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Abstract

ThreeFouriertransforminfrared(FTIR) spectrometerswereonboardtheNASA DC-8duringthe
secondAirborneArctic StratosphericExpedition(AASE II) in 1992.Two FTIRsusedsolarabsorption
andoneusedthermalemission.We compareover2000measurementsfrom these3 FTIRs,on12DC-8
flights, for closelycoincidentair massesandtimes,bothinsideandoutsidethepolarvortex. In the
majorityof casestheoffsetbiasesarequitesmall,in therange1-4%,andcomparableto theabsolute
precisionsexpected.In mostcasesthermsscatteris in therange4-11%;thisscatteris unlikely to be
geophysical,but ratheris probablyinstrumentalor analyticalin origin.
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Introduction

In thispaperwecompareresultsfrom the3 FTIR spec-
trometerson board the NASA DC-8 during the AASE
II campaignin 1992. The overall scientificgoalsof the
AASE II campaign[Anderson and Toon, 1993] were to
investigateboth thepotentialfor ozonelossin theArctic
during the comingdecade,andcontemporaryozoneloss
at northernmid-latitudes.A suiteof 13 instrumentswas
thereforeassembledto makemeasurements.

Instruments

SAO FTIR

This spectrometer, also called the far-infrared spec-
trometer(FIRS-2), was built at the SmithsonianAstro-
physicalObservatory(SAO), andhasflown on 9 balloon
flights from 1987through1994,plus19 DC-8 flights for
AASE II. The instrument,dataanalysis,and calibration
are discussedin Traub et al. [1991, 1994], Abbas and
Traub [1992], and Johnson et al. [1995]. The SAO
FTIR simultaneouslymeasuresin the far-infrared (80–
200cm

� 1) with apodizedresolution0.008cm
� 1, and,on

theseflights, 0.024cm
� 1 in the mid–infrared(350–700

cm
� 1). Theinstrumentmeasuresathermalemissionspec-

trum. Theatmosphereis viewedat7 elevationanglesfrom
0
�
to 32

�
(correctedfor aircraft roll angle),plus 2 calibra-

tion scans,in an 11-min cycle. The viewing azimuthis
+90

�
from the aircraft heading,i.e., througha right (star-

board)sidewindow opening.
For eachspecies,from 1 to 17 microwindows arese-

lected, and a least-squaresspectral-linefitting analysis
is done. Initial volume mixing ratio (vmr) profiles are
taken from standardmid-latitudeATMOS results,with
thesecularly-increasingspecies(HF andHCl) updatedto
1992.Temperatureandpressureprofilesarefrom National
MeteorologicalCenter(NMC) data,for thetimeandloca-
tion of theDC-8.

In eachobservingsequence,HF is analyzedfirst, by
allowing the initial HF profile (vmr0) to be scaledverti-
cally, to model the effect of subsidence,using the sim-
ple law vmr

�
z ��� vmr0 � � 1 � s � z � , wheres is the (dimen-

sionless)subsidencefactor[Toon et al., 1992]. Estimated
subsidencesfrom eachof theupper4 elevationanglesare
combinedto form a weightedmean.This is thenusedfor
theanalysisof all otherspeciesin thesameobservingse-
quence.For theseotherspecies,thesubsidedmodelpro-
filesarescaledin amplitude.Thepurposeof this two-step
modelprocessis to separatethe effectsof dynamicsand
chemistry.

JPL FTIR

TheJPLspectrometer, alsocalledtheMkIV interferom-
eter, wasdesignedandbuilt at theJetPropulsionLabora-
tory (JPL).It hasoperatedonthegroundatMcMurdoSta-
tion in 1986;ontheDC-8in 1987,1989,and1992;andhas
performed7 successfulballoonflights from 1989through
1994.Theinstrumentanddatareductiontechniquearede-

scribedin Toon et al. [1989,1991,1992]. Theentire650
to 5450cm

� 1 spectralrangeis measuredsimultaneously
at anapodizedresolutionof 0.02cm

� 1 on theDC-8. One
spectrumis recordedevery 50 sec. The instrumentmea-
suresthesolarspectrumfrom thecenterof thedisc,with
atmosphericabsorptionsuperposed.TheDC-8is typically
flown on a pathwhich keepsthe solarelevationanglein
anoptimumrange(2 to 5

�
) aslongaspossible(1 to 2 hr.).

A suntracker is usedfor elevation andazimuthpointing
correction.Theviewing azimuthis 	 85to 	 95

�
from the

aircraftheading,i.e.,out theleft (port) side.
Spectraareaveragedin groupsof 5 to 15;up to 15 mi-

crowindows per speciesareanalyzedusingleast-squares
spectral-linefitting. Initial model vmr profilesare from
standardmid-latitudeATMOS results,with HF andHCl
updatedto 1992. Analysesareperformedusing2 atmo-
spherictemperature/pressureprofiles,onefor warmmid-
latitudesandonefor a cold high latitudes.Theactualat-
mosphereusedis a linearinterpolationbetweenthesetwo
usingtheNMC temperatureat thetimeandlocationof the
measurement.

For the AASE II flights, HF is analyzedfirst, not by
scalingthe amplitudeof the vmr profile, but by allowing
the profile to be compressedvertically, using the subsi-
dencerelationgivenabove.For otherspecies,thesubsided
profilesarescaledin amplitude.In theserespects,theJPL
andSAO proceduresarethesame.

NCAR FTIR

Thisspectrometerwasbuilt by theNationalCenterfor
AtmosphericResearch(NCAR) aroundan Eocommod-
ulator and hasflown on over 200 flights of the NCAR
Saberliner, NASA P3,ElectraandDC-8aircraftfrom1978
through1993.Theinstrumentanddataacquisitionaredis-
cussedin Mankin [1978],Mankin and Coffey [1989],Cof-
fey et al. [1989], andMankin et al. [1990]. Thespectral
rangeis 700to 5000cm

� 1; theapodizedresolutionis 0.06
cm

� 1. Eachspectrumrequires6 secto record.Theinstru-
mentmeasuressolaremissionandatmosphericabsorption,
andusesasuntrackerin anelevationrange	 2 to 15

�
. The

viewing azimuthis 	 75to 	 105
�

from theaircrafthead-
ing, i.e., theleft (port) side.

Spectraareaveragedin groupsof 10, and1 to 4 spec-
tral regionsper speciesareused. Dataanalysismethods
arenotedin Gaines et al. [1993]. Briefly, for HF andHCl
an equivalentwidth methodis used,suchthat the depth
of the targetabsorptionfeatureis measured,andthecor-
respondingline of sightcolumnabundanceis determined
usinga precomputedcurve of growth. For O3 andHNO3
a least-squaresspectralline fitting program(SFIT) is used
[Rinsland et al., 1982]; for H2O aninteractive methodis
usedto adjustacalculatedspectrumto matchtheobserved
spectrum.

Themodelvmr profilesfor HF, HCl andHNO3 aremid-
latitudeonesfrom Coffey et al. [1989];O3 is from Mankin
and Coffey [1989]; H2O is from Smith [1982], lowered
by 4 km in theArctic; temperatureandpressurearefrom
Barnett and Corney [1985]. Thecolumnsreportedin the
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AASE-II CD-ROM areverticalintegralsabovetheaircraft
altitude,exceptfor H2O whichis reportedastheintegrated
columnabove 200 mb; for H2O the valuesreportedhere
differ from the CD-ROM in that they arecolumnsabove
theaircraft.

For all species,theadjustableparameteris thevmr am-
plitude scalingfactor. In particular, except for the 4 km
offset for H2O mentionedjust above, theprofilesarenot
adjustedvertically.

Comparison Method

To compareresultsfrom the SAO, JPL, and NCAR
FTIRs, we compiledall overlapspeciesduring all com-
monmeasurementperiods.Thedataaredisplayedin Fig-
ure1. The overlapspeciesareHF, HCl, O3, HNO3, and
H2O.With thesingleexceptionof NCAR H2O,all thedata
presentedherehave alreadybeenpublishedin theAASE
II CD-ROM [Gaines et al., 1993].The1992UT dateatthe
beginningof eachflight, andthe lengthof eachcommon
observingperiod(in 103 sec)is asfollows: January14(8),
16(3),19(12.5),22(16);February17(9),20(5.5),22(14);
March 10(7.5),12(6.5),14(8.5),18(11),and20(8). The
numberof observationsusedareSAO, 690;JPL,615;and
NCAR 732. The totalsare2037observationsover 30.4
hours.

All of theobservationsin Figure1 werecarriedoutbe-
tweenthe latitudesof 50 and84

�
N, andlongitudesfrom

20
�
E to 140

�
W, except for the February20 run at about

20
�
N and 67

�
W near PuertoRico. Observations were

madebothinsidetheArctic vortex (characterizedby large
HF columns)andoutsidethevortex (smallHF columns).
This wide rangeof conditionsgivesrise to a correspond-
ingly largedynamicrangein columnabundances,with a
factorof about4 for HF andHCl, a factorof 3 for O3, and
a factorof about2 for HNO3 andH2O. The3 FTIRstrack
thesedynamicswingsquitewell, with few exceptions.

In eachpanelin Figure1, wedetermineatimeseriesof
medianvaluesby computingthemedianof all datapoints
in a sliding window of width 3000sec.If therearefewer
than5 pointsin any window, thewidth is increaseduntil
thisthreshholdis reached.Theresultingtimeseriesis then
fit with a cubicpolynomial(lower orderin theshortest2
panels).The resultingcurve follows closelythe onethat
mightbedrawn by eye.

Comparison Statistics

We definetherelativedeviationof ameasurementas

relativedeviation � �
data	 median��
 median�

where“median” refersto the smoothmediantrend line
at the time of the datapoint. For eachinstrumentand
speciescombinationwecalculatetherelativedeviationof
eachdatapoint;wedefinetheoffsetbiasto betheaverage
of thesevalues,for all 12 flights together. Theoffsetbias
valuesarecollectedin Table1; apositiveoffsetmeansthat
thevalueexceedsthemedian.

Table 1. Offsetbias:FTIRsonDC-8(12flights)

Species SAO JPL NCAR
(%) (%) (%)

HF 12 	 2 	 13
HCl 1 1 1
O3 3 2 	 3

HNO3 9 	 6 	 2
H2O 4 4 	 12

Table 2. RMSdeviation: FTIRsonDC-8(12flights)

Species SAO JPL NCAR
(%) (%) (%)

HF 10 4 16
HCl 11 7 11
O3 8 4 5

HNO3 21 5 9
H2O 9 7 11

We alsocalculatea root-mean-square(rms) deviation
for eachinstrumentandspeciescombination.This rmsis
definedas the squareroot of the averageof the squares
of thedifferencebetweeneachdatapointandthemedian-
plus-single-flightoffsetbias.Thermsvaluesarecollected
in Table2.

Discussion

From Table1 we seethat the offsetsfall in 2 groups.
In thefirst group,with 67%(10/15)of theentries,theoff-
setsaresmall, in therange1–4%. This is typical of what
mightbeexpectedfrom systematicerrorsin spectroscopic
parameters,zerolevels,or gains.

The speciesHCl andO3 show offset biasesof 1–3%.
Sinceit is unlikely thatbiasesthis smallwould occurby
chance,we suggestthat this representsanestimateof the
true inter-instrumentaldifferences.(Note that the biases
(e.g.,HCl) donothavetosumtozero,asthey aremeasured
with respectto amedian,notanaverage.)

The remainingbiasesare larger, in the range6–13%.
We briefly considereachof these.

TheSAO HF columnsareabout12%largerthemedian,
whichcouldbecausedby eithera line-broadeningparam-
eterwhich is too small(sincetheHF line is saturated),or
the fact that the SAO instrumentalways viewed a more
polar airmassthanthe others. To testthe latter hypothe-
sis,weusedpotentialvorticity (PV) mapsto determinethe
differencein effective PV seenacrossa spanof 170 km
(50km to starboardplus120km to port),andameasureof
theempiricalgradientata typicalvortex wall point [Traub
et al., 1994]; we found that the SAO HF shouldtendto
be about2% larger than the other instruments,which is
insufficient to explain theobserveddifference.
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Figure 1. Columnabundancesof HF, HCl, O3, HNO3, andH2O, duringtheAASE II campaignin January, February, and
March 1992,asmeasuredon the DC-8 by 3 FTIRs: SAO (solid square),JPL (opensquare),andNCAR (4-point star).
Abscissaticsare1000sec.Thesmoothline in eachpanelis themediantrend.

The SAO HNO3 column is about9% above the me-
dian,whichcouldbedueto causessimilar to thosefor HF,
but in this casethereis an additionalfactorof relatively
highscatterdueto reducedsignal-to-noisein thischannel,
whichmaymaketheabsolutecalibrationcorrespondingly
uncertain.

There is an 11% differenceon averagebetweenthe
NCAR and JPL columnsof HF, with NCAR giving the
smallervalues.Bothof theseinstrumentshaveessentially
thesameline of sightandair mass,andusethesamespec-
tral line. Differencesin analysisarethemostlikely cause
of the offset. In particular, differencesin treatmentof
the profile maycontributemuchof the discrepancy: JPL
squashesits profile vertically, whereasNCAR multiplies
its profile by a constantat all altitudes.In a previous(un-
published)comparisonof JPLandNCAR spectrafrom a
1989AASE I DC-8 flight, it wasfound that thebiaswas

substantiallyreducedwhena singleanalysispackagewas
used,clearly indicatingthatanalyticalmethodscanbean
importantsourceof bias.

TheNCAR H2O columnis about16%smallerthanthe
SAO andJPLvalues.Sincetheaircraftoftenflew closeto
thehydropause,we sometimeshadtroposphericwaterin
our line of sight. Thewatervmr hasa very steepvertical
gradientbelow the hydropause.It is possiblethat differ-
encesin modelingthiscomponentarethecauseof partof
thebias.

Inspectionof Figure1 andTable1 togethershows that
thebiasesarenot thesamefrom day to day. We have no
explanationfor thisdrift.

Thermsscatterentriesin Table2 show thatin 13of 15
cases(87%) the rms is in the range4–11%. The2 other
casesare the relatively large valuesfor the SAO HNO3,
which wasnotedabove asbeingin a low signal-to-noise
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bandduringtheseflights,andtheNCAR HF, which tends
to havesignificantoutlierpoints.

For AASE I, Toon et al. [1992] showed that derived
abundancevariationsdueto geophysicalfluctuationswere
small comparedto the measurementprecision;thus 50-
secobservationswereaveragedin largergroupswith little
lossof information.(Inspectionof Figure2 in Toon et al.
[1992] shows that thermsscatterin AASE I wascompa-
rable to that in AASE II, so the 2 JPL datasetscan be
compared.)Thissuggeststhatthermsdeviationsin Table
2 arenotatmosphericin origin.

Conclusion

We comparedthe resultsof 3 FTIR instrumentson
the DC-8, measuring5 speciesin commonover a period
of about30 hours,distributedover 12 flights during the
AASE II campaign.Themeteorlogicalconditionsvaried
significantly, from insidethepolarvortex to well outside.
Thecolumnsof eachspeciesvarieddramatically, by fac-
torsof 2 to 4. We removedthedominanttrendin column
abundancefor eachday by subtractinga smoothmedian
from theindividualobservations.In themajority of cases
thesystematicoffsetsarequitesmall,1–4%.Thermsscat-
terexceedstheatmosphericvariation,andis probablydue
to instrumentalor analyticaleffects.Overall, thecompar-
ison shows that thereis a large degreeof agreementbe-
tweenthe instruments,but that improvementsmight yet
bemadein someareas.

Thepresentpaperis limited to comparingresultswhich
wereobtainedandanalyzedindependentlyby 3 groups.In
future comparisons,it might be worthwhilehaving more
communicationbetweengroupsatanearlierstageto min-
imizesystematicdifferencesin modeling.With thiscaveat,
it is hardto imaginea bettersetof conditionsfor compar-
isonthanexistedon theseflights.
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