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This work presents measurements of the spectral extinction of black carbon aerosol from
400 nm to 15 μm. The aerosol was generated using a Miniature Combustion Aerosol Standard soot
generator and then allowed to circulate in an aerosol cell where its extinction was measured using a grating
spectrometer in the visible and a Fourier transform spectrometer in the infrared. Size distribution, number
concentration, and mass extinction cross sections have also been obtained using single-particle aerosol
samplers. A mean mass extinction cross section at 550 nm of 8.3 ± 1.6 m2 g−1 is found which, assuming a
reasonable single scatter albedo of 0.2, corresponds to a mass absorption cross section of 6.6 ± 1.3 m2 g−1 .
This compares well with previously reported literature values. Computer analysis of electron microscope
images of the particles provides independent conﬁrmation of the size distribution as well as fractal
parameters of the black carbon aerosol. The aerosol properties presented in this work are representative
of very fresh, uncoated black carbon aerosol. After atmospheric processing of such aerosols (which could
include mixing with other constituents and structural changes), diﬀerent optical properties would be
expected.

1. Introduction
1.1. Black Carbon
Black carbon (BC) is one of the major particulate products of incomplete combustion, and one of the least
well-understood contributors to positive anthropogenic radiative forcing [Intergovernmental Panel on Climate
Change (IPCC), 2013]. This is due, in part, to uncertainty in its spectral light scattering and absorption properties
[Bond et al., 2013]. Unlike the majority of atmospheric aerosols, BC has high absorption at solar wavelengths
leading to a positive direct eﬀect on radiative forcing [Jacobson, 2001; Bond, 2007; Bahadur et al., 2011; Bond
et al., 2013; IPCC, 2013]. Over the last century, emission rates have increased dramatically [Ito and Penner,
2005; Bond et al., 2007] with the majority of increases coming from transport and industry sources [Bond et al.,
2013]. However, changes in emissions have not been geographically uniform: while North America and Europe
dominated early emissions, in the later half of the twentieth century, Asia has become the main emitter [Bond
et al., 2007].
Compounding the direct eﬀect, absorbing aerosols reduce cloud cover by warming the atmosphere and so
increasing evaporation [e.g., Hansen et al., 1997]. Several works suggest that the surface albedo of snow is
lowered by BC deposition, leading to additional warming [e.g., Flanner et al., 2009; Doherty et al., 2010]. There
is also the issue of public health concerns [Jansen et al., 2005] and poor urban visibility [Larson et al., 1989].
The current best estimate of the net anthropogenic radiative forcing from BC emissions is 1.1 W m2 [Bond
et al., 2013].
Black carbon fractal aggregate (BCFA) aerosols are created as a by-product of incomplete combustion. The
processes involved are as follows:
1. Partially oxidized, vaporized fuel nucleates generating what are initially very small spherical particles with
diameters of 1–2 nm.
2. These particles grow to diameters of up to 30 nm by coagulation [Calcote, 1981]. For a speciﬁc set of burning
conditions, the sizes of these individual “spherules” cover a limited size range [Vander Wal et al., 1999].
3. While leaving the ﬂame, these spherules collide and combine, forming aggregate aerosols.
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to create BCFAs with smaller spherules than those from other fuels, particularly in more modern engines
[Su et al., 2004]. Additionally, the chain lengths and fractal dimensions of these aggregates can alter with the
fuel burnt [Köylü and Faeth, 1992], but overall, the variability in microphysical properties between various fresh
BC aerosols is not large in practice. Additionally, Moore et al. [2014] found that the range of soots created by
the Miniature Combustion Aerosol Standard (Mini-CAST) overlapped well with reported aircraft and diesel
engine emissions.
In normal atmospheric conditions, the time taken for these aggregate particles to collapse into more compact
structures [Martins et al., 1998a] is of the order of hours [Martins et al., 1998b]. Despite BC spherules being
hydrophobic, the irregular shapes of BCFAs permit sites for water deposition. This leads to coating by other
hydrophilic materials [Popovicheva et al., 2008; Zhang et al., 2008]. The coatings increase the light absorption
of the aerosols [Fuller et al., 1999; Bond et al., 2006].
In this work, the BC measured was extremely fresh, with around a 25 min gap between initial creation of the
aerosol and measurement. As such, the particles described in this section are not expected to be coated or
collapsed as they would have had very little opportunity for atmospheric processing.
1.2. Speciﬁc Cross Sections—Background and Previous Measurements
When quantifying the impact of BC aerosol on climate, the most relevant optical parameters are the mass
absorption cross section (MAC) and the single scatter albedo, 𝜔0 . Following the excellent review of Moosmüller
et al. [2009], the measurement of aerosol absorption can be categorized into three broad types.
The ﬁrst of these types are ﬁlter methods in which aerosol is collected upon a ﬁlter and then transmission
through the ﬁlter measured. Various techniques can be applied to account for the light that has not been
transmitted through the ﬁlter due to scattering instead of absorption, and the enhancement due to interaction of light between particles and the ﬁlter. Second are methods using in situ thermal techniques to irradiate
the aerosol, increasing its temperature. A property resulting from this heating is measured. The most popular
of these methods are (a) the photoacoustic technique in which the heated particle transfers this heat to the
surrounding air, causing a sound wave which can be detected, and (b) incandescence techniques, a prominent example being the Single-Particle Soot Photometer which uses a laser to heat particles to very high
temperatures such that their thermal emission or incandescence can be detected at visible wavelengths. The
ﬁnal types are extinction and scattering measurements. Here the absorption is obtained by subtracting the
scattered light from the total light extinction. An example of extinction and scattering techniques is the combination of cavity ring-down extinction measurements with reciprocal nephelometry to capture scattered
light. For further details of these techniques the reader is directed to Moosmüller et al. [2009, and references
therein].
The method described in this work obtains the extinction of BC aerosol. However, as the wavelength of light
increases to the infrared (IR), theoretical calculations of BC fractal light scatterers show that 𝜔0 approaches
0 [Smith and Grainger, 2014] and so absorption and extinction are very similar. As reported values of single
scatter albedo at 550 nm are in the range 0.15 < 𝜔0 < 0.29 [see Bond and Bergstrom, 2006, Table 7] it is not
safe to make this assumption at short wavelengths. Future work will present retrievals of BC aerosol refractive
index using the method of Thomas et al. [2005] which leads to 𝜔0 as a derived parameter of the retrieval.
1.3. Fractal Aggregate Particles
Fractal aggregate particles are often described using very diﬀerent variables from those used for more spherical particles. In order to calculate the fractal and microphysical properties of the particles from electron
microscopy images, it is necessary to introduce these concepts here. Obtaining the size distributions of particles from these images is also a useful validation of measurements from other aerosol sizing instruments
which assume a more regular shape of particle.
The deﬁning equation for fractal geometry of aggregates is
(
ns = kf

Rg
a

)Df
,

(1)

where ns is the number of primary spherules in the aggregate, a is the radius of an individual spherule in the
fractal, Df is the fractal dimension, kf is the fractal prefactor, and Rg is the radius of gyration giving the RMS
distance of spherules from the cluster’s center of mass [Sorensen, 2001]. If it were possible to measure ns and
Rg of particles, the value of Df could be calculated from a linear ﬁt of ln(ns ) versus ln(Rg ). However, it is not
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possible to obtain these parameters using a 2-D projection of the aggregates and so other methods, ﬁrst
proposed by Köylü et al. [1995], must be attempted.
First, the relationship between a projected area of an aggregate, Aa , and the number of primary spherules, ns ,
is given by
( )𝛼
Aa
ns = ka
,
(2)
Ap
where Ap is the projected area of a primary spherule, ka is a constant prefactor of order unity (diﬀerent from kf
mentioned above), and 𝛼 is an empirical scaling constant. Second is the relationship between the projected
radius of gyration, R2D
, and the true value, Rg :
g
Rg
R2D
g

= constant.

(3)

This relationship provides a method of calculating R3D
from the measurable R2D
.
g
g
Under the assumption that primary particle size does not change, equations (2) and (3) can be substituted
into equation (1). Taking the logarithms yields
ln(Aa ) =

Df
ln(R2D
) + c,
g
𝛼

(4)

where c is the value of some constant not of interest. If 𝛼 can be determined, then Df can be obtained from
a linear ﬁt to equation (4). In fact, any linear length scale will do instead of R2D
in equation (4). Following
g
Köylü et al. [1995], for the remainder of this work, the geometric mean of minimum and maximum projected
diameters, Fmm , will be used instead of R2D
.
g

2. Method
2.1. Experimental Setup
The main experiments were carried out at the Rutherford Appleton Laboratory’s Molecular Spectroscopy
Facility between 26 November and 4 December 2013. Soot was generated by burning propane and inserting the combustion products into a 75 L aerosol chamber for optical measurements. After leaving the aerosol
chamber, the microphysical properties of the aerosol were measured using a suite of sizing and sampling
instruments.
Seven measurements made of BC aerosol transmission were of suitable quality to obtain mass extinction cross
sections (MEC). Data collected on 2 December 2013 were not usable in the IR due to insuﬃcient particulate in
the aerosol cell. This resulted in transmissions close to unity which were extremely noisy. On this day the visible
wavelength data were still of suﬃcient quality due to the far greater absorption of BC at shorter wavelengths.
2.1.1. Soot Generation and the Aerosol Cell
Black carbon was generated using a Jing Aerosol Ltd. Mini-CAST 5201A soot generator. In this equipment, a
coﬂow diﬀusion ﬂame forms soot particles which are then removed from the ﬂame without coming into contact with oxygen, by way of a nitrogen quenching gas which inhibits further combustion. Additional diluting
gas reduces the aerosol concentration in the ﬂow. By controlling the fuel, air, nitrogen quenching, and nitrogen dilution ﬂow rates entering the Mini-CAST, it is possible to generate a repeatable soot aerosol. Adjustment
of the quenching ﬂow rate allows selection of modal diameters from 30 to 190 nm. Adjustment of the fuel to
air ratio enables control of the soot’s organic content. A full description of burning regimes available with the
Mini-CAST can be found in Moore et al. [2014].
The C/O ratio is the number of carbon atoms relative to oxygen atoms available in the ﬂame. This describes
whether burning conditions are fuel rich (when, for propane, C/O> 0.3) so that there is not enough oxygen
present for complete combustion or fuel lean so that the opposite holds [Moore et al., 2014]. In the experiments
carried out here, the C/O ratio was controlled by varying the amount of oxidation air provided to the Mini-CAST
while holding all other gas ﬂows constant.
The ﬂow conﬁguration from soot generation to removal from the aerosol measurement cell is shown in
Figure 1. Mass ﬂow controllers (MFC) were used to accurately control the input of gases into the Mini-CAST.
SMITH ET AL.

BLACK CARBON AEROSOL EXTINCTION

9672

Journal of Geophysical Research: Atmospheres
Compressed
dry air

10.1002/2015JD023564

Copper
cooling
exhaust

MFC Oxidation Air

MFC Dilution. Air

Exhaust
sampling

MFC C3H8 Fuel

Fume
cupboard
lines

V1

V2

C3H8
MFC N2 Quench gas
MiniCast
MFC N2 Mixing gas

Aerosol
Cell

HEPA
MFC1
HEPA

Injector

MFC2
HEPA
N2

N2

MFC3
V3

V4

V5

To aerosol instruments

Figure 1. Experimental setup for loading of the aerosol cell with soot. The optical equipment mounted on the exterior
of the aerosol cell is shown in Figure 3. Mass ﬂow controllers are labeled MFC; bow tie symbols represent valves; dashed
boxes represent aerosol ﬁlters used to scrub particulate from a ﬂow.

After leaving the burner, the aerosol and exhaust gases are fed through a copper cooling exhaust and then
some of this ﬂow (as well as the carrying mixing gas) is fed into the aerosol cell. The compressed dry air used
to provide oxygen to the ﬂame is ﬁltered and dehumidiﬁed.
Three additional MFCs are conﬁgured to add additional N2 ﬂows into the cell. MFC1 allows additional aerosol
dilution. MFC2 provides a constant purge to the optics and windows at the sides of the cell stopping contamination of the optical elements by deposition of soot. MFC3 controls an upward facing jet nozzle at the bottom
of the cell. The nozzle was selected to be suﬃciently small, with ﬂow rates high enough to generate turbulent
jet ﬂow into the cell providing uniform mixing of the aerosol.
During an experiment, valves V1–V4 (and all unlabeled valves) would be open and V5 closed so that aerosol
leaving the cell is fed to the aerosol instruments (shown in Figure 2) which draw a constant ﬂow. By setting the
total mass ﬂow into the aerosol cell via MFC1–MFC3 to be less than the aerosol instrument ﬂow, an aerosol
sample from the soot generator exhaust is drawn into the cell via V1. To purge the cell, the MFC1–MFC3 ﬂow
rates are dramatically increased. A description of the aerosol instruments is provided in section 2.1.3.
The Mini-CAST was operated with constant ﬂows of 0.06 standard liters per minute (sLpm) of propane,
7.48 sLpm of quenching N2 , 20 sLpm of mixing N2 , and no dilution air. The oxidation air was varied over the
course of the experiments from 0.7 to 1.23 sLpm in order to change the C/O ratio of the fuel. The ratio can be
obtained by dividing the ﬂow of fuel, ff , by the ﬂow of oxidizing air, fair [Schnaiter et al., 2006]:
C/O = 7.16 ×

ff
,
fair

(5)

so that the range of values resulting is 0.35 ≤ C∕O ≤ 0.61. These settings were chosen so that our results
could be compared to those of Schnaiter et al. [2006] and also means that as the C/O ratio increases, the
fraction of elemental carbon aerosol decreases, being replaced by organic carbon aerosol.
2.1.2. Optical Measurements
In order to measure the aerosol optical properties over a large range of wavelengths, two separate systems
are employed in the aerosol cell. These are shown in Figure 3 which shows a cross section of the aerosol cell
from above.
SMITH ET AL.
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Figure 2. Experimental setup for aerosol microphysical measurements made downstream of the aerosol cell shown in
Figure 1. A ﬁlter holder (FH1) was used to collect ﬁlter samples; electrostatic precipitators (ESP) were used to deposit
individual particles onto stubs for subsequent analysis by electron microscopy and attenuated total reﬂection; mass ﬂow
meters (MFM) were used to monitor ﬂow rates.

For visible wavelengths, a deuterium tungsten halogen source with a wavelength range of 215–2500 nm was
coupled to a collimator and the light sent on a single pass through the cell. It was measured at the far end by an
Ocean Optics S2000 CCD spectrometer. With this setup, the usable measurement range was 350 < 𝜆 < 870 nm.
For the IR, a White cell was used with eight passes of either a globar or a halogen source. This was operating at
90∘ to the visible light path. A Bruker IFS-66 Fourier transform spectrometer (FTS) modulated the light before

Figure 3. Optical setup of the aerosol cell. Visible range measurements were taken using the CCD spectrometer from a
deuterium tungsten halogen source, with a single pass through the cell. Fourier transform spectrometer (FTS)
measurements using either globar or halogen source with the beam passing multiple times through the cell. In these
experiments, light entering the FTS had traversed the cell eight times.

SMITH ET AL.
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passing it into the cell, and the returning transmitted light was measured by
a deuterated triglycine sulfate detector.
In wave number space, the resolution of
the FTS was 1.9 cm−1 . Using the globar
source, a working range of approximately
2 < 𝜆 < 15 μm was available. With the
halogen source, this range could be
extended slightly to 1 < 𝜆 < 15 μm.
2.1.3. Direct Aerosol Measurements
The aerosol leaving the optical cell was
characterized by a number of instruFigure 4. An example SEM image. The imaged stub was populated
ments measuring aerosol properties. A
using an ESP at 1500UTC on 7 November 2013.
ﬁlter holder could be loaded with 47 mm
diameter Millipore Omnipore ﬁlters with
0.1 μm pores to collect aerosol for color analysis and weighing. Bespoke electrostatic precipitators (ESP) were
used to deposit particles on stubs for scanning electron microscopy (SEM). These were built to the design of
Miller et al. [2010] and were operated as speciﬁed in that paper. In this conﬁguration Miller found that the measured collection eﬃciency was 76–94% for particles with sizes from 40 to 300 nm. Particle size was measured
using an Amherst Aerosizer LD aerodynamic particle sizer, a scanning mobility particle sizer (SMPS) consisting of a Grimm 5.5-900 DMA and Grimm 5403 Ultraﬁne Particle Counter, and a Grimm 1.108 optical particle
counter.
After leaving the aerosol cell, great care was taken in controlling the mass ﬂows so that an accurate aerosol
number concentrations within the cell during optical measurements could be estimated. So as not to overload
instruments, two stages of dilution were employed (after separating some of the ﬂow for ﬁlter deposition).
First, particle load was reduced by splitting the ﬂow between a capillary tube and a particle ﬁlter preceding
a mass ﬂow meter. Only ﬂow coming from the capillary had aerosol in it when rejoining the second path.
This led to a dilution of about 5:1 (which could be accurately inferred). The second stage of dilution used a
Topas DDS-560 diluter which can be set to speciﬁc dilution values. Generally, the aim of the two-stage dilution
process was to have a ﬂow diluted by about 100:1 when it reached the particle counters.
In order to keep ﬂow constant when not loading ﬁlters, a bypass mechanism was used whereby either valve
V7 was open and V8–V9 closed or vice versa. For the ESPs, the electrical ﬁeld across the capillary tube could
be turned oﬀ so that particles were not precipitated onto the stubs, leaving the ﬂow unchanged.
2.2. Conversion of SEM Images to Df and Size Distribution
Samples deposited on conducting stubs by the ESP were subsequently analyzed using an FEI Quanta 650
scanning electron microscope (SEM). The instrument was capable of rastering multiple SEM images into a
large composite. This gave the opportunity to inspect magniﬁed individual particles and to use image analysis
software to build up statistics of the deposited particles. An example section of an image is shown in Figure 4.
Assuming that deposited BC aerosols were fractal aggregates (which inspection of SEM images conﬁrmed),
then using (4), the mean fractal dimension, Df , for the deposited particles could be obtained by a linear ﬁtting
of Aa against Fmm . These two values were obtained by automatic image analysis using the ImageJ software
package (http://imagej.nih.gov/ij).
The factor 𝛼 in equation (4) was estimated empirically by comparing computer-generated fractals projected
into 2-D images against the known properties of these particles. A tuneable cluster-cluster aggregation algorithm [Thouy and Jullien, 1994; Filippov et al., 2000] was used to generate a set of 10,000 aggregates with Df
uniformly distributed between 1.4 and 2.3, and with 200 diﬀerent values of ns ranging from 100 to 1000 and
a constant kf = 1.2 following previous studies of light scattering by BC fractal particles [Liu and Mishchenko,
2005; Zhao and Ma, 2009; Li et al., 2010]. It was found that 𝛼 had a weak dependence on Df , but since the
range of actual Df for particles formed by diﬀusion-limited cluster aggregation (such as BC from ﬂames) is
Df ≃ 1.75 → 1.80 [Sorensen, 2001], this was ignored. The value determined for 𝛼 was 1.059 ± 0.035. For particles with “true” values of Df < 2.0, the weak dependence of 𝛼 on Df is likely to cause a small overestimate
(< 2 %) in the reported value of Df .
SMITH ET AL.
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Size distributions could be obtained using
equation (2). Using the same technique
described in the paragraph above to calculate 𝛼 , ka was found to be 1.19 ± 0.10. The
projected area of individual spherules and
the full particles (Aa and Ap ) were obtained
by inspection of the SEM image.

Figure 5. An example gas removal. Each overplotted spectrum
represents an additional gas taken away from the transmission signal.
After the ﬁnal gas, CH4 , is removed, the red line shows the ﬁnal
transmission. This measurement is taken using the FTS with a globar
source on the morning of 29 November 2013. An area of CO2
saturation can be seen at ∼2300 cm−1 where the transmission will be
excluded due to lack of information.

2.3. Conversion of FTS Measurements
to MEC
2.3.1. Intensity to Transmission
Aerosol transmission, T(𝜆), was obtained by
measuring background spectra when the
cell was empty, Ebackground (𝜆), and measurement spectra when the cell was loaded
Emeasurement (𝜆). This is related to the cell
aerosol extinction cross section, 𝜎e (𝜆):
Emeasurement (𝜆)
= T(𝜆) = e−N 𝜎e (𝜆) x ,
Ebackground (𝜆)

(6)

where x is the path length and N the aerosol density. The path length is a well-known quantity of the aerosol
cell (3.52 m for the FTS path, 0.427 m for the grating spectrometer); N is obtained from the number counts of
the SMPS, multiplied by the dilution factor from the aerosol cell exhaust to the instrument.
In practice, the background signal is obtained by measuring the cell for half an hour before aerosol enters the
cell, and again at the end of the experiment when it is once again empty of aerosol. The values Ebackground (𝜆) are
then calculated by linear interpolation of the background signal from before and after to the time at which the
measurement Emeasurement (𝜆) was taken. This is to account for any “drift” in the background signal which may
have occurred due to changes in laboratory conditions. In practice, this step turned out to be unnecessary,
since no measurable drift was observed between the beginning and end background signals.
Error in the measured intensity is estimated by calculating the standard deviation of intensity at each wave
number for several hours before the cell is ﬁlled. This error is propagated through to transmission using
standard formulae for the combination of uncertainties when multiplying measurements together. For all
subsequent calculations, this propagation of uncertainties has also been applied.
2.3.2. Removal of Gas Absorption Lines
Since the burning of the fuel produces gases as well as aerosol, it is necessary to remove any gas absorption
lines from the transmission measurements. We are interested in the aerosol transmission (which is unknown),
so it is not possible to assume that within gas bands, the gases are the only absorbing features. Instead, the
measured transmission, T , is assumed to consist of gas transmission, Tgas and an aerosol transmission, Taerosol .
The total transmission is therefore
T(𝜆) = Taerosol (𝜆) × Tgas (𝜆).
(7)
Our interest in Taerosol requires us to obtain Tgas . The only assumption made about Taerosol is that it is smoothly
varying over tens of wave numbers. Thus, rapid spikes in transmission are attributed to gas interference.
The gas transmission could then be deﬁned as the ratio of the measured transmission to the measured transmission with a boxcar smoother applied to it. Actual gas transmissions were then sequentially removed by
modeling their transmission with the Reference Forward Model (http://www.atm.ox.ac.uk/RFM) and removing iteratively. Signiﬁcant IR absorbers considered were H2 O, CO2 , CO, C2 H2 , and CH4 . In areas where the gas
absorption lines were saturated, this still leads to problems, since there is no information about the aerosol
present.
An example gas removal is shown in Figure 5. The large gas signals can be seen to leave signiﬁcant residuals
in the ﬁnal spectrum. Since these cause an increase in the transmission error (as saturated gas signals cause
large errors in Tgas which propagates through to Taerosol at those wavelengths), they are easy to screen in the
ﬁnal results.
SMITH ET AL.
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2.3.3. Calculation of MEC
From the cleaned transmission measurements, Taerosol , the spectral extinction,
𝛽(𝜆) is given by
ln Taerosol (𝜆)
,
(8)
x
with x the path length. Single-particle
extinction cross section, 𝜎e , was then
obtained by dividing 𝛽 by the particle
density in the cell, N. Particle density
was obtained using SMPS count data
multiplied by the dilution ratio, D. The
value of D was calculated using accurate
and well-calibrated ﬂow meters. As such,
the largest cause of dilution uncertainty
was variation in dilution throughout the
experiment which lead to an average
dilution uncertainty of ∼4%. Assuming a
black carbon density of 𝜌BC = 1.8 g cm−3
[Bond and Bergstrom, 2006] and integrating over the whole range of a lognormal
number distribution, the mass of an
average single particle was estimated as
𝛽(𝜆) = −

Figure 6. Calculation of MEC from the morning of 29 November 2013.
(top) The unﬁltered data including all three measurement instruments.
(bottom) The combined MEC after bad data have been removed. Also,
in Figure 6 (bottom), the grey envelope indicates the standard
measurement error of the combined and ﬁltered measurements.

MEC(𝜆) =

𝛽(𝜆)
.
D NSMPS mBC

4 3 92 ln2 S
𝜋r e
𝜌BC ,
(9)
3 m
where rm and S are obtained from the
SMPS lognormal ﬁts assuming spherical
particles and are the median radius and
standard deviation, respectively. Finally,
MEC is obtained as
mBC =

(10)

We can be sure that multiple scattering was not an issue during these experiments due to the low optical
depths in the cell. Total optical depths were always less than unity outside of gas absorption features.
In Figure 6, the ﬁnal MEC is shown for the same measurements made in Figure 5, with and without quality
control applied to the data. Quality control consisted ﬁrst of removing areas of the spectrum when the relative
error in the measurement was greater than 5%. This was followed by removing spikes in the data, and ﬁnally
removing areas with visible gas absorption lines still present which could not be satisfactorily removed by the
gas absorption lines procedure outlined above.

3. Results
3.1. Particle Microphysical Properties
Figure 7 shows the size distributions of burnt material measured by SMPS and compared with SEM ﬁts where
available (as described in section 2.2). Qualitative agreement between the reported distributions is generally
good, particularly at larger particle sizes. Quantitatively, the estimated mean volume of single BC particles (the
values shown in the bottom right of each subplot) calculated from the Gaussian ﬁt to SMPS measurements
diﬀer from the SEM measurements by a relative RMS diﬀerence of 28% and a mean diﬀerence of 17%. Much
of the error in these diﬀerences can be accounted for by the abrupt cutoﬀ in SEM-ﬁtted measurements. This
can be explained by slightly poorer focusing of the electron beam in some images, such that smaller particles
were not detected by the image analysis software leading to an overestimation of mean particle volume in
some SEM images.
As such, we would say that mobility sizing presents a reasonable estimation of the radius of gyration.
Generally, diﬀerences between the SEM values and the SMPS values were signiﬁcant. Due to concerns about
SMITH ET AL.
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the lower cutoﬀ of the SEM data discussed above, the SMPS values were used
to obtain the mass of BC in subsequent
calculations. The lognormal ﬁt to the data
was chosen instead of the raw data.
Table 1 shows the microphysical data
obtained from SMPS measurements, ﬂow
meters, and SEM image analysis. These
data have been sorted by C/O ratio of
the Mini-CAST burn. Because optical measurements were coadded to reduce the
noise in the aerosol transmission, longer
measurement times were preferred. This
is traded oﬀ against the resultant additional noise added to the ﬁnal MEC
values caused by greater uncertainty in
the dilution ratio of the aerosol cell to the
counting instruments as this was prone
to greater ﬂuctuations over time than the
aerosol cell measurements.
With an increase in C/O ratio, the mode
radius of the particles decreases, in
agreement with Moore et al. [2014] who
observed the same trend for C/O> 0.35 as
the ﬂame becomes more and more fuel
rich. Schnaiter et al. [2006] found mobility
median diameters of “between 300 nm
and 340 nm for the C/O ratios 0.25 and
0.29” and “less than 40 nm” at a C/O ratio
of 1. If a linear relationship between the
diameters and C/O ratio is assumed, the
radii measured in this work are around
25 nm less. The smaller sizes observed are
probably due to the shorter cell residence
times in this work. While Schnaiter et al.
[2006] waited for the initial concentration of aerosol in their cell to drop below
7×104 cm−3 through particle coagulation
before beginning measurements, our cell
had a constant turnover of particles as
more aerosol entered through valve V1
in Figure 1 and was drawn out through
valve V4. The residence time in the cell
was around 25 min.
3.2. Gas Concentration Changes
The removal of gas absorption lines
Figure 7. Size distributions measured by the SMPS and analysis of SEM from the transmission measurements as
images (where available). Lognormal ﬁts to SMPS measurements are
described in section 2.3.2 provides the
also shown to demonstrate that they are reasonable approximations to opportunity to quantitatively measure
the size distribution.
other products of the burning process
since modeling the gas absorption lines
requires knowledge of their concentration within the cell. Table 2 and Figure 8 show the concentration differences required to remove gas signals from the transmission measurements. As the C/O ratio increases and
the mixture becomes more fuel rich, the concentration of incomplete combustion products, CO, C2 H2 , and
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Table 1. Aerosol Microphysical Data Used to Obtain the Aerosol Cell Mass Loadinga

Time Stamp

C/O
Ratio

Df

2013/11/27 11:27
2013/11/28 12:31
2013/12/03 13:42
2013/11/29 11:27
2013/12/04 13:40
2013/11/29 16:39
2013/12/02 13:50

0.349
0.401
0.401
0.452
0.452
0.500
0.614

1.84
1.85
1.85
1.82
1.88
-

a Missing D

f

Dilution
Ratio

Particle No.
(cm−3 )

rm
(μm)

S

Mean Particle
Volume (μm3 )

94.3 ± 2.2
101.3 ± 4.5

26, 000 ± 3, 000
23, 500 ± 2, 700

115 ± 0.8
117 ± 1.9

1.76 ± 0.04
1.75 ± 0.01

0.0271 ± 0.0029
0.0271 ± 0.0009

92.6 ± 3.8
90.1 ± 4.7
89.6 ± 7.2

24, 600 ± 4, 800
22, 800 ± 4, 900
23, 800 ± 2, 700

112 ± 3.4
103 ± 2.5
101 ± 2.9

1.74 ± 0.02
1.86 ± 0.10
1.80 ± 0.03

0.0231 ± 0.0012
0.0261 ± 0.0058
0.0206 ± 0.0018

81.8 ± 1.9
85.3 ± 0.0

32, 100 ± 1, 900
48, 200 ± 600

88 ± 1.4
57 ± 0.3

1.87 ± 0.05
1.82 ± 0.02

0.0163 ± 0.0017
0.0039 ± 0.0002

data are due to damaged samples which could not be analyzed.

CH4 rises. Simultaneously, the concentration of complete combustion products, CO2 and H2 O, decreases.
The signal for water vapor is less clear than for the other gases, probably as a result of variations in humidity
within the cell.
Combining the carbon mass from each of the gases, as well as from the aerosol mass (assuming a density of
1.8 g cm−3 entirely consisting of elemental carbon), it is not possible to take account of all of the carbon burnt.
This is shown in Figure 9. Possible reasons for this could be failure to measure gases which do not have distinct
absorption features in the region of interest and so were not removed from the transmission spectra (e.g., C2 H2
which overlaps with the water vapor continuum); saturated gas absorption lines leading to underestimates
in gas quantities; and extremely small, undetected black carbon and organic carbon aerosol particles being
produced in greater numbers at higher C/O ratios and being too small for detection by the SMPS.
3.3. Extinction
Table 3 shows the mass extinction cross section of BC aerosol organized by the C/O ratio. Data collected on 2
December 2013 were not usable in the IR due to insuﬃcient particulate absorption in the aerosol cell, resulting
in transmissions close to unity. From Table 1, it can be seen that this is probably due to the much smaller
particle size in this experiment. Visible data were still possible because of the far greater absorption of BC at
shorter wavelengths.
Averaging all of the measurements provides a ﬁnal MEC value at 550 nm of 8.3 ± 1.6 m2 g−1 . Assuming a
reasonable single scatter albedo of 𝜔0 ∼ 0.2 (in the middle of values collated by Bond and Bergstrom [2006]),
this would lead to a mass absorption cross section of 6.6 ± 1.3 m2 g−1 . This is low compared to the literature
review by Bond and Bergstrom [2006] who presented an estimate of 7.5 ± 1.2 m2 g−1 , although the values
would agree within the uncertainty.
There appears to be a slight positive trend in the visible MEC as a function of the C/O ratio of the fuel mixture
(see Figure 10). This might be expected since
1. MAC550 nm is relatively constant as a function of size with the exception of the smallest particles [Smith and
Grainger, 2014].
2. In Table 1, it is shown that as C/O increases, rm decreases.

Table 2. Concentrations of Gases Required to Remove Contamination From Transmission Measurements
C/O

SMITH ET AL.

Gas Concentration Diﬀerence Versus Background (ppmv)

Time Stamp

Ratio

H2 O

CO2

CO

C2 H2

CH4

2013/11/27 11:27
2013/11/28 12:31
2013/12/03 13:42
2013/11/29 11:27
2013/12/04 13:40
2013/11/29 16:39
2013/12/02 13:50

0.349
0.401
0.401
0.452
0.452
0.500
0.614

4664.5 ± 3.4
4141.6 ± 6.6
5091.1 ± 3.3
4734.5 ± 4.4
5009.5 ± 2.8
4218.6 ± 3.2
4388.2 ± 2.9

3713.7 ± 4.2
3039.6 ± 7.6
3563.3 ± 4.2
2997.3 ± 5.1
3143.5 ± 3.1
2464.2 ± 3.6
2523.4 ± 2.6

51.1 ± 1.0
225.8 ± 2.6
264.7 ± 1.8
460.7 ± 3.9
483.0 ± 2.5
476.2 ± 3.2
514.8 ± 3.1

0.2 ± 0.1
10.2 ± 0.1
12.6 ± 0.1
66.5 ± 0.8
67.2 ± 0.5
99.1 ± 1.1
145.1 ± 1.6

0.6 ± 0.3
2.4 ± 0.5
3.0 ± 0.3
33.7 ± 0.4
34.3 ± 0.2
69.3 ± 0.3
177.8 ± 0.4
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Figure 8. The increase in gas concentrations in the aerosol cell
between background and measurements.

Figure 9. Estimated cell carbon density increase during
experiments as a function of the C/O ratio.
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Using the single scatter albedo and MAC from
Table 1 of Schnaiter et al. [2006], we can calculate their values of MEC at 550 nm. Doing
this, we ﬁnd a negative trend in extinction as a
function of C/O, contrary to our ﬁndings. As discussed in section 3.1, diﬀerent sizes of particles
were obtained in our two methods with the radii
being smaller in this work. Reducing the sizes of
the median radii such that they match the sizes
reported by Schnaiter et al. [2006] while holding
all other values constant leads to a reversal of the
trend reported in Figure 10. This is because the
25 nm change in radius for smaller particles has a
much larger eﬀect on the mean particle volume
than for the larger particles at lower C/O ratios.
In the IR at all wavelengths, MEC decreases as
a function of C/O, due to decreasing absorption
eﬃciency at smaller particle sizes. This is also
shown in Figure 10.
The measurement at C/O = 0.35 seems abnormally low at all wavelengths, compared to rest of
the experiments, and we are not conﬁdent that
this data point is not an aberration. At all measurement points in our experiments, we have a
fuel mix that is fuel rich and so we cannot think
of a physical reason that there would be such a
drop in MEC in this case, especially since other
works do not see this result. As such we would
caution readers about the data with C∕O = 0.35.
At larger C/O ratios, the organic carbon content
of the aerosols is increased [Schnaiter et al., 2006;
Moore et al., 2014], likely in the form of condensed polyaromatic hydrocarbons. When C/O
ratios are > 0.4, it is likely that OC is a signiﬁcant presence in extinction measurements. The
eﬀect of this would be either to enhance absorption, by forming a coating on the BC leading to
lensing of light [Bond et al., 2006], or to lower
the absorption by internally or externally mixing a less absorbing aerosol in with the strongly
absorbing BC. Given the lack of visible coating
on BCFAs viewed in SEM images, it is likely that
unquantiﬁed OC content would cause the MEC
values provided here to be underestimated, particularly at larger C/O ratios.
3.4. The Ångström Exponent
The extinction Ångström exponent, 𝛼e , is used
at visible and NIR wavelengths as a rough
method of distinguishing between ﬁne- and
coarse-mode aerosol particles in the atmosphere. Values of 𝛼e ≥ 2 suggest ﬁner, more
absorbing particles such as urban, industrial,
and biomass burning aerosols [Eck et al., 1999].
Values of 𝛼e ≤ 1 suggest aerosols dominated by
9680
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Table 3. Spectral MEC Valuesa
Mass Extinction Cross Section (m2 g−1 )

C/O
Time Stamp

Ratio

550 nm

2 μm

4 μm

6 μm

8 μm

12 μm

2013/11/27 11:27
2013/11/28 12:31
2013/12/03 13:42
2013/11/29 11:27
2013/12/04 13:40
2013/11/29 16:39
2013/12/02 13:50

0.349
0.401
0.401
0.452
0.452
0.500
0.614
Mean

5.44 ± 0.87
6.96 ± 0.89

1.35 ± 0.15
1.58 ± 0.14

0.71 ± 0.08
0.81 ± 0.07

0.52 ± 0.06
0.59 ± 0.05

0.43 ± 0.05
0.50 ± 0.05

0.28 ± 0.03
0.34 ± 0.03

9.71 ± 2.00
8.95 ± 2.81
10.59 ± 1.73

2.25 ± 0.33
1.47 ± 0.33
1.89 ± 0.22

1.15 ± 0.17
0.69 ± 0.15
0.87 ± 0.10

0.84 ± 0.12
0.50 ± 0.11
0.63 ± 0.07

0.69 ± 0.10
0.41 ± 0.09
0.52 ± 0.06

0.48 ± 0.07
0.28 ± 0.06
0.37 ± 0.04

7.84 ± 0.97
8.67 ± 0.43
8.31 ± 1.59

0.94 ± 0.08
1.58 ± 0.23

0.40 ± 0.03
0.77 ± 0.11

0.30 ± 0.03
0.56 ± 0.08

0.24 ± 0.02
0.46 ± 0.07

0.17 ± 0.02
0.32 ± 0.05

a Missing MEC data are due to insigniﬁcant aerosol in the cell to provide aerosol extinction.

coarse-mode particles, such as desert dust and maritime aerosol [Schuster et al., 2006]. By ﬁtting a straight line
to the logarithm of extinction as a function of the logarithm of wavelength, one obtains 𝛼e as the negative
gradient [Ångström, 1929]:
𝛽(𝜆) = 𝛽0 × 𝜆−𝛼e .
(11)
More generally, one can obtain the general extinction Ångström coeﬃcient, EAC(𝜆), by calculating the slope
between two extinction measurements as a function of 𝜆 on a log-log plot [Moosmüller and Chakrabarty,
2011]. For this work, it was found that the EAC varied with wavelength, increasing from a value of 1 at short
wavelengths, peaking at around 700 nm with EAC ≃ 1.6 and then decreasing though the NIR to settle at a
value of around 0.82±0.05 in the thermal IR. This spectrally dependent EAC suggested that a single-Ångström
exponent was not suitable, and so the additional “curvature,” c, of the exponent was also calculated following
Schuster et al. [2006], by adding a squared ln 𝜆 term:
ln 𝛽(𝜆) = ln 𝛽0 − 𝛼e ln 𝜆 + c ln2 𝜆,

(12)

and only ﬁtting the polynomial in the range up to 𝜆 = 2 μm.
The results of these ﬁts as a function of the C/O ratio are shown in Figure 11. First, we note that the 𝛼e is
smaller than might be expected, with a value of 𝛼e = 1.3 ± 0.2. Since we are mainly looking at particles
with SMPS measured mode radii of ∼0.1 μm, we might have expected a value much closer to 2. However,
these larger values of 𝛼e were reported
for atmospheric aerosols, not fresh BC.
Additionally, for spectral regions with
a constant imaginary refractive index
and particles small relative to the
wavelength, the absorption Ångström
coeﬃcient 𝛼a is expected to be close
to unity [Bohren and Huﬀman, 1983].
Given that the single scatter albedo
is expected to be small, we expect
𝛼a ≈ 𝛼e [Moosmüller and Chakrabarty,
2011].

Figure 10. Mass extinction cross section as a function of burning C/O
ratio at selected wavelengths. At 550 nm, the extinction obtained from
Schnaiter et al. [2006] is also shown.
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The curvature is negative with a mean
value of c = −0.22 ± 0.04. Negative
curvatures are reported to be a sign
of increased ﬁne-mode fraction in
monomodal aerosol distributions
[Schuster et al., 2006]. Additionally, as
the C/O ratio increases (and the size
of particles decreases), we notice an
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increase in 𝛼e and a decrease in c (becoming even
more negative), both of which are symptomatic
of an increased ﬁne-mode fraction. There was no
C/O dependence of the Ångström exponent in the
thermal IR.

Figure 11. The extinction Ångström exponent and
associated curvature, as a function of the C/O ratio ﬁtted
for data with 𝜆 < 2 μm.

3.5. Fractal Dimension
The ﬁtted fractal observations also shown in Table 1
have a mean value of 1.85 ± 0.02. This is slightly higher
than literature values for burning ﬂames which are
generally said to be 1.7 < Df < 1.8 [Sorensen, 2001].
The width of the 95% conﬁdence interval for individual
measurements was 0.11. The likely slight overestimate
due to the Df dependence of 𝛼 is not large enough to
bring our reported mean value of Df into agreement
with the range reported by Sorensen [2001]. No trend
in Df as a function of the ﬂame C/O ratio was observed.
The fractal nature of the particles observed shows that
measurements made in this experiment were of very
“fresh” BC.

4. Conclusions
This work has presented measurements of fresh black carbon aerosol mass extinction cross sections using
Fourier transform infrared and optical spectroscopy. MEC values are used to calculate optical depths from
model results, which can be directly tested by ground- and satellite-based measurements. The values of
extinction suggest absorption cross sections slightly lower than those found in the current literature, but
within error bars.A further unquantiﬁed source of error in this experiment is the role of organic carbon content,
likely causing the MEC values to be underestimated at higher C/O ratios.
Future work will provide retrieval of the cell transmission data using a band model in an attempt to obtain
refractive index and light scattering properties of the aerosol. This should enable the direct calculation of MAC
in the visible as a derived retrieval product. In the IR, our MEC values are a suitable substitute for MAC due to
the low scattering cross sections.
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