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Abstract. Volatile Organic Compound (VOC) emissions chemistry on a global scale (Crutzen et al., 1990). In recent
from fires in tropical forest fuels were quantified us- years it also became clear that global budgets of oxygenated
ing Proton-Transfer-Reaction Mass Spectrometry (PTRMS)VOCs (OVOC) are particularly uncertain (Singh et al., 2004)
Fourier Transform Infrared Spectroscopy (FTIR) and gasand that a substantial amount of these species can be released
chromatography (GC) coupled to PTRMS (GC-PTR-MS). from burning vegetation (Yokelson et al., 2003a). Many of
We investigated VOC emissions from 19 controlled labora-these compounds have important implications for modeling
tory fires at the USFS (United States Forest Service) Fireghe chemistry in the atmosphere. For example light car-
Sciences Laboratory and 16 fires during an intensive airbonyls such as formaldehyde and acetone can influence the
borne field campaign during the peak of the burning season itHOx budget in the upper troposphere (Mckeen et al., 1997).
Brazil in 2004. The VOC emissions were dominated by oxy- Acetone and acetaldehyde can also be converted to acetyl
genated VOCs (OVOC) (OVOC/NMH&4:1, NMHC: non-  peroxy radicals by atmospheric oxidation and lead to forma-
methane hydrocarbons) The specificity of the PTR-MS in-tion of PAN (peroxyacetic nitric anhydride) type compounds,
strument, which measures the mass to charge ratio of VOCwhich act as relatively long-lived reservoirs for nitrogen ox-
ionized by O™ ions, was validated by gas chromatogra- ides (NOx) (Roberts et al., 1998). Long range transport of
phy and by intercomparing in-situ measurements with thoseéhese compounds can subsequently release reactive nitrogen
obtained from an open path FTIR instrument. Emission ra-back to the atmosphere and change ozone production rates in
tios for methyl vinyl ketone, methacrolein, crotonaldehyde, remote regions.

acrylonitrile and pyrrole were measured in the field for the

first time. Our measurements show a higher contribution Measurements of primary VOC emissions from fires are
of OVOCs than previously assumed for modeling purposesnheeded to accurately initialize photochemical models that as-
Comparison of fresh<15 min) and aged1h—-1d) smoke sess the local to global effects of smoke. VOC concentrations
suggests altered emission ratios due to gas phase chemistijeasurements in biomass burning plumes are also needed
for acetone but not for acetaldehyde and methanol. EmissiotP assess our understanding of photochemical oxidation in
ratios for numerous, important, reactive VOCs with respectsmoke plumes (Goode et al., 2000; Hobbs et al., 2003). Mea-
to acetonitrile (a biomass burning tracer) are presented. ~ surements show that a wide suite of oxygenated compounds
can be released from fires (Friedli et al., 2001; Koppmann et
al., 1997; Christian et al., 2003). Many of these compounds
are still poorly quantified due to analytical challenges and
their relative contributions to the total VOC component of
biomass burning emissions are poorly known. Early studies
tof biomass burning carried out in the laboratory (Lobert et
g\l., 1990), or in important fire ecosystems in the field, con-
centrated on measuring fire emissions of LCO, NQ,,
Correspondenceto: T. Karl and hydrocarbons (e.g. savannas — SAFARI 92 (Blake et al.,
(tomkarl@ucar.edu) 1996); tropical forest — SCAR-B (Ferek et al., 1998). Later

1 Introduction

It is widely recognized that emissions of volatile organic
compounds (VOC) from biomass burning can add significan
quantities of reactive species to the atmosphere, altering it
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such as CQ, CO, CH;, NOy, and hydrocarbons. A ground-
based field campaign featured chemical characterization of
typical regional unlofted biomass burning plumes by FTIR
as well as fuel consumption and fire ecology measurements
on a planned research fire. Prior to the field campaign, a labo-
ratory experiment co-deployed and intercompared PTR-MS,
open-path FTIR, and GC-PTR-MS on 32 controlled fires that
burned 19 tropical fuels, which are reported here. The labo-
ratory experiment was carried out to validate PTR-MS results
obtained in smoke, help plan the PTR-MS sampling protocol
for the field campaign, and (due to the higher smoke concen-
trations sampled) quantify emissions that went unmeasured
in the field.

In this paper, we concentrate on a detailed presentation of
the validation of the PTR-MS results in smoke, and quantify
the relative contributions of various species on the PTR-MS
mass spectra. These insights are gleaned from coupling with
the FTIR and GC-PTR-MS results. In addition, we note that
acetonitrile is now recognized as a useful tracer for biomass
burning and that the capability for accurate acetonitrile mea-

) . surements by PTR-MS is becoming widespread (De Gouw
laboratory work showed that 60-80% of the organic emis-¢¢ 5| 2006a; Holzinger et al., 1999). Thus, we also present

sions from fires were typically reactive OVOC (Yokelson et e ratios for numerous, reactive VOC to acetonitrile as mea-
al., 1996; Holzinger et al., 1999) The dominance of OVOC g,req by PTR-MS in both the lab and the field and for both
was then confirmed in field and lab work for most of the freshy and moderately aged smoke. Related papers present
major types of biomass burning: e€.g. savannas, agriculturafire anq fuel specific emission factors on a g/kg basis for the
waste, and peat (Christian et al., 2003; Sinha et al., 2003)j4, fires (Christian et al., 200¥j airborne sampling (Yokel-

biofuel (Bertschi et al., 2003); and boreal forest (Goode ety ot al., 2007), and the ground-based field sampling (Chris-
al., 2000). These OVOC emissions were also shown to playjsn, et al. 2007).

a critical role in smoke chemistry (Mason et al., 2001; Jost et

al., 2003; Trentmann et al., 2005). However, there were no

data on OVOC emissions from tropical deforestation fires de- N ethods

spite this consistently being estimated as one of the 3 largest

global types of burning (Crutzen et al., 1990; Andreae etal..2 1 Missoula burning facility
2001b).

The TROFFEE (Tropcial Fire and Forest Emissions Ex- The combustion facility at fire science laboratory, (de-
periment) campaign was designed to address the lack ofcribed in more detail by Christian et al., 2003) measures
OVOC information for tropical deforestation fires. Brazil 12.5mx12.5mx22m high. A 1.6 m diameter exhaust stack
was a logical choice for this effort since it has the most trop-with a 3.6 m, inverted funnel opening extends fror@ m
ical forest and deforestation fires. In addition, a good knowl-above the floor to the ceiling. The room is pressurized with
edge base on many aspects of Brazilian fires was in placeutside air that has been conditioned for temperature and rel-
(Crutzen et al., 1985, Andreae et al., 1988; Kaufman et al.ative humidity (RH), and is then vented through the stack,
1998; Ferek et al., 1998; Carvalho et al., 2001). The intencompletely entraining the emissions from fires burning be-
sive part of the TROFFEE field campaign was carried outneath the funnel. A sampling platform surrounds the stack at
in 3 Amazonian states of Brazil (Mato Grosso, &aand
Amazonas) from 27 August—8 September 2004. This probed ‘Christian, T. J., Karl, T., Yokelson, R. J., Guenther, A., and
the spatial and temporal peak of global deforestation fireg1@0, W. M.: The Tropical Forest and Fire Emissions Experiment:
for 2004. The airborne portion of the field campaign fea- Com_prehenswe laboratory measurements of the emissions from

o . burning sugar cane, palms, and other tropical fuels, Atmos. Chem.
tured the characterization of 16 nascent lofted biomass burnz

. . . Phys. Discuss., submitted, 2007a.
ing plumes and regional haze by Proton-Transfer-Reaction 2Christian T. J. Yokelson. R. J.. Carvalho. A.. Grifiith. D. W

mass spectrometry (PTR-MS), airborne Fourier Transform-r. Alvarado, E. C., Santos, J.C., Neto, T. G. S., Veras, C. A. G., and
Infrared Radiation spectrometry (AFTIR), whole air sam- 56 w. M.: The Tropical Forest and Fire Emissions Experiment, in
pling into stalnle_ss_ steel canisters, angland partl_cle mea- : Trace gases emitted by smoldering logs and dung on deforestation
surements. This instrument package was particularly welland pasture fires in Brazil, Atmos. Chem. Phys. Discuss., 2007,
suited for measuring OVOC and other major fire emissionssubmitted, 2007b.

an’ 8

Fig. 1. Research Flights and study area during TROFFEE in 2004.
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17 m elevation where all the temperature, pressure, trace gas S p——rs \ p———rs
and particle measurement equipment for this experimentwas 2 e 100 k .
deployed except the instrument for backgrouncb@ACOR L TR L e BT
6262). The fuel bed was a metal tray50x50cm) cov- — — —
ered by an inert heat shield and a layer of sand. The bed 10 AWTSL - S J\“Z‘Z";m )
was continuously weighed by an electronic balance. Dur- 5 g 5 o .
ing these experiments, chamber temperature and RH aver% % %50
aged 20.2+3°C and 40.4%+7.1%. Smoke temperatureand  § | " l[\M (—mert]] 2 o287
RH, at platform level, varied throughout each fire and from & . [\ . W
fire to fire. The maximum smoke temperature observed was  ° 800 1000 1500 0 800 1000 1500
43°C. A total of 19 tropical fires were sampled at the USFS M*WT N —mz73 5o [—miz83
Fire laboratory consisting of a mix of tropical plant species ~ * | 2
(Artocarpusaltilus, Calliandra haematocephala, Theobroma o5 P T e T
time (s) time (s)

cacao, Davidson pruriens, Eucalyptus sp., Ficus, Mango,
Neraudia sp., Psidium cattleianum, Sugar cane, Cecropia
sp., Sparmannia sp., Munroidendron racemosum, Erythrina
humeana, Terminalia catappa and Dambo).

Fig. 2. GC-PTRMS chromatograms for eight mass channalg)(
(MVK: methyl-vinylketone, MAC: methacrolein, CTA: Croton-
aldehyde, MePropanal : Methylpropanal).

2.2 Flight operations
2.3 PTRMS

The TROFFEE airborne campaign consisted of 44.5 flight
hours between 27 August and 8 September 2004 on an EnPTR-MS has been described in detail elsewhere (Lindinger
braer 110B belonging to the Brazilian National Institute for et al., 1998). Briefly, PTR-MS combines chemical ionization
Space Research (Instituto Nacional de Pesquisas Espaciai€l) due to ion-molecule-reactions with the swarm technique
(INPE)). The aircraft was primarily based in Alta Floresta, of the flow-drift-tube type. HO™ is used as the ionizing
Mato Grosso in the southern Amazon9q.917, —56.017), agent and ionization occurs when VOC trace constituents in
and in Manaus, Amazonas. Regional haze due to biomasghe air have a higher proton affinity (PA) than that of®
burning and the nascent emissions from sixteen fires (primarThe flow-drift-tube system guarantees that the reactions take
ily deforestation fires associated with expansion of mechaplace under well defined conditions so that the count rates of
nized agriculture) were sampled in the states of Mato Gross@roduct ions can be quantitatively connected to the absolute
and Paa within about one-hour flight time300 km) of Alta ~ concentrations of the VOCs under investigation for exother-
Floresta. Three agricultural fires were sampled near Manausnic reactions:
Biogenic VOC emissions were also characterized on these +

. . . . . cpVOC™)
flight legs above pristine tropical rain forest and plantations[VOC]=CF. ——
and are described elsewhere (Yokelson et al., 2007). cps(Hz0 ")

Figure 1 shows flight tracks flown onboard the researchwith CF representing the calibration factor, which can also

aircraft. The biomass burning flight operations were typi- be calculated based on the proton transfer rate constants k
cally planned according to local weather and fire forecasts(e.g. Gouw and Warneke, 2007). Proton transfer rate con-
One important aspect of the fire sampling strategy for all firesstants are typically large, corresponding to the collisional
was to measure the smoke composition as close as possible lioniting values €102 cm?/s) (Lindinger et al., 2001). The
the source. In the past measurements in the immediate vicinvalue for E/N (E being the electric field strength and
ity of a fire were rarely conducted (Andreae et al., 2001a) andhe buffer gas density) in the drift tube is kept high enough
plumes were often sampled at certain distances downwind of~120 Townsend) to avoid strong clustering of®t ions
a fire, where VOC patterns have already changed due to agwith water. The drift tube temperature was temperature con-
ing and photochemical processing (Trentmann et al., 2005)trolled at 40C. The sensitivity of the PTR-MS instrument
Plume penetrations were typically flown between 100 andduring the TROFFEE field study was typically on the order
2000 m above the fire. Nearly all the fires we found in Mato of ~70 Hz/ppbv (counts per second per ppbv) for acetone and
Grosso and southern Para were related to the expansion of es0 Hz/ppbv for methanol at 2.0 mbar buffer gas pressure with
isting, large farms or ranches located on the edge of forested reaction time of 110s and 4 MHz HO™ ions. The detec-
(or partially forested) areas that were adjacent to large tractsion limit (D L) for compounds investigated in this work was
of cleared, often cultivated land. More detailed information inferred from a signal to noise rati& (N) of 2 according to
on specific fires can be found in Yokelson et al. (2007). TheD L=2 x S Dpjani/sensitivity, withS Dpjank being the standard
investigation of aging of individual plumes proved to be chal- deviation of background count rates. For a 5s (2s) integra-
lenging due to concentrated regional haze on all days and diion time this resulted in theoretical detection limits around
the mixing of plumes from different fires. ~20 pptv ~58 pptv). Here we assign a default reaction rate

1)
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2.4 GC-PTRMS

As the PTR-MS method gives only information oviz data

for VOCs, it is not always possible to unambiguously iden-
tify released VOCs. For the laboratory experiments, we cou-
pled a GC column to the PTR-MS instrument. Similar setups
have been used in the past (Lindinger et al., 2001; Warneke
et al., 2003a). The effluent gas stream from the smoke stack
was trapped on Tenax for 10 min-afl0°C and subsequently
desorbed by heating the trap up to 200the compounds of
interest were injected onto the head of a 50 m HP-624 col-
umn, and analyzed on a Shimadzu GC instrument (Green-
berg et al., 1994), using a PTR-MS instrument as detector.
The instrument was operated in multiple ion mode. The GC
temperature was held af© for 2min after injection and
Fig. 3. Ammonia intercomparison plots for 3 laboratory fires: Fire sut?sequently ramped up to 2@at 10C ”."'” .1' Identifi- .

1 (Tropical composite, circles), fire 2 (Cacao, triangles) and fire 39at'0n of volatiles was based on a Clombmat'.on of retention
(Terminalia catappa, square symbols) yielded slopes otig®  times and selected VOC fragmentation data in the PTR-MS
(R-square: 0.9880), 0.3M.06 (R-square: 0.64) and 0:80.05 (R-  instrument operated in multiple ion detection (MID) mode.
square: 0.9197), respectively. Thin dotted lines indicate the 95%Retention times were obtained individually by injecting pure
confidence interval for each regression. Solid black (fire 1), dashedtandards of all compounds reported in this manuscript.
black (fire2) and dashed dotted black (fire 3) lines represent the fit

lines. For comparison the 1:1 line (gray dashed line) is also plotted2 5 FTIR

m/z 18 PTRMS [ppbv]

NH, FTIR [ppby]

The open path Fourier transform infrared spectrometer (OP-

constant of 2.210° cm?/s when the concentration mea- FTIR) was positioned on the sampling platform so that the
surement is based on (1) with an estimated uncertainty on thepen white cell spanned the stack directly in the rising emis-
order of+30%. In addition we used a gravimetrically pre- sions stream for continuous (0.83 s resolution) scanning. The
pared multi component standards to calibrate the PTR-MSOPFTIR system (Yokelson et al., 1997) includes a MIDAC
instrument for methanol, acetonitrile, acetone, acetaldehydenodel 2500 spectrometer; a 1.6 m base path, open White
benzene, toluene, xylenes, 1,3,5 trimethylbenzene, hexanatell; and an MCT (mercury-cadmium-telluride), kdboled
2-pentanone, isoprene and MVK with an estimated uncerdetector. The path length was set to 57.7 m and spectral res-
tainty of +20%. Acetic acid was measured using a gravimet-olution was 0.5cm’. Before each fire, we scanned for 2—
rically prepared liquid standard. Fragmentation patterns for3 min to obtain a background spectrum. For long-duration
all VOCs investigated in this study were measured using purdires with slowly changing temperature and emissions, we
(>98%) standards purchased from Sigma-Aldrich. Due toincreased the signal to noise ratig/(V) by averaging up to
the low proton affinity of formaldehyde (PA=170.4 kcal/mol) 40 absorbance spectra§0s resolution). For shorter fires
and HCN the backward reaction vig@ can become sig- With larger or more rapid temperature fluctuations, averaging
nificant and thus lower the sensitivity for these compoundswas limited to 7 spectra6 s resolution).

as indicated by Hansel et al. (1997). We inferred empirical The inlet of the AFTIR (airborne FTIR) had a dedicated,
calibration factors for these compounds as a function of hu-halocarbon-wax, coated forward facing inlet that directed
midity by intercomparing with a Fourier transform infrared ram air through a Pyrex, multipass cell. The flow through
radiation spectrometer (FTIR). The PTRMS inlet for aircraft the system was high enough to exchange the air in the AF-
operations consisted of a 5m PFA-Teflon line (0.d. 1/4inch,TIR cell every 2—4 s. Fast-acting flow control valves allowed
backward facing inlet at the aircraft fuselage) pumped bythe system flow to be temporarily stopped for signal averag-
a diaphragm pump (Pfeiffer, MD4). At its end a pressureing and improved accuracy on “grab samples.”

controlled Teflon line (0.d. 0.0625inch, length 0.2m) led We used classical least squares spectral analysis (Grif-
~100 sccm of this air stream to a second bypass where a criffith, 1996) to retrieve excess mixing ratios for water
ical orifice at the drift tube maintained a flow efl5sccm  (H20), methane (Cl), carbon monoxide, (CO), methanol
into the PTRMS instrument. The pressure in the 5m PFA-(CH3OH), ethylene (GH4), phenol (GHs5OH), acetone
line was reduced to 500 mbar in order to avoid condensation(CH3zC(O)CHs), hydroxyacetone (CHOH)C(O)CH), iso-
minimize memory effects and assure a fast response timeprene (GHg), hydrogen cyanide (HCN), furan §€40),

The overall response time caused a delay time of less thanitric oxide (NO), nitrogen dioxide (N& and formalde-
2's, measured by spiking an acetone and isoprene concentrbyde (HCHO). We used spectral subtraction (Yokelson
tion pulse at the inlet. et al.,, 1996) to retrieve excess mixing ratios for water

Atmos. Chem. Phys., 7, 5883-5897, 2007 www.atmos-chem-phys.net/7/5883/2007/
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|-:ig. 4, HCN intercomparispn plot_(laborator_y da‘Fa)._ Black solid Fig. 5. HCHO ratios between PTRMS (PTR) and FTIR (FTIR)

line depicts the best fitted line. Thin dotted lines indicate the 95%p|otted versus ambient water concentration (field data). The solid

confider_me interval and the dashed line represents the 1:1 I?ne fo{]ray line is a fitted line according to (Hansel et al., 1997), yield-

comparison. The Iowgr response of the PTRMS instrument is duqng a backward reaction rate constant @f:xlo_lo cmdls. The

to the backward reaction HCNH-H,0->HCN+HzO™ solid black line is a linear line fitted through the data points
[f(x)=2.55(+0.63)*x-23.54(-8.7); R2:0.73]. Thin dotted lines cor-
respond to the b-levels of this fit (25%). The dashed rectangle

(H20), ammonia (NH), formic acid (HCOOH), acetic acid ndicates conditions during laboratory measurements.

(CH3COOH), glycolaldehyde (CHOH)CHO), acetylene

(CoHy), propylene (GHg), and methyl vinyl ether (MVE,

CH30OCHCH,). These molecules account for all the signifi- 3 Resultsand discussion

cant, sharp (i.e. FWHM<~5 cm 1) features observed from

600-3400cm? in the IR spectra. The detection limit for 3.1 Laboratory fires: identification and intercomparison of

most gases was 5-20 ppbv for a 30 s measurement time and  VOCs measured by PTR-MS and FTIR

~10-50 ppbv at the highest time resolution used (6s). The

typical uncertainty in an FTIR mixing ratio i£5% (lo) This section reports an improved evaluation and intercom-

due to calibration or the detection limit42, whichever is  parison of the PTR-MS instrument using a two—pronged ap-

greater. proach. Following work published by Christian et al. (2004)
N we report PTRMS/FTIR ratios for all species where an in-
2.6 Auxiliary measurements tercomparison between these two instruments is possible.

) . o Whenever possible a comparison between the PTR-MS and
For laboratory experiments GCand CO in the emiSSions 1 instrument will be presented as a ratio (PTR-MS/FTIR)
stream were monitored continuously using a LICOR 6262j¢arred from the slope of an x-y weighted (orthogonal) re-
and a TECO 48C in addition tp the OP-FTIR. (A second gression. In addition we used a GC-PTR-MS setup to as-
LICOR 6262 was used to monitor background CIevels o5 the specificity of individual PTR-MS mass channels (Ta-
in the combustion chamber.) These instruments were calip o 1). Figure 2 shows typical chromatograms obtained by
brated with NIST traceable standards. In addition, stack aircoupling the PTR-MS to a GC column. In this paper, we
was drawn through a cyclone to remove particles larger than,, mq te two separate averages, (1) for all the data obtained
2_'5/”“ effecnye diameter, then onto Teflon filters. We con- from the laboratory tropical-fuel fires and (2) for all the fires
tinuously monitored fuel mass and stack temperature, presyaaqred in the field. We report an average emission ratio
sure, and flow with 2 s _resolutlon. The data from these iNStrusq acetonitrile for each VOC for both experiments (Table 2).
ments was coupled with PTR-MS and GC-PTR-MS data t0gpecies listed in Tables 1, 2 and 3 accounted fae4® of
calculate fire-integrated emission factors that are presenteg,]e total response observed on all PTR-MS mass channels
in Christian et al. (20074. (Mz 18+ to m/z 205",

3.1.1 VOCs containing nitrogen:

Ammonia (m/z 18"): The detection limit of the PTR-MS for
ammonia for a 1 s integration time was on the order of 5 ppbv
during this study. The ability to detect ammonia with the
PTR-MS instrument has improved considerably compared to

www.atmos-chem-phys.net/7/5883/2007/ Atmos. Chem. Phys., 7, 5883-5897, 2007
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an earlier study (Christian et al., 2004) by using a heated silwhich yielded a PTRMS/FTIR ratio of 0.39.01. While

ica steel capillary (60C) as a sample inlet. We tested the the PTRMS instrument was able to detect HCN on this mass
response time by spiking ammonia to the air flowing throughchannel in the field, it was not possible to measure HCN with
the sampling stack. At high concentrationslQ0 ppbv) the  the FTIR instrument in the field. We assume that a rela-
rise time of ammonia in the PTRMS instrument was 5-10 stionship similar to formaldehyde would be true for field data
slower than in the open-path FTIR instrument. The initial and correct this PTRMS mass channel based on our HCHO
decay time omvz 18" was 13 seconds compared to 6 s de- PTRMS/FTIR comparison in the field (see next section on
cay time in the smoke stack observed by the open path FTIRxygenated VOCSs).

instrument. The remaining 14% of the initial concentra-  Acetonitrile (m/z 42): This compound was only mea-
tion spike contaminated the PTR-MS instrument for severalsured by PTR-MS. GC-PTR-MS measurements (Fig. 2) do
hours. Yokelson et al. (2003b) compared the ammonia denot show any significant interference, suggesting that charge
lay time in a fast flow, closed-cell FTIR system to that of transfer reaction betweenj(hnd alkanes is not important in
nonsticky gases and saw similar delayd0-40s). Figure 3 smoke under standard PTR-MS operating conditions. Ace-
shows an intercomparison plot between the open path FTIRonitrile is thought to be primarily emitted from burning veg-
and PTR-MS instrument for 3 fires with sufficiently high sig- etation. Here we use it to report VOC emission ratios to ace-
nal/noise ratio. The PTR-MS response time for ammoniatonitrile from fires. There are several advantages of using
in these experiments was longer (30-60s) compared to thacetonitrile as a biomass burning marker. Itis very long lived
standard addition experiment described above. This is probft=~900d), has no significant sources other than burning
ably because passivation of surfaces can take more time atkgetation, and is not produced from gas phase chemistry in
lower concentrations. An x-y weighted regression yieldedthe atmosphere, which for example can alter excess mixing
slopes of 0.620.04 (fire 1,Tropical composite, circles, R-  ratios of CO (Mauzerall et al., 1998). VOC/acetonitrile ra-
square: 0.988), 0.300.06 (fire 2,Cacao, triangle synbols, tios are useful for intercomparing different chemical datasets
R-square: 0.64) and 0.30.05 (fire 3,Terminalia catappa, and detecting the influence of fires on experiments focused
square symbols, R-square: 0.9197), respectively. On averagen other phenomena. The FTIR instrument was not able to
the PTR-MS trace was 55% lower than the open path FTIRdetect acetonitrile because the reasonably strong features in
signal for ammonia, but this ratio is probably specific for the the IR-spectrum are overlapped by water lines in smoke.
concentrations and flow rates that we encountered. We as- Propenenitrile (m/z 54) and Propanenitrile (m/z 56™):
sume the losses occur in the inlet plumbing (air was pulledBoth compounds have been reported in earlier laboratory
through a~2m long 3/8 Teflon line). In fires with high  studies (Christian et al., 2004; Lobert et al., 1990) and were
ammonia emissions (fire 1) the losses appear to be smaller eonfirmed using the GC-PTRMS setup during this work.
again consistent with faster passivation at higher concentra- Pyrrole (m/z68"): No significant interferences for pyrrole
tions. Our measurements suggest that further improvement&4HsN) have been observed in the present study.

of the inlet manifold (e.g. higher flow rates, higher tempera-

tures or halocarbon wax coating) could enable the PTR-MS3.1.2 VOCs containing oxygen:

instrument to measure ammonia from fires in the future much

better. Recently, significant improvement of ammonia mea-Formaldehyde (m'z31%): The detection limit of the PTR-MS
surements using the PTR-MS instrument has been achievel@r formaldehyde was on the order of 2—-4 ppbv during this
by using q chemistry (Norman et al., 2007). The downside Study. Thg sensitivity. for measuring fgr_maldehyde with the
of using G chemistry is that the analysis of VOCs based on PTR-MS is compromised by the humidity dependent back-
HzO* chemistry is not possible anymore. For specific ap-Ward reaction k (Hansel etal., 1997).

plications however g) chemistry could be a significant ad-

kf
vancement for measuring ammonia in the future. H30" +HCHO — H,O+HCHOH" )
HCN (m/z 28"): We did not observe significant interfer- H,O+HCHOH™ LA H30"+HCHO 3)

ences on this PTR-MS mass channel. As described below

for formaldehyde, the backward reaction of the protonatedComparison with results obtained by the FTIR instrument
species HCNF can be significant due to a very low pro- shows that the humidity dependent correction is linear over
ton affinity (PA=170.4 kcal/mol), resulting in a lower and hu- the range investigated during this work. During laboratory
midity dependent sensitivity. Christian et al. (2004) applied experiments the correction factor calculated for formalde-
a rate constant and rough method for correcting formaldehyde (5.2) was similar to HCN. During field experiments the
hyde mixing ratios suggested by Hansel et al. (1997) andsensitivity was lower than during laboratory experiments due
found that the correction factor can be on the order of four.to higher absolute water content in the atmosphere. The hu-
They applied the same factor to HCN, which has the sameanidity dependent calibration curve for the field data is shown
proton affinity as formaldehyde. A factor of four for HCN in Fig. 5, where the FTIR/PTRMS ratios are plotted as a
is close for the present laboratory experiment (see Fig. 4)function of water content in the atmosphere. A theoretical
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line (according to Eq. 2) is fitted using a non-linear least 5,
squares fit (gray solid line). This fit results in a backward
reaction constant of J£3x10~1%cmd/s (the forward reac- 250|
tion rate constant kwas constrained to210~° cm?/s). The
correction factor in Fig. 5 is plotted as a function of the am-
bient water content. The actual drift tube water content is
higher due the internal water flow through the hollow cath-
ode, which can add up to10%/gq, water to the drift tube.
Also shown is a linear x/y weighted fit to the dataset (black
line; f(x)=2.55@0.63)*x —23.54&8.7); R2:0.73). Similar %
relationships might be used in the future to calibrate the PTR-  sof
MS instrument by using the 1st water clusteg(®tH,0) as
a relative measure for humidity. & 0 =
Methanol (mVz 33%): The agreement for methanol be- phenol FTIR [ppby]
tween PTR-MS and FTIR instruments was excellent during
this study. The average ratio between both instruments foFig- 6. Ehenol intercqmparison plot (Iaboratory data). Black solid
all laboratory fires was 1:0.2. Not too surprisingly, the I!ne depicts the_best fitted line anc_;l the (_Jlashed line represents the 1:1
GC-PTR-MS measurements did not show any significant in_Ilne for comparison. The regression: yielded a slope of £@25.
terference. Christian et al. (2004) observed similarly good
agreement in an earlier study of smoke. We use methanol as ] ] o ) ]
a key compound to relate VOC ratios measured by PTR-MgVas measuring close to its detection limAcetic Acid and
to those measured by FTIR for the datasets obtained durin§'ycolaldenyde (m'z 617): It was not possible to discrim-
the airborne TROFFEE study (Yokelson et al., 2007). inate these fstruct_ural isomers using the GC-PTR-MS inter-
Acetaldehyde (mVz 45): GC-PTRMS measurements sug- face due to insufficient trapping, losses and memory effects

gest that this compound was uniquely monitored by thell the GC—mIet. Howevgr the FTIR instrument had excel-
PTRMS instrument contrasting earlier studies (Warneke etent S/N ratios for most fires and the average PTRMS/FTIR
al., 2003b) that observed interferences from80. Differ-  atio for acetic acid+glycolaldehyde was 1433, confirm-
ent operating conditions between the drift tube and detectiod"d earlier results for this PTRMS mass channel (Christian et
chamber of the PTR-MS instrument, in earlier studies might&l-» 2004). The acetic acid (AA)/methanol (MeOH) ratio was
have created this artifact. For reasons similar to those mendS€d to compare PTRMS and FTIR instruments in the field.
tioned for acetonitrile, the FTIR instrument was not able to T1is resulted in a (AA/MeOHrrmsg/ (AA/MeOH)eTiR ratio
detect acetaldehyde in the IR spectra. of 0.73£0.4. The average ratio by FTIR between acetic acid

Formic Acid (m'z 47%): The PTRMS/FTIR ratio is and glycolaldehyde for tropical fuels was 4458.20 (82%
0.8£0.4. This is higher than values observed by Christian@Celic acid and 18% glycolaldehyde). Typical fragmentation
et al. (2004). We attribute this improvement to a better inletfor acetic acid observed during the present study wés

design of the PTRMS instrument resulting in smaller lossesS1': 75% andwz43": 25%. The calibration of acetic acid

compared to what was used in earlier studies. Interferencé/as based on a gravimetrically prepared liquid standard. We

from ethanol was minor due to the high fragmentation (up todid not measure the fragmentation of glycolaldeyde and base

90%) of ethanol and low emissions. the compound _branchlng ratio on t_hls PTRMS mass channel
Acrolein (m/z 57): On average 84% of the signal mon- on results obtained from the FTIR instrument.

itored on this PTR-MS mass channel was observed by Isoprene and furan (m/z 69%): This PTR-MS mass chan-

GC-PTR-MS to be acrolein with minor contributions from nel was split on average among isoprene (48%), furan (42%)

alkenes (15%) and MTBE (1%). Acrolein has a relatively and minor contribution from other alkenes (10%) as in-
small IR absorption cross-section and was below the FTIRferred from the GC-PTRMS measurements. The PTRMS

detection limit in these experiments. (m/z697)/FTIR (isoprene+furan) ratio also confirms the
Acetone and Propanal (mVz 591): GC-PTR-MS suggests PTR-MS result since it has an average value of :08.
that acetone (83%) and propanal (13%) account for mordsoprene can fragment in the PTRMS instrument and yield
than 90% detected on this mass channel. A minor frag/z41". During our study then/z 69" to m/z41* ratio was
ment (4%) originating from 2,3-butanedione contributed to 80% to 20%. No fragmentation of furan was observed.
m/z 59%. Christian et al. (2004) reported a minor contri- Methyl Vinyl Ketone, Methacrolein and Crotonaldehyde
bution from methyl-vinyl-ether (MVE). The GC-PTR-MS (m/z71%"): These compounds have not been reported in pre-
measurements however do not show a significant interfervious studies (Andreae et al., 2001b; Christian et al., 2004).
ence from MVE in this work. The PTRMS/FTIR ratio was Our results show that on average all of these structural iso-
close to 1.31.0. The scatter and uncertainty of this inter- mers contribute ton/z 71 as listed in Table 1. Minor inter-
comparison is largely due to the fact that the FTIR instrumentferences (4%) originate from higher alkenes. No comparison

200

150+

m/z 95 PTRMS [ppbv]

100+

I
200 250 300
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with the FTIR instrument was possible. We did not observe
significant fragmentation of these compounds.

Methyl ethyl ketone (MEK) and methyl propanal (nmvz
73%): The major contribution on this PTR-MS mass chan- .|
nel (on average) originated from MEK (74%) and methyl-
propanal (23%) as determined with the GC interface. These |
compounds were below the detection limit of the FTIR in- &0 &
strument.

Hydroxyacetone (mz 75%): The PTRMS/FTIR ratio for
this compound is 0.740.29 similar to observations by o ¢
Christian et al. (2004), who suggested that including data
with low S/N ratios from the FTIR instrument might cause }
much of this discrepancy. The fragmentation of hydroxyace- "a75 30 ime s 3 300
tone in the PTRMS instrument was small during this study:

more than 80% remained on the parent iovz(75). We de- i 7. concentrations during a biomass burning plume penetra-

tected traces of methyl acetate on this ptgms mass channéfon on 29 August 2004. Plotted are methanol (MeOH), acetonitrile
Based on a reaction rate constant ofs218° cm3/s and no (CH3CN), acetaldehyde (C#CHO), acetone and acetic acid.

fragmentation (Spanel and Smith, 1998), the contribution of
methylacetate would be3%.

Methyl furans and Hexanal (m/z 83%): According to GC-
PTR-MS, the two isomers 3- and 2- methyl furan contributed
more than 95% to this mass channel. Hexanal dehydrates ary
has a major fragment80%) on this mass channel, however
the contribution of hexanal (2%) was minor. We did not ob-

107 F

—8—MeOH —# - CH,CN —-CH_CHO —6— Acetone —6— Acetic Acid

Phenol could not be accurately recovered using the GC-PTR-
S coupling and contributed only 25% to the total signal of
e GC-PTR-MS measurements. Two more peaks eluted in
the GC-PTRMS chromatogram, one of which likely corre-
o ) sponded to vinylfuran, which is commonly observed in fires
serve significant fragmentation of methyl furans. (Friedli et al., 2001) and the other remains unidentified at this

2,3-Butanedione (m/z 877): The_ GC PTR MSO data point. Based on the intercomparison with FTIR, the overall
showed 2,3 buta_nedlone_ as _the major species (80%) on th'ﬁias due to interferences on this mass channel is small, part
mass channel, with contributions from 2-pentanone (9%) anq)f which is likely vinyl furan

3-pentanone (4%). 7% of the signal could not be identified. .

34% of 2,3-butanedione showed a fragmentwn59" (see Xylenes and Ethylbenzene (m/z 1077): Xylenes (m,p,0)

also Fig. 2). account for 78% and ethylbenzene for the remaining 22%
Substituted Furans and Furfurals (m/z97+): GC-PTRMS " this PTR-MS mass channel. In this study we did not see

measurements showed various peaks eluting in the dimeth ignificant amounts of penzaldehyde, Wh'ch would also be
— and ethyl furan region accounting for 79% of the chro- etected om/z 107+. This contrasts observations by Green-

matogram peak area. The remaining 21% were divided beperg et al. (2006) who detected large amounts of benzalde-

tween 3-furaldehyde (20%) and 2 furaldehyde (1%). Friedlihyge i”bpyro'ySiS _eXpel”me”tS at "(’j"" Lempelratwﬁeﬁ@g). -
et al. (2001) have observed 2,4 and 2,5 methyl furan as wellt has been pre\émusdy sm;]ggr:aste that xy eneso?g ethyl-
as 2-ethyl furans, which are likely candidates for the PTR- enzene are produced at high temperatures {&590°C) —

MS signal on this mass channel. Further measurements wiff-9- (quwne, 1958). While some losses of benzaldehyde in
our GC interface can not be entirely excluded, our measure-

ggllnecessary to fully characterize this PTR-MS mass Chanments indicate that the production of benzaldehyde in smol-
dering vegetation seems small compared to the production of

3.1.3 Aromatics: xylenes and ethyl benzene. Future measurements using dif-
ferent fuels and burning conditions will be necessary to bet-

Benzene (m/z 79%): Benzene contributed 90% to this PTR- ter understand the influence of benzaldehyde on this PTRMS
MS mass channel. Smaller amounts from the ethyl benzen&ass channel.

fragment (10%) were due to slightly higher collisional ener-  Cg benzenes (Wz 121%): The GC-PTRMS data show that
gies in the drift tube region used during this work than during peaks on this mass channel eluted in the region pbéh-

other studies (Warneke et al., 2001). zenes (e.g. trimethylbenezenes); we therefore attribute the
Toluene (MVz93™): Toluene contributed 100% to this PTR- signal on this PTR-MS mass channel tg i2nzenes. Pos-
MS mass channel within experimental uncertainty. sible fragmentation of higher molecular aromatics has been

Phenol (mVz95%): The PTR-MS/FTIR intercomparison is observed by Warneke et al. (2003a), who report that propyl-
shown in Fig. 6. The slope corresponds to a PTR-MS/FTIRbenzenes can give a fragmentrofz 79" (e.g. 56%) Here we
ratio of 1.02. This comparison suggests that phenol is thause a generic calibration that is based on 1,3,5 trimethylben-
major compound detected on this PTR-MS mass channelzene. No significant peaks oz 79" during GC-PTR-MS
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Table 1. PTR-MS compound assignment based on GC-PTR-MS measuremanisid PTR-MS/FTIR intercomparisontt). (m'z
mass/charge ratio detected by PTRMS).

m'z Compounds
18 NH3 (100%)*+H)
28  HCN (100%)4*+1)
31  Formaldehyde (100%h1)
33 Methanol (100%) 1)
42 Acetonitrile (100%™
45  Acetaldehyde (100%}’
47  Formic Acid+™
56  Propanenitrile (100%}’
54  Acrylonitrile (100%}$1)
57  Acrolein (84%$") Alkenes (15%%) MTBE (1%)H)
59  Acetone (83%)" Propanal (13%)" 2,3 Butanedioné™ (4%)
61  Acetic Acid (82%Y*+T) Glycolaldehyde (18%) )
68  Pyrrole (100%)"
69  Isoprene (48%Y) Furan (429%%") Other Alkenes (10%))
71 MVK (48%)) Crotonaldehyde (29%))  MAC (19%)) Alkenes (4%41)
73 MEK (74%)1 Methyl Propanal (26%)")
75  Methylacetate’ Hydroxyacetongh+)
79  Benzene (90%}) Ethylbenzene (10%}
83  3-Methylfuran (84%)") 2-Methylfuran (129" Hexanal (29§ residual (296)")
87 2,3 Butanedione (80%) 2-Pentanone (9%’ 3-Pentanone (4%} Residual (794"
93  Toluene (100%)"
95  Phenol (85%) 1) Furans (15%)H):(+1)
97  Furans (79%)") Furaldehydes (21%})
107  Xylenes (78%)" Ethylbenzene (229}

121  Trimethylbenzenes (100%%)

runs suggested little contribution of propyl-benzenes, how-
ever further study is needed to characterize the abundance c —=— integrated ratio f
different isomers on this ptrms masschannel.

—® = instantaneous ratio !y
20+

25

3.2 Airborne measurements

The airborne FTIR (AFTIR) instrument sealed off and mea-
sured the contents of a cell with a 1/e exchange time of 2—
3 s after flying thru the fire plume for 5-100s (Yokelson et
al., 2007). The PTR-MS instrument monitored individual
masses sequentially with dwell times between 0.1 and 0.5¢
while flying thru the plume. While the AFTIR sample is es- ‘ ‘
sentially a “grab sample” reflecting a line thru part of the $7s 380 ime 14 388 390
plume, the PTR-MS sample is a series of point measurements

that can be integrated over the whole plume. Fire plumessig 8 Integrated and instantaneous ratio of methanol (MeOH)
are normally internally well-mixed just 18 meters above the and acetonitrile (CHCN) concentration enhancements obtained
flames (Christian et al., 2004) and we assume that they ar&om the biomass burning plume shown in Fig. 7. Best fits
internally well-mixed at the altitudes relevant to airborne for methanol/acetonitrile ratios are 148.0 (instantaneous) and
plume sampling £200-2000 m above ground): VOC ratios 10+0.5 (integrated).

from the two instruments should therefore be directly com-

parable, which is further supported by the synthesis of the

results from the different instruments (Yokelson et al., 2007).

MeOH/CH,CN

5L
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Figure 7 shows a typical example of a biomass burn-lab and field fires were significantly different. The labora-
ing plume penetration for selected VOCs obtained by thetory fires burned mostly foliage while the field fires burned
PTRMS instrument above a fire in Mato Grosso sampleda mixture of foliage and woody material. Plants are know to
~1500 m above ground on 29 August 2005. Each timestamgoncentrate their nitrogen in the leaves (Ward et al., 1996).
on the x-axis indicates the beginning of a measurement cyTrunks and wood typically contain less than half as much
cle. In order to capture a plume, sampling rates greater thanitrogen. Our emissions measurements suggest that the lab-
1Hz are desirable. The PTR-MS instrument was typically setoratory fuels had higher nitrogen content than in the field
up at these sampling rates, however in most cases more thaince NH and NG, emissions were about twice as high
one species was measured (e.g. up to 15), resulting in varin the lab (Yokelson et al., 2007; Christian et al., 2097a
able, sometimes longer duty cycles (e.g.2-18s). In order tdSecondly, the lab fires burned with relatively more flam-
obtain accurate emission ratios between different VOCs meaing combustion as is shown by the study-average modified
sured at different times, we correlated the integrated concencombustion efficiencies (MCEs) (0.2D.02 for the field and
trations along a flight path through the smoke plume. Fig-0.95+0.03 for the lab). Despite these differences in the
ure 7 also allows to asses damping effects due to samplinfjres, however, on average, we get remarkable agreement
losses of various VOCs in the inlet line. The rise time of in- between the laboratory and field VOC/acetonitrile emission
dividual VOCs in the plume shown in Fig. 7 is very similar. ratio (ratio laboratory/field is 0.990.31. In addition, the
Methanol mixing ratios exhibited a decline in this particular HCN/acetonitrile ratio, as measured by PTR-MS, did not
plume, which were at 10% of their peak value within 3—4 s. differ significantly between the laboratory and field datasets
In comparison the acetic acid concentration reached 10% ofratio laboratory/field=0.9). This is consistent with the ob-
its peak value within~7s. Overall this observation is con- servation of Yokelson et al. (2003a) that the HCN emission
firmed by laboratory tests, showing that sampling losses inwvas not strongly dependent on MCE for African savanna
the PTR-MS inlet design are not major. fires. Taken together, these observations suggest that the

Figure 8 shows excess methanol concentrations ratioed temission factors of HCN and acetonitrile might be less sen-
excess acetonitrile concentrations for the same fire on 2$itive to the nitrogen content of the burned vegetation than
August. The dash-dotted line depicts the ratios of directlycan be the case for the inorganic nitrogen species, such as
measured concentrations and the solid line reflects the ratidlHz and NQ.. Some speciesn{z 33" and 83) listed in
between integrated concentrations along the flight path. InTable 2 show larger differences {.5). This might partly re-
the limit the correlation of the in-situ data and the plume- flect different fuel chemistry or combustion efficiencies. Ta-
integrated data should yield the same ratio. Due to a finiteble 3 shows the average emission ratio of individual species
duty cycle of the PTR-MS we find that the integrated emis- with respect to acetonitrile monitored on each PTRMS mass
sion ratios are more robust. For this particular case we obtaichannel and partitioned according to the GC-PTR-MS and
an emission ratio of 11:95.0 for the direct (instantaneous) FTIR measurements. We used the average between emis-
concentration correlation and 0.5 for the integrated con- sion ratios obtained in the field and laboratory as well as
centration correlation between methanol and acetonitrile. Aghe field emission ratios alone for a comparison with a re-
can be seen in Fig. 8, the integrated concentration ratios desent literature review by Andreae et al. (2001b). The overall
crease the uncertainty due to variable timeshifts caused bgveraged emission ratio for compounds investigated in this
sequentially measured VOCs, measurement noise and thgtudy (not including phenol) is 2.0 times higher than emis-
concentration variation in a smoke plume. The path inte-sion ratios for biomass burning from tropical forests recom-
grated correlation also reduces the bias due to the effect afended by Andreae et al. (2001b). Oxygenated compounds
slower rise times in the sampling line which can occur for account for most of the higher average emission ratios com-
more sticky compounds such as acetic acid. pared to Andreae et al. (2001b); in particular the emissions

The FTIR and PTRMS datasets were combined usingof some individual compounds are significantly higher for
methanol as an internal standard since methanol is abundatiopical fires than values reported by Andreae et al. (2001b).
and measured with high accuracy by both instruments. BeOur measurements suggest that emission ratios for isoprene,
cause of this, we were able to calculate emission factors byacrolein, hydroxyacetone plus methylacetate, methylfurans,
the carbon mass balance method that are presented by Yokegthylfurans+furfural, xylenes plus ethylbenzene and phenol

son et al. (2007). are higher than previously reported. In particular phenol
seems to be significantly higher than values reported by An-
3.3 Comparison of field and laboratory data dreae et al. (2001b). The large difference for phenol could

indicate analytical challenges (e.g. sampling losses, losses
Table 2 compares VOCs emitted by burning tropical vege-in cans etc.) for conventional GC-analysis used in previous
tation as measured by the PTR-MS instrument under labostudies. In summary, formaldehyde, acetic acid, methanol
ratory and field conditions. The values are expressed as and acetaldehyde are among the most abundant oxygenated
ratio to acetonitrile, which serves as a unique biomass burnspecies emitted from tropical fires.
ing marker. At the outset, it should be mentioned that the We found that average acetonitrile/CO ratios during this
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Table 2. PTRMS mass to chargen(z) signals for all tropical laboratory fires and field data reported as a ratio (e.g. ppbv/ppbv) with respect
to acetonitrile (Vz 42). Also listed are calibration factors (based on Eq. 1) used in this study and the method describing how these were
determined.

m/'z Average lab  Average field Ratio lab/field Calibration Factor  Calibration based on

28D 1.8+05 2.10.6 0.9 2.8e5t01.4¢8  FTIR (HCHO)
31D 46430 45:3.7 0.8 2.8e5t01.4¢80  FTIR (HCHO)
33 15.6£6.4 9.4+5.8 1.7 72246 Methanol
42 1.0£0.0 1.6:0.0 1.0 55800 Acetonitrile
45 45+1.9 4.2£2.6 1.1 60098 Acetaldehyde
47@  1.0+05 1.9+1.2 0.7 76259 FTIR
54 0.2£0.1 0.4£0.1 0.5 558009 Acetonitrile
57 2.10.7 2.9+2.1 0.7 516069 Acetone
59 2.11.2 1.5:0.8 1.4 516069 Acetone
61 8.4+5.1 10.5:11.0 0.8 60408 Acetic Acid
68 0.3t0.1 0.2£0.15 15 9290%) (ke=2.2x10"9 cmd/s)
69 1.741.3 1.71.4 1.0 99034 Isoprene
71 1.6:1.0 1.5t1.0 1.0 63014 Methylvinylketone
73 1.8£1.7 1.6£1.3 1.1 516060 Acetone
75 2.11.0 2.262.1 0.9 9290%) (ke=2.2x10"9 cm®/s)
79 0.8:0.6 1.2+0.8 0.7 92631 Benzene
83 1.8£1.9 1.2+0.8 1.6 6113%) 929094  Hexanal Furans (k2.2x 109 cmd/s)®
87 2.6:3.1 1.9:1.5 1.4 100708 2-Pentanone
93 0.5:0.5 0.7£0.5 0.7 84006 Toluene
95 1.4:1.6 1.6:1.4 0.9 9290%) (ko=2.5x1079 cmd/s)®
97 3.2+25 2.4:1.8 1.3 92908 (ke=2.2x10"9 cmd/s)
107 0.3:0.2 0.5£0.3 0.7 78468 p+0,Xylene
average 0.9920.31

@) corrected using FTIR HCHO calibration: see text.

@ corrected using FTIR calibration: see text.

3 calibration factor based on measured standard using the compound listed in column 6.
4 based on a default reaction rate constap} énd scaled to a measured calibration factor
(e.g. acetone: (k=3.9x 1079 cm3/s)) after correcting for possible fragmentation.

® same a$? but using a rate constant adopted from Zhao and Zhang, 2004.

study were higher for laboratory experiments (lab: &66  emissions were more variable than VOC emissions for the
2%) than previously published values — (e.g. (Andreae etparticular fires investigated in this study.

al., 2001b): 0.25%, (Christian et al., 2003): A209%,

(Holzinger et al., 1999): 0.130.07%, (Holzinger et al., 3.4 Emission ratios as a function of plume age

2005), 0.2 %, (Karl et al., 2003): 0.39.05%). Our field

measurements (0. 2%.08%) on the other hand are lower pegpite the inherent variability of the initial VOC/CO emis-
than ratios obtained in laboratory fires. Despite the differ-gjon ratios from fires, there is ample evidence that photo-
ence of acetonitrile/CO ratios between laboratory and fieldchemistry alters many VOC/CO ratios downwind (Goode et
observations the VOC emission ratios with respect to acey|. 2000; Hobbs et al., 2003; Jost et al., 2003). For example,
tonitrile (Tables 2 and 3) vary much less. In comparison jost et al. (2003) report a 2 fold increase of acetone/CO ratios
the methanol/CO ratios obtained from the PTRMS instru-in a biomass burning plume over Namibia 2 hours downwind
ment was 3.8% in the laboratory. Ground-based FTIR meay the fire. These authors also measured a range between 6.6
surements of smoldering vegetation in the field exhibited agnq 20 for 1-10d old plumes (ppt/ppb). Similarly, Andreae
methanol/CO ratio of 4.1% (Christian et al., 2007), while ¢t ). (2001b) and more recently Holzinger et al. (2005) re-
airborne measurements (Yokelson et al., 2007) showed a rayort acetone/CO ratios that are significantly enhanced in 3—
tio of 2.2%. These values compare favorably with a recent g 4 old plumes (19.5 and 18 ppt/ppb). De Gouw et al. (2006)
space borne methanol/CO ratio reported to be 1.6% (Dufougiq not observe evidence of strong secondary production
et al., 2007). Our observations could indicate that the COpf vOCs in samples of a several days old Alaskan forest
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Table 3. Emission ratios with respect to acetonitrile (ppbv/ppbv) obtained from the TROFFEE study and compared to a recent literature
review by (Andreae et al., 2001b) (AMO1). Average emission ratios (column 2) are defined as the mean between laboratory and field
emission ratios from Table 2. Emission factors for tropical fuels reported by AMO1 were converted to emission ratios with respect to

acetonitrile (ppbv/ppbv) and are listed in column 3. The last two columns depict the relative difference (ratio) between TROFFEE and

AMO1. avTROFFEE/AMO1 (column 4) uses average emission ratios between laboratory and field measurements. fieldTROFFEE/AMO1
(column 5) uses only field emission ratios obtained during the TROFFEE study.

Compound TROFFEE AMO1 Ratio Ratio
Average avTROFFEE/  fieldTROFFEE/
AMO1 AMO1
Formaldehyde 4.5 10.7 0.4 0.4
Methanol 12.5 14.2 0.9 0.5
Acetaldehyde 4.3 34 13 1.2
HCN 2.0 1.2 1.6 1.8
Acrylonitrile 0.3 - - -
Acrolein 21 0.7 29 4.1
Acetone 1.6 2.4 0.7 0.5
Propanal 0.3 0.3 1.0 0.8
Formic Acid 15 5.4 0.3 0.4
Acetic Acid* 7.8 8.0 1.0 1.2
Glycolaldehyde* 1.7 - - -
Pyrrole 0.25 - - -
Isoprene 0.8 0.1 8.0 8.0
Furan 0.5 1.6 0.3 0.3
MVK 0.7 - - -
MAC 0.3 - - -
Crotonaldehyde 0.4 - - -
MEK 1.2 14 0.9 0.8
Methylacetate+Hydroxyacetone 0.4 0.3 1.4 1.3
3-Methylfuran 1.2 0.5 2.7 1.7
2-Methylfuran 0.2 0.1 2.0 13
2- and 3-Furfural 0.6 0.9 0.7 0.5
Co-Furans 2.2 0.5 4.7 3.6
Hexanal 0.1 0.1 1.0 0.6
2,3 Butanedione 1.8 2.4 0.7 0.5
2-Pentanone 0.2 0.05 4.2 3.0
3-Pentanone 0.1 0.05 2.1 1.5
Benzene 0.9 1.2 0.8 11
Toluene 0.6 0.6 1.0 14
Phenol 1.3 0.014 77.7 86.3
Xylenes 0.3 0.1 2.6 3.7
Ethylbenzene 0.1 0.04 2.6 3.7
MTBE 0.03 - - -
Average: 20%* 1.9%*

* acetic acid/glycolaldehyde ratio based on FTIR data
** excluding phenol

fire plume based on VOC/CO ratios. This could have been Due to concentrated, regional biomass burning haze
partly due to the fact that significant secondary productionduring this study we were not able to follow individual
occurs within a couple of hours after emission (Jost et al.,plumes for more tharn20 min, making it difficult to see sig-
2003). Any VOC/CO enhancement observed further down-nificant changes in VOC ratios in specific plumes. However
wind could be hard to detect without knowing the primary we can divide our dataset into 3 rough “smoke-age” cate-
emission ratios from the fire, which can vary significantly gories. The laboratory measurementa4) captured smoke
depending on fuel type and temporal evolution of the fire. ~10s after the release. During plume penetratiah®) in

the field we sampled the smoke composition several minutes
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(~ e.g. 1-15min) after initial production. Transit flights 4 Conclusions
through regional haze layer& () in the afternoon were ex-
pected to probe mixed age smoke with a sample average agde investigated VOC emissions from burning vegetation us-
on the order of a few hours to a day. As expected, solely oring PTR-MS, FTIR and GC-PTR-MS. This combination al-
the basis of smoke age, the emission ratios listed in Table 2owed identifying 72% of all species detected by the PTR-
based on laboratory data and data from plume penetrations iMS instrument over the whole mass range up to 205amu.
the field compared well. We compare these initial emissionThe results show that a wide range of oxygenated species
ratios to VOC/acetonitrile ratios measured in the aged smokdOVOC) are produced and dominate non-methane hydrocar-
that comprised the regional haze. bon (NMHC) emissions from fires (OVOC/NMHG4:1).
Methanol: For methanol we find ratios of 15t6%6.4 (LM), ~ Among the most abundant oxygenated compounds were
9.4+5.8 (PP) and 18:6 (HL). The field data suggest that formaldehyde, acetaldehyde, methanol, acetone and acetic
the methanol/acetonitrile ratios in the aged regional hazeand formic acid. We also report emission ratios for com-
(HL) could be almost twice as high as during plume pen-pounds, such as methyl vinyl ketone, methacrolein, croton-
etrations P P). On the other hand the laboratory daiay{) ~ aldehyde, pyrrole and acrylonitrile, which were previously
show that the emission ratios in fresh p|umes can be almogfot quantified in the field and therefore not included in com-
as high as in aged air massd$1(). This inherent variabil- ~ Prehensive emission compilations. Polyfunctional organic
ity of methanol emission ratios makes it difficult to prove compounds detected in the higher mass range but not identi-
that any effects are caused by post-emission photochemistrjied are present at individually small mixing ratios. Whether
Within the variability we do not see significantly altered ra- their summed concentration could play a significant role in
tios for methanol. Holzinger et al. (2005) reported an av-gas-phase radical chemistry or partition onto aerosols due
erage methanol/acetonitrile ratio of 19 in an aged smokel0 heterogeneous losses and contribute to secondary organic
plume in Europe, which is close to our measurements. How-aerosol formation should be addressed in future experiments.
ever, our data suggest that secondary production of methanol Acetonitrile proved to be a valuable marker for biomass
might play a minor role on timescales investigated in theburning and was used to normalize VOC emissions from
present study supporting conclusions drawn by de Gouw efires. The amount of acetonitrile generated from burning
al. (2006). Primary emission ratios can be quite variable and/egetation in these experiments apparently did not depend
could explain some differences reported in the literature. Theon the nitrogen content of the fuel. The study average ace-
methanol to CO ratio observed in the field during TROF- tonitrile/CO ratios were 0.660.20% for the laboratory and
FEE was 2.2%. A recent Space-borne measurement of af-25+:0.08% for the field measurements during TROFFEE.
aged burning plume reported a ratio of 1.6% (Dufour et al., Analysis of VOC ratios under laboratory, plume and haze
2007). These observations suggest that secondary productigi®nditions was consistent with production of some species
of methanol in biomass burning plumes most likely plays asuch as acetone due to secondary chemistry in an aging

minor role. plume, which needs to be taken into account for regional and
Acetaldehyde: We do not see a dramatic change of the global modeling exercises.
emission ratio for acetaldehyde, which are4159 (L M), The combination of laboratory and field measurements has

4.242.6 (PP) and 4.2:1.7 (HL), respectively. This could Proven an eff_ective way to quantify the amount and fate of
be due to the fact that production and loss terms of somdiomass burning emissions.
reactive species counter balance each other.

Acetone: The acetone/acetonitrile emission ratios obtained”\ckowedgements. The authors thank our pilot P. Celso and

from the laboratory measurements and the plume enetratioJ' Carvalho, E. Alvarado, J. C. dos Santos and G. Nishioka for
y P P Qxcellent logistical support in Brazil. We also want to thank M. Po-

flights are 2.31.2 (L M) and 1'_5"30'8 (}? P), resp.ectively. In tosnak for his valuable expertise in providing an automation code
haze layers we observe a slightly higher ratio of4308. o the GC-PTR-MS interface and C. Grayless and T. Lemieux

Biogenic emissions of acetone are typically much smalleruniversity of Colorado) for providing branches from various
than those of methanol (Karl et al., 2004). The 30-50%tropical tree species. The planned fire and airborne research was

increase of the acetone mixing ratio in aged smoke couldsupported largely by NSF grant ATM0228003. The National
support the idea that the production of this compound in theCenter for Atmospheric Research is sponsored by the National
plume downwind can be important Trentmann et al. (2005).Science Foundation.

For comparison Jost et al., (2003) reported a lower range of

the acetone/acetonitrile emission ratio (1 d old) of 3.9. ThigEdited by: R. Volkamer

would be consistent with our observations if the smoke in

regional haze had aged for about 1 day on average.
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