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HIGHLIGHTS

o Particle number concentrations (PNC) implemented in the Danish air quality modelling system DEHM/UBM/AirGIS.

e Outdoor concentrations are provided at the front door of all residential addresses in Denmark for 40 years (1979-2018)
o Spatial resolution of 1 km x 1 km taking all emission sectors in Denmark into account.

e Additionally at the street locations consider the local traffic contribution, all done in 1 hour time resolution.

o Comparing model with PNCj3 250 measurementsgives Pearson correlation coefficients in the range 0.39-0.95.

e Model overestimated the observed concentrations, Normalized Mean Bias in the range 6%-190% compared to PNC. 1.

ARTICLE INFO ABSTRACT
Keywords: Modelling of ambient particle number concentrations (PNC) has been implemented in the Danish air quality
Particle numer concentration modelling system DEHM/UBM/AirGIS and evaluated with long-term measurements. We implemented particle

Local-scale air pollution modelling

dynamical processes in the regional scale model DEHM using the M7 aerosol dynamics module (presented in the
Ultrafine particles

accompanying article by Frohn et al., 2021), and we developed models for PNC at the local scale (UBM) and
street scale (OSPM), in a first approximation without including the particle dynamics as presented in this article.

Outdoor concentration estimates are provided at the front door of all residential address locations in Denmark
for the past 40 years (1979-2018) with a spatial resolution of 1 km x 1 km taking all emission sectors in
Denmark into account and additionally at the street location, with significant traffic (>500 vehicles/day).

We evaluated our model with up to 18-year long measurement time series of particle number size distributions
(PNSD) at Danish street, urban and rural background stations. Two particle size ranges were used for evaluation:
PNC. 1o (count of particles with diameter larger than 10 nm) and PNCgq 2509 (diameter range 30-250 nm), in
order to exclude nucleation events from the measurements and to obtain a consistent long-term measured time
series.

When comparing our model estimates with PNCsg 250 measurements, we obtain Pearson correlation co-
efficients (Rp) in the range 0.39-0.95 depending on station location (street, urban background, rural) and
averaging time (hour, day, month, year). The highest correlations were found for yearly averages at a monitoring
station located at a street with dense traffic (R, = 0.95) whereas shorter time averages and comparisons with
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monitoring stations at urban and rural background locations provided lower correlations. The model perfor-
mance for PNC in terms of correlation coefficients with respect to measurements is comparable to the perfor-
mance for other pollutants such as NOx, PMy 5 and better than the performance for PM;o.

The model generally overestimated the observed concentrations, Normalized Mean Bias (NMB) was in the
range 6%-190% compared to PNC19 and 90%-290% compared to PNCgg 250. These relatively high NMBs are
probably caused by uncertainties in the modelling process, especially the estimation of particle number emis-
sions, which largely determine the ambient concentrations of PNC. Furthermore, uncertainties might as well
originate from the complexity of modelling particle dynamical processes accurately and the great challenges in
performing long-term PNC measurements.

The presented model can estimate PNC at all Danish addresses over the last 40 years with a 1-h time reso-
lution. The data seem to provide a good indication of the relative differences in PNC at Danish addresses.

1. Introduction

Despite the large improvements over the last decades, air pollution is
still considered a major environmental risk to human health causing
annually more than 200 million years-of-life-lost due to exposure to
PM, 5 in the EU-27 (EC, 2021). For various air pollutants (AP) of gaseous
or particulate matter form, an association has been found with a long list
of health endpoints as e.g. various types of cancers, cardio-vascular
diseases, asthma, psychological disorders and premature death.

The gaseous AP components (e.g. NO5, CO, O3), the particulate mass
concentrations (in pg/m? units e.g. selecting particles with diameters
less than 10 pm or 2.5 pm: PM;, PM5 5) and lately also chemical com-
ponents of particle mass such as elemental carbon (EC) are frequently
considered as causal pollutants. Their associations with health endpoints
have been investigated in epidemiological studies using both long-term
measurements, statistical models and dispersion models as exposure
matrix. At present, only the concentration of particle mass in ambient air
is regulated in air quality directives and widely measured in a moni-
toring context.

Particle number concentrations (PNC) are measured as number of
particles per volume (in #/cm® units) and is a more appropriate metric
to measure smaller particles with very little mass, compared to measures
such as PM; or PM3 5. Ultrafine particles (UFP, particles with diameters
< 0.1 um) are a subset of PNC but often dominating the PNC since most
of the ambient PNC are typically below 0.1 pm especially when observed
close to source regions (Kumar et al., 2014). PNC and UFP attracted
significant attention as another health-relevant component of AP since
the late 1990s when the first studies showed an association of the
smallest particles with health effects and the translocation of UFP into
different organs of animals could be documented (Oberdorster et al.,
2000; Peters and Wichmann, 2001; Stone et al., 2017; Oliveira et al.,
2019) as well as in various recent studies, especially in studies of
short-term effects of air pollution (Heal et al., 2012; Ohlwein et al.,
2019).

Two scientific hypotheses exist concerning health effects and atmo-
spheric particles: 1) that health effects might be stronger associated with
particle mass (PM) dominated by particles in the diameter range of
0.1-2.5 pm and 2) that health effects might be stronger associated with
particle number concentration (PNC), dominated in the ultrafine
diameter range < 0.1 pm (UFP) (de Jesus et al., 2019). A literature re-
view (HEI, 2013) concluded that “the evidence does not support a
conclusion that exposures to UFP alone can account in substantial ways
for the adverse effects that have been associated with other ambient
pollutants, such as PM 5”. From a realistic view of human exposure, UFP
in most cases occur simultaneously with various other pollutants, which
makes the direct assignment of such particles to health effects difficult.
However, still very few epidemiological studies consider PNC/UFP as
exposure matrix compared to the traditional gaseous AP and PM, due to
a relatively much smaller number of long-term PNC/UFP measurements
and difficulties in modelling PNC, in general, and at high resolution and
over a long time period, specifically. The lack of PNC measurements is
caused by the fact that these measurements are complex and that PNC is
not regulated in environmental air quality standards and therefore not

required in routine monitoring programs.

Despite this lack, some high quality measured PNC datasets exist and
have been analysed (von Bismarck-Osten et al., 2013; de Jesus et al.,
2019) and measurement databases including PNC are available (Birmili
et al., 2009b, ACTRIS, EBAS.nilu.no, WMO-GAW).

Road traffic, other transport, various types of combustion but also
secondary particle formation from gaseous precursors have been iden-
tified as dominating sources for PNC in urban and sub-urban areas
(Ketzel et al., 2004, Kittelson et al. 2004; Kumar et al., 2011, Kumar
et al. 2013; Keuken et al. 2015). The secondary particle formation (also
called nucleation or new particle formation) is more important in
remote and clean environments and is subject to a whole research field
in itself with a strong relation to climate questions and is not in the
primary scope of this paper (see as well note in chapter 2.1). The main
area of interest for this work is PNC in relation to urban and sub-urban
areas where the population density is highest and where road traffic and
other stationary combustion are the predominant sources.

Several modelling approaches of PNC/UFP have been conducted,
including process studies investigating the time scales of various aerosol
transformation processes (Pohjola et al., 2003; Ketzel and Berkowicz,
2004; Zhang et al., 2004; Kumar et al., 2011), statistical modelling ap-
proaches (Hussein et al.,, 2006; Nikolova et al., 2014; von
Bismarck-Osten et al., 2015) or deterministic modelling based on
emission inventories and dispersion models of various scales and
complexity (Gidhagen et al., 2004; Nikolova et al., 2014; Roldin et al.,
2014; Kukkonen et al., 2016).

On an urban and local scale, PNC undergo transformation processes
such as nucleation, condensational growth, evaporation, coagulation
and deposition that may change concentrations fast. The importance of
these processes need to be assessed in comparison to emission and
dispersion and the processes might have to be considered in the
modelling approach. On a regional to hemispheric scale, also cloud
processing of particles has to be considered. The importance of these —
often non-linear — transformation processes depend on the concentration
of particles, their respective chemical composition, the presence of semi-
volatile gasses and the dominating meteorological conditions. Using
time scale analysis, the relative importance of these PNC specific pro-
cesses has been compared to the emissions and dilution (Ketzel and
Berkowicz, 2004; Kumar et al., 2011; Karl et al., 2016). In most urban
environments and on smaller spatial scales outside the direct exhaust
plume, emission and dilution can often be considered the most impor-
tant processes (Gidhagen et al., 2005; Ketzel and Berkowicz, 2005; Wang
et al., 2010b). Therefore, we do not take these transformation processes
into account for the local scale in this first implementation (See section
2.4 for more details).

A few modelling approaches have been developed that are able to
predict PNC including particle transformation processes in different
domains and at different spatial resolutions: at street/local scale
(Vignati et al., 1999; Gidhagen et al., 2004; Zhang et al., 2004; Nikolova
et al., 2014), at urban scale (Ketzel and Berkowicz, 2005; Kukkonen
et al., 2016) or even regional scale (Manders et al., 2017; Chen et al.,
2020).

Kukkonen et al. (2016) presented a PNC modelling approach applied
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for five European cities employing the LOTOS-EUROS model coupled
with the M7 particle dynamics module for the regional/urban back-
ground scale while different models without particle dynamics were
used for the street/local scale.

Both model results and observations of PNC and PM have shown that
these pollutants show different spatial patterns and different temporal
behaviour during atmospheric processing and the importance of specific
emission sources can be very different between the two metrics. PNC is
similar to NOy strongly affected by local (traffic) sources and shows
strong concentration differences between kerbside and background lo-
cations, while PM is often dominated by long-range transport with
smaller differences between kerbside and background locations (Ketzel
et al., 2004). PNC and PM are only moderately correlated.

In Danish health studies, the use of air pollution models integrated
into the Danish DEHM/UBM/AirGIS exposure modelling system
(http://au.dk/AirGIS/; Jensen et al., 2001; Khan et al., 2019) has
become a standard (Hvidtfeldt et al., 2019; Khan et al., 2019; Thacher
et al.,, 2021). The presented work extends that modelling system to
provide concentrations of PNC/UFP for the first time at Danish resi-
dential address level (N = 2.1 million) with high temporal (1 h) and
spatial (front-door address location) resolution.

The whole model development, setup and evaluation are described
in two accompanying papers. Part 1 is dealing with the setup of the PNC
emission inventory and the particle dynamics in the regional/urban
scale models, using DEHM and UBM as well as evaluation of these
models with regional and urban scale measurements.

This paper is part 2 and describes the model setup at street scale level
using the AirGIS system including the Operational Street Pollution
Model (OSPM®) and the evaluation of this model with street scale
measurements for almost two decades.

2. Modelling methods
2.1. Definitions, size ranges, naming conventions, scope of work

2.1.1. Definitions — type of measurements — size ranges

As mentioned in Section 1, the most frequently used metric to
measure particles in smaller size ranges is particle number concentration
(PNQ) that delivers number concentrations expressed in #/cm® units.
Ultrafine particles (UFP) are often defined as particles below 0.1 pm in
diameter assuming sphericity of the particles, and they are the domi-
nating subset of PNC at urban atmospheric conditions as most particles
in this environment are smaller than 0.1 pm in diameter.

The most common device for performing PNC/UFP measurements is
a particle counter (e.g. a condensation particle counter — CPC). Such a
device counts all particles above a certain diameter corresponding to the
detection limit (e.g. 0.01 pm = 10 nm) and gives the total particle
number concentration (e.g. PNCotal >10) as a result of the measurement
(Mertes et al., 1995; Kumar et al., 2010). The more advanced type of
measurement devices measures the particle number size distribution
(PNSD), i.e. the concentration of particles in different size intervals over
a total size range (e.g. 30 size bins in the range 6-700 nm). Measure-
ments of PNSD allow for a post-processing, in order to calculate number
concentrations in well-defined particle size ranges, e.g. number con-
centration of particles between 30 nm and 250 nm (PNCsq.250). Mea-
surement devices that provide PNSD data are not trivial and require
high-level resources with respect to maintenance, frequent calibrations
and expert knowledge. Continuous measurements using such devices
appear in the late 1990s and are still relatively scarce especially with
higher spatial coverage for smaller regional areas (urban environment
including the surrounding area) compared to CPCs or even PM monitors.
PNC/UFP measurements are not mandatory in EU monitoring pro-
grammes, and no limit values or guidelines are defined so far. For this
reason, they are not part of standard monitoring programmes, however,
a few research-oriented PNC monitoring networks exist as, e.g. the
German GUAN network (Birmili et al., 2016), the ACTRIS programme,
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the Danish Monitoring Programme (Ellermann et al., 2016) and a few
European cities (Asmi et al., 2011; Hofman et al., 2016). The scarcity in
measurements is also reflected in the lack of a standard for instrumen-
tation, operation of instruments and processing of data with respect to
PNC/UFP measurements, which typically guides the measurements of
air pollution components in, e.g. the EMEP programme (Tgrseth et al.,
2012). Within the ACTRIS programme (Wiedensohler et al., 2012), such
standards are being developed.

Since UFPs in this study are defined as particles below 100 nm in
diameter, this corresponds to an upper size limit for PNC_1¢o. This upper
size limit is crucial for the measurement of mass concentrations (cor-
responding to PMy ;1) to make a clear separation from particles larger
than 100 nm in diameter containing a great portion of the total sus-
pended PM under typical atmospheric conditions. For number concen-
tration measurements the 100 nm upper size limit is less defining, since
the number of particles above 100 nm is typically much lower than the
number of particles below 100 nm in such locations when being close to
the sources of particles. Analysis of time series of PNC.199 with PNCgp.
250 and PNCoa1, reveals typically a very high correlation between these
metrics, and the term PNC is therefore used in this study to cover all the
various exact size range definitions. This is valid in environments where
the contribution of nucleated particles is very small compared to all
UFPs from different sources (own analysis of various Danish and Euro-
pean PNC data).

2.1.2. Treatment of the smallest particles (nucleation mode) in the
measurements and the model system

For PNC/UFP measurements, the lower particle diameter size limit
or cut-off is often very crucial, as discussed in the text below. It is very
difficult both to measure and model accurately the smallest particles,
which are formed from gaseous precursors through nucleation (nucle-
ation mode). In the first step of nucleation, such particles are also called
clusters as this expression comes closer to the chemical state of the
particles. Many measurement methods have a theoretical cut-off value
or detection limit of around 3-10 nm. In addition, the nucleation mode
particles have a very short lifetime and tend to deposit very fast (e.g. in
the inlet device of the instrument or the instrument itself) and can self-
coagulate at high concentrations, which makes their quantification close
to emission sources difficult and uncertain. Moreover, instruments also
tend to become less sensitive to the smallest particles over time when
service and calibrations are not performed regularly with high accuracy.
Data processing can account for the losses in instruments or inlets, but in
reality, the exact accounting is debated, and different instrument oper-
ators apply these corrections differently.

With respect to the model system developed here, the implemented
nucleation scheme in the M7 module describes the formation of sul-
phuric acid particles (with sizes primarily below 10 nm) based on the
methodology of Vignati et al. (2004). Other types of nucleation pro-
cesses occurring in the atmosphere are, however, not included in M7.
Within the work presented here, we have not implemented any addi-
tional nucleation processes in M7 or evaluated the currently imple-
mented nucleation scheme. Only a few groups within this scientific
community have attempted to model nucleation events, and this has
only been done for selected so-called super site measurement stations
(Kulmala and Kerminen, 2008; Baranizadeh et al., 2017; Roldin et al.,
2019). The attempt to model the number of particles accurately in the
very small size fractions (below 10 nm in diameter) is therefore beyond
the scope of this study. A further argument for this decision is based on
the fact that we have to deal with a lower cut-off for PNC (around 10-40
nm) due to instrumental issues and data availability when comparing
our model results with measurements. This is e.g. the case for the Danish
measurements in the latest years, which had difficulties to measure
particles below sizes of about 30-40 nm.

For the use in epidemiological studies, we need a robust and rela-
tively simple approach for our developed modelling system to be able to
estimate PNC/UFP for 40 years back in time and for the whole of
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Denmark. Therefore, the preferred PNC/UFP definition here is the size
range 30-250 nm, thereby limiting the influence of new particle for-
mation events on the measurements and limiting the influence from
instrumental challenges at low particle sizes. Similar size range limits
were applied in previous studies (Asmi et al., 2011; Kukkonen et al.,
2016). For the particle concentration data obtained within size ranges
from the observed PNSD, the PNC3g.059 metric is derived as close as
possible to this definition.

2.2. The DEHM/UBM/AirGIS modelling system

As basis for our PNC/UFP model development, we use the multi-scale
and high-resolution Danish air pollution modelling system, called
DEHM/UBM/AirGIS (http://au.dk/AirGIS/; Brandt et al., 2001; Ketzel
et al., 2011; Khan et al., 2019). The system has been developed by the
atmospheric modelling group at Aarhus University over the last three
decades with focus on air pollutants important for human health and
environment. DEHM/UBM/AirGIS output has served as estimate for
human exposure to ambient air pollution in a large number of epide-
miological studies (Jensen et al., 2009; Raaschou-Nielsen et al., 2011;
Sgrensen et al., 2012; Poulsen et al., 2016; Roswall et al., 2017; Hjor-
tebjerg et al., 2018). The existing system covers a “chain of models”
where the output of one model serves as input for the next. The system
consists of a meteorological model and three air pollution models that
operate on regional, urban/local and street scale, respectively. The
meteorological model and two of the air pollution models including the
implementation of PNC as new pollutant, are described in details in the
accompanying paper (Frohn et al., 2021), and only a brief overview is
given here. The main focus in this section is the description of the street
scale model.

The model chain is driven by the meteorological Weather Research
and Forecasting (WRF) Model. The model chain further consists of the
Danish Eulerian Hemispheric Model (DEHM; Frohn et al., 2002; Brandt
et al., 2012), a chemistry-transport model, which calculates emissions,
atmospheric transport, chemical transformation and deposition of 110
chemical gaseous and particle phase species. The model includes four
two-way nested geographical domains with different spatial resolutions
in order to calculate intercontinental and regional transport and trans-
formation of air pollution, while obtaining a relatively high resolution
over Denmark.

The Urban Background Model (UBM; Brandt et al., 2001; Brandt
et al., 2003) is a local scale model, and is applied to obtain air pollution
concentrations over the whole of Denmark with a 1 km x 1 km reso-
lution. The UBM model obtains boundary conditions from the DEHM
model (at 5.6 km x 5.6 km resolution), at a location 25 km upstream
from the receptor location in order to avoid double counting of emis-
sions in both models. The UBM is a plume-in-grid model that calculates
concentrations of selected chemical species, including the gasses NOx,
NO,, CO and O3 as well as the primarily emitted particles in size frac-
tions of PM5 5 and PMjq.

Finally, the AirGIS model system is applied, to calculate air pollution
levels at the address level, in streets with more than 500 vehicles per
day. The AirGIS system is coupled to the DEHM/UBM models, which
provide background air pollution concentration levels and to the WRF
model, which provides meteorological input in order to run the Opera-
tional Street Pollution Model (OSPM®) (Berkowicz, 2000). The AirGIS is
built in a GIS-based system that contains all necessary information to run
the OSPM model, e.g. traffic density (divided into different vehicle
categories, i.e. cars, vans, trucks and buses and their corresponding
emission factors), street and building configurations, and background
concentrations for all streets in Denmark (see Khan et al., 2019 for
details).

The OSPM is a widely used and validated street pollution model
(Kakosimos et al., 2010; Ketzel et al., 2012) that calculates air pollution
concentrations inside the street with hourly time resolution over a time
period of 40+ years for all Danish addresses. OSPM is a so-called
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parameterised model that includes the main flow and dispersion pro-
cesses inside a street canyon, in the form of a combination of a plume
model for the direct contribution and a box model for the recirculating
part of pollution inside the street canyon (Berkowicz, 2000). OSPM also
considers the turbulence produced by the moving vehicles that con-
tributes substantially to the dispersion process, especially at low wind
speeds.

The AirGIS model system automatically calculates the input to the
OSPM model, which then estimates the air pollution level at the front
door at all relevant addresses in Denmark. The AirGIS model has been
evaluated against both long-term air pollution measurements and short-
term campaign data in Denmark (Ketzel et al., 2011; Jensen et al., 2017;
Hvidtfeldt et al., 2018; Khan et al., 2019).

Calculations at residential addresses in streets with more than 500
vehicles per day were based on the full model chain DEHM/UBM/AirGIS
that includes the OSPM as described above. For residential addresses at
streets with less than 500 vehicles per day, the regional and urban
background concentrations were calculated with the DEHM/UBM
model system at a 1 km x 1 km resolution.

2.3. Emission inventories and vehicle emission factors

A crucial first step for implementing a new air pollution component
(PNC) in the modelling system is the generation of an emission inventory
with an appropriate spatial and temporal resolution.

A detailed description of the emission inventory used in the regional
(DEHM model) and in the urban background (UBM model) part of our
modelling system is given in the accompanying publication (Frohn et al.,
2021), and these parts of the emission modelling setup are only
described briefly in the following.

The emissions for DEHM for the different size modes of PNC, the
Aitken mode (particle size range 10-100 nm) and the Accumulation
mode (100-1000 nm), are based on different existing global and Euro-
pean inventories. Based on a European particle number emission in-
ventory used for the LOTOS-EUROS model (Denier van der Gon et al.,
2014; Manders et al., 2017) scaling methods were derived (Frohn et al.,
2021), that were applied to the high-resolution Danish emission data-
base (SPREAD model, Plejdrup et al., 2018) and the other global or
European inventories implemented in DEHM. These emissions were
extrapolated for the entire modelling period 1979 to 2018.

For the Urban Background Model (UBM), we implemented the sum
of Aitken and Accumulation mode particles as emissions for the new
PNC/UFP tracer based on the Danish emission database from the
SPREAD model (1 km x 1 km resolution) and based on the above-
mentioned scaling methods derived for the DEHM model and further
described in Frohn et al. (2021).

For the street scale modelling, PNC/UFP emission factors have to be
implemented in the OSPM. Emission factors for particle number emis-
sions are very uncertain compared to the well investigated and docu-
mented emissions for traditional pollutants (NOx, CO, PM, etc.). Particle
number emission factors (PNEF) depend - similar to traditional pollut-
ants — on several parameters such as, e.g. vehicle speed, type and age of
vehicles, and specific composition of the vehicle fleet. However, addi-
tional parameters relevant for PNEF are the ambient temperature, hu-
midity and sulphur content of the fuel combined with an additional
dimension, the particle size. Measurements of PNEF depend as well on
the used instrumentation, their lower and upper cut-off size range and
the dilution conditions applied for the raw exhaust under laboratory or
ambient conditions. Many data for PNEF are reported for single years
and specific stations (Kumar et al., 2011; Vouitsis et al., 2017), however,
due to the before mentioned dependencies, the data situation is very
complex, largely uncertain and in general valid and realistic emission
factors are difficult to derive.

For the here described work, a relatively robust and consistent
method was required that allows to estimate PNEF for a large variety of
vehicle types. For this purpose, we implemented the PNEF reported in
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the EMEP/EEA air pollutant emission inventory guidebook (EEA, 2019)
and compared these PNEF with previous estimates for Danish condi-
tions. The guidebook gives PNEF for urban, rural and highway driving
conditions. Since the receptor locations that are relevant and used in this
project are mostly located along streets with urban driving patterns, the
urban emission factors are used in our model setup. The guidebook
provides as PNC metric the total particle number (without mentioning a
lower cut-off diameter) and the solid particle number (remaining after
heat cycle to remove volatile compounds) divided into three different
size bands (<50 nm, 50-100 nm, 100-1000 nm), of which the total
particle number is used here.

Since the guidebook tables are not providing PNEF for all EURO
classes, some expert judgment and extrapolation from nearest EURO
classes had to be used. For other vehicle types, the emission factors in
the guidebook had more sub-categories than resolved in OSPM, here a
weighted interpolation was used to harmonize available existing data
with the constraints of the OSPM model. Table 1 shows the complete set
of PNEF applied in the OSPM model setup. Light-duty vehicles (LDV or
vans) have been assigned the same emission factors as passenger cars.

The implemented basic set of PNEF (Table 1) is combined with the
actual vehicle fleet composition with respect to EURO classes obtained
from the Danish vehicle registration database for each of the years from
1979 to 2018. Therefore, the resulting PNEF will change from year to
year as they are applied as input data in the OSPM model for further
pollution concentration calculations.

Table 2 presents a comparison of various PNEF from the literature
with a focus on previous Danish studies and the applied values from this
study. Emission factors in Table 2 are reported separately for light-duty
vehicles (LDV) and heavy-duty vehicles (HDV) or for the mixed vehicle
fleet, and some important characteristics of the listed references are
provided, e.g. year of the study, road type, vehicle speed and particle
size range. There is a large diversity of reported PNEF and parameters,
which is already obvious regarding this small selection. The PNEFs used
for this study are given for the years 2001, 2008, 2010 and 2017 in order
to show the development with time and provide data for the same years
as in literature studies for comparison.

A large reduction of PNEF is observed between 2001 and 2017,
which is in accordance to the large reduction in observed roadside PNC
(Fig. 1, see Section 2.5) and caused by a continuous renewal of the
vehicle fleet and introduction of exhaust gas after-treatment, while
newer, less emitting vehicles are replacing older vehicles with higher
emissions.

A direct comparison with previously estimated emission factors for
2001 in Denmark for a mixed fleet under urban conditions reveals
substantially lower PNEF values in this study of 111 « 1012 #/ (vehicle *
km), compared to 280 « 102 #/(vehicle * km) in previous work (Ketzel
et al., 2003).

Also, a comparison for 2008 conditions points in the same direction
with this study calculating PNEF of 18 and 724 « 102 #/(vehicle * km)
for LDV and HDV, respectively, that are much lower than previously
estimated 80..100 « 10> #/(vehicle * km) for LDV and 1750 ... 2210 «
102 #/(vehicle * km) for HDV (Wang et al., 2010a).

PNEFs used for the city of Helsinki for the year 2008 by (Kukkonen
et al., 2016) are in the range of a factor 2 higher than estimated Danish
values (Wang et al., 2010a) and a factor of 4-10 higher than the PNEFs
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in this study, showing the wide diversity in this parameter.

The comparison reveals that the PNEF used in this study are about a
factor of 2-3 lower compared to previous Danish studies. This is in
accordance with the fact that we here focus on a smaller particle size
range of about 30 nm-250 nm while PNEFs obtained in previous studies
typically cover all particles above 7 nm or 10 nm.

A next step in getting more accurate PNEF would be to change to
size-resolved emission factors as, e.g. reported in (Wang et al., 2010a)
and switching both in the UBM and OSPM models to a size-resolved
representation of the PNC. This would require a substantially higher
demand on input data, e.g. size-resolved emission factors for all the
vehicle categories presented in Table 1. Such data are, however, very
sparse, and so far, only a few data exist for specific years and locations.
Working with size-resolved emission factors is therefore not feasible at
the moment, especially for the present study that is covering a time span
of 1979-2018, where a simple and robust method to estimate PNEF as
described above, is more appropriate.

2.4. Dispersion and particle transformation modelling

PNC/UFP undergo transformation processes, which are different
from those of gaseous species and other particulate metrics (e.g. NOy,
CO, O3, PM;g, PMy5) that are already implemented in DEHM/UBM/
AirGIS. PNC are altered by the transformation processes nucleation,
condensation, evaporation, coagulation and cloud processing, and their
assessment requires therefore a specific particle dynamics module.
Based on a literature review of ultrafine particle modelling studies
conducted in Europe, the M7 particle dynamics module (Vignati et al.,
2004) was chosen for implementation into DEHM. The M7 module is
developed mainly for air pollution modelling purposes and has been
used by several groups in Europe and was recently applied in the EU
TRANSPHORM project to model particle number concentrations in five
European cities (Kukkonen et al., 2016). More details on the M7
implementation in DEHM and corresponding validation are given in the
accompanying paper (Frohn et al., 2021).

In the UBM and OSPM models, the PNCs are treated as inert tracers,
only emission and dispersion processes are included to date, and no
particle transformation processes are applied. This approximation is
based on the results of time scale analysis (Ketzel and Berkowicz, 2004;
Zhang et al., 2004; Kumar et al., 2011) and modelling studies (Gidhagen
et al., 2005; Karl et al., 2016; Wang et al., 2010b). These studies have
concluded that at the street- and urban-scale, outside the direct vehicle
plume and outside confined environments such as road tunnels, the
emission and dispersion processes are by far the most important pro-
cesses to be included in the modelling calculations. Processes such as
deposition and coagulation might under certain conditions change PNCs
in the range of 10-40%, however, taking as well the large uncertainties
in the emission factors into account, we opted for a simple, less calcu-
lation time demanding and robust approach in this study and considered
PNC as an inert tracer.

2.5. Measurements of PNC/UFP

For definitions of variables, type of instruments and size ranges,
please consult section 2.1 at the beginning of this paper.

Table 1

Particle number emission factors (PNEF) in units 1012 #/(vehicle * km) as implemented in OSPM in this study applicable for urban driving situations.
EURO class PasCar Gasoline PasCar Diesel Trucks <7.5t Trucks 7.5-12t Trucks 12-32t Trucks >32t Urban bus Coaches
Conventional 0.9 404 319 678 1060 1500 688 823
EURO 1 9 404 319 678 1060 1500 688 823
EURO 2 9 212 319 678 1060 1500 688 823
EURO 3 1 80 319 678 1060 1500 688 823
EURO 4 0.07 9 2.7 5.8 9.1 15 6 7
EURO 5 0.07 9 8 16.9 26.4 45 17.3 21.5
EURO 6 0.07 0.07 8 16.9 26.4 45 17.3 21.5
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Table 2
Comparison of PNEFs in units 10'2 #/(vehicle * km) reported from field studies. LDV = Light-duty vehicles (cars and vans), HDV = Heavy-duty vehicles (trucks and
buses).
Reference Road type Year Size range Speed LDV/HDV (km PNEF PNEF PNEF Share of HDV in ~ Ratio PNEF HDV/
(nm) hfl) LDV HDV MIX % LDV
Imhof et al. (2005) Motorway 2001 >7 120/85 690 7300 11
Highway 2001 >7 85/75 320 6900 22
Urban 2001 >7 0-50/0-50 80 5500 69
road
Jones and Harrison Urban 2002-2003  11-437 0-50/0-40 58 636 11
(2006) road
Klose et al. (2009) Urban 2005-2006 4-800 0-30/0-30 540 43000 80
road
Birmili et al. (2009a) Urban 2005 10-500 75-90 24 2960 123
road
Ketzel et al. (2003) Urban 2001 10-700 50 280 3.4
road
Wang et al. (2010a) Motorway 2008 10-700 110/90 81 1750 215 10.5 22
Urban 2008 10-700 0-50/0-50 100 2210 187 4.5 22
road
Kukkonen et al. (2016) Urban 2008 >10 180 2700
road
This study Urban 2001 >7..20 50 50 931 111 3.4 36
road
B Urban 2008 >7..20 50 18 724 63 3.4 40
road
Urban 2010 >7..20 50 15 277 38 3.4 18
road
B Urban 2017 >7..20 50 6.4 70 12 3.4 11
road
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Fig. 1. Seasonal (3—-monthly) averages at four Danish monitoring stations: the street station HCAB, the urban background station HC@, the suburban station Hvi-
dovre and the rural background station Lille Valby/Risg. Two types of instruments with different size ranges were used to measure PNSD at the four stations, DMPS
and SMPS, see text for more details. PNC. 1 is only available for DMPS instruments. Left Panel: PNC. 1, (above 10 nm size, DMPS only). Right Panel: PNC3 250 (in

the range from 30 nm to 250 nm).

In Denmark, the first routine measurements of particle number size
distributions (PNSD) started in 2001, and today Denmark has some of
the longest continuous PNSD data sets worldwide that consider a high
spatial resolution of measurements in a limited area (larger city and
surrounding region) and give a great base for model development and
evaluation (Ellermann et al., 2016).

We employ this unique dataset of 18 years of continuous PNC/UFP
measurements performed at three locations: a street station in the centre

of Copenhagen (station: H.C. Andersens Boulevard = HCAB), an urban
background station in Copenhagen, at the rooftop in 20 m height (sta-
tion: H.C. @rsted Institute = HC@), and a rural background station about
30 km west of Copenhagen (station: Lille Valby/Risg) (Ellermann,
2016). The rural background station’s measurement location was moved
by a few km in 2010 from Lille Valby to Risg. The measured time series
at both locations have been merged and considered as one long dataset
representing a rural background, since there is only a minor difference
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between the air pollution levels at these two places.

In addition, much shorter time series are available at another street
(Jagtvej) in Copenhagen and at a suburban station (Hvidovre), which is
located approximately six km southwest of the city centre of Copenha-
gen (Ellermann et al., 2016). We apply the observations at these stations
to test and evaluate the developed PNC/UFP modelling approaches at all
different model scales.

Fig. 1 shows the available time series at the four stations used in this
work. The time series at Jagtvej was too short to calculate long term
averages and was omitted in Fig. 1. Two types of instruments have been
used to measure PNSD at the four stations: a DMPS (Differential Mobility
Particle Sizer) with particle size range (10-700) nm and a SMPS
(Scanning Mobility Particle Sizer) with particle size range (30-478) nm.
At the suburban station of Hvidovre only the SMPS instrument has been
used for all years. At two other stations (HCAB and Lille Valby/Risg), the
DMPS was used until the end of 2016, and the SMPS measurements
started in 2017, and at the urban background station (HC@) the DMPS
was used until the end of 2018, and the SMPS measurements started in
2019 (data not shown here). For the new SMPS instruments, losses in the
applied DMAs (Differential Mobility Analyzers) for particles < 30 nm
were observed. In addition, also losses in the applied inlets are expected
especially below 30 nm, but also above. That is why data were reported
in Danish reports only for diameters above 41 nm. Here we present data
for diameters >30 nm to be consistent with earlier international studies
despite the fact that the uncertainty for the particle number concen-
trations are high for the particles especially in the range below 41 nm
and that the particle number concentration will be somewhat
underestimated.

Fig. 1 shows measured data both as PNC. 1 (only available for DMPS
instruments) and as PNCzg 259 (available for all instruments) in the
respective size ranges >10 nm and (30-250) nm. Levels are about 50%
lower for the limited size range PNCsg 250. However, the relative shape
of the curves looks very similar, as the ranking and the ratio between
different stations are very similar. Also, the correlation coefficients be-
tween PNC. o and PNC3q 250 are very high, 0.96 to 0.99 for the 3 sta-
tions, indicating the close relationship between the two PNC/UFP
metrics, both used for evaluation with the modelled PNC.

2.6. Evaluation method, what and how to compare

This section summarizes the previous statements regarding PNC/
UFP modelling and measurements with respect to metric/size ranges
and justifies how the evaluation is performed in the following chapter.

2.6.1. Model

Modelling the nucleation mode at rural level was beyond the scope of
this work. Therefore, the four “middle” size modes from the M7 model, i.
e. the Aitken and Accumulation modes in both insoluble and soluble
form, are used as combined PNCp,oqe] result from the DEHM output. At
the rural level it is most appropriate to evaluate with PNCs 250, hereby
excluding the nucleation mode particles from the measurements.

However, at urban and street level, particles smaller than 30 nm are
as well locally produced and primarily emitted, e.g. from traffic. Due to
the lack of size-resolved PNC emission factors, these locally produced
particles are reflected in the local emissions both in UBM and OSPM
models. In order to include those small traffic-related particles in the
evaluation, it is more appropriate to compare with measurements of
PNC-10.

The largest uncertainties in the modelling part lies in the emission
estimates at all model scales and in the omission of particle dynamics in
the UBM and OSPM models.

2.6.2. Measurements

Measuring PNC for particle sizes below 30 nm poses several instru-
mental challenges. For the latest years, the new SMPS instruments at the
Danish stations were applied and only measurements of particles with

Atmospheric Environment 264 (2021) 118633

diameters above 30 nm can be used (HCAB > 2017, Lille Valby/
Risg>2017, Hvidovre > 2015). Using PNC3g 250 for model evaluation
will allow for longer time series by combining the old DMPS and the new
SMPS data. Using PNC- ¢ limits the available data availability, how-
ever, this metric is closer to the common definition of PNC/UFP.

Fortunately, the two metrics PNC3g 250 and PNC.. 1 are very closely
correlated Rp > 0.96 for the here considered urban/near-city locations.
This indicates that for practical application, the two metrics can be
considered as a proxy for each other.

In absolute terms, PNCsg 250 is about 50% of PNC..1¢ indicating that
about half of PNC. ¢ can be found in the 10 nm-30 nm size range.

2.6.3. Evaluation

As explained above, there are plenty of challenges connected with
measuring and modelling PNC, especially for sizes below 30 nm and
there are uncertainties and approximations involved in all the various
steps. Since there are aspects both from the modelling and the mea-
surement setup that are in favour of using either PNC3q 250 or PNC- 1¢ for
model evaluation, we consequently use both metrics in the evaluation
analysis.

Evaluations are presented in graphical form as time series plots and
scatter plots for both PNC. 10 and PNC3g 250. As main validation metrics,
the Pearson correlation coefficient (Rp) and the Normalized Mean Bias
(NMB) are given in the text and in tables.

NMB is defined as (Mod — Obs)/Obs * 100%, with Mod and Obs
standing for the mean of model results and observations, respectively.
NMB can range from —100% meaning the model predicts zero concen-
trations; over NMB = 0 meaning that the modelled average is equal to
the observed average; to NMB = 100% ... 200% ... 300% etc. meaning
that the modelled average is 2 ... 3 ... 4 ... times the observed average.

Most of the data pre- and post-processing, statistical analysis as well
as the graphical presentation was carried out using the R-Studio soft-
ware (version 3.x and 4.x, R core team, 2021) including a variety of user
packages (e.g. openair, ggplot2, plotly, shiny, markdown).

3. Results and discussion
3.1. Modelled concentrations at monitoring stations Denmark

In the accompanying paper (Frohn et al., 2021) results from the
regional model (DEHM) have been compared with regional and subur-
ban background stations in Denmark and Europe and results from the
urban model (UBM) have been compared with regional, suburban and
urban background stations in Denmark. Here we will concentrate on the
performance evaluation of the complete DEHM/UBM/OSPM modelling
system for the Danish monitoring stations because the main intended
area of model applications are health effect studies for Danish citizens.
In order to show the progression in the modelling system and to illus-
trate the contributions from the different parts of the modelling chain,
selected results from DEHM and UBM are shown in some figures and
tables as well in this paper. Moreover, DEHM/UBM results are part of the
final output from our air pollution modelling system at all locations
away from busy streets and evaluations for those locations are given
here for reasons of consistency and completeness.

In the following, evaluation results at four levels are reported, OSPM
is only applied additionally to DEHM/UBM for street locations as indi-
cated below:

Levels Models Stations

Street DEHM/UBM/OSPM  Jagtvej (very short data series only) and HCAB
Urban DEHM/UBM HCO

Suburban ~ DEHM/UBM Hvidovre (very short data series only)
Regional DEHM/UBM Lille Valby/Risg

For the street station HCAB, Fig. 2 shows the time series of modelled
and observed PNC concentrations for the nearly two decades, covering
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Fig. 2. Comparison of modelled and observed annual mean PNC (in #/cm®) at HCAB. “Obs” = observations, “DEHM” = Regional model contribution, 25 km
upstream input to UBM “UBM” = urban background model contribution added, “OSPM” = street model contribution added, final model estimate. Right column:
Time series plots. The modelled contributions from regional, urban background and street scale are shown separately. Left column: Scatter plot between modelled
street concentrations and observed PNC. Modelled concentrations are compared with the two size ranges in the observed PNC: Upper row: Observed PNC. 1o (only

until 2016) Lower row: Observed PNCs 250.

the time span with available observed PNC data. The contributions from
the different parts of the modelling system from DEHM, UBM and finally
OSPM are visible in progressive concentration levels.

A strong decreasing trend of PNC was estimated in the model (OSPM)
between 2000 and 2018 from about 35,000 to 12,000 #/cm® at HCAB A
similar decreasing trend was observed in PNC measurements in the
corresponding time period. OSPM matches the measured levels well
with very high Rp of 0.91-0.94 and with NMB = 4% for observed
PNC. 19 (upper row), and overestimates PNCzg 250 with NMB = 94%
(lower row).

Fig. 3 shows the aggregated average time variation of modelled and
observed PNC (in #/cm®) for hours of the day, days of the week and
months of the year. Both the difference between weekdays and week-
ends as well as the seasonal variation of the particle number concen-
trations are well reproduced by the model for PNC. 1 As expected,
lower PNCs are observed and modelled in the weekends, while the
monthly variations show higher values in spring/fall and lower values in
the summer. These basic trends are well reproduced by the OSPM model.

The levels of PNCsy 250 are about 50% lower but show a similar time

variation.

Table 3 provides the correlation matrix (Pearson) between modelled
and observed PNC data at the HCAB location. The modelled PNC,
including the street contribution (with OSPM, str_UFP) shows higher
correlations with observations compared to similar values for UBM
contribution only. This means adding OSPM to the modelling chain
improves the prediction quality as the Pearson correlation coefficient
increases by a value of about 0.1. Very similar correlation coefficients
are observed between model (str_UFP) and PNCsg 250 (0.62-0.94)
compared to PNC.19 (0.64-0.92). The correlation coefficient between
PNC. 19 and PNCgg 250 is very high (0.97-0.99) for this station. This
indicates that the particles in size ranges 10-30 nm and 30-250 nm are
having very similar time variation at the street scale, due to the same
dominating source of traffic emissions with similar number size
distributions.

Fig. 4 gives an example of the model performance at higher temporal
resolution for daily averages at HCAB in a period in 2008. Correlation
coefficients Rp are between 0.72 and 0.74, i.e. in agreement with the
values shown in Table 3 for the Rp for daily averages for the complete
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Fig. 3. Aggregated average time variation of modelled (OSPM, UBM) and observed PNC. ;o and PNCjs 259 concentrations (in #/cm?®) at the street station HCAB for
the years 2002-2016. Shaded area indicates the 95% confidence interval of the mean. Variations are shown for 1) hours of the day (both working days and weekends)

2) days of the week 3) month of the year.

Table 3

Correlation matrix (Pearson) between the modelled (UBM, str_UFP = OSPM) and
observed (PNC.19, PNCg 250) components at HCAB for the years 2002-2016.
Data are given for hourly, daily, monthly and annual aggregation in time.

H‘;‘iy75843 str_ UFP N _10 999 N_30_250
str_UFP 1.00 0.64 0.62
N_10_999 0.64 1.00 0.97
N_30_250 0.62 0.97 1.00
UBM 0.66 0.49 0.50
P s str UFP N_10 999 N_30 250
str_UFP 1.00 0.71 0.71
N_10_999 0.71 1.00 0.97
N_30_250 0.71 0.97 1.00
UBM 0.95 0.63 0.64
Monthly | str_ UFP N_10 999 N_30_250
str_UFP 1.00 0.82 0.82
N_10_999 0.82 1.00 0.98
N_30_250 0.82 0.98 1.00
UBM 0.94 0.73 0.72
e str UFP N_10 999 N_30 250
str UFP 1.00 0.92 0.94
N_10_999 0.92 1.00 0.99
N_30_250 0.94 0.99 1.00
UBM 0.98 0.86 0.89
dataset.

In order to illustrate the model performance for another street
location, Jagtvej, Fig. 5 shows the comparison for the short period of
available data in 2001-2004. Here weekly averages are presented, and
Pearson correlation coefficients of 0.56 and 0.63 are obtained in the

comparison with PNC. 9 and PNCgzg 250, respectively.

Table 4 summarizes the model performance at the three Danish
stations with long data series available (Lille Valby/Risg, HC@®, HCAB).
Correlation coefficients (Pearson) are given (as far as available) for
hourly, daily, monthly and annual averaging periods. Besides PNCg 250,
the pollutants NOx, PM3 5 and PM are also analysed. PNC and NOy are
pairwise synchronised before calculating the correlation coefficient,
therefore the number of elements are the same between these two.
However, small differences in values may appear in comparison to re-
sults in the accompanying paper where PNC was not synchronised with
NOx.

The correlations between model results and observations for
PNCgy 250 are in the range from moderate to very high (0.4-0.9). Cor-
relation coefficients are especially high for the street level station HCAB
(range 0.63-0.95) and are here comparable or even higher than those for
the other three pollutants (NOx PMy 5 and PM;() independent on the
averaging interval. For PNCs 250 at Lille Valby/Risp and HCQ we find a
significant difference between the higher correlation coefficients for
annual means (0.86, 0.87) compared to the moderate values for other
averaging times (0.39-0.51). This might indicate that our new PNC
model captures well the long-term trends at all stations, while variations
on shorter time scales (e.g. seasonal variations) are not as well repro-
duced by the model for regional and urban background stations while
showing very good results at street scale.

In summary, as indicated by the number of highlighted Rp in Table 4,
the model performance with respect to correlation in time for PNC is
similar to those of NOx and PMys. The PNC model performance was
better than that for PM; at street level.

Table 5 gives the Normalized Mean Bias (NMB) for the same three
stations as discussed above for the comparison of the modelled PNC with
measured PNC both as PNC. 19 and PNCsg 250. Modelled PNC at HCAB
matches well (NMB = 6%) with observed PNC-1¢ while the model over-
predicts the level of PNC. 1o at HCQ and Lille Valby/Risg by a factor of
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Fig. 4. Plots as in Fig. 2 as well for HCAB station, Here: daily averages for a 6-month period in 2008.

2.5-2.9 (NMB = 151%/193%). Shifting the comparison from PNC. ¢ to
PNCsp 250 adds about 100% to the NMB at all stations increasing the
overestimation by the model system, since the observed PNC3q 259 is
about 50% of PNC. 1¢.

These values of NMB are high compared to the model performances
achieved for other pollutants, e.g. NOx, PM3 5, PM;o (NMB range —25%-—
45%, not shown here). These high NMB values for the PNC model lead to
the question about how well the PNC model is able to reproduce the
concentration contrast observed in-between the different environments
such as street, urban background and rural levels.

Fig. 6 (a-c, upper row) shows the modelled and observed annual
mean concentrations at four Danish stations, observations for PNC-19
and PNCg 250. In addition to the three stations discussed until now this
comparison includes the sub-urban station Hvidovre in the outskirts of
Copenhagen. For Hvidovre only a very short observed time series of four
years is available, starting in 2015, and only for PNCsg 250.

The modelled concentrations appear consistently in the same
ranking when considering the PNC: HCAB highest, then HC@, Hvidovre
and Lille Valby/Risg with lowest PNC. For the measurements, the same
ranking is observed with a few exceptions, probably due to a lower data
coverage for specific stations in some years.

Fig. 6 (d-f, lower row) shows for the same type of stations the annual
mean trends relative to the levels at HC@, i.e. all concentrations were
divided or normalized by the concentrations at HC@ in the actual year.
The curves show herewith the ratio of concentrations relative to HC@. As
an example, modelled PNC at HCAB are for a long part of the time in-
terval 1979-2009 about 1.5-2 times higher compared to HC@ (Fig. 6d).
The observations at HCAB show about 3-4.5 times higher values than
HC@ for PNC.1¢ (Fig. 6e) while for PNCsg 250 the ratios are in the range
2.5-3.5 (Fig. 6f). For both PNC. 1o and PNCs 250 the observed “con-
centration contrast” between HCAB and HC@ is larger compared to the

10

modelled PNC ratios. Contrary to this, the ratio of PNC at Lille Valby/
Risg compared to HC@ is in the range 0.6-0.8 in all cases, both for
modelled PNC and observed PNC. 19 and PNC3g 250.

This analysis might indicate that the PNC differences are more
robustly reproduced by the PNC model system in the lower part of the
concentration range (rural/urban) than in the upper part (street/urban
background). Another possible reason for the larger HCAB/HC@ ratio in
the measured PNC, compared to the modelled ratio, could be that HC@
concentrations are measured at the roof top level at 20 m height, and
PNC might be reduced due to deposition and coagulation during the
transport from ground level. Higher measured HC@ concentrations
would lower the ratio and shift this ratio closer towards the modelled
HCAB/HC@ ratio.

3.2. Modelled concentrations at high spatial resolution for entire
Denmark

The developed PNC model system covers all Danish addresses 40
years back in time with hourly resolution. This data is intended to
indicate the variation in PNC at home addresses across the entire Danish
population to be used e.g. in epidemiological studies of health effects of
air pollution. While the previous sections focussed on the presentation
and evaluation of the temporal variation, we give in the following some
examples for the modelled spatial distribution.

Fig. 7 shows the annual mean PNC for the year 2018 for Denmark on
a1l km x 1 km spatial resolution modelled with DEHM/UBM. General
PNG are modelled in the range between 3,000 and 38,000 #/cm®. High
PNC concentrations are modelled in urban areas, near harbours and
along shipping routes, along intense busy motorways, and near point
sources such as power plants and industrial facilities. Low concentra-
tions are predicted at the less populated west coast of Denmark and in
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Fig. 5. Plots as in Fig. 2 now for Jagtvej, Here: weekly averages for a period in 2001-2004 with available PNC observations for Jagtvej.
Table 4

Correlation between model and measured concentrations at 3 Danish stations LVBY/Risg, HC@ and HCAB for the pollutants: PNCsg 250, NOx, PMj 5 and PM;,. Cor-
relation coefficients Rp are given for different averaging times (hourly, daily, monthly and yearly). Only PM data obtained with LVS (Low Volume Sampler) instruments
are included (reference method, considered most reliable). Rp values > 0.7 are indicated bold and values > 0.5 are italics. R- Pearson correlation coefficient and N —

number of elements in the correlation.

Pollutant Scale Station Rp hourly Rp daily Rp monthly Rp annual N hourly N daily N monthly N annual
PNCsg 250 Regional LVBY/Risg 0.40 0.51 0.41 0.86 79450 3496 152 14
PNC30 250 Urban bg. HCO 0.39 0.48 0.43 0.87 84553 3712 171 18
PNCs0 250 Street HCAB 0.63 0.73 0.84 0.95 88586 3846 163 17
NOx Regional LVBY/Risg 0.50 0.69 0.74 0.92 79450 3469 152 14
NOx Urban bg. HCO 0.59 0.75 0.86 0.94 84553 3712 171 18
NOx Street HCAB 0.63 0.68 0.62 0.61 88586 3846 163 17
PM, 5 Regional LVBY/Risp - 0.80 0.89 0.82 - 2230 76 7
PMas Urban bg. HCO - 0.77 0.86 0.72 - 2217 77 7
PM; 5 Street HCAB - 0.75 0.84 0.89 - 2164 75 6
PM;o Regional LVBY/Ris¢ - 0.69 0.73 0.90 - 1767 60 5
PMio Urban bg. HCO - 0.62 0.64 0.42 - 1944 66 6
PMio Street HCAB - 0.62 0.54 0.22 - 2223 75 7

the northern parts of the country. The overall concentration map for
Denmark looks realistic and shows similarities to the spatial distribution
of other pollutants as e.g. NOx.

Fig. 8 displays the PNC modelled with DEHM/UBM/AirGIS as the
annual mean for 2018 at residential address locations in the centre of
Copenhagen. The general PNC levels in Copenhagen result in values in
the range of 6,000 to 12,000 #/cm>. High concentrations are shown
along very busy roads and here the OSPM model has been applied in
addition to the DEHM/UBM. The predicted PNC along the same road
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with the same emissions might change according to the more or less
dense building configuration along the street. This is a result of the in-
fluence of the height of the surrounding buildings and the width of the
street on the flow and dispersion of air pollutants at the street location.

4. Summary, conclusions and outlook

We have presented the development of the Danish air quality
modelling system DEHM/UBM/AirGIS towards modelling, for the first
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Table 5
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Normalized Mean Bias (NMB) in % for three Danish PNC monitoring stations. Compared are modelled PNC with measured PNC-.. ¢
and PNCj 250 for the same time series as presented in Table 4.

Scale Station NMB compared to PNC. 1o NMB compared to PNCsg 250
Regional Lille Valby/Risg 193% 292%

Urban background HCO 151% 259%

Street HCAB 6% 89%

time, particle number concentration (PNC). We implemented particle
dynamical processes in the regional scale model DEHM using the M7
aerosol dynamics module (presented in the accompanying article by
Frohn et al., 2021), and we implemented emission factors in the models
for PNC at the local scale (UBM) and street scale (OSPM), for the latter
two in a first approximation without a particle dynamics module as
presented in the present article.

Here, we described the model development at local and street scale
and evaluated the PNC model performance using long-term measure-
ments at Danish monitoring stations at street, urban background and
rural locations. The PNC models are intended to serve as proxy for the
human exposure in epidemiological studies.

The very complex processes of particle formation, where nucleation
mode particles are formed from gaseous precursors, are mostly observed
and relevant at rural locations with very low population density.
Therefore, modelling the nucleation mode at rural level was beyond the

scope of this work. Consequently, model performance was evaluated
using observed data for PNCsg 250, hereby excluding the nucleation
mode particles from regional nucleation events. Therefore, at rural
monitoring stations, the model performance (correlation coefficient) is
considerably better for PNC3g 259 compared to PNC. ¢ (Frohn et al.,
2021), since our PNC model is not considering the regional nucleation
events which matches best with measured PNC3q 259 excluding nucle-
ation mode particles as well.

However, at urban and street level, particles smaller than 30 nm are
as well locally produced and primarily emitted, e.g. from traffic. These
locally produced particles are included in the local emissions in the UBM
and OSPM model. Therefore, we also evaluated the OSPM model for
PNC. 19 for these stations. As confirmation that our model is considering
these small particles, we observed only small differences in correlation
coefficients between evaluations with PNCsq 250 versus PNC. 1 at urban
and street stations.
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Fig. 6. Annual average concentrations at four Danish monitoring stations for 40 years 1979-2018. The plots illustrate the relative contrast between concentration
levels at the various stations over time. Be aware of different ranges on both axes in-between the different plots. Left column: PNC,,,,q OSPM/UBM Model results
Middle column: Observed PNC. ¢ Right column: Observed PNCs 250. Upper Row: Annual averages of PNC modelled or observed. Lower Row: PNC relative to
HC@. For each of the individual plots, the data from all stations are divided with the value at HC@ for the same year.
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Fig. 7. PNC (#/cm®) modelled with DEHM/UBM at 1 km x 1 km spatial resolution as annual average for 2018. Only areas with Danish residential addresses are
displayed. Empty cells are unpopulated e.g. water or forest. The same data is displayed in both maps, just different colour scales:

Left: linear equidistant scale, Right: quantile scale, with very variable ranges in the colour classes, arranged so that each colour covers a similar total area in the map.
Background: ©ESRI.WorldGrayCanvas. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. PNC (#/cm®) modelled with DEHM/UBM/AirGIS at address locations in central Copenhagen as an annual average for 2018. The smaller map is an enlarged
detailed view of the marked dashed region in the big map showing the location of individual address points. Background: ©OSM-Open Street Map.

The correlation coefficients between model results and observations
for PNCs 250 are in the range from 0.39 to 0.95 for all stations (annual
values). Correlation coefficients are especially high for the street level
monitoring station (range 0.63-0.95) for all averaging periods (hourly,
daily, monthly, annually). The model performance for PNC is similar to
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that of NOx and PM, 5 with respect to correlation in time. The PNC
model performance was better than that for PMj at street level.

In terms of reproducing the absolute PNC levels, the model perfor-
mance is mixed. Modelled PNC at HCAB (street with dense traffic)
matches well (NMB = 6%) with observed PNC. o while the model
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overpredicts compared to measured PNC. 19 at HC@ (urban background)
and Lille Valby/Risg (rural background) by a factor of 2.5-2.9 (NMB =
151%/193%). A possible reason for the model overprediction at the
HCQ@ station could be that HC@ concentrations are measured at the roof
top level in 20 m height and PNC might be reduced due to deposition and
coagulation during the transport from ground level, while modelled PNC
is more representative for ground ground-level PNC. Shifting the com-
parison from PNC. 1o to PNC3q 250 adds about 100% to the NMB at all
stations increasing the overestimation of the model, since the observed
PNC3z0 250 is about 50% of PNC-~ 1.

This is the first implementation of PNC in our modelling system, and
future developments could relate to: 1) improving the implementation
of PNC size fractions in all emission inventories and all emission factors
to work towards an implementation of size resolved PNC in the UBM and
OSPM models, 2) improving the seasonal variation of PNC at back-
ground level by updating and improving seasonal variation of emissions,
3) reanalysis of the methods for handling the particle dynamics in the
model and 4) validation of the model against many measurements with
wide geographical variation. These improvements are expected to
reduce the substantial positive bias of the modelled PNC.

In summary, we obtained high correlation coefficients between
modelled and measured PNC, especially at street stations and for long-
term averages. At monitoring stations at urban and rural background
locations, the model over-predicts PNC. We believe that further work
regarding the emission estimates and the modelling of the complex
dynamical processes will improve the model results further.
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