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Abstract

Black carbon (BC) aerosols absorb sunlight thereby leading to a positive radiative forc-
ing and a warming of climate and can also impact human health through their impact on
the respiratory system. The state of mixing of BC with other aerosol species, particu-
larly the degree of internal/external mixing, has been highlighted as a major uncertainty5

in assessing its radiative forcing and hence its climate impact, but few in situ observa-
tions of mixing state exist. We present airborne single particle soot photometer (SP2)
measurements of refractory BC (rBC) mass concentrations and mixing state coupled
with aerosol composition and optical properties measured in urban plumes and re-
gional pollution over the UK. All data were obtained using instrumentation flown on the10

UK’s BAe-146-301 large Atmospheric Research Aircraft (ARA) operated by the Facility
for Airborne Atmospheric Measurements (FAAM). We measured sub-micron aerosol
composition using an aerosol mass spectrometer (AMS) and used positive matrix fac-
torization to separate hydrocarbon-like (HOA) and oxygenated organic aerosols (OOA).
We found a higher number fraction of thickly coated rBC particles in air masses with15

large OOA relative to HOA, higher ozone-to-nitrogen oxides (NOx) ratios and large con-
centrations of total sub-micron aerosol mass relative to rBC mass concentrations. The
more ozone- and OOA-rich air masses were associated with transport from continental
Europe, while plumes from UK cities had higher HOA and NOx and fewer thickly coated
rBC particles. We did not observe any significant change in the rBC mass absorp-20

tion efficiency calculated from rBC mass and light absorption coefficients measured by
a particle soot absorption photometer despite observing significant changes in aerosol
composition and rBC mixing state. The contributions of light scattering and absorp-
tion to total extinction (quantified by the single scattering albedo; SSA) did change for
different air masses, with lower SSA observed in urban plumes compared to regional25

aerosol (0.85 versus 0.9–0.95). We attribute these differences to the presence of rel-
atively rapidly formed secondary aerosol, primarily OOA and ammonium nitrate, which
must be taken into account in radiative forcing calculations.
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1 Introduction

The optical properties of atmospheric aerosols play a major role in determining their
impacts on climate (Haywood and Osborne, 2000). Aerosol optical properties depend
on the physical (e.g., size and shape) and chemical (e.g., composition, mixing state)
character of the particles and both transform in the atmosphere. The changes also5

alter the hygroscopicity of the particles, which determines how readily they serve as
cloud condensation nuclei (CCN) or ice nuclei (IN), and are related to the aerosol at-
mospheric lifetime. For example, black carbon (BC) particles that acquire coatings may
absorb light more efficiently (e.g., Fuller et al., 1999; Bond and Bergstrom, 2006; Lack
et al., 2009; Moffet and Prather, 2009; Lack and Cappa, 2010; Shiraiwa et al., 2010)10

and be more prone to wet scavenging processes and have a shorter atmospheric life-
time (e.g., Wyslouzil et al., 1994; Weingartner et al., 1997; Zhang et al., 2008; Riemer
et al., 2010; Zaveri et al., 2010; McMeeking et al., 2011) compared to their non-coated
counterparts.

Recently Morgan et al. (2010a) showed that organic aerosols (OA), which globally15

make up 20–90 % of sub-micron aerosol mass (Zhang et al., 2007), could be repre-
sented as a continuum of oxygenated OA (OOA), with significant chemical processing
downwind of major source regions over Europe. Jimenez et al. (2009) showed that
such behavior could be described by a unified modeling framework, the 2-D volatility
basis set, and stated that future work would need to account for the dynamic sources20

and sinks of OA to make accurate regional and global predictions of OA. Other ad-
vances in modeling treatments of aerosol micro-physical properties, including size and
mixing state, have improved the physical basis for predicting aerosol optical properties
and lifetime on regional and global scales (Koch et al., 2009; Jacobson, 2010; Zaveri
et al., 2010). The improvements are particularly important for predicting aerosol light25

absorption, which depends on the mixing state and size of BC as well as its abundance.
Advances in instrumentation have provided single particle data that give a direct

measure of mixing state and provide a test and constraint for model micro-physical
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schemes. Single particle aerosol mass spectrometry approaches provide detailed
chemical composition measurements including BC (Moffet and Prather, 2009; Pratt
and Prather, 2010; Dall’Osto et al., 2010) and single particle soot photometers (SP2)
provide mixing state information specific to refractory BC (rBC) in addition to mass
quantification (Schwarz et al., 2006; Shiraiwa et al., 2007; Schwarz et al., 2008a; Sub-5

ramanian et al., 2010). In Europe, Baumgardner et al. (2008) measured rBC in the up-
per troposphere-lower stratosphere (UT-LS) region and McMeeking et al. (2010) mea-
sured rBC in the boundary layer with airborne SP2 instruments, but neither examined
the rBC mixing state. Surface-based SP2 measurements in Europe are also relatively
limited to date. Liu et al. (2010) used an SP2 to measure rBC mixing at a high alpine10

site in Switzerland and Liu et al. (2011) performed similar measurements downwind
of Manchester in the UK. Dall’Osto et al. (2010) measured single particle composition
at Mace Head, Ireland using an aerosol time-of-flight mass spectrometer (ATOFMS)
and found that aerosols in air masses originating from northern Europe were enriched
in potassium, elemental carbon (similar to BC) and nitrate while those passing over15

France and Spain were enriched in organic carbon and sulfate.
Our work is closely related to three previous studies in which we examined the evolu-

tion of OA over Europe (Morgan et al., 2010a), the distribution and size of rBC over Eu-
rope (McMeeking et al., 2010) and the relationship between aerosol optical properties
and semi-volatile aerosol components (Morgan et al., 2010b). Here we link recent ad-20

vances in the treatment of OA and rBC mixing state to examine relationships between
the evolution of OA, rBC mixing state, and their subsequent impacts on aerosol optical
properties using airborne measurements of rBC, aerosol composition and aerosol op-
tical properties. The results are the first measurements of rBC mixing state aloft over
Europe. We also compare our findings to previous aircraft-based observations in other25

locations.
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2 Method

All measurements reported here were made from the UK’s BAe-146-301 large Atmo-
spheric Research Aircraft operated by the Facility for Atmospheric Airborne Measure-
ments (FAAM). We performed several research flights to examine the transformation
of trace gases and particles emitted from major source regions in the UK as part of5

the APPRAISE-ADIENT (Aerosol properties, processes and influences on the Earth’s
climate system – Appraising the aerosol direct impact on climate) and EM25 (Emis-
sions around the M25 motorway) projects. Our analysis focuses on measurements
performed on 16 April 2008 and 24 June 2009 that aimed to characterize emissions
from urban centers in the absence of significant cloud processing of the aerosol. We10

describe the major instrument systems operating on the aircraft relevant to this work
below.

2.1 Single particle soot photometer

McMeeking et al. (2010) described the SP2, inlets, calibration and data analysis pro-
cedures used in this study in detail, so here we only discuss aspects of the analysis15

relevant to rBC mixing state and coating properties. We treat rBC-containing particles
as rBC “cores” coated by “shells” of other material. The SP2 (DMT Inc., Boulder, CO,
USA) provided information about both the mass of the rBC “core” (if present) and the
amount of additional coating for each particle detected. It relied on a laser-induced
incandescence technique (Stephens et al., 2003) to identify and quantify rBC mass in20

individual particles over a nominal rBC mass range of approximately 5–300 fg depend-
ing on the instrument configuration. Two avalanche photodetectors measured light
scattered by particles passing through the laser, which were related to particle size
through PSL calibrations. Particles containing sufficient absorbing material evaporated
in the beam (causing the scattering signal to degrade) and eventually the rBC core25

vaporized and emitted light that was related to the rBC core mass. The rBC mass
response was determined using mobility-selected Aquadag (16 April 2008) and glassy
carbon spheres (24 June 2009).
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The initial information obtained for each particle (after the calibration had been ap-
plied) can be summarized as: a) whether or not the particle contains a detectable mass
of rBC and, if so, the quantity of that mass, b) the light scattering-derived size of both
rBC and non-rBC containing particles with optical diameters between approximately
200–450 nm, and c) the time elapsed between the peak of the incandescence and5

scattering signals. Refractory BC mass information was available over a wider size
range than scattering information due to the limited sensitivity and saturation of the
detectors. The size range depended on detector gain settings and the optical proper-
ties of individual particles and in our study was approximately 200–450 nm diameter
(based on polystyrene latex sphere calibration). We determined the number fraction of10

“thickly coated” rBC particles (f ) based on the time delay between incandescence and
scattering signal peaks for the entire ensemble of rBC containing particles with scat-
tering responses within the detection range and for specific rBC core diameter ranges
(Schwarz et al., 2006; Shiraiwa et al., 2007). The time criterion was based on the
observed minimum in the bimodal frequency distribution of delay times (Moteki et al.,15

2007). We did not observe significant differences in f for different rBC core diameter
ranges, so unless otherwise stated reported f is for the entire rBC distribution with
detectable light scattering signals.

2.2 Aerosol mass spectrometer

A compact Time-of-Flight aerosol mass spectrometer (AMS; Aerodyne Inc., Billerica,20

MA, USA) measured sub-micron aerosol chemical composition at approximately 30-s
time resolution (Drewnick et al., 2005) for level flight and approximately 10-s resolution
for ascents and descents in most cases. The AMS provided sub-micron, non-refractory
aerosol composition and mass information, including OA, sulfate, nitrate, and ammo-
nium concentrations. Morgan et al. (2010a) described the inlets, instrument calibration25

and data anlaysis procedures, including the positive matrix factorization (PMF) tech-
nique used to interpret the organic mass spectra (Ulbrich et al., 2009). Aerosol mass
concentrations were compared to light scattering coefficients and other aerosol mass
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concentration proxies to verify data quality and correct application of the composition-
dependent AMS collection efficiency (Morgan et al., 2010a; Matthew et al., 2008).

Positive matrix factorization (Paatero and Tapper, 1994; Paatero, 1997) analysis of
the AMS data was performed here in order to further interpret the sources and pro-
cessing of OA. Several previous publications (e.g., Ulbrich et al., 2009; Allan et al.,5

2010; Morgan et al., 2010a) give details for the application of PMF to AMS organic
mass spectra. PMF was used in this analysis in order to separate hydrocarbon-like OA
(HOA) and oxygenated OA (OOA) contributions to the OA burden and we wished to
examine their relative importance in pollution plumes. Furthermore, previous studies
have often separated the OOA fraction into sub-sets related to their age and volatility,10

which may be of importance here when comparing regional scale pollution to more
locally derived pollution plumes.

The PMF solution for the 16 April 2008 case study has been previously reported in
Morgan et al. (2010a). Briefly, a two factor solution was chosen comprised of HOA
and low volatility-OOA (LV-OOA) (Jimenez et al., 2009) based on their correlation with15

external tracers, resemblance to reference mass spectra and the mathematical robust-
ness of the solution. The PMF solution for 24 June 2009 is reported here for the first
time, but similar criteria were used to select the solution as for the 16 April 2008 case,
with both using procedures outlined in Ulbrich et al. (2009). The solution had three
factors; HOA, semi-volatile-OOA (SV-OOA) and LV-OOA. A two factor solution was not20

deemed appropriate as this resulted in an ambiguous separation between HOA and
OOA. Solutions with greater than three factors led to factors being split into several nu-
merically similar factors. Consequently, the three factor solution provided a separation
between the HOA and OOA components, while also providing a more robust distinction
between the SV-OOA and LV-OOA components.25

The rotational freedom of the three factor solution was explored via variation of a pa-
rameter known as “fPeak”. An fPeak value of zero was used for the three factor so-
lution based upon the resemblance of the HOA factor to both reference mass spectra
and primary combustion tracers. Correlation coefficients of 0.69 and 0.73 for carbon
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monoxide (CO) and rBC respectively were determined for an fPeak of zero. Correlation
coefficients of 0.68 and 0.63 were observed for fPeak= 0.5. The numerical stability of
the three factor solution was tested based upon a bootstrapping analysis (Ulbrich et al.,
2009), where random re-sampling of the data matrix is performed in the time dimen-
sion. Furthermore, little variation in the factor solutions was observed when a range of5

initiation seeds was used.

2.3 Other instruments and tools

Aerosol light scattering and absorption coefficients were measured by an integrating
nephelometer (TSI 3563, St. Paul, MN, USA) and particle soot absorption photome-
ter (PSAP, Radiance Research, Boulder, CO, USA). Measured aerosol light scattering10

coefficients were corrected for artifacts from truncation and the non-lambertian light
source in the nephelometer using the sub-micron aerosol parameters provided by An-
derson and Ogren (1998). Light scattering coefficients were measured at λ= 450, 550
and 700 nm, but we only discuss the 550 nm measurements. Measured aerosol light
absorption coefficients were corrected for artifacts associated with filter spot size, flow15

rate and the presence of scattering particles on the filter following Bond et al. (1999)
and Ogren (2010). We removed PSAP data from the analysis when the aircraft was
changing altitude or flying through clouds.

All aerosol measurements including optical coefficients are reported at standard
temperature and pressure (STP; temperature=273.15 K and pressure=1013.25 hPa)20

and denoted by an “s” for clarity (e.g., µg sm−1). Gas-phase concentrations of CO
(Aero-Laser AL5002), ozone (O3; Thermo Model 49C), and nitrogen oxides (NOx;
Thermo Model 42) were measured by VUV resonance fluorescence, UV photometry,
and chemiluminescence, respectively. Our reported NOx was a surrogate for nitrogen
oxides mixing ratios in that it was operationally defined as any species converted to25

NO under a heated (800 ◦C) molybdenum catalyst. All data were averaged to the AMS
sampling interval. All reported measurements refer to observations in the boundary
layer unless otherwise stated.
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We examined the large-scale meteorological transport patterns using a combination
of visible and infrared satellite imagery, the re-analysis from the European Centre for
Medium-Range Weather Forecasting (ECMWF) ERA interim product, backward trajec-
tory modeling, and the Met Office operational numerical weather prediction (NWP) UK4
forecasting model. We ran 72-h backward trajectories from different locations along the5

flight path using the NOAA HYSPLIT Lagrangian transport model (Draxler and Rolph,
2011; Rolph, 2010) with modeled vertical velocities.

In addition to providing standard meteorological variables such as temperature, hu-
midity, cloud and precipitation fields, the UK4 model includes a highly simplified rep-
resentation of aerosol emission, transformation, and deposition (Clark et al., 2008).10

Sources of aerosol are based on the European emission inventory on a 1/8 degree
by 1/16 degree grid developed for the Global and regional Earth-system (Atmosphere)
Monitoring using Satellite and in-situ data (GEMS) project by Visschedijk et al. (2007)
plus ship emissions from the European Monitoring and Evaluation Programme (EMEP)
emissions database for 2005. The aerosol is represented by a single tracer (known as15

murk) which approximately accounts for emissions sources from SO2, NOx and VOCs
by using a conversion factor representing the average conversion of the emissions to
aerosol within the model domain. The aerosol concentration is used along with a mean
hygroscopic growth factor to provide forecasts of atmospheric visibility (Koschmieder,
1924; Haywood et al., 2008). The hygroscopic growth factor used is based on neph-20

elometer data from previous flight campaigns (Haywood et al., 2008). Variational data-
assimilation of observed visibilities are used to correct the model fields of aerosol mass
concentration and relative humidity (Clark et al., 2008).
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3 Results and discussion

3.1 Meteorology and transport

We examined rBC mixing state and other aerosol properties in detail for two case stud-
ies, which took place on 16 April 2008 and 24 June 2009. Meteorological conditions
were similar on both days (Fig. 1a and b), with high pressure over Scandinavia result-5

ing in easterly/southeasterly anti-cyclonic flow over the UK. The 16 April case study
(referred to as the April case study) was a single flight operating mainly in the Irish Sea
downwind of northwestern England and Welsh coast (Fig. 1c). The 24 June case study
involved two flights (referred to as the June case study). The first circled the greater
London area before performing a westward leg over the English Channel. The second10

flight took off from southwestern England and flew north towards the Irish Sea where
we flew a plume mapping pattern similar to the April flight (Fig. 1d).

The 16 April 2008 flight took place shortly after the passage of a weak cold front and
associated precipitation over the north of England on the night of 15 April. The low-
level flow became southeasterly following the passage of the front, advecting pollution15

from northwestern England over the Irish Sea. There were scattered low-level clouds
over land covering most of the UK on the 16 April, but the aircraft did not sample in
these areas. The 24 June 2009 flight took place when a high pressure system moved
eastwards across the UK towards Scandinavia. The system was roughly centered over
the UK on 23 June and over the Atlantic Ocean southwest of Ireland on 22 June. The20

24 June flights took place during almost completely cloud free conditions over the UK.
Aerosol mass fields predicted by the UK4 visibility model provided an indication of

the locations of plumes and their sources during the flights. Figure 1c shows a well-
defined plume moving northwest from the Liverpool/Manchester region, extending as
far as the Irish coast. The majority of the April flight focused on this plume, but the air-25

craft also encountered a second, weaker plume in the Bristol Channel, which was also
evident in the UK4 forecast (Fig. 1c), and that originated from the Bristol and southern
Wales region. The transport pattern on the 24 June flight was similar, but the flow was
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slightly more easterly than south-easterly over the Irish Sea. There was a large re-
gion of elevated concentrations over the southern Irish Sea to the west of Wales. The
Manchester/Liverpool plume appeared to mix with a second plume originating further
to northeast, near the Kingston Upon Hull (Hull) region. The plume’s source appeared
to be related to emissions from industrialized regions near Hull with additional contri-5

butions from several coal-fired power stations in the area. Pollution around the greater
London area was also sampled during the morning flight on 24 June. The flight fol-
lowed a roughly circular route around London as part of a series of flights examining
pollution in and around the Greater London area, which are described in more detail
elsewhere (McMeeking et al., 2011).10

3.2 Ozone, carbon monoxide and nitrogen oxides

Background CO mixing ratios were determined from the relationships between rBC,
NOx and CO and were 150±10 ppb for the April flight and 90±10 ppb for the June flight.
Lower summertime CO background mixing ratios generally result from increased hy-
droxyl radical concentrations in the summer that increase the removal rate of CO. Car-15

bon monoxide mixing ratios increased by approximately 150 ppb and 50 ppb in plumes
encountered during the April and June case studies, respectively. NOx mixing ratios in-
creased from background levels of roughly 2 ppb to mixing ratios as high as 30–40 ppb
in April and to 10–15 ppb in June in plumes. Ozone concentrations ranged from 35–
50 ppb in April and 30–60 ppb in June, with the larger values observed in regions not20

influenced by the urban plumes. The lower ozone concentrations in the plumes were
consistent with titration of ozone by high NOx concentrations.

We used the mixing ratios of O3 and NOx to assess the photochemical environment
during the flights. Figure 2a and b show ratios of O3 to NOx measured along the flight
tracks for level runs below 1 km altitude. For April, the ratio was lowest off the western25

Welsh coast (Box III in Fig. 2a) and Irish Sea (Box I in Fig. 2a). In June the lowest ratios
were observed in plumes in the Irish Sea (Boxes VII and VIII in Fig. 2b) and downwind
of London (Box IV in Fig. 2b) and there was a broader region of elevated O3-NOx in

15001

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/14991/2011/acpd-11-14991-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/14991/2011/acpd-11-14991-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 14991–15027, 2011

Aerosol properties in
plumes and regional
pollution over the UK

G. R. McMeeking et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the south (Box V and regions to the west in Fig. 2b). The low ratio locations coincided
with where the UK4 model and backward trajectories predicted plume transport from
urban areas. The elevated region in the south during the June flights corresponded
with European and southern UK outflow. Ozone-to-NOx ratios were generally higher
in June compared to April, reflecting the larger contribution from aged air masses and5

greater amount of sunlight available for photochemistry.

3.3 Aerosol mass concentrations and composition

We calculated total sub-micron aerosol mass as the sum of OA, nitrate, sulfate, ammo-
nium and non-sea salt chloride measured by the AMS and rBC mass measured by the
SP2 (Fig. 2c and d). Aerosol mass concentrations were higher in June compared to10

April, with maximum concentrations of approximately 25 µg sm−3 measured in the Eu-
ropean outflow sampled to the south of the UK, shown in Fig. 2d. Mass concentrations
in the urban plumes sampled downwind of London and northern England were similar
for both days, with concentrations on the order of 10–15 µg sm−3. Clean background
concentrations observed to the west of northern Wales were less than 5 µg sm−3 on15

both days.
The aerosol composition varied across different regions, with urban/near-source

plumes having higher rBC mass concentrations compared to background concentra-
tions and European/regional pollution, as shown in Fig. 3a and b. The rBC mass
concentration in the London and Liverpool/Manchester plumes was on the order of20

0.5–1 µg sm−3 compared to 0.1 µg sm−3 (background) and 0.2 µg sm−3 (European re-
gional). Organic aerosol, nitrate and sulfate mass concentrations (in the form of am-
monium nitrate and ammonium sulfate determined from the ion balance), shown in
Fig. 3c–h, were highest in the regional European outflow sampled in June, but all three
species also had higher mass concentrations in the urban plumes compared to back-25

ground concentrations on both days. Nitrate was approximately 7 times higher in the
London plume compared to background and both sulfate and OA were approximately
twice as high.
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The composition of the OA component also varied with location and between the two
days, based on the PMF analysis. Figure 4 shows the OOA fraction of OA for both days.
HOA mass concentrations were highest in urban plumes while OOA was higher in
background and/or regional aerosol, though OOA was also observed in urban plumes.
OOA was a slightly lower fraction of OA (approximately 40–50 %) for the April flight5

compared to the June flights, when it was between 50–60 % of OA in urban plumes
and over 90 % in the regional and background aerosol.

Increases in OOA have been previously related to photochemical activity, which is
higher in summer due to the longer days and increased actinic flux. Higher OOA in
the summer is also consistent with the hypothesis that most of the OOA is derived10

from biogenic precursors that require interaction with anthropogenic pollution to en-
hance secondary organic aerosol concentrations (Spracklen et al., 2011). Most pre-
vious AMS measurements in and downwind of UK cities took place during winter and
showed major contributions by traffic, solid fuel burning and cooking to OA (Allan et al.,
2010; Liu et al., 2011). Allan et al. (2003) performed summertime AMS measurements15

in Manchester that were later re-analyzed using PMF by Jimenez et al. (2009), who
determined that OOA represented approximately 60 % of OA, consistent with our ob-
servations in the northwestern plumes in June. During winter the OOA contribution to
OA in Manchester dropped to approximately 40 %, similar to the April measurements.
Measurements of regional pollution across Europe in the summer have shown that20

OOA makes up approximately 90 % of OA (Morgan et al., 2010a), consistent with our
measurements in regional pollution.

We examined aerosol composition in specific regions shown by boxes in Fig. 2a by
calculating the average mass fractions for each species. The box-averaged sub-micron
mass concentrations and mass fractions and are shown in Fig. 5 for both days. Sulfate25

and ammonium mass fractions were relatively constant in different locations and for
both days, together representing approximately 40 % of the sub-micron aerosol. In
April, nitrate was the major species, making up about 40 % of aerosol mass in the urban
plumes and slightly less in the background aerosol. Organic aerosol was about 10–
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20 % of the mass, with roughly equal contributions by HOA and OOA and slightly higher
OOA values in the background aerosol compared to the urban plumes in June. The
differences in April were less clear, partly due to the lower OA mass concentrations.
rBC was 3–4 % of the mass, with higher mass fractions in the urban plumes compared
to background aerosol. The main difference in composition in June was the increase5

in OA at the expense of nitrate. Together HOA and OOA represented about 20–30 %
of sub-micron mass in plumes and European outflow and almost 50 % of mass in the
background aerosol. Refractory BC mass fractions in plumes were similar to those
observed in April, but we observed lower rBC mass fractions in the European outflow
(1 %) and background aerosol (2 %). Sulfate concentrations were elevated in the NW10

plume 1 (Box VII) compared to other regions sampled in June. We believe this plume
originated from coal-fired power plants, but also had contributions from other sources.

3.4 Black carbon mixing state

We observed a clear difference in f in urban plumes compared to rBC measured in
other regions around the UK on both days, shown in Fig. 6. The regions with lower f15

coincided with areas of low O3-to-NOx ratios and where the UK4 visibility model and
backward trajectory analysis (not shown) predicted transport from urban locations. Air
masses sampled in the Irish Sea to the northwest of Liverpool in April had passed over
the Liverpool/Manchester area less than 6 h prior to sampling. We conclude that the
rBC particles sampled here were relatively fresh rBC emissions in urban plumes. We20

classified between 10–20 % of the rBC in urban plumes as “thickly coated” compared to
25–50 % in the background rBC and European outflow. Refractory BC sampled in the
Bristol plume in April had slightly higher f which may be related to the slightly longer
transport time between the sampling location and the expected source region.

Several recent studies have examined the rBC mixing state around and downwind25

of major cities. Schwarz et al. (2008a) performed a time-delay analysis to examine
rBC properties over Texas and found a similar distinction between urban emissions
(f = 3–15 %) and background/continental rBC (f = 40–50 %) as we observed over the
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UK. Moteki et al. (2007) and Subramanian et al. (2010) measured f downwind of Tokyo
and Mexico City, respectively and observed increases in f as the plumes aged. Moteki
et al. (2007) found that f in the Tokyo plume increased at 2.3 % h−1 but Subramanian
et al. (2010) observed a slower rate downwind of Mexico City (<0.5 % h−1). Our flights
did not track transformations in a single plume, but rather sampled different plumes5

at varying distances downwind of the expected source regions. We estimated the
air mass transport time by examining backward trajectories originating from various
points along the flight track and compared these with f . The air mass transport time
was only a rough estimate because of uncertainties on the source region, but we still
found a correlation (Pearson’s r2 = 0.65) between air mass age and f . It increased10

by approximately 1 % h−1, slower than the Tokyo observations but higher than those
for Mexico City. There are a number of possible explanations for these differences,
including photochemical environment, initial rBC mixing state at source, coagulation
rates and potential cloud processing in the other studies.

3.5 Aerosol optical properties15

We measured aerosol light absorption and scattering coefficients using the PSAP and
integrating nephelometer. The PSAP uses a filter to sample particles, which can lead
to a number of artifacts in the measurement, even after the application of standard cor-
rection procedures. We discussed these in more detail in McMeeking et al. (2010), but
to summarize briefly we expect larger overestimates of the true absorption coefficient20

in regions with large concentrations of organic aerosol (Subramanian et al., 2007; Lack
et al., 2008; Cappa et al., 2008) that remain even after applying common correction
procedures (e.g., Bond et al., 1999; Virkkula et al., 2005).

Light absorption coefficients, corrected to STP, were correlated with rBC mass con-
centrations on both days (Pearson’s r2 =0.78 and 0.69 for April and June, respectively).25

The regressions of light absorption coefficient on rBC mass, which give the average
rBC mass absorption efficiency (MAE), were 15.4±0.9 (regression coefficient ±95 %
confidence interval) and 11.4 ± 0.7 m2 g−1 for the April and June flights, respectively.
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Subramanian et al. (2010) measured MAEs of 10.6± 2.3 and 11.3± 3.1 m2 g−1 at
λ= 660 nm in fresh outflow and 1-day old air masses over and downwind of Mexico
City. Converting the Mexico City measurements to λ= 550 nm assuming a λ−1 wave-
length dependence gave MAE= 12.7±2.8 and 13.6±3.7 m2 g−1, within the range of
our UK measurements.5

As Subramanian et al. (2010) discussed, these MAE values are larger than expected
for fresh combustion soot (7.5±1.2 m2 g−1), and in some cases larger than the 50 %
enhancement expected for coated soot based on theoretical considerations (Bond
and Bergstrom, 2006; Lack and Cappa, 2010) or laboratory measurements of sim-
ple coated absorbing core systems (Lack et al., 2009). Shiraiwa et al. (2010) showed10

absorption enhancements as large as 2 for coated graphite particles, but these experi-
ments did not account for the role of fractal soot structures and their potential collapse
when coated, which affects their absorption efficiency. Schwarz et al. (2008b) calcu-
lated absorption enhancements on the order of 30 % using SP2 measurements of rBC
coating thickness and Mie theory, however these calculations also do not capture the15

effects of potential changes in rBC core shape with the additions of coating.
To investigate potential causes of the large MAE values we examined relationships

between MAE and f for both flight days, shown in Fig. 7. We did not observe any
increase in MAE with respect to changes in f on either day. Biases in PSAP measure-
ments have been observed to increase with increasing OA mass concentrations (Lack20

et al., 2008; Cappa et al., 2008), but we found no significant relationship between MAE
and OA mass. We observed OA concentrations between 1–7 µg sm−3. Lack et al.
(2008) measured PSAP biases between approximately 1.3–1.5 in this range, so our
ability to detect an erroneous change of this magnitude may be limited by the mea-
surement variability.25

The high MAE values may also result partially from an underestimate in rBC mass
concentrations due to the limited size range of the SP2. Unlike Subramanian et al.
(2010), we did not apply a correction factor for mass falling outside the SP2 detection
range. Previously applied adjustments to account for rBC mass outside the detection
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range typically fall between 1.3–1.5, which would reduce our average MAE values to
between 8.5–12 m2 g−1, closer to theoretical and previously measured values. Physical
increases in MAE coinciding with shifts in the rBC core mass distribution that result in
a higher fraction of rBC particles being detected by the SP2 could give a relatively
constant MAE (Subramanian et al., 2010). For this to occur, changes in mixing state5

resulting in more thickly coated rBC particles would have to coincide with increases in
the rBC mass size distribution. To test this, we compared MAE to the mean geometric
diameters calculated for rBC cores detected by the SP2 on 24 June. We observed
a weak decrease in MAE for increasing rBC mean diameters (−0.1±0.1 m2 g−1 nm−1)
with a low correlation (Pearson’s r2 = 0.02). Thus though we might expect a small10

change in MAE due to shifts in the rBC mass distribution, they were not large enough
to offset the expected 30–50 % increase in absorption. Large amounts of small rBC
particles below the detection limit of the SP2 could still play a role in explaining our
results, but we are unable to comment further given the instrument limitations.

To summarize our discussion of the MAE values observed during the two days, we15

did not observe a significant change in MAE for differences in f or parameters related
to f , such as the OOA fraction of OA or the ozone-to-NOx ratio. There are several
instrumental and physical reasons that could explain the lack of observed changes.
From an instrumental perspective, biases in the PSAP may prevent physical changes
in absorption from being detected with enough accuracy, as discussed by Subrama-20

nian et al. (2010). The SP2 mass measurement may underestimate the rBC mass for
periods when the size distribution had greater contributions from relatively fresh, small
rBC particles. Such an error results in erroneously high MAE, but we did not observe
any clear evidence for changes in rBC mass distributions affecting calculated MAE.
The f parameter may not capture important changes in the rBC mixing state that affect25

absorption. The lack of MAE changes could also be physical as opposed to artificial.
Our aircraft observations may not have measured “fresh” non-coated BC that one might
observe very close to the source. If this was the case our observations simply showed
a lack of further enhancement of absorption beyond the initial mixing. The rBC cores
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may collapse as they become thickly coated, lessening the absorption enhancement
of the coating (Bond and Bergstrom, 2006). The coating material may be partially ab-
sorbing, also reducing the absorption enhancement (Lack and Cappa, 2010), though
we would expect the effect to be more important in biomass burning impacted regions
where brown carbon plays an important role.5

The single scattering albedo (SSA) is the ratio of light scattering to extinction and is
an important parameter when determining the radiative forcing of aerosols. We calcu-
lated SSA from measured light scattering and absorption coefficients, both corrected to
STP and for well-known instrument artifacts. We were interested to see how changes
in the rBC mixing state and relative abundance of rBC and non-absorbing species af-10

fected the SSA (Fig. 8a). SSA and rBC mass fractions were negatively correlated as
expected because rBC was the major light-absorbing species during the flights. The
addition of non-absorbing secondary aerosol mass, such as ammonium nitrate, am-
monium sulfate and OOA led to higher aerosol scattering coefficients and higher SSA.
SSA typically varied from 0.85 in urban plumes to 0.9–0.95 in the regional pollution and15

background aerosol. We estimated the relative contributions of OA, nitrate and sulfate
to changes in SSA by assuming they were the only light scattering aerosol components
and comparing their concentrations inside and outside of the urban plumes. Nitrate
and OOA were the two largest contributors to increases in SSA, each responsible for
approximately 30 % of the increased scattering aerosol mass.20

We also show the SSA as a function of the rBC mixing state represented by the
parameter f in Fig. 8b. For both days, we observed increases in SSA as f increased,
meaning the increase in the scattering coefficient resulting from the addition of sec-
ondary aerosols more than compensated for any possible increases in the absorption
coefficient arising from changes in the rBC mixing state. If the increase in MAE was25

due to OA-related PSAP measurement artifacts then we would expect to see an even
larger increase in the real SSA for higher f values because these corresponded to pe-
riods with higher OA concentrations. This does not mean the changes in rBC optical
properties with age should be ignored, however. If the rBC MAE increases with age
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due to changes in mixing state, the changing MAE must still be represented accurately
in radiative forcing calculations, otherwise the predicted SSA will be too large.

3.6 Aerosol vertical structure

Most of the sampling took place in the boundary layer, but we did perform several
profile ascents and descents to examine the vertical structure in aerosol composition.5

Horizontal differences in aerosol composition can complicate the interpretation of the
vertical structure because the profiles are performed over a significant horizontal dis-
tance during aircraft measurements. We performed profiles in the vicinity of Liverpool in
April (Fig. 9a) and in the vicinity of London (Fig. 9b) and Liverpool (Fig. 9c) in June. Re-
fractory black carbon concentrations remained relatively constant throughout the layer10

closest to the surface for all three profiles. The April profile was truncated at about
800 m altitude due to an altitude-dependent response problem with the instrument, but
the June flights show rBC mass concentrations decreasing at approximately 700 m over
London in the morning and at approximately 2000 m over Liverpool in the afternoon.
A second more dilute layer of elevated rBC mass concentrations lay between the top15

of the surface layer and 1700 m over London.
The AMS-measured sub-micron aerosol mass composition and concentrations dis-

played more structure within the boundary layer. In April sulfate, nitrate and OA re-
mained relatively constant before decreasing at approximately 1200 m. In June, OA,
sulfate and nitrate increased between 1000–2000 m compared to their near surface20

values over London. There was a weaker increase over Liverpool, with sulfate concen-
trations decreasing and OA increasing slightly. Nitrate mass concentrations increased
from less than 1 µg sm−3 near the surface to 6 µg sm−3 over London and approximately
3 µg sm−3 over Liverpool. Morgan et al. (2009) and Morgan et al. (2010b) also observed
increased nitrate concentrations near the top of the boundary layer and suggested they25

were related to the temperature- and relative humidity-dependent equilibrium of the
ammonia-nitric acid-ammonium nitrate system. The increase observed over London
was probably a combination of semi-volatile nature of nitrate and changes in air mass
age/origin because non-volatile sulfate and rBC mass concentrations also change.
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The rBC mixing state also displayed a strong altitude dependence, with higher f
values observed above the boundary layer for the 24 June profiles. Figure 9b shows
that rBC in the lowest 800 m near the surface had low f as expected for fresh emis-
sions. The mixing state for rBC above this layer was similar to that observed in aged
air masses, with f of approximately 0.3–0.5, similar to that observed in the free tropo-5

sphere above. The rBC in this layer was likely aged rBC in the residual layer trans-
ported from sources upwind. The profile over Liverpool from later that day shows that
the growth of the boundary layer has transported relatively fresh rBC with low f to as
high as 1800 m. The rBC mixing state above this layer in the free troposphere has
f >0.5, suggesting it was more highly aged.10

4 Conclusions

We have presented airborne observations of sub-micron aerosol composition and opti-
cal properties over the UK in April 2008 and June 2009, including rBC mixing state. We
found higher concentrations of rBC in urban plumes that also had a relatively low frac-
tion of thickly coated rBC particles. The plumes also had higher fractions of HOA and15

lower ozone-to-NOx ratios. We did not observe any clear changes in rBC properties
within individual plumes, but did observe significant differences between the plumes
and surrounding regions. We estimated that rBC became “thickly coated” at a rate
of 1 % h−1 downwind of UK and European source regions, approximately half the rate
observed downwind of Tokyo, but higher than observed downwind of Mexico City. Re-20

fractory black carbon in background regions and in European continental outflow had
a higher fraction of thickly coated particles. These regions also had higher fractions of
OOA, higher ozone-to-NOx ratios and higher sub-micron aerosol mass concentrations.
We found no evidence of an increase in the mass absorption efficiency of rBC in more
aged and oxidized air masses, despite observing significant changes in the rBC mixing25

state and aerosol composition. This could be related to limitations in the PSAP-based
absorption measurement, the size limitations of the SP2, or it could be a physical effect
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whereby the acquisition of coatings is offset by collapse of the rBC core. Regardless of
the cause, two independent measurements (our study and Subramanian et al., 2010)
have failed to observe any significant increase in the MAE of rBC downwind of urban
sources and additional measurements are urgently needed to verify or refute these
findings given their implications for radiative forcing calculations. Even if rBC optical5

properties are shown to be relatively constant in this and other regions, changes in
mixing state will still need to be represented due their influences on rBC hygroscopicity
and lifetime, thus additional measurements similar to these are still needed.
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Fig. 1. Geopotential height fields at the 850 hPa pressure level from the ECMWF ERA interim
reanalysis at 12:00 UTC for the 16 April 2008 (A) and 24 June 2009 (B). Panels (C and D) show
the aircraft flight tracks in white overlaying the UK4 visibility model-predicted aerosol mass fields
at the approximate level of the aircraft (approximately 200 m above sea level on 16 April and
680 m above sea level on 24 June) for periods when the aircraft was flying in the northwestern
plumes. The locations of major UK cities are shown by black crosses in panel (D). See Fig. 2
for labels.
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Fig. 2. Maps showing the ratio of ozone-to-nitrogen oxides mixing ratios (A and B, note log-
arithm scale) and sub-micron aerosol mass concentrations measured by the AMS and SP2
(C and D). Only periods when the aircraft was flying at a level altitude in the boundary layer
are highlighted. Solid black line shows the flight track. Locations of major cities and selected
regions are also indicated.
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Fig. 3. Maps showing mass concentrations of (A and B) refractory black carbon (rBC), (C and
D) organic aerosols (OA), (E and F) nitrate, and (G and H) sulfate measured during level runs
inside the boundary layer for each day. Locations of major cities are also shown and labeled
as: L, London; B, Birmingham; Br, Bristol; C, Cardiff; Lp, Liverpool; M, Manchester; Ld, Leeds;
S, Sheffield; H, Kingston-upon-Hull.
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Fig. 4. Maps showing the oxidized organic aerosol (OOA) fraction of organic aerosol (OA)
determined from positive matrix factorization of AMS organic mass spectra.
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Fig. 5. Mass concentrations and mass fractions of rBC, HOA, OOA, nitrate, sulfate and ammo-
nium averaged over different regions of the 16 April 2008 and 24 June 2009 flights shown in
Fig. 2a.
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Fig. 6. Maps showing the number fraction of thickly coated rBC particles determined from
a time delay analysis of single particle incandescence and scattering signals for 16 April 2008
and 24 June 2009.
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Fig. 7. Refractory black carbon (rBC) mass absorption efficiency calculated from SP2 mea-
sured rBC mass concentrations and corrected PSAP-measured light absorption coefficients
at λ= 550 nm and standard temperature and pressure as a function of the number fraction of
thickly coated particles measured by the SP2. Points are shaded by organic aerosol mass
concentrations measured by the AMS. Each day is plotted using a different symbol. Only mea-
surements inside the boundary layer are plotted.
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(C) Liverpool, England (approx. 17:00 UTC on 24 June 2009). All profiles are shown on the
same scales.
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