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Abstract
Black carbon (BC) in the atmosphere continues to be a focus of 
research because its light-absorptive properties put it second only to 
CO2 as a warming agent of Earth's climate.  Towards this end, the 
measurement of ambient BC has been aided greatly by the 
development of the Single Particle Soot Photometer (SP2) – an 
instrument that detects refractory black carbon (rBC) through laser-
induced incandescence.  Potential interference from other 
substances that can incandesce under 1064 nm illumination (e.g., 
some metals and minerals) is mitigated through the use of spectral 
bandpass filters (color temperature) to ensure that the SP2 remains 
highly selective to rBC.  Here, we report on the detection of rBC that 
is produced through SP2 laser-induced charring (i.e., carbonization) 
of organic aerosol particles during the Boston College 5 (BC5) study.  
Nigrosin and fulvic and humic acids – non-BC-containing materials –
were used as a surrogates for light-absorbing organic aerosols.  The 
color temperature of the detected particles originating from these 
charred organic aerosols is near that of carbon black, fullerene soot, 
and ethylene soot, indicating that the incandescent particles are 
composed of rBC. Tar balls, a type of carbonaceous particle 
produced in wildfire fires and biofuel combustion/pyrolysis that absorb 
in the visible and near, may also undergo carbonization in the SP2.  
Failure to properly account for this heretofore unidentified artifact of 
the SP2 will lead to an overestimate of rBC loadings, which could, in 
turn, impact aerosol radiative forcing model predictions.

Detection of rBC in HULIS
Heating the humic and fulvic acid – surrogates for HULIS – particles 
causes them to become more absorbing, and then the SP2 causes 
them to heat up and char.

Detection of rBC from nigrosin using the SP2
Nigrosin, a water-soluble, polyaniline-based black dye is often used in 
studies of atmospheric aerosol absorption as it possesses a broad, 
featureless absorption spectrum in the visible. Nigrosin does not contain any 
refractory black carbon (rBC).

Number concentration of rBC and scattering fulvic acid particles at oven 
temperatures of 500 and 600 ∘C as a function of laser power.  Higher 
furnace temperatures cause more chemical changes that subsequently 
require lower laser power to cause charring.

Number fraction ratio of rBC particles to total number of particles for fulvic 
and humic acids as a function of tube furnace temperature at a constant 
SP2 laser power of 4.3V. 

Atmospheric relevance of SP2-induced charring
One class of atmospherically-relevant BrC particles that absorb 
at longer wavelengths are tar balls (TBs) - a carbonaceous 
particle that appears to be the near exclusive byproduct of some 
types of biofuel combustion/pyrolysis and wildfires. 

Laboratory-Generated Tar Balls (TBs)
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Production of rBC particles and the loss of pure scattering particles is directly related 
to SP2 laser power.  Increased laser power causes particle heating enhancing 
reactions that bring about charring and subsequent detection of rBC.

Upper panel: the number of detected rBC (downward triangles) and pure scattering 
(diamonds) particles as a function of SP2 laser power for nigrosin. 

Lower panel, left axis: ratio of SP2-derived rBC particle mass to original particle mass 
selected by the CPMA as a function of laser power for nigrosin (red circles) and carbon 
black (red squares); right axis: number fraction of BC particles to total number of 
particles detected by the SP2 for nigrosin (green circles) and carbon black (green 
squares) as a function of laser power. 

Nigrosin and carbon black (Cab-o-Jet) were sampled by the SP2. 
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Spectrometer: Perkin-Elmer 320 UV/VIS
pathlength: 1 cm

• Aerosols were generated from deionized water-based stock solutions of nigrosin 
(Aldrich, 198285) and carbon black (CAB-O-JETÒ 200 pigment), fulvic and humic 
acid. 

• Particles were selected by their mobility diameter (DMA) or the combination of 
mobility diameter and mass using a Centrifugal Particle Mass Analyzer (CPMA).  

• Tube oven (Lindberg/Blue M) was used to heat the fulvic and humic acid particles 
to induce absorption at 1064 nm.  

• Single Particle Soot Photometer (SP2) was used to detect rBC. 
• To minimize the effects of particle size on SP2 detection efficiency 400 nm 

mobility diameter particles were studied exclusively, and the particle number 
concentrations were kept low (<1000 cm-3) to minimize particle coincidence in the 
instrument. 
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2356 A. Hoffer et al.: Brown carbon absorption in the red and near-infrared spectral region

Figure 3. Absorption Ångström exponent of tar balls prepared from the liquid distillate of black locust and Norway spruce. The linear
equations are calculated for the logA vs. log� values (the data are also available in Table S1 in the Supplement.)

that obtained by Hoffer et al. (2016) and the AAEs of the tar
balls in the same wavelength range (462–652 nm) were also
similar, the AAE of freshly formed tar ball particles between
470 and 950 nm might be somewhat lower (by about 20 %
based on the results by Hoffer et al. (2016)) under ambient
conditions than suggested by our calculations. On the other
hand, Chow et al. (2009) showed that the AAE of ambient
aerosol obtained from a photoacoustic analyzer (PA) is no-
ticeably higher (by 14–23 %) than that obtained using filter-
based instruments such as the aethalometer. In view of this,
we propose that ambient freshly formed tar balls likely have
an AAE of 2.7 ⇠ 3.6 in the wavelength range from 470 to
950 nm. (The value 2.7 is the lowest AAE value of the gen-
erated tar balls from oak reported by Hoffer et al. (2016),
whereas the upper value of the given range is the highest
AAE value obtained in the present study.)

As Fig. 3 demonstrates, the absorption of tar balls is non-
negligible in the near-IR range. The absorption coefficient
at 880 nm is more than 10 % of that measured at 470 nm
for both wood types, undermining the common assumption
that all BrC particles have zero or negligible absorption at
880 nm. Even at 950 nm, the absorption coefficient is about
10 % of that at 470 nm. The mass absorption efficiency of
tar balls in the near-IR range is expected to be substantial
as well, given that the mass absorption efficiency of tar balls
was estimated to be in the range of 0.8–3 m2 g�1 at 550 nm
by Hoffer et al. (2016). As Chow et al. (2009) demonstrated
that absorption measured by filter-based instruments poses
significant uncertainties, follow-up studies are desired to re-
duce the uncertainty of estimated tar ball absorption.

In spite of the uncertainties in the measurements of the
absorption and other parameters, we estimated the index of
refraction of the generated tar balls at different wavelengths
(for the input optical parameters see Table S2 in the Sup-
plement). In order to address the measurement uncertain-

ties, nigrosin particles were generated and measured with the
same setup used for tar ball measurements. The measured
absorption and interpolated scattering coefficients at 652 and
633 nm, respectively, were compared with those calculated
using the size distribution and the well-established refrac-
tion index of nigrosin at a wavelength of 633 nm (Pinnick
et al., 1973). The correction factors were calculated for ni-
grosin and then applied to the measured scattering and ab-
sorption coefficients of tar balls, which together with the size
distribution served as input parameters for the inverse Mie
calculations (Guyon et al., 2003). It was assumed that the
same correction factors apply to nigrosin and tar balls, and
also for the other wavelengths as well. For the calculations
the absorption and scattering coefficient were extrapolated
to the given wavelength if it was necessary. Table 1 sum-
marizes the average refractive index of tar balls at different
wavelengths. The obtained index of refraction data between
470 and 652 nm is very close to that obtained previously for
turkey oak (Hoffer et al., 2016). The imaginary parts of the
refractive index of tar balls produced from different wood
types are very similar to each other at higher wavelength
too. Here we note that – since tar balls form during burning
and/or pyrolytic processes, in which the temperature might
highly affect the composition and consequently the optical
properties of the formed particles – the data in the table are
not necessarily characteristic for every atmospheric tar ball
particle. In our experiments we produced tar balls whose el-
emental composition and morphology match with those of
atmospheric tar balls reported for the first time by Pósfai
et al. (2004). The obtained index of refraction in the lower
wavelength range (between ⇠ 460 and ⇠ 650 nm) is near the
higher bound of the range found by Saleh et al. (2014) for
ELVOCs and agrees well at ⇠ 950 nm. Since tar balls are pro-
duced and/or form in high-temperature processes (and also
withstand the electron beam in the TEM), they are thermally
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Hoffer et al., (2016) reported that tar balls absorb into the near-IR

Sedlacek et al., (2018) reported that tar balls can account for 30-40% of 
aerosol mass in some biomass burn plumes
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Conclusion:
•We have demonstrated that production of rBC can occur by charring of 
light-absorbing organic particles that did not originally contain rBC.
•Production of rBC requires light absorption at the SP2 laser wavelength 
as a fundamental property of the substance (nigrosin)
•Substances can be induced to absorb at the SP2 laser wavelength 
through thermally-catalyzed chemical reactions such as may occur in a 
thermal denuder (fulvic acid and humic acid).
•rBC detection in laboratory-generated tar balls.   
•This behavior could result in an overestimate of rBC, and thus 
misapportionment of BC and BrC, with implications for models attempting 
to simulate radiative forcing from biomass burning.  

Pyrolysis of pine twigs

TBs slow to evaporate under TEM electron beam, similar to ambient TBs

Incandescence onset times exhibited by laboratory-generated TBs are 
consistent with that observed for particles known to undergo SP2-induced 
charring.

Histograms of the incandescence onset times for carbon black (red), 
nigrosin (green), fulvic acid (aqua), humic acid (purple), and tar balls 
(beige).  Note: Detection of rBC from BrC!

Incandescence Onset Time – Dt:  
The time between the peak in incandescence signal and the peak of the 
scattering signal, Dt, can be used as a proxy for OA particle charring 
followed by SP2 detection via incandescence
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