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Abstract. A Particle-Into-Liquid Sampler — Total Or- on smoke age or fire dynamics suggesting that this ratio
ganic Carbon (PILS-TOC) and fraction collector systemis more dependent on the type of fuel being burned. Lev-
was flown aboard a Twin Otter aircraft sampling pre- oglucosan was stable over a timescale of at least 1.5h and
scribed burning emissions in South Carolina in Novem-could be useful to help estimate the air quality impacts of
ber 2011 to obtain smoke marker measurements. The fradsiomass burning.

tion collector provided 2min time-integrated offline sam-

ples for carbohydrate (i.e., smoke markers levoglucosan,

mannosan, and galactosan) analysis by high-performance

anion-exchange chromatography with pulsed amperometl Introduction

ric detection. Each fire location appeared to have a unique

Alevoglucosan Awater-soluble organic carbon (WSOC) ra- 1he smoke marker approach is the most common method
tio (RFOL/RFO2/RFO3/RF05: 0.163+ 0.007 pg C pg' C, used to estimate the contribution of primary biomass burn-
RFO8 = 0.115 + 0.011 pgCuglC, RF09A = 0.072 ing to the total organic carbon aerosol concentration (e.g.,
+ 0.028 pugCpglC, and RFO9B= 0.042 + 0.008 Schauer et al., 1996; Schauer and Cass, 2000; Fraser et al.,
HgCuglC, where RF means research flight). These ra-2003; Rinehart et al., 2006). In this approach, a compound
tios were comparable to those obtained from controlledProduced as part of the smoke (i.e., smoke marker) is mon-
laboratory burns and suggested that the emissions sanitored as a plume is transported downwind. If the smoke
pled during RFO1/FO2/RF0O3/RF05 were dominated by themarker is conserved, or decays at a known rate, during trans-
burning of grasses, RF08 by leaves, RFO9A by needlesPOrt and the ratio of the smoke marker to the total organic car-
and RFO9B by marsh grasses. These findings were furbon is known at the source, then a downwind measurement
ther supported by the\galactosart Alevoglucosan ratios of the smoke marker’s concentration can be used to appor-
(RFO1/RF02/RFO3/RF05= 0.067 & 0.004 pgpugl, RFO8 tion the contribution of primary biomass burning emissions
— 0.085+ 0.009 pgpugl, and RFO9A= 0.101+ 0.029 1o the total organic carbon.

g ugl) obtained as well as by the ground-based fuel and Generally, source sample smoke marker ratios are ob-
filter sample analyses during RFO1/RF02/RFO3/RF05. Dif-tained from ground-based studies utilizing integrated filter
ferences betweem potassiuny Alevoglucosan ratios ob- sampling with sample collection over the duration of the en-
tained for these prescribed fires vs. laboratory-scale meat'e fire (e.g., Hays et al., 2002; Fine et al., 2004; Lee et al.,
surements suggest that some laboratory burns may not accg905; Mazzoleni et al., 2007). One of the main reasons for
rately represent potassium emissions from prescribed burnghis approach is that traditional methods used to measure

The Alevoglucosan AWSOC ratio had no clear dependence Smoke markers, such as gas chromatography-mass spec-
trometry (GC-MS), generally require a high concentration of

Published by Copernicus Publications on behalf of the European Geosciences Union.



10536 A. P. Sullivan et al.: Airborne characterization of smoke marker ratios

a particular organic species for analysis. In order to reach el b b b e 1y

this concentration a large amount of aerosol mass must be 3 5, ] H B !
collected. Therefore, ground-based sampling would provide ] 00 01 02 03 04 05
the best means to collect a large amount of aerosol mass as : CO (ppm)

this is generally not feasible from an aircraft platform that
can quickly fly through a plume.

However, being able to measure smoke marker concen
trations from an aircraft platform could be useful. Sampling =
a smoke plume right after emission as well as following it §
downwind during transport could help to better characterizeS
source smoke marker ratios and any evolution due to plume
dilution and aging. In addition, collecting multiple samples
from the same fire, which is often not feasible with filter
sampling due to the time required to collect sufficient mass,
would be possible. T

As a first attempt to make airborne smoke marker mea- 7965  -79.60  -7955 7950  -79.45  -79.40
surements, a PILS-TOC (Particle-Into-Liquid Sampler — To- tongitude (degrees)
tal Organic Carbon) and fraction collector system was flowngigure 1. Example of a typical flight path. This flight path is from
aboard a Twin Otter aircraft in November 2011 as it sampledrF08 and is colored by CO to indicate the location of the burn and
emissions from prescribed burning activities taking place inwhere the smoke plume was intercepted downwind.

South Carolina. This study was the last field deployment in a

series of measurements of prescribed burning emissions from

the southeastern US (Burling et al., 2010, 2011; Akagi etal.2 Methods

2013; Yokelson et al., 2013). The idea behind the chosen in- ) o

strumentation was to provide a 3 s time-integrated measure?-1  Airborne mission

ment of water-soluble organic carbon (WSOC), whose two

eglees)

main sources are biomass burning and secondary organi-Ehe research f"ght? conducted were part of a combme(_j

aerosol (SOA), from the PILS-TOC (Sullivan et al., 2004, ground-based and airborne-based study to examine the emis-
2006), then take advantage of the high sensitivity and low>'NS from prescribed bur.nmg n th? sou theaste_rn US. In the
limit of detection of high-performance anion-exchange Chro_southeastern US, prescribed burning is often implemented

matography i puied amperomeric detecon (HPAEC-12% 14 Yeare 1 vidlands 1o e of esiore e
PAD) to analyze the fraction collector samples offline to P Y ' P

provide a near-real-time measurement of carbohydrates (i.eit';’gu\'(\;':]I (t)r?;)t/ gﬁqgnk;h?mun;cf\tm Sg(:ntﬂfnizze?risér:%ﬁp?:
smoke markers). PAD is an electrochemical technique where P : '

hydroxyl groups are electroanalytically oxidized on the Sur_general, prescribed burns are less intense than wildfires.

face of a gold electrode. This approach offers numerous ad- The -I.-Win Otter used in our study was operated out of
Columbia, SC (South Carolina), from 29 October 2011 to

vantages including extraction of an aerosol sample directly in
g g P y 1 November 2011. Measurements were made of several

water (i.e., no derivatization or organic solvents are needed hemical and physical aerosol particle proerties. and of re-
and the ability to directly analyze an aqueous sample for_ phy P prope T
ctive and stable trace gases. Table 1 provides a list of the

smoke markers. This technique has been applied to bioma ]
burning source samples as well as studies examining ambieﬁghtS when the PILS-TOC and fraction collector sampler

aerosol contributions by biomass burning (Gao et al., 2003_0perated. The first flights (RFO1/RFO2/RFO3/RF05, where

Gorin et al., 2006; Engling et al., 2006; Puxbaum et al., 2007;1;':;3]%23 resg(e:\rccr; ﬂ'g?r? focgsed on prescrlble? Zum.'gg at
Sullivan et al., 2008, 2011a, b). ort Jackson, SC. Once these burns were completed, airborne

In this work. measurements of WSOC and various smok sampling only of other prescribed burns taking place in SC

markers — including levoglucosan, mannosan galactosare1began (RF08 and RF09). A typical flight involved first char-

and water-soluble potassium — for five different prescribedéCtenzmg the emissions right at the source with numerous

burns (six research flights) are presented. Smoke marker ra{)—ZSdSZithr:Ol.Jgg tmhgsirqobkec(rlzcl)g.s'lr?. Lr;inktgﬁ dsrf];cr)tkhe tvr\llfos s?]m—
tios for the various prescribed burns are discussed and conl; Whwi y oy Ny ug

pared with results from biomass burning source samples colbhee dri);ltji:eu{:;?o?rfrzrrf t::gtg:{:f ?\évmn;rug: ;}I Cﬁt l;'%gg;
lected from controlled laboratory burns and on the ground. 9 9 ) 9 ’

The influence of plume aging and fire dynamics on smokeRFOS' and RFO9, sampling of the smoke downwind was

o : . achieved.
marker ratios is also investigated.

Atmos. Chem. Phys., 14, 10533:0545 2014 www.atmos-chem-phys.net/14/10535/2014/
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2.2 Particle collection 2.3 Offline analysis

A PILS was used to collect ambient particles into purified Each fraction collector test tube was brought back to room
water, providing the liquid sample for analysis (Orsini et al., temperature before analysis. Two 600 pL aliquots were trans-
2003). Upstream of the PILS were two honeycomb denud-ferred to separate polypropylene vials for carbohydrate and
ers coated with sodium carbonate and phosphoric acid to recation measurements.
move inorganic gases and an activated carbon parallel plate The carbohydrate analysis was performed on a Dionex
denuder (Eatough et al., 1993) to remove organic gases. IDX-500 series ion chromatograph with an ED-50 elec-
addition, a normally open actuated valve controlled by antrochemical detector operating in integrating amperometric
external timer was periodically closed every 2 h for 10 min mode using waveform A and a GP-50 gradient pump. The de-
forcing the airflow through a Teflon filter before entering the tector contains an ED-50/ED-50A electrochemical cell. This
PILS, allowing for determination of the particle-free back- cell includes a pH-Ag/AgCI (silver/silver chloride) reference
ground. Ambient concentrations were then calculated as thelectrode and “standard” gold working electrode. The sepa-
difference between the nonfiltered and filtered (particle-freeration was performed using a Dionex CarboPac PA-1 column
background) measurements. For the real-time WSOC conf4 x 250 mm) employing a sodium hydroxide gradient. The
centrations the particle-free background was assumed to beomplete run time was 59 min and an injection volume of
constant between consecutive particle-free background me&0 L was used. More details of the method can be found
surements, and the average particle-free background medn Sullivan et al. (2011a, b). Of the carbohydrates that can be
surement following a set of nonfiltered measurements wasletected by this method, levoglucosan, mannosan, and galac-
applied. tosan were found in all samples. Glucose and arabinose were
The PILS setup was generally similar to that of Sulli- only occasionally detected and will not be discussed further.
van et al. (2006) with some modifications to the liquid flow The LOD for the various carbohydrates was calculated to be
rates to allow for one PILS to be used for all measurementsless than approximately 0.10 ng#
The liquid flow rate over the impactor, controlled by two  Water-soluble potassium was measured using a second
Kloehn syringe pumps with 2.5 mL syringes, was increasedDionex DX-500 ion chromatograph. This system included an
to 2mLmin~L. The liquid sample obtained from the PILS isocratic pump, self-regenerating cation SRS-ULTRA sup-
was pushed through a 0.5 um PEEK (polyetheretherketonepressor, and conductivity detector. A Dionex lonPac CS12A
liquid filter, by a second set of syringe pumps at a flow rateanalytical column (3 150 mm) using 20 mM methanesul-
of 1.8mLmirr1, to ensure any insoluble particles were re- fonic acid at a flow rate of 0.5mL mit was used for the
moved. The flow was then split between the TOC analyzerseparation. The injection volume and analysis time were
and fraction collector. 50 uL and 17 min, respectively. Unlike for the carbohydrates,
The TOC analyzer used was a Sievers Model 800 Turbaa blank correction was necessary for the water-soluble potas-
TOC Analyzer. This instrument converts the organic carbonsium. Concentrations were corrected by using the average of
in a liquid sample to carbon dioxide through chemical oxi- all particle-free background samples (i.e., with the actuated
dation involving ultraviolet light and ammonium persulfate valve before the PILS in the closed position) collected during
and quantifies the conductivity of the produced carbon diox-a specific flight. The LOD for water-soluble potassium was
ide. The amount of organic carbon in the sample is propor-0.02 pg nt3.
tional to this measured increase in conductivity. The ana-
lyzer was run in Turbo mode providing a 3 s time-integrated2.4  Other measurements

measurement of WSOC with a limit of detection (LOD) of ) ) )
0.1pgCnrd. In the analysis presented in this paper we focus on charac-

g terizing source smoke marker ratios from prescribed burn-
to collect the samples for offline analysis. It can hold up to INg. Other measurements presented here include 3-D location

two hundred 16 mL uncapped polystyrene test tubes (Becf’md wind speed collgcted with a_wing—mounted Aircraft In-
ton Dickinson Labware). Test tubes were used as suppliededrated Meteorological Measuring System probe (AIMMS-
by the manufacturer and required no precleaning before usé?0: Aventech Research, Inc.) to estimate time since emis-
The fraction collector program, which was manually startedSion values, 6s time-integrated organic aerosol (OA) con-
at takeoff, was set to allow for continuous collection of 2 min Centrations determined by a high-resolution — time-of-flight

time-integrated samples. Based on the liquid flow rates used@ 2€rosol mass spectrometer (HR-ToF-AMS) (DeCarlo et
for the PILS, each test tube collected approximately 1.6 mL&!-» 2006), 1 Hz carbon monoxide (CO) determined by a Pi-

of sample. At the completion of each flight, the test tubesCaT0 cavity ring-down spectrometer, and AFTIR (airborne
were capped, packed in coolers with ice packs, and shippeﬁour'er transform infrared spectrometer) data analysis prod-

back to Colorado State University to be stored in°€2old ucts including modified combustion efficiency (MCE) ratios
room until analysis. (Yokelson et al., 1999; Burling et al., 2011; Akagi et al.,

2013).

A Foxy 200 Fraction Collector (Teledyne ISCO) was use

www.atmos-chem-phys.net/14/10535/2014/ Atmos. Chem. Phys., 14, 1088545 2014
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Table 1. Information for each research flight with the PILS-TOC = ,_ g ft——1 o 1 o 1 v v 10 0 10 | —10

and fraction collector system including flight number, date and sam- —co
. . . . . . B Levoglucosan
pling time (local time, LT) as well as the location and size of the fire wsoc

)

“= 6

being sampled. 5 _
2 o 206 o
! I
Flight ~ Date and time Fire location Coordinates Acres g gao SLE
numbet  (LT) (degrees)  burned g 1%, 2poes
(ha) 3, o
RFO1  300ct1l  Fort Jackson, 34°129',  61.9 1
12:30-14:00 SC Block 6 80°5216" I [ oo
RF02 300ct 11 Fort Jackson, 3rr29’,  61.9 Z30 145 100 15 130 14 1400
15:00-17:10 SC Block 6 80°52'16" Time (LT)
RFO3 1 Nov 11 Fort Jackson, 340157, 36.0
12:00-15:00 SC Block 9b 80°52'37" Figure 2. Time series of 1s altitude along with absolute CO, lev-
RF05 2 Nov 11 Fort Jackson, 34054 28.7 oglucosan, and WSOC from RFO01.
13:00-17:00 SC Block 22b 80°46'23"
RFO08 8 Nov 11 Francis Marion 33°1255', 147
12:00-16:00 National Forest, SC 79°2834" .
RFO9  10Nov1l  Midway, 3145,  36.4 3.2 Smoke marker ratios

11:00-13:00 SC Bamberg Burn 80°56'41"

_ _ _ In order to investigate smoke marker ratios, we considered
* RF means research flight. For RF04 the PILS system was not operational. RF06 was a flight over . .
Columbia to examine urban emissions and did not sample any burning. RF07 had limited access to enly fraction collector samples collected in the smoke plume.
prescribed burn in Georgetown, SC, due to it being conducted on private land, leading to few . . . . .
§m9ke-impacted f_raction collector s_amples. RFO09 is denoted as RFO9A and RF09B throughout to leen the Ionger mteg ration time fOf the fractlon CO”eCtor
indicate the two different ends of this burn. system, the fraction collector data set was filtered using the
CO data. Only fraction collector samples that directly over-

lapped with a CO plume penetration are considered. Given

LTI (low turbulence inlet) (Wilson et al., 2004). Following 'the Ionger response time constant of the PILS (due to be-
the LTI was a nonrotating MOUDI impactor with a 50 % ing a liquid system; Sorooshian et al., 2006) vs. the other

transmission efficiency at 1 um and 1atm ambient pressurd'Striments, we initially focus on internal comparisons of
(Marple et al., 1991). The combined flow through the inlet species concentrations measured by the PILS. The absolute

and MOUDI was approximately 20 L mitt and was then WSOC, levoglucosan, mannosan, galactosan, and potassium
split to the individual instruments. concentrations along with altitude data for this subset of data

from all flights is given in Supplement Table S1. Through-
out for all flights excess ratios (denoted by will be pre-

All aircraft aerosol instruments were sampled from a

3 Results and discussion sented and were determined as the difference in the concen-
. tration when in and outside of a smoke plume. The concen-
3.1 Overview trations of WSOC, levoglucosan, mannosan, galactosan, and

) _ _ ) _ potassium used for all flights outside of a smoke plume were
In Fig. 2, using flight RFO1 as an example, a time series fory g Hg C 3, 0.03 ug nT3, 0.03 ug T3, 0.03 pg 3, and
1s absolute CO, levoglucosan, and WSOC is shown. Alti-g 39 ug nT3, respectively.

tude is also included to illustrate the typical profile flown.  The correlation of Alevoglucosan with AWSOC is
CO, WSOC, and levoglucosan concentrations rise and falkhown in Fig. 4a. All the burns occurring at Fort Jack-

together as the aircraft flies in and out of the smoke plumeggy, (RFO1/RFO2/RFO3/RF05) appeared to have a simi-
In order to take a closer look at the levoglucosan data, thg,, ratio, based on the slope of the linear correlation,
WSOC concentrations can be averaged to matc_h the fracss 0.163+0.007 HgCuglC. In addition, there appeared
tion collector times. It can be seen that the 2min resolu-y, pe no concentration dependence or significant altitude
tion of the fraction collector does capture the plume Pene-gependence on this ratio (Fig. 4b). The smoke sampled
trations (Fig. 3a). In addition, the ratio between Ievoglucosanduring RFO8 had lowerAlevoglucosarf AWSOC ratios
and WSOC appears to be fairly constaRt & 0.93 for all (approximately 0.11% 0.011pgCugtC) than the ratios
data), which will be discussed in more detail in the nexty, the Fort Jackson burns. Interestingly, the fire sam-
section. A times series for the absolute concentrations forp|ed during RF09 appeared to have two distinct groups
all three anhydrosugars measured from the fraction collectop Alevoglucosan AWSOC ratios (denoted RFO9A and
samples can be seen in Fig. 3b for this same flight (RFO1). ARFo9B). Group B had only a few samples, so linear re-
is typically observed, levoglucosan dominated followed by gression statistics were not reliable. Therefore, through-
mannosan then galactosan. All three species concentration§: the average ratiot standard deviation was calcu-
tracked each other and were highly correlatd ¢ 0.90). lated for RFO9B. TheAlevoglucosar AWSOC ratio was
0.0424+0.008 ug C pg* C for RF09B, which was lower
than the ratio of 0.0720.028ugCpuglC for RF09A,

Atmos. Chem. Phys., 14, 10533:0545 2014 www.atmos-chem-phys.net/14/10535/2014/
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Table 2.WSOC to OC, levoglucosan to WSOC on a carbon mass basis, galactosan to levoglucosan, mannosan to levoglucosan, and potassiur
to levoglucosan ratios from controlled laboratory burns. Ratios were determined as the slope of a linear regression between the two species
using data from the Fire Lab at Missoula Experiments (FLAME) (Sullivan et al., 2014).

Fuel type WSOC/OC  Levoglucosan/  Galactosan/ Mannosan/ Potassium/
(MgCpglc) wsoC levoglucosan  levoglucosan  levoglucosan
(MgCug'C)  (ugng? (Mgug ) (Mgug )
Grasses 0.8+ 0.02 0.149£0.012 0.066:0.005 0.05H0.005 0.21#0.026
Leaved 0.54+0.02 0.095£0.006 0.094-0.009 0.027-0.008 no correlation
Needle$ 0.54+0.02 0.064:0.008 0.119-0.010 0.249-0.016 0.079:0.009
Marsh grasses 0.780.07 0.01A4-0.014 0.095:0.038 0.006:0.002 no correlation

* Includes the burning of live and dead material.

for leaves, 0.064: 0.008 ug C pg? C for needles, and 0.017

+ 0.014 ug C pg! C for marsh grasses; Table 2). Similar-
ities in smoke marker ratio values suggest that the Fort
Jackson burns (RF01/RF02/RF03/RF05) were dominated by
the burning of grasses, RF08 by leaves, RFO9A by nee-
dles, and RF09B by marsh grasses. Ground-based sam-
pling of the Fort Jackson burns included fuel characteriza-
tion (Yokelson et al., 2013), which indicated the interior en-
vironment was a longleaf pine/wiregrass system. One Hi-
Volume quartz filter sample was collected across each burn
at the Fort Jackson ground-based sampling site. Analysis of
the filters provided an average levoglucog&SOC ratio

of 0.198+0.001 pg C pug* C, which is on the higher end

of the range of ratios observed for RFO1/RF02/RF03/RF05
(Fig. 4a).

The ratio of Agalactosan toAlevoglucosan, like the
Alevoglucosan toAWSOC ratio, varied between fires
(RFO1/RF02/RF03/RF05= 0.067 4+ 0.004 pgug!, RFO8
= 0.085+ 0.009 pgpug?, and RFO9A= 0.101+ 0.029
ugugl; Fig. 5a). This ratio from controlled laboratory
14!00 burns also varied across fuel types (0.66®.005 pg pg?t

' for grasses, 0.094 0.009 pg ug? for leaves, 0.11% 0.010

ug ug ! for needles, and 0.09% 0.038 pg ug?! for marsh
Figure 3. Times series of 2min absolut@) levoglucosan and grasses; Table 2). As with thalevoglucosag AWSOC
WSOC and(b) galactosan, levoglucosan, and mannosan fromyaios — similarities between research flight and lab
RFO1. burn ratios of Agalactosan Alevoglucosan suggest
RFO01/RF02/RFO3/RFO5 emissions were likely dominated

. . ) by combustion of grasses, RF08 sampled emissions from
suggesting that the vegetation may have been different at th@ombustion of leaves, and RFO9A was impacted by needle

two ends of the fire being sampled during RF09. In SOUthburning.

Carolina it is very common for marshy bays to be mixed However, theAmannosan toAlevoglucosan ratios ob-

in with a forested area (B. Manks, personal communicationgeyeq in the research flights do not compare as well to ra-
2011). In addition, an independent analysis to calculate thgjos measured in controlled laboratory burns. The controlled
emission ratios for the_se same fires found two groups Oflaboratow burn ratio for grasses of 0.08D.005 ug ug*
emission ratios for the fire sampled during RF09 (May et al.,i much lower than the ratio for RFO1/REO2/REO3/REO5

2014b). of 0.207+0.004 ugpg?. The controlled laboratory burn
The importance of the fuel type combusted can be f“r'ratio for leaves of 0.02%0.008ugug? is also much

ther illustrated by comparing the airborne smoke marker - than the ratio for RFO8 (0.1240.008 pg ug). In

ratios to those from typical biomass burning source SaM-ontrast, theAmannosanklevoglucosan ratio for RFO9A
ples collected from controlled laboratory burns (0.1#9

0.012 ug Cpgt C for grasses, 0.09% 0.006 ug C pugtC

—+— Levoglucosan
-©—- WSOC

40

30

20

WSOC (ug C/m’)
(SUJ/Q Br) uesoon|fona

10

12:30 12:45 13:00 13:15 14:00

Time (LT)

13:30 13:45

n
<)

—+— Galactosan
—— Levoglucosan
—+— Mannosan

=
3

Levoglucosan (ug C/m3)
o
o1

€

o
o

INLANLL I L
i
o

(_wyo Br) uesoioeres pue uesouuep

w
v bevesbevs b bevaa bevaa ey
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Figure 4. Correlation of(a) Alevoglucosan vsAWSOC on a car- a2 3 C
bon mass basis for all flights with the data segregated by fire loca- % 103 F
tion and(b) Alevoglucosan vsAWSOC on a carbon mass basis for % ] A &
only the Fort Jackson prescribed burns colored by altitude. In plot 0.5 3 nEm. 7;3;59*““ -
(a), the fit through the filter samples collected on the ground during ] mE % ' C
the burns conducted at Fort Jackson is also provided. Uncertainties 0.0+ BARRREREEE S e ,(,CI)—
with the least-square regressions are one standard deviation. 0 5 10 15 20 25 30

ALevoglucosan (pg/m3)

(0.16940.102 pg ugl) is less than the controlled laboratory Figure 5. Correlation of (a) Agalactosan vs.Alevoglucosan,

burn ratio for needles (0.2490.016 pg pug?). (b) Amannosan vs.Alevoglucosan, and(c) Apotassium vs.
Water-soluble potassium has long been used as an inAlevoglucosan for all flights with the data segregated by fire lo-

organic marker for biomass burning. As can be seen incation. Uncertainties with the least-square regressions are one stan-

Fig. 5c, the prescribed burn observations contain quite &lard deviation.

bit of scatter in theApotassium toAlevoglucosan ratio,

even for a particular burn location. For example, attempt-

ing a linear fit to the data from the burns at Fort Jacksonsurprising. The presence of a small amount of inorganic sub-

(RFO1/RF02/RF03/RF05) yields a very I value of 0.13;  stances, such as potassium, in a fuel can cause changes in

although there is somewhat of a better correlation for RFO8he product yields of levoglucosan during cellulose pyrolysis,

(R?=0.41). Poor correlation between potassium and lev-with potassium suppressing the formation of levoglucosan

oglucosan concentrations in biomass burning smoke is nofRadlein et al., 1991; Richards et al., 1991; Patwardhan et

Atmos. Chem. Phys., 14, 10533:0545 2014 www.atmos-chem-phys.net/14/10535/2014/
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Figure 7. Correlation ofAm/z 60 vs. AOA for all flights with the
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data segregated by fire location. Uncertainty with the least-square

regression is one standard deviation.
Time Since Emission (h)

Figure 6. (a) ALevoglucosann AWSOC ratio on a carbon mass ba-
sis and(b) Am/z 60/ AOA ratio as a function of time since emis-
sion for all flights with the data segregated by fire location.

also important to note this impact would depend on the rates
of reaction of levoglucosan and WSOC, which are unknown
and could be similar.

Figure 6a shows thalevoglucosan AWSOC ratio as a
al., 2010; Eom et al., 2012). In addition, potassium is pre-function of time since emission. Over the range of smoke
dominately emitted from the flaming phase of a fire, whereagplume ages (up to approximately 1.5 h), the observations give
levoglucosan is emitted across both smoldering and flamingno clear indication that the ratio changes across a fuel type or
fire phases (Ward et al., 1991; Echalar et al., 1995; Lee efire location in a consistent manner as the plume ages. Low
al., 2010). Changes in the mix of flaming and smolderingratios in RFO9B, for example, remain low, while higher ini-
combustion in a laboratory or prescribed burn, therefore, cariial ratios in RF03 remain high. These observations suggest
readily yield large differences in the emitted abundances ofthat theAlevoglucosan AWSOC source smoke marker ra-
potassium. tio is stable for at least 1-1.5 h as the plume dilutes and ages.

We can also make use of a subset of observations from
the AMS to look at plume characteristics for the differ-
ent flights. Of particular interest from a source apportion-
The time since emission (i.e., the smoke age) was estimatethent perspective is the ratio of the key AMS biomass burn-
for all possible downwind aircraft smoke marker samplesing marker atm/z 60 to AMS total OA. Figure 7 plots
from RF03, RF08, RF09A, and RF09B as the distance fromAm/z 60 vs. AOA concentrations for flights RF03, RF05,
the source divided by the average wind speed for the samRF08, and RF09. (Concentrations used for all flights for
pling altitude (Akagi et al., 2013). Pseudo-Lagrangian sam-OA andm/z 60 outside of a smoke plume were 4.00 and
pling was accomplished for the majority of these downwind 0.003 pg n3, respectively.) Despite the differences in fuel
samples, meaning the aircraft was sampling the source of thgype andAlevoglucosan AWSOC ratios across burns de-
fires at their estimated time of emission (see Akagi et al.,scribed above, this AMS ratio shows a very tight relationship
2013, for more details). Changes in plume composition occu(R2 = 0.99 for RFO3/RFO5R? = 0.98 for RF08,R% = 0.99
with plume aging, due both to plume dilution (which can in- for RFO9A, andR? = 0.99 for all data). AAOA concentra-
fluence gas-to-particle partitioning) and photochemical reaction of 3.35ugm? associated with na:/z 60 suggests a
tions, but very little data quantitatively examines the impactbackground OA concentration from other sources onto which
(if any) of these processes on smoke marker ratios. Since the smoke aerosol is added. There is some change apparent
smoke marker ratio is needed to apportion the contributionin this ratio as a function of plume age (Fig. 6b). A big-
of biomass burning, this is important to investigate. But it is ger spread of ratios across fresh, individual plumes appears

3.3 Role of aging and fire dynamics

www.atmos-chem-phys.net/14/10535/2014/ Atmos. Chem. Phys., 14, 1088545 2014
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Figure 8. (&) Am/z 60/ AOA ratio as a function ofAOA,

(b) Am/z 60/BBOA ratio as a function ofAOA, and (c)
Alevoglucosan AWSOC ratio on a carbon mass basis as a function
of AWSOC for all flights with the data segregated by fire location.

to rapidly converge to a more consistent ratio in less thal
approximately 0.5 h of plume aging. Althougtyz 60 is of-
ten identified with levoglucosan, it can be comprised of a
variety of structurally similar molecules (Aiken et al.,
Mohr et al., 2009; Lee et al., 2010). While differences in lev-
oglucosan emissions across fuel type are apparent from th
PILS measurements discussed above, emissions of the larg
suite of structurally similar molecules that fragment to yiel
m/z 60 appear to be more constant across fuel types.
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for (a) RFO1/RF02/RF03/RF05 and controlled laboratory burns in-
volving grasses(b) RF08 and controlled laboratory burns involv-

ing leaves,(c) RFO9A and controlled laboratory burns involving
needles, andd) RFO9B and controlled laboratory burns involving
marsh grasses as a function of modified combustion efficiency. In
each plot the squares represent the prescribed burns and circles con-
trolled laboratory burns.

The Am/z 60/ AOA concentration ratio is plotted as
a function of the AOA concentration in Fig. 8a. Below
AOA concentrations of approximately 50 pgf the ratio
is strongly related to theAOA concentration. At higher con-
centrations, the ratio levels off. If a simple two-factor pos-
itive matrix factorization (PMF) solution is applied to this
AMS OA data, it can provide background OA and biomass
burning OA (BBOA) concentrations (May et al., 2014a). If
we then plot the ratio oiA\m/z 60/ BBOA as a function of
total AOA (Fig. 8b), we observe much less concentration de-
pendence. This suggests that changes im\ihgz 60/ AOCA
ratio as a function oAOA concentration are largely driven
by changes in the concentration of background (nonbiomass
burning) OA. Some of the background OA concentration
change is likely due to gas-to-particle partitioning changes
rthat are themselves a function of OA concentration. In con-
trast to the AMS observations, there is no clear relationship
between the PILRAlevoglucosan AWSOC ratio and the
2009: AWSOC concentration (Fig. 8c).

MCE (modified combustion efficiency) can be used to in-
yestigate the role of fire dynamics. MCE is calculated as
fhe excess carbon dioxide divided by the sum of the ex-
d cess carbon monoxide and carbon dioxideCO, / (ACO

+ACQOp)) on a molar basis (Ward and Radke, 1993).

Therefore, a higher MCE value indicates emissions were

www.atmos-chem-phys.net/14/10535/2014/
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dominated by flaming combustion whereas a lower value in-on fire flaming/smoldering ratios. No clear dependence of

dicates more extensive contributions from smoldering. Asthe Alevoglucosan AWSOC ratio on fire conditions, as rep-

seen in Fig. 9, there appears to be no clear dependence of thiesented by MCE, was observed.

Alevoglucosan AWSOC ratio on MCE. Overall, this find- These results should help to better constrain apportion-

ing is similar to the pattern observed for controlled laboratoryments and models trying to determine the impact of biomass

burns, which covered the same dynamic range of MCE val-burning on air quality. For example, it has been shown that

ues, although the prescribed burns include a greater varietgource smoke marker ratios for levoglucosan and galactosan

of MCE values for a particular fuel type. Therefore, it ap- collected from controlled laboratory burns can be applied to

pears that source smoke marker ratios for prescribed burngbtain accurate estimates of the impacts of prescribed burn-

are more dependent on the fuel type being burned than oing on fine particle concentrations. This is not the case for

differences in fire behavior. mannosan and potassium. Ratios for these species cannot
accurately be drawn in all cases from controlled laboratory
burns and should be site- and burn-specific. Knowledge of

4 Summary fuel-type-specific smoke marker profiles can improve both
chemical transport model and receptor model estimates of

Concentrations of smoke markers (e.g., levoglucosan angrescribed burning impacts on fine particle concentrations

galactosan) are generally measured from ground-based, irand haze.

tegrated filter samples. Here we took advantage of a new ap- AMS measurements of smoke plumes aboard the aircraft

proach that permitted the first measurements of these comalso yielded interesting findings. A strong correlation be-

pounds from an airborne platform. A PILS-TOC and frac- tween the AMS biomass burning marker &in/z 60 vs.

tion collector system was flown aboard a Twin Otter air- AOA was observed. This ratio did not vary with fuel type,

craft sampling prescribed burning emissions in South Car-but was positively correlated withOA at concentrations be-

olinain November 2011. The PILS-TOC provided a 3 s time- low 50 pg nm3. PMF analysis suggested that the concentra-

integrated measurement of WSOC. The fraction collectortion dependence of this ratio was largely driven by changes

provided 2 min time-integrated samples to be analyzed ofin the aerosol content of nonbiomass burning OA.

fline for carbohydrates (i.e., smoke markers) by HPAEC- Overall, this study demonstrated (1) a new capability for

PAD. The HPAEC-PAD had ample sensitivity to detect lev- airborne, in-plume measurements of levoglucosan and other

oglucosan, mannosan, and galactosan in the short-duratiosmoke marker concentrations, (2) a clear relationship be-

fraction collector samples. Comparisons with other measuretween theAlevoglucosan AWSOC ratio and fuel type, and

ments aboard the Twin Otter show that the 2 min time res-(3) the utility of AMS measurements of OA and/z 60

olution was adequate to characterize smoke markers in thas a gquantitative method for apportioning biomass burning

smoke plumes. The ability to collect quick samples with aerosol contributions to ambient aerosol, for several biomass

the PILS followed by later offline analysis provided advan- fuel types sampled in this study.

tages where rapid time resolution (minutes) is beneficial (i.e.,

plume sampling and/or aircraft measurements).

The ratio of A|evog|ucosan toAWSOC varied across The Supplement related to this article is available online

fires (RFO1/RF02/RFO3/RFG50.163+ 0.007 pg Cpg C,  at doi:10.5194/acp-14-10535-2014-supplement

RF08 = 0.115 + 0.011ug C pg! C, RF09A = 0.072

+ 0.028ug C pg! C, and RF09B= 0.042 + 0.008 ug

C pg! C). Available information about fire fuel type in

the bgrns and a comparison of .l.EVOQIUCOﬁW'.SO_C ra- Acknowledgementsie acknowledge funding from the Joint Fire

tios with laboratory burns Of_ sp_eC|f|c fuel types indicate the Science Program under Project JFSP 11-1-5-12 and the Strategic

Alevoglucosan AWSOC ratio differences are related to the gpyironmental Research and Development Program (SERDP)

mix of fuel types combusted in each fire. The comparison ofproject RC-1649. We thank R. J. Weber for generously providing

prescribed vs. laboratory burkgalactosart Alevoglucosan  some of the parts used in the PILS rack. We also thank E. J. T. Levin

ratios yields a consistent finding about the type of fuel in-for his help in assembling the rack. We additionally acknowledge

volved in each fire. This was not, however, the case forthe Twin Otter Science Team, especially our pilot B. Mank and

Amannosari Alevoglucosan ratios, which could be due to mechanic S. Woods. Lastly, special thanks to J. Maitland and his
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sentative potassium emissions. This result is not surprising

given the known strong dependence of potassium emissions
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