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a b s t r a c t

Concentrations and turbulent fluxes of accumulationmode particlesweremeasured during the 2004e2005
‘Canopy and Aerosol Particle Interaction in Toulouse Urban Layer’ project (CAPITOUL) at the top of two
intersecting street canyons and in the urbanboundary layer (UBL) inToulouse, France. Particle numberswere
strongly affected by boundary layer depth and showed limited sensitivity to local emissions. Differences in
the diurnal patterns of particle numberswere observed between the finer fraction (0.3e0.4 mm) and coarser
fraction (1.6e2.0 mm) of accumulation mode particles, indicating different processes of formation, evolution
and transportation may be dominant. Highest particle numbers were observed in the narrow street canyon
which had more limited local emissions and comparatively small particle fluxes. However, the improved
ventilation rate in the wider canyon was also associated with the downward mixing of particles into the
street canyon from theUBL. The results from this studyclearly illustrate the temporal and spatial variability of
particle numbers and fluxes in the urban atmosphere.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

High concentrations of particulate matter (PM) in the atmo-
sphere have repeatedly been shown to have significant impacts on
human health (Dockery et al., 1993;Wilson et al., 2001; Laden et al.,
2006; Zeger et al., 2008). In urban environments horizontal
dispersion is limited by building configurations below roof tops in
the urban canopy layer (UCL) (Vardoulakis et al., 2003). As
a consequence the ventilation provided by vertical transport
processes may play a significant role in determining street level
concentrations of PM. Vertical transport processes also provide an
important contribution to the net emission of PM from urban areas
(Martensson et al., 2006). Measurements of the rate of vertical
exchange of PM in the UCL and the urban boundary layer (UBL) aloft
therefore have the potential to improve our understanding of the
impact of PM on regional and global climate change processes
(IPCC, 2001; Liu and Daum, 2002; Martensson et al., 2006; Calvo
et al., 2008; Gomes et al., 2008).

A range of different size particles are observed in the urban
atmosphere. Three types of fine particles may be identified:
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nucleation and Aitken mode (which collectively are known as
ultrafines and are <0.1 mm in diameter) and accumulation mode
particles (0.1e2.5 mm) (Hussein et al., 2005; Birmili et al., 2001).
One mode of coarse particles (>2.5 mm) is also identified (Bloss,
2009). This study focuses on the vertical exchange processes
which govern particulate transport in urban environments. Accu-
mulation mode particles were chosen for this study as ultrafine
particles can show very rapid rates of particle formation which
approach those of turbulent transport, thereby confounding flux
measurements. Similarly, the smaller number of particles in the
coarse size fraction limits the statistical rigor of the analysis of
particle fluxes.

There are many sources of accumulation mode PM at different
heights within the urban atmosphere. For example, they may be re-
suspended or emitted locally at the surface from diesel exhaust
emissions (Morawska et al., 1998) and abrasion processes
(Aatmeeyata and Sharma, 2009), emitted directly into the UBL from
domestic heating, industrial and commercial chimney sources
(such as kitchens), transported into the urban region by advection
processes, or formed in the urban atmosphere as a result of phys-
ico-chemical changes such as coagulation and condensational
growth (Charron and Harrison, 2003).

Unlike nucleation mode particles or coarse particles, accumu-
lation mode particles have a longer residence time in the atmo-
sphere, determined primarily by the frequency of precipitation
events (Bloss, 2009). Once in the atmosphere particles are subject
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to mean and turbulent transport processes (Bauman et al., 1982;
Vakeva et al., 1999; Wehner and Wiedensohler, 2003). The
complexity of the underlying local and regional emissions, trans-
port and formation processes result in strong inter and intra site
variability (Wilson et al., 2005, Pakkanen et al., 2003; Weber et al.,
2006). For example, some previous studies have shown weak
correlations of accumulation mode particles with traffic and
meteorological parameters (Pakkanen et al., 2003; Weber et al.,
2006) while others report stronger correlations (e.g. Hussein
et al., 2006). Variations in concentration with height are also
reported with some studies identifying increased concentrations
near the surface explained by the dominance of local sources
(Morawska et al., 1999) and other reporting higher concentration
aloft or no variation with height, both explained by high rates of
long range transport and subsequent mixing downwards into the
street canyon (Colls and Micallef, 1999; Wehner and Wiedensohler,
2003; Park et al., 2004).

Some of the variability reported may be explained by the
different characteristics of particle size fractions within the accu-
mulation mode category. For example Pakkanen et al. (2003) argue
that in Helsinki concentrations of the 0.15e0.4 mm size fraction is
determined by local processes, whilst 0.4e1.3 mm size fraction
predominantly comes from long range transport processes. Longley
et al. (2004) also show a difference in the behaviour of particles in
these two accumulation mode size bands. They conclude that
whilst the smaller 0.1e0.5 mm size band observed in Manchester
show minimum concentrations pre-dawn and a marked peak
coinciding with the morning traffic flows, the larger 0.5e2.0 mm
band shows a more complex diurnal distribution.

An improved understanding of turbulent fluxes of PM is vital to
determining the dispersion of particles in an urban area. However,
very few studies have examined turbulent fluxes of particles (in any
size range) either within the UCL or the UBL above. Longley et al.
(2004) provide some of the only measurements of accumulation
Fig. 1. Map of Toulouse. Inset shows position of tow
mode particle fluxes within the UCL. The results showed a marked
diurnal cycle peaking during the day. This study however was
limited to two weeks in October, measurements were only made at
one site (though detailed variation with height are reported) and
did not include simultaneous measurements in the UBL.

This paper presents the results of a study carried out during the
Canopy and Aerosol Particle Interaction in Toulouse Urban Layer
(CAPITOUL) project in 2004e5 (Masson et al., 2008). Particle fluxes
were measured using the eddy covariance approach in the UBL and
at the top of two intersecting street canyons with very different
geometries, orientations and emissions characteristics. The aim of
the study is to document for the first time the spatial variability of
accumulation mode particles near roof top level within the UCL at
diurnal and seasonal scales. This study also compares fluxes of
accumulation mode particles within the UCL with those observed
in the UBL, providing the first simultaneous measurements of
particle fluxes within the two layers. Finally the temporal and
spatial variability of the emission rate of accumulation mode
particles from the UCL is calculated to ascertainwhether the surface
is acting as a net source or sink of particles. Due to limited
resources, this field study was not designed to provide a systematic
survey of the differences in fluxes associated with different street
geometry and orientation, but rather to examine two contrasting
street canyons to evaluate the magnitude and direction of any
differences observed within the UCL.

2. Methodology

2.1. Site description

Toulouse is an inland town located in the south-western part of
France (Fig. 1) (Pigeon et al., 2007). It is predominantly charac-
terised by deep, narrow street canyons irregularly orientated and
interspersed with several wider canyons which act as the main
er, Rue d’Alsace-Lorraine and Rue de la Pomme.
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arteries for traffic. Prevailing wind flows in Toulouse are either NW
or SE (Masson et al., 2008). Mean annual temperatures vary
between 4.8 �C in winter and 22.4 �C in summer (Pigeon et al.,
2007). Mean annual precipitation is 656 mm, with more precipi-
tation falling in summer than in winter (Pigeon et al., 2007).

The specific intersection studied in Toulouse is Rue de la Pomme
and Rue d’Alsace-Lorraine. Rue d’Alsace-Lorraine, oriented North-
South, is a main artery (and bus route) out of the city and is three
lanes wide (Fig. 1). It has an aspect ratio of approximately 0.85. Rue
de la Pomme is a narrower street oriented Northwest-Southeast
(Fig. 1). It has only a single lane of traffic (with an additional lane for
parking). It has an aspect ratio of approximately two (Masson et al.,
2008). Mean building height in this area is 20 m (Masson et al.,
2008) but neither street is perfectly symmetrical in cross-section.
2.2. Instrumentation

Turbulence data
The following sections describe instrumentation and data

collection relevant to the present study. For a detailed description
of all CAPITOUL methods refer to Masson et al. (2008). In the UBL
instruments were mounted on a 27.5 m pneumonic mast (Hilomast
NX30) that was extended vertically from a 20 m high roof top on
the northwest corner of the intersection (Masson et al., 2008). Data
analysed in this studywere restricted tomeasurements takenwhen
themast was in its highest position. During the observation periods
the stability was assessed using MonineObukhov similarity theory
(z0/L where L is the Obukhov length) which ranged from neutral to
unstable. Under these conditions the calculated fetch for the tower
was consistently within 500 m of the measurement site (Pigeon
et al., 2007). Within this region the surface characteristics of the
city are relatively homogenous.

In the UCL, booms were mounted at the top of each street
canyon extending one third of the way across each canyon. A 5 m
boom was attached to the West wall (E-facing) over Rue d’Alsace-
Lorraine and a 3 m boom was attached to the NE wall (SW-facing)
over Rue de la Pomme. Given that booms extended from only one
wall, andwere closer to thewall onwhich theyweremounted, they
may not be representative of flows fromorwithin the canyon under
all conditions. Stability in the Rue de la Pomme ranged from neutral
to unstable and in Rue d’Alsace-Lorraine from weakly stable to
unstable. Stable conditions were infrequently observed during at
night when winds were from the SE. The fetch for these sensors is
assumed to be contained within each street canyon.

The tower and booms were instrumented with turbulence
sensors and optical particle counters (GRIMM 1.108). Particle
concentrations were measured at a frequency of 1 Hz. The air was
drawn through a 1 m polished copper tube before reaching the
particle counter resulting in a time lag of 1 s. Three dimensional
wind speed and temperature were measured using a 50 Hz sonic
anemometer (Gill HS 50) in the UBL and two 10 Hz sonic
anemometers (RM Young) on the booms. Water vapour and carbon
dioxide concentrations were measured using infrared gas analysers
(Licor 7500). All the instruments were sampled and recorded by
two data acquisition computers. The instruments were inter-cali-
brated at the beginning and end of field work, and showed no offset
or drift.

Turbulence data were collected from March 2004 to February
2005. However, PM was only sampled during intensive observation
periods (IOPs) during the summer (July and August, 2004) and
winter months (January and February, 2005). For the purposes of
this data these two IOPs have been analysed in order to make
seasonal comparisons. During this period there was some data loss
due to precipitation.
Few studies have discussed the need for standard corrections for
the eddy covariance method for particle fluxes (Buzorius et al.,
1998; Pryor et al., 2008). In this study special consideration was
given to the PM data as a consequence of the non-ideal instru-
mental set-up. Spikes were removed from the turbulence data by
applying a band of 3.5s (Højstrup 1993), a linear regression used to
remove long term trends (Gash and Culf, 1996) and standard Webb
correction and stationarity tests were applied to all fluxes including
particulate fluxes (Foken and Wichura, 1996). Following the theo-
retical considerations proposed in Leuning and Judd (1996) and
Aubinet et al. (2000) the impact of sensor separation on the
resulting fluxes was calculated to be negligible. Analysis of CO2
fluxes at 10 Hz and at 1 Hz showed that errors associated with the
slow sampling rate of particles fluxes were very small. Emission
velocities were calculated following Longley et al. (2004).

Boundary layer depth
During the IOPs radiosondes (Vaisala RS92) were launched from

the city centre about 500 m from the tower measurement site
approximately 5 times per 24 hour period with a vertical resolution
of approximately 5 m. Due to local time changes, releases occurred
at different times during the summer and winter. BL depth was
assessed using four different indicators:

a) the maximum relative humidity level below 5000 m (Marsik
et al., 1995; Seibert et al., 2005)
b) the maximum of the second derivative of the potential
temperature between 200 and 5000 m (Sullivan et al., 1998)
c) the minimum of the second derivative of the water vapour
mixing ratio between 200 and 5000 m (Couvreux et al., 2005)
d) the lowest point below 5000 m where the virtual potential
temperature is greater than the average virtual potential
temperature of the levels below (Marsik et al., 1995; Seibert
et al., 2005)

The results were compared and the lowest returned value
chosen as indicative of boundary layer depth. A visual check was
performed to verify the estimates. Data were available from 6 days
during the summer IOP and 7 days for the winter IOP.

Traffic data
Two road traffic counters were located within a 500 m radius of

the measurement site on Rue d’Alsace-Lorraine and Rue Lafayette.
All the available hourly data for July 2004 and January 2005 were
averaged to provide mean daily traffic flows.

3. Results & discussion

3.1. Diurnal trends in mean particulate numbers

Throughout the year mean concentrations of PM in both the UCL
and UBL show a marked sensitivity to boundary layer (BL) depth
(Figs. 2 and 3). Peak particle numbers are observed during the night
(when the BL is shallow) and a rapid decrease in numbers is
observed during the morning period consistent with the growth of
the BL (Fig. 3aed). Further, during the winter when maximum BL
depths are approximately 10% of the summer value particle
numbers are up to six times higher (Figs. 2 and 3aed) (though
increased emissions from space heating and chimneys are also
expected at this time (Pigeon et al., 2007; Calvo et al., 2008)).
Despite this, the diurnal decrease in concentrations in both seasons
is about 50% of the nocturnal maxima. If dilution effects alone
accounted for the observed diurnal variation in concentrations we
might expect to see much lower daytime concentrations in the
summer than currently observed. This suggests that additional
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Fig. 2. Mean boundary layer depths observed during a) the summer IOP and b) the
winter IOP.
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particle formation, evolution and transportation processes may be
active during the summer daytime period.

Gomes et al. (2008) and Calvo et al. (2008) also note the strong
influence of boundary layer depth on aerosol concentrations in the
Toulouse region across a wide range of particle sizes. These diurnal
trends are consistent with other particle studies in regions where
long range transport of particles has been identified as important
and meteorological variables a strong determinant of concentra-
tions such as those reported (e.g. Hussein et al., (2006) and Nicolás
et al., (2009)). However, in Toulouse, significant correlations were
not observed between particle number and wind speed, tempera-
ture or stability during either the summer or winter months.
Increased numbers of accumulationmode particles were associated
with NW winds (during the summer concentrations increased by
150% in the UBL, 143% in Rue d’Alsace-Lorraine and 142% in Rue de
la Pomme, whilst in the winter all sites increased by 137%) when
compared to winds from the SE. Given the low number of samples
from other wind directions a pollution wind rose could not be
identified, however the consistency of reporting between sites
suggests a non-local source may account for this trend.

Despite the dominance of boundary layer effects, diurnal trends
associated with local emissions were also identified in the Toulouse
data set. For example, during the summer months a traffic-related
increase is observed in both the finer (0.3e0.4 mm) and coarser
(1.6e2.0 mm) particle size fractions between 0400 and 0600 UTC in
the UCL (Figs. 3a,b and 4).
Interestingly, during the summer increased particle numbers
during the morning rush hour are only reported in the UBL in the
coarser fraction. Also, particle numbers of both size fractions are
higher in the UCL than in the UBL during the daytime period. This
suggests that the smaller size fraction may be sensitive to different
particle sources, transport and/or evolution processes operating
only in the UBL. During the evening period, a distinct traffic-related
rush hour is not observed in Toulouse.

During the winter months a traffic-related increase in concen-
trations is observed between 0500 and 0700 UTC in both the UBL
and UCL in both size fractions, but especially the coarser fraction
where numbers are almost doubled (Fig. 3c,d and 4). During this
season sunrise occurs after the main increase in traffic flows at
0730 UTC so we might expect to see a larger effect from any local
surface based sources due to the shallower BL. The smaller increase
in numbers of particles in the 0.3e0.4 mm finer fraction may reflect
the seasonally higher numbers of particles in this size fraction from
space heating emissions. Further, numbers of particles in this size
fraction were consistently higher in the UBL than UCL. (Particulate
data for Rue de la Pomme was unavailable for the winter period.)
These trends are consistent with the increased dominance of space
heating emissions. Charron and Harrison (2003) identify a decrease
in concentrations of accumulation mode particles during periods of
high emissions of nano-particles. This effect was not observed in
Toulouse.

During both seasons, concentrations of 0.3e0.4 mm size PM in
the UBL were higher than in Rue d’Alsace-Lorraine during the night
(Fig. 3a,c). This suggests that during the night there is only weak
coupling of the UBL with the UCL. Transport, emission, particle
formation processes or reduced mixing depths affecting only the
UBL allow particle numbers to build up in the air aloft, and the
absence of efficient vertical transport processes inhibits the mixing
of these particles down into the UCL below. (This is discussed
further in later sections.)

Unexpectedly, concentrations of 0.3e0.4 mm size PM were
higher in Rue de la Pomme than both those observed in the UBL and
Rue d’Alsace-Lorraine throughout the summer diurnal cycle.
Previous studies have shown that when prevailing wind flows are
perpendicular to a street canyon (as they were along Rue d’Alsace-
Lorraine during this field experiment) flow isolation can lead to
much higher concentrations of fine PM (Longley et al. 2004).
However, stagnant air flows have also been shown to favour
increased particle numbers through reduced vertical dispersion
and promotion of particle to particle coagulation and particles
growth due to condensation of semi-volatile gases (Pey et al., 2008;
Nicolás et al., 2009). This may be the case for Rue de la Pomme.
Certainly, the diurnal cycle shows a lag between the start of the
morning dilution in Rue d’Alsace-Lorraine and Rue de la Pomme
and the dilution effect is less pronounced. Further, given the lighter
traffic flows and the absence of any additional local sources in Rue
de la Pomme it is unlikely that primary emissions account for
increased particle numbers. It is interesting to note that the
apparent storage of particles observed in Rue de la Pommewas less
marked in the larger size class. Indeed, during the summer
nocturnal periods concentrations approach those observed in the
UBL and during the daytime period are very similar to those
observed in Rue d’Alsace-Lorraine.

3.2. Particle fluxes

During the summer months particle number fluxes (calculated
for the 0.3e0.4 mm size fraction only) show a marked diurnal cycle
in the UCL and UBL (Fig. 5a). Despite lower particle numbers, higher
fluxes and emission velocities were observed in Rue d’Alsace-
Lorraine compared to Rue de la Pomme during the afternoon period
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Fig. 3. Diurnal variability in particle number for a) 0.3 mm < Dp < 0.4 mm and b) 1.6 mm < Dp < 2.0 mm during the summer and for c) 0.3 mm < Dp < 0.4 mm and d)
1.6 mm < Dp < 2.0 mm size fraction during the winter IOPs.
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(Fig. 6a) suggesting that vertical mixing processes are less efficient
from this narrow street canyon. Further, although particle fluxes
from Rue de la Pomme and Rue d’Alsace-Lorraine are very similar
during the nocturnal period, on average nocturnal emissions from
Rue d’Alsace-Lorraine are higher than those observed in Rue de la
Pomme (Fig. 6a) and sometimes twice as large. Given the higher
numbers and rapid build up particles in Rue Pomme (especially in
the early evening) it is likely that particle fluxes from Rue de la
Pomme are also limited by energetics during this period.

In both the UBL and UCL particle fluxes are affected by wind
direction. In the UBL larger fluxes are associated with winds from
the SE (Fig. 7a). Two localised peaks in the flux are observed during
the summer at 1100 UTC and between 1800 and 2100 UTC (Fig. 7a).
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Fig. 4. Mean diurnal traffic flow volumes for two streets within 500 m of the study site
in Toulouse for July 2004 and January 2005.
These are not related to peaks in local traffic flows and are not
mirrored in the UCL fluxes suggesting that surface sources are
unlikely. It is also unlikely that the peaks are accounted for by the
entrainment of particles stored aloft in the growing or collapsing
boundary layer, as this would be characterised by a negative
(downward) flux.

One factor which can affect particle growth rates is the local
relative humidity. Analysis of the latent heat fluxes does show an
increase in the latent heat flux in the UBL compared to the UCL in
the summer during these periods (Fig. 5c) which could promote
particle growth. Analysis bywind direction shows that the morning
peak is independent of wind regime indicating local growth
processes may be dominating (Fig. 7a). However, the evening peak
is reduced and lagged by 2 h during NWwinds which suggests that
horizontal transport processes may become more important under
this wind regime (Fig. 7a). Thus either long range transport of aged
particles from elsewhere, or increased rates of situ coagulation and
condensation processes localised to the UBL may account for the
increased particle fluxes.

In the UCL increased fluxes are associated with NW winds. It is
interesting to note that the 1100 UTC peak in particle fluxes in the
UBL is coincident with the apparent drop in fluxes from Rue d’Al-
sace-Lorraine alone. At this time particle numbers are similar at the
two heights. This switch from emission to deposition processes is
a real effect in the data set which is found repeatedly on days when
the winds were from the SE (Fig. 7b). This suggests that particles
from aloft are being transported into Rue d’Alsace-Lorraine under
these conditions. When flows are from the SE we would expect
helical flows to entrain air from the UBL into Rue d’Alsace-Lorraine
down the east-facing wall which is the side closest to which the
instruments were mounted. When the winds are from the NW this
effect is not apparent in the data set. Under these conditions flows
would be expected to be exiting the street canyon up the east-
facing wall loaded with particles from ground level. A more subtle
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Fig. 5. Diurnal variation in 0.3 mm < Dp < 0.4 mm particle fluxes from the UBL, Rue d’Alsace-Lorraine and Rue de la Pomme during a) summer and b) winter periods and latent heat
fluxes from Rue de la Pomme, Rue Alsace and the UBL during c) summer and d) winter.
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reduction in fluxes from Rue d’Alsace-Lorraine can be observed in
the evening period during SE wind regimes.

The absence of a coincident drop in fluxes in Rue de la Pomme
(Fig. 7c) further supports the hypothesis that the coupling between
the UBL and this narrower street canyon is less efficient. However,
a

b

Fig. 6. Diurnal variation in emission velocities for 0.3 mm < Dp < 0.4 mm particles from th
the fluxes in Rue de la Pomme do show marked differences with
wind regime. Fluxes are higher during the daytime period when
winds are from the SE. Although we might expect increased
concentrations of particles during SE winds to be associated with
the advection of particles from Rue d’Alsace-Lorraine, there is no
e UBL, Rue d’Alsace-Lorraine and Rue de la Pomme during a) summer and b) winter.



a b 

c 

d e

Fig. 7. Diurnal variation in 0.3 mm < Dp < 0.4 mm particle fluxes by wind regime for the summer period for a) UBL, b) Rue d’Alsace-Lorraine and c) Rue de la Pomme and winter
period for d) UBL and e) Rue d’Alsace-Lorraine.
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evidence for increased concentrations of PM associated with winds
from this direction. Under both wind flow regimes, winds within
Rue Pomme are parallel to the canyon, thus a difference in the
efficiency of vertical transport was not expected. However, given
a 

b 

Fig. 8. Diurnal variation in stability by wind regime for
the proximity of the boom to the intersection it is possible that
complex flow patterns not detected with a single instrument may
account for increased mixing, which in turn reduces particulate
storage within the canyon accounting for reduced particle
Rue d’Alsace-Lorraine for a) summer and b) winter.
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numbers. This needs further investigation with a detailed numer-
ical model.

During the winter period the fluxes from both Rue d’Alsace-
Lorraine and the UBL are significantly higher than during the
summer months. This increase probably reflects the higher number
of particles present in the atmosphere (Fig. 3) rather than improved
efficiency of the vertical transport processes. In both the UBL and
UCL the winter fluxes are also characterised by much greater
temporal variability (Fig. 5b). Fluxes may vary bymore than a factor
of 4 from hour to hour and identification of clear mean diurnal
trends is more challenging. This reflects the ephemeral nature of
local sources such as chimney plumes, as opposed to the more
homogeneous processes of accumulation and long range transport
which may dominate during the summer period (Calvo et al., 2008;
Gomes et al., 2008). The fluxes remain sensitive to wind direction
(Fig. 7d,e).

Two distinct peaks are still discernable in the winter UBL data
set, similar to the summer conditions (Fig. 5b). The first peak occurs
earlier however at 0900 UTC and the second is much more
temporally localised at 1900 UTC than the summer peak. A clear
relationship between these peaks and latent heat fluxes is not
observed. Analysis by wind direction shows a marked lag in the
peaks (Fig. 7d), suggestive of horizontal transport processes rather
than in-situ formation.

Interestingly a drop in the fluxes in Rue d’Alsace-Lorraine
coincident with the UBL peak is not observed associated with either
wind direction during the winter months (Fig. 7e). Mean number
counts show that particle concentrations in the UBL and UCL do not
equalise (indicative of a coupled system) until much later during
the winter period (1100 UTC). Further, the MonineObukhov
stability function for Rue d’Alsace-Lorraine indicates that unlike
during the summer period, in the winter this peak in fluxes in the
UBL coincides with a period when conditions in Rue d’Alsace-
Lorraine are stable (Fig. 8a,b). Thus limited vertical mixing in the
winter limits the transport of PM from the UBL into the UCL during
the morning.

The second peak in particle fluxes in the winter in the UBL is
mirrored by a small decrease in fluxes in Rue d’Alsace-Lorraine,
suggesting that at 1900 UTC the sites are better coupled at this time.
This is supported by particle number data (Fig. 3) and occurs
despite the development of the nocturnal boundary layer.

4. Conclusions

This study has clearly illustrated the temporal and spatial vari-
ability of particle numbers and fluxes in the UCL. It has also shown
the variable nature of the coupling between the two layers and the
importance of vertical exchange processes in both removing
particles from the surface and introducing new particles from aloft.
The results demonstrate that there is a strong relation between
boundary layer characteristics and accumulation mode particles in
Toulouse during the summer and winter. This is consistent with
other studies in urban areas where horizontal transport of particles
in the UBL have been shown to be important. Thus local surface
sources of primary fine PM (such as traffic-related emissions) only
have a limited role in determining concentrations either in the UBL
or UCL. However, like the Longley et al. (2004) study, differences in
the diurnal patterns of particle numbers were observed within the
size band of accumulation mode particles. This indicates that
within the broad category of accumulation mode particles different
processes of formation, evolution and transportation may be
dominant at different size fractions.

In the UCL particle numbers were highest in the narrow street
canyon (Rue de la Pomme) which had limited local emission
sources and reduced particle fluxes and emission velocity were
observed. This demonstrates the importance of vertical mixing
processes in determining concentrations, as poor coupling to the
UBL not only limits ventilation but also provides the potential for
in-situ formation and accumulation of particles within the UCL.

These results have implications for pollutant exposure studies.
For example, although many studies have shown reduced concen-
trations of gaseous pollutants such as carbon monoxide away from
heavily trafficked roads (Tomlin et al., 2009), ventilation processes
may reverse this effect. Further, although both emission velocities
and particle number fluxes were higher in the wider, more heavily
trafficked street canyon (Rue d’Alsace-Lorraine), there was also
evidence for the downward mixing of particles from the UBL into
the street canyon. This needs further exploration in a more detailed
study which avoids the problems associated with single point
measurements in the complex geometry of the UCL. More detailed
modelling and experimental studies are also required to determine
the local rates of accumulation mode particle production in the UBL
and UCL in order to develop a more comprehensive understanding
of the factors determining concentrations and emission rates from
urban areas. Nevertheless the results clearly demonstrate the
influence of canyon orientation and geometry in determining not
only pedestrian exposure but also the impact of local surface based
emissions on urban and regional climates.
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