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Abstract. Black carbon (BC) is the dominant absorbing
aerosol in the atmosphere, and plays an important role
in climate and human health. The optical properties and
cloud condensation nuclei (CCN) activity of soot depend
on the amounts (both relative and absolute) of BC and
non-refractory material in the particles. Mixing between
these two components is often represented in models by a
core / shell coated sphere. The single-particle soot photome-
ter (SP2) is one of, if not the only, instrument capable of re-
porting distributions of both core size and coating thickness.
Most studies combine the SP2’s incandescence and 1064 nm
scattering data to report coating properties, but to date there
is no consistency in the assumed values of density and re-
fractive index of the core that are used in these calculations,
which can greatly affect the reported parameters such as coat-
ing thickness. Given that such data are providing an impor-
tant constraint for model comparisons and comparison be-
tween large data sets, it is important that this lack of consis-
tency is addressed.

In this study we explore the sensitivity of the reported
coatings to these parameters. An assessment of the coating
properties of freshly emitted, thermodenuded ambient parti-
cles demonstrated that a core density of 1.8gcm—2 and re-
fractive index of (2.26-1.26:) were the most appropriate to
use with ambient soot in the Los Angeles area. Using these
parameters generated a distribution with median shell / core
ratio of 1.024+0.11, corresponding to a median absolute

coating thickness of 2 +8nm. The main source of statisti-
cal error in the single-particle data was random variation in
the incandescence signals. Other than the sensitivity to core
refractive index, the incandescence calibration was the main
source of uncertainty when optically determining the average
coatings. The refractive index of coatings was found to have
only a minor influence.

This work demonstrates that using this technique the SP2
can accurately determine the average mixing state (externally
or internally mixed) of ambient soot within the precision of
the instrument calibration. Ambient coatings were measured
up to a median shell / core ratio of 1.50 + 0.11, meaning that
this technique is able to resolve absolute changes in mixing
state.

However, when different core parameters were used, the
core / shell ratio and the coating thickness were shown to be
offset by amounts that could be larger than the atmospheric
variability in these parameters, though the results have a sim-
ilar precision. For comparison, using the core parameters that
resulted in the thickest coatings, on the same thermodenuded
fresh particles as before, generated a median shell / core ra-
tio of 1.39 + 0.11, corresponding to a median absolute coat-
ing thickness of 30 + 8 nm. These results must be taken into
account when comparing BC coatings measured using this
technique, or if using these data for optical or CCN calcula-
tions.
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We have determined the most appropriate values of BC
density and refractive index to use to measure mixing state at
1064 nm where particle morphology has only a minor effect,
but appropriate values to use for optical calculations of hon-
spherical particles at visible wavelengths will also be sub-
ject to similar, significant uncertainties. Without similar con-
straints as those provided here, constraining the behaviour
of BC particles in models using field data will be subject to
large systematic measurement uncertainties.

1 Introduction

Black carbon (BC) is a combustion-generated aerosol ubig-
uitous throughout the lower levels of the atmosphere. It is
damaging to human health (Janssen et al., 2012) and has a
warming effect on climate (Bond et al., 2013). Due to its
strong absorption of visible light, BC has important effects
on regional climate and meteorology near where it is emit-
ted (Ramanathan and Carmichael, 2008), and reducing BC
emissions could help to mitigate climate change and improve
public health (Jacobson, 2002, 2010; Bond and Sun, 2005).

BC is co-emitted with primary organic aerosol and sec-
ondary aerosol precursors such as organic gases and NOy
which, through coagulation and condensation, form an in-
ternal mixture that increases BC’s cloud condensation nu-
clei (CCN) activity (Khalizov et al., 2009) and can am-
plify light absorption (Schnaiter et al., 2005). The concen-
tric core / shell Mie model (Bohren and Huffman, 1983) is
often used to represent the mixing state of BC due to its
computational simplicity, and the limited quantitative mea-
surements of particle shape. Within this model, coatings can
act as a lens, focusing light onto the BC core. This effect has
been observed in numerous laboratory studies (Schnaiter et
al., 2005; Zhang et al., 2008; Cross et al., 2010; Shiraiwa
et al., 2010). However, ambient measurements have shown
mixed results. Lack et al. (2012) observed a mean enhance-
ment of ~ 40 % in biomass burning emissions, but Cappa et
al. (2012) (and subsequently Cappa et al., 2013) observed
much smaller enhancements off the California coast. Mea-
surements like these rely on the use of thermodenuders to
remove all non-BC material, however these instruments are
unable to remove refractory coatings such as salts, metals
and some organics (Cappa et al., 2013), and nonrefractory
aerosol may recondense after the heated section (Fuentes and
McFiggans, 2012).

Cappa et al. (2013) showed that even when taking into ac-
count the limitations of thermodenuders, the calculated ab-
sorption enhancements exceeded their measurements. Com-
parisons to detailed optical models, which use more com-
plex soot morphologies, show that the concentric core / shell
model overestimates the absorption enhancement due to
coatings (Adachi et al., 2010). However, these models also
often show that the absorption of the core is underestimated
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when assumed to be spherical, as the core’s centre is shielded
by its edge (Liu et al., 2008; Kahnert et al., 2012). Absorption
of a spherical core is also strongly sensitive to the core size
distribution, which varies significantly between different BC
sources (Huang et al., 2011; Kondo et al., 2011a; Sahu et al.,
2012). Finally, absorption of BC in any morphology also de-
pends on the assumed refractive index (Bond and Bergstrom,
2006). When taking into account all these effects, some of
which oppose each other, there is little experimental evidence
that the concentric core / shell model systematically over- or
under-estimates absorption compared to more complex mod-
els, as the comparison depends on the properties (either mea-
sured or assumed) of the particles in question.

State-of-the-art climate models (e.g. Matsui et al., 2013)
use 2-D matrices of particle diameter and BC mass fraction
to represent the wide variety of sizes and mixing states of
ambient particles. Within the core /shell model, these are
analogous to distributions of core size and coating thick-
ness. The single-particle soot photometer (SP2, Droplet Mea-
surement Technologies, Boulder, CO, USA) has emerged as
a technique for measuring the distributions of both cores
and coatings. The SP2 quantifies refractory black carbon
(rBC) mass on a single-particle basis, irrespective of coat-
ings (Moteki and Kondo, 2007; Slowik et al., 2007). These
data can then be used to generate distributions of rBC core di-
ameter (Dc). The SP2 is also capable of measuring the scat-
tering cross-section of BC-containing particles before they
evaporate in the laser beam which, when combined with a
Mie core /shell scattering model, can be used to calculate
the spherical-equivalent diameter of the whole particle (Dp)
(Gao et al., 2007; Moteki and Kondo, 2008). This diameter
can then be used to calculate optical properties (Gao et al.,
2008; Schwarz et al., 2008b; Shiraiwa et al., 2008). Moteki
and Kondo (2008) (and subsequently Kondo et al., 2011b)
described a technique where coating properties were deter-
mined by comparing light scattering of the coated particle to
that of the core, though this technique is not used here. Here,
we consider the more widely used technique where coating
properties are calculated using the scattering of the coated
particle and the incandescence of the core (Gao et al., 2007).
In literature, a range of different assumed rBC densities (oc)
and refractive indices (nc) have been used with this tech-
nique.

In this paper, we quantitatively evaluate the capability
of the SP2 to determine mixing state using the incandes-
cence/scattering technique, providing a sensitivity analysis
of the derived coatings to the assumed density and refractive
index of the core, as well as other key variables involved in
the calculation. We do not assess the ability of the core / shell
model to accurately predict optical properties when using the
derived core and coating distributions, as this topic will be
discussed in a future paper (Taylor et al., 2015).
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2 Experimental setup
2.1 The Pasadena supersite

CalNex-LA, part of the wider CalNex project (Ryerson et al.,
2013), took place from 15 May-15 June 2010. The Pasadena
supersite has previously been described in detail (Washen-
felderetal., 2011; Hayes et al., 2013). Briefly, a wide array of
aerosol and gas-phase instrumentation was deployed on the
Caltech campus in Pasadena, CA, USA. Atmospheric com-
position at the site showed a strong weekday diurnal cycle.
During the afternoon, an advected plume from the source-
rich western LA basin reached the site after around 3 h pho-
tochemical processing (Washenfelder et al., 2011). At other
times, composition at the site was generally representative
of fresher, more local emissions, which are found through-
out the basin (Metcalf et al., 2012). Non-refractory aerosol
composition was typical of a polluted, oxidizing urban en-
vironment, with secondary organics dominating during day-
light hours, and strong nocturnal ammonium nitrate forma-
tion (Hayes et al., 2013). The main source of BC in the re-
gion is thought to be diesel emissions. Biomass burning did
not strongly influence the site during the measurement period
(Bahreini et al., 2012; Hayes et al., 2013).

The site was periodically impacted by emissions from a
nearby loading area, specifically those from a large, diesel-
powered forklift truck. These emissions caused short, but
strong spikes in the SP2 time series, which were removed
from the data set as they were not deemed representative of
the ambient aerosol.

2.2 Overview of sampling system

The University of Manchester instrumentation consisted of
an SP2, three-wavelength photoacoustic soot spectrometer
(PASS-3, Droplet Measurement Technologies), Aethalome-
ter AE-31 (Magee Scientific, Berkeley, CA, USA) and a soot-
particle aerosol mass spectrometer (SP-AMS, Aerodyne Re-
search Inc., Billerica, MA, USA), though only the SP2 and
SP-AMS data are considered here. Figure 1 shows the sam-
pling system used by these instruments during CalNex. A
shared 10.1cm inner-diameter common inlet, of PVC and
aluminium construction, was used to sample from 6.9 m
above ground level. A model 8450 air velocity transducer
(TSI Incorporated, Shoreview, MN, USA) in the main inlet
ensured flow remained laminar.

Air from the stack was sub-sampled 5.6 m down, perpen-
dicular to the main inlet flow, and dried to 35 % relative hu-
midity using a Nafion drier (Perma Pure, Toms River, New
Jersey, USA). The counterflow was provided by a compres-
sor connected to a Hankison membrane drier. Super-micron
particles were removed using an inline PM; cyclone (URG
Corporation, Chapel Hill, North Carolina, USA), through
a 3m long copper tube. The SP2, PASS-3, SP-AMS and
Aethalometer were connected to the cyclone output by ap-
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Figure 1. Schematic of the sampling system used for the Univer-
sity of Manchester instruments during CalNex, showing the instru-
ments’ sample flows. Stainless steel Y-pieces were used when split-
ting flows. Before the thermodenuder and bypass flow were set up,
the Aethalometer flow rate was 5.4Lmin—1 to ensure sufficient
flow through the cyclone.

proximately 5m of copper tube, as shown in Fig. 1. From
18 May 2010, the SP2, PASS-3 and SP-AMS sampled
through a line, alternating every 10 min between an ambient
inlet and a line drawn through a thermodenuder (Huffman et
al., 2008). Before this date, only the ambient inlet was used.

2.3 The single-particle soot photometer

The SP2 (Stephens et al., 2003; Schwarz et al., 2010) mea-
sures rBC using the principle of laser-induced incandes-
cence. Particles are drawn through a high-intensity intra-
cavity 1064 nm Nd : YAG laser; rBC-containing particles ab-
sorb the infrared laser radiation and are heated to incandes-
cence, emitting visible light. rBC here is defined as the frac-
tion of a soot particle that is thermally stable enough to in-
candesce before vaporizing (Petzold et al., 2013). Though
sp? carbon bonds are linked with both thermal stability and
light absorption, it is not clear whether any non-carbon frac-
tion of BC (such as refractory oxygen species) is included in
rBC.

The incandescence light is detected on a particle-by-
particle basis by two photomultiplier tubes (PMTs) which
are optimized to different wavelength ranges (broadband and
narrowband) to give an indication of the incandescence tem-
perature (Schwarz et al., 2010). The amount of light de-
tected is linearly proportional to the mass of black car-
bon in a particle, regardless of particle coatings or mor-
phology (Moteki and Kondo, 2007; Slowik et al., 2007).
The incandescence channels of the SP2 were calibrated us-
ing glassy carbon spheres (Type Il, Alfa Aesar, Ward Hill,
MA, USA) in the manner described by Liu et al. (2010)
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and McMeeking et al. (2010). The accuracy of the incan-
descence calibration was estimated at £14 %, corresponding
to accuracy in average Dc of T3 3w. The SP2 also has two
avalanche photodiode (APD) scattering detectors which were
calibrated with polystyrene latex spheres (PSLs; Duke Sci-
entific, now Thermo Fisher Scientific, Waltham, MA, USA).
The scattering/coating data presented here were taken after
26 May 2010, when the SP2’s detectors were re-aligned. Fur-
ther details of SP2 calibrations are provided Sect. S1, in the
Supplement.

During CalNex, the high-gain broadband detector mea-
sured particles with rBC mass between 0.2-27fg (67—
305nm mass-equivalent diameter at core density pc =
1.8gcm~2) and the low-gain narrowband detector mea-
sured particles with rBC mass 0.6-130 fg (84-520 nm). The
rBC mass concentration was corrected for particles outside
the SP2’s detection range. Further details are provided in
Sect. S2, in the Supplement. A comparison to a co-located
Sunset OC /EC instrument is also presented in Sect. S3,
in the Supplement. The SP2 showed excellent correlation
(R? = 0.94) with the optical EC channel, and good correla-
tion (R? = 0.58) with the more common thermal EC channel.

2.4 The soot particle aerosol mass spectrometer

The SP-AMS is a modified version of the HR-ToF Aerosol
Mass Spectrometer (AMS; Aerodyne Research Inc., Biller-
ica, Massachusetts, USA). The standard AMS utilizes a tung-
sten vaporizer heated to 600 °C, and hence cannot measure
refractory species which remain solid at this temperature.
The SP-AMS uses the same kind of 1064 nm Nd : YAG laser
as in the SP2 to selectively vaporize BC-containing parti-
cles and measure their average composition as an ensemble
(Onasch et al., 2012). During CalNex, the tungsten vapor-
izer was removed and so only rBC-containing particles were
vaporized. Note here that we are using the convention of re-
ferring to the BC material detected by the SP-AMS as rBC
as recommended by Petzold et al. (2013), though it is not
possible to unambiguously determine whether the sum of the
carbon clusters measured by the SP-AMS is equivalent to the
material detected by the SP2.

Mass concentrations were calculated using the standard
fragmentation table technique (Allan et al., 2004), modified
to account for rBC peaks at the mass/charge (m/z) chan-
nels at multiples of 12, using an rBC relative ionization effi-
ciency of 0.2 (Onasch et al., 2012). Where there was a con-
flict with other anticipated fragments (e.g. c; and HCI™ at
m/z=36 and C; and SOT at m/z=48), high-resolution
analysis (DeCarlo et al., 2006) was employed to determine
the rBC fraction as a function of time. While there were the-
oretically many contributions possible, the high-resolution
analysis showed that the overwhelming majority of ambient
rBC mass was accounted for by the C;—C4 fragments.

When attempting to quantify overall mass loadings, poor
correlations were found when comparing the SP-AMS with
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the SP2 and Sunset instrument, in contrast to the measure-
ments of Cappa et al. (2012). Upon investigation, it was
found that the quantitative sensitivity of the SP-AMS to
rBC was not independent of the other aerosol components.
A greater fraction of the rBC was detected during periods
of high concentrations of inorganics, which is speculatively
linked to an improvement of the focusing of the particle
beam with larger particles. This comparison is presented in
Sect. S3.3, in the Supplement.

Because of this issue, it is not possible to treat the mass
concentrations generated by the SP-AMS as absolute, how-
ever the relative concentrations reported (i.e. the ratios of the
different aerosol species) should be accurate for those parti-
cles detected. These ratios are not necessarily representative
of the BC-containing particles overall; the smaller particles
that escape detection are likely to have a higher rBC to coat-
ing mass ratio. The addition of non-BC material would make
them grow and become more spherical, and therefore stand a
higher chance of being detected. The concentrations of coat-
ing materials relative to each other are likely to be more ac-
curate, but it is likely to be biased slightly towards secondary
rather than primary coatings. Primary coatings, such as those
co-emitted with the BC will be prevalent on the missed par-
ticles and be almost purely organic as opposed to secondary
coatings (those formed after emission) which are more likely
to be mixed organic and inorganic. For the purposes of esti-
mating the shell refractive index (ns), the relative mass frac-
tions of the non-rBC SP-AMS species were used. While it is
recognized that these ratios are more likely to be representa-
tive of the accumulation mode particles, there is no way of
resolving this bias with these data.

2.5 Thermodenuder and data averaging

Semi-volatile aerosol was removed from the sample using
a thermodenuder (Aerodyne Research Inc.; Huffman et al.,
2008). Particles were drawn through a heated tube, and
vapours were adsorbed onto a charcoal trap. The temper-
ature was cycled on a sawtooth profile, heating from 56—
230°C over 2h, with a 35 min cool-down period. Tempera-
ture was measured using three temperature probes; data were
excluded when the standard deviation of the three measure-
ments was >4 °C, to reduce ambiguity in the internal tem-
perature.

The SP2, PASS-3 and SP-AMS were switched between the
thermodenuder and ambient inlet every 10 min, with a bypass
flow running through the unused line in order to maintain the
temperature profile in the denuder and remove the need to
flush out stagnant air after changes. The SP2 data were av-
eraged to a 5min time basis. Using the 1s data, a 20s de-
lay time was observed between the valves switching and the
sample line flushing through. Hence, data from the first 20 s
of each 5 min period were excluded.

Losses through the thermodenuder were characterized by
comparing the ratio of SP2 rBC mass and number concentra-
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tions to the average of the adjacent undenuded data points.
Transmission of particles through the denuder exhibited a
linear relationship with the thermodenuder temperature, pa-
rameterized by

Transmission = 0.728 — 0.0006 x T7p, 1)

where Ttp is the average of the thermodenuder’s three tem-
perature probes, measured in °C.

Though the slope is similar to that found by Huffman et
al. (2008), the intercept is much less than 1, which may be
due to the use of a longer charcoal trap after the denuder.
Number and mass losses measured by the SP2 were identical
within 2% across the whole temperature range, suggesting
that any size-dependence was negligible.

rBC and coating composition through the thermodenuder
is presented in Sect. S4 in the Supplement. Though there
were still some residual coatings, and the variable collection
efficiency of the SP-AMS influenced some of the measure-
ments, the majority of coating mass was removed when the
thermodenuder was at its highest temperatures. In Sect. S5,
we show that in the freshest air masses, particles thermode-
nuded to >220 °C could reasonably be considered externally
mixed.

2.6 Co-located NO, NO, and NOy

NO, NO; and NOy were measured by chemiluminescence
using model 42C-TL detectors (Thermo Fisher Scientific)
for NO and NOy, and model 42i-TL for NO,. The NO;
instrument was modified to use a blue LED instead of a
molybdenum catalyst to convert NO; to NO, to exclude con-
version of HNOgz and peroxyacetyl nitrate (PAN) (Lefer et
al., 2010). The NOy instrument was used as described by
Luke et al. (2010), except that the molybdenum catalyst was
only heated to 320°C to reduce possible interference from
NHs3 conversion. Data were reported as 1 min averages, and
NO, data were only available after 17:15UTC on 27 May.
NOy is calculated as the sum of NO and NO,. We calculate
—log(NOyx/NOy) as a qualitative measure of photochemical
age (Kleinman et al., 2007), the method also used by Cappa
et al. (2012). Data are only considered for periods when all
three measurements (NO, NO, and NOy) were available.

3 Calculating rBC coating thickness

In the following section, we describe the data analysis rou-
tines and techniques required to use raw SP2 data to calculate
BC coating properties. While the basic technique has been
used before (Gao et al., 2007), here we explore the sensitivi-
ties of the Mie model to assumptions of density and refractive
index, and describe data quality assurance techniques that are
necessary for any comparison with measured optical proper-
ties.

www.atmos-meas-tech.net/8/1701/2015/

3.1 The use of the core / shell model

Fresh soot particles often assume the form of fractal aggre-
gates of BC spherules. Over time, mixing with other mate-
rial by condensation and coagulation causes voids within the
aggregates to be filled and the fractal shape to collapse to
form a quasi-spherical particle (Zhang et al., 2008; Ghazi and
Olfert, 2013). Given the variations in soot morphology, there
is a question as to the representativeness of the core / shell
model, and to the use of scattering to derive coating proper-
ties.

Adachi and Buseck (2013) measured the shapes of soot
particles in Pasadena during the same measurement period
as this study. While they observed a variety of morphologies
and with variable mixing of material, heavily compacted (but
uncoated) BC was seen in periods of high CO, concentra-
tions, which corresponded with the processed Western-LA
plume reaching the site (Hayes et al., 2013). The dominant
aerosol in these plumes was semi-volatile secondary organic
aerosol (SOA), which Adachi and Buseck (2013) note they
would be unable to detect as it would evaporate before or
during the measurement process. Surface tension forces dur-
ing condensation of coating material is thought to be the pro-
cess by which fractal soot is compacted, so it therefore seems
likely that these particles were coated by SOA that Adachi
and Buseck (2013) were unable to detect.

How appropriate the use of light scattering is to de-
rive coating properties depends on the particles in question.
Particles small compared to the wavelength of light lie in
the Rayleigh—Debye—Gans regime, where light scattering is
independent of particle morphology. For a wavelength of
1064 nm used in the SP2, this regime is appropriate for ex-
ternally mixed BC<~10"2m? in volume (equivalent to
267 nm diameter) (Moteki et al., 2010). Externally mixed
BC here means particles containing only BC — the mixing
of more than one compound within single particles requires
a distribution of refractive index, which is not accounted for
in the simple Rayleigh—Debye—Gans approximation.

For thickly coated particles, which are quasi-spherical
in shape due to compaction of the primary BC and filling
in voids between spherules, laboratory measurements have
shown that this method may be used to accurately determine
the size of the coated particle (Shiraiwa et al., 2010). Laborde
et al. (2013) also verified accurate sizing using this method
for ambient particles with <35 % rBC volume fraction when
compared to particle mobility diameter.

For intermediate coatings, which may not exhibit a core
shell morphology, the derived coating thickness is a useful
qualitative indicator of mixing state that is widely used. Con-
sideration of the scattering enhancement (compared to an
uncoated particle) in any way more complex than a simple
coating thickness would require detailed knowledge of parti-
cle morphology, measurements of which are extremely lim-
ited in terms of time resolution and their ability to measure
semi-volatile coatings. Where soot of variable morphology

Atmos. Meas. Tech., 8, 1701-1718, 2015
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is present, as is almost always the case in ambient environ-
ments, particle morphology would also need to be known on
a single-particle basis as the particles were measured in the
SP2.

Coating thicknesses derived using the core /shell Mie
technique are therefore considered semi-quantitative in am-
bient environments. However, in order to be able to interpret
these measurements, one needs to be able to accurately pre-
dict the amount of light scattered by externally mixed rBC.
Any enhancement of this amount would then indicate parti-
cles are mixed with some amount of nonrefractory material.
When using the SP2’s incandescence measurement to calcu-
late the core size, the amount of light scattered then depends
on the assumed refractive index and density of the core, as
well as the calibration of the incandescence detectors. One
must also carefully consider the limited detection range of
the instrument (both its scattering and incandescence mea-
surements) to avoid bias.

3.2 Overview of technique

For each particle, the incandescence signals are used to cal-
culate the rBC mass, and the scattering signals provide the
scattering cross-section of the coated particle at 1064 nm, us-
ing the signals collected during the period between the parti-
cle beginning to interact with the laser beam and the point at
which the particle starts to evaporate in the laser.

In order to calculate core and shell diameters, a number
of parameters are required. A schematic overview of the cal-
culation is shown in Fig. 2. The refractive index of the coat-
ing was calculated using the time-dependent chemical com-
position of the coating material measured by the SP-AMS.
A number of lookup tables were generated for a range of
different core and coating refractive indices, and thermally
denuded data were used to constrain the most appropriate
core density and refractive index, such that the measured
scattering matched the modelled scattering if the cores were
assumed to be uncoated. Size-dependent factors, such as
small signals below detection limit or large signals saturat-
ing the detectors, could cause some of the scattering data
to be considered unreliable. By examining the size depen-
dence of these factors, a range of core diameters was iden-
tified for which the scattering data were considered reliable
(see Sect. 3.4). Particles from this range were then used to
calculate coating thicknesses.

3.3 Determination of optical particle size using the SP2

The SP2 uses two light scattering channels for optical siz-
ing. When the laser and detectors are properly aligned, each
purely-scattering particle records a Gaussian profile as it
crosses the laser, with magnitude proportional to the laser
intensity and scattering cross-section of the particle. For BC-
containing particles, material evaporates as they pass through
the laser, causing the scattering cross-section to decrease to
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Figure 2. Overview of the input data/parameters and steps involved
in calculating coating properties using SP2 data. Blue boxes repre-
sent the raw measured data, white boxes represent assumed param-
eters, and yellow boxes represent derived parameters.

zero. In order to properly size these particles, leading-edge
only (LEO) fitting is used (Gao et al., 2007); the signal as the
particles enter the edge of the laser, before material has evap-
orated, is used to reconstruct the Gaussian profile of the orig-
inal particle, had it not evaporated. A two-element avalanche
photodiode (TEAPD) was used to constrain the fits, such that
the scattered light of the particle moves from one element
of the detector to the other as it passes through the laser.
The signal on one side is inverted, producing a clear notch
as the particle passes the centre of the detector and the sig-
nal switches from negative to positive. The difference in po-
sition between the notch and the peak laser power is fixed
during measurements, meaning that the position of a BC-
containing particle within the beam profile can be inferred to
constrain the Gaussian fit as the Gaussian response of non-
absorbing particles is directly measured. For further explana-
tion, the reader should refer to Laborde et al. (2012), where
this scheme is presented graphically.

For each LEO fit, the baseline is calculated using the mean
of the first six data points (1.2 us). The baseline is subtracted
from the data, and a Gaussian function is then fit to the lead-
ing edge data. The modal notch position and width of the
previous 200 unsaturated purely-scattering particles are used
to constrain the fit, leaving the fit amplitude as the only free
parameter. We define the leading edge as all data from the
baseline-subtracted zero up to 5% of the maximum laser in-
tensity, with the x position calculated using the fit position
and width assuming a Gaussian laser profile. The 5% thresh-
old was determined by examining the time-dependent scat-
tering cross section for incandescent particles (Moteki and
Kondo, 2008; Laborde et al., 2012).
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A large fraction of particles evaporated before the notch
position could be properly determined. Note that the incan-
descence signal is still reported for these particles, so this
issue does not affect the rBC mass concentrations reported.

Gao et al. (2007) identified particles with scattering sig-
nals too small to reliably size, as they generate noisy fits,
and those with large signals that saturated the scatter detec-
tor within the leading edge, as unreliable fits. Schwarz et
al. (2008b) explored the effect of assuming the thinnest and
thickest possible coatings for these particles, and reported
coating properties as the average of these two extremes. In
this analysis we avoid this issue by choosing the core diame-
ter range in which particle coatings are considered such that
these particles only make up a small fraction of particles, and
do not affect derived coating properties. This range is dis-
cussed more fully in the next section. A series of filters was
also used to identify and discard LEO fits that were poor due
to electronic noise or coincident particles, though this issue
affected <0.01 % of incandescence triggers.

3.4 Determining a core size range for unbiased coating
analysis

In order to minimize bias in the results, it is necessary to ex-
amine the distribution of detectable notch position and good
LEO fits vs. an independent variable, in this case the core di-
ameter. The range of these parameters varies depending on
the instrumental setup of the SP2.

Figure 3a shows the fraction of particles with detectable
notch position (Fnotch) as a function of Dc. The small-
est cores, D¢ <100 nm, show approximately 10 % detectable
notch position, as most particles in this size range do not scat-
ter enough light to be detected by either scatter detector. The
ambient particles show a higher Fnotch than the denuded, as
the ambient particles are, on average, more coated, and so a
greater fraction of the smaller particles can be detected.

Figure 3b—e examine the probability distribution function
of Esca, the ratio of a particle’s measured scattering cross-
section divided by that of its uncoated core predicted by Mie
theory, integrated over the detection angles of the SP2. Fig-
ure 3b shows how d P/ dlog(Esca) varies with core diameter
for the cases most influenced by fresh emissions. These are
defined as particles which have passed through the thermode-
nuder set at a temperature greater than 220 °C, during periods
when ambient —log(NOx/NOy) was lowest (defined as be-
ing less than 0.08, the 10th percentile). These particles were
the least chemically aged, and in Sect. S5 in the Supplement,
we demonstrate that they had almost all of their coatings re-
moved by the thermodenuder. Such particles with a D¢ less
than 100 nm show Escy values greater than 1, as only the
most coated particles are detected. Using data from this range
of core diameter would result in a bias towards thickly coated
particles.

At core diameters 100-135nm, Fnotch increases and the
distribution of Escy shifts closer to 1 as the bulk of BC-

www.atmos-meas-tech.net/8/1701/2015/

1.0 (a) | |
| Campaign average fraction
5 rBC particles with
205 I detectable notch, Fygen
w | | — Ambient
| | = Thermodenuded
0.0 — T T T T
8 9 2 3 4 5
100
rBC core diameter (nm)
(d) r10

135-200nm |10
core

. T . ——r—1-10"
100 0.04 0.02 0.00
dP/dlog(Egc,)

© r10°

135- -10°
200nm core

9 4 5
100 0.04 0.02 0.00
dP/dlog(Egca)

rBC core diameter (nm)

Figure 3. Diagnostics for determining the range of rBC core diam-
eter used for Mie modelling. Panel (a) shows the fraction of rBC-
containing particles with detectable notch positions, averaged over
the whole campaign, as a function of D¢. Panels (b) and (c) show
probability density functions, d P/ d log(Egcg) for each core diame-
ter bin, under the least processed (particles drawn through the ther-
modenuder >220°C and —log(NOyx/NOy) < 10th percentile) and
most processed (ambient inlet and —log(NOx/NOy) >90th per-
centile) conditions respectively. The thick dashed black lines rep-
resent the calculated saturation of the scattering detector at 5% of
maximum laser intensity. Panels (d) and (e) are dP/dlog(Escs)
distributions for particles in the range 0.135 < D¢ <0.2 um, bor-
dered by the vertical dashed lines. The horizontal dashed lines show
a core scatter ratio of 1. Panels (b) and (c) are scaled in arbitrary
units, and are normalized such that each column sums to 1. Panels
(d) and (e) are also normalized to sum to 1, though they are distri-
butions over the range 0.135 < D¢ <0.2 um, rather than averages of
(b) and (c), and are thus weighted more heavily towards the smaller
particles within the range. Panels (b—e) were calculated assuming
poc =1.8gcm3 and nc = (2.26-1.26).

containing particles become detectable in both scatter detec-
tors. At D¢ = 135 nm the two traces on Fig. 3a converge, and
therefore Fiotch IS independent of coatings. This Dc¢ is also
the point where Fiotch reaches 50 %. We choose this diam-
eter as the lower bound of the region in which to consider
LEO fitting.
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Figure 3c shows dP/ dlog(Esca) vs. core diameter of par-
ticles sampled under the most processed conditions. Such
conditions are defined as being when particles are sampled
through the ambient inlet and the ambient —log(NOx/NOy)
was greater than 0.34 (the 90th percentile). The upper edge
of the Esc, distribution is limited by saturation of the low-
gain scatter detector. It is clear that for large core sizes, a
significant fraction of the most coated particles are limited
by saturation. We choose D¢ =200 nm as the upper bound
of the region in which coatings are considered, in order to
limit this bias affecting the data.

Although there is some user input in determining the D¢
limits, we have detailed a logical method to determine rea-
sonable values. For comparison, shifting the limits by 5nm
either way (i.e. 130 < D¢ <195 and 140 < D¢ < 205) af-
fected campaign-average coatings by <1 %.

Figure 3d and e show dP/dlog(Esc;) for 135<
D¢ < 200nm for the least coated and most coated particles
respectively. While this range does not cover the entire rBC
mass distribution, Fig. 3b and ¢ show minimal size depen-
dence, other than the measurement limitations discussed pre-
viously, meaning that this range is likely representative of
the majority of ambient absorbing aerosol. For our choice of
density and refractive index, which are discussed in Sect. 3.6,
the least coated particles show Esc; has a modal value close
to 1, signifying minimally coated particles, and for the most
coated particles there is a clear shift towards larger Esca.

To summarize, scattering measurements on particles with
the smallest core size detected by the SP2 are biased towards
the most coated particles, whilst particles with the largest
cores are biased towards the least coated. These are due to
scattering signals being below the detection limit, or above
the saturation level, of the scattering detectors. This section
has outlined a method to choose a range of core diameters
that are least affected by these problems, to gain the most
representative results possible.

3.5 The Mie model

A scattering model is used to relate the measured scatter-
ing signal to particle diameter. For BC-containing particles,
we assume a concentric sphere core-shell configuration, and
use Mie theory to calculate the scattering cross-sections. We
used Scattnlay Mie code (Pena and Pal, 2009), which uses the
same equations developed by Yang (2003) but runs in C. For
ease of use and computational efficiency, these algorithms
were compiled as an external operation (XOP) for Igor Pro
(Wavemetrics, Portland, OR, USA).

A series of 2-D lookup tables were produced containing
scattering cross-sections for A =1064 nm, integrated over
the angles of the SP2’s APDs (Moteki and Kondo, 2007),
for core diameter 80 < Dc <600nm and coated diameter
100 < Dp < 600 nm, with 1 nm resolution to reduce any trun-
cation error. We were unable to reliably sample calibration
particles larger than 600 nm, so this size is considered the
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upper limit. The 80 nm lower limit was chosen as it is close
to the lower cutoff diameter of the incandescence measure-
ment. Different tables must be used for different core and
shell refractive indices. For each particle, D¢ is calculated
using the incandescence data as described in Sect. 2.3 and
Dp is then interpolated using the selected look-up table, nor-
malized to the measured scattering signal of a 200 nm PSL.
The most basic product of Mie theory in the context of the
SP2 is Esca, the enhancement in a particle’s scattering cross-
section (integrated over the angles of the SP2’s scatter de-
tectors) compared to that of its uncoated core. To calculate
Esca, only the rBC core density and refractive index are nec-
essary, whereas calculating a coating thickness also requires
the refractive index of the coating. Some particles recorded
Esca <1, such that the LEO scattering signal is smaller than
Mie theory predicts for an uncoated core. This value is equiv-
alent to a negative coating thickness, which is nonphysical.
These measurements are partly a consequence of random er-
rors associated with the LEO fitting, but their likelihood is
also strongly affected by the core density and refractive in-
dex used. This issue is discussed in the next section. In order
to include these particles in coating calculations, they are as-
signed a coating thickness of zero. This approach does not af-
fect the median shell / core ratio, though it may slightly bias
any calculated bulk optical properties towards more coated
particles. Discarding these particles would bias the data even
further, as only the thickest coatings would be counted.

3.6 Sensitivity to density and refractive index

As noted in the previous section, calculation of Escy requires
prior knowledge of the density and complex refractive index
of the rBC core. Using a higher refractive (real and imag-
inary) index increases the scattering efficiency of the rBC
core, and consequently reduces the calculated Escy. Con-
versely, the scattering cross-section of a particle of given
mass scales approximately with ,0(2:/ 3, so increasing density
increases Esca. These two parameters have been the sub-
ject of a large body of previous research, extensively re-
viewed by Bond and Bergstrom (2006). They recommended
densities between 1.7 < pc <1.9gcm~2 and refractive in-
dices in the range (1.75-0.63i) < nc < (1.95-0.79i) noting
the higher refractive (real and imaginary) indices looked
the most promising. More recently, Moteki et al. (2010)
used SP2 LEO measurements to infer nc = (2.26-1.26i)
for denuded ambient soot in Tokyo, assuming a density
pc =1.8gcm~3. These parameters were used by Laborde et
al. (2013) to explore the properties of rBC in Paris, and Tay-
lor et al. (2014) in boreal biomass burning plumes. A variety
of other parameters have been used in previous publications.
These are discussed in Sect. S6, in the Supplement, and sum-
marized in Table 1.

Figure 4 demonstrates the sensitivity of calculated scatter-
ing cross section of uncoated rBC cores to density and re-
fractive index, using the parameters in Table 1. While there
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Table 1. Summary of core densities and refractive indices used in previous SP2 core / shell calculations.

Core density ~ Reference Core refractive  Reference Studies used
(oc, gcm—3) index nc
18 Bond and Bergstrom (2006)  (2.26-1.26i) Moteki et al. (2010) This study
Laborde et al. (2013)
Taylor et al. (2014)
18 Bond and Bergstrom (2006)  (1.95-0.79i) Bond and Bergstrom (2006)  Langridge et al. (2012)
Metcalf et al. (2012)
19 Bond and Bergstrom (2006)  (1.95-0.79i) Bond and Bergstrom (2006)  Subramanian et al. (2010)
1.77 Park et al. (2004) (1.87-0.561) Marley et al. (2001) Shiraiwa et al. (2008)
2 (2-1i) Schnaiter et al. (2005) Schwarz et al. (2008a)
Schwarz et al. (2008b)
Schwarz et al. (2009)
2 Hess et al. (1998) (1.76-0.44i) Hess et al. (1998) Kondo et al. (2011a)*

Moteki et al. (2012)*
Sahu et al. (2012)*

* These studies used the scattering-only technique to derive coating thickness, but the values are included here for comparison.

rBC core diameter (nm)
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Scattering cross section
(arbitrary units)

Core refractive index
Derived by SP2
— o= 1.8 nc = (2.26 — 1.26i)
Recommended by Bond &
Bergstrom (2006)

m— pc=1.9 nc = (1.95 - 0.79i)
Pc= 1.8 Nc = (195—079|)
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—_—pc=2 nc=(2- 1)
- = pc=177 nc = (1.87 — 0.56i)
OPAC
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Figure 4. Calculated scattering cross-section, integrated over the angles of the SP2’s scatter detectors, for the different combinations of
density and refractive index used in previous SP2 ambient core / shell modelling. Densities are in units of gcm=3. The vertical dashed lines
bound the range of core diameter used for coating calculations in this study. The solid blue and dashed green lines partially overlap.

appears to be a central group of similar cross sections, the
difference between the highest and the lowest is a factor of 3.
This equates to a difference in a factor of 3 when calculating
Esca, and hence a significant change in calculated coating
thickness (see Sect. 4). The effect this difference has on the
measured distribution of Esc, is shown in Fig. 5a for parti-
cles measured during the same least-processed conditions as
presented in Fig. 3.

The fact that the spread in Escy is similar regardless of
the core parameters used means that the main source of per-
particle noise is in the raw data and/or LEO fitting. The
spread in the data is due to a combination of random error in
the LEO fits, particles passing through different parts of the
laser, and uncertainty in Dc. The per-particle statistical un-

certainty in rBC mass is =30 % (equivalent to 330, in Dc).
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As scattering scales roughly with diameter to the sixth power,
this uncertainty suggests a per-particle uncertainty in Egcy Of
I8 from incandescence noise. The per-particle noise in the
LEO fits during PSL calibrations was £+40 %, meaning that
the main source of per-particle noise in Escq and any derived
coatings is the incandescence channel.

Ideally, the Esc, distribution should be centred around 1
for uncoated particles. The fraction of particles with Egcy <1
is strongly dependent on the core refractive index, as would
be the bias associated with discarding these particles for coat-
ing calculations.

Using the density and refractive index recommended by
Moteki et al. (2010), measured by a similar technique us-
ing the SP2’s scattering measurement, results in a distribu-
tion centred close to 1. Moteki et al. (2010) conducted their

Atmos. Meas. Tech., 8, 1701-1718, 2015



1710 J. W. Taylor et al.: Sensitivity assessment of SP2 core / shell parameters

Derived by SP2

(a) — pc =18, nc = (2.26 — 1.26i)
0.4 Recommended by Bond &
y Bergstrom (2006)
— pc=1.9, nc=(1.95-0.79)
pec=18, nc=(1.95-0.79)
'g 0.31 Other primary measurement(s)
w — pc=2 nc = (2 - 1i)
b= = = pc=1.77, n¢ = (1.87 - 0.56i)
% 0.2 OPAC
S — pc=2, nc=(1.76 - 0.44i)
-
0.1
1
O 0 iE 1 =
2 3 456 2 3 456 ' 3 3456
1 10 100
ESca
b, 3 ne
~, 04 ®©) pc@cm’) 04 — (2.26 — 1.26i)
i — 18 8 —_—2-1i
u 03 —19 03 —_ E1.95—)0.79i)
= —_ 2 o - = (1.87 - 0.56i)
3 02 nc=@26 g 02 — (1.76 - 0.44i)
- i -3
Z 01 1.26) Z 04 pe=18gcm
0.0 0.0
2 4 2 4 2 4 2 4 2 4 2 4
1 10 100 1 10 100

ESca ESca

Figure 5. Normalized Egsc; distribution, in arbitrary units,
for the least coated particles (thermodenuder >220°C and
—log(NOx/NOy) < 10th percentile) for different rBC core densi-
ties and refractive indices. Panel (a) shows data for density (in units
of g cm*3) and refractive index combinations used in previous SP2
core / shell modelling, whilst panels (b) and (c) illustrate the sensi-
tivity to core density and refractive index respectively.

measurements at 1064 nm, whereas the others were either
for visible wavelengths or broadband spectra. We therefore
consider the parameters derived by Moteki et al. (2010) the
most appropriate to use for this data set and other SP2 mea-
surements where diesel engines are the dominant source of
BC. Under the assumption that they represent the closest es-
timate to the physical properties of the measured rBC, all
other parameters tested in Fig. 5a led to an overestimation
of Esca, and further analysis would therefore overestimate
coating thickness and absorption enhancement for a given
coating refractive index.

Figure 5b and ¢ explore the sensitivity of the Esc, distri-
bution to density and refractive index separately. It is clear
that within the range of parameters used, there is greater sen-
sitivity to refractive index than density.

3.7 Calculating the coating refractive index using the
SP-AMS

In order to convert Escy into a physical coating thickness,
as described in Sect. 3.5, a coating refractive index must be
assumed, in addition to the core density and refractive in-
dex. ng has only a real component at 1064 nm, as any coat-
ing material found in the atmosphere is nonabsorbing at this
wavelength. Previous studies have assumed a constant value

Atmos. Meas. Tech., 8, 1701-1718, 2015

of ns, generally close to 1.5. We instead used the relative
contributions of organics, nitrate and sulfate measured by the
SP-AMS to calculate a time-dependent refractive index us-
ing volume mixing rules (Stelson, 1990). Nitrate and sulfate
were assumed to be associated with ammonium cations as
the aerosol in Pasadena was for the most part neutralized
(Hayes et al., 2013). Inorganic densities were taken from
Weast (1977), and the density of organics was assumed to
be 1.2gcm~3, as suggested by Stelson (1990). This den-
sity yields a refractive index of organics of 1.46, which is in
the range typically assumed for organics, though it has been
shown that oxidation of organics can increase both density
(Kroll et al., 2009) and refractive index (Cappa et al., 2011),
with opposing effects on scattering calculations. The refrac-
tive index for the ambient data calculated with volume mix-
ing was 1.46-1.50 (mean 1.48). This number is dominated by
organics, which formed the bulk of the coating material (we
discuss coating composition further in Taylor et al., 2015).
Changes were due to variation in the organic/inorganic frac-
tions in ambient aerosol, and clear differences were observed
when switching to the thermodenuder.

3.8 Sources of uncertainty

Coatings reported for individual particles are subject to both
systematic and random errors, whereas average coating prop-
erties are subject only to systematic errors as long as enough
particles are sampled. As discussed in Sect. S1, the statisti-
cal uncertainty in the incandescence signal is 30 %, which
corresponds to statistical uncertainty in D¢ of 315, . The ac-
curacy of the rBC mass calibration is +-14 %, which corre-
sponds to absolute uncertainty in Dc of T4-3..Calibrations
of the optical size of particles using 200 nm PSLs showed
the per-particle uncertainty was +30%, but increased to
+40% when using LEO fits due to the decreased signal.
After the TEAPD was realigned on 26 May, the modal sig-
nal of 200nm PSL calibrations throughout the campaign
were all within £3 %, demonstrating the stability of the laser
power and scattering detectors. The per-particle uncertainty
of the scattering and incandescence measurements causes the
spread in Escq Seen in Fig. 5 and, similarly, a width to the dis-
tribution of reported coatings.

The uncertainties in the calibration values are due to vari-
ation between the mean values of multiple calibrations, and
the different instrument response between ambient soot and
glassy carbon. These uncertainties represent an estimate of
possible systematic errors in the measurements. Other possi-
ble systematic uncertainties relate to the core properties nc
and pc, which it is the purpose of this paper to investigate,
as well as ng, though this sensitivity is thought to be small
(Shiraiwa et al., 2008). In Sect. 4.1, we quantify the effect
that each of these parameters has on the derived coatings.

The FWHM and notch position have minimal size-
dependence for small particles, but for larger particles some
variation is expected as these particles take longer to traverse
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the laser beam. However, 200 and 300 nm PSLs show similar
distributions of FWHM and notch position, meaning that for
particles <300 nm in total diameter (which represent the vast
majority of rBC number) this sensitivity is small. The opti-
cal size of particles could be sensitive to the fraction of peak
laser power used to generate the LEO fits; however, Laborde
et al. (2012) demonstrated that the scattering cross-section
of coated particles is stable before they start to evaporate in
the laser. As discussed in Sect. 3.3, inspection of single parti-
cles showed that 5% of the peak laser power was within this
plateau.

Scattering at 1064 nm is not thought to be sensitive to par-
ticle shape for the sizes of externally mixed particles consid-
ered here. For coated rBC particles, shape may affect scat-
tered light intensity but, as we have already discussed, when
soot is not in a core / shell configuration the derived coating
thicknesses are only a qualitative indicator of mixing state.

We have attempted to minimize and quantify all sources of
uncertainty. The sensitivities to the various input parameters
are discussed further in Sect. 4.

4 The effect of core density and refractive index on
derived coating thickness

4.1 Systematic uncertainties

Using the coating refractive index calculated from the SP-
AMS, the absolute and relative coating thicknesses of BC-
containing particles were calculated for particles with rBC
core diameter in the range discussed previously in Sect. 3.4.
Figure 6 shows the distributions of coating thickness under
the same conditions as Fig. 3, using the combinations of core
density and refractive index that resulted in the smallest and
largest Escq in Fig. 5.

Gaussian fits to the least coated distributions yield
the single-particle precision. Using a core density
pc =1.8gcm~2 and refractive index nc = (2.26-1.26i)
generated a distribution of shell /core ratio with mean
of 1.04 and standard deviation of 0.21, corresponding to
an absolute coating thickness distribution with mean of
2nm and standard deviation of 17 nm. Here, the mean and
standard deviation are estimated from Gaussian fits to the
data so they are not biased by particles with Esca <1. For
comparison, using a density pc =2gcm—2 and refrac-
tive index nc = (1.76-0.44i) generated a distribution of
shell / core ratio with mean of 1.40 and standard deviation
of 0.19, corresponding to an absolute coating thickness
distribution with mean of 30 nm and standard deviation of
15nm. In Fig. 6, the difference in coatings using the different
core parameters is larger than the difference between fresh,
thermodenuded and aged particles.

The SP2 is capable of measuring a large number of parti-
cles rapidly and therefore can obtain data with good counting
statistics. The distributions shown in Fig. 6 were generated

www.atmos-meas-tech.net/8/1701/2015/

Freshest air masses, thermodenuded >220°C

7.5x10°4) — n¢ = (1.76-0.44i), pc = 2

75x10°]] — Ne = (1.76-0.44), pc =2
n=140,0=0.19 . H=30nm,oc=15nm
Median = 1.39 . Median = 30 nm
® | — nc=(226-1.26), pc =18 g | — nc=(226-1.26), pc = 1.8
g 5.0-i| 1=1.04,0=0.21 g 5041 H=2nm,o=17nm
3 1| Median = 1.02 g T h Median = 2 nm
o
k] ! 1 B !
pus 1 = 1
@ 1 [
o 1 . o 1
§ 254 § 254
=4 1 ! =4 1
1% '
@
004 ——— 0.0+
1.2 1.6 2.0 0 20 40 60 80 100

Shell/core ratio Absolute coating thickness (nm)

Most aged air masses

5 || = nc=(1.76-0.44i), pc = 2
50x10°7| =156, 0=0.21

Median = 1.61

404 | = nc = (2.26-1.26i), pc = 1.8
u=1.19,06=0.32

Median = 1.28

— n¢ =(1.76-0.44i), pc = 2
u=43nm,c =16 nm

Median = 47 nm

—_— Nc = (2.26-1.26i), pc = 1.8
p=17nm,oc =21 nm

Median = 22 nm

a1
o
X
[y
o
1

N
o
1

30

w
o
1

N
o
1

Number of particles
Number of particles

104

1.2 1.6 2.0 2.4
Shell/core ratio

Absolute coating thickness (nm)

Figure 6. Distributions of (a) and (b) relative and (c) and (d) ab-
solute coating thickness, measured under the same fresh and aged
conditions as Fig. 3. The dashed grey lines are Gaussian fits to the
primary modes, and fit parameters are listed in the legend. The first
bin represents all particles with Egcy < 1, and this bin was not used
in the Gaussian fits. The vertical dashed lines are the median values,
also listed in the legend. These are often used to compare changes in
coatings and are only biased by particles with Eg¢g <1 if the median
value falls in this range.

using many thousands of particles. It is most common to use
the median values of the properties of the coatings to mea-
sure changes in BC mixing state. When taking the median
of a sufficient number of particles, the precision of any indi-
vidual particle becomes unimportant. Only systematic errors
can skew the median coating properties.

In order to assess possible systematic uncertainties in the
calculated median coatings, we systematically varied each
parameter involved in the calculation. The results of these
calculations are shown in Table 2. The standard param-
eters were nc = (2.26-1.26i), pc =1.8gcm—2 and time-
dependent ng calculated from the SP-AMS composition data.
It is clear by comparing the results of changes in core density
and refractive index that the differences in the latter were re-
sponsible for the majority of the difference between the red
and black traces in Fig. 6. However, by choosing the most ap-
propriate values based on the results of Sect. 3.6, we have, as
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Table 2. Median shell / core ratios and absolute coating thicknesses with varied assumptions about pc, nc and ng and varied instrument
calibrations. All other parameters were held at their best estimate values, described in the text. For clarity, increasing the scattering calibration
refers to increasing the signal of a 200 nm PSL used to scale the Mie table, whereas increasing the D¢ calibration refers to increasing Dc.

Shell / core ratio
Most coated

Least coated

Coating thickness (nm)
Least coated  Most coated

Best estimate  1.02 1.28 2 22
nc

(2-1i) 1.12 1.39 10 31
(1.95-0.79i)  1.20 1.45 15 35
(1.87-0.56i)  1.27 1.50 22 40
(1.76-0.44i)  1.33 1.54 26 43
pC

1.7gcm—3 1 1.24 0 19
1.9gcm—3 1.06 1.33 5 25
2.0gcm—3 1.10 1.37 7 28
ns

1.45 1.02 1.29 2 23
15 1.02 1.28 2 22
1.59 1.02 1.26 1 21
Scattering calibration

+3% 1.01 1.27 1 22
—3% 1.03 1.29 2 23
D¢ calibration

+4.5% 1 1.18 0 15
—4.9% 1.13 1.40 10 30

much as is possible, eliminated this sensitivity as a possible
source of systematic error.

Though we have used the SP-AMS composition to calcu-
late a time-dependent ns to try to eliminate any bias this pa-
rameter may have, this measurement is not always available.
We therefore performed the same calculations, using ns of
1.45 and 1.5, which span the range calculated using the SP-
AMS data, and 1.59, the refractive index of PSLs. The results
of these calculations are shown in Table 2. This sensitivity
was small — the maximum change was a shift in shell / core
of 0.02 (corresponding to 1 nm absolute coating thickness).

The only systematic uncertainties we were not able to ef-
fectively eliminate were the uncertainties associated with the
calibration of the core diameter (*33.%) and the scattering
detector (+3%). To investigate this uncertainty, we calcu-
lated the median coatings using the same particles as those in
Fig. 6, but with calibrations 1 standard error away from the
mean. Changing the scattering calibration by +3% caused a
0.01 shift in median shell / core ratio, and a corresponding
1nm shift in coating thickness. Changing the D¢ calibra-
tion by 43¢ caused a ~ 0.11 shift in shell / core ratio, and
a corresponding ~ 8 nm shift in absolute coating thickness.
With the increased D¢, the median Escz; was 0.81, but the
coatings were assigned to that of externally mixed particles.
When combining this value with the scattering uncertainty
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in quadrature, the scattering uncertainty is insignificant, and
the systematic uncertainty associated with the instrument cal-
ibration is the same as the uncertainty associated with the D¢
calibration.

In the least coated conditions, the median measured
shell / core ratio was 1.02 +0.11, corresponding to an ab-
solute coating thickness of 24+ 8nm. The proximity of this
result to externally mixed soot demonstrates that when us-
ing these parameters for density and refractive index, this
technique can accurately determine the median mixing state
(externally vs. internally mixed) of ambient BC-containing
particles within the precision of the instrument calibration.
We note however that the precision will depend on the spe-
cific setup of the instrument (e.g. alignment, detector gain
settings). If used with different pc and nc the precision
is similar, as is the uncertainty associated with the instru-
ment calibrations, but the average values would not be accu-
rate for ambient soot. Using the same least-coated measured
data, but assuming pc = 2 gcm~2 and refractive index nc =
(1.76-0.44i), the median shell / core ratio was 1.39 £0.11,
and absolute coating thickness 30 &8 nm. Here the uncer-
tainties are those associated with the instrument calibration,
but they do not represent the systematic uncertainty due to
the use of the different values for pc and nc. The uncertainty
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Figure 7. Sensitivity of variation in ambient median shell / core
ratio to rBC core refractive index and density, listed in units of
gcm—3. Data shown are the medians of each 5 min period through-
out the campaign, with error bars for the 25th and 75th percentiles.

associated with the core refractive index is larger than any of
the other sensitivities listed in Table 2.

4.2 Time-dependent variation

Figure 7 shows the effect of systematic offsets associ-
ated with the use of different nc and pc on the measured
shell / core ratios over the whole campaign. The density and
refractive index recommended by Moteki et al. (2010) were
shown in Sect. 3.6 to be the most appropriate for this data
set and result in the lowest coating thicknesses. This result
emphasizes that comparisons between different data sets can
show differences that can be significantly influenced by the
choice of core parameters and misrepresent any underlying
similarity or difference between the data sets.

While the use of different core density and refractive index
values may systematically change reported coating parame-
ters, there is also variation in coatings due to real changes
in the ambient particles. Figure 8 compares changes in the
median shell / core ratio, using the refractive index and den-
sity combinations that result in the thickest and thinnest coat-
ings, as a function of photochemical ageing. Changes in coat-
ings were captured regardless of the parameters used, but
there was a significant offset between the data using the dif-
ferent sets of density and refractive index of the rBC core.
The difference between the minimum and maximum coat-
ing thicknesses reported does have a dependence on these
parameters, but this range is small compared to the differ-
ence in the absolute values. When using the density and re-
fractive index recommended by Moteki et al. (2010), in the
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Figure 8. Median shell /core ratio for particles with 135 <
D¢ <200 nm plotted vs. ambient —log(NOx/NOy). Data are plot-
ted for the sets of core refractive index and density that result in the
thickest and thinnest coatings. Both ambient and thermodenuded
(>220°C) data are shown. The straight lines are linear orthogonal
distance regression fits to the data. By definition, the minimum mea-
surable shell / core ratio is 1.

most coated conditions of Fig. 6, the median shell / core ra-
tio was 1.28 +-0.11, though there were some data periods in
Fig. 8 with values up to ~1.540.11. These values are sev-
eral times larger than the systematic uncertainty associated
with the instrument calibration, meaning that the SP2 is able
to resolve absolute differences in mixing state, though for
coated particles there may also be an additional uncertainty
associated with the morphology of internally mixed soot par-
ticles (Liu et al., 2015).

Coatings were thickest in the most processed air masses,
similar to results reported from urban plumes in the west-
ern Pacific (Moteki et al., 2007; Shiraiwa et al., 2007) and in
California, including some in the Los Angeles area (Sahu et
al., 2012). It has consistently been observed that, in regions
where secondary aerosols also constitute a large fraction of
submicron particulate matter, condensation of secondary ma-
terial increases BC coating thicknesses with age. Even using
the core parameters that result in the thinnest coatings, the
freshest ambient BC-containing particles were also associ-
ated with some coating material.

Coatings measured through the thermodenuder were thin-
ner than ambient coatings, though this difference was small-
est in the least processed air masses as the ambient particles
were less internally mixed. When the core parameters that re-
sult in the thickest coatings were applied, even the thermode-
nuded particles appeared to have significant coating material.

Atmos. Meas. Tech., 8, 1701-1718, 2015
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Taking these data in isolation could therefore lead to mis-
leading conclusions about the optical properties of BC and
its CCN activity. This potential bias must be considered if
BC coating data generated in this way are to be used quanti-
tatively.

5 Conclusions

We have demonstrated that coating properties of black car-
bon particles derived by core / shell modelling of SP2 data
show a strong sensitivity to the assumed parameters of the
rBC core. For a given measured scattering signal and core
mass, a higher refractive index (real and imaginary) and
lower core density result in a larger scattering cross-section
due to the core, meaning less scattering is attributed to a
coating. This shift results in thinner calculated coating thick-
nesses for the same measurement data.

An assessment of the coating properties of freshly emit-
ted, thermodenuded ambient particles demonstrated that,
when using the appropriate core density and refractive in-
dex, the SP2 incandescence/scattering technique can accu-
rately determine the mixing state (externally or internally
mixed) of ambient rBC within the precision of the instru-
ment calibration. Using a core density of 1.8 gcm~2 (Bond
and Bergstrom, 2006) and refractive index of (2.26-1.26i)
(Moteki et al., 2010) generated a distribution with median
shell / core ratio of 1.02 + 0.11 corresponding to an absolute
coating thickness of 2 + 8 nm. The main source of statistical
error in the measurement of single particles was random vari-
ation of the incandescence measurement. Other than the sen-
sitivity to core refractive index, the incandescence calibration
was the main source of uncertainty in the average coatings.
The refractive index of coatings was found to have only a mi-
nor influence. On the newer D-series SP2 the single-particle
precision may be improved by the higher resolution, but the
systematic error on the median coating properties can only be
improved with a more accurate incandescence calibration.

The effective density of soot particles is subject to con-
siderable variability due to complex, varying soot morphol-
ogy in different atmospheric conditions. However, at a near-
infrared wavelength of 1064 nm, light scattering is less sen-
sitive to the particle geometry as the wavelength is large
compared to the measured size of rBC. The bulk density
of black carbon of 1.8gcm—3 as suggested by Bond and
Bergstrom (2006) is appropriate to derive the rBC volume
based on the direct mass measurement from the SP2. How-
ever, the use of the bulk density may not be appropriate at
visible wavelengths, where shape has much more of an in-
fluence on optical properties. The core refractive index mea-
sured using the SP2 (Moteki et al., 2010) is larger than that
recommended by Bond and Bergstrom (2006) for use at vis-
ible wavelengths. The wavelength-dependence of black car-
bon’s refractive index is highly uncertain, and caution should
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be taken when using this value of BC refractive index for
optical calculations at different wavelengths.

The use of different core parameters caused a systematic
difference in the reported coating data. The majority of these
differences were due to the change in the refractive index of
the core. Calculations performed using the same measured
data but with the core parameters that resulted in the thickest
coatings generated a median shell / core ratio of 1.39 +-0.11,
corresponding to an absolute coating thickness of 30 +-8 nm.
Here, the quoted errors are due to the instrument calibration,
and do not capture the systematic uncertainty associated with
the use of the different core refractive index and density.

Temporal changes in coating thickness were also mea-
sured, which were several times larger than the uncertainty
associated with the instrument calibration. Coatings were
thickest in the most processed air masses. This change is sim-
ilar to previous results from California and the western Pa-
cific, where a large fraction of submicron aerosol is also sec-
ondary, and suggests a consistent picture of increased coating
by condensation of secondary aerosol. While these relative
changes in coating thickness were captured well regardless
of the density and refractive index used in the Mie model,
the sensitivity to assumed core properties must be taken into
account when comparing different data sets or when using
SP2 coating data to compare with large-scale models. Omit-
ting information of this sensitivity could lead to misleading
conclusions regarding the optical properties of BC and its
CCN activity.

We have determined the most appropriate values of BC
density and refractive index to use to measure mixing state at
1064 nm where particle morphology has only a minor effect,
but appropriate values to use for optical calculations of non-
spherical particles at visible wavelengths may be different.
At present, there are significant uncertainties in the absolute
values of the refractive index and density of BC particles.
Without similar constraints as those provided here, constrain-
ing the behaviour of BC particles in models using field data
will be subject to large systematic measurement uncertain-
ties.

The Supplement related to this article is available online
at doi:10.5194/amt-8-1701-2015-supplement.
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