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ABSTRACT: In urban environments, airborne particles are
continuously emitted, followed by atmospheric aging. Also,
particles emitted elsewhere, transported by winds, contribute
to the urban aerosol. We studied the effective density (mass-
mobility relationship) and mixing state with respect to the
density of particles in central Copenhagen, in wintertime. The
results are related to particle origin, morphology, and aging.
Using a differential mobility analyzer-aerosol particle mass
analyzer (DMA-APM), we determined that particles in the
diameter range of 50−400 nm were of two groups: porous soot aggregates and more dense particles. Both groups were present at
each size in varying proportions. Two types of temporal variability in the relative number fraction of the two groups were found:
soot correlated with intense traffic in a diel pattern and dense particles increased during episodes with long-range transport from
polluted continental areas. The effective density of each group was relatively stable over time, especially of the soot aggregates,
which had effective densities similar to those observed in laboratory studies of fresh diesel exhaust emissions. When heated to 300
°C, the soot aggregate volatile mass fraction was ∼10%. For the dense particles, the volatile mass fraction varied from ∼80% to
nearly 100%.

■ INTRODUCTION

Exposure to particulate matter (PM) is associated with adverse
health effects ranging from acute cardiovascular and respiratory
disease to increased mortality rates and cancer.1,2 In urban
environments, where both PM concentrations and population
exposure are typically high, the aerosol consists of a complex
mixture of particles from multiple local sources superimposed
on a variable background of particles in air masses brought from
near or far. Soot particles are ubiquitous in urban environments
with diesel vehicles and residential wood combustion as major
sources.3 Recently, the World Health Organization’s (WHO)
affiliated International Agency for Research on Cancer (IARC)
classified diesel engine exhaustwhich is rich in sootas
carcinogenic to humans.4,5 As summarized by WHO, new
epidemiological and toxicological evidence also links black
carbon, or soot particles, to cardiovascular health effects.6 This
suggests that soot concentrations provide an important
additional parameter in the understanding of the health effects
of particulate substances from combustion sources (especially
traffic). Throughout this paper, we use the term “soot particle”
for primary particle emissions from incomplete combustion of
hydrocarbon-containing fuels at high temperatures and low
oxygen conditions, dominated by elemental carbon. Soot
particles are typically aggregates built up by 10−40 nm

spherules of graphite-like structure, typically with an organic
coating and traces of metals.7,8

Aerosol instruments based on the differential mobility
analyzer (DMA) are widely used for the characterization of
ambient submicrometer particle number size distributions. The
DMA classifies particles according to their equivalent mobility
diameter, dm (closely related to the thermodynamic equivalent
diameter), which also largely determines the deposition
probability and deposition site in the respiratory tract, for
spherical as well as nonspherical particles (if <400 nm with
densities <2 g/cm3).9,10 The size and shape of inhaled particles
also determine the particle surface area and its related reactivity
and carrier functions, as well as the possible systemic
translocation.1

Even though the mobility diameter of the particle determines
the deposition in the respiratory tract, the estimation of dose to
the lung with respect to surface area or mass requires additional
information related to the particle structure, especially for soot
aggregates, that is far from spherical. Current estimates of the
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dose deposited in the respiratory system are typically based on
assumptions of spherical particles of unit density (e.g., Hussein
et al.11). It is known that for porous particles, such as
aggregates, this assumption may lead to overestimating the
deposited dose with respect to particle mass, while under-
estimating surface area.9,12 In a few studies, more complex
assumptions about particle effective density13−16 were used;
however, ambient data on which to base such assumptions are
largely lacking.
Numerous laboratory studies on the characteristics of fresh

soot particles have examined the particle mass-mobility
relationship and/or effective density.9,17−22 Several of these
studies have shown that the mass-mobility relationship of
particles formed in diffusion-limited processes often can be
described by a power law function:

= εm d Kd( )agg m m
m

(1)

where magg is the agglomerate mass, K is a constant, and εm is
the mass-mobility exponent, typically, 2.3 ± 0.2 when
determined experimentally. This is close to the exponent
predicted by the theory of particles formed by diffusion-limited
cluster aggregation of 2.2.23 We define effective density as the
mass divided by the volume of a sphere of the same dm
according to
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As soon as the soot particles are emitted to the atmosphere,
the atmospheric aging process is initiated involving photo-
chemical aging, condensation, and coagulation.24 Secondary
material (typically hygroscopic) will condense onto the soot
surface, and the agglomerate will eventually collapse through
interaction with atmospheric water or other components with
sufficiently high surface tension.25,26 The atmospheric soot
aging process and the time scales involved are still not
understood to the extent that the health and climate impacts of
the soot in an urban plume can be satisfactorily estimated in air
quality models. The conversion from fresh and hydrophobic
soot particles to aged and hygroscopic particles is often
modeled as a first-order system with a single parameter
representing the time scale on which a population of soot
particles transfers from the “fresh” category to the “aged”
category.27

The mass-mobility relationship or effective density can be
measured using the DMA-aerosol particle mass analyzer
(APM) system,17,28 or the very similar instrument, the
centrifugal particle mass analyzer (CPMA).29 Effective densities
can also be studied using other methods, where the mass is not
explicitly measured.19,30−32 The DMA-APM technique has a
high precision in the mass measurement and often a high
enough resolution to distinguish externally mixed particles, as is
typical for urban air. Although suggested as early as 2002, only
two complete studies have been published on the mass-mobility
relationship or effective density in the ambient air using the
technique.33,34 Limited data sets are also found in McMurry et
al.17 and Park et al.35 None of the measurements reported have
been performed in Europe.
The aim of this study was to investigate the particle effective

density, mass-mobility relationship, and mixing state with
respect to particle density in an urban environment. Measure-
ments were performed in central Copenhagen during winter-
time using a DMA-APM instrument configuration as the main

method of investigation. We relate the results to particle origin,
morphology, and aging. A year later, complementary measure-
ments using the same methodology were performed at a rural
background site located 45 km from the Copenhagen
metropolitan area.

■ EXPERIMENTAL SECTION
Site Description and Measurement Period. The

measurements of the urban aerosol were performed at ground
level (2 m) in an open street canyon in central Copenhagen,
Denmark (55°41′ N, 12°34′ E). The annual daily average of
vehicles passing the street in 2012 was 26800, whereof 2.2%
were heavy-duty vehicles. A total of 35% of the light-duty
vehicles were diesel powered. The measurements were
performed during winter (January to February 2012), resulting
in a total of 156 h of quality assured DMA-APM data over a
period of 38 days.
Measurements at the rural background station (Vavihill,

Sweden, 56°01′ N, 13°09′ E37) were carried out at the same
time of year as those in Copenhagen, but a year later. The
station is located about 45 km northeast of Copenhagen. A
total of 100 h of data were recorded over a period of 23 days.
More information about the measurement periods and data

coverage can be found in the Supporting Information (SI).
Particle Characterization. All instruments were placed

indoors. A schematic picture of the experimental setup is given
in the SI (Figure S1). The main instruments and methods used
are briefly described below. More details and other analysis
tools used (scanning mobility particle sizer [SMPS], NOx
monitor, and high resolution transmission electron microscopy
[HR-TEM]) are found in the SI. The setup also includes a
drier.36

DMA-(TD)-APM. In-situ measurements of effective density
and the mass-mobility relationship were performed using an
aerosol particle mass analyzer (APM, model 3600, Kanomax,
Japan) placed downstream from a differential mobility analyzer
(DMA, model 3071, TSI Inc., USA). The DMA-APM system
measures the mass distribution of individual particles of a
certain mobility diameter, dm. Briefly, the APM consists of two
concentric cylinders rotating at the same angular speed. By
applying a voltage between the cylinders, charged particles of a
specific mass are maintained in the orbit by the electrical force
and thus pass the APM. The particles are detected by a CPC
(model 7610, TSI Inc., USA) upon exiting the APM. The APM
voltage is changed in steps for each setting, resulting in a
distribution as a function of voltage.
The acquired voltage distribution spectra were evaluated by

fitting one or two normal distribution functions. The spectra
were well described by a normal distribution. Simulations
performed using the uniform flow model28 of the DMA-APM
transfer function showed that for our DMA-APM settings, a
normal distribution captures the distribution peak value. The
particle mass was estimated from voltage according to the
equations provided in earlier publications.17,22 The effective
density was determined by combining the mobility diameter of
the selected particles (set by the DMA) with the mass of the
particles derived from the APM according to eq 2. The relative
number fractions of the fitted modes were estimated from the
fitted intensity parameters, after compensating for the effect of
the DMA-APM transfer function that varied with voltage. The
APM transfer function broadens the voltage distribution spectra
with increasing voltage, while the intensity maxima decreases.
As a result, the integral of a measured distribution (propor-
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tional to the particle number) varies only weakly with voltage
when the mobility size and APM rotational speed is kept
constantas is the case during each DMA-APM scan.
For the urban aerosol, particles of diameters 75, 100, 150,

250, and 350 nm were selected. On a few occasions also sizes of
50, 200, 300, and 400 nm were studied. The results from the
latter sizes are not included in Table 1 since the aerosol number
fractions are not representative for the entire periods defined.
This is because they were not measured continuously and the
number fractions are strongly biased by the time of day at
which they were measured. The DMA-APM system was
calibrated using polystyrene latex spheres (Duke Scientific
Corp., USA) of three diameters (100, 240, 350 nm), according
to the calibration procedure suggested by McMurry et al.
(2002).17 The principle of the system and more general details
are found in Ehara et al.28 and McMurry et al.17 More details
about the specific DMA-APM used, estimation of errors,
etcetera, are found in Rissler et al.22 The resolution parameter,
λc, of the DMA-APM settings used was calculated (defined in
ref 28) and is given in the SI, Table S2.
An optional thermodenuder (TD), operated at 300 °C, was

placed between the DMA and APM, and was used for
estimations of the volatile mass fraction of the particles. The
particle residence time was ∼10 s. The TD has been evaluated

in previous lab studies36−39 using a similar setup. For more
details of the TD, see the study by Malik and coauthors.38

The DMA-APM can distinguish between singly and doubly
charged particles, if spherical. For aggregates, which have
decreasing effective densities with size, this is not always the
case. Then the occurrence of doubly charged particles may lead
to overestimations of the effective density.22 The impact of
doubly charged particles is often minor, but for measurements
of sizes smaller than the peak of the number size distribution,
and especially for polydisperse distributions of high mean
diameters, the effect needs to be considered. To test the
potential errors due to doubly charged particles in this study,
the fraction of doubly charged particles was estimated from the
number size distributions for each size selected by the DMA-
APM system, assuming a Boltzman charge distribution. On
average, the doubly charged particles corresponded to
13(±4)% (SD). Assuming that all particles were aggregated
(corresponding to the worst case), this would result in an
overestimation of mass by less than 5% according to sensitivity
tests.22

Aerosol Mass Spectrometer (HR-ToF-AMS). The chemical
composition of nonrefractory particulate mass (NR-PM) was
measured online by means of a high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research
Inc., USA).40 Data analysis was performed with IGOR Pro 6

Figure 1. Air mass origin for Periods I and II. The radius of each segment represents the number of trajectories with a center of gravity placed in the
direction of the segment; the color represents the distance to the center of gravity in kilometers.

Figure 2. Examples of measured DMA-APM spectra for particles of diameters: (a) 75 nm, (b) 150 nm, and (c) 250 nm. The spectra shown are from
13 Jan. (red curves [+], Period Ia) and 27 Jan. (blue curves [×], Period IIa) to illustrate conditions with minor (red) and major (blue) influence of
long-range transport. The spectra are normalized with respect to intensity of the soot mode. The corresponding particle effective density is given on
the secondary axis (dashed). Note that the spectra are raw APM spectra, not inverted and that the DMA-APM transfer function broadens and
decreases the peak of the mass spectra with increasing voltage.28
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(Wavemetrics, USA), SQUIRREL 1.51, and PIKA 1.1. The
elemental analysis parametrization and fragmentation patterns
suggested by Aiken et al.41 were used.
Wind Trajectories and Selected Periods. The trajectory

model Hysplit 442 was used to determine the origin of the air
masses affecting Copenhagen during the measurement period.
The meteorological data required to run the model were
obtained from the Global Data Assimilation System (GDAS)
by the National Center of Environmental Predictions (NCEP).
72-h back trajectories that arrived at 100 m above ground in
Copenhagen were calculated hourly, and a center of gravity was
derived for each trajectory. The azimuth angle and distance
between center of gravity and the measurement site was then
calculated.
During the period when the measurements were performed,

two general wind directions prevailed (Figure 1). The wind
came either from the west/northwest (Period I) or from the
east (Period II). On the basis of the back trajectories, three
shorter time periods were also defined: Period Ia, Period IIa,
and Period IIb. Period Ia was very clean with air masses coming
from the northwest. During Period IIa the air mass had traveled
over a polluted area southeast of Copenhagen. Period IIb was
also a part of Period II, but in this short period the air mass had
traveled over a cleaner area than in Period IIa. More details
about the selected periods and the trajectories are provided in
the SI.

■ RESULTS AND DISCUSSION

Particle Effective Densities. The airborne particles found
at street level in Copenhagen were externally mixed consisting
of (1) porous aggregates of low effective densities, decreasing
with increasing size, and (2) dense particles with no typical
density trend with size. In this study “externally/internally
mixed” refers to the particle effective densities, not necessarily
reflecting the chemical composition. The effective density of
each group of particles was determined from each distribution
as described in the method section. Examples of measured
distributions are shown in Figure 2.
The density of each of the two groups of particles was

relatively stable over time, whereas the relative contribution of
each group varied over time, as illustrated in Figure 2 and
discussed in more detail later. The average effective densities
and aerosol fractions are presented in Figure 3 and Table 1.

The dense particles had an average effective density (dry) of
around 1.4 ± 0.1 g/cm3 (±1 SD). This leads to the conclusion
that these particles were not aggregated, which was confirmed
by TEM (Figure 4). The observed densities were similar to
those reported previously in the rural and pristine background
(1.4 g/cm3 for Amazonian ambient sampling43,44 and 1.3 g/cm3

for organically dominated ambient aerosol45) and showed a
weak dependence on air mass history, with a trend of lower
effective densities during periods with the air mass coming from
the west and northwest (Period I).
The effective densities of the porous particles showed the

typical features of open aggregates formed by diffusion-limited
cluster aggregation (DCLA), with decreasing densities as a
function of mobility diameterin this case ranging from 0.94
g/cm3 for 50 nm particles down to 0.26 g/cm3 for 400 nm
particles. The mass-mobility relationship and effective density
was well described by a power law function with K = 0.022 and
εm = 2.40 (according to eqs 1 and 2, using SI units: [m] and
[kg]). The particle effective densities and power law function
describing the mass-mobility relationship of particles found in
downtown Copenhagen were very similar to, or in the lower
range of, those found for freshly emitted diesel particles
generated and characterized under well-controlled lab con-
ditions.18,20−22

An analysis of the TEM samples collected at two occasions
(analyzing in total 100 primary particles) revealed a primary
particle diameter of 29 ± 11 nm (±1 SD). This is in good
agreement with the primary particle size of 31 nm estimated
from DMA-APM measurements, according to the method
suggested by Rissler et al.22 (Kforced = 0.0054, [eq 622 note the
corrigendum of the constants in the equation]). Analysis by
HR-TEM confirmed that the primary particles of the
agglomerates had the typical microstructure of soot22,46 (Figure
4).
There were no observations of particles with effective

densities in between the two groups of particles defined, nor
were any clear occasional shifts in the effective density
observed. This is opposed to the observations made in the
two previous studies of atmospheric particles using the DMA-
APM.
During the process of atmospheric aging, the effective

densities of the soot particles will gradually increase due to the
condensation of secondary aerosol mass including secondary

Figure 3. (a) The average effective densities. Error bars correspond to one standard deviation. For comparison, the effective densities of freshly
emitted particles from a light duty vehicle during idling22 and the average of the 75 kW John Deere engine from ref 18, are also plotted. (b) The
particle number fraction of the aggregated fresh soot particles during the campaign in Copenhagen.
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organic aerosol (SOA), ammonium nitrate, and ammonium
sulfate. Eventually the aggregates will start to restructure25,47,48

through the interaction with atmospheric water or other
components with sufficiently high surface tension. The
restructuring gives rise to a further increase in effective density.
For the smallest particles analyzed in our study (≤75 nm), the
two groups of particles found were close in density, and thus an
increase in effective density of the soot agglomerates due to
aging would be difficult to capture. For larger and more porous
aggregates, we estimate that a change in effective density would
be detectable if ∼10% or larger, and if it is consistent over
several scans. Furthermore, the effect of aggregate restructuring
is expected to increase with increasing aggregate size due to the
more porous structure. When sampling at the street level (∼2
m), the particles to a high degree originate from the nearest

road. However, particles emitted elsewhere in the city are also
captured, and on occasions when the traffic intensity is very low
at the nearest road, soot particles emitted elsewhere are
expected to dominate. On the basis of the observations, we
conclude that during the time that the freshly emitted soot
particles remain in the city, the aging of particles by
condensation of SOA, or by restructuring, is not extensive
(<10% change in effective density). We estimate the typical
residence time of fresh particles of between 20 min and 1.5 h.
The lowest estimate is based on emissions in downtown
Copenhagen only (a radius of 3 km), an average wind speed of
5 m/s, and assuming that the street canyons are well ventilated.
Since the measurements took place during winter, the
photochemical activity and thus atmospheric aging were
expected to be slow due to the limited amount of sunlight at
this geographical location. During the campaign, the average
ozone concentration measured in the urban background during
the campaign was 28 ppb, and the average relative humidity was
72 ± 9%. Substantial restructuring at elevated RH (but still
subsaturated conditions) only occurs after the soot agglomer-
ates have accumulated a sufficient volume or mass fraction of
hygroscopic material (on the order of 20−30% or higher).25 It
should be noted that even if the degree of aging is not extensive
enough to be captured by the DMA-APM, some atmospheric
processing does occur.
Another observation is that the condensation of volatile

material onto the soot agglomerates at the tailpipe upon the
emission to the atmosphere of Copenhagen is not markedly
different from that found in the lab studies.18,22 Thus, effective
densities determined in laboratory studies are of atmospheric
relevance.

Degree of External Mixing. Whereas the particle effective
densities were stable over time, the relative contribution from
each of the two groups of particles varied considerably. The
relative number fraction of fresh soot particles (NFsoot) was
∼0.5 when averaged over the entire measurement period, with
the exception of 50 nm particles that had a higher fraction of
soot aggregates (Table 1). Two types of temporal variability in
NF were observed: a diel pattern and a dependence of air mass
origin.
The typical diel variability of the soot number fraction is

shown in Figure 5a. This is the average of measurements
performed during five nights and consecutive days (details
given in the SI). The lowest fraction of soot aggregates were
found during nighttime (00:00−04:00). This coincides with
low intensity in the Copenhagen traffic49 and with low NO
concentrations (Figure 5b). Thus, the diel temporal variability
in the soot fraction is mainly associated with emissions from
local traffic.
The relative occurrence of the two groups of particle varied

also with air mass origin. For Period II, when the air often
traveled over more polluted areas than in Period I, the relative
number of dense particles was higher than for Period I (Figure
3b and Table 1). To further explore this dependence with air
mass origin, shorter periods with more homogeneous
trajectories were selected, shown in the SI (Figure S2).
Examples of typical distributions measured during two of the
short periods defined are shown in Figure 2. As can be seen, for
the time period with air masses arriving from clean ocean areas,
the relative contribution of the dense particles (relative to the
locally emitted soot aggregates) was nearly negligible, while for
the time period with air masses that had traveled over heavily
polluted areas, the contribution of dense particles was large.

Table 1. Average Densities of the Two Particle Types (Soot
Particles, ρeff,soot, and Dense Particles, ρeff,dense) and Relative
Aerosol Number Fractions (NF) - Overall Averages and
Averaged during the Selected Periodsa

size (nm) ρeff,soot ρeff, dense NFsoot NFdense

50 0.94 ± 0.09 1.65b ± 0.09 0.82b ± 0.35 0.18b

75 0.78 ± 0.09 1.35 ± 0.13 0.54 ± 0.40 0.46
100 0.69 ± 0.07 1.30 ± 0.13 0.53 ± 0.36 0.47
150 0.53 ± 0.05 1.36 ± 0.15 0.56 ± 0.32 0.44
250 0.39 ± 0.04 1.42 ± 0.11 0.47 ± 0.35 0.53
350 0.31 ± 0.04 1.46 ± 0.06 0.51 ± 0.41 0.49

Period I
75 0.81 ± 0.08 1.40 ± 0.18 0.60 ± 0.44 0.40
100 0.70 ± 0.08 1.31 ± 0.15 0.63 ± 0.41 0.37
150 0.53 ± 0.05 1.29 ± 0.20 0.68 ± 0.35 0.32
250 0.38 ± 0.03 1.32 ± 0.16 0.72 ± 0.35 0.28
350 0.30 ± 0.03 1.45 ± 0.01 0.92 ± 0.27 0.08

Period II
75 0.77 ± 0.08 1.33 ± 0.10 0.49 ± 0.37 0.51
100 0.68 ± 0.06 1.30 ± 0.12 0.46 ± 0.30 0.54
150 0.52 ± 0.06 1.40 ± 0.11 0.45 ± 0.27 0.55
250 0.39 ± 0.05 1.46 ± 0.07 0.31 ± 0.24 0.69
350 0.32 ± 0.04 1.46 ± 0.06 0.26 ± 0.26 0.74

Period Ia
75 0.80 ± 0.06 1.50 ± 0.17 0.56 ± 0.44 0.44
100 0.68 ± 0.08 1.38 ± 0.19 0.57 ± 0.41 0.43
150 0.51 ± 0.03 1.28 ± 0.17 0.71 ± 0.36 0.29
250 0.37 ± 0.02 1.24c 0.90 ± 0.23 0.10
350 0.31 ± 0.03 1.00 ± 0.00 0.00

Period IIa
75 0.75 ± 0.09 1.35 ± 0.07 0.25 ± 0.23 0.75
100 0.66 ± 0.06 1.37 ± 0.07 0.27 ± 0.14 0.73
150 0.52 ± 0.05 1.42 ± 0.04 0.29 ± 0.13 0.71
250 0.39 ± 0.07 1.41 ± 0.04 0.16 ± 0.14 0.84
350 0.33 ± 0.05 1.41 ± 0.05 0.11 ± 0.11 0.89

Period IIb
75 0.79 ± 0.03 1.25 ± 0.14 0.91 ± 0.18 0.09
100 0.68 ± 0.04 1.30 ± 0.12 0.78 ± 0.21 0.22
150 0.52 ± 0.03 1.41 ± 0.12 0.69 ± 0.16 0.31
250 0.39 ± 0.02 1.49 ± 0.06 0.55 ± 0.15 0.45
350 0.29 ± 0.01 1.47 ± 0.04 0.54 ± 0.23 0.46

aStandard deviations are not given for NFdense since these are identical
to those of NFsoot.

bSince the soot particles dominated by number and
the two modes were not resolved, the fit of aerosol fraction and
density of the compact group of particles is very uncertain. cThe
number is based on only two spectra when the mode was present.
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Thus, the dense particles seem to be a part of a long-range
transported background pollution rather than originating from
local sources. Similar conclusions were made during a study in a
European megacity,50,51 where the external mixture of the
aerosol was studied using a hygroscopicity tandem DMA (H-
TDMA). They found particles of an external mixture, with
hydrophobic particles resulting from fresh soot emissions, and a
background with hygroscopic particles of typical diameter
growth factors of 1.6, which is typical for atmospheric salts
mixed with some oxidized organics. This is also consistent with
the observations and assumptions made by Löndahl et al.14

based on H-TDMA data.
For Period II the abundance of dense particles tended to

increase with increasing size, and vice versa for Period I, as
displayed in Figure 3b. From analyzing the particle number size
distributions measured in parallel at the rural background site
(Vavihill), it became evident that the size dependence of the
relative abundance of the two groups of particles was governed
by the number size distribution of the long-range transport
particles and not by any variability in the size profile of the
locally emitted soot particles. The particle number size
distributions of the background, continuously monitored at

the Vavihill station, are presented in Figure S3, SI. This further
strengthens the conclusion that most of the particles with a
density of ∼1.4 g/cm3 were from long-range transport.

Effective Densities at the Rural Background Station.
To further investigate the effective densities of particles
corresponding to the long-range transport observed in
Copenhagen, the DMA-APM was brought to the Vavihill
rural background site. As expected, in the rural background the
dense particles dominated, with an effective density of around
1.4 g/cm3. This is similar to that of the dense particles observed
in Copenhagen. Aggregated particles were only present during
occasions with westerly winds. On these occasions, the
trajectories did pass nearby Copenhagen, situated approx-
imately 2−3 h upwind, and the aggregates were likely aged soot
from the Copenhagen plume. These aggregates had higher
effective densities than the soot aggregates found in downtown
Copenhagen (∼15 to 55% higher), possibly as a result of aging.
The effective densities and number fractions found at the rural
background site are presented in Table S3.

Volatility. Information about the volatile mass fraction of
the particles was gained by introducing a thermodenuder (TD)
held at 300 °C in between the DMA and the APM and by

Figure 4. Transmission electron microscope (TEM) images of particles collected in Copenhagen during the measurements. (Left) A TEM image of
a typical soot aggregate. (Middle) HR-TEM showing the microstructure of the primary particles of the aggregates. (Right) An image of a typical
dense particle.

Figure 5. (a) Number fraction of fresh soot aggregates derived from DMA-APM measurements. (b) NO concentrations (used as indicator of traffic)
and effective densities of the two groups of particles of sizes 150 and 250 nm (the two series plotted for each size correspond to the two groups of
different density).
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comparing the mass distributions of the selected particles
before and after passing the TD. Two typical mass spectra are
shown in Figure S4 (SI).
The soot aggregates in the urban environment did not

decrease extensively in mass following heating. However, a
slight shift in the mass mode was observed, quantified to ∼10%.
This would correspond to a 1 nm coating on a 30 nm spherical
particle (the soot primary particle size). The soot particle
concentrations at the rural background station were too low to
allow any determination of the volatile mass fraction.
For the dense particles, the volatile mass fraction was

considerably higher. This was the case both in Copenhagen and
at the rural background station. The high volatile mass fraction
was expected since the major constituents, according to the
AMS, were ammonium nitrate, ammonium sulfate, and organic
carbon (see next section), all of which volatilize at temperatures
below 300 °C. The remaining particle core may be either soot
(black carbon), pyrolyzed carbon in the TD, very low volatility
organic carbon, or possibly some KCl and K2SO4.
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From the measurements performed in Copenhagen, it was
difficult to quantify the nonvolatile core of the dense particles.
This was because it could not be ruled out that part of the mass
peak of the nonvolatile core coincided with the mass peak of
the nonvolatile soot aggregates. However, from the measure-
ments performed at the rural background site, on occasions
when no soot aggregates were present, a rough quantification of
the nonvolatile core was made. The core varied from at most
∼20% by mass down to close to zero, varying from day to day,
and with a general trend of decreasing core fractions with
increasing size.
Chemical Composition. The aerosol mass spectrometer

(HR-ToF-AMS) provides information on the chemical
composition of the nonrefractory fraction of the particles.
The time series of the chemical composition are shown in
Figure S5. Diagrams of the average chemical composition,
together with the chemical composition of the three shorter
periods with homogeneous air mass origin (Periods Ia, IIa, and
IIb) are shown in Figure S6. The average particle chemical
composition had an organic fraction of 48%, with a carbon
mean oxidation state (OS )c of −0.8 (as defined by Kroll et
al.52). This OSc should be compared to that reported for fresh
vehicular exhaust particles of −2 and that of heavily aged
atmospheric organic aerosol of 0.9.52,39 Comparing the OSc of
the particles present during the three short periods revealed
that the period that was most strongly influenced by long-range
transport (Period IIa) also had the most oxidized state (i.e.,
aged). During that period the OSc were −0.6 compared to −1.2
and −1.0 during the two periods with a lower fraction of dense
particles (Period Ia and Period IIb, respectively).
The volumetric mass density can be estimated from the

chemical composition measured by the HR-ToF-AMS. This is
only comparable to the effective density, as focused on in this
article, for spherical particles. The soot aggregates are far from
spherical, but since the HR-ToF-AMS does not capture the
soot, the chemical composition given by the HR-ToF-AMS
should closely correspond to that of the dense particles
observed with the DMA-APM. For particles >150 nm (these
will dominate the PM1 measured by the AMS), the effective
density according to the DMA-APM of the dense group of
particles was lowest during Period Ia (∼1.3 g/cm3). This low
density can be explained from the AMS data by the low content
of salts such as ammonium nitrate and ammonium sulfate, and

relatively high organic content during that period. During the
more polluted periods, the inorganic content was higher,
resulting in a higher particle density (∼1.4−1.5 g/cm3). By
assuming a density of 1.2 g/cm3 for the organic fraction, the
density according to the DMA-APM could be nearly
reproduced when predicted from the chemical composition
according to the AMS (1.31, 1.45, and 1.40 g/cm3 for Period Ia,
Period IIa, and Period IIb, respectively).

Further Discussion and Relevance of the Study.
Primary soot particles emitted from traffic are often highly
aggregated. As soon as the aggregates are emitted to the
atmosphere, they will start to undergo transformations. These
transformations continues throughout their lifetime, ranging
from hours to weeks, slowly filling voids and restructuring the
porous aggregates into more dense particles. This results in
higher particle effective densities than of the fresh emissions.
The soot transformation time scales are generally not well

understood and depend on several parameters such as the
availability of precursors for secondary aerosol formation, the
UV flux, temperature, and relative humidity. Thus, the time
scales of the atmospheric aging may differ considerably from
location to location. Pagels and coauthors25 suggested a
characteristic soot transformation time scale to convert
aggregates to spheres of 1 to 5 h (1 h for a strongly polluted
atmosphere and 5 h for a typical pollution level in the USA) by
condensation of sulfuric acid only. Another example of aerosol
dynamics and atmospheric chemistry aging time scales can be
found in Roldin et al.53 Here the authors examine how the
urban plume from nearby Malmö (∼30 km west of
Copenhagen) ages over 24 h during summer clear-sky
conditions. Copenhagen in winter represents an environment
with low photochemical activityas is the case for many cities
in northern Europe at this time of year.
Copenhagen offered a unique opportunity to study the

freshly emitted soot aggregates and the local aging. Emissions
of soot from the greater Copenhagen metropolitan area totally
dominated over those from surrounding sources, with ship
traffic in the waters between Denmark and Sweden, and the
Swedish city of Malmö (300 000 inhabitants), as the only
significant regional sources. Thus, the aerosol particles analyzed
were largely either from long-range transport or emitted locally.
The atmospheric relevance of mass-mobility relationships and
effective densities of soot generated and characterized under
well-controlled laboratory conditions can and have been
questioned. However, this study shows that the soot particles
in an urban environment may be very similar to those freshly
generated in laboratory studies. This has implications for both
health effects and climate.
When it comes to the health effects of air pollution, the

largest problems associated with exposure to airborne particles
are located to urban environments. In this study, we show that
about 50% (by number, for particles ≥75 nm) of the
submicrometer particles in Copenhagen are aggregated soot
particles. This may have important implications when
estimating the exposure and respiratory dose. An erroneous
assumption of the effective density may lead to an over-
estimation of the particle mass dose while underestimating the
surface area dose,9,54 when based on measured mobility number
size distributions. The results of this study are also of relevance
for modeling particle scattering and absorption cross sections,
as well as for cloud formation, with implications for climate.
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