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Abstract

The Smithsoniarfarinfraredspectrometeis a remotesensing-ouriertransformspectrometethat
measurethemid- andfarinfraredthermalemissionspectrunof the stratospher&om balloonand
aircraftplatforms.The spectrometenashadnine successfuballoonflights from 1987to 1994 flying at
float altitudesof 36—39km andcollecting131 hoursof midlatitudestratospheritimb spectraThe
spectrometealsoflew ona NASA DC-8aircraft,aspartof thesecondAirborne Arctic Stratospheric
Expedition(AASE-II), collecting140hoursof overheadspectraat latitudesrangingfrom the equatorto
thenorthpole. We presenherea brief descriptionof theinstrumenta discussiorof datareduction
proceduresanestimationof bothrandomandsystemati@rrors,anoutline of the procedurdor
retrieving mixing ratio profiles,andanexplanationof the methodof derving temperatur@ndpressure
from thefar andmid-infraredspectra.



1. Intr oduction

The farinfrared spectromete(FIRS)-2 was designed
and built at the SmithsonianAstrophysicalObsenatory
(SAO) for thepurposeof measuringnolecularabundances
in the Earth's stratospherdt is thesuccessoio the FIRS-
1 [Traubetal., 1982], which had six productive balloon
flightsin theyears1979to 1983but whichwasdestryed
by afree-fall in 1983.0naballoonplatform,FIRS-2mea-
sureghethermalemissionspectraof a numberof species
importantin stratosphericchemistry The far-infrared
channe(80-200cm™1) containsusefulspectralinesof 12
species:H20, Oz, O3, NO2, HF, HBr, HCI, HOCI, HO,,
OH, H,0,, and O(®P); the mid-infrared channel(350—
700cm—1) containdines of threeadditionalspeciesCO,
(whichyieldspressurandtemperature)N>O, andHNOs.
Thetotallist includesl15 specieswhich growsto 21 if all
isotopomersurrentlymeasuredsseparatspeciesarein-
cluded. On the DC-8 aircraft platform the FIRS-2 mea-
surestwo isotopomersandsix speciesH,0, Oy, O3, HF,
HCI, andHNO:s.

WederiveatmospheritemperatureBom ananalysiof
temperature-sensit CO; linesandchecktelescopgoint-
ing anglesby analyzinga separatesetof CO, lineswhich
aresensitve to columndensity We measuramixing ratio
profilesof all othermolecularspeciesy fitting calculated
spectrao the obsenedspectrausingthe dervedtemper
aturesandpressures.

In this papemwe discussmary of the uniqueaspectof
the FIRS-2 instrumentand dataanalysisprocedure em-
phasizingour efforts to achieve high degreesof accuray
andprecisionin the derived stratospheriprofiles. A pre-
viousdiscussiorof theinstrumentandits usess foundin
thework of Traubetal. [1991].

2. Measuring Infrar ed EmissionSpectra

The balloon flight instrumentis composedof the
Fourier transformspectrometeitself, a telescope scan
platform, infrared detectors,electronics,and telemetry
transmittersand recevers. During a flight the interfero-
gramsandengineeringlataaretelemeteredo the ground
and recordedon an optical disk or on an 8-mm digital
tape.Latertheinterferogramsareextracted transformed,
phasecorrectedandnormalized.

TheDC-8flight instrumentuseghe samespectrometer
asontheballoon,but the telescopeandscanplatformare
different.We alsoreplacehetelemetrycommandanddata
links by hard-wiredconnectionsandwe isolatetheinstru-
mentfrom vibrationsof the aircraftframeby a pneumatic
supportsystem.

2.1. Spectrometer

The spectrometecollimatingandimagingmirrors are
10.1cm in diameterand have focal lengthsof 58.0 cm.
The nominal beamdiameteris 7.6 cm. We use hollow
cornercuberetroreflectorsvhich have a hexagonalaper
ture of outsidediameterl7.6cm. Therearetwo inputand
two outputbeamswith separationdetweentheir axes of
7.6cm. Oneinputis coupledto the sky radiationandthe
secondis coupledto a liquid nitrogencooledblackbody
source.Both outputsarecoupledto detectorsThe beam-
splitteris a 12-4um-—thick uncoatedMlylar sheetstretched
over anoptically flat glassring. Onecornercubeis fixed,
while the other scansover path differencesof —1.2 to
+120cm. The shorttwo-sidedpart of the interferogram
provideslow-resolutionphasenformation,while thelong
one-sidednterferograngivesaresolutiorelemenof 1/2L
(unapodized)wherelL is the maximumoptical pathdif-
ference(OPD). For L = 120cm the resolutionelementis
0.004cm™L.

Theopticsprecedinghe detectordewar areatambient
temperatureand are oversized. In the dewar thereis a 4
K aperturestopandfield stopfor eachbeam;theaperture
stopblocksthermalbackgroundadiationfrom theinstru-
mentitself (exceptfor thermalemissionfrom the beam-
splitter, mirrors, and windows), andthe field stop limits
thefield of view (FOV) on the sky aswell aspreventing
self-apodizatioratthe highestfrequengy sampledy each
detector At thespectrometeinputandoutputports,where
the field is imaged,the nominal cold beamspeedis /9,
andthe cold field diameteris 0.67 cm for the far-infrared
channeland0.47 cm for the mid-infraredchannel. These
valuesgive a systemthroughputof 3.4 x 10~3cnésrand
1.7 x 10~3cn?sr, respectiely.

We usea HP model5501HeNelaserin anopticalinter
ferometerto measurehe scanmirror positionandcontrol
its velocity. Themirror is constrainedo movealongapar
allel setof rails andis drivenby aleadscrev. We enclose
the entireoptical systemin a vacuumchamberexceptfor
the lasertubewhich is held at one atmosphere.On bal-
loon platformswe scanthe mirror at 12,000HeNefringes
persecondthescanratebeingconstrainedy our teleme-
try bandwidth. On the DC-8 we scannedhe mirror at a
higherrate,60,000fringespersecondin orderto increase
the time resolutionof our measurementandto shift the
modulatedinfrared frequeny bandabove aircraft vibra-
tion frequencies.In this case the scanrateis limited by
the performanceof the mirror seno system.The average
acquisitiontime perinterferogramis 180s in the balloon
configuratiorand39 s onthe DC-8, includingoverhead.



2.2. Telescopes

For operationfrom balloon platformswe couple the
spectrometeinput to a small off-axis reflectingtelescope,
whichhasa 20-cmdiametersphericabrimarymirror with
afocallengthof 175cm. The FOV of thefarinfraredde-
tectoris 0.22°, which at a typical elevationangleof —3°
correspond$o 1.3km atthetangentltitude,or aboutone
guarterof an atmosphericscaleheight. During balloon
flights we can control the telescopeazimuthto an accu-
ragy of +2° by orientingthegondolawith amagnetometer
controlledseno systemdesignedandbuilt at JetPropul-
sionLaboratory(JPL).We independentlyneasurehe az-
imuth with amagnetometemadeby KVH Industries|n-
corporatedwhich automaticallycompensatefor ary ad-
ditionalfixedmagnetidield from thegondola.We control
theelevationangleto +0.02° by referencinghetelescope
elevation to a single axis stabilizedplatform which uses
a gyroscopeasa short-terminertial referenceandan in-
clinometerto correctfor offsetsandlong-termdrift in the
gyroscopdCoyleetal., 1986;Traubetal., 1986].

While operatingthe spectrometeonboardthe NASA
DC-8, obsenationsare madefrom cruisingaltitudesnear
thebaseof the stratospheraypically 11+ 1 km. We only
obtain useful datawhile viewing above the horizon be-
causdropospherievatervaporandcarbondioxideobscure
muchof thespectralegionsof interesffor negativeangles.
Sincethe columndensityis muchlessdependentn the
size of the FOV for positive elevation anglesthanis the
casefor negative elevation angleswe areableto replace
the telescopewith a compactscanplatform consistingof
a small flat scanmirror combinedwith a stationarycol-
limating mirror with a focal length of 58 cm, giving the
farinfrared detectora 0.66° field of view. The azimuth
for eachobsenationis determinedentirely by the aircraft
heading. The elevation is measuredvith respectto the
aircraft frame, and senocorrectedor the aircraftroll as
determinedby the inertial navigation system. The point-
ing accuray is limited by the accurag of theaircraftroll
information,whichwe estimateto beabout+0.1°.

2.3.Detectors

Both spectrometeoutputsare coupledto a liquid he-
lium dewar which houseghe detectorsandthe first am-
plifier stage. The dewar is configuredto allow splitting
eachspectrometeoutput,giving a maximumof four out-
put channels.The spectrometehasflown with threefar
infraredand one mid-infraredchannel,but currentlyjust
one farinfrared and one mid-infrared channelare used.
We usea Ge:Gaphotoconductomwith a stacled quartz-
CaFblockingfilter for farinfrareddetectionanda Ge:Cu

photoconductowith a Ge-substratéow-passinterference
filter for detectingmid-infraredradiation. Cooled FET
sourcefollowerson all the photoconductorprovide alow
impedanceutputfrom thedewar.

Detectoroutputsaresampledanddigitized asthe mir-
roris scannectaconstantelocity. Thesamplentenalis
determinedy countingfringesfrom theHeNeinterferom-
eterwhich controlsthescanmirror. Thefarinfraredchan-
nelis sampledevery 30fringesandthe mid-infraredchan-
nelis sampledevery 10 fringes,providing Nyquistcutoffs
at263.3and790cm™!, respectiely. Theaudiobandpass
is determinedby low-passBesselfilters, and the optical
bandpassis setby the optical blocking filters; togethey
thesdfilters essentiallyeliminatehigh-frequenyg contritu-
tionswhich couldotherwisebealiasednto our bands.

2.4.Fourier Transformation and PhaseDetermination

Startingwith the obseredinterferogramwe estimate
the locationof the zero-path-diference(ZPD) point, and
we multiply the local two-sidedpart of the interferogram
by alinearrampfunctionsoasto equallyweightpathdif-
ferencessampledtwice (two-sidedpart) and path differ-
encessampledonce(long one-sidedpart). The shortside
of theinterferogranis zeropaddedsothateachsidecon-
tainsthe samenumber(2") of points,anda Fouriertrans-
form is calculatedgiving 2" complex spectrapoints. The
problemis to extract a real spectrumfrom the complex
one. This canbestatedn termsof finding thephaseangle
betweerthe complex input vectorandthereal outputvec-
tor at eachpoint in the spectrum.We performthe phase
determinatiorin oneof two ways,dependingon whether
or notthe spectruncontainsspectralines.

We assumehatthe phaseunction@(c) hastheform
@(0) = ¢(0) + 210 dx + £(0), (1)

whereo is wavenumbeiin inversecentimeters((0) is 0
or tdependingon whethertheinterferogranpeakat ZPD
is positive or negative, ox is the errorin determiningthe
ZPD pointin the interferogrambeforetransforming,and
g(o) is acorrectionterm.

In anideal spectrometethe phasep(o) is strictly lin-
earande(o) is identically zero. This is alsotrue for the
caseof anabsorbingoeamsplittein thelimit wheneither
the beamsplittehaszero physicalthicknessor whenthe
beamsplitters a uniform slabwith acomple< index of re-
fraction. However, if the beamsplitteis asymmetricj.e.,
if the complec index of refractionasa function of depth
is not a symmetricfunction of distancefrom the physical
centerof theslab,theng(o) maybenonzero.In ourcase,
thebeamsplitteis anuncoategheebf Mylar, with anop-
tical thicknes=of the orderof a wavelength.A priori, one



might expectthis sheetto be uniform. However, asdis-
cussedbelaw, sincewe obsere g(o) to be nonzero,par
ticularly in theareasvhereMylar hasabsorptiorfeatures,
we hypothesizehatthe beamsplitteis slightly asymmet-
ric. In the following paragraphswe discussghe methods
we useto find, first, thelineartermsg(0) andox for each
spectrumandsecondthe nonlinearcorrectionterme(o).

2.4.1.Linear phaseterms for continuum spectra.

For spectraof continuumsourceswe first calculatea
low-resolutionphasdunctionfrom the phaseof thecom-
plex transformof the shorttwo-sidedpart of theinterfero-
gram.We subtracthepredeterminedorrectionterme(a)
(seebelaw) from thephaseandthenfit alinearfunctionto
theremaindewover spectraregionswherethedetectorand
spectrometeare sensitve, in orderto determinedx and
@0). We thenphasecorrectthe full resolutionspectrum
usingequation(1).

2.4.2.Linear phaseterms for line spectra.

In emissionline spectra,particularly thosetaken at
high-elevation angles the continuumphasederived from
the short two-sidedtransformis dominatedby a back-
groundcomponenwhichwe obseneto haveaphasdunc-
tion differentfrom thatof the sky signal. Theinstrumen-
tal line shapes very sensitve to the phaseandsmall er-
rorsin phaseproducea pronouncegsymmetryin theline
shapdor a one-sidedransform.For example,in thecase
of a spectrumconsistingof a singleunresoledline cen-
teredat og, the interferogramF(x) canbe expressedas
acog2mxap + ¢) wherex is theinstantaneou®PD.Trans-
forming a single-sidednterferograngives

Elo) = %/OLF(x)e‘Z"X"dx

ag™® [sina (1-cosn)
= +1

2 a a ’ @
whereL is themaximumOPD,a = 21 (o — 0p), andwe
have droppedthe termscontaining(o + gp). Assuming
that @ is known, multiplying Flin equation(2) by €% and
taking the real partleavesthe termsina/a, which is just
thetransformof the samplingfunction,asexpected How-
ever, if thephasasincorrectlydeterminedanantisymmet-
ric errortermis introducedwhich broadenghe emission
lines,producesasymmetryin theline shapeandshiftsthe
positionof theline peak.Turningthis problemaroundwe
determinep for ary selectecemissionline by finding the
phasevhichproducesasymmetridine shape We measure
theline phasdor about50linesdistributedthroughouthe
spectrumfit alinearfunctionto thesetof measureghases

(aftersubtractinghecorrectionterm)to determinedx and
@0), andthenphasecorrectthe full resolutionspectrum
usingequation(1) asfor continuumspectra.

2.4.3.Nonlinear phaseterm.

The problemof determiningthe nonlinearphaseterm
(o) is complicatedy thefactthateachspectruntontains
abackgrounccomponentvith a phasedifferentfrom that
of thesky signal. This backgroundnustbe subtractede-
foreg(o) canbedeterminedA morecompletediscussion
of this problemis givenby Revercombet al. [1988]. Ini-
tially, weassumehate(o) = 0. Next, we determinedx and
@0) for a balloonspectruntakenat a high-elevationan-
gle by symmetrizinginesin thefull resolutiontransform
andthenuseequation(1) to correctthe complec transform
of the shorttwo-sidedpart of the sameinterferograntfor
theZPD error. We thentake the complex transformof the
shorttwo-sidedpartof awarmblackbodyscan correctfor
the ZPD error by fitting a linear phasefunctionin sensi-
tive regions,asdescribedn section2.4.1(still assuming
thate(o) = 0), and subtractthe comple, low-resolution,
high-elevationanglespectrunfrom the result. Sinceboth
spectrahave beencorrectedfor the ZPD error, the back-
groundcanceloutwhenwe calculatethe difference.The
resultingcomple spectrum,blackbodyminus sky, con-
sistsof radiationfrom outsidethe instrumentonly. The
phaseof the differencespectrumgivese(o). The correc-
tion termappeargo be constanin time, sowe have aver-
ageda numberof measurementsf £(o) togetheranduse
the averagedunctionto determinethe phasefor all other
spectra.ln Figure1l we comparee(o) to someMylar ab-
sorptiondata,shaving the closerelationshipbetweerab-
sorptionfeaturesandphasedeviations. This suggestshat
thephenomenarerelated;however, acompletanvestiga-
tion of therelationshigs beyondthe scopeof this paper

2.5.Intensity Calibration

We determinehe gainandoffsetof the spectrainten-
sity asafunctionof wavenumbeby referencedo the spec-
tra of two blackbodiesof known temperature.For con-
venienceve normalizethe intensityscaleby theintensity
of a blackbodyat a referencaemperaturef T, = 277K,
a typical temperaturefor our warm calibration source.
If Vs(0), Vw(0), and V(o) denoteuncalibratedphase-
correctedspectraof the sky, warm blackbodysource and
coldblackbodysourcerespectiely, T, andT; arethetem-
perature®f thewarmandcold sourcesB(o, T) is thein-
tensityof a blackbodyradiatorat a frequeny o andtem-
peraturel, andNs(o) is theintensityof the sky radiation
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Figure 1. A comparisorof the nonlinearphasecorrec-
tion term g(o) (circles) andthe Mylar absorptionspec-
trum (stars)[from Ciarpallini, 1992]. The scalefor the
Mylar absorptionis arbitrary Zerosin the beamsplitter
efficiengy functionoccurat0, 260,and520cm™.

normalizedo T, then

(Vs — Vo) [B(Tw) —B(Te)] |, B(Te)

N T - VoB() BT

®3)

where we have droppedthe explicit o dependencdor
brevity. For the DC-8 flight seriesthe warm sourcewas
electrically heatedand the cold sourcewas cooledwith
athermoelectricoolerto give atemperaturelifferenceof
45K to 60K. For balloonflightswe allow thewarmsource
to equilibratewith theambienttemperatureandwe derive
the cold spectrumby clipping linesfrom a high-elevation
angle(30°) spectrumin thiscasethecontinuumemission
is dueto instrumentabackgroundsothat T, is effectively
zero,which simplifiesequation(3):

NS — (VS VC) B(TW) ) (4)

(Vw—Ve)B(Tr)

During observingruns we include a pair of calibration
spectran eachsequencef pointingangleswhich works
out to onceevery 45 min for balloonplatformsandonce
every 12 min on the DC-8. In both casesve smooththe
calibrationspectraviy, and\V, to a resolutionof 0.5cm=1
beforenormalization We estimateghegainandoffsetasa
functionof time by usinga simpletwo-pointinterpolation
for timesbetweercalibrations.

2.6.FrequencyCalibration

The frequengy interval betweenadjacenipointsin our
transformedspectras givenby

1

B0 = Sl

1+¢c), (5)

whereN = 2" is the numberof pointsin the full resolu-
tion transformm is the numberof HeNefringesbetween
samplepoints, and Ag is the vacuumwavelengthof the
HeNelaserusedin the mirror senosystem. The correc-
tionterme incorporategorrectionsrisingfrom thefinite
sizeof the entranceaperture(the dominantterm), imper
fectcoalignmenbetweerthelaserbeamandthe direction
of mirror travel, andtheindex of refractionof residualgas
in thespectrometetank. We determinghecorrectiorterm
empirically by measuringhe precisepositionsof a num-
ber of well-characterizedines in our spectrausingHCI
andHF in thefarinfraredandCQO; in the mid-infrared.A
typical correctiontermis €. ~ 1.040.2 x 1072, which is
equivalentto a shift of about0.25A¢ at 100cm™.

3. Calculating Infrar ed EmissionSpectra

Our programfor calculatingatmosphericemissionis
basedn theonedescribedy Trauband Stier[1976]. To
calculatea syntheticspectrumwe divide the atmosphere
into a numberof thin homogeneousphericakhells,com-
putethe optical deptht(o) within eachshell, and propa-
gatethermalradiationfrom thefar sideof theatmosphere
totheobseneralongtheline of sight,includingtheeffects
of refraction. Specifically in eachshellwe attenuatehe
incomingradiationby thefactore " andwe addthether
mally emittedradiationB(1— e~"), whereB is the black-
bodysourcdunctionatthetemperaturef theshell. Tore-
ducecalculationtimewhencomputingtheopticaldepthar
ray, we typically includeonly thoselineswhich contritute
a centraloptical depthof at least1 x 107° in eachlayer,
and we extendthe wings of eachline to the edgeof the
calculatiorwindow or to anopticaldepthof 1 x 1076,

We usethe H-C-G (vander Hulst, Curtis, Godson)ap-
proximation[GoodyandYung, 1989]to computethe opti-
cal depth,definingthe effective temperature@ndpressure
(Tes and Pgs) in eachshell to be the air massweighted
temperatur@andpressureveragedalongtheline of sight.
The choiceof thebesttemperaturdor the sourcefunction
is complicatedby the fact thatit dependson the optical
depthandtemperaturgradientwithin the shell. We have
choserto useT; for thesourcetemperaturevhenthe op-
tical depthis lessthanone,andfor larger optical depths
we usethetemperaturat the pointalongtheline of sight



wherethe optical depthwithin the shell reachesne (as-
sumingthat the temperaturevarieslinearly with altitude
betweerthe altitude wherethe pressureequalsthe effec-
tive pressurendthealtitudeof the shellboundary).

If we areviewing toward emptyspacethenthe source
strengthoutsidethe atmospherds assumedo be zero,
andthe computedspectrumwill be dominatedby emis-
sionlines. If we wish to modelthe caseof atmospheric
absorptiorof light from the centerof thesolardisk (which
isthemodeof operatiorof severalothertypesof spectrom-
eters),thenwe setthe externalsourceequalto a 6110K
blackbody

3.1.Initial Model Atmosphere

The initial model atmosphereconsistsof our besta
priori estimatedor temperaturepressureand molecular
compositiorasafunctionof altitudeandtime. For balloon
flights we averagetogethermeasurementsf temperature
asa function of pressuremadeby radiosondesaunched
from stationsnearthe balloon at the time of the flight,
+1day. We assumehatthe atmospherés in hydrostatic
equilibrium and calculatetemperatureand pressureas a
functionof altitudeup to themaximumaltitudereachedy
theradiosondesabout35 km. We extrapolatethis model
up to 100 km usingthe U.S. 1976 StandardAtmosphere.
We derive theinitial volumemixing ratio (VMR) profiles
for mostmoleculesrom the resultsof a one-dimensional
photochemicamodel (M. Allen, privatecommunication,
1991). We usethe 1976 StandardAtmosphereprofile for
O3 anda combinationof the 1976 StandardAtmosphere
andmeasuredrendsto estimateheinitial profilesfor HF,
HCI, andCO,. For the DC-8flights, profilesof tempera-
ture andpressureasa function of time andaltitudealong
theflight trackwereprovidedby theNationalMeteorology
Center We derive the initial mixing ratio profiles from
midlatitude ATMOS measurementgdjustingsomepro-
files to extrapolateobsered trendsfrom the year of the
measuremerto 1992 (G. Toon, private communication,
1992).

Ourdiscretemodelatmosphereonsistof anumberof
homogeneousphericakhells wherewithin eachshellthe
valuesof pressuretemperatureandVMR areindependent
of altitude.Forray-tracingcalculationgheshellsaremade
to besothin asto be essentiallycontinuouswe usel.0+
2.88x 1074(27315/T) (P/101325) for the farinfrared
index of refraction,whereT is temperatur€K) andP is
pressurémbar).For syntheticspectruncalculationsmost
of the shellsareaboutone-halfscaleheightin thickness,
andthe boundariesare determinedby the observingray
pathsasdescribedelow.

The continuousmodelatmospherdP(z),T(z)} is dis-

cretizedby defining an equivalent set of homogeneous,
sphericalshells,also called layershere. The upperand
lower altitudesof theith layerareZ(i) andZ(i + 1). These
layerboundariegslependntheviewing geometrytheob-
senation altitude,andthe speciedo be measuredin all
caseswe fix one boundaryat the spectrometealtitude.
We set the lower boundariesof layersbelov the spec-
trometerequalto the tangentheightsfor the setof down-
wardlooking rays,usinga refractedray propagatiorpath
in the essentiallycontinuousmodelatmosphereFor bal-
loon spectrawe divide the overheadatmospherénto two
layersof equalair massexceptwhenmodelingthe emis-
sionof specieshaving very steepconcentratiorgradients,
suchasOH, HO,, andOCP). In thesecaseswe divide
the overheadcolumninto sevenlayers.Whencalculating
DC-8spectraye dividetheatmosphereto nineoverhead
layers.

Oncethe layer boundariesare determined,we again
follow eachrefractedray throughthe essentiallycontinu-
ousmodelatmospherand calculate(1) the line-of-sight
column density of air N(i,j) (moleculescm=2) within
eachlayer; (2) the effective pressureéP.(i, j) within each
layer, definedas the air massweighted pressurealong
the line of sight; (3) the effective altitude Z(i, j), de-
fined as the altitude at which P[Zu(i, J)] = Pes(i, );
and (4) the effective temperature T(i,j), defined
in the same way as the effective pressure,where i
and j are the layer and ray indices, respectiely. We
then replace the continuousmodel atmosphere{P(z),
T(z)} with a discreteset of homogeneousayers{Z(i),
Z(I + 1)azeff(ia J)aN(Ia j)aPeff(ia j)aTeﬁ(ia J)} For greatest
accurag we retainthedouble-subscriptequantitiesn all
calculations,but when reporting results,we selectonly
the valuedeterminedy the mostsensitve ray j passing
througha givenlayeri, which reduceghe setto a single

vector{Zeﬁ(i), Peﬁ(i)aTeﬁ(i)}'
3.2. Molecular Parameters

We maintainour own listing of molecularline param-
eters, the currentversion of which is SA092 [Chance
et al., 1994]. We use the line parametersfrom the
HITRAN92 catalog[Rothmanet al., 1992] for H,%0
(several transitionswhich interfere with the retrieval of
other moleculeshave beenshiftedto reflecttheir appar
entpositionin stratospherispectra)H,1’0, H,180, HDO
(linesabove 100.4901cm~! arefrom HITRANS2), CO,,
160160160, 180160160, 1608080, O3 hot bands,N,O
(linesstrengthdor thev, fundamentatransitionsarefrom
J. W. C. Johns privatecommunication1993),CHg, NO,
SO, NH3z, HNOs, HI, CIO, OCS, H,CO, N2, HCN,
CHasCl, CyH2, CoHg, and PHs. For CO the positions



for the 12C180 fundamentakre from TuFIR work [Var-
berg andEvenson1992],with all otherinformationtaken
from the HITRAN92 catalog. For oxygenthe 1600
and60'80 intensitiesandpositionsfrom 10to 100cm~1
arefrom the July 1992releaseof the JPL submillimeter
(JPLSMM) line catalog[Poynterand Pickett, 1984], and
all parametersor 070 andremainingparametersor
thefirst two isotopicvariantsaretakenfrom HITRAN92.
For NO; the strengthsandpositionsfor lines betweenl0
and200cm™t arefrom JPLSMM, andthe strengthsand
positionsfor otherlinesandall otherparameterarefrom
HITRAN92. The OH line widths, including the temper
aturedependencegrederivedfrom TuFIR measurements
of the line at 118455cm™ [Chanceet al., 1991a]; the
positionsfor all other OH lines are from JPLSMM. HF
line positionsup to R4, HCI positionsup to R11, andHBr
fundamentabpositionsbelov 200cm~1 are all from Tu-
FIR measurementiNolt etal., 1987; Di Lonardo et al.,
1991]. Theline widthsfor HF andHCI arefrom Pineand
Loong/ [1987], andthe strengthdor the TuUFIR-measured
lines of HF, HCI, andHBr arefrom calculationsdoneat
SAO, usingthe dipole momentmeasurementsf Muenter
and Klempeer [1970], Kaiser [1970], and Dabbousiet
al. [1973],respectrely; otherparameterandall hot-band
parametersare from HITRAN92. The positionsfor the
strongestinesof HOCI arecalculatedrom Carlotti etal.
[1990], and other parametersindline positionsare from
HITRAN92. For H,0, we have includedonly theRQ, and
RQs Q-brancHines,with positionscalculatedrom Masset
etal. [1988] (J. M. Flaud,privatecommunication1991),
strengthgalculatedat SAO, anddipole momentfrom Co-
hen and Pickett [1981]. HO, lines in the far infrared
useTuFIR-measuregositions(K. Chancemanuscripin
preparation1994),andstrengthsandadditionalpositions
from calculationsat JPL [Poynterand Pickett, 1984]. Fi-
nally, parameter$or 1701600, 1607060, and0,(1A)
arefrom JPLSMM, andline positionsfor O(3P) aredeter
minedby Watsonetal. [1984].

3.3.Instrument Function

The theoreticalinstrumentfunction G(o) can be se-
lectedto be either a discretedelta function (G1), Gaus-
sian(Gy), Lorentz(G3), sinc(Ga), sincsquaredGs), sinc
Hamming(Gg), or sincvon Hann(Gy7), with ary valueof
full width at half maximum(FWHM), exceptfor G;.

The functionsG4—G7 arebasedon a generalizedsinc
functiong(a), definedhereastherealpartof the comple
instrumentfunction {o) definedby equation(2), drop-

pingtheconstantactora/2:
sina . 1— cosu
g(a) = coscpT+S|n(p<T>. (6)

As before,a = 2rL(0 — o), whereL is the maximum
OPDin theobseredinterferogramThephasengleprep-
resentshephaseerrordiscusse@arlier Thefunctiong(a)
thusmodelstheeffectsof interferogramtruncationandthe
phaseecoveryerror. In addition,we modeltheeffectof a
finite diametercircularaperturédsy numericallyconvolving
g(a) with asquareunctionof width w (FWHM), giving

1 ra+w/2

Ga(a) (a')det, ()

w a-w/2
wherew = (1100d?) / (8F280), d is the diameterof the de-
tectoraperturg(0.67cm for the farinfraredchannel)and
F is the focal lengthof the spectrometeimagingmirror
(58.0 cm) [Bell, 1972]. Additional broadeningfactors,
suchasimperfectiongn the mirrors, misalignmenf the
beamsplitteror vibrationsin the carriage canbemodeled
by increasinghevalueof d.

A lineartaperof theinterferogrambeforetransforma-
tion givestheinstrumenfunctionGs:

1 ro+w/2 1— coxn’
= Wz [\ a2

I cinn/
+ sinm(ﬂ)] da’.  (8)
a

Note that the coeficient of cosgp can also be written as
0.5(sin0.5a/0.5a)?, sothattheintegrandcould be called
ageneralizeginc-squaredunction.

Two varietiesof apodizatiorwhichwe find to beuseful
areHammingandvon Hann,which leadto theinstrument
functionsGg andGy:

Gg(a) = 0.23G4(0 — 1)

+ 0.54G4(a) + 0.23G4(a + 1), 9
G7(a) = 0.25G4(a — 1)

+0.50G4(0a) 4+ 0.25G4(a +1).  (10)

In thelimits w — 0 and@= 0, thefirst sidelobef the
generalizedsinc, sinc-squaredsinc-Hamming.and sinc-
von Hannfunctionsare —21.0, +4.5, —0.6, and —2.7%,
respectiely; the wings are carriedout to 500, 10, 9, and
8 zero crossingon either side of the centralmaximum,
sothetruncatedsidelobeamplitudesarelessthan0.6,0.1,
0.5,and0.1%,respectiely. In theextremewingsof G(o)
thelast10%of pointsarelinearly taperedo zero,to elim-
inateary sharpdiscontinuities.OnceG(a) hasbeencal-
culated,jt is renormalizedo give atotal areaof one.



Wheneithersinc-Hammingr sinc-vonHannapodizing
functionsare used,the obsened spectracanbe apodized
with the sametype of functionsimply by calculatingrun-
ning 3-pointweightedsumsusingtheweights(0.23,0.54,
0.23)or (0.25,0.50,0.25), respectiely. We typically use
the von Hannapodizatiorfunction becausat minimizes
theinfluenceof linesoutsidethe calculationwindow.

When calculating the theoretical spectrumand in-
strumentfunction, we typically use a fine grid size of
0.0002cm? or less. To allow for the wings of neighbot
ing featuresye usuallyextendthe calculationfor 2cm=1
on either side of the spectralwindow. The convolution
of thetheoreticalspectrumandtheinstrumentfunctionis
computedon an outputgrid which exactly matcheghat
of the obsened spectrumj.e., Ao ~ 0.004cm™1; thisis
alsothe grid on which numericalcomparisonsre made
betweerobseredandtheoreticabpectrafor leastsquares
fitting, for example. For graphicalpresentatiorboth the
theoreticaland the experimentalspectraare interpolated
ontoa 10timesfiner grid, Ac/10, usingtheinterpolation
function sin(to/Ao) /(T /Ao); this function reproduces
the original pointson the Ac grid and providesa smooth
connection between these points consistentwith the
band-limitednatureof theobsenedspectrum.

4. Retrievals From Balloon Spectra

We usea nonlinearleastsquaregNLLS) programto
vary selectedparametersn theinitial modelatmosphere
until the mean-squardaifferencebetweenthe obsened
and the model spectrain the window region is mini-
mized. The NLLS program (Gaushaus)s a standard
Levenbeg-Marquard algorithm (see,for example,Press
etal. [1986]) which calculatesan outputparameterec-
tor, uncertaintyvector anda parametecorrelationmatrix.
Thenumberof degreesof freedomusedto estimateheun-
certaintyvectoris n— p, wheren is thewidth of the spec-
tral window in unitsof thetheoreticainstrumenfunction
width and p is the numberof parameterso befit. If the
interferogramhasbeenzero paddedor the spectrumhas
beenapodizedthenn will belessthanthe numberof data
pointsin thewindow.

Theexactprocedurausedto derive a profile depend®n
the atmospheriguantitybeingmeasuredIn generalthe
proceduras to fit theupwardlookingraysfirst, usethere-
sultsto scalethe overheadorofile, andtheniterateseveral
timesuntil theresultscorverge. Oncethe overheadorofile
is properlyscaled the lower layersarefit in orderof de-
scendingaltitude below the balloon, updatingeachlayer
beforefitting the next one. The calibrationerroris esti-
matedasdescribedn sectiord.3.2andaddedo thefitting

errorto estimatehetotalerrorin fitting eachwindow. Sys-
tematicerrorssuchaserrorsin molecularline parameters
are addedin quadratureafter averagingthe resultsfrom
individualwindows.

4.1. Mixing Ratio Retrievals

For eachmoleculewe selecta setof spectrawindows
asfollows: For moleculeswith a large numberof transi-
tionsin our spectrabandswerejectlineswhich arehighly
saturatedyery weak, have a large excitation enegy, or
areblendedwith anothetline which contributesmorethan
about10%to thetotal flux. For moleculeswith only afew
transitionswe relaxtheseconstraint@ndrejectonly those
lines which areblended.We thendefinea small spectral
window aroundeachline, about0.06to 0.6cm~* wide,
andfit theVMR, updatingthe profile aswe progresgrom
layerto layer If aspectraline is tooweakin a particular
window to give a goodfit, thenthe profile is not updated
in orderto preventnonsensealuesfrom skewing therest
of theprofile. For eachraywe varythe VMR in themodel
layerwhich hasthe greatestolumndensityalongtheline
of sightfor thatray. For downwardraysthisis alwaysthe
tangentayer We derive a VMR profile for eachwindow
and computethe final profile by taking the weightedav-
erageof the individual profiles. We estimatethe errorin
the final profile by calculatingthe errorin the meanand
inflating this estimateby the squareroot of the reduced
chi-squareif it is greaterthanone. For mostlayersand
moleculesthereducedchi-squares very nearone,which
impliesthatwe areproperlyestimatingour randomerrors.

In additionto theopticaldepthin thespectralines,each
window hasa continuumopticaldepthequalto the sumof
thecombineccontributionsof thewingsof all linesoutside
thewindow. The continuumis dominatedby H»O in the
farinfraredandCO, andH,O in the mid-infrared.Strato-
sphericparticlesmake neggligible contributions,sincetyp-
ical particlesizesaremuchlessthanawavelength.Initial
valuesfor thecontinuumopacityarecalculatedisinga pa-
rameterizednodeldescribediy Cloughetal. [1989],in
which the opacityis a functionof H,O andCO, VMR as
well aspressuretemperatureandfrequeng. We usually
malke continuumopacityan adjustablgparametersoasto
accountfor nearbyline wings which are not includedin
theinitial model.

4.2. Temperature and Pressue Retrievals

Beforeretrieving mixing ratios, we correctthe initial-
guesamodelatmospherdor errorsin the radiosondedata
andpointingangleusingthe154m bandof CO, to retrieve
atmosphericdemperatureand pressure.We checkthe re-



sultsby usinga numberof farinfrared O, lines ranging
from saturatedo weakandhaving excitationenegiesbe-
tween2 and10KT. Beingableto derive consistenbxygen
profilesover arangeof pressurandtemperatureensity-
ities givesusconfidencehatour proceduregivesaccurate
results.

We measurehe temperatureby calculatingsynthetic
spectran selectedCO,-containingwindows for eachray
andadjustingthetemperaturén asinglelayerwhile keep-
ing the CO, mixing ratio fixed soasto minimize the dif-
ferencebetweerthe actualandthe calculatedspectraFor
downward looking rayswe fit the tangentlayer, and for
overheadrayswe fit the overheadlayersin orderof de-
creasingltitudeabovetheobsererusingtheraysin order
of decreasinglevationangle.Thesetof spectrawindows
usedto fit eachray depend®nthetotal air massalongthe
line of sightfor thatray. We choosewindowswhich maxi-
mizethetemperatursensitvity andminimizethesensitv-
ity to thecolumndensityfor thelayerto befitted. Onceall
thewindowsfor agivenray have beerfitted theresultsare
averagedogetherto derive the estimatedemperaturdor
thatlayer We iterateon the overheadays4 times,updat-
ing the overheadayersafterall overheadrayshave been
fitted. We thenproceedo fit the downward looking rays,
updatingeachlayerbeforethe next onedown is fitted.

The temperaturesensitvity function is estimatedfor
eachray by calculatingonesetof spectrafor the spectral
range580-70@m™1, calculatinga secondsetof spectra
afterchanginghetemperaturén thelayerto befit by 2%,
and then calculatingthe differenceand normalizingthe
maximumdifferencevalueto unity. This procedurés re-
peatedo estimatehe columndensitysensitvity function,
this time adjustingthe CO, mixing ratio. In generalthe
temperatureensitvity for agivenwindow increasesvith
increasingoptical depthup to a saturatiorpoint andthen
beginsto decreasastheatmospherbecomespaqueThe
columndensity sensitvity function behaesin a similar
fashionbut saturatest lower optical depth. We subtract
the normalizedcolumndensitysensitvity function from
thenormalizedemperatureensitvity functionandselect
temperaturavindows from regionswherethedifferencds
amaximum.This amountgo choosingwindows with op-
tical depthnearunity. As the opacityincrease$rom zero,
the flux becomedessdependenbn the column density
while remainingdependenbn the temperatureat which
the gasis radiating. If the optical depthis too high, how-
ever, the radiationfrom the layerto be fitted is absorbed
in interveninglayersbeforeit reacheghe obserer. For
downward looking raysthe geometryis especiallyfavor-
ablefor retrievals, sinceabout75% of thetotal columnis
within one-halfscaleheightof the tangentaltitude. The

methodworks lesswell for layershigher thanthe layer
immediatelyabove the obsener. Our setof temperature
windowsis givenin Table1 aswell asthetypical column
densitiedfor which they areusedandthe initial elevation
angles. The columndensitieshave beencalculatedfor a
balloonaltitude of 4.8 mbarandthe initial modelatmo-
sphereof our Septembei989balloonflight.

After correctingthe modeltemperaturesye retrieve a
mixing ratio profile for CO, usingthesetof 14windowsin
theregion’572.8to 620cm™1 listedin Table2. Thesewin-
dows arechoserasdescribedn sectiord.1,andthesame
windowsareusedfor all rays. We thenadjustthe pointing
anglesuntil theretrieval givesthe expectedmixing ratio.

TheexpectedCO, abundancas estimatedy assuming
that troposphericCO, is increasingat an annualrate of
1.8ppmfrom areferencdevel of 348ppmin 1987[World
Meteoblogical Organization(WMOQ), 1989];stratospheric
CO, isassumedb follow thetropospherid¢rend,but with a
lag of 3 yearsandno seasonafariation[Hall andPrather,
1993],i.e.,[CO,] = 348+ 1.8(19905 —t), wheret is the
timein years.

To summarizewe adjustthetemperaturén eachlayer
of ourmodelatmospherentil thenormalizedlux in satu-
ratedregionsof the calculatedspectrunmatcheghemea-
suredspectrumandthenwe adjustthe pointinganglesto
givetheexpectedCO, mixing ratioprofile. In thenext sec-
tion we discusgpotentialsystematicerrors,andafter that
we provide a cross-checlon CO, calibrationin termsof
0s.

4.3. Estimation of Uncertainties

Ourmainsource®f errorareuncertaintiesn themodel
atmospheraisedto calculatethe theoreticalspectraand
calibrationuncertaintiesn the measuredpectra. When
estimatinghetotalmeasuremergrrorwe alsoincludeline
parameteerrorsandthe statisticalfitting errors. We test
thevalidity of ourerrorestimate®othby checkingthechi-
squarestatisticwhenerer we averagetogethera number
of measurementgsection4.1) and by using the oxygen
profile asa diagnostidool (section4.3.3).

4.3.1.Model atmosphere uncertainties.

To estimateheeffectof errorsin themodelatmosphere
parametersn the retrieved mixing ratio profiles,we find
it usefulto considetthelimiting caseof avery strongline,
suchastheO; line at106.421cm™1, andaweakline, such
astheO; line at187.816cm 1. As anillustration,we will
considethegeometryof the—2.31° ray from our Septem-
ber 1989 balloonflight, for which the balloonfloat pres-
sureis 4.8 mbar, the pressurat the tangentheightfor the



Table 1. Temperatur&Vindows

Elevation Column,

Angle 6 moleculem—2 Windows,cm™!

30.0° 2.06x 1073 615.3-616.6619.15-619.36584.74—685.1%86.4—686.6689.65—-690.1

0.0° 3.91x 10% 648.49-649.02650.28-650.51651.85-652.0%653.38—653.56554.92-655.08,
656.45-656.61657.98—658.1%59.54—-659.7661.09—661.24662.38-662.86,
667.15-668.7%71.23-671.4672.77-672.968674.36—674.54675.93-676.12,
677.52-677.7679.1-679.29%80.68-680.88;82.28—682.46;83.87—684.05,
685.45—-685.64687.08—687.24588.68-688.85590.3-690.47

-2.3r° 1.51x 10% 661.22-661.62662.8-664.22664.7-665.82669.82—671.25%71.4-671.68,
672.5-672.75572.95-673.4%73.95-674.37

-3.03 2.83x 10%° 649.42—-650.24650.85-651.7652.42—-653.2654.0—654.7655.55-656.25,
657.25-657.73%58.72—659.25%;60.28-660.8661.87—662.3%75.02-675.62,
676.5-677.2378.05-678.8579.6-680.05681.22-682.1682.82—683.7,
684.42-685.3686.0—-686.95687.62—688.52

—3.65° 5.50x 10%° 639.2—639.7640.75-641.1%41.65-642.25%43.15-643.77644.7-645.3,
646.37-646.9647.85—648.2690.85-691.65592.48—693.35%94.05-695.0,
695.68-696.2

—-4.17 1.08x 10?6 628.48—-628.9629.5-629.89%530.55-630.8630.98-631.43%31.55-631.98,
632.5-632.91634.0-634.48634.68-635.0%35.78—-635.9837.15-637.45,
638.85-639.0895.75-696.15%97.3—697.8698.95-699.3899.5-699.68

—4.62° 2.14x 10%° 620.45-620.8620.9-621.1622.15-622.3%22.43-622.63%23.63-623.83,

624.4-625.0625.94-626.45%27.5-627.88528.05—628.3329.05-629.32,
629.55-629.85

Table 2. Pressur&Vindows

Windows,cm1

572.8-573.2
583.5-584.5
604.4-605.0

574.35-574.85 576.0-576.5 577.5-578.0 582.2-582.7
585.5-586.0 591.8-592.3 593.4-593.9 601.2-602.0
609.0-609.8 612.15-612.95 619.0-620.0
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—2.31° rayis 8.4mbar, andthetemperaturén thetangent
layeris 235K. The equationsvhich follow arederivedin
moredetailin the Appendix.

We definetheequialentwidth (EW) of aline to bethe
integraloverthespectralvindow of thedifferencebetween
spectrecalculatedvith andwithoutthe moleculeof inter-
est;the EW is thereforethe areaof the line featureonly,
sincethe backgrounds subtracted.Sincethe spectraare
normalizedto give dimensionlesintensities the units of
EW arewavenumbergcm™1).

For the —2.31° ray the EWs of the weak and strong
lines are 0.0004and 0.02cm™1, respectiely. For both
linestheLorentzline FWHM in thetangentayeris 20, =
0.0006cm™—1, whichis about0.15spectralresolutionele-
mentsunapodized.

In the caseof thestrongline, adjustingthe mixing ratio
will havelittle effectontheflux in theline corewherethe
optical depthis large, so ary changein the EW is dueto
changesn theflux in thewingsof theline. Sincethe EW
is five resolutionelementsthewingsareresohedandthis
meanghatthespectrumis fitted by matchingheflux in the
far wings of theline. We canestimatethe effect of small
errorsin atmospheridgemperatureand pointing angleon
the retrieved mixing ratiosin this caseby expressingthe
mixing ratio asa functionof theflux in theline wing and
differentiatingwith respecto temperaturer pressurelf
the continuumopacity is small, the equationgiving the
temperaturelependencef thederivedmixing ratiois

O(VMR)T (E)_ Ou Az) &1

VMR ~\2 BT H/) T’ (11)

wherea,(cm™) is the transitionupperstateenegy, B =
k/hc~ 0.695cm~1K~1, T isthemodellayertemperature,
Azis theverticallayerthicknessandH is theatmospheric
scaleheight. In deriving equation(11), we have assumed
that the rotationalpartition functionis proportionalto T
and that the Lorentz line width is proportionalto ny/T
(wherenis thenumberdensity). Thedependencen point-
ing angle expressedn termsof thepressurén thetangent
layer(P), is givenby

3(VMR)p _
—wRr - 0%

For the O, line at 106cm™! the excitation enegy is
544cm~1, and using a typical value of one-half scale
heightfor thelayerthicknesgjivesthenetresult(dr + dp)
o(VMR) oT oP
VMR = —0.3? — 2.03.
For theweakline the EW is a fraction of a resolution
element,soin this casethe fitting routine effectively ad-

(12)

106cm1 line:

(13)
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juststhe mixing ratio to matchthe equivalentwidth with-
out regardto line shape. We have alsoderived a set of
relationssimilar to equationg11) and(12) by expressing
themixing ratio asa functionof equivalentwidth anddif-
ferentiating.In this casefor smallcontinuumopacity the
equationgiving thetemperaturelependences

3(VMR)1 oy oT
VMR (Z‘B—T)? (14)
Theexpressiorfor thepressuralependencis
3(VMR)p &P
VMR P’ (15)

For the O, line at 188cm™! the excitation enegy is
1608cm~! andthenetresultis
or oP

o(VMR) _ 79T 1%
. 05

188cm1 line:
cm™* line: =70 T

(16)

For thesetwo oxygenlines the pressuredependence
variesby afactorof 2, while thetemperaturelependence
variesby morethan an order of magnitude. This is es-
pecially importantto considerwhen attemptingto mea-
sureahundanceratios, sincemixing ratios measuredis-
ing stronglineswill have differentsystematierrorsfrom
thosemeasuredrom weak lines and likewise for albun-
dancegneasuredisinglineswith differentexcitationen-
ergies. This situationcan occurwhentrying to measure
isotoperatioswherethe minorisotopeis muchlessalun-
dantthanthe majorisotope.

Asshovnin sectiord.2,wederivepressureby measur
ing the CO, mixing ratio profile, andasa resultthe tem-
peratureand pressureerrorsare coupled. The CO, lines
usedin deriving pressuraare saturatecandhave an aver-
ageexcitationenegy of 2200cm~1. Usingequationg11)
and(12), wederive thefollowing equatiorrelatingtheun-
certaintyin pressuréo theuncertaintiesn temperaturand

COs:

op = —0.5M - 5.26—T,

P [CO] T
where[CO;] is the CO, VMR. This relationshipgivesus
the pressurauncertaintyin termsof othermeasurablen-
certaintiesand can thereforebe usedto estimateVMR
uncertaintiesfor non-CQ speciesin terms of those of
C0O,. Usingequation(17) to substitutefor 6P/P in equa-
tions (13) and (16) and usingtypical valuesof 0.5% for
oT /T and2.8%for the statisticaluncertaintyin the mea-
suredCO, mixing ratio, we estimateVMR errorsof 5.8
and1.9%for O, at106and188cm™1, respectiely, where
theuncertaintiesn temperaturandCO, mixing ratiohave
beenaddedn quadratureTheseerrorsarecomparabldo
our statisticalffitting errors.

(17)



4.3.2.Calibration uncertainties.

In derving the final model atmosphereas described
above, thereis the dangerthat we are maskingerrorsin
normalizationmixing ratioretrievals,or someunexpected
systemati@rrorby adjustingthetemperatur@ndcolumn
densityto matchthe expectedCO, spectrum.In this sec-
tion we shaw thatthe known systematiccalibrationerrors
aresmallcomparedo randomerrors. In the next section
we show thatthe correctednodelatmosphergivessensi-
ble resultsfor O, retrievals.

The estimateduncertaintyin spectralintensity nor-
malizationdepend®n (1) uncertaintiesn the calibration
sourceemissvity andtemperatureand(2) drifts in back-
groundemissionandinstrumentresponseTheblackbody
calibrationsourceis a 25-cm-diameterl.9-cm-thickalu-
minumdisk, machinednthefront (FIRSfacing)sidewith
a seriesof concentricv-shapedgrooveswith 30° vertex
angles. The grooved surfaceis paintedwith 3M Black
Velvet paint, which hasa reflectanceof lessthan 4% at
normalincidencein our wavelengthregion [Smith 1984].
The geometryis suchthat ary ray originating from the
primary mirror will experiencea minimumof four reflec-
tionsinsideagrooveresultingin anetreflectancéessthan
2.6 x 1078, ignoring the angulardependencef the re-
flectance Therearethreethermistorsnountedontheback
of thecalibrationsourceatradii of 0, 6.4,and11.4cm. We
assumehattheaccurag of thethermistorss +0.6K, the
manufcturingtolerancewhichwe checledwith asingle-
pointcalibrationat273.15K. Thethermalgradientacross
theloadis estimatedrom thedifferencedetweerthethree
sensorswhichis alwayslessthan0.2K duringflight. The
thermalgradientoetweerthefront andthebackof thecal-
ibratoris assumedo be small, becausef the thinnessof
the paint layer, the large areaof contactin the grooves,
andthe fact that the calibratoris in thermalequilibrium
with the surroundings. Thereforethe uncertaintyin the
calibrationsourceis dominatedby the uncertaintyin the
calibratortemperature.

Drifts in theinstrumentesponsareestimatedrom the
measuredvarm and cold referencespectraby looking at
differencesbetweengain and backgroundmeasurements
madeat differenttimes. Thesedifferencesaretypically
lessthan 2%, do not grow with the time betweenmea-
surementsandareinverselycorrelatedwith the signal-to-
noiseratio (SNR)in the spectralregion beingexamined.
This impliesthatthe changesn gainandbackgrouncare
dominatedby the statisticaluncertaintyin measuringvyy
andV; (seeequation(4)) andthatthe normalizatiorerrors
canbe reducedby summingnormalizedspectra.We es-
timatethe effectsof theseerrorson temperatur@andmix-
ing ratioretrievalsby repeatingheanalysisafterchanging
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Figure 2. Temperatureetrieval for the March23, 1993,
balloonflight. Spectroscopicallyneasuredemperatures
areindicatedby the solid circlesandradiosondealataby
the opentriangles. Spectroscopierrorsincludethe un-
certaintyin calibrationandstatisticalerrors.

the estimatedyain and backgroundy +1 standarddevi-
ation. Roughly anerror of 2% in the normalizationcor-
responddo anerrorin atmosphericemperaturef 3.4 K
at100cm~! anddropsto 1.1K at650cm™* for anominal
temperatureof 235 K. The maximumuncertaintyin the
atmospheridemperaturedue to calibrationerrorsis the
guadraturesumof the normalizationandthermistorcali-
brationerrors,or 1.2 K for the frequeng rangecovered
by the windows listed in Table1. The minimum uncer
tainty in atmospheriécemperaturevhich may be obtained
by averagingmary measurement®getheris equalto the
thermistorcalibrationerror, 0.6 K. A comparisorof ourre-
trievedtemperature@ncludingnormalizatiorerrors)with
radiosondeneasurementer theMarch23,1993,balloon
flight is shavn in Figure2. Performingtheray-tracingcal-
culationdescribedn section3.1 througha modelatmo-
spherewith thetemperaturgrofile shovn herewill result
in effective temperatured (i) that matchour measured
temperaturedn Figure3 we shaw theinitial andfinal CO,
VMR profilesfor theMarch23flight, i.e., beforeandafter
correctingthetemperatureandpointingangles.
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Figure 3. CO, mixing ratio profile for the March 23,
1993, balloon flight. Openand solid trianglesindicate
profiles derived from the initial and final model atmo-
spheresyrespectiely. The initial model atmospherds
basedon temperaturesrom radiosondemeasurements
andpressureslerived from the commandediewing an-
gles of the light-collecting telescopeonboardthe flight
gondola. The final modelatmospherés basedon tem-
peraturesandpressureslerived from the 164um bandof
CO,, asdescribedn thetext. Error barsincludecalibra-
tion and statisticaluncertaintieoonly. The CO, mixing
ratiowasassumedo be 350 ppmfor this example.

4.3.3.07 profile.

As a testof overall calibrationprocedurewe present
in Figure4 a numberof O, profilesfor the samespec-
traasFigures2 and3, derivedfrom threedifferentsetsof
lines. Thefirst setconsistsof threestronglines, having
EW/a. greaterthan50 andan averageexcitation enegy
of 440cm~1. The secondsetconsistsof nine weaklines
having EW/a lessthan5.5andanaverageexcitationen-
ey of 1530cm=1. The third setconsistsof four weak
lines of 18050 having EW/a lessthan2.0 andan av-
erageexcitation enegy of 500cm™. Any errorsin tem-
peratureor pressureshouldhave quite differenteffectson
thesethreeline subsetsascanbeseerby evaluatingequa-
tions(11)through(16). Thefinal profilesin Figure4 arein
muchbetteragreementvith the expectedO, alundances
than are the initial profiles. However, we note that the
strongO; linestendto bebiasedowardahighVMR, and

407\\ ]
35 — —
g L _
g L _
~ 30 — —
o) L _
ke
3 L _
i}
= L _
= L _
25 — —
20 — —
L1 ]

0 1 2 3
0g Volume Mixing Ratio

Figure4. O, mixing ratio profile for theMarch23,1993,
balloonflight. Openandsolid symbolsindicateprofiles
derivedfrom theinitial andfinal atmospherenodelsre-
spectvely (cf. Figure 3 caption). Trianglesindicatethe
saturatedine set;squaresndicatethe weakline set;and
circlesindicatethe weakisotopomerset. Error barsin-
clude calibrationand statisticaluncertaintiesonly. For
clarity the initial profilesareshiftedby —0.1 in volume
mixing ratio.

weakO; linestendto be biasedow, bothat aboutthe 1o
level. This suggestshatthedifferentO; line setshave in-
ternalline-parametebiasesof the orderof about10%. In
particular we anticipatethatthe principal line-parameter
uncertaintiesarein the air-broadeningcoeficientsof the
stronglines, possiblyas much as 23%, as discussedy
Chanceetal. [1991b]. On the otherhand,the weakiso-
topomerlines appearto give an unbiasedO, VMR pro-
file, possiblybecauseheselines areunafectedby either
pressure-broadeningncertaintiesor high-Jline strength
uncertainties.

In a previous paper[Abbasand Traub, 1992] the au-
thorsexplicitly comparedwo methodof analyzingFIRS-
1 spectrapnebasedon empiricalviewing anglesderived
from the samethreestronglinesof O, usedin the present
work. The authorsfoundthatthe O,-derivedanglesgave
VMR profilesof Oz, H20, HF, andHCI which wereusu-
ally, but not always, closerto the meanvalues,as deter
minedfrom otherexperimentsavhich flew simultaneously
By comparisonthepresenpapershavsthatif O; linesare
usedfor viewing anglecalibration,thenit is importantto



employ bothweakandstronglinesaswell asisotopomer
linesto reducepotentialbiasin thedervedVMR.

The temperaturepressure and oxygenfitting results
aresummarizedh Table3. Theuncertaintyin theleastsig-
nificantdigit is indicatedin parenthesefr all measured
quantities For eachraytheeffectivealtitude,pressureand
temperaturarethe air massweightedquantitiesalongthe
line of sightin the layerwhich wasfitted, asdescribedn
section3.1. Theerrorsin temperatur@andmixing ratio in-
cludecalibrationandstatisticaluncertaintiesTheerrorsin
thefinal angle altitude, andpressuraredeterminedy the
uncertaintyin the CO, mixing ratio profile. As described
earlier theerrorsin temperaturepressureand CO, mix-
ing ratio areall coupled.Theoxygenprofileis anaverage
of all 16 strong,weak,andisotopometline profiles.

5. Retrievals From DC-8 Spectra

The DC-8 cruisesat a pressuraltitude of about11+
1 km, which is usually but not always, above both the
tropopausandthe hydropauseWe limit our viewing an-
glesto positive elevations,becauséhe bulk of the strato-
spherds overheadandthe negative anglesareheavily ob-
scuredby tropospheriavatervaporabsorption.As men-
tionedearlier we divide theatmospherabove theaircraft
into nine layers,with the bottom of the lowestlayer set
equalto the aircraft altitude at the time of the measure-
ment. We choosethe otherlayerboundariedo divide the
overheadcolumn evenly, with the exceptionof creating
somavhat thinner layersnearthe aircraft altitude in or-
derto avoid excessve smearingf thetemperaturerofile
nearthetropopauseln each700-sobservingsequenceve
recordspectraatelevationanglesof 0°, 1°, 2°, 4°, 8°, 16°,
and32°. Thegeometryis suchthatobsenationsmadeat
smallelevationanglesaremostsensitve to the lower lay-
ers,while obsenationsmadeat largeranglesareincreas-
ingly sensitve to theupperlayers.

We use two independentalgorithms to retrieve
overheadcolumn densitiesfrom our spectra: (1) the
singularvalue decompositionSVD) methodand (2) the
nonlinearleastsquaregNLLS) method. The advantages
of the SVD methodare that vertical profile information
can be recovered, in addition to column densities,and
thatit is also a very fasttechniquebecauset is linear
in the variables. The adwantageof the NLLS method
is that it is potentially more accurate becausdhereare
no interpolationor linear extrapolationapproximations;
however, at presentt is limited to therecovery of column
densities. In practice,we find that both methodsgive
columndensitiesvhich agreevery closelywith eachother
and with other measurementglraub et al., 1994]. The
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algorithmsare sketchedin sectionss.1 and5.2, followed
in 5.3 by a shortdiscussiorof calibrationuncertaintiesn
theaircraftspectra.

5.1. Singular-Value DecompositionMethod

In the SVD method Pressetal., 1986]we setup asin-
gle matrix equatiorexpressingheobsenablequantitiesas
linearfunctionsof modelparametersandwe solvethema-
trix equation We linearizethe physicalproblemby defin-
ing theinputsandoutputsasperturbation®f anassumed
nominalstate;thisis a valid proceduravhene&erthefinal
statecanbe expressedsthe sumof aninitial stateanda
linearpower seriesexpansionaboutthatstate.

In thepresenapplicatiorthemodelparameterarescal-
ing factorsappliedto the initial-guessmixing ratio pro-
files; for example,if only oneparameteris usedtheentire
vertical columnis scaled,or if four parametersre used,
thenthe mixing ratio profile in four independentertical
regions can be adjustedseparately The maximumnum-
berof independenparametersvhich canbeuseddepends
upon,first, the extentto which the obsenable quantities
aredecoupledandsecondthe SNR.In our casethe cur
vature of the Earth andthe optical depthof the spectral
linesactasdecouplingagentssothatthe upwardlooking
rayspreferentiallysamplethe distant,upperstratosphere,
andthe more horizontallooking raystendto samplethe
closerlower stratosphereOur preflightnumericakimula-
tions,with anassume®NR,shovedthatwe couldextract
four independenvertical scalingfactors. In practice the
in-flight SNR waslower thananticipated so we reduced
thenumberof parameterto one.

Specifically we measurghe equivalentwidth (EW) for
aparticularspectraline andelevationangleandcomparet
totheEW calculatedor theinitial mixing ratio. We repeat
themeasuremerfor N elevationanglesandL lines,result-
ing in atotal of J = NL measurement®r eachmolecule.
We expresssmall differencesbetweenthe measuredind
the calculatedEW in termsof smallchangesn the mix-
ing ratioin eachlayerof themodelatmospherewe divide
theatmosphereto M layers,whereVMR;(0) is theinitial
mixing ratiofor layeri andEW; (0) is thecalculatecequi-
alentwidth for measurement Then,in thelinearizedsit-
uationwe have

(Ew;j)

o i) o :
EW;j — EW; (0 ZldVMR [VMRi — VMR;(0)], (18)

where j runsfrom 1 to J. We definethe dimensionless
guantities
_ EWj—EW;j(0)

by = —

5, (19)



Table 3. Initial andFinal Models,March1993

Initial Final
Layer 8, Zeﬁ ) Peff ) Teﬁ ) 0, Zeﬁ ' Peff ' Teﬁ ’ [COz],

Fit deg km mbar K deg km mbar K ppm [O2]

1 30.0 480 0.830 2545 29.2(16) 47.80(0.1) 0.849(0.1) 249.1(49) 261(54) 0.249(20)
2 0.00 398 2.79 243.3 0.06(6) 39.80(4) 2.78(2) 256.8(1) 353(14) 0.221(4)
3 -232 345 589 2312 -2.31(1) 34.60(7) 5.78(5) 235.8(3) 350(10) 0.208(4)
4 -3.04 305 10.8 223.6 -2.95(2) 30.90(9) 10.0(1) 226.4(4) 350(10) 0.210(4)
5 -3.66 264 20.0 217.2 -3.59(1) 27.00(9) 18.3(3) 217.5(3) 350(10) 0.199(3)
6 -4.18 224 380 211.6 -4.08(1) 23.20(8) 33.4(4) 213.5(5)  349(10) 0.202(4)
7 -4.63 184 723 208.8 -4.58(1) 19.00(12) 66.5(12) 205.2(5)  349(14) 0.218(8)

_ VMR; — VMR;(0)
T VMR(0)

(20)

whereag; is the statisticalerrorin measuringEW;. Then
equation(18) takestheform

b=A-a, (21)

whereb is aJ x 1 matrix with elements;, aisanM x 1
matrix with elements;, andthe sensitvity matrix A is a
J x M matrixwith dimensionlesglements

A _ YMRi(0) d(EW))
"™ 0 d(VMRy)

(22)

We solveequation21)usingthemethodof SVD. If J > M,
then A can be written as the productof three matrices,
A=U-W-VT whereUisaJx M column-orthogonaha-
trix (UT-U =1), W isanM by M diagonalmatrix whose
elementsare greaterthanor equalto zero,andVT is the
transpose@f anorthogonalM x M matrix. Solving equa-
tion (21) for a givestheresult

a=V-W1.UT.p, (23)

whereW~1istheM x M diagonalmatrix whoseelements
aregivenby 1/W; whenW; is significantlygreatethanthe

computeroundof errorandzerootherwise. TheSVD so-

lution is equivalentto thebestfit solutionin aleastsquares
senseThevarianceo?(a;) of theestimates; is givenby

O'Z(aj) = ii (\\/%) 2.

To applythe SVD methodto our DC-8 spectrawe nu-
mericallycalculatehe EW derivativesin equation(22) for

(24)
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anumberof differentobsenationanglesaircraftaltitudes,
continuumopacitiesandcolumndensitiesandtheninter
polateto find the sensitvity matrix for eachsetof obser
vations. The derivativescanbe calculatedaheadof time,
thusreducingthe time requiredfor dataprocessing.The
initial mixing ratio profiles are from the ATMOS-based
setmentionedn theballoonsectionabore, andtheinitial
temperaturgrofile is representatie of high-latitudewin-
ter conditions.By scalingtheseprofilesto avariety of dif-
ferenttotal columndensitiesandinterpolatingbetweerthe
correspondingensitvity matriceswe insurethatlinearity
is maintained.

Ourinitial dataanalysiswith thefour-parametemodel
atmosphereshoved that the SNR was insufficient to re-
liably extractthis mary parameters.Thereforewe opted
for thehighly stableone-parametealgorithmwhich gives
total columnalundances All FIRS-2aircraft flight data
were reducedwith this method, and the results were
publishedin the AASE-II preliminaryCD-ROM dataset
[Gainesetal., 1992].

In generalthe SVD algorithmis fastandaccurateput
in the versiondescribedhbore, two desirabldfeaturesare
lacking: the ability to utilize actual(measuredjempera-
ture profilesandthe ability to useFIRS-2obsenationsto
determinevertical displacement®f the stratosphere.ln
fact,bothcapabilitiescouldbebuilt into the SVD method.
For example,a grid of temperatureprofiles could be set
up and a setof sensitvity matricescalculatedfor each;
themeasuredemperaturgrofile couldthenbe matchedo
thenearesmemberof this set,andaninterpolatedmatrix
found, aswith the otherthreeinterpolationsabove. Simi-
larly, verticaldisplacementsouldbe modeled sensitvity
matricescalculatedor a grid of displacementalues,and



anotherinterpolationperformed.This would increasethe
dimensionalityof theinterpolationdrom threeto five.

However, ratherthanfollowing thepathof addingcom-
plexity to the basicallysimple SVD method,we decided
insteadto switchto the NLLS method,which offeredall
therequiredflexibility in returnfor anacceptabléncrease
in computingtime. This methodis describedext.

5.2.Nonlinear Least SquaresMethod

The NLLS methodfor aircraft spectrais a modified
versionof the correspondingrogramfor balloonspectra.
The overheadatmospherds divided into nine spherical
shelllayers. Pressureand temperaturgrofilesare taken
from the “curtain file” of meteorologicadataalongthe
aircraft flight track at the time of obsenation, provided
by theNationalMeteorologicalCentewia GoddardSpace
Flight Center(see,for example,Newman,et al. [1993]).
Effective temperaturesind pressuresre determinedfor
eachlayer, andinitial mixing ratiosareassignedrom the
standardmidlatitudesetof profiles.

As the winter polar stratospherecools, it becomes
denserwhich setsup a large-scalenorizontalvortex and
a vertical subsidence The secularsubsidenceffectively
dropsall mixing ratio profilestoward lower altitudes. To
analyzeourobsenationsin thepolarvortex during AASE
Il, we separatethe effects of subsidenceand chemical
changeasfollows: (1) useHF asatracemoleculeto deter
minethesubsidenceysingaNLLS method;(2) applythis
subsidenc#o theinitial-guessprofilesof all otherspecies;
(3) adjustthe magnitudeof the VMR profilesto matchthe
obsenedspectraagainusingaNLLS method.

Wefollow Toonetal. [1992]in definingthe subsidence
factors asthe soleparameteim alineartransformatiorof
thealtitudefrom zto Z, where

Z=(1+9z
VMR'(2) = VMR(Z). (25)
Here,VMR(2) is the midlatitudemixing ratio profile and
VMR/(2) isthesubsidegrofile. We useHF asatracerbe-
causat is chemicallyinactivein thestratospherfBrasseur
and Solomon 1984], sothatchangesn the overheadcol-
umnreflectpurelyverticalmotionsin the stratospherayot
chemistry We measure¢hesubsidencby findingthevalue
of swhich minimizesthe difference,n the senseof least
squareshetweerthemeasuredpectrunandthespectrum
calculatedusingthe subsidedmixing ratio profile for the
HF line at 1639362cm~1. We determinea single value
for the subsidencdor each700-ssetof obsenation an-
gles, using a weightedaveragevalue from the 4° to 32°
rays,wheretheweightsaredeterminedrom theresiduals,
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the correlationmatrix of adjustablegparametersandnum-
berof degreesof freedomin the NLLS fitting procedure.

New initial VMR profiles are calculatedfor each
speciesusing the subsidenceparameterfor the obser
vation set and equation(25). Water vapor is treated
separately:the initial stratospherigrofile is computed
using the subsidenceformula for altitudes above the
hydropauseand below this point the tropospheriaccom-
ponentis addedndependentlyThe hydropausés defined
hereasthe lowestaltitude at which the lapserate equals
2 K/km, about 0.2 times the troposphericvalue. We
foundthis stepto beusefulbecaus¢he DC-8 occasionally
flew below the hydropause causingthe water column
to increasedramatically For all speciesthe optimum
scalingfactorfor the corresponding MR profile is then
calculatedby the NLLS methodand a weightedaverage
value formed. For water the scalingis appliedto the
stratosphericomponenbnly.

All FIRS-2 aircraft flight datawere reducedwith the
NLLS method andtheresultsverepublishedn the AASE
Il final CD-ROM dataset[Gaineset al., 1993]. Although
we have not madea formal comparisorof the resultsof
thetwo dataanalysismethodsyisualinspectiorof thede-
rivedcolumnatundancesuggestshatthe NLLS method
performedmaminally better We believe that this is due
to the factthatthe NLLS methodmorecloselysimulates
the atmosphericonditions,throughthe useof (1) actual
versusnominaltemperatureprofiles, (2) subsidedversus
nonsubsideMR profiles,(3) scalingthefull VMR pro-
file versusscalingonly a selectedsegment,and(4) for wa-
ter, separatinghetropospheri@ndstratosphericontribu-
tions.

5.3. Calibration Uncertainties

The SNRsof individualspectraontheDC-8 werelower
thanonaballoonplatform,becausef therelatively higher
scanrate andthe muchhighervibration level. As stated
earlier thetemperatureifferencebetweerthe two black-
bodycalibrationsource®nthe DC-8 wasonly 45to 60K.
The lower SNR togetherwith the small calibrationtem-
peraturaifferenceresultsin atypicaluncertaintyin deter
miningthespectrabaselineof about5% of thenormalized
scale.Theuncertaintyin thegainis approximatelyequalto
thegainerrorfor theballoonspectraroughly0.5%).The
couplingof thesenormalizationerrorsandthe high level
of the continuumhasa profoundeffect on the retrievals.
Sincethe baselinecorrelateshighly with the continuum,
this calibrationerror stronglyaffectsthe calculatedopac-
ity of thecontinuumof thespectrumywhichin turnaffects
the calculatedequialentwidth for saturatedransitions.
We estimatethe effect of the normalizationerror on the



measuredatio EW/EW(0)to be

6(%) - (ég—ébB(c’T) ) &, (26)

B(OJ Tr)
wheredqg is the gainerror, db is the baselineerror, andt,
is the optical depthof the continuum. Becauseof the €'
term, errorsarerelatively high whenthe aircraft altitude
is belov eitherthe hydropauser the cirrusclouds,where
high H,0 giveshight.

6. Summary

The FIRS-2farinfraredspectrometehassuccessfully
flown on nineballoonflights from 1987through1994,0b-
taining about2620spectraduring 131 hoursof operation
atanaveragealtitudeof 38 km, resultingin measurements
of volumemixing ratio (VMR) profilesof 15 speciesand6
isotopomerswith a minimumuncertaintyof about3%in
eachd km verticallayer, derivedfrom theanalysisof over
288spectrawindows.

The FIRS-2 hasalso successfullyflown on 13 DC-8
aircraftflightsin 1992,obtainingover 12900spectradur-
ing 140 hoursof operationat an averagealtitude of 11
km, resultingin measurementsf columnatundance®f
6 speciesand 2 isotopomerswith a mediancolumnun-
certaintyof about10%, from the analysisof 41 spectral
windows.

In this papemwe discussselectednstrumentahttributes
andfocus on the topics of datareduction,estimationof
randomandsystemati@rrors retrieval of mixing ratiopro-
files, andthe estimationof temperatur@andpressurepro-
files.

Appendix: Derivation of the temperature and
pressue sensitivity relations

In thisappendixwe derive approximatexpressiongor
the sensitvity of estimatednixing ratiosto uncertainties
in temperatur@andpressuren themodelatmosphereWe
estimatemixing ratiosusinga leastsquareditting proce-
dure,theresultof whichis a calculatedspectrumNc (o),
which is approximatelyequalto the obsened spectrum,
Ns(o). For the derivation which follows, we will set
Nc(0) = Ns(0). We startby assuminghatNs(o) is dom-
inatedby the emissionfrom a singlehomogeneoukayer,
givenby

B(T)(1—-e™)

NS(O) = B(Tr) )

(A1)
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whereT andt arethe temperatureand optical depthfor
thelayer For anisolatedLorentzline at gy,

VMRNS(T)o,
1{(0 - 00)%+af]’
whereVMR andN are the volume mixing ratio andto-

tal line-of-sightcolumndensityin thelayer. The strength
S(T) is givenby

(o) = (A2)

4 o—01/BT _ o—0u/BT
E) e (A3)

ST =% ( T /) e0/Blo_eg0ou/BTo’

whereS is theline strengthat temperaturdlp, 6, andaoy
are the lower and upper stateenegies correspondingo
thetransitionat g, andthetemperatureependencef the
rotationalpartitionfunctionis T~9. The Lorentzwidth is

givenby
LR \T )

For astrongresoledline thegreatestV MR sensitvity
is in thewingsof theline wheret < 1 and|o — 0g| > a.
In this case equation(A1) simplifiesto

(A4)

Ns(0) &~ C(0)VMR NPT~ (a+P)g=0u/BT (A5)
where

B C(OSOTo(q+ p)(eGO/BTr ~1)
- TiPo(0 — Gp)2(e°0/PTo — 1)e=0u/PTo’

C(o) (A6)
and we have made the approximationthat B(o,T) =
B(O’o,T).

In hydrostaticequilibrium the pressure temperature,
and column densityare not independentariables. If P
is the effective pressuren thelayerandR, is the pressure
in thelayerabove, then

P-R

N~ K——,
mg

(A7)

whereK is adimensionlesgeometridactor misthemean
molecularweight, andg is the gravitational acceleration.
For alayerthicknessof Az,

P =R/,

whereH =KT /mgis thepressurscaleheightandthetem-
peraturdn thelayeris assumedo beconstant.

By usingequationgA7) and (A8) to substitutefor P
andN in equation(A5) andsolvingfor VMR to first order
in Az/H, we arrive attheresult

Ns(o)mg T (a+P)gou/BT (
C(o)KP?

(A8)

kT

VMR = —
mgAz

- 1) . (A9)



Differentiatingwith respecto T leadsto

O(VMR)t _ ( Az 0u> oT (AL0)

1 —_ 4\ =

VMR TATPr TET) T
whichis equivalentto equation(11)forq=1landp=1/2.
Usingequation(A7) to substitutdor N in equationA5)

anddifferentiatingwith respecto P (assuming? remains
fixed),we derive a similar expressiorfor the pressureale-

pendence:

3(VMR)p 1 P oP

VMR P-R/) P’

In thelimit thatthe total air massis containedwithin the
layer, B = 0 andequation(A11) reducego equation(12).

For an unresohed spectral line the flux is con-
tainedwithin a single resolutionelement. In this case,
Ns(0o) ~ EW/Ag, where

_ [ BME—e)

_ VMRNS(T)B(T)

~ B(M
Theapproximations valid providedthatt (o) << 1 every-
wherein theline. We have againassumedhatB(o,T) ~
B(agp, T). CombiningequationgA12) and(A3) andsolv-
ing for VMR, we derive

(A11)

(A12)

_ Ns(00)TY g, /p7
VMR = e P, (A13)
where
TY(e%/BTr _ 1
D(00) = 20 ) (A14)

- Ao (ef0/BTo — 1)g~0u/PTo”

Using equationg A7) and (A8) to eliminateN andP
in equation(A13) and solving for VMR to first orderin
Az/H, we derive the expression

_ Ns(00) kT (a+1) gOu/BT

VMR D(og)KRAz

(A15)

As for equation(A10), we differentiatewith respecto
T to arrive attheresult

8(VMR)t 1tq— Oy '\ OT
VMR BT ) T~

whichreducego equation(14)for q= 1.
Using equation(A7) to eliminateN in equation(A13)

anddifferentiatingwith respecto P, we derive
O(VMR)p P oP
VMR P-R/) P’

whichreducego equation(15)in thelimit B = 0.

(A16)

(A17)
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