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Abstract

The wet removal of black carbon aerosol (BC) in the atmosphere is a crucial factor
in determining its atmospheric lifetime and thereby the vertical and horizontal distribu-
tions, dispersion on local and regional scales, and the direct, semi-direct and indirect
radiative forcing effects. The in-cloud scavenging and wet deposition rate of freshly5

emitted hydrophobic BC will be increased on acquisition of more-hydrophilic compo-
nents by coagulation or coating processes. The lifetime of BC is still subject to consid-
erable uncertainty for most of the model inputs, which is largely due to the insufficient
constraints on the BC hydrophobic-to-hydrophilic conversion process from observa-
tional field data. This study was conducted at a site along UK North Norfolk coastline,10

where the BC particles were transported from different regions within Western Europe.
A hygroscopicity tandem differential mobility analyser (HTDMA) was coupled with a
single particle soot photometer (SP2) to measure the hygroscopic properties of BC
particles and associated mixing state in real time. In addition, a Soot Particle AMS
(SP-AMS) measured the chemical compositions of additional material associated with15

BC particles. The ensemble of BC particles persistently contained a less-hygroscopic
mode at a growth factor (gf) of around 1.05 at 90 % RH (dry diameter 163 nm). Impor-
tantly, a more-hygroscopic mode of BC particles was observed throughout the experi-
ment, the gf of these BC particles extended up to ∼1.4–1.6 with the minimum between
this and the less hygroscopic mode at a gf ∼1.25, or equivalent effective hygroscopicity20

parameter κ =∼0.1. The gf of BC particles (gfBC) was highly influenced by the compo-
sition of associated soluble material: increases of gfBC were associated with secondary
inorganic components, and these increases were more pronounced when ammonium
nitrate was in the BC particles; however the presence of secondary organic matter
suppressed the gfBC below that of pure inorganics. The Zdanovskii-Stokes-Robinson25

(ZSR) mixing rule captures the hygroscopicity contributions from different compositions
within ±30 % compared to the measured results, however is subject to uncertainty due
to the complex morphology of BC component and potential artefacts associated with
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semivolatile particles measured with the HTDMA. This study provides detailed insights
on BC hygroscopicity associated with its mixing state, and the results will importantly
constrain the microphysical mixing schemes of BC as used by a variety of high level
models. In particular, this provides direct evidence to highlight the need to consider
ammonium nitrate ageing of BC particles because this will result in particles becoming5

hydrophilic on much shorter timescales than for sulphate formation, which is often the
only mechanism considered.

1 Introduction

Black carbon, or soot aerosols (BC) as a strong absorber of solar radiation, significantly
perturb the radiative budget of the atmosphere, contribute to radiative forcing through10

heating the lower atmosphere (Ramanathan and Carmichael, 2008) and cause mod-
ifications to cloud cover through the semi-direct effect (Koch and Del Genio, 2010).
In order to better predict their radiative effects, a key process to understand is their re-
moval through wet deposition, which affects their atmospheric lifetime. This in turn influ-
ences their vertical and horizontal distributions and the overall time-integrated radiative15

impacts. The main removal mechanism for the internally mixed BC is wet deposition
through scavenging, where aerosol particles become incorporated into cloud droplets
as cloud condensation nuclei (CCN) or are directly scavenged via impaction onto cloud
and rain droplets (Jacobson, 2012). Given their initial hydrophobic properties, for wet
deposition to become favourable, BC particles need to acquire and be mixed with more20

hydrophilic components.
The mixing state of soot particles is initially determined at source. For example,

diesel soot particles can be mixed with considerable amounts of unburned organic
compounds and sulphate (e.g. Weingartner et al., 1997; Gysel et al., 2003; Petzold
et al., 2005), the presence of the latter somewhat increasing its hygroscopicity (Gy-25

sel et al., 2003). Soot aerosols from biomass burning contain a significant fraction of
organics and are initially more mixed compared to urban emissions (Schwarz et al.,
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2008). After emission, the soot particles can be further mixed with secondary species
and chemically modified through different mechanisms during transport, i.e. through
the condensation of semi-volatile vapours, heterogeneous interactions with gas-phase
species or coagulation with pre-existing particles.

It has long been established that the freshly emitted or less mixed soot particles5

are of low hygroscopicity, and will not readily act as cloud condensation nuclei (CCN)
(Lammel and Novakov, 1995; Weingartner et al., 1997; Dusek et al., 2006; Koehler et
al., 2009; Snider et al., 2010). A variety of laboratory studies have been conducted
to investigate how coatings or chemical reactions occurring on the soot particle could
modify its initial low hygroscopicity to the point where eventually the soot particle could10

exhibit CCN activity. These experiments include investigations on soot from diesel en-
gines (Weingartner et al., 1997; Gysel et al., 2003; Petzold et al., 2005; Tritscher et
al., 2011), wood burning (Henning et al., 2010; Snider et al., 2010) and a variety of
flame generators using different chemical fuels (Zuberi et al., 2005; Zhang et al., 2008;
Koehler et al., 2009).15

These laboratory studies attempted to simulate the different soot mixtures existing
in the real atmosphere. One example are the comprehensive studies on flame gen-
erated soot coated with sulphuric acid vapour; which has been consistently found to
considerably increase its hygroscopicity (i.e. Zhang et al., 2008; Khalizov et al., 2009
and references therein), and the sulphur coating has been found to be irreversible even20

under low pressure conditions (Zhang and Zhang, 2005). The CCN activity of diesel
engine emissions have been observed to be enhanced when coated with sulphuric
acid, but this was partly suppressed if the coating contained significant fractions of
non-volatile organic material (Petzold et al., 2005). Recent studies also include photo-
chemically processed diesel soot coated with secondary organic aerosol (Tritscher et25

al., 2011), biomass burning soot simulated by coating spark generated soot with lev-
oglucosan (Henning et al., 2010), soot mixed with sodium chloride (Dusek et al., 2006)
and exposing soot to a highly oxidized environment with nitric acid, ozone or OH radials
(i.e. Zuberi et al., 2005; Aubin and Abbatt, 2007).
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A general consensus has been reached in these studies that the initial low hygro-
scopicity of soot particles can be modified through a wide variety of different mecha-
nisms. These experimentally treated soot particles activate at relatively low supersat-
urations when mixed with more hygroscopic components or are subjected to hetero-
geneous chemical reactions. The extended classic Köhler theory has been applied for5

most of the studies to include the insolubility of BC inclusion (i.e. Weingartner et al.,
1997; Zhang et al., 2008; Henning et al., 2010), which has mostly explained the in-
creased hygroscopicity of soot particles by attributing the hygroscopicity from each of
the components present.

To date, direct measurements of BC hygroscopic properties in the atmosphere are10

very sparse. One of the previously used techniques was to couple hygroscopic mea-
surements with the volatility tandem differential mobility analyzer (VTDMA) system, in
which the VTDMA was used to isolate the less volatile aerosol components, which
were considered to be mainly composed of BC at close proximity to urban environ-
ments (Kuwata et al., 2007; Rose et al., 2011). The recent deployment of the single15

particle soot photometer (SP2) allows the quantitative determination of BC coating
content with high time resolution. McMeeking et al. (2011) coupled the hygroscopicity
tandem differential mobility analyser (HTDMA) with the SP2 to directly monitor the hy-
groscopic growth of BC particles in real time. Both the VTDMA and SP2 can examine
the mixing state of BC, i.e. the amount of non-BC material in a particle, but are not able20

to provide the chemical compositions of these materials. The variability in chemical
compositions adds complexities when determining how the mixing state will influence
the BC hygroscopic properties.

This paper presents a study of the hygroscopic properties of atmospheric BC par-
ticles that have undergone a degree of processing since emission, typical of polluted,25

mid-latitude, continental environments. This data will provide valuable constraints when
testing model treatments designed to simulate the effects on particle properties.
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2 Experimental site, instrumentations and data analysis

This study was conducted at the Weybourne Atmospheric Observatory (WAO) (52.9504◦

N, 1.1219◦ E) from June–July, 2011 as part of the NERC project “Multiscale Chemical
Composition of Carbonaceous particles and Coatings (MC4)”. The WAO is located
near the North Norfolk coastline (as shown in Fig. 1a) and represents a rural envi-5

ronment remote from major populated or industrial areas (Penkett et al., 1999). This
site routinely experiences polluted plumes from the UK and mainland Europe and has
been used during previous campaigns such as TORCH 2 (Gysel et al., 2007). In order
to identify the origin of plumes experienced and estimate transit times, the UK Met Of-
fice Numerical Atmospheric-dispersion Modelling Environment (NAME) was run using10

Unified Model (UM) meteorological data to generate hourly surface source footprints
that describe the origin and pathways of air arriving at the site after 1, 2 or 3 days’
transport. The air masses were categorized according to the regions within the do-
main of passage (i.e. over the UK mainland, continental Europe, the North Sea or long
transport from Atlantic, North America and the Arctic) for the 3 day footprints (Fig. 1b)15

according to the technique described in Fleming et al. (2012) and the contributions
from each category of air mass were then calculated as fractions for each hour. The air
arriving at this coastal site can have a variety of influences and this method highlights
the periods that are influenced by combined types of air masses.

The concentrations of trace gases including carbon monoxide (CO), nitrogen oxides20

(NOx) and ozone (O3) were continuously measured at WAO as part of the National
Centre for Atmospheric Science (NCAS) Facilities for Ground-based Atmospheric Mea-
surement (FGAM). The Ozone instrument is a Thermo Electron 49c that is run as part
of the DEFRA sponsored national network AURN (Automatic urban and Rural Net-
work), whilst the carbon monoxide instrument used was an Aero-laser AL 5002 VUV25

Fast Fluorescence CO Analyser. The data of NOx in June was derived from an Annox
instrument (CRANOX models CLD770 and PLC 760) and in July a Thermo 42c anal-
yser was used. The time resolved ambient chemical mass loadings and distributions of
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key submicron non-refractory components of the aerosol, such as nitrate, sulphate and
organic matter, were measured by an Aerodyne compact Time of Flight Aerosol Mass
Spectrometer (cToF-AMS) (Canagaratna et al., 2007). The key instruments closely re-
lated to this study are described in detail in Sects. 2.1 and 2.2.

2.1 HTDMA-SP2 system5

The physical properties of individual refractory BC particles (rBC) were characterized
by the single particle soot photometer (SP2) (Baumgardner et al., 2004; Schwarz et
al., 2006). The instrument operation and data interpretation procedures of Manchester
SP2 instrument have been described elsewhere (Liu et al., 2010; McMeeking et al.,
2010). Briefly, the SP2 uses an intra-cavity Nd:YAG laser at 1064 nm to determine the10

optical size of a single particle by light scattering and if material within the particle ab-
sorbs at the laser wavelength, the refractory mass of the particle will be quantified by
detection of the laser induced incandescence radiation. In the atmosphere the main
light-absorbing component in particulate is BC. The SP2 incandescence signal was
used to obtain single particle rBC mass after calibration using the Aquadag samples15

standard (Aqueous Deocculated Acheson Graphite, manufactured by Acheson Inc.,
USA). The Aquadag was size selected using a differential mobility analyzer (DMA),
and the particle mass at each mobility diameter (Dmob) was obtained by assigning
an effective density from Gysel et al. (2011). The Aquadag mass in single particle
was calibrated at ∼0.5–80 fg (Dmob ∼80–600 nm), and the calibration curve is further20

recalculated to be compliant with the physical properties of ambient BC particles by
applying a scaling factor of 0.75 according to Baumgardner et al. (2012) and Laborde
et al. (2012). The SP2 measurement is capable of examining whether a single parti-
cle contains rBC or not by detecting the ambient incandescence signal. In this study,
any absorbing single particle with a detectable SP2 incandescence signal is termed25

a “BC-containing particle” or referred to as a BC particle in the following discussions,
whereas a particle which only exhibits a scattering signal and the incandescence sig-
nal is below the SP2 triggering threshold is termed a “BC-free particle”. In this study,
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the SP2 sample line was switched between direct ambient measurements and at the
downstream of a HTDMA as illustrated below.

The hygroscopicity of aerosols is frequently investigated using the hygroscopicity
tandem differential mobility analyser (HTDMA, Cubison et al., 2005; Duplissy et al.,
2009). In brief, the particles were dried to RH∼20 % and size-selected using the first5

DMA (dry DMA). The monodisperse particles at a given mobility size were then ex-
posed to a high RH (∼90 %) to allow water uptake on particles. The mobility sizes of
humidified particles were scanned by a second DMA (wet DMA) and the number con-
centrations at each scanned size are measured using a condensation particle counter
(water-CPC, TSI 3782). At a given dry size (Dp) and sub-saturation condition, the gf of10

a particle is derived from the ratio between the size of humidified particle (Dw) and the
particle dry size (gf=Dw/Dp). The HTDMA-SP2 system (Fig. 2 shows the instrumental
configuration) couples the SP2 measurement downstream of the wet DMA (McMeek-
ing et al., 2011), allowing the water-CPC and the SP2 to detect the humidified particles
simultaneously. Given that the SP2 can discriminate BC-containing and BC-free par-15

ticles, at each gf scan of the humidified particles, the number of BC-containing and
BC-free particles can be determined. Multiply charged particles were rejected from
data analysis using the SP2’s sizing capability based on scattering signals. The inver-
sion methodology introduced by Gysel et al. (2009) was applied to both CPC and SP2
counts. The particles were selected at dry sizes of 163 nm and 259 nm during the ex-20

periment to ensure that BC-free particles would large enough to be reliably detected,
however as the particle counts at higher sizes were low, the inversion could not be ro-
bustly applied at the 259 nm size and this study will only report the results of particles
at 163 nm.

One of the main uncertainties associated with the HTDMA-measured gf of soot par-25

ticles is the effect of soot morphology on its mobility diameter. For a non-spherical
particle, such as a fresh soot agglomerate, the mobility diameter (Dmob) as measured
by a DMA is normally larger than the geometric volume/mass equivalent diameter (Dve)
(DeCarlo et al., 2004). However, it has been widely reported that the coating on soot
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aggregates will modify its morphology (Weingartner et al., 1997; Zhang et al., 2008;
Lewis et al., 2009; Pagels et al., 2009; Kiselev et al., 2010) by causing the soot ag-
gregate to collapse and to become less fractal and more compact. The modification
of the particle morphology will change its physical mobility properties, and therefore
measurements of Dmob. It has been observed that more compacted, reconstructed5

soot particles will exhibit decreased mobility diameter and increased effective density
(i.e. Zhang et al., 2008; Pagels et al., 2009). In HTDMA measurements, if the BC-
containing particle shape is significantly fractal, the dry DMA will have a relatively large
Dmob, however after experiencing some reconstruction process in the HTDMA (i.e. the
water adsorption in HTDMA pre-humidifier), the particle will become more compact and10

show a decreased Dmob as scanned by wet DMA, therefore gf for fractal soot particles
will be underestimated. These effects are less pronounced for more internally-mixed
particles since they will be less fractal before sizing in the instrument.

2.2 SP-AMS

The Soot Particle Aerosol Mass Spectrometer (SP-AMS) was used as introduced by15

Onasch et al. (2012). Briefly, the instrument is a standard AMS (Canagaratna et al.,
2007) that has had its vaporiser removed and replaced with a Nd : YAG laser similar to
that used in the SP2. This means that particles are vaporised inside the active cavity of
the laser rather than on contact with a heated surface. In the same manner as the SP2,
only particles that contain laser light absorb the 1064 nm light, so these are selectively20

vaporised. This way, the mass concentrations reported by the SP-AMS are restricted
to those that contain BC. As such, these data are more likely to be representative of
the BC coatings than the data from a standard AMS.

The mass spectra reported by the instrument were largely similar in nature to those
reported by a normal AMS, with the addition of elemental carbon peaks at m/z 24,25

36 and 48. While the peaks seen were very similar to normal AMS data, the relative
sizes of the peaks were different, showing a bias towards larger masses. In particular,
the sulphate peaks are biased towards m/z 81 (HSO3+), which was also seen by
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Onasch et al. (2012). This is due to the lower effective temperature of vaporisation.
The mass concentrations were calculated from the unit mass resolution (UMR) V mode
data using the fragmentation table technique (Allan et al., 2004). While there was some
interference at the m/z 48 peak between C4+ and SO+ ions, high resolution analysis
(DeCarlo et al., 2006) showed the majority was due to SO+ ions.5

For the purposes of this work, it is only necessary to quantify the relative concentra-
tions of the different species present in the coatings, so absolute quantification is not
needed. A more detailed analysis will be presented in Young et al. (2012). Note that
like the standard AMS, the SP-AMS quantifies particulate matter in bulk, as opposed
to analysing individual particles.10

3 Results and discussions

3.1 Overview of measurements

An overview of aerosol masses, trace gas concentrations measured at WAO during
the experiment is shown in Fig. 3. The statistics of aerosol/gas concentrations for each
category of air mass are summarized in Table 1. The air masses from north Atlantic15

and Artic are relatively clean, as reflected by lower aerosol mass loadings of all species
and lower NOx concentrations. The nitrate aerosol loading is significantly higher for the
European air mass, which corresponds with a higher NOx concentration from that re-
gion (Table 1). This is consistent with the view that air from continental Europe contains
a significant fraction of nitrate mass (Morgan et al., 2009). The air masses that pass20

over the UK are generally polluted, where the pollutants appear to be higher in the
southern air masses, influenced by the London metropolitan area pollution (Young et
al., 2012). Higher loadings of nitrate and sulphate were also observed for the North
Sea air masses, which are often coupled with significant continental UK or Europe
land contact. The mean nitrate loading is significantly higher than the median value for25

all air mass categories, indicating elevated nitrate loadings were largely event driven,
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a finding also observed by a UK aircraft synthesis study (Morgan et al., 2009). Ni-
trate events during this study were mostly linked to elevated BC particles, although
during some periods BC elevations were associated with high loadings of organic or
sulphate. Therefore the BC-containing particles measured at this site could have poten-
tially been internally mixed with a variety of different components. The overall aerosol5

physiochemical properties related to atmospheric evolution and air masses at this site
are described in detail by Young et al. (2012), whereas the properties of BC-containing
particles are the main focus of this study.

3.2 gf of BC-containing particles and BC-free particles

For each gf scan by the HTDMA, the CPC counts all of the particles whereas the SP2 is10

able to discriminate the counts of BC-containing and BC-free particles. The comparison
between the raw CPC counts and the total SP2 counts (the sum of BC-containing and
BC-free particles) downstream of the HTDMA shows good agreement (Fig. 4). The
total SP2 counts and CPC counts agree within ∼8 % for the entire experiment. It can be
clearly seen that the BC-free particles dominate the more hygroscopic mode with larger15

gf, whereas the BC-containing particles dominate the particle numbers in the lower gf.
However, some fraction of BC-containing particles exhibits some hygroscopicity with gf
extending to the gf larger mode. A further investigation of the rBC cores (the refractory
BC composition in a BC-containing particle) shows that for a given dry size (D0 =
163 nm in this study) of BC-containing particles, the rBC core size decreases with20

increased gf, indicating the more hygroscopic BC has a fractionally lower BC content
in favour of internally mixed soluble material.

The gf distributions after applying the HTDMA inversion method are shown in Fig. 5.
The overall gf distributions of particles at Dmob =163 nm exhibit apparent bimodality,
and the HTDMA-CPC and HTDMA-SP2 are in good agreement. The more hygroscopic25

particles with gf ∼1.4–1.8 mostly correspond to the BC-free particles as measured by
the HTDMA-SP2, and the less hygroscopic particles dominate with BC-containing par-
ticles. The BC-free particles contain nitrate, sulphate and organic matter according to
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the measurements of non-refractory compositions by AMS. The gf of BC-free particles
are >1.4 throughout the experiment, apart from a pollution event on 28 June midnight,
when a high loading of organic were observed (Fig. 3) and the gf significantly dropped
down to ∼1.2.

Consistent with the previous laboratory and field studies, the BC-containing particles5

persistently contain a less-hygroscopic mode at a gf ∼1.05. This gf is slightly higher
than the gf ∼1 for the less-hygroscopic mode of BC-containing particles measured in
an urban environment in the UK (McMeeking et al., 2011). This is not surprising as
the experimental site in this study is away from urban sources, and the measured BC
particles will likely have undergone some degree of atmospheric processing. Moreover,10

the measured gf of BC particles at the rural site is likely to be less affected by complex
soot morphologies, because the soot agglomerates will become more compact after
some atmospheric processing, whereas the measured gf of soot particles from fresh
urban emissions is more likely to be underestimated due to its high fractal shape, as
discussed in Sect. 2.1.15

A more-hygroscopic mode of BC-containing particles was observed throughout the
experiment. The gf of these BC particles can extend up to ∼1.4–1.6, leading to a bi-
modal distribution in the growth factor spectrum. A minimum of gf ∼1.25 on the average
gf spectra of BC-containing particles was found to be representative of the experiment.
It is noted that even the gf of more-hygroscopic BC-containing particles is generally20

lower than the gf of BC-free particles (gf∼1.45–1.75) because the BC component has
much lower hygroscopicity and the BC inclusion in these BC-containing particles will
occupy a volume that would otherwise contain soluble material, therefore suppressing
their hygroscopicity relative to BC-free particles of the same dry size.

3.3 The hygroscopicity of BC-containing particles associated with chemical25

compositions

The effective hygroscopicity parameter κ of BC-containing particles is derived from the
inverted gf measured by the HTDMA-SP2, using Eq. (11) in Petters and Kreidenweis
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(2007). Corresponding with the bimodal distribution of gf with an average minimum
at gf∼1.25 (Sect. 3.2), the κ exhibits a bimodal distribution with a minimum κ ∼0.1. A
more hygroscopic mode of BC-containing particles is generally associated with gf>1.25
or κ >0.1. The κ derived from the measured gf will be also subject to instrument un-
certainties as discussed in Sect. 2.1, i.e. the mobility sizing uncertainties due to soot5

morphology, the evaporation losses of semi-volatile materials in HTDMA instrument
(Gysel et al., 2007) or some soluble compounds may not have contributed the mea-
sured κ (Petters and Kreidenweis, 2007).

By assuming internal/external mixing scenarios, Wang et al. (2010) found a thresh-
old of κ ∼0.1 in urban site of Mexico City, above which the aerosols including the BC10

particles could be treated as being internally-mixed and the CCN number concentration
can be predicted within 20 % at SS∼0.11–0.35 %. The threshold κ ∼0.1 is consistent
with the view here that the BC-containing particles with κ >0.1 may be considered to
be “internally mixed” with respect of hygroscopicity, and could be treated identically
with the other participating aerosol species. The number fraction of BC-containing par-15

ticles with gf>1.25 or κ >0.1 (Fhygro) are thus considered to be more hygroscopic at
sub-saturation and more likely to be activated as CCN at supersaturation conditions.
As Fig. 6 shows, the Fhygro ranges between 0.1–0.7 and varies with the coating com-
positions. The hygroscopicity parameters of BC as influenced by different air masses
are summarized in Table 1.20

In the real atmosphere, the exact κ above which a given size of BC particle will be
CCN activated will depend on the supersaturation conditions for different cloud types.
Within instrument uncertainties, the κ measured at sub-saturation can be used to cal-
culate the threshold supersaturation above which a given size of particle can be CCN
activated. However, the theoretical basis of the relationship restricts its application to25

particles solely comprising involatile compounds and water. According to Topping and
McFiggans (2012), if a substantial fraction of particles contains semi-volatile organic
compounds in addition to containing semi-volatile inorganic components such as am-
monium nitrate, the co-condensation effect will substantially decrease the saturation
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ratio of water vapour required for droplet activation. Given the BC-containing particles
in this study are significantly coated with semi-volatile organic and nitrate compositions,
the co-condensation effect may introduce considerable uncertainties when calculating
the CCN activities under supersaturation conditions. Therefore the Fhygro as calculated
in this study is only a first but not explicit estimation on the faction of BC-containing5

particles that are more likely to be CCN-activated in the real atmosphere.
As Fig. 7 and Table 1 show, the organic component is often the largest contribu-

tion to the total non-BC volume of BC containing particles (ε∼0.15–0.50). The organic
coating can be both the primary organic matter co-emitted from combustion sources
with soot particles, and secondary organic matter condensed onto soot particles dur-10

ing transport. The nitrate or sulphate will be almost entirely secondary in nature. The
occasionally observed high nitrate or sulphate coating fraction coincided with the pol-
lutant events containing high total loadings of nitrate or sulphate (Fig. 3). Although the
nitrate/sulphate coatings provide lower volume fractions on average (ε∼0.04–0.22),
they contribute significantly to the hygroscopicity of BC-containing particles because of15

their highly hygroscopic properties.
As Table 1 summarizes, the fraction of rBC did not exhibit significant variance among

different air masses (ε∼0.45–0.75), equivalent to a non-refractory volume fraction of
0.25–0.55. Most of the BC particles from different air masses arriving at the site have
been considerably aged and mixed since emission, showing a relatively consistent20

mixing state irrespective of their regional origin. The organic coating content also ap-
pears to be independent of air masses. Higher nitrate mass fractions of BC-containing
particles were observed in air masses from continental Europe and central England,
which is consistent with higher mass loading of nitrate that were also observed from
these regions. The BC from North Sea air mass contained a more significant fraction25

of sulphate coating. For the cleaner air masses from the Arctic and Atlantic, the nitrate
fraction was significantly reduced and the sulphate fraction became dominant.

The gf of BC-containing particles exhibited apparent bimodality, as shown in Fig. 8
left panel. The hygroscopicity of BC-containing particles, as reflected by distribution
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of gf, κ and the Fhygro, were significantly controlled by their chemical compositions.
BC particles associated with substantial amount of non-refractory materials (rBC vol-
ume fraction <0.5; non-refractory volume fraction >0.5) have significantly increased
Fhygro from ∼0.23±0.16 (κ ∼0.07±0.05) up to ∼0.5±0.2 (κ ∼0.16±0.04). Mixing of
organic material in BC particles did not enhance hygroscopicity greatly, as Fig. 8c5

shows, the gf of the more hygroscopic mode of BC particles deceased from ∼1.45
to ∼1.3 when the organic material contributed 40 % volume in particle. It was also
observed that the presence of nitrate or sulphate significantly increased the hygro-
scopicity of BC particles, i.e. a nitrate coating (ε from ∼3 % to ∼24 %) increased Fhygro
from ∼0.23±0.16 (κ ∼0.07±0.05) to ∼0.58±0.11 (κ ∼0.15±0.05); a sulphate coat-10

ing (ε from ∼2 % to ∼20 %) increased Fhygro from ∼0.22±0.17 (κ ∼0.06±0.05) to
∼0.49±0.15 (κ ∼0.13±0.06); and a positive correlation between the nitrate/sulphate
fraction and BC particle hygroscopicity was clearly observed.

These results address the importance of components mixed with the BC on influenc-
ing the hygroscopicity of BC particles. The addition of secondary inorganic material to15

BC particles drives the conversion of hydrophobic BC to hydrophilic BC. This means
in the polluted continental European outflow that contains considerable nitrate fraction
(Morgan et al., 2009), the BC particles will be mixed with substantial amounts of nitrate
and the resulting increased hygroscopicity of BC will reduce its atmospheric lifetime.

3.4 Growth factor modelling20

The purpose of this modelling exercise is to determine whether the phenomena being
observed here can be quantitatively predicted based on the measured compositions of
the particulates (within instrumental capability) and knowledge of how hygroscopicity
responds to composition. If a conventional core-shell model for a BC-containing particle
is assumed, the relative coating thickness (CTrela) of BC-containing particles is defined25

as the HTDMA selected mobility diameter (Dmob), which is 163 nm in this study, divided
by a volume equivalent diameter of rBC inclusion. The volume equivalent diameter
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(Dve) is given by 3
√

6MrBC
πρBC

, where the MrBC is the rBC mass directly measured by the
SP2. The volume fraction of the rBC inclusion (εrBC) is then derived from the CTrela.

CTrela =
Dmob

3
√

6MrBC
πρBC

(1)

εrBC =
(

1
CTrela

)3

(2)5

The effective density of rBC, ρBC, which is used to convert the rBC inclusion from mass
to volume, is largely influenced by the particle morphology. As previously discussed
(Sect. 2.1), ρBC will tend to be larger when the BC core is coated and the particle
shape is more compact. There are many factors that can modify the soot morphology
in the real atmosphere, such as the amount of associated coatings, the surrounding10

relative humidity conditions and soot type. The ρBC can be further complicated by the
microphysical structure of soot particles, i.e. how the coating materials will fill in the
cavities of soot particle. Due to the limitation of instrumentation, the complex morphol-
ogy or ρBC of BC-containing particles cannot be explicitly determined in this study but
will be only constrained by the upper and lower extreme estimates.15

A ρBCmax of 1.78 g cm−3 is an upper estimate obtained by assuming the BC is a
void-free sphere (Bond and Bergstrom, 2006). The lower estimate of ρBC during this ex-
periment obtained by assuming the BC associated with measured gf∼1 is not coated
(CTrela = 1), and the entire particle is composed of black carbon. Given the particles all
have a Dmob = 163 nm and MrBC is measured, ρBC is about 0.6 g cm−3 from Eq. (3).20

ρBCmin
=

6MrBC(gf∼1)

πD3
mob

(3)
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Given pure externally-mixed BC particles containing no other components are likely
not found in the ambient environment, and even coated BC particles are sometimes
not able to exhibit measurable gf, Eq. (3) will give a lower estimate of ρBC. Park et
al. (2003) found a ρBC ∼0.10–0.70 g cm−3 for fresh diesel soot particles at diameters
200–300 nm. The ρBCmin obtained in this study is towards the higher end of this range5

for fresh diesel soot, because even the fresher BC particles observed at this rural site
have been considerably processed and mixed. By varying the ρBC within the range
(ρBCmin, ρBCmax), the range of rBC volume fraction (εrBC) can be estimated.

The volume fractions of non-rBC coating components in BC-containing particles are
estimated from the SP-AMS measurements. The advantage of this technique over the10

traditional AMS is that it exclusively vaporises BC-containing particles, so gives a more
realistic estimation of non-BC coating compositions. The molar number of ions for inor-
ganic salt solution coatings is calculated by a simplified ion pairing scheme by assum-
ing the NO−

3 and SO2−
4 are fully neutralized by NH+

4 , thus in this scenario the non-BC
compositions are simplified as NH4NO3, (NH4)2SO4 and organic matter. The chemical15

reaction of sulphate has not been included in this calculation.
The mass of each coating component is denoted as Mi in Eq. (4), and the dry density

of NH4NO3, (NH4)2SO4 and organic matter is chosen to be 1.72 g cm−3, 1.77 g cm−3

and 1.40 g cm−3 respectively (Topping et al., 2005; Gysel et al., 2007). The volume
fraction of each coating component (εi ) is calculated from the mass of each coating20

component divided by the respective dry density. One of the uncertainties of this calcu-
lation is the SP-AMS data has not been size-resolved due to signal to noise limitations,
thus this scheme assumes the different coating components are equally distributed
across different sizes of BC-containing particles.

Vcoating =
∑
i

Mi

ρi
(4)25
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(Mi and ρi are the mass and density of i -th coating components in BC-containing
particles)

εi =

[
1−
(

1
CTrela

)3
]
×

Mi

ρiV coating
(5)

The growth factor (gfZSR) of BC-containing particles is predicted following the Zdanovskii-
Stokes-Robinson (ZSR) mixing rule (Stokes and Robinson, 1966). The ZSR assumes5

that at a specific relative humidity (RH), which is 90 % in this study, the total water up-
take on a dry particle with mixed components is equal to the sum of the water uptake
associated with each of the individual components in the form of a pure substance in
the dry particle based on their volume-equivalent abundance, expressed in Eq. (6)

gfZSR(RH,DP) =

(∑
i

gfi (RH,DP)3εi

)1/3

(6)10

The εi is the volume fractions of rBC, nitrate coating, sulphate coating and organic
coating in BC-containing particle, as calculated by Eqs. (1) to (5). The gfi of the pure
substance, where i is BC, NH4NO3, (NH4)2SO4 or organic matter, are calculated using
the ADDEM model (Topping et al., 2005) to be 1.0, 1.81, 1.71 and 1.18 respectively
at RH 90 % for a dry size of 163 nm. In a previous study, reasonable closure has been15

reached between the measured and ZSR predicted gf at the same site for the en-
tire ensemble of aerosol particles using ADDEM inputs (Gysel et al., 2007); here we
specifically focus on the gf of BC-containing particles.

The growth factor distributions of BC-containing particles as measured by HTDMA-
SP2 (gfHTDMA-SP2) and predicted by ZSR model (gfZSR) are shown in Fig. 9. The gfZSR of20

BC-containing particles at Dmob = 163 nm is calculated and averaged for each HTDMA
gf scan. Due to the uncertain morphology of rBC, the effective density of rBC ρeff
which is used for mass-to-volume conversion, is only constrained by the upper and
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lower extreme estimates (Sect. 2.3). The ρeff ∼1.05 g cm−3 is obtained when the overall
modelled bias (gfZSR−gfHTDMA-SP2)/gfHTDMA-SP2 is minimized.

The modelled gfZSR as shown in Fig. 9, covers a similar range compared to the
gfHTDMA-SP2, consistently indicating a dominant less hygroscopic mode and an ex-
tended fraction of more hygroscopic mode. The gfHTDMA-SP2 clearly shows a bimodal5

distribution however the gfZSR has not captured the bimodality but is more broadly
distributed. This is almost certainly because this model treatment assumes that the
non-refractory material is uniformly mixed at a given point in time, however this is very
unlikely to be realistic, as the less hygroscopic mode is likely to be mixed exclusively
with primary organic material, whereas the more hygroscopic BC-containing particles10

may have been mainly mixed with secondary nitrate or sulphate materials. There are
some other possibilities, i.e. the BC particles may need some organic materials to add
some water in order for inorganic to condense. The SP-AMS is unable to resolve this
mixing state, so this may be considered a limitation of the instrumentation. The uncer-
tainty of assumed rBC ρeff results in a major variability of ZSR prediction. The ρeff is15

highly dependent on the soot morphology (Sect. 2.2), i.e. at the higher end of gf, the
BC-containing particle is mostly more coated and compact, thus the ρeff will tend to be
larger, conversely, at lower gf, the more fractal soot will have smaller ρeff. This study
is unable to determine the ρeff for BC particles with different morphology, but only as-
sumes a constant ρeff throughout the experiment. The ZSR modelling on BC particle20

could be improved by explicit knowledge of particle morphology and mixing state of
coating materials.

The bias between gfZSR and gfHTDMA-SP2 at different assumed ρeff is within ±30 %
(Fig. 10). The ρeff ∼1.05 g cm−3 is obtained when the overall bias for the entire experi-
ment is minimized. However, the assumed ρeff, at which the optimized closure between25

gfZSR and gfHTDMA-SP2 is reached, was different for different periods, for example, dur-
ing 20–23 June, the best closure was reached by assuming the lower ρeff =0.6 g cm−3,
whereas during 4 July, the upper estimate ρeff = 1.78 g cm−3 got the best closure.
This could indicate that the exact rBC ρeff or complex soot morphology was varying
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throughout the experiment. In the real atmosphere, to what extent the soot particle
will be reconstructed by the coating will depend on soot type, the amount of coating
associated with soot particles, the viscosity of the coating components and the subse-
quent water adsorption, e.g. by exposing hygroscopic soot to elevated RH conditions
will cause enhanced reconstruction effect (i.e. Lewis et al., 2009). The undermined5

shape effect on ρeff leads to a challenge in explicitly explaining the hygroscopic growth
of BC particles.

4 Conclusions

The hygroscopicity of BC particles experiencing regional transport has been observed
and quantified in this study. The hygroscopic growth factors of BC particles (gfBC,10

RH=90 %, Dmob = 163 nm) were directly measured by the HTDMA-SP2 system, and
the non-refractory components mixed with the BC particles were quantitatively deter-
mined by the SP-AMS and linked to the modification of hygroscopicity. Besides the
persistently existing less-hygroscopic mode at a gfBC ∼1.05, a more-hygroscopic mode
of BC particles was observed throughout the experiment, extending the gfBC up to15

∼1.4–1.6. The gfBC was observed to be highly influenced by non-BC components:
the increase of gfBC was positively associated with the elevation of secondary inor-
ganic material, being most pronounced for ammonium nitrate; however the gfBC was
suppressed by the increase of organic coating content. Modelling the BC hygroscopic
properties using a simplified mixing rule approach (ZSR) goes some way to explaining20

of the observed BC hygroscopicity, showing an agreement in predicted and measured
gf of ±30 %. However, the method is reliant on knowing the particle volume and this is
subject to uncertainty because of the uncertain effective density of BC component. The
model was also limited by the lack of explicit data on the soot morphology and exact
mixing state of the coating materials.25

The conversion process for BC particles from hydrophobic to hydrophilic in the real
atmosphere is still not sufficiently constrained, representing a major uncertainty in
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determining the atmospheric lifetime of BC particles (Koch et al., 2009; Textor et al.,
2006). This study highlights the importance of BC mixing state (including the amount
of each component in the mixed particles) on influencing the BC hygroscopic proper-
ties. It is especially the case when BC particles were mixed with nitrate, during regional
transport events from the UK mainland and continental Europe when their hygroscop-5

icity was significantly enhanced. Given that nitrate is more rapidly formed compared to
sulphate in polluted plumes and its ubiquitous presence in many areas such as West-
ern Europe, it will significantly enhance the hydrophobic-to-hydrophilic conversion of
BC particles, leading to a reduced atmospheric lifetime of BC in regionally polluted
air masses. This stresses the importance of including this component in BC ageing10

schemes in modelling activities.
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Table 1. Average values of properties of ambient aerosols, BC-containing particles and hygro-
scopicity of BC-containing particles. The data in each table cell represents the mean±standard
deviation, median.

Air Mass Classifications UK Europe NorthSea Atlantic Arctic

Properties of ambient aerosols and gases

rBC (µg m−3) 0.17 ± 0.08, 0.15 0.17 ± 0.10, 0.14 0.14 ± 0.09, 0.12 0.12 ± 0.06, 0.11 0.12 ± 0.07, 0.11
Organic (µg m−3) 1.71 ± 1.09, 1.50 1.83 ± 1.57, 1.25 1.70 ± 1.17, 1.50 0.91 ± 0.59, 0.76 1.00 ± 0.48, 0.95
Nitrate (µg m−3) 1.02 ± 1.46, 0.51 1.15 ± 1.66, 0.47 1.16 ± 1.80, 0.36 0.44 ± 0.91, 0.18 0.52 ± 0.89, 0.24
Sulphate (µg m−3) 1.06 ± 0.58, 0.96 1.09 ± 0.66, 0.95 1.31 ± 0.73, 1.16 0.71 ± 0.42, 0.58 0.81 ± 0.47, 0.71
CO (ppbv) 167.8 ± 25.3, 165.3 156.4 ± 30.7, 150.7 159.2 ± 23.1, 159.2 153.6 ± 22.1, 150.5 163.1 ± 17.5, 159.5
O3 (ppbv) 35.67 ± 9.34, 35.20 35.59 ± 11.37, 34.40 38.91 ± 9.79, 38.90 30.82 ± 8.27, 31.65 35.44 ± 8.41, 35.15
NO (ppbv) 0.57 ± 0.94, 0.19 0.55 ± 0.87, 0.26 0.50 ± 0.86, 0.20 0.47 ± 0.53, 0.29 0.53 ± 0.68, 0.28
NO2 (ppbv) 1.51 ± 1.16, 1.18 2.06 ± 1.82, 1.42 1.65 ± 1.60, 1.07 1.43 ± 1.37, 0.87 1.03 ± 0.78, 0.83

Coating properties for BC-containing particles (ε, volume fraction %) at Dmob = 163 nm

rBC fraction 58.8 ± 16.1, 59.1 58.9 ± 17.4, 59.8 57.8 ± 15.8, 58.1 59.5 ± 17.9, 60.8 57.7 ± 16.9, 59.3
Organic coating 25.6 ± 13.4, 23.5 26.2 ± 14.1, 22.7 26.4 ± 12.5, 25.0 28.2 ± 14.7, 25.3 27.1 ± 14.0, 26.4
Nitrate coating 8.8 ± 7.4, 6.4 8.5 ± 7.1, 6.9 7.5 ± 7.0, 5.2 6.2 ± 5.6, 4.2 6.6 ± 5.2, 5.1
Sulphate coating 6.8 ± 4.9, 5.7 6.4 ± 4.7, 5.1 8.3 ± 6.4, 6.5 6.1 ± 4.0, 4.9 7.8 ± 6.0, 5.9

Hygroscopic Properties of BC-containing particles at Dmob = 163 nm

Averaged gf 1.24 ± 0.09, 1.23 1.24 ± 0.09, 1.23 1.25 ± 0.10, 1.25 1.20 ± 0.08, 1.18 1.21 ± 0.09, 1.19
Averaged κ 0.10 ± 0.05, 0.10 0.10 ± 0.05, 0.09 0.11 ± 0.05, 0.11 0.08 ± 0.04, 0.07 0.09 ± 0.04, 0.08
Hygroscopic fraction (Fhygro) 0.33 ± 0.22, 0.32 0.32 ± 0.22, 0.30 0.38 ± 0.23, 0.38 0.23 ± 0.20, 0.19 0.24 ± 0.20, 0.22
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Fig. 1. (A) The location of Weybourne Atmospheric Observatory; (B) the categories of air
masses according to the regions within the domain of passage for 3 day footprints in the NAME
model.
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Fig. 2. The schematic of HTDMA-SP2 set up.
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Fig. 3. An overview of aerosol masses, trace gas concentrations measured at WAO during
the experiment. The classifications of air mass history are according the regional air mass
contributions obtained from the 3-day NAME dispersion model footprints (Fleming et al., 2012).
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Fig. 4. Comparison between the raw HTDMA-CPC counts and HTDMA-SP2 counts as a func-
tion of gf at Dmob =163 nm and RH=90 %. Error bars denote ±one standard deviation (σ) during
the entire experiment.
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Fig. 5. The inverted gf distribution at Dmob =163 nm for HTDMA CPC, HTDMA-SP2 measured
BC-containing and BC-free particles. The black lines in each panel show the averaged gf for
each complete HTDMA scan.
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Fig. 6. Bottom panel: time series of the effective hygroscopicity parameter (κ) distribution for
BC-containing particles, the κ is calculated from inverted gf measured by the HTDMA-SP2; the
black line shows the time series of the average κ from each scan. Middle panel: the number
fraction of more-hygroscopic BC-containing particles. Top panel: the volume fractions in BC-
containing particles contributed by different components: refractory BC (rBC), organic matter
coating, nitrate coating and sulphate coating.
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Fig. 7. Occurrence frequencies for the volume fractions of chemical compositions in BC-
containing particles.
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Fig. 8. Trends for entire experiment: left panel shows the gf distributions of BC-containing par-
ticles when the volume fractions of each component (rBC, organic, nitrate and sulphate) were
<50 % percentile, 50 % percentile-80 % percentile and >80 % percentile; right panel shows
the hygroscopic fraction (Fhygro) and averaged κ (on right axis) of BC-containing particles as a
function of the volume fractions of the particular chemical component, the error bars indicate
±one standard deviation.
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Fig. 9. A comparison between HTDMA-SP2 measured gf of BC-containing particles and ZSR
predicted gf by resolving the BC mixing state. The error bars show the +σ (standard deviation)
for the entire experimental period.
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Fig. 10. Time series of the averaged gf for each complete HTDMA scan: HTDMA-SP2 mea-
sured gf, ZSR predicted gf by assuming different rBC ρeff. The top panel shows the biases,
given as (gfZSR−gfHTDMA-SP2)/gfHTDMA-SP2 ·100 %for each assumed rBC ρeff.
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