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Abstract. A synthesis of UK based airborne in-situ mea- 1 Introduction

surements of aerosol properties representing air masses from

North-West Europe and the North-East Atlantic is presentedUncertainty surrounding the impact of atmospheric aerosol
The major focus of the study is the vertical distribution of is a major barrier to accurate prediction of future anthro-
sub-micron aerosol chemical composition. Vertical profiles pogenically induced climate changEofster et al.2007).

are derived from a Quadrupole Aerosol Mass SpectrometeHuman activity has increased the atmospheric aerosol con-
(Q-AMS). Background sub-micron aerosol vertical profiles centration, which is known to significantly alter the Earth’s
are identified and are primarily composed of organic mat-radiative equilibrium on regional to global scales (éday-

ter and sulphate aerosol. Such background conditions oowood and Boucher2000. The direct and indirect aerosol
curred predominantly during periods associated with long-radiative forcing strongly depends upon aerosol properties as
range air mass transport across the Atlantic. These instancesfunction of height (e.gForster et al.2007). The chemi-
may serve as useful model input of aerosol to Western Eucal composition of the aerosol is one such property. Global
rope. Increased mass concentration episodes are coincideagrosol models require direct representation of aerosol chem-
with European outflow and periods of stagnant/recirculatingical composition (e.gTextor et al, 200§. The AeroCom ex-

air masses. Such periods are characterised by significantlgrcise Kinne et al, 2006 Schulz et al.2006 Textor et al,
enhanced concentrations of nitrate aerosol relative to thosg00g established significant differences between participat-
of organic matter and sulphate. Periods of enhanced grounghg models in terms of vertical aerosol dispersidiextor
level PMp 5 loadings are coincident with instances of high et al, 2006. This variance contributes significantly to uncer-
nitrate mass fractions measured on-board the aircraft, inditainties in estimates of aerosol lifetimes in the atmosphere,
cating that nitrate is a significant contributor to regional pol- which in turn impacts their climate effect. Ground based
lution episodes. The vertical structure of the sulphate andneasurements of aerosol composition are numerous, facili-
organic aerosol profiles were shown to be primarily driventating model comparisons at the surface. However, in-situ
by large-scale dynamical processes. The vertical distributiorvertical profiles of aerosol chemical speciation are sparse.
of nitrate is likely determined by both dynamic and thermo- Consequently, there is a need for high-quality measurement
dynamic processes, with chemical partitioning of gas phaselata of aerosol properties as a function of altitude.
precursors to the particle phase occurring at lower tempera- Traditional methods for aerosol composition measure-
tures at the top of the boundary layer. Such effects have proments, such as filter based techniques, are incapable of pro-
found implications for the aerosol's lifetime and subsequenty;jging highly time resolved vertical profiles. Novel online
impacts, highlighting the requirement for accurate representechniques are required to accurately measure the vertical
tation of the aerosol vertical distribution. distribution of aerosol composition. Examples of such in-
struments are the Particle-Into-Liquid Sampler (PI\A&ber

et al, 2001 and the Aerodyne Aerosol Mass Spectrometer
(AMS, Jayne et a).200Q Canagaratna et al2007). Both
have demonstrated the capability to quantitatively measure
aerosol composition from airborne platfornBapreini et al,
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Dynamical processes control the advection of aerosol anéscents and descents are made at approximately 150 m per
their precursors to the sampling region. This has been showminute below 1 km and at 300 m per minute above 1 km. The
to modify the concentration and relative distribution of chem- aircraft houses a suite of instruments capable of resolving
ical species of sub-micron aerosol in the planetary bound-aerosol properties. Only instruments used in this analysis are
ary layer (e.gBahreini et al. 2003 Schneider et al.2006 discussed further. Number size distributions are measured
Crosier et al.20073. A complicating factor regarding the via a wing-mounted Particle Measurement Systems (PMS)
aerosol vertical distribution is the role of chemical, rather Passive Cavity Aerosol Spectrometer Probe 100X (PCASP,
than large-scale dynamical effects. Ammonium nitrate for-Liu et al, 1992 Strapp et al.1992. The instrument opti-
mation close to the top of the boundary layer is an exam-cally counts particles between 0.1-3 um diameter across 15
ple of this Neuman et a).2003 Morino et al, 200§. This channels. Particle number concentrations greater than 3nm
phenomenon is driven by partitioning between the gas andvere measured by a TSI Inc. Ultrafine Condensation Parti-
particle regimes, which is strongly dependent upon tem-cle Counter (CPC, Model 3025A). Furthermore, the facility
perature and relative humiditys{elson and Seinfe]d 982 provides aircraft position information and measurements of
Mozurkewich 1993. The partitioning is biased towards the standard atmospheric variables, such as temperature and rel-
particle phase at lower temperatures and high relative humidative humidity.
ity. Measurements made by the Aerodyne Quadrupole

Characterisation of aerosol processes and properties on réerosol Mass Spectrometer (Q-AMS) will be the major fo-
gional scales is paramount in order to assess regional aitus of this study. The Q-AMS has demonstrated the capabil-
quality and to predict future changes in atmospheric vari-ity to quantitatively measure the size-resolved chemical com-
ables, such as temperature and precipitation. Atmospheriposition of non-refractory particulate matter of widely vary-
processes over the UK provide a useful test case, as aerosiolg volatility (Jayne et a).200Q Allan et al, 2003 Jimenez
properties are expected to be significantly modulated by theet al, 2003. Furthermore, it is capable of providing such
dominant meteorological synoptic situation. As a result, thequantitative measurements with high time resolution in a
UK is representative of a much wider region encompassingange of environments from different platforms, such as air-
North-Western Europe and the North-East Atlant#iddal- craft. Standard operating practises are followed for ambient
mogith and Harrisor{2005 found significant variations in sampling imenez et al.2003, data quantificationAllan
sulphate and nitrate at two ground based locations in the Uket al, 2003 and mass spectrum deconvolutigklén et al,
due to differing air mass histories. Higher concentrations2004). Recent laboratory evidencélatthew et al. 200§
were associated with south-easterly and easterly back trajedndicates that the AMS collection efficiency is significantly
tories originating from continental Europ€oe et al(2009 modulated by particle phase. Here a collection efficiency
showed that, during marine conditions, background input ofcorrection is applied following the principle developed by
sulphate and organic aerosol into Western Europe were beCrosier et al (20073, which takes into account the nitrate
tween 0.5 and 1.0 pug sm. Thus variability in mass concen- content of the sampled aerosol.
trations and the relative fraction of chemical species is well Crosier et al(2007g detailed the operating practises and
established. sampling strategy for the Q-AMS on-board the BAe-146,

This paper presents measurements of aerosol propertisghich is summarised here. The Q-AMS was connected to
in the UK region from the UK Facility for Airborne Atmo- @ Rosemount inletHoltescu et a).1999 via approximately
spheric Measurements (FAAM) BAe-146 research aircraft.0.7m of stainless steel tubing with a total residence time
The vertical distribution of aerosol chemical composition is of approximately 4s for the entire inlet system. Samples
the major focus of the study. The influence of air mass his-were introduced at ambient pressure and sub-micron particle
tory upon the aerosol mass concentration and relative chemiosses are considered negligible for the operating altitudes
cal components will be investigated based upon a back trajecconsidered by this studyfiang et al.2002 Osborne et a/.
tory cluster analysis. High pollution episodes identified via 2007). Furthermore, wing tip to wing tip comparisons be-
the UK ground based measurement network will be examiween different AMS instruments using different inlets have
ined using the aircraft data coupled with the back trajectoryshown less than 15% differend@rpsier 2007). The aerosol
analysis. sample introduced to the Q-AMS is considered dry. This is

due to the coupled effect of the aircraft cabin temperature
(approximately 298.15K) exceeding ambient temperatures

2 Methodology and additional ram heating due to the decelerating sample air-
flow. The ram heating is approximated to be 5K, with an ad-
2.1 Sampling platform and instrumentation ditional heating of approximately 10-70K for the operating

altitudes of the aircraft considered by this study. As the flow
The FAAM BAe-146 research aircraft has a typical rangeis controlled by a critical orifice, increases in altitude cause
of over 3000 km and a height ceiling of over 10.5km. The decreases in the standard flow rate into the instrument. This
aircraft's science speed is approximately 100th sProfile results in an increase in the species specific detection limits
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of the Q-AMS. Mass concentration values are reported as® s e
micrograms per standard cubic metre (ug$i.e. at a tem- = el
perature of 273.15K and pressure of 1013.25hPa. Q-AMS.:
data points are reported as 30 s time intervals.

The Q-AMS comprises three fundamental sections: the
particle beam generation region; the aerodynamic sizing re-
gion and the particle composition region. The particle beam
generation comprises a 130 um critical orifice, which con- °
trols the flow rate into the instrument. An aerodynamic lens
system Liu et al, 1995ab) is used to collimate the sampled =
air into a narrow particle beam with 100% transmission for
40-700 nm vacuum aerodynamic diameteeCarlo et al. 50
2004 particles. DeCarlo et al(2004 showed that the vac- Ty A
uum aerodynamic diameter is related to the mobility diame- ,, = T
ter by the particle density when assuming spherical particles. 10 8
For example, the AMS size range for a dry spherical parti-
cle with a density of 1.6 gcm? would equate to a mobil- ) ] ) ] ) )
ity range of approximatley 25-440 nm. At reduced ambient™9- 1. Location of vertical profl_les and c_onstant _altltude straight
pressure, the lens pressure is reduced as a constant pressf'f}Péj level runs (SLRS)' The latitude/ Ion.g't”de grid marks out the
. sectors referred to in Se@.2 The location of the ground based
inlet system was not used. Thus, at reduced pressure, tn%onitoring station at Harwell is also shown.
transmission efficiency through the lens is shifted towards
smaller particle sizes. Consequently, at the highest operating
altitudes, this may degrade the transmission efficiency of the 5 | gcation of measurements
lens. Concentrations at such levels may thus represent lower

limits of the submicron concentrations. Upon exiting the lensThe present analysis uses data from 41 flights based in
system, the gas undergoes a supersonic expansion and thg UK region. The period covered is from 5 April 2005
particle’s velocity increases as a function of its vacuum aerotg 27 September 2006. The full dataset for both the Q-
dynamic diameter. The expansion into the vacuum chambepMs data and flight parameters is available from the British
is dependent upon the upstream lens pressure, which is takefymospheric Data Centre (BADGhttp:/badc.nerc.ac.ik

into account when Calibrating the instrument. The particle'sThe flights are drawn from several projects associated with
size may thus be inferred via measurement of its flight timeaerosol and cloud studies. A total of 339 profiles were iden-
through the length of the vacuum chamber. Particles thenified from these flights. Low-level (defined as those be-
impact upon a resistively heated surface at a temperature Qbw 2.5km) Straight Level Runs (SLRs) were also iden-
approximately 550C where they undergo flash vaporisation. tified. Size distributions from the PCASP were available
The resultant gas is then ionized via 70eV electrons emitpn 82 SLRs. The location of these profiles and SLRs are
ted by a Tungsten filament. A quadrupole mass spectromsymmarised in Figl. Predominantly, the measurements
eter then classifies the sample ions according to a specifigresented are located over marine areas due to air traffic
mass-to-chargen{/2 ratio. An electron multiplier detects restrictions placed upon the aircraft. Profiles and SLRs
the resultant ion Signal. The aerosol beam is blocked periwere grouped into “sectors” encompassingodag 2 |ati-
odically to obtain a mass spectrum of the background in theude/longitude grid based on their median longitude and lat-

vacuum chamber. This is subtracted from the mass spectruriiude point. The sectors were assigned on a grid from 48—
of the aerosol laden air to remove the background compoge N and between®W and £ E.

nent. The Q-AMS employed a Jump Mass Spectrum (JMS,

Crosier et al.20078 mode of operation to measure discrete 2.3 Back trajectory cluster analysis

mass fragments, which enhances the detection limit and time

resolution of the measurements. A zero patrticle filter can beThree-dimensional air mass back trajectories were derived

used to determine the detection limit of the instrument inter-from European Centre for Medium-Range Weather Forecasts

mittently from the standard deviation of the signal fluctuating (ECMWF) wind fields. The start points of the trajectories of

about zero. This fluctuation about zero is a consequence ofach profile were defined from the latitude and longitude co-

low signal-to-noise, which can result in negative mass con-ordinates of the centre of the sector associated with that pro-

centrations when sampling concentrations are close to the ddile. The initialisation start time was chosen as 12:00 UTC

tection limit. Negative concentrations are not removed so ass this time corresponded most closely to the airborne oper-

not to bias the statistical vertical profiles. ations in all cases. Trajectories were established for the pre-
vious three days at 6 hourly intervals. Three vertical levels
were chosen; 950 hPa, 750 hPa and 500 hPa. A total of 159
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: > Table 1. Summary of cluster solution including details of the num-
0.8+ | 10 El ber of profiles, SLRs and back trajectories associated with each
: cluster.
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£ 3 Cluster Condition Profiles SLRs Back
2 Le @ trajectories
e 04 |\ @
" \ — 7 1 Atlantic origin 181 51 84
\ — Rws 2 2 Easterly 44 19 19
02 o —— Number of Major Clusters ;:" 3 Southerly 18 7 6
N = 4 Northerly 29 NA 18
00 N o 5 Stagnant air masses 67 5 32
. T T T
5 10 15 20

Number of Clusters

_ o, _ 1987). The Root Mean Square (RMS) distance between clus-
Fig. 2. Variation in R and RMS as a function of the number of tars may also be used, where an increase signifies that two
clusters. The number of major cluster is also shown which is def'”eddissimilar clusters have been joing@ape et a.2000. Sim-
as clusters containing more than 3% of the total back trajectories. ilarly to Cape et al(2000, an indication of the nu.mber of

major clusters is defined based on the number of clusters

back trajectories were generated. The latitude and longitud€ontaining more than 3% of the total number of trajectories.
coordinates were converted to km north and km east resped=igure 2 displays the change in these measures as a func-
tively (assuming a spherical Earth), whilst the pressure wagdion of the number of clusters for the trajectories initialized
retained as hPa. at 750hPa. A comparison betwe®3? and RMS indicates
Back trajectories were processed using a custom madwat the initial number of clusters to retain is 12 based on a
cluster analysis routine, based on the method described irStep” in both statistics. The number of clusters was reduced
Cape et al(2000. An average linkage method was used to t0 5 after examination of the trajectories and average 850 hPa
compute the squared distance between each trajectory at ifeopotential height fields for each of the 12 clusters. The

dividual time steps using Eq. (1): clustering routine was also run for the 950 hPa and 500 hPa
pressure levels to ensure vertical consistency, which resulted
d(x;, xj)= Z {(in —ij)2+()’ki—ykj)2+(pki—pkj)z} (1)  in a similar solution. Comparison of the retrieved solution
k

when the pressure term was excluded also resulted in a sim-
wherexy;, yi, pri are coordinates of trajectony at each ilar solution. Thus the transport is dominated by changes in
time pointk. The average distance between two trajectories the horizontal components. Furthermore, the 750 hPa solu-
x; andx;, are calculated. At the start of the analysis, eachtion was found to be similar when the analysis was performed
trajectory is assigned to its own cluster. All possible pairson five day back trajectories. Consequently, the subsequent
are evaluated with the two clusters with the smallest aver-discussion and analysis will be based upon the three day back
age distance between their members joining. An iterativetrajectories initialized at 750 hPa.
process is employed until all trajectories reside in one clus- The five cluster solution derived from the back trajectory
ter. The “optimum” number of clusters may then be selected analysis is summarised in Tableand Fig.3. To facilitate
The procedure seeks to minimize within cluster variance andnterpretation of the cluster solutions, average geopotential
maximize between cluster variandgape et al.2000. This  height fields were generated from ECMWF operational anal-
method has been shown to be the most appropriate means 9&is data. These are included along with the full back tra-
classifying meteorological dat&élkstein et al. 1987). jectory solutions for each cluster in the supplementary mate-
The number of clusters to retain for analysis is subjectiverial section http://www.atmos-chem-phys.net/9/5389/2009/
(Kalkstein et al. 1987). Several indicators may be used in acp-9-5389-2009-supplement.pdiCluster 1 encompasses
order to select an appropriate number of clustéfs,One  three initial clusters, which were dominated by westerly,
such indicator is the coefficient of determinatidt?, which  south-westerly and north-westerly trajectories. Thus this
is defined as the proportion of the variance explained by thecluster was prescribed as the Atlantic cluster. The associ-
current number of clusters at each iteration step: ated synoptic conditions are representative of westerly flow
(within cluster variance into the UK region and northern Europe, consistent with the
(2) clusters mean back trajectory. Cluster 2 comprised two clus-
ters made of easterly back trajectories from northern to cen-
where the first sharp decrease can be used as a subjective imal Europe. The geopotential height field shows a relatively
dicator of the number of clusters to retalkalkstein et al, weak anticyclonic pressure system over the UK with outflow

RZP=1- . ——
; (variance of all trajectorigs
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Fig. 3. (a)Mean back trajectories for the five cluster solution at six-hourly time s{gpddean back trajectories for the five cluster solution
displaying the vertical deviation for an air mass with six-hourly time steps. Positive values indicate that an air mass has descended at a time
step.

from northern Europe. Cluster 3 comprised air masses origiprofile dataset are presented in Figand5. The black raw
nating from Spain and France. The synoptic situation is chardata points are those which fall above the@ofile for each
acterised by high pressure over southern/central Europe aniddividual species, wheres2is defined as two times the stan-
over the central Atlantic. A low pressure system is situateddard deviation for a 30 s average data point. These are calcu-
off the west coast of Ireland in the North Atlantic. This re- lated for 500 m altitude bins when the detected signal by the
sults in broadly southerly flow consistent with the back tra- Q-AMS is close to zero. In particular, resolving low mass
jectories. Cluster 4 comprised largely north-westerly backconcentrations for organics and ammonium is difficult due to
trajectories with a cyclonic rotational component distinct the signal-to-noise constraints of the Q-AMS. The variability
from the previous north-westerly trajectories, which were as-and indication of the number of points within an altitude bin
signed to cluster 1. The geopotential height field is consistents represented by calculating the variability about the mean
with the interpretation from the back trajectories. Cluster 5value in each bin. This is defined as the Mean Absolute De-
comprises back trajectories centred on the UK representingiation (MAD) divided by the square root of the number of
a relatively stagnant air mass. This is in agreement with thepoints, n, in an altitude bin. MAD is defined as:
geopotential height field that displays a ridge of high pres-
sure situated over the UK. Cluster 3 is distinct from the other 1y
) ) e L MAD = =% || €)
clusters in terms of its vertical displacement as it is the only n =
cluster which ascends during its transit to the UK region.
wheree; is the absolute difference between the mean bin
value and the raw data value. The profiles are categorised by

3 UK aerosol chemical composition profiles a relatively small Inter Quartile Range (IQR, defined as the
difference between the 75th and 25th percentile) with sul-
3.1 Full dataset characterisation phate and organics having an IQR between 0-2 | de-

low 3000 m. This is interpreted as background mass concen-
Summary statistics and individual data points of aerosoltration levels. The higher concentrations above the 75th per-
chemical composition measured by the Q-AMS for the full centile are likely associated with pollution plumes. Nitrate
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Fig. 4. Vertical profiles of aerosol chemical composition from the AMS for the UK for each chemical species. Black crosses are individual
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percentiles for 500 m altitude bins. On the right hand side panel for each species the red line shows the mean for each altitude bin with the
horizontal bar indicating the variability about the mean value, defined in $éciTabulated statistics are available in the supporting material
(http://www.atmos-chem-phys.net/9/5389/2009/acp-9-5389-2009-supplemgnt. pdf

— Organics is enhanced, it is a major constituent of the sub-micron mass

10000 — Shiphate detected by the AMS. Ammonium is broadly similar to the
Ammonium sulphate and nitrate profiles due to its association with those
8000 species in the form of ammonium sulphate and ammonium

nitrate, respectively.
Above 4000 m, data coverage is much more limited and

<!

6000
the mass of aerosol is significantly decreased. Sulphate and

2000 > nitrate mass concentrations are low with little variability, al-
though there is some evidence for enhanced sulphate con-
centration above 8000 m. In contrast, organic mass is char-

2000 acterised by low or negative mass concentrations, punctuated

T T T
0.0 0.5 1.0

Altitude (m)

by significantly enhanced concentrations above theptb-
‘ file. The 25th percentile for both the organics and ammonium
15 are negative above 4000 m. The organic mass median pro-
file is relatively low (less than 1.0 pg s), whilst the 75th
percentile profile above approximately 7000 m is higher than
Fig. 5. Sulphate, organics, nitrate and ammonium median mas¢h€ corresponding profile in the boundary layer. The vari-
concentration profiles for the full dataset. ability about the mean in each bin is significantly enhanced
compared with those below 4000 m. This suggests large vari-
ability coupled with potentially low statistical significance
mass concentrations are generally much lower than organicabove this level. Above approximately 5000 m, the variabil-
and sulphate with the peak concentration for the 75th perity and lower number of data points results in the variabil-
centile being less than 1.0 ug sfh However, when nitrate ity about the mean being more than two times greater than

-0.5
Median Mass Concentration (Ug sm'g)
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Fig. 6. (a)shows the median mass concentration profiles for the clusters for organics, sulphate and nitigtdiapthys the corresponding
75th percentile mass concentration profiles. The legend indicates the respective cluster. Tabulated statistics are available in the supportin
material fttp://www.atmos-chem-phys.net/9/5389/2009/acp-9-5389-2009-supplemgnt.pdf

values in the boundary layer. The variability in the values for mass will also be associated with pollution originating from
nitrate and sulphate are much lower due to improved SNRhe UK itself. Profiles upwind of the UK in Atlantic con-
for these species at higher altitudes compared with organiditions are likely a combination of long-range transport and
mass.Bahreini et al (2003 noted that the Q-AMS required potential marine sources. The easterly cluster is characteris-
greater than one minute in order to yield statistically rea-tic of pollution transport from northern/central Europe. Some
sonable mass concentrations using mass spectrum mode, @edditional input from the UK region may also occur depend-
though this is improved when using selected ion monitoringing upon the location of the sampling. The stagnant air mass
(DeCarlo et al.2006 such as JMS mode. Consequently, the cluster will be examined also. The southerly and northerly
concentrations sampled above the estimated detection limitlusters are under-sampled relative to the other clusters. Thus
are statistically representative. However, in the case of thehese are omitted from the subsequent analysis which will fo-
organic mass outside of the boundary layer, the uncertaintgus on the three dominant transport patterns.

increases substantially. Figure 6 indicates that aerosol concentrations are en-

hanced for the easterly cluster compared with the Atlantic
cluster. This is particularly evident in the case of nitrate,
which is very low for the Atlantic cluster, whereas for the
The clusters identified in Sec®.3 present an opportunity easterly condition it is a substantial component of the sub-
to compare aerosol properties in differing air masses. Thamicron mass. This is consistent with European pollution
Atlantic cluster represents a largely clean air mass enteringutflow leading to an enhancement in the mass concentra-
the UK region. The cluster is representative of the input oftion of nitrate. Sulphate and organic concentrations are also
aerosol to Western Europe during such conditions. Wherenhanced due to the large availability of sources in conti-
sampling in coastal areas downwind of the UK, such an airnental Europe. Concentrations for the stagnant condition are

3.2 Aerosol properties as a function of air mass history

www.atmos-chem-phys.net/9/5389/2009/ Atmos. Chem. Phys., 9, 53832009
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increased relative to the Atlantic case. This is consistent withdifferences between their concentrations, particularly above
the general build-up of pollution during a stagnant air mass0.3 um. Due to the relatively small number of SLRs for the
episode. stagnant cluster, direct comparisons will be drawn between

the easterly and Atlantic only. Based on the volume distri-

Generally, the organics and sulphate profiles do not exhibitbu,[ionS the majority of the mass sampled by the Q-AMS
strong gradients within the boundary layer itself. Nitrate dis- will be %or particles smaller than 600nm. The volume dis-

plays strong coupling with NQclose to the surface (not . . S L e
shown), decreasing to close to zero between 1000—1500 rTWbunons indicate the presence of significant super-micron

Such features are primarily a result of the advection of pol-ﬁg,[césigé'ul; Ifulrlttﬂyiﬁcmszzepi?f primary particles and is

lution plumes driven by the larger _scale dynamical situat_ion. The easterly number-size and vélume distributions are en-
Al:_)oye 1500m, a seppndary maximurm OCcurs. POte.m'a”y’hanced compared to the Atlantic distribution. This is par-

this is a result of partitioning between the gas and partlculateticularly pronounced above 0.3pm. This is consistent with

phase at lower temperatures and enhanced relative humidit¥ ' '

. . . : ; L . he higher mass concentrations observed in the profile data
This is suggestive of nitrate formation being primarily driven e .
o . for the easterly condition. Newly formed secondary species
by the thermodynamics in this atmospheric layer.

condense upon available surfaces, further increasing the vol-
Number-size distributions and estimated volume size dis-ume of material at larger sizes. Consequently, the distinc-

tributions from the PCASP are shown in Fig. These are tions between the distributions for the easterly and Atlantic

extracted from the SLRs identified in Fig.and the rele- clusters are consistent with the Q-AMS profile data. The size

vant number of SLRs for each cluster is shown in Table distributions from this analysis are consistent with those ob-

The first two channels from the PCASP are omitted as thes¢ained byOsborne and Haywoo(P005 during the ACE-2

have been known to experience elevated levels of intermitexperiment within the instrument’s uncertainGsborne and

tent electronic noise. Consequently, the distributions showrHaywood(2005 also noted an enhancement in the accumu-

are from 0.15pum to 3pum. The shape of the distributions islation mode as a result of aerosol aging.

broadly similar. The number-size distributions all peak be-

tween 0.15um and 0.3 um. The volume distributions for the

Atlantic, easterly and stagnant air masses peak at approxi-

mately 0.3 um. However, the distributions display significant
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200 Flght Days Table 2. Details of flights which occurred when daily mean P

measurements at Harwell, UK exceeded 15 pgsm

2 s Date Flight PM 5 mass concentration
& number (Hg sm3)

& 21 Apr 2005 B091 16

£ 13Jul2005  B110 16

w100 17 Aug 2005  B122 17

g 22 Sep 2005 B133 16

;g 12 May 2006  B198 21

[T

50 —

representative of the entire analysis period. For the majority
o S —— pf the analysis period (80% of the. time), dgily mean load-
L B N A ings were between 5-15pg s High pollution episodes
A are accordingly defined as those when the daily mean ex-
Mass Concentraton (kg sm) ceeds 15ugsn?. Such episodes occur on 106 days out of
the 534 days during the considered analysis period. Flight
Fig. 8. Histogram of daily mean Pl mass concentrations at days where this value was exceeded are extracted for further
Harwell for the entire flying period (5 April 2005 to 27 September analysis and are summarized in TaBleFive flights in total
2006) covered by this study and the individual flight days. are extracted. The average synoptic situation, derived from
ECMWEF geopotential height fields (not shown), for these
flights consists of high pressure situated across much of the
3.3 Pollution episodes and comparison with the surface- UK region. This is consistent with a relatively stagnant or
based network recirculating air mass advecting European pollution outflow
to the UK.

In order to study the characteristics of high pollution Figure 9 displays the median and 75th percentile mass
episodes, several flights have been selected based on eleencentrations of chemical composition as a function of
vated measurements of Bmass concentrations from the height for the high pollution episode data. Nitrate mass frac-
UK surface-based measurement network. The aircraft data ison for the pollution episode data and the full dataset are
compared with a rural monitoring station in Harwell, Oxford- also shown. The data is consistent with the ground based
shire (5236 0" N, 1°1724” W) in the South East of the UK. data from Harwell with increased mass concentrations de-
The site is marked in Figl. This station was selected due tected from the aircraft during the high pollution cases com-
to its location away from major population centres, roads orpared to the full dataset. This is consistent with the air mass
industrial sources. Measurements made at the site are therbistory analysis in SecB.2, with enhanced mass concen-
fore largely representative of regional aerosol concentrationstrations due to the large availability of sources in continen-
Thus it provides an indication of the general pollution situa- tal Europe. For the full dataset, sulphate and organics are
tion, which is independent of the measurements made on ththe dominant components, with concentrations of less than
aircraft. The data is provided by the UK Air Quality Archive 1.6 ugsnt3 each close to the surface. Nitrate accounts for
website fttp://www.airquality.co.uk/archive/index.phfor a small fraction of the sub-micron mass. For the high pol-
the period covered by the analysis, which runs from 5 April lution cases, all components are enhanced relative to the full
2005 to 27 September 2006. Daily mean values at Harweldataset. In particular, nitrate is significantly enhanced for
were available for 40 out of 41 flights and were ranked ac-both the median and 75th percentile mass loading. For the
cording to total mean loading. The data is summarised by75th percentile high pollution cases, nitrate is the dominant
a frequency distribution shown in Fi@§. The distribution  chemical constituent between 0—1000 m, with nitrate mass
for the entire flying period and the distribution for the fly- concentrations exceeding 5ugstn Thus, the nitrate mass
ing days are investigated using a two-sample T-test on uneoncentration is enhanced by a factor of 10 for the high pollu-
paired means in order to discern whether the distributiongion cases relative to the full dataset. Below 3000 m, nitrate is
are statistically different. The null hypothesis is that the pop-the dominant inorganic constituent. These characteristics are
ulation means are equal at the 0.05 (5%) significance levelconsistent with Sec8.1, with the high mass concentrations
The T-statistic for the distributions is 1.930, with a p-value being quite distinct from the general background trend. Such
of 0.101. Consequently, the null hypothesis may not be re-high pollution episodes are coincident with considerable en-
jected at the 5% level and the flights are considered to bénancements in the nitrate mass concentration and occurred
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Fig. 9. Distribution of Q-AMS mass as a function of height for high mass loading cases {@)espresents the median mass concentration
for each height interval anft) represents the 75th percentile mass concentration for each height infgvahd(d) contrast the nitrate
mass fraction for the high mass loading cases and the full dataset for the median and 75th percentile, respectively.

on average 20% of the time during the flying period (5 April potentially contribute in this layer, although the coincident
2005 to 27 September 2006) considered by this analysis. o0zone profiles do not show an increasing trend with alti-
tude in this region, which would be expected if troposphere-
stratosphere exchange was prevalent. The background pro-
4 Conclusions files for the Atlantic cluster are representative of the input
of aerosol to Western Europe. The Atlantic cluster repre-
The vertical distribution of aerosol chemical composition hasSented the predominant condition (53% of all back trajecto-
been characterised for the UK region. A back trajectory clus-fes) of the clust.er solution. .SUCh prqflles should serve as
ter analysis formed the basis for categorizing the source his@ USeful constraint for modelling studies. Summary statis-
tory of the aerosol properties. A key general feature of thetics for the ve_rtlcal p_roﬁles are presented in the supple-
profiles is the trend showing a relatively consistent back-Mentary material sectiom{tp://www.atmos-chem-phys.net/
ground primarily composed of organic matter and ammo-9/5389/2009/acp-9-5389-2009-supplemeny.fdf the full
nium sulphate. The organic matter concentrations are similaf@taset and the cluster solutions. The background trend is
to the sulphate concentrations. The background condition®unctuated by higher concentrations associated with pollu-
are likely driven by long-range transport plus a potential in- ion Plumes. Such plumes are shown to be more intense and
fluence of local marine sources, which may be biogenic (e.gMore frequent during periods of European outflow and peri-
O'Dowd et al, 2002 or anthropogenic (e.Petzold et al. ods of stagnant/recirculating air masses. Analysis of the UK
2008 in origin. The background mass concentrations aresurffslce—bf?lsed me_asure_ment network_ corroborates this con-
similar to those measured Igoe et al.(2006 on the west clu5|_on, Wlth_ pollutlon_eplsod_es occurring on average 2_0% of
coast of Ireland during westerly conditions. Enhanced or-the time during the flying period. Furthermorgdalmogith
ganic matter concentrations are infrequently observed in thénd Harrison(2009 showed enhanced mass concentrations
mid-troposphere, likely a result of long-range transport. Sul-during periods of European outflow compared to inflow from
phate also showed a subtle increase above 8000 m, poterq:'e Atlantic. Con_seguently, differing meteorolog'lcal regimes
tially as a result of long-range transport. Vertical mixing of Nave & substantial impact upon the concentration, composi-
sulphate-enriched stratospheric air to the troposphere coulion @nd microphysical properties of the aerosol input to the
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UK region. Such conditions increase the prospect of maxi-impact of clouds, the so-called indirect effect of aerosols (e.g.
mum mass concentration targets being exceeded and amplMcFiggans et a).2006. As well as such climate related im-
fied perturbations of the radiative equilibrium in the UK re- pacts, nitrate partitioning significantly perturbs the nitrogen
gion. This has major implications for source apportionmentcycle of the atmosphere. Particulate nitrate has a dry depo-
and impact studies. sition velocity which is ten times slower than that of nitric
A major facet of the enhanced mass concentrations obacid Seinfeld and Pandjsl998. Consequently, transport
served was the increase in the fractional contribution ofand ultimately deposition can be substantially altered by this
nitrate to the particulate mass. This is consistent withpartitioning phenomenon. Further elucidation of the impact
previous composition profiles derived from AMS measure-of ammonium nitrate is required across Europe, particularly
ments in Europe Grosier et al. 2007a Schneider et al. in terms of its direct and indirect radiative effects.
2006.This was particularly evident when assigning high pol-
lution episodes based upon the surface-based data and tigknowledgementsiVe would like to acknowledge the efforts of
general features of the European outflow cluster. FurtherFAAM, DirectFlight, Avalon and the Met Office and everyone
more, nitrate was shown to exhibit more variability as a func—ﬁqslso‘;iaéed\yv"itg tlt‘/le various projects tf“é”t‘) Whiﬁh tdat‘";‘ :;Nas- used fotr
; ; e ;. this study. W. T. Morgan was supported by a Natural Environmen
:Ir?z;tzfrhaer:?jh;rllgmgtetzhel\llji(t)rl:irt]gir){hli?i/tee ' dcctifr\x)p?r:zgi:r?ao\r/gi?gilrf Research Council (NERC) studentship NER/S/A/2006/14040 and

the b d | . | to th f d CASE sponsorship from Aerodyne Research Inc. The NERC
€ boundary layer, one close 10 the surtace and a SeCoNBaiiong| Centre for Atmospheric Science (NCAS) Facility for

close to the top of the boundary layer. Formation occur-goung based Atmospheric Measurements (FGAM) supported the
ring higher in the boundary layer is likely due to thermo- maintenance of the Q-AMS. NCAS also supported the develop-
dynamics driving the chemical partitioning of the gas phasement of the data interpretation methods employed here through its
precursors to the particle phase. Such effects have previcomposition Directorate. Several NERC funded projects were used
ously been observed on the west coast of the UNAuf in this study including AMPEP (NER/T/S/2002/00493), CIRRUS
man et al, 2003 and demonstrated using 1-D thermody- (NER/T/S/2002/00135), CLOPAP (NER/T/S/2002/00147) and
namic mode”ing above TokyO, JapdﬂQrino et al, 200@ ICEPIC (NER/A/S/2002/01021) Thanks to the British Atmo-
On the regional scale, organic matter is predominantly com-SPheric Data Centre (BADC) for the .calculaf[ion of tr.ajectorie.s apd
posed of Secondary Organic Aerosol (SOA) under poIIutedaccess to ECMWEF data. The UK Air Quall_ty Archive website is
conditions in the Northern HemispheZh@ang et al.2007, prepared and hosted by AEA Energy & Environment, on l:_)ehalf of

. . . o : . . the UK Department for Environment, Food & Rural Affairs and
which potentially contains a significant seml—volatlle fracuon the Devolved Administrations. We also thank G. McFiggans and
(I_Do_nahue et a,I.20.0E). Whther the organic matter displays g g. McMeeking for useful critical comments.
similar semi-volatile behaviour to the nitrate is unclear from
this dataset. The dataset does indicate that ammonium nidited by: A. Pszenny
trate can be a substantial component of the regional aerosol
burden. Its complex vertical distribution highlights the re-
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