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Abstract

Aerosol particles in the submicrometer size range (PM1) have serious impacts on hu-
man health and climate. This work aims at studying the processes relevant for physical
particle properties in and downwind Copenhagen and evaluating the capability of a de-
tailed aerosol dynamics and chemistry model (ADCHEM) to describe the submicrom-5

eter aerosol dynamics in a complex urbanized region, subjected to a variety of impor-
tant anthropogenic sources. The study area is the Oresund Region with Copenhagen
(about 1.8 million people) as the major city, including the strait separating Denmark
and Sweden with intense ship traffic. Modeled aerosol particle number size distribu-
tions and NOx concentrations are evaluated against ground-based measurements from10

two stations in the Copenhagen area in Denmark and one station in southern Sweden.
The measured and modeled increments in NOx concentrations from rural back-

ground to the urban area showed satisfactory agreement, indicating that the estimated
NOx emissions and modeled atmospheric dispersion are reasonable. For three out of
five case studies, the modeled particle number concentrations and size distributions15

are in satisfactory agreement with the measurements at all stations along the trajec-
tories. For the remaining cases the model significantly underestimates the particle
number concentration over Copenhagen, but reaches acceptable agreement with the
measurements at the downwind background station in Sweden. The major causes for
this were identified as being the lack of spatial resolution in the meteorological data20

in describing boundary layer mixing heights and the uncertainty in the exact air mass
trajectory path over Copenhagen. In addition, particle emission factors may also have
been too low. It was shown that aerosol dynamics play a minor role from upwind to ur-
ban background, but are important 1–2 h downwind the city. Real-world size-resolved
traffic number emission factors which take into account the initial ageing in the street25

canyon can be used to model traffic emissions in urban plume studies.
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1 Introduction

Airborne aerosol particles influence the radiative budget of the earth by direct and
indirect processes (IPCC, 2007). In addition, they cause visibility degradation (Malm,
2003) and have detrimental effects on human health (Pope and Dockery, 2006).

A representation or surrogate of the size dependent chemical composition of fine5

(<2.5 µm in diameter) or sub-micrometer (<1 µm in diameter) particles is required in
place of PM2.5 and PM10 to correctly understand and quantify climate effects on the
regional and global scale (Spracklen et al., 2006; Su et al, 2006). In particular, we rec-
ognize that chemical and size resolved data is needed to be able to quantify the source
emissions and the transformation that particles undergo during long range transport10

from their emissions all the way to an arbitrary receptor point. Additionally, PM2.5 and
PM10 are not suitable tools during the specific occasions as health effects correlate
better with the submicrometer number concentration than the mass concentration (We-
ichenthal et al., 2007; Su et al., 2006; Zhang et al., 2005). The pursue for the particle
number size distribution and chemical composition is further necessary to be able to15

calculate the size-segregated deposition of particles in the human airways (Löndahl et
al., 2009).

In this study we mainly focus on emissions from urban traffic. Extensive particle
number size distribution measurements have already been performed in many urban
areas (review by Morawska et al., 2008), and vehicular emission factors have been20

determined, too (Imhof et al., 2005; Kittelson et al., 2004; Beddows and Harrison,
2008). Considerable interest has recently been redirected towards the understanding
of the evolution of number concentration, size, and composition of aerosol particles
after their first release in the atmosphere and main findings are briefly summarized in
the following. Complex and rapid aerosol dynamics including nucleation, coagulation,25

condensation and dilution determine the evolution of a particle population in the first
seconds after emission from the tailpipe into the atmosphere (see e.g. Kittelson et al.,
2006; Uhrner et al., 2007).
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The processes slow down and the emitted aerosol plume ages within a minute or a
few minutes after the emissions or in other words within between 10 m and 1 km dis-
tance from the tailpipe. There are at least five studies that have estimated relevant
aerosol dynamic processes downwind of major urban roads, highways or freeways us-
ing different approaches. For these relatively well ventilated roads dilution tends to be5

the dominating aerosol process (Zhu et al., 2002; Ketzel and Berkowicz, 2004a; Zhang
et al., 2004; Pohjola et al., 2007). Additionally condensation/evaporation was also
found significant for nucleation mode particles <50 nm in diameter (Zhang et al., 2004;
Pohjola et al., 2007) and condensation and coagulation seems to play an important
part depending on the external conditions. In relatively more confined compartments10

where mixing with background air is limited such as at urban intersections or kerbsides,
self-coagulation (Jacobson and Seinfeld, 2004) and deposition (Ketzel and Berkowicz,
2004a) are probably important besides dilution. In tunnels, where number concentra-
tions are even higher and the surrounding walls are close to the emissions, coagulation
and deposition are dominating and dilution is recognized to have small importance only15

(Gidhagen et al., 2003; Ketzel and Berkowicz, 2004a).
The plume ageing continues on the urban or near-regional scale within hours after

the first emission, i.e. a few kilometers to a few tens of kilometers downwind. Judg-
ing by the time-scale analysis by Ketzel and Berkowicz (2004a), the three processes
deposition, condensation/evaporation and inter-modal coagulation could potentially be20

important to transform particles between the kerbside to the urban background, where
both the results of Gidhagen et al. (2004) and Ketzel and Berkowicz (2005) show that
about 25% of the particles are lost. Here, the similarities end and different authors
attribute street to urban background transformation to mainly inter-modal coagulation,
condensation and coagulation, coagulation and deposition or to all three processes25

(Jacobsen and Seinfeld, 2004; Wehner et al., 2002; Zhang and Wexler, 2002; Gidha-
gen et al., 2004; Ketzel and Berkowicz, 2005). In fact, Wehner et al. (2002) and Ketzel
and Berkowicz (2005) show that different combinations of condensation, coagulation
or deposition can be used to correctly simulate measured size distributions. A review
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of the literature clearly states that more research is needed to be able to know how
urban plumes are transformed from street to urban background level where particles
significantly contribute to air pollution exposure levels.

Roldin et al. (2010a) have developed the trajectory model ADCHEM (Aerosol Dy-
namic and CHEmistry Model) to study the transformation of the particle number size5

distribution from the local scale to the regional scale as potential input for global chem-
istry and transport models (CTMs). ADCHEM is a Lagrangian model following the
motion of infinitesimal material fluid elements, which by definition move with the local
instantaneous flow (Yeung, 2002). Successful modeling of the dynamics, the disper-
sion and the mixing processes for both continental and marine boundary layers are10

documented in the literature (Weil et al., 2004; Brickman and Smith, 2002; Mueller and
Veron, 2009). The ADCHEM model has been validated and applied to simulate the
ageing of the urban plume from the city of Malmö with 280 000 inhabitants in southern
Sweden (Roldin et al., 2010b). It was found that the Malmö contribution 50 km down-
wind of the city centre is highest for particles between 40 nm and 100 nm in diameter15

and that coagulation and dry deposition are dominating during the ageing.
This study investigates the relevant physical processes of particles in and downwind

Copenhagen and at evaluates the capability of ADCHEM to reproduce the measured
submicrometer particle number size distributions in a complex urbanized region, sub-
jected to a variety of important anthropogenic sources including road and ship traffic.20

For these purposes the ADCHEM model has been extended by implementation of an
emission inventory with respect to primary particle emissions from Copenhagen city,
especially vehicular particle number emissions. Using the extended model we predict
the particle number size distribution in urban background Copenhagen. Recommen-
dations are provided on the importance of different aerosol dynamic processes during25

urban plume ageing on the different time scales. The model was initialised with mea-
sured data at a rural site upwind of Copenhagen and compared with measurements at
an urban background site in Copenhagen, and at a regional background site downwind
of Copenhagen, where urban contribution was found to be significant from measure-
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ments in a previous study (Ketzel et al., 2004). We finally estimated primary particle
emissions from road and ship traffic and woodstoves in terms of chemically composed
submicrometer particle number size distributions and used the model application to
verify the particle number traffic emission profile obtained from our previous study in
the Copenhagen area (Wang et al., 2010).5

2 Experimental studies

2.1 Measurement sites and instrumentation

The location of the three measurement sites used for a validation of model results in this
study is given in Fig. 1. Two stations belong to the Danish Air Quality Monitoring Pro-
gramme (Kemp et al., 2008), the urban background station at the roof of H. C. Ørsted10

Institute in Copenhagen (HCOE; 12◦33’42′′ E, 55◦42′2′′ N) 20 m above ground level and
the background station at Lille Valby (LVBY; 12◦7′34′′ E, 55◦41′14′′ N) ca. 30 km west
of Copenhagen. Lille Valby can be characterized as a near-city background due to the
influence of the greater Copenhagen area in the east and the town of Roskilde in the
south. The third background station, Vavihill (VVHL; 13◦09′ E, 56◦01′ N), is located in15

Sweden ca. 60 km north-east of Copenhagen, Denmark, and ca. 50 km north of Malmö,
Sweden, and is operated by Lund University, Sweden. The Vavihill site is located in the
middle of a forest area (Söderåsen), and is part of the EMEP (emep.int) and EUSAAR
(eusaar.net) networks. The site can be considered as a regional background site.

At all sites, Differential Mobility Particle Sizers (DMPS) were used to measure the20

particle number size distribution. The DMPS at the Danish sites (LVBY and HCOE)
covered the particle diameter range from 5.6 nm to 700 nm (Ketzel et al., 2004b) with a
time resolution of 3 min. At Vavihill (VVHL) the DMPS covered the size range from 3 to
900 nm diameter with a time resolution of 10 min (Kristensson et al., 2008).

Gas phase pollutants NOx (NO, NO2) and O3 were also measured at HCOE and25

LVBY with API NOx (model 200A) and with API O3 analyzers (model 300A) respectively.
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There is a sub-set of 6 weeks of data available during 2005 (from May to October),
when particle size measurements from all three sites were of good quality. For the
case studies presented in this paper a small part of this sub-set is selected during time
periods of suitable wind directions.

2.2 Meteorological conditions and total particle number concentrations5

The HCOE roof site was equipped with a meteorological station located at 10 m height
above roof level measuring the following parameters: wind direction (WD), wind speed
(WS), relative humidity (RH), temperature (T ), and global radiation. The wind rose in
Fig. 2 shows the wind distribution during the whole year of 2005 and the 6-week subset
period during 2005. Westerly winds were predominant for both data sets. We selected10

2 occasions with westerly winds in the sector 250◦–290◦ for the model simulation cases
in group A and 3 occasions with south-westerly winds in the sector 200◦–250◦ for the
model simulation cases in group B (Fig. 1). The simulations are described in more
detail in Sect. 3.3.

The observed average total particle number (PN) concentrations during the 6-15

week measurement period were 4530 particles cm−3, 6050 particles cm−3 and
3840 particles cm−3 at the LVBY, HCOE, and VVHL stations, respectively. The ob-
served particle number size distributions (PNSDs) are shown in Fig. 3 for the sub-set
period and for the wind sector 200◦–250◦ when the wind was blowing from the area
south of LVBY to HCOE (central Copenhagen) and reaching the area of VVHL. Al-20

though the air mass did not pass directly over LVBY for this wind sector, the upwind
Copenhagen conditions south of LVBY are assumed to be well approximated by the
LVBY station.

The average PNSDs during the sub-set period showed a dominating Aitken mode
between 40 nm and 80 nm diameter at all stations, where the concentration was high-25

est at HCOE and lowest at VVHL. Within the selected wind sector (see Fig. 3b), the
size distribution at VVHL contained 2 nucleation modes at 15 nm and 25 nm diameter
respectively, which did not appear at LVBY. This phenomenon might be due to the emis-
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sions of precursors in Copenhagen urban area that contributed to particle formation in
southern Sweden.

3 Modeling methods

3.1 Model description

A trajectory model for aerosol dynamics, gas phase chemistry and radiative transfer5

simulations (ADCHEM) has been applied in this study (Roldin et al., 2010a). The
model solves the atmospheric diffusion equation in one or two space dimensions along
an air mass trajectory, including atmospheric aerosol dynamic processes, particle and
gas phase chemistry and a radiative transfer model.

The aerosol dynamic model in ADCHEM is a sectional model which divides the par-10

ticle number size distribution into finite size bins. Here we use 54 bins in the size range
from 2 nm to 2500 nm. The particles are assumed to be internally mixed which means
that particles of the same size have the same composition. The model includes Brow-
nian coagulation, dry deposition, wet deposition, in cloud processing, condensation,
evaporation, primary particle emissions, homogeneous nucleation and dispersion in15

the vertical (1-D model) and horizontal direction (2-D model).
The model treats both organic and inorganic particle chemistry with sulfate, nitrate,

ammonium, sodium, chloride, non water soluble minerals (metal oxides/hydroxides),
Elemental Carbon (EC), Primary Organic Aerosol (POA), Anthropogenic and Biogenic
Secondary Organic Aerosol (ASOA and BSOA respectively), and in cloud processing of20

the aerosol particles, including dissolution of sulfur dioxide and hydrogen peroxide into
the particle water phase. ASOA and BSOA are in general formed by condensation of
oxidation products of α-pinene, β-pinene, ∆3-carene, D-limonene, isoprene, benzene,
toluene and xylenes. The aerosol dynamics and particle chemistry model is coupled to
the gas phase chemistry model through the condensation and evaporation processes.25

The gas phase chemistry model calculates the gas phase concentrations of 63 dif-
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ferent species, using 119 different chemical reactions. The actinic flux, which used to
calculate the photochemical reaction rates, is derived with the radiative transfer model.
The readers can refer to Roldin et al. (2010a) for a more detailed description of AD-
CHEM.

For most of the simulations performed in this study the 1-D version of ADCHEM was5

used, employing 20 vertical grid cells. For one of the simulated case studies the 2-D
version was also applied, using 20 vertical and 20 horizontal grid cells. The vertical
and horizontal grid resolution was 100 m and 1000 m, respectively.

The model solves all aerosol dynamic equations with a time interval of 15 s, except
the condensation/evaporation equation, which is solved for every 5 s. Wet deposition10

was not included, as only cases with sunny weather were chosen. Days with new
particle formation observed between the stations LVBY, HCOE, and VVHL were not
chosen either.

3.2 Primary particle number emission profiles

In the study area we identified that road traffic, wood stove combustion and ship trans-15

port were the main sources of particulate emissions in the submicrometer size range.
Furthermore, the profiles of the particle number size distribution for these three sources
were derived from the literature and they are shown in Table 1 and Fig. 4. The size dis-
tribution profile of the particle number emissions from road traffic was based on our
previous study in the Copenhagen urban area obtained under real world conditions20

(Wang et al., 2009). Particle number emissions were scaled to NOx emissions with
a ratio of PN to NOx equaling to 2×1014 particles (g NOx)−1. A recently undertaken
Danish research project on wood stoves determined the particle number size distribu-
tion profile in terms of emissions, which was scaled to PM2.5 emission from the same
source with a ratio of PN to PM2.5 equal to 5×1014 particles (g PM2.5)−1 (Wåhlin et al.,25

2010). The particle number size distribution profile from ship traffic was based on the
study by Petzold et al. (2008) in the English Channel. We scaled it to PM2.5 as well
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with a ratio of PN to PM2.5 equal to 1.1×1015 particles (g PM2.5)−1 by assuming a mean
particle density of 1000 kg m−3.

In our model simulations, the inventory of the anthropogenic particulate emission
factors was put together by three emission inventories with different resolutions for the
different sources. For the road sources in the Copenhagen region a NOx emission in-5

ventory with a spatial resolution of 1×1 km2 was used based on NERI’s traffic database
with traffic volumes on all road links in Denmark for the year 2005 together with emis-
sion factors from the latest version of the COPERT IV model applied for 2008 condi-
tions. For other (non-road) sources and other areas in Denmark, an emission inventory
with 17×17 km2 spatial resolution was used based on Danish national emission inven-10

tories for the year 2007 made by NERI (emission.dmu.dk). For other European areas
the European Monitoring and Evaluation Programme (EMEP) emission inventory with
50×50 km2 spatial resolution was used (emep.int). For southern Sweden an emission
inventory for road transportation sources as well as for ship emissions with a spatial
resolution of 1×1 km2 was used, from the work by Gustafsson et al. (2007). The EMEP15

emissions were derived from EMEPs emission database for the year 2006 (Vestreng et
al., 2006). All emission inventories included the same categories of emission sources
as given in the EMEP database. Country specific forest and meadow/pasture area
coverage data from Simpson et al. (1999) and emissions of NMVOCs (non-methane
VOCs), NOx, SO2, CO, NH3 and PM2.5 were fitted along the trajectories used for the20

simulations. The forest and meadow/pasture data was used to calculate the biogenic
monoterpene and isoprene emissions and estimate the surface albedo and surface
roughness length along the trajectories. The forest species distribution from Simpson
et al. (1999) were used together with species specific biomass density, leaf area in-
dex and emission potential from the study of Steinbrecher et al. (2009) to estimate the25

emissions of isoprene, α-pinene, β-pinene, ∆3-carene and D-limonene, using the light
and temperature dependence according to Guenther (1997).

The average anthropogenic emissions in the different categories are subjected to
typical seasonal, weekly and daily variations based on EMEP’s data. In addition, sea
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salt emissions were included according to the study of Mårtensson et al. (2003).

3.3 Meteorological input and model initial

The meteorological data used in the model were downloaded from NOAA Air Resource
Laboratory (ARL) Real-time Environmental Application and Display system (READY)
(Rolph, 2003). ARL’s READY provides the HYbrid Single-Particle Lagrangian Inte-5

grated Trajectory (HYSPLIT) model which can be used interactively and provides for-
ward and backward air mass trajectories from a source point within a desired time
period. In addition, the relevant meteorological parameters along the trajectory includ-
ing WS, WD, RH, mixing height, rain, and global radiation were obtained. Along each
trajectory, one hour resolution data of solar irradiance, mixing height and rain fall in-10

tensity was extracted. For every three hours along the trajectories, vertical profiles of
temperature, wind speed and relative humidity were downloaded. These data were
linearly interpolated both spatially to the fixed vertical grid and used as input for the
simulations as well as in time to increase the temporal resolution to 15 s, which was
the time step used in the model.15

Two groups of trajectories were selected (Fig. 1) for simulations according to different
wind directions and different pathways of the trajectories. On the 6 June, 2005, the
wind direction was constant from west to east and the trajectories passed over the
area of LVBY and arrived at HCOE without passing through VVHL afterwards. This
group of trajectories is labeled as group A. On the 3 June, 2005, the wind direction20

was from south west to north east and the trajectories passed over the rural area in
the south west of Copenhagen (LVBY as representative) to HCOE and passed further
the Oresund Strait and over regional background area in southern Sweden (VVHL as
representative). This group of trajectories connecting all three stations is labeled as
group B.25

Backward trajectories were calculated for 48 h and forward trajectories for 24 h all
starting at the HCOE location. Particle number size distributions were kept constant in
the model until the calculated air masses arrive at LVBY (or the equivalent longitude).
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The travel time from LVBY to HCOE is about 1 h for group A cases and about 1.5 h for
group B cases.

Before LVBY, the chemical composition of the particles and the gas phase concentra-
tions were initialized from the model simulations. The initial gas concentrations which
vary according to season, altitude and latitude were taken from Simpson et al. (2003).5

Cloud processes and wet deposition were turned off in our study, as no-rain and
sunny days were chosen for the simulations. The measured particle number size dis-
tribution data at LVBY were used as initial size distribution in the model. Since the
measured size distributions had fewer size bins than represented in the model, the
measured size distributions were converted, by linear interpolation, to 54 size bins,10

between 2 nm and 2500 nm.

4 Model results

Each simulation was performed over a total of 72 h, 48 h backward and 24 h forward tra-
jectories from the HCOE receptor point. In this section the results of 7 h close HCOE
are presented, where the emission inventories has the highest resolution. The pre-15

dicted values were also compared to the measured data at the three stations. NOx
concentration was used as a tracer to evaluate the dispersion in the model, which gave
credibility to the simulation of the transport and turbulent mixing of the particles.

4.1 Evaluation of simulations for NOx and particles: group A

For group A, two cases were selected on the same day, June 6 of 2005, when the wind20

was relatively stable from west to east. The air mass that arrived at HCOE at 13:00 LT
(Local Time) was labeled as A1 and the one arriving at 16:00 LT was labeled as A2.
Both air masses passed over the area of LVBY and then one hour later at HCOE.
During this day a regional widespread new particle formation event was observed at
all three measurement stations. The particle were likely formed offshore, upwind all25
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measurement stations, and then grew by condensation to detectable size. A few hours
during the afternoon these particles were dominating the detected total particle number
concentration, both at the rural and urban stations. Since these observed particles
were mainly formed upwind all measurements stations, no new particle formation was
included in the model runs.5

Figures 5 and 6 present the model results along the trajectories together with the
measured data at LVBY and HCOE. The measured O3, NOx, NO2, and NO concentra-
tions and the particle number (PN), particle surface area (PA), and particle volume (PV)
concentrations are shown by stars in Figs. 5–6 (a, b, d, e). For estimation of PV and
PA we use only the modeled particle size distribution below 700 nm to be comparable10

with the size range in the measured data. The accumulation of the total NOx emissions
(subdivided into emissions from ship and road traffic) is presented in Figs. 5–6c, where
we choose to set the value at LVBY to zero.

The measured O3 concentrations were about 10 ppb higher at LVBY (ca. 37–39 ppb)
than at HCOE (ca. 27–30 ppb) for both cases A1 and A2. The modeled O3 concen-15

trations however showed a much smaller variability at both LVBY and HCOE stations,
with concentration about 31 ppb for case A1 and 34 ppb for case A2. The modeled O3
concentrations showed a clear day-night variation during the whole simulation period.

The model underestimated NOx concentrations at LVBY and HCOE. The overall Av-
erage Ratios (AR, the ratio of the modeled and measured mean concentrations within20

cases of the same group) of NOx values were 0.45 and 0.67 at LVBY and HCOE, re-
spectively. The model was able to predict the trend of NOx concentrations from LVBY
to HCOE with an increase of 2.7 times and 4 times for case A1 and A2 respectively,
in comparison to the measured NOx concentration, which increased 2.2 times and 2.7
times for case A1 and case A2, respectively. It was also noteworthy that the measured25

NO2 values were quite similar to NOx values, while the modeled NO2 values were lower
compared to NOx values indicating that the conversion of primary emitted NO into NO2
by reaction with O3 is underestimated in the model as indicated before by the small
change in O3 between LVBY and HCOE. In Fig. 5b, the two peaks of the modeled NOx
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concentrations up and downwind of HCOE correspond to the increases of NOx emis-
sions from road traffic and from ship traffic (Fig. 5c). The second NOx concentration
peak was as high as the first one although the increment in NOx emissions from ship
traffic was only about 1/4 of the increment of NOx emissions compared to road traffic.
This phenomenon was due to a lower vertical mixing rate caused by a lower surface5

roughness above the sea.
The PN, PA, PV measured by the DMPS systems and modeled were calculated

for the size range (10–700 nm), and compared in Figs. 5–6 (d, e). The overall ARs
for PN, PA, PV were 0.97, 1.26 and 1.48, respectively, at HCOE. In the first part of the
transport from LVBY to HCOE the NOx and the particle emissions were low and the PN10

decreased due to deposition and coagulation. Approaching downtown Copenhagen
the modeled PN increased due to a distinct increment of particle number emissions
from road traffic, which matched the measured PN at HCOE. The overestimation of PV
might be due to an overestimation of the fraction of larger particles in the road traffic
emissions for this case.15

The initial particle number size distributions (PNSDs) at LVBY were interpolated from
the measured PNSD data at LVBY as mentioned in section 3.3, and only slight dis-
crepancy between “initial” and “measured” are shown in Fig. 5–9f. For case A1, the
modeled PNSD at HCOE was very similar to the measured one appearing with two
main modes, one nucleation mode (15–20 nm) and one accumulation mode at about20

150 nm. The small shift of the nucleation mode to larger diameters from Dp≈16 nm at
LVBY to Dp≈20 nm at HCOE was also reproduced by the model. However the particle
number concentration in the size range 10–30 nm seems underestimated (see Fig. 5f).
On the contrary, for case A2 (see Fig. 6f) the particle number concentration in the size
range 15–40 nm seems a bit overestimated at HCOE. And the particle number con-25

centration in the size range larger than 40 nm was well reproduced compared to the
measured data.
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4.2 Evaluation of simulations for NOx and particles: group B

In group B, three cases were chosen on 3 June, 2005, when the wind came from
south-westerly directions. The air masses passed over the rural area south-west of
Copenhagen (LVBY as representative station), arrived at HCOE and later over the
regional background area in southern Sweden (VVHL as representative station). The5

simulation results were compared to measured data from all three stations. In the
first case the air mass arrived at HCOE at 10:00 LT. Two further cases with similar
trajectories and arrival times of 13:00 LT and 16:00 LT at HCOE were simulated. Model
results and their comparison with measured data at the three stations are presented in
Figs. 7–9 in the same form as Figs. 5–6 in Sect. 4.1 In group B, O3 was also measured10

at VVHL and the modeled O3 values were close to the measurements, following well
the trend at the three stations. The overall ARs were 1.07, 1.31 and 1.13 at LVBY,
HCOE and VVHL, respectively.

The overall ARs for NOx concentrations were 0.79 and 0.80 at LVBY and HCOE,
respectively. The NOx concentrations show several peaks or increases that are related15

to emissions from road traffic on the path before arriving at HCOE as also seen for
the cases A1 and A2. About half an hour after passing HCOE there is a peak visible
in all modeled cases that is connected to ship emission. Further downwind of HCOE
there are again road emissions from the Swedish land sources. Especially for case
B3 (see Fig. 9b), there is a distinct peak for NOx at 17:20 LT, corresponding to the20

NOx emission from a stationary point source at the western coast of southern Sweden,
where southern Landskrona industrial harbor area is located. Landskrona is a city with
a population of approximately 40 000 people. The modeled NOx results gave lower
concentrations compared to the measurements except for case B3 as can be seen by
the ARs. The NOx concentration was nearly reproduced by the model at both LVBY25

and HCOE station for case B3, which indicates that the atmospheric dispersion was
reasonably simulated in the model.

The overall ARs for PN, PA and PV were 0.74, 0.84, and 0.77 at HCOE, and 0.93,
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0.83, and 0.70 at VVHL respectively. At about 15:30 LT, the trajectory (B3) passed over
a highway in western Copenhagen and the NOx emission from road traffic was almost
twice as high compared to the case B1 and B2 (see Figs. 7–9c). The high modeled
concentration peaks of NOx and PN, PA, and PV were responding to this NOx emission
increment from road traffic, which was typical for a crossing of several highways and5

could be spatially resolved owing to the 1×1 km grid used as emission inventory here.
It has to be stated that with respect to the uncertainty in trajectory analysis it can not
be concluded if the experimentally observed air mass matched crossing of several
highways.

Modeled and measured PNSD at all three stations are shown in Figs. 7–9f for com-10

parison. In this group of cases, the measured particle number size distribution showed
a dominating mode at 60–80 nm and a second one at 150–300 nm diameter depicting
a similar shape as the averaged PNSD in Fig. 3b. The measured data showed that
there were higher concentrations of particles at about 20–50 nm at HCOE compared
to LVBY and VVHL, which might be caused mainly by the contribution from road traffic15

(see Fig. 4). The model was partly able to reproduce this traffic contribution at HCOE to
some extent but shows a tendency of underestimating PNSD particularly at cases B1
and B2, while the case B3 shows the best agreement. This behavior was also shown
for NOx and PN, PA and PV. This underestimation in some cases might be due to an
underestimation of the emissions or an too high dispersion caused e.g. by a too high20

boundary layer.
At VVHL, the PNSD appeared to be similar to LVBY as the traffic contribution of ul-

trafine particles were reduced due to deposition and coagulation sinks during transport
over a distance of 50 km downwind from the Copenhagen downtown area. In general
the background concentration at VVHL for the B cases was lower than at LVBY. The25

measured PNSD at 13:00 LT at HCOE for case B2 (Fig. 8f) show a mode at 25–30 nm,
most likely due to instantaneous local emissions, which were not reproduced by the
model. The particles at the higher end of the size range (Dp>300 nm) were underes-
timated by the model cases B1 and B2. These particles might be formed from local
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sources, not captured by the average size-resolved traffic number emission factors.
For case B3, the initial PNSD at LVBY showed a coarse mode at 200–300 nm and the
modeled PNSD at HCOE and VVHL showed a similar mode. The measured PNSD
at VVHL appeared with a coarse mode at about 300–400 nm, most likely due to local
sources.5

Figure 10 illustrates the vertical concentration profile of NOx and PN for case B3.
The boundary layer height was between 1000 m and 1200 m. The two peaks of NOx
at the surface layer corresponded to the two NOx emission increments at 15:30 LT
and 17:20 LT local time caused by local traffic emission (see Fig. 9c). At all other
times when the local emissions were even smaller, NOx emissions were well mixed10

in the boundary layer. The PN concentration was also distinctly higher at the surface
layer corresponding to the NOx emissions from road traffic, which were proportional to
particle number emissions from road traffic. Apart from this peak at the surface, the
PN concentration within the boundary layer depicted the similar magnitude as in the
surface layer. In the free troposphere (over the boundary layer) the PN concentration15

reaches values of 4×103 particles cm−3 10 h after LVBY, which is slightly lower than in
the boundary layer.

4.3 Aerosol dynamics process study

In this section, we quantitatively evaluate the effects of different aerosol dynamic pro-
cesses. Simulations were carried out including all the processes and in a next step20

switching off one process at a time. An overview of this analysis is shown in Table 2.
The effect of different dynamic processes was evaluated by the ratio of the result ob-
tained excluding the individual process to the result including this process. The interac-
tion of different aerosol dynamic processes was not evaluated. This study was carried
out for case B3 and the results are illustrated in Fig. 11 and Fig. 12. Figure 11 shows25

the concentrations of PN, PV and PA and the relative increase or decrease of these
values in percent when the individual process was excluded. The change in particle
number size distribution at HCOE and VVHL for case B3 is also shown in Fig. 12 for
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the different simulations.
Dry deposition decreases the total number concentration of particles and together

with dilution and evaporation these are the only processes which also decrease the
total volume concentration. When dry deposition was switched off, PN concentration
increased by about 20% after 6 h transport downwind from LVBY (see Fig. 11), while5

PA and PV concentrations increased by about 10% and 5%, respectively. Dry deposi-
tion mainly affects ultrafine particles (diameter<100 nm) and large accumulation mode
particles (diameter>300 nm). The ultrafine particles are effectively deposited by Brow-
nian diffusion and the coarse particles are deposited due to sedimentation (Zhang et
al., 2001). The ultrafine particle number concentration showed highest differences with10

the absence of deposition process at HCOE, especially for particles smaller than 30 nm
in diameter (see Fig. 12a).

The coagulation effectively decreased the total particle number concentration while
it was not altering the particle volume concentration. The absence of coagulation pro-
cesses resulted in about 20% increase of PN concentration 6 h downwind of LVBY (see15

Fig. 11). In Fig. 12b it is evident that coagulation had largest effect for particles smaller
than 30 nm in diameter.

The modeled condensation growth was slow, and only indirectly affected the PN con-
centration after longer time periods by decreasing the coagulation and dry deposition
losses of the smallest particles. The condensation process resulted in an increase20

of PA and PV by roughly 7% after 6 h transport (see Fig. 11). When all processes
were switched off the simulation results showed an increase of PN concentration of
about 40%, while the PA and PV concentration changed very little by less than 3%
(see Fig. 11). As expected, the difference in PN concentrations appeared higher with
increasing distance from LVBY. Within the distance from LVBY to HCOE (about 1 to 2 h)25

the aerosol dynamics had only small influence on the results, and the emissions clearly
dominated (see Fig. 12a). At VVHL, after about 4 h transport, the aerosol dynamic pro-
cesses had much larger influence on the particle number size distribution compared to
HCOE, where emissions in the Copenhagen area dominated (see Fig. 12b).
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4.4 Uncertainty and sensitivity study

Table 3 summarizes the estimated uncertainties and impact of individual processes for
the modeled PN concentration at the urban background (HCOE) and the downwind
regional background (VVHL) based on our calculations. First of all the meteorological
conditions had a large impact on the model results. The HYSPLIT trajectory model5

provides very coarse meteorological data with a spatial resolution of 100 km, which has
limited the interpretation of the results to the same magnitude of scale. We compared
the mixing height, which is one of the most important parameters affecting the predicted
concentration levels from the HYSPLIT model with the Danish forecast model system
THOR (Brandt et al., 2001) for the same periods as our simulations. The mixing height10

predicted by THOR was only about half of the value obtained by the HYSPLIT trajectory
model for case B3. We studied the effect of a varying mixing height in an individual case
study by setting the mixing height to the one obtained by the Danish forecast model
(around half of the value obtained by HYSPLIT) for case B3 and air masses from
LVBY to HCOE. The results showed that the PN concentration increment was lowered15

by 1/3 compared to the original case between the two stations. As a consequence,
this increment was significantly lower than the NOx increment (about one time) due
to a higher effectiveness of aerosol dynamic processes. This example highlights the
importance of highly resolved meteorological input parameters and their impact on the
simulation results.20

For all case studies there was a rapid increase of the NOx concentration over the
Copenhagen area. The magnitude of the increase and the variability within the Copen-
hagen area differed significantly between the cases. This variability along the trajecto-
ries could not be explained by temporal variations in emissions or meteorology alone,
but had rather more to do with large spatial variability of the NOx emissions within the25

Copenhagen area. To study this we carried out a 2-D model simulation, with a hori-
zontal domain of 20 km and a spatial resolution of 1 km. From this we found that the
trajectory path significantly affected the PN and NOx concentrations, while the horizon-
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tal mixing between adjacent grid cells only had a smaller impact on the results within
2–3 h downwind of HCOE. Deviations of a few kilometers between the actual and mod-
eled trajectory path before HCOE could therefore at least partly explain the relatively
large discrepancy between the modeled and measured PN concentration at HCOE,
for two out of five case studies. The uncertainty in the exact trajectory path seemed5

to have much larger impact than the horizontal mixing within the study region. The
primary advantage of using the 2-D model instead of the 1-D model is rather more
that the 2-D model pin-pointed the uncertainties due to a wrong trajectory path than an
increase of accuracy using this model.

Other variables with potential large effect but of moderate uncertain are: the time10

which the trajectories spend over the urban region, NOx emissions, PN from NOx emis-
sion ratio and temporal variability in the emissions. All these variables affect the NOx
and primary particle emissions, and thereby indirectly the PN and NOx concentrations.
The emission factor for the road particle number size distribution and for the ratio of PN
to NOx were averaged values obtained from downtown Copenhagen. It might not have15

been suitable for the entire simulation area.
In our study, we selected days with clear sky for the simulations, as there is limited

knowledge about cloud micro-physics and data on exact cloud height and coverage.
Therefore uncertainties with these processes together with wet deposition can be ne-
glected in this study. The dry deposition velocity largely depends on the surface type20

(Pryor et al., 2008) and stability of the surface layer, which was not specifically studied
in this region. Therefore the modeled dry deposition velocity has a large uncertainty
and together with the uncertain mixing height it gives large uncertainties in the mod-
eled dry deposition losses within the boundary layer. However, the dry deposition has
small influence on the particle number concentration and size distribution upwind of25

HCOE (because of the small time scale) and therefore these large uncertainties has
small influence on the result at HCOE. The same is true for condensation. Coagulation
is the aerosol dynamic process which is least uncertain. Also this process has small
impact for the model results at HCOE. At VVHL 1–2 h downwind of HCOE the aerosol
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dynamic processes are more important for the modeled particle number size distribu-
tion, and uncertainties with these processes become of more concern. However, also
on this spatial scale the meteorological conditions and primary particle emissions over
the urban area are more important than the aerosol dynamics.

The particle condensation growth rate was estimated to be less than 1 nm per5

hour, which partly can be explained by evaporation of nitrate during daytime driven
by changes in temperature, relative humidity and the sulfuric acid concentration. While
the inorganic gas and particle chemistry is relatively well known, there is still very
limited knowledge of the Secondary Organic Aerosol (SOA) precursors in urban envi-
ronments. In ADCHEM, benzene, toluene and xylene are the only anthropogenic gas10

phase species, which were used in the SOA formation mechanism through their oxida-
tion products. These are likely among the most important, however in reality there will
be hundreds of organic compounds which can contribute to SOA formation.

5 Discussion and conclusions

In this study we have used the gas phase and physical particle data obtained during15

2005 from three stations to investigate the processes affecting the particle number size
distribution in the Copenhagen urban environment and close to the Copenhagen area
by an aerosol dynamic chemistry model (ADCHEM). ADCHEM was provided with lo-
cal primary particle number emissions from road traffic, ship transportation and wood
stove combustion and simulated particle number concentrations and particle number20

size distributions on a regional scale. The studies conducted showed that the model
could reproduce the trend and concentrations of NOx, PN, PA, PV during 3 out of 5
case studies (A1, A2 and B3). The average ratio of modeled versus measured concen-
trations ranged between 0.5 and 2 for these species. When the measured NOx values
were very low or very high, the average ratios for NOx showed the highest bias. On25

6 June (cases A1 and A2), the NOx concentrations were very low since the air mass
was arriving from the northern Atlantic region with low NOx emissions. The results
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indicated that ADCHEM was able to numerically compute the atmospheric dispersion
with realistic values using NOx as a tracer.

Based on the model results we found that the PN concentration in the higher bound-
ary layer could reach the same magnitude as the PN concentration in the surface layer
apart from recent emissions around a hot spot location. We studied the impact of indi-5

vidual dynamic processes on the development of physical particle parameters. During
the relatively short (1–1.5 h) transport between the first two stations upwind Copen-
hagen the aerosol dynamic processes had small influence on the physical properties of
the particle population. Here the primary particle emissions and vertical mixing which
has the largest impact on the submicron size distribution. Downwind of the urban area10

the aerosol dynamic processes became more important. But the lifetime of the freshly
emitted road particle emission can vary considerably depending on the background
aerosol properties. If clean air masses reach the urban area, the coagulation sink of
the freshly emitted road emissions will be relatively small compared to the case when
the air mass arrive form more polluted areas over continental Europe.15

We conclude from our study that aerosol dynamic processes cannot be neglected
when dispersion models are used to predict particle number size distribution downwind
urban areas with relatively low emissions, however upwind of and at the urban back-
ground when emissions are high the aerosol dynamic processes have minor influence
on the model results.20

We were not able to model the processes taking place on shorter time scales (sec-
onds to minutes) since we could not resolve spatial scales lower than 100 m in our
model runs due to limitations in the emission inventories and in computing time. Hence,
our results cannot be compared to those studies where this transformation has been
studied in more detail on this scale. Instead our results are especially useful for the25

parameterization of aerosol dynamic processes on the urban/regional scale with rele-
vance for investigations of human exposure and climate effects.
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Table 1. Parameterized particle number size distribution and chemical composition for emis-
sions from road traffic (Wang et al., 2009), ship traffic (Petzol et al., 2008) and wood stoves
(Wåhlin et al., 2010). Mode geometric mean diameter, standard deviation, and the percent
fraction of the number concentration in each mode are denoted by GMD, σg, and N respec-
tively.

Source type Parameter Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Traffic GMD (nm) 15.8 36.1 96 257 450
σg 1.68 1.77 1.68 1.60 1.70
N (%) 46.93 36.6 15.28 1.19 0.00001

Ship GMD (nm) 14 90
σg 1.45 1.52
N (%) 43.75 56.25

Woodburning GMD (nm) 13 28 65 166 300
σg 1.51 1.86 1.81 2.00 2.00
N (%) 15.6 43 27.7 13.7 0.00001
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Table 2. Overview of model simulations with different combination of dynamic processes in-
cluded, (+ means that the process was included, − means that the process was excluded).

Short name Deposition Coagulation Condensation Dilution Emission

All processes + + + + +
No dep − + + + +
No coag + − + + +
No cond + + − + +
None process − − − + +
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Table 3. Estimated uncertainty and impact of the parameters and processes which influences
the modeled PN concentration at HCOE and VVHL. A large uncertainty and large impact of a
process means that this process introduces a potentially large error in the model results.

Parameter/Process Uncertainty Impact HCOE Impact VVHL

Background concentration Moderate Large Large
Dry dep. velocity Large Very small Moderate
Coagulation Small Very small Moderate
Cond./Evap. Very large Very small Small
Mixing height Large Large Large
Path of trajectory Large Large Moderate
Time spent over the city moderate Large Moderate
Vertical mixing Large Moderate Small
Horizontal mixing Large Very small Small
NOx emissions Moderate Large Large
PN from NOx ratio Moderate Large Large
Spatial variability of emissions Moderate Large Large
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Fig. 1. The right panel shows a map of the Øresund region together with the positions of
the monitoring stations Lille Valby (LVBY, near-city background), H. C. Ørsted Institute (HCOE,
urban background) and Vavihill (VVHL, rural background). The right panel is an enlarged insert
of left panel. Both panels also show the trajectories for the selected model simulations; group
A simulations (west to east, 2 model cases, in green) and group B (south west to north east, 3
model cases, in blue) (Background map © www.kms.dk).
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Fig. 2. The left panel shows the wind rose for the entire year of 2005 at the HCOE station, and
the right panel shows the wind rose for the selected 6-week measurement period.
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Fig. 3. Particle number size distributions at the three stations LVBY, HCOE and VVHL for (a) the
entire 6-week dataset and for (b) the wind sector 200◦–250◦ including 363 half-hour averages.
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Fig. 4. Particle number size distribution of primary particle number emission profiles from road
traffic (Wang et al., 2009), ship traffic (Petzold et al., 2008) and wood stoves (Wåhlin et al.,
2010).
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Fig. 5. Case A1, air mass passing over the area of LVBY and through HCOE. Measured data
are shown as stars and modelled data are shown as solid lines in the following figures: (a) O3
concentration, (b) NOx, NO and NO2 concentration, (c) NOx emission increments from ship
traffic, road traffic and sum of boths, (d) particle number (PN) concentration, (e) particle area
(PA) concentration, left scale and particle volume (PV) concentration, right scale, (f) particle
number size distribution (PNSD) measured and modeled at both LVBY and HCOE station.
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Fig. 6. As Fig. 5 here for Case A2.
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Fig. 7. Case B1, air mass passing over the area of LVBY passing through HCOE, and arriving
the area of VVHL, measured data are shown as stars and modelled data are shown as solid
lines in the following figures: (a) O3 concentration, (b) NOx, NO and NO2 concentration, (c)
NOx emission increment from ship traffic, road traffic and sum of both, (d) particle number
(PN) concentration, (e) particle area (PA) concentration, left scale and particle volume (PV)
concentration, right scale, (f) particle number size distribution (PNSD) measured and modelled
at LVBY, HCOE and VVHL station.
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Fig. 8. As Fig. 7, here for case B2.
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Fig. 9. As Fig. 7, here for case B3.
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Fig. 10. Vertical profile of NOx and PN concentration for case B3.
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Fig. 11. PN, PA, and PV calculated for case B3 excluding individual aerosol dynamic processes
(left), relative increase or decrease of these values in percent when individual aerosol dynamic
processes were excluded (right). The different dynamic processes labeled in the legend are
explained in Table 2.
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Fig. 12. Particle number size distribution at (a) HCOE (after about 1.5 h transport) and (b)
VVHL (after about 4 h) for case B3 simulating different aerosol dynamic processes excluded.
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