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Abstract

High-resolution air quality data are critical for exposure assessment, regulatory com-
pliance, and urban planning. In this study, we present modelled annual mean concen-
trations of NO2, PM2.5, PM10, Black Carbon (BC), and particle number concentration
(PNC) for all ~2.5 million Danish addresses in 2019 using the Air Quality at Your Street
2.0 system. The modelling framework combines coupled chemistry–transport models
(DEHM/UBM/OSPM) with input from the Green Mobility Model and GPS-based vehicle
speed data. Model outputs were evaluated against observations from the Danish Air
Quality Monitoring Programme, showing strong agreement for NO2, PM2.5, PM10, and
BC, but notable overestimation of PNC background levels and underestimation of street
contributions. Indicative exceedances of NO2 EU limit values decreased markedly from
2012 to 2019, while exceedances of updated EU and WHO guidelines persist, especially
for particulate matter. This work identifies key sources of model uncertainty and supports
high-resolution national-scale assessment and citizen access via an interactive map.

Keywords: air quality; map; model; nesting; validation; traffic

1. Introduction
The new EU directive on air quality and cleaner air for Europe [1], as well as the

former directive [2], require member states to provide information to the public about
air quality. This requirement focuses on the dissemination of information based on mea-
sured air quality and alerts in the case of exceedance of thresholds. Member states are
requested to provide information about measured air quality on the internet. In addi-
tion, it is common that member states provide short-term air pollution forecasts based
on meteorological and air quality modelling, e.g., the Copernicus Atmosphere Monitor-
ing Service (CAMS), providing air quality forecasts for Europe daily based on several
European models (https://atmosphere.copernicus.eu/, accessed on 20 November 2025).
Some member states also provide an air quality index that attempts to aggregate complex
information about levels of multiple pollutants into a few health-related categories for
easy communication, e.g., based on the EU Air Quality Index [3]. The new EU directive
requires member states to provide information about the Air Quality Index either as a
national derived index or, as a minimum, referring to the Air Quality Index provided by the
European Environmental Agency. There are no formal requirements regarding information
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to the public based on air quality modelling. However, air quality modelling plays a more
important role in the new directive as it is a requirement for member states to assess within
their territory the spatial representativeness of measurements performed at their national
network of monitoring stations, which can only be carried out with high-resolution air
quality modelling. Therefore, it is also a requirement that applied models are documented
as fit-for-purpose and are evaluated in international intercomparisons.

Air Quality at Your Street is a digital, freely available air quality map that shows the
air quality for all addresses in Denmark. The uniqueness of the model system is that it
presents modelled annual mean street concentrations for all address locations in Denmark.
The purpose of the air quality map is to illustrate the geographical variation of air quality
in Denmark for selected health-related air pollutants. DCE-Danish Centre for Environment
and Energy at Aarhus University has updated the air quality data in Air Quality at Your
Street to cover 2019 and has also included two new air pollutants. The new updated version
is called Air Quality at Your Street 2.0. The concentration of several harmful substances is
calculated using air quality models, and the air quality map can be viewed on the website
http://luftenpaadinvej.au.dk (accessed on 15 November 2025). The interface is in Danish
and English. The target groups are the public for information and awareness about air
quality at the address level to answer questions such as the following: 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 annual
mean air quality levels in Denmark at a very high spatial resolution. Air Quality at Your
Street may give an indication of potential exceedances of air quality limit values, but due
to the greater uncertainty related to modelling, official announcements are primarily based
on measurements from measurement stations under the National Air Quality Monitoring
Programme. Air Quality at Your Street has become part of the monitoring programme as a
complementary tool for assessment of air quality in Denmark since 2017. We use the term
indicative exceedances when the exceedance information is based on models.

The first version of Air Quality at Your Street (now called 1.0) was launched in 2016
and included calculated annual mean concentrations for 2012 of NO2 (nitrogen dioxide),
PM2.5 (mass of particles less than 2.5 µm), and PM10 (mass of particles less than 10 µm) [4].
As a new feature for 2019, the air pollutants BC (Black Carbon) and particle number
concentration (PNC) are also included in Air Quality at Your Street 2.0. All input data have
been updated for version 2.0 to reflect 2019. This includes new traffic data from the Green
Mobility Model (GMM) [5], a new address database and building footprints to provide
locations and street geometry and updated emissions and meteorology data for 2019 for
the applied air quality models. A detailed description of Air Quality at Your Street 2.0 can
be found in [6] in Danish with an English summary.

This study addresses the following research questions:

(1) How accurately does the Air Quality at Your Street 2.0 model predict annual mean
concentrations of NO2, PM2.5, PM10, Black Carbon (BC), and particle number concen-
tration (PNC) across Danish addresses compared to national monitoring data?

(2) What are the major sources of uncertainty in the modelling system, and how do they
affect the accuracy of air quality predictions?

We apply the Air Quality at Your Street 2.0 model to evaluate air pollution levels
between 2012 and 2019. Specifically, we aim to (a) estimate the number of indicative
exceedances of EU air quality limit values and WHO 2021 air quality guidelines and
(b) calculate the concentrations of NO2, PM2.5, PM10, BC, and PNC across Denmark in 2019.

http://luftenpaadinvej.au.dk
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2. Materials and Methods
Multi-scale modelling is applied to model annual mean concentrations of NO2, PM2.5,

PM10, BC and PNC for 2019 for all addresses in Denmark. The model system is called
DEHM/UBM/AirGIS and has been developed by Aarhus University (www.au.dk/AirGIS,
accessed on 20 November 2025). The model system includes a regional transport model
(DEHM) [7–9], a high-resolution background model (UBM) [10,11] and a street air quality
model (OSPM) with associated meteorology and emission data [12,13]. DEHM provides
regional background concentrations as input to UBM, which provides urban background
concentrations for OSPM®. Street configuration data and traffic data for OSPM® for each
address are generated with a 2½ dimensional GIS-based landscape model within the AirGIS
system based on GIS data for roads and traffic, buildings, and calculation points [14,15].
All models are driven by meteorological data from the WRF numerical weather prediction
model (Weather, Research and Forecasting) [16]. For the DEHM model, global emission
databases are used for the Northern Hemisphere domain based on EDGAR (Emission
Database for Global Atmospheric Research) and GEIA (Global Emission Inventory Activity).
Emissions for the European domain have a resolution of 0.1 degrees and are based on
EMEP emissions from 2017 (www.emep.int, accessed on 20 November 2025). The emission
inventories used in the domain over Denmark for UBM are geographically distributed
from the national emission inventory of 2018 [17] to a resolution of 1 km × 1 km based on
the SPREAD model [18,19]. Ship emissions are based on EPITOME with a resolution of
0.1 degrees [20] and globally at a coarser resolution. For OSPM, COPERT emissions are
used and integrated into OSPM.

For version 2.0, emissions have also been established for BC and PNC. BC is also
included in the international emission inventories as a separate component of PM2.5 emis-
sions in most cases. BC mainly originates from combustion processes, but also from sources
like tyre wear and dust from coal storage. BC is defined as carbon-containing particles that
absorb light. The Danish calculation of BC is largely based on the standard emission factors
included in the EMEP/EEA Guidebook and is most often defined as a fraction of PM2.5

emissions. BC was first included in the EMEP/EEA Guidebook in 2013, and in many cases,
BC is assumed to be equal to EC (Elemental Carbon) due to a lack of measurement data for
BC [21]. BC is not measured in the Danish air quality monitoring programme, but EC is
measured based on a chemical analysis, and EC can be used as an indicator of BC.

Particle numbers are not included in the official national emission inventory or in the
official international emission inventories, as emission inventories for particle numbers
are not required, and hence methodologies are not included according to the EMEP/EEA
Guidebook guidelines. However, in connection with an EU research project named HER-
MES on the relationship between particle numbers and health effects for 1979–2018, Aarhus
University has implemented particle number emissions in the DEHM, UBM, and OSPM
models. This research project calculated, for the first time, particle number concentrations
with a high resolution for Denmark [22,23].

In version 2.0, a simple method to adjust for mass closure was implemented. Like
other regional models, the applied version of DEHM also faces challenges in achieving
mass closure for PM2.5 and PM10, as predictions underestimate the mass of particles
compared to measurements. The missing mass is likely related to water included in
the particles (measured but not modelled), underestimation of particles like windblown
dust and resuspended particles, underestimation of pollen, and underestimation of POAs
(Primary Organic Aerosols). Adjustment to achieve mass closure has, in this study, been
resolved by multiplying the predicted PM2.5 and PM10 concentrations with a factor of
1.33, which has been used for several years, derived by comparison with measurements
from the Danish Air Quality Monitoring Programme [24] that also fit well with EMEP

www.au.dk/AirGIS
www.emep.int
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measurements in Europe [7]. The reason for adjusting model outputs for PM2.5 and PM10

by the factor is to provide results feasible for comparison with EU limit values and WHO
air quality guidelines.

Models and input data for version 1.0 of Air Quality at Your Street are described in
greater detail in [25] and version 2.0 in Danish with an English summary in [6].

Table 1 provides an overview of similarities and differences between version 1.0 and 2.0.

Table 1. Overview of similarities and differences between versions 1.0 and 2.0 of Air Quality at
Your Street.

Type Version 1.0 Version 2.0

Model year 2012 2019
Chemistry transport models DEHM/UBM/OSPM DEHM/UBM/OSPM

Classical pollutants NO2, PM2.5, PM10 NO2, PM2.5, PM10
New pollutants n.a. BC, PNC

Global and European emissions EDGAR, GEIA, EMEP, EPITOME EDGAR, GEIA, EMEP, EPITOME

Danish emissions SPREAD 1 km × 1 km, COPERT for
OSPM

SPREAD 1 km × 1 km, COPERT for
OSPM

BC emissions n.a. International and Danish emission
inventories

PNC emissions n.a. HERMES EU project
Mass closure adjustment n.a. Factor applied

Meteorological data MM5 (2012) WRF (2019)
National address dataset 2.4 million 2.5 million

National building footprints From 2013 From 2018
National traffic flow data GMM (2010) GMM (2020)

Vehicle speed on road network SPEEDMAP (2012) SPEEDMAP (2016)
Evaluation of modelled traffic data

against traffic counts Copenhagen and Aalborg (2012) Copenhagen and Aalborg (2019)

Evaluation of modelled concentrations
against measurements

National monitoring network
(2012)

National monitoring network (2019)
incl. BC and PNC

Comparison with limit values and WHO EU 2008 EU 2008, 2024 and WHO 2021
Trend analysis n.a. From 2012 to 2019

Part of national AQ monitoring n.a. Since 2017

2.1. Evaluation of Traffic Volumes and Speeds

A comparison of modelled AADT from GMM with an independent AADT dataset
from Copenhagen and Aalborg in Denmark was carried out for 2020, as GMM represents
traffic volumes for the year 2020. These two cities were selected due to the availability of
high-quality traffic data, including 94 sites for Copenhagen and 23 for Aalborg, as part of
an air quality assessment of selected streets in these cities under the Danish Air Quality
Monitoring Programme [26]. For Copenhagen, traffic data are based on manual counts,
and for Aalborg, data are based on a combination of manual counts, automatic counts, and
a local traffic model.

The correlation between modelled and counted traffic volume is fair for Copenhagen
(R2 = 0.30), with an underestimation of approx. 11% on average; see Figure 1. For Aalborg,
the correlation is high (R2 = 0. 76), with a marginal underestimation of approximately 2%
on average. Single streets may be under- or overestimated by up to a factor of two.
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Figure 1. Correlation between observed Annual Average Daily Traffic (AADT) (x-axis) and modelled
AADT from GMM (y-axis) for Aalborg (left panel) and Copenhagen (right panel). The 1:1 line is
marked. The dotted lines indicate the following: values from GMM that are 50% higher than observed
are above the upper dotted line, and values from the GMM that are lower than 50% of observed
values are below the lower dotted line.

The correlation between the two travel speed datasets is R2 = 0.64 for Copenhagen
with zero bias and R2 = 0.51 for Aalborg with 8% bias; see Figure 2.

Figure 2. Correlation between travel speed in monitoring program ((km/h) (x-axis) and travel speed
from GMM (y-axis) for Aalborg (left panel) and Copenhagen (right panel). The 1:1 line is marked.
The dotted lines indicate the following: values from GMM that are 50% higher than observed are
above the upper dotted line, and values from the GMM that are lower than 50% of observed values
are below the lower dotted line.

2.2. Measurements for Evaluation of Model Results

Measurements from 2019 for evaluating model results are obtained from the Danish
Air Quality Monitoring Programme for street, urban background, and regional/rural
background stations [24]. NO2 is measured via chemiluminescence; PM2.5 and PM10 via
LVS (Low-Volume Sampling), which is a gravimetric reference method; and PNC via
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custom-built DMPS instruments (Differential Mobility Particle Sizer) to measure particle
number size distributions in the submicrometer size regime. In our case, particles with
diameters in the range from 11 nm to 478/550 nm are detected by the instruments. The
two upper limits refer to different versions of the DMPS instruments that have been used
over time, and analysis shows that there is a negligible difference in the measured number
of particles between the two different limits [27].

The output of PNC from the model system is, in theory, particles with a size of approx.
10–1000 nm, which we here denote as particle number concentrations (PNCs) ([22,23]). The
unit of concentration of the particle numbers is number per cm3. Measurements of particle
numbers in the air quality monitoring program in 2019 were not available in the size range
starting at approx. 10 nm due to the implementation of new instruments, but they were
available from 2002 to 2016 and from 2020 onwards for four stations (11–478/550 nm)
and showed a general decline [26]. Therefore, the modelled PNC for 2019 was compared
with observations from 2020 to provide an indicative comparison (see Table S5 in the
Supplementary Materials), and scatter plots of PNC are not presented in the following
sections. Comparing data from different years adds to the uncertainty due to differences in
emissions and meteorology and only allows for an indicative comparison.

Ultrafine particles are defined as the number of particles with an aerodynamic diameter
up to 100 nm. However, in a previous study, it was shown that the particle number in the
entire 11–550 nm range is estimated to be only approx. 15–25% higher than the number of
ultrafine particles (≤100 nm). The difference depends on the locality (rural background,
city background, street) [27]. Therefore, the model output and measurements could also be
seen as an indicator for ultrafine particles, given the above limitations [23].

Model calculations were taken from the nearest address to represent the location of
the street measurement stations. Modelled street concentrations represent concentrations
at a height of 2 m close to building facades. Most street measurement stations are located at
the curbside, measured at a height of approx. 3 m, and are estimated to provide similar
concentration values.

3. Results and Discussion
3.1. Evaluation of Model Results in 2019

In the following section, the correlation and bias between modelled (by the full model
chain) and measured annual mean concentrations for the five pollutants in the study are
shown in Figures 3–5. The measured and modelled data used for Figures 3–5 are included
in Tables S1–S5 in the Supplementary Materials.

 

Figure 3. 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 2019 [24]. The
1:1 line is also shown.



Atmosphere 2025, 16, 1346 7 of 19

  

Figure 4. 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 2019 [24]. The 1:1 line is also shown.

Figure 5. Comparison of annual mean values of model results for BC and observations for EC for
2019 Measurements are from fixed monitoring stations under the Danish Air Quality Monitoring
Programme [24,27]. The 1:1 line is also shown.

For NO2, the bias between model results and measurements ranges between
0% and 27% when compared to street stations, between 8% and 23% compared to urban
background stations, and between 44% and 64% for regional stations. There is a relatively
large overestimation at rural stations, indicating that predicted street concentrations at
addresses in rural areas with low traffic levels are overestimated. The correlation is very
high (R2 = 0.96), but as shown, the modelling system tends to overestimate NO2 compared
to measurements (Figure 3).

For PM2.5, the bias between model results and measurements ranges between
−8% and 8% when compared to street stations, and between −10% and 5% compared
to background stations. For PM10, model results are slightly underestimated—in the range
of −13% to 0% for street stations and for the background stations, and model results range
from −10% to 0% of measurements (Figure 4).

The model system estimates the level of measurements for both street concentrations
and background concentrations with high correlation for PM2.5 (R2 = 0.84) and PM10

(R2 = 0.86), though with a general slight underestimation.
BC is not measured in the Danish air quality monitoring programme, but EC (El-

emental Carbon) is measured, which can be used as an indicator of BC. The modelled
concentrations of BC in Air Quality at Your Street 2.0 are only 7% above the EC measure-
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ments for H.C. Andersens Boulevard in Copenhagen, the only available street station with
EC measurements. The model results differ from measured EC concentrations between
−6% to 38% for the background stations (Figure 5).

Despite a good correlation between calculations and measurements, there is still
considerable uncertainty in the model results, as there is uncertainty in the emission
inventory of BC. There is also uncertainty about how well measurements of EC are an
indicator of BC. The Municipality of Copenhagen conducted an air quality monitoring
program in Copenhagen, where BC was measured for the first time in 2021 on a busy street
(Folehaven, with 39,200 vehicles daily) with traffic intensity comparable to that of H.C.
Andersens Boulevard (55,500 vehicles daily). The annual mean concentration of BC was
1.14 µg/m3, comparable with modelled BC concentration at H.C. Andersens Boulevard in
2019 of 0.94 µg/m3 and measured EC concentrations of 1.01 µg/m3.

An indicative comparison was performed between modelled PNC concentrations
from 2019 and measurements from 2020; see Table S5 in the Supplementary Materials. The
modelling system overestimates by approximately 21% for H.C. Andersens Boulevard in
Copenhagen (the only available street station) and largely overestimates for the background
stations (by between 100% and 193%). This means that the modelled street contribution is
much smaller than what the measurements suggest. The street contribution is the difference
between the street concentration at H.C. Andersens Boulevard and the urban background
concentration at the H.C. Ørsted Institute. The measured street contribution is approx.
4500–5700 number/cm3, and the modelled street contribution is only 1700 number/cm3.
The comparison with the few available measuring stations for PNC therefore suggests that
the modelled background concentrations are overestimated, and the street contribution
is underestimated. The uncertainty in the modelling of particle numbers is, therefore,
large. Although the modelled and measured PNC is within 21% for the busy street of H.C.
Andersens Boulevard, it is “right” for the wrong reasons, as background concentrations are
overestimated and the street contribution is underestimated.

In previous studies, the model chain DEHM-UBM-OSPM was compared to measure-
ments from 2001 to 2016 (street station) and from 2001 to 2018 (background stations),
which also showed that background concentrations are overestimated [22] and the street
contribution is underestimated [23].

3.2. Geographic Distribution of Background and Street Concentrations for NO2

The geographical distribution of modelled background concentrations over land
and marine areas in Denmark, calculated using DEHM/UBM and street concentrations
calculated using DEHM/UBM/AirGIS, is shown in Figure 6 for NO2.

 
(a) (b) 

Figure 6. (a) Annual mean NO2 background concentrations in 2019 based on DEHM/UBM;
(b) annual mean NO2 street concentrations along the road network of GMM in 2019 based on
DEHM/UBM/AirGIS.
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The geographic distribution of NO2 concentrations over land areas in Figure 6a shows
a clear signal from local sources, especially for contributions from road traffic, with larger
cities and major transport corridors having the highest concentrations. In marine areas,
international ships passing through Danish waters are clearly reflected in high concentra-
tions, as is domestic navigation. This also gives rise to elevated concentrations in nearby
coastal land areas. The contribution of road traffic to the geographical variation on land
is evident with increased street concentrations in major cities and along major transport
corridors (Figure 6b).

The geographical distribution of PM2.5 is shown in Figure 7.

 

(a) (b) 

Figure 7. (a) Annual mean PM2.5 background concentrations in 2019 based on DEHM/UBM;
(b) annual mean PM2.5 street concentrations along the road network of GMM in 2019 based on
DEHM/UBM/AirGIS.

The geographical distribution of background concentrations of PM2.5 (Figure 7a) has a
different pattern from that of NO2, as there is a clear gradient from south to north, with
higher PM2.5 concentrations in the southern than in the northern part of Denmark. This
is because PM2.5 concentrations are dominated by regional background pollution, which
again is dominated by long-range transport from Western and Central Europe.

The gradient from south to north is also shown in the street concentrations of PM2.5

(Figure 7b), but contributions from urban areas and busy streets are also seen to contribute
to locally higher concentration levels.

The geographical distribution of PM10 is shown in Figure 8.

 
(a) (b) 

Figure 8. (a) Annual mean PM10 background concentrations in 2019 based on DEHM/UBM;
(b) annual mean PM10 street concentrations along the road network of GMM in 2019 based on
DEHM/UBM/AirGIS.

The geographical distribution of background concentrations of PM10 is clearly influ-
enced by contributions from sea salt formed by wind-driven emissions from sea spray
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(Figure 8a). This is seen as high PM10 concentrations along the west coast of Jutland and,
to a lesser extent, on the western coasts of the islands in the inland waters. This is due to
the predominant westerly wind. There are also generally high concentrations in the sea
areas, but they decrease from the North Sea to the Baltic Sea due to a decrease in salinity.
The geographical variation of street concentrations of PM10 (Figure 8b) can be seen to be
characterized by the variation in background concentrations, and contributions from road
traffic give rise to elevated concentrations, especially in the larger cities.

The geographical distribution of BC is shown in Figure 9.

 
(a) (b) 

Figure 9. (a) Annual mean BC background concentrations in 2019 based on DEHM/UBM;
(b) annual mean BC street concentrations along the road network of GMM in 2019 based on
DEHM/UBM/AirGIS.

In addition to regional contributions, the geographical distribution of background
concentrations of BC is dominated by combustion sources from road traffic, residential
wood combustion, and power plants, but also, to some extent, from ships. Elevated
concentrations occur in and around major cities.

A detailed analysis of the geographic variation of modelled BC shows that the highest
BC concentrations occur locally around power plants and large industrial plants, such as
the cement factory of Aalborg Portland in the northern part of Jutland.

Background concentrations have a clear influence on the geographical variation of
street concentrations. There are also increased BC concentrations on busy roads, and resi-
dential wood combustion can play a significant role locally in elevated BC concentrations.

The geographical distribution of PNC is shown in Figure 10.

 
(a) (b) 

Figure 10. (a) Annual mean PNC background concentrations in 2019 based on DEHM/UBM;
(b) annual mean PNC street concentrations along the road network of GMM in 2019 based on
DEHM/UBM/AirGIS.
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There is considerable uncertainty related to both the level and the geographical distri-
bution of PNC, as the modelling system overestimates the background contribution [22]
and underestimates the street contribution when compared with measurements [23]. There
is therefore less geographical variation in the modelled particle number concentrations
than the measurements suggest. An in-depth evaluation of model results from the model
chain DEHM-UBM-OSPM against measurements stations spanning up to 18-year-long
measurement time series is available in [23] for Danish measurement stations and in [22]
for Danish and selected European measurement stations.

3.3. Comparison with Limit Values and WHO Guidelines and Trends in Exceedance from
2012 to 2019

Calculated concentrations were compared to limit values and WHO guidelines for
air quality.

EU limit values from 2008 are valid legislation in Denmark for the two model years
2012 and 2019 [2]. The Ministry of the Environment/Danish Environmental Protection
Agency is responsible for compliance with the limit values. The limit value for the annual
mean of NO2 is 40 µg/m3, 25 µg/m3 for PM2.5, and 40 µg/m3 for PM10. Because the limit
values are defined as an integer, there is exceedance if, for example, the concentration
reaches a value of 40.5 µg/m3 for NO2. In the new air quality directive from October
2024 [1], the revised limit values for annual means are 20 µg/m3 for NO2, 10 µg/m3 for
PM2.5, and 20 µg/m3 for PM10. Member states must comply with these limit values by 2030.

The World Health Organisation (WHO) provided new air quality guidelines in
2021 [28]. The WHO guidelines for annual average concentrations are substantially lower
compared to former and current EU limit values for PM2.5 (5 µg/m3), PM10 (15 µg/m3),
and NO2 (10 µg/m3). These guidelines are not legally binding.

There are no limit values or WHO guidelines for BC and PNC.
Figures 11–13 show the frequency distributions of the annual average of modelled

address-level concentrations in 2019 in Denmark for NO2, PM2.5, and PM10, respectively,
besides the WHO guidelines and former [2] and current [1] EU limit values using the same
colour bands as street concentrations in the above figures.

Figure 11. Frequency distribution for NO2 in 2019 compared with WHO guidelines (green line), and
former (solid red line) and new (dashed red line) EU limit values.
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Figure 12. Frequency distribution for PM2.5 in 2019 compared with WHO guidelines (green line) and
new EU limit values (dashed red line). The former EU limit value is 25 µg/m3.

Figure 13. Frequency distribution for PM10 in 2019 compared with WHO guidelines (green line) and
new EU limit values (dashed red line). The former EU limit value is 40 µg/m3.

The frequency distribution for NO2 shows few exceedances of the former EU limit
value and some exceedances of the new EU limit value, and approximately half of the
addresses are exposed to levels above the WHO guideline.
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In 2019, the value of 40.5 µg/m3 was exceeded for 27 addresses. Of these 27 indicative
exceedances of the limit value for NO2, 24 were in Copenhagen and 3 were in Aarhus.
Detailed analysis shows that in many cases, the traffic level in the Green Mobility Model
(GMM) and the calculated street geometry are considered representative of the actual
conditions. However, as the modelling system seems to overestimate NO2, it is possible
that the number of exceedances of the limit value on the street segments is lower or
even zero.

For 2012, 1123 indicative exceedances of the NO2 limit value were calculated by Air
Quality at Your Street 1.0. There were exceedances in Copenhagen and the surrounding
area, as well as in Aarhus and Aalborg in 2012. Thus, the number of indicative exceedances
decreased drastically from 2012 to 2019. In addition, the calculated maximum concentration
also decreased from 64.6 µg/m3 to 47.6 µg/m3. The decrease in the modelled concentrations
and, thus, in the number of calculated indicative exceedances, is consistent with the general
decrease in measured NO2 concentrations at the monitoring stations of Denmark’s air
quality monitoring programme [24].

NO2 has been of particular interest in the air quality monitoring programme in Den-
mark, since the limit value for the annual mean value was exceeded at traffic stations
until 2016 [24].

The frequency distribution for PM2.5 for 2019 shows that calculated levels are signif-
icantly below the former EU limit value for the annual mean of PM2.5. However, levels
at many addresses exceed the new EU limit value. All addresses are exposed to levels
above the WHO guideline. Calculated levels for 2012 were also well below the former EU
limit values.

The frequency distribution for PM10 for 2019 shows that calculated levels are well
below the former EU limit value, but levels at some addresses exceed the new EU limit
value. Almost all addresses are exposed to levels above the WHO guideline. Calculated
levels for 2012 were also well below the former EU limit values.

3.4. Comparison with Similar Systems

A comparable freely available air quality map based on multi-scale modelling
was also launched by SHMI for Sweden in 2023, including NO2, PM2.5, and PM10 for
2019 ([29]; https://natmodluft.smhi.se, accessed on 20 November 2025). There are many
similarities between the Danish and Swedish systems, as they both are based on multi-scale
dispersion modelling with regional, urban background, and street models, and both street
models consider street canyon effects using building footprint data and a national road
database for traffic data. Some of the major differences are that the Danish system also
includes BC and PNC and all roads, whereas the Swedish system only includes major roads.
The Danish system provides background concentrations with a resolution of 1 km × 1 km
and street concentrations for all addresses, whereas the Swedish system provides an inter-
polated concentration field based on points calculated at a 50 m × 50 m resolution based
on a higher spatial resolution than 1 km × 1 km based on more detailed representations for
road traffic, large point-sources, and small-scale residential heating. The Swedish system
also provides predictions for 2030, assuming fulfilment of the national emission reduction
commitments for 2030 in the NEC directive.

3.5. Potential Transferability and Scalability

Air Quality at Your Street is presently only applied to Denmark. However, the multi-
scale model chain could also be applied to other countries, provided that the required input
data are available. The regional scale model covers the Northern Hemisphere, and national
emissions for a new country should be at a resolution of 1 km × 1 km to provide input for

https://natmodluft.smhi.se
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the urban-scale model. COPERT emissions are integrated into the street scale model and
will match conditions in countries that rely on European emission standards, but it is also
possible to adjust the emission module to other conditions. GIS data must be available at
a national scale for roads with traffic data, building footprints with building heights and
address points. Such data are becoming increasingly available in many countries but could
also pose challenges in some countries.

Computer time is mainly related to the number of calculation points for the OSPM®

and needs to be considered for the domain covered. Although OSPM® calculates one
year of data for one location in approx. 10 s of computer time on a standard PC, these
calculations would still take about ¾ of a year if calculations were made for all 2.5 million
addresses in Denmark. In the Danish study, we limited the OSPM® calculations to address
locations along the GMM road network, which reduced the number to approximately
331,000 addresses. The calculations were distributed across several servers to reduce the
time required for calculations. Concentrations for the remaining address points (approxi-
mately 2,207,000) were retrieved from the value for urban background concentrations from
the urban-scale model for the 1 km × 1 km grid cell they belong to. Generation of street
configuration and traffic data for OSPM® with AirGIS also takes approx. 10 s per address.

Modelled concentrations at address locations can also be joined to population data,
e.g., from the Danish Central Personal Registry (CPR), to provide an analysis of location-
based population exposure to air pollution.

Exposure data can also be applied in integrated models to estimate health effects and
welfare economic costs, as is the case in the Danish EVA-system (Economic Valuation of Air
Pollution), where modelled concentrations from the regional- and urban-scale models are
used together with population data, exposure–response relationship from the international
literature, and valuation of health endpoints for premature deaths and morbidity [30].

3.6. Limitations of Model System

The air quality models DEHM/UBM/OSPM® and required inputs have undergone
many improvements from 2012 to 2019.

The meteorological input for DEHM has been changed from output from the old
NCAR MM5v37 weather forecast model [31], driven by NCEP FNL (Final) Operational
Global Analysis data set on 1◦ × 1◦, to output from the new NCAR WRFv4.1 model driven
by ECMWF global ERA5 reanalysis on 0.25◦ × 0.25◦ [16]. The species were extended
with, i.a., Secondary Organic Aerosols (SOA) and their precursors. Furthermore, emis-
sions globally, regional to Europe, and close to Denmark have been updated with new,
improved datasets with higher spatial resolutions, typically outside Denmark, from around
a 50 km resolution to about 10 km, and close to Denmark from 50 km/1 km down to
about a 10 km/1 km resolution. Finally, the parametrizations of the physics and chemistry
processes in the DEHM model have been further improved.

Several major improvements have been achieved for UBM. In the 2012 version, the
point sources were a part of the area sources. In the 2019 version, all major point sources
are handled separately as separate plumes, released at the correct heights. There have
also been major developments in the gridded emissions from the SPREAD model, where
emissions in the different sectors have been improved. Three major improvements have
been carried out for wood stoves. The number and location of wood stoves in 2012 were
based on data from the Building and Housing Register (BBR), which relies on self-reporting
of wood stoves. The 2019 dataset is based on data collected from registries of chimney
sweepers, which provide more reliable data on numbers, type, and location. Emission
factors have also been updated based on the international literature, and a model has been
developed for the replacement and phasing out of wood stoves to better describe the stock
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and type of wood stoves. Emissions from railways, other mobile sources, and shipping,
as well as their geographic distributions, have also been improved. For 2019, the model is
driven by meteorological data using WRF instead of MM5.

A few improvements have been implemented in OSPM. The simplified emission
model used in OSPM for the 2012 version has been changed to be fully consistent with
the official COPERT methodology (EMEP/EEA, 2019), including all vehicle categories and
subcategories, which led to an adjustment of some parameters in OSPM. Further, some
tests have shown a certain ambiguity in defining street configurations, with exceptions
for building heights, like streets with buildings on only one side. This ambiguity was
eliminated by introducing the “general building height” parameter described in Ketzel
et al. in 2012. Meteorological data from WRF are also used instead of MM5.

All the above-described changes have led to more consistent modelling results and
better agreement between models and measurements.

The AirGIS system, which generates street configuration data and traffic data for
OSPM® for each address based on GIS data for roads and traffic, buildings, and calculation
points, has been streamlined and re-programmed from Esri ArcView (Avenue) to R and
SQL to reduce computing time since Esri stopped supporting Avenue [15].

Despite improvements in the air quality models and input data, limitations related
to spatial resolution remain in the 2012 and 2019 datasets, as both use a 1 km × 1 km
resolution for background concentrations. This resolution in the background model is
not sufficient to fully capture higher concentrations very close to local sources. These are,
e.g., air pollution from highway traffic, railway traffic, wood-burning stoves and pellet
boilers, and small industrial sources. The limitations of these sources are discussed in
greater detail below.

Air quality at addresses very close to highways is underestimated, as the contribution
from the highways is only accounted for within a 1 km × 1 km grid. All addresses are
assigned to the nearby road, e.g., residential road and not to a highway, as the distance to
the highway is longer. For addresses located close to a busy highway, the contribution from
the highway can be substantial. Measurements of NO2 showed that concentrations close to
a busy highway (~25 m) were about halved at a distance of ~100 m and reduced to about
one third at ~400 m, and the model’s results show very little contribution above background
levels at a distance of 1000 m ([4,32]). A possible approach to resolve the underestimation
very close to highways and other main roads could be to develop a combined modelling
system with both DEHM/UBM/OSPM and OML-Highway [33].

The modelling system also underestimates concentrations at addresses very close to
the rail network with diesel-powered trains, as the contribution from the railways is only
accounted for within a 1 km × 1 km grid. However, railway emissions are much lower
than those from highways due to less traffic and the fact that more and more trains are
electrified. A possible approach could be to develop a specific model setup for railways to
more accurately account for the contribution from railways.

Air quality levels at address points located very close to busy intersections are directly
influenced by vehicle emissions from more than one street. This may lead to underestima-
tion, since OSPM® only accounts for vehicle emissions from the street where the calculation
point is placed. This problem is partly addressed in the calculation procedure, as the busiest
street is chosen to represent an address located close to an intersection.

The comparison between counted traffic volumes and traffic volumes predicted by
GMM showed fairly high correlations, whereas the same did not apply for heavy-duty
vehicles. Hence, assumptions were made with the standard vehicle distribution for heavy-
duty vehicles depending on road type. This simplification adds to the uncertainty of the
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modelled concentrations when the standard share of heavy-duty vehicles differs from
true values.

Although many improvements have been made in the emission inventory for residen-
tial wood combustion, the level and distribution of PM emissions from wood stoves are still
uncertain in the emission inventory, as there are uncertainties in the specific wood use, and
how specific user behaviour affects emissions [18,19]. Residential wood combustion is an
important Danish emission source that constitutes approximately 58% of the national total
primary PM2.5 emissions in Denmark in 2018 [17,34]. PM emissions from residential wood
combustion are treated as an area source with a geographic resolution of 1 km × 1 km
in the modelling of PM2.5 and PM10 concentrations, and hence, the impact of a single
woodstove on the nearby environment—less than 1 km—is not reflected in the model
approach. Therefore, the contribution from residential wood combustion is averaged. This
means that the contribution of residential wood combustion is more smoothed out than can
be expected in reality, since the contribution of each source is not modelled separately at
an extremely high resolution. However, modelling the contributions of every wood stove
within an area would require extensive information about each stove and its use. The same
applies to small industrial sources. This would be possible to model within a smaller area,
but would not be feasible for the entire country.

Based on the data quality for roads, railways, and wood stoves, it would be possible
to increase the spatial resolution of the emission inventory to 100 m × 100 m to provide
higher-resolution modelled background concentrations within manageable computer time.

Adjustment of the model results to obtain mass closure has been achieved by applying
a factor for the missing mass for PM to obtain predicted PM2.5 and PM10 concentrations
closer to measured concentrations for modelling of the background concentration with
DEHM and UBM to be able to evaluate model results in comparison with air quality limit
values and WHO guidelines. It is essential to achieve mass closure in the model to improve
predictions for PM2.5 and PM10.

The reference year, 2019, represents the last full year before the COVID-19 pandemic,
and it provides a robust pre-pandemic baseline that can be valuable for assessing long-term
trends after recovery from the COVID-19 pandemic, e.g., traffic. In the national air quality
monitoring programme, it is planned to update Air Quality at Your Street every five years,
starting in 2026, to evaluate changes over time in population exposure. An update for a
new year includes new traffic data from the Green Mobility Model (GMM), new address
database and building footprints, and new emission and meteorology data for the applied
air quality models, which are also constantly being improved.

4. Conclusions
This study evaluated the Air Quality at Your Street 2.0 modelling system to estimate

annual mean concentrations of NO2, PM2.5, PM10, Black Carbon (BC), and particle number
concentration (PNC) at the address level for all locations in Denmark in 2019. Modelling
results showed good agreement with measured concentrations for NO2, PM2.5, PM10, and
BC, with a slight general underestimation for PM2.5 and PM10. Indicative comparison
between modelled and measured PNC indicates that modelled PNC was more uncertain,
primarily due to overestimation of background levels and underestimation of street-level
contributions, consistent with previous findings for other years by [22,23].

Key sources of model uncertainty include traffic input data, the spatial resolution
of emission sources, and simplified treatment of, e.g., intersections. These uncertainties
particularly affect predictions at individual addresses, where local conditions deviate from
model assumptions. For example, concentrations may be underestimated near major roads,
railways, or areas with residential wood combustion—sources represented with limited
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spatial detail. This affects the ability of the model to fully resolve exposure hotspots, even
though it captures national-scale trends and geographic variation well.

Analysis of modelled concentrations against regulatory benchmarks revealed that
exceedances of the former EU NO2 limit value nearly disappeared between 2012 and 2019,
dropping from over 1100 addresses to fewer than 30, reflecting substantial air quality
improvements. However, a large share of addresses still exceeds the new EU limit values
and WHO guidelines (approximately half of the addresses).

For PM2.5, modelled concentrations remained well below the former EU limit value in
both 2012 and 2019. However, a significant number of addresses exceeded the new EU limit
value in 2019, and all addresses were above the WHO guideline, highlighting continued
health concerns related to fine particulate matter.

Similarly, PM10 concentrations were consistently below the former EU limit value in
both 2012 and 2019, yet some addresses exceeded the new EU limit in 2019, and nearly all
exceeded the WHO guideline.

In general, the modelled street-level concentrations provide a reliable representa-
tion of annual mean air quality levels across Danish addresses, capturing the geographic
distribution and relative differences between areas for NO2, PM2.5, PM10, and BC. In con-
trast, PNC estimates show higher uncertainty, with background concentrations generally
overestimated and local street contributions underestimated.

Air Quality at Your Street 2.0 provides a robust framework for national-scale, high-
resolution air quality screening. It supports regulatory assessment, environmental planning,
and public access to local air pollution data via an interactive web platform (http://
luftenpaadinvej.au.dk, accessed on 20 November 2025).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/atmos16121346/s1, Table S1. Comparison of annual means for modelled
and measured NO2 concentrations in 2019. Table S2. Comparison of annual means for modelled and
measured PM2.5 concentrations in 2019. Table S3. Comparison of annual means for modelled and
measured PM10 concentrations in 2019. Table S4. Comparison of annual means for modelled BC and
measured EC concentrations in 2019. Table S5. Indicative comparison of annual means for modelled
and measured PNC. Model results for 2019 and measurements for 2020 are presented (11–478 nm).
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