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[1] Simultaneous ACE (Atmospheric Chemistry Experiment) upper tropospheric CO,
C2H6, HCN, CH3Cl, CH4, C2H2, CH3OH, HCOOH, and OCS measurements show
plumes up to 185 ppbv (10�9 per unit volume) for CO, 1.36 ppbv for C2H6, 755 pptv
(10�12 per unit volume) for HCN, 1.12 ppbv for CH3Cl, 1.82 ppmv (10�6 per unit
volume) for CH4, 0.178 ppbv for C2H2, 3.89 ppbv for CH3OH, 0.843 ppbv for HCOOH,
and 0.48 ppbv for OCS in western Canada and Alaska at 50�N–68�N latitude between
29 June and 23 July 2004. Enhancement ratios and emission factors for HCOOH,
CH3OH, HCN, C2H6, and OCS relative to CO at 250–350 hPa are inferred from
measurements of young plumes compared with lower mixing ratios assumed to
represent background conditions based on a CO emission factor derived from boreal
measurements. Results are generally consistent with the limited data reported for various
vegetative types and emission phases measured in extratropical forests including boreal
forests. The low correlation between fire product emission mixing ratios and the SF6
mixing ratio is consistent with no significant SF6 emissions from the biomass fires.
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1. Introduction

[2] Observations and models indicate that as the climate
warms, the Arctic warms the most and the fastest [Manabe
et al., 1992]. Sea ice and snow cover are decreasing there,
and changes in Arctic chemistry and the influx of pollution
may disrupt this sensitive system [Arctic Monitoring
Assessment Programme, 2006; Rinke et al., 2004; Koch
and Hansen, 2005]. Biomass burning is a major source of
trace gases and aerosols [e.g., Crutzen et al., 1979; Seiler
and Crutzen, 1980; Duncan et al., 2003; Kasischke et al.,
2005]. Wildfires are an important emission source in boreal
regions during summer and are characterized by large

spatial, temporal, and year-to-year variability [Isaev et al.,
2002; Giglio et al., 2003]. The large-scale impact of boreal
emissions on atmospheric chemistry has been highlighted
by ground-based [Rinsland et al., 2000; Zhao et al., 2002;
Yurganov et al., 2004] and satellite remote sensing
[Edwards et al., 2004; Liu et al., 2005; Turquety et al.,
2007].
[3] The occurrence and intensity of boreal fires is

expected to increase as evidenced by the increased area
burned over Canada over the past three decades as temper-
atures have warmed [Gillett et al., 2004]. It is projected that
the area burned over Canada will double by the end of the
century [Flannigan et al., 2005] as the length of the fire
season increases over boreal regions [Stocks et al., 1998;
Wotton and Flannigan, 1993].
[4] Summer 2004 was the warmest on record in interior

Alaska, where most of that states forest fires occurred. In
addition, it was the third driest with a long drought over
much of Alaska. The persistence of high pressure aloft over
the Alaskan mainland and the lack of vigorous weather
systems were probably the most important factors contrib-
uting to the drought over the Alaskan interior, which began
on 30 of May and continued through the end of August
[Fathauer, 2004]. Lightning strikes in Alaska and the
Canadian Yukon Territory along with dry conditions during

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 21, GB3008, doi:10.1029/2006GB002795, 2007
Click
Here

for

Full
Article

1NASA Langley Research Center, Hampton, Virginia, USA.
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the second half of June triggered fire activity with >2.7 �
106 ha burned, the highest on record to date in Alaska
[Damoah et al., 2005, 2006].
[5] Elevated atmospheric CO and sulfate aerosol were

measured in Alaska and western Canada by the MOPITT
(Measurements Of Pollution In The Troposphere) instru-
ment during summer 2004 [Pfister et al., 2005]. A top-down
inverse analysis of the CO emissions from the wildfires that
burnt during that time period was reported. The analysis
starting with an a priori estimate of 13 Tg CO emitted
between June and August 2004 and assuming a uniform
vertical distribution of the emissions between the surface
and 400 hPa yielded a best a posteriori estimate of 30 ± 5 Tg
for the fire emissions from those measurements, MODIS
(Moderate Resolution Imaging Spectrophotometer) meas-
urements [Giglio et al., 2003], fire counts, and calculations
with a chemical transport model.
[6] More recently a CO emission inventory has been

constructed for the boreal 2004 time period [Turquety et
al., 2007]. That analysis combined daily area burned reports
and MODIS fire hot spots with average estimates of fuel
consumption and emission factors based on ecosystem type,
partitioning emissions between crown and surface fires, and
the burning of the ground-layer organic matter. Estimated
total emissions were consistent with MOPITT measure-
ments with a significant fraction of those emissions attrib-
uted to peat burning (�30%).
[7] Modeling of boreal emissions such as those measured

by MOPITT and from aircraft [de Gouw et al., 2006]
requires assumptions of the regional distribution of peat
and other fuels and accurate prediction of injection height
(the altitude of injection from the top of the fire plume into
the boundary layer, free troposphere, or upper troposphere)
for each scene. Direct penetration of boreal 2004 fire
emissions into the lower stratosphere was reported [Damoah
et al., 2005, 2006].
[8] Predicted total June–August 2004 CO emissions from

the boreal fires [Pfister et al., 2005] were of comparable
magnitude to those of the entire continental U.S. for the
same time period with implications for air quality on a
hemispheric scale including a near violation of U.S. stand-
ards for air quality in the Fairbanks area [Damoah et al.,
2006]. Transported air masses reached the Houston area one
week later with ozone surface monitors across that area
indicating the highest levels of any July day during 2001–
2005 [Morris et al., 2006]. Measurements of elevated CO at
500 hPa by AIRS (Atmospheric Infrared Sounder) and
aerosol transported from the boreal fires to the Houston
area were also reported in that study.
[9] Except for the results noted above, North American

measurements for the summer 2004 period of intense boreal
burning have lacked key chemical constituents. The objec-
tive of this paper is to report the analysis of a time series of
simultaneous upper tropospheric measurements of molecu-
lar species with a range of lifetimes offering the potential for
determination of the relative degree of atmospheric process-
ing [Smyth et al., 1999] and 1.02 mm extinction over
western Canada and Alaska at 50�N–68�N latitude between
29 June and 23 July 2004. Measurements of young plumes
and lower values assumed to represent background con-

ditions are analyzed to infer the first space-based estimates
of boreal emission ratios and emission factors relative to CO
for 5 species: HCOOH, C2H6, HCN, CH3OH, and OCS.
[10] The time series were derived from solar occultation

measurements recorded by the Atmospheric Chemistry
Experiment (ACE) [Bernath et al., 2005] at 50�N–68�N
latitude between 29 June and 23 July 2004. They are readily
measured in high spectral resolution infrared solar spectra
because of their strong absorptions in window regions.
Biomass burning is among the identified emission sources
for all of these constituents.
[11] The species measured simultaneously by ACE

include key components of HOx (OH + HO2) chemistry.
Current global models have a limited capability to repro-
duce simultaneous measurements in the dry upper tropo-
sphere of nonmethane organic compounds (NMOC),
volatile organic compounds (VOC), and oxygenated vola-
tile organic compounds (OVOC). OVOCs are a major
source of HOx (OH + HO2) in the background troposphere
[Singh et al., 2001; Christian et al., 2004], and the produc-
tion of pollutants in the region is a major concern in the
assessment and control strategies of present-day and future
air quality in addition to playing a central role in tropo-
spheric ozone production [Folberth et al., 2006].
[12] Carbon monoxide (CO) is a byproduct of incomplete

combustion of fossil fuels and biomass, and is produced by
oxidation of methane (CH4) and other hydrocarbons. Reac-
tion with OH is the primary removal mechanism for
atmospheric CO [Logan et al., 1981]. Ethane (C2H6) is
emitted from natural gas leakage, coal mining and biomass
burning [Logan et al., 1981]. Hydrogen cyanide (HCN) is a
tracer of biomass burning [Rinsland et al., 1998; Li et al.,
2000; Zhao et al., 2002; Singh et al., 2003]. Methyl chloride
(CH3Cl) sources are believed to be located mostly in
tropical and subtropical terrestrial regions with primary
emissions from biomass burning, oceans, and the biosphere,
though large uncertainties remain in its budget and the
possible impact of climate change on distributions [World
Meteorological Organization, 2006]. Methane (CH4) is
emitted from at least 10 different sources with major
anthropogenic sources that include rice cultivation, live-
stock, landfills, fossil fuel production and consumption, and
biomass burning [Khahil, 2000; Fung et al., 1991; Rinsland
et al., 2006b]. Biomass burning and combustion are the
main sources of ethylene (C2H2) [Gupta et al., 1998] with
oceanic emissions a possible minor source [e.g., Kanakidou
et al., 1988]. Biogenic sources are the most abundant
emitters of methanol (CH3OH), an important organic com-
pound often the second most abundant tropospheric hydro-
carbon after methane [Schade and Goldstein, 2006]; Jacob
et al. [2005] with biomass burning 6–10% of the methanol
budget [Jacob et al., 2005; Holzinger et al., 2005]. Sources
of formic acid (HCOOH) include biomass burning, biogenic
emissions from vegetation, secondary production from
organic precursors, and motor vehicles [Rinsland et al.,
2004, 2006a]. Biomass burning is also a source of carbonyl
sulfide (OCS) [Notholt et al., 2003]. It has strong absorption
near 5 mm [Rinsland et al., 2002].
[13] We compare measurements of the fire product mix-

ing ratios with simultaneous measurements of SF6. We
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included SF6 because it is long-lived in both the troposphere
and stratosphere [Ko et al., 1993] with emissionsmainly from
insulating electrical equipment releases. To our knowledge
no measurements of SF6 emissions from biomass fires (e.g.,
as summarized in biomass burning emission inventories
[Andreae and Merlet, 2001]) have been reported. Assuming
emissions of SF6 from the boreal fires are negligible, the
comparison provides a reference to validate the hypothesis of
correlated emission and transport from similar injection
heights for the fire-impacted measurement scenes.
[14] Our simultaneous measurements provide evidence

that biomass burning was the primary emission source
during boreal summer 2004, consistent with mid-July
2004 aircraft in situ mass spectrometer plume measurements
of elevated CH3CN (methyl cyanide) [de Gouw et al.,
2006], a biomass burning emission product with a lifetime
similar to that of HCN [Singh et al., 2003].
[15] We compare ACE measurements with MOPITT CO

mixing ratios (which contain �1 piece of information in the
vertical profile at extratropical latitudes [Deeter et al.,
2003]), maps of fire counts, and smoke extinction from
nadir images for the July 2004 time period from NOAA
thermal infrared channels. Enhancement ratios and emission
factors relative to CO for 5 species are inferred. The
emission factor from our analysis for each constituent is
compared with those reported from previous measurements
in extratropical forests including the few sets reported for
boreal forests.
[16] Although the emissions from 2004 were the highest

on record, boreal fires occur every year. Extensive boreal
fires and resulting pollution occurred in 1997 [Goode et al.,
2000], 1998 [Kajii et al., 2002], 1990 [Nance et al., 1993],
and 2003 [Jaffe et al., 2004]. Satellite images from the
summer 1998 fires in boreal Siberia and northern Mongolia
were combined with an evaluation of the fire type and
emission characteristics to estimate releases of gaseous
emissions including CO, CH4, NOx, and nonmethane
hydrocarbons though measurements of those species were
not used to validate their analysis results [Kajii et al., 2002].
Summer fires in Siberia during 2003 increased ozone and
CO levels in the Pacific Northwest and contributed to a
violation of the ozone air quality standard in that region
[Jaffe et al., 2004].

2. ACE Measurements

[17] The Atmospheric Chemistry Experiment (ACE) was
launched on 12 August 2003 into a 74� inclined orbit at
650 km altitude [Bernath et al., 2005]. The satellite (also
known as SCISAT 1) contains 3 instruments with a shared
field of view with the primary goal of recording high-
resolution atmospheric spectra by taking advantage of the
high precision of the solar occultation technique. Measure-
ments are obtained of a bright source (the Sun) over a (long)
limb path through the atmosphere [Brown et al., 1992; Irion
et al., 2002, Figure 1]. Distance from the ACE satellite for an
atmospheric ray with a tangent altitude of 10 km is�3000 km.
The measurement technique yields limited seasonal and
latitudinal limited sampling, though near global annual
sampling is achieved by ACE (�85�N–85�S latitude).

[18] The primary instrument is an infrared Fourier trans-
form spectrometer (FTS). It records solar spectra below an
altitude of 150 km at a spectral resolution of 0.02 cm�1

(maximum optical path difference of ±25 cm) with 750 to
4400 cm�1 spectral coverage. The instrument is self-
calibrating as low Sun solar spectra are divided by exoatmo-
spheric solar spectra from the same occultation to remove
solar features by dividing those measurements by an aver-
age of exo-atmospheric spectrum from the same occultation.
The procedure also removes the instrument response func-
tion as a function of wave number and retains the high
signal-to-noise of the individual low Sun observations (see
Norton and Rinsland [1991] for an example of the use of
this method). The instrument is an improvement relative to a
similar solar occultation instrument, the Atmospheric Trace
MOlecule Spectroscopy (ATMOS) FTS that flew 4 times on
the U. S. Shuttle. It used a series of 5 filters, providing
limited midinfrared spectral coverage for each occultation
event [Norton and Rinsland, 1991; Irion et al., 2002]. No
measurements were obtained by ATMOS FTS in the visible
or near infrared.
[19] Full resolution FTS spectra are recorded by ACE in

2 s. Vertical spacing between successive measurements varies
from 2 km for high beta angle (angle between the satellite
velocity vector and the vector of the Sun) to 6 km for zero beta
angle measurements. Typical vertical altitude spacing
between successive measurements is 3–4 km. Visible and
near infrared measurements are also obtained from imagers
with filters at 0.525 and 1.02 mm (both with a bandpass of
�20–30 nm). Transmission profiles for both the 0.525 and
1.02 mm filters were derived from averages of 3 contiguous
pixels centered on the coregistered FTS field of view.
Measurements at 1.02 mm are less impacted by extinction
sources than those at 0.525 mm, where both O3 and NO2 are
significant absorbers. Primary extinction at 1.02 mm is due to
aerosols and Rayleigh scattering of air with water vapor an
additional minor source [SAGE III ATBD Team, 2002;
Thomason and Taha, 2003]. Additional measurements are
obtained onboard SCISAT 1 by the MAESTRO (Measure-
ment of Aerosol Extinction in the Stratosphere and Tropo-
sphere Retrieved by Occultation) UV-visible spectrometer.
[20] Orbital coverage by ACE yields opportunities to

study pollution events in the middle and upper troposphere,
and we focus here on CO, C2H6, HCN, CH3Cl, CH4,
CH3OH, HCOOH, C2H2, and OCS from northern hemi-
sphere high latitudes (50�N–68�N) recorded during a
period of intense burning activity in Alaska and Canada
(29 June to 23 July 2004). Previous ACE studies reported
the analysis of elevated CO, C2H6, HCN, and C2H2 from
tropical measurements [Rinsland et al., 2005a], the global
CO distribution from the January–September 2004 time
period [Clerbaux et al., 2005], CH3OH from aged tropical
biomass burning emissions [Dufour et al., 2006], and
tropical-southern midlatitude measurements of HCOOH
[Rinsland et al., 2006a].

3. Analysis

[21] Routine ACE FTS science measurements began in
February 2004. For the present analysis, we rely on
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version 2.2 retrievals [Boone et al., 2005] with updated
C2H6 results for this investigation. Profiles with statistical
uncertainties are retrieved for individual molecules from fits
to multiple species in preselected microwindows over
prespecified altitude ranges. Temperature profiles are
retrieved assuming a realistic CO2 volume mixing ratio
profile accounting for its increase as a function of time.
Profiles are obtained from fits to measurements in micro-
windows selected to provide CO2 lines covering a wide
range of sensitivities with respect to temperature and are
constrained to yield an atmosphere in hydrostatic equilibri-
um. Retrievals below 12 km altitude assume temperatures
derived by the Canadian Meteorological Centre (CMC) for
the location of the observation.
[22] Spectroscopic parameters and absorption cross sec-

tions are based on HITRAN 2004 [Rothman et al., 2005].
Microwindows for CO tropospheric retrievals were selected
in the 4209–4277 cm�1 region with CH4 lines as the
primary interference. The set of 70 windows for CH4 span
1245–2888 cm�1 and provide 5–55 km altitude coverage.
Retrievals for HCN used windows from 3277–3358 cm�1,
C2H6 retrievals relied on a microwindow at 2976–
2977 cm�1 [Rinsland et al., 1998], and CH3Cl was retrieved
from a microwindow centered at 2966.98 cm�1 with a width
of 1.35 cm�1, and an altitude range of 9 to 25 km, fitting for
O3, CH4, and H2O as interferences. A single microwindow
centered at 948.5 cm�1 with a width of 7 cm�1 was used to
retrieve SF6 between altitudes of 7 and 31 km. Methanol is
retrieved between 7 and 35 km using a large spectral
window (984.9–998.7 cm�1) [Dufour et al., 2006]. Our
analysis for HCOOH is based on the simultaneous fittings
of 5 microwindows from altitudes from 5 to 18 km at the
equator with a latitude-dependent maximum altitude, to
approximate variations of the tropopause height for the
latitudes measured by ACE (85�N–85�S). The selected
windows account for interferences overlapping the primary
absorption feature of HCOOH, the n6 band Q branch at
1105 cm�1. Interferences fitted in the simultaneous analysis
were HDO, CH3D, O3 isotopologue 2 (i.e., OO18O),
CCl2F2, and CHF2Cl. Microwindow locations and widths
were 1105.15 cm�1 and 1.40 cm�1; 2657.23 cm�1 and
0.55 cm�1; 1158.55 cm�1 and 0.28 cm�1; 1103.63 cm�1

and 0.30 cm�1; and 1105.95 cm�1 and 0.30 cm�1, respec-
tively. Five windows were used in the OCS retrievals with
locations between 2038.90 cm�1 and 2052.72 cm�1 with
CO2 and O3 fitted as interferences with windows selected to
cover altitudes from 7 to 25 km. Systematic errors include
uncertainties in the ACE retrieval algorithm, retrieved
temperatures, errors in the tangent heights for individual
spectra, and errors in the HITRAN 2004 spectroscopic
parameters [Rothman et al., 2005]. Measurements of
CH3CN are not reported in this study as altitude profile
retrievals for that molecule from infrared solar occultation
spectra are limited to above �12 km altitude owing to
interferences [Kleinböhl et al., 2005], and hence it is less
useful than HCN for tropospheric remote sounding of
infrared biomass burning emissions.
[23] Figure 1 displays ACE version 2.2 boreal upper

tropospheric�lower stratospheric HCN, CO, C2H6, HCOOH,
CH3Cl, CH4, OCS, and CH3OH volume mixing ratio

profiles, which were all measured during sunsets. Retrieved
profiles are reported on a 1 km altitude grid with
corresponding temperatures and pressures. Noisy measure-
ments have been excluded on the basis of their statistical
uncertainties. Mixing ratios up to 185 ppbv for CO, 755 pptv
(10�12 per unit volume) for HCN, 1.36 ppbv for C2H6,
1.12 ppbv for CH3Cl, 1.82 ppmv for CH4, 3.89 ppbv for
CH3OH, 0.843 ppbv for HCOOH, and OCS mixing ratios
as high as 0.48 ppbv were measured in the upper tropo-
sphere. Spacing between tangent heights of successively
measured spectra is typically 2–3 km for the occultations
and altitude range considered here with the altitude reso-
lution of the retrieved profiles limited to �4 km by the
combined effects of the altitude spacing of the measure-
ments and the finite field of view of the ACE-FTS
instrument.
[24] We investigated the origin of the emissions by

examining other satellite measurements. Figure 2 illustrates
other satellite measurements at about the same time. Figure 2
(top) provides a map of mean CO mixing ratio at 850 hPa
for boreal latitudes (29 June to 24 July 2004) from
MOPITT. The results show that the air masses captured
by ACE coincided with regions of elevated CO in Alaska
and western Canada. Maps of CO emissions for the same
time period and fire locations derived using MODIS satellite
observations after correction for cloud cover (Figure 2,
middle) show numerous areas with fire emissions over
western boreal North America though CO mixing ratios
and fire intensity (based on MODIS pixel density) are lower
than in the tropical areas analyzed in a previous study
[Rinsland et al., 2005a]. Figure 2 (bottom) shows the area
of elevated smoke extinction derived from GOES satellite
aerosol data for the same time period. The GASP (GOES
Aerosol/Smoke Product) is a dimensionless column product
that does not differentiate between smoke, dust, or industrial
aerosols.
[25] Figure 3 presents upper tropospheric and lower

stratospheric volume mixing ratio vs. altitude profiles of
HCN, CO, CH3Cl, CH4, C2H6, OCS, C2H2, SF6, HCOOH,
and CH3OH for occultation ss5099 (latitude 51.92�N,
longitude 285.24�, 24 July 2004). Trop indicates the altitude
of the tropopause from NCEP (U.S. Center for Environ-
mental Prediction) measurements for the location and time
of the measurement. Figure 1 does not show C2H2 because
the altitude range of the enhancement is very narrow, and
SF6 is included as a reference. The example shows an
occultation measured by ACE with a low minimum mea-
surement altitude for many species. The lowest altitude
reached by ACE during an occultation is determined by
the increase of atmospheric attenuation due to interfering
absorptions, clouds, and smoke along the line of sight.
Although the wavelength coverage is different, tropospheric
penetration statistics from the SAGE (Stratospheric Aerosol
and Gas Experiment) II solar occultation spectra obtained
from 1985–1990 at 1.02 mm (where molecular extinction is
minimal) with 0.5 km vertical � 2.5 km horizontal resolu-
tion penetrated to a minimum altitude of 7 km 50% of the
time [Wang, 1994; Wang et al., 1996]. The SAGE II
statistics from a solar occultation instrument with a similar
spatial and vertical resolution as ACE show the upper
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troposphere is often sampled as confirmed by our analysis.
Several ACE occultations show elevated mixing ratios
extending near the tropopause possibly as a result of deep
convection events similar to those reported from Alaska,
which induced penetration of gases and particles into the
lower stratosphere [Damoah et al., 2005, 2006].
[26] Figure 4 shows plots of the ACE version 2.2 mixing

ratios of HCN, C2H6, CH3Cl, CH4, OCS, HCOOH,
CH3OH, C2H2, and SF6 with corresponding simultaneous
measurement of CO mixing ratios. We chose CO as the

reference for these comparisons because it has been used as
a reference for emission factors from laboratory and atmo-
spheric biomass fire measurements with different fuel types
[Singh et al., 2004; Andreae and Merlet, 2001; Paton-Walsh
et al., 2005; Koppmann et al., 2005]. Correlation coeffi-
cients were above 0.6 except for SF6 (R

2 = 0.29) and OCS
(R2 = 0.41). As already mentioned, SF6 is a long-lived
tracer in both the troposphere and stratosphere [Ko et al.,
1993] with emissions mainly from insulating electrical
equipment releases. To our knowledge no measurements

Figure 1. Time series of ACE version 2.2 mixing ratio measurements of HCN, CO, C2H6, HCOOH,
CH3Cl, CH4, OCS, and CH3OH recorded during sunsets between 29 June and 23 July 2004. The latitude
for each observation is shown with inverse triangle above the contours of mixing ratio at 250–350 hPa.
Corresponding approximate altitudes are shown on the right vertical axis.
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of SF6 emissions from biomass fires have been reported
(e.g., as summarized in biomass burning emission invento-
ries [Andreae and Merlet, 2001] and in a recent review of
biomass burning emissions [Koppmann et al., 2005]).
[27] The low correlation between fire product emission

mixing ratios and the SF6 mixing ratio is consistent with no
significant SF6 emissions from the biomass fires. The higher
though limited correlations of upper tropospheric mixing
ratios of the individual fire products with those of CO

suggest emissions from individual measurements originated
from similar injection heights, which likely varied during
the measurement time series.

4. Emission Factors

[28] Emission ratios and emission factors were estimated
for 5 species relative to CO by comparing mixing ratios
measured in plumes with lower values measured during the

Figure 2. (top) Map of boreal CO mean volume mixing ratio at 850 hPa for July 2004 from MOPITT
measurements. (middle) Boreal map at 0.5 km spatial resolution derived from MODIS fire counts for
July 2004. Black crosses mark ACE occultation measurement locations. (bottom) Smoke extinction from
nadir images for the July 2004 time period from NOAA thermal infrared channels.
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ACE measurement time period (29 June and 23 July 2004).
As illustrated in Figure 1, measurements covering 250–
350 hPa provide good sampling of both elevated and
background scenes with about 40 occultations measured
by ACE. The conventional, widely used approach was used
to determining emission ratios and emission factors. Mea-
sured mixing ratios for each species were first plotted versus
the corresponding mixing ratio of CO. The slope of the
linear relation was used to compute the emission ratio. The
ratio (uncertainty/mixing ratio) was used to filter out noisy

data. Although both HCN and CH3CN have been proposed
as tracers of biomass fires, neither is a true tracer of fires due
the variability of fuel nitrogen in fires [Christian et al.,
2004].
[29] The ACE measurement data were converted from

emission ratios with respect to CO to emission factors
assuming the relation

EFx ¼ ER X=COð Þ* MWx=MWCOð Þ*EFCO; ð1Þ

Figure 3. Upper tropospheric and lower stratospheric volume mixing ratio versus altitude profiles of
HCN, CO, CH3Cl, CH4, C2H6, OCS, C2H2, SF6, HCOOH, and CH3OH from occultation ss5099
(51.92�N, 285.24�). Trop indicates the altitude of the tropopause from NCEP measurements for the
location and time of the measurement. Horizontal lines indicate the 1-sigma statistical uncertainty.
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