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Abstract

TheSmithsonianfar-infraredspectrometeris a remotesensingFouriertransformspectrometerthat
measuresthemid- andfar-infraredthermalemissionspectrumof thestratospherefrom balloonand
aircraftplatforms.Thespectrometerhashadninesuccessfulballoonflights from 1987to 1994,flying at
floataltitudesof 36–39km andcollecting131hoursof midlatitudestratosphericlimb spectra.The
spectrometeralsoflew ona NASA DC-8aircraft,aspartof thesecondAirborneArctic Stratospheric
Expedition(AASE-II), collecting140hoursof overheadspectraat latitudesrangingfrom theequatorto
thenorthpole.Wepresentherea brief descriptionof theinstrument,adiscussionof datareduction
procedures,anestimationof bothrandomandsystematicerrors,anoutlineof theprocedurefor
retrieving mixing ratioprofiles,andanexplanationof themethodof deriving temperatureandpressure
from thefar- andmid-infraredspectra.
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1. Intr oduction

The far-infraredspectrometer(FIRS)-2 was designed
and built at the SmithsonianAstrophysicalObservatory
(SAO) for thepurposeof measuringmolecularabundances
in theEarth'sstratosphere.It is thesuccessorto theFIRS-
1 [Traub et al., 1982], which hadsix productive balloon
flights in theyears1979to 1983but which wasdestroyed
by afree-fall in 1983.Onaballoonplatform,FIRS-2mea-
suresthethermalemissionspectraof a numberof species
important in stratosphericchemistry. The far-infrared
channel(80–200cm

� 1) containsusefulspectrallinesof 12
species:H2O, O2, O3, NO2, HF, HBr, HCl, HOCl, HO2,
OH, H2O2, and O

� 3P� ; the mid-infraredchannel(350–
700cm

� 1) containslinesof threeadditionalspecies:CO2

(whichyieldspressureandtemperature),N2O,andHNO3.
Thetotal list includes15species,whichgrowsto 21 if all
isotopomerscurrentlymeasuredasseparatespeciesarein-
cluded. On the DC-8 aircraft platform the FIRS-2mea-
surestwo isotopomersandsix species:H2O, O2, O3, HF,
HCl, andHNO3.

Wederiveatmospherictemperaturesfromananalysisof
temperature-sensitiveCO2 linesandchecktelescopepoint-
ing anglesby analyzinga separatesetof CO2 lineswhich
aresensitive to columndensity. We measuremixing ratio
profilesof all othermolecularspeciesby fitting calculated
spectrato theobservedspectra,usingthederivedtemper-
aturesandpressures.

In this paperwe discussmany of theuniqueaspectsof
the FIRS-2 instrumentanddataanalysisprocedure,em-
phasizingour efforts to achieve high degreesof accuracy
andprecisionin thederivedstratosphericprofiles.A pre-
viousdiscussionof theinstrumentandits usesis foundin
thework of Traubetal. [1991].

2. Measuring Infrar edEmissionSpectra

The balloon flight instrument is composedof the
Fourier transformspectrometeritself, a telescope,scan
platform, infrared detectors,electronics,and telemetry
transmittersand receivers. During a flight the interfero-
gramsandengineeringdataaretelemeteredto theground
and recordedon an optical disk or on an 8-mm digital
tape.Latertheinterferogramsareextracted,transformed,
phasecorrected,andnormalized.

TheDC-8flight instrumentusesthesamespectrometer
ason theballoon,but thetelescopeandscanplatformare
different.Wealsoreplacethetelemetrycommandanddata
links by hard-wiredconnections,andweisolatetheinstru-
mentfrom vibrationsof theaircraftframeby a pneumatic
supportsystem.

2.1.Spectrometer

Thespectrometercollimatingandimagingmirrorsare
10.1 cm in diameterandhave focal lengthsof 58.0 cm.
The nominal beamdiameteris 7.6 cm. We usehollow
cornercuberetroreflectorswhich have a hexagonalaper-
tureof outsidediameter17.6cm. Therearetwo inputand
two outputbeamswith separationsbetweentheir axesof
7.6cm. Oneinput is coupledto thesky radiationandthe
secondis coupledto a liquid nitrogencooledblackbody
source.Bothoutputsarecoupledto detectors.Thebeam-
splitter is a 12-µm–thickuncoatedMylar sheetstretched
overanoptically flat glassring. Onecornercubeis fixed,
while the other scansover path differencesof � 1 � 2 to�

120cm. The short two-sidedpart of the interferogram
provideslow-resolutionphaseinformation,while thelong
one-sidedinterferogramgivesaresolutionelementof 1� 2L
(unapodized),whereL is the maximumoptical pathdif-
ference(OPD).For L � 120cm the resolutionelementis
0 � 004cm

� 1.

Theopticsprecedingthedetectordewarareatambient
temperatureandareoversized. In the dewar thereis a 4
K aperturestopandfield stopfor eachbeam;theaperture
stopblocksthermalbackgroundradiationfrom theinstru-
ment itself (except for thermalemissionfrom the beam-
splitter, mirrors, andwindows), andthe field stop limits
the field of view (FOV) on the sky aswell aspreventing
self-apodizationat thehighestfrequency sampledby each
detector. At thespectrometerinputandoutputports,where
the field is imaged,the nominalcold beamspeedis f/9,
andthecold field diameteris 0.67cm for thefar-infrared
channeland0.47cm for themid-infraredchannel.These
valuesgive a systemthroughputof 3 � 4 � 10

� 3cm2sr and
1 � 7 � 10

� 3cm2sr,respectively.

WeuseaHPmodel5501HeNelaserin anopticalinter-
ferometerto measurethescanmirror positionandcontrol
its velocity. Themirror is constrainedto movealongapar-
allel setof rails andis drivenby a leadscrew. We enclose
theentireopticalsystemin a vacuumchamber, exceptfor
the lasertubewhich is held at oneatmosphere.On bal-
loonplatformswescanthemirror at12,000HeNefringes
persecond,thescanratebeingconstrainedby our teleme-
try bandwidth. On the DC-8 we scannedthe mirror at a
higherrate,60,000fringespersecond,in orderto increase
the time resolutionof our measurementsandto shift the
modulatedinfrared frequency bandabove aircraft vibra-
tion frequencies.In this case,the scanrateis limited by
theperformanceof themirror servo system.Theaverage
acquisitiontime per interferogramis 180s in theballoon
configurationand39son theDC-8, includingoverhead.
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2.2.Telescopes

For operationfrom balloon platformswe couple the
spectrometerinput to asmalloff-axisreflectingtelescope,
whichhasa20-cmdiametersphericalprimarymirror with
a focal lengthof 175cm. TheFOV of thefar-infraredde-
tectoris 0 � 22	 , which at a typical elevationangleof � 3	
correspondsto 1.3km at thetangentaltitude,or aboutone
quarterof an atmosphericscaleheight. During balloon
flights we cancontrol the telescopeazimuthto an accu-
racy of 
 2	 byorientingthegondolawith amagnetometer-
controlledservo systemdesignedandbuilt at JetPropul-
sionLaboratory(JPL).We independentlymeasuretheaz-
imuth with a magnetometermadeby KVH Industries,In-
corporated,which automaticallycompensatesfor any ad-
ditionalfixedmagneticfield from thegondola.Wecontrol
theelevationangleto 
 0 � 02	 by referencingthetelescope
elevation to a singleaxis stabilizedplatform which uses
a gyroscopeasa short-terminertial referenceandan in-
clinometerto correctfor offsetsandlong-termdrift in the
gyroscope[Coyleetal., 1986;Traubetal., 1986].

While operatingthe spectrometeronboardthe NASA
DC-8, observationsaremadefrom cruisingaltitudesnear
thebaseof thestratosphere,typically 11 
 1 km. We only
obtain useful datawhile viewing above the horizon be-
causetroposphericwatervaporandcarbondioxideobscure
muchof thespectralregionsof interestfor negativeangles.
Sincethe columndensityis muchlessdependenton the
sizeof the FOV for positive elevation anglesthan is the
casefor negative elevationangles,we areableto replace
the telescopewith a compactscanplatformconsistingof
a small flat scanmirror combinedwith a stationarycol-
limating mirror with a focal lengthof 58 cm, giving the
far-infrareddetectora 0 � 66	 field of view. The azimuth
for eachobservationis determinedentirelyby theaircraft
heading. The elevation is measuredwith respectto the
aircraft frame,andservocorrectedfor the aircraft roll as
determinedby the inertial navigationsystem.The point-
ing accuracy is limited by theaccuracy of theaircraft roll
information,whichweestimateto beabout 
 0 � 1	 .
2.3.Detectors

Both spectrometeroutputsarecoupledto a liquid he-
lium dewar which housesthe detectorsandthe first am-
plifier stage. The dewar is configuredto allow splitting
eachspectrometeroutput,giving a maximumof four out-
put channels.Thespectrometerhasflown with threefar-
infraredandonemid-infraredchannel,but currentlyjust
one far-infrared and one mid-infraredchannelare used.
We usea Ge:Gaphotoconductorwith a stacked quartz-
CaFblockingfilter for far-infrareddetectionanda Ge:Cu

photoconductorwith a Ge-substratelow-passinterference
filter for detectingmid-infraredradiation. CooledFET
sourcefollowersonall thephotoconductorsprovidea low
impedanceoutputfrom thedewar.

Detectoroutputsaresampledanddigitizedasthemir-
ror is scannedataconstantvelocity. Thesampleinterval is
determinedby countingfringesfrom theHeNeinterferom-
eterwhichcontrolsthescanmirror. Thefar-infraredchan-
nel is sampledevery30fringesandthemid-infraredchan-
nel is sampledevery10 fringes,providing Nyquistcutoffs
at 263.3and790cm

� 1, respectively. Theaudiobandpass
is determinedby low-passBesselfilters, and the optical
bandpassis setby the optical blocking filters; together,
thesefiltersessentiallyeliminatehigh-frequency contribu-
tionswhichcouldotherwisebealiasedinto ourbands.

2.4.Fourier Transformation and PhaseDetermination

Startingwith the observedinterferogram,we estimate
the locationof the zero-path-difference(ZPD) point, and
we multiply the local two-sidedpartof the interferogram
by a linearrampfunctionsoasto equallyweightpathdif-
ferencessampledtwice (two-sidedpart) andpathdiffer-
encessampledonce(long one-sidedpart). Theshortside
of theinterferogramis zeropadded,sothateachsidecon-
tainsthesamenumber(2n) of points,anda Fouriertrans-
form is calculated,giving 2n complex spectralpoints.The
problemis to extract a real spectrumfrom the complex
one.Thiscanbestatedin termsof finding thephaseangle
betweenthecomplex inputvectorandtherealoutputvec-
tor at eachpoint in the spectrum.We performthe phase
determinationin oneof two ways,dependingon whether
or not thespectrumcontainsspectrallines.

We assumethatthephasefunctionφ
�
σ � hastheform

φ
�
σ ��� φ

�
0� � 2πσδx

� ε
�
σ �
� (1)

whereσ is wavenumberin inversecentimeters,φ
�
0� is 0

or π dependingonwhethertheinterferogrampeakatZPD
is positive or negative, δx is the error in determiningthe
ZPD point in the interferogrambeforetransforming,and
ε
�
σ � is acorrectionterm.

In an idealspectrometerthephaseφ
�
σ � is strictly lin-

earandε
�
σ � is identically zero. This is alsotrue for the

caseof anabsorbingbeamsplitterin thelimit wheneither
the beamsplitterhaszerophysicalthicknessor whenthe
beamsplitteris auniformslabwith acomplex index of re-
fraction. However, if thebeamsplitteris asymmetric,i.e.,
if the complex index of refractionasa function of depth
is not a symmetricfunctionof distancefrom thephysical
centerof theslab,thenε

�
σ � maybenonzero.In ourcase,

thebeamsplitteris anuncoatedsheetof Mylar, with anop-
tical thicknessof theorderof a wavelength.A priori, one
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might expect this sheetto be uniform. However, asdis-
cussedbelow, sincewe observe ε

�
σ � to be nonzero,par-

ticularly in theareaswhereMylar hasabsorptionfeatures,
we hypothesizethatthebeamsplitteris slightly asymmet-
ric. In the following paragraphs,we discussthemethods
we useto find, first, thelineartermsφ

�
0� andδx for each

spectrum,andsecond,thenonlinearcorrectiontermε
�
σ � .

2.4.1.Linear phaseterms for continuum spectra.

For spectraof continuumsourceswe first calculatea
low-resolutionphasefunctionfrom thephaseof thecom-
plex transformof theshorttwo-sidedpartof theinterfero-
gram.Wesubtractthepredeterminedcorrectiontermε

�
σ �

(seebelow) from thephaseandthenfit a linearfunctionto
theremainderoverspectralregionswherethedetectorand
spectrometeraresensitive, in order to determineδx and
φ
�
0� . We thenphasecorrectthe full resolutionspectrum

usingequation(1).

2.4.2.Linear phaseterms for line spectra.

In emissionline spectra,particularly those taken at
high-elevationangles,the continuumphasederived from
the short two-sidedtransformis dominatedby a back-
groundcomponentwhichweobserveto haveaphasefunc-
tion differentfrom thatof thesky signal. Theinstrumen-
tal line shapeis very sensitive to thephase,andsmaller-
rorsin phaseproduceapronouncedasymmetryin theline
shapefor a one-sidedtransform.For example,in thecase
of a spectrumconsistingof a singleunresolvedline cen-
teredat σ0, the interferogramF

�
x� can be expressedas

acos
�
2πxσ0

� φ � wherex is theinstantaneousOPD.Trans-
forminga single-sidedinterferogramgives

�F
�
σ ��� 1

L

� L

0
F
�
x� ei2πxσ dx

� ae
� iφ

2 � sinα
α

�
i

�
1 � cosα �

α � � (2)

whereL is themaximumOPD,α � 2πL
�
σ � σ0 � , andwe

have droppedthe termscontaining
�
σ � σ0 � . Assuming

thatφ is known, multiplying �F in equation(2) by eiφ and
takingtherealpart leavesthe termsinα � α, which is just
thetransformof thesamplingfunction,asexpected.How-
ever, if thephaseis incorrectlydetermined,anantisymmet-
ric error term is introducedwhich broadensthe emission
lines,producesasymmetryin theline shape,andshiftsthe
positionof theline peak.Turningthisproblemaround,we
determineφ for any selectedemissionline by finding the
phasewhichproducesasymmetriclineshape.Wemeasure
theline phasefor about50 linesdistributedthroughoutthe
spectrum,fit alinearfunctionto thesetof measuredphases

(aftersubtractingthecorrectionterm)to determineδx and
φ
�
0� , andthenphasecorrectthe full resolutionspectrum

usingequation(1) asfor continuumspectra.

2.4.3.Nonlinear phaseterm.

The problemof determiningthe nonlinearphaseterm
ε
�
σ � is complicatedby thefactthateachspectrumcontains

a backgroundcomponentwith a phasedifferentfrom that
of thesky signal.Thisbackgroundmustbesubtractedbe-
foreε

�
σ � canbedetermined.A morecompletediscussion

of this problemis givenby Revercombet al. [1988]. Ini-
tially, weassumethatε

�
σ ��� 0. Next, wedetermineδx and

φ
�
0� for a balloonspectrumtakenat a high-elevationan-

gle by symmetrizinglinesin thefull resolutiontransform
andthenuseequation(1) to correctthecomplex transform
of theshorttwo-sidedpartof thesameinterferogramfor
theZPDerror. We thentake thecomplex transformof the
shorttwo-sidedpartof awarmblackbodyscan,correctfor
the ZPD error by fitting a linear phasefunction in sensi-
tive regions,asdescribedin section2.4.1(still assuming
that ε

�
σ ��� 0), andsubtractthecomplex, low-resolution,

high-elevationanglespectrumfrom theresult.Sinceboth
spectrahave beencorrectedfor the ZPD error, the back-
groundcancelsout whenwecalculatethedifference.The
resultingcomplex spectrum,blackbodyminus sky, con-
sistsof radiationfrom outsidethe instrumentonly. The
phaseof thedifferencespectrumgivesε

�
σ � . Thecorrec-

tion termappearsto beconstantin time,sowe have aver-
ageda numberof measurementsof ε

�
σ � togetheranduse

theaveragedfunctionto determinethephasefor all other
spectra.In Figure1 we compareε

�
σ � to someMylar ab-

sorptiondata,showing thecloserelationshipbetweenab-
sorptionfeaturesandphasedeviations.This suggeststhat
thephenomenaarerelated;however, acompleteinvestiga-
tion of therelationshipis beyondthescopeof thispaper.

2.5. Intensity Calibration

We determinethegainandoffsetof thespectralinten-
sity asafunctionof wavenumberby referenceto thespec-
tra of two blackbodiesof known temperature.For con-
veniencewe normalizetheintensityscaleby theintensity
of a blackbodyat a referencetemperatureof Tr � 277K,
a typical temperaturefor our warm calibration source.
If Vs

�
σ � , Vw

�
σ � , and Vc

�
σ � denoteuncalibratedphase-

correctedspectraof thesky, warmblackbodysource,and
coldblackbodysource,respectively, Tw andTc arethetem-
peraturesof thewarmandcold sources,B

�
σ � T � is thein-

tensityof a blackbodyradiatorat a frequency σ andtem-
peratureT, andNs

�
σ � is the intensityof thesky radiation
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Figure 1. A comparisonof the nonlinearphasecorrec-
tion term ε

�
σ � (circles)andthe Mylar absorptionspec-

trum (stars)[from Ciarpallini, 1992]. The scalefor the
Mylar absorptionis arbitrary. Zerosin the beamsplitter
efficiency functionoccurat0, 260,and520cm

� 1.

normalizedto Tr , then

Ns � �
Vs � Vc ���B � Tw ��� B

�
Tc ����

Vw � Vc � B � Tr � � B
�
Tc �

B
�
Tr � � (3)

where we have droppedthe explicit σ dependencefor
brevity. For the DC-8 flight seriesthe warm sourcewas
electrically heatedand the cold sourcewas cooledwith
a thermoelectriccoolerto givea temperaturedifferenceof
45K to 60K. For balloonflightsweallow thewarmsource
to equilibratewith theambienttemperature,andwederive
thecold spectrumby clipping linesfrom a high-elevation
angle(30	 ) spectrum.In thiscase,thecontinuumemission
is dueto instrumentalbackgroundsothatTc is effectively
zero,whichsimplifiesequation(3):

Ns � �
Vs � Vc � B � Tw ��
Vw � Vc � B � Tr � � (4)

During observingruns we include a pair of calibration
spectrain eachsequenceof pointingangles,which works
out to onceevery 45 min for balloonplatformsandonce
every 12 min on theDC-8. In both caseswe smooththe
calibrationspectraVw andVc to a resolutionof 0 � 5cm

� 1

beforenormalization.We estimatethegainandoffsetasa
functionof timeby usingasimpletwo-pointinterpolation
for timesbetweencalibrations.

2.6.FrequencyCalibration

Thefrequency interval betweenadjacentpointsin our
transformedspectrais givenby

∆σ � 1
2Nmλ0

�
1
� εc �
� (5)

whereN � 2n is the numberof points in the full resolu-
tion transform,m is thenumberof HeNefringesbetween
samplepoints, and λ0 is the vacuumwavelengthof the
HeNelaserusedin the mirror servosystem.The correc-
tion termεc incorporatescorrectionsarisingfrom thefinite
sizeof theentranceaperture(thedominantterm), imper-
fectcoalignmentbetweenthelaserbeamandthedirection
of mirror travel, andtheindex of refractionof residualgas
in thespectrometertank.Wedeterminethecorrectionterm
empiricallyby measuringtheprecisepositionsof a num-
ber of well-characterizedlines in our spectra,usingHCl
andHF in thefar infraredandCO2 in themid-infrared.A
typical correctiontermis εc � 1 � 0 
 0 � 2 � 10

� 5, which is
equivalentto ashift of about0 � 25∆σ at100cm

� 1.

3. Calculating Infrar edEmissionSpectra

Our programfor calculatingatmosphericemissionis
basedon theonedescribedby TraubandStier[1976]. To
calculatea syntheticspectrum,we divide theatmosphere
into anumberof thin homogeneoussphericalshells,com-
putethe opticaldepthτ

�
σ � within eachshell,andpropa-

gatethermalradiationfrom thefar sideof theatmosphere
to theobserveralongtheline of sight,includingtheeffects
of refraction. Specifically, in eachshell we attenuatethe
incomingradiationby thefactore

� τ andwe addthether-
mally emittedradiationB

�
1 � e

� τ � , whereB is theblack-
bodysourcefunctionatthetemperatureof theshell.To re-
ducecalculationtimewhencomputingtheopticaldepthar-
ray, wetypically includeonly thoselineswhichcontribute
a centraloptical depthof at least1 � 10

� 5 in eachlayer,
andwe extendthe wings of eachline to the edgeof the
calculationwindow or to anopticaldepthof 1 � 10

� 6.

We usetheH-C-G (vanderHulst,Curtis,Godson)ap-
proximation[GoodyandYung, 1989]to computetheopti-
cal depth,definingtheeffective temperatureandpressure
(Teff and Peff) in eachshell to be the air massweighted
temperatureandpressureaveragedalongtheline of sight.
Thechoiceof thebesttemperaturefor thesourcefunction
is complicatedby the fact that it dependson the optical
depthandtemperaturegradientwithin theshell. We have
chosento useTeff for thesourcetemperaturewhentheop-
tical depthis lessthanone,andfor larger optical depths
we usethetemperatureat thepoint alongtheline of sight
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wherethe optical depthwithin the shell reachesone(as-
sumingthat the temperaturevarieslinearly with altitude
betweenthe altitudewherethe pressureequalsthe effec-
tivepressureandthealtitudeof theshellboundary).

If we areviewing towardemptyspace,thenthesource
strengthoutsidethe atmosphereis assumedto be zero,
and the computedspectrumwill be dominatedby emis-
sion lines. If we wish to model the caseof atmospheric
absorptionof light from thecenterof thesolardisk(which
is themodeof operationof severalothertypesof spectrom-
eters),thenwe setthe externalsourceequalto a 6110K
blackbody.

3.1. Initial Model Atmosphere

The initial model atmosphereconsistsof our best a
priori estimatesfor temperature,pressure,andmolecular
compositionasafunctionof altitudeandtime. For balloon
flights we averagetogethermeasurementsof temperature
asa function of pressuremadeby radiosondeslaunched
from stationsnear the balloon at the time of the flight,
 1day. We assumethat theatmosphereis in hydrostatic
equilibrium and calculatetemperatureand pressureas a
functionof altitudeupto themaximumaltitudereachedby
theradiosondes,about35 km. We extrapolatethis model
up to 100km usingtheU.S.1976StandardAtmosphere.
We derive theinitial volumemixing ratio (VMR) profiles
for mostmoleculesfrom theresultsof a one-dimensional
photochemicalmodel(M. Allen, privatecommunication,
1991). We usethe1976StandardAtmosphereprofile for
O3 anda combinationof the 1976StandardAtmosphere
andmeasuredtrendsto estimatetheinitial profilesfor HF,
HCl, andCO2. For theDC-8 flights, profilesof tempera-
tureandpressureasa functionof time andaltitudealong
theflight trackwereprovidedby theNationalMeteorology
Center. We derive the initial mixing ratio profiles from
midlatitudeATMOS measurements,adjustingsomepro-
files to extrapolateobserved trendsfrom the yearof the
measurementto 1992 (G. Toon, privatecommunication,
1992).

Ourdiscretemodelatmosphereconsistsof anumberof
homogeneoussphericalshells,wherewithin eachshellthe
valuesof pressure,temperature,andVMR areindependent
of altitude.For ray-tracingcalculationstheshellsaremade
to besothin asto beessentiallycontinuous;weuse1 � 0 �
2 � 88 � 10

� 4 � 273� 15� T � � P� 1013� 25� for the far-infrared
index of refraction,whereT is temperature(K) andP is
pressure(mbar).For syntheticspectrumcalculations,most
of theshellsareaboutone-halfscaleheightin thickness,
and the boundariesaredeterminedby the observingray
paths,asdescribedbelow.

Thecontinuousmodelatmosphere� P� z�
� T � z��� is dis-

cretizedby defining an equivalent set of homogeneous,
sphericalshells,also called layershere. The upperand
loweraltitudesof theith layerareZ

�
i � andZ

�
i
�

1� . These
layerboundariesdependontheviewing geometry, theob-
servationaltitude,andthespeciesto be measured.In all
cases,we fix one boundaryat the spectrometeraltitude.
We set the lower boundariesof layers below the spec-
trometerequalto the tangentheightsfor thesetof down-
wardlooking rays,usinga refractedray propagationpath
in theessentiallycontinuousmodelatmosphere.For bal-
loon spectra,wedivide theoverheadatmosphereinto two
layersof equalair mass,exceptwhenmodelingtheemis-
sionof specieshaving verysteepconcentrationgradients,
suchasOH, HO2, andO(3P). In thesecases,we divide
theoverheadcolumninto sevenlayers.Whencalculating
DC-8spectra,wedividetheatmosphereinto nineoverhead
layers.

Oncethe layer boundariesare determined,we again
follow eachrefractedray throughtheessentiallycontinu-
ousmodelatmosphereandcalculate(1) the line-of-sight
column density of air N

�
i � j � (moleculescm

� 2) within
eachlayer; (2) theeffective pressurePeff

�
i � j � within each

layer, definedas the air massweightedpressurealong
the line of sight; (3) the effective altitude Zeff

�
i � j � , de-

fined as the altitude at which P� Zeff

�
i � j ����� Peff

�
i � j � ;

and (4) the effective temperatureTeff

�
i � j � , defined

in the same way as the effective pressure,where i
and j are the layer and ray indices, respectively. We
then replace the continuousmodel atmosphere� P� z� ,
T
�
z��� with a discreteset of homogeneouslayers � Z � i �
�

Z
�
i
�

1�
� Zeff
�
i � j �
� N � i � j �
� Peff

�
i � j �
� Teff

�
i � j �
� . For greatest

accuracy weretainthedouble-subscriptedquantitiesin all
calculations,but when reportingresults,we selectonly
the valuedeterminedby the mostsensitive ray j passing
througha givenlayer i, which reducesthesetto a single
vector � Zeff

�
i ��� Peff

�
i ��� Teff

�
i ��� .

3.2.Molecular Parameters

We maintainour own listing of molecularline param-
eters, the current version of which is SAO92 [Chance
et al., 1994]. We use the line parametersfrom the
HITRAN92 catalog [Rothmanet al., 1992] for H2

16O
(several transitionswhich interferewith the retrieval of
othermoleculeshave beenshifted to reflect their appar-
entpositionin stratosphericspectra),H2

17O, H2
18O,HDO

(linesabove 100� 4901cm
� 1 arefrom HITRAN82), CO2,

16O16O16O, 18O16O16O, 16O18O16O, O3 hot bands,N2O
(linesstrengthsfor theν2 fundamentaltransitionsarefrom
J. W. C. Johns,privatecommunication,1993),CH4, NO,
SO2, NH3, HNO3, HI, ClO, OCS, H2CO, N2, HCN,
CH3Cl, C2H2, C2H6, and PH3. For CO the positions
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for the 12C16O fundamentalare from TuFIR work [Var-
berg andEvenson, 1992],with all otherinformationtaken
from the HITRAN92 catalog. For oxygen the 16O16O
and16O18O intensitiesandpositionsfrom 10 to 100cm

� 1

arefrom the July 1992releaseof the JPL submillimeter
(JPLSMM) line catalog[Poynterand Pickett, 1984],and
all parametersfor 16O17O andremainingparametersfor
thefirst two isotopicvariantsaretakenfrom HITRAN92.
For NO2 thestrengthsandpositionsfor linesbetween10
and200cm

� 1 arefrom JPLSMM, andthestrengthsand
positionsfor otherlinesandall otherparametersarefrom
HITRAN92. The OH line widths, including the temper-
aturedependence,arederivedfrom TuFIR measurements
of the line at 118� 455cm

� 1 [Chanceet al., 1991a]; the
positionsfor all other OH lines are from JPLSMM. HF
line positionsup to R4, HCl positionsup to R11, andHBr
fundamentalpositionsbelow 200cm

� 1 are all from Tu-
FIR measurements[Nolt et al., 1987; Di Lonardo et al.,
1991].Theline widthsfor HF andHCl arefrom Pineand
Looney [1987],andthestrengthsfor theTuFIR-measured
lines of HF, HCl, andHBr arefrom calculationsdoneat
SAO, usingthedipolemomentmeasurementsof Muenter
and Klemperer [1970], Kaiser [1970], and Dabbousiet
al. [1973],respectively; otherparametersandall hot-band
parametersare from HITRAN92. The positionsfor the
strongestlinesof HOCl arecalculatedfrom Carlotti et al.
[1990], andotherparametersandline positionsarefrom
HITRAN92. For H2O2 wehaveincludedonly theRQ4 and
RQ5 Q-branchlines,with positionscalculatedfrom Masset
et al. [1988] (J.M. Flaud,privatecommunication,1991),
strengthscalculatedatSAO, anddipolemomentfrom Co-
hen and Pickett [1981]. HO2 lines in the far infrared
useTuFIR-measuredpositions(K. Chance,manuscriptin
preparation,1994),andstrengthsandadditionalpositions
from calculationsat JPL[PoynterandPickett, 1984]. Fi-
nally, parametersfor 17O16O16O, 16O17O16O, andO2

� 1∆ �
arefrom JPLSMM,andline positionsfor O

� 3P� aredeter-
minedby Watsonetal. [1984].

3.3. Instrument Function

The theoreticalinstrumentfunction G
�
σ � can be se-

lectedto be either a discretedelta function (G1), Gaus-
sian(G2), Lorentz(G3), sinc(G4), sincsquared(G5), sinc
Hamming(G6), or sincvon Hann(G7), with any valueof
full width athalf maximum(FWHM), exceptfor G1.

The functionsG4–G7 arebasedon a generalizedsinc
functiong

�
α � , definedhereastherealpartof thecomplex

instrumentfunction �F
�
σ � definedby equation(2), drop-

ping theconstantfactora� 2:

g
�
α ��� cosφ

sinα
α

�
sinφ  1 � cosα

α ! � (6)

As before,α � 2πL
�
σ � σ0 � , whereL is the maximum

OPDin theobservedinterferogram.Thephaseangleφ rep-
resentsthephaseerrordiscussedearlier. Thefunctiong

�
α �

thusmodelstheeffectsof interferogramtruncationandthe
phaserecoveryerror. In addition,wemodeltheeffectof a
finitediametercircularaperturebynumericallyconvolving
g
�
α � with a squarefunctionof width w (FWHM), giving

G4
�
α ��� 1

w

� α " w# 2
α � w# 2 g

�
α $%� dα $&� (7)

wherew � �
πσ0d2 �'� � 8F2δσ � , d is thediameterof thede-

tectoraperture(0.67cm for thefar-infraredchannel),and
F is the focal lengthof the spectrometer-imagingmirror
(58.0 cm) [Bell, 1972]. Additional broadeningfactors,
suchasimperfectionsin themirrors,misalignmentof the
beamsplitter, or vibrationsin thecarriage,canbemodeled
by increasingthevalueof d.

A linear taperof the interferogrambeforetransforma-
tion givestheinstrumentfunctionG5:

G5
�
α ��� 1

w

� α " w# 2
α � w# 2 � cosφ  1 � cosα $

α $ 2 !�
sinφ  α $ � sinα $

α $ 2 !(� dα $ � (8)

Note that the coefficient of cosφ can also be written as
0 � 5 � sin0 � 5α � 0 � 5α � 2, sothattheintegrandcouldbecalled
a generalizedsinc-squaredfunction.

Two varietiesof apodizationwhichwefind to beuseful
areHammingandvonHann,which leadto theinstrument
functionsG6 andG7:

G6
�
α ��� 0 � 23G4

�
α � π ��

0 � 54G4
�
α � � 0 � 23G4

�
α � π �
� (9)

G7
�
α ��� 0 � 25G4

�
α � π ��

0 � 50G4
�
α � � 0 � 25G4

�
α � π �
� (10)

In thelimits w ) 0 andφ � 0, thefirst sidelobesof the
generalizedsinc, sinc-squared,sinc-Hamming,andsinc-
von Hannfunctionsare � 21.0, +4.5, � 0.6, and � 2.7%,
respectively; the wingsarecarriedout to 500,10, 9, and
8 zerocrossingson eithersideof the centralmaximum,
sothetruncatedsidelobeamplitudesarelessthan0.6,0.1,
0.5,and0.1%,respectively. In theextremewingsof G

�
σ �

thelast10%of pointsarelinearly taperedto zero,to elim-
inateany sharpdiscontinuities.OnceG

�
σ � hasbeencal-

culated,it is renormalizedto givea total areaof one.
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Wheneithersinc-Hammingorsinc-vonHannapodizing
functionsareused,the observedspectracanbeapodized
with thesametypeof functionsimply by calculatingrun-
ning3-pointweightedsumsusingtheweights(0.23,0.54,
0.23)or (0.25,0.50,0.25),respectively. We typically use
the von Hannapodizationfunction becauseit minimizes
theinfluenceof linesoutsidethecalculationwindow.

When calculating the theoretical spectrumand in-
strumentfunction, we typically use a fine grid size of
0 � 0002cm

� 1 or less.To allow for thewingsof neighbor-
ing features,we usuallyextendthecalculationfor 2cm

� 1

on either side of the spectralwindow. The convolution
of thetheoreticalspectrumandtheinstrumentfunctionis
computedon an outputgrid which exactly matchesthat
of the observedspectrum,i.e., ∆σ * 0 � 004 cm

� 1; this is
also the grid on which numericalcomparisonsaremade
betweenobservedandtheoreticalspectra,for leastsquares
fitting, for example. For graphicalpresentationboth the
theoreticaland the experimentalspectraare interpolated
ontoa 10 timesfiner grid, ∆σ � 10,usingtheinterpolation
function sin

�
πσ � ∆σ �'� � πσ � ∆σ � ; this function reproduces

theoriginal pointson the∆σ grid andprovidesa smooth
connection between these points consistentwith the
band-limitednatureof theobservedspectrum.

4. RetrievalsFrom Balloon Spectra

We usea nonlinearleastsquares(NLLS) programto
vary selectedparametersin the initial modelatmosphere
until the mean-squaredifferencebetweenthe observed
and the model spectrain the window region is mini-
mized. The NLLS program(Gaushaus)is a standard
Levenberg-Marquardt algorithm(see,for example,Press
et al. [1986]) which calculatesan outputparametervec-
tor, uncertaintyvector, andaparametercorrelationmatrix.
Thenumberof degreesof freedomusedto estimatetheun-
certaintyvectoris n � p, wheren is thewidth of thespec-
tral window in unitsof thetheoreticalinstrumentfunction
width and p is thenumberof parametersto befit. If the
interferogramhasbeenzeropaddedor the spectrumhas
beenapodized,thenn will belessthanthenumberof data
pointsin thewindow.

Theexactprocedureusedto deriveaprofiledependson
theatmosphericquantitybeingmeasured.In general,the
procedureis to fit theupwardlookingraysfirst, usethere-
sultsto scaletheoverheadprofile,andtheniterateseveral
timesuntil theresultsconverge.Oncetheoverheadprofile
is properlyscaled,the lower layersarefit in orderof de-
scendingaltitudebelow the balloon,updatingeachlayer
beforefitting the next one. The calibrationerror is esti-
matedasdescribedin section4.3.2andaddedto thefitting

errortoestimatethetotalerrorin fitting eachwindow. Sys-
tematicerrorssuchaserrorsin molecularline parameters
areaddedin quadratureafter averagingthe resultsfrom
individualwindows.

4.1.Mixing Ratio Retrievals

For eachmoleculewe selecta setof spectralwindows
asfollows: For moleculeswith a largenumberof transi-
tionsin ourspectralbandswerejectlineswhicharehighly
saturated,very weak, have a large excitation energy, or
areblendedwith anotherline whichcontributesmorethan
about10%to thetotalflux. For moleculeswith only afew
transitions,werelaxtheseconstraintsandrejectonly those
lineswhich areblended.We thendefinea small spectral
window aroundeachline, about0.06 to 0 � 6cm

� 1 wide,
andfit theVMR, updatingtheprofileasweprogressfrom
layerto layer. If a spectralline is too weakin a particular
window to give a goodfit, thentheprofile is not updated
in orderto preventnonsensevaluesfrom skewing therest
of theprofile. For eachraywevarytheVMR in themodel
layerwhichhasthegreatestcolumndensityalongtheline
of sightfor thatray. For downwardraysthis is alwaysthe
tangentlayer. We derive a VMR profile for eachwindow
andcomputethe final profile by taking the weightedav-
erageof the individual profiles. We estimatethe error in
the final profile by calculatingthe error in the meanand
inflating this estimateby the squareroot of the reduced
chi-squareif it is greaterthanone. For most layersand
molecules,thereducedchi-squareis verynearone,which
impliesthatweareproperlyestimatingourrandomerrors.

In additionto theopticaldepthin thespectrallines,each
window hasacontinuumopticaldepthequalto thesumof
thecombinedcontributionsof thewingsof all linesoutside
thewindow. Thecontinuumis dominatedby H2O in the
far infraredandCO2 andH2O in themid-infrared.Strato-
sphericparticlesmake negligible contributions,sincetyp-
ical particlesizesaremuchlessthana wavelength.Initial
valuesfor thecontinuumopacityarecalculatedusingapa-
rameterizedmodeldescribedby Cloughet al. [1989], in
which theopacityis a functionof H2O andCO2 VMR as
well aspressure,temperature,andfrequency. We usually
makecontinuumopacityanadjustableparameter, soasto
accountfor nearbyline wings which arenot includedin
theinitial model.

4.2.Temperatureand PressureRetrievals

Beforeretrieving mixing ratios,we correctthe initial-
guessmodelatmospherefor errorsin theradiosondedata
andpointingangleusingthe15-µmbandof CO2 to retrieve
atmospherictemperatureandpressure.We checkthe re-
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sultsby usinga numberof far-infraredO2 lines ranging
from saturatedto weakandhaving excitationenergiesbe-
tween2 and10kT. Beingableto deriveconsistentoxygen
profilesovera rangeof pressureandtemperaturesensitiv-
itiesgivesusconfidencethatourproceduregivesaccurate
results.

We measurethe temperatureby calculatingsynthetic
spectrain selectedCO2-containingwindows for eachray
andadjustingthetemperaturein asinglelayerwhile keep-
ing theCO2 mixing ratio fixedsoasto minimizethedif-
ferencebetweentheactualandthecalculatedspectra.For
downward looking rayswe fit the tangentlayer, andfor
overheadrayswe fit the overheadlayersin orderof de-
creasingaltitudeabovetheobserverusingtheraysin order
of decreasingelevationangle.Thesetof spectralwindows
usedto fit eachraydependsonthetotalair massalongthe
line of sightfor thatray. Wechoosewindowswhichmaxi-
mizethetemperaturesensitivity andminimizethesensitiv-
ity to thecolumndensityfor thelayerto befitted. Onceall
thewindowsfor agivenrayhavebeenfittedtheresultsare
averagedtogetherto derive theestimatedtemperaturefor
thatlayer. We iterateon theoverheadrays4 times,updat-
ing theoverheadlayersafterall overheadrayshave been
fitted. We thenproceedto fit thedownwardlooking rays,
updatingeachlayerbeforethenext onedown is fitted.

The temperaturesensitivity function is estimatedfor
eachray by calculatingonesetof spectrafor thespectral
range580–700cm

� 1, calculatinga secondsetof spectra
afterchangingthetemperaturein thelayerto befit by 2%,
and then calculatingthe differenceand normalizingthe
maximumdifferencevalueto unity. This procedureis re-
peatedto estimatethecolumndensitysensitivity function,
this time adjustingthe CO2 mixing ratio. In general,the
temperaturesensitivity for a givenwindow increaseswith
increasingopticaldepthup to a saturationpoint andthen
beginstodecreaseastheatmospherebecomesopaque.The
columndensitysensitivity function behaves in a similar
fashionbut saturatesat lower opticaldepth. We subtract
the normalizedcolumndensitysensitivity function from
thenormalizedtemperaturesensitivity functionandselect
temperaturewindowsfrom regionswherethedifferenceis
a maximum.Thisamountsto choosingwindowswith op-
tical depthnearunity. As theopacityincreasesfrom zero,
the flux becomeslessdependenton the column density
while remainingdependenton the temperatureat which
thegasis radiating.If theopticaldepthis too high,how-
ever, the radiationfrom the layer to be fitted is absorbed
in interveninglayersbeforeit reachesthe observer. For
downward looking raysthegeometryis especiallyfavor-
ablefor retrievals,sinceabout75%of thetotal columnis
within one-halfscaleheightof the tangentaltitude. The

methodworks lesswell for layershigher than the layer
immediatelyabove the observer. Our setof temperature
windows is givenin Table1 aswell asthetypical column
densitiesfor which they areusedandthe initial elevation
angles.The columndensitieshave beencalculatedfor a
balloonaltitudeof 4.8 mbarandthe initial modelatmo-
sphereof ourSeptember1989balloonflight.

After correctingthemodeltemperatures,we retrieve a
mixing ratioprofilefor CO2 usingthesetof 14windowsin
theregion572.8to 620cm

� 1 listedin Table2. Thesewin-
dowsarechosenasdescribedin section4.1,andthesame
windowsareusedfor all rays.Wethenadjustthepointing
anglesuntil theretrieval givestheexpectedmixing ratio.

TheexpectedCO2 abundanceis estimatedby assuming
that troposphericCO2 is increasingat an annualrate of
1.8ppmfrom areferencelevel of 348ppmin 1987[World
MeteorologicalOrganization(WMO), 1989];stratospheric
CO2 is assumedto follow thetropospherictrend,butwith a
lagof 3 yearsandnoseasonalvariation[Hall andPrather,
1993], i.e., �CO2 �+� 348

�
1 � 8 � 1990� 5 � t � , wheret is the

time in years.

To summarize,weadjustthetemperaturein eachlayer
of ourmodelatmosphereuntil thenormalizedflux in satu-
ratedregionsof thecalculatedspectrummatchesthemea-
suredspectrum,andthenwe adjustthepointinganglesto
givetheexpectedCO2 mixing ratioprofile. In thenext sec-
tion we discusspotentialsystematicerrors,andafter that
we provide a cross-checkon CO2 calibrationin termsof
O2.

4.3.Estimation of Uncertainties

Ourmainsourcesof errorareuncertaintiesin themodel
atmosphereusedto calculatethe theoreticalspectraand
calibrationuncertaintiesin the measuredspectra. When
estimatingthetotalmeasurementerrorwealsoincludeline
parametererrorsandthe statisticalfitting errors. We test
thevalidity of ourerrorestimatesbothbycheckingthechi-
squarestatisticwhenever we averagetogethera number
of measurements(section4.1) and by using the oxygen
profileasa diagnostictool (section4.3.3).

4.3.1.Model atmosphereuncertainties.

To estimatetheeffectof errorsin themodelatmosphere
parameterson theretrievedmixing ratio profiles,we find
it usefulto considerthelimiting caseof averystrongline,
suchastheO2 line at106� 421cm

� 1, andaweakline, such
astheO2 line at187� 816cm

� 1. As anillustration,wewill
considerthegeometryof the � 2 � 31	 rayfrom ourSeptem-
ber1989balloonflight, for which the balloonfloat pres-
sureis 4.8mbar, thepressureat thetangentheightfor the
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Table1. TemperatureWindows

Elevation Column,
Angleθ moleculescm

� 2 Windows,cm
� 1

30� 0	 2 � 06 � 1023 615.3–616.6,619.15–619.36,684.74–685.12,686.4–686.6,689.65–690.1
0 � 0	 3 � 91 � 1024 648.49–649.02,650.28–650.51,651.85–652.02,653.38–653.56,654.92–655.08,

656.45–656.61,657.98–658.15,659.54–659.7,661.09–661.24,662.38–662.86,
667.15–668.75,671.23–671.4,672.77–672.96,674.36–674.54,675.93–676.12,
677.52–677.7,679.1–679.29,680.68–680.88,682.28–682.46,683.87–684.05,
685.45–685.64,687.08–687.24,688.68–688.85,690.3–690.47� 2 � 31	 1 � 51 � 1025 661.22–661.62,662.8–664.22,664.7–665.82,669.82–671.25,671.4–671.68,
672.5–672.75,672.95–673.45,673.95–674.37� 3 � 03	 2 � 83 � 1025 649.42–650.24,650.85–651.7,652.42–653.2,654.0–654.7,655.55–656.25,
657.25–657.73,658.72–659.25,660.28–660.8,661.87–662.32,675.02–675.62,
676.5–677.23,678.05–678.8,679.6–680.05,681.22–682.1,682.82–683.7,
684.42–685.3,686.0–686.95,687.62–688.52� 3 � 65	 5 � 50 � 1025 639.2–639.7,640.75–641.15,641.65–642.25,643.15–643.77,644.7–645.3,
646.37–646.9,647.85–648.2,690.85–691.65,692.48–693.35,694.05–695.0,
695.68–696.2� 4 � 17	 1 � 08 � 1026 628.48–628.9,629.5–629.89,630.55–630.8,630.98–631.43,631.55–631.98,
632.5–632.91,634.0–634.48,634.68–635.02,635.78–635.98,637.15–637.45,
638.85–639.08,695.75–696.15,697.3–697.8,698.95–699.38,699.5–699.68� 4 � 62	 2 � 14 � 1026 620.45–620.8,620.9–621.1,622.15–622.32,622.43–622.63,623.63–623.83,
624.4–625.0,625.94–626.45,627.5–627.88,628.05–628.33,629.05–629.32,
629.55–629.85

Table2. PressureWindows

Windows,cm
� 1

572.8–573.2 574.35–574.85 576.0–576.5 577.5–578.0 582.2–582.7
583.5–584.5 585.5–586.0 591.8–592.3 593.4–593.9 601.2–602.0
604.4–605.0 609.0–609.8 612.15–612.95 619.0–620.0
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� 2 � 31	 ray is 8.4mbar, andthetemperaturein thetangent
layeris 235K. Theequationswhich follow arederivedin
moredetail in theAppendix.

We definetheequivalentwidth (EW) of a line to bethe
integraloverthespectralwindow of thedifferencebetween
spectracalculatedwith andwithout themoleculeof inter-
est; the EW is thereforetheareaof the line featureonly,
sincethebackgroundis subtracted.Sincethespectraare
normalizedto give dimensionlessintensities,the unitsof
EW arewavenumbers(cm

� 1).

For the � 2 � 31	 ray the EWs of the weak and strong
lines are 0.0004and 0 � 02cm

� 1, respectively. For both
linestheLorentzline FWHM in thetangentlayeris 2αL �
0 � 0006cm

� 1, which is about0.15spectralresolutionele-
mentsunapodized.

In thecaseof thestrongline, adjustingthemixing ratio
will have little effecton theflux in theline corewherethe
opticaldepthis large,soany changein theEW is dueto
changesin theflux in thewingsof theline. SincetheEW
is fiveresolutionelements,thewingsareresolvedandthis
meansthatthespectrumisfittedbymatchingtheflux in the
far wingsof the line. We canestimatetheeffect of small
errorsin atmospherictemperatureandpointing angleon
the retrievedmixing ratiosin this caseby expressingthe
mixing ratio asa functionof theflux in theline wing and
differentiatingwith respectto temperatureor pressure.If
the continuumopacity is small, the equationgiving the
temperaturedependenceof thederivedmixing ratio is

δ
�
VMR � T
VMR

�  5
2
� σu

βT
� ∆z

H ! δT
T
� (11)

whereσu
�
cm

� 1 � is the transitionupperstateenergy, β �
k � hc * 0 � 695cm

� 1K
� 1, T is themodellayertemperature,

∆z is theverticallayerthickness,andH is theatmospheric
scaleheight. In deriving equation(11), we have assumed
that the rotationalpartition function is proportionalto T
and that the Lorentz line width is proportionalto n, T
(wheren is thenumberdensity).Thedependenceonpoint-
ing angle,expressedin termsof thepressurein thetangent
layer(P), is givenby

δ
�
VMR � P
VMR

�-� 2 � 0δP
P
� (12)

For the O2 line at 106cm
� 1 the excitation energy is

544cm
� 1, and using a typical value of one-half scale

heightfor thelayerthicknessgivesthenetresult
�
δT

� δP �
106cm

� 1 line:
δ
�
VMR �
VMR

�.� 0 � 3δT
T

� 2 � 0δP
P
� (13)

For theweakline theEW is a fractionof a resolution
element,so in this casethe fitting routineeffectively ad-

juststhemixing ratio to matchtheequivalentwidth with-
out regard to line shape. We have also derived a set of
relationssimilar to equations(11) and(12) by expressing
themixing ratioasa functionof equivalentwidth anddif-
ferentiating.In thiscase,for smallcontinuumopacity, the
equationgiving thetemperaturedependenceis

δ
�
VMR � T
VMR

�  2 � σu

βT ! δT
T
� (14)

Theexpressionfor thepressuredependenceis

δ
�
VMR � P
VMR

�.� δP
P
� (15)

For the O2 line at 188cm
� 1 the excitation energy is

1608cm
� 1 andthenetresultis

188cm
� 1 line:

δ
�
VMR �
VMR

�.� 7 � 8δT
T

� 1 � 0δP
P
� (16)

For thesetwo oxygen lines the pressuredependence
variesby a factorof 2, while thetemperaturedependence
variesby more than an orderof magnitude. This is es-
pecially importantto considerwhen attemptingto mea-
sureabundanceratios, sincemixing ratiosmeasuredus-
ing stronglineswill have differentsystematicerrorsfrom
thosemeasuredfrom weak lines and likewise for abun-
dancesmeasuredusinglineswith differentexcitationen-
ergies. This situationcanoccurwhentrying to measure
isotoperatioswheretheminor isotopeis muchlessabun-
dantthanthemajorisotope.

Asshown in section4.2,wederivepressuresbymeasur-
ing theCO2 mixing ratio profile, andasa resultthe tem-
peratureandpressureerrorsarecoupled. The CO2 lines
usedin deriving pressurearesaturatedandhave anaver-
ageexcitationenergy of 2200cm

� 1. Usingequations(11)
and(12),wederivethefollowing equationrelatingtheun-
certaintyin pressureto theuncertaintiesin temperatureand
CO2:

δP
P

�-� 0 � 5δ �CO2 ��CO2 � � 5 � 2δT
T
� (17)

where �CO2 � is theCO2 VMR. This relationshipgivesus
thepressureuncertaintyin termsof othermeasurableun-
certaintiesand can thereforebe usedto estimateVMR
uncertaintiesfor non-CO2 speciesin terms of thoseof
CO2. Usingequation(17) to substitutefor δP� P in equa-
tions (13) and(16) andusingtypical valuesof 0.5%for
δT � T and2.8%for thestatisticaluncertaintyin themea-
suredCO2 mixing ratio, we estimateVMR errorsof 5.8
and1.9%for O2 at106and188cm

� 1, respectively, where
theuncertaintiesin temperatureandCO2 mixing ratiohave
beenaddedin quadrature.Theseerrorsarecomparableto
ourstatisticalfitting errors.
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4.3.2.Calibration uncertainties.

In deriving the final model atmosphereas described
above, thereis the dangerthat we aremaskingerrorsin
normalization,mixing ratioretrievals,or someunexpected
systematicerrorby adjustingthetemperatureandcolumn
densityto matchtheexpectedCO2 spectrum.In this sec-
tion weshow thattheknown systematiccalibrationerrors
aresmallcomparedto randomerrors. In thenext section
weshow thatthecorrectedmodelatmospheregivessensi-
ble resultsfor O2 retrievals.

The estimateduncertainty in spectral intensity nor-
malizationdependson (1) uncertaintiesin thecalibration
sourceemissivity andtemperatureand(2) drifts in back-
groundemissionandinstrumentresponse.Theblackbody
calibrationsourceis a 25-cm-diameter, 1.9-cm-thickalu-
minumdisk,machinedonthefront (FIRSfacing)sidewith
a seriesof concentric/ -shapedgrooveswith 30	 vertex
angles. The grooved surfaceis paintedwith 3M Black
Velvet paint, which hasa reflectanceof lessthan4% at
normalincidencein ourwavelengthregion [Smith, 1984].
The geometryis suchthat any ray originating from the
primarymirror will experiencea minimumof four reflec-
tionsinsideagrooveresultingin anetreflectancelessthan
2 � 6 � 10

� 6, ignoring the angulardependenceof the re-
flectance.Therearethreethermistorsmountedontheback
of thecalibrationsourceatradii of 0,6.4,and11.4cm. We
assumethattheaccuracy of thethermistorsis 
 0 � 6K, the
manufacturingtolerance,whichwecheckedwith asingle-
pointcalibrationat273.15K. Thethermalgradientacross
theloadisestimatedfromthedifferencesbetweenthethree
sensors,which is alwayslessthan0.2K duringflight. The
thermalgradientbetweenthefront andthebackof thecal-
ibrator is assumedto besmall,becauseof thethinnessof
the paint layer, the large areaof contactin the grooves,
and the fact that the calibratoris in thermalequilibrium
with the surroundings.Thereforethe uncertaintyin the
calibrationsourceis dominatedby the uncertaintyin the
calibratortemperature.

Drifts in theinstrumentresponseareestimatedfrom the
measuredwarm andcold referencespectraby looking at
differencesbetweengain andbackgroundmeasurements
madeat different times. Thesedifferencesare typically
lessthan 2%, do not grow with the time betweenmea-
surements,andareinverselycorrelatedwith thesignal-to-
noiseratio (SNR) in the spectralregion beingexamined.
This implies that thechangesin gainandbackgroundare
dominatedby the statisticaluncertaintyin measuringVw

andVc (seeequation(4)) andthatthenormalizationerrors
canbe reducedby summingnormalizedspectra.We es-
timatetheeffectsof theseerrorson temperatureandmix-
ing ratioretrievalsby repeatingtheanalysisafterchanging

Figure 2. Temperatureretrieval for theMarch23, 1993,
balloonflight. Spectroscopicallymeasuredtemperatures
areindicatedby thesolid circlesandradiosondedataby
the opentriangles. Spectroscopicerrorsincludethe un-
certaintyin calibrationandstatisticalerrors.

theestimatedgainandbackgroundby 
 1 standarddevi-
ation. Roughly, anerror of 2% in the normalizationcor-
respondsto anerror in atmospherictemperatureof 3.4 K
at100cm

� 1 anddropsto 1.1K at650cm
� 1 for anominal

temperatureof 235 K. The maximumuncertaintyin the
atmospherictemperaturedue to calibrationerrorsis the
quadraturesumof the normalizationandthermistorcali-
brationerrors,or 1.2 K for the frequency rangecovered
by the windows listed in Table1. The minimum uncer-
tainty in atmospherictemperaturewhich maybeobtained
by averagingmany measurementstogetheris equalto the
thermistorcalibrationerror, 0.6K. A comparisonof ourre-
trievedtemperatures(includingnormalizationerrors)with
radiosondemeasurementsfor theMarch23,1993,balloon
flight is shown in Figure2. Performingtheray-tracingcal-
culationdescribedin section3.1 througha modelatmo-
spherewith thetemperatureprofileshown herewill result
in effective temperaturesTeff

�
i � that matchour measured

temperatures.In Figure3 weshow theinitial andfinal CO2

VMR profilesfor theMarch23flight, i.e.,beforeandafter
correctingthetemperaturesandpointingangles.
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Figure 3. CO2 mixing ratio profile for the March 23,
1993, balloon flight. Openand solid trianglesindicate
profiles derived from the initial and final model atmo-
spheres,respectively. The initial model atmosphereis
basedon temperaturesfrom radiosondemeasurements
andpressuresderivedfrom thecommandedviewing an-
gles of the light-collecting telescopeonboardthe flight
gondola. The final modelatmosphereis basedon tem-
peraturesandpressuresderivedfrom the16-µm bandof
CO2, asdescribedin thetext. Error barsincludecalibra-
tion andstatisticaluncertaintiesonly. The CO2 mixing
ratiowasassumedto be350ppmfor thisexample.

4.3.3.O2 profile.

As a testof overall calibrationprocedure,we present
in Figure 4 a numberof O2 profiles for the samespec-
tra asFigures2 and3, derivedfrom threedifferentsetsof
lines. The first setconsistsof threestronglines, having
EW� αL greaterthan50 andanaverageexcitationenergy
of 440cm

� 1. Thesecondsetconsistsof nine weaklines
having EW� αL lessthan5.5andanaverageexcitationen-
ergy of 1530cm

� 1. The third set consistsof four weak
lines of 18O16O having EW� αL lessthan2.0 andan av-
erageexcitationenergy of 500cm

� 1. Any errorsin tem-
peratureor pressureshouldhavequitedifferenteffectson
thesethreeline subsets,ascanbeseenby evaluatingequa-
tions(11)through(16). Thefinal profilesin Figure4 arein
muchbetteragreementwith theexpectedO2 abundances
than are the initial profiles. However, we note that the
strongO2 linestendto bebiasedtowardahighVMR, and

Figure4. O2 mixing ratioprofilefor theMarch23,1993,
balloonflight. Openandsolid symbolsindicateprofiles
derivedfrom theinitial andfinal atmospheremodels,re-
spectively (cf. Figure3 caption). Trianglesindicatethe
saturatedline set;squaresindicatetheweakline set;and
circles indicatethe weakisotopomerset. Error barsin-
clude calibrationand statisticaluncertaintiesonly. For
clarity the initial profilesareshiftedby � 0 � 1 in volume
mixing ratio.

weakO2 linestendto bebiasedlow, bothat aboutthe1σ
level. ThissuggeststhatthedifferentO2 line setshave in-
ternalline-parameterbiasesof theorderof about10%. In
particular, we anticipatethat theprincipal line-parameter
uncertaintiesarein the air-broadeningcoefficientsof the
stronglines, possiblyas much as 23%, as discussedby
Chanceet al. [1991b]. On theotherhand,theweakiso-
topomerlines appearto give an unbiasedO2 VMR pro-
file, possiblybecausetheselinesareunaffectedby either
pressure-broadeninguncertaintiesor high-J line strength
uncertainties.

In a previous paper[Abbasand Traub, 1992] the au-
thorsexplicitly comparedtwo methodsof analyzingFIRS-
1 spectra,onebasedon empiricalviewing anglesderived
from thesamethreestronglinesof O2 usedin thepresent
work. Theauthorsfoundthat theO2-derivedanglesgave
VMR profilesof O3, H2O, HF, andHCl which wereusu-
ally, but not always,closerto the meanvalues,asdeter-
minedfrom otherexperimentswhichflew simultaneously.
By comparison,thepresentpapershowsthatif O2 linesare
usedfor viewing anglecalibration,thenit is importantto
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employ bothweakandstronglinesaswell asisotopomer
linesto reducepotentialbiasin thederivedVMR.

The temperature,pressure,and oxygenfitting results
aresummarizedin Table3. Theuncertaintyin theleastsig-
nificantdigit is indicatedin parenthesesfor all measured
quantities.For eachraytheeffectivealtitude,pressure,and
temperaturearetheair massweightedquantitiesalongthe
line of sight in the layerwhich wasfitted,asdescribedin
section3.1.Theerrorsin temperatureandmixing ratio in-
cludecalibrationandstatisticaluncertainties.Theerrorsin
thefinal angle,altitude,andpressurearedeterminedby the
uncertaintyin theCO2 mixing ratio profile. As described
earlier, theerrorsin temperature,pressure,andCO2 mix-
ing ratioareall coupled.Theoxygenprofile is anaverage
of all 16strong,weak,andisotopomer-line profiles.

5. RetrievalsFrom DC-8 Spectra

TheDC-8 cruisesat a pressurealtitudeof about11 

1 km, which is usually, but not always, above both the
tropopauseandthehydropause.We limit our viewing an-
glesto positive elevations,becausethebulk of thestrato-
sphereis overheadandthenegativeanglesareheavily ob-
scuredby troposphericwatervaporabsorption.As men-
tionedearlier, wedividetheatmosphereabovetheaircraft
into nine layers,with the bottomof the lowest layer set
equalto the aircraft altitudeat the time of the measure-
ment. We choosetheotherlayerboundariesto divide the
overheadcolumn evenly, with the exceptionof creating
somewhat thinner layersnearthe aircraft altitude in or-
derto avoid excessivesmearingof thetemperatureprofile
nearthetropopause.In each700-sobservingsequencewe
recordspectraatelevationanglesof 0	 , 1	 , 2	 , 4	 , 8	 , 16	 ,
and32	 . Thegeometryis suchthatobservationsmadeat
smallelevationanglesaremostsensitive to thelower lay-
ers,while observationsmadeat largeranglesareincreas-
ingly sensitive to theupperlayers.

We use two independent algorithms to retrieve
overheadcolumn densitiesfrom our spectra: (1) the
singular-valuedecomposition(SVD) methodand(2) the
nonlinearleastsquares(NLLS) method. The advantages
of the SVD methodare that vertical profile information
can be recovered, in addition to column densities,and
that it is also a very fast techniquebecauseit is linear
in the variables. The advantageof the NLLS method
is that it is potentially more accurate,becausethereare
no interpolationor linear extrapolationapproximations;
however, at presentit is limited to therecoveryof column
densities. In practice,we find that both methodsgive
columndensitieswhichagreeverycloselywith eachother
and with othermeasurements[Traub et al., 1994]. The

algorithmsaresketchedin sections5.1 and5.2, followed
in 5.3by a shortdiscussionof calibrationuncertaintiesin
theaircraftspectra.

5.1.Singular-ValueDecompositionMethod

In theSVD method[Pressetal., 1986]wesetupasin-
glematrixequationexpressingtheobservablequantitiesas
linearfunctionsof modelparameters,andwesolvethema-
trix equation.We linearizethephysicalproblemby defin-
ing theinputsandoutputsasperturbationsof anassumed
nominalstate;this is a valid procedurewhenever thefinal
statecanbeexpressedasthesumof aninitial stateanda
linearpowerseriesexpansionaboutthatstate.

In thepresentapplicationthemodelparametersarescal-
ing factorsappliedto the initial-guessmixing ratio pro-
files; for example,if only oneparameteris used,theentire
vertical columnis scaled,or if four parametersareused,
thenthe mixing ratio profile in four independentvertical
regionscanbe adjustedseparately. The maximumnum-
berof independentparameterswhichcanbeuseddepends
upon,first, the extent to which the observablequantities
aredecoupled,andsecond,theSNR.In our case,thecur-
vatureof the Earthand the optical depthof the spectral
linesactasdecouplingagents,sothattheupwardlooking
rayspreferentiallysamplethedistant,upperstratosphere,
andthe morehorizontallooking raystendto samplethe
closer, lowerstratosphere.Ourpreflightnumericalsimula-
tions,with anassumedSNR,showedthatwecouldextract
four independentverticalscalingfactors.In practice,the
in-flight SNR waslower thananticipated,so we reduced
thenumberof parametersto one.

Specifically, wemeasuretheequivalentwidth (EW) for
aparticularspectrallineandelevationangleandcompareit
to theEW calculatedfor theinitial mixing ratio. Werepeat
themeasurementfor N elevationanglesandL lines,result-
ing in a total of J � NL measurementsfor eachmolecule.
We expresssmall differencesbetweenthe measuredand
the calculatedEW in termsof small changesin the mix-
ing ratioin eachlayerof themodelatmosphere.Wedivide
theatmosphereinto M layers,whereVMRi

�
0� is theinitial

mixing ratiofor layeri andEWj (0) is thecalculatedequiv-
alentwidth for measurementj. Then,in thelinearizedsit-
uationwehave

EW j � EWj
�
0��� M

∑
i 0 1

d
�
EW j �

d
�
VMR i � � VMRi � VMRi

�
0����� (18)

where j runs from 1 to J. We definethe dimensionless
quantities

b j � EWj � EWj
�
0�

σ j
� (19)
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Table3. Initial andFinalModels,March1993

Initial Final

Layer θ, Zeff , Peff , Teff , θ, Zeff , Peff , Teff , [CO2],
Fit deg km mbar K deg km mbar K ppm [O2]

1 30.0 48.0 0.830 254.5 29.2(16) 47.80(0.1) 0.849(0.1) 249.1(49) 261(54) 0.249(20)
2 0.00 39.8 2.79 243.3 0.06(6) 39.80(4) 2.78(2) 256.8(1) 353(14) 0.221(4)
3 -2.32 34.5 5.89 231.2 -2.31(1) 34.60(7) 5.78(5) 235.8(3) 350(10) 0.208(4)
4 -3.04 30.5 10.8 223.6 -2.95(2) 30.90(9) 10.0(1) 226.4(4) 350(10) 0.210(4)
5 -3.66 26.4 20.0 217.2 -3.59(1) 27.00(9) 18.3(3) 217.5(3) 350(10) 0.199(3)
6 -4.18 22.4 38.0 211.6 -4.08(1) 23.20(8) 33.4(4) 213.5(5) 349(10) 0.202(4)
7 -4.63 18.4 72.3 208.8 -4.58(1) 19.00(12) 66.5(12) 205.2(5) 349(14) 0.218(8)

ai � VMRi � VMRi
�
0�

VMRi
�
0� � (20)

whereσ j is thestatisticalerror in measuringEWj . Then
equation(18) takestheform

b � A 1 a � (21)

whereb is a J � 1 matrix with elementsb j , a is anM � 1
matrix with elementsai , andthesensitivity matrix A is a
J � M matrixwith dimensionlesselements

A j i � VMRi
�
0�

σ j

d
�
EWj �

d
�
VMRi � � (22)

Wesolveequation(21)usingthemethodof SVD.If J 2 M,
then A can be written as the productof threematrices,
A � U 1 W 1 VT , whereU is aJ � M column-orthogonalma-
trix (UT 1 U � I ), W is anM by M diagonalmatrix whose
elementsaregreaterthanor equalto zero,andVT is the
transposeof anorthogonalM � M matrix. Solvingequa-
tion (21) for a givestheresult

a � V 1 W � 1 1 UT 1 b � (23)

whereW � 1 is theM � M diagonalmatrixwhoseelements
aregivenby 1� Wii whenWii is significantlygreaterthanthe
computerroundoff errorandzerootherwise.TheSVD so-
lution is equivalentto thebestfit solutionin aleastsquares
sense.Thevarianceσ2 � a j � of theestimatea j is givenby

σ2 � a j ��� M

∑
i 0 1

 Vj i

Wii ! 2 � (24)

To applytheSVD methodto ourDC-8spectra,wenu-
mericallycalculatetheEW derivativesin equation(22)for

anumberof differentobservationangles,aircraftaltitudes,
continuumopacities,andcolumndensities,andtheninter-
polateto find thesensitivity matrix for eachsetof obser-
vations.Thederivativescanbecalculatedaheadof time,
thusreducingthe time requiredfor dataprocessing.The
initial mixing ratio profiles are from the ATMOS-based
setmentionedin theballoonsectionabove,andtheinitial
temperatureprofile is representative of high-latitudewin-
terconditions.By scalingtheseprofilesto avarietyof dif-
ferenttotalcolumndensitiesandinterpolatingbetweenthe
correspondingsensitivity matrices,weinsurethatlinearity
is maintained.

Our initial dataanalysiswith thefour-parametermodel
atmosphereshowed that the SNR was insufficient to re-
liably extract this many parameters.Thereforewe opted
for thehighly stableone-parameteralgorithmwhichgives
total columnabundances.All FIRS-2aircraft flight data
were reducedwith this method, and the results were
publishedin the AASE-II preliminaryCD-ROM dataset
[Gainesetal., 1992].

In general,theSVD algorithmis fastandaccurate,but
in theversiondescribedabove, two desirablefeaturesare
lacking: the ability to utilize actual(measured)tempera-
tureprofilesandtheability to useFIRS-2observationsto
determinevertical displacementsof the stratosphere.In
fact,bothcapabilitiescouldbebuilt into theSVD method.
For example,a grid of temperatureprofilescould be set
up and a set of sensitivity matricescalculatedfor each;
themeasuredtemperatureprofilecouldthenbematchedto
thenearestmemberof this set,andaninterpolatedmatrix
found,aswith theotherthreeinterpolationsabove. Simi-
larly, verticaldisplacementscouldbemodeled,sensitivity
matricescalculatedfor a grid of displacementvalues,and
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anotherinterpolationperformed.This would increasethe
dimensionalityof theinterpolationsfrom threeto five.

However, ratherthanfollowing thepathof addingcom-
plexity to the basicallysimpleSVD method,we decided
insteadto switch to theNLLS method,which offeredall
therequiredflexibility in returnfor anacceptableincrease
in computingtime. Thismethodis describednext.

5.2.Nonlinear LeastSquaresMethod

The NLLS methodfor aircraft spectrais a modified
versionof thecorrespondingprogramfor balloonspectra.
The overheadatmosphereis divided into nine spherical
shell layers. Pressureandtemperatureprofilesaretaken
from the “curtain file” of meteorologicaldataalong the
aircraft flight track at the time of observation, provided
by theNationalMeteorologicalCentervia GoddardSpace
Flight Center(see,for example,Newman,et al. [1993]).
Effective temperaturesand pressuresare determinedfor
eachlayer, andinitial mixing ratiosareassignedfrom the
standardmidlatitudesetof profiles.

As the winter polar stratospherecools, it becomes
denser, which setsup a large-scalehorizontalvortex and
a vertical subsidence.Thesecularsubsidenceeffectively
dropsall mixing ratio profilestoward lower altitudes.To
analyzeourobservationsin thepolarvortex duringAASE
II, we separatethe effects of subsidenceand chemical
changeasfollows: (1) useHF asatracermoleculetodeter-
minethesubsidence,usingaNLLS method;(2) applythis
subsidenceto theinitial-guessprofilesof all otherspecies;
(3) adjustthemagnitudeof theVMR profilesto matchthe
observedspectra,againusingaNLLS method.

Wefollow Toonetal. [1992] in definingthesubsidence
factorsasthesoleparameterin a lineartransformationof
thealtitudefrom z to z$ , where

z$3� �
1
�

s� z�
VMR $ � z��� VMR

�
z$ �
� (25)

Here,VMR
�
z� is themidlatitudemixing ratio profile and

VMR $ � z� is thesubsidedprofile. WeuseHF asatracerbe-
causeit is chemicallyinactivein thestratosphere[Brasseur
andSolomon, 1984],sothatchangesin theoverheadcol-
umnreflectpurelyverticalmotionsin thestratosphere,not
chemistry. Wemeasurethesubsidenceby findingthevalue
of s which minimizesthedifference,in thesenseof least
squares,betweenthemeasuredspectrumandthespectrum
calculatedusingthesubsidedmixing ratio profile for the
HF line at 163� 9362cm

� 1. We determinea singlevalue
for the subsidencefor each700-ssetof observation an-
gles,usinga weightedaveragevaluefrom the 4	 to 32	
rays,wheretheweightsaredeterminedfrom theresiduals,

thecorrelationmatrix of adjustableparameters,andnum-
berof degreesof freedomin theNLLS fitting procedure.

New initial VMR profiles are calculated for each
speciesusing the subsidenceparameterfor the obser-
vation set and equation(25). Water vapor is treated
separately: the initial stratosphericprofile is computed
using the subsidenceformula for altitudes above the
hydropause,and below this point the troposphericcom-
ponentis addedindependently. Thehydropauseis defined
hereasthe lowestaltitudeat which the lapserateequals
2 K/km, about 0.2 times the troposphericvalue. We
foundthisstepto beusefulbecausetheDC-8occasionally
flew below the hydropause,causingthe water column
to increasedramatically. For all speciesthe optimum
scalingfactorfor the correspondingVMR profile is then
calculatedby the NLLS methodanda weightedaverage
value formed. For water, the scaling is applied to the
stratosphericcomponentonly.

All FIRS-2aircraft flight datawerereducedwith the
NLLS method,andtheresultswerepublishedin theAASE
II final CD-ROM dataset[Gaineset al., 1993].Although
we have not madea formal comparisonof the resultsof
thetwo dataanalysismethods,visualinspectionof thede-
rivedcolumnabundancessuggeststhattheNLLS method
performedmarginally better. We believe that this is due
to the fact that theNLLS methodmorecloselysimulates
the atmosphericconditions,throughtheuseof (1) actual
versusnominal temperatureprofiles,(2) subsidedversus
nonsubsidedVMR profiles,(3) scalingthefull VMR pro-
file versusscalingonly aselectedsegment,and(4) for wa-
ter, separatingthetroposphericandstratosphericcontribu-
tions.

5.3.Calibration Uncertainties

TheSNRsof individualspectraontheDC-8werelower
thanonaballoonplatform,becauseof therelativelyhigher
scanrateandthe muchhighervibration level. As stated
earlier, thetemperaturedifferencebetweenthetwo black-
bodycalibrationsourcesontheDC-8wasonly 45to 60K.
The lower SNR togetherwith the small calibrationtem-
peraturedifferenceresultsin atypicaluncertaintyin deter-
miningthespectralbaselineof about5%of thenormalized
scale.Theuncertaintyin thegainis approximatelyequalto
thegainerrorfor theballoonspectra(roughly0.5%).The
couplingof thesenormalizationerrorsandthehigh level
of the continuumhasa profoundeffect on the retrievals.
Sincethe baselinecorrelateshighly with the continuum,
this calibrationerrorstronglyaffectsthecalculatedopac-
ity of thecontinuumof thespectrum,which in turnaffects
the calculatedequivalentwidth for saturatedtransitions.
We estimatethe effect of the normalizationerror on the
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measuredratioEW/EW(0)to be

δ  EW
EW

�
0�4! �  δg � δb

B
�
σ � T �

B
�
σ � Tr �5! eτc � (26)

whereδg is thegainerror, δb is thebaselineerror, andτc

is theopticaldepthof thecontinuum.Becauseof theeτc

term, errorsarerelatively high whenthe aircraft altitude
is below eitherthehydropauseor thecirrusclouds,where
highH2O giveshighτc.

6. Summary

TheFIRS-2far-infraredspectrometerhassuccessfully
flown onnineballoonflights from 1987through1994,ob-
tainingabout2620spectraduring131hoursof operation
atanaveragealtitudeof 38km, resultingin measurements
of volumemixing ratio(VMR) profilesof 15speciesand6
isotopomers,with a minimumuncertaintyof about3% in
each4 km verticallayer, derivedfrom theanalysisof over
288spectralwindows.

The FIRS-2 hasalso successfullyflown on 13 DC-8
aircraftflights in 1992,obtainingover 12900spectradur-
ing 140 hoursof operationat an averagealtitude of 11
km, resultingin measurementsof columnabundancesof
6 speciesand2 isotopomers,with a mediancolumnun-
certaintyof about10%, from the analysisof 41 spectral
windows.

In thispaperwediscussselectedinstrumentalattributes
and focuson the topicsof datareduction,estimationof
randomandsystematicerrors,retrievalof mixingratiopro-
files, andtheestimationof temperatureandpressurepro-
files.

Appendix: Derivation of the temperatureand
pressure sensitivity relations

In thisappendixwederiveapproximateexpressionsfor
the sensitivity of estimatedmixing ratiosto uncertainties
in temperatureandpressurein themodelatmosphere.We
estimatemixing ratiosusinga leastsquaresfitting proce-
dure,theresultof which is a calculatedspectrum,Nc

�
σ � ,

which is approximatelyequalto the observed spectrum,
Ns
�
σ � . For the derivation which follows, we will set

Nc
�
σ �6� Ns

�
σ � . We startby assumingthatNs

�
σ � is dom-

inatedby theemissionfrom a singlehomogeneouslayer,
givenby

Ns
�
σ ��� B

�
T � � 1 � e

� τ �
B
�
Tr � � (A1)

whereT andτ arethe temperatureandoptical depthfor
thelayer. For anisolatedLorentzline at σ0,

τ
�
σ ��� VMR NS

�
T � αL

π � � σ � σ0 � 2 � α2
L � � (A2)

whereVMR andN are the volumemixing ratio and to-
tal line-of-sightcolumndensityin thelayer. Thestrength
S
�
T � is givenby

S
�
T �7� S0  T0

T ! q e
� σl # βT � e

� σu # βT

e� σl # βT0 � e� σu # βT0
� (A3)

whereS0 is the line strengthat temperatureT0, σl andσu

are the lower and upperstateenergiescorrespondingto
thetransitionatσ0, andthetemperaturedependenceof the
rotationalpartitionfunctionis T

� q. TheLorentzwidth is
givenby

αL � α0
P
P0

 T0

T ! p � (A4)

For a strongresolvedline thegreatestVMR sensitivity
is in thewingsof theline whereτ 8 1 and 9σ � σ0 952 αL.
In thiscase,equation(A1) simplifiesto

Ns
�
σ � � C

�
σ � VMR NPT

�;: q" p< e� σu # βT � (A5)

where

C
�
σ ��� α0S0T

: q" p<
0

�
eσ0 # βTr � 1�

πP0
�
σ � σ0 � 2 � eσ0 # βT0 � 1� e� σu # βT0

� (A6)

and we have made the approximationthat B
�
σ � T � �

B
�
σ0 � T � .
In hydrostaticequilibrium the pressure,temperature,

and columndensityarenot independentvariables. If P
is theeffective pressurein thelayerandPt is thepressure
in thelayerabove,then

N � K
P � Pt

m̄g
� (A7)

whereK is adimensionlessgeometricfactor, m̄ is themean
molecularweight,andg is thegravitationalacceleration.
For a layerthicknessof ∆z,

P � Pte
∆z# H � (A8)

whereH � kT � m̄gis thepressurescaleheightandthetem-
peraturein thelayeris assumedto beconstant.

By usingequations(A7) and(A8) to substitutefor P
andN in equation(A5) andsolvingfor VMR to first order
in ∆z� H, wearriveat theresult

VMR � Ns
�
σ � m̄gT

: q" p< eσu # βT

C
�
σ � KP2

t
 kT

m̄g∆z
� 1! � (A9)
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Differentiatingwith respectto T leadsto

δ
�
VMR � T
VMR

�= 1
�

q
�

p
� ∆z

H
� σu

βT ! δT
T
� (A10)

whichis equivalentto equation(11)for q � 1 andp � 1� 2.

Usingequation(A7) tosubstitutefor N in equation(A5)
anddifferentiatingwith respectto P (assumingPt remains
fixed),we derivea similar expressionfor thepressurede-
pendence:

δ
�
VMR � P
VMR

�.�> 1
� P

P � Pt ! δP
P
� (A11)

In the limit that the total air massis containedwithin the
layer, Pt � 0 andequation(A11) reducesto equation(12).

For an unresolved spectral line the flux is con-
tainedwithin a single resolutionelement. In this case,
Ns
�
σ0 � � EW� ∆σ, where

EW � � " ∞

0

B
�
T � � 1 � e

� τ �
B
�
Tr � dσ �

� VMR NS
�
T � B � T �

B
�
Tr � � (A12)

Theapproximationis valid providedthatτ
�
σ ��8?8 1 every-

wherein the line. We have againassumedthatB
�
σ � T � �

B
�
σ0 � T � . Combiningequations(A12) and(A3) andsolv-

ing for VMR, wederive

VMR � Ns
�
σ0 � Tq

D
�
σ0 � N eσu # βT � (A13)

where

D
�
σ0 ��� S0Tq

0

�
eσ0 # βTr � 1�

∆σ
�
eσ0 # βT0 � 1� e� σu # βT0

� (A14)

Using equations(A7) and(A8) to eliminateN andP
in equation(A13) andsolving for VMR to first order in
∆z� H, wederive theexpression

VMR � Ns
�
σ0 � kT

: q" 1< eσu # βT

D
�
σ0 � KPt∆z

� (A15)

As for equation(A10), we differentiatewith respectto
T to arriveat theresult

δ
�
VMR � T
VMR

�= 1
�

q � σu

βT ! δT
T
� (A16)

which reducesto equation(14) for q � 1.

Usingequation(A7) to eliminateN in equation(A13)
anddifferentiatingwith respectto P, wederive

δ
�
VMR � P
VMR

�-�  P
P � Pt ! δP

P
� (A17)

which reducesto equation(15) in thelimit Pt � 0.
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