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g r a p h i c a l a b s t r a c t
� Clear seasonal variation of Lung
Deposited Surface Area (LDSA) con-
centrations is observed with higher
values in winter.

� Calculated LDSA seems to be a good
surrogate to equivalent black carbon
mass concentration.

� Traffic emissions appear to be the
main source of LDSA in Leicester.

� LDSA concentrations are nearly
doubled during new particle forma-
tion episodes.
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Lung Deposited Surface Area (LDSA) has been identified as a potential metric for the correlation of a
physical aerosol particle properties with health outcomes. Currently, there is little urban LDSA data. As a
case study, we investigated measurements of LDSA (alveolar) concentrations in a mid-size European city.
LDSA and associated measurements were carried out over 1.5 years at an urban background site in
Leicester, UK. Average LDSA concentrations in the cold (NovembereApril) and warm (MayeOctober)
seasons of UK were 37 and 23 mm2 cm�3, respectively. LDSA correlates well (R2 ¼ 0.65e0.7, r ¼ 0.77e0.8)
with traffic related pollutants, such as equivalent black carbon (eBC) and NOX. We also report for the first
time in the UK the correlation between an empirically derived LDSA and eBC. Furthermore, the effect of
wind speed and direction on the LDSA was explored. Higher LDSA concentrations are observed at low
wind speeds (1e2 m s�1), owing to local traffic emissions. In addition, the diurnal variation of LDSA
showed a second peak in the afternoon under warm and relatively clean atmospheric conditions, which
can be attributed to photochemical new particle formation (NPF) and growth into the Aitken mode
range. These NPF events increased the average background LDSA concentrations from 15.5 to
35.5 mm2 cm�3, although they might not be health-relevant. Overall, the results support the notion that
local traffic emissions are a major contributor to observed LDSA concentrations with a clear seasonal
pattern with higher values during winter.

© 2016 Published by Elsevier Ltd.
.ac.uk (P.S. Monks).
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1. Introduction

The surface area concentration is an important property of at-
mospheric aerosol particles which links aerosol loading to its
health effects. Over recent years a number of epidemiological
studies have shown that atmospheric particle surface area con-
centration may have a stronger correlation with negative health
effects than particle mass or number concentration (Brown et al.,
2000, 2001; LeBlanc et al., 2010; Nel et al., 2006; Nurkiewicz
et al., 2009; Nygaard et al., 2004; Oberd€orster et al., 2005; Sager
and Castranova, 2009; Singh et al., 2007; Stoeger et al., 2006;
Tran et al., 2000). Toxicological studies have found that ultrafine
particles may have an increased toxicity compared to larger parti-
cles with the same composition (Johnston et al., 2000; Karlsson
et al., 2009), and that the surface area concentration might be the
most relevant physical measurement of ultrafine particle exposure
(Maynard and Maynard, 2002; Moshammer and Neuberger, 2003;
Oberd€orster, 2000). All these studies reveal that the surface area
concentration of atmospheric particles in various environments is a
suitable property to represent the negative human health effects of
aerosol exposure.

Instruments based on unipolar diffusion charging of particles or
lung-deposited surface area (LDSA) concentrations (NSAM model
3550 and AeroTrak TM 9000, TSI Inc), (Bau et al., 2012) canmeasure
a value related to particle surface area concentration and are more
sensitive to ultrafine particles than gravimetric methods (e.g.,
Fig. 1. AURN and Brookfield sites at Leicester
Gravimetric Filter Method and Mass PM Analyzer, Mohr et al.,
2005). Such instruments may offer the ability to explore source-
related ultrafine particle exposure as they deliver high temporal
and potentially spatially disaggregated measurements, which ad-
dresses requirements around the nature of ultrafine particles to
coagulate quickly and create significant concentration gradients
(Imhof et al., 2005; Peters et al., 2009). In these instruments a
corona discharge produces unipolar ions, which can diffuse to-
wards the particles and an electrometer is used tomeasure the total
charge that transfers from the ions to the particles; the amount of
charge is related to the active surface area concentration (Asbach
et al., 2009; Baltensperger et al., 2001).

LDSA concentrations have been reported at urban background
sites in Upper Austria (Moshammer and Neuberger, 2003), Min-
neapolis (Wilson et al., 2007), Los Angeles (Ntziachristos et al.,
2007), Lisbon (Albuquerque et al., 2012; Gomes et al., 2012), Italy
(Buonanno et al., 2010, 2012; Geiss et al., 2016; Spinazz�e et al.,
2015), Switzerland (Eeftens et al., 2015; Fierz et al., 2011), Barce-
lona (Reche et al., 2015), Helsinki (Kuuluvainen et al., 2016). How-
ever, the concentrations of LDSA in UK cities have not been reported
in any previous studies and it is important to know the levels of the
LDSA in UK as a reference for future studies.

The aim of the present study is to explore extra-annual cycles of
LDSA in a mid-size urban environment. In addition, the association
of the calculated LDSA with equivalent black carbon mass con-
centration (eBC) was investigated to assess the relationship of LDSA
University campus, sampling locations.



Table 1
Instruments and monitors used in this study (for details, see experimental).

Station Location Metrological parameters NSAM W-CPC SMPS NOX MAAP

AURN Trailer (Mobile Campaign) UoL e x x e x x
UoL and BF x e x x e x
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to human health. Further, to our knowledge the study represents
the first that reveals variability of LDSA and the impact of new
particle formation (NPF) on LDSA in the UK.

The study was carried out between November 2013 and May
2015 over which time aerosol lung deposited surface area (LDSA)
concentrations in the alveolar region were measured concurrently
with equivalent black carbon mass concentration, nitrogen oxides
concentration (NOX), and particle number size distributions (PNSD)
at Automatic Urban Rural Network (AURN) site in the Leicester city
(UK), where air quality is mainly influenced by traffic emissions
owing to the high vehicle density across the city. This study builds
on measurements developed as part of an ultrafine particle air
quality monitoring network, established in Amsterdam
(Netherlands), Antwerp (Belgium), Leicester (UK) and London (UK)
in the JOint Air QUality INitiative (JOAQUIN, www.joaquin.eu), an
INTERREG IVB funded European project, which aimed at supporting
health-oriented air quality policies in Europe (Cordell et al., 2016;
Hofman et al., 2016).

2. Experiment

The study was carried out between November 2013 and May
2015 over which time aerosol LDSA concentrations in the alveolar
region were measured concurrently with eBC, NOX, and PNSD at
AURN site in the Leicester city (UK), where air quality is mainly
Table 2
Statistics of LDSA (mm2 cm�3), eBC (mg m�3), and NOX (mg m�3) measured at AURN
site from November 2013 to May 2015.

Parameters Average Max Median Min St. dev.

LDSA Annual 29.5 282.8 22.3 0.1 24.8
eBC 1.4 13 1.07 0.06 1.3
NOX 36.8 596.7 27.6 0.43 35.2
LDSA Cold Period 38 282.8 28.2 0.55 33
eBC 1.84 13.5 1.26 0.85 1.8
NOX 47.9 596.7 34.1 2.06 46.8
LDSA Warm Period 23 146 20.2 0.1 13.7
eBC 1.25 13 1.02 0.06 0.96
NOX 29 231.8 24.6 0.43 20.6

Table 3
Summary of average and standard deviations of LDSA (Alveolar region) concentrations (

Site

Urban background site (Los Angeles) retirement community (outdoor)
Urban background site (Los Angeles)
Freeway 1 (Los Angeles)
Freeway 2 (Los Angeles)
Highway (Zurich)
Busy city road-1 (Zurich)
Busy city road-2 (Zurich)
Urban background site, inner city, little traffic (Zurich)
Average city road (Zurich)
Urban background site, no traffic (Zurich)
Urban background site (Cassino)
Rural background site (Cassino)
Urban background site (Lisbon)
Urban background site with traffic influence (Barcelona)
Park area and traffic site (Helsinki)
Urban background site with traffic influence (Leicester)
influenced by traffic emissions owing to the high vehicle density
across the city.
2.1. Monitoring site

In the JOAQUIN project, a range of air quality parameters
(including PNSD, eBC, NOx, LDSA and PM10) were measured in six
cities in North West Europe; Amsterdam and Wijk an Zee (The
Netherlands), Antwerp (Belgium), Leicester and London (United
Kingdom), Lille (France) (Cordell et al., 2016; Hofman et al., 2016).
Data collection started in April 2013 (Amsterdam, Antwerp),
November 2013 (Leicester) and April 2014 (London). To check the
stability and comparability of the air quality monitors, a mobile
monitoring unit performed measurements adjacent to the fixed air
quality monitoring stations. The PNSD and eBC monitors and PM10

sampler were identical to that for the permanent JOAQUIN stations.
The detail of the project and information about sites and instru-
mentation can be found in Joaquin (2015) as well as Hofman et al.
(2016) and Cordell et al. (2016).

Measurements were carried out at two sites in Leicester as part
of the JOAQUIN project. The main and permanent site represents an
urban background and is part of the UK government operated
AURN. The site was located at the University of Leicester campus
(http://ukair.defra.gov.uk/networks/site-info?uka_id¼UKA00573),
as shown in Fig. 1. For contrast, a temporary site at Brookfield (See
Fig. 1) was developed with a mobile monitoring station in a large
and frequently-used car park. The Brookfield site also represents
urban background (Fig. 1), and was located at a distance of
approximately 1.2 km east of the AURN site.

At the AURN site the nearest road is University Road (20 m
North-West) with very little traffic and the nearest main road is
Welford Road (140 m South-South West). According to traffic
counts by the Department for Transport (UK government), the
traffic intensity of Welford Road was about 22,600 vehicles/day in
2014 (http://www.dft.gov.uk/traffic-counts, count point 36,549). At
the temporary site, the nearest roads are Ashfield Road (90 m in the
North) and Holmfield Road (90 m South) and the nearest main road
is London Road, at 190 m west. According to traffic counts by the
mm2 cm�3) measured in previous studies and this study in urban areas.

LDSA (mm2 cm�3) St. dev. Study

68.9 38.7 Ntziachristos et al. (2007)
53 27.5
105.8 48.3
153.4 55.2
40 Fierz et al. (2011)
63
63
19
28
11
164 Buonanno et al. (2012)
69
35e89 Gomes et al. (2012)
37 26 Reche et al. (2015)
12e94 Kuuluvainen et al. (2016)
29.9 24.85 This Study

http://www.joaquin.eu
http://ukair.defra.gov.uk/networks/site-info?uka_id=UKA00573
http://ukair.defra.gov.uk/networks/site-info?uka_id=UKA00573
http://www.dft.gov.uk/traffic-counts
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Department for Transport, the traffic intensity on London Road was
approximately 20,550 vehicles/day in 2014 (http://www.dft.gov.uk/
traffic-counts, count point 56,147).

2.2. Instrumentation

Table 1 gives a summary of the instruments used in this study at
both sites. In the AURN station in Leicester, lung deposited surface
area (LDSA) was measured by a Nanoparticle Surface AreaMonitors
(NSAM, TSI 3550) originally developed by Fissan et al. (2007). The
NSAM operational principle is based on diffusion charging of par-
ticles followed by detection of the charged aerosol using an elec-
trometer. The instrument can be switched between two sampling
modes: the tracheobronchial and alveolar fractions of the total
particle. The NSAMmonitor was designed to report the surface area
of particles only deposited in the alveolar and tracheobronchial
regions when the ion trap voltage is set to 200 V and 100 V,
respectively (Asbach et al., 2009). In this study the NSAMwas set to
measure the alveolar lung-deposited particle surface area (reported
as mm2 cm�3). It was operating at 1 min time resolution during the
whole study period (November 2013eMay 2015) with a data
coverage of 99%. The inlet flow rate is 2.5 L/min, of which 1.5 L/min
is used as aerosol flow. The NSAM detects particles size range
approximately from 10 to 1000 nm, however, it measures only up to
400 nm with high precision (Asbach et al., 2009). According to
Asbach et al. (2009), particle hygroscopicity may cause significant
changes in the lung deposition curves, which is a factor that cannot
Fig. 2. Monthly variations of LDSA, eBC, and NOX concent
be measured by this instrument.
The particle number size distributions were measured by a

Mobility particle size spectrometer (type Grimm SMPS þ C 5420
with L-DMA). The size spectrometer consists of a Neutralizer (85Kr
source, 185 MBq, obtained from Eckert & Ziegler) and a Differential
Mobility Analyzer (Vienna type L-DMA, ~50 cm long), connected to
a butanol-based Grimm-type condensation particle counter (CPC).
The flow rate of the CPC is 0.3 L/min. To measure a 10e1100 nm
range, the sheath air flow rate is 3 L/min. A complete scan of the
particle number size distribution with 45 size bins was done in
10 min. The software corrects for internal diffusion losses and the
bipolar charge distribution (Wiedensohler, 1988). Aerosol was kept
at low relative humidity (RH) with a Nafion dryer in the inlet sys-
tem. However, such a drying system can leads to extra losses of the
small particles (<70 nm). Although in JOAQUIN project these losses
were calculated and corrected for, the losses might have been
higher, as can be derived from field tests (Joaquin, 2015;
Wiedensohler et al., 2012).

The total particle number concentration (NTOTAL) was measured
by a Water-Based Condensation Particle Counter (W-CPC, TSI
Environmental Particle Counter (EPC) model 3783 http://www.tsi.
com/environmental-particle-counter-3783) from November 2013
to May 2015.

The TSI instruments (W-CPC and NSAM) are connected to
environmental sampling system (TSI 3031200). The components of
the TSI 3031200 are a PM10 inlet, sharp cut PM1 cyclone, flow
splitter and Nafion dryer (reduces humidity to less than 50% RH).
rations (error bars represent the standard deviation).

http://www.dft.gov.uk/traffic-counts
http://www.dft.gov.uk/traffic-counts
http://www.tsi.com/environmental-particle-counter-3783
http://www.tsi.com/environmental-particle-counter-3783
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The mass concentration of equivalent black carbon (eBC) was
measured by a Multi-angle Absorption Photometer (MAAP Thermo
Scientific model 5012) for the whole period (Petzold et al., 2013).
The MAAP determines particle light absorption owing to the light
transmission and backscattering at two angles of particles collected
on the filter tape (glass fibre type GF10). The eBC mass concentra-
tion is calculated using a constant mass absorption cross section of
6.6 g/m2. Further information on the principle of the MAAP is given
by Petzold et al. (2002).

Nitrogen oxides were also measured by a Thermo 42i
NOeNO2eNOx monitor. This monitor uses chemiluminescence
technology to measure the concentration of nitrogen oxides in the
air. It has a single chamber, single photomultiplier tube design that
cycles between the NO and NOx mode.
Fig. 3. The diurnal and weekly variations o
Meteorological data (wind speed and direction) were provided
for the whole period by the Air Quality Group from the Leicester
City Council. The station is located 4.9 km away from the AURN
urban background monitoring site. Moreover, the mobile labora-
tory van also measured metrological parameters (temperature,
relative humidity, and wind speed and direction) during the three
months of mobile monitoring.
3. Results and discussion

3.1. The annual behavior of LDSA, eBC and NOX concentrations

The data were split into three time periods consisting of a so-
called the cold period (November to April), the warm period
f LDSA, eBC, and NOX concentrations.
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(May to October) as well as the whole period. Statistics for LDSA,
eBC, and NOx concentrations are shown in Table 2. During this
study, the annual average LDSA concentrations in Leicester was
29.5 mm2 cm�3, and themaximum,median,minimum and standard
deviation annual values were, 282.8, 22.3, 0.1, 24.8 mm2 cm�3

respectively. The statistics are based on 30 min data. The mean
LDSA concentration measured at Leicester AURN site was observed
to be similar to that found at traffic sites in Zurich, Switzerland
(28e40 mm2 cm�3) (Fierz et al., 2011). Previous LDSA measure-
ments are summarised in Table 3.

Monthly variation of LDSA concentrations, with other air quality
parameters, such as eBC and NOX are shown in Fig. 2. A clear sea-
sonal variation was observed for the LDSA, eBC and NOX concen-
trations. The higher concentrations of LDSA are observed in the cold
period in Leicester (NovembereApril) with a 30 min average range
between 37 and 38.5 mm2 cm�3. The seasonal enhancement might
be related to the increase of wood burning for domestic heating, as
well as reduced dispersion of local sources and low mixing height
in the winter time (Cordell et al., 2016). The lowest LDSA concen-
trations were observed in summer (July and August) when the
average values ranged between 19 and 21 mm2 cm�3. The summer
minima are likely related to the metrological conditions that have
greater impact, particularly the effective dilution of particles owing
to stronger turbulent mixing. The dilution effects are caused by
Fig. 4. Correlations between LDSA concentrations and (a) Black Carbon (eBC), (b) NOX, (c) To
Apr-2015.
metrological conditions, for instance wind direction and speed,
which control horizontal dilution, and the mixing layer height,
which controls the vertical extent. The impact of meteorology on
LDSA are discussed in detail in Section 3.4. The lower LDSA levels in
summer might also be due to loss of semi-volatile particle material
during the warm period. Similar patterns where observed for eBC
and NOx concentration in comparison to LDSA (see Fig. 2). The
similarity is likely due to LDSA and other parameters (eBC and NOx)
being influenced by the same factors such as traffic emissions,
vertical dilution conditions and metrological conditions (mixing
height, and temperature). The uncertainty bars shown in Fig. 2
represent the standard deviations based on the 30 min values of
LDSA, eBC, and NOX concentrations. Higher standard deviations are
observed during the cold period and this could be related to the
contrast of different weather systems that in cold season is stronger
than in warm season. It may be also linked to the inversion con-
ditions, suspension of aerosol particles for longer, lower wind speed
and build-up of LDSA as well as other parameters under favorable
inversion conditions.

3.2. Diurnal and weekly variations of LDSA, eBC, and NOX

The average weekly variations of the LDSA, eBC and NOx con-
centrations are shown in Fig. 3. The diurnal variation of the three
tal Particle Number concentration (NTOTAL) at AURN monitoring site from Nov-2013 to
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parameters is mainly determined by the emission pattern of the
dominant sources and the evolution of the mixing layer. The
average diurnal patterns of LDSA, eBC, and NOX based on half-hour
means are quite similar in shape. The main sources of eBC in urban
atmosphere are diesel vehicles and domestic heating while NOX is
mainly from traffic emissions (Carslaw et al., 2011; Viana et al.,
2012). During the cold period the impact of traffic was obvious on
workdays (Monday-Friday) when the highest LDSA concentration
was measured during morning and evening rush hours, between
6:00e9:00 LT and 18:00e21:00 LT respectively. This is seemingly
associated to the result of the high motor vehicle emissions com-
bined with a lower mixing layer height and lower temperature
(Reche et al., 2015). Peaks of LDSA concentrations were also
Fig. 5. Seasonal correlations between LDSA concentrations and (a) Black Carbon (eBC), (b)
Nov-2013 to Apr-2015.
observed on workday morning rush hour during the warm period,
but with lower absolute values than in the cold period. A similar
profile was observed for eBC and NOx concentrations when
compared with LDSA. The similar patterns suggest that LDSA is
influenced by mainly the traffic emissions in Leicester urban area.
The LDSA evening rush hour peaks in summermonths were usually
lower than the morning rush hour peaks likely related to the
stronger turbulent mixing and higher mixed layer depths, also
higher wind speed. It can be concluded that the late afternoon peak
is more influenced by local meteorology conditions than by
vehicular exhaust emissions. Interestingly, the LDSA pattern shows
an additional peak in the afternoon during the warm months. This
phenomena might be related to the NPF (see Section 3.5). The
NOX, (c) Total Particle Number concentration (NTOTAL) at AURN monitoring site from
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diurnal variations of the eBC, and NOX concentrations observed in
this work are in line with those observed in other studies for traffic
pollutant dominated locations (Gomi�s�cek et al., 2004; Harrison
et al., 1997; Jones and Harrison, 2005; Laxen et al., 2010).

There is other evidence that is confirmative to the relationship
between LDSA concentration and traffic emissions. During the
weekends, the diurnal variations for LDSA, eBC and NOX are similar,
but differ from those on weekdays. Without traffic rush hours,
lower concentrations were observed in the early morning. More-
over, the LDSA evening peak onweekends in the cold period shows
higher than that observed during the warm period. This observa-
tion might be related to the increasing traffic activity owing to that
people are going out for restaurants or shopping at late afternoon,
and also may impact of higher emissions from cooking and do-
mestic heating when people staying at home during weekends
(Allan et al., 2010). Additional weekend contributions to LDSA stem
from events such as barbeques and late night activities on Satur-
days, which result in a peak occurring later in the day and lasting
for longer.
3.3. Correlation between LDSA and other pollutants (eBC, NOx and
NTOTAL)

To assess the relation of LDSA with more commonly monitored
pollutants, half-hourly LDSA were plotted against half-hourly eBC,
Fig. 6. Linear relationship between direct LDSA (from NSAM) and calculated LDSA (from P
20e400 nm, d) 400e1000 nm size ranges.
NOX and NTOTAL. The scatter plots between LDSA and the other
parameters from November 2013 to April 2015 at the AURN site are
presented in Fig. 4aec. The R2 for LDSA with eBC, NOX and NTOTAL,
were 0.52, 0.36, and 0.60 (Fig. 4aec), and Pearson's correlation
coefficients were 0.81, 0.77, and 0.80 (p < 0.05), respectively. These
results are similar to results from Barcelona (Reche et al., 2015). In
addition, seasonal correlation between LDSA and the other pol-
lutants were also observed (Fig. 5aec). The correlation considerably
increased when only using the cold period (Autumn and Winter)
data. The highest correlation (R2 ¼ 0.59e0.71) in the cold season
was found between the LDSA and the eBC and NOX as compared
with the summer months. The higher correlation indicates that
LDSA in cold season is more dominated by anthropogenic emission
such as traffic and heating. The weaker correlation was observed
between LDSA and the eBC in summer and with NOx in spring and
summer (R2 ¼ 0.34e0.35), suggesting that the LDSA in spring and
summer might be affected by photochemical new particle forma-
tion. The LDSA and NTOTAL concentrations in all seasons were
relatively well correlated (R2 ¼ 0.51e0.7); Overall, it can be
concluded that these correlations between LDSA with other pa-
rameters support the annual behavior and diurnal variations of
LDSA (discussed in Section 3.1 and 3.2) in that the LDSA concen-
trations in Leicester urban area are mainly dominated by road
transport emissions.

The correlation between LDSA and different size range of
NSD) concentrations for different particle size ranges, a) 10e30 nm, b) 20e100 nm, c)
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particle number concentrations measured by SMPS (not shown)
agreed with the results found in the previous study by Reche et al.
(2015). The results showed that the highest correlation between
LDSA and particle number size in the range 50e200 nm. However,
low correlation was observed between LDSA and particle number
concentrations in the size range 10e30 nm, as these particles are
outside the NSAM size range (20e400 nm). In addition, a proxy
LDSA was calculated from SMPS particle size distributions for the
entire period by the method described in (Reche et al., 2015). The
highest correlation (R2 ¼ 0.89) between the measured LDSA (from
NSAM) and calculated LDSA from PNSD encompassed the range
20e400 nm (see Fig. 6aed). In addition, the correlation between
calculated LDSA (30e200 nm) and eBC are shown in Fig. 7. The limit
size range of calculated LDSA (30e200 nm) is selected to cover the
main size range for eBC (Petzold et al., 2013; P�osfai et al., 2004;
Schwarz et al., 2006). Fig. 7a shows a good correlation
(R2 ¼ 0.6e0.75, r ¼ 0.82) between the calculated LDSA and eBC, as
well as similar diurnal profile for the calculated LDSA and eBC
(Fig. 7b). The level of agreement between eBC and the calculated
LDSA indicates that eBC might be a good indicator, measure or
Fig. 7. Linear relationships between the calculated LDSA and eBC: (a) scatterplots for
weekdays and weekends, (b) diurnal variation of the calculated LDSA and eBC.
estimate of health impacts in relation to LSDA.

3.4. Variation with wind speed and direction

Meteorological parameters play significant roles in determining
the concentration levels of air pollutants in urban areas. Previous
studies have shown that among the meteorological parameters,
wind speed is a significant factor governing the eBC and NOx
concentrations (Carslaw et al., 2006; Xu et al., 2011). In order to
investigate the impact of wind speed and direction on LDSA, as well
as eBC and NOx concentrations, wind map plots were generated for
showing the impact of wind conditions on these parameters (see
Fig. 8). Fig. 8aec shows the wind dependence of the LDSA, eBC, and
NOX concentrations generated using the half-hourly data from Nov
2013 to May 2015. A polar coordinate system was used dependent
on wind speed and direction (Ma et al., 2011; Xu et al., 2011). For
LDSA, themaximum concentration (Fig. 8a) occurs with calmwinds
(wind speed <2 m s�1, the red and yellow areas in the center of the
plots), independent of wind direction. This again reflects a combi-
nation of sources i.e. local emissions such as, traffic and domestic
heating and particulate size. What is clear from the polar plots is
that the contribution of emissions from the surrounding regions is
weak. It can be observed the highest average LDSA (dash-dot line) is
from the south and north westerly wind direction, affected by the
transport of aerosols fromboth directions. Themajor roads, the East
Midlands airport and Radcliffe upon Soar power station (both of
which are around 16.03miles far fromAURN station) are situated in
the South and North Westerly regions. For eBC, a similar feature
was observed, the maximum eBC (Fig. 8b) occurring when wind
speed below 2 m s�1. In the NW and SW directions, eBC concen-
trationswere higher for wind speed higher than 4m s�1. The reason
being that eBC is being transported from regions lying in those
directions. For NOX, similar patterns to LDSA and eBC are observed
with high NOx (Fig. 8c) levels found under low wind speeds
(<2 m s�1). It can be supposed that NOx is mainly dominated by
local sources and emissions. Under such an assumption, levels of
NOX, should display a simple decreasing trendwith increasingwind
speed to a background level. Such a relationship between NOX and
wind speed was found as well as modelled in previous studies
(Aldrin and Haff, 2005; Carslaw et al., 2006). The wind rose data
support the supposition that LDSA is dominated by local emissions,
including traffic and domestic heating emissions. Fig. 8d shows a
wind rose for the whole sampling period.

3.5. Contribution of new particle formation to LDSA

A recent study in Barcelona identified that NPF events affect
LDSA concentration in an urban area (Reche et al., 2015). Within
northern Europe, in Birmingham and Helsinki nucleation events in
urban atmosphere have been previously observed during noon
hours with a maximum during the spring season (Alam et al., 2003;
Hussein et al., 2008).

Over the SMPS sub-set period (3 months) of our work 14 NPF
event days where observed. A typical one was the nucleation event
with particle growth observed on May 3rd, 2014 as shown in Fig. 9.
During the event the peak wind speed observed was 2.3 ms�1, a SE
wind dominated in the morning and a SW wind dominated in the
afternoon, and the relative humidity remained low at 30e40%. To
explore the significance of nucleation events on the LDSA concen-
tration, particle number size distribution (10e1000 nm) were
studied. The nucleation events characterised by a clear growth in
particle size over a long period of time result in the classical “ba-
nana” shape (Heintzenberg et al., 2007; Kulmala and Kerminen,
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2008). A clear example of “banana-like” nucleation event is shown
in Fig. 9. The nucleation mode particles are observed in the
morning, and starts to grow in size at around 10:00, indicated as the
increase of 10e20 nm particle number concentrations. Moreover,
during the event particle number concentrations increased from
4837 particles cm�3 at 10:00 and reached the highest number
12,060 particles cm�3 around 13:30. Total particle volume con-
centrations were calculated by integrating the number size distri-
butions of size-resolved particles assuming spherical particles as
shown in the lowest panel of Fig. 9. During the NPF event (from
Fig. 8. Wind speed and direction dependence map of a) LDSA (mg2/cm3), b) eBC (mg/m3), c)
the shaded contour indicates the average of variables for varying wind speeds (radial directi
mean values for each wind direction.
10:00e18:00) the volume concentration has not been significantly
increased. The reason is that new particles are small (10e20 nm),
and therefore their contribution to the particle volume is insignif-
icant (Wehner and Wiedensohler, 2003). However, between
18:00e20:00, the volume concentration shows a peak, this prob-
ably owing to the influence of traffic emissions which is coincides
with evening rush hours. The particle number size distributions
showed a clear ‘banana’ shape, lasting from 10:00 up to 18:00,
indicated as high levels of 20e50 nm particle number concentra-
tions owing to the growth of newly formed particles to larger
NOX (mg/m3) at AURN site, d) wind frequency rose for the whole period. In each figure,
on) and wind direction (transverse direction). The dash-dot lines stand for the relative



Fig. 9. Contour plot of particle size distribution observed on 3rd May 2014. From bottom to top, the parameters are: (i) total Particle number and volume concentrations, (ii) contour
plot of particle size distributions, (iii) LDSA and eBC concentrations (iv) wind speed and relative humidity.
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particle sizes. During the NPF event LDSA concentrations increased
nearly doubly (from 15.5 mm2 cm�3 to 35.5 mm2 cm�3) which is
comparable to results from a previous study in urban Barcelona
(Reche et al., 2015) where an LDSA increase was observed during
such an event. In addition, the LDSA continues to increase after
18:00 until 22:00. This is probably being linked to the anthropo-
genic emissions (such as traffic and domestic heating emissions)
and also may effect of NPF on LDSA concentration. Significant in-
crease of eBC concentrations during the event are not observed, but
a slight increase is observed after 15:00 that might be related to the
traffic emissions; the average black carbon concentration was
0.58 mg m�3, lower than before and after the event at 1.59 mg m�3

and 1.53 mg m�3, respectively. Previous studies in the urban at-
mosphere of Singapore (Betha et al., 2013) and Barcelona (Reche
et al., 2011) showed similar trends in the diurnal variation of
black carbon during the NPF events.

To explore further the overall impact and extent of NPF on LDSA,
the diurnal variation of PNSD and LDSA for the NPF and non-NPF
event days where averaged as shown in Fig. 10a, and b. Fig. 10a
clearly shows the LDSA peak follows NPF peak while NOx does not.
Fig.10b shows the diurnal variation of non-NPF event days, it can be
seen there is no peak for the nucleation mode particles and also
LDSA has similar profile as nucleation mode particles. There seems
to be a generaliseable phenomenon that the NPF events can
contribute to an increase in LDSA, though there is a need to extend
this to full seasonal coverage.

4. Conclusions

In this study, LDSA concentrations and PNSD have been
measured in the Leicester urban atmosphere along with observa-
tions of eBC, and NOx concentrations. The annual average LDSA
concentration during this study was 29.5 mm2 cm�3, which was
lower than previously measured at most other urban backgrounds
with the exception of Zurich where the urban background was very
low. Strong seasonal values of LDSA, as well as eBC, and NOX, were
measured owing to the influence of metrological parameters and
dilution effects. Furthermore, the diurnal variation of LDSA con-
centrations observed can be rationalised in terms of the influence
of traffic emissions and any dilution effects.

An additional peak was also observed in the afternoon, during
thewarm season, which could be attributed to NPF events, owing to
its occurrence at a time when high traffic emissions are not nor-
mally observed. The existence of NPF events are confirmed by the
gradual increase in LDSA concentration to approximately double
their initial values. Increases in LDSA occurred whilst eBC concen-
trations were low, suggesting that the LDSA did not originate from a
fossil fuel combustion source, indicating NPF may be another
source of LDSA.

Overall, it can be concluded that vehicle emissions and biomass



Fig. 10. Diurnal variation of PNSD, LDSA, and NOx for a) NPF event days (n ¼ 14), and b) Non-NPF event days (n ¼ 72). Nnuc is the particle number concentrations when diameter
10e25 nm and Ntotal ¼ Particle number concentrations with diameter ¼ 10e1000 nm.
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burning, particular domestic heating in cold season, in an urban
area such as Leicester are the main sources of increased LDSA, eBC
and also particle number concentrations.
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