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Biomass Burn (BB) Observation Project: BBOP 

Scientific	Objective:	
To	understand	and	quantify	the	role	of	
BB	aerosols	in	climate	forcing	by	
investigating	the	near-field evolution	of	
their	optical,	chemical,	hygroscopic,	and	
microphysical	properties.	

Government	Flats	Fire

Agricultural	Burn	in	Lower	Mississippi	Valley

Rapid	near-field	changes	observed	in:
• Aerosol	chemical	properties
• Aerosol	microphysical	properties
• Aerosol	optical	properties

Dependence	on	burn	conditions
Identification	of	3	types	of	BBOA
Tar	balls	represent	large	contribution

Key	Results	



Gulfstream-1	(G-1)	Platform

Chemical	&	Physical	Particulate	Measurements

NR-PM: SP-AMS,	TEM

rBC: SP2,	SP-AMS,	TEM

Size: UHSAS,	PCASP,	FIMS

Optical	Measurements

Extinction:			 1-l CAPS	PMex (630	nm)

Scattering:		 3-l Nephelometer	(450,	550,	700	nm)
1-l PAS	(355	nm)

Absorption:		1-l PAS	(355	nm)
1-l PTI	(532	nm)
3-l PSAP	(462,	523,	648	nm)

Trace	Gas	Measurements

VOCs: PTRMS

CO2,	CO,	O3,	SO2,	N2O,	NO,	NO2,	NOy



WildFires:	(17	fires)
Shrub,	Forest
MBO (3	flights)
SEAC4RS:	Joint	mission	Aug.,	6

Agricultural	Burns:	(>	24	burns)
cotton,	rice,	soybean,	sorghum

SEAC4RS
B.	Yokelson,	
R.	Ferrare,	
R.	Kahn,	
C.	Ichoku

120	flight	hours	– Mix	of	Sources

Urban:	Seattle,	Portland,	Spokane,	Nashville,	Memphis

Memphis
Dan	Jaffe,	Qi	Zhang

Pasco
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Near-Field Changes in Aerosol Properties

Colockum Tarps Fire

Rapid	Chemistry	Occurring
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Aerosol Measurements at Fixed Site (July 25 – Aug. 25, 2013)
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MBO:	 Transported	(6	–	48hr)	/
Regional	

G1:					Near	field			(~1	~	10	hr)

Mt.	Bachelor	Observatory		
(MBO;	2.7	km)

G-1	flight	tracks

MBO:	Transported	(6	– 48	hrs/Regional)
G1:					Near	Field	(<	1		- 10	hrs)Zhou	et	al.,	ACP	2017

Collier	et	al.,	ES&T,	2016



Low	MCE	à greater	POA	and	oxygenated	VOCs	emissions	(greater	SOA	formation)
MBO	and	G1	data	overlap	à Aging	has	little	influence	on	BBOA	enhancement

MBO 2700	m.a.s.l.

Smoldering Flaming G-1	Aircraft

BB
O

A 
Em

is
si

on

Modified Combustion Efficiency

BB
O

A 
Em

is
si

on

Modified Combustion Efficiency

BB
O

A 
Em

is
si

on

Modified Combustion Efficiency

Aged	(6	– 48hr)

Younger	(<	1	– 11	hr)	
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OA	enhancement	=	ΔOrg/Δ(CO+CO2)	
MCE	=	ΔCO2/Δ(CO+CO2)		

Collier	et	al.,	ES&T,	2016



Three Types of Biomass Burn Organics (BBOA)

Zhou	et	al.,	ACP	2017
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h)

BBOA-3

BBOA-3	has	very	low	volatility
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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	oxgyen
• Low	volatility
• Recognized	through	TEM	and	SEM

BBOP	Pawlyta and	Hercman Ann.	Soc.	Geo.	Pol.	2016

Soot Tar	balls		(BrC	particles)

Types of Spherical Carbonaceous Solids

1	μm

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.

200	nm
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Formation and Evolution of Tar Balls

BBOP	demonstrated	that	Tar	balls	are	extremely	processed	primary	particles.	

Flight:	July	30,	2013 All	BBOP	wildfires	
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Tar	ball	formation	need	not	involve	rapid	heating	as	suggested	in	laboratory	studies.

Mass Number

Sedlacek	et	al.,	2017	(prep)
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Tar Ball Mass Fraction

High	Tar	ball	number	fractions	(>50%)	have	been	reported	in	previous	studies.
However,	there	are	uncertainties	due	to	loss	of	other	(volatile)	particles	during	analysis.

Tar	balls	could	help	resolve	discrepancies	between	retrieval	and	inventory	comparisons.
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increases	with	age• BBOP	yielded	the	first	determination	of	

Tar	ball	mass	fraction	in	a	wildfire	plume.

• This	is	the	quantity	models	need.

Sedlacek	et	al.,	2017	(prep)



12

Constraint on Optical Properties of Tar Balls

m=1.56 – 0.02i, based on SSA consistency between calculations and BBOP field measurements. 

Previous reported values of TB 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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Refractory Properties of Tar Balls

Zhou	et	al.,	2016

Tar	balls	resistant	to	heating

Are	Tar	Balls	=	BBOA-3?

Adachi	et	al.,	2017	(in	review)

Sedlacek	et	al.,	2017	(prep)
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Near-field	measurements	of	optical	properties	è validity	in	models
• Can	models	based	on	near-field	measurements	be	applied	to	the	far	field?

Dependence	of	aerosol	properties	on	combustion	è improved	model	estimation

BBOA-1,	BBOA-2,	BBOA-3	(=	TB?) è different	classes	of	light-absorbing	aerosol
• Current	models	assume	non-absorbing	OA.
• How	spectral	classes	of	absorbing OA	are	required	for	accurate	modeling?

Tar	Balls	are	a	major	component	of	some	wildfires	èmodel	incorporation
• Implications	for	budgets	and	closure	(top-down/bottom-up	comparisons).
• Are	TBs	“Dark	Matter”	not	detected	by	current	in	situ	instruments?
• Are	laboratory-generated	TBs	the	same	as	ambient	TBs?

Closing Thoughts



Big	Thanks	to	all	that	made	BBOP	a	success!

BBOP-Memphis

P.	Arnott
K.	Adachi
P.	Buseck
D.	Chand
S.	Collier
J.	Comstock
P.	Daum
A.	Freedman
J.	Hubbe
D.	Jaffe
C.	Kuang
E.	Lewis
D.	Manvendra

F.	Mei
T.	Onasch
M.	Pekour
M.	Pikridas
J.	Shilling
B.	Schmid
J.	Thomlinson
J.	Wang
N.	Wigder
B.	Yokelson
Q.	Zhang
S.	Zhou
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BBOP: Aerosol Optical and Chemical Properties
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Time Evolution of Aerosol Size Distribution 
from FIMS 

FIMS N/CO = 21 ± 2.3 (cm-3/ppb).          No coagulation? 
            Or Instrumentation issue? 

 
FIMS volume/CO increases downwind.  SOA from condensation 

821b Along Plume Leg 

Coagulation Near Source Drives Particle Growth

Wang	and	Kleinman
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BBOA Evolution in Regional Air Masses
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 Night (∑SR<500 W m-2):
r2 = 0.88
s  = 0.283 ± 0.014
CO (bkg) = 79 ppbv

 Day:
r2 = 0.94
s  = 0.279 ± 0.006
CO (bkg) = 69 ppbv

No	net	OA	mass	enhancement	due	to	
photochemical	aging	

• BBOA-1	=primary
• BBOA-2	&	BBOA-3	=	more	aged,	secondary

2488 S. Zhou et al.: Regional influence of wildfires on aerosol chemistry in the western US

ever
P

SR clearly varied throughout the measurement pe-
riod such that some BB plumes experienced more solar ra-
diation than others and some were transported exclusively
at night. Furthermore, the burn conditions were modestly
constant during this period with an average modified com-
bustion efficiency (MCE) value of 0.88 (±0.03) for the BB
plumes that met the criteria for MCE calculation (Collier et
al., 2016). Furthermore, the MCE values showed no differ-
ences between nighttime and daytime plumes and did not
correlate with

P
SR (Fig. S13). These conditions, together

with the high emission concentrations for both gas and parti-
cle phase components (Fig. 7d–f), provide a near-ideal case
study where atmospheric aging is likely the largest factor af-
fecting the chemical evolution of BBOA.

During this SRCF case study period, CO, NO
y

, and PAN
mixing ratios observed at MBO exhibited similar trends that
varied dynamically and correlated well with the fresh BBOA-
1 factor (Fig. 7d–f). In addition, OA was overwhelmingly
dominated by BBOAs, which summed to contribute 80–
99 % of total OA mass (Fig. 7g). The chemical parameters
of OA and the fractional contributions of each BBOA fac-
tor appear to be related to

P
SR (Fig. 6g and h). In order

to investigate the chemical evolution of BBOA, we recon-
structed the time series and the chemistry parameters of total
BBOA (= BBOA-1 + BBOA-2 + BBOA-3) from the resid-
ual matrix of organic aerosol after subtracting the contri-
butions from BL-OOA and LV-OOA. The carbon oxidation
state (OSc = 2⇥ O / C � H / C; Kroll et al., 2011) of total
BBOA showed a clear increasing trend with respect to

P
SR,

consistent with the trends of O / C and f44, while H / C, f60,
and f

m/z>100 of total BBOA showed decreasing trends withP
SR (Fig. 8). The relationship between f44 and f60 for to-

tal OA observed during this case study is shown in Fig. 4.
f60 decreased with increased f44 due to aging, and the data
overlapped with the aged BBOA from controlled chamber
open burning of turkey oak (Cubison et al., 2011). These re-
sults suggest oxidation of anhydrous sugar and other BBOA
components due to photochemical aging, consistent with pre-
vious observations in the laboratory (Grieshop et al., 2009;
Hennigan et al., 2011; Ortega et al., 2013) and field (Cubi-
son et al., 2011; May et al., 2015). In addition, the negative
correlation between BBOA-1 and

P
SR and the positive cor-

relations of BBOA-2 and BBOA-3 with
P

SR (Fig. 8) cor-
roborated our earlier assumption that BBOA-2 and BBOA-3
represented more aged, secondary BBOA whereas BBOA-1
represented primary BBOA.

We classify the plumes according to
P

SR and desig-
nate those as nighttime transported if

P
SR was below

500 W m�2, and we classify the rest as daytime transported.
OA concentration and CO mixing ratio were tightly corre-
lated, with r

2 = 0.88 and 0.94 for nighttime- and daytime-
transported plumes, respectively (Fig. 9a). CO has been
commonly used as a stable plume tracer to account for di-
lution, and the slope obtained from orthogonal fitting be-
tween OA and CO is defined as the enhancement ratio (i.e.,

Figure 8. Aerosol chemistry parameters of total BBOA as a func-
tion of cumulative solar radiation for the Salmon River Complex fire
case study. The Pearson’s correlation coefficients (r) are reported.

1OA /1CO). Change of 1OA /1CO during plume trans-
port indicates the influence of factors other than dilution, e.g.,
SOA formation or OA evaporation. For the SRCF case study,
1OA /1CO was very similar for the day plumes and the
night plumes: 0.28 ± 0.014 vs. 0.27 ± 0.005 µg m�3 ppbv�1

respectively (Fig. 9a), suggesting no net OA mass enhance-
ment due to photochemical aging. This is consistent with the
findings of Collier et al. (2016), which compared selected BB
events from this dataset measured at MBO to those aboard
a research aircraft sampling fresher plume emissions and
found very similar OA enhancements between the fresher
and more aged emissions. However, compared to daytime
plumes, OA for plumes transported during nighttime was less
oxidized (Fig. 9c and d) and was dominated by the fresh
BBOA-1 (53 %), followed by the most oxidized BBOA-3
(24 %) and intermediately oxidized BBOA-2 (15 %; Fig. 9b).
By contrast, daytime plumes were characterized by a sig-
nificant decrease in the mass fraction of BBOA-1 (37 %)
coupled with increases in the fractions of BBOA-2 (20 %)
and BBOA-3 (37 %). This is corroborated by the signifi-
cant differences in chemical composition for the two types
of plumes, where the average HRMS (Fig. 9c and d) indi-
cated that the BBOA in daytime plumes had a higher degree
of oxidation (average O / C = 0.66) than the night plumes
(O / C = 0.55). These observations together suggest that, al-
though net OA production was conserved with higher photo-
chemical aging, BBOA was chemically transformed, likely
due to oxidative processing in both gas and particles phases
followed by fragmentation and volatilization.

Atmos. Chem. Phys., 17, 2477–2493, 2017 www.atmos-chem-phys.net/17/2477/2017/
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Refractory Properties of Tar Balls

Zhou	et	al.,	2016

TBs	resistant	to	heating

Are	TBs	a	low-volatility	PMF	factor?

Field	Measurements

Lab-generated	TBs	similar	

AMS	shows	unsaturated	hydrocarbons

Laboratory	Studies

Pyrolysis	of	pine	twigs

Are	lab-generated	TBs	the	same	as	ambient?

Adachi	et	al.,	2017	(in	prep)

Sedlacek	et	al.,	2017	(prep)
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