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Tar Balls (TBs)
• Spherical shape 
• Particle diameter between 200 - 500 nm 
• High viscosity
• Lack of crystallinity and absence of graphitic fine structure
• Composed primarily of carbon and oxygen
• Low volatility
• Recognized only through transmission electron microscopy (TEM)

Sedlacek et al., 2018 Pawlyta and Hercman Ann. Soc. Geo. Pol. 2016

Soot Tar balls  (BrC particles)
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Characterization of particles in speleothem samples
scratched and dispersed in ethanol (without chemical

treatment)

During observations of samples prepared this way, only
few soot aggregates were noticed. Because such particles

are very common in the air, in the opinion of the authors,
such an amount of particles is not sufficient to prove that
Csoot particles were present in speleothem samples; they
could have been absorbed onto the grid surface during sam-
ple preparation. In the sample investigated, other organic
particles were very common. They were different in size,

6 M. PAWLYTA & H. HERCMAN

Fig. 3. Typical soot sample collected from diesel engine. A. TEM image of typical diesel soot aggregate showing branching structure.
B. HRTEM image of diesel soot primary particles in A showing concentrically stacked carbon layers.

Fig. 4. TEM image of typical soot aggregates formed during wood combustion. A. Aggregate stuck to the carbon film covering micros-
copy grid (arrow). B. HRTEM image of spherical primary particle with concentric nanostructure visible.
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Type of Spherical Carbonaceous Solids

Adachi et al., (under review) 
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Yosemite Aerosol Characterization Study observed 
several wildfires that contained > 70% TBs.

Hoffer et al., (2016) reported that TBs 
absorb from visible to the near-IR
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Figure 2. Absorption Ångström exponent of tar balls prepared from the liquid distillate of black 

locust and Norway spruce. 
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Radiative forcing impact of TBs could be significant:
- BB events produce a lot of these particles
- TBs appear to possess a wide absorption spectrum

TBs as Major Aerosol Type with a Broad Absorption Spectrum

Girotto et al., EST 2018

Evidence for TB aggregates  

Evidence for 2 Flavors of TBs.

Li et al., ACP 2019



• TB formation involving secondary gas-to-particle polymerization 
• Followed by dehydration.

• Upon initial plant burning a liquid tar droplet is released from the pores of plants
• Transformation of tar droplet to tar balls occurs upon rapid heating (600 C)

Tar-water emulsion

+ =

Tar ball

Gas-to-particle formation Polymerization and dehydration

Indirect

Direct

How are Tar Balls Formed?
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BBOP demonstrated that TBs are a processed primary particles (Sedlacek ACP et al., 2018) 
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Compositional and Microphysical Changes Support Indirect Mechanism

Changes in (a) tarball number fractions, (b) non-sulfate 
N/K, and (c) non-sulfate O/K with photochemical age. 

Changes in particle shape and element distributions

• Particles become spherical and the TB number fraction increases. 
• C, O, N, and Cl occur in all particles. 
• K is a conserved tracer.

Adachi et al., (under review)

Age = 0.34Age = 0.62 Age = 0.97
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Adachi et al., (under review)

Compositional and Microphysical Changes Support Indirect Mechanism

Retention of spherical shape upon impact on the substrate indicates particles possess higher viscosity and 
surface tension.

Particle shape becomes more spherical with age. 

Age = 0.34 

Age = 0.62 

Increase in O and N associated with increased sphericity.

Age Age



Previous reported values of Tar Ball refractive index: 
• m =1.67 – 0.27i     (Alexander et al., 2008)
• m =1.84 – 0.21i     (Hoffer et al., 2015)
• m =1.56 – 0.02i     (Hand et al., 2005)
• m =1.80 – 0.007i   (Chakrabarty et al., 2010)
• m =1.75 – 0.002i   (Chakrabarty et a., 2010)
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m=1.56 – 0.02i, based on SSA consistency 
between calculations and BBOP field 
measurements. (Sedlacek et al., 2018)

Constraint on Optical Properties of Tar Balls
Sedlacek et al., 2018

148 C. Li et al.: Dynamic changes in tar ball aerosols by photochemical aging

Figure 4. Wavelength-dependent RI and SSA for tar ball particles generated from polar, nonpolar and a mixture of the two-phase tarry
solutions (only retrieval for a mixture of 1 : 1 in vol is shown for clarity; optical results for the other two mixtures can be found in the
supporting materials). The shaded areas indicate the upper and lower limits of the imaginary part calculated from UV–visible spectra of
methanol extracts from the corresponding tar ball particle samples: (a) real part, (b) imaginary part, and (c) SSA calculated for 150 nm
particles. Overlaid in green symbols are previous measurements of biomass burning from the literature.

stronger absorption for atmospheric BrC (Dinar et al., 2008).
Moreover, the higher NOC content may also contribute to the
chromophores in the nonpolar tar aerosols (Lin et al., 2017,
2018).

The average RIs at 375 and 405 nm are 1.671 + 0.025i

and 1.659 + 0.017i for nonpolar tar ball aerosols. The cor-
responding RIs are 1.647 + 0.005i and 1.635 + 0.04i for the
polar tar ball aerosols. The imaginary part k retrieved from
the BBCES data, though low, agrees well with k values cal-
culated from UV–visible absorption of the bulk solution. The
MAC for the methanol-extracted BrC in tar ball aerosol is
shown in Fig. S7. The absorption may be different for com-
plex materials in the particulate and aqueous phases since pa-
rameters such as shape factor and mixing state together with
artifacts from the optical instruments’ detection and data re-
trieval methods can all affect the final optical results, while
solvent-dependent extraction/dissolving efficiency of chro-
mophores or the solvent effect (e.g., pH in water solution)
may impact the solution absorption coefficient (Huang et al.,
2018; Lin et al., 2017). The light absorption coefficient of

particulate BrC has been reported to be 0.7–2.0 times that of
bulk BrC extracts by Liu et al. (2013).

The absorption Ångström exponent (Åabs) is often used
to describe the wavelength dependence of aerosol light ab-
sorption, with a value of nearly 1 for BC particles and val-
ues substantially larger than 1 indicating the contribution
from BrC (Reid et al., 2005; Chen and Bond, 2010). In this
work, Åabs for the nonpolar and polar tar ball particles ranges
from 5.9 to 6.8 between 365 and 425 nm, which is consis-
tent with values of 5.7–7.8 calculated from the bulk absorp-
tion in solution. The nonpolar tar balls have a lower Åabs.
The difference in Åabs reflects the different chemical com-
position of chromophores in the particles, as inferred also
from the AMS data. Bluvshtein et al. (2017) reported rel-
atively low values of Åext (2–3) and Åabs (4–6) over 300–
650 nm for ambient fire plume, which are likely affected by
BC in the smoke aerosol and are also due to lower wave-
length dependence of aerosol absorption and scattering over
the longwave visible range. Overall, the broadband optical
results for fresh tar ball aerosols are consistent with lim-
ited discrete measurements of atmospheric BBOA as sum-

Atmos. Chem. Phys., 19, 139–163, 2019 www.atmos-chem-phys.net/19/139/2019/

530

Li et al., ACP 2019

Sedlacek et al., 2018 (Tar balls)
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Plot courtesy of Y. Feng (ANL)

MACBrC (1.3 m2/g @ 355 nm) compares very favorable with MACTB = 1.1 m2/g  reported by Li et al., (2019)
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MACBrC (350 nm): ∼7.7 m2/g

MACBrC (350 nm): 5 m2/g

MACBrC (350 nm): ∼ 5.4 m2/g

MACBrC (360 nm): ∼ 2.2 m2/g

MACBrC (350 nm): ∼ 0.9 m2/g

MACBrC-bulk (365 nm): ∼ 0.8 m2/g

MACBrC-TB (360 nm):  1.1 m2/g

Core assumption: all ORG contributes to BrC absorption 



Tar ball Substrate

Ns-soot 200nm
25 C          150 C        300 C       450 C           600 C

Microphysical Properties of Tar Balls

• Chemical analysis reveals that K and Na 
remain in the residues, whereas S and O were 
lost. 

• Some organic particles exhibit significant 
thermal stability. 

• Results suggest caution assuming complete 
loss of organic material with thermal 
denuders. 

• Single-particle results imply that many individual organic particles consist of multiple types of organic matter 
having different thermal stabilities. 

• Potentially under report measurements of carbonaceous particles using thermal/optical carbon analyzersThe semi-continuous carbonaceous aerosol analyzer
(Sunset Laboratory Inc.) is a cornerstone instrument for
measuring organic carbon (OC) and elemental carbon
(EC), thereby facilitating the cataloging of carbonaceous
aerosol emission inventories. Since this measurement
technique exploits the thermal stability of carbonaceous
aerosol particles, there are potential uncertainties in data
interpretation brought about by the thermal stability of

TBs and other viscous organic materials. As briefly
described earlier, aerosol particles collected onto a quartz
filter are purged with helium, followed by a stepped-tem-
perature ramp to 850!C. Following this step, an oxidizing
gas stream is injected into the chamber to oxidize EC. To
account for potential interference from charring of OC
that would be misinterpreted as EC, the instrument uses a
660-nm diode laser to probe for EC. In this way, optical

Figure 5. Changes in volume of representative particles upon heating. The temperature was increased in 150!C steps up to 600!C. Bold
lines indicate the average values. Three samples from each of three flights were used. (a–c): results for TBs. (d–f): results for other
organic particles. Volume was estimated from the two-dimensional areas of particles, assuming they were spherical. Volume decrease
was determined from the volumes at heated temperature (Vh) divided by those at initial, room temperature (Vi). n D 42, 25, 4, 46, 65,
and 26 for panels from (a) to (f), respectively.

Figure 6. Heating of fresh aerosol samples collected at Tsukuba, Japan, March 4, 2015. The sample was collected on a Mo grid and used
for the heating experiment»3 hour after sampling. This TB particle is attached to ns-soot. The TB remained but shrunk during heating,
similar to those in the BBOP samples.

8 K. ADACHI ET AL.
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Lab-generated TBs similar Pyrolysis of pine twigs

Evidence for Charring of Tar Balls

In 2016, Aerodyne and Brookhaven pyrolyzing pine twigs 
to generate TBs and found these TBs to contain 
hydrocarbons and rBC.  The latter a very puzzling result. Onasch et al., 2017
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Hoffer et al., (2016) that SP2 can 
induce charring and rBC 
production in those materials 
possessing a near-IR absorption 
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It is estimated that ~10% of the 
TBs generated underwent SP2 
laser-induced charring.



Sedlacek AS&T et al. 2018
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Non-Microscopy Measurement of TBs

Sedlacek et al., 2018 demonstrates that rBC production via laser-induced charring of near-IR light 
absorbing OA
• TBs possess requisite near-IR (NIR) light absorption: ~ 10% charring efficiency.
• Potentially technique to provide particle-resolved measurement of NIR light absorbing BrC.  

BrC



Observation of Coagulated and Uncoagulated Tar Balls 

Aircraft-based measurements see little evidence for coagulated TBs
Ground-based measurements report presence for coagulated TBs

One explanation to reconcile these two observations
• Smoldering conditions are lower temperature translating to lower injection height of emissions. 
• Resulting concentration gradient would favor high concentrations lower to the ground.
• Higher concentrations favor coagulation.
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Summary

Tar balls are an important class of aerosol that can (should) be treated as uniquely as soot is is 
treated in models of wildfire plumes.

• Detected by several groups throughout the world representing several different fire source.
• These aerosols can represent a sizable contribution to BB aerosol mass.
• Light absorption spans the entire spectral range from UV to near-IR.
• Refractive index is closer to that of BrC (i ∼ 0.02) and not i ∼ 0.2.
• Primary processed particles (low-viscosity OA à high-viscosity, spherical particle).
• Evidence that TBs can be uniquely detected via online techniques (SP-LD-REMPI; AMS; SP2).

Outstanding questions

• How representative are laboratory-generated TBs to those measured in the field.
• What are the hygroscopic properties of these particles.


