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ARTICLE INFO ABSTRACT

Keywords: In Norway, children in kindergartens spend significant time outdoors under all weather conditions, and there is
Outdoor air quality thus a natural concern about the quality of outdoor air. It is well known that air pollution is associated with a
Kindergartens wide variety of adverse health impacts for children, with greater impact on children with asthma.
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Especially during winter and spring, kindergartens in Oslo that are situated close to streets with busy traffic,
or in areas where wood burning is used for house heating, can experience many days with bad air quality. During
these periods, updated information on air quality levels can help the kindergarten teachers to plan appropriate
outdoor activities and thus protect children's health.

We have installed 17 low-cost air quality nodes in kindergartens in Oslo. These nodes are smaller, cheaper
and less complex to use than traditional equipment. Performance evaluation shows that while they are less
accurate and suffer from higher uncertainty than reference equipment, they still can provide reliable coarse
information about local pollution. The main challenge when using this technology is that calibration parameters
might change with time depending on the atmospheric conditions. Thus, even if the sensors are calibrated a
priori, once deployed, and especially if they are deployed for a long time, it is not possible to determine if a node
is over- or under-estimating the concentration levels. To enhance the data from the sensors, we employed a data
fusion technique that allows generating a detailed air quality map merging the data from the sensors and the
data from an urban model, thus being able to offer air quality information to any location within Oslo.

We arranged a focus group with the participation of local administration, kindergarten staff and parents to
understand their opinion and needs related to the air quality information that was provided to the participant
kindergartens. They expressed concern about the data quality but agree that having updated information on the
air quality in the surroundings of kindergartens can help them to reduce children's exposure to air pollution.

1. Introduction compared to adults that facilitate deeper and greater lung deposition of

particles and gas/cell membrane interactions (Ciencewicki et al., 2008;

The prevalence of childhood asthma has increased over the past
decades, making it the most common chronic illness in children and the
leading cause of pediatric hospitalization worldwide (Anandan et al.,
2010; World Health Organization, 2008). Simultaneously, air pollution
is a growing environmental concern, responsible for approximately 2
million premature deaths per year worldwide (World Health
Organization, 2008). Children are particularly vulnerable to airborne
pollutants because of their narrower airways and because they gen-
erally breathe more air per body weight than adults, increasing their
exposure to air pollution. Children are particularly susceptible not only
because their lungs are still developing, but because they are also often
very active outdoors and have very different ventilatory parameters
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Gasana et al., 2012). Children often breathe through their mouth
especially when they exercise. Mouth-breathing bypasses the natural
filtering of air pollutants by the nose and allows larger volumes of
polluted air to affect the more sensitive areas of children's lungs which
are still developing (Gasana et al., 2012). Therefore, they can be subject
to oxidant-induced injury to the lungs, which can lead to permanent
lung changes (Gilliland et al., 1999).

Numerous studies have indicated that exposure to traffic-related air
pollution is associated with the increase in the incidence of childhood
asthma or the development of asthma symptoms (Brauer et al., 2002;
Gauderman et al., 2005; Gehring et al., 2002; McConnell et al., 2006;
Zmirou et al., 2004). Results show that living or attending schools near

Received 1 December 2016; Received in revised form 24 September 2017; Accepted 12 October 2017

Available online 31 October 2017

0013-9351/ © 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
http://dx.doi.org/10.1016/j.envres.2017.10.019
http://dx.doi.org/10.1016/j.envres.2017.10.019
mailto:ncb@nilu.no
https://doi.org/10.1016/j.envres.2017.10.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2017.10.019&domain=pdf

N. Castell et al.

high traffic density roads exposes children to higher levels of motor
vehicle pollutants, and increases the incidence and prevalence of
childhood asthma and wheeze (Gasana et al., 2012). Experimental
studies indicate that chemicals found in diesel vehicle exhaust may
actually trigger allergic reactions and aggravate respiratory conditions
(Delfino et al., 2009). Traffic pollution has also been positively asso-
ciated with the development of obesity in children aged 5-11 years
(Jerrett et al., 2014). Other research indicates that exposure to air
pollution may operate through inflammatory pathways to initiate me-
tabolic processes contributing to diabetes formation (Brook et al., 2008;
Kramer et al., 2010).

In the BREATHE study, indoor and outdoor air quality was assessed
in 39 schools in Barcelona (Rivas et al., 2014). The authors found that
the outdoor NO, concentration was 1.2 times higher at schools than at
urban background sites, suggesting the proximity of some schools to
road traffic. The indoor levels were similar to those detected outdoors,
indicating easy penetration of atmospheric pollutants. To monitor NO,,
the authors employed passive dosimeters, obtaining weekly-averaged
NO,, concentrations. The limitation of dosimeters is the impossibility of
offering real-time data, thus not being suitable for activity planning in
the kindergartens.

Wichmann et al. (2010) monitored the relationship between indoor
and outdoor air pollution levels in 6 schools and 10 pre-schools in
Stockholm. They found that the indoor and outdoor NO, levels were
strongly associated, indicating that the indoor environments occupied
by children offer little protection against combustion-related pollutants.
In the study, NO, was measured using diffusive samplers and averaged
over 14 days. This type of monitoring offers a good understanding of
the air quality situation at the place, but it cannot offer the necessary
time resolution to change day-to-day activities in real-time to protect
children's health.

During the last decade, the development of low-cost monitoring
platforms has seen significant growth (Castell et al., 2013). Low-cost
sensor nodes have a lower price than reference instrumentation and
have the advantage over other traditional methods as diffusive samplers
that they can monitor at high temporal resolution. This enables ob-
servations at high spatial resolution in near-real-time (Van den Bossche
et al., 2016; Castell et al., 2015; Hasenfratz et al., 2015; Kumar et al.,
2015) and provides an opportunity to continuously monitor air quality
at places of interest like kindergartens.

However, low-cost sensor nodes have associated technological
challenges. The most significant of these is the reliability of the mea-
sured air pollution data. Although the data quality of the novel low-cost
monitoring devices have already improved drastically since their early
days, it is not yet as reliable as that obtained at traditional reference
measuring stations (Fishbain et al., 2016; Spinelle et al., 2017). Results
show that some of the novel sensor nodes are capable of offering coarse
information about air quality that easily indicates if the air quality is
good, moderate or bad (Borrego et al., 2016; Castell et al., 2017). This
type of indicative information on current air quality conditions can help
kindergartens to plan their activities accordingly and thus protect
children's health.

In Norway, children in kindergartens spend much time outdoors in
all weather, and smaller children often sleep outdoors in their stroller.
There is thus a natural concern about the quality of outdoor air. In the
framework of the EU FP7 project CITI-SENSE (http://co.citi-sense.eu),
we have mounted 17 units in kindergartens in Oslo to see to what ex-
tent we can provide air quality information to kindergartens that is
useful for them. Together with the data from the low-cost nodes, we
also have developed an air quality map using a data fusion method
allowing to merge an average concentration field with the real-time
data gathered by the sensors. In order to evaluate to what extent this
information is useful for the kindergartens, we organized focus groups
at the end of our study with the local administration in charge of the
public kindergartens, kindergarten staff and parents.

Environmental Research 165 (2018) 410-419

2. Material and methods
2.1. Study area

The study was carried out in the city of Oslo, Norway (658390 in-
habitants in 2016). The municipality of Oslo has an area of 130 km?,
and it is situated at the northernmost end of the Oslo fjord. While the
fjord lies to the south of the city, in all other directions Oslo is sur-
rounded by wooded hills and mountains. Oslo has a humid continental
climate, which is highly influenced by the warm Gulf Stream, thus
making the climate milder than at similar northern latitudes elsewhere
over the globe. In summer, the daily mean temperature is around 16 °C,
and during winter it is around — 4 °C (climate data for Oslo-Blindern for
the period 1961-1990). In January, three out of four days are below
0 °C, and on average one out of four days is colder than —10 °C.

Traffic, especially exhaust from heavy-duty vehicles and private
diesel vehicles and dust resuspension from studded tyres, together with
wood burning in winter, are the main sources of pollution in Oslo.
Emissions from the harbour also contribute to the pollution levels.

During winter, on cold, clear days with low or no wind, Oslo often
experiences the formation of thermal inversions, with a reversal of the
normal decrease of air temperature with altitude. The warm air on the
top holds down the cool air and prevents pollutants from rising and
dispersing. The inversion layer can persist for several days, causing an
increase in the pollution levels, exceeding, in some occasions, the air
quality thresholds defined for human health protection.

Norway, as part of the European Economic Area, is obliged to
comply with the European air quality regulations (e.g., Directive 2008/
50/EC) and ensure clean air. Nevertheless, Oslo exceeded both the
annual and hourly NO, threshold for health protection defined in the
Directive 2008/50/EC (EU, 2008) in 2015.

2.2. Monitoring sites: kindergartens and reference stations

The low-cost sensor nodes were installed in 17 kindergartens in
Oslo. Fig. 1 shows the location of the low-cost sensors and the reference
stations. The monitoring campaign was performed from the 1st to the
31st of January 2016. The sensor nodes were located outdoors, on the
playground of the kindergarten, at heights of around 2.5 — 3 m (Fig. 1,
red circles). Additionally, 6 sensor nodes were installed in streets in
Oslo (Fig. 1, green squares).

During January 2016, NO, concentrations were monitored at 9 re-
ference stations in Oslo (Fig. 1, yellow stars). These stations are
equipped with certified reference instruments for measuring regulatory
pollutants. They are also subject to strict routines of maintenance and
calibration of their instruments to ensure high quality data. During the
campaign, a low-cost sensor node, identical to the one employed in the
kindergartens, was co-located at the reference traffic station of Kirke-
veien (Fig. 1, yellow cross). We classified the traffic intensity in the
neighbourhood of the kindergartens, employing the average daily
traffic (ADT) given by the Norwegian road authorities:

e Super traffic locations: ADT > 50,000 vehicles/day

e High traffic locations: 20,000 < ADT < 50,000 vehicles/day
e Medium traffic locations: 5000 < ADT < 20,000 vehicles/day
e Low traffic locations: 500 < ADT < 5000 vehicles/day

e Urban background sites: ADT < 500 vehicles/day

Following that classification, within a radius of 50 m, 9 kindergartens
are situated in urban background, 2 in low traffic and 6 in medium traffic.
If we expand the radius to 100 m, 10 of the kindergartens are in medium
traffic locations with an ADT between 8000 and 19,000 vehicles per day.
For a radius of 200 m, 12 of the kindergartens are in medium traffic lo-
cations, 2 in high traffic locations and one in a super traffic location. The
high traffic locations have and ADT of 20,200 veh/day and 48,700 veh/
day and the super traffic location has an ADT of 82,100 veh/day.
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Fig. 1. Location of the (i) low-cost sensor nodes at kindergartens (red circles) and streets (green squares) and (ii) reference stations monitoring NO, (yellow stars). The yellow cross is the
reference station of Kirkeveien where one of the low-cost node was co-located during January 2016.

2.3. Air quality data

2.3.1. Air quality monitoring using low-cost sensors

Air quality in the kindergartens was monitored during January 2016
employing the commercial low-cost platform AQMesh v3.5 (provided
by Environmental Instruments Ltd, UK, www.aqmesh.com). The
AQMesh nodes are battery driven stationary platforms which measure
four gaseous components (CO, NO, NO, and Os), particle number,
temperature, relative humidity and atmospheric pressure. A proprietary
algorithm is used to post-process the data gathered by the gas sensors
with the aim to correct cross-interferences and the effect of temperature
and relative humidity. In this study, we focus on the analysis of the NO,
concentrations. The NO, sensor employed in the AQMesh v3.5 is an
electrochemical sensor provided by Alphasense (NO2-B42F) that in-
corporates a filter to eliminate cross-sensitivity issues with O3. The low-
cost sensor nodes provided air quality information at a temporal re-
solution of 1 h.

2.3.2. Air quality modelling using EPISODE dispersion model

EPISODE is a 3-D Eulerian/Lagrangian dispersion model that pro-
vides urban and regional-scale atmospheric pollutant concentrations
such as NO,. The model is an Eulerian grid model with embedded
subgrid models for computing the pollutant concentrations originating
from area-, point- and line-based emission sources. EPISODE employs
schemes for advection, turbulence, deposition and chemistry. The
model can be run at horizontal spatial resolutions down to 100 m.
EPISODE has a temporal resolution of 1 h. The model uses as input the
emissions from an official inventory and the meteorology is provided by
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a meteorological model. The EPISODE model does not use data from the
low-cost nodes. A more detailed description of the model can be found
in Slgrdal et al. (2003).

2.3.3. Air quality mapping using data fusion techniques

In order to provide near-real time high-resolution spatial maps of air
quality, we developed an approach based on data fusion techniques,
which allow for combining low-cost sensor hourly observations (re-
presenting temporal variability) with a characterization of spatial dis-
tribution derived from the EPISODE model (Lahoz and Schneider, 2014;
Schneider et al., 2017).

The EPISODE model provided a base map (i.e., characterization of
the spatial distribution of the concentrations) representing the NO,
annual average concentration field for 2013 (Fig. 2). This gives detailed
spatial pattern in the model area. We then combine the map with real-
time hourly data collected by the low-cost nodes using data fusion
techniques (Schneider et al., 2017). In this way, we obtain a real-time
map for every hour of the monitoring period, reflecting short-term
variability.

2.4. Air quality visualisation portal

We developed a web portal to visualise the data from the sensor
nodes in real-time, as part of visualisation of all information collected
by the CITI-SENSE project (CITI-SENSE, 2016). The web portal showed
the location of each sensor node on Google Maps© and provided real
time information on the measured air quality levels (Fig. 3). Air quality
information was displayed using a 5-colour scale (Air Pollution
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Fig. 2. Air quality base map for NO, employed in the data fusion technique. The map was obtained with the EPISODE model and represents the NO, yearly average concentrations for

2013 in units of ug/m>.

Indication, APIN), indicating if the air pollution is very low, low, rather
low, rather high or very high. The thresholds were based in the
Common Air Quality Index (CAQI) for hourly values. The CAQI was
proposed to facilitate the comparison of air quality in European cities in
real-time (Van den Elshouta et al., 2014).

The user could choose a specific period to see the air quality over
time. By clicking on a specific sensor node, additional information on its
current data would be available (e.g., APIN values for the last 24 h). A
summary graph would also indicate air quality measured by all sensor
units and provide an overall APIN for the whole city. The user could
also see the air quality map generated in real time. The kindergarten
staff received information about the web portal and the URL with in-
structions on how to use it.

2.5. Focus groups

We made use of focus groups in order to obtain feedback from local
administration, kindergarten staff and parents about their need related
to air quality information in kindergartens and specifically about their
opinion on the air quality data generated in this study.

Focus groups are a well-established method in both marketing and
research (especially social and health sciences) and have been applied
for more than 50 years (Galloway Research Service, 2016). A focus
group is a dynamic interaction process with an open discussion on given
topics to identify the perceptions, opinions, needs or attitudes of a de-
fined group. This setting allows for obtaining more in-depth knowledge
from the participants through exchange not only with the facilitator,
but also amongst the participants (Kitzinger, 1995). Ideally, each group
consists of four to eight participants and a facilitator/moderator.
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Focus groups within social sciences are a well-established instru-
ment to obtain in-depth information on certain topics from both edu-
cational staff, the children themselves or the parents. The topics of
concern are manifold, ranging from nutrition to inclusion, health re-
lated issues, to child abuse (e.g., Frerichs et al., 2016, Starr et al., 2016,
Heary and Hennessy, 2000, Feng et al., 2009).

At the end of the CITI-SENSE project, we had two focus groups with
user-groups, one with parents (3 attendees) and one with kindergarten
staff (6 attendees). In both of them we had one representative of the
local administration in charge of the public kindergartens in Oslo. The
goal of the focus groups was to assess if the information provided in the
visualisation portal was clear and meaningful for the participants and
how it can be improved. The participants were asked to what extent
outdoor air quality information at kindergartens was useful for them,
what and how this information could help them to do better and what
were the opportunities, barriers and conditions that should be met to
take actions based on the air quality information. The focus groups had
a duration of approximately 2 h. We recorded and transcribed the dis-
cussions for their posterior analysis.

3. Results
3.1. Comparison of the low-cost node output and a reference monitor data

Before the sensor nodes were deployed in the kindergartens, they
were all co-located at the Kirkeveien traffic air quality monitoring
station in Oslo for the period between April and June 2015. The goal of
the co-location was to test the performance of the sensor nodes, and
correct possible biases by applying a field calibration. The results of the
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Fig. 3. Data visualisation portal displaying the air quality information collected by the AQMesh sensor nodes deployed in kindergartens and streets in Oslo.

co-location showed that the AQMesh nodes presented low accuracy for
regulatory purposes, but they can provide relative and aggregated in-
formation about the observed air quality indicating if the air pollution
is low, medium or high (Castell et al., 2017). The main challenge is that
the field calibration parameters might change with the meteorological
conditions and the location. It is therefore not possible to fully ensure
that the sensor will not suffer from biases once deployed (Castell et al.,
2017).

During the campaign in January 2016, one of the nodes remained
co-located at the traffic reference station at Kirkeveien. The results for
the co-location show a good performance for NO, with a correlation (r)
of 0.95, a mean bias (MB) of —8 ppb and a root mean square error
(RMSE) of 14 ppb (see Fig. 4). However, the slope during January is
0.5, indicating that the field calibration applied with the values from
April to June 2015 is no longer accurate. This is an example of the
change in the calibration factors due to different environmental con-
ditions in January (deployment campaign) and in April-June (calibra-
tion campaign). The fact that the calibration factors might change with
the environmental conditions is one of the main challenges of low-cost
sensors, as it is not possible to know if the concentrations will be over or
underestimated once the nodes are deployed in the field.

Fig. 5 shows that the AQMesh node captures the increase in the NO,
concentrations on the 5th of January and during the pollution episode
between the 19th and 21st of January. However, the node under-
estimates the NO, concentrations. The main challenge of low-cost
sensors is that they suffer from chemical interference and are affected
by environmental conditions (Aleixandre and Gerboles, 2012; Castell
et al., 2017). Field calibration of low-cost sensors still represents a
challenge, but new investigations suggest that the introduction of su-
pervised learning techniques can reduce the measurement error
(Spinelle et al., 2015, 2017).

3.2. Comparison of the data fusion output and a reference monitor data

The results for January 2016 show a good agreement between the
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Fig. 4. Correlation plot for NO, monitored by the AQMesh node and the reference
monitor for January 2016. NO, concentrations are in ppb.

NO, concentrations obtained using the data fusion technique and the
reference data, with a correlation (r) of 0.9. The MB is —5 ppb and the
RMSE is 11 ppb (Fig. 6). When employing the data fusion technique the
bias and errors are reduced compared to only using low-cost sensors.
The correlation is slightly lower than only using data from low-cost
node (Fig. 4), probably due to the fact that we are missing local events
measured only by the sensor located on the top of the station and not by
the other nearby sensors.

Fig. 7 shows the hourly concentrations for January 2016. During the
episode between the 19th and 21st of January, the concentrations ob-
tained with the data fusion technique are underestimated but are closer
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Fig. 6. Correlation plot for NO, obtained using the data fusion technique and measured
by the reference monitor at Kirkeveien station for January 2016. NO, concentrations are
in ppb.

to the ones measured by the reference monitor than if we only use the
data from the low-cost node. However, we miss the peak on the 5th of
January. The reason is that the peak was caused by a local event that
was not monitored by the nodes nearby.

3.3. Comparison of the EPISODE model output and a reference monitor
data

We ran the EPISODE model hour-for-hour for January 2016 and
compared the results of the model with the data measured at the
Kirkeveien reference station. The results show that the model and the
reference data have a correlation (r) of 0.8, and RMSE of 23 ppb and a
MB of 15 ppb (see Fig. 8). The RMSE obtained with the EPISODE model
is higher than the one obtained with the low-cost node. The correlation
using the EPISODE model is lower than using low-cost sensor nodes and
the data fusion techniques, this can be due to the fact that the model
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Fig. 8. Correlation plot for NO, modelled by the EPISODE model and measured by the
reference monitor at Kirkeveien station for January 2016. NO, concentrations are in ppb.

does not use any real-time data, and therefore cannot capture specific
events (e.g. roads closed due to an accident).

Fig. 9 shows that the EPISODE model captures the rise in NO,
concentrations between the 19th and 21st of January but it does not
capture the NO, peak on the 5th of January. Contrary to the low-cost
sensor node and the data fusion method, the EPISODE model over-
estimates the NO, concentrations. This might be caused by modelling
errors, due mainly to errors in the input data, as for instance meteor-
ology, pollutant emissions and background conditions. The meteor-
ology is obtained with a meteorological model, and can under- or over-
estimate the wind speed, temperature or have errors in the wind di-
rection. The pollutant emissions are based on annual averages that are
spatially distributed according to the location of the sources (i.e., roads,
house heating, industry) and temporally distributed according to an
average temporal pattern depending on the type of source (Slgrdal,
2003). Due to uncertainties, emissions can have biases in the total
amount assigned to each location. In our case, the model
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Fig. 9. NO, hourly concentrations measured at Kirkeveien monitoring station by the
reference monitor and modelled by EPISODE.

overestimation is more probably caused by the background con-
centrations. We employed as regional background concentrations the
NO,, levels measured at a reference station located in the roof of a
building (25 m high) in the centre of Oslo. The station can still be in-
fluenced by the local sources, especially during thermal inversion
conditions, resulting in an overestimation of the concentrations. The
use of regional background concentrations instead of urban background
concentrations will help to improve the model outputs. Unfortunately,
regional NO, background concentrations were not available for Jan-
uary 2016.

3.4. Air quality information for the Oslo kindergartens

Our main goal was to provide localized real-time air quality in-
formation to the kindergartens. We analysed the benefits and chal-
lenges of employing three different sources of information: (1) data
from low-cost sensors deployed in the playground of the kindergarten,
(2) data obtained using an air quality model (EPISODE) and (3) data
obtained employing a data fusion technique, merging a static base map
and real-time data from the sensors.

Table 1 shows the average and standard deviation of the NO, con-
centrations in January 2016 at the 17 kindergartens and at the Kirke-
veien reference station. The results show that depending on the source
of information the reported concentration is different. For example, the
EPISODE model gives higher concentrations than the AQMesh node or
the data fusion. The monthly average and standard deviation measured
by the reference equipment at Kirkeveien is 26 + 21 ppb. The data
fusion technique is the one closer to the concentrations from the re-
ference station (22 = 14 ppb). The AQMesh nodes underestimate the
monthly average concentrations (18 = 10 ppb). The node at location
Griinerhagen Barnehage has a large bias, showing unrealistic readings
(monthly NO, average concentration of 244 ppb). When employing the
data fusion method, the concentration values at Griinerhagen are more
realistic, with a monthly average concentration of 23 ppb. When mer-
ging the data from a node, the data fusion method not only considers
the data from that node but also the concentrations from the nearby
nodes. If the concentrations measured by the nearby nodes are lower,
that will result in lower concentrations. In that sense, the data fusion
helps to tackle the calibration issues that the low-cost sensors experi-
ence when deployed in the field.

The Air Quality Directive 2008/50/EC (AQD) (EU, 2008)
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Table 1

NO, average concentrations and standard deviation (in ppb) at the 17 kindergartens
measured by the AQMesh nodes, modelled by the EPISODE air quality model and ob-
tained with the data fusion technique. The average daily traffic (ADT) is the maximum in

a radius of 100 m of the kindergarten.

Location ADT at AQMesh node EPISODE Data fusion
100 m
(veh/
day)
Badebakken barnehage 10,000 84 36 + 29 21 + 14
Barnas hus barnehage 19,000 16 +7 44 + 33 24 + 15
Bellevue Samisk Gard 0 23+6 42 £ 32 22+ 14
barnehage
Bergebo barnehage 4000 17 =5 36 + 31 20 +13
Hasselkroken Kanvas 4000 195 36 + 30 16 = 10
barnehage
Fagerborg 2250 14 +7 39 +31 21 +14
Menighetsbarnehage
Griinerhagen barnehage 4000 244 + 157 44 + 33 23 + 14
Heiberglgkka barnehage 17,300 136 46 * 33 26 + 16
Hjelmsgate barnehage 11,000 11+6 39 +32 20 +11
Melkeveien barnehage 11,400 22+8 42 + 33 22 +13
Nedre Bekkelaget 500 14+ 4 32+ 26 18 = 10
barnehage
Ola Narr barnehage 9000 8+6 44 = 33 24 £ 15
Sognsveien barnehage 11,200 11*5 38 + 31 20 + 13
Sophies hage barnehage 16,000 24+ 8 46 * 33 25+ 16
Stiftelsen Hydroparken 8000 16 = 4 41 = 33 21 £12
barnehage
Stpperiet barnehage 2200 23+7 43 + 33 25+ 16
Vaekerg gérd barnehage 9032 188 42 * 31 27 +18
Kirkeveien reference 20,200 18 =+ 10 40 + 30 22+ 14

station

establishes health-based standards and objectives for a number of pol-
lutants. For NO,, the AQD establishes an hourly limit value of 200 pug/
m?® that should not be exceeded more than 18 times per year. The re-
ference station of Kirkeveien registered an exceedance of the hourly
limit value on the 21st of January for 2 h, at 16:00 and 17:00. The
EPISODE model registered that exceedance. However, the AQMesh
node and the data fusion method did not show any exceedance on the
21st of January 2016.

Fig. 10 shows the hourly NO, concentrations during the pollution
episode in Oslo between the 19th and 21st of January. The

100 A 1 -

NO, (ppb), hourly average

50 -

T T T T T
jan 19 00:00 jan 19 12:00 jan 20 00:00 jan 20 12:00 jan 21 00:00

Node

jan 21 12:00

—— Reference

Episode Data fusion

Fig. 10. NO, concentrations measured by the reference instrument, by the AQMesh node,
modelled by the EPISODE model and obtained with the data fusion technique in
Kirkeveien station between 19th January and 21st January 2016.



N. Castell et al.

NO2_20160121T0000UTC NO2_20160121T0100UTC

Environmental Research 165 (2018) 410-419

NO2_20160121T0200UTC NO2_20160121T0300UTC

6648000 -
6646000

6644000 .

6642000 e

6640000

6638000

6648000 -

6646000

6644000

6642000

6640000

6638000

Fll100

6648000

6646000

6644000

6642000 -
6640000 -

6638000 -

r 80

- 60

6648000 -
6646000 -
6644000 -1

6642000 -1

6640000

6638000

40

r 20

6648000

6646000

6644000 -

6642000 |

6640000

6638000

6648000
6646000 -
6644000 —{.
6642000 —
6640000

6638000 -

T T
595000 600000

T T
590000 595000

T T T
590000 605000 600000

605000

T T T
590000 595000 600000 605000 590000 595000 600000 605000

Fig. 11. Air quality NO, map for the city of Oslo created by merging the data from the static sensors and the annual average NO, concentrations from an air quality model. The results are
for the 21st of January 2016 from 00:00 to 23:00. The map shows NO, concentrations in ppb. The dots represent the location of the 24 AQMesh nodes.

meteorological conditions were favourable to the formation of a
thermal inversion with cold temperatures and low wind speed. The NO,
concentrations show an increasing trend with the highest concentra-
tions on the 21st of January (see Fig. 10, Reference). The EPISODE
model shows also a clear increasing trend although the highest con-
centrations are registered on the 20th of January. The data fusion and
the node also shows an increasing trend, capturing the temporal pattern
and the occurrence of the NO, peaks.

Fig. 11 shows an example of the air quality map generated with the
data fusion technique for the 21st of January 2016. The map shows that
air pollution is higher along the main roads and during the times when

there is more traffic. By fusing the data of the sensor nodes with the air
quality model, we are able to visualise air quality patterns. An ad-
vantage of the data fusion technique is that we are able to offer real-
time air quality information not only to the kindergartens that have
low-cost sensors installed, but also to any location in Oslo. This offers
great opportunities for raising public awareness and protecting chil-
dren's health.

3.5. Findings from the focus groups

We held two focus groups, one with parents (3 attendees) and one
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with kindergarten staff (6 attendees). A representative of the local ad-
ministration working with air pollution in Oslo attended both focus
groups. The aim of the focus groups was not only to obtain information
about the functionality and user friendliness of the data visualisation
web portal, but also the respondents’ view on the information need
related to air quality information in kindergartens in Oslo.

Overall, the participants expressed that they are very interested in
receiving air quality information and rated the web portal as a useful
tool to receive information on air quality. For example, one father
commented that receiving updated information on air quality could
help him to plan the medication of his asthmatic child. Kindergarten
staff commented that localized real-time information could help them
to plan outdoor activities according to air pollution levels. In this
context, additional health related information would be much appre-
ciated by the users. One topic that has been discussed was the com-
munication of air quality levels. This information should be commu-
nicated in an easy to understand way so that people without any
scientific background can understand what the air quality levels mean
for their health and how they should behave in each situation. The
participants agreed that this might also be a way to motivate people
that are generally less interested in air quality issues to become more
engaged, because they see the potential impacts on their or their chil-
dren's health. In the long run, information on air quality could even-
tually be used by citizens’ groups to put pressure on local administra-
tion or policy makers to implement measures for improving air quality.

Although the data visualisation portal has been rated as quite useful
overall, the participants also admitted that the uncertainty of the data
at this point would rather limit their actions based on the air quality
information obtained from the visualisation portal. If the actions were
too costly, such as moving away from a more polluted to a less polluted
area, this would also limit the participants’ possible actions.

4. Discussion

There is clearly a need to empower the kindergarten staff to take
actions to minimize children's exposures to harmful air pollutants while
at the kindergarten. Such actions could be based on accurate and timely
locally specific air quality information in real time. We investigate in-
formation that can be provided by the combination of low cost sensors
representing temporal patterns and a base map representing spatial
patterns, and compare this also to high resolution dispersion modelling
that in Oslo is used for short-term (days) air quality predictions.

Real-time air quality maps can be generated using an air quality
dispersion model such as e.g., EPISODE. However, not all cities have a
suitable air quality model in place, as this is demanding in terms of
availability of the necessary input data and expensive in expert time
needed to run the model. The advantage of the data fusion technique is
that the base map can be generated employing also less demanding
techniques than dispersion modelling, as long as they capture the spa-
tial correlation with air pollutants. Such alternative techniques to
generate the base map are land use regression or simply using spatial
proxy datasets such as distance to roads or similar. In this way, the data
fusion technique can be implemented also in smaller cities.

The quality of the resulting high-resolution map depends on the
quality of the sensor data as well as the quality of the base map. While
the data fusion method is capable of dealing with erroneous measure-
ments to some extent by using data from the entire deployed sensor
network, it is still necessary to ensure that the data from the individual
sensor nodes is of good quality and that the biases are as low as pos-
sible. The low-cost sensors can capture local events that cannot be
captured by an urban dispersion model as it employs emissions that are
usually derived from annual inventories. However, the calibration
parameters of the low-cost nodes might change with the environmental
conditions resulting in wrong readings. Data fusion techniques provide
a way of merging both datasets, constraining the data from the urban
model with real-time data from sensors. The quality of the data fusion
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map depends on the quality of the input data. If we use an urban model
based on good quality high-resolution emission information that also
accounts well for described background conditions, and combine this
with data from low-cost sensors calibrated with regard to real atmo-
spheric conditions, the data fusion results can considerably improve. In
addition, this method has the advantage of being computationally less
demanding than a real-time high resolution dispersion modelling.

5. Conclusions

We installed 17 nodes monitoring NO, in the playground kinder-
gartens in Oslo and one node in the top of a reference air quality
monitoring station. The results showed that low-cost sensors can pro-
vide an indication of the air pollution levels, being capable to reproduce
the trends during a high pollution episode.

We identified that the main challenge in the use of low-cost sensors
is that calibration parameters might change with time depending on the
atmospheric conditions. Thus, even if the sensors are calibrated a priori,
once deployed, and especially if they are deployed for a long time, it is
not possible to determine if a node is over- or under-estimating the
concentration levels. More research is needed in order to improve
sensor technology as well as to develop field calibration techniques that
allow bias correction on the spot.

We investigated the use of data fusion techniques to produce air
quality maps using the data from the low-cost sensors. The results
showed that this method provides good results and is able to fill the
gaps between measurements. This would enable us to offer air quality
information to all kindergartens in Oslo and not only to those that have
low-cost sensors installed.

The focus groups with parents, kindergarten staff and the local
administration showed that there is an increasing interest in receiving
personalized air quality information to change kindergarten practices to
protect children's health. The outlook for low-cost sensor nodes is
promising and we have demonstrated the big potential that lies within
this new technology to provide localized real-time air quality in-
formation, especially when combining it with data fusion techniques.

Acknowledgements

The authors would like to acknowledge Susanne Liitzenkirchen from
Oslo Kommune for her help in involving kindergartens in Oslo, Claudia
Hak, Reiar Kravik, Geir Opgien and Andreas Fiskum from NILU for their
assistance in the fieldwork, and Hans Keune and Wim Verheyden from
the CITI-SENSE consortium for their guidance in the focus groups or-
ganization.

This work has been possible thanks to the funding from the projects
Citi-Sense-MOB and CITI-SENSE. Citi-Sense-MOB is partly funded by
EMMIA: The European Mobile and Mobility Industries Alliance under
grant agreement no. SI2.647655. CITI-SENSE has received funding from
the European Union's Seventh Framework Programme for research,
technological development and demonstration under grant agreement
no. 308524.

The AQMesh nodes for this investigation were provided by
Environmental Instruments Ltd., UK (www.agmesh.com, www.env-
inst.com). We would like to thank Amanda Randle, Tom Townend
and Angela Torres for their helpful assistance.

References

Anandan, C., Nurmatov, U., van Schayck, O.C., Sheikh, A., 2010. Is the prevalence of
asthma declining? Systematic review of epidemiological studies. Allergy 65,
152-167.

Aleixandre, M., Gerboles, M., 2012. Review of small commercial sensors for indicative
monitoring of ambient gas. Chem. Eng. Trans. 30, 169-174.

Borrego, C., Costa, A.M., Ginja, J., Amorim, M., Coutinho, M., Karatzas, K., Sioumis, T.,
Katsifarakis, N., Konstantinidis, K., Vito, S., Esposito, E., Smith, P., André, N., Gérard,
P., Francis, L.A., Castell, N., Schneider, P., Viana, M., Minguillén, M.C., Reimringer,


http://www.aqmesh.com
http://www.env-inst.com
http://www.env-inst.com
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref1
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref1
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref1
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref2
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref2
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref3
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref3
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref3

N. Castell et al.

W., Otjes, R.P., Sicard, O., Pohle, R., Elen, B., Suriano, D., Pfister, V., Prato, M.,
Dipinto, S., Penza, M., 2016. Assessment of air quality microsensors versus reference
methods: the EuNetAir joint exercise. Atmos. Environ. 147, 246-263.

Brauer, M., Hoek, G., van Vliet, P., Meliefste, K., Fischer, P.H., Wijga, A., Koopman, L.P.,
Neijens, H.J., Gerritsen, J., Kerkhof, M., Heinrich, J., Bellander, T., Brunekreef, B.,
2002. Air pollution from traffic and the development of respiratory infections and
asthmatic and allergic symptoms in children. Am. J. Respir. Crit. Care Med 166,
1092-1098.

Brook, R.D., Jerrett, M., Brook, J.R., Bard, R.L., Finkelstein, M.M., 2008. The relationship
between diabetes mellitus and traffic-related air pollution. J. Occup. Env Med 50,
32-38.

Castell, N., Viana, M., Minguillén, M.C., Guerreiro, C., Querol, X., 2013. Real-world ap-
plication of new sensing technologies for air quality monitoring. ETC/ACM Technical
Paper 2013/16. <http://acm.eionet.europa.eu/reports/ETCACM_TP_2013_16_new_
AQ _SensorTechn). (accessed 26 July 2016).

Castell, N., Dauge, F.R., Schneider, P., Vogt, M., Lerner, U., Fishbain, B., Broday, D.,
Bartonova, A., 2017. Can commercial low-cost sensor platforms contribute to air
quality monitoring and health exposure estimates? Environ. Int. 99, 293-302.

Castell, N., Kobernus, M., Liu, H.-Y., Schneider, P., Lahoz, W., Berre, A., Noll, J., 2015.
Mobile technologies and services for environmental monitoring: the Citi-Sense-MOB
approach. Urban Clim. 14, 370-382.

Ciencewicki, J., Trivedi, S., Kleeberger, S.R., 2008. Oxidants and the pathogenesis of lung
diseases. J. Allergy Clin. Immunol. 122, 456-470.

CITI-SENSE, 2016. Deliverable 6.4 Final Report on Methodology, Workpackage 6. Edited
by M. Fredriksen. CITI-SENSE consortium, available at <http://co.citi-sense.eu/
TheProject/Publications/Deliverables.aspx) (accessed 20 September 2017).

Delfino, R.J., Chang, J., Wu, J., Ren, C., Tjoa, T., Nickerson, B., Cooper, D., Gillen, D.L.,
2009. Repeated hospital encounters for asthma in children and exposure to traffic-
related air pollution near the home. Ann. Allergy Asthma Immunol. 102, 138-144.

EU, 2008. Directive 2008/50/EC of the European Parliament and the Council of 21 May
2008 on ambient air quality and cleaner air for Europe.

Feng, J.-Y., Chen, S.-J., Wilk, N.C., Yang, W.-P., Fetzer, S., 2009. Kindergarten teachers'
experience of reporting child abuse in Taiwan: dancing on the edge. Child. Youth
Serv. Rev. 31, 405-409.

Fishbain, B., Lerner, U., Castell, N., Cole-Hunter, T., Popoola, O., Broday, D.M., Martinez
Iniguez, T., Nieuwenhuijsen, M., Jovasevic-Stojanovic, M., Topalovic, D., Jones, R.L.,
Galea, K., Etzion, Y., Kizel, F., Golumbic, Y.N., Baram-Tsabari, A., Robinson, J.A.,
Kocman, D., Horvat, M., Svecova, V., Arpaci, A., Bartonova, A., 2016. An evaluation
toolkit of air quality micro-sensing units (http://dx.doi.org/). Sci. Total Environ.
http://dx.doi.org/10.1016/j.scitotenv.2016.09.061.

Frerichs, L., Intolubbe-Chmil, L., Brittin, J., Teitelbaum, K., Trowbridge, M., Huang, T.T.-
K., 2016. Children's Discourse of Liked, Healthy and Unhealthy Foods. J. Acad. Nutr.
Diet. 116, 1323-1331.

Galloway Research Service, 2016. Focus Groups. <http://www.gallowayresearch.com/
solutions/qualitative/focus-groups/> (accessed 27 October 2016).

Gasana, J., Dillikar, D., Mendy, A., Forno, E., Vieira, E., 2012. Motor vehicle air pollution
and asthma in children: a meta-analysis. Environ. Res. 117, 36-45.

Gauderman, W.J., Avol, E., Lurmann, F., Kuenzli, N., Gilliland, F., Peters, J., McConnell,
R., 2005. Childhood asthma and exposure to traffic and nitrogen dioxide.
Epidemiology 16, 737-743.

Gehring, U., Cyrys, J., Sedlmeir, G., Brunekreef, B., Bellander, T., Fischer, P., Bauer, C.P.,
Reinhardt, D., Wichmann, H.E., Heinrich, J., 2002. Traffic-related air pollution and
respiratory health during the first 2 years of life. Eur. Respir. J. 19, 690-698.

Gilliland, F.D., McConnell, R., Peters, J., Gong Jr., H., 1999. A theoretical basis for in-
vestigating ambient air pollution and children's respiratory health. Environ. Health

419

Environmental Research 165 (2018) 410-419

Perspect. 107, 403-407.

Hasenfratz, D., Saukh, O., Walser, C., Hueglin, C., Fierz, M., Arn, T., Beutel, J., Thiele, L.,
2015. Deriving high-resolution urban air pollution maps using mobile sensor nodes.
Pervasive Mob. Comput. 16, 268-285.

Heary, C.M., Hennessy, E., 2000. The use of focus Group interviews in pediatric health
care research. J. Pediatr. Psychol. 27, 47-57.

Jerrett, M., McConnell, R., Wolch, J., Chang, R., Lam, C., Dunton, G., Gilliland, F.,
Lurmann, F., Islam, T., Berhane, K., 2014. Traffic-related air pollution and obesity
formation in children: a longitudinal, multilevel analysis. Environ. Health 13, 1-9.

Kitzinger, J., 1995. Introducing focus groups. BMJ 311, 299-302.

Krémer, U., Herder, C., Sugiri, D., Strassburger, K., Schikowski, T., Ranft, U., Rathmann,
W., 2010. Traffic-related air pollution and incident type 2 diabetes: results from the
SALIA cohort study. Env Heal Perspect. 118, 1273-1279.

Kumar, P., Morawska, L., Martani, C., Biskos, G., Neophytou, M., Sabatino, S., Bell, M.,
Norford, L., Britter, R., 2015. The rise of low-cost sensing for managing air pollution
in cities. Environ. Int. 75, 199-205.

Lahoz, W.A., Schneider, P., 2014. Data assimilation: making sense of earth observation.
Front. Environ. Sci. 2, 16. http://dx.doi.org/10.3389/fenvs.2014.00016.

McConnell, R., Berhane, K., Yao, L., Jerrett, M., Lurmann, F., Gilliland, F., Kiinzli, N.,
Gauderman, J., Avol, E., Thomas, D., Peters, J., 2006. Traffic, susceptibility, and
childhood asthma. Environ. Health Perspect. 114, 766-772.

Rivas, L, Viana, M., Moreno, T., Pandolfi, M., Amato, F., Reche, C., Bouso, L., Alvarez-
Pedrerol, M., Alastuey, A., Sunyer, J., Querol, X., 2014. Child exposure to indoor and
outdoor air pollutants in schools in Barcelona, Spain. Environ. Int. 69, 200-212.

Schneider, P., Castell, N., Vogt, M., Dauge, F.R., Lahoz, W.A., Bartonova, A., 2017.
Mapping urban air quality in near real-time using observations from low-cost sensors
and model information. Environ. Int. 106, 234-247.

Slgrdal, L.H., Walker, S.E., Solberg, S., 2003. The Urban Air Dispersion Model EPISODE
applied in AirQUIS 2003 - Technical Description, NILU TR 12/2003, Kjeller, Norway.

Spinelle, L., Gerboles, M., Gabriella Villani, M., Aleixandre, M., Bonavitacola, F., 2015.
Field calibration of a cluster of low-cost available sensors for air quality monitoring.
Part A: ozone and nitrogen dioxide. Sens. Actuators B: Chem. 215, 249-257.

Spinelle, L., Gerboles, M., Villani, M., Aleixandre, M., Bonavitacola, F., 2017. Field cali-
bration of a cluster of low-cost commercially available sensors for air quality mon-
itoring. Part B: NO, CO and CO,. Sens. Actuators B: Chem. 238, 706-715.

Starr, E.M., Martini, T.S., Kuo, B.C.H., 2016. Transition to kindergarten for children with
autism spectrum disorder. A Focus Group study with ethnically diverse parents,
teachers, and early intervention service providers. Focus Autism Other Dev. Disabil.
31, 115-128.

Van den Bossche, J., Theunis, J., Elen, B., Peters, J., Botteldooren, D., Baets, B., 2016.
Opportunistic mobile air pollution monitoring: a case study with city wardens in
Antwerp. Atmos. Environ. 141, 408-421.

Van den Elshouta, S., Légerb, K., Heichc, H., 2014. CAQI Common Air Quality Index —
Update with PM2.5 and sensitivity analysis. Sci. Total Environ. 488-489, 461-468.

Wichmann, J., Lind, T., Nilsson, M.M., Bellander, T., 2010. PM, s, soot and NO, indoor-
outdoor relationships at homes, pre-schools and schools in Stockholm, Sweden.
Atmos. Environ. 44 (36), 4536-4544.

World Health Organization, 2008. WHO factsheet 307: Asthma. <http://www.who.int/
mediacentre/factsheets/fs307/en/index.html> (accessed 12 August 2016).

Zmirou, D., Gauvin, S., Pin, L., Momas, 1., Sahraoui, F., Just, J., Le Moullec, Y., Brémont,
F., Cassadou, S., Reungoat, P., Albertini, M., Lauvergne, N., Chiron, M., Labbé, A.,
Vesta Investigators, 2004. Traffic related air pollution and incidence of childhood
asthma: results of the Vesta case-control study. J. Epidemiol. Community Health 58,
18-23.


http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref3
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref3
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref3
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref4
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref4
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref4
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref4
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref4
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref5
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref5
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref5
http://acm.eionet.europa.eu/reports/ETCACM_TP_2013_16_new_AQ_SensorTechn
http://acm.eionet.europa.eu/reports/ETCACM_TP_2013_16_new_AQ_SensorTechn
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref6
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref6
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref6
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref7
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref7
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref7
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref8
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref8
http://co.citi-sense.eu/TheProject/Publications/Deliverables.aspx
http://co.citi-sense.eu/TheProject/Publications/Deliverables.aspx
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref9
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref9
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref9
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref10
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref10
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref10
http://dx.doi.org/10.1016/j.scitotenv.2016.09.061
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref12
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref12
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref12
http://www.gallowayresearch.com/solutions/qualitative/focus-groups/
http://www.gallowayresearch.com/solutions/qualitative/focus-groups/
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref13
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref13
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref14
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref14
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref14
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref15
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref15
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref15
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref16
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref16
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref16
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref17
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref17
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref17
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref18
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref18
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref19
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref19
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref19
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref20
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref21
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref21
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref21
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref22
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref22
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref22
http://dx.doi.org/10.3389/fenvs.2014.00016
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref24
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref24
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref24
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref25
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref25
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref25
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref26
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref26
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref26
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref27
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref27
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref27
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref28
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref28
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref28
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref29
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref29
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref29
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref29
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref30
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref30
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref30
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref31
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref31
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref32
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref32
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref32
http://www.who.int/mediacentre/factsheets/fs307/en/index.html
http://www.who.int/mediacentre/factsheets/fs307/en/index.html
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref33
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref33
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref33
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref33
http://refhub.elsevier.com/S0013-9351(17)31658-4/sbref33

	Localized real-time information on outdoor air quality at kindergartens in Oslo, Norway using low-cost sensor nodes
	Introduction
	Material and methods
	Study area
	Monitoring sites: kindergartens and reference stations
	Air quality data
	Air quality monitoring using low-cost sensors
	Air quality modelling using EPISODE dispersion model
	Air quality mapping using data fusion techniques

	Air quality visualisation portal
	Focus groups

	Results
	Comparison of the low-cost node output and a reference monitor data
	Comparison of the data fusion output and a reference monitor data
	Comparison of the EPISODE model output and a reference monitor data
	Air quality information for the Oslo kindergartens
	Findings from the focus groups

	Discussion
	Conclusions
	Acknowledgements
	References




