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a b s t r a c t
The annual concentrations of NO2, PM2.5 and PM10 in 2012 have for the first time been
modelled for all 2.4 million addresses in Denmark based on a multi-scale air quality modelling approach. All addresses include residential, industrial, institutional, shop, school,
restaurant addresses etc. The approach is based on a suite of chemistry-transport models
all developed at Aarhus University and includes regional modelling, urban background
modelling and street modelling. Information about traffic volumes is based on a newly
developed national Danish Transport Model, and national travel speed data have been
obtained from a recent dataset based on GPS readings of vehicles. Air quality model results
are validated by comparisons with measurements obtained from the fixed site monitoring
stations under the Danish Air Quality Monitoring Programme. The validation showed that
calculated street concentrations of NO2 for the five available street monitoring stations are
within 27% to +12%. The model results were also verified with comparisons with previous
model results for NO2 at 98 selected streets in Copenhagen and 31 streets in Aalborg. The
verification showed good correlation in Copenhagen (r2 = 0.70) and fairly good agreement
in Aalborg (r2 = 0.60). The target groups for the air quality mapping of all Danish addresses
are the general public for information and awareness about air quality, and local and
national authorities whom may use the information as a screening tool for air quality
assessment. The air quality map has been provided on a WebGIS platform on the internet
in September 2016 (http://luftenpaadinvej.au.dk). The air quality map is named AirStreet
for Air Quality at Your Street.
Ó 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Health effects related to outdoor air pollution include premature mortality as well as a range of morbidities caused by
short-term and long-term exposure. The World Health Organization (WHO) has estimated that the global burden of premature death for 2012 is about 3.7 million due to outdoor air (WHO, 2014). The European Environmental Agency (EEA) estimates that the health impacts attributable to outdoor air pollution in Europe (over 40 countries) in 2012 are about
432,000 premature deaths due to PM2.5 (long-term exposure), 75,000 deaths due to NO2 (long-term exposure) and 17,000
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deaths due to O3 (short-term exposure) (EEA, 2013). For Denmark the estimate is about 3500 deaths for a population of 5.7
million inhabitants (Brandt et al., 2013a).
The European Union (EU) regulates air quality for selected pollutants based on air quality limit values (EC, 2008), regulates air emissions based on National Emission Ceilings for member states, and furthermore implement source-specific regulation for emission sectors e.g. for road vehicles as part of the overall policy framework of the Thematic Strategy on Air
Pollution (EC, 2005).
The legal compliance with limit values is evaluated based on measurements from fixed site air quality monitoring stations, and air quality modelling is regarded a supplementary tool for air quality assessment as it allows for higher uncertainty (EU, 2008). In Denmark, an integrated monitoring approach (Hertel et al., 2007) is taken combining measurements
and models where air quality is measured based on a limited number of stations supplemented by modelling at selected
streets in two cities under the Danish National Air Quality Monitoring Programme (Ellermann et al., 2015).
The EU directive on air quality and cleaner air for Europe also requires that the member states provide information to the
public about air quality (EU, 2008). These requirements focus on dissemination of information based on measured air quality
and alerts in the case of exceedance of thresholds, and there are no formal requirements regarding information to the public
based on air quality modelling. Member states are requested to provide information about measured air quality on the internet. In addition, it is common that member states provide short-term air pollution forecasts based on meteorological and air
quality modelling (see e.g. Zhang et al., 2012). Some member states also provide an air quality index that attempts to aggregate complex information about levels of multiple pollutants into few usually health-related categories for easy communication (e.g. COMEAP, 2011). It is increasingly common to publish air quality maps on the internet based either on measured
or modelled air quality, and use this mapping to provide information about the spatial distribution of air quality in the country. In most cases, air quality maps provide information on a relatively coarse resolution based on regional background modelling e.g. 10 km  10 km for Europe based on the European Monitoring and Evaluation (EMEP) model (EEA, 2015). Few
examples are available for national air quality tools and maps that provide for combined modelling of regional background,
urban background and also down to street concentrations. One example is the DEFRA UK-AIR GIS tool that has been developed to allow users to freely view modelled annual air quality data on an interactive website (https://uk-air.defra.gov.
uk/data/gis-mapping). The website provides national background maps with a resolution of 1 km  1 km and selected roadside maps for 12 key pollutants based on the UK’s Pollution Climate Mapping (PCM) model (Williams et al., 2011). Not all
roads in the UK are included only approximately 9000 road links that are all in urban areas and are all A roads and Motorways. The tool has been developed for the annual assessment of compliance with the EU air quality Directives and to support
local action planning. Another example is the Swedish SIMAIR system that is an internet-based modelling tool developed for
use by all Swedish municipalities for air quality assessment. It assists in compliance evaluation with EU limit values enabling
municipalities to assess the impacts of local emissions from road vehicles and residential wood combustion (Gidhagen et al.,
2009, 2013). SIMAIR has focused on decision-support for municipalities and a national air quality map for public information
is not the objective of this model system. Another example of a model chain ranging from regional to street scale has been
presented for the city of Antwerp, Belgium where an advanced measurement interpolation model, a bi-Gaussian plume
model and a canyon model was used to simulate the street-level concentrations over the city (Lefebvre et al., 2013).
In this paper we present and evaluate a high resolution national air quality map for Denmark based on multi-scale modelling from regional to urban background concentrations and further down to street concentrations. The uniqueness of the
model system is that it presents modelled street concentrations for all address locations in Denmark. NO2, PM2.5 and PM10
have been selected as indicators for health impacts. NO2 as annual mean is the only indicator in Denmark that exceeds the EU
limit value, and this is observed at one air quality monitoring station at a busy street in Copenhagen (Ellermann et al., 2015).
In the current project, the air quality indicators are annual means to provide for the general spatial distribution between
areas and streets. The target groups are the general public for information and awareness about air quality at address level
to answer questions like: what is the air quality where I live, work, or my children go to school? Other target groups are
national and local authorities that may use the information as a screening tool for air quality assessment in relation to
e.g. indicative assessment of compliance with air quality limit values, and initial screening in relation to Environmental
Impact Assessments of e.g. new development or road projects. The objective is to describe the geographical variation of
ambient air quality in Denmark at a very high spatial resolution.

2. Materials and methods
Multi-scale modelling is applied to model annual mean concentrations of NO2, PM2.5 and PM10 for 2012 for all addresses
in Denmark. Multi-scale modelling is based on the integrated model system THOR (Brandt et al., 2001a, 2001b, 2001c, 2003)
and includes modelling of regional background concentrations with the DEHM (Danish Eulerian Hemispheric Model), urban
background concentrations with the UBM (Urban background Model) and street concentrations with the OSPMÒ (Operational Street Pollution Model). DEHM provides regional background concentrations as input for UBM that provides urban
background concentrations for OSPMÒ. All models are driven by meteorological data from the MM5v3.7 numerical weather
prediction model. Models and input data are described in the following sections. Furthermore, the sections provide references to publications about the models for more detailed descriptions and validations of these tools.
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2.1. Regional background scale modelling
2.1.1. DEHM - Danish Eulerian Hemispheric model
DEHM is a three dimensional, offline, large-scale, Eulerian, atmospheric chemistry transport model (CTM) developed for
studying long-range transport of air pollution on the Northern Hemisphere (Christensen, 1997; Frohn et al., 2001; Brandt
et al., 2012). DEHM predicts regional background concentrations based on emissions, atmospheric transport, chemical reactions, and dry – and wet depositions of air pollutants in a 3D grid covering the northern hemisphere with a horizontal resolution of 150 km  150 km. The model includes a two-way nesting capability, which makes it possible to obtain higher
resolution over selected limited areas. Three nested domains are used in the model runs is this study, where the first nest
is covering Europe with a resolution of 50 km  50 km. The second nest is covering Northern Europe with a resolution of
16.7 km  16.7 km. The calculations of air quality in Denmark are carried out in a third nest with a resolution of
5.6 km  5.6 km. In the vertical direction the model is divided into 29 layers covering the lowest 15 km of the atmosphere.
Of these, the lowest layers are relatively thin (20 m) while the upper layers are relatively thick (2000 m) in order to obtain a
good description of the gradients at the surface where emission and deposition processes take place. The chemical scheme
includes 58 gases and 9 primary particles. DEHM is driven with meteorological data from the numerical weather prediction
model MM5v3.7 model for this study (Grell et al., 1995).
Global emission databases used in the Northern Hemispheric domain are EDGAR (Emission Database for Global Atmospheric Research) and GEIA (Global Emission Inventory Activity). Emissions for the European domain have a resolution of
16.7 km  16.7 km and are based on EMEP emissions from 2012 (www.emep.int). The emission inventories used in DEHM
have a resolution in Denmark of 5.6 km  5.6 km transformed from a 1 km  1 km emission inventory for Denmark. Emissions for Denmark are based on Danish national emission inventories for the year 2010/2011 (Nielsen et al., 2013). Ship
emissions are included around Denmark with a very high resolution of 1 km  1 km and globally with a coarser resolution
(Olesen et al., 2009). Natural emissions from wildfires, lightning and soil/vegetation as well as sea salt are included. More
details regarding the parameterisations of physical and chemical processes, as well as the applied meteorological data
and emission data are given in Brandt et al. (2012).
2.1.2. Compensation to obtain mass closure
As all other regional models DEHM also has a challenge to obtain mass closure for PM2.5 and PM10 as predictions underestimate the mass of particles compared to measurements. The missing mass is expected to be related to Secondary Organic
Aerosols (SOA) and unknown mass of which water most likely is part of the latter. Compensation to obtain mass closure has
been resolved by adding mass in order to obtain predicted PM2.5 and PM10 concentrations that are in better accordance with
measured concentrations. The contribution of SOA has been included based on measurements from the Danish Air Quality
Monitoring Programme assuming that all measured organic matter (OM) is SOA (3.3 lg/m3) (Ellermann et al., 2012). To further reduce the gap between modelled and measured PM2.5 and PM10, the missing mass has been estimated as the residual
value based on measurements for 2012 at regional background stations in the Danish Air Quality Monitoring Programme
(Ellermann et al., 2012).
2.2. Urban background scale modelling
2.2.1. UBM - urban background model
Urban background concentrations represent conditions that are not directly affected by very local sources. This may in the
city be the levels at roof top level or in an urban park, and in rural areas this will be the regional background concentrations
somewhat away from local highways, farms, industrial plants or other local sources. Hourly urban background concentrations are modelled with UBM (Berkowicz, 2000a; Brandt et al., 2001a, 2001b, 2001c). UBM calculates the urban background
concentrations based on emission inventories with a spatial resolution of 1 km  1 km and using hourly regional background
concentrations from DEHM as boundary conditions, and meteorological data from the MM5v3.7 model, as well as land-cover
data to estimate surface roughness. Urban background concentrations are modelled with high spatial resolution; for the centre points of grid cells of 1 km  1 km equivalent to the emission grid. For a receptor point in a grid cell, UBM calculates the
contributions from upstream emissions up to 30 km from the receptor point. The model includes a Gaussian plume approximation for calculation of the dispersion and transport of the air pollutants to every receptor point and a simple chemical
model accounting for the photochemical reactions of NO, NO2 and ozone to predict NO2. The basic principles of the model
are described in Berkowicz (2000a) and Brandt (2001a, 2001b, 2001c). Since then, UBM has undergone many improvements
in the formulation of physical processes, the coupling to the regional background model, handling of emissions and now not
only treats area sources but also point sources. It also provides a more realistic spatial distribution of concentrations around
large point sources. This has improved the overall performance of the model in comparison with measurements (Ellermann
et al., 2013, 2015).
2.2.2. Spatial distribution of national emissions
The emissions in UBM are obtained from the SPREAD model that provides spatially distributions of the national emissions
from all sectors on a 1 km  1 km grid for Denmark based on various geographic variables applied for the different emission
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sectors (Plejdrup and Gyldenkærne, 2011). Emissions applied in the present study represent the years 2010/2011, where
2010 gives the spatial distribution, scaled by national totals to the year 2011.
2.3. Street scale modelling
2.3.1. OSPMÒ – Operational street pollution model
Concentration levels within the street are calculated with OSPMÒ (Berkowicz, 2000b; www.au.dk/ospm). In this model,
the calculation point at an address represents the location in front of the building facade at a height of 2 m. OSPMÒ requires
information about street geometry (e.g. street orientation, street width, street length, building height in wind sectors), traffic
flow, vehicle emissions, meteorological parameters and urban background concentrations. The street canyon effect on concentrations is well reproduced by the model (Berkowicz et al., 1996). OSPMÒ is a semi-parameterized model that computes
pollution levels as the sum of the direct contribution from traffic in the specific street section, and the contribution from the
wind-generated recirculation of air pollution inside the street environment taking into account the influence of buildings.
The direct contribution is described by a plume dispersion model and the recirculation contribution by a box model that
takes into account the exchange with the urban background air. The influence of traffic induced turbulence is taken into
account and it is especially important at low wind speeds where the highest pollutant levels will usually appear. Traffic
induced turbulence depends on vehicle density in the street, horizontal area occupied by vehicles and vehicle speed. The
potential influence of atmospheric stability is neglected in OSPMÒ as it does not have major influence on concentrations
in street canyons. The model also includes simple photochemistry involving NO, NO2 and O3 for estimation of NO2 concentrations (Palmgren et al., 1996). Vehicle emissions are based on the COPERT 4 European emission model (European
Environmental Agency, 2009; EMEP/EEA, 2013). For each street location in Denmark, the corresponding UBM modelled
time-series are used as urban background input for OSPMÒ together with the meteorological data from the MM5v3.7 model.
The model is not designed to assess roadside concentrations close to motorways e.g. in different distances of a motorway.
OSPMÒ has been tested successfully against monitoring stations in Denmark, in a variety of other European countries as
well as in USA and some countries in Asia (Berkowicz et al., 2008; Jensen et al., 2009; Kakosimos et al., 2011; Ketzel et al.,
2012; Ottosen et al., 2015).
2.3.2. The AirGIS system
Street configuration data and traffic data for OSPMÒ for each address is generated with a 2½ dimensional GIS based landscape model within the AirGIS system (Jensen et al., 2001, 2009; Ketzel et al., 2011). The AirGIS system is an air pollution
modelling and human exposure assessment system that has been developed to capture the intra-urban variability in air
quality. AirGIS has been developed in support of urban air quality assessment and management, and for human exposure
assessment in air pollution epidemiological studies. Since 2006, the AirGIS system has been applied for urban air quality
assessment under the Danish air Quality Monitoring Programme for Copenhagen (capital) and Aalborg (fourth largest city)
and has been applied in numerous Danish air pollution epidemiological studies (http://envs.au.dk/videnudveksling/luft/model/airgis/). The AirGIS system is a deterministic air quality and exposure model system based on the coupled OSPMÒ, UBM
and DEHM integrated model system, making use of digital maps, traffic data, register data, and Geographic Information Systems (GIS). One of the unique features of AirGIS is that it is able to generate street configuration and traffic data for OSPMÒ
based on digital maps on road links with traffic data, building footprints with building heights, and address points based on a
programme in Avenue for ArcView 3.3Ò. This enables estimation of air quality levels at a large number of street locations in
an automatic and effective way. AirGIS has after modification to local conditions and local available data been applied in
other countries (see e.g. Sheng and Tang (2013)).
The digital maps and databases used in the present study are described in the following. All analyses of GIS data are performed in ArcMap 10.2Ò.
2.3.3. National address dataset
A national address dataset with geocoded address points from 2010 from the Danish Geodata Agency was used. The dataset includes 2,371,624 address points. It includes all addresses, that is, residential, industrial, institutional, shop, school,
restaurant addresses etc. The address point is located inside the building footprint at the location of the front door. A selection procedure was developed to select address points suitable for OSPMÒ calculations that would limit the number of calculations due to computer time constraints. Although OSPMÒ calculates one year of data in about 10 s computer time on a
standard PC, these calculations would still take about ¾ of a year if calculations were made for all addresses. Generation of
street configuration and traffic data for OSPMÒ with AirGIS also takes about 10 s per address. Based on visual analysis of
selected buildings, address points and road links in selected cities a distance criterion of 34 m from an address point to a
road link was defined. This distance criterion was used to select address points for OSPMÒ calculations. This would select
almost all building footprints of the nearby buildings of a road link and leave out e.g. a second row of buildings that would
not be directly exposed to the road traffic and hence be classified as urban background conditions. Furthermore, a criterion of
>500 Annual Average Daily Traffic (AADT) was set to limit streets for OSPMÒ calculations, since streets with lower traffic
flows will have insignificant contribution from traffic in the street. All in all 201,036 addresses were selected for calculations
of street contribution with OSPMÒ. This number of street calculations is corresponding to a computer time of about 1100 h
for AirGIS and OSPMÒ calculations on standard PC servers. The calculations were distributed on several servers to reduce the
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calculation period. The remaining 2,170,588 address points were allocated the value for urban background concentrations
from the 1  1 km2 grid cell they belong to.
2.3.4. National building footprints
A national building footprint dataset from 2013 from the Danish Geodata Agency was applied. This dataset includes in
total about 2.4 million building footprints. The accuracy of the building footprints is within 1 m. This data set does not
include building height that is one of the required input parameter for street configuration for OSPMÒ. Building height
was therefore estimated for each building based on the National Elevation Model that has a resolution of 1  1 m2 calculated
as the difference between DTM (Danish terrain model) and DSM (Danish Surface Model). The height at the centre point of
each building polygon was taken to represent the height of the building.
2.3.5. National road network and traffic data
OSPMÒ model requires information about Annual Average Daily Traffic (AADT), vehicle distribution and travel speed on
each road link. The vehicle distribution is divided into passenger cars, light commercial vehicles, trucks <32t, trucks >32t and
buses. Normalized standard diurnal profiles for the different vehicle categories have been defined for traffic volume and travel speed for Mondays through Thursdays, Fridays, Saturdays and Sundays subdivided into the holiday month of July and the
rest of the year. These diurnal profiles are defined for different road types (TetraPlan, 2001). The combination of AADT, vehicle distribution and diurnal profiles enables calculation of traffic volume and travel speed for the different vehicle categories
for each hour of the year and the corresponding emission.
The national road network of the national Danish Transport Model (LTM) from The Technical University of Denmark was
used (http://www.landstrafikmodellen.dk). This new national Danish Transport Model is a transport demand model. It covers all transport activities generated in Denmark by Danes as well as transport activities by foreigners who have tour destinations in Denmark or use Denmark as a transit country (Rich and Hansen, 2015). LTM is implemented on the road network
of navteqÒ including 34,006 road links (www.idevio.com). The LTM version C146 from April 2013 based on navteqÒ from
autumn 2009 was obtained. The road network of navteqÒ is not always geographically correct when compared to a road network and aerial photos of the Danish Geodata Agency. Analysis showed that 1.7% of road links crossed building footprints
especially in rural areas. This was manually corrected for streets with more than 2000 vehicles per day and the rest of
the roads were assumed to present urban background conditions. LTM includes all major roads as a coherent road network
which encompasses all State roads and most municipal roads. Analysis of traffic of the road network shows that it includes
about 82% of all km travelled in Denmark. The road network does not include residential roads and other smaller roads. Since
these roads have low traffic volumes they will also have a small street contribution to concentrations and in the present
study addresses along such streets are assigned urban background concentrations.
Traffic data represents average working day traffic volumes in 2010. Since OSPMÒ requires AADT, working day traffic volumes were scaled to AADT with factors defined by the Danish Road Directorate (Danish Road Directorate, 2006).
LTM includes information about vehicle distribution (passenger cars, light commercial vehicles, and heavy-duty vehicles).
The fraction of heavy-duty vehicles modelled by Danish Transport Model was compared to manual counts carried out by the
Municipality of Copenhagen for about 100 streets in Copenhagen (Municipality of Copenhagen, 2013). There was a poor correlation between observed and modelled heavy-duty fraction (not shown) and it was decided to use standard vehicle distribution assumptions to avoid random results.
A standard vehicle distribution depending on road type was derived in the following way. Roads were grouped in two
groups based on road type information. Main roads were the categories motorways and express roads. Other roads were
the categories: other roads, roads with width 3–6 m, and roads with width more than 6 m. For main roads the average vehicle distribution in LTM was used. For other roads the vehicles distribution was based on manual counts for 98 streets in
Copenhagen for 2010. These 98 streets are included in the Danish Air Quality Monitoring Programme for air quality assessment based on modelling (Ellermann et al., 2013). The split of heavy-duty vehicles into truck <32t, truck >32t and buses are
based on the standard distribution used for OSPMÒ calculations. The assumptions about the vehicle distribution are shown in
Table 1.
Travel speed data from 2012 was obtained from a national dataset (SpeedMap) from the Danish Road Directorate that has
travel speeds on each road link in the LTM road network (http://speedmap.dk/portal). Travel speed data are based on GPS
readings from thousands of vehicles to make complete coverage of the road network.
2.3.6. Evaluation of traffic volumes
A comparison of modelled AADT from the Danish Transport Model with an independent dataset of AADT from Copenhagen and Aalborg in Denmark has been carried out for 2010 as the Danish Transport Model represents traffic volumes
for the year 2010. These two cities were selected due to availability of high quality traffic data as part of air quality assessment of selected streets in these cities under the Danish Air Quality Monitoring Programme (Ellermann et al., 2011). All manual counts were used in the analysis with 109 sites for Copenhagen and 22 for Aalborg.
The correlation between modelled and counted traffic volume is very high for Copenhagen (r2 = 0.96) with a slight underestimation of about 6% on average. For Aalborg the correlation is high (r2 = 0.73) with a slight overestimation of about 7% on
average. A lower correlation is expected for Aalborg since the uncertainty is higher on traffic volumes as traffic counts are
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Table 1
Standard vehicle distribution depending on road type (%).
Road types

Passenger cars

Vans

Truck <32t

Truck >32t

Buses

Heavy-duty

Total

Main roads
Other roads

78.6
80.2

11.0
15.3

6.1
1.5

3.3
0.55

1.0
2.4

10.0
4.5

100
100

carried out less frequently compared to Copenhagen. Copenhagen still has higher correlation also when traffic volumes up to
30,000 (similar to maximum traffic volumes in Aalborg) are selected (r2 = 0.81). Despite generally high correlations, single
streets may still be under- or overestimated by up to a factor of two (see Figs. 1a and 1b).
3. Results and discussion
3.1. Validation of model results for NO2 in 2012
The performed validation of model results has focus on NO2. For Danish conditions, NO2 is the only regulated pollutant
that exceeded the air quality limit value of the European Union of 40 lg/m3 as an annual mean in 2012. The exceedance
takes place at one street air pollution monitoring station in Copenhagen (Ellermann et al., 2013).
In Table 2 a comparison of model calculations and measurements in 2012 is presented. Model calculations are based on
the above described air quality models and inputs. However, for this analysis the predicted street configuration from the
Danish Air Quality Monitoring Programme was used. This is based on AirGIS predictions, but predicted street configuration
has manually been corrected if the predicted street configuration was not representative of the real street configuration seen
from an air pollution point of view. Manual corrections are possible since there are only five street stations. Measurements
are from the Danish Air Quality Monitoring Programme based on fixed street stations, urban background stations and regional background stations (Ellermann et al., 2013). The monitoring programme covers the four largest cities in Denmark and
two regional stations.
Calculated concentrations for the five street stations are within 27% and +12%. The highest underestimation is for Aarhus due to a slightly underestimation of traffic volume, a large underestimation of the heavy-duty share and partly due to
underestimation of the urban background concentrations. For the four other stations the predictions are within 3% to +12%.
Calculated concentrations for the four urban background stations are within 13% to +5% of measurements for urban
background stations with the highest discrepancy for Aarhus.
For the two regional stations there is a slight underestimation for Keldsnor in the south part of the country ( 4%) whereas
there is a larger overestimating for Lille Valby located in the Greater Copenhagen Area (+29%). Uncertainties in the predicted
regional background concentrations carry less weight as the contribution from the regional background concentrations is
low compared to the contribution from busy streets to street concentrations and the contribution of larger cities to the urban
background concentrations.
The comparison of model calculations and measurements in 2012 for NO2 given in Table 2 is also shown as a scatter plot
in Fig. 2.
In Fig. 3 a comparison of model calculations and measurements in 2012 are shown for PM2.5 and PM10 for stations where
PM measurements are carried out. As described in section 2.1.2 mass closure was achieved for PM2.5 based on measurements. This means that predictions and observations match for the urban background station in Copenhagen. The model
generally underestimates PM2.5 concentrations for four street stations within 23% to 7%, for three background stations
within 17% to 0%, and for one regional station with 2%. All measurements and model results are significantly below
the European Union limit value of 25 lg/m3.
The model underestimates PM10 concentrations for the four street stations with 40% to 21%, the one background station with 21%, and the two regional stations with-24% and 10%. All measurements and model results are significantly
below the European Union limit value of 40 lg/m3. The large underestimation for the street stations is probably due to
underestimation of the non-exhaust emission factors used in OSPMÒ but also underestimation of urban background
concentrations.
3.2. Comparison of NO2 model results based respectively on counted and modelled traffic data
In the Danish Air Quality Monitoring Programme, air quality assessment based on modelling is carried out annually for 98
selected streets in Copenhagen and 31 streets in Aalborg. For Copenhagen, the assessment is based on manual traffic counts
from the Municipality of Copenhagen, whereas in Aalborg, the Municipality of Aalborg provides a combination of manual
traffic counts and traffic volumes obtained from a local traffic model. The Air Quality Monitoring Programme makes use
of the same multi-scale modelling approach with DEHM/UBM/OSPMÒ as applied in the present mapping of all addresses
in Denmark. The only differences in approach concern the traffic volumes, vehicle distribution and street configuration. In
the Air Quality Monitoring Programme, traffic volumes and vehicle distribution are (as stated above) mainly based on manual traffic counts, whereas the current national mapping uses modelled traffic volumes from the Danish Transport Model,
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Fig. 1a. Copenhagen in 2010. Correlation between counted traffic volume in 109 streets and modelled traffic volumes from the Danish Transport Model.
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Fig. 1b. Aalborg in 2010. Correlation between counted traffic volume in 22 streets and modelled traffic volumes from the Danish Transport Model.

and applies standard vehicles distributions. For street configuration, the calculations within the Air Quality Monitoring Programme uses street configuration data obtained from AirGIS, but with manual corrections for the sites at the air quality monitoring stations. For the national modelling in the current study, the street configuration data is generated for each address
points, and this data has not been subject to a subsequent manual correction. In the comparison below, the nearest address
point in the national modelling to a calculation point of the Air Quality Monitoring Programme was chosen. For travel speeds,
the assumptions are the same in the two sets of calculations and based on SpeedMap. A comparison between these two dataset offers an opportunity to evaluate the impact on modelled air quality of different assumptions about traffic and street con-
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Table 2
Comparison of model results and NO2 measurements for fixed air quality monitoring stations in Denmark in 2012 (annual mean).
City name/station no.

Measurements (lg/m3)

Model results (lg/m3)

Street:
Copenhagen-HCAB/1103
Copenhagen-Jagtvej/1257
Aarhus/6153
Odense/9155
Aalborg/8151

47/55a
38
35
26
30

46
37
26
27
33

Urban background:
Copenhagen/1259
Aarhus/6159
Odense/9159
Aalborg/8159

17
17
13
13

18
15
14
12

Regional background:
Lille Valby/2090
Keldsnor/9055

9
8

12
8

Difference (Per cent)
2/ 16a
3
27
6
12
4

AQ models
DEHM/UBM/OSPMÒ
DEHM/UBM/OSPMÒ
DEHM/UBM/OSPMÒ
DEHM/UBM/OSPMÒ
DEHM/UBM/OSPMÒ

5

DEHM/UBM
DEHM/UBM
DEHM/UBM
DEHM/UBM

29
4

DEHM/UBM
DEHM/UBM

13
5

a
55 lg/m3 is measured at the monitoring station at Hans Christian Andersen’s Boulevard (HCAB) but because of a change in street layout traffic has
moved closer to the monitoring station. It is estimated to have led to a jump of about 8–9 lg/m3 based on parallel measurements. Without the change in
street layout about 47 lg/m3 is expected. OSPMÒ calculations are more representative of the measurements without the jump as OSPMÒ calculations reflect
concentration levels in front of the building facade.

Fig. 2. Comparison of annual mean values of model results and observations for NO2 for fixed monitoring stations under the Danish Air Quality Monitoring
Programme for the year 2012. For the street station of Hans Christian Andersen’s Boulevard the NO2 level without the jump of 8–9 lg/m3 is used, see note of
Table 2. The 1:1 line is also shown.

figuration. Firstly, the impact related to the differences between manual traffic counts and modelled traffic data from Danish
Transport Model, and secondly the impact related to the differences in the obtained datasets for street configuration.
Modelled air quality data in the national mapping represents the year 2012, and this dataset is compared to a dataset
from the Air Quality Monitoring Programme for the year 2013. The reason for comparing with the year 2013 is that OSPMÒ
was revised for the air quality assessment in the Air Quality Monitoring Programme for the year 2013 (Ellermann et al.,
2015), and for the current study the same OSPMÒ version has been applied for the national mapping for the year 2012. Emission factors and also meteorology are slightly different between these two years which slightly influences the average air
quality level. Average NO2 concentrations for the 98 streets in Copenhagen are 7% lower in 2013 compared to 2012
(Ellermann et al., 2015) but this has little influence on the correlation between modelled air quality levels at the streets
between the two years.
There are slight differences regarding the location of calculation points in the two datasets that may influence predicted
concentrations somewhat. In the Air Quality Monitoring Programme calculation points are selected to represent locations
where the traffic counts have taken place, whereas for the national mapping in the current study, the locations are based
on address points. For the comparisons, the nearest address to calculation points in the Air Quality Monitoring Programme
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Fig. 3. Comparison of annual mean values of model results and observations for PM2.5 (left panel) and PM10 (right panel) for fixed monitoring stations under
the Danish Air Quality Monitoring Programme for the year 2012. The 1:1 line is also shown.

is selected, and only addresses not too far away from the Air Quality Monitoring Programme calculation points are included
in the comparisons.
Another slight difference between the two datasets is related to the urban background modelling. In the Air Quality Monitoring Programme the calculation point for the urban background modelling is the same as the street calculation point
whereas for the national mapping all address points within a 1  1 km2 grid cell are assigned the urban background concentration modelled at the centre of the grid cell. However, this difference is considered negligible.
3.2.1. Comparison for Copenhagen
For the calculations related to streets in Copenhagen, distances between the calculation points used in the Air Quality
Monitoring Programme and the nearest address points were between 9 and 87 m. Based on visual inspection, all distance
below 35 m were selected for the comparisons. This selection included 88 streets out of the 98 streets for which calculations
are made within the Air Quality Monitoring Programme.
The correlation between air quality modelling based on manual counts and traffic volumes predicted with the Danish
Transport Model is shown in Fig. 4.
There is a good correlation between annual mean concentrations of NO2 obtained for air quality modelling based on
respectively manual traffic counts in 2013 and the modelled traffic data from the Danish Transport Model data in 2012
(r2 = 0.70). The annual mean NO2 concentrations for all sites are at the same level. Average modelled concentrations for
the current study for the year 2012 are only 2% higher than for the modelled concentrations in the national Air Quality Monitoring Programme for the year 2013. Measurements at the two street air pollution monitoring stations in Copenhagen show
little difference between observed concentration levels in 2012 and 2013 for both street and urban background stations
(Ellermann et al., 2012, 2015). This indicates only minor differences in meteorology between the two years, since vehicle
emission factors and traffic changes only change slightly from one year to the next. The difference in location of calculations
points can also affect the scatter between the two datasets of calculations as this may influence the street configuration.
3.2.2. Comparison for Aalborg
For the calculations performed for Aalborg, the Danish Transport Model does not include all the streets for which calculation points are selected under the Air Quality Monitoring Programme. The analysis is therefore subdivided into one group
for calculation points along the road network of the Danish Transport Model (22 locations), and another group for calculation
points not covered by the Danish Transport Model (9 locations).
For each of the 22 locations of the first group, the nearest address points were selected. A subsequent analysis showed
that the maximum distance between the two sets of calculation points was 41 m.
The correlation between the two datasets of calculations based respectively on mainly manual counts and modelled traffic volumes obtained from the Danish Transport Model is shown in Fig. 5.
The correlation between modelled annual mean concentrations of NO2 for the two datasets of calculations based respectively on mainly manual traffic counts in 2013 and modelled traffic data obtained from the Danish Transport Model in 2012
in Aalborg (r2 = 0.60) is not as good as the correlation obtained for street locations in Copenhagen (r2 = 0.70). This is also
expected, since Aalborg has a less systematic traffic counting programme compared with Copenhagen, and in addition some
traffic volumes for streets in Aalborg are based on a local traffic model.
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Fig. 4. Correlation between modelled annual mean concentrations of NO2 for two datasets of calculations based on traffic data obtained respectively from
manual traffic counts in 2013 and the Danish Transport Model in 2012. All data represent urban street locations in Copenhagen (in total 88 locations).

There is one distinct outlier in the comparison for the streets of Aalborg. This outlier represents the highest concentration
modelled when the calculations are based on the Danish Transport Model (42 lg/m3). This specific location is in a busy street
in central Aalborg where the fixed site air quality monitoring station is located. The street configuration data obtained with
the AirGIS system do not reflect the street geometry in a representative way for OSPMÒ. The street width is estimated to
21 m, which is the shortest distance between any buildings on either side of the street at the address point nearest to the
calculation point in Air Quality Monitoring Programme. In this case, the distance is between two small and low buildings
whereas street geometry from an air pollution point of view should reflect the distance between the tall buildings on both
sides of the street. The latter would lead to a street width of 41 m. As vehicle emissions are evenly distributed over the entire
street width, modelled concentrations becomes much higher for a narrow street compared with a wide street. The difference
in modelled concentrations is not the result of differences in traffic data since traffic volume, vehicle distribution and travel
speed are all almost identical. The street geometry for this outlier example is illustrated in Fig. 6.
For the calculations for street locations in Aalborg, nine calculation points were not included in the road network of the
Danish Transport Model. The correlation for this subset of calculation points between calculations based on respectively

Fig. 5. Correlation between modelled annual mean concentrations of NO2 based respectively on manual traffic counts in 2013 and modelled traffic data
obtained from Danish Transport Model data in 2012 in Aalborg (22 locations)
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Fig. 6. Example of a street configuration where the AirGIS system generates a street geometry that does not reflect the real street geometry in a
representative way for OSPMÒ. Street width is calculated to 21 m but should be about 41 m in order to represent the actual street geometry as illustrated
with the arrows. The circle marks the street section where the monitoring station is located and the large black dot the location of the monitoring station
when projected to the street centre line. Small black dots represent address points.

mainly manual traffic counts and modelled traffic volumes predicted with the traffic model is shown in Fig. 7. It is seen that
the calculations based on predicted traffic clearly underestimate concentrations since there is no estimated traffic and these
calculation points only get the contribution from the urban background contribution (DEHM/UBM) in the national mapping
for the current study.
The mean AADT for the 9 streets is about 11,000 (6,000–29,000). In this case the model underestimates concentrations by
50–150% because there is no modelled street contribution. The Danish Transport Model has a very dense network that covers
most busy streets, but in this case important streets are not included.

3.3. Geographic distribution of background concentrations
The geographical distribution of modelled background concentrations over land and marine areas in Denmark calculated
with DEHM/UBM is shown in Figs. 8a–8c for NO2, PM2.5 and PM10, respectively.
The geographic distribution of NO2 concentrations over land areas shows a clear signal from local sources. This is visible
especially for contributions from road traffic as the larger cities and major transport corridors have the highest concentrations. Over marine areas the international ship transport passing through Danish marine areas are clearly shown with high
concentrations. The latter also give raise to elevated concentrations in nearby coastal land areas.
The geographic distribution of PM2.5 over land and marine areas has a pattern clearly different from NO2, since there is a
clear gradient from South to North. This is due to the fact that PM2.5 concentrations are dominated by regional background
pollution as a result mainly of long-rang transport from Western and Central Europe.
The geographic distribution of PM10 over land and marine areas is clearly influenced by the contribution of sea salt from
sea spray. This is visible in the high PM10 concentrations in Western Jutland and to a less extent on the western part of the
main islands in the inner waters. The latter is due to predominant westerly winds. The same gradient from South to North as
for PM2.5 is also visible for PM10. This is logical as PM2.5 is part of PM10.

3.4. Geographic distribution of street concentrations
The geographical distribution of modelled street concentrations over land areas in Denmark calculated with DEHM/UBM/
OSPMÒ is shown in Figs. 9–11 for NO2, PM2.5 and PM10, respectively. Calculation points are represented by all address points
located along the road network of the Danish Transport Model and include about 201,000 calculation points.
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Fig. 7. Scatter plot of modelled annual mean concentrations of NO2 based respectively on mainly manual traffic counts in 2013 and Danish Transport Model
data in 2012 in Aalborg. The scatterplot includes streets that are not included in the road network of the Danish Transport Model and hence no modelled
traffic is predicted for these roads (9 locations). The 1:1 line is also shown.

3.4.1. Street concentrations for NO2
Street concentrations for NO2 show the highest concentrations in the larger cities due to the contribution from road transport but also as a result of elevated urban background concentrations (Fig. 9).
An indicative assessment of exceedances of the EU limit value for annual mean concentrations for NO2 has been carried
out based on the calculations in the present study. This assessment is considered indicative, since there are uncertainties in
the model results. Furthermore, the official assessment of exceedances in Denmark is carried out within the Danish Air Quality Monitoring Programme. This assessment is based primarily on measurements (reported to EU), but supplemented with

Fig. 8a. Annual mean NO2 background concentrations in 2012 based on UBM calculations with regional input from DEHM.
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Fig. 8b. Annual mean PM2.5 background concentrations in 2012 based on UBM calculations with regional input from DEHM.

Fig. 8c. Annual mean PM10 background concentrations in 2012 based on UBM calculations with regional input from DEHM.

air quality modelling for selected streets in Copenhagen and Aalborg for the Danish air quality assessment. As previously
described these calculations are based on mainly manual traffic counts and quality assured street configurations.

S.S. Jensen et al. / Transportation Research Part D 52 (2017) 322–339

335

Fig. 9. Annual mean NO2 street concentrations along the road network of the Danish Transport Model in 2012.

Modelled concentrations close to or exceeding limit values should be interpreted with caution due to uncertainties in the
model results. 1123 addresses had indicative exceedances of the limit value for NO2 in 2012 (limit value calculated as
exceeding 40.5 lg/m3). As expected the vast majority of the indicative exceedances were located in Copenhagen with a
few exceedances in neighbouring municipalities. There are also some indicative exceedances in the city of Aarhus and Aalborg. It was anticipated to find exceedances in Aarhus that is the second largest city in Denmark. However, for Aalborg the
assessment under the Danish Air Quality Monitoring Programme based on model calculations did not show any exceedances
for the 31 selected streets for 2012 (Ellermann et al., 2013).
3.4.2. Street concentrations of PM2.5
Street concentrations of PM2.5 show a different pattern compared with NO2, since there is a clear gradient from South to
North. This gradient originates from the contribution from long-range transported air pollution (Fig. 10). However, the contribution from road transport in the larger cities is also seen. The modelled maximum concentration of about 16 lg/m3 is
well below the EU limit value of 25 lg/m3 and likely to be below the limit value although the multi-scale model generally
underestimates PM2.5 street concentrations with 23% to 7% compared to street monitoring stations.
3.4.3. Street concentrations of PM10
For street concentrations of PM10, the contribution of sea salt from sea spray is clearly visible with high PM10 concentrations in the same regions as high PM10 concentrations were seen for background concentrations (Fig. 11). The contribution
from road transport in the larger cities is also seen as well as a faint gradient from South to North similar to what was seen
for PM2.5. The modelled maximum concentration of about 25 lg/m3 is well below the EU limit value of 40 lg/m3 and likely to
be below the limit value although the model generally underestimates PM10 street concentrations with 40% to 21% compared to street monitoring stations, probably due to the missing re-suspended dust in the model.
3.4.4. Discussions
A number of limitations in the present model setup for DEHM/UBM/OSPMÒ and input data adds to the uncertainty of
model results.
Air quality at addresses very close to motorways will not be modelled correctly, as the contribution from the motorways
are only indirectly accounted for as part of emissions on a 1  1 km2 grid. All addresses will be assigned to the nearby road
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Fig. 10. Annual mean PM2.5 street concentrations along the road network of the Danish. Transport Model in 2012.

e.g. residential road and not to a motorway as the distance to the motorway will be further away. For addresses located close
to a busy motorway, the contribution from the motorway can be substantial. Hence, concentrations at addresses located up
to about 100–200 m from a motorway will be underestimated in the case the contribution from the motorway is higher than
from the nearby road. In another project, air quality was modelled at distances up to 1000 m from the road along the entire
State road network of Denmark mainly including motorways and other main roads using a model chain of DEHM/UBM and
OML-Highway (Jensen et al., 2015). This dataset could potentially provide modelled air quality levels for addresses along
State roads, in case modelled concentrations were higher than for the model chain DEHM/UBM/OSPMÒ. However, this
approach has not been explored further in this paper.
Air quality levels at address points located very close to busy intersections will be directly influenced by vehicle emissions
from more than one street. This may lead to underestimation for addresses very close to busy intersections since OSPMÒ only
takes into account the vehicle emissions from the street where the calculation point is placed.
The comparison between counted traffic volumes and traffic volumes predicted by the Danish Transport Model showed
high correlation, whereas the same did not apply for heavy-duty vehicles. Hence, assumptions were made with standard
vehicle distribution for heavy-duty vehicles depending on road type. This simplification adds to uncertainty in modelled concentrations when the standard share of heavy-duty vehicles differs from true values. Although, the road network of the Danish Transport Model is very dense, and it covers most busy streets, it was shown in the case of Aalborg that some busy streets
are not included. For these streets the lack of traffic data is leading to underestimation of air quality levels. Some of these
streets have been included in later versions of the Danish Transport Model.
The level and distribution of PM emissions from wood stoves are uncertain in the present emission inventory as there are
uncertainties in the number and location of woodstoves, wood use, emission factors and user behaviour (Plejdrup and
Gyldenkaerne, 2011). This is an important Danish emission source that constitutes about 70% of the primary PM emissions
in Denmark in 2013 (non-industrial combustion) (Nielsen et al., 2015). PM emissions from wood stoves are treated as an area
source with a geographic resolution of 1  1 km2 in modelling PM2.5 and PM10 concentrations and hence the impact of a single wood stove to the nearby environment is not reflected in the model approach.
Compensation to obtain mass closure has been resolved by adding the missing mass for PM2.5 to obtain predicted PM2.5
and PM10 concentrations closer to measured concentrations for modelling of the regional background concentration with
DEHM. However, there is a slight underestimation for modelled PM2.5 and even more so for PM10 that indicates that more
research is needed.
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Fig. 11. Annual mean PM10 street concentrations along the road network of the Danish Transport Model in 2012.

The multi-scale model system is transferable to other settings where the input data are available. The DEHM model could
be setup for any region in the Northern hemisphere but would benefit from more refined emission inventories for regions
outside Europe. The UBM model requires emissions on a 1 km  1 km resolution that many countries should be able to provide e.g. based on national emission inventories and geographically distributed based on different geographic proxies. The
AirGIS/OSPM model is the most input demanding part in terms of GIS layers on addresses, building footprints and road network and the required attributes. Although such GIS layers are becoming increasingly available the required traffic attributes
for all road links are properly the most challenging dataset to provide with high quality.
4. Conclusions
For the first time in Denmark the annual air quality concentrations of NO2, PM2.5 and PM10 in 2012 have been modelled
for all about 2.4 million addresses in Denmark based on a multi-scale integrated air quality modelling approach. The multiscale approach was based on modelling of regional background concentrations with DEHM, urban background concentrations with UBM and street concentrations with OSPMÒ/AirGIS. Information about traffic volumes is based on the newly
developed national Danish Transport Model and national travel speed data from a recent dataset based on GPS readings
of vehicles (SpeedMap). Air quality model results were validated against measurements from the Danish Air Quality Monitoring Programme assuming the same street configuration as in the monitoring programme. Calculated street concentrations of NO2 for the five street monitoring stations are within 27% to +12%. The highest underestimation is for the city
of Aarhus due to a slight underestimation of traffic volume, a large underestimation of the heavy-duty share and partly
due to underestimation of the urban background concentrations. For the four other street site air quality monitoring stations,
the predictions are within 3% to +12%. The calculations with the multi-scale model generally underestimates PM2.5 street
concentrations for four street stations within 23% to 7% and also underestimates street concentrations of PM10 at four
street monitoring stations with 40% to 21% due to underestimation of urban background concentrations and probably
also non-exhaust emission factors in OSPMÒ.
Verification of the model results was carried out by comparing modelled air quality of NO2 at 98 selected streets in
Copenhagen and 31 streets in Aalborg from the present study with model results obtained from calculations within the Danish Air Quality Monitoring programme. The comparison between modelled annual mean concentrations of NO2 based on
mainly manual traffic counts under the Danish Air Quality Monitoring Programme in 2013 and modelled traffic volumes

338

S.S. Jensen et al. / Transportation Research Part D 52 (2017) 322–339

from the Danish Transport Model data in 2012 showed good correlation in Copenhagen (r2 = 0.70) and fairly good agreement
in Aalborg (r2 = 0.60). As examples of discrepancies, one distinct outlier was identified in Aalborg where NO2 concentrations
were overestimated as a result of non- representative street configuration data. Furthermore, nine streets were underestimated since they were not included in the Danish Transport Model and hence had no street contribution in the calculations
in the present study.
In general, the predicted street concentrations give a fairly accurate picture of the annual mean air quality levels at Danish
addresses, its geographic distribution and relative difference between areas. This is most pronounced for NO2 whereas some
underestimation was seen for PM2.5 and more so for PM10. However, the model calculations may significantly under- or overestimate air quality levels at single addresses when estimated street geometry or traffic data are not representative.
The air quality map has been made publicly available on the internet on a website based on a WebGIS platform in
September 2016 (http://luftenpaadinvej.au.dk).
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