO2 concentrations,

42% of all asthma cases in Barcelona. These figures are consistent with previous studies

estimating asthma related to air pollution in children in Barcelona, which suggested that

48% of all asthma cases in children could be attributed to NO2 (1.5 µg/m3 threshold and

for year 2009) [10]. Furthermore, it suggests that the current WHO guidelines are not strict

enough to prevent many of the annual cases of childhood asthma in Barcelona (n=859).

Knowledge and collective action

After approximately four weeks, the xAire project returned the data to each school group

(through teachers and family representatives). All school groups autonomously and inde-

pendently discussed the NO2 concentration levels in their districts according to the sites

selected (with 40 samplers each, inside and around the school, see Methods, Participatory

process). The results were mostly discussed in terms of the WHO and EC limit values [2, 14]

with special attention to those sites far beyond these limits. Table 2 lists the school names

jointly with their codename and the student’s age and grade. Methods, Public presentations

provide the details on the context where participants presented the research results.

The discussions demonstrated a clear understanding of the monitoring data and on the

process of scientific inquiry: 7-8 year old children were able to perfectly explain the scientific

protocol to a regional TV (JM school [84]) or during the Science Congress organised by the

Barcelona Education Consortia (e.g. ES school with 11-12 year old children [98], and JM

school with 6-7 years old children [99]). During the official meeting with representatives of
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NO2 (µg/m³)

FIG. 6: Barcelona map of NO2 concentrations at census tract level (n=1,068). The LUR

model is implemented to the optimized xAire data set (n=370). Color grid varies depending on

the NO2 concentration levels.

the City Council, students pointed to the correlation between air quality and traffic density

or between air quality and the lack of green spaces [100]: ”We had to locate traffic and

background spots: we rapidly noticed that we had not many background locations. This
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means that in our neighborhood (Sant Andreu) there are not enough green areas” or “We

located two spots in Avinguda Meridiana since we believed that, there, the nitrogen dioxide

levels would be higher than in other places, and we were right” (CF school); “A very clear

correlation is observed between air quality and traffic density” or “What contributes most

to the poor air quality in our neighborhood is the traffic ring of the city” (at DM school,

they retrieved additional data on traffic to support these two statements, see also [101]);

“Our school is located in a touristic area, where theres is a lot of traffic, both cars, buses

and coaches. This explains that in some of the locations we have obtained values greater

than 70 µg/m3” (SF school); “Tubes with poor or very poor air quality are the ones on the

busiest streets and with a large number of vehicles” (TB school), “We observe that locations

close to Passeig de la Zona Franca and Ildefons Cerdà square show high levels of nitrogen

dioxide because there is a high traffic density” (SE school) [102].

Since the diffusion tubes were often located in the home-to-school path [98, 103], the

results were relevant to students, and they were able to make a diagnosis on their own

with no professional scientific supervision and noticed that “it was not easy to find a non-

polluted pedestrian path to go to school” (ES school [98]). EH school studied the difference

in NO2 levels: “Larger streets showed higher levels due to the high traffic density” [104].

Observations were also made regarding green areas [100]: “Air quality was qualified as ‘very

good’ only in a little park surrounded by buildings.” (SM school); “In the fewest green

areas we have in the neighborhood, the air quality is qualified as ‘poor’ or ‘moderate’” (SF

school). The results also generated surprise [100]: ”This data tell us we are exposed to a

’moderate’ level of pollution, which, given where our school is located, we expected a better

rate” (AG school); ”Most of us think that it is a neighborhood where there are many parks

and with the Superilla the air should be cleaner.” (SM school, Superilla/superblock is an

urban intervention that reduces motorized vehicles).

The students indeed reported that the data collection process enhanced their connec-

tion to place and awareness about air pollution exposure in their school and district while

considering possible effects in health and well-being [103, 104]. Results explicitly gener-

ated concern when related to health [100]: “Only one tube showed a good air quality” (PC

school) [105]; “We have an average of 50 µg per cubic meter and this makes Ciutat Vella

district the second district most polluted in Barcelona. Very sad news for us!” (CE school);

“Our school is surrounded by three highly polluted streets which we also have found to be
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Primary School Code District Age (years old) Grade

1 Els Horts EH Sant Mart́ı 10-12 5th, 6th

2 Sant Mart́ı SM Sant Mart́ı 10-11 5th

3 El Sagrer ES Sant Andreu 11-12 6th

4 Can Fabra CF Sant Andreu 11-12 6th

5 Calderón de la Barca CA Nou Barris 7-8 2nd

6 Timbaler del Bruc TB Nou Barris 9-10 4th

7 Pau-Casals PC Gràcia 8-9 3rd

8 Sagrada Famı́lia SF Gràcia 9-10 4th

9 Joan Miró JM L’Eixample 7-8 2nd

10 Fort Pienc FP L’Eixample 11-12 6th

11 Dolors Monserdà Santa Pau DM Sarrià-Sant Gervasi 11-12 6th

12 Seat SE Sants-Montjüıc 9-10 4th

13 Àngels Garriga AG Horta-Guinardó 10-11 5th

14 Coves d’en Cimany CC Horta-Guinardó 10-11 5th

15 Àngel Baixeras AB Ciutat Vella 11-12 6th

16 Cervantes CE Ciutat Vella 11-12 6th

17 Les Corts LC Les Corts 11-12 6th

18 Lav́ınia LA Les Corts 11-12 6th

TABLE II: List of public primary schools involved in the xAire project. The columns

include information related to the code name used, the district, the age range (in y.o.), the grade

of the students.

those with more dense traffic“ (ES school, the school measured the traffic flow on their own

[98]); “The air quality in front of the school is “very poor” (JM school); “In our playground

the air quality is qualified as “moderate” and “poor”, that is the reason why we are very

worried” (SF school); ”We find it very worrying that the air we breathe when we are doing

Physical Education or when we are playing at the playground. The air is unhealthy where

we do outdoor activities at our school and where we do extracurricular activities. [...] We

are especially concerned about our younger teammates because they are breathing polluted

air when they are at the playground.” (LC school). The students correlated the results

18



with health impacts [100]: ”Not having good air quality implies: more respiratory diseases,

interferences in the cognitive development of school-aged children” (AG school). They also

demanded public authorities to take some action [100]: ”The air quality we breathe in our

district is poor. And we believe that it is very necessary to look for urgent solutions to this

problem.” (SF school); “The average level in our district is 45 µg per cubic meter, which

implies that the air quality is poor. This is worrying us and we hope you can take some

action“ (CF school); “We ask you as policymakers to consider the action plans we propose

with the aim to improve our health and the health of our city” (JM school).

The measures proposed by the young students during the event with public authorities

ranged from the promotion of use and (economic) accessibility of public transport in the

neighborhood (DM, JM, AG, and SE schools [100], and also TB school [106]), the promotion

of pedestrian routes (JM, AG, SE, and AB schools [100]), a substantial increase of green areas

and pedestrian streets (ES, CF, JM, LC, and SE schools [98, 100, 107]), installing parking

lots to persuade commuters to not enter to Barcelona with private cars (DM school [100]),

covering the ring road (DM school [100] and [101]), limiting car circulation or shifting from

combustion to electric vehicles (DM, JM, AG, AB and FP schools [100, 108]), or promoting

the use of bikes and electric scooters with new lanes (DM, SE, AG schools [100] and TB

school [106]).

Furthermore, families’ engagement - who received training, collaborated in the planning

and implementation of the samplers location - was excellent. Large numbers of families

showed willingness to come to an evening training session, which turned into a general

assembly to agree on a shared protocol (see Methods, Participatory process). They also

collaborated in the decision-making process of the places where samplers were installed, in

the deployment and removal of the samplers, and in several events to promote change based

on data collected. A mother from SF school said “I’ve always been very involved in school.

I did not hesitate to be part of the project and also learn about air quality sensors” [85].

The supportive engagement of students’ parents and relatives points to how environmental

awareness and advocacy could be diffused through peers and social networks [115]. SF school

evaluated the activity during their presentation in front of the public authorities, describing

xAire as [100]: “a fun activity. [...] We learned a lot of different things and it helped us

get to know the neighborhood better”. Beyond scientific skills, the teachers agreed that the

xAire project helped the students see the social value of the knowledge produced within
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the class group. A teacher from JM school explained that “when kids see that behind an

activity there is a reason and an intention, they feel fulfilled” [85] and another teacher from

SF school stated: “They are at an age that all excites them, they are very receptive, they

cheer up right away. I am convinced that they will never forget this experience” [85]. The

teacher from SF also stated that “it has [also] been a stimulus for her. If the teacher is

motivated the students too.” [85]. She also admitted that although “[It] was an intense

work at the team level, they generated digital skills and, above all, they are now very aware

after learning about how air quality affects their health and their learning performance.

Such intense experiences, also have an effect inside families” [85].

Most of the schools took further action beyond data collection and discussion within the

xAire planned activities and disseminated their results in a number of local events and in

front of a variety of audiences (see Methods, Public presentations). The SF group came

together with their families (more than 40 people) and teachers to actively participate in

the Barcelona Science Festival and autonomously presented the results of the research to

the public. Another school group of about 20 students (SM) arranged the presentation of

their results in front of an adult audience at the Barcelona Mobile Week, which triggered a

vivid debate in the audience that continued on Twitter afterwards about the benefits and

pitfalls of the Superilla urban intervention in the district. ES and TB schools started a

local campaign with families and neighbors [98, 106]. ES school submitted a formal petition

to remove traffic in a central and congested street in the district (Av. Meridiana) and

surrounding area, and finally presented the results in front of the Mayor at the opening of

the Science Congress and directly asked her to immediately start the major works already

planned to reduce traffic and increase the amount of green space [98]. CF school, based on

their concern on air quality, decided to introduce plants inside classrooms through a new

research project [107], TB school chose new or modified the plant species in their garden

by considering their capacity to absorb pollution [106], and SF and TB schools started to

construct vertical gardens in their school playground [103, 106].

Discussion

This paper describes the experience of a large-scale and unprecedented citizen science

monitoring campaign in Barcelona (Spain) with NO2 passive Palmes diffusion tubes [2, 78].
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Eighteen primary schools evenly distributed in the 10 city districts and 1,650 participants

(7-12 year old children, their families and teachers) deployed 725 samplers across Barcelona

(671 outdoor samplers, 31 in playground and 23 inside school buildings), selecting their

locations and autonomously interpreting their NO2 concentration levels. We have reported

the multifaceted outcomes of the xAire project to support the broad statement that citizen

science can contribute to air quality monitoring in its interplay between advances in environ-

mental exposure assessment and developments in policy [2, 35, 42, 62, 64, 109]. We further

assess the health impacts that air pollution levels have in the city. The xAire project is an ex-

ample of how a broad partnership is able to enhance community (and individual) knowledge

and attitudes towards city-level collective response to air pollution exposure [73–75].

There is already a large number of opportunities for high-resolution measurements of air

pollutants in cities [54–61]. Due to the increasing evidence of adverse health effects, the

related technological and scientific efforts need to be accompanied by actionable insights

that harness policies, recommendations and collective actions both at a city level and at a

high-resolution (neighborhood, census tract) level [62]. However, public support for policies

might be jeopardized due to the public perception of lack of information or the unsatisfied

desire of citizens to express their own views on air quality issues [28]. Therefore, it seems

necessary that rigorous and robust scientific methodologies offer citizens an active role in

the scientific research process. Citizen science practices, broadly defined as the participation

of the public in research [30, 31], can offer this space.

In xAire, communities (class groups jointly with families and teachers) have successfully

delivered reliable data following a shared protocol that was jointly agreed, and co-designed in

a preliminary testing phase which was built upon previous experiences [67]. The distribution

of NO2 concentration levels reported was ample and revealed high to very high levels (5% of

the samplers, n=34, show levels higher than 86 µg/m3), thus confirming that air quality is a

serious issue throughout Barcelona, also at a high-resolution level. Extending participation

by selecting the sites and by informing and autonomously interpreting the results obtained

might indeed explain the high quality of the data (high success ratio in sample deployment

and with satisfactory meta-data) which circumvents the risk of low quality data due to the

fact that non-experts may report less information than experts [110].

Participatory processes also have the risk of a lack of representativeness in the distribution

of samplers at a city level. Representativeness is a key discussion in biodiversity monitoring

21



with citizen science practices. Some articles have already highlighted the need to statistically

handle biases [36] of spatial data due to particular amateur preferences for species and

habitats [89, 90]. In some experiences, citizen science monitoring is then reduced to a

complementary support to the ongoing conservation management efforts [91]. Unfortunately,

there is still no systematic agreement about how to deal with these issues in air quality

citizen science campaigns. xAire considered representativeness in terms of population spatial

distribution as the project was oriented to health impact evaluation. Spatial population

distribution of xAire sampling in a census tract level has been shown to be consistent with

city spatial population distribution but it has shown inconsistencies with inhabitants’ income

spatial distribution. Participatory design process (recruitment and research protocol) thus

necessarily needs to be reconsidered if a different research question is posed.

The air quality map generated by xAire represents an invaluable tool to estimate current

exposures to NO2 in Barcelona: it used an increased number of measurement sites compared

to previous models with samplers distributed by professional scientists, and an updated (and

therefore more realistic) set of concentration levels. To conduct the HIA for asthma cases,

we developed the LUR model [17, 86, 87, 94] with 371 sites out of the 671 samplers deployed

by citizens. This number can be understood as a minimal necessary number to obtain

a complete picture of Barcelona, and greatly extends previous measurements [21, 95–97].

The study shows that new methods to efficiently integrate citizen science contributions in

these models are urgently needed, in the same way as new methods have been recently

demanded in the context of air quality compliance and policy support [64]. Furthermore, at

a practical level, the estimate of childhood asthma cases attributable to NO2 concentrations

(in terms of percentage) in a census tract level provided by our citizen science approach

is found to be statistically consistent with previous contributions in the literature [9]. It

is also shows the large impact that air pollution still has in the city, with more than a

1,000 new cases of childhood asthma in the city each year. The result also encourages the

implementation of large-scale air quality citizen science campaigns in those cities that lack

automatic monitoring systems [67, 111]. All these different outcomes reinforce the idea that

citizen science practices can effectively contribute to environmental exposure assessments

and policy.

Perceptions are an important component of behavior change and shape public response

to environmental management [112]. Governments are grappling with how to empower
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citizens to be involved in various aspects of environmental management [29, 113, 114]. While

acknowledging the potential of community and individual level interventions for reducing

exposure to air pollution and improving public health, citizen participation in data collection

and environmental monitoring can play a major role in increasing environmental awareness

by improving peoples’ perceptions of exposure and risk for individual acceptance and action

[115–117]. Overall, participation in crowd-sourced collection of air pollution exposure can

therefore contribute to promote knowledge and understanding of the practice of science

[118] and relevance of scientific outcomes, but also improve environmental awareness and

advocacy [115–117].

Finally, large-scale air quality citizen science campaigns should not be simply seen as a

public awareness (or a science dissemination) activity and a hands-on education programme

[119]. Lower intensity level of participation is extremely valuable and might be seen as

sufficient by professional scientists to engage citizens, but it does not guarantee per se a rig-

orous collection of high-resolution and representative air quality data nor an improvement in

current air quality exposure maps, LUR models or health impacts. With a more intense par-

ticipatory component, such as research co-design [120], participants can anticipate benefits

which in turn are organically incorporated in the project design. This citizen science ap-

proach adds sophistication to the scientific research process as it requires multidisciplinary

professional scientists and the involvement of non-academic organisations, such as school

networks (see also the recent Clean@Schools [121] experience) and is not limited to public

agencies. Public presentations showed that the xAire project has substantially increased the

students’ (aged between 7-12 years old) and their families’ knowledge and understanding

of air quality measurements. Participants were also able to evaluate the relation of motor

vehicles and internal combustion engine emission with NO2. Through placed-based learning

[116, 119] and the use of scientific standards and methods as a means of verification [122],

citizen science has proven to contribute to improved risk identification, problem-solving

[123], environmental stewardship [117], advocacy [115] and conservation action [116]. Ac-

tive citizen support and new forms of communication among experts and citizens and the

involvement of all major stakeholders are crucial to find and successfully implement health

promoting policy measures.
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Methods

Context

The xAire project was conceived within the City Station participative community-based

project as part of the After The End of The World exhibition at the Centre de Cultura

Contemporània de Barcelona (October 2017 to May 2018), and built with the artist and

engineer Natalie Jeremijenko. The exhibition was devoted to climate change with a highly

experiential mode. As part of the exhibition, City Station was a public space and infrastruc-

ture to enable several actions for improving environmental health in a participatory manner

(November 2017 to April 2018). City Station was placed in a community space (Passatge

Trullàs, Barcelona) in collaboration with the Barcelona City Council and the Taula Eix

Pere Quart (civil society organisation). City Station was conceived as a citizen platform

that, with the support of a broad list of scientific research groups and united the effort of

neighbors, collectives, cooperatives of the Poblenou neighborhood.

Preliminary test

During discussions with groups of citizens and several scientific research groups at City

Station (see Methods, Context), the decision was taken to conduct air quality measurements

due to the lack of air quality information for the general public in specific points in the city,

but also due to the lack of extensive high-resolution scientific studies in Barcelona. In order

to gain practical experience in participatory air quality monitoring, and inspired by the

experience of Mapping for Change in London [67], as part of a COST Action programme

grant, some of the authors and a group of about 40 neighbors jointly designed first protocol

while installing 40 passive diffusion tubes samplers in the Poblenou neighborhood. Special

attention was given to locate the tubes inside and outside of a Superilla area (superblocks)

where, not without public controversy, the municipality had recently pacified motorized

vehicles (air quality samplers’ installation: November 12th 2017; removal: December 15th

2017). Based on the pilot, revisions were made to the protocol that was then presented

to the schools in the participatory process. For example, in the pilot phase, several tubes

were placed at bus stops, but all of these tubes were removed, so this sampling location was

excluded in the revised protocol.
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Participatory process

Through the Barcelona Education Consortia (Consorci d’Educació de Barcelona, CEB)

we firstly explored the potential interest of schools and families to participate in the xAire

project. An initial meeting was organised on November 30th, 2017 with Primary school

teachers. The feedback was very positive and enthusiastic. Due to logistics and budgetary

limitations, the CEB chose between one and two schools per district based on the strength

of their commitment and their diversity (18 in total). Primary schools were engaged through

their teachers and decided which specific classes and groups from their schools would par-

ticipate and then invited families to join. The list of 18 schools with its code name, district,

grade and age range is reported in Table II. A massive afternoon training session for teachers

and families was then organised and the whole scientific protocol was discussed with more

than 200 educators and family representatives from all 18 schools engaged (January 18th,

2018). The training session used an assembly format and included key aspects of Palmes

diffusion tubes samplers (see Methods, Measurement technique). After the session, the pro-

tocol was revised again and sent via email to the focal points established at each school. The

protocol guide included the objectives of the initiative, a description of the key players, a

calendar with milestones, and a detailed, step-by-step description on how and where to place

the diffusion tubes [100]. After this session, each class group was asked to plot the 40 tube

samplers on a map during class hours, at home (with families), and eventually during a walk

in their respective neighborhoods. They chose their preferred locations through discussions

with teachers and families in accordance with the following criteria: 1) each school had to

include one location at the main entrance of the school, one at the playground and one in-

doors 2) the rest of the samplers were to be deployed outdoors aiming to achieve background

(at least 10% of the samplers 300 meters away from motorized roads) and traffic-orientated

locations, avoiding specific spots such as bus stations and intersections, and placing tubes

at least 100 meters distance apart from each other. One week before starting the collective

sampler placement, and to avoid overlaps or anticipate problems, each school delivered a

map to the xAire coordination team indicating where their tubes would be located. An

overlap in the locations in two schools and a too dense tube’s distribution in one school were

detected. These resulted in a revision of half a dozen sampler locations. School represen-

tatives came to pick their 40 samplers on February 15th 2018, one day before deployment.

25



This meeting served to finalize logistics details and resolve remaining doubts or questions.

The samplers were installed simultaneously on Friday, February 16th, 2018, around 5pm,

and they were removed 4 weeks later (the optimal time window to maximize Palmes diffusion

tubes precision [64]). Groups spent up to 2 hours to complete their deployment routes.

As described in the protocol [100], each group brought a small ladder to place the samplers

at approximately 2.20 meters high with their clip. Each tube was identified with a four digit

numeric label. The participants then completed a paper based table with the following

information: the address and the GPS coordinates (using their own mobile phones) together

with the reference code of each tube. Each sampler was also classified depending on its

location: indoor (inside the school), playground (outdoor), outdoor urban traffic and outdoor

urban background. The same operation was repeated during sampler removal (March 15th,

2018). Installation and removal forms were completed using a double check procedure: using

mobile phones, participants took a picture of each tube (clearly identified) in its location.

Each school uploaded all documentation into an online form jointly with scanned versions

of the paper tables to double check any inconsistencies.

Public presentations

Campaigns were extensively covered by local media (newspapers, agencies, and local and

regional TV). Students and their teachers presented with no mediation the results in front of

journalists (e.g. JM and PC schools) with no mediation. The second public presentation was

during the annual Science Congress (May 22-24th, 2018) organized by the CEB for public

primary schools from Barcelona to meet and share their research on a numerous set of topics

related to sustainability. Their contributions were recorded and are publicly accessible on

the congress website [124] with YouTube streaming. Eleven schools involved in the xAire

project further requested an official meeting with local administration representatives to

share their results. The leaders of the xAire project facilitated the organisation of a joint

visit to the city council (Saló de Cent, April 26th 2018 as reported in the Barcelona City

Council [125]). Approximately 200 students (between 7 and 12 years old), families and

teachers were received by the Deputy Mayor in Ecology, Urbanism and Mobility, and the

Commissioner of Ecology. During a 1h30m session, 22 student representatives (two per each

school) presented their own investigations, formally delivered the results to the city and
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demanded specific actions from local authorities. For this event, each school drafted a final

report that was given to the Deputy Mayor i and the Commissioner [100]. In addition,

the SF school group came together with their families (more than 40 people) and teachers

to actively participate in the Barcelona Science Festival (June 9th 2018). Another school

group of about 20 students (SM) arranged the presentation of their results in front of an

adult audience at the Mobile Week (February 20th 2018, within the Barcelona Mobile World

Congress programme).

Measurement technique

Ambient concentrations of NO2 were measured using Palmes-type NO2 diffusion tubes

[78]. These passive air quality samplers absorb the pollutant to be monitored directly from

the surrounding air and need no power supply. They consist of an acrylic tube 7.1 cm long

and 1.1 cm internal diameter, two stainless steel grids and two caps. A chemical reagent is

used to absorb the pollutant to be measured directly from the air. The absorbent used is

20% triethanolamine (TEA) deionized water. The stainless steel grids at the closed end of

the tube are coated with this absorbent. The transport of NO2 through the tube is done by

molecular diffusion process [126], since during sampling one end is open and the other closed.

After sampling, the exposed tubes are analysed using a Spectrophotometric technique. The

concentrations of Nitrite ions, and hence NO2, chemically adsorbed are quantitatively deter-

mined by UV/Visible Spectrophotometry with reference to a calibration curve derived from

the analysis of standard nitrite solutions (UKAS Accredited Methods). The passive sam-

plers used have two limitations. Firstly, they are categorised as an “indicative” monitoring

technique, which refers to a technique with relatively high uncertainty (±25% according to

EU CAFÉ Directive [127]). Whilst ideal for screening surveys, or for identifying locations

where NO2 concentrations are highest, they do not provide the same level of accuracy as

automatic reference monitoring techniques. Secondly, as the exposure period is typically

several weeks, the results cannot be compared with air quality standards and levels based

on shorter averaging periods such as hourly [126]. However, they are fully comparable to

long term limit values like annual average, as presented in this paper.
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Data precision and accuracy

Diffusion tube precision can be described as the ability of a measurement to be consis-

tently reproduced, i.e., how similar the results of triplicate tubes are to each other. This is

calculated with the coefficient of variation (CV) of triplicate tubes results. Passive samplers

may under or over estimate NO2 concentrations, resulting in a relatively moderate uncer-

tainty. For this reason, during the measurement campaign, diffusion tubes were exposed in

triplicate at 8 reference automatic official monitoring stations in the study area (one was very

close but outside the Barcelona municipality). The monitoring stations included different

types of stations classification according to EU Directive [20]: urban traffic (3) and urban

background (5). The co-location with automatic monitors allowed calculating the precision

and accuracy (bias).

A “good” precision applies where the average CV of all triplicate results is less than 10%

[88]. In this study, the average CV was 3.9%, with a range between 0.9 and 7.8%, indicating

a good precision. The accuracy of diffusion tubes (bias) represents the overall tendency of

the diffusion tubes to depart from the true value, i.e., to under or over-read relative to the

reference method (the chemiluminescence analyser). In this case the average bias adjustment

factor was 1.07, which means that tubes underestimated 7% of NO2 concentrations, so the

results were adjusted using this factor. This bias implies an uncertainty within ±10% which

represents a good accuracy level. As a further control measure, travel blanks were used

across the study to detect any contamination during the shipping. The results of the blanks

were below the detection limit. As the measurement campaign was 4 weeks (February-March

2018), the results could be influenced by the environmental conditions of this period and

may not be representative of the annual mean. Thus, the results were adjusted to estimate

an annual mean concentration using the 2017 NO2 annual mean at each reference station.

The average ratio between annual means and period means was 0.96, which was used as

an adjustment factor. Key meta-information was also collected for each site by each school

during the deployment and collection: site name, site type, latitude and longitude. The

exact location of the sites was obtained by different means: GPS readings on site using

phones or tablets or using desktop tools like Google Maps. The team reviewed all site

locations on a semi-manual process to ensure all locations were reported accurately, which

was the case for more than 90% of the samplers.
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Kolmogorov-Smirnov test and Pearson correlation

The representativity of the xAire samples regarding income and population in Barcelona

were analyzed by means of a two-sided Kolmogorov-Smirnov test in order to know if both

samples were drawn from the same continuous distribution. We reject the null hypothesis

if p-value is lower than 0.05, meaning that the independent samples are not drawn from

the same continuous distribution. Linear correlation between NO2 levels and, income and

population distribution respectively, was tested by means of Pearson’s correlation coefficient.

Results are shown in Figs. 4 and S1 while additional features are provided in Table S4.

Land Use Regression model

The Land Use Regression model (LUR) approach was used to create an air quality map

and determine the exposure assessment to NO2 using the xAire data. LUR is a statistics-

based method often used in epidemiologic studies to predict the air pollution exposures.

This is based on true air pollution data measured on a certain number of sites and a set of

predictor variables available through Geographic Information Systems (GIS) characterizing

the surrounding environment [17, 94]. 671 outdoor samplers were initially considered for the

LUR model. A set of GIS variables were constructed for traffic, land uses, population, urban

configuration and elevation at all geographical sampling locations and they were offered in

model development procedure. Several scenarios and model approaches were tested in order

to achieve the best model performance. Those scenarios included removing specific tubes

based on their location, for instance sites placed near street intersections. Statistic models

tested included linear regression with interaction factors and spatial components. Standard

validation tests such as normality, influential observations, heteroscedasticity and spatial

autocorrelation were derived.

Health Impact Assessment

We estimated the asthma exposure on census tract level using the LUR model developed

within the present study (see Figure 5). Population data for 2018 on census tract level for

Barcelona was obtained from the national statistical records [129], and we selected the child

population with an age equal or below 18 years old. Health data on asthma incidence rates
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were collected for the specific age group (1-18 years old) for males and females in Spain from

the Global Burden of Disease project [128]. A comparative health risk assessment approach

was applied to estimate the number of asthma cases attributable to NO2 [8, 10]. Two

scenarios where created, scenario 1) achieving the average annual recommended guideline

exposure levels for NO2 (40 µg/m3) from the WHO guidelines [14]; and scenario 2) achieving

the minimum reported levels of NO2 (1.5 µg/m3) from a meta-analysis [9]. The exposure-

response function between NO2 and the development of asthma in children between the

ages of 1 to 18 is based on 20 studies and equaled OR=1.05 (95% CI, 1.02 - 1.07) per each

increment in the exposure to 4 µg/m3. This translates to a 5% increase in childhood asthma

per 4 microgram/m3 increase in N02. The exposure-response function is used to estimate

the relative risk (RR) of developing asthma for NO2 and corresponding scenario by census

tract. Then each RR is used to estimate the corresponding Population Attributable Fraction

(PAF) for each scenario and pollutant. Finally, the PAF was combined with asthma cases,

calculated for children between 1-18 years old in each census tract in Barcelona to estimate

the attributable asthma cases for each level of exposure and census tract, and subsequently

summed up to get a total for Barcelona.

Data availability

Data availability The NO2 concentration level data that supports the findings of this

study are available in Zenodo with the identifier, https://doi.org/10.5281/zenodo.xxxxx

[PENDING].
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[26] Borge, R., Lumbreras, J., Pérez, J., de la Paz, D., Vedrenne, M., de Andrés, J. M., &
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https://youtu.be/piYM6wv2v04 [Retrieved 28th of July 2020]
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[119] Perelló J., Ferran-Ferrer N., Ferré S., Pou T. & Bonhoure I. (2017) High motivation and rele-

vant scientific competencies through the introduction of citizen science at Secondary schools.

In: Herodotou C., Sharples M. and Scanlon E. (eds) (2017) Citizen inquiry: synthesising

42



science and inquiry learning. London: Routledge pp.150–175.
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FIG. S1: Samplers distribution and income distribution. (a) Distributions of income (red,

in Euros, n=1,068) and distribution of samplers (blue, n=671, per unit of census tract). (b) Scatter

plot between NO2 concentration levels and income average in each census tract (Pearson’s r=0.21,

p-value=3.93e-08). See Table S4 for detailed statistical traits.
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FIG. S2: Quantitative health impact assessment framework. It is been used to estimate

the attributable asthma cases related to air pollution in Barcelona by scenario.
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n mean sem SD median 5% 25% 75% 95% skew kurt

Aggregated 725 48 1 16 44 30 38 54 84 1.72 4.17

Outdoor 671 49 1 16 45 32 39 55 85 1.82 4.30

Traffic 482 52 1 16 49 34 42 58 89 1.68 3.34

Background 189 41 1 9 39 30 36 44 56 1.81 9.01

Playground 31 37 1 7 38 28 34 40 49 0.18 0.37

Indoor 23 31 3 14 28 18 24 36 51 2.43 7.97

TABLE S1: General statistics of the NO2 concentration levels of the xAire project

depending on their location. Consistent rounding is provided grounded on sampler’s precision

and accuracy (see Methods, Data precision and accuracy). First column provides the number of

samplers. Second and third column the average jointly with the standard error of the mean (sem).

Fourth column provides the standard deviation (SD). Given the fact that data has relevant skewness

(skew, 11th column) and kurtosis (kurt, 12th column), it is relevant to provide 5% percentile (5%

of the samplers have a lower concentration level than the score), first quartile (25% of the samplers

have a lower concentration level than the score sixth column), median (sixth column) and third

quartile (25% of the samplers have a greater concentration level than the score), and 95% percentile

(95% of the samplers have a lower concentration level than the score). Concentration levels are

provided in µg/m3.
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district n mean median sem std 5% 25% 75% 95% skew kurt

Ciutat Vella 53 51 46 17 2 37 41 54 94 2.49 1.82

L’Eixample 134 57 55 15 1 40 47 63 89 0.38 1.04

Gràcia 64 46 43 12 2 34 38 51 62 8.86 2.54

Horta-Guinardó 61 42 38 15 2 32 35 44 58 13.49 3.52

Les Corts 56 47 44 10 1 34 40 53 63 3.35 1.34

Nou Barris 58 43 39 15 2 29 36 49 63 15.92 3.29

Sant Andreu 71 48 47 13 1 36 42 52 61 12.50 3.07

Sant Mart́ı 64 41 39 9 1 30 34 46 57 0.35 0.08

Sants-Montjüıc 44 49 46 11 2 38 41 57 64 1.04 1.12

Sarrià-Sant Gervasi 66 54 48 22 3 28 38 63 94 0.52 1.10

TABLE S2: Statistics of the NO2 concentration levels of the xAire project in terms

of the district Consistent rounding grounded on sampler’s precision and accuracy (see Methods,

Data precision and accuracy) is provided. The same description of the columns as in Table S1

applies. Concentration levels are provided in µg/m3.
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district type n mean median sem SD 5% 25% 75% 95% skew kurt

Ciutat Vella background 36 46 45 11 2 35 40 48 57 11.90 2.99

traffic 17 63 56 22 5 41 46 82 97 -0.98 0.74

L’Eixample background 17 45 42 9 2 38 39 48 66 1.36 1.56

traffic 117 59 56 15 1 42 49 63 89 0.24 1.04

Gràcia background 15 41 38 9 2 32 35 42 58 0.14 1.15

traffic 49 48 46 13 2 36 40 52 62 8.92 2.71

Horta-Guinardó background 26 37 37 5 1 30 33 39 45 -0.60 0.23

traffic 35 46 39 19 3 33 37 50 85 6.92 2.69

Les Corts background 21 41 40 6 1 32 37 43 51 1.05 1.02

traffic 35 51 49 11 2 38 44 55 63 3.33 1.27

Nou Barris background 14 35 37 5 1 27 33 38 41 -0.27 -0.33

traffic 44 46 43 16 2 32 37 52 63 13.50 3.10

Sant Andreu background 9 40 36 8 3 33 36 46 52 -0.18 0.92

traffic 62 49 47 13 2 39 42 52 62 12.38 3.19

Sant Mart́ı background 21 36 37 8 2 28 33 40 45 2.09 -0.76

traffic 43 43 42 9 1 32 36 50 58 -1.01 0.36

Sants-Montjüıc background 15 44 41 6 2 38 40 50 55 -0.84 0.85

traffic 29 52 53 11 2 39 43 59 72 0.37 0.87

Sarrià-Sant Gervasi background 15 38 36 10 3 27 30 42 53 0.91 1.12

traffic 51 58 52 23 3 32 41 65 98 -0.00 0.90

TABLE S3: Statistics of the NO2 concentration levels of the xAire project in terms

of the district and in terms of the type of location (background and traffic) Sampler’s

precision and accuracy is described in Methods, Data precision and accuracy. The same description

of each column as in Table S2 applies. Concentration levels are provided in µg/m3.
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Population spatial distribution per census tract (in inhabitants)

n mean sem SD median 5% 25% 75% 95% skew kurt

Barcelona 1068 1525 11 358 1484 1072 1270 1692 2167 1.38 3.94

xAire 671 1556 15 383 1504 1139 1271 1727 2435 1.60 4.52

Averaged Income spatial distribution per census tract (in EUR)

n mean sem SD median 5% 25% 75% 95% skew kurt

Barcelona 1068 15726 140 4583 14977 9330 12906 17637 25259 1.07 1.55

xAire 671 16737 189 4886 15664 10558 13286 18950 25829 0.91 0.31

TABLE S4: Comparison between population and income spatial distributions per cen-

sus tract. In each case, the Barcelona data [92, 93] is provided to evaluate the representativeness

of the xAire citizen science site selection. First column provides the number of samplers. Second

column the average. Third is the Standard Error of the Mean while fourth column is the standard

deviation (SD). Next columns provide the 5%, 25% (Q1, 1st Quartile), 75% (Q3, 3rd Quartile)

and the 95% percentiles. The scores give the value below which 5%, 25%, 75%, and 95% of the

observations may be found. Skewness and Kurtosis are provided in the last couple of columns. See

also Figs. 4 and S1.

49


