
Atmos. Chem. Phys., 12, 5017–5030, 2012
www.atmos-chem-phys.net/12/5017/2012/
doi:10.5194/acp-12-5017-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Vertical particle concentration profiles around
urban office buildings

T. N. Quang1,2, C. He1, L. Morawska1, L. D. Knibbs1, and M. Falk1

1International Laboratory for Air Quality and Health, Queensland University of Technology, Brisbane, QLD 4001, Australia
2Institute of Environmental Science and Engineering, National University of Civil Engineering, Hanoi, Vietnam

Correspondence to:L. Morawska (l.morawska@qut.edu.au)

Received: 17 November 2011 – Published in Atmos. Chem. Phys. Discuss.: 18 January 2012
Revised: 2 May 2012 – Accepted: 13 May 2012 – Published: 7 June 2012

Abstract. Despite its role in determining both indoor and
outdoor human exposure to anthropogenic particles, there
is limited information describing vertical profiles of parti-
cle concentrations in urban environments, especially for ul-
trafine particles. Furthermore, the results of the few studies
performed have been inconsistent. As such, this study aimed
to assess the influence of vehicle emissions and nucleation
formation on particle characteristics (particle number size
distribution – PNSD and PM2.5 concentration) at different
heights around three urban office buildings located next to
busy roads in Brisbane, Australia, and place these results in
the broader context of the existing literature. Two sets of in-
struments were used to simultaneously measure PNSD, parti-
cle number (PN) and PM2.5 concentrations, respectively, for
up to three weeks at each building.

The results showed that both PNSD and PM2.5 concen-
tration around building envelopes were influenced by vehi-
cle emissions and new particle formation, and that they ex-
hibited variability across the three different office buildings.
During nucleation events, PN concentration in size range of
<30 nm and total PN concentration increased (7–65 % and
5–46 %, respectively), while PM2.5 concentration decreased
(36–52 %) with height.

This study has shown an under acknowledged role for nu-
cleation in producing particles that can affect large numbers
of people, due to the high density and occupancy of urban
office buildings and the fact that the vast majority of people’s
time is spent indoors. These findings highlight important new
information related to the previously overlooked role of par-
ticle formation in the urban atmosphere and its potential ef-
fects on selection of air intake locations and appropriate filter
types when designing or upgrading mechanical ventilation

systems in urban office buildings. The results also serve to
better define particle behaviour and variability around build-
ing envelopes, which has implications for studies of both hu-
man exposure and particle dynamics.

1 Introduction

Epidemiological research has consistently shown an asso-
ciation between fine (<2.5 µm; PM2.5) particle concentra-
tions and increases in both respiratory and cardiovascular
morbidity and mortality (Pope, 2000; Davidson et al., 2005;
Schwartz and Neas, 2000). The health effects of ultrafine
(<0.1 µm) particles are less well known, however research
to date indicates that they may be equally or more detrimen-
tal than those of PM2.5 and PM10 (Oberdorster, 2000; Franck
et al., 2011).

Ultrafine particles make only a minor contribution to par-
ticle mass, but often constitute up to∼90 % of particle num-
ber (PN), with these figures being reversed for fine particles
(Morawska et al., 2008). The amount of fine and ultrafine
particles in the urban atmosphere is mainly influenced by ve-
hicle exhaust emissions during the traffic peak hours (Pey et
al., 2008; Perez et al., 2010) and new particle formation by
photochemical reactions (Pey et al., 2009).

Outdoor particles can penetrate the building envelope via
doors, windows, building structure leakages, and especially
via mechanical ventilation systems. It is therefore important
to understand the vertical profiles, concentrations and dy-
namics of particles around the envelope in order to locate the
optimal position for outdoor air intakes, and best mitigate the
penetration of particles indoors. Moreover, such information
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is relevant to developing a better understanding of the com-
plex nature of particles in urban street canyons and their re-
lationship to pedestrian exposure at ground level.

To-date, studies investigating vertical profiles of particle
mass concentrations around building envelopes has yielded
inconsistent findings. Some research concluded that concen-
trations decreased with increasing height, including Horvath
et al. (1988) who showed that diesel particle mass concen-
tration decreased by 17 % at 27 m compared to street level.
Micallef and Colls (1998) found that PM10 and total sus-
pended particle (TSP) concentrations at a height of 0.8 m
above the ground floor were about 35 % higher than those
at a height of 2.9 m, while Rubino et al. (1998) reported a de-
crease in the concentrations of PM10 with increasing height,
and the concentration on the leeward side of the building
was consistently lower than on the windward side. Chan and
Kwok (2000) also found that the relationship between de-
creases in particle mass concentrations and height was expo-
nential in a street canyon and linear for open sites. However,
other studies have shown a decrease in particle mass con-
centrations to certain heights, with concentrations remain-
ing somewhat constant beyond that. In particular, Chen and
Mao (1998) reported that the PM10 concentrations on the
seventh and fourteenth floors were comparable, after sharply
decreasing from the second floor to the seventh floor. Addi-
tionally, Kalaiarasan et al. (2009) found that PM2.5 concen-
trations were highest around the mid-floors when compared
to those measured at the upper and lower floor of high-rise
buildings. Bullin et al. (1985) reported a vertical TSP profile
was nearly flat.

In contrast to particle mass, only a handful studies have
measured PN concentrations around the building envelope.
Väkev̈a et al. (1999) monitored PN concentrations at street
and rooftop levels, and showed that the concentrations at
1.5 m were significantly higher than those at 25 m. Hitchins
et al. (2002) also observed a decrease in PN concentrations
with height when measured at the front of a high rise building
80 m from road, but this was the opposite when measured at
the rear of this building. Longley et al. (2004) noted that total
number concentrations at 17 m were generally half of those at
4 m during the day and the gradient was reduced significantly
at night when measurements were conducted in an asymmet-
ric street canyon. Similarly, Kumar et al. (2009) found that
PN concentrations at street level (0.2–2.6 m high) were about
6.5 times higher than those at rooftop height (20 m). Other
research conducted by Li et al. (2007) showed that PN con-
centrations decreased by 72 % and 85 % at a height of 38 m
compared to that at 1.5 m when the wind blew parallel and
perpendicularly the street canyon. Väkev̈a et al. (1999), Li et
al. (2007) and Kumar et al. (2009) also discussed the influ-
ence of the photochemical aerosol particle formation relative
to local vehicle emissions on vertical profile of PN concen-
trations. However, not only the local emissions but also other
air mass from different regions, travelling with the wind di-
rection can influence new particle formation in urban areas

(Stanier et al., 2004; Qian et al., 2007; Hussein et al., 2008;
Salma et al., 2011; Cheung et al., 2011).

In addition to research surrounding building envelopes,
some studies have quantified the vertical profiles of parti-
cle concentrations in urban areas. Imhof et al. (2005) has
shown that PN concentrations 60 m downwind of a high-
way decreased when measured at heights of 5–30 m. Zhu
and Hinds (2005) quantified the vertical particle concentra-
tions measured 50 m downwind of an elevated highway and
reported that the PN concentrations increased within the first
5 m from the ground, then decreased at higher levels. He and
Dhaniyala (2012) measured vertical profiles of PN concen-
trations at heights between 0.55 to 10 m at distances 15, 50,
and 100 m from a highway. Their results have shown that ver-
tical profiles of particle concentrations vary with wind speed,
direction and distance from the highway.

A relationship between PN and particle mass concentra-
tions has also been reported for urban background sites, as
well as in street canyons. For example, Harrison et al. (1999)
found a significant linear correlation between PN and PM10
concentrations at an urban background location (R2

= 0.44).
Similarly, Longley et al. (2003) determined that the linear
correlation (R2) between ultrafine PN and PM2.5 concentra-
tions in a street canyon was 0.51. However, there may be a
difference in correlations between particle number size dis-
tribution (PNSD) and particle mass concentration around a
building envelope due to the influence of different factors,
such as emission sources, building height, and especially, the
difference in particle size ranges.

Due to the inconsistent findings of previous studies, there
is a lack of clear knowledge regarding PNSD, the factors af-
fecting it, and its relationship with particle mass. The char-
acteristics, variability and role of particle vertical profiles in
both indoor and outdoor human exposure in and around ur-
ban buildings remains poorly understood. To contribute to-
wards addressing these knowledge gaps and inform the lim-
ited experimental evidence base currently underlying numer-
ous modelling studies, we aimed to: (1) assess the varia-
tion of PNSD, PN and PM2.5 concentrations by simultane-
ous measurements at the rooftop and street levels of three
urban office buildings; (2) quantify vertical profiles of PNSD
and PM2.5 concentration and analyse the influence of vehi-
cle emissions and nucleation events on these vertical pro-
files; (3) quantify and interpret differences between PNSD
and PM2.5 concentration at different levels; and (4) place the
results in the context of broader literature and seek to iden-
tify if location-independent trends exist for vertical profiles
of PN and PM2.5.
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Fig. 1.Locations of Buildings A, B, and C in Brisbane.

2 Experimental methods

2.1 Setting

Our research was conducted in the subtropical city of Bris-
bane, which is the capital city of Queensland, Australia. De-
tailed information on the topography and meteorology of
this region is described in Cheung et al. (2011). The major
air pollution sources found in the Central Business District
(CBD) are inner-city traffic emissions, and aircraft, ship and
industrial emissions transported from the lower reaches of
the River, located approximately 15–18 km NE of the CBD.

We selected three urban office buildings, located close to
busy roads with different terrains. Building A is∼17 m high,
located on relatively flat ground with unrestricted access and
∼7 m from a busway, which is a bus-only roadway with a
daily traffic volume of about 900 buses. Building B is∼77 m
high, located in the centre of the CBD and surrounded by
other high rise buildings and busy city roads with a daily
traffic volume of about 11 000 vehicles. Building C is∼25 m
high, located∼7 m from a freeway with a daily traffic volume
of about 110 000 vehicles. There are some high rise buildings
to the rear of this building. The locations of Buildings A, B
and C are shown in Fig. 1.

2.2 Instrumentation

Two TSI 3934 Scanning Mobility Particle Sizers (SMPSs)
were used for measuring PNSD in the range 8.5–400 nm.

Each SMPS is comprised of a TSI 3071 Electrostatic Clas-
sifier (EC) that classifies particles according to their electri-
cal mobility, and a TSI 3010 Condensation Particle Counter
(CPC). The duration of each scan was 180 s. The PN concen-
trations in the range 6–3000 nm were measured using two
TSI 3781 CPCs at an averaging interval of 10 s.

Two TSI 8520 DustTrak aerosol monitors, each with a
2.5 µm inlet were used to measure PM2.5 concentrations at an
averaging interval of 30 s. It should be noted that the Dust-
Trak operates based on a light scattering technique where
the amount of scattered light is proportional to the volume
concentration of the aerosol. The DustTraks used to mea-
sure PM2.5 concentrations in this study were not calibrated
against gravimetric readings, however this was not neces-
sary since it was the relative values rather absolute values
that were the subject of our analyses.

2.3 Sampling sites and measurement procedures

Two sets of instruments were used to measure PNSD, PN
and PM2.5 concentrations. One measured continuously at the
highest level (usually on the rooftop), which was designated
as the reference site for each building. The second set mea-
sured simultaneously at one of the lower levels. The air sam-
pled from outdoors (i.e. outside the plant room) was deliv-
ered to the instruments via a 1 m long conductive tubing,
with an inner diameter of 6 mm. The locations of all out-
door air sampling points were carefully considered to avoid
the influence of nearby exhaust air from the HVAC system,
if any. A flow splitter was used in cases where several in-
struments sampled air from the same location. Measurements
were performed continuously for at least 24 h and under dif-
ferent wind conditions at each of the lower level sites. The
measurement campaign at each building ranged from two to
three weeks. The specific measurement procedures for each
of the three buildings are described below.

2.3.1 Building A

One set of instruments continuously measured at the refer-
ence site located on the top level (level 3) 14.5 m above the
ground, 8.5 m above and 7 m away from the busway. The sec-
ond set was rotated between the ground floor, level 1 and
level 2 at the front of the building (facing the busway), at
heights of∼1.5, 6.5 and 10.5 m above ground, respectively
(see Fig. 2). The measurements were performed from 22 July
to 16 August 2009, during the Australian winter period.

2.3.2 Building B

The reference site was located on the rooftop, about 78.5 m
above road level, and one set of instruments sampled contin-
uously at this location. The second set simultaneously sam-
pled at 1.5 m above and∼5 m from the roadway, as shown
in Fig. 3, since there were no other access points available
at other levels due to the tight glass wall structure of the
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Fig. 3.Schematic diagram of Building B and the location of the sampling points.

building. Measurements were performed from 14 to 30 Jan-
uary 2010, during the Australian summer period.

2.3.3 Building C

One set of instruments sampled continuously at the reference
site, which was located 21.5 m above the ground, and 13.5 m
above and 7 m away from the freeway. The second set was
moved between sites located at heights of∼1.5 m, 5.5 m,
9.5 m and 21.5 m (levels 1, 2, 3 and 6, respectively) on the
opposite side of the building to the reference site (the rear
of the building). The sampling sites and building layout are
shown in Fig. 4. Measurements were performed from 24 June
to 16 July 2010, during the Australian winter period.

2.4 Meteorological data

Meteorological parameters, including wind speed, wind di-
rection, temperature and relative humidity corresponding
to each measurement campaign were obtained from the
Queensland Bureau of Meteorology weather station located
in Brisbane CBD between 1 to 5 km east to south east of

the measurement sites. Global solar radiation was collected
at the Queensland Department of Environment and Resource
Management site, about 10 to 14 km south of the measure-
ment sites. A summary of the meteorological data is provided
in Table 1.

2.5 Identification of nucleation event

Morawska et al. (2008) has shown that motor vehicle emis-
sions are the major source of air pollution in urban en-
vironments. Particles from vehicle emissions are classified
as either primary or secondary. The primary particles are
generated directly from engines and range in size from 30–
500 nm. The secondary particles are formed via nucleation
in the atmosphere after emissions from the tailpipe and are
generally below 30 nm.

In order to identify nucleation events, contour plots of data
based on a 24-h period, from 00:00–24:00, were visually
analysed. Criteria proposed by Dal Maso et al. (2005) and
Hussein et al. (2008) were then applied to identify nucle-
ation events. These criteria are: (i) a distinctly new mode of
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Fig. 4.Schematic diagram of Building C and the locations of the sampling points.

Table 1.Average meteorological conditions (± standard deviation).

Meteorological parameters Building A
22 July–16 August 2009

Building B
14–30 January 2010

Building C
24 June–16 July 2010

Wind speed (m s−1) 1.7± 1.2 2.4± 1.3 1.3± 1.1
Solar radiation intensity (W m−2) 204± 209 343± 429 123± 203
Temperature (◦C) 15.7± 4.4 26.6± 3.2 15.2± 3.4
Relative humidity (%) 68.9± 18.8 63.7± 13.8 69.6± 13.1

particles must appear in the size distribution; (ii) the mode
starts in size range of<30 nm; (iii) the mode prevails over a
time period of hours; and (iv) the new mode shows signs of
growth. In urban environments, nucleation events have been
observed both with and without particle growth (Cheung et
al., 2011; Gao et al., 2009; Park et al., 2008). Therefore, an
event where the nucleation mode particle number concentra-
tions increased during the day, but the particles did not grow
larger during the event period, as indicated by a near constant
Geometric Mean Diameter (GMD) value, was also consid-
ered as a nucleation event. Atmospheric conditions during
the events were also recorded to identify the preconditions
for nucleation process.

2.6 Data analyses

In order to compare PN concentrations in different size
ranges at street and rooftop levels, PN concentrations were
classified into the following size ranges: 8.5–30 nm, 30–
50 nm, 50–100 nm, 30–100 nm, 100–300 nm and 30–300 nm.
The number of particles within each range was referred to as
N<30, N30−50, N50−100, N30−100, N100−300 andN30−300, re-
spectively.

Vertical profiles of PNSD and PM2.5 concentrations for
each building were determined by normalising measured
concentrations to the reference site. These were calculated
as the ratio of concentrations measured at the different lev-
els to the corresponding concentration at the reference site.
Following this, the mean ratios of normalised concentrations
were shifted so that the lowest height of each building was

1.0. This allowed trends of increasing or decreasing concen-
trations to be interpreted as values larger or smaller than one.

Statistical analyses included the Student’s t-test to assess
differences in mean particle concentrations between different
heights and time periods. Paired PNSD and PM2.5 concen-
trations corresponding to different heights at each building
were analysed using the linear correlations. The 5 % level
was taken to indicate statistical significance in all cases.

3 Results and discussion

3.1 Variation of PNSD at rooftop and street levels

Whilst “rooftop level” refers to the reference site at each
building, the “street level” varied for each building depend-
ing on the height of the busy road close by. For exam-
ple, the height of level 1 at Building A is approximately
the same height as the nearby busway, and therefore, the
measurements conducted at level 1 are considered to be
“street level” measurements. Similarly, the ground floor of
Building B (close to city street level) and level 3 of Building
C (close to the freeway) are also referred to as “street level”.

To interpret the daily pattern of PNSD at rooftop and street
levels of each building, PNSD spectra and average daily
PN concentrations forN<30, N30−50, N50−100, andN100−300
were plotted against time of the day for Buildings A, B
and C (see Figs. 5, S1 and S2, respectively). In general,
PNSD trends at rooftop and street levels were similar at each
building.
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3.2 Influence of vehicle emissions and new particle
formation on PNSD and PM2.5 concentrations
at rooftop and street levels

3.2.1 Influence of vehicle emissions on PN and PM2.5
concentrations at rooftop and street levels

The days that did not meet at least one of the criteria for
the nucleation event definition were defined as a non- or un-
clear nucleation event day. Based on this, there were 19, 8,
and 20 days that were classified as non- or unclear nucleation
event at Building A, B, and C, respectively. Weekdays char-
acterised by non- or unclear nucleation events were selected
to assess the influence of vehicle emissions on the PN and
PM2.5 concentrations at the rooftop and street levels of each
building. Examples of PNSD spectra, PN and PM2.5 time se-
ries plots at the rooftop and street levels of Buildings A, B
and C, as well as their ratios are presented in Figs. 6, 7, S3,
S4, S5 and S6, respectively. Statistical results are given in
Table 2.

From Fig. 7 it can be seen that both PN and PM2.5 con-
centrations peaked at the rooftop and street levels of Build-
ing A during the early morning on 7 August 2009. However,
PN concentration at the rooftop level was significantly higher
than at street level, while the opposite was the case for PM2.5.
The bus ramp located close to Building A may explain the
higher PN and PM2.5 concentrations in the morning rush
hours compared to those in the afternoon rush hours. About
75 % (157/209) of buses during the morning rush hour have
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Fig. 7. Average particle concentrations and their rooftop to street
level ratios at Building A on a week day characterised by the non-
or unclear nucleation events.

to ascend an uphill ramp, and these would have greater emis-
sions than those during the afternoon rush hours that predom-
inantly travel downhill.

PN concentration at the rooftop and street levels of Build-
ing B on 18 January 2010, fluctuated according to the wind
conditions during the day. However, both PN and PM2.5 con-
centrations at street level were significantly higher than those
at the rooftop level during the morning and afternoon rush
hours when the wind blew from SW and NE directions. This
can be explained by the one-way city street immediately ad-
jacent to the lower sampling site at Building B, which had a
traffic flow from the SW to the NE and therefore both SW and
NE winds blew parallel the street. Given that the NE wind
blew against the traffic flow, it was classified as up-canyon
wind, while the SW wind was classified as down-canyon
wind. Both PN and PM2.5 concentrations at the rooftop and
street levels were significantly higher during up-canyon wind
(in the afternoon) compared to down-canyon wind (in the
morning) (refer to Table 2 for comparative results) and ra-
tios between the street and rooftop levels for both PN and
PM2.5 concentrations were also significantly higher during
the up-canyon wind compared to the down-canyon wind.

At Building C, PN and PM2.5 concentrations at the roof
top level were significantly higher than those at street level
during the morning rush hours on 6 July 2010. Low disper-
sion due to low wind speed (v = 0.31± 0.29 m s−1) during
this time might explain why the particle concentrations at
the rooftop sampling point, which was closer to the free-
way, were higher than those at the opposite sampling point
at street level. During the afternoon, a WNW wind blew al-

most parallel to the freeway and the building, resulting in a
better dispersion of pollutants on both sides of the building
and also being the likely explanation why the PN and PM2.5
concentrations were not significantly different at the rooftop
and street levels (p-values of 0.06 and 0.45, respectively).

In summary, time series of PN and PM2.5 concentra-
tions and their ratios between the rooftop and street levels
showed clear diurnal variation. As expected, vehicle emis-
sions strongly influenced both PN and PM2.5 concentrations
at both levels, especially during the rush hours at all three
buildings. Similarly, building topography, distance to the
emission sources, and wind speed and direction also had an
observed effect on particle concentrations at the 3 buildings.

3.2.2 Influence of new particle formation on PNSD and
PM2.5 concentrations at rooftop and street levels

Based on the inclusion criteria for nucleation identification,
we observed 7 events during a 3 weeks measurement cam-
paign at Building A, 9 events during a 2 weeks measurement
campaign at Building B and 3 events during a 3 weeks mea-
surement campaign at Building C. The frequency of nucle-
ation events at Building B (measured during summer) was
clearly higher than those at Buildings A and C (measured
during winter), which is in agreement with the findings of
Qian et al. (2007) and Mejı́a and Morawska (2009). A sum-
mary of the conditions observed during the nucleation events
is provided in the Supplement Table S1.

Representative nucleation events were selected to anal-
yse the influence of new particle formation on PNSD at the
rooftop and street levels of each building, to assess their
likely sources and impact on vertical profiles. PNSD spectra,
time series’ ofN<30, N30−100 and PM2.5 concentrations, as
well as ratios of PN and PM2.5 concentrations at the rooftop
and street levels of Buildings A, B and C are presented in
Figs. 8, 9, S7, S8, S9 and S10, respectively. The results of
statistical tests are presented in Table 3.

N<30/N30−300, which is the ratio between nucleation
mode and accumulation mode PN concentration, was used
by Kumar et al. (2009) to evaluate the rate of production of
new nucleation mode particles. When analysed together with
N<30, which indicates nucleation mode PN concentration, it
is possible to assess the strength of new particle formation
at the different levels of each building. From Table 3, it can
be seen that bothN<30 andN<30/N30−300 were significantly
higher at the rooftop level compared to street level at each
building, and they were also clearly higher at Building B than
at Buildings A and C. Meanwhile the rooftop PM2.5 concen-
tration was significantly lower than the street level PM2.5 at
all three buildings.

Based on the higher values ofN<30 andN<30/N30−300 at
the rooftop level of each building, we inferred that the pro-
duction of new nucleation mode particles was stronger at
the rooftop level than the street level at all three buildings.
Väkev̈a et al. (1999) reported two important factors that can
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Table 2.Average particle concentrations during rush-hours on non- or unclear nucleation days.

Site Level PN (× 103 cm−3) (Mean± 95 % CI) PM2.5 (µg m−3) (Mean± 95 % CI)

Morning Afternoon p Morning Afternoon p

Building A Rooftop 18.73± 1.21 9.99± 0.73 <0.01 42.90± 1.74 10.10± 0.62 <0.01
Street 14.51± 0.85 7.56± 0.43 <0.01 78.50± 3.69 11.80± 0.86 <0.01
p <0.01 <0.01 <0.01 <0.01

Building B Rooftop 5.01± 0.37 5.82± 0.64 <0.05 8.51± 0.48 9.59± 0.27 <0.01
Street 6.04± 0.65 7.21± 0.69 <0.05 19.64± 1.14 22.02± 1.22 <0.01
p <0.01 <0.01 <0.01 <0.01

Building C Rooftop 18.64± 1.21 8.56± 0.65 <0.01 19.00± 0.51 8.00± 0.67 <0.01
Street 12.48± 1.70 8.12± 0.52 <0.01 17.70± 0.79 8.20± 0.56 <0.01
p <0.01 0.06 <0.05 0.45

Table 3.Average particle concentrations during nucleation events.

Site Level N<30 (×103 cm−3) N<30/N30−300 PM2.5 (µg m−3)

(Mean± 95 % CI) (Mean± 95 % CI) (Mean± 95 % CI)

Building A Rooftop 8.16± 1.02 1.76± 0.33 11.34± 1.11
Street 4.57± 0.28 1.01± 0.08 19.74± 3.50
p <0.01 <0.01 <0.01

Building B Rooftop 16.90± 1.49 4.54± 0.52 4.0± 0.08
Street 15.65± 1.47 3.92± 0.34 7.5± 0.65
p <0.05 <0.01 <0.01

Building C Rooftop 5.34± 0.45 2.23± 0.32 1.67± 0.18
Street 3.31± 0.27 1.91± 0.24 2.01± 0.14
p <0.01 <0.01 <0.01

favour a much greater production of particles by local ve-
hicle emissions: (i) a higher concentration of condensable
gases, and (ii) a smaller concentration of pre-existing par-
ticles. Additionally, both O’Dowd et al. (1999) and Boy and
Kulmala (2002) identified the important role of solar radia-
tion on new particle formation. The roles of these factors in
initiating the events we observed are discussed below.

Wind direction during the nucleation event at Building A
on 3 August 2009, was WNW. In this case, both sampling
sites and the busway were on the downwind side of the build-
ing. Leuzzi and Monti (1998) modelled the dispersion of a
tracer gas emitted from a line source located downwind of a
building and reported that high pollutant concentrations oc-
curred at locations corresponding to the vortex on the lee-
ward side of the building. At about 40 m wide and 17 m high,
Building A can be considered a wide and low building and
therefore the vortex, which entrains the smaller particles or
condensable gases emitted from vehicles, probably formed
at a level higher than the street level, while the larger or pre-
existing particles (mainly attributed to PM2.5) remained sus-
pended and stagnated at the lower levels. Therefore, it ap-
pears that the stronger nucleation observed at the rooftop

compared to the street level was due to higher condensable
gas and lower pre-existing particle concentrations.

Leuzzi and Monti (1998) also modelled an upwind line
source and reported that low concentrations occurred on the
leeward side of the building, with only a small amount of
pollutants able to penetrate into the region. During the nu-
cleation event at Building C on 8 July 2010, a SSW wind
blew perpendicular to the building from direction of the
freeway. Therefore, the rooftop sampling site was upwind
and received pollutants directly from the freeway emission
sources, while the street level sampling site was located in
the lee of the building. This suggests that there were lower
concentrations of condensable gases at the street level com-
pared to the rooftop level of Building C and that the higher
PM2.5 concentrations measured at street level might be due to
the stagnation of larger, pre-existing particles on the leeward
side of the building.

Based onN<30 and N<30/N30−300 at rooftop and street
levels, we also concluded that the intensity of new particle
formation at Building B on 16 January 2010, was clearly
stronger than that at Buildings A and C, although the mean
solar radiation intensity (W m−2) (Mean± 95 % CI) during
the nucleation event at Building B was not significantly
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Table 3. Average particle concentrations during the nucleation event days. 1 
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Building A Rooftop 8.16 ± 1.02 1.76 ± 0.33 11.34 ± 1.11 

 Street 4.57 ± 0.28 1.01 ± 0.08 19.74 ± 3.50 

 p < 0.01 < 0.01 < 0.01 

Building B Rooftop 16.90 ± 1.49 4.54 ± 0.52 4.0 ± 0.08 

 Street 15.65 ± 1.47 3.92 ± 0.34 7.5 ± 0.65 

 p < 0.05 < 0.01 < 0.01 

Building C Rooftop 5.34 ± 0.45 2.23 ± 0.32 1.67 ± 0.18 
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 p < 0.01 <0.01 < 0.01 
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Fig. 8.PNSD spectra at Building A on a nucleation event day.

different compared to Building A (664.3± 20.7 vs. 689.4±

22.4, p = 0.36). At the same time, ratios between rooftop
and street level values forN<30 andN<30/N30−300 were sig-
nificantly lower at Building B compared to those at Build-
ing A (1.15± 0.09 vs. 1.88± 0.27, p < 0.01; 1.20± 0.14
vs. 1.84±0.30,p < 0.01, respectively). The nucleation event
observed at Building B occurred on a weekend, when vehi-
cle density was typically low and a strong NE wind (3.57±

0.32 m s−1) was blowing. The resultant increase inN<30 but
decrease inN30−100 suggests that the PN concentrations at
the sampling site were not significantly influenced by local
vehicle emissions but more likely from upwind air masses.
In this case, the air mass was likely to come from an indus-
trial zone about 15–18 km NE of the city. Further analysis
and comparison of the data measured at this building was
conducted along with data collected from a Queensland De-
partment of Environment and Resource Management station,
which is about 10 km SW of the Brisbane city and 25 km SW
of the NE Brisbane industrial zone. The results showed sim-
ilar trends in PN concentrations between the two locations
during the NE winds, but not for other wind directions, dur-
ing the nucleation days. This implies that emissions from the
NE Brisbane industrial zone are those which contribute to the
PN concentrations in the Brisbane CBD and surrounding ar-
eas. Furthermore, a similar phenomenon was identified and
reported by Cheung et al. (2011) in the Brisbane region. It
should also be noted that newly formed particles at both the
rooftop and street levels did not show signs of growth (their
GMDs were almost constant during the event). This indicates

 

Fig. 9. Particle concentrations and their rooftop to street level ratios at Building A during a 

nucleation event day. 
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Fig. 9.Particle concentrations and their rooftop to street level ratios
at Building A during a nucleation event day.

that the newly formed particles already underwent growth
before reaching the monitoring sites and they were likely to
be relatively homogeneous in size when reaching Building B
after the distance travelled. Furthermore, the NE wind, which
would have blown parallel to the street canyon, and mini-
mal turbulence due to the low vehicle density could explain
why the difference in PN concentrations (cm−3) between the
rooftop and street levels at Building B (16 900± 1490 vs.
15650±1470;p < 0.05) was significant, but not to the same
extent observed at Buildings A (8160±1020 vs. 4570±280;
p < 0.01) and C (5340±450 vs. 3310±270;p < 0.01). This
new finding contradicts the results reported for Building A
and locations investigated by Kumar et al. (2009), where
new particle formation was mainly influenced by local ve-
hicle emissions. This also has implications for modelling ur-
ban canyon PN concentrations for both planning and expo-
sure assessment purposes, and indicates the value of location-
specific measurements at underpinning these.

In summary, the time series concentrations ofN<30,
N30−100and PM2.5, as well as the time series ratios of PN and
PM2.5 concentrations at the rooftop and street levels showed
that new particle formation events influenced and contributed
to increases in PN concentrations at both rooftop and street
levels at all three buildings. However, the factors that con-
tributed to the observed phenomena were different between
the three buildings. At Building A and C, the new particles
were mainly formed from local vehicle emissions and there-
fore, the formation process was expected to depend mainly
on local conditions, such as high condensable gas concen-
trations and solar radiation intensity, together with low pre-
existing particle concentrations. Meanwhile at Building B,
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Fig. 10. Vertical profiles of PNSD and PM2.5 concentration around Building A.  Error bars 2 

denote one standard deviation.  3 

Fig. 10.Vertical profiles of PNSD and PM2.5 concentration around
Building A. Error bars denote one standard deviation.
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 1 

Fig. 11. Vertical profiles of PNSD and PM2.5 concentration around Building B.  Error bars 2 

denote one standard deviation.  3 

Fig. 11.Vertical profiles of PNSD and PM2.5 concentration around
Building B. Error bars denote one standard deviation.

the newly formed particles were blown in from the direction
of a nearby industrial zone and therefore, new particle pro-
duction was not the result of local sources but was strongly
influenced by wind speed, wind direction and the origin of

 29 

 1 

Fig. 12. Vertical profiles of PNSD and PM2.5 concentration around Building C.  Error bars 2 

denote one standard deviation.  3 

3.4 Relationship between PNSD and PM2.5 concentration   4 

Spearman’s correlation coefficients (rho) for the PNSD and PM2.5 concentrations at different 5 

heights and different time periods at Buildings A, B and C are presented in Figs. 13, 14, 15, 6 

respectively, and Table S2. However, as noted, new particle formation data was collected only 7 

at the reference site and street level during the measurement campaign of Building C. 8 

Therefore, correlations between the PNSD and PM2.5 during the nucleation events at this site 9 

Fig. 12.Vertical profiles of PNSD and PM2.5 concentration around
Building C. Error bars denote one standard deviation.

incoming air masses. Detailed consideration of the factors
described above should be undertaken prior to modelling ur-
ban canyon particle concentrations and profiles, and a “one-
size-fits-all” approach is likely to be unable of accounting for
the specific determinants at each individual building.

Nucleation events are often studied in the context of their
role as physical phenomena, and typically within the context
of producing natural and anthropogenic aerosols that may af-
fect climate change. This study has shown an underappreci-
ated role of nucleation in producing particles that can affect
large numbers of people, due to the high density and occu-
pancy of urban office buildings and the fact that the vast ma-
jority of people’s time is spent indoors.

3.3 Vertical profiles of particle concentrations

The average vertical profiles of the PNSD and PM2.5 for the
entire day, rush-hours and during nucleation events at Build-
ings A, B, and C are presented in Figs. 10, 11 and 12, re-
spectively. It should be noted that the data of the nucleation
events at Building C were only collected at rooftop and street
levels and therefore, constructing a vertical profile based on
nucleation events at this building, was not appropriate. How-
ever, the measured results at Building C show that the PN
concentration at rooftop levels was significantly higher than
at street levels during the event, while the opposite was the
case for the PM2.5 concentration.

At Building A, the trends of total number concentra-
tion (TNC) and N<30 were similar. Their concentrations
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during nucleation events themselves and over 24 h on the
day of nucleation events constantly increased with height
(p < 0.01). While during the rush-hours, they decreased be-
tween 1.5 and 10.5 m, and then increased onward (p < 0.05).
In contrast, the trends ofN30−100 andN>100 fluctuated and
depended on the measurement heights and times. In gen-
eral, the daily PM2.5 concentrations decreased with increas-
ing height, however they stabilised at heights between 6.5
and 10.5 m. During rush-hours, PM2.5 concentrations were
higher at heights of 6.5 and 10.5 m, but lower at a height of
14.5 m, compared to the daily concentrations (p < 0.05). The
PM2.5 concentrations during the nucleation events were gen-
erally lower than the daily concentrations (p < 0.01).

At Building B, N30−100, N>100 and PM2.5 concentration at
street levels were always higher than those at rooftop levels
(p < 0.05). The daily and rush-hour TNCs were significantly
higher at street level compared to those at rooftop level,
but the opposite was the case during the nucleation events
(p < 0.05). N<30 at rooftop level was significantly higher
than at street level during the nucleation event (p < 0.01),
while their daily and rush-hour concentrations were rela-
tively similar (p-values of 0.17 and 0.78, respectively).

The daily PNSD and PM2.5 concentration decreased with
height between 1.5 and 21.5 m at the rear (opposite side fac-
ing the road) of Building C (p < 0.01), howeverN30−100,
N>100, PM2.5 tended to stabilise at heights between 5.5 and
9.5 m, followed by a less pronounced decrease from 9.5 to
21.5 m. During the rush-hour periods,N30−100, N>100, TNC
decreased from 1.5 to 9.5 m, and then stabilised at heights
between 9.5 and 21.5 m.N<30 increased at the beginning of
the rush-hour period, then decreased from 5.5 to 9.5 m, and
finally stabilised onwards. The rush-hour PM2.5 followed the
PM2.5 daily trends and was higher than the daily concentra-
tions.

In general, the trend of TNC followed those ofN<30 and
N30−100 during the nucleation event and rush-hours, respec-
tively, while the trends ofN>100 and PM2.5 were similar.

At Building B, the daily and rush-hour PN concentrations
at street level were higher than those on the rooftop. This
finding is in agreement with the results of previous studies
(Hitchins et al., 2002; Kumar et al., 2009; Li et al., 2007;
Longley et al., 2004; V̈akev̈a et al., 1999). On the contrary,
the daily and rush-hour PN concentrations at Building A in-
creased with height. This is likely to be attributed to the fact
that the busway is located close to the building and elevated
above ground level, and therefore, it has a stronger influence
on the concentrations measured at higher levels compared
to Building B. The daily and rush-hour PN concentrations
at the rear of Building C decreased with increasing height.
This finding is not in agreement with the results reported by
Hitchins et al. (2002) based on measurements in Brisbane,
where a short time measurement (5 samples during 450 s for
each level) was conducted. The difference could be due to
the highly diurnal variations of influencing factors, such as

vehicle emissions, wind speed and wind direction on particle
concentrations between the different levels of this building.

The PM2.5 concentrations seemed to consistently decrease
with height throughout the day and this finding is also in
accordance with previous research (Chan and Kwok, 2000;
Horvath et al., 1988; Micallef and Colls, 1998; Rubino et
al., 1998). However, the PM2.5 concentrations at Buildings A
and C did not decrease consistently. In the case of the Build-
ing A, this may be due to the influence of the proximity of the
busway. The sampling points were located on the rear side of
Building C and were obstructed by other buildings located
behind it, and therefore, some stagnation of air in this region
may have influenced the PM2.5 concentrations at mid-height
levels.

In general, the vertical profiles of the PM2.5 concentra-
tions around the building envelopes decreased with increas-
ing height. However, vertical profiles of the PNSD were
building-specific and the rate of change with height was dif-
ferent at all three buildings. The results indicate that it is
not only vehicle emissions that influence the particle vertical
profiles, but new particle formation as well; while particle
number increased, we observed a reduction in particle mass
during the nucleation events. These results serve to further
define the specific effect of roadway proximity and nucle-
ation formation on the vertical profiles of PN and PM2.5 con-
centrations around building envelopes. Moreover, the highly
building-specific nature of the profiles and factors affecting
them underscores that, ideally, measurements form the basis
of any modelling or planning exercise prior to or after con-
struction of a building. Such an approach, which is currently
lacking for the most part, will ensure the greatest model ve-
racity. This has important implications for selecting appropri-
ate sites for the air intakes of building HVAC systems to min-
imise occupant exposure to combustion products, and also to
investigate how street-level exposures may be mitigated via
improved design practices.

3.4 Relationship between PNSD and PM2.5
concentration

Spearman’s correlation coefficients (ρ) for the PNSD and
PM2.5 concentrations at different heights and different time
periods at Buildings A, B and C are presented in Figs. 13, 14,
15, respectively, and Table S2. However, as noted, new parti-
cle formation data was collected only at the reference site and
street level during the measurement campaign of Building C.
Therefore, correlations between the PNSD and PM2.5 during
the nucleation events at this site were not calculated. In gen-
eral, the correlation coefficients betweenN>100 and PM2.5
were higher, while the correlation coefficients ofN<30 were
usually lower compared to other particle size fractions.

The PNSD and PM2.5 correlation coefficients on the
rooftop were higher than those at street level at Building
B. The difference between correlation coefficients for PN
size fractions and PM2.5 concentrations at Building A were
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Fig. 13. Relationship between PNSD and PM2.5 at different heights for Building A. 
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Fig. 13.Relationship between PNSD and PM2.5 at different heights
for Building A.

higher than at Building B. This is likely due to the relative
proximity of the particle sources at each level, as well as
to the closeness to the busway at Building A. Both daily
and rush-hour correlation coefficients of PNSD at the rear
of Building C initially increased from the ground to level 3,
and then decreased closer to the rooftop.

Correlations between the PNSD and PM2.5 were charac-
terised by a significant variability and dependence on particle
size fraction, measured height and particle emission sources.
The linear correlations for the building envelopes, especially
during the rush-hour and nucleation events, fluctuated signif-
icantly. This indicates that it is not appropriate to use particle
mass concentrations to infer PN concentrations when mod-
elling vertical concentrations around the building envelope
and at a street level. This finding, while not a novel observa-
tion, adds weight to the existing case for separately consid-
ering particle mass and number during any urban modelling
or exposure assessment exercise.

4 Conclusions

In general, vertical profiles of PM2.5 concentrations around
building envelopes showed a consistent decrease in concen-
tration with increasing distance from nearby streets. How-
ever, vertical profiles of PN size fraction concentrations were
building-specific and its rate of change was inconsistent with
height. These results are not unexpected, in view of the com-
plex flow patterns around the building envelopes, as well as
in the busway and street canyons proximate to some of the
buildings. The results of simultaneous measurements indi-
cated that it was not only vehicle emissions but new particle
formation was also found to strongly influence the vertical

 
 Fig. 14. Relationship between PNSD and PM2.5 at different heights for Building B. 
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Fig. 14.Relationship between PNSD and PM2.5 at different heights
for Building B.

 
Fig. 15. Relationship between PNSD and PM2.5 at different heights for Building C. 
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Fig. 15.Relationship between PNSD and PM2.5 at different heights
for Building C.

profiles of particle concentrations. Time series ratios of PN
and PM2.5 concentrations at street and rooftop levels showed
clearly diurnal variation. These suggest that it is impossible
to generalise vertical profiles of particle concentrations for all
buildings, and that there is a need to conduct measurements
or model these vertical profiles for a specific case when plan-
ning building morphology and air intake locations. Further-
more, newly formed particles and building-scale variability
should also be into account when modelling particle con-
centrations around the building envelope, and also for urban
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environments and the exposures that occur within them in
general.

The results of this serve to provide better insight into the
impact of nucleation and local scale variability on particle
concentrations, and will also help to better define particle be-
haviour and variability around building envelopes, which has
implications for studies of both human exposure and particle
dynamics.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
5017/2012/acp-12-5017-2012-supplement.pdf.
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