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Abstract

We presenta photochemicaimodeldescribingthe changesn the isotopiccompositionof stratospheric
watervaporthatresultfrom methaneoxidationandreactionsvith O(* D). We thencomparemodel
calculationswith measurementsiadewith the SmithsoniarAstrophysicalObsenatoryfar-infrared
spectrometeduring sevenballoonflights thattook placebetweenl989and1997. Theagreement
betweerthe modelcalculationsandmeasurementsstablisheshevalidity of the modelandtheinternal
consisteng of thedataset. Finally, we usethe modelandmeasurement®getherto estimatethe mixing
ratio andisotopiccompositionof watervaporenteringthe stratospherandfind thatthe averageover all
flights of the watervapormixing ratio, 6D, 50, and§'”O are3.48 & 0.15 partspermillion by volume,
—679 + 20%0, —128 4+ 31%0, and—84 + 31%., respectrely, wherethe errorsindicatethe estimated
accuray.
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1. Introduction

Measurementsf isotopiccompositionhave beenused
to test photochemicalmodels and quantify sourcesof
several atmospheridrace gases Thiemens, 1999, Kaye
1987]. Isotopeeffectsareespeciallylarge for watervapor
in the atmospheref the Earth,becausenuchof thetro-
pospheras nearsaturationthe saturationvaporpressure
changedy > 3 ordersof magnitudebetweerthe surface
andthe tropopauseandisotopicallyheary wateris pref-
erentially removed during condensation.Simple models
predictthatif the troposphericwater vapor mixing ratio
is reducedo stratospherizalues,thenthe relative albun-
danceof HDO shouldbe depletedby > 80% relative to
oceanwater, althoughthe obsened depletionis closerto
67%  [Moyeretal., 1996]. The sensitvity of watervapor
isotoperatios to processe®ccurringin the troposphere
malke suchmeasurementgsefulfor testingmodelsof de-
hydrationin theuppertropospher@andstratospherglohn-
sonetal., thisissue].

In the following sectionswe describea photochemi-
calmodelof the evolution of watervaporisotoperatiosin
the stratosphereWe thenpresenpbsenationsof H, 60,
H,'70, H, 80, andHDO madewith the Smithsoniams-
trophysicalObsenatory farinfrared spectromete(FIRS-
2). The obsenationsare comparedwith model calcula-
tions to testboth the model andthe internal consisteng
of the measurementg:inally, we usethe modelandmea-
surementgogetherto estimatethe initial volume mixing
ratio andisotopiccompositionof watervaporin air enter
ing the stratosphere.

2. |sotopic Standards

Measurement®f an isotopic ratio R, suchas R =
[HDO]/[H20], where[X] signifiesthevolumemixing ra-
tio of X, aretypically reportedrelative to a standardatio
Ry, oftenusingd notation:

8(%s) = 1000(R/Ro — 1).

We usethe isotopiccompositionof standardneanocean
waterasthe standardandadoptthevalues2.0052 x 10~3,

3.7297 x 10~*, and 1.5576 x 10~* for ['80]/[*¢0],

[170]/['60], and[D]/[H], respectiely [De Bievee et al.,

1984]. Whencalculatingd, we assumestandardatios of

2(1.5576x 10~*) and4(1.5576 x 10~*) for [HDO]/[H>0]

and[CH;3D]/[CH,4], respectiely.

In this paperwe will consideronly singly substi-
tuted isotopomers since the natural abundanceof H,O
molecules with multiple isotope substitutionsis low
enoughto be ignoredin the presentdiscussion. In the

following sectionswe will useQ to signify either'”O or
180 andO to signify 160.

3. Photochemistry of Water Vapor

Once air entersthe stratospherethe alundanceof
H,O increaseghrough the oxidation of methane,pro-
ducingroughly two moleculesof H, O for eachmolecule
of CH, destroyed [Remsbay et al., 1996, Abbaset al.,
1996, Dessleret al., 1994]. The isotopic composition
of photochemicallyproducedH-O is determinedby the
[D]/[H] ratio of methaneandthe[Q]/[O] ratio of the oxy-
genreseroir. Isotopeexchangebetweerwaterandmolec-
ular hydrogen(H» andHD) hasa negligible effect below
32km[Irion etal., 1996]andwill notbeconsideredhere.
The[Q]/[O] ratio of stratospheriavatervaporis alsoaf-
fectedby O-atomexchangewith the oxygenreseroir, ini-
tiatedby thereactionwith O(1 D) asdescribedelow.

The oxidation of methanes initiated primarily by the
reactions

CH, + O(*D) — CH; + OH, 1)
CH, + OH — CH; + H,0, )
CH, + Cl — CH; + HCl; ©)

followed by rapid oxidation of CH; [Lary and Tuomi,
1997], leadingto net productionof 2H,O + CO,. The
oxidationof CH3D is initiated by an analogoussetof re-
actions,leadingto net productionof HDO + H,O + CO,
[Irion etal., 1996].

Watervaporis destryed primarily by thereaction
H,O + O(*D) — 20H, (4)

but lossof H,O is temporaryin the stratosphereH,O is
regeneratedhroughthereaction

OH + HO3 — H30 + O2, (5)

aswell as by otherreactionssuchas OH + HNOj3, all
of which terminatethe HO,, catalyticcycle. For HyO the
cycleis equialentto thefollowing reaction:

H,0" + (0s,05) — H,0 + (00*,000%),  (6)

where O* indicates an oxygen atom that enteredthe
stratosphereas part of a water molecule and the nota-
tion (O3, O3) indicatesthatthe oxygenreseroir is some
combinationof Oy andOs. The effective rateof reaction
(6) is givenby

d[H,0%]/dt = —kan[H207][0(" D)], ()



where k4 is the rate constantfor reaction(4) (the rate-
limiting stepfor the cycle describedby reactions(4) and
(5)) andn is themoleculenumberdensity

The rate of H,O productionby methaneoxidationis
given by twice the sumof therate-limitingreactiong(1)—
(3),0r

d[H50]/dt = 2n[CH,4](k:[O(* D)]
+ ko[OH] + £3[C1]), (8)

wherek,, ko, and k3 arethe rate constantdor reactions
(1), (2), and(3), respectiely. Similarly, the rateof HDO
productionby oxidationof CH3D is givenby

d[HDO]/dt = n[CH3D](k}[O(* D)]
+ k5 [OH] + K3[C1)),  (9)

wherek;, kb, andk} aretherateconstantsor the deuter
atedversionsof reactiong1), (2), and(3), respectiely.

Oxygenexchanggreaction(6)) is botha sourceanda
sink for H,Q. We assumeherethat the rate constantfor
reaction(4) is the samefor all oxygenisotopesandthat
the oxygenisotoperatio for waterproducedn the strato-
spherds givenby theisotoperatio of theoxygenreseroir.
In this casethe rateof productionof H,Q by reaction(6)
is d[H2Q]/dt = — fd[H20*]/dt = fkan[H20*][O( D)],
wheref = [0Q]/2[O,] if theoxygenreserwir is Oz, and
f=([00Q]+[0Q0]+[Q00])/3[03] if thereserwir is
Os (if the centraloxygenatomdoesnot participatein ary
reactionghenf = ([OOQ]+[Q0O0])/2[03]); andtherate
of lossof HyQ* is d[H2Q*]/dt = —kan[H.Q*][O(* D)].
The netrateof changeof H»Q is givenby the sumof the
productionandlossterms.Notethatthereis nonetchange
if [H2Q"] = f[H207].

The rate of productionof H,Q by methaneoxidation
is d[H2Q]/dt = fd[H20]/dt = 2fn[CH,4](k:[O(*D)] +
k2 [OH]+k3[Cl]), wherewe have used(8) to substitutefor
d[H,0]/dt. After addingthe effectsof oxygenexchange
andmethaneoxidationwe derive theresult

d[HQ)/dt = 2fn[CH,](k1[O(* D)] + k[OH] +

k3[CI)) + fnka[H20"][O( D)] (1 - [HzQ*]/f[H20*])(-10)

Note that it follows from (7) and our earlier expression
for d[H,Q*]/dt thatd([H2Q*]/[H20*])/dt = 0, andso
[H2Q*]/[H0"] = [H2QJo/Xo, where[H,Q]Jo and X,
aretheinitial H,Q andwatervapormixing ratios,respec-
tively.

In the remainderof this sectionwe integrate(8)—(10)
andsolwve for the isotoperatios asfunctionsof time. Fi-

nally, we shav thatthe resultingexpressionsanbe eval-
uated using a combinationof measuredquantitiesand
modelcalculations.

We integrate (8) after making the substitution
d[H,0]/dt = —2d[CH4]/dt andderive thesolution

[H20] = Xo + X, (11)
where
X. =2By[1 — exp(—a; — a2 — a3)], (12)
By is theinitial methanamixing ratio, and
t
a(t) = / nk [0(D)Jdr, (13)
0
t
as(t) = / nks[OH]dr | (14)
0
t
a3(t) E/ nk3[CI]dT (15)
0

Theintegralsarealongthe air parceltrajectory Notethat
X, is simply the amountof waterthathasbeenproduced
throughthe oxidation of methane and canbe calculated
from ameasuremertf thelocal methaneamixing ratioand
anestimateof By.

Similarly, we integrate(9) andderive the solution
[HDO] = [HDO]Jo + [CH3D]o[1 —
exp(—ay —aj —ag)], (16)

where[HDO], and[CH3D]q aretheinitial deuteratedva-
ter and methanemixing ratios, respectiely; anda’, aj,
anda} aregivenby (13)—(15)after replacingk;—ks with
ki—ks.

We integrate (10) by substituting fd[H,O]/dt (from
(8)) for thefirst termin (10) and— f(1 — [H2Qlo/ f X )
d[H,0*]/dt (from (7)) for the seconderm,andfind that

[H2Q] = f[H20] — f[H0%](1 — [H2Qlo/ fX,) . (17)
We integrate(7) to derive the solution
[HQO*] = XO exp(—a4) 5 (18)

where
t
as(t) = /0 nk4[O(* D)]dr . (19)

By combining(11)—(12)and(17)-(18),we derive the re-
sult
[H2Q] = 2fBo[1 — exp(—a1 — a2 — as)]
+ [Xo[1 = (1 = [H2Qlo/fXo) exp(—a4)]. (20)



We now consider the ratios [HDO]J/[H,0O] and
[H2Q)/[H20]. First, we derive thefollowing relationships
from (12):

exp(—a; —az —a3z) =1—X./2By, (21)
exp(—aj —ay —ap) = (1 - Xc/2Bo)* ™, (22)
exp( 1)) = (1= X./2Bo)*";  (23)

where

((t) = (a1 + a3 +a3)/(a1 +az +a3),  (24)
f(t) = a4/(a1 + as + CL3) . (25)

We derive thefollowing solutionsfrom (11), (16), and
(20) using(21)—(23):

[HDO] _[HDO], X
[H0] Xo Xo+X.

L [CHDL By [, X, \®
By Xo+X. 2By ’
[H2Q

ol =/ % ([H)Qc?]o -/ ) (1 - %)w '

Equivalently, usingthe d notationdefinedearlier, we have

Xo
D =6D
1) 60X0—|—X+

X, \ <O
oD X0+X[ (‘230 ]+

¢(t)
20008, X, _(1- X, . (26)
XO + X, 2By 2B,y

£(t)
6Q =0Qr + (6Qo — 5QT)X0)iX (1 B 2XB€0> ;
(27)

wheredD and §Q arethe obsered isotopesratios; §Dg
anddQ, arethestartingratiosfor water;éD,,, is the start-
ingisotoperatiofor methaneanddQ, = 1000(f/Ro—1).
The factor of 2 appearsin the last two terms of (26),
becausethe standardratio for [CH3D]/[CH4] is twice
the standardatio for [HDO]/[H»O], asdescribedn sec-
tion 2..

Equationg26)and(27)expresdD anddQ asfunctions
of X., ¢(t), &£(t), anda setof initial conditions.We now
derive approximateexpressiondor ¢(t) and&(t) by fol-
lowing a proceduresimilar to thatoutlinedby Irion et al.

[1996]. First,we definetheratios f; = ay /(a1 + a2+ as),

fo = az/(ar + a2 + a3z), f3 = az/(a1 + a2 + a3),

M = ajfar, 2 = ay/az, 3 = az/az, andyy =

aj/a;. We take the following rate constantsfrom De-

More et al. [1997], all in units of moleculecm®s~1:

ki = 1.5 x 10719, ky = 2.45 x 10~ 2 exp(—1775/T),

k3 = 1.1 x 10~ exp(—1400/T), ks = 2.2 x 10719,

kh = 3.5 x 1072 exp(—1950/T), andk} = 0.74k; (at

298K). Therateconstanfor k; hasnotbeenreportedand
wewill assumehatk] = k; [Irion etal., 1996]. Sincethe

ratiosk; /k1 andks/k; areconstantjt follows from (13)

and(19) thatyl = ki/kl =1 and'y4 = k‘4/k1 = 1.47.

We furtherassumehat k3 /ks = 0.74 atall stratospheric
temperaturesndthat k&, /k; = 0.668 (it actually varies
from 0.60to 0.69attemperaturebetweer?00and240K,

which is a typical temperaturaangefor the midlatitude
stratosphere)sothaty, = 0.668 and~; = 0.74. After

makingthesesubstitutionsn (24)-(25)we find that

C(t) =mfi+r2fo+73f3,
(28)
C(t) = fo + 0.668f + 0.74f5;
&(t) =vaf1,
£(t) = 147, (@9)

Theratios f1, f2, and f3 correspondo the fraction of
total oxidized methanehat hasreactedwith O(* D), OH,
andCl, respectiely. We estimatdheseratios(asfunctions
of X, ratherthant) usingthe modelresultspublishedby
Lary and Tuomi[1997], adjustingtheir valuesslightly to
force f1 + f2 + f3 = 1. Errorsin estimatingfi—fs will
have a smalleffecton ((X.), but may significantlyaffect
our estimateof £(X..), andthusthe oxygenresults.

We assumeonstanvaluesof 1.71partspermillion by
volume (ppmv) and-71%. for By anddD,,,, respectiely
[Dlugokendky etal., 1994, Irion etal., 1996]. We further
assumehat oxygenis exchangedprimarily with O, and
not O3 [Kaye 1990],sothatdQ, is 23.5%.and12.2%o.for
180 and'70, respectiely [Johnstorand Thiemens1997,
Kroopnidk andCraig, 1972].

We canuse(26)—(27)to calculatedD andéQ asfunc-
tionsof X, oncewedetermineXy, Dg, andéQq. We can
alsousethe samerelationsto estimateXg, 6Dg, anddQq
from measurementsf [H,O], 6D, 6Q, and[CH,4]. We do
bothin section5..

4. Measurements

The FIRS-2 is a remote-sensing-ourier transform
spectrometethatobsenesthe thermalemissionof the at-
mospherdrom balloonandaircraft platforms[Johnsonret
al., 1995]. Thespectrarangewaslimited to 80—700cm1!



until 1996,whenwe extendedthe high-frequeng limit to

1250 cm~! by improving the beamsplitterdesign[Do-

browolski and Traub, 1996]. During our most recent
balloonflight the increasedspectralrangeallowed us to

measurevertical profiles for temperature pressureand
the mixing ratio of 25 differentmolecules.The datacon-
sideredherewereobtainedduring six balloonflights that
took placebetweenl989and1994at latitudesnear33°N,

in additionto a single1997balloonflight at a latitude of

68°N.

Theunapodizedpectrometeresolutionof 0.004cm—!
is sufficient to resolve mary individual rotational tran-
sitionsfor [H,'%0], [H,!70], [H,'80], and [HDO]. For
eachspecieswve carefully selecta numberof fitting win-
dows that contain unsaturatedotational transitions(in-
tensity < 5 x 10722 cm after adjusting for the rela-
tive isotopic abundance)with low groundstateenepgies
(< 1700 cm~!) in orderto minimize systematicerrors.
We alsorejectary linesthatcontribute < 90% to the opti-
caldepthof anunresoledfeature Wefind 18,26,11,and
32transitionswithin ourspectrabandghatmeetthesecri-
teriafor Hy'60, HDO, H,'70, and H, 80, respectiely.
Only 15 of the selectedHDO transitionsoccurin regions
of FIRS-2spectrahathadusefulsensitvity before1997.

Ourinitial analysiswasbasedon line parameterérom
HITRAN92 [Rothmanet al., 1992] with the following
modifications:line positionsfor H,O andH»Q aretaken
from Toth [1991, 1992], and HDO strengthsand posi-
tions aretaken from the JetPropulsionLaboratory(JPL)
submillimeterdine catalog[Poynterand Pickett, 1984]for
lines belov 334cm™!. Thelarge differencebetweenthe
obsenedH,0O andH-Q line positionsandthe calculated
positionsin HITRAN92 suggestghat theremay also be
large errorsin the calculatedHITRAN92 strengthsin the
past2 yearswe have received improved calculationsfor
H,'60 [Coudert,1999] and H,'30 (J. C. Pearsonper
sonalcommunication2000)andhave calculatedstrengths
andpositionsfor Hy'70 usingthe SPFITandSPCA rou-
tinesfrom JPL [Pickett, 1991]. The new calculationspro-
vide greatlyimproved line positionsand confirm thatthe
strengthdistedin HITRAN92 for the transitionsmeeting
our selectioncriteria have errorsas large as 25%. All
FIRS-2measurementsresentedherearebasedntheim-
proved calculations.We estimatethat averagesystematic
errorsdue to uncertaintyin the calculatedstrengthsare
< 3% for all isotopicvariants,althougherrorsin individ-
ual lines may still be aslarge as 25%. Previous analy-
sesof FIRS-2 dataare basedon retrievals using the HI-
TRAN92 strengthg Keith, 2000, Dessler 1998], and so
the measurementdiscussedn earlierpublicationsdiffer
from thosepresentedhere,althoughwe notethat the dif-

ferenceis lessthanthe estimatedsystematierrors.

We presenfFIRS-2measuremenisf [H, 0], 6D, §'30,
andé'70in Figurel. Averageprofilesfor eachflight are
shavn togetherwith the estimatedprecision(1 standard
deviation) for selectedprofiles and a weighted average
overall flights. Dataareweightedby the reciprocalof the
variancevhencalculatingtheaverage Also shovn areav-
erageprofilesmeasuredy AtmosphericTraceMolecule
Spectroscop (ATMOS) [Rinsland et al., 1991]. The
FIRS-2resultsareconsistentvith ATMOS measurements,
exceptthatFIRS-2measurementshow rapidlyincreasing
depletionsin H,'70 belov 25 km that are not reflected
in the ATMOS data. We believe that theselarge deple-
tions areindicative of increasingsystematicerrorsat low
altitude,asdiscussedn the next section.More recentAT-
MOS measurementandanalysef 6D (but not 680 or
0'70) areavailable[lrion etal., 1996,Moyeretal., 1996]
and will also be discussedn the next section. In gen-
eral, air in the lower stratospherés dry and depletedin
the heary isotopes. Watervaporincreasesn abundance
and becomedessdepletedin heary isotopesasthe alti-
tudeincreases.

5. Comparison With Model

In this sectionwe first use a model to test for self-
consisteng in our measurementsf 670 and§'#0. We
thenuseour measurementsf 5180 anddD to testthe pho-
tochemicaimodelwe developedin section3.. Finally, we
usethemodelto correctfor photochemicahgingandesti-
matetheinitial isotopiccompositiorof stratospherigvater
vapor

5.1. Measured 670 versusé'80

Watervaporin thetropospherés depletedn heavy iso-
topesbecausef thevaporpressurasotopeeffect (VPIE);
Jancsoand Van Hook [1974] and Kaye [1987] provide
comprehensiereviewsof thesubject Kinetic effectscon-
tribute if the air is supersaturatefJouzeland Merlivat,
1984]andareconsideredn a companiorpaper[Johnson
etal., thisissue]. For saturatedraporin isotopicequilib-
rium with a condenseghase(liquid or solid), theisotope
ratio in the vaporis proportionalto the isotoperatio in
thecondensatee definetheisotopicfractionationfactor
a = R./R,, whereR, is theisotoperatio ([H2QJ/[H20]
or [HDOJ/[H-Q]) in the condenseghaseand R, is the
ratio in the vaporphase. In general,a dependson tem-
peraturetheisotopesnvolved, andthe phaseof the con-
densate However, theratio (a7 — 1)/(a1s — 1) (where
a17 andagg aretheratiosfor Hy,'70 andH, 80, respec-
tively) is nearlyconstantModel calculationdy Van Hook
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Figure 1. Measurementsf [H,O], 6D, 680, and§'7O from seven bal-
loonflights of thefarinfraredspectrometefFIRS-2). Thelaunchdatesare
SeptembeR6, 1989 (solid triangles);June4, 1990 (opentriangles);May
29, 1992 (opensquares);Septembei29, 1992 (solid pentagons)March
23,1993(openpentagons)May 22, 1994 (openhexagons);and April 30,
1997 (stars);errorbarsindicateestimatedorecisionfor representatie pro-
files. Solid curvesshawv the weightedaverageof all FIRS-2 profiles; 1o
errorin the averageis indicatedby the dottedcurve. The shadedareain-
dicatesaverageprofiles from AtmosphericTrace Molecule Spectroscop
[Rinslandetal., 1991];thewidth shovs the estimatedlo precision.
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Figure 2. Three-isotopeplot for watervapor FIRS-2
measurementare binnedby 6'#0 and averaged. Open
trianglesindicate FIRS-2 measurementsaving an aver-
age altitude belov 21 km, and solid trianglesindicate
measurementbove. Theopenstarindicategheisotopic
compositionof O, [Kroopnidk and Craig, 1972, John-
stonand Thiemens1997],andthe opencircle represents
the FIRS-2 measurementf the isotopic compositionof
stratospheri©s; [Johnsoretal., 2000]. We alsoshaow the
depletionpredictedrom thevaporpressurésotopeeffect
asasolidline with a slopeof 0.564.

[1968] suggesthat the ratio hasthe averagevalue 0.529
and varies by 0.1% between200 and 360 K. Measure-
mentsat temperaturebetween313 and 363 K indicate
thattheratiois independenof temperaturéut hasthe av-

eragevalue0.564ratherthan0.529[ JancscandVanHook,

1974]. We adoptthevalue0.564.

If air is dehydratedby continually condensingwater
vaporandremoving the condensatéo preventfurtheriso-
topeexchangeit followsfrom conserationprinciplesand
thedefinitionof o thatdR,, /R, = (a — 1)d[H»0]/[H>0]
[Smith,1992]. We usethis andthedefinitionof § to derive
therelation

d(6'70)/d(6'0) = (1000 + 6'70)(az7 — 1)/
(1000 + 6'®0) (15 — 1).  (30)

For modestlepletions(1000+4170)/(1000+8'80) ~ 1,
andwe estimatehatd(6'70)/d(6'80) = 0.564. Thedata
above 21 km arein excellentagreementvith this predic-
tion, asshown in Figure2. The databelov 21 km indi-
cate'”O depletions~ 2 standarddeviations larger than
predicted. This is partially dueto the fact that random
errorsin measuredH,0] causecorrelatederrorsin the

calculateds'”O and4'20 thattendto distribute the mea-
surementslongaline with a slopeof 1 ratherthan0.564.
We believe thatthe differencebelor 21 km alsoindicates
thatsystemati@rrorsincreasetlow altitude,possiblybe-

causesaturationn thefarinfraredincreaseshe statistical
weightof the midinfraredlines, andtheselines may have

differentline parameteerrors. Furtherimprovementsto

thespectraline databasareneeded.

We alsoshaw in Figure 2 the isotopic compositionof
O, and FIRS-2 measurementsf the compositionof Os
[Johnsoretal., 2000]; we notethatothergroupshave ob-
senedenrichmentsn heary ozonelargerthanthoseseen
by FIRS-2 [Mauersbeger, 1981, Schueleret al., 1990].
Theisotopiccompositionof H,O appeargo approactthe
compositionof O, but becauseheisotopiccompositions
of both O, and O3 lie on or nearthe relationshipdeter
minedby the VPIE, we cannotestablishtheisotopiccom-
positionof the oxygenreserwir without samplingair that
is old enoughto bein isotopicequilibriumwith thereser
voir. We estimatethat §Q retains27% of the initial de-
pletionfor the oldestair obsernedby FIRS-2,sowe can-
not rule out the possibility that H,O becomesenriched
in heary oxygenrelative to O;. On the basisof FIRS-2
measurementsf the isotopic compositionof O3 andthe
resultsof modelsthat indicate H,O will shav, at most,
23% of the isotopicenrichmentseenin O; [Kaye 1990;
C.BechtelandA. Zahn, Theisotopecompositiorof water
vapor:A powerfultool to studytransporandchemistryof
middle atmospheriavatervapor, submittedto Journal of
GeophysicaReseath, 2000], we estimatethatassuming
O, is thereserwir resultsin amaximumerrorin estimat-
ing 6Q, of 24%. and17%. for 180 and'?O, respectiely.

We believe that the excellentagreemenbetweenpre-
dicted and measureds'”O as a function of 20 indi-
categhattheaveragesystemati@rrorsdo notexceed30%o
abore21 km.

5.2. Measured 6D, 620, and [H,O]

In Figure 3 we comparemeasuredsD and 530 as
functionsof [H2O] with the resultof calculationsusing
(26)—(27),where[H,0] = X, + X. andwe adoptval-
uesof 3.5 ppmy, —670%o, and —130%. for Xy, dDg, and
5180y, respectiely. The obsenedsD shavs goodagree-
mentwith theresultsof (26), while theobsereds '8 O dif-
ferssignificantlyfrom themodel. Thefactthatdifferences
betweenobsenationsand model have similar shapegor
4D andé'®0 suggestshattheremay be systematierrors
in averagemeasuredH-O] thatvary by ~ 3%, consis-
tent with our earlier estimates. Changing[H2O] by 3%
changes depletionof —670%. by 10%. but changes de-
pletion of —130%. by 25%o, asindicatedby the dashed
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Figure 3. Comparisorbetweenmeasurecand modeled
0D and§'30. Dataareaveragedafterbinningby FIRS-2
measurementsf [N, O] (asa proxy for [CH,]) to mini-
mizeeffectsof thecorrelatiorbetweererrorsin measured
[H2QO] andé. Solid curvesshav modelcalculationsdis-
cussedn thetext; effect of £3% errorin [HyO] is indi-
catedby thedashecturves.

curvesin Figure3.

5.3. Estimated (SD(), 51800, and Xo

In orderto use(26)—(27)to estimatedD, and §'8Qy,
we requiremeasurementsf §D, 620, [H,0], and[CH,].
FIRS-2wasunableto measurdCH,] until 1997,andthe
1997 measurementbave relatively low precision. Be-
causedirect measurementare unavailable, we estimate
[CH4] from FIRS-2measurementsf [N, O] andpotential
temperatureusing a relationshipwe derived from mea-
surementsnadeby the JPL MKIV interferometer Toon,
1991, Toonetal., 1992,Johnsonretal., 1999].

We shaw the resultsin Figure 4. The estimatesof
0'"0y and §'®0y becomeincreasinglyuncertainas the
air ages,becausehe initial isotoperatio relaxes expo-
nentially toward the isotoperatio of the oxygenresenroir
(see(27)) andary knowledgeof the initial isotoperatio
is lost. The estimatesof X, are quite variablein young
air owing to the annualcycle propagatingout of the trop-
ics,andasdescribeckarlier we believe thatthe measure-
mentsof 670 (and possibly§'80) are unreliablebelow
21 km. We averagemeasurements the middle of the
range definedaspotentialtemperaturepetweens50 and
900 K, and estimatethat average Xy, 6Dy, 680y, and
5170, are3.48 +0.15 ppmy, —679 + 20%o0, —128 + 31%o,
and —84 + 31%o, respectiely, wherethe errorsindicate

theestimatedaccurag (1 standardieviation).

Therehave beenmary estimate®f theinitial waterva-
por mixing ratio in stratospheri@ir, andthey arenot con-
sistent.Estimatedall betweern2.7 and4.1 ppmy, andthe
averageover all estimatess 3.7 ppmvwith astandardie-
viation of 0.25[Kley et al., 2000]. Therearea numberof
reasonsvhy the estimatesnaydisagreeincludinginstru-
mentalerrors,differencesn sampling,andactualchanges
overtime. A discussiorof thesedifferencess beyondthe
scopeof this paper;Kley etal. [2000] provide a compre-
hensve review.

Our estimateof 6Dy agreeswell with an earlier esti-
mateof —670 + 80%. basedon ATMOS measurements
of [Hy0], [HDO], [CH4], and [CH3D] [Moyer et al.,
1996]. Kaye[1990] estimatedhat§'8O, would bein the
range—50 to —100%o if thetropospheriaelationshipbe-
tweendD andé'®O werevalid for air enteringthe strato-
sphere,while we find someavhat larger depletions. Al-
thoughother measurementsf §'70 are available [Rins-
land etal., 1991],we arenot awareof ary estimate®ther
thanthosepresentedhereof 617 O, in air reachinghemid-
latitudemiddle stratosphere.

6. Conclusion

We find goodgeneralgreemenbetweerFIRS-2mea-
surementsf theisotopiccompositiorof stratospheriava-
ter vaporandcalculationswith our photochemicaimodel.
The obsened correlationbetweens!”’O and 80 agrees
well with themodelfor measuremenibose 21 km, while
theincreasingeffect of systematicerrors(primarily spec-
troscopic)for measurementbelowv 21 km resultin dif-
ferenceshetweenmeasurementand model of roughly 2
standardieviations. Theobsenedcorrelationbetweerd D
and[H2O] agreesvell with themodel,asdoestheaverage
correlationbetweens'®0 and[H, 0], althoughthe scat-
ter in the measurementsf 6'80 is larger than expected
from the estimatecprecision.After usingthe modelto re-
move the effects of photochemicahging from the mea-
surementswe find that the averageinitial water vapor
alundanceandisotopiccompositionof air which crosses
thetropopaus@ndreacheshe midlatitudemiddle strato-
sphereis given by (Xo, 6Dg, 680, 6170¢) = (3.48 +
0.15 ppmv, —679 + 20%o, —128 + 31%o, —84 =+ 31%o),
wherethe errorsindicatethe estimatedaccurag (1 stan-
dard deviation). The significanceof our resultsfor un-
derstandingroposphere-stratosphesechangeandupper
tropospherichumidity is discussedy Johnsonet al [this
issuel].
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Figure 4. Measurementsf [H,0], 6D, 6'0, and§'7O from seven bal-
loon flights of FIRS-2, after correctingfor the effects of photochemical
aging. Thelaunchdatesare SeptembeR6, 1989(solid triangles);June4,
1990(opentriangles);May 29, 1992 (opensquares)Septembep9, 1992
(solid pentagons)March 23, 1993 (openpentagons)May 22,1994 (open
hexagons);and April 30, 1997 (stars);error barsindicate estimatedpre-
cision for representatie profiles. Vertical lines indicateaveragevaluefor
potentialtemperaturebetweerb50 (23 km) and900K (32.5km).
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