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Abstract. The REgentsPARk and Tower Environmental  of measurements of airborne particle physical metrics and
Experiment (REPARTEE) comprised two campaigns in Lon- chemical composition were made as well as measurements
don in October 2006 and October/November 2007. The exof a considerable range of gas phase species and the fluxes of
periment design involved measurements at a heavily trafboth particulate and gas phase substances. Significant find-
ficked roadside site, two urban background sites and an elings include (a) demonstration of the evaporation of traffic-
evated site at 160-190 m above ground on the BT Towergenerated nanoparticles during both horizontal and vertical
supplemented in the second campaign by Doppler lidar meaatmospheric transport; (b) generation of a large base of in-
surements of atmospheric vertical structure. A wide rangeformation on the fluxes of nanoparticles, accumulation mode
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3066 R. M. Harrison et al.: Atmospheric chemistry and physics in the atmosphere of London

particles and specific chemical components of the aerosdlollowing the Great Smog of 1952 which is estimated to have
and a range of gas phase species, as well as the elucidatimaused 4000 excess deaths (Brunekreef and Holgate, 2002).
of key processes and comparison with emissions inventoriesSmokeless fuel legislation and near-universal availability of
(c) quantification of vertical gradients in selected aerosol anccleaner energy from gas consumption led to a rapid decline
trace gas species which has demonstrated the important rola both black smoke and sulphur dioxide through the 1960s
of regional transport in influencing concentrations of sul- and 1970s in London. Concurrent with this change in emis-
phate, nitrate and secondary organic compounds within theions, a massive growth in road traffic took place, leading
atmosphere of London; (d) generation of new data on theto problems with emissions of carbon monoxide and oxides
atmospheric structure and turbulence above London, includef nitrogen, such that when a major pollution episode oc-
ing the estimation of mixed layer depths; (e) provision of curred in London in December 1991, the main toxic pollu-
new data on trace gas dispersion in the urban atmosphertants were nitrogen dioxide, which reached an hourly mean
through the release of purposeful tracers; (f) the determinaef 423 ppb, and black smoke, with daily concentrations of
tion of spatial differences in aerosol particle size distribu-up to 148ugms3. Effects on health were measurable in
tions and their interpretation in terms of sources and physicoterms of increased mortality and hospital admissions, but at
chemical transformations; (g) studies of the nocturnal oxida-a much lower level than in December 1952 (Anderson et al.,
tion of nitrogen oxides and of the diurnal behaviour of nitrate 1995). The pollutant responsible appears most likely to have
aerosol in the urban atmosphere, and (h) new information orbeen particulate matter, which was not determined directly
the chemical composition and source apportionment of parby mass in London until the advent of an automatic urban
ticulate matter size fractions in the atmosphere of Londonmonitoring network in 1992. In the intervening period there
derived both from bulk chemical analysis and aerosol mas$as been a decline in sulphate accompanied by an increase in
spectrometry with two instrument types. nitrate particles, and a reduction in vehicle exhaust particles.
Three-way catalysts have led to a tremendous improvement
in ambient concentrations of carbon monoxide and Volatile
Organic Compounds (VOC), the latter assisted by controls
1 Introduction on evaporative emissions from vehicles and petrol stations
(Stage 1 control only). Emissions of sulphur dioxide and
Air quality provides one of the main drivers for the study primary sulphate from road vehicles have declined to very
of atmospheric science. Whilst climate change presents gow levels as a result of requirements for ultra-low and sub-
massive challenge to mankind on future decadal timescalessequently zero sulphur gasoline and diesel fuels. Despite
local air quality has presented major public health issues folprogressively stricter emission standards for primary parti-
past centuries, and continues to do so to this day. Althougltles and precursors of secondary pollutants from traffic and
developed countries have made considerable progress in inindustry, concentrations of airborne Ry/have changed lit-
proving air quality, there remain major impacts upon public tle in London (and other UK cities) since 2000 for reasons
health in Europe and North America (Kunzli et al., 2000; which are poorly understood (Harrison et al., 2008), and
Cohen et al., 2005; Brunekreef and Holgate, 2002). Whilehighlight the need for improved source apportionment stud-
much has been done to improve air quality on these contiies (Sanchez-Reyna et al., 2005). Urban road transport ac-
nents, in less developed countries, and especially those univity has increased across the UK by more than 15 % over
dergoing rapid development, air quality is not improving and the last decade and a half (RTS, 2006) except for London,
may indeed be deteriorating. Urban areas provide a naturaespite non-technological abatement proposals, and this cur-
focus for research on air quality as they face special probrently contributes the majority of urban regional ultrafine par-
lems due to the high emissions from space heating and roaficle emissions.
transport associated with their high population densities. In - Charron et al. (2007) used spatial analysis to estimate the
less developed countries, polluting industries may also be foroadside traffic-generated and general urban increments in
cussed largely within the confines of urban areas, greatly exPM;o. The Marylebone Road traffic increment in RV
acerbating urban air pollution problems. In the more devel-above the urban background measured at London, North
oped world, industry is not only subject to tighter regulation, Kensington was 12.6 ug™ at the annual average, and
but has largely moved out of major cities. Thus in the Unitedthe urban background increment above rural Harwell was
Kingdom, in the 1950s coal-fired power stations were a ma-6.3 pg nT2 for 2002—2004. Subsequently, Jones et al. (2008)
jor local source of emissions in London, whilst nowadays theused day-of-the-week differences in traffic emissions to esti-
main electric power generating stations are located well outmate that for background sites in London, the traffic contri-
side of the main cities, with consequent sulphur dioxide con-bution to the urban increment was 1.6—4.4 ggfnwith non-
centrations having long ago converged between urban angtaffic sources contributing 2.1-2.7 ugf As seen from
rural areas. the results of Charron et al. (2007), a large fraction of the
London has a long history of air quality problems (Brim- particulate matter pollution in London arises from regional
blecombe, 1987). These were only addressed with vigoutransport, and Abdalmogith and Harrison (2006) estimated
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that only 0.22 ugm? out of 2.90 ugm? of sulphate and trial zone and pond of Berre in 2001 (Cros et al., 2004). One
0.46 pg n3 out of 3.72 ug m* of nitrate in central London  of the main goals was to produce a 3-D database of emis-
in 2002-2004 arose from formation within London itself; sions, transport and air composition measurements during
rather they originate mainly from the regional background, urban pollution episodes generating photooxidant and sec-
which distinguishes London from cities such as Los Ange-ondary aerosol. Process studies included the role of the sea
les and Mexico City where much of the secondary aerosol idreeze in pollution events, quantification of deposition onto
formed within the urbanised area itself. Whilst a similar anal- aerosol, and aerosol formation in the urban plume, the inter-
ysis is not available for secondary organic aerosol in Londonaction between aerosols and photooxidants and the chemical
data from the West Midlands, the UK’s second major conur-regime within which ozone formation occurred.
bation, indicate that much of the organic aerosol is regionally The PUMA study in Birmingham, England involved inten-
distributed and does not have a discrete urban source (Harrsive campaigns within the city in the summer of 1999 and the
son and Yin, 2008). This is consistent with the paradigmwinter of 1999/2000. The aims of the study were to under-
proposed by Robinson et al. (2007) in which primary organicstand urban photooxidant chemistry at a fundamental level,
compounds in traffic-generated aerosol progressively desorhs well as to study aerosol composition and processes. There
prior to oxidation and incorporation into secondary organic were both experimental and modelling components (Harri-
aerosol, a process that presumably acts at a time-scale t@mn et al., 2006; Baggott et al., 2006) and the major out-
slow to create a marked urban increment in secondary oreomes included a much improved understanding of seasonal
ganic aerosol. influences on processes leading to hydroxyl radical forma-
Despite the importance of urban areas, and in particulation (Emmerson et al., 2005), and work on aerosol compo-
mega-cities for population exposure to air pollution, they sition which led to the development of the “pragmatic mass
have in general been studied far less than the regional oclosure model” for aerosol, which has subsequently proved
global atmosphere. In the case of urban climatology, theregpowerful in understanding the composition of aerosol at ur-
have been significant advances in recent decades (Arnfieldhan roadside, urban background and rural sites in the United
2003), but observations of meteorological variables within Kingdom (Harrison et al., 2003; Yin and Harrison, 2008).
most cities remain very sparse, despite far stronger gradi- MILAGRO (Megacity Initiative: Local and Global Re-
ents in meteorological fields in three dimensions within ur- search Observations) was a very large experiment conducted
ban as opposed to rural areas. The situation with respect tm or near Mexico City commencing in March 2006. The
urban atmospheric chemistry is arguably the opposite: rouexperiment used ground-based, airborne and satellite instru-
tine monitoring of composition for a very restricted range ments to study the urban plume downwind of the city with
of air quality pollutants (typically NO/N@NOy, SO, Os, a special focus upon atmospheric chemistry and particulate
CO, PMy, and in some cases Bl) has become progres- matter. The overview paper (Molina et al., 2010) reviews
sively more spatially intense as a result of public health con-over 120 papers from the campaign and summarises the main
cerns, but the amount of genuine process-oriented researdindings. Although the scientific advances made are impres-
on physico-chemical processes within the urban atmosphersive, they are of limited relevance to a European megacity
itself has been very limited. Despite the relatively intensive with a temperate climate.
monitoring activity, detailed three-dimensional studies of air  The focus of most past experiments has been upon urban
pollution processes are notably lacking. plume chemistry and the impact of urban emissions upon
It is appropriate to highlight some of the earlier urban air downwind regions. This has necessitated the use of both
quality/atmospheric chemistry experiments, focussing pri-ground-based and airborne observations. The latter have
marily upon Europe. The BERLIOZ (Berliner Ozonexper- used aircraft to provide rapid measurement capability in three
iment) campaign took place in Berlin in July/August 1998 spatial dimensions. This is appropriate to making measure-
(Platt et al., 2002). Over the period, 12 ground stationsments within urban plumes which rapidly expand in the verti-
were operated, with measurements made both upwind andal plane, but less so to observational studies within the city
downwind of Berlin within a range of 80 km. Additionally, itself, where the emissions have had less time to mix ver-
LIDAR, SODAR, radio sondes, balloons and aircraft were tically and the lower altitude limits imposed by air traffic
deployed with measurements 0§ NOy, VOC, CO, PAN, control requirements can provide a major limitation on the
HONO, HNG;, H20,, carbonyls, organic peroxides, key free deployment. From this perspective, urban towers may pro-
radicals and photolysis frequencies. The experiment convide a more suitable platform for measurements of vertical
tributed valuable knowledge on the contribution of the city profiles and fluxes above the city.
of Berlin to regional photooxidant formation and the mecha- There is limited information available of pollutant fluxes
nisms involved. above urban areas. Fluxes of gave now been measured
The ESCOMPTE (Experience sur Site pour Contraindrein several conurbations, and the first long-term time-series
des Moales de Pollution Atmostique et de Transport are emerging (e.g. Helfter et al., 2011; Vogt et al., 2011a).
d’Emissions) experiment took place in a 12@20km do-  However, most of these are focussed on residential, less
main covering the city of Marseille and the adjacent indus-dense locations because in many (notably US American) city
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centres the prevalence of highrise buildings makes flux mea-
surements difficult. Particle number flux measurements have
been made over only a few cities (e.g. Edinburgh, Helsinki,
Stockholm and NAnster; Dorsey et al., 2002; Schmidt and
Klemm, 2008; arvi et al., 2009; Nemitz et al., 2012b), and
fluxes of volatile organic compounds have previously been
reported for Mexico City and Houston. Over the lifetime of
the REPARTEE study and the collaborating CityFlux project
we have greatly improved the availability of flux measure-

ments, and measured number fluxes over Manchester and _

London (Martin et al., 2009), fluxes of aerosol submicron
chemical components over Edinburgh, Manchester and Lon-
don (Phillips et al., 2012), VOCs over Manchester and Lon-
don (Langford et al., 2009, 2010), and we have extended the
approach further to make the first urban flux measurements
of N2O, CO and @ (Famulari et al., 2010; and this paper).
London has a population of 7.6 million, whilst the Greater
London metropolitan area has between 12.3 and 13.9 mil-
lion, making it the largest in the European Union (Wroth
and Wiles, 2007). It has substantial air quality problems, es-
pecially in relation to nitrogen dioxide (AQEG, 2007) and
particulate matter (AQEG, 2005). One of the main stim-
uli for this research was the availability of an elevated sam-
pling platform on the BT telecommunications tower in cen-
tral London at heights of between 140-190 m, suitable for
measurements both of concentrations and fluxes. The Tower
lies within a typical commercial and residential area of cen-
tral London and close to a major park (Regents Park) suit-

R. M. Harrison et al.: Atmospheric chemistry and physics in the atmosphere of London

the BT tower and to use such information to better un-
derstand the respective roles of local emissions, local
transformations and regional transport of pollutants in
influencing the composition within and above London.

— To study the structure of the atmospheric boundary layer

and the influence of boundary layer vertical structure
upon trace gas and aerosol fluxes and air pollution pro-
cesses, especially in the context of diurnal changes.

To deploy purposeful tracer releases at ground level
while monitoring at the surface and aloft in order to
evaluate the dispersion of trace gases released at low
level within the city.

To determine spatial differences in aerosol particle size
distributions and to interpret those differences in terms
of the sources and physico-chemical transformations re-
sponsible.

To study the properties of nitrate aerosol in the at-
mosphere of London, together with mechanisms of
formation, physico-chemical properties and dynamics
of nitrate particles.

— To throw new light on the source apportionment of PM

PM25 and PMg in the atmosphere of London.

Towards those ends, two campaigns of one-month dura-
tion each, were held in 2006 and 2007, with a host of ad-

able for measurement of central urban background conceng, e instruments deployed both at ground-level and aloft.

trations. Hence, the experiment was named Regents
PARk andTowerEnvironmentaExperiment (REPARTEE).

In particular, the deployment of both Aerodyne Aerosol
Mass Spectrometers (AMS) and a TSI Aerosol Time-of-

Flight Mass Spectrometer (ATOFMS) has cast new light

Obijectives of REPARTEE

upon aerosol composition, sources and processes (Dall'Osto

et al., 2009a, b; Allan et al., 2010; Phillips et al, 2012), and

— To study aerosol chemical and dynamical processedhe use of a Doppler lidar to determine vertical atmospheric

within the atmosphere of central London in three spa-structure (Barlow et al., 2011) has aided the interpretation
tial dimensions. of vertical gradients in atmospheric composition and parti-

cle size distributions. Other highlights include novel urban

— To measure the fluxes of selected aerosol and gas phasfispersion experiments and generation of new insights into

species above the city, and where possible to comparfuxes of gaseous and particulate species above the city (Mar-

fluxes with estimates derived from emissions invento-tin et al., 2011a; Phillips et al., 2012; Langford et al., 2010;

ries. In this context, the work was coordinated with Helfter et al., 2011; Nemitz et al., 20123, c).

that on the CityFlux project in which fluxes were de-

termined over a number of UK cities as well as Swe-

den and, in collaboration with MILAGRO, Mexico City. 2 Campaigns, sites and instruments

Work from CityFlux has also been published outside of ) . )
this Special Issue (Martin et al., 2009; Petersson et al.,Jhereé were two intensive campaigns for the REPARTEE

2010; Thomas, 2007; Famulari et al., 2010; Langford Programme. Both u_sed essentially the same sampling plat-
et al., 2009), while some CityFlux related activities in forms, although the |_nstruments deployeq differed somewhat
Edinburgh and Manchester are also included in the SpePétween the campaigns. In both campaigns, measurements

cial Issue to provide a fuller understanding of UK urban Wereé made aloft on the BT tower and at ground-level
emission processes. in Regents Park, 1.2km apart. In the second campaign

(REPARTEE I1), a Doppler lidar instrument was deployed
— To quantify gradients in selected aerosol and trace gast a third site in the near vicinity. The main campaign sites,
species from ground-level to altitudes of sampling on together with sites used additionally for traffic-impacted

Atmos. Chem. Phys., 12, 3065114 2012 www.atmos-chem-phys.net/12/3065/2012/
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Fig. 1. Map of measurement sites used in REPARTEE. The IidarFig_ 2. The BT Tower, showing sampling locations.

was sited adjacent to the Marylebone Road site.

50 mlong 1/2 inch o.d. copper and PTFE pipes, respectively,

(Marylebone Road) and background (North Kensington)at 60 I mirmt and subsampled into the measurement instru-
measurements appear in Fig. 1. Some instruments locategients. Given the length of the inlets, temperature variations
on the BT tower were also used for vertical flux estimation. are expected to have been smoothed out by the time the sam-

The campaign dates were as follows:

REPARTEE | 1-31 October 2006
REPARTEE Il 17 October—15 November 2007

2.1 The sampling sites

BT Tower (BT Tower). (lat 523717.3Y' N; lon 08

pled air reaches the analysers. Thus, only the effect of den-
sity fluctuations due to fluctuations in the water vapour con-
tent were corrected for according to Webb et al. (1980), and
only for those instruments that do not already correct for wa-
ter vapour effects, such as the Aerosol Mass Spectrometer
and the fast ozone analyser. The correction procedures ap-
plied ignore the fact that the long inlet tubes may have in-
troduced a time-lag between the variations in water vapour
concentration and the measured pollutant concentrations and

20.12' W). This is the operational tower of British Telecom the correction may therefore be overestimated (lbrom et al.,
(60 Cleveland Street). It is a cylindrical tower, shown in 2007). However, relative corrections were small given the
Fig. 2, the top being 190 metres above ground-level. Thédarge fluxes in the urban environment. Due to the slow tur-
main platform for instruments was a well-ventilated balcony bulence high frequency losses in the inlet lines were esti-
(level T35) at a height of 160 ma.g.l. Inlet lines were in- mated to be negligible. Low frequency losses are assessed
stalled from the top of the lattice tower to connect with instru- in Sect. 4.10.2 below and demonstrate that 15 % of the flux
ments for flux determination which operated on level T35. may be lost with the flux averaging time of 30 min, which

A 3 axis ultrasonic anemometer (R3-50, Gill Instruments, Was nevertheless chosen for most instruments to balance the
UK) and weather station (Vaisala WXT510) were installed effects of flux losses and non-stationarities. A fuller descrip-
on top of the BT Tower located approximately 1.2 km to the tion of the setup and analysis methods is given by Nemitz et
east of the lidar site (itself close to the Marylebone Road sitedl- (2012a).

shown in Fig. 1). The Tower is the tallest building within

Regents ParkR. Park) (lat 5231'44” N; lon 0°09'09” W).

several kilometres of the site, with good exposure to windsThe park covers a total of about 2 krand mainly comprises

in all directions. The anemometer was clamped to an opereavily vegetated open parkland. There are two lightly traf-
lattice scaffolding tower of 12 m height, situated on top of ficked circular roads within the park and major roads on three
the main building structure and resulting in a measuremengxternal boundaries. The park is home to London Zoo which
height of 190 m, or approximately 9 times local mean build- is located 800 m from the air sampling site. Air sampling
ing height (Barlow et al., 2009). The sampling rate was took place within the inner circle in an area used mainly for
20 Hz and data were rotated into the mean wind direction ushorticulture. Most instruments were housed in a sea con-
ing the double-rotation method (Wilczak et al., 2001) prior tainer and a mobile laboratory, except a Partisol filter sampler
to flux density calculation. For measurement of fluxes of which was free-standing.

particles and chemical constituents, air samples were drawn In REPARTEE I, air was sampled from a height of 10 m
from an inlet adjacent to the ultrasonic anemometer throughthrough a vertical sample pipe of 150 mm diameter and was

www.atmos-chem-phys.net/12/3065/2012/
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sub-sampled from the main flow in an isokinetic manner asbe found in Martin et al. (2011a) and only a brief overview is
described by Dall’Osto et al. (2009b). In REPARTEE II, provided here.
sampling was from a mobile laboratory with an inlet at about Gaseous PFCs (0.25—-4 mole %) were released from stain-
2m. less steel silica lined canisters SA) with accurate monitor-
University of Westminsteftat 51°31'19.868’' N; lon 0°09 ing of flow rate, canister pressure and temperature. The low
21.58 W). A pulsed Doppler lidar (HALO Photonics), (ppav) atmospheric background concentration of the PFCs
housed in a van, was located in a basement level car parfacilitates small release rates10-®kgs™1). Air samples
at the University of Westminster. The lidar beam was emit-were collected in 10| Tedlar bags, where the sampling flow
ted within 1 m of street level. Two modes of operation were rate (0.2—11mint) was constant during any one experiment.
used: continuous vertical stare, and three-beam line of sighThe air samples were analysed no more than 1 month fol-
to derive wind profiles every 30 min (Pearson et al., 2009).lowing the tracer experiments by Gas Chromatography Mass
The general area was characterised by commercial and resBpectrometry run in Negative lon Chemical lonization Mode
dential buildings: near the Marylebone Road the mean build{GC-NICI-MS). Before introduction to the GC an Adsorp-
ing height is 21 m, plan area density is 0.4 (Barlow et al.,tion Desorption System (ADS) was used where a micro-
2009), whereas the source area for the BT Tower generallyrap containing 10 mg Carboxen 569, 40-50 Mesh (Supelco,
lies between 1 and 10 km distance, in which the mean build-Bellefonte, USA) maintained at-50°C during sampling
ing height is 9 m (Wood et al., 2010). was used in order to pre-concentrate the sample without ex-
Marylebone RoaqM. Road) (lat 5331'21” N; lon 0°09 ceeding the theoretical breakthrough volumes (Martin et al.,
17" W). Instruments were installed in a permanent monitor-2008, 2010a, b, 2011a, b; Patra et al., 2008; Petersson et al.,
ing station located at kerbside, 1 m from the busy six-lane2010; Shallcross et al., 2009; Simmonds et al., 2002; Wood

lets were sited about 3ma.g.l. at differing distances from theSPheric background mixing ratio in the 1-10 ppqv range is
road, mostly 1-3 m distant. achieved with a measurement uncertainty of about 5 %.

North Kensington(NK) (lat 51°3715'N; lon (P12 PFC Tracer experiments were conducted on five days; 2
49" W). This is a permanent station of the Automatic Urban JUne 2006 (01:30 to 01:40 p.m.) and 27 June 2006 (01:00 to

and Rural Network located in the grounds of Sion Manning 91:26 p.m.) ‘in central Manchester (Petersson et al., 2010)

School within a highly trafficked suburban area of London. &1d 25 Qctober 2_006 (01:50 to 01:50p.m.), 26 Octoper
Inlets are located about 3ma.g.l. The air pollution climate 2006 (01:50 to 02:50p.m.) and 7 November 2007 (01:00

at this site has been analysed in detail by Bigi and Harri-t© 05:20pm) in central London (Martin et al., 2011a). The
son (2010). methodology employed for the REPARTEE | experiments in

October 2006 was to release tracer at ground level, approx-
imately 1000 m upwind of the receptors. Three receptors
were located at the BT Tower (at altitudes of ground level,
. 150 m and 190 m) and three others on an equidistant arc from
Instruments were installed by a number of research 9roUPS e release point, also at ground level. During REPARTEE Il

details of s.pecmc Instruments appearing in Tablgs 1 and .2a more complicated arrangement of release points and sam-
Bulk chemical analyses of aerosol collected using the di-

h bartisol and MOUDI | q OElers was formulated (Martin et al., 2011a). Here, two tracer
chotomous Partisol an UDI samplers were con uctv_a elease points were set up and two sampling arcs downwind

according to the method_s reported by Yin and Harri- of these release points were made at ground level. Arc 1, with
son (2008), who alsp de_scnbe the methods for measuremeny samplers was-300 m and 750 m from the release points
of PM mass on Partisol filters. and arc 2, with five samplers (including one at the BT Tower)

_ were~500 m and 950 m from the release points. In addition,
2.3 Tracer release experiments two samplers were at elevated levels at the BT Tower as be-

fore and one ground level sampler was positioned between

During the 10 perfluorocarbon (PFC) tracer experiments conthe two release points, about 350 m downwind from the most
ducted during these campaigns three different PFCs (perfluadistant release point (relative to both arcs) and about 170 m
romethylcyclopentane, perfluoromethylcyclohexane and perupwind from the closer release point.
fluorodimethylcyclohexane) were used. The PFCs are inert,
non-toxic, and non-depositing making them ideal to use as
atmospheric tracers, good separation during analysis allowg Meteorological conditions and back trajectories
multiple tracers to be used in one experiment (Arnold et al.,
2004; Colvile et al., 2004; Martin et al., 2008, 2010a, b, 3.1 Meteorological variables: REPARTEE |
2011a, b; Patra et al., 2008; Petersson et al., 2010; Shall-
cross et al., 2009, Simmonds et al., 2002; White et al., 2010The conditions through the campaign are summarised in
Wood et al., 2009). A detailed experimental description canFig. 3. As expected, windspeeds were much higher on the BT

2.2 Instruments and aerosol bulk chemical analyses
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Table 1. Summary of measurements in REPARTEE | and Il at the BT Tower and Regents Park Sites.

Species measured Analytical technique  Instrument Temporal Detection  Measurement Campaign Responsible  Reference
(REPARTEE I/1) (Manufacturer) Resolution  limit Uncertainty ~ (REPARTEE- Institute
111
BT Tower
Turbulence & heat flux Ultrasonic anemometer R3Research Anemor@é-Hz; 1 U. Read-
ter (Gill Instruments) 30min ing/CEH
flux
Meteorology (", RH, P,  Capacitive detectors Weather Transmitter ~ 5min 1 KCL/CEH
precipitation, wind speed WXT510 (Vaisala Ltd.)
& direction)
Sub-micron non- Aerosol mass spectrome- Q-AMS/HR-ToF-AMS ~ 5min con- Conc: Max 1 CEH Jayne et
refractory Nl—f", NO;, ter for concentration and (Aerodyne Research centration; 10ng n3 (100ng n3, al. (2000);
5012( Cl-, Org & size flux Inc.) 30 min Flux: +20 %) DeCarlo et
4 —2s1 .
distribution (40-800 nm) flux sngnr<s al. (2006);
Nemitz et
al. (2008);
Phillips et al.
(20104, b)
Reactive gases (HN§) Wet-chemistry analyser GRAEGOR 60 min 20ngm3  Max 1 CEH Thomas et
HCI, NHz, SO, HONO) linking  denuder/steam (200ngnT3, al. (2009);
and water-soluble jet aerosol collector +20 %) Nemitz et
aerosol components sampling to online ion al. (2010)
in PMy 5/TSP (NHf, chromatography
NO3,SC;~, CI)
CO concentration & flux ~ Cold vapour fluores-AL-5002 (AeroLaser) 10 Hz; 1ppb i CEH Famulari et
cence 30min al. (2010)
flux
CO, concentration Infra-red gas analyser IRGA 7000/6262 10 Hz; 1ppm 1 CEH
& flux (LI-COR) 30min
flux
Concentration & flux of Proton transfer reaction PTR-MS (lonicon) 2Hz; | Lancaster/ Langford et
selected VOC (isoprene, mass spectrometer 30min CEH al. (2009,
monoterpenes, flux 2010)

methanol, acetone,
acetaldehyde, ...)

H>O concentration & Infra-red gas analyser IRGA 7000 (LI-COR) 10Hz; 10 ppm 1 CEH
flux 30min
flux
O3 flux Fast dry chemilumines- ROFI (CEH) 2Hz; | CEH
cence analyser 30min
flux
Size-segregated aerosolOptical Particle Spec- UHSAS (Particle Mea- 10Hz; 1l} CEH
number  flux (70— trometer surement Systems) 30min
1000 nm) flux
Ozone Uv photometry Model 205 (2B Tech-5min 1ppb +2% 1l Univ B’ham
nologies)
NO/NO,/NOx Chemiluminescence 42C-TL 5min 50 ppt +15% 1l Univ B’ham
with Mo converter (Thermo-Electron)
ENO3 + N2Osg LED-BBCEAS 15s 2 ppt 10-16 % 1l Univ Benton et al.
Cambridge (2010)
Particle number and flux ~ Butanol condensation CPC 3010A (TSl Inc.) 1s Dp > 1 Univ
10nm Manchester
Particle size distribution  Electrical mobility SMPS 3080L (TSlInc.) 90s 914 1 Univ
Dp Manchester
<673nm
Particle size distribution ~ Time-of-Flight APS 3321 (TSl Inc) 1s 5@ 1 Univ
Dp < Manchester
20 um
PMj1o, PMz 5, sulphate, Dichotomous sampler Partisol 2025D 24h <0.1pug nr3 | Univ B’ham

nitrate, chloride, organic
and elemental carbon

(24h)
Size and composition of Transmission electron  Philips FEI CM200 2h | KCL Smith et al.
individual particles microscope FEGTEM STEM (2012)
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Table 1. Continued.

Species measured Analytical Instrument Temporal  Detection limit Measurement Campaign  Responsible  Reference
technique (Manufacturer) Resolution Uncertainty (REPARTEE- Institute
(REPARTEE 1/11) 111
Regents Park
Meteorology (", RH, P, Capacitive detectors Weather Transmitteb min 1 CEH
precipitation, wind speed WXT510 (Vaisala Ltd)
& direction)
NO/NO2/NOx Chemiluminescence us- 42C-TL (Thermo Envi- 5min 50 ppt | CEH
ing thermal converter ron.)
O3 UV photometry 49 (Thermo Environ) 5min 1ppb | CEH
SO, Pulsed chemilumines- 43S (Thermo Environ.) 5min | CEH
cence
Particle size distribution  Electrical mobility SMPS 3080L (TSI Inc) 90s 914 1 Univ
Dp < Manchester
673 nm
Particle size distribution ~ Time-of-Flight APS 3321 (TSI Inc) 1s 5@ I Univ
Dp < Manchester
20 um
Particle number Butanol condensation UCPC 3776 (TSl Inc.) 1s Dp > i Univ
2.5nm Manchester
Particle size distribution  Electrical mobility DMPS (Univ. 1s 505< Univ
Manchester) Dp < Manchester
783 nm
Particle size distribution  Light scattering Model 1.108 (Grimm) 1s 39 I Univ
Dp < Manchester
20 um
Black carbon Multi-angle  absorption MAAP 5012 (Thermo i Univ Petzold and
photometer Scientific) Manchester  Schonlinner
(2004)
Particle number and flux ~ Butanol concentration CPC 3010A (TSl Inc.) 1s Dp > i Univ
10nm Manchester
Soot Particle soot absorption PSAP (Radiance 0-5x10°m1 I Univ
photometer Research) Manchester
Size and composition of Aerosol Time-of-Flight ATOFMS 3800 (TSlInc) <20s7! Univ B’ham Gard et al.
individual particles mass spectrometry (2997)
PMjo, PMy5, sulphate, Dichotomous sampler Model 2025D (Partisol) 24h <0.1pgnr3 Univ B'’ham
nitrate, chloride, organic,
and elemental carbon
(24h)
Windspeed, direction Sonic anemometry Research Anemometdiiz 0.02cms? I Univ
(Gill Instruments) Manchester
Temperature/relative hu- HMT 107 (Vaisala Ltd.) +0.2C+2% I Univ
midity RH Manchester
Sub-micron non- Aerosol mass spectrome- C-TOF-AMS (Aerdoyne 5min 10ngnt3 Max Univ Canagaratna
refractory NI—K, NO;, try Research Inc.) 100ngnT3 Manchester ~ (2007); Allan
SO, €I, org and size £20% etal. (2010)
dis
Sub-micron non- Aerosol mass spectrome-HR-TOF-AMS  (Aer- 5min 10ngnr3 Max I Univ Drewnick et
refractory NI—Q, NO;, try doyne Research Inc.) 100ngnt3 Manchester  al. (2005)
SC2~, CI-, org and size £20%
dist!
University of
Westminster
Atmospheric vertical Pulsed Doppler Lidar 0.25-1Hz 1l Univ Salford/
structure (Doppler Reading
velocity and backscatter)
Various Locations
Perfluorocarbon tracer  Bag sampling/ GC 5973 1-10ppq +5% 1 Univ Bristol Martin et al.
experiments GC-NICI-MS (Hewlett Packard) (20104, b,
2011a)

Note: KCL is Kings College, London and CEH is Centre for Ecology and Hydrology.
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Table 2. Summary of measurements in REPARTEE | and Il at the Marylebone Road and North Kensington sites.

Species measured Analytical Technique Operator Campaign

Marylebone Road

NO/NO,/NOx Chemiluminescence AURN I
Ozone u.v. absorption AURN I/l
Sulphur dioxide u.v. fluorescence AURN /1l
PMjg mass TEOM (grav. equiv.) AURN I
PMy 5 mass TEOM (grav. equiv.) AURN 1/l
Particle number concentration TSI 3022A CPC NPL I/l
Particle number distribution TSI13080 + TSI 3776 CPC NPL 1]
TSI 3321 APS Birmingham I

North Kensington

NO/NO>/NOx Chemiluminescence AURN I
Ozone u.v. absorption AURN I
Sulphur dioxide u.v. fluorescence AURN I/l
PM1g mass TEOM (grav. equiv.) AURN I
Particle number TSI 3022A CPC NPL I/l

Note: AURN = Automatic Urban & Rural Network operated on behalf of Dept. for Environment, Food & Rural Affairs.
NPL = National Physical Laboratory, operating particle counting and sizing instruments on behalf of Dept. for Environment, Food & Rural Affairs.
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Fig. 3. Local meteorological measurements from the R. Park and BT Tower sites during REPARTEE I. LRT indicates periods of long-range
transport.

Tower, averaging 7.6 0.3ms ! (s.d. of daily means) com- temperatures. While during daytime, average wind speeds
pared to 1.5- 0.8 ms™! at the Regents Park site. Wind direc- increased in Regents Park (Fig. S1 in Supplement), there was
tions varied little between the sites, reflecting the good expo-a slight decrease in average windspeed on the BT tower be-
sure and lack of building effects at both sites. There is lit- tween 07:00 and 15:00 (Fig. S1).

tle suggestion of a consistent directional wind shear (Fig. 3).

Temperature in REPARTEE | was consistently higher at the3.2 Meteorological variables: REPARTEE II

ground-level R. Park site, typically by abouf@, but on

some nights the temperatures converged, suggesting a statigeteorological conditions during REPARTEE Il appear in
atmosphere. Relative humidities averaged around 80 % (typFig. 4. Average wind speed values for the BT Tower were
ical of the UK) with a typical diurnal variation anti-correlated slightly lower (6.4+3ms™1) relative to REPARTEE |. Av-
with temperature. Relative humidities were generally highererage temperature at the BT tower (£2°C) and R. Park

on the Tower than in Regents Park, consistent with the lowel(10.44 3°C) were cooler than during REPARTEE |, and the
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Fig. 4. Local meteorological measurements from the R. Park and BT Tower sites during REPARTEE II.

J

1 Nov 07

Fig. 5. Examples of the types of air mass trajectory experiencéd)iREPARTEE | andb) REPARTEE II.

RH at the BT Tower (79.3 11 %) and R. Park (77 % 12 %) observed during REPARTEE Il (28 October and 8 Novem-
were similar. ber 2009).

Probably the largest difference between the two field stud-
ies was observed for the atmospheric pressure (correcte8.3 Back trajectories during REPARTEE |
to sea level), with higher values for the second field study
(1016 6 mb) relative to the first campaign (10@512mb).  Five day trajectories terminating in London at altitudes of
The higher variety of different air masses encountered for200, 500 and 1000 m were calculated by the HYSPLIT on-
the REPARTEE | was also reflected in a higher standardine model. These were categorised according to the origins
deviation for REPARTEE I. The relatively high pressures of the air masses received at midnight and 1200 each day.
in REPARTEE Il were frequently associated with cloudless The trajectories varied greatly from almost pure maritime
night skies, reflected in shallow nocturnal boundary layersajr (12:00 UTC on 6 October 2006), to those travelling over
(Barlow et al., 2011). France and Spain (12:00 UTC on 11 October 2006) or with
A number of precipitation events were recorded duringlargely polar origins (00:00 UTC on 22 October 2006) to
REPARTEE | (especially during the second part of the field air masses which had travelled over the European mainland
study; 18-26 October 2006) whilst only two events were for several days (00:00 UTC on 16 October 2006). These
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R. M. Harrison et al.: Atmospheric chemistry and physics in the atmosphere of London

Table 3. Classification of air mass origins during REPARTEE.

3075

Date Air mass origin

REPARTEE |

1-3 October 2006 N. Atlantic

3-5 October Polar/Scandinavia

5-8 October N. Atlantic

8-12 October Atlantic across France/Spain
12-14 October N. Atlantic

14-17 October
17-19 October
19-24 October

European continent (east)
European continent (south)
N. Atlantic across France/Spain

24-25 October N. Atlantic

25-27 October Atlantic across France/Spain
27-28 October Polar

29-31 October N. Atlantic

REPARTEE I

17—-20 October 2007 Polar

21-23 October

23-25 October

25-29 October

29 October—2 November
3—4 November

4-8 November

9 November

9-12 November

12 November

13-14 November

Polar via Scandinavia and near continent
European continent (north)

European continent (various)

N. Atlantic

N. Atlantic across France

N. Atlantic

South across France

N. Atlantic

Polar

N. Atlantic

15 November Central Europe across Scandinavia

examples appear in Fig. 5a. A generic classification of airair masses were crossing the near-continent before arriving
mass origins appears in Table 3. in the UK (e.g. 00:00UTC on 23 October). This was fol-
The month of October started with the dominance oflowed by a few days of persistently continental air masses
North Atlantic air, which continued until 3 October, when air (e.g. 12:00UTC on 26 October, Fig. 5b). By 29 Octo-
masses became more northerly, arriving after crossing northber, North Atlantic air had re-established its dominance
ern Scandinavia. By 5 October, the Atlantic air masses hade.g. 00:00 UTC on 1 November). Although, in some cases
once again taken over, with some trajectories to the UK passbriefly crossing France, Atlantic or polar air re-established
ing over France and Spain for a number of days from 8—12tself for the remainder of the campaign, until the last day
October. From 13-17 October the UK was subject to high(25 November), when an easterly circulation originating over
pressure and from 14-17 October air masses approachezentral Europe took over. Typical examples of back trajec-
from continental Europe, initially from the east, but by 18—20 tories appear in Fig. 5b, and Table 3 summarises the entire
October, a maritime circulation had re-established, but withcampaign.
air reaching the UK from a southerly sector crossing France.
These conditions persisted until 27 October when there was-5 Boundary layer structure
a brief spell of polar air, returning to a North Atlantic circu-

lation for the remainder of the month Boundary layer structure over urban areas can be com-

plex due to the heterogeneous, rough surface, and the ur-
ban heat island, caused by anthropogenic heat emissions,
reduced albedo and the delayed cooling of the urban sur-
The early days of the campaign were characterised by aiface at night (Roth, 2000). Both of these factors affect
masses originating over polar regions, typically northernthe mixing height, up to which surface-released pollutants
Greenland (e.g. 12:00UTC on 18 October, see Fig. 5b)are transported. During REPARTEE II, as part of the ex-
By 23 October, although still with northerly origins, the perimental strategy a Doppler lidar was deployed at the

3.4 Back trajectories during REPARTEE I
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Fig. 6. Doppler lidar observations on 31 October 2007 of backscatten—1sr—1, log;o scale), vertical wind velocityy (ms~1) and
variance of vertical wind velocityfj (m2 s~2). Observations show 1 min averages of 0.278 Hz data. Derived heights of boundary layer top,
aerosol layer and mixing height are also shown. Dashed line shows height of BT Tower (190 m).

study site to provide continuous measurements of bound- 160 -
ary layer turbulence. The set-up and results are reportec 140 - B aerosol layer
in this Special Issuehftp://www.atmos-chem-phys-discuss. 120 | height
net/speciaissue95.htnjl (Barlow et al., 2011), and are
the first quantitative observations of the structure of cen-
tral London’s boundary layer, following Spanton and
Williams (1988) sodar observations of mixing height.

The lidar operated in vertical stare mode with a 3.6 s in-

tegration time: Fig. 6 shows Doppler lidar observations of 20 | N"I“""“m““ ] I
backscatter, Doppler velocity and velocity variance for 31 (I e e ‘.‘ ‘“‘ 4 “""H""-"“‘-“‘J‘ e
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October 2007. Note that the lidar wavelength is 1.5 pm thus S RE3 S : 58 g %

the backscatter is mainly from relatively coarse aerosol par-
ticles. Many interesting features can be seen: from 00:00 to
06:00, high backscatter near the ground indicates an aerosglg. 7. Histogram of aerosol layer heighiygr, and mixing height,

layer of depthzagr, the top of which is marked. During the ;. in REPARTEE Il derived from Doppler lidar data. Bin width
same period, the variance shows there is little turbulence irequals lidar gate depth.

the layer. From 06:00 to 10:00, a layer of cloud is indicated

by high backscatter at ca. 1000 m; the vertical wind veloc-

ity shows downward mixing associated with the cloud, andceases, and the backscatter shows distinct layers of aerosols
an increase in turbulence in the layer at the ground — this isat different heights which evolve in the nocturnal boundary
marked by a black line as the mixing heigbfyy. After a layer.

brief break in cloud, the daytime convective mixing begins Figure 7 shows the frequency of occurrence of the two
from ca. 10:00 onwards: there is an increase in variance anderived heightszagr and zyy, for the 18 days of opera-
mixing height and the backscatter decreases as aerosol is digen for 30 min averaged periods. The lidar gates are 30 m
persed. Cloud tops the boundary layer until ca. 17:00. Therein depth, and the lowest operational gate was 90 to 120m
after zyy decreases rapidly as solar heating of the groundo which bothzagr andzyy defaulted if layers were below

aerosol layer / mixing height (m)
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0.60 - as: R. Park (5, 30, 18 6), BT Tower (4, 37, 1&8) and
M. Road (11, 46, 24 7); whereas Pl data for the four
sites gave minimum, maximum, average and one sigma stan-
dard deviation (all in pgm?3) as: NK (15, 65, 26-11),
M. Road (31, 91, 56 13), BT Tower (9, 49, 1£9) and
R. Park (10, 44, 18 8), respectively. Strong correlations
were found between PMNK and PMg R. Park 2 = 0.95;
——2_MH < 190 Yrp= 0.67X\k) and together with the zero intercept re-
=+ aer <190 flect the strong correlation between the two sites. Strong
PMyg correlations were also found between the BT Tower
000 ¥ A site and the two background sites of NR2(= 0.94; YT =
0 2 4 6 8 10 12 14 16 18 20 22 24 0.77Xnk —3) and R. Parkg2=0.96; YgT = 1.11Xnk — 3).
time The coarse fraction Ppt_10 was also found to be highly
correlated between R. Park and BT TowBF & 0.7; Yrp=
0.8XgT +1.5). Much weaker PNy correlations were found
between the roadside site M. Road and NK or R. Park
(R%2=0.45; Ymr = 0.78Xnk + 35), whereas the coarse frac-
tion (PMy5_10) was found to be poorly correlated between

this height, and thus undetectable. It can be seen that modf- Road and R. Parki® = 0.3; Yur = 1.8Xrp-+18) reflect-

of the time, both turbulence and aerosol layers were belownd the additional sources of coarse aerosols for the M. Road
ca. 500 m — given the autumnal timing of the campaign thesite likely to be associated with road dust and abrasion prod-
boundary layer was not expected to be deep. The observaiCts- _ o

tions showed a significant number of occasions when the The daily PMo Limit Value of 50 ugm® was exceeded
aerosol or turbulent layers appeared to be lower than thdor 3 days at NK (15-17 October) and almost every day at
BT Tower (190 m) according to the height derivation algo- the M. Road site but for only one day (16 October) for both
rithms. Figure 8 shows the diurnal cycle of the frequency of BT Tower and R. Park. The period of the 15-17 October was
occurrence ofagr andzuy < 190m. There are significant Subject to long range transport (LRT) of nitrate (Dall'Osto et
numbers of events at night where both layers appear to b@&l-, 2009b; Nemitz et al., 2012a), which was an appreciable
lower than the BT Tower — this indicates that the nocturnal@mponent of the aerosol mass loadings. Figure 9 shows that
urban boundary layer in London can become stratified; andor the NK, R. Park and BT Tower sites the impact of the
that the BT Tower measurements were then decoupled fronPNg range transport period of 14-17 October was evident
the surface. It is also notable that the two layer heights bein the PMy fraction, whilst although an increment was seen
have differently at night: the aerosol layer tends to deeperfluring the same period for the M. Road site, the trend was
at night, whilst the mixing height becomes shallower (Bar- /€ss pronounced. The coarse mode2My for the three
low et al., 2011), hence the difference in Fig. 8. It should beSites (Fig. 9b) did not show much variation for the month
noted that atmospheric pressure was unusually high durin§f October. By contrast, the fine component 24showed

the campaign compared to the UK climatology: high pres_the highest concentrations during LRT periods, with an en-
sure systems can lead to clear sky periods, and in turn to hancement of about a factor of 4 relative to the other days at
more stable boundary layer. Analysis of a longer term datasethe background sites (Fig. 9c).

would be required to establish how representative the current

normalised frequency

Fig. 8. Normalised frequency of occurrence of aerosol layggeR)
and mixing height{yH) being lower than BT Tower (190 m) dur-
ing REPARTEE Il campaign.

results are. 4.1.2 REPARTEEII
PMy data were not available for the R. Park and BT Tower
4 Overview of results and discussion sites, but PMp data from the M. Road and NK air qual-
ity monitoring stations were analysed (see Fig. 10). Mini-
4.1 Particulate matter, PMy 5, PM1gand PMs5_10 mum, maximum, average and one sigma standard deviation
(all in pg n3) for the two sites were: NK (12, 73, 2911)
4.1.1 REPARTEE/ and M. Road (24, 107, 48 18). PMp 5 concentrations were

available only for the M. Road site (11, 70, 2411 ug n13)
PM, 5 and PMg daily gravimetric measurements were taken and were on average about 65% of the totalifPMhass.
during REPARTEE | at the BT Tower site and the R. Park PMo exceeded the daily 50 pgm Limit Value on about
site. Moreover, data from the monitoring stations at M. Road50 % of days at M. Road, but only 3 times at the NK site (19
and NK were also included in the analysis (see Fig. 9).October, 4 and 5 November). Comparing the REPARTEE |
PM, 5 data for different sites gave minimum, maximum, and Il campaigns, average concentrations were fairly simi-
average and one sigma standard deviation (all in pé)m lar. However, while concentrations at M. Road were found to
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exceed 50 pg P on almost every day during REPARTEE |, dominance of winds from the southerly sector than during

they exceeded only for about half of days during REPAR-REPARTEE II.

TEE Il, which was also reflected by average concentrations

that were higher in the first campaign &3 ugnt3versus 4.2 Major component composition

48+ 18 pg n2 for REPARTEE | and |1, respectively). The

explanation for this difference lies with the street canyon na-Daily samples of fine and coarse particulate matter from the

ture of the Marylebone Road sampling site. This is locatedR. Park and BT Tower sites collected in REPARTEE | were

on the southern side of the canyon such that as a result ginalysed for major components, i.e. §'ONO_, Cl—, oC

the vortex set up within the canyon, the on-road traffic emis-(Organic Carbon), EC (Elemental Carbon). The results for

sions are sampled in addition to the local background wheritrate and sulphate in the fine fraction appear in Fig. 11a

winds have a southerly component, but when winds are fronrind b. The two ions show a strong divergence in behaviour

the northerly sector, the sampling site is exposed predomiwith sulphate concentrations at the two sites tracking one an-

nantly to background air from outside of the canyon. During other closely (Fig. 11a). Itis only for samples in the declin-

the REPARTEE | campaign, there was a much higher preing period of the long-range transport episode of 13-18 Oc-
tober that sulphate concentrations on the BT Tower exceeded
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Fig. 11. Aerosol mass loadings concentrations in Pvat R. Park and the BT Tower during REPARTEE | sampling campaign and difference
(Park minus Tower) fo(a) sulphate(b) nitrate,(c) organic carbon anftl) elemental carbon.

those at ground-level (R. Park). In contrast, nitrate (Fig. 11b)shown in Fig. 9. Su et al. (2011) have reported reduced con-
exhibited much lower concentrations at the R. Park site, mostentrations of PM5 and NG in public parks relative to local
probably due to the response of volatile ammonium nitrateneighbourhoods in the Los Angeles area.

to local conditions. Over semi-natural vegetation /ND3 Chloride (data not shown) was predominantly in the coarse

evaporation is expected (Allen et al., 1989; Nemitz and Sut-particles and showed consistently high concentrations on

ton, 2004), the BT Tower consistent with a source external to London
(i.e. the sea).

NHsNOz = HNO3 +NH3 (1) Concentrations of OC and EC appear in Fig. 11c and d,

. : ... respectively. These were measured by a Thermo-optical
because the park is expected to be a strong sink for nitric ; : )

. . . . . method (Yin and Harrison, 2008). Concentrations of OC
acid and ammonia, unless subject to heavy fertiliser use in

the case of ammonia (Yamulki et al., 1996; Nemitz et al. were typically higher at the ground-level R. Park site, and

2009). By contrast, the cooler temperatures and higher relat-hIS was also the case for the submicron organic mass mea-

tive humidity on the tower shift the gas/aerosol equilibrium sured with Aerosol Mass Spectrometers (AMS) at both sites
Y 9 d gNemitz et al., 2012a), but in some instances there was little

towards the aerosol phase. The nitrate deposition gradient. . X
) ifference in concentrations between BT Tower and R. Park.
between BT Tower and R. Park, also confirmed by the two_, .~ . . .
This is consistent with a ground-level source (mainly traf-

AMS systems, is in contrast to the observation of net nitrate,. ; o : .
> . ) fic), but a major contribution of regional transport of mainly
emission derived from the AMS eddy-covariance flux mea- : . :
ST . secondary particles, as seen in the UK West Midlands (Har-
surements on the Tower (cf. Section “Chemically resolved’. . .
N . : . : rison and Yin, 2008), and confirmed for the REPARTEE
mass fluxes’). As discussed in more detail by Nemitz etcam aigns by the factor analysis of the organic aerosol frac
al. (2012a), the likely reason is that the Park is a local sink paig Y y g

region for Ni, HNO3 and NHNOs, while, averaged over tion derived from the AMS measurements (Sect. 4.4 below).

. : This view is confirmed by the larger relative vertical gradi-
the city, ground level concentrations are elevated, e.g. due tg " A ;

e . entin EC seen in Fig. 11d reflecting the ground-level source
the emission of N from catalytic converters.

The loss of nitrate in the park probably accounts for the(mainly road traffic) and exclusively primary source of this

lower PMps concentrations at R. Park during this period pollutant.
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Fig. 12. Size distribution of particle mass and major anion components collected by MOUDI impactor at R. Park and BT Tower during
REPARTEE I.

Applying the factors from our Pragmatic Mass Closure for most of the samples. The highest mass loading with a
Model (Harrison et al., 2003) gave a very close agreementistribution peaking at 900 nm was found for the sample of
between reconstructed masg @nd gravimetrically deter- 14-15 October, which is the period when London was sub-

mined massx) concentrations in the P4 fraction, i.e. ject to long range transport of pollutants. Moreover, a sys-
P tematically higher value of aerosol mass can be seen during
for R. Park:y=0.84x +1.42 ugm =~ R=0.988 this period (Figs. 9 and 12c) at the BT Tower site relative to
_ the R. Park. For this sample (Fig. 12c), a strong enhancement
- 3 p2_
for BT Tower:y=1.06x—0.08 ug nm~ R“=0.985 of particles at about 900 nm can be seen also at the R. Park

This indicates a fine fraction aerosol whose major compo-s'te' Samples taken during 5-7 Octob_er (Flg._12a) p_reser?t
a stronger mode at about 3 pm, associated with marine air

nent composition is well described by the sum of ammonium . . S
nitrate, ammonium sulphate, sodium chloride, elemental car™" 2> <> and the mode in the chioride distribution. ,
bon and organic compounds. When considering inorganic anion mass loadings (nitrate,
sulphate and ammonium) in Fig. 12, it is clear that the coarse
mode seen at both sites (Fig. 12a, d) is partly due to chloride,
reflecting the sea salt transport from marine areas and the air
mass back trajectories (Table 3). By contrast, the mode at
about 900 nm seems to be dominated by sulphate aerosols.
MOUDI impactors were deployed at both sites (R. Park andSulphate was found systematically higher at all size ranges
BT Tower) during REPARTEE I for a total of four periods of at the BT Tower site, showing also a shift towards coarser
48 h each. The total aerosol mass loadings over the size rangazes for all samples relative to the R. Park site (Fig. 12a, d).
up to 14.5um are shown in Fig. 12. Three out of four sam-Nitrate mass loadings were found fairly similar for samples
ples (Fig. 12a, b, d) showed a clear bimodal size distributionshown in Fig. 12a, b and d. However, the 14-15 October
peaking at about 0.5 um and 3 um at the R. Park site, whereasample (Fig. 12¢) showed a higher nitrate concentration in
in the BT Tower data the coarse mode is less prominent. Thighe fine mode at the BT Tower relative to the R. Park site.
suggests a different general picture for the two sites, with aviuch of the nitrate is lost in the MOUDI by evaporation
lower abundance of coarse mode particles at the BT Towe(Huang et al., 2004).

4.3 Particle size distributions

4.3.1 MOUDI

Atmos. Chem. Phys., 12, 3065114 2012 www.atmos-chem-phys.net/12/3065/2012/
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Table 4. SMPS spectral clusters identified at REPARTEE sites. sometimes exhibited a mode smaller thgn tha.t at M. Rogd,
but nonetheless showed a temporal profile typical of traffic-
generated primary pollutants (Fig. S2 in Supplement shows

Cluster  Site(s) Period Mode(s) Intensity - . -
the median diurnal pattern of particled0 nm) led to a more
! MR all 25nm; 100nm (sh)  strong detailed investigation of the processes involved. Dall'Osto et
2 BT night 100 nm strong . . . . T
3 RP, BT (few) day ~20nm weak al. (2011) looked in detail at the particle size distributions
4 RP, MR (few) day 20nm weak measured in REPARTEE | and REPARTEE I, identifying a
5 BT night broad weak regional transport mode at all sites as well as a mode associ-
? |\B/|TR night bzrgad 100mm (sh) v. zveak ated with traffic emissions. However, at R. Park, there was an
evening nm; nm (s strong . . . .
8 MR/RP/BT night 100nm medium additional que peaking beloyv 10nm d|am_eter w_h|ch could
9 RP midday  25nm; 100 nm medium only be explained by evaporation of the semi-volatile compo-
10 RP/BT night 75nm strong nent of the traffic emissions. Examination of particle num-
11 BT all A 90nm A strong ber count to elemental carbon ratios showed a relative loss
12 MR/RP night — 25nm; 75nm (sh)  strong of particles (by number) at the BT Tower site. This led to
13 RP/BT day 20nm; 80 nm medium . . . L. . .
14 MR/RP day 28nm: 70nm strong an examination of clu_stered size distributions which showed
15 BT night 95nm strong that the count of particles less than 30 nm at the BT Tower
site correlated stronglyr = 0.86) with the turbulence as
Note: sh = shoulder represented by the variance of the vertical velocity as esti-

mated from the lidar. It was inferred that at the longer verti-

cal transport times associated with lower levels of turbulence
4.3.2 SMPS and SMPS/APS (i.e. relatively stable atmosphere), particles were evaporating

to sizes below those measured by the condensation particle
A range of instruments summarised in Tables 1 and 2 wergounter or SMPS system (Dall’Osto et al., 2011).
used in the REPARTEE campaigns in order to measure the During REPARTEE Il, SMPS instruments based upon a
particle size distributions. In REPARTEE |, these were TS| 3080 classifier and 3022A or 3776 CPC were deployed
mainly limited to the range measureable by electrical mo-at all three sites (M. Road, R. Park and BT Tower). To ex-
bility, whereas in REPARTEE II, the range was extended bytend the particle size range above the upper limit detected
the inclusion of Aerodynamic Particle Sizers. Additionally, by the SMPS instruments, concurrent measurements were
some measurements were made at R. Park using a Grimmhade using TSI Aerodynamic Particle Sizers, measuring par-
aerosol spectrometer. The main findings of the measureticle diameters within the range 0.5-20 um. The data col-
ments using SMPS or DMPS instruments in the range ugected from these instrument pairs, located at the three sites,
to around 500 nm have been described extensively elsewhekgere averaged into hourly spectra and merged into one par-
(Beddows et al., 2009; Dall'Osto et al., 2011) and will be ticle size spectrum matrix (dia. 14.9—10 000 nm) according
only briefly summarised here. to the method of Beddows et al. (2010). Surface area and

Beddows et al. (2009) took particle size spectra fromvolume spectra are calculated using assumed spherical par-

R. Park, M. Road and BT Tower and analysed the pooledicle geometry and mass distributions using the density de-
data by k-means cluster analysis. This technique is able teived from the merging routine. Figure 13 shows the average
summarise a large set of hourly average particle size distribumerged spectra for the three sites. The top row of spectra
tions as a much smaller number of clusters characteristic ohows the average number, surface area and mass spectra
specific combinations of sources/meteorological conditionsmeasured at M. Road; the number spectrum is typical of a
When applied to the three-site dataset, a total of 15 clustersoadside spectrum, differentiated from other London sites in
were identified and are listed in Table 4. The attribution of Beddows et al. (2009) by having a notable peak between 0.02
clusters to specific source contributions was based upon thand 0.03 um and shoulder at 0.1 um which becomes more
sites at which they were observed, the size distribution meaevident in the average surface area plot. From the plot of
sured and the typical diurnal variation. Some clusters weredm/dlog(Dp) vs. Dy, two peaks are observed centred at 0.2—
found to be specific to individual sampling sites (see Table 4)0.3 um and 2.0-3.0 um. The middle row of Fig. 13 shows the
whilst others were observed at a range of sites. Some clustemverage merged spectra from R. Park. In comparison to the
were characteristic of traffic emissions, others showed sizeneasurements at M. Road, the average number spectrum has
distributions much more characteristic of the regional back-a smaller number of counts and the spectra show an increase
ground. Not unexpectedly, the spectra observed at M. Roaéh the accumulation mode relative to the nucleation mode.
were dominated by traffic emissions and those at BT TowerThe accumulation mode in the average surface area spectrum
by the regional background. Those observed at R. Park apis seen to shift by roughly 0.05 um to a higher modal diame-
peared to correspond to either aged traffic aerosol or reter and a similar shift is seen in the average mass size spectra.
gional background with aged traffic aerosol superimposedThe bottom row of Fig. 13 presents the average spectra col-
The observation that size distributions observed at R. Parkkected at the BT Tower. The nucleation mode is again smaller

www.atmos-chem-phys.net/12/3065/2012/ Atmos. Chem. Phys., 12, 3(H34 2012
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Fig. 14. Particle count data measured at the BT Tower presented as number, surface area and volume and according to the boundary laye
height.

in comparison to the accumulation mode in the number specdiameter ca. 200 nm) which classically contains well aged
tra and the modal diameters of the accumulation and coarsaerosol particles is seen. When the boundary layer is above
mode are shifted to higher values. Further characteristics 0250 m the sampling site is well within the boundary layer and
the merged SMPS-APS spectra, measured at the BT Towegnthropogenic contributions from traffic are observed with
were observed when the spectra were averaged according the emergence of a mode at 20 nm in the number spectrum
the boundary layer height, measured using lidar (shown inand a mode at 400 nm in the surface area spectrum.

Fig. 14). When the boundary layer height is below 250 m, the  Further insights into the sources of particles on M. Road
tower is more likely to sample air above the boundary layerhave been gained from applying Positive Matrix Factori-
transported from the regional background. This is reflected irsation to hourly average wide range particle size distribu-
the average spectra where a clear accumulation mode (modébns measured on M. Road (Harrison et al., 2011) during
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REPARTEE Il. The PMF analysis was able to identify 10 number of days. Interestingly, the equivalent black carbon
separate size distributions contributing to the overall aver—reported by the MAAP also increased with the larger load-
age size distribution at Marylebone Road including four thatings of secondary material. This could be in part regional
were clearly associated with emissions on the road and six agransport by black carbon but could also be related to an in-
sociated with the regional background. This separation wagrease in the mass specific absorption of the black carbon as
possible by including in the PMF analysis traffic and me- a result of being coated by secondary material (Bond et al.,
teorological variables and examining both the diurnal varia-2006).
tion of the component spectra (factors) and their association Major findings of this work arose from the application of
with regional wind direction. This allowed a clear differen- Positive Matrix Factorisation (Paatero, 1997; Ulbrich et al.,
tiation of emissions within the canyon from those outside. 2009) to the organic component of the AMS data, as pre-
The results showed that emissions on M. Road were resporsented by Allan et al. (2010). This was able to numerically
sible for 71.9 % of the total integrated particle number within separate the different components of the organic fraction into
the spectra and 40.5 % of the particle volume, the remaindeprimary hydrocarbon-like organic aerosol (HOA) from traffic
coming from regional and local sources external to the streegémissions, secondary oxygenated organic aerosol (OOA), or-
canyon. The analysis separately identified solid and semiganic aerosol from cooking (COA) and organic aerosol from
volatile particle modes within the on-road emissions as wellsolid fuel burning (SFOA). These were identified by inspect-
as particles associated with brake dust and resuspension froing the mass spectral profiles and diurnal trends of the dif-
the road surface. ferent factors (see Fig. 16) and comparing with previously
Interestingly, the volume distribution reported from the published material and laboratory data. The results were also
Grimm aerosol spectrometer sited at the R. Park site featuretbund to be largely consistent with wintertime data taken in
a mode at around 2.5um. The corresponding size channalentral Manchester (Allan et al., 2010).
shows a diurnal trend that peaks around midnight. Given The HOA was found to be consistent with previous stud-
the proximity of the measurement location to vegetation, it isies of diesel emissions (Canagaratna et al., 2004; Schneider
possible that this corresponds to fungal spores (Gabey et alet al., 2006) and could be linked to N©@oncentrations mea-
2010). The peak at night is possibly due to the spore ejecsured at the site; an emission factor of 31.6 pifmpnm 1
tion mechanisms, which can occur during periods of higherwas derived (Allan et al., 2010), which corresponds to a mass
humidity. However, given the similarity to the OOA diurnal emission ratio of 0.026 (assuming N@ emitted as NO).
profile (see Sect. 4.4), it may be that secondary processes afthe diurnal trend peaked in the morning, coincident with

more responsible for this profile. rush hour. The OOA was also consistent with previous mea-
surements of highly processed secondary organic aerosols
4.4 Aerosol Mass Spectrometer (AMS) (Jimenez et al., 2009; McFiggans et al., 2005) and were sig-

nificantly more prevalent during REPARTEE |, which expe-
AMS instruments were deployed at both sites during therienced more regional pollution generally. The COA diurnal
REPARTEE | and Il campaigns (see Table 1 for details). pattern showed peaks corresponding to lunch and evening
A detailed analysis of selected results is given by Allan etmeal time and presented a greater fractional contribution
al. (2010), Phillips et al. (2012) and Nemitz et al. (2012a). than was expected. Its mass spectral profile was consistent
The AMS is sensitive to non-refractory components in thewith previous ambient results (Lanz et al., 2007) but it was
sub-micrometre size range (Canagaratna et al., 2007) anflot identical to previously published spectra from laboratory
hence concentrations are not directly comparable to the filteeharbroiling simulations (Mohr et al., 2009). As was pre-
and impactor data. The AMS on the BT Tower were operatedsented by Allan et al. (2010), a closer mass spectral match
in an eddy-covariance flux mode (see Sect. 4.10), and thevas found to particles from heated cooking oil baths, imply-
concentration analysis here is therefore based on the instryng that the oils used in frying may have been more important
ments in R. Park. The standard calibration and data analysifor the aerosol formation. The SFOA factor was only dis-
procedures were employed (Allan et al., 2003, 2004) and &ernable during the campaign with cooler weather (REPAR-
collection efficiency of 0.5 was used, consistent with the par-TEE 1) and featured mass spectral markers consistent with
ticulate matter composition measured (Matthew et al., 2008)yo0d burning (Alfarra et al., 2007). This typically peaked at
and validated using DMPS data (Allan et al., 2010). night, consistent with space heating, and was also prevalent

The overall mass loadings detected using the AMS andjuring the weekend of “bonfire night” (5 November).

MAAP (Fig. 15) showed contrasts between the two cam-
paigns. In spite of the overlap in the calendar, the ambi-4.5 Single particle analyses by ATOFMS and TEM
ent temperatures were lower during REPARTEE Il hence
increasing the requirement for space heating. ConverselyThe Aerosol Time-of-Flight Mass Spectrometer (ATOFMS,;
REPARTEE | was more influenced by regional sourcesTSI-Model 3800-100) provides information on a poly-
(Dall'Osto et al., 2009b), showing periods of high concen- disperse aerosol, acquiring precise aerodynamic diameter
trations of secondary species such as sulphate that lasted(a1 %) within the range 0.2 to 3 um and individual particle
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positive and negative mass spectral data in real time. TSI
ATOFMS data are imported into YAADA (Yet Another
ATOFMS Data Analyzer, version 1.30) and analysed with
the powerful ART-2a tool, an artificial intelligence algorithm
that sorts single particle mass spectra into specific particle
types or clusters. The ATOFMS was deployed at R. Park for
19 days, between 4 and 22 October 2006 in REPARTEE 1.
In total, 153 595 particles were hit by ATOFMS and the pos-
itive and negative mass spectra of individual particles were
recorded. By running ART-2a, 306 clusters were found ini-
tially but many were merged if they presented similar tem-
poral trends, size distributions and similar mass spectra. By
merging similar clusters, the total number of clusters describ-
ing the whole database was reduced to 15. These appear in
Table 5.

Quantification of ATOFMS data can only be achieved
through labour-intensive scaling with independent data
(Dall'Osto et al., 2006) which were not available. This has
not been attempted and hence the data should be regarded
as only semi-quantitative. Analysis of ATOFMS and AMS
data together proved valuable in understanding in real time
atmospheric processes occurring during the REPARTEE |
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Table 5. Summary description of ATOFMS particle clusters found Twelve of the 15 clusters were associated with organic-

in REPARTEE | (defined in DallOsto et al., 2009b). containing aerosols, accounting for 83.7 % of the total par-
ticles classified. Of these, the 3 main clusters were rich
Main ATOFMS cluster N particles % cluster in nitrate and have already been discussed in Dall’Osto et
al. (2009b). Two specific ATOFMS clusters associated with
LRT nitrate 43516 33.7 a secondary organic aerosol production during a fog event
LRT core 10278 8.0

have also been discussed in Dall'Osto et al. (2009a). Cluster

Local nitrate 29563 22.9 EC was found to present a strong elemental carbon signature
Secondary Amine 2306 18 but represented only 1.5 % of the total particles sampled and

HMOC (fog) 4865 3.8 utrep y Lo ol p P

MSA (fog) 245 0.2 did not show a clear temporal profile. By contrast, the cluster

SOA-PAH 2834 292 Amine was found to correlate very well with the cluster LRT

ca-EC 5496 4.3 nitrate and AMS nitrate concentration®{= 0.85), spiking

ocC 4671 3.6 mainly during nighttime, consistent with a semi-volatile na-
Primary PAH 269 0.2 ture of this aerosol. These particles exhibited a relatively

EC 2001 15 coarse size distribution, with key peaks in the positive and

Na-OC-EC 2207 17 negative mass spectra occurringnatz59 (Angelino et al.,

~ NaClonly 3637 2.8 2001) andn/z—125 [H(NOs),] as well as others associated
Inorganic ';Aged NaCl 1157328 1241 with EC, nitrate and sulphate. Amines were also found to in-
e :

crease substantially in number concentration during the fog
TOTAL 129274 100.0 event of 13 October 2006 (Dall'Osto et al., 2009a).

The ATOFMS cluster named PAH presented two main
) ) ) . ) spikes on 4 (23:00-01:00) and 12 (07:00-10:00) October
campaign which have been described in detail elsewheregpg, This class represented only 0.2 % of the particles sam-
(Dall'Osto et al., 2009a, b). Two main inorganic ATOFMS pleq, but other ATOFMS particle classes also spiked during
particle types were identified. The first was rich in iron (Fe, these two periods, indicating a contribution from an uniden-
1.4% of the total particles) with strong signalsrafz 54 tified local source. Clusters Ca-EC and OC were found to
and 56 {*Fe and*°Fe, respectively) internally mixed with gpike during rush hour morning traffic, while Na-EC-OC was
sodium, nitrate, sulphate and elemental carbon. This partifoynd to spike mainly during evenings. These primary or-
cle type was found mainly distributed in the fine mode below ganic aerosol ATOFMS classes, together with cluster SOA-
1pm in aerodynamic diameter, whereas previous ATOFMSpaH are discussed in Dall’'Osto and Harrison (2011).
studies found this particle type mainly distributed in the Comparison of results from the ATOFMS with the AMS
coarser mode and attributed it to local dust sources. Durf1gs peen conducted. While fundamental issues mean that
ing REPARTEE, Fe-rich particles were found to correlate the data from the two mass spectrometers are not com-
with LRT nitrate and were associated with long range trans-pletely analogous, certain common trends were found. The
port of pollutants. The small mode of this particle type re- ATOFMS identified two clusters that could be associated
flects the fact that only fine fraction particles were likely \ith traffic emissions (denoted Ca-EC and OC), which were
to travel long distances relative to the coarser ones whicligynd to have a temporally similar behaviour as the AMS
were lost during transport. The second inorganic class samgOA . While a cluster could not be directly associated with
pled by the ATOFMS was due to NaCl, which accounted oA, Dall'Osto et al. (2009b) found that the prevalence of
for 14.9% of the total particles sampled. Two sub-classesyore aged aerosols (confirmed by the AMS data) altered the
were further identified (NaCl only and aged NaCl, account-mgass spectral response to nitrate, allowing the different pro-
ing for about 20 % and 80 % of this inorganic particle type, file to be used as a marker for regional (as opposed to local)
respectively). The NacCl cluster presented the peaks typicajnfluence.
of sodium chloride clusters ([N&](m/z23), [K]" (m/z39), ATOFMS and AMS are powerful techniques for charac-
[Nag]* (m/z 46), [NaCII* (m/z 81 and 83), [NgCl2]"  terizing the atmospheric aerosol but give a very incomplete
(m/z139 and 141); [Na] (m/z23), [CI]” (m/z35 and 37),  picture over the whole size range and of the different types
[NaCl]™ (m/z58 and 60), [NaG]|~ (m/z93, 95 and 97) and  ¢f particles, however in combination they provide a much
[NaxCls]™ (m/z151, 153 and 155) whilst aged NaCl also ex- jmproved coverage (Dall'Osto et al., 2009a, b; Allan et al.,
hibited nitrate peaksnf/z—46 andm/z —62) reflecting the  2010). The transmission electron microscope (TEM) offers a
reaction between NaCl and HNGnd the replacement of  complementary technique for characterising particles across
chloride by nitrate. NaCl was mainly detected during air 5 wide range of sizes, nanometers through to micrometers,
masses that had travelled over oceanic regions (5-6 and 204 in terms of their morphology and their elemental com-
23 October), also reflected in both the MOUDI and Partisol position. During REPARTEE |, size-fractionated particles
samples taken during REPARTEE | and in the GRAEGOR yere collected and subjected to TEM and Energy Dispersive
measurements on the tower (Nemitz et al., 2012a). X-Ray analysis (EDX). During the TEM study period, the
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Fig. 17. Time series of gas phase species in the REPARTEE | campaign at ground-level sites.

ATOFMS at R. Park was in operation and therefore providedgiven as the arithmetic average and 1 standard deviation of
a basis for a comparing the particle types observed by botthourly measurements. Values of NO (ppb) were comparable
methodologies (Smith et al., 2012). at NK (11+18) and R. Park (14 21), but much higher at the
TEM analysis revealed eight main particle types that wereM. Road site (84-137). Values of NQ (109+-202) and NQ
common to samples taken from R. Park and BT Tower. Of(27465) were also higher at the M. Road site relative to NK
these, amorphous carbonaceous aggregates (soot-like) cofNOx: 29+26; NO,: 19+ 10) and R. Park (NQ 30+ 28;
taining C and O and often including Ca, K and Fe were NOz: 20+ 11) background sites. For ozone, the concentra-
the most common especially in the fractions.2 um. Also  tions (ppb) at R. Park (129) were slightly lower than at NK
common were beam-sensitive sulphur-rich particles, includ{14+ 10) possibly due to enhanced dry deposition processes
ing Na and ClI, in amorphous and crystalline forms. Iron andat the Park, whilst even lower concentrations were found at
titanium were common elements in other types of particles. the M. Road site (44) due to titration by NO emissions.
During the concurrent sampling period, 600 particles wereOzone at the BT Tower was always higher, consistent with
examined by TEM and about 1300 particles were mea-the city acting as an efficient chemical sink for regiona| O
sured by ATOFMS. Of the 15 particle clusters classified Which was also confirmed by strong downward fluxes gf O
by ATOFMS for the whole campaign (Dall'Osto et al., measured onthe BT Tower (Nemitz etal., 2012a). There was
2009a, b), 13 were found in the overlap period. Three typedd gradient in concentrations of $Qppb) between M. Road
of particle (out of eight) identified by TEM had analogues (1.9+2.6), NK (1.1+1.2) and R. Park (I+1.0), reflecting
(but not direct equivalents) in the ATOFMS clusters. Many of greater deposition at the R. Park site and road traffic emis-
the particle types identified by the ATOFMS were vacuum- Sions at M. Road. Concentrations of selected volatile or-
volatile (e.g. nitrates) and therefore not seen by the TEM. ganic compounds (VOCs) were measured on the Tower dur-
TEM, even more than ATOFMS, gives a very biased pic- "9 REPARTEE I and N, HNOs and HCI were measured
ture of aerosol composition. Its strengths lie in source trac-during both campaigns. The data are discussed elsewhere
ing of involatile particle components, especially those rich in (Langford et al., 2010; Nemitz et al., 2012a).
metals. Whilst ATOFMS is capable of processing thousands Figure 17 shows the temporal trends of 50
of particles per hour, TEM is a manual and time-consumingNO/NO/NOx and @ mentioned above over the month
methodology. Both techniques provide valuable information©f October 2006. S@presented two main spikes in the

on internal mixing of particles. afternoon of 13 and in the morning of 16 October. This was
a period of easterly winds and the peaks probably arise from

4.6 Gases emissions from the East Thames power stations. NO and
NO; levels were highest in the morning of 13 October when

4.6.1 REPARTEE I stagnant conditions were recorded as already described in

Dall'Osto et al. (2009a, b). Ozone concentrations were
O3, NO, NO, and NQ were measured during REPARTEE | generally lower during the period affected by long range
atthe R. Park site. Data from the NK and M. Road air quality transport (13-19th), presumably due to enhanced chemical
monitoring stations have also been included. Measuremerfiepletion under conditions that did not favour formation by
techniques are listed in Tables 1 and 2. Concentrations arBhotochemistry.

Atmos. Chem. Phys., 12, 3065114 2012 www.atmos-chem-phys.net/12/3065/2012/



R. M. Harrison et al.: Atmospheric chemistry and physics in the atmosphere of London 3087

60 Dl Dl |
g 7 J L A b - LRT.
%0 A “f‘rLi‘fH mE an

NO,
N B
S8
L1

Fl Y REPARTEE Il
150 e | (2007)
50 | ) Y (ppb)

— MR

- et A .Y — NK
g 204 i an ik — BT
7] f N .

0

NO,
2
[=]

|

NO
IS
8

|

N

[=]

(==
|

f

Mon 15/10
Wed 17/10
Fri 19/10
Sun 21/10
Tue 23/10
Thu 25/10 _
Sat 27/10 :
Mon 29/10
Wed 31/10 :
Fri 2/11 .
Sun 4/11
Tue 6/11
Thu 8/11
Sat 10/11
Mon 12/11
Wed 14/11
Fri 16/11

Fig. 18. Time series of gas phase species measured in REPARTEE II.
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Fig. 19. Average diurnal profile for NO (solid lines), NC{dotted lines) and @(dashed lines) volume mixing ratios at the urban background
North Kensington (NK, green) site, the kerbside M. Road (MR, blue) site and at the 190 m level of the BT Tower (BT, red).

4.6.2 REPARTEE I some gases relative to REPARTEE | (N(h2+ 25; NG:
1664 100; Gs: 4+ 5). Data available at the BT Tower only
A number of novel measurements were performed duringfor REPARTEE |l gave concentrations (ppb) for NO4.3)
REPARTEE I, including measuring ozone and nitrogen ox- NO, (17+ 9) and NQ (26+ 27), lower than for the NK site,
ides at the BT Tower site. These data are discussed in someut with higher ozone at the BT Tower (3214). Again,
detail in Sect. 4.7. ozone at the BT Tower was always higher, and never went
Similar trends in the REPARTEE Il data (shown in Fig. 18) below 3 ppb. During daytime, values of ozone were similar
were found for the NK and M. Road sites (relative to atthe NK and BT Tower site, but the trend was not observed
REPARTEE 1) for most gases. In general, concentrationsduring evening times. NPwas highest at M. Road, but val-
(ppb) at NK were higher for NO (26 40), NG, (22+12) ues of NQ sometimes were higher at the BT Tower site rela-
and NQ, (474 47) relative to REPARTEE | and lower for tive to NK, NO and NQ at the BT Tower site never exceeded
ozone (2=9ppb). M. Road presented increased values forconcentrations at NK. This is consistent with a ground-level
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North Kensington site (green) site, the kerbside Marylebone Road site (blue) site and at the 190 m level of the BT Tower (red). Data are
daytime only (08:00-16:00) hourly averages for the whole REPARTEE Il campaign period.

source of NQ, predominantly as NO, with enhanced con- riod (26 October—13 November 2007) for daylight only (de-
version to NQ at times due to greater availability of ozone fined conservatively here as 08:00-16:00 GMT). Figure 21

aloft. shows how the intercept and gradient of thg-MIDy rela-
. tionship varied for each measurement site for each hour over
4.7 Ozone/NQ chemistry on the BT Tower the 24-h period, again averaged over the REPARTEE Il cam-

aign period.
NO, NO, and ozone data from the BT Tower were com- paignp

pared with measurements from two nearby Automatic Ur- The reduction in the NQrange crudely indicates a mean
ban and Rural Network (AURN) Air Quality monitoring sta- dilution factor of five between the roadside site within the
tions: M. Road and NK. Measurement methods appear irMarylebone Road street canyon and the 190 m BT Tower
Table 2. NQ was determined by thermal conversion (heatedsampling point well above the height of the surrounding
Mo catalyst)/chemiluminescence; the i€lgnal may there-  buildings. The agreement between the intercepts of the
fore be subject to interferences from other Né@mpounds  dataset shown in Fig. 21 indicates that all three locations ex-
(e.g. Dunlea et al., 2007). perienced the same general air masses (hence the same point
Figure 19 shows the average diurnal profile in NO,2NO may be drawn for the BT Tower, R. Park and M. Road sites
and @ observed at each site over the period of the REPAR-for REPARTEE) with incoming ozone levels of 33-35 ppb,
TEE Il campaign. Levels of NQwere clearly higher and typical for the UK in late autumn. The gradients of the
displayed the traffic-volume related double peak for the Ox-NOx relationship shown in Fig. 20 are very different for
M. Road site; the same features were apparent at the otheéhe M. Road kerbside site (0.190.008) vs. the BT Tower
locations, with lesser amplitude. Figure 20 shows an “oxi- (—0.06+ 0.02) and North Kensington sites (0.82.02) —
dant plot”, where the level of total oxidant (& Oz + NOy) uncertainties are®2 As mentioned above, the gradient is
is plotted as a function of NO(NO + NO,). Oxidant plots  thought to be indicative of local primary NCemissions,
such as these have been interpreted as showing both the rer of co-emissions (with N@ of species which promote
gional background oxidant (ozone) level, indicated by the y-NO-to-NO, conversion, i.e. H@and RQ radical precursors.
axis intercept, and the local primary contribution to oxidant The lower levels for the BT Tower and NK sites is likely to
(potentially primary NQ emissions), indicated by the gradi- indicate that these do not experience significant direct pri-
ent (Clapp and Jenkin, 2001). The data shown in Fig. 20 arenary NG (or equivalent) emissions, i.e. they are sufficiently
hourly averages from the whole REPARTEE Il campaign pe-removed from the (predominantly road traffic) sources that
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Fig. 21. Variation in the intercept (left-hand axis) and gradient (right hand axis) of the regression analyses of oxidant plots (as shown in
Fig. 27), for each hour of the 24-h period averaged over the campaign duration. See comments in text re. application of this analysis during
nighttime periods.

the measured composition is representative of the well-mixedand radical precursor species such as carbonyl compounds,
regional background. This is a surprising finding for NK although the timescales for their photolysis (of the order of
which is within and much affected by the London conurba- a few hours for HCHO) are long compared with the antic-
tion (Bigi and Harrison, 2010). ipated street canyon residence time. HONO itself may be
both detected as NOby the monitors used, and will un-
dergo photolysis on a timescale of a few minutes, leading
to OH and hence peroxy radical formation, which will pro-

Interpreted purely as Nfemissions, the gradient of the
M. Road dataset in Fig. 21 would indicate that 19 % of pri-

mary NG is NO,, a fraction which is significantly greater mote NG to NO conversion. Clapp and Jenkin (2001) per-

than has _been convent_longlly ass_umed n the_past, but is COnrmed model simulations showing that a 1 % direct HONO
sistent with other monitoring station data which has shown_ . ~. : .
emission can substantially increase the calculatgeNOy

that the primary N@fraction as measured at a range of Cen- relationship slope, leading to apparent primary oxidant emis-

. A0 . g
tral London ;ltes ranged from 3-249%, with a value of 9 sions of 3—4 %, a significant fraction of the 19 % indicated
10 % determined for Marylebone Road (Carslaw and Beev—by Fig. 20

ers, 2005). Subsequent measurements indicated that the pri-
mary NO fraction at Marylebone Road increased between The variation in incoming ozone over the diurnal period
2003 and 2005 to around 20 %; similar increases have bee(indicated by the intercept in Fig. 21) shows a clear late
observed for other UK and European sites (AQEG, 2007).morning/ early afternoon maximum, peaking at 15:00 GMT
These findings have been rationalised in terms of changingalso apparent in Fig. 19), reflecting (modest) regional pho-
vehicle fleet composition and technology, in particular in- tochemical ozone production, common to all three sites. The
creasing numbers of intermediate age (Euro-1ll) diesel ve-variation in the Q-NOy relationship gradient over the 24-
hicles, and potentially enhanced Bl@missions resulting h period is more complex: the gradient is zero (within un-
from fitting of regenerative diesel particulate traps to busescertainty — error bars aresifor clarity) for the BT Tower,
Other causes of the observed trend at Marylebone Road inand consistently ca. 0.2 for M. Road, but varies for the urban
clude co-emissions of compounds which would be detectedackground North Kensington location. The measured com-
as NG (e.g. nitrous acid, HONO, thought to comprise a position is also notably more variable on the BT Tower (as-
small, but significant and uncertain, component of vehiclesuming the instrument performance was similar at all three
exhaust (e.g. Jenkin et al., 2008; Kurtenbach et al., 2001)ocations). In the case of M. Road, night-time levels of NO
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were nearly always 25 ppb or more, ang @rrespondingly §885585888858535355353282358258
low or negligible, while at NK and on the BT Tower, NO lev- S8 8 888888 RBH Qb Fb6orad Q2L S,
O,

2600

NO + NO; reaction is high compared with those for (partic- =
ularly) NO3 and NoOs formation, the presence of constant =-
NO emissions in the MR street canyon, removing both O
and NG, may effectively be curtailing the night time NO 15
N2Os chemistry allowing the @NOy daytime relationship  (b)
to be maintained, while at the BT Tower NO is much lower 1o
and the night time BOs formation is significant (Benton et )
al., 2010 and Sect. 4.8), a situation which may also prevail *
at NK. While this would not affect the ©NOy relationship

if the thermal conversion/chemiluminescenceN@easure- 400
ment were free from interference, in practice®d will con- °;(°)
tribute to the measured signal, leading to lower values 01'%
(measured) Qfor a given (measured) NQit will also re- =200
sult in smaller variations in (measured) N@vernight. The £
increased gradient seen for NK in Fig. 21 in the period from
18:00 to 02:00 may be consistent with a shallow nocturnal 3&”;
boundary layer trapping local traffic emissions containing a .,
comparable percentage N@ M. Road. The subsequentde- &
cline in gradient (from 03:00 to 07:00) may reflect nitric acid 2100
formation via NOs and loss by deposition or aerosol forma- WL
tion leading to a reduction in the,@elative to NQ as NoOsg §88838
formation removes three,pecies, but only two N

els frequently fell below 1 ppb. As the rate constant for the £3)] [ "o m.e.] : _oo] |
|

9,/ dinyesadwa |
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Fig. 22. NOy data summary for REPARTEE II. (Greyed back-
ground = night-time): (a) X[NO3]+[N2Osg] raw data and LOD
lue, note different scale) as measured using BBCEABNO3
nd NbOg mixing ratios inferred from the [N@+ N>Os] data in

4.8 NO3 and NoOg measurements

A broadband cavity enhanced absorption spectroscop

.(BBCEAS) mstrumen.t was deployed fm”.” Fhe |.3T .TOWGT dur- panel(a), and separate temperature andNfleasurements (see be-
ing REPAR_TEE II, with .the aim of providing insights into low) under the assumption of a rapid equilibrium betweergd@d
nocturnal nitrogen chemistry near the top of the urban boundy;, 05, The data are depicted as a 1 h moving means. The speciated
ary layer. The instrument is described in detail by Langridgeno; and N,Os data series ends after the night of 8/9 November
et al. (2008) and has previously been used to measurg NObecause no temperature data were available theregftatind di-
and NbOs at ground level at a coastal site (McFiggans et al., rection and temperature data from the Vaisala instrument at the 35th
2010): a successor instrument has very recently madg NOfloor. (d) NO, NO, and G; data.
and N Os measurements from on board the UK'’s Facility for
Airborne Atmospheric Research (Kennedy et al., 2011). The
instrument uses the broadband emission from a light emitof the tower’s balcony, with its heated inlet directed into the
ting diode (LED) coupled into a high finesse optical cavity prevailing wind (220) and protruding 20 cm through the bal-
to record the absorption spectra of atmospheric samples ovejony railings to sample the air flow past the tower. Absorp-
extended bandwidths, in this case covering the wavelengthion spectra were acquired at 15 s intervals from 10:00 on 19
range 640-670 nm which includes the characteristic absorpoctober to 09:00 on 15 November 2007, with around 80 %
tion band of the N@ radical centred at 662nm. s is  data coverage during that period. The instrument’s limit of
measured indirectly via its thermal decomposition to producegetection (LOD) fors[NOs] + [N 20s] was generally around
additional NQ in the instrument's heated inlet, i.e. driving 2 pptv, with an absolute accuracy of 20 %.
equilibrium (Eg. 2) to the left and so reversing the process by ¢ top panel of Fig. 22 shows the sum B{NOg]
which N2Os is produced from N@in the atmosphere itself: . 1\, 05] concentrations deduced from the 15s absorption
NO3+NOy+M = N,Og+M ) ;pectra. The measurements show .the Qistin_ct diurnal pro-
file expected forX[NO3s]+[N20s], with night-time max-
Thus in the configuration deployed during REPARTEE I, ima and daytime values below the instrument’s detection
the LED-BBCEAS instrument measured the sum ofN@d limit due to the efficient solar photolysis of NOdur-
N20s5 concentrations:[NOgz] + [N 20s]. ing the day. Substantial night-to-night variability is ev-
The instrument was deployed from the 35th floor of theident, and this is associated with shifts in the altitude
BT Tower (160 ma.g.l.). It was sited on the south west sideof the nocturnal boundary layer as indicated by the lidar
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Fig. 23. Scatter plots of2[NO3] + [N2Osg] showing(a) a positive correlation with @ (R =0.102, N = 37 245),(b) negative correlation
with NO (R = —0.057, N = 37 302), andc) a negative correlation with NEXR = —0.160, N = 50 764) for all night-time data from panl)
of Fig. 22. N = number of points. All correlations are significant at the 99 % confidence level.

observations made from the nearby University of Westmin-pendent equilibrium constant for the formation gf®¢ from
ster on Marylebone Road. The peak night-time mixing ra-NOz and NG (Eqg. 2). Hourly averaged N£and NOs data
tio of £[NO3]+[N20s] =796 pptv (15s data) occurred in are shown in the second panel of Fig. 22. The relatively cold
the early evening of 12 November 2007, although the nighttemperatures experienced during the campaign and the gen-
of 30-31 October 2007 had the highest night-averaged mixerally high NG levels prevalent in central London led to
ing ratio of 166 pptv (night-time is taken as the period be-the vast majority of[NO3]+[N2Os] being present as the
tween sunset and sunrise times). On both occasions, dafd,Os reservoir compound: N§was only 1-4 % throughout
from the Lidar and from a sonic anemometer located on thethe night-time dataset. The heterogeneous uptake,@:N
top of the tower showed relatively slow vertical wind com- onto aerosols and its rapid reaction with®ito give HNG
ponents and therefore the LED-BBCEAS sampling point toprovides the main night-time loss mechanism for\dDd a
be somewhat decoupled from the mixed layer below (for ex-production route for nitrate aerosol. The®§ reservoir also
ample, see the lidar data from 31 October shown in Fig. 6).acts to replenish N@lost due to reaction with trace gases,
The vertical stratification of its sources and sinks are ex-and thus may sustain chemical processing of e.g. reactive
pected to lead to elevated concentrations ofz;N@d N>Os VOCs at the interface between a pollution-rich layer below
away from the surface (Aliwell and Jones, 1998; Fish et al.,and an otherwise decoupled@s-rich layer above (Jones et
1999; Brown et al., 2007a, b). The LED-BBCEAS data ad- al., 2005). The large concentrationsXfNO3] + [N20s] ob-
ditionally show some very rapid fluctuations on timescalesserved when the LED-BBCEAS sampling point was decou-
as fast as~1min. Of particular note are rapid extinctions pled from the surface suggests that such chemical process-
in the X[NOg]+[N20s] signal associated with the uplift ing could be rather efficient at the interface of such stratified
of NO (i.e. fresh pollution) to the LED-BBCEAS sampling layers, or on the occasions when pollution is mixed into an
height on the tower. A broadly positive correlation is ob- N2Os-rich layer.
served between thE[NO3z] + [N 20s] data and @, and neg-
ative correlations with NO and to a lesser extent witho;NO 4.9  Perfluorocarbon tracer results
(Fig. 23). These correlations are consistent with the fast
NO +NOz — 2NO; reaction being a sink for N9(and a  Previous studies during DAPPLE (Arnold et al., 2004; Mar-
minor source of N@), and NO being a sink for ©and tin et al., 2010a; 2010b; Wood et al., 2009) and CityFlux
therefore reducing the N§3ource strength from the reaction (Petersson et al., 2010) showed extensive channelling of the
NO2 + O3 — NO3 + O3. perfluorocarbon inert tracer through the urban street network
Under the assumption of a rapid equilibrium betweergNO in combination with rapid vertical dispersion. At some loca-
and NvOs (which was generally valid during REPARTEE |l tions during CityFlux, paired samplers showed higher tracer
— see Benton et al., 20105[NOgz] +[N20s] can be parti- levels aloft than at the ground. During REPARTEE | and Il
tioned into N@ and NOs using an independent measure- the objective was to inspect the spread of the tracer plume in
ment of the NQ mixing ratios (TE42C-TL N@ analyser) the vertical and horizontal, taking advantage of the opportu-
and ambient temperature data to inform the temperature denity to sample at elevated levels afforded by the BT Tower.
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For the vertical distribution the shape componé&ntf the 4.10 Pollutant fluxes and their controls
Gaussian plume model was inspected. The equation relating
the ratio of the elevated concentration at heigfX ) tothat ~ 4.10.1 Background

at the surfaceXp) is given b
Xo)is g y Emissions of pollutants are usually estimated in bottom up

Xz s inventory approaches by adding up the different sources.
—= =exp(—bz) (3) . T
These approaches can be reliable for emissions that are dom-
inated for well-characterised large industrial point sources,
so called shape component, where a valus f1 leads to butten_d to be less reliable for pollutants that originate mainly
from diffuse area sources. They also tend to be more ro-

an exponential profile and =2 leads to a Gaussian one. bust f ds wh T iiv linked t
The combined set of experiments during REPARTEE | and 11 USLIOr compounds whose emission 1S easily finkec o ac-

suggests that for source-receptor distances of approximatel vity (CO2 emissions are directly linked to fuel usage), than

. . hich are further affected e.g. by engine/driving con-
1km, the shape exponefitvas approximately 2 (i.e. a Gaus- 10S€ W 4 . .
sian profile), and for distances greater than 1%mas less ditions (e.g. for CO) or meteorological variables (for fugi-

than 2 (between Gaussian and exponential). Both campaig tive emissions of some volatile organic compounds, VOCSs).

were conducted at the same time of year and factors such a r%titor?'rl:p vlvr:':/r? nt?rfle;hoit(:nn?nl)r/ f(i):prrllﬁ zn?]uatl tarl]verage
surface roughness, weather conditions (overcast for all experg sslons out further tempora’ information at the sea
iments) wind direction and wind speed (on average 12H's sonal or hour_ly scale, and are limited to few pollutants or
in 2006 and 7.5m<' in 2007) were very similar. In other pogutant metpcs. lutant f ith the mi t loai

studies (Shallcross et al., 2009) it was noted that concentra- y measuring potiutant fiuxes wi € micrometeorologl-

tions due to moving sources (e.g. vehicles) decayed with é:al eddy-covariance method well above the city an indepen-

dependence on distangasz—1 and during DAPPLE (Wood dent, integrated (top-down) estimate can be obtained at the

et al., 2009) a transition from a dependence of the decay ofity scale, which can be used to assess the bottom-up inven-
;2 t(,) 2~15'was noted at distances greater than about 1 km_ories, to study the control of the emissions, to derive emis-

The time taken for tracer to reach the top of the BT Tower 3'ONS of novel metrics (such as total particle number) and,

(~190 m) through turbulent transport by diffusion was esti- in some cases, to study chemical or physical transformations

mated to be around 10 min for neutral conditions and as Ionng;[wﬁten the point of emission and arrival at the measurement

as 20-50 min under the most stable conditions encountere During the REPARTEE . f ;

(Barlow et al., 2011). The lateral plume spread was observe(\jN er(lamcr:)gn duce:te d from the tgsrg??rl]genSBT l:gwr:reifﬁinr:égs
i Il i istribution. Si h . A
to be described well by a Gaussian distribution. Since t etum, sensible and latent heat (Wood et al., 2010; Helfter et

samples were collected over a set period of time in tedlar .
bags, the Dose D (the time-integrated concentration over th ., 2011), tog.ether with a large numbe.r of poII.utant_s ’ Ta-
le 6 summarises the compounds studied, their anticipated

sampling period) was compared with the normalized distance_ . T )
ping p ) P major sources and reference to the individual companion pa-

from the source according to the relationship: pers that discuss the results in more detail. These include car-
DUy H? H? bon dioxide (CQ), carbon monoxide (CO), selected volatile
g -t 2 (4) organic compounds (VOCs) such as benzene, toluene and
isoprene, ozone (§), total particle number as well as size
Where D is the dose (kgnis), Uy is the wind speed at and composition resolved particle fluxes (Wood et al., 2010;
roof height in ms?!, H is the building height in metreg; Helfter et al., 2011; Langford et al., 2010; Phillips et al.,
is the release rate (kg$) andx is the downwind distance 2012; Nemitz et al., 2012a, b). Fluxes of VOCs ang O
from the source in metres. Plotting all the data from thesewere measured during REPARTEE | only, while measure-
experiments’ |eDU¢H2 VS. H_22 y|e|ded an upper bound for ments of momentum, heat and @(Dontinued for a total
K. For most data a value & = 10 was sufficient and in  of 18 months. This extensive flux measurement programme
keeping with experiments during DAPPLE (e.g. Wood et al.,was possible by collaboration of REPARTEE with the UK
2009; Martin et al., 2010a, b) and other studies (as reviewedNERC funded CityFlux project, which also contributed flux
in Martin et al., 2011b), in particular those from cities in the measurements to four other campaigns in Gothenburg (Swe-
USA with a different street geometry. den), Edinburgh, Manchester and Mexico City (e.g. Thomas,
2007; Langford et al., 2009; Martin et al., 2009; Petersson
et al., 2010; Phillips et al., 2012). Here the results from
the London measurements are summarised, where the other
studies are referred to, it is for comparison.

whereb is a constantz is the vertical height and is the
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Table 6. Summary of pollutants whose fluxes were measured during REPARTEE.

3093

Compound Instrument Dominant urban sources/sinks Literature reference
Carbon dioxide (CQ®) IRGA Li-COR 6262, Traffic & heating emissions Helfter et al. (2011)
7000
Carbon monoxide (CO) Traffic & other combustion Phillips et al. (2012)
Benzene PTR-MS Traffic Langford et al. (2010)
Toluene PTR-MS Traffic Langford et al. (2010)
C2-benzenes PTR-MS Traffic Langford et al. (2010)
Isoprene PTR-MS Traffic & nature Langford et al. (2010)
Acetone PTR-MS Traffic & solvents Langford et al. (2010)
Acetaldehyde PTR-MS Traffic & solid fuel Langford et al. (2010)
Acetonitrile PTR-MS Solid fuel Langford et al. (2010)
Methanol PTR-MS Solvent, evaporative Langford et al. (2010)
Ozone (@) Fast chemiluminescence, Destruction by NO Nemitz et al. (2012a)
ROFI
Total ultrafine particle num- CPC TSI 3010 Traffic emissions Martin et al. (2009)
ber (UFP)
Accumulation mode parti- FAST Traffic emissions Nemitz et al. (2012c)
cle number (80—1000 nm)
Organic aerosol AMS Emissions from traffic, solid fuel,  Phillips et al. (2012);
cooking Nemitz et al. (2012a, b)
Aerosol nitrate AMS Gas-aerosol partitioning Phillips et al. (2012);
Nemitz et al. (2012a, b)
Aerosol sulphate AMS Deposition from regional background  Phillips et al. (2012);

Nemitz et al. (2012a, b)

during REPARTEE | were warmer and less stratified, sug-
gesting that the fraction would have been lower. Similarly,
comparison of heat fluxes on the tower and a much lower

Flux measurements were taken at about 190 m above theddy-covariance roof-top site demonstrates that, while heat
street level, which represents about 9 times the mean buildin§luxes are almost always upwards just above the buildings,
height in the area. While this is advantageous for avoidingthis is no longer the case at 190 m (Barlow et al., 2009). From
artefacts from the building structures (wake, roof heat flux)the 18-month measurement record of momentum, energy and
and has the potential for providing integrated fluxes averaged Oz fluxes, it is apparent that the importance of stable lo-
over large urban areas, there are also downsides. This high ugal stratification (defined as = z/L > 0.32; with ¢ being

in the boundary layer, fluxes may no longer be constant withthe Monin-Obukhov stability parameter,being height and
height, and, especially during nighttime the top of the tower L the Obukhov length) on the tower depended on season and
may be above the nocturnal boundary layer, and therefore devas most pronounced for daytime in winter and for nighttime
coupled from the surface. During this time, urban emissiongn autumn (small heat fluxes combined with relatively little
may be stored within the urban air space rather than movingnthropogenic heating). However, it never exceeded 50 % of
past the tower. Thus, the fluxes presented here reflect lothe time.

cal fluxes at the measurement height, which will be a robust Figure 24 compares the ratio of the g®ux to traffic
representation of the surface exchange only during daytimeflow on Marylebone Rd. with the boundary layer height prod-
Indeed the lidar measurements during REPARTEE Il showedicts derived from the lidar measurements for a period during
that the tower was above the mixing layer height during aboutwhich particularly low nocturnal mixing heights were ob-
40 % of the nights during that period (see Fig. 8). Conditionsserved (Sect. 3.5). During nights when the convective mixing

4.10.2 Site characterisation: turbulence and fluxes of
momentum and energy
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Fig. 24. Heights of the boundary layer and aerosol layer derived from the lidar measurements compared with the ratosmis§ion to
traffic counts. The figure highlights observations of increa&eg, /traffic ratios made in the early morning hour, when the boundary layer
expanded.

layer was below the measurement height,»GlOxes were  vertical wind speed and scalar, respectively. Using this ap-
close to zero although there was still considerable traffic, angroach, one can show thag, for the unstable atmospheric
often there was a clear lag between the increase in the traffiboundary layer regime;, < 0 can be described by the func-
volume and pollutant fluxes in the morning. Daytime emis- tion

sions after these calm nights were often asymmetric, with

an enhanced Cfhtraffic ratio in the morning. This reflects A; =a; (1—b;¢)“ (5)

the fact that in the early morning emissions initially occur

into a shallow residual nocturnal boundary layer, which thenwherea;, b; andc;, are empirical constants arg is com-
gradually expands, much of this accumulated material is therfinonly found to be 1/3 forw and —1/3 for CQ; fluxes,
vented across the measurement height (circled events). Thig.g. Vesala et al. (2007). The measurements by Vesala et
demonstrates that some of the material stored during nigh&l. (2007) over semi-urban surfaces broadly agreed with typ-
will moved past the measurement point in the morning andical values forw over complex terrain but can range be-
was captured at that time. However, some of the materiafween 1.11-1.42, and 2.58-5.36 for £@epending on the
may be advected horizontally out of the city, re-deposit ordominant surface type. They also analysed temperature and
react chemically. water vapour concentration scalars and found them to ex-
hibit similar “—1/3" power laws. Roth (2000) provided a
tical and horizontal turbulence scalass,— Ui/u*’ Was con- revieyv_ of similarity scaling appligd to wind, temperature and
ducted to validate the range of meteorological conditions forhum'd'ty scalars over several dlfl‘t_are_nt _surfaces and s_howed
applicability of emission models. Here is the friction ve- that, despite the requirement for similarity thgory for uniform
locity andi represents the orthogonal turbulent vector Com_homogeneou§ surf.aces, the .obs.eryed.functm-nal _dependence
ponents,u, vor w. A; is a function of the dimensionless agreed well W'th. this theory, justifying its appllcauqn to ur-
Monin-Obukhov scaling parameter, which may also be ap_ban surfaces. Figure 25a—c shows the same functional anal-

. : _ ysis applied to the REPARTEE flux data sets and compared
plied to other scalars, .g. temperature Z@Dparticle num with the model proposed by Roth (2000). The empirically

. . . _an/qi/
ber concentration) so thatd; =i /; andi, = ~"" /u* derived constants described in Eq. (5), along with their neu-
wherew’ andi’ are the fluctuations from the mean of the tral intercepts for London are summarized in Table 7. Again

An analysis of the boundary layer turbulence using the ver-
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Table 7. Empirically derived constants to fit Eq. (5) for wind speed under unstable conditions with coefficient of determirfatimtyeen
the observed and predicted data. Neutral intercept in each case is givier{dympiled from Martin, 2009; Helfter et al., 2011; Wood et al.,
2010).

iunstable EXperiment r2 a + b =+ A;

u 2006 0157 2.273 0.0539 0.3912 0.102 .22
2007 0185 2.444 0.0790 0.4059 0.103 .42

v 2006 0160 1.834 0.0831 1.066 0.312 .8B
2007 0238 1.881 0.0914 0.8682 0.237 .88

w 2006 0483 1.279 0.0306 1215 0.178 .28
2007 0490 1.322 0.0387 1.149 0.148 .32
Full year (seasons) 1.31(1.24-1.36) 0.65 (0.28-0.66)

CO, Full year (seasons) 2.02 (2.00-2.12) 0.43(0.22-0.66)

N 2006 —10.28
2007 —9.46

+ denotes one standard deviation

there is good agreement between the REPARTEE observahan the momentum transport, with implications for the flux
tions and the model prediction. averaging time needed to capture most of the flux. Analysis
This analysis was then applied to the Ultrafine Particleof the ogives (cumulative frequency distributions) for parti-
(UFP) number §) fluxes (Fig. 25d), with the neutral inter- cle number flux (Fig. S3 in Supplement) demonstrates that
cepts forAy, from each REPARTEE study summarized in during individual periods up to 15 % of the flux may be car-
Table 7. It should be noted that the correlation Aoy was ried in eddies slower than 30 min. This is consistent with a
weaker than for,, ,.,, as expected and consistent with that similar analysis carried out by Langford et al. (2010) for the
found for CQ. heat flux which indicated that an averaging time of 1.5 and
The evolution in turbulent transport scales during the ex-2 h increased the heat flux by an average of 5.8 and 8 % com-
perimental period is encapsulated in Fig. 26a. Plotted is thedared with 30-min calculations. Nevertheless, to avoid non-
normalized energy spectral density of the vertical Ve|0citysta'[i0nal’ities and to provide more information on the vari-
componentnsu(n)/gg, wheresS,, (n) is the spectral density ability of the fluxes and their response to other parameters,
of the vertical velocityy is the sampling frequency an% most fluxes, except the UFP flux, were calculated on 30-min
is the variance in the vertical velocity component, with eachaveraging times.
spectrum averaged over a period of one hour. These are plot- In summary, although turbulence at the tower is “well be-
ted against the normalised frequenéynz/U) and cover a  haved” and agrees with observations above less complex ter-
24 day period from the 2006 experiment. In particular, stag-rain, some uncertainties remain in linking the nocturnal (and
nant conditions are seen where higher energy levels domithus average) measurements on the tower to surface fluxes.
nate at lower frequencies, e.g. 4, 12, 24 and 29 October. Thi#ulti-point and height flux and concentration measurements
is consistent with the analysis of the turbulence by Wood etwould be required to quantify advection and storage effects.
al. (2010) who showed that for the high measurement height
employed here the mixing layer scale (i.e. scaling on the ba4.10.3 Trace gas fluxes
sis of the boundary layer height,, becomes more appropri-
ate than measurement height as used for surface layer scaks mentioned before, anthropogenic £€missions are par-
ing. ticularly closely linked to fossil fuel combustion and there-
Significantly, the aerosol flux co-spectra, Fig. 26b, show afore annual national bottom-up inventories are thought to
weaker diurnal variation, which is consistent with the smallerbe fairly accurate. Spatial attribution becomes more uncer-
dependence of the mixing scales on stability, and may sugtain and not much is known about temporal patterns. Thus,
gest mass transport is less sensitive to mixing layer heightthe annual average measured above the city should provide
Generally, the position of the’ N’ co-spectral peak is con- a reasonably robust test of the accuracy with which the ur-
trolled by wind speed whereas the magnitude of the peak irban fluxes can be measured. Indeed, the 18-monthflD©
the w spectrum exhibits a diurnal pattern. Figure 26b alsodataset above London compared with the UK National At-
demonstrates on the basis of the aerosol fluxes that masrospheric Emissions Inventory to within 3 % for the London
fluxes have a larger contribution from low frequency eddiesBorough of the City of Westminster (Helfter et al., 2011),
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which must be considered somewhat fortuitous given the unwith the highest concentrations observed when the air masses
certainties in the C®flux measurement and the correction were coming from the NE. This is a wind direction com-
for biogenic contributions to the net exchange. However, themonly observed with the advection of European continental
biogenic correction was estimated to be small which reflectsair masses. Flux magnitudes were somewhat lower in sum-
the dense urban nature of the London city centre position andner than during the other seasons, probably reflecting the
is similar to previous measurements above Edinburgh citydrawdown by photosynthesis and the minimum in emissions
centre (Nemitz et al., 2001). This contrasts with many otherrelated to residential and institutional space heating. For the
urban CQ flux measurements which were often made abovesame reason winter emissions were elevated, in particular at
sub-urban residential areas with less traffic and more greefow traffic counts. See Helfter et al. (2011) for a fuller dis-
spaces. In North America in particular, the high building cussion of the long-term dataset.
height often prevents measurements being made in the city carbon monoxide (CO) is another popular tracer for fos-
centres. sil fuel combustion. For this compound effects from bio-
In London, emissions were largest in the SE direction of sphere/atmosphere exchange are expected to be negligible
the BT Tower where the city centre is located. By contrast,and chemistry is inefficient at the typical urban transport time
emissions were very small in the NW sector, which containsscale. However, the CO/GCQmission ratio is very variable
Regent’'s Park. Here the uptake by the biosphere balance®r different fuels and combustion conditions (including en-
some of the emission. Concentrations behaved differentlygine and driving conditions for traffic emissions) and thus the
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emission ratio is thought to be variable. In this light the tight emissions tail off more sharply after 10:00 a.m., possibly in-
correlation between CO and GQ@lux (Fig. 27) is therefore  dicating that acetone is either related to cold start emissions
surprising, with average emission ratios of 0.87 and 0.51 %or that a chemical destruction kicks in later in the day which
(in terms of CO-C (g C@C)~ 1) during the two campaigns. does not operate in the early morning hours when temper-
The relationships suggest a slight curvature with the highesatures and light levels are lower. Methanol and isoprene
emission ratios at midday and lower ratios in the early morn-show much flatter diurnal profiles and larger fluxes during
ing hours (00:00-08:00 UTC), which is consistent with the night, probably representing non-traffic fugitive sources for
lower CO/CQ emission ratio from heating-related residen- methanol and biogenic sources for isoprene, which were es-
tial gas combustion which makes a fractionally larger con-timated to contribute 65% and 47 %, respectively. Mea-
tribution to the CQ emission at night. For comparison, a sured emissions of benzene, toluene, ethylbenzene and ace-
somewhat higher emission ratio of 2.14 % was derived aboveéone compared with the NAEI estimates within a factor of 2,
Edinburgh using the same methodology, also within CityFluxwhile measured methanol emissions were twice the bottom-
(Famulari et al., 2010). To our knowledge these are the firsup estimate. Measured fluxes of acetaldehyde, isoprene and
published direct eddy-covariance flux measurements of CO.acetonitrile were many times larger than the emission inven-

Urban sources of volatile organic compounds (VOCs) aretOry suggests.

less well characterised and quantified. During REPARTEE- Fluxes of ozone (§) were measured for the first time
l'a proton transfer reaction mass spectrometer (PTR-MS)hove an urban area during REPARTEE | (Nemitz et al.,
was applied for the eddy-covanance measurement of fluxe§012a). Although urban emissions of nitrogen oxides con-
of a range of VOC_S Wh_'c_h were _selected_ according to thetribute to @ production at the regional scale, within the
VOCs that can be identified by this technique (Langford et . areq the traffic-related NO emission destroys much
al., 2010). Because some fragmentation occurs during th%f the O and therefore the urban air space below the
proton transfer reaction and because the quadrupole Mas§easurement provides an efficient sink. Above London
spectrometer used in this PTR-MS cannot distinguish dif'deposition fluxes peaked at typically 2—6 g 2s-1
ferent fragments of the same (integer) mass to charge ratiQ\/hich relates to effective local deposition velocitieg &
(m/2), the fluxes measured at somezcould also represent _ g, concentration) of typically 50 to 100 mrm, bearing
some other compounds. The results show distinct averagg, ind that most of the @will not deposit to the urban
diurnal cycles for the different compounds. Emission fluxesSurface but be destroyed by reaction with NO. ,Nixes
Of_ acetaldehyde, benzene, ethylbenzeng, toluene and acetoq\i,-ere not determined during the campaigns. The correlation
trile are closely related to those of CO wilf > 0.85. between fluxes of @and CQ is fairly weak ®2 = 0.49;
Acetone shows a similar pattern overall and an increasef. Table 8), which indicates that there are other factors
around 07:00 a.m. like the other CO-related compounds, buthat contribute to the efficiency at whichg@ destroyed in
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Table 8. Matrix of correlation coefficients between hourly fluxes of the different components during REPARTEE | (bottom left triangle)
and REPARTEE Il (top right). Correlations witkZ > 0.3 are highlighted in bold. Negativk2 indicate anti-correlations. Each correlation
coefficient was calculated from between 188 and 587 hourly data points. AMP is accumulation mode particles.
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O|lO0O|O0O|m|2|F|2|lC|<C| | 2D« |<«C|<|T| 2|2
CO, | - |o61]| - - - - - - - - - | 050 | 0.08 | 0.07 | 0.05
CO | 088 | - - - - - - - - - - | 051011 0.09 | 0.06
O; |-049|-045| - - - - - - - -
Benzene | 0.10 | 0.12 | -0.05
Methylbenzenes | 0.18 | 0.18 | -0.23| 0.08 | -
Toluene | 0.17 | 0.18 |-0.07 | 0.11 | 0.30 | - /\ 3
Isoprene | 0.22 | 0.19 {-0.21| 0.21 [ 0.39 | 0.30 | -
Acetone | 0.26 | 0.27 |-0.26 | 0.14 | 0.37 | 0.32 | 0.41 | - i
Acetaldehyde | 0.09 | 0.07 {-0.21 | 0.07 | 0.17 | 0.09 | 0.14 | 0.32 | -
Acetonitrile | 0.25 | 0.29 | -0.27 | 0.12 | 0.20 | 0.20 | 0.44 | 0.29 | 0.00 | -
Methanol | 0.16 | 0.22 |-0.42| 0.10 | 0.14 | 0.04 | 0.20 | 0.13 | 0.06 | 0.34 - - -
UFP | 070 | 0.71 [-0.24 | 0.17 | 0.30 | 0.24 | 0.41 | 0.45 | 0.11 | 051 [ 0.40 | - | 0.16 | 0.11 | 0.07
AMP number | - - - - - - - - - - - - - | 082|060
- - |- C - - - - - - - - -
AMP surface area REPARTE! 0.98
AMP mass/volume | - - - - - - - - - - - - - - -
HOA | 0.09 | 0.09 | 0.08 | 0.00 | 0.04 | 0.01 | 0.05 | 0.01 | 0.00 | 0.04 | 0.10 | 0.12
NOy - - - -
SO~ - -

addition to fossil fuel combustion. These are likely to include 0.05 um (cf. Fig. 14 and Dall'Osto et al., 2011). Average di-
the NO/CQ emission ratio, the transport timescale betweenurnal peak flux values ranged from 5 to ¥A0*#cm 251
emission and measurement on the tower as well as the Owith a clear dependence on traffic activity, confirming the
photolysis rate. Future measurements at this London fluxole of traffic as the major source of UFP in the urban area.
site will address this interaction in more detail, as thellx These data were used to test a simple parameterized UFP
measurement provides a powerful constraint for urban chememission model applicable to London. Several increasingly

ical transport models. sophisticated parameterisations for city-scale aerosol fluxes
have been developed (Dorsey et al., 2002rtdnsson et al.,
4.10.4 Aerosol fluxes 2006 and Martin et al., 2009). For exampleaitensson et
. ) al. (2006) proposed a refinement to the basic emission model
Ultrafine particle number of Dorsey et al. (2002) of the form
; - 0.4
Urban particle number flux measurements were p|oneereqc — EFim TA (u*/ﬂ) + fo (6)

within our earlier NERC SASUA project (Dorsey et al.,

2002), with more comprehensive investigations for differ- where f is the flux, Efy, is the emission factor of a mixed
ent cities subsequently provided byaMensson et al. (2006), fleet (vehiclelkm=1), TA is the traffic activity (vehicle
Jarvi et al. (2009) and Martin et al. (2009). The latter mea-kmm—2s™1), u, is the friction velocity,; is the average
sured and compared the diurnal patterns of particle numf{riction velocity andfy is the contribution by any non-traffic
ber fluxes measured over several different cities as a funcrelated sources. This parameterisation, for the city of Stock-
tion of season, including preliminary measurements from theholm, was refined further to give the respective contributions
CityFlux sites and first REPARTEE experiment in London. from light and heavy duty fleet components, the latter con-
Here we summarise results from both REPARTEE experi-tributing a greater emission factor for that city.

ments where measured fluxes typically covered the particle The experimental setup used on the BT tower was de-
diameter range 0.01 to 2 um with a dominant size mode ascribed by Martin et al. (2009) and is similar to that first
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Fig. 28. Averaged diurnal cycles of vertical UFP number flux for weekdays (left) and weekends (right) during the Autumn 2006 experiment
(top) and Autumn 2007 experiment (bottom).

described by Buzorius et al. (1998). Net particle fluxes cor-wind was from a sector with increased parkland and reduced
responded to particle sizes0.01 um. Data analysis and source activity. There is a clear daily cycle with fluxes peak-
quality control measures follow those described by Fokening during the day at 14:00, and minima at 04:00 in the early
et al. (1996) and are discussed in Martin et al. (2009). Asmorning. Smaller peak emission fluxes were observed at
explained above, all fluxes and parameterisations for UFP41:00 and between 13:00-14:00 and appear to correlate with
are based on hourly values. Confirmation of the performancéncreased average traffic activity at these times. During the
of the experimental setup was provided by spectral and coAutumn 2007 experiment secondary peaks occurred at 12:00
spectral analysis of the particle concentration and turbulencand 16:00, following the pattern of the diurnal sensible heat
time series which agreed well with theoretical predictions of flux cycle. The Autumn 2006 weekend diurnal cycle is very
near scalar turbulent transport and are comparable to the eximilar to the weekday cycle except in the evening. The Au-
pected performance of an aerosol eddy flux system (Buzoriusumn 2007 cycle was more variable which explains the lower
etal., 1998 and Fairall et al., 1984). regression obtained when fitted to the emission model.

During periods of peak emission a characteristic ellip-
§0ida| behaviour (Fig. S4 in Supplement) was observed in
the w’N’ quadrant analyses (Longley et al., 2004; Kruijt et
al., 1995), with emission dominating deposition in the lower
left quadrant and small deposition in the upper right quad-
rant, consistently.

Average diurnal cycles of vertical UFP number fluxes for
both REPARTEE experiments for weekdays and weekend
are summarised in Fig. 28. The majority of fluxes, as ex-
pected, were positive (i.e. upwards) with only a small mi-
nority of negative (downward) fluxes, the latter mainly, but
not always, occurring either at night or when the prevailing
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Fig. 29. Averaged diurnal cycles of ultrafine particle emission velodity,(cm s1) for weekdays (left) and weekends (right) over London.

Very good consistency was also seen in the diurnal parti-be similar to those from other UK cities (Martin et al., 2009).
cle emission velocityye (Ve = Fp/C, whereF, is the particle  Using this approach EficTA is the source term due to
flux andC is the particle concentration), with weekday peak predominantly anthropogenic activity, described through the
values of the order 9-10 cm$ and slightly lower at week-  proxy of traffic activity (TA), whereas the Eftion us term
ends, 7-9 cmst (Fig. 29). describes the turbulent transport of particles to the measure-

When segregated by wind sector the fluxes revealed a cleanent height. The sensible heat fluxfsiH term describes
pattern with both the weekday plots showing the highestboth the coupling between particle emission and boundary
fluxes between 11:00 and 17:00 from the 90 to°1@nd layer transport due to convection but this contribution was
sectors. This was consistent with the geographical locasignificantly weaker than the Ektion 1« term. A key limita-
tion of main traffic routes and urban/business sectors withintion is that the non-traffic UFP emissions are not segregated
the expected tower measurement footprint whereas the westt this level of analysis.
erly sector, 315 (see Martin et al., 2009), consistently dis-
played the lowest fluxes over all days during both experi-
ments. Again this can be explained by the proximity of the Size-resolved accumulation mode particle number fluxes
large Regent’s Park area in this sector. The lowest fluxes oc-
curred during early morning, between 01:00 and 08:00, reSize-segregated measurements of urban aerosol fluxes ap-
flecting a decrease in both traffic emissions and other UFFpear to have been made only three times, above Edin-
sources at these times. During the weekends however thetlsurgh, UK (Nemitz et al., 2001, 2012b), (iMster, Germany
were additional evening peaks in the 23&ctor seen in both  (Schmidt and Klemm, 2008) and Stockholm, Sweden (Vogt
experiments. et al.,, 2011a, b), covering the diameter ranges of 0.1 to

For the London study, mixed fleet emission factors could10 pm, 0.03 to 10 um and 0.25 to 2.5 um, respectively. Above
not be calculated, as for the Stockholm study b3rdnsson  the centre of the windy city of Edinburgh, emissions were
et al. (2006), due to lack of a suitable fleet database. Therefound to be composed of two modes: fine mode fluxes cor-
fore a multi-regression emission model was derived basedelated closely with traffic flow, while super-micron parti-
solely on net traffic activity (Martin et al., 2009), collected cle emissions correlated with wind speed and dominated the
from the nearby Marylebone Road. The most suitable emisimass flux. Similar observations were made during the year-
sion model was found to be long Stockholm city centre flux study, where the mass flux

_ o _ was again dominated by super-micron particles (although the
Fo=Cl(ERrictiontt) + (EFneat)lim + (EFwraficTA) = fo - (7) particle counter only started at 0.25 um and thus covers less

where f, is the predicted particle number flux (#cAs™1), of the fine mode) and emission factors increased with wind
ERrafiic.friction, heat @re the factors associated with traffic ac- speed. The highest super-micron fluxes were observed in
tivity, TA, friction velocity, u,, and sensible heat flux#, spring, probably related to the resuspension of road wear

respectively.C is a dimensionless coefficient arfgd a com-  following the use of studded tyres in winter. Conversely, at
pensation or sink term whose sign may vary depending on théhe less densely urban site atiNbter, subject to lower wind
urban surface type as well as the source or sink density withirspeeds, the particle number flux tended to be upwards and
the measurement footprint (Schmid, 1994). These coeffirelated to traffic, while the mass flux was on average down-
cients will vary for different cities and must be determined wards.

experimentally. For London the results are summarized in During REPARTEE I, size-segregated particle number
the papers in Table 6, for weekday periods, and were found tdluxes were made with an optical particle counter (“UHSAS”
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Fig. 30. Example time-series of size-resolved particle number fluxes across the accumulatiorfap@éied speed and direction and traffic
counts on Marylebone Roah) particle number concentratio(g) bulk flux in terms of numberKy) and mass&m), (d) particle number
flux spectra,e) exchange velocityWe) as well as flux spectra in terms (f) mass andg) surface area. Black areas indicate downward

fluxes. The surface graphs represent 4-h running meéé&rsecomes increasingly uncertain p > 0.4 um, due to poor counting statistics.

Ultra High Sensitivity Aerosol Spectrometer; Particle Mea- ments the counter would have had to be placed near the sonic
surement Instruments, Boulder, USA) that counts and sizesnemometer.

particles according to their optical diameter into 99 logarith- A four day example time series shows that concentra-
mically spaced size bins spanning the range 0.05 to 1untions (Fig. 30b) were regulated by wind speed (Fig. 30a) and

and Saves data} _at 10Hz du_ring REPARTEE I, althoughair mass trajectory, with elevated concentrations observed
the counting efficiency of the instrument appeared to be re-Oluring conditions of lower wind speed, and European air

duced|<-0:06|? Hm. fSupggl-mlzron partlgle nhumber fluxes 1\ asses (not shown). Total particle number flux and submi-
were logistically not feasible, because for these measurez o, mass fluxes (estimated assuming spherical particle size
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and a particle density of 1.7 gcr) followed each other mitz et al., 2008; Phillips et al., 2012) and suggests that there
closely (Fig. 30d) and peaked during low S wind direction are no significant sources of submicroniSOn the urban
(where also the C®emissions were largest; Helfter et al., environment. This is also consistent with the relatively small
2011). The particle number fluxes are dominated by parti-gradients in S@T concentration that were measured between
cles<0.2 um (Fig. 30c) and over this time period the particle the Tower and the Park, except for the period around 13-18
number flux derived by the UHSAS ivp, n) represents on  October 2006 (Sect. 4.2). Fluxes of NQvere variable, with
average 39 % of the total UFP flu¥i(rp) measured by the small fluxes on some days and considerable emission on oth-
CPC setup, which implies that 61 % of the measured UFPers, contradicting the gradients which indicated smallegNO
particle flux was due to particles in the size range 10nmconcentrations at ground level inside the Park than aloft.
< Dp <50nm, although this ratio showed clear temporal There are two possible reasons for this apparent contradic-
variability and was 10 % during the first and close to 100 %tion: there could be a maximum of nitrate at an intermediate
during the second half of this period (Fig. 30d). Mass andlayer so that fluxes at the tower are upwards, but concentra-
surface area flux distributions (Fig. 30e and f) were bimodaltions on the tower still higher than at ground level. More
with contributions from modes centred around 100 nm andprobably, however, is that the Park is an efficient sink area
400 nm. The observation of accumulation mode emissiongor NH4NOj3 as discussed in Sect. 4.2. Both plahd HNG
was somewhat surprising, because Nemitz et al. (2012bgan deposit efficiently to vegetation, while long-term mea-
did not find an efficient urban source in this size rangesurements at a kerbside location indicate significantly higher
over Edinburgh, while Deventer et al. (2011), also using anconcentrations of Nglat street level than on the BT Tower.
UHSAS, recently reported deposition of the accumulationAs a result, there is likely to be a potential for MRO3 evap-
mode to Minster. It is possible that in London, due to the oration in the Park at the same time as there is a potential for
high measurement height, more time is provided for sec;NH4NOs3 formation at the roadside location, with the latter
ondary organic aerosol to form in the accumulation mode.dominating the observed net flux above the city.
The exchange velocity (Fig. 30g) was highly variable and Non-refractory submicron chemical aerosol fluxes (as re-
ranged from<10 mms! for the centre of the accumulation solved by the AMS) were, however, dominated by the
mode (0.2 umx Dp < 0.5pum) to>60mms?! for peak val-  organic aerosol fraction. Unlike the concentrations (see
ues found for the smallest particles. Deposition was at timesSect. 4.4) the fluxes could only be divided into two factors,
observed for the accumulation mode (0.2 to 0.8 um), wherHOA and OOA, where other contributions (COA and SFOA)
the wind was bringing more polluted European air masseswill be convolved into these two factors. While OOA fluxes
to the measurement point and the flux footprint was situatedvere small and bi-directional, HOA showed clear diurnal cy-
in the less intensely urban northern wind sector. A tail from cles with an average emission of 136 ngfs~! and midday
the supermicron resuspension mode was not observed, whiohalues of up to 600 ngm?s ! during REPARTEE I. The
would have led to éin/dlogD,, increasing again towards the comparison of the HOA and estimated sub-micron aerosol
largest sizes. mass flux (Fig. 30c) confirms that HOA accounts for the bulk
of the submicron mass flux. The HOA/CO emission ratio was
0.024 ng HOA/ng CO, which is in the range of ratios derived
Chemically resolved mass fluxes from concentration measurements. Interestingly, the HOA
flux somewhat lags the CO flux and the HOA/CO ratio peaks
Eddy covariance flux measurement systems for individuali, the evening, which indicates a change in the sources over
(non-refractory) PM chemical components have recently the gay, with a source that is particularly high in HOA/CO
been developed based on the Aerodyne Aerosol Mass Spegynributing in the evening. This might suggest a contribu-
trometer (AMS), utilising either a quadrupole (Q-) or time- tjoy of COA to the HOA flux in the evening and would be
of-flight (ToF-) mass spectrometer (Nemitz et al., 2008; ¢onsistent with the diurnal pattern of the COA concentration
Farmeretal., 2011). The former was applied during REPAR-gpserved in the Park and the lack of a quantitative link be-
TEE | and the latter during REPARTEE I (Phillips et al., tween COA and CO by multilinear regression (Allan et al.,
2012; Nemitz et al., 2012c). Both systems are capable of depg10). The importance of cooking aerosol in contributing to
riving fluxes of aerosol nitrate (ND and sulphate (Sb_ ), urban OA emissions and concentrations is further substanti-
but the Q-AMS derives the organic mass fluxes by circulat-ateq by the emission ratio between accumulation mode par-
ing through a small number of pre-selectedz while the  ticles and CG peaking at lunchtime and in the evening in

ToF-AMS can monitor alm/Zs at 10 Hz, providing a more  gnother UK city (Edinburgh) (Nemitz et al., 2012c).
robust organic mass flux and additional information on the

mass spectral “fingerprints” associated with the fluxes. Due4 10,5 Relationships between fluxes
to its higher mass resolution the ToF-AMS can also derive

fluxes of NH; . Table 8 summarises the Pearson correlation coefficients be-
Fluxes of S(ﬁ‘ were near zero which is consistent with tween hourly fluxes of the different components measured
measurements above other cities in the developed world (Nean the BT Tower. Note that the correlation coefficient can
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increase significantly if averaged diurnal values are consid-aerosol using metrics that are not covered by the inventories.
ered (e.g. Langford et al., 2010): the averaging reduces thé parameterization was derived for ultrafine particles (Eqg. 6):
effect of random errors on the individual flux measurementscomparison of the diurnal cycles of both the predicted and
and averages out any potential differences in the spatial paibserved particle number flux for London (Fig. 28) suggests
tern of the emissions of the different pollutants. Clearly, athat the model explained more than 90 % of the observed
correlation is no proof of a causal link in emissions or a com-variance £2 > 0.9), although some individual features are
mon source, but some of the patterns are interesting: not reproduced. These are likely due to infrequent, fugi-
o ) tive emissions or synoptic transport contributions that are not
— The ozone depletion in the urban air space correlates ag|ly captured in this simplistic approach. The diurnal results
well with the emission of methanol as it does with CO powever are in good agreement wittiMensson et al. (2006)
and CQ, although methanol is poorly correlated with ang Martin et al. (2009), suggesting simple model parame-
these two gases. This may indicate that while CO andigrisations of emissions based on flux analyses perform well
CO, may be reasonable proxies for the N@mission  gyer urban surfaces.
that dominates the destruction, the methanol flux — \yhile UFP particles are closely linked to fluxes of CO and
may reflect a second common control through the resi-co, the behaviour of the accumulation mode particle fluxes
dence time and photochemical activity in the air space. js more complex, as these are also affected by the deposition
of regional aerosol to the city. The diurnal cycles of HOA and
— The total UFP number flux correlates almost as well CO in London and particle number and €@ Edinburgh

with methanol, acetonitrile, acetone and isoprene as both istent with th tributi f Ki |
it does with CQ and CO. By contrast, the UFP flux are both consistent wi € contribulion of cooking aeroso

is poorly correlated with the flux of the accumulation err|1:|SS|ohnsfdur|ng lunch time anc(jj in the Ievenlng. ban
mode particles, which is not as much dominated by the or the future we recommend complementing urban flux

urban emission but also influenced by concurrent Olepo_measurements with profile measurements in the air space be-

sition of accumulation mode particles advected into theIOW’ to quantify storage effects. In addlthn, concurr.ent flux
city. measurements of NO and NQvould assist greatly in the

interpretation of the @fluxes.
— Of the other VOCs measured, the flux of acetonitrile
correlates best with that of isoprene — both compounds
are thought to have a biospheric contribution. Methyl- 5 Synthesis and conclusions
benzenes, toluene, isoprene and acetone all correlate ) ) )
with each other and form a cluster, possibly dominatedEarlier analyses of data from single sites in London have

by the same sources. been instrumental in gaining an understanding of the air
pollution climate of a background site (Bigi and Harrison,
4.10.6 Summary of flux experiments 2010) and in the understanding of processes affecting traffic-

generated pollutants (e.g. Charron and Harrison, 2005; Har-
The REPARTEE campaigns generated arguably the mostison et al., 2011). In some cases paired sites have been used
comprehensive dataset of pollutant fluxes in the urban en{e.g. Charron et al., 2007) in order to better understand the
vironment to date, including the first urban eddy-covariancetraffic-generated pollutants by subtraction of the roadside in-
flux measurements of ozone and carbon monoxide. The turcrement. The REPARTEE study has advanced the science
bulence follows the scaling laws expected for the convec-considerably by simultaneous use of data from a number of
tive mixed layer rather than the surface layer and decouplingground-level sites together with both concentration and flux
could be observed during some nights, especially during thelata from aloft on the BT Tower. It should be noted that the
colder REPARTEE Il period, when stable conditions were fluxes measured on the tower are averaged over large flux
more frequent. Thus, the fluxes measured at the tower aréootprints (cf. Helfter et al., 2011), while the ground-based
affected not only by the surface emission, but transport andneasurements are made at individual locations within the ur-
storage as well as chemical conversions, but are neverthelegsin matrix: in a source region in the case of M. Road and
closely linked to surface activity, at least during the day. In-a sink region in R. Park. This may be responsible for some
creased pollutant emissions in the morning, and close agreesf the inconsistencies between the apparent vertical gradient
ment of measured annual G@&ux with emission inventory  between Tower and Park and the fluxes. A further asset avail-
predictions suggests that long-term average fluxes are reable to this study, which has not previously been used in stud-
sonably robust. The comparison of other compounds withies of London, is the deployment of the Doppler lidar which
bottom-up emission inventories is variable: emissions aréhas provided valuable information on the vertical structure of
reasonably close for CO and some key VOCs, but fluxes othe atmosphere, and in particular, the mixing depths, turbu-
some compounds (isoprene, acetaldehyde and acetonitrilé¢nce and transport time-scales.
are many times larger than emission inventories predict. In A key question is how representative the sampling sites
addition, it was possible to measure fluxes directly of primaryare of Europe in general, and whether the two one-month
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snapshots well represent the longer-term position. Compareoncentrations on the Tower exceeded those at ground level
ative data for particulate matter are available from Putaud e{Fig. 11a) giving a clear indication that regionally transported
al. (2010). Concentrations of Plfland PM 5 at urban back-  sulphate was driving the concentrations measured at ground
ground sites in London (including North Kensington, as usedlevel. This work provides no significant evidence for forma-
in REPARTEE) are fairly typical of north-western Europe tion of sulphate, which is a major component of London’s
(excluding Scandinavia), similar to central Europe and gen-particulate matter, within London itself. The behaviour of
erally lower than southern European sites. It is less easy tmitrate shows some similarities to that of sulphate (Fig. 11b),
compare chemical composition, as analytical protocols werébut also some differences and will be discussed later.
not identical across Europe, but the composition of; it The behaviour of elemental and organic carbon showed a
London sites is fairly typical, as is the number concentrationmarked contrast. In the case of elemental carbon (Fig. 11d),
of sub-pm particles (Putaud et al., 2010). Data for roadsidevhich in the UK derives very largely from diesel vehicle
sites is less abundant, but Marylebone Road lies within theemissions, concentrations in R. Park exceeded those on the
range of other European sites (Putaud et al., 2010). BT Tower by a substantial margin except on one day when
In REPARTEE |, the pollution levels were fairly typi- the Tower showed a marginally higher concentration. This
cal of the annual mean. Pigat NK averaged 26 ugn? is behaviour expected for a pollutant predominantly from a
during the month of REPARTEE, while the annual mean strong ground level source within London. On the other
was also 26 ugme. At M. Road, the monthly mean was hand, organic carbon (Fig. 11a) showed a proportionately
56 pg N3, compared to an annual mean of 47 yginThe  smaller positive increment at the R. Park site relative to the
month of REPARTEE Il was also fairly representative with BT Tower suggestive of ground-level emissions of primary
the monthly PMgo averages at NK and M. Road respec- organic carbon but a substantial regional presence of sec-
tively 29 ug nm3 and 48 pg m3 compared to annual means ondary organic carbon. The AMS results (Fig. 16) suggest
of 25 ug nt3 and 45 ug ms. a slight excess of OOA (reflecting secondary organic car-
The site at M. Road is on the northern boundary of thebon) over HOA (reflective of primary organic carbon from
London congestion zone. Introduction of the zone had a relvoad traffic at ground level). The flux data for OOA showed
atively minor impact upon the emissions of traffic-generatedfluxes that were small and bi-directional giving a clear in-
pollutants (Beevers and Carslaw, 2005) and consequentldication that regional processes dominate the concentrations
only a small effect upon pollutant concentrations (Atkinson of secondary organic aerosol within London and that forma-
etal., 2009). tion within the city itself, although possibly having influence
The weather during the two campaigns was fairly typi- from time-to-time, is not a significant contributor overall. On
cal of the autumn in London. Weather during the REPAR-the other hand, the AMS HOA fraction reflecting primary
TEE | campaign was markedly warmer than in REPAR- traffic aerosol showed a flux accounting for the bulk of the
TEE Il (mean 15.83C and 10.4C, respectively). This com- submicron mass flux.

pares with long-term averages for October of 1205cor- The comparison of particle size distributions between
responding to REPARTEE I) and 9@ for the mean of Oc- M. Road, R. Park and the BT Tower (Fig. 13) shows that par-
tober and November (corresponding to REPARTEE II). ticle volume reduces substantially from M. Road to R. Park

to BT Tower, as would be expected, and that the peak in
5.1 Local versus regional pollution the accumulation mode distribution becomes progressively

coarser from M. Road to BT Tower probably reflecting the
Earlier work (Charron et al., 2007) has emphasised the imgreater relative importance of more aged regionally trans-
portance of regional pollution in affecting concentrations of ported particles at the altitude of the Tower. There is also a
particulate matter within London and has highlighted its im- notable reduction in the coarsest0 pm) particle mode at
portance in relation to exceedences of the 50§ ®4-h  R. Park and the BT Tower relative to M. Road which might
Limit Value for PMyo. By comparison of observations made possibly be an artefact of different sample inlet characteris-
aloft at 160 m on the BT Tower with those made at groundtics, but more probably reflects an important source of coarse
level in R. Park, it has been possible to gain a clearer underparticles from road traffic at the roadside site which are sig-
standing of the influence of regional processes. Because afificantly reduced within the Park and on the Tower due to
its relatively slow formation within the atmosphere and its the short atmospheric lifetime of this size fraction with re-
presence predominantly in the accumulation mode, sulphatgpect to dry deposition.
is an excellent marker of regional transport processes. For
the majority of the campaign period during REPARTEE |, 5.2 Aerosol particle dynamics
concentrations of sulphate on the BT Tower were insignif-
icantly different from those at ground level in R. Park and One of the less expected findings of this study was the re-
during the campaign as a whole, the measured fluxes of sulmarkable change in the nanoparticle region of the particle
phate on the BT Tower were generally near zero. Howeversize distributions between the M. Road, R. Park and BT
during the regional pollution episode from 14 to 19 October, Tower sites. This is not described in detail in this overview as
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it is reported in depth by Dall’'Osto et al. (2011). This study with these figures, they are highly suggestive of regional pro-
has provided the most compelling evidence published to dateesses dominating the secondary organic carbon concentra-
for the volatile loss of semi-volatile hydrocarbon componentstions and of only a relatively minor influence of processes
of the aerosol during advection of traffic-generated particleswithin London itself upon concentrations of SOC. Such an
into R. Park and vertical transfer to the BT Tower site. It hasinterpretation is broadly consistent with the results of the
long been known that the nucleation mode within fresh roadAMS measurements made in R. Park during REPARTEE |
traffic exhaust arose from the condensation of semi-volatilein which 53 % of organic aerosol mass was attributed to sec-
compounds during mixing of hot exhaust gases with coolerondary OOA with 47 % attributable to the sum of HOA and
ambient air, but the subsequent behaviour of such particle€OA. Itis also consistent with the flux data referred to above.
had not previously been elucidated so clearly. There seems The AMS measurements have provided valuable differen-
little doubt from the observations during REPARTEE that tiation of the organic aerosol according to source. The break-
once such particles leave the immediate environment of thelown to OOA and HOA had been seen regularly in AMS
road and the vapour phase components become diluted witbtudies but the work in REPARTEE (and associated work in
cleaner air, such particles begin to shrink by evaporation. TheManchester) was one of the first identifications of cooking
advection times of particles from road traffic sources to theorganic aerosol, COA, as distinct from meat cooking aerosol,
R. Park site and the vertical transfer to the BT Tower siteas a significant contributor to atmospheric concentrations.
would typically take tens of minutes (Barlow et al., 2011), Since these observations, there have been a number of other
which gives an indication of the timescale for shrinkage. Inreports of the COA factor from other parts of the world. The
the case of the BT Tower site, where transport times undeidentification of solid fuel organic aerosol, SFOA, largely
the more stable conditions could extend to around an hourfrom wood burning in the REPARTEE |l data, but not dur-
such nucleation mode particles are totally lost from the meaing the warmer period of REPARTEE |, is also important and
sured size distribution having shrunk to below 5nm diame-has led to further studies with wood smoke tracers in London.
ter. The shrinkage process has clearly been shown to relate thhe ATOFMS was less successful in characterising sources
vertical transport times using turbulence as a surrogate measf organic aerosol, although it was able to identify two parti-
sure (Dall'Osto et al., 2011) which is only possible becausecle types termed Ca-EC and OC which correlated with traffic
of the high quality data on vertical wind velocities as a func- activity together with two organic particle types with a much
tion of height available from the Doppler lidar. more complex behaviour which made clear source attribution

very difficult.
5.3 Sources of organic aerosol

5.4 Processes affecting nitrate
Application of the elemental carbon tracer method (Castro et
al., 1999) to the R. Park data indicates a primary OC/EC raticSome aspects of nitrate behaviour were broadly similar to
of 1.0in the PM 5 fraction. This is somewhat higher than the those of sulphate, but other aspects proved very different. For
minimum OC/EC ratio measured in Birmingham of 0.65 by periods with relatively low concentrations of nitrate, there
Harrison and Yin (2008). However, Pio et al. (2011) have re-was no marked difference between concentrations in R. Park
cently demonstrated that minimum OC/EC ratios are arouncand on the BT Tower (Fig. 11b). However, during the episode
0.3-0.4 very close to a source of traffic emissions and properiod commencing around 7 October 2006 and continuing
gressively increase with the distance from source. This mayntil 19 October 2006, there was a very major depression
be attributable to mixing with particles from sources with of measured concentrations at the R. Park site. The com-
higher intrinsic OC/EC ratios such as from wood burning, parison of nitrate data from the Partisol samples and GRAE-
or relatively rapid formation of secondary organic carbon GOR instrument are suggestive of a substantial negative sam-
(SOC) from volatile precursors which associates itself with pling artefact for the Partisol data even on the BT Tower, and
the primary particles thereby raising the minimum ratio. Thethis is likely to have affected both sites. Our earlier work
higher OC/EC ratio in R. Park is consistent with the greateron the size distribution of nitrate (Abdalmogith et al., 2006)
distance from road traffic activity than the Birmingham city has indicated that at lower nitrate concentrations in the UK
centre site and the source of VOCs from vegetation in theatmosphere, the nitrate is largely present in the form of in-
Park. If one takes the minimum OC/EC ratio as descriptivevolatile sodium nitrate, but at higher concentrations semi-
of this “primary” organic carbon, then the mean concentra-volatile ammonium nitrate predominates. This is consistent
tion of primary organic carbon at R. Park in REPARTEE | with the form of the instrument comparison shown by Ne-
was 1.51 pg m3 with 1.43 ug n73 of secondary organic car- mitz et al. (2012a). The large excess of nitrate on the BT
bon. If the same primary ratio is applied to the data from theTower relative to R. Park during the pollution episode is
BT Tower, the split at the Tower is estimated as 0.96 g§m strongly suggestive of regional transport of nitrate and mix-
of primary organic carbon and 1.40 pgfof secondary or-  ing down to influence concentrations at R. Park. However,
ganic carbon, almost equal to that measured at ground-levethe much greater depression of concentrations of nitrate rela-
While there is inevitably significant uncertainty associatedtive to sulphate at R. Park suggests that the strong potential of
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vegetation to remove gas phase nitric and ammonia is likely5.5 Gas phase species
to have promoted the dissociation of ammonium nitrate lead-
ing to the much lower ground-level concentrations. The factThe gas phase was not a major focus of this study but the
that fluxes of nitrate measured on the BT Tower were vari-results available from the many measurements undertaken
able with small downward fluxes on some days and con-provide some useful insights into gas phase species and pro-
siderable emissions on others is consistent with higher ameesses. The examination of vertical profiles clearly shows
monia concentrations in heavily trafficked areas suppressinghe predominant influence of NOpredominantly NO, and
the dissociation of ammonium nitrate and leading to ammo-a source of ozone aloft. The oxidant plot (Fig. 20) demon-
nium nitrate formation within the urban atmosphere. Ab- strates that the source of ozone is the same both at ground
dalmogith and Harrison (2006) in an analysis of urban andlevel and aloft but the differing gradients of the plot of O
rural data suggested a modest level of net formation of ni-versus NQ suggests some rather different processes. The
trate within the boundaries of London. The results of this significant upward gradient of the plot for Marylebone Road
study are consistent with that picture but add to its mech-indicates 19 % of NQto comprise primary N@ consistent
anistic understanding. They indicate that the NHNOs- with other estimates of traffic emissions for around the same
NH4NO3 system is sufficiently dynamic to result in a consid- time. However, the lack of a significant upward gradient in
erable variability of NHNOg3 at ground level. Measurements the case of the background site at North Kensington is sur-
of nitrate aerosol with the ATOFMS showed two types of prising. Concentrations of NQon the BT Tower were gen-
nitrate-rich particle with contrasting behaviour. The region- erally too low to generate a meaningful plot, with variation in
ally transported nitrate dominated during the main episodebackground ozone tending to dominate the behaviour. How-
period in the middle of the REPARTEE | campaign and the ever, the diurnal variation of the intercept in the oxidant plot
ATOFMS data show clearly the diurnal cycling of nitrate into (shown in Fig. 21) is interesting in showing significant for-
the aerosol as the air temperature reduces and humidity inmation of regional ozone during the afternoon period affect-
creases and release from the particles in the warmer part afg all sites, even in October/November during which sun-
the day. The ATOFMS also identified a secondary type oflight levels are relatively modest. Alternatively a deepening
nitrate-rich particle which appeared to be associated with lo-boundary layer may have brought ozone-rich air from aloft.
cal formation processes and occurred in the main at times The other notable feature of the gas phase data is the fact
outside of the long-range transport episode. This observatiotthat the flux estimations indicate that bottom-up estimates
further supports the dynamic behaviour of N@rmation,  of emissions of carbon dioxide are very close to those esti-
which in the urban environment can be re-located onto themated from the flux data. Fluxes of some some VOCs were
locally emitted aerosol. The combination of ATOFMS and highly correlated with those of carbon monoxide and emis-
AMS provided a very powerful combination in elucidating sion rates estimated from the fluxes corresponded within a
the processes affecting nitrate aerosol. factor of two to the bottom-up emissions in the National At-
Measurements from other instruments are also highly relimospheric Emissions Inventory for benzene, toluene, ethyl-
evant to the question of nitrate concentrations. The meabenzene and acetone. However, for methanol, acetaldehyde,
surements of dinitrogen pentoxide,®, and the nitrate- isoprene and acetonitrile, measured fluxes were many times
free radical, N@Q during REPARTEE Il show considerable larger than the emission inventory reports and this is a matter
episodicity of formation at the level of the BT Tower. Be- warranting further investigation.
cause of the strong excess of NO from “fresh” pollution at
ground-level, formation of N@and NOs at ground-levelis 5.6 Flux estimation
likely to be insignificant. While it was not possible to fol-
low the incorporation of MOs and NG into aerosol, thisis  Careful investigation of the atmospheric properties measured
an inevitable sink for these species and it appears certain thamn the Tower gave confidence that it was a suitable platform
there will have been formation of nitrate aerosol aloft at somefor the estimation of vertical fluxes. Combination of these
times during the REPARTEE Il campaign. Such formation of measurements with the availability of data from the Doppler
nitrate above the city may have contributed to some of the oblidar proved an extremely valuable combination. Not un-
served downward fluxes of nitrate. The highly variable andexpectedly, fluxes tended to peak when atmospheric mixing
sometimes rather large concentrationSJNOgz] + [N 20s] was at its best, and at certain periods the flux measurement
observed when the LED-BBCEAS sampling height was de-site was above the atmospheric mixed layer and fluxes were
coupled from the surface have implications for the some-suppressed although there was some evidence of pollutant
times efficient, sometimes highly patchy nature of night-time storage. Advection might be important during these periods
gas-phase oxidation chemistry initiated by thed\@dical. as a mechanism for removing pollutants from the local at-
mosphere. The REPARTEE campaigns generated a highly
comprehensive set of pollutant flux data including the first
urban eddy covariance flux measurements of ozone and car-
bon monoxide. The measured ozone fluxes indicate that the
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urban air space provides a much more efficient sink for ozone
than vegetation canopies. This has the substantial advantage
of reducing ground level ozone concentrations but at the cost
of increasing nitrogen dioxide. In addition, other pollutants
emitted in the city have the potential to contribute to tropo-
spheric ozone production downwind.

5.7 Purposeful tracer experiments

Although these took place during REPARTEE, they have not
been used in interpretation of other datasets from the two
campaigns. However, looked at on their own, they make
an important contribution to understanding urban dispersion
processes. The studies showed that the time taken for tracer

to reach the measurement height on the BT Tower through —

turbulent transport was around 10 min for neutral condi-
tions and as long as 20-50 min under the most stable condi-
tions encountered, consistent with estimates derived from the
Doppler lidar results. The lateral plume spread was well de-
scribed by a Gaussian distribution. The results yielded values
of an empirical parameter, which together with meteorolog-
ical, building height and release rate data, allows estimation
of downwind time-integrated concentrations, highly valuable
in estimating the consequences of accidental and terrorist re-
leases of toxic substances.

6 Progress against objectives

— To study aerosol chemical and dynamical processes
within the atmosphere of central London in three spa-
tial dimensions This has been achieved successfully
especially in relation to aerosol dynamical processes.
The experiments have provided the first convincing
demonstration of the volatilisation of traffic-generated
nanoparticles under realistic atmospheric conditions.
Results from the project also highlight the very dynamic
behaviour of ammonium nitrate.

— To measure the fluxes of selected aerosol and gas phase ~

species above the city, and where possible, compare
fluxes with estimates derived from emission invento-
ries. Flux measurement work has succeeded in pro-
viding a very large base of information on the fluxes
of nanoparticles, accumulation mode particles, specific
chemical components of the aerosol and a range of gas
phase species. Processes which determine those fluxes
have been substantially elucidated. Comparisons with
emission inventories have shown a good agreement for
a number of substances, most notably carbon dioxide
but has highlighted major discrepancies for other com-
pounds including methanol, isoprene, acetaldehyde and
acetonitrile.

— To quantify gradients in selected aerosol and trace gas
species from ground level to altitudes of sampling on
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the BT Tower and to use such information to better
understand the respective roles of local emission, lo-
cal transformations and regional transport of pollutants
in influencing the composition within and above Lon-
don The consideration of the flux and vertical pro-
file data has clearly demonstrated the important role of
regional transport in influencing concentrations of sul-
phate, nitrate and secondary organic compounds within
the atmosphere of London. While there is evidence for
some secondary formation of organic aerosol and nitrate
within the atmosphere of London, this is relatively mod-
est and no evidence is seen for the formation of sulphate
within London itself.

To study the structure of the atmospheric boundary
layer and the influence of boundary layer vertical struc-
ture upon trace gas and aerosol fluxes and air pol-
lution processes, especially in the context of diurnal
changes The application of the Doppler lidar to the
measurement of atmospheric structure and turbulence
has proved extremely successful and has provided valu-
able information to assist in the interpretation of the flux
data. Fluxes are influenced by source strength but typi-
cally peak when the atmosphere is best mixed in the ver-
tical. Mixed layer depths shallower than the sampling
point on the BT Tower were encountered on around
40 % of nights during this autumn period, which showed
highly suppressed vertical fluxes, with other data indica-
tive of some pollutant storage and the potential for ad-
vective loss of pollutants from the city.

To deploy purposeful tracer releases at ground level
while monitoring the surface and aloft in order to eval-
uate the dispersion of trace gases released at low level
within the city New data have been generated which
provide important insights into the travel time of trace
gas releases at ground level within London and the form
of the downwind plume.

To determine spatial differences in aerosol particle size
distributions and to interpret those differences in terms
of the sources and physico-chemical transformations
responsible This area of work has been most suc-
cessful in relation to the number size distributions of
traffic-generated nanoparticles which have been shown
to evolve substantially with advection away from the
traffic source and vertical mixing to the sampling point
on the BT Tower. The predominant process appears
to be one of particle shrinkage due to evaporative loss
of semi-volatile materials. Particle size distributions
within the accumulation and coarse particle ranges have
also been contrasted and reflect the physico-chemical
processes affecting particle behaviour.
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