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Abstract. Biomass burning represents a major global sourcedilution of the plume. Increases in the fraction of oxygenated
of aerosols impacting direct radiative forcing and cloud organic carbon and the presence of dicarboxylic acids, in par-
properties. Thus, the goal of a number of current stud-ticular, were observed with aging. Cloud condensation nuclei
ies involves developing a better understanding of how themeasurements suggested all particld90 nm were active at
chemical composition and mixing state of biomass burning0.5 % water supersaturation in the smoke plumes, confirming
aerosols evolve during atmospheric aging processes. Durinthe relatively high hygroscopicity of the freshly emitted par-
the Ice in Clouds Experiment-Layer Clouds (ICE-L) in the ticles. Forimmersion/condensation freezing, ice nuclei mea-
fall of 2007, smoke plumes from two small Wyoming Bureau surements at-32°C suggested activation 6¥0.03—0.07 %

of Land Management prescribed burns were measured by oref the particles with diameters greater than 500 nm.

line aerosol instrumentation aboard a C-130 aircraft, provid-
ing a detailed chemical characterization of the particles. Af-
ter ~2—4 min of aging, submicron smoke particles, produced
primarily from sagebrush combustion, consisted predomi-

nantly of organics by mass, but were comprised primarily of _. . o .
y 9 y P b y Biomass burning emissions produce a considerable amount

internal mixtures of organic carbon, elemental carbon, potasb f areenhouse qases and are estimated to contribate
sium chloride, and potassium sulfate. Significantly, the fresh 9 g
8% of global carbonaceous aerosol (Forster et al., 2007).

biomass burning particles contained minor mass fractions o iomass burning aerosols exert a sianificant. but uncertain
nitrate and sulfate, suggesting that hygroscopic material is,. 9 9 ) '

incorporated very near or at the point of emission. The mas :rect Iraqllz?ltlve fordC|lr)19 of +0.(|)3j{0.|12_]Wn|1— aWhl':Ch Its ¢
fractions of ammonium, sulfate, and nitrate increased withSrongly Infiuénced by aerosol overlying clouds (Forster e

aging up to~81-88 min and resulted in acidic particles. De- al., 2007; Chand et al., 2009). Wildfires also serve as large

creasing black carbon mass concentrations occurred due gourees of cloud cqqdensaﬂon nuclei (CCN) with a ywde
range of hygroscopicities (Petters et al., 2009a; Carrico et

al., 2010) and can also be a source of heterogeneous ice nu-
clei (IN) with number concentrations suggested to be of re-

Correspondence tK. A. Prather gional importance (Pueschel and Langer, 1973; Petters et al.,
BY (kprather@ucsd.edu) 2009b; Twohy et al., 2010). Biomass burning aerosols have

1 Introduction
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been identified as having a significant anthropogenic comthe western United States (Wiedinmyer and Hurteau, 2010).
ponent, and emissions are expected to increase further bRuring the Ice in Clouds Experiment-Layer Clouds (ICE-
a warming climate and land-use changes (Westerling et al.l.) in November 2007, the smoke plumes of two prescribed
2006; Forster et al., 2007; Spracklen et al., 2009). In theburns were intercepted during flights of the National Cen-
western United States, biomass burning contribut€® %  ter for Atmospheric Research/ National Science Foundation
of the annual average total carbonaceous aerosol mass co(NSF/NCAR) C-130 aircraft. The young smoke plumes were
centrations and-30 % of total fine aerosol mass concentra- investigated in detail utilizing a unique suite of real-time
tions (Park et al., 2007). Moreover, in the United States,aerosol instrumentation, measuring single-particle chemi-
large wildfire activity has increased in recent years with cal composition, non-refractory aerosol mass concentrations,
higher large-wildfire frequency, longer wildfire durations, and black carbon mass concentrations. Concurrent measure-
and longer wildfire seasons, particularly in the mid-elevationments of CCN and IN were also obtained and provide a basis
northern Rocky Mountains (Westerling et al., 2006). Re-for discussing aerosol cloud activation properties.

cent modeling by Spracklen et al. (2009) estimates an in-

crease of 54 % in the annual mean area burned in the western

United States from 2000 to 2050, corresponding to increase® Experimental

in summertime organic carbon (OC) and elemental carbon

(EC) aerosol concentrations in the western United States 0.1 Overview

30% and 19 %, respectively.

Numerous studies have investigated the physical andMeasurements within two Wyoming Bureau of Land Man-
chemical characteristics of biomass burning aerosols. In genagement (BLM) prescribed burn smoke plumes were made
eral, fresh dry smoke particles, primarily in the submicron aboard the NSF/NCAR C-130 aircraft during ICE-L research
size range, have been found to consist8D % OC,~5-9%  flights #1 (RF01) and #3 (RFO03) in November 2007. An
black carbon (BC), and-12—15 % trace inorganics, such as overview of the prescribed burns and ground conditions, pro-
potassium, sulfate, chloride, and nitrate (Reid et al., 2005b)vided by the Wyoming BLM, is detailed in Table 1, present-
These individual particles are usually internally mixed with a ing date, latitude, longitude, elevation, burn time, ambient
core of black carbon and alkali earth compounds coated witHemperature, relative humidity, wind speed, burn area, fuel
organics (Reid et al., 2005b). Different fuels and combustiontypes, and live fuel moisture. There was no surface snow
conditions produce particles of varying chemical composi-cover in the vicinity of these burns. The flight procedure
tion, with potassium and soot enhanced in flaming combuswas as follows: when a smoke plume was sighted, the C-130
tion, for example (Reid et al., 2005b; Cahill et al., 2008). Fol- crossed the plume centerline at a downwind location and then
lowing emission, particle growth is rapid with aged smoke turned into the wind, following the smoke toward its source.
becoming enriched in sulfate, nitrate, organic acids and semi€-130 aircraft sampling time periods and altitudes are shown
volatile organic species (Gao et al., 2003; Reid et al., 2005b)in Table 2. Background concentrations were measured im-
Most chemical characterization studies have utilized filter-mediately before and after sampling of the plume (generally
based thermal desorption methods to quantify OC and BC~30s to 2.5min). Differing sampling time delays were ac-
however, these methods can suffer from sampling artifactsounted for to synchronize all data shown herein. Latitude,
and uncertainties in evolution temperatures. Thus, quaniongitude, and altitude were sampled at 10Hz by GPS and
tification of organic carbon and black carbon from biomassaveraged to 1 Hz.
burning was identified in a review by Reid et al. (2005b) as Carbon monoxide (CO) was measured at 1Hz using a
the greatest need in smoke particle chemistry research. Aacuum ultraviolet resonance fluorescence instrument (Aero-
secondary recommendation by Reid et al. (2005b) was to inLaser AL5002). Ozone (§) was measured at 1Hz us-
vestigate further the aging of smoke particles immediatelying an “inverse” NO chemiluminescence instrument. Rel-
following emission with high time resolution to bridge the ative humidity was measured using a Buck Research mul-
gap between fresh and aged biomass burning aerosols, thistage hygrometer#5% uncertainty). An Ultra High
physical and chemical properties of which impacts optical Sensitivity Aerosol Spectrometer (UHSAS, Particle Met-
properties and cloud-forming potentials. rics Inc., Boulder, CO) provided size-resolved aerosol hum-

Most airborne plume studies, including recent measure-ber concentrations (0.1-1.0 um in diameter). Calibration of
ments (Capes et al., 2008; Yokelson et al., 2009), havehe UHSAS was performed using standard polystyrene la-
focused on large fires. Herein we examine two relativelytex spheres, which may underestimate the size of smoke
small prescribed burns at low ambient temperatures. Preparticles, which have lower refractive indices (Reid et al.,
scribed fires provide the opportunity for a detailed charac-2005a); spherical particles were assumed to obtain size-
terization of both burn conditions and consequent emissionsesolved volume distributions, consistent with previous wild-
in a real-world setting, combining the advantages of study-fire studies (e.g., Yokelson et al., 2009). Total conden-
ing wildfires and laboratory fires. In addition, prescribed sation nuclei (CN) concentrations were measured using
fires may serve as a means to reduce @if2 emissions in  a condensation particle counter (CPC, TSI Model 3760),
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Table 1. Prescribed burn and ground conditions, provided by the Wyoming BLM, for the RFO1 and RF03 smoke plumes.

RFO1 Plume RFO3 Plume
Date 7 November 2007 16 November 2007
Latitude 423806 N 42°31704" N
Longitude 1072310’ W 106°21'59" W
Elevation 2499-2560m 2267-2359m
Burn Time 20:00-00:00UTC 18:45-22:15UTC
Ambient Temperature  10C 8-13°C
Relative Humidity 26 % 29-36 %
Wind Speed 7-8ms!, gusts to 12mst 3-6ms? guststo8msl
Burn Area 0.8-0.9krh 0.3kn?

Fuel Type (s) ~90 % mountain big sagebrush~75 % mountain big sagebrush (live),
(live), ~10 % aspen (live) ~20 % mountain mahogany (dormant),

~5 % Rocky Mountain juniper

Live Fuel Moisture

~82 %

Table 2. C-130 aircraft sampling time periods and altitudes for the RFO1 and RF03 smoke plumes, as well as the estimated aerosol age,
based on C-130 location and wind speed data. For carbon monoxide (CO), ozn®{& condensation nuclei (CN), particle®.1 pm

(N-o0.1), and particles-0.5 um (N. g 5), average background concentrations (with standard deviations in parentheses) are shown along with
the range of concentrations observed in the plume. Average horizontal and vertical wind speed, ambient temperature, and relative humidity,

measured aboard the C-130 aircraft are shown with standard deviations.

RFO1 Plume RF03 Plume
Plume Sampling Time Period 21:46:17-21:50:10UTC  22:08:24-22:26:35UTC
Aircraft Altitude (AGL) 1034-1807m 183-3451m
Sampled Aerosol Age ~17-30 min ~2min—=~2h
Average Background [CO] 81 (1) ppbv 92.6 (0.9) ppbv
Plume [CQO] 80-184 ppbv 87-311 ppbv
Average Background [€} 112 (4) ppbv 102 (4) ppbv
Average Plume [Q] 112 (4) ppbv 93 (7) ppbv
Average Background [CN] 211 (12) crd 865 (570) crr3
Plume [CN] 193-9591 ci 203-66061 cm3
Average Background [Ng 1] 56 (19)cni3 183 (55) cmr3
Plume [N.g1 ] 33-4949 cnr3 17-12 698 crivs
Average Background [Ngs] 0.3 (0.9) cn3 3(3)cnr3
Plume [Nog5] 0-15cnT3 0-215cn73
wind Speed, Horizontal 15 (1)m$ 17 (2)ms?
Wind Speed, Vertical 0.1 (1.1)nré —0.3(1.0)ms?
Ambient Temperature 0.2 (1.5¢ 1.1 (4.2yC
Relative Humidity 21 (6)% 46 (4) %

detecting particles-~13 nm in diameter and corrected for (dya) and dual-polarity mass spectra of individual particles
coincidence. Aerosol chemical composition was measuredrom ~70-1200 nm dva). Following a?%Po neutralizer
using several real-time techniques, described below. and pressure-controlled inlet (Bahreini et al., 2008), parti-
cles are focused in an aerodynamic lens system. Particles
are optically detected by two continuous wave 532 nm lasers
spaced 6.0cm apart, providing particle velocity and, thus,

) i ) dva. Polystyrene latex spheres of known physical diame-
In-situ measurements of the size-resolved chemical cOMpO from 95-1500 nm were used for the particle size cali-
sition of individual submicron particles were made using the y 4tion. During ICE-L, particles were desorbed and ion-
recently developed aircraft aerosol time-of-flight mass speci,¢q using 266 nm rad,iation from a Q-switched Nd:YAG
trometer (A-ATOFMS) (Pratt et al., 2009). The A-ATOFMS | 3ger operating at-0.4-0.6 mJ. Positive and negative ions

measures, in real-time, the vacuum aerodynamic diameter

2.2 Aircraft aerosol time-of-flight mass spectrometer
(A-ATOFMS)

www.atmos-chem-phys.net/11/12549/2011/ Atmos. Chem. Phys., 11, 1P285-2011
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resulting from individual particles are detected within the is reflected in the reported uncertainty for the nitrate and or-

time-of-flight mass spectrometer. For the analysis discussedanic mass concentrations. Oxygen/carbon (O/C) ratios were

herein, 162 and 1212 individual particles were chemically calculated from unit resolution mass spectra following the

analyzed during RFO1 and RF03 plume sampling, respecestimation method developed, using a high resolution ToF-

tively. Standard errors of particle type number percentageAMS, by Aiken et al. (2008):

were calculated assuming Poisson statistics. Mass spectral

peak identifications correspond to the most probable ions folD/C = (0.0382+-0.0005 (x) + (0.0794£0.0070 (1)

a givenm /7 ratio based on previous lab and field studies; the

peak area of a specifie/z is related the amount of a specific \where x is the percentage of organic aerosol mass from

species on each particle (Bhave et al., 2002). m/z 44(CQ¥), which was corrected based on background

gas-phase C®concentration. Given that COconcentra-

2.3 Compact time-of-flight aerosol mass spectrometer  tions are enhanced within smoke plumes, this may lead to

(C-ToF-AMS) an overestimation of the organic aerosol mass and O/C ratio.

The Aerodyne compact time-of-flight aerosol mass spec- 4 Single particle soot photometer (SP2)
trometer (C-ToF-AMS) ()(Drewnick et al., 2005) measured
the mass concentrations of non-refractory species (organparticles containing black carbon (BC) were measured by a
ics, sulfate, nitrate, ammonium, and a fraction of chloride) single particle soot photometer (SP2, Droplet Measurement
in real-time. Particles oflya ~50-800nm are focused by Technologies, Boulder, CO), a laser-induced incandescence
an aerodynamic lens system, sent through a 3.5% chopinstrument (Schwarz et al., 2006; Baumgardner et al., 2008).
per, and then impacted onto a tungsten vaporizer operateguring ICE-L, the SP2 measured BC mass in the range of
at 550-560C. The chopper can be operated in three modes).5-10.5 fg-BC (0.08—-0.22 um BC mass equivalent diame-
to gather either background mass spectra, ensemble avefer); BC particles greater than10.5 fg saturate the incan-
age mass spectra over all particle sizes, or size-resolveglescence detector. Due to the limited BC mass range, scaling
mass spectra. Measurements of chloride and other semfgactors for the below- and above-detection limit BC masses
refractory species are reported herein, but concentrations afere generated and applied to estimate total BC mass. The
these species are significantly underestimated by the C-ToRestimated uncertainty in BC mass#i£0 % (Baumgardner et
AMS because they are not efficiently volatilized at the va- al., 2007); however, variations in BC mass were observed to
porizer temperature (550-56Q) used. Once vaporized, pe greater and thus are noted as the variability in BC mass
molecules undergo electron impact ionization and are eXfraction. The separation between the scattering and incan-
tracted at a rate of-53kHz into a time-of-flight mass an- descent peaks, termed the incandescent lag, was utilized to
alyzer. For this airborne deployment, the C-ToF-AMS was examine the BC coating thickness where “thinly-coated” BC
fitted with a pressure-controlled inlet (Bahreini et al., 2008) particles have short incandescent lag (1s) and “thickly-
to prevent fluctuations in particle Sizing and focusing with coated” BC partides have |onger incandescent |a€gus)
ambient pressure. (Moteki and Kondo, 2007; Moteki et al., 2007; Subramanian
Detection limits were calculated as the standard devia-etal., 2010). Since the lower limit of the scattering detector is
tion of the noise when measuring filtered air (15s aver-~200 nm, the reported number fraction of thickly-coated BC
aging): organics (0.08 ugmd), sulfate (0.02pgmd), ni-  particles is likely a lower limit (Subramanian et al., 2010).
trate (0.01 ug m3), ammonium (0.07 ug i), and chloride
(0.01pgnT3). In practice, detection is often limited by 2.5 Cloud activation measurements
counting statistics at low aerosol loadings. Considering an
average smoke particle density-of..2gcnt? (Reid et al.,  CCN number concentration measurements were made using
2005b), comparison of the C-ToF-AMS size-resolved massa stream-wise thermal gradient CCN counter (Droplet Mea-
distribution with the UHSAS volume distribution yields an surement Technologies, Boulder, CO), described previously
estimated collection efficiency (CE) (Huffman et al., 2005) in detail by Roberts and Nenes (2005). During plume mea-
of ~0.28-0.55, similar to a previously derived CE of 0.34 for surements, water supersaturation was held constant at 0.5 %.
ambient biomass burning measurements (Capes et al., 2008}.CN concentrations were corrected for ambient temperature
Changes in the estimated CE through the plumes suggestnd pressure. The number concentrations of ice-nucleating
changes in particle phase (Matthew et al., 2008), densityaerosol particles were measured in real-time using a continu-
and/or the fraction of refractory material; herein, a CE of ous flow diffusion chamber (CFDC) (Rogers et al., 2001; Ei-
0.4 is utilized with reported uncertainties reflecting variabil- dhammer et al., 2010). By simulating cloud conditions at rel-
ity in CE, as well as the mass measurement. In addition, duative humidities exceeding 102 % (with respect to water), the
to possible interference from the abundance of organics (an€FDC emphasized condensation/immersion freezing nucle-
because nitrate mass loadings were very low), reported niation. Use of an impactor limited sampling to primarily sub-
trate mass concentrations may be a factor of 2—3 high; thisnicron particles £~1.5 um in aerodynamic diameter) prior
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to CFDC processing in order to distinguish ice crystals nucle-
ated in the CFDC from non-activated aerosol particles using
optical methods.

3 Results and Discussion

3.1 Prescribed burn and plume conditions

In November 2007, two Wyoming BLM prescribed burn
smoke plumes were characterized by instruments on t

i

RFO3 burns were dominated by live mountain big sagebrushgg ™
(Artemisia tridentatessp. vaseyana)(~90% and~75 %,
respectively) with fuel moistures estimated 282 % and
~70%, respectively. From ground-based observations, the
RFO1 burn was characterized as a flaming fire with 3-5m
flame lengths and a burn rate of 0.8—1.0 kmh Although

the RFO3 burn was also characterized as a flaming fire,
smoldering component was observed to be associated wit
the dormant mountain mahoga(®ercocarpus) These pre-
scribed burns were relatively small with burn areas-6f8—
0.9kn? and 0.3 krd, respectively, too small for detection by
satellite imagery. Photographs of the RFO3 prescribed burn
location prior to the burn, as well as the smoke plume as
viewed from the C-130 aircraft, are shown in Fig. 1.

3.1.1 Smoke plume RF01

The C-130 aircraft intersected the RFO1 smoke plume for
period of~4 min (aircraft time) with sampling occurring at
1.0-1.8 km above ground level, as shown in Table 2. Base
on average wind speeds, burn location, and flight path, the

transport time of the smoke plume particles sampled was

~17-30min from the burn source to the sampling points. ACN and AN.o1 were not highly correlated witl\CO

CO concentrations within the plume (80-184 ppbv) were(r2=0.29 and 0.38, respectively).

up to 2.3 times greater than those measured in the nearby

background air (8%1 ppbv). Q concentrations within the 3.1.2 Smoke plume RF03

plume were similar to background conditions; however,

longer plume aging may be required for the photochemi-The RF03 smoke plume was sampled fet8 min (aircraft

cal production of @ (Goode et al., 2000; Yokelson et al., time) at 0.2—3.5km above ground level, as described in Ta-
2009). Total CN number concentrations within the smokeble 2. Four time periods were selected to focus analyses
plume (193-9591 cr?) were up to~45 times greater than during this long time interval. Period 1 corresponds to the
background conditions (2#112cnt3). Similarly, num-  sampling closest to the burn, where smoke particle age was
ber concentrations of particles with 0.11-0.1 um diameterscalculated to be-2—4 min. The furthest sampling point from
(N-0.1) (33—4949 cm3) were elevated by up to a factor of the burn source corresponded to a smoke ageldf7 min.

~88 compared to background concentrations{%8 cnt3). This long span allows an examination of transformations as
ACN/ACO ratios, calculated by dividing excess CN ([CN] the smoke particles aged.

— [CNpackground) by excess CO ([CO] — [CBckground), The temporal profile of size-resolved particle number con-
ranged from 2—-3261 cn? ppbv-L. Similarly, AN-q1/ACO centrations with associated CO ang ©oncentrations is
ratios were 0.6-347cnippbv-!, which span a larger shown in Fig. 2. Large variations in the measurements reflect
range and a higher values than previous measurements #fie meandering of this small plume and the effects of turbu-
fresh Amazonian smoke<(76 cn1 3 ppb1) summarized by  lence mixing with the relatively clean background. Since CO
Guyon et al. (2005). For this small section of the plume, data are not available for sampling closest to the burn source,

aFig. 1. Photographs of the RF03 prescribed bu@j:location prior
0 the burn (courtesy of Kristi Bulock) anf) smoke plume as
iewed from the C-130 aircraft (courtesy of David Rogers).

www.atmos-chem-phys.net/11/12549/2011/ Atmos. Chem. Phys., 11, 1P285-2011
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Table 3. Submicron aerosol mass fractions, shown as percentages with uncertainty ranges, considering black carbon, measured by the SP-
as well as non-refractory organics, sulfate, nitrate, ammonium, and chloride, measured by the C-ToF-AMS for the four RFO3 plume periods,
as well as the RFO1 plume average. Data are illustrated in Fig. 3.

RFO03 Age RFO1 Average
~2—-4min ~32-39min ~52-62min ~81-88min ~17-30min
Black carbon (SP2) 5[0.3-13] 13 [9-17] 20 [6-34] 11 [-16] 2 [0.04-6]
Organics 89 [80-98] 71 [55-94] 66 [23-100] 61 [32-98] 86 [28-100]
Nitrate 3[1-3] 8 [2-10] 8[1-12] 7[1-12] 5[1-9]
Sulfate 0.6 [0-1] 4 [3-5] 4 [2-6] 17 [8-27] 4 [2-6]
Ammonium 0.3[0.2-0.4] 2[1-4] 2[0-5] 3[0-13] 2[0.1-3]
Chloride 2[0.8-2] 1[0.8-2] 0.9[0.1-2] 0.4[0-2] 0.9[0.2-2]
1 3
o | \ \ I 12x10° =z
3: 0 200 400 600 800 1000 5
N Number concentration (dN/dlogD ) 10 g
~ s . i 2
% 3 | i 6 g
E -
s =
=] 2 -4 3
°
-2 3&
2 2 01 . -
81207 8 01 wind 17 £2 m's - 60x10° 2
=100+ <= L Q
G gpJ o200 - 40 )
§ 0 §100 - 20 a
o (5] 0 L0 _—
) [o) g
9 o 22:10 22:12 22:14 22:16 22:18 22:20 22:22 22:24 22:26 o
LYJ Time (UTC) LYJ
Period 4 Period 3 Period 2 Period 1

(Age: ~81-88 min.) (Age: ~56-62 min)) (Age: ~32-39 min.) (Age:~2-4 min.)

Fig. 2. RF03 temporal profiles of UHSAS size-resolved particle number concentrations are illustrated with associated concentrations of
CO, 03, CN, and particles-0.1 um. Since CO data are not available for sampling closest to the burn source, maximum concentrations are
estimated to be greater than the highest measured value of 311 ppbv, well above the average background air concentrét@8 ppb2.6

The aircraft was flying into the wind, as indicated by the arrow; therefore, later sampling times correspond to sampling closer to the fire
source. Discussed time periods and calculated smoke plume ages are noted.

maximum concentrations are estimated to be greater than thihe entire plume,Ax/ACO ratios were calculated for the
highest measured value of 311 ppbv, well above the backremainder of the plume (see Fig. 2 for measurement peri-
ground air concentration of 921%.9 ppbv. Consistent with  ods). ACN/ACO ratios ranged from 3—11 520 crhppbv1;
sampling closer to the burn source, CN number concentrasimilar to RFO1 plume sampling, a high correlation between
tions (203—-66061 c?) were up to~76 times greater than ACN and ACO was not observed?? =0.30). However, a
background conditions near the fire source (8630 cnt3). high correlation was observed betweAmwV.o1 and ACO
Similarly, N-o1 number concentrations (17-12698c¢iHh  (R2=0.93). G concentrations peaked at 114 ppbv near the
were elevated by up to a factor 6f70 compared to back- RFO03 plume source, steadily decreased below even back-
ground concentrations (1855 cnm3). As shown in Fig. 2,  ground conditions to 79 ppbv within the plume, and rose
the particle diameter mode of the fresh smoke particles wadack to 103 ppbv with mixing with background air (prior
~170nm, consistent with previously reported count me-to 22:09:14) (Fig. 2), suggesting initialsQproduction, fol-
dian diameters of 100-160 nm for fresh smoke (Reid et al.lowed by & destruction within the plume. This contrasts the
2005b). Although CO concentrations are not available forreported photochemical production of @ the presence of

Atmos. Chem. Phys., 11, 12542565 2011 www.atmos-chem-phys.net/11/12549/2011/
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NOy observed within most biomass burning plumes during 3) 1.9 -

) — e 1.0
aging (e.g. Goode et al., 2000; Hobbs et al., 2003); however, - - -

periods of negativé\Os have been observed for smoke ages 0.8 0.8
<5min (Hobbs et al., 2003) and low ultraviolet intensities &

(Stith et al., 1981). The production or loss of I3 dependent ‘g 0.6 — E - 0.6 g
on NOy concentrations, wherein HQadicals formed from I ¢ b
the oxidation of CO can react withs®@o form OH rather than 0.4 . + L 0.4 2
reacting with NO (Crutzen et al., 1999). In this study, the ob- g °

served Q destruction following an initial possible burst of 02 . —0.2
Os production is difficult to interpret without the measure- - . L]

ment of other gas phase species, particularlyyNO 0.0 - 0.0
The next sections describe the evolution of particle chem- b) 127 m BlaciscarbonySE2) =

. . . - Organics

istry, as a function of particle age from the source of the burn. *¢ 13 = Nitrate -

The fresh samples<(2—4 min in age) are described first, fol- ?==_> ﬁ ] m Sulfate B

lowed by the more aged samples. = 10+ Ammonium o
s 37 m Chloride B

3.2 Fresh biomass burning chemical signature g g— ® OICRayo -
= i B
o 5 -

The chemical composition of smoke plume particles € g: -

was measured within the RFO03 smoke plume from 8 2 B

22:25:57-22:26:31 UTC (Period 1), corresponding to a § El): ‘ o I gg& C

plume age of~2—-4min. Overall, the fresh biomass burn- = ~ c ™) ) N C’Ef

ing particles were observed, by C-ToF-AMS, SP2, and A- & E:& E& £4 £8

ATOFMS, to be internal mixtures of organic carbon, elemen- € : o : Ny ©a oS

| carb d ium chloride and sulf | < a4 g fa g P

tal carbon, and potassium chloride and sulfate salts. Mass Y3 &g & =3 K

concentrations of submicron non-refractory species, includ- N ; Ta Pou P T2

ing organic carbon, nitrate, sulfate, ammonium, and a frac- gq ga g? g? g@,

tion of chloride, were measured by the C-ToF-AMS; black <8 <& <8 <& <

carbon mass concentrations were measured by the SP2. The
mixing of individual chemical species within single particles Fig. 3. (a) Submicron aerosol mass fractions considering black
was measured by A-ATOFMS. Based on C-ToF-AMS and carbon, measured by the SP2, as well as non-refractory organics,
SP2 measurements, the average mass fractions [with uncegulfate, nitrate, ammonium, and chloride, measured by the C-ToF-
tainty ranges] for these fresh (Period 1) smoke plume parAMS for the four RFO3 plume periods, as well as the RFO1 plume
ticles were estimated to be 89 % [80-98 %] organics, 5 %average. Uncertainty ranges in the mass fractions are noted in Ta-
[0.3—-13 %] black carbon (BC), 3% [1-3 %] nitrate, 0.6 % [0— ble 3. The O/C ratio of the organics, measured by the C-ToF-AMS,
1%] sulfate, 0.3% [0.2-0.4 %] ammonium, and 2% [0.8— is also illustrated. (b) Submicron average species mass concen-
29%)] chloride (Table 3 and Fig. 3). These results are jnrations measured by the SP2 and C-ToF-AMS; note that average
good agreement with previous measurements of fresh dr rganic mass Com,:emrat'ons durlngiPerlod 1 (8ge4 min) E‘Qd

. . FO1 are offscale: 129 [88-195] pgn?’land 15 [5-33] ug m=,
smoke particle composition~80% OC,~5-9% BC, and respectively.
~12-15 % trace inorganics, such as potassium, sulfate, chlo-
ride, and nitrate (Reid et al., 2005b). It is important to note

that traditional filter-based BC measurements can overesti- _ _ o _
mate BC mass due to interferences from organics (Subraaerosol mass, respectively, which were significantly higher

manian et al., 2007; Subramanian et al., 2010). The masian other tested fuels (Chen et al., 2007). The presence of
fractions calculated herein assume that refractory species ndf€Se species within the fresh biomass burning particles was
measured by the C-ToF-AMS and SP2 contribute only minorconfirmed by A-ATOFMS. In addition, refractory OC, shown
fractions to the total submicron mass, providing upper lim- previously to contribute to biomass burning aerosols (Clarke
its for the species mass fractions. Refractory species, sucft @l 2007), may not be measured by the C-ToF-AMS.

as potassium salts and mineral dust, are not measured by the Throughout RFO3 plume sampling, 4 % of the sub-
C-ToF-AMS, which operated with a vaporizer temperature micron (~0.1-1.0 um) particles by number were identified
of 550-560C. Volatilization rates of KCI| and KSOy be- by A-ATOFMS as having one dominant biomass burning
come important at 700-80C and above 100TC, respec- mass spectral signature, characterized by potassium inter-
tively (Knudsen et al., 2004). Previous measurements ofally mixed with carbonaceous species (Silva et al., 1999;
burning dry sagebrush have shown contributions of potasHudson et al., 2004). The average positive and negative
sium and chloride up to~24% and~10% of the total ion mass spectra of the fresh (Period 1) biomass burning
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Fig. 4. A-ATOFMS average mass spectrum of 52 fresh biomass burning particles sampled during RF03 plume Period 1.

particles are shown in Fig. 4. The particles were char-(Weimer et al., 2008; Grieshop et al., 2009). An ion peak at
acterized by potassiumn(/z 39/41(K"), 78(K§r)), organic  m/z 60, attributed to levoglucosan (Schneider et al., 2006;
carbon (OC) and organic nitrogem (z 27(C;H3 /NCH™), Alfarra et al., 2007), a degradation product of cellulose (Si-
37(GH™), SO(QH;/C3N+), —26(CN"), —42(CNO")), el- moneit et al., 1999), comprised 1.890.04 % of the total

emental carbon (EC) Cﬁ_), nitrate ¢n/z —46(NGy), organic signal, in agreement with previous AMS observa-

: i : v
—62(NG;)), and sulfate /2 —80(SG;), —97(HSG,), tions of 1-7 % (Weimer et al., 2008; Grieshop et al., 2009).

L . : ; Further, laboratory measurements of levoglucosan/OC mass
similar to observations by Silva et al. (1999) in labora- ratios for PMbs resulting from sage combustion were pre-
tory studies. Potassium sulfate: (z 213(K3801 )), potas- S 9 g P

. . _ ! viously observed to be 1.6-4.1% (Sullivan et al., 2008).
s_lum nitrate f1/z —163(K(NQs); ), and potassium chlo- In agreement, A-ATOFMS measurements suggested that
ride (n/z 113/115(KCI*), —109/~111(KCL)) were also

< i X X 40+7 % of the fresh biomass burning particles contained
present ir~63—73 % of the fresh biomass burning particles, levoglucosan #/z —71(CzH305)) and 6G=7 % contained
likely due to the contribution from flaming combustion (see oy 5jate (/2 —89(C04H™)) (Szullivan and Prather, 2007)

Sect. 3.1), as potassium concentrations have been observeflsistent with previous filter-based observations of Gao et
to decrease exponentially from flaming to smoldering com-; (2003).

bustion (Cahill et al., 2008). While previous studies have ) ) ) ) _
shown primarily KCI in fresh biomass burning aerosols with _Consistent with the results discussed herein, previous
little contribution from sulfur species (Li et al., 2003), the Single-particle mass spectrometry observations-e2a old
presence of KSO, has been suggested to be a function of large forest fire plume showed over 90% of the particles
fuel composition and burn conditions @fai et al., 2003). ~ contained potassium, being classified as having a biomass
Consistent with the very low mass fraction of ammonium ob- Purning mass spectral signature (Hudson et al., 2004). Simi-
served by the C-ToF-AMS, only#84 % of the fresh biomass larly, using electron microscopy, organic particles with crys-
burning particles were observed by A-ATOFMS to be inter- talline potassium salt inclusions were observed to be the
nally mixed with ammoniums/z 18 (NI—E{)). Despite the mpst_ abundant type in smoke plume®4$Rii et al., 2003).
low mass fractions of nitrate and sulfate observed by the c\Within the sampled RFO1 and RFO3 smoke plumes; 8%
ToF-AMS during Period 1, 100 % of these fresh (Period 1)@nd 161 %, respectively, of the submicron particles were
biomass burning particles by number were internally mixedn©t classified by the biomass burning mass spectral signa-
with nitrate ¢z/z —62(NQ3)) and 92+4 % contained sulfate  {Ure. All EC was observed by the A-ATOFMS to be in-
(m/z —97(HSQ;)), as measured by A-ATOFMS. This is a ternally mixed with OC, in agreement with the Hudson et
5 ) : -
significant finding, showing that all freshly-emitted biomass &!- (2004) study. Any EC particles smaller than 70 nfg,

burning particles contain some hygroscopic material at thé?Ot e>;arrr]1|ned n Ith's stubdy, W%UId comfprlsg aminor fratr:]—
point of emission, even if initially at low mass concentra- tion of the particle number and mass iractions, given the

tions. This has important ramifications for cloud formation SiZ& mode at-170nm (Fig. 2). This A-ATOFMS obser-
in regions of major fires vation of EC internally mixed within the biomass burning

particles is consistent with the RF0O3 SP2 measurements,
The C-ToF-AMS size distribution of organics during RFO3 which showed that-47 % of the measured BC (defined here
Period 1 shows the mass diameter peaking~70nm  as EC + polycyclic aromatic hydrocarbons) particles (0.08—
dva. The organics were characterized by an O/C ratio 0f0.22 um BC mass equivalent diameter) were thickly-coated
0.25+0.02, which is in excellent agreement with fresh lab- during Period 1 (aerosol age2—4 min). This is consistent
oratory biomass burning organics (O/C ratio 0.15 to 0.39)with the smoldering component of the RFO3 prescribed burn.
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Fig. 5. A-ATOFMS average positive and negative ion mass spectra for biomass burning particles during RF03 Period2-dagan)
subtracted from biomass burning particles during RF03 Period 4&je-88 min). Positive intensity ion peaks indicate species added
during aging of the individual biomass burning particles; negative intensity ion peaks indicate species with higher ion intensities within the
fresh particles. Only ion peaks above 95 % confidence limits following subtraction are shown.

For the RF0O3 plume, an average of 2% of the submicronlinearly correlated withACO (R?=0.79, Fig. 6a) through
particles by number were classified by the A-ATOFMS asthe RF03 smoke plume, showing that BC mass concentration
OC internally mixed with sulfate and nitrate; a larger frac- changes were consistent with dilution. AverayBC/ACO

tion (28+£4 %) of these OC particles were observed within was observed to be 0.048.001 pgni3ppbv-1, slightly

the RFO1 plume. For the RFO3 and RFO1 plumest0.2 % higher than previously observed by Hobbs et al. (2003) for
and 2t1 %, respectively, of the particles were classified asa savanna fire (0.0056—0.0105 pghppbv1) using a filter-

EC mixed with OC, sulfate, and nitrate. Mineral dust, which based optical transmission technique to measure BC. BC
is lofted from the ground during fires, contributed*@3%  mass fractions were similar (within uncertainties) for all time
and 21 %, respectively to the RFO1 and RF03 plume submi-periods, including the RFO1 plume (Table 3).

cron particles by number. This is consistent with the minor

contributions observed previously by Li et al. (2003). Fi- 3.3.1 Organics

nally, 11+1 % and 21 % of the particles in the RFO1 and

RFO03 plumes, respectively, produced only negative ion masgxcess organic mass concentrations (above background con-
spectra containing nitrate and sulfate; the origin of these parditions), measured by the C-ToF-AMS, were linearly corre-
ticles is still being investigated. They could be representativdated with ACO (R2=0.95, Fig. 6b) for the RF0O3 plume.

of particles with thicker nitrate coatings due to gas-to-particleHowever, a straightforward dilution did not occur as the or-

condensation occurring at cooler temperatures. ganic aerosol composition changed within the plume with the
O/C ratio increasing with decreasimgCO (Fig. 6¢), similar
3.3 Aging of smoke plume particles to the observations of Capes et al. (2008). Over the course

of RFO3 plume sampling, the O/C ratio increased from
RFO3 plume sampling corresponded to particles ranging).25+0.02 for an aerosol age of2—4 min to 0.65-0.05
from ~2min to ~2h in age; whereas, the single, shorter for an aerosol age 0f#81-88 min (Fig. 3a). The interme-
RFO1 plume sampling period correspondedb7-30min  diate O/C ratio of 0.440.12 measured for the RFO1 plume
aged particles (Table 2). Thus, aging of the RF03 plume(aerosol age~17-30min) is consistent with the oxidation
particles across the plume is discussed herein and contimescale observed for the RF03 plume (Fig. 3a). The in-
pared to the RFO1 plume average. A comparison of the Acreasing O/C ratio with aging is consistent with an increas-
ATOFMS average mass spectral signatures for the RFO3 Pdngly oxygenated organic aerosol (Aiken et al., 2008; Heald
riod 1 and Period 4 biomass burning particles is shown inet al., 2010). Hawkins and Russell (2010) observed the for-
Fig. 5. As expected, excess black carbon mass concentratiomsation of carboxylic acid groups with loss of ketone groups,
(ABC=[BC] — [BCpackground), measured by the SP2, were significantly increasing the O/C ratio, in the aging of biomass
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the gas phase following heterogeneous reactions and/or dilu-
tion, resulting in a more oxidized organic aerosol (Kroll et
al., 2009), as well as (2) condensation of oxidized organics
(Donahue et al., 2006), such as dicarboxylic acids, as dis-
cussed below. As noted by Capes et al. (2008) and Hennigan
et al. (2011) for similar observations of the aging of biomass
burning organic aerosol, the mechanisms must balance one
another to keep thaorganicACO ratio constant.

N
o
|

Consistent with the increased fraction of oxidized or-
ganics measured by C-ToF-AMS, A-ATOFMS measure-
ments of biomass burning particles show increased ion
peaks areas, proportional to mass, associated with oxi-
dized organicsr/z 43(CH;CO")), and decreased ion peak
areas for non-oxygenated organics (eng/z 27(C2H§),
37(GH™), 50(GHF), 77(GsHZ)) with aging, as shown
in Fig. 5. Further, the C-ToF-AMS O/C ratio was cor-
related R2=0.5) with the A-ATOFMS oxidized organ-
ics/total organics ratio, calculated by dividing the relative
peak area ofn/z 43(CH;CO™) by the sum of the relative
peak areas of representative organic iongz( 27(C2H§),
29(GHZ), 37(GH™), 43(CH;CO™)), as defined by Spencer
y = -0.0022x + 0.5477 and Prather (2006). A-ATOFMS measurements show the ac-
R’ = 0.47 cumulation of organic acids on biomass burning particles as
the plumes aged (Fig. 5). In general, organic acids have

A Organic mass conc. (pglms) A BC mass conc. (pglm3)

O/C ratio

0.4 §° been shown to account for3 % of particle mass in aged
& smoke particles compared tael % in fresh smoke (Reid
| e et al.,, 2005b). The number fraction of biomass burning
S L L I L particles containing oxalaten(/z —89(G;04H™)) increased
0 20 40 60 80 100 from 60+7 % to 94+-4 % with aging from~2—4 min to~81-

A CO (ppbv) 88 min within the RF03 plume, with the RFO1 plume show-
ing an intermediate fraction (83 %), as expected. Concur-
Fig. 6. Excess ) (a) SP2 black carbon (BC) mass concentrations '€Nt with the increased fraction of particles internally mixed
and(b) C-ToF-AMS organic mass concentrations verai®O con-  With oxalate, the average/z —89 peak area, which is pro-
centrations as a function of RFO3 plume sample tirfe.C-ToF- portional to oxalate mass, also increased by a factoetef, 6
AMS organic O/C ratio versuACO as a function of RFO3 plume as illustrated in Fig. 5. Similarly, the number fractions of
sample time. Note that CO data were not available over the entirdbiomass burning particles internally mixed with malonate
RF03 smoke plume (see Fig. 2). (m/z —103(G0O4H3)) and succinatenf/z —117(C04Hg))
(Sullivan and Prather, 2007) also increased significantly from
15+5 % and 25-6 %, respectively, to 668 % and 727 %,
burning organic aerosol; however, the timescale of oxygerrespectively, with aging from~2—4min to ~81-88 min
uptake via heterogeneous reaction with OH alone is too slowwvithin the RF03 plume, with the RFO1 plume showing an
to explain the increased O/C ratios here (DeCarlo et al.jntermediate fraction. Similar to oxalate, the A-ATOFMS
2008; Kessler et al., 2010). Considering the O/C ratio of malonate and succinate peak areas, proportional to mass, in-
the nearby background organic aerosol (0.61-0.925 % creased by factors of54 and 8t5, respectively, with aging,
of the observed bulk O/C ratio increase from RFO03 Peri-as shown in Fig. 5. These data are consistent with previ-
ods 1-3 is estimated to be due to mixing with backgroundous smoke plume observations of the concentrations of ox-
aerosol, using the method of Murphy et al. (2009). For Pe-alate and succinate increasing by at least an order of magni-
riod 4, this dilution influence increases to over 50 %; how- tude after~40 min of aging, although malonate was absent
ever, this estimate is highly uncertain given the low load-from most of the savanna fire aerosols (Gao et al., 2003).
ings of this period and the background, as well as the stillGao et al. (2003) concluded that the most likely pathways
high abundance of biomass burning particles, measured bfor the addition of dicarboxylic acids during biomass aging
A-ATOFMS. Since theAorganicACO ratio was relatively —are the oxidation of larger organic molecules at the parti-
constant, it is likely the aerosol transformed by: (1) reparti- cle surface through heterogeneous reactions or aquous reac-
tioning of more volatile, less oxygenated organic species taions inside the particle. However, Yokelson et al. (2009)
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observed formation of gas-phase organic acids within aging3.3.3 Ammonium, nitrate, and sulfate
smoke plumes. Thus, additional laboratory studies under rel-
evant ambient conditions are required to further understandduring smoke plume aging, aerosols accumulate sulfate and
the mechanism(s) of plume aging resulting in a more oxi-nitrate by acquiring N@ and SQ oxidation products (e.g.
dized organic aerosol. These studies should strive to reproSao et al., 2003; Hudson et al., 2004; Yokelson et al., 2009).
duce relevant oxidant and precursor concentrations, as welh particular, several studies have shown the transformation
as dilution conditions and temperatures. of KCI to KoSOq and KNG; during plume aging (Gau-
Levoglucosan, a degradation product of cellulose, is of-dichet et al., 1995; Li et al., 2003; Yokelson et al., 2009).
ten used as a marker of fresh biomass burning (Simoneitiobbs et al. (2003) and Gao et al. (2003) observed signifi-
et al., 1999). ~40-65% of the biomass burning particles, cant increases in nitrate mass concentrations with plume ag-
by number measured by the A-ATOFMS, were character-ing of ~40 min. During the RF03 smoke plume, excess ni-
ized bym/z —71 (GH30;), previously observed to be a trate and ammonium (plume minus background concentra-
marker of levoglucosan (Silva et al., 1999). The contribu-tions), measured by the C-ToF-AMS, were positively cor-
tion of the C-ToF-AMS marker of levoglucosam/z 60, related ®2=0.66), suggesting the addition of ammonium
to the total organic aerosol decreased from £094%  nitrate with aging, confirmed by the A-ATOFMS single-
to 0.3:0.5% with aging from~2-4min to~81-88mins  particle mixing (Fig. 5). Initial increases in the mass frac-
within the RF03 plume. However, for the RFO1 plume av- tions of ammonium and nitrate were measured from 0.3 %
erage (age~17-30min), them/z 60 fraction was higher [0.2-0.4 %] and 2 % [1-4 %], respectively, for an aerosol age
at 1.3£0.1%. While atmospheric lifetimes of levoglucosan of ~2—4 min (Period 1) to 3 % [1-3 %] and 8 % [2—-10 %], re-
have been estimated-a0.7-11 days (Hennigan et al., 2010; spectively, for an age of32-39 min (Period 2), after which
Kessler et al., 2010), recently Hennigan et al. (2011) ob-the mass fractions stayed constant (Table 3 and Fig. 3a). Cor-
served a rapid decay, five times faster than the OH collisiorespondingly, the number fraction of biomass burning parti-
rate, of levoglucosan in the photooxidation of open biomasscles, measured by A-ATOFMS, internally mixed with am-

burning emissions. monium @ /z 18(N|—E{)) increased from &4 % to 28:4 %
_ from Period 1 to Period 2 with increased ammonium peak ar-
3.3.2 Chloride eas for the aged particles, as shown in Fig. 5. Nearly 100 % of

) _all biomass burning particles, measured by the A-ATOFMS,
Gao et al. (2003) observed chloride mass concentratlonﬁ,ere internally mixed with nitrate; nitrate:(z —62(NGQ;))
to decrease by a factor of two from7-40min of aging;  peak area increased by a factor ofB from Period 1
however, the possible decreasing trend was unclear due t@, period 2 and then stayed constant, consistent with the
a lack of data points. In this study, average C-ToF-AMS c_ToF-AMS observations. Similarly, the number fraction
non-refractory chloride mass fractions were within standardgt piomass burning particle mass spectra characterized by
deviations for_aII plume periods (Table 3). Electron mi- m/z —125(H(NQy),) increased from 246 % to 595 %
croscopy studies have noted the 'Fransformatlon. of KCl t0from Period 1 to Period 2, indicative of increasing nitrate
K2SOy and KNGy during aging (Li et al., 2003; Yokel- 555 on the individual particles. While the number fraction
son et al., 2009). Similarly, the A-ATOFMS number frac- ot hiomass burning particles internally mixed with potassium
tion of biomass burning particles with the potassium chlo- hitrate (n/z —163(K(NO)5)) did not show a clear trend
ride ion peakn /z 113(KoCl") decreased slightly with plume  ith aging, the ion peak area increased by a factor-62 3
aging from 627 % to 468 % with aging from~2-4min  y;ith aging from RFO3 Period 1 (age2—4 min) to Period 4
to ~81-88 min within the RF03 plume; however, average (age~81-88 min).

m/z 113(KCIY) and m/z —35(CI") peak areas, propor- | iy, et a1, (2000) noted excess sulfate beyond that required
tional to mass, were within uncertainties for all periods, sim-¢,. <hioride replacement during smoke plume aging. Dur-

ilar to the C-ToF-AMS data. For the RFO1 plume biomassing RFO03 plume aging, the C-ToF-AMS sulfate mass frac-
burning particles, 824 % by number were characterized by o increased from 0.6 % [0-1 %] with2—4 min of aging
m/z 113(KoCIT), suggesting that the fraction of particles to 17 % [8-27 %] following~81-88 min of aging (Table 3
containing potassium chloride salts likely varies for different .4 Fig. 3a). Accordingly, excess sulfate was not corre-
fuels and fire conditions. In fact, different chloride emission |teq with ACO or ammonium. Nearly 100 % of all biomass
factors were observed by McMeeking et al. (2009) for differ- p; ming particles were internally mixed with sulfate during
ent fuels, with sagebrush having one of the highest emission, periods, as measured by A-ATOFMS: however, sulfate
factors measured. Indeed, the RFO0L1 fire was characterized b()/n/Z _97(HSQ;)) peak areas increased by a factor f23
a higher sagebrush fuel fractio0 %) compared to that of | i+, aging fror?1~2—4min to~81-88 min, consistent with
the RFO3 plume+{75 %) (Table 1). the C-ToF-AMS results. Previously, Hudson et al. (2004),
using single-particle mass spectrometry, measured higher
median sulfate peak areas for aged, or transported, biomass
burning events compared to fresh biomass burning particles.
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The number fraction of biomass burning particles internally supersaturation due to the increase in particle size (Petters

mixed with potassium sulfaten(/z 213(}@802{)) did not et al., 2009a); therefore, increased CCN activity with parti-

show a clear trend with aging. cle aging is expected. Overall, the biomass burning particles
During RF03 Period 1, the calculated C-ToF-AMS were found to be highly CCN active, particularly in contrast

NH;, o{NHZ, ., ratio (Zhang et al., 2007) was calculated to the background aerosol.

to be 0.4@-0.08, indicating the presence of acidic parti-

cles. The A-ATOFMS number fraction of acidic particles 3.4.2 Ice nuclei

increased with aging, as evidenced by the trend of the sul-

furic acid ion markem/z —195(H,SO4HSO})) (Denken- IN can be produced by biomass combustion events (Hobbs

berger et al., 2007; Yao et al., 2011). The number fraction ofand Locatelli, 1969; Pueschel and Langer, 1973), but the ex-

biomass burning particles internally mixed with sulfuric acid act source of IN remains unidentified both in the laboratory

increased from #4 % at~2—4min of aging to 284% at  (Petters et al., 2009b) and in the atmosphere (Twohy et al.,

~32-39min and then stayed relatively constant with aging2010; Stith et al., 2011). For RF03 plume sampling during

to ~81-88 min. For a plume age 6f17-30 min, 123 % Periods 1-3, average IN number concentrations, measured

of RFO1 biomass burning particles were mixed with sulfuric at @ CFDC processing temperature-e82°C for conden-

acid. sation/immersion freezing nucleation, ranged fre@2 L~1
to ~10 L1 (Table 4). Higher IN concentrations-80 and
3.4 Cloud activation properties ~47 L1, respectively) were measured during RF03 Period 4
and within the RFO1 plume when the aerosol was processed
3.4.1 Cloud condensation nuclei at a slightly colder temperature-84°C). It is not known

to what extent these results represent burn variability im-
Wildfires serve as large sources of CCN (Hobbs and Radkepacting IN production versus the modestly colder processing
1969; Eagan et al., 1974) with a wide range of hygroscopici-temperature that could favor an increase in IN concentration
ties (Petters et al., 2009a; Carrico et al., 2010). During RFO3Mohler et al., 2007). Overall, IN concentrations within the
plume aging from~2—4 min (Period 1) to~81-88 min (Pe-  smoke plumes were enhanced compared to background con-
riod 4), CCN number concentrations, measured at a supersagentrations of-6-8 L~* for RFO1 and~4-6 L~ for RF03.
uration of 0.5 %, ranged frony15 000 cnT3 to ~350 cnT 3 During all plume sampling, the maximum observed
(Table 4) primarily due to dilution. Background RF03 IN/CN ratio (0.008%) was<0.01%, estimated by Pet-
CCNp 59 concentrations were-230cnt3. For an assess- ters et al. (2009b) as likely to strongly perturb IN con-
ment of CCN efficiency, the fractions of CCN relative to centrations on a regional scale. IN/ph ratios were also
the N.g1 and total CN &13nm) concentrations were cal- less than 0.01% with IN/Nos ratios of ~0.03-0.07 %
culated. For all periods of plume sampling, C§4¥y/N-0.1 and ~0.2-2% for CFDC measurements at32°C and
ratios were greater than 1, suggesting activation at 0.5 % su—34°C, respectively. Previous laboratory measurements of
persaturation of all particles greater than 100 nm in diameteimmersion/condensation freezing of sagebrush combustion
throughout the smoke plumes. However, it should be notedaerosols at-30°C showed a IN/CN ratio below 0.0025 %
that smaller, more hygroscopic particles may have activatedor five out of seven samples, with a ratio of 0.25 % for two
before larger, less hygroscopic particles, as observed previeut of seven samples (Petters et al., 2009b), consistent with
ously for laboratory smoke particles (Petters et al., 2009a)the ratios measured herein. Considering plume 0.1-1.0 pm
For the youngest smoke particles (Period 1), the averag&nreacted mineral dust number fractions, measured by the A-
CCNy59/CN ratio was 1.120.26, showing that nearly all ATOFMS, of <0.4 % and activation 0f6—-20 % of mineral
particles activated at 0.5 % supersaturation (Table 4), as predust as ice nuclei (Field et al., 2006; Prenni et al., 2009), an
dicted by Petters et al. (2009a) based on laboratory meatN/N .1 fraction of <0.08 % would be predicted, suggest-
surements and modeling. Previously, sagebrush smoke parting that mineral dust cannot be ruled out as the source of IN.
cles were observed by Petters et al. (2009a) to be amongdtherefore, measurements are still needed to isolate the spe-
the most hygroscopic of 24 tested biomass fuels. Lowercific composition of IN within biomass burning plumes, as
CCNp5%/CN ratios were observed for RFO3 Periods 2 anddiscussed by Twohy et al. (2010).
3 (~59 %), as well as for the RFO1 plume 28 %), despite Across five wave cloud research flights during the ICE-L
higher mass fractions of non-refractory sulfate and nitratefield campaign, Twohy et al. (2010) observed positive corre-
measured by the C-ToF-AMS. The lowest C&N/CN ra- lations between IN concentrations and the number concen-
tio (~11 %) was measured during Period 4 and is associatettations of soot and biomass burning particle types. The
with the increased number concentration<df00 nm parti-  IN concentrations measured within the smoke plumes dif-
cles (likely from mixing with background air). Itis generally fer from those predicted by the parameterization of DeMott
observed that CCN efficiency increases with smoke particleet al. (2010) (Table 4), which is based a multi-project am-
aging (Andreae and Rosenfeld, 2008). Condensation of combient air compilation and utilizes temperature and the frac-
ponents with low hygroscopicity still decreases the critical tion of particles>0.5um. This is likely due to the fact that
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Table 4. CCN number concentrations are shown (with standard deviations), as well as the fraction sfl@Nnf) activating as CCN,

at 0.5 % supersaturation with respect to water; the average CCN/CN »dlu physically impossible and shows the uncertainty associ-

ated with the measurements and time synchronization. Measured IN number concentrations (with 95 % confidence intervals) are shown for
immersion/condensation freezing IN at the noted CFDC processing temperaturespibi/fdescribed the measured IN number concen-

tration divided by that predicted by the parameterization of DeMott et al. (2010). RF03 Periods 1-4 and the RF01 average correspond to
approximate aerosol ages-o2—4 min,~32-39 min,~52—62 min,~81-88 min, and~17-30 min, respectively.

CCNys506 (cm3)  CCNgs06/CN  CFDC Temp.{C) IN(L™1) IN/IN p2o10

RFO3 Period 1 15318 (2508) 1.12 (0.26) -315 22(9)  0.21(0.09)
RFO3 Period 2 3005 (73) 0.59 (0.03) -31.7 16 (8)  0.11(0.05)
RFO3 Period 3 1780 (128) 0.58 (0.06) 322 10 (4)  0.07 (0.03)
RF03 Period 4 350 (12) 0.111 (0.003) —-34.2 30(12) 0.29(0.12)
RFO1 Average 852 (86) 0.28 (0.02) -335 47 (9) 2.9 (0.6)

the compositions of-500 nm particles in biomass burning  After ~2—4 min of aging, the fresh biomass burning parti-
plumes are representative of a specific source rather than thaes were primarily internal mixtures of organic carbon, el-
average ambient free troposphere (DeMott et al., 2010; Prattmental carbon, potassium chloride, and potassium sulfate.
and Prather, 2010). The submicron smoke particles consisted primarily of organ-
ics by mass, with an increased fraction of oxidized organics
i with aging, coincident with the increased presence of dicar-
4 Conclusions boxylic acids. Significantly, nitrate and sulfate were inter-

. . . .. nally mixed with 100 % of the fresh biomass burning parti-
As a major source of aerosols, biomass burning emissions

o ) X L . Cles, despite minor mass fractions, showing hygroscopic ma-
significantly impact global direct radiative forcing and cloud | . T )
i . . . terial present from the point of emission. Few fresh biomass
properties (Forster et al., 2007). Given predicted increase

in wildfires, particularly in the western United States (West- %urn!ng parUchs by ngmber were mterna'lly mixed with am-
) ) D monium, consistent with the low ammonium mass fraction.
erling et al., 2006; Spracklen et al., 2009), it is impor-

) . ; xcess black carbon mass concentrations were correlated
tant to understand the physical and chemical properties o . )
. . L —__throughout the plumes with excess CO concentrations con-
biomass burning aerosols, as well as their links to optical

i . : . sistent with dilution. The mass fractions of ammonium, sul-
and cloud properties (Reid et al., 2005b). Prescribed flre%ate, and nitrate increased with aging and resulted in acidic

provide the oppqrtunlty for a detailed chgrapterlgatlon of particles, with both nitric acid and sulfuric acid present. Fu-

both burn conditions and consequent emissions in a real: o L

world setting, combining the advantages of studying Wild_ture work should focus on characterizing the partitioning and
' oxidation of organics during plume aging and dilution. CCN

fires and laboratory fires. During ICE-L, the smoke plumes 0 . .
of two Wyoming BLM prescribed burns were intercepted measurements at.0.5. % supersatur_atlon with respect to wa-
ter suggested activation of all particleslO0 nm through-

aboard the NCAR/NSF C-130 aircraft. While most awbornelout the smoke plumes, confirming the high CCN activity of

plume studies have focused on large fires (e.g. Capes et al, . . . . X
) . ; these freshly emitted particles. For immersion/condensation
2008; Yokelson et al., 2009), this study examined two rela- : N -
freezing, IN measurements at32°C suggested activation

tively small prescribed burns, characterized primarily by live of ~0.03-0.07 % of particles-500 nm. Mineral dust may

mountain big sagebrush combustion, with particle aging ex- L
. . i . o . be the source of the measured IN concentrations; however,
amined in detail. The chemical composition of the biomass

. . . . . L .~ “future laboratory and ambient measurements are needed to
burning particles was investigated in detail utilizing a unique

. . . ) . ._ ~specifically target and fully characterize the specific smoke
suite of real-time aerosol instrumentation, measuring size- . . . D L
lume particles acting as IN, since wildfires can be a signifi-

resolved single-particle chemmql composition, sme-resolved@ant source of IN (Petters et al., 2009b; Twohy et al., 2010).
non-refractory mass concentrations, and black carbon mass
concentrations. For one plume, the chemical composition

was monitored in real-time for smoke particle aging from

~2min to~2h. This work contributes to understanding the Mier at the Wyoming Bureau of Land Management are thanked
chemical Composmpn and m'x".‘g _state Of blon_1ass_ burnlngfor prescribed burn ground-based data. NSF and NCAR are
aerosols during aging from emission, using high time res- ) . i .

- . cknowledged for financial support of the ICE-L field campaign, as
olution measurements to, ange thg gap be,tween fres,h ana/ell as the work of T. Campos, D. C. Rogers, and A. J. Heymsfield.
aged smoke particles, highlighted in a review by Reid etk A pratt and K. A. Prather acknowledge NSF for support
al. (2005b) as being a major need. of ICE-L (ATM-0650659), A-ATOFMS development (ATM-

0321362), and a graduate research fellowship for K. A. Pratt.
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