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ABSTRACT

In the summer of 1994, the 0.0°/ cinv'icsolutioninfrared Airborne Yonission Spectrometer
(AL:S) acquired spectral data over twowildfiies, one in central Oregon on August 3 and
the other near San Luis Obispo, Califoruia on August 15, Thespectiometer was on board
aNASA DC-8 research aircraft, flying atan:ltitade of 12, km. The spectra from both fires
clearly show features due to watcivapo: , carton dioxide, carbon monoxide, ammonia,
methanol, formic acid and ethyl ciic at significtly higher abundance and temperature than
observed in downlooking spectt @aof nonmalaimospheric and ground conditions. Column
densities arc derived for several specics w11, | molar ratios are compated with previous
biomass fire incasurements. We believdthatihis is the first time such data have been
acquired by airborne spectral rernote scrsing,

introduction

During late July and early August1 994 hot,dry weather and abundant overgrowth
precipitated several wildfiresin the Yacilic N, s thwest and California, On the afternoon of
August 3, the NASA DC-8 rescarch aircraftvas returning to its base at Moffett Field, CA
from aflight planned for Synthctic Apcrinne Radar (S AR) measurements when the flight
line was re-directed to make anoverpass of one of these fires (some 65 km cast of Mt.
Hood at latitude 45°19’ N; longitude 170752 W). Accompanying the SAR was the new
0.07 ecm-! resolution infrared Airbornc t anissron Spectrometer (AES) which succeeded in
obtaining a series of spectra (in the 4.5 1013 5 piange) beginning at 22:58:24 UT. The
ALS field of view was locked onto flamics of the fire by an interactive video tracker for the
30 seconds that the fire was visitlc tlnoughthe viewpoit installed in the cargo hold of the
aircraft. Strong emission lines of watctvapo (1120), carbon dioxide (CO,) and carbon
monoxide (CO) emanating fronthiehly excited state.s, indicative of agas cloud at elevated
temperatures, were clearly visible inap climinary examination of the spectral data.
Absorption features due to aminonia (N}Hy)were also obvious.

A second series of wildfire spectra wastakenon August 15, 1994in California with the
Al iS on board the same aircrafiat 3. ‘.4 N, 120°41'W, about 10 km no]tb-west of San
I.uis Obispo, CA. This second sct of sprcirawas aso obtained as atarget of opportunity
on a flight with a different primaryinissiony »an, however, more time was available for
three overpasses of the fire line and atoial of 90 seconds of spectial data was collected



direct] y over flaming areas, as wel Lasditi{iomnear by unbuened arcas. A quick
inspection of the spect rafrom the Californiatiie revealed, asin the data from the Oregon
fire, strong 1120, CO2 and CO emission e as well as higher levels of saturation in the
N] Iz and CO absorption features thariobse rve i for the Oregon fire.

Since these observations were not 1):)11 of ¢ plinned experiment, there was no other
instrumentation to provide in-situ measuranents as input or verificat ion for a model of the
ground and atmospheric state paramcters. Nonctheless, we have developed a provisional
physical modecl of the observed fite scene tomatch ow speetr @ observations. Using this
model, and relying on relative spectialfcannesasmuch as possible, we. have. been able to
quantify the flame temperatures, and th: (“O, NHjz, (.31~011 and 1 1COO} | column
densities. Since 1120 and COshavealarge bickground abundance, the fit to the spectral
features istoo model dependent to give , 1ehiat e estimate of the.ir excess abundance from
the fires.

1 imissions from biomass burning ar ¢ widclyyccognized as asignificant source of pollution
affecting atmospheric chemisti y, photochemistiy andtiace gas concentt at ions [cf. Crutzen
and Andreae, 1990]. The spectialicl hote sensihg technique holds many advantages for
measuring emissions from biomass fires Ju general, detectable quantities of gases are
higher than those for in situ sampling, howeve 1, many species are above these detection
limits in forest fire observations. 1 uc tothe ditficultics in sample collection, there are few
insitu measut ements Of emission factorsfor jeactive species such as methanol and formic
acid while a spectrometer can track theabund.nce of these species in all phases of afire

[ Griffith, et al., 1991; Yokelson, et al. |1 195, Species can be measured - sSimultaneously
with none of the uncertainties inheicnttor the separate handling procedures of insitu
measurcments. Ammonia, which hasancepecially distinet IR spectral signature, can be
measured with good precision in contrastio ¢ir ors as large as 50% forinsitu sampling of
NIz insmoke plumes [Laursen ¢t al., 1992]. 1'lamic temperatures can be estimated and
could be useful to other remotely sensedtadiomett y measurements. Some important
species, such as NO and NO; arc difficulttorncasure with nadir viewing space or

al rborne spectral remote sensing due Lo chscuration by ainospheric water vapor

absorption, alt bough these specics at ¢ casi |y ncasured in ground based spectral remote
sensing [Griffith, et al., 1901; Yokelson, ¢t al..1995]). Other commonly emitted species
such as methane and formaldchyde have 1R speetral signatures that are not obscured in the
nadir view through the atmosphci ¢ andwere samplyoutside the frequency ranges in these
data.

Fire 1)escriptions

‘The August 3,1994 fire observed tit, 45" 191, 120° 52" W, ncar the Deshutes river, was
onc Of the many relatively small fircsi nthearcasiust cast of the Cascades range in
Washington and Orcgon on that day. Thcbestestimate from the Burcau of 1 .and
Management [BLM, 1995] was thatthe fire woas on private land withmostl y grass, shrubs
and sage brush on slopes and a few atderand janipertices in the lower canyon areas.

The August 1S, 1995 observation al 3521 N 120°41° w was of alarge brush fire,
designated the. 1 lighway 41 fire,, thatsta | icdan Augast 14, 1994 and moved south-cast




toward San 1.uis Obispo, CA. This fucwas consideredthe largest California wildfire of
1994, with a total of 45400 acresbuwined ‘1 tctorest Service [ Cal. Dept. Forestry, 1995)
described this fire as atype. 4 heavy biusl 1icac e and estimated a fuel load of 20 to 25
tons/acre. A survey of vegetation covetape lorthe private and public lands burred gave
60% brush (chemise, manzanita), 30% ouk wondland, 1 ()% grassland and 1 % conifer.

The AES instrument and Obscivational Approach

ALES isaFourier Transform spectiometer (E°1'S ) specificaly designed to acquire line
wiclth-limited (<0.1cm-1) infrarcd spectia of the 10 WC] atmosphere through a ZnSe
window in the underside of an aii craft. Radiatontiaversing the window is intercepted by a
TV-guided 2-axis pointing systcin. Whe nobsarving localized targets over land, the
pointing system can either be locked ontothesource 01 setinto an open-loop rate
compensation mode. (In the collect ion of dataover burning arcas, the flames provided
sufficient visible contrast to acquire atarpetlock.) The locked and rate compensation
modes allow data setsto be acquited oveibo.at 30 seconds (limited by the size of the
window) before the system isrc.set toits forwil d position. Alternatively, the pointing
system can simply be set into a nadirstaing mode, inwhich case. data acquisition is
continuous. in any event, the view scen by the t racking cameraisrecorded on a
conventional VCR that is time-tap,p,cd idcitical | y to the infrared data ‘1" he. same pointing
mirror is aso used to make frequent(every 3( 1 1ninutes or less) observations of on-board
black-body radiometric calibration sour ces (es~ential for the retrieval process).

Fig.1 shows optical schematics of thcinteiferoncterand the periscope and tracking
system. The infrared beam passes via the petis.ope into the interferometer that is the heart
of the1‘1’S. The interferometet consists of a beamspliter/recombinet of Ge-coated KBr
that divides the beam into two (nornin ally 50-50), onc of which travels to afixed cube-
corner reflector (CCR) and the other to anothe; C CR that move.s on acarriage driven by a
lcadscrew/IDC motor combination, theiehy imposing an optical path difference between the
two arms. Frequency (wavelength)calibiation of an}I'S is unnccessary since the optical
path difference is continuously micasuted by aninternal Nd: Y AGlasc 1 traversing the same
optical system as the infrared bean,

Data arc acquired with the moving (‘(CR tuvelng in tHoth direct ions (2. seconds end-to-
end). About 1 second is required to1evaseditections, The motion of the CCR impresses
an amplitude modulation on the infiaed bean that is subsequently sensed and recorded by
4 setsof 11gCdTe infrared detectors (cacl ropti ized for adifferent spectral region). Each
individual detector set (maintain cdat 65K by romping on 1 .N2 dewars) has 4 adjacent
pixels (optically- conjugated dewat-to-devar)  Thus 16 interferograms (and therefore
spectra) arc recorded in parallelon&nnndi pit: 1 tape (together with pertinent engineering
and navigation data) after being dig itized with 1 6-bit A-1) converters. Within each dewar
arc sets of interchangeable ("onthe 11y hand pass filters about 200 em ! wide whose
primary function isto limit the aynnicnt-iempaatwe thermal background from
compromising signal-to-noise 1atio. Subscqu ntdata processing is performed off- linc.
"This processing includes convetting the mlei{eiogramsto spect @, phase correcting the
spectra, converting the calibrationspectiato gainand offset functions and applying the gain
and Off SCt tothetargetspectia,




ALES Fire Data

Figures 2 and 3 show the Al S spectiii 1 dhentromthe Oregon (OR)and California (CA)
fires as well as spectra taken fromanunbuinelarea upwind of the California fire. The
spectral bands shown arc 950 to 1150 ¢ 13,7 10 10.5 )y and 1960 102060 cm! (4.9 to
5.1 p). Thesebands show many of thc initere«t ng spectral features duc to the fire and the
figures represent most of the datauscdin thisanalysis. Unfortunately, WC. could not use
the data in the 1200 to 1400 cni-1(*/, I 1o 8.311) specti @ region duc to problems with onc
of the dewars. Normally, this is theregionwhere we obtainspectral information for
methane, a common emission inbiotmass{ires,

The signals for the spectrashownin 1 4g 7 woie converled to radiance units using
calibration data from the onboar d black!od y attemper atares 290 K and 350 K. These
calibration data give a gain and offsctvaluc atcach sampled frequency. The gain has units
of data number (DN) per unit radiance ( Watts’em?/si/cin D). The offset, which is
subtracted from target spectra, isductothe f I vxcontribution fiom the instrument at
ambient aircraft temperature. 1‘or miost observations, these blackbody temperatures span
the range of ground target temperatures. batfor the. forest fires, this was not the case,
Since wc did not have a highei tenpet ata e calibration point available, we must assume
the gain has alinear dependence 0111 adimee &nd extiapolate to convert to the radiance
values observed in the fire spectra. We epply this extrapolated gain to the spectrain the
frequency range near 1000 cm! ( 1() j11) where signal levels for the fire views and the 350
K blackbody arc comparable. 1 towcver. this cxtrapolation iS not reasonable for the 2000
cm’! (5 pm)i1egion shown in 1 fg. 3 whorethe fireand the 350 K blackbody signal levels
differ by over an order of magnitude andgaindependence on radiance is indeterminate.
Although uncalibrated spectra will 1 ctainaflus contribution friom the instrument radiance
that is significant for the view of thcunbuinedarea, it contributes less than 10% of the
signa level in the fire observationl.

The field of view (FOV) in these obscivationsas 3.”/5 by 1.94 mrad giving a ground
footprint of 45 m by 23 m from 12 ktu«1titude. The footprint is therefore likel y to be
inhomogencous, i.e. avariety of arcaswitli di tierentsur face radiance values, especial] y in
views where the flames were tar gcted batdidnot fill the FOV. Fig. 4 shows a likely
scenario for the AES FOV during fu ¢ data acguisition based on the (visible) video
recorded during the tracking scguence.

Spectral Modeling and Analysis

in order to quantify the specics detected i a1 the firespectrawe have dewc.loped three types of
physical models for the ground i adianccand stmospheric radiative transfer based on the
viewing scenario shown in Yig. 4. Theinodel will be referred to as:

1. Smoke plumc over unburned grounii

I1. Embers
111. I'lames.




For cach type of model, the ground temperative and the temperatwe and abundance
profiles for atmospheric gases at prescribed altitudes are specified and a simulated
spectrum is generated by solving the cquation of radiative transfer |e.g., Goody and Yung,
1989] using the HITRAN 92 1nolecular Jine by-line database [Rothman, et al., 1992). The
code used for generating spectia from these odels is called SEASCRAPE: Sequential
Bvaluation Algorithm for Simultancous snd Concurrent Retricval of Atmospheric
Parameter Hstimates [Sparks er al., 1991},

Table 1. Modcl layers and parameters for simulated spectra

1. Smoke over| 1. Kanbers

weight = 60% CA fne FOV weiphit=34% CA firc FOV

1 km

500111

32 m

30m

20m

T=305K
1,0, COy, co, N,O,
CHy, O3, NH3, OCS

‘1'smoke = 350 K
11?70, CO,, co, N»O,
CHy, O3

Teround =310K

I11. Flames

weight = 5% OR fire 'OV
weight = 6% CA fire FOV

‘1 :.305K
1.0, CO,, (X), N2O,
Cil4, O3, NHz, OCS

Tsmoke = 330 K
1150, COy, (X), N,0,
Cils, O3, NH3, OCS

11COOI, CHzOH

“lamoke » 400K
11,0, COp, CO, N3,
1iCQOOLH, C11301H

T=325K
11,0, CO2, CO, N0,
CHy, O3,NH3, OCS

Tsmoke = 375 K
11,0, CO, CO, N> O,
Clly, O3

Tsmoke = 450 K
11,0, COy, CO

I'transition

" Tflames

H,0, CO,, CO

" Tground = 500 K

‘1’able 1 shows the layers and specificd paramicters forthe three models below 1 km, The
three types of models all have-tllc samie spxcifications for 1 km [0 1?2. km and usc
assimilated temperature and heightyn ofiles for these dates and locations, provided by the
NMC [Gelman,1994]. We assuimnc arelative Hamidit y of 35% at 1.5 km for the Oregon
fire location and20% at 1.5 km for the California fire location. Above 1 km, wc assume
abundance levels for CO (357 ppm), (* 11 1(1/80 ppb) and N2O (312 ppb) based on
projecting 1993 values [Diugokencky ef al., 1 994; Halpert et al.,1993). Methane is




included in the models, but docsnotpradice any sig nificant spectral features in the
frequency ranges used for thisanalysis *1 e COabundance in the models decreases
lincarly from 150 ppb at 1km to 75 1)1)1) «t 1.” km. Although CO docs not have very
predictable abundance levels, this apjcars to be areasonable assun iption based on
measurements by Harriss et al,| 1 9941,

Because of the inhomogencity of the seene i our 1:OV, we have no way of uniquely
determining the groundtemperaturesin ourinodels from our spectral radiance. We must
therefore set these temperatures torcasc intbli- values. Wec usc 500 K for the embers and
flames models, based on other firciadiance1nicasurements [Kaufman er @l., 1992], and we
usc 310 K for the unburned ground tas. d onthe average brightness temperature of spectra
taken away from the fire areas.

The three models arc combined wit IL weig tits thhat alow arcasonable match to the observed
radiance levels in the spectra from 950101150 e’ (The weights must add to 100% and
arc shown in ‘1'able 1). Fig. Sshows thanateh of the weighted model combination to the
Orcgon fire data aswc] | astheindividu.1 | modiclcomponents. The combined model
gpectrum is then scaled (or "decalibiated'”) tornatchthe spectral data in the 1960 to 2060
cmelregion, At this point, individualpatameicers inthe. models, such as flame temperature
or single species abundance can be vanicd{ora best fit to the spectr al features in the data.
Unfortunately, the species with the la gest fine emissions, H20 and CO;_ have alarge
normal atmospheric abundance and ther cf ore Lo many model parameters to be varied
manually. Quantization of the abundwcparmeters for these species would require a
more sophisticated retricval techuique cipasble of iterating and optimizing parameters for
the three modecls simultancously. A Ithoughit was not possible to determine uniquely the
excess H70 and CO7 from the fircsin this anilysis, our data are consistent with large
exeess abundances since models withinoninal atmospheric abundances for these specics
were clearly inadequate. The H,0 and (‘()) @ wundance paramicters in the models are set to
values that give aclose enough inatchto the data so that the estimation of other quantities is
not impeded.

No large enhancement in the Oz abundanc e was observed and a reasonable fit to the datais
obtained with a uniform Oz abundance it 60 ppb. We do not expect to observe a
significantly increased O3z abundance since O isnot produced directly by the fire[Hegg et
al., 1990]and our measurements do notinchuie the down- sticam fire plume. We aso
observe CEFC-12 (CHCl o) and (XX andi weat) fitt he spectral features for these
molecules with an abundance of CHC-12 a1ounid 400 ppt and an abundance of OCS around
1 ppb. CEC-1 2 has been detected in biomassiite emissions[Hegg, et al.,1990], most
probably from pollution deposited overtine andresuspended by the fire, 1 lowever, at
these low levels, we arc not sensitive to iexcess abundance in these specics over their
normal atmospheric abundance.

Flame Temperature:

‘1 he flamne temperatares in the ohscrved (i esare detershined by varying the temperat urc
and CO abundance in the flamncs region (0 to 30 m) of the. flames model and comparing
the resulting spectra to the obscived ¢(Yeinission lines in the 1960-2060 ¢m-! region,
(sce Iig. 3). None of these CO cimission featuies are observed in normal atmospheric
speetra and, indeed, some (high rotational quantummunibers inthe 2-1 vibrational
transition) require temperatures of atlea«t @00 K to populate the relevant energy levels, The
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line widths and heights have. a dependence oncoluimn density as WC.]] as temperatare and
we therefore find a range of valuesin columdensity and flame temperature that produce a
reasonable fitto the spectra. The spectrafromboth fires can be fitted with a range in CO
column density of 20 ppm to 40 ppincver3thm. The best fit for the Oregon fire data was
obtained with arange in flametcmperatonee!1050 to 1 200 K, while the California fire
data required & higher values: 1250 0} 350 K.

NH 3 Abundance:

Ammonia isawell known componcutoffaest fire emissions and biomass burning has
been shown to be a significant source of stmuospheric NHz [e.g., Hegg er a., 1988 and
1990, Griffithetal., 1991 and Jawrsen ci al.. 1992). NHz is produced during the
smoldering phase of afire, as opposcdto the flaming phase, {Griffith,er d., 1 991;
Yokelson, et a., 1995 and dissociates iitflarnie temper atures [Hampel and Hawley, 1973].
Woc thercforc expect the highest N] 1 concentrations in the einbers component of our
observations.

Assuming that the mixture of thethrecimode! s suf’ flees to describe ous fire observation, it
is clear from Fig. 5 that the prepondeiance ofspectral signaturesis also due to the embers
component. We therefore obtain estimates of columnndensity for species produced in the
smoldering phase by adjusting thc thicral contrast and species abundances in the embers
model to produce the best fit to the absorption features. Anunonia absorption features arc
especially useful in determining theappropriate thermal contrast in this model since the
N1]3 transitions have a similat tempcetature dependence and some of the strong lines
saturate at fairly low abundance, around 50p;»m-m. Theammonia abundance is
determined by matching the line stengll atios of nearly saturated to saturated lines while
the radiance signature of the stongersaturate: 1lines provides the thermal contrast for the
embers model. Fig. 6 shows the fire dataconpared to model spectra for some of the
ammonia absorption features. Vhe prescnce of the weaker NHz linesin the California data
indicates a higher ammonia abundanceitin ohservedin the Oregonfire.

Table Il shows the column densitics of N1l3 i nthe. embers model that gave the minimum
residuals in the ammonia spectialiegionsforthe model spect ra subtracted from the fire
spect ra. A good fit to the Orcgon ditawas obtained by adjusting only the embers mode]
NI3 abundance with negligible sinoutt«inthic other models. 1 lowever, the California data
required around 100 ppm-mNIzinimodcls Land 11 1 inorder to obtain a reasonable

match. This affected the uncertainty i nthe cibers (model 1) amount for the Californiafire
which is reflected in the NHz columndasity coror.

co Abundance:

CO iscmitted during both the flaming andsioldering phases of a fire, but predominantly
in the smoldering phase {Griffith, et «) , 199 1. Yokelson, et al., 1995]. We quantify the CO
abundance from smoldering processes by usitig CO absorption lines that have a model
signature dominated by the embersnodel (as opposed to the emission lines which can
only be mode.lcd with the flames modeh. i 1ig. 7 we can see that the CO absorption lines
arc different for the California and Oregor fires. The broader line widths in the California
fire data indicate ahigher level of satumation. oth fires have significantly wider absorption
lines than observed in spectra takenaway from the fire area or the cinbers model spectrum
with a backgi ound (normal atmosphetic (O abundance. The CO abundances in the first
kilometer of the embers model wer ¢ adjustcdromateh t he absorptionline widths and the




resulting column densities are shownin 1@t ble 11, The fusterror in the CO column densities
corresponds to the statistical uncertainty mfitting the lines, i.e,, the. changes in abundance
that produced no visible change (o themnndelspectrain,. Theseconderr or is the systematic
uncertainty from the background subtraction, where we assumed that the background CO
abundance could vary by as muchas50'¢ 1101 nour nominal valucs. This uncertainty is for
the entire background column of CQO (fresn ground to ain plane), since, unlike the other
speciesin Table 11, the backgi ound (* () coluirThas asignificant spectral signature. For
comparison with the CO value.sin Table 11, the column density for a background level of
150 ppb CO, O to 1 km, would be (.15 p/147 in the emnbers model.

our model assumes the standardisotopicabundances: 98.654 % 12(:160) and 1, 108%
13C160 [De Bievre, et al.,1984], and wiwere able to fit to the 13C0O lines with the model
spectrum using the same CO abundanice that produced a good model match to the 12CO
absorption lines, The13CO lines were atinostundetectable in the embers model with a
background CO abundance.

Table 11. Estimated column densitics for the Oregon and California wildfires

columm density column density
1‘requency (malccules/em?) (gm/m2)
Species (cm-1y O ORfue CAfire OR fire CA fire
38 3/15/94 3/8/94 3/1 5/94
CO 2050- AR 1.85¢419 1.59 8.60
(background | 2135 (0."/8,1(1.9°/)(+"18 (40.28:0.11)c4 19 |4 0.36 4- 0.45 |+ 1.29+ 0.50
subtracted) to_
NI | 960-1160 | (1461 (LI()C -1 T/ 1141557417 [ 0,041 £ 0.005 [ 0.220 * 0.044
~ CH;0H0 | 1033 (156 10204 17 [42:054.040)¢4 T/ [ 0.083£0.011 [0.157 % 0.024
HCOOH [ 1105 | (8.60:41.50c116 [(1.124°0.19)c417 | 0.066+0.011[0.086 + 0.015
Chlla " 0495 detected detocted— 7

Methanol, formic acid and ethylene:

Oxygenated Organic compounds such as nicttinol, forinic acid, forialdehyde and acetic
acid have been previously measuredin Lioress fire emissions during broadcast burn and
laboratory studies [Griffith, et al., 1991; McKnzie,etal., 1904; Yokelson, et al., 1995].
Nonmethane hydrocarbons (NM HC)dctectedinairbor e plume sampling of biomass fires
arc quantificd in Hegg et al., | 1 990)and/aursen,etal.,[1992), although ethylene is not
among the specics listed. Ethylene and othet NMHBCs are measured in Yokelson, et al.,

[ 1995]. (Formaldehyde, acetic acid andmost NMIICs have their spectral signatures
outside, the ranges covered inow datascl.) Yokelson, er al., [ 1995], show that these species
arc clue primarily to pyrolysis and distillatroniathet than smoldering or flaming
combustion. Wc do not have enouglhindepemicntspectt al information to distinguish this
type of production from smoldering corlbust onsinee it also occurs athigh temperature
and the, produced species combustin t hef lames. We therefore rely on our “embers’ model
for quantification of these specics andacknov ledge that the assuined thermal contrast in
this model could be different foithe pyrolysisprocesses. |f our assured thermal contrast
istoo high, the.11 our specics abundances will be underestimated.




To estimate the methanol (CH1O11) andtornic acid (HCOOR) column densities in our
data, we apply absorption cross-scction data {from Hanst and Hanst, 119931, to our
radiative transfer model. Methanol has a peak in absorbance at 1033 em-! which is
somewhat obscured by the Oz band fiom 1010 to1070. The spectial signature in the data
is therefore more easily seen afler subtiascting a model] spectrum with a reasonable match to
the O3 lines. Fig. 8 shows the datz fron the Oregon and Califor nia fires after subtracting
model spectra generated with no abuud.ance of methanol or formic acid. The model
signatures for the best fits to these residuals @1e overplotted and the column densities of
CH301H and HCOOH are showtin Tablc |1

Quantifying the ethylene abundance 1+i1oicpioblematic. The peak absorbance at 949.5
cm1 coincides with a CO» line and is also on the edge of the. optical filter passband, which
results in poor radiometric calitnationznd SNR at frequencics below 950 cm’. We
observe cthylene by noting excess absorphion atthe 949.5 cm'1 CO; line compared to the
other nearby CO2 absorption lines whicliappwar thinner and are reasonably matched by
the model spectrum. The depthand widtliof this excess absorption in the Oregon fire data
can be fitted using amodel spcctimiiwithan embers component cu7114 column density
around 1.0c+ 17 molecules/cm?. 1 lowever, this estimate has very large errors duc to the
unquantifiable uncertainties in (1.)? abundance as well as the poor calibration and SNR.

Comparisonsto oth er measurentents:

Since our data are taken over the hottestregions of these fires, we expect our
measurements to be somewhat differci fromaireraft plume sampling, for example, where
gases emitted by the fire are probably samipled afterthey have moved away from their
sources. The more relevantcomparisonsforonrresults arc with groundbased remote
sensing data Where mcasurements arcinadc ol fire. cmissions from their flaming or
smoldering sources. Many results ate presentedin quantities of emission factors (mol/kg
fuel) or emission ratios relative to CO),. Since we are unable to calculate these quantities
from our results, we compare ciissioniatiosielative to CO with other measurements
converled to this emission ratio.

I;,0rN11~/(X) (mol/mol) we measwie 0.(143%40.016 (OR fire) and 0.04? -t 0.011 (CA fire)
in what wc assume is smoldering ciission. Y okelson, et @1, [ 1995], using a varicty of
fucls mixtures in alaboratory combustion chamber, report values giving arange in
NH3/CO ratio of 0.009 to 0.034 (taken (i omallthe measurements, using the smoldering
combustion only for fires with rcsults quotedior the different fire. phases).) .ower ratios
were found for fuel compositions of onlypincnecdles or sage.brusll and higher ratios for
more heterogencous fuel mixtures of duff twigs, pine needles and wood. Field
measurements from four broadcast firesin G iffith,etal.,| 1991] give a ratios of 0.008,
0.017, 0.046 and 0.059 for NHz/C:Oywith the higher ratios for brush and grass fires
compared to logging waste burns. JHegg e/ al [1988] report arange of 0.002 to 0.038
with an average of 0.012 - 0.005 for N} 14/CO from ais craft smoke plume sampling. Our
best agreement is with the Griffith, ¢r al | 197 1] resolts for by ush and grass fires which we
believe to be more similar to the fires woebserved than the fires studied by Yokelson, et
al., [1995]. It aso seems reasonable to oxpect different results for the smoke plume ratio
compare.d to the emission ratio dircctly aversinoldening areas.

For methanol, we calculate ClHzO1/CO enissionratios of 0.016 and 0.046 (mol/mol).
The results from Yokelson, eral. [ 1 925 1 g1 ve urange of 0.()()5 to ().031, again, with larger

Q




rati0s fromthe fires with heterogencous fuehunixtores. McKenzie, et al., [ 1994] report a

molar ratio of 0.025 for methaunol to COfvonsmolde | ing combustion of ponderosa pine
sapwood.

Our formic acid to CO molar ratios are 0.006 and 0,075. in the fiues studied in Yokelson,
et a., [ 1995], HCOOH was below thic dctection limitin all but one: the fire set to simulate
a“crown” forest fire by using afuclmistore of grcen pinene edlesand twigs Over dry
needles and wood. The results 1 romthis "crown fire give the ratio 0.007 for

HCOOIL I/CO. For smoldering c ombusticnofponderosapine sapwood, McKenzie, et al.,
[ 1994] report a molar ratio of 0.004 forforuneacid 10 CO.

Given the large ranges in values for d i crentfites and fuel types, owr emission ratios are
comparable with previous mcasurciicnts. Weoconfirm the results of Griffith, et al., [1991],
McKenzie, et al., [1994] andYokelson,, t « 1., | 1995])shiowing asignificant presence of
methanol and formic acid in biomass buring emissions, Sources of atmospheric
concentrations of these species shouldscceivenore attention since oxygenated
hydrocarbons such as methanol havescoently been shown to play an important rojc in
tropospheric photochemistry [Siigh, ¢f al , 1095].

Unmatched I'mission Features:

Although wc are fairly certain that w ¢ h.1 ve identified the obvious absorption featuresin our
data, there arc emission features that wca ¢ table to mnatchusing our three. component
model with the 1992 HITRAN databiase [Rotlinan, et al., 1992), as illustrated in the upper
pancl of yijp 9. Based on the features thatarcinodeled, the. strong cunissionlines in our
data arc from transitions occurringathigh teniperatw es,ie. inthe flames of the fire. This
precludes many species from conside rationand afler comparing sur spot spectra in the
same frequency ranges [Wallace, et al., 1992, 1994, 1995], we conclude that the primary
candidates for these emission lines arc LiotH-Oyand CO. A few emission lines in the data
also matched known high excitation t tausitions of CO;. 1t is not smprising that we do not
match all the emission features using the HITRANO2 linelist since the database was
intended for terrestrial atmosphcric studies at normalteiperatures (around 300 K). This
results in known defects for HoOwhenit o de tabase isapplied at high temperatures
[Schryber, et al., 1995]. A preliminaty inve stipation indicates that many of the emission
features in our data can be modcled by extending, the spectroscopic database to include high
temperature transitions of HyoO, COuand poss: bly CO2. The bottonm panel of Fig. 9 shows
acalculation with high excitation lincs of i 1O at 2048.33 ¢m-1and CO at 2051.076 cm!
in addition to the 1 IITRAN92 linclist'T'he identifications are based on assignments given in
the solar atlas of Wallace and Livingston,}192]) and the par ameters in the} IITEMP high
temperature molecular database. [Rothinan, et al., 1995]. The features were simulated
without modification of the 111'1'1 ‘M1’ parameiers except for ashiftin the position of the
H,0 line. by -0.05 cm1 to agree with the posinonreported in the solar atlas.

Conclusions

As aproof of concept, we have shown thie utihity of the airborne spect ral remote sensing
technique in mcasurcments of cnissions fronl biomass fire.s. Although we did not have a
sophisticated retricval method for this di:ta ani:lysis, it is obvious that there were large
amounts of water vapor, carbon dioxide, carbonmonoxide, aimmonia, met hanol, formic




acid and ethylenc emitted by the fires we obseived. Increased understanding of the impact
of biomass burning emissions, including oxy penated organics, to amospheric chemistry
reguires better and more comprehensive auantification of the emitted specics. Since many
reactive specics arc difficult toincasure withen site sampling but, in principle, pose no
problem for spectral remote scensing, this techinique could provide a useful complement to
the plume sampling methods normally usedforfire measurements.

Our temperat ure and species abundance retr ic vals could be dramatically improved with
planned experiments over instrumented by vadeast burn sites that provide “ground truth”
data to verify our physical models. Sotie coramonly emitled species such as methane or
formaldchyde were simply outside. the spectr | range in these obser vat ions and would
require only minor modifications for detee tion. We funther note that the. performance of
AES has improved considerably since thiese data wete acquired and new fire
measurements would have reduceduncertaintics,
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Figure Captions

Fig. 1. optical schematic of the A it borciirission Spectrometer (AES). (The periscope
is rotated 90° for clarity). CCR:=cube-comnerieflector; 131,2,3 = dichroic beamsplitters;
Ml ,2,3,4 = fold mirrors; IA, 2A, 1 B. 713, d. lector dewar identifications (with
corresponding spectral coverage shownn. ‘The intetferometeritself 1S mnaintained under a
low vacuum to protect hygroscopic conponeits arid reduce acoustic coupling into the
optical path.

Fig. 2. AES spectrafrom (a) the (iegontire, (b) the (California fire and (c.) an unburned
arca upwind of the California fine. I all the spectia shown in this paper, the instrument
view is downlooking with a maxinum ofi- nadirangle of 30°. The overall shape and
radiance.hwc] of the spectrum is dominated by the average ground radiance in the footprint
while the sharp features (the spectial "Jine ~") e fr om moleculat - transitions in the
atmospheric gases along the line of sight. 1.inc swith radiances above the. ground radiance
are in emission while lines with radiance vialues below this levelare in absorption.
Absorption features duc to gascsreleascdby ihe fires are labeled in the fire spectra while
the features duc to species with significau normal atinospheric ab undance are indicated in
the spectrum of the unburned atca. *11]( emiss ionJines in these fire spectra are mostly
from hot CO» and 1120.

Fig. 3. Uncalibrated AES spectiafiom ) the Oregon fire, (b) the California fire and (c) an
unburned area upwind of the.(lilifolll~:i [ive.yIthough the fluxes in these spectra have not
been converted to radiance units, (see textfor d etails), it is possible to compare their
spectral features such as the]’JPOJ”IHICHI ¢nisstonlinesinthe fire spectraand the lower
signal to noisc ratio in the spectivm froin the imbuined area. The labeled emission lines
correspond to the CO transitions used for estenating the flame temperatures.,

Fig. 4. Likely scenario for the view contained in the AES footprint during fire data
acquisition.

1'ig. 5. (top) Comparison of the Al :Sspectruni fromthe Oregon fire to a model spectrum
made by combining three simulatc:d spectiapenerated 1o model s of the different fire
regimes contained in the AES footprint The rnodel parameters for 0 to 1 km. altitude arc
shown in table 1. (bottom) The spectral contribution from cach of the weighted model
components. Note that except foscmissionlincs, the “embers’ mode] contributes over
75% of the spectral radiance sig natui ¢ tsuton Ishasaweight of 49%.

Fig. 6. Some of the ammonia absor pioncatin cspresentin the fire spectra. (@) Oregon fire
data with match to the weighted combination o f the thr ee fire model components.

(b) Cdlifornia fire data with 1nodelmatdh.(c) Simulated amn oniasignature. (This spectral
region includes the Q-branch, ncar 965c1))

Fig. 7. Comparison of CO absorp tion lines for the California and Oregon fires. On this |
vertical scale, the background spectioni, (t akenaway from the fire1cgion) would have flux
levels around 0.04 (sce figure ?). 1 uctnthe tiigh signallevel and Jarger CO abundance we
can also obscrve therarer 13CO i sot opictians.itions.



Fig. 8. Oregon and California fire specirawithmodel subti action. The upper plots show
the difference between the Oregon 1 e dit asnd the best model match that does not include
CH3O011 or HCOOMH. The lowerplots show this difference for the California fire data
where. the fit to the 0,lines was notas good  Methanol and formic acid signatures arc
clearly seen asthe broad (> 1 ¢m!1°\J 11 M) absorption feat utes that produce a negative
residual. The sharp positive residual features are due to poorly modeled 11,0 and
unmodcled emission lines. The dot (cdlines s how the model residual: model spectra
inducting C1130H and HCOO] 1 minusmod«] spectra with no CHzOH or HCOOH.,

Fig.9. AES data from the Califotnia fire ¢ omnpared to model spectra. ‘I his spectral range
shows two emission features that we arcunable to matchusing only the molecular
transitions in the HITRANI92 databuscitoppiot) and the matchto these lines when
additional transitions arc included in ouvinodel (bottom plot). The added transitions in the
lower plot arc H2O at 2048.33 (111] wittnotational transition (20, 3, 18) to (19, 2, 17) in
the 010-000 vibration band and (X} a12051.076 cl]]”], the P1 O rotationa transition in the
3-2 vibration band. Note that the sz1mne specic ~ abundances are used to create the model
spectrain both plots and we obtain a1casonatle fit to other BoO aud CO features that are
present in this spectral range,.
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