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Abstract. Peroxyacetyl nitrate (CsCO-O2NO,, abbrevi-  in full detail. The estimated detection limit for ACE-FTS
ated as PAN) is a trace molecular species present in th€AN is 5 pptv, and the total systematic error contribution to
troposphere and lower stratosphere due primarily to pollu-the ACE-FTS PAN retrieval is- 16 %.
tion from fuel combustion and the pyrogenic outflows from The retrieved volume mixing ratio (VMR) profiles
biomass burning. In the lower troposphere, PAN has a rel-are compared to coincident measurements made by the
atively short lifetime and is principally destroyed within a Michelson Interferometer for Passive Atmospheric Sounding
few hours through thermolysis, but it can act as a reservoifMIPAS) instrument on the European Space Agency (ESA)
and carrier of N@ in the colder temperatures of the up- Environmental Satellite (ENVISAT). The MIPAS measure-
per troposphere, where UV photolysis becomes the dominanients demonstrated good agreement with the ACE-FTS
loss mechanism. Pyroconvective updrafts from large biomas¥MR profiles for PAN, where the measured VMR values
burning events can inject PAN into the upper troposphereare well within the associated measurement errors for both
and lower stratosphere (UTLS), providing a means for theinstruments and comparative measurements differ no more
long-range transport of NO Given the extended lifetimes at than 70 pptv.
these higher altitudes, PAN is readily detectable via satellite The ACE-FTS PAN data set is used to obtain zonal mean
remote sensing. distributions of seasonal averages fren5—20 km. A strong

A new PAN data product is now available for the Atmo- seasonality is clearly observed for PAN concentrations in the
spheric Chemistry Experiment Fourier Transform Spectrom-global UTLS. Since the principal source of PAN in the UTLS
eter (ACE-FTS) version 3.0 data set. We report observationss due to lofted biomass burning emissions from the pyrocon-
of PAN in boreal biomass burning plumes recorded dur-vective updrafts created by large fires, the observed seasonal-
ing the BORTAS (quantifying the impact of BOReal forest ity in enhanced PAN coincides with fire activity in different
fires on Tropospheric oxidants over the Atlantic using Air- geographical regions throughout the year.
craft and Satellites) campaign (12 July to 3 August 2011).
The retrieval method employed by incorporating laboratory-
recorded absorption cross sections into version 3.0 of the
ACE-FTS forward model and retrieval software is described
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1 Introduction photolysis becomes the dominant loss mechanism. The ex-
tended lifetime of PAN in the upper troposphere permits for
Peroxyacetyl nitrate (C§CO-O2NO;, abbreviated as PAN)  the transport of N@ over great distances, which can be re-
is a trace molecular species found in the earth’s atmosphergased in regions where active nitrogen chemistry can influ-
which serves as a reservoir of N@=NO+NQ,) and, in  ence the production of surface ozo@igzyna et al.1994).
some regions, is the dominant form of odd nitrogen,)NO \When these polluted air masses warm up, PAN is destroyed
(where NQ =NO +NO; + reservoir compounds). It plays an  and NG is released, which is then photolysed at wavelengths
integral role in the oxidizing potential of the atmosphere of less than 420 nm. This leads to the formation of nitric ox-

(Moore et al, 2010. ide (NO) and atomic oxygen.
PAN is formed through the oxidation of hydrocarbons

released into the atmosphere from both anthropogenic andlOz + ~v(A< 420nm = NO+ O (3)
biogenic pollution sources. PAN is a powerful lachrymator
formed in photochemical air pollutionMayne 2000, and

the primary source of biogenic PAN is the combustion ofO 0>+ M= OatM 4
biomass Coheur et a].2007 Yokelson et al.2009 Alvarado T2t M=0st @

et al, 201Q Akagi et al, 2012). The formation of PAN, and  NO, is a catalyst for the formation of tropospheria.ONO
other peroxyacyl nitrates, requires the initial generation ofis converted to N@in the initial hydrocarbon oxidation to
peroxyacyl radicals, which are formed by the reaction of hy-produce PAN, and then NOphotodissociates back to NO.
drocarbons with the hydroxyl radical (OH) and subsequently|t should also be noted that PAN has a minor effect on the
with Oz to form CH;CO-O; as an intermediate species. Dur- oxidizing power of the atmosphere through its reaction with
ing these oxidation reactions, nitrogen monoxide (NO) isthe OH radical, but the reaction of OH with PAN and its ho-
converted into nitrogen dioxide (N2 The reversible reac- mologs is quite slow 4 <3 x 10~ 4cm® molecule s 1 —
tion of the peroxyacetyl radical with NCproduces PAN: at 298 K and can neither compete with the rate of thermal de-
. composition in the lower troposphere nor with photolysis at
CH3CO- 02+ NOz = CH3CO- O2.NO; (1) any given altitude Talukdar et al.1995.
PAN is in thermal equilibrium with its precursors and the ~PAN can be injected into the upper troposphere and lower
equilibrium shifts to the right in Eq.1) with lower temper-  Stratosphere (UTLS) by pyroconvective updrafts generated
atures. It should also be noted that enhancements of tropdtom forest fires. It can be either formed in the lower tro-
spheric PAN have been attributed to lightning activity, where Posphere and transported upwards or the precursors can be
NOy produced from lightning can also react with organic pre- transported separately and then form PAN in the UTLS.
cursors to form PANTie et al, 2001). Due to the extended lifetime of PAN at these higher alti-
Tropospheric background volume mixing ratios (VMRs) tudes, satellite remote detection and measurement is facil-
of PAN in clean air are quite variable and range typically itated. PAN is potentially an important species for differ-
from 10—400 pptv\\ayne 2000. This is due to thermolysis ~ entiating, characterizing and determining the photochemical
being the primary loss mechanism for PAN in the lower tro- @ge of biomass burning emissions from distinct ecosystems,
posphere. The thermal decomposition rate of PAN is highlywhich has been demonstrated using space-borne instruments
temperature dependent, resulting in lifetimes between onéTereszchuk et g12011).
hour at 298 K and about five months at 250%ir{gh 1987). The Atmospheric Chemistry Experiment Fourier Trans-
However, due to photolysis, its mean lifetime is limited to ap- form Spectrometer (ACE-FTS), on board the Canadian
proximately 3 months. Photolysis can occur by several path-Space Agency (CSA) satellite SCISAT-1, is a high-resolution

The atomic oxygen can then react with © form Gs.

ways: (0.02 cnt1) Fourier transform spectrometer used for the re-
mote sensing of the limb of the earth’s atmosph&eriath
CH3CO- O2NO2 — CH3CO- O+ NO3 (2a) et al, 2005. Through the use of the solar occultation tech-
— CH3CO- 05+ NOy (2b) nique, ACE-FTS has wide spectral coverage in the infrared,
— CH3CO+ Oz + NOs>. (2c)  covering a continuous region from 750-4400Chwith re-

sulting spectra having a high signal-to-noise ratio. In the ab-

The wavelength thresholds for these reactions at 298 K araence of clouds, ACE-FTS can optimally make atmospheric
1025, 990 and 445nm, respectivelfirflayson-Pitts and limb measurements from 150 km down to 5 km. Up to 30 oc-
Pitts, 2000. cultations (sunrise and sunset events) are recorded on a daily

Because of the nature of its temperature sensitivity, thebasis and near-global coverage is provided over the course
lifetime of PAN is dependent on the time of day, geographicalof a year due to the 650 km altitude,°7hclination, circular
location, season and altitude. PAN can only be transportearbit of SCISAT-1 Bernath et al.20095.
over a few hundred kilometres in the lower troposphere, but The new ACE-FTS version 3.0 data shttp://www.ace.
over distances of more than 10 000 km in the cold upper tro-uwaterloo.ca currently offers atmospheric profiles for over
posphereGlatthor et al.2007). At colder temperatures, UV 40 molecular species (as well as their isotopologues), over
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a dozen of which are known tracers of biomass burning.continual limb emission measurements in the mid-infrared
Several previous studies have already been successfully comver the range 685-2410 cth(14.6—4.15 um). Due to prob-
ducted using ACE-FTS measurements to analyse biomadems with the instrument slide mirrors during operation, the
burning emissionsRinsland et al.2005 2007 Dufour et  instrument operated in two modes; during the first two years
al., 2006 Coheur et al.2007 Tereszchuk et al2011). Re-  at an unapodized resolution of 0.035¢th(hereafter re-
trievals of concentration profiles from satellite data requireferred to as full-resolution mode), reducing to 0.085¢m
accurate laboratory spectroscopic measurements in the forrfoptimized-resolution mode) over the remainder of its opera-
of either line parameters or absorption cross sections. Théion. This paper concentrates on measurements from the op-
necessary laboratory measurements of PAN have been prdimized resolution mode during 2011. The instrument’s field
vided byAllen et al.(2005H). of view is approximately 3km (vertica® 30 km (horizon-
This work is part of an in-depth investigation into the ag- tal) and one complete limb sequence of measurements in the
ing and chemical evolution of biomass burning emissionsoptimized-resolution nominal mode consisted of 27 spectra
in the UTLS by ACE-FTS to further our understanding of with tangent altitudes at 70-46 km in 4 km steps, 43-31kmin
the impact of pyrogenic emissions on atmospheric chem-3 km steps, 29-21 km in 2 km steps and 19.5-6 km in 1.5km
istry, and is part of the BORTAS (quantifying the impact steps. The lowest tangent altitude varied as a function of lati-
of BOReal forest fires on Tropospheric oxidants over thetude to reduce the occurrence of cloud-contaminated spectra.
Atlantic using Aircraft and Satellites) projecht{p://www. MIPAS currently offers data products for many coinci-
geos.ed.ac.uk/research/eochem/boytd$le BORTAS cam- dent molecular species measured by ACE-FTS, and be-
paign Palmer et al.2012 was conducted on 12 July to 3 cause it is also a limb-viewing instrument, MIPAS is an
August 2011 during the boreal forest fire season in Canadadeal candidate for comparison in the validation of ACE-FTS
The simultaneous aerial, ground and satellite measuremendperational data. Numerous MIPAS/ACE-FTS validation
campaign sought to record instances of boreal biomass burrstudies have previously been conductédortesi et al.
ing to measure the tropospheric VMRs of short- and long-2007 Hopfner et al. 2007 Wetzel et al. 2007. Due to
lived trace molecular species from biomass burning emisthe loss of MIPAS, and ACE-FTS now recording data
sions. The goal was to investigate the connection betweemvell beyond its expected instrument lifetime, there is a
the composition and the distribution of these pyrogenic out-strong need to develop new infrared, limb-sounding instru-
flows and their resulting perturbation to atmospheric chem-ments to study atmospheric composition. A potential can-
istry, with particular focus on oxidant species to determinedidate is the PREMIER projechttp://www.esa.int/esaEO/
the overall impact on the oxidizing capacity of the free tro- SEMUMJ8X73Hindex 0.html). Proposed to ESA as part of
posphere. Included in this study is the addition of new pyro-the Earth Explorer 7 call, PREMIER is one of three candi-
genic volatile organic compound and oxygenated volatile or-dates currently remaining in the competition. The PREMIER
ganic compound species, including PAN, to be retrieved bymission seeks to continue monitoring the UTLS by using a
ACE-FTS in order to aid in characterization and elucidation combination of infrared and microwave limb-imaging instru-
of plume chemistry within the UTLS. ments, with a particular focus on studying the coupling be-
In this work, we report observations of PAN made by tween atmospheric dynamics and chemical processes.
ACE-FTS in the detection of boreal biomass burning emis-
sions and compare the retrievals to VMR profiles from co-
incident measurements made by the Michelson Interferom2 ACE-FTS PAN retrieval
eter for Passive Atmospheric Sounding (MIPAS) instrument
on board the European Space Agency (ESA) Environmentap.1 Retrieval method
Satellite (ENVISAT) European Space Agencg00Q Fis-
cher and Oelhafl996 Moore et al, 2010. PAN has already The infrared absorption spectrum of PAN is characterized
been successfully detected in spectra recorded by the ballodoy a number of broad, structureless vibrational bands, which
and satellite versions of MIPAS (MIPAS-B and MIPAS-E) were reported in a series of measurements madAlley
and data obtained from MIPAS-E has been used to providest al. (2005gb) at 250, 273 and 295K. The strongest of
seasonal global PAN concentrations throughout the UTLSthe bands is centred at 1740cnt! and contains numer-
(Moore et al, 2010. ous interfering water vapour lines such that it cannot be used
The MIPAS instrument on board ENVISAT was success-for remote sensing. PAN can be most easily retrieved using
fully launched in March 2002 as part of an ambitious and the band at 1163 crt (CO stretching), although the weaker
innovative payload. ENVISAT operated successfully for 10 band at 794 cm! (NO, bending) is also clearly observed.
years until April 2012, when contact was lost. The satellite The absorption cross sections producedAden et al.
was in a polar orbit at an altitude of 800 km, with an orbital (20053 have been slightly modified for this study. The base-
period of about 100 minutes and a reference orbit repeat cylines have been corrected to agree better with each other and
cle of 35 days. MIPASKischer and Oelhafl996 Fischer et  the integrated band intensities were scaled to the room tem-
al.,, 2008 is a Fourier transform spectrometer that providesperature value. It had been noticed that the integrated band
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Table 1. Spectral windows used for the detection and profile re- 1.00 . : . .
trievals of PAN in this work compared to the windows previously 0.08 ] | ]
used in the work conducted I8oheur et al(2007). Included are the 1 I 1
principal interfering species associated with the selected microwin- 0981 ]
dows. 0.94 i
Q 4 4
2 092 ]
Microwindows Interfering Species g 0.90 1 " ]
(cm') 9=p E "] | ]
§ 0.88 | 1 i
- - = 1 ‘ I 1
Coheur 776.00-790.40 CFC-12, HCFC-22, CQl 0.86 ~ | J \ h
etal.  1140.15-1180.45 HNOs, HNOy, H20, ] iy | P ]
. . . COZ, 03’ NZO, CH4 0.84—_ —-
0.82 4 4
1157.00-1161.00 "~ 15 cRe-113, CFC-114 1
1161.20-1163.30 0.80 T T T T
1167.40-1168.60 CFC-115, HFC-152a 1155 1160 1165 1170 1175 1180
This work ’ ’ HFC-125, HFC-134a

1169.00-1170.80 Wavenumbers (cm™)
1171.00-1173.00

1176.00-1178.50

HCFC-141b, HCFC-22

HFC-23, 0, O3, N20, Chy Fig. 1. PAN contribution to the measured ACE-FTS spectrum

recorded at a tangent height of 7.2 km in occultation ss42910, de-
termined from the ratio of the measured ACE-FTS spectrum to the
calculated spectrum (for all absorbers except PAN); transmittances
intensity for the original measurements increased with de-below 0.2 were filtered out in order to suppress the large contri-
creasing temperature. In particular, the value associated withutions from saturated lines. Overlaid, in purple, is the calculated
the cross section at 250 K was approximately 8 % higher thargontribution of PAN absorption for the measurement (about 15 %).
at 295 K. Generally, integrated intensities over a band sys-
tem, particularly those comprising primarily fundamentals,
are independent of temperature. Such a large change in banmhl interfering species found in the respective wavenumber
intensity over a small 45K temperature range is rather un+anges. All of the microwindows in this work share common
likely, and certainly the presence of any significant overtone baseline parameters (baseline scale and baseline slope) in the
combination or hot bands would, if anything, lead to a smallretrieval process. In the retrieval, minor contributions to the
decrease with decreasing temperatiBee€ze et a).1965. spectrum are explicitly calculated for HCFC-22 (using its re-
This normalization assumption is anticipated to provide thetrieved profile), plus several other molecules using assumed
most accurate basis for a PAN retrieval. The re-normalizedVMR profiles: CFC-114, CFC-115, HFC-152a and HFC-
cross sections appear as an update in the HITRAN databasE?5. The molecules retrieved simultaneously with PAN are
(Rothman et a).2009 and are available for downloattp: the following: HCFC-141b, CFC-113, HFC-134a, CFC-12,
IIwww.cfa.harvard.edu/hitrap/ CHFs, H,0 with isotopologues, FfOH, HI’OH and HDO,
PAN has been previously observed in ACE-FTS measureOs and the OGP0 isotopologue, MO with isotopologues
ments of a young biomass burning plume ®gheur et al.  N'°NO, 1°NNO, NN'80 and NN-YO, and CH with isotopo-
(2007, but attempts to develop an official PAN data prod- logues!*CH4 and CHD.
uct presented numerous difficulties, particularly in obtaining ACE-FTS data sets are available on two grids. The first is
accurate background VMRs. This was primarily due to thethe original, non-uniform tangent altitude grid. These cor-
inability to identify a significant interfering species that was respond to the actual spectral measurements. The physi-
presentin the calculated residual spectra. The presence of theal quantities (pressure, temperature and VMR) are also re-
interferer thus permitted only the retrievals of measurementdrieved on a fixed 1 km uniform altitude grid¢one et al.
containing enhanced concentrations of PAN. The interfering2009. Figurel gives the PAN contribution to the measured
species has since been identified as trifluoromethane {CHF ACE-FTS spectrum recorded on the tangential grid at a tan-

HFC-23) Harrison et al.2012). gent height of 7.2km in sunset occultation ss42910, which
Version 3.0 of the ACE-FTS forward model and retrieval contains a measurement of a nascea4h old) boreal
software, similar to the previous version 2Bopne et al.  biomass burning plume, recorded during the BORTAS flight

2005, was used for the PAN VMR retrievals. VMR pro- campaign on 2 August 2011, over Lake Huron/Georgian Bay
files of trace gases (along with temperature and pressurgy5.15 N, 81.99 W) from fires originating in western On-
are derived from the recorded transmittance spectra via &ario. The contribution was determined from the ratio of
non-linear least-squares global fit to the selected spectral rehe measured ACE-FTS spectrum to the calculated spectrum
gion(s) for all measurements within the altitude range of in- (for all absorbers except PAN). There are sections of spec-
terest. Tablel provides a comparison of the microwindows trum within each of the selected microwindows that have
used for the retrievals made Bpheur et al(2007) and those  been removed. These sections correspond to regions with
that are utilized in this work. Also presented are the princi- a transmittance value below 0.2, and have been filtered out

Atmos. Chem. Phys., 13, 5605613 2013 www.atmos-chem-phys.net/13/5601/2013/


http://www.cfa.harvard.edu/hitran/
http://www.cfa.harvard.edu/hitran/

K. A. Tereszchuk et al.: Observations of peroxyacetyl nitrate (PAN) by ACE-FTS 5605

0.6 T 1 s I = I A T 0.6 I y 1 = T 1 . I

0.4 4

0.3 4

Transmittance

0.2
0.1

0.0
. 0.04
0.00 0.02
005 AN A__— 0 ___ AV 000
-0.10 -0.02
0.5 1 —— Obs-Calc 0.04 — Obs-Calc

Residual

T ) T ' T T T X T T . T b T . T T T
1167.6 1167.8 1168.0 1168.2 1168.4 1167.6 1167.8 1168.0 1168.2 1168.4

Wavenumbers (cm'1) Wavenumbers (cm™)

Fig. 2. Observed ACE-FTS spectrum from ss42910 (at a tangent height of 7.2 km) compared to the outputs from the retrieval model for the
1167.4-1168.6 cm! microwindow, wherda) is the calculated spectrum which includes all interfering species without the inclusion of PAN
and(b) the calculated spectrum with PAN included. Below each output is the associate residual calculation.

in order to suppress the large contributions from saturate®.2 Spectroscopic sources of error in the ACE-FTS
lines (mainly from NO). Overlaid on this plot is the calcu- retrievals
lated contribution of PAN absorption for this measurement,
which was obtained from the PAN VMR profile on the inter-
polated 1 km altitude grid. The contribution of PAN obtained For a single ACE-FTS profile, the &-statistical fitting er-
from the broad fitting of the spectral region containing the rors are~20-30%. Such errors are random in nature and
CO stretching mode, centred at 1163¢his approximately ~ are largely determined by the measured signal-to-noise ratios
15 %. Figure2 shows the observed ACE-FTS spectrum from Of the ACE-FTS spectra, i.e. measurement noise. Statistical
$s42910 (at a tangent height of 7.2 km) compared to the calerrors can be reduced by averaging VMR profiles together;
culated outputs for the 1167.4-1168.6chmicrowindow,  Such averaged profiles are typically dominated by systematic
where (@) is the calculated spectrum which includes all in-€rrors.
terfering species without the inclusion of PAN and (b) the One important source of systematic error arises from the
calculated spectrum with PAN included. Below each outputPAN spectroscopic data used in the retrievals. Only three ab-
are the associate residual calculations. Itis quite apparent th&orption cross sections recorded above 250K are available;
there is a negative shift in the residual spectrum when PAN ighe fact that they were not recorded with additional air should
not included in the modelled output, but once the PAN VMR have negligible contribution to the error because the band
profile is included in the calculated spectrum, the residualused inthe retrieval is broad and likely exhibits minimal pres-
values are minimized to near zero, indicating that all inter-sure broadening. At temperatures below 250K, this band is
fering species within the microwindow have been accountecexpected to become slightly narrower and sharper. Although
for and thus make PAN readily retrievable from within this the peak band absorption will increase, which one would ex-
spectral region. From the retrieval model, the detection limitPect to produce slightly smaller VMRs than we report, the ef-
for ACE-FTS PAN is estimated to be 5pptv for a single  fect on the retrieval should be partly offset by the narrowing
occultation, which falls below the range of 10-400 pptv for of the band, which causes the retrieval software to lower the
background values measured in clean marine air reported b AN VMR in order to obtain a “best” fit over the entire mi-
Wayne(2000. crowindow region. It is difficult to quantify the error caused
by spectroscopic limitations without knowing the exact tem-
perature dependence below 250Mlen et al.(2005ab) esti-
mate the uncertainty of the cross sections-d&s%; however,
this does not include the extrapolation error below 250 K. We
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Table 2. Sources of systematic uncertainty in the ACE-FTS PAN Table 3. Random Error Analysis for MIPAS PAN Retrieval.
retrieval.

Random Error (%) — Microwindow 775-787 crh

Source Symbol Fractional Value
PAN Spectroscopy jispec 0.08 It (k Tropical  Mid-Latitudes Polar Polar
Spectral Interferers pint 0.01 Alt. (km) - 5 5 o 20-65 Summer  Winter
( Ny ( ) 65-9C 65-9C
Temperature wr 0.10 (65-90)  (65-90)
Altitude Uz 0.10 6 N/A 75 8.1 3.7
ILS MILS 0.02 9 5.8 5.0 5.8 5.7
12 10.0 11.4 11.9 16.0
15 46.6 44.7 41.5 65.1
estimate that the ACE-FTS retrieval error arising from PAN 18 148.9 146.0 139.5 145.2

spectroscopy is- 8 %.

Further spectroscopic errors can potentially arise from
the interfering species that absorb in the PAN microwindow calculated as
region. Since the baselines of the ACE-FTS transmittance , 2 2 2 2 2
spectra and the VMRS of most interferers,® Oz, NpO, ~ Msystematic= HspecT Hint T 17 + 1z + HiLs- (6)
CHy, HFC-23, HCFC-141b, CFC-113, CFC-12 and HFC-
134a) are fitted simultaneously with the PAN VMR, it is
not a trivial exercise to determine whether they contribute
to the overall systematic error of the PAN retrieval. We take
the view that the lack of systematic features in the spec-3 MIPAS retrieval method
tral residuals indicates that these contributions are negligible.
However, contributions from HCFC-22, CFC-114, CFC-115, Retrievals of PAN VMRs have been achieved using
HFC-152a and HFC-125, for which the VMRs are simply the MIPAS Orbital Retrieval using Sequential Estimation
fixed to either assumed or retrieved values (see Zet}, (MORSE) developed by the University of Oxfordht{p://
can contribute to the systematic error. Since these moleculegww.atm.ox.ac.uk/MORSEThe scheme was used in a pre-
are very weakly absorbing compared to PAN, we estimate arvious study byMoore et al.(2010 to successfully retrieve
error of at most- 1 %. PAN VMRs in the UTLS. The scheme uses a sequential es-

In addition to spectroscopic errors, uncertainties in tem-timation approach to determine the most probable solution
perature, pressure, tangent altitude (i.e. pointing) and instrubased on knowledge of the a priori information and the mea-
mental line shape (ILS) all contribute to systematic errors insurements. Cloudy spectra are screened using a colour index
the retrieved PAN profiles. To estimate the overall system-(Cl) approach $pang et al.2012) with a threshold of 3 ap-
atic error, the retrieval was performed by perturbing each ofplied, which is adequate to remove all optically thick cloud,
these quantitied(;) by its assumed uncertaintpf;), while along with less optically thick clouds such as cirrus or cirro-
keeping the others unchanged. The fractional retrieval errorstratus.
uj, is defined as Interfering species are retrieved sequentially and the mi-
crowindows used for the MIPAS retrievals are then opti-
mized for each species of interest. The sequential joint re-

The total systematic error contribution to the ACE-FTS PAN
retrieval is estimated to be 16 %.

_|x(Dj+Abj) —x(b))

wi= x(bj) ’ ) trieval with continuum are conducted in the order of pres-
sure/temperature, water vapourg,(HNOsz, CIONO, and
wherex is the retrieved VMR. CCly. These inputs are then used in the joint PAN/continuum

Note that for the ACE-FTS retrievals, pressure, tempera+etrieval. The background continuum is constrained to low
ture and tangent height are not strictly independent quantivalues typical of cloud-free scenes observed here; from tests,
ties; tangent heights are determined from hydrostatic equiPAN retrievals show no correlation with continuum values.
librium, and so these quantities are strongly correlated. FoiTo prohibit unphysical negative values, all retrievals are per-
the purposes of this work, only two of these quantities areformed in log space. From the work bfoore et al.(2010,
altered: temperature is adjusted by 2&iqa et al. 2008 the random error on a single retrieval could be as large as
and tangent height by 150 nDg¢four et al, 2006. Addi- 50%. By careful choice of extended microwindows (775—
tionally, ILS uncertainty is induced by adjusting the field of 787 cnt! and 794-800 cmt), this has had the effect to both
view by 5% Qufour et al, 2006. A small subset of occul- increase the information content within each measurement
tations was selected for this analysis. The fractional valueand to reduce the random noise to below 5% at each level
estimates of the systematic uncertainties, and their symbol)n a single profile. A summary of the random errors for the
are given in Tabl@. Assuming these quantities are uncorre- MIPAS retrieval of PAN are found in Tabl8. The detec-
lated, the overall systematic error in the PAN retrieval can betion limit for MIPAS PAN in the free troposphere varies with
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Fig. 3. ACE-FTS vertical profiles for HCN and PAN measured from boreal biomass burning plumes recorded during sunset occultations
ss42910 and ss42733. Enhanced PAN and HCN are evident as ACE-FTS takes measurements of these trace species within the pyrogen
outflow. Correlation calculations were conducted for both species and the associated correlation co&ffielethiephhancement ratio (ER)

with respect to CO are reported. The error associated with the ER calculation is thackertainty in the calculation of the regression slope.

altitude. Detection limits for MIPAS PAN are approximately In this work, ACE-FTS occultations with enhanced tropo-
20 pptv at 9 km, 30 pptv at 12 km and 50 pptv at 15 km. spheric VMRs of HCN> 0.30 ppbv are deemed measure-
Monthly mean PAN a priori profiles are constructed us- ments of air masses containing biomass burning emissions.
ing PAN fields from TOMCAT model data binned into lati- Filtering of the data was done by calculating the me-
tude bands consistent witRemedios et a2007). As PAN dian PAN concentration. Retrievals which contained mea-
showed little yearly variability, but strong seasonal and latitu- surements with VMR values that were less than 10% of
dinal variability in the model, data were taken for each seasorthe median value at a given altitude were rejected as this
in 2003. As the sources and sinks are still poorly understoodnormally indicates retrieval failure. The principal cause of
a constant 300 % a priori uncertainty was used, larger thametrieval failure is due to cloud contamination. ACE-FTS
indicated from the model, but adequately unconstrained tacan effectively make measurements through thin clouds, but
allow most information to be derived from the measurementmeasurements of the free troposphere which contain thick
rather than the a priori information. clouds in the field of view of the instrument can cause the
retrieval to fail at these altitudes, and the outcome of the
retrieval is a deviation of the vertical profile to unrealisti-
4 Identification of biomass burning emissions cally low and even negative values for the VMR of a given
o ) ) ] ) molecular species. The median filtering eliminates all mea-
In the majority of studies conducted to investigate biomassgrements within each occultation that contain these large de-
burning emissions using either remote, space-borne instrugiations to assure that the measurements being used are only
ments, aircraft, balloon sondes or ground stations, carbofngse where the troposphere is cloudless during the time of
monoxide (CO) is typically the molecular species employedmeasurement. The remainder of the data was then filtered
to determine whether pyrogenic emissions have been samy yemove measurements containing unrealistically large re-
pled by comparing enhanced concentrations of CO relativgyieyal errors as they often indicate failed convergence in the
to the background. CO is a well-known primary pyrogenic rerieval. To do this, the median absolute deviation (MAD)
species with an atmospheric lifetime of approximately two a5 calculated from the associated retrieval errors: if the re-
months in the free troposphere, but due to it being alsoyjeya) error at a given altitude was greater than 100 times
emitted from numerous anthropogenic sources, another longne \MAD value calculated from the data set, they too were
lived species that is more specific to biomass burning wasejected. Having filtered the data for any erroneous measure-
chosen for plume detection. Hydrogen cyanide (HCN) has aynents, those occultations which contained HCN altitude pro-

life time of five months and is emitted almost entirely from fjjes with VMRs of HCN> 0.30 ppbv were deemed measure-
biomass and biofuel combustion. Typical background VMRS ants of biomass burni?lg plumes.

for HCN in the free troposphere have been determined to
be 0.225-0.250 ppbW.{ et al., 2003 Singh et al. 2003.
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Figure3 shows the vertical profiles for PAN and HCN ob- coefficient R) and the enhancement ratio (ER) with respect
tained from the ACE-FTS data on the 1 km grid for sunset oc-to CO obtained from the linear regression slope calculation
cultations ss42910 and ss42733. Values for the altitude of thare reportedAndreae and Merle2001; Lefer et al, 1994
thermal tropopause were obtained from derived meteorologHobbs et al.2003. Both trace species correlate highly with
ical products (DMPs) that are produced using the ACE-FTSCO, indicating their presence as pyrogenic species within the
version 3.0 data seManney et al.2007). The two occulta-  biomass burning outflow. Th® values for HCN and PAN in
tions contain measurements of young boreal biomass burningccultation ss42910 are 0.956 and 0.902, respectively. The
plumes: ss42910424 h old) and ss42733 (48—72 h old). The correlation constants for HCN and PAN in ss42733 are 0.905
source and age of the plumes have been determined by usirand 0.819.
the combined, daily fire data recorded by the Moderate Res-
olution Imaging Spectroradiometer (MODIS) instruments on
board the Aqua and Terra satellites, which was obtaineds Comparison of ACE-FTS and MIPAS PAN retrievals
from the Fire Information for Resource Management Sys-
tem (FIRMS) Archive Download Tooh{tp://earthdata.nasa. Because ACE-FTS is on board SCISAT-1 and MIPAS on
gov/data/nrt-data/firms/active-fire-datavailable through  ENVISAT, it is not possible to find exact coincidences be-
NASA's Earth Observing System Data and Information Sys-tween ACE-FTS and MIPAS observations. PAN has a rela-
tem (EOSDIS). The MODIS fire counts are used concertedlytively long chemical lifetime in the cold temperatures in the
with back trajectory calculations generated by the Hybrid UTLS (of the order several weekBalukdar et al.1995 and
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) a short time scale variability that depends mainly on trans-
(Draxler and Rolph2003 model to locate the sources of bo- port and variation in sources. To ensure a reasonable coin-
real biomass burning measured by ACE-FTS. The altitudecidence, we decided to collocate ACE-FTS and MIPAS to
corresponding to the highest VMR of HCN for each occul- within three hours and 1000 km. The distance criteria was the
tation is used as the starting point of the back trajectory.most difficult obstacle to overcome due to the solar occulta-
Google " Earth was used as a visualization tool to mergetion measurement approach of ACE-FTS. The field of view
the data sets together in order to facilitate the determinatior?f ACE-FTS and MIPAS is around 3 kilometres, with sim-
of the sources of biomass burning plumes. Scripts were writdlar sensitivity to PAN in the UTLS. Three coincident mea-
ten in Keyhole Markup Language (KML) in order to import surements events made during BORTAS have been identi-
the locations of the ACE-FTS occultations and MODIS fire fied. HYSPLIT trajectories were used to determine that they
data into Google' Earth along with the air-mass trajecto- are measurements of boreal biomass burning plumes orig-
ries from HYSPLIT, which conveniently provides the option inating from outflows with three different ages. Figute
for output into the KML format. A more detailed descrip- shows the comparison of ACE-FTS, with the closest coinci-
tion of the technique used in the identification, age determi-dent MIPAS profiles, for the three identified plumes. The left
nation and differentiation of biomass burning plumes mea-panel contains a young plume, 48-72h old (ss42733), the
sured by ACE-FTS can be found in the work Bgreszchuk ~ centre panel is of a younger plume, 24-48h old (ss42776),
etal.(2012. The sources of the pyrogenic outflows measuredand the right panel is another plume that is 48-72h old
in sunset occultations ss42910 and ss42733, in Figre (ss42893). ACE-FTS occultations ss42776 and ss42893 are
from boreal forest fires recorded during the BORTAS flight near-coincident measurements and are in good agreement
campaign. As aforementioned, ss42910 measured a nascetith respect to profile shape with a local minimum in PAN
biomass burning plume over Lake Huron/Georgian Bay onobserved around the tropopause in both the ACE-FTS and
2 August 2011, which was emitted from fires in western On-MIPAS data, indicating that the plumes were confined to the
tario. The young plume measured in ss42733 on 21 July 201upper troposphere. ACE-FTS occultation ss42733, left panel,
was recorded over the southern tip of Greenland from a largés the closest of the coincident measurements to MIPAS
pyrogenic outflow also originating from the fires in western made during the campaign period. Not only do the profile
Ontario approximately three days earlier. In the vertical pro-shapes from both instruments emulate one another but the
files for both ss42910 and ss42733, we observe the enhancéCE-FTS and MIPAS VMRs for PAN are well within the
ment of PAN and HCN concentrations as the instrumentassociated measurement errors for both instruments. The dis-
scans through the lofted pyrogenic outflow. In both instancestance between the ACE-FTS occultation ss42733 and MIPAS
only measurements from the tops of the plumes are recordedneasurement 49097 is approximately 150 km. A quantitative
Measurements at lower altitudes are obstructed either due teomparison between the two vertical profiles, Figshows
thick clouds or there is a sufficiently high density of aerosol an agreement between measurements to be within 70 pptv for
and particulate matter (i.e. smoke) emitted from the fires tothe altitude range of 9.5-17.5km. At 8.5km, we observe a
obscure the instrument’s field of view and cause the retrievafeviation in the VMRs which is due to the measurement of
to fail at these altitudes. Correlation calculations were con-the confluence of differing air masses at these corresponding
ducted for both species, and the classic Pearson correlatiodltitudes. HYSPLIT backtrajectory calculations were con-

ducted to determine the sources of the air masses measured
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Fig. 4. Comparisons of ACE-FTS VMR profiles with coincident measurements made by MIPAS during the BORTAS campaign of boreal
biomass burning outflows. The left panel contains a young plume, 48—72 h old (ss42733), the centre panel is of a younger plume, 24—48h
0ld(ss42776), and the right panel is another plume that is 48—72 h old (ss42893).

20 T T on 18 July 2011, but the air masses measured by ACE-FTS
at these altitudes diverge5° N of the fires, thus resulting in

a measured VMR for MIPAS that is 1800 pptv greater than
the ACE-FTS measurement recorded at 8.5 km.

18} ACE

6 Observed ACE-FTS PAN global distribution

Altitude [km]

Global distributions of PAN in the UTLS, including the zonal
mean cross sections of seasonal averages, are calculated to
provide global distributions of this short-lived, pyrogenic
species. The analysed data set consists of 20075 occulta-
tions which contained retrievable PAN profiles that were ac-
cumulated over the ACE mission from February 2004 to Au-
gust 2011. Of these 20 075 occultations, 9961 were accepted
Fig. 5.Quantitative comparison between the VMR profiles recordedUsing the filtering method described in Se€twithout the
by ACE-FTS occultation ss42733 and MIPAS measurement 49097threshold on HCN applied.
The agreement between the two vertical profiles is within 70 pptv  Figure6 shows the plots of the zonal mean distribution of
for the altitude range between 9.5-17.5 km. Below 9.5 km, we ob-seasonal averages calculated using the 9961 filtered profiles
serve a deviation in the VMRs which is due to the measurement ofat altitudes corresponding to the UTLS 7—-20km). The
the confluence of differing air masses at these altitudes. dashed grey line in each plot corresponds to the average ther-
mal tropopause heights obtained from the DMPs associated
with the occultations used in the analysis. From these near-
by MIPAS and ACE-FTS. The 5-day back trajectories for the global distributions, we observe a definite seasonality in the
air masses measured by both instruments between the 9.32AN concentrations in the UTLS. Since the main source of
17.5km followed the same relative path towards the borealPAN in the UTLS is due to lofted biomass burning emissions
fires in western Ontario, but below 9.5km the back trajec-from the pyroconvective updrafts created by large fires, the
tories deviate. The air masses measured by MIPAS pass dseasonality should coincide with fire activity in different geo-
rectly over the region of high fire intensity in western Ontario graphical regions throughout the year; the PAN enhancement

10 100 1000
PAN vmr [pptv]
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Fig. 6. Plots of the zonal mean distributions of seasonal average PAN concentrations 60 km. A definite seasonality is observed in
PAN concentrations in the UTLS. The variations correspond with fire activity in different geographical regions throughout the year.

occur as expected, corroborating the seasonal fire activity obing output also demonstrates a seasonality which is coinci-
served by MODIS. During the spring (MAM) of the North- dent with biomass burning activity. In March, we once again
ern Hemisphere, the majority of global biomass burning ac-observe the emissions corresponding to the agricultural prac-
tivity occurs in China. Elevated concentrations correspond-ices in mainland China and Russia. The month of August
ing to the pyrogenic outflows from slash and burn activity clearly shows boreal forest fire activity in the high latitudes
and the burning of crop residues in the Chinese mainlandf the Northern Hemisphere. Elevated PAN concentrations
is quite evident. The summer (JJA) months show elevatedn October are delocalized over the equator from the biomass
concentrations of PAN at latitudes further north, which cor- burning emissions from fires in Amazonia and the Congo.
responds to the height of boreal biomass burning activityJanuary shows very little enhancement in global PAN con-
in North America and Siberia. In the autumn (SON), PAN centrations. Normally, during this month, we would observe
becomes more delocalized near equatorial latitudes; this ienhancements in the concentrations of pyrogenic species in
when fires are most prevalent in Amazonia, the South Amerthe Southern Hemisphere as it coincides with the wildfire
ican pampas and the African Congo due to agricultural slasiseason in Australia. January 2003 was marked by immense
and burn activity that occurs in these regions. During the win-fire activity in the Canberra region, but towards the end of
ter (DJF) months, fire activity peaks in the Southern Hemi-the month, which may explain why the emissions from these
sphere, particularly in the Australian savanfarészchuk fires are not reflected averaged PAN measurements made
et al, 2017), as we see elevated PAN localized to the lati- during this month.

tudes corresponding to this particular geographical region. A

similar seasonality in the global distribution of MIPAS PAN

was observed bioore et al.(2010. The zonal averages of

MIPAS PAN measurements were calculated for the months

of January, March, August and October of 2003. The result-
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7 Conclusions

We report measurements of PAN in boreal biomass burning
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