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Abstract.  The first microwave measnurements of an clectronically excited molee-

ular species in the carth’s at nosphere are presented. Local thermodynamic equilibrinm
(I'T'E) rotational line emission from mesospheric O,(TAL) was observed at a frequency
ol 25501791 GHz (A ~1.2 mm), cmploving the National Radio Astronomy Observatory
NRAO) millimeter facility at Kitt Peak, Arizona (32°N, 111°W). The pressmre broad-
cned e shapes of the O,('A,) spectra, which were obtaiaed in January and April of
1992 and in January and November of 1993, are inverted (o retrieve 0,('A,) mixing pro-
es over the 50-70 ki altitude region. The observed daytime abundances exceed ozone

11t Jower e

abundances

osphere, which are separately retrieved with coincident Oy

pectral ine (249.7886 Gz bhservations. 1'he Jamiary and November 993 observa tons

arc binned into 20-60 minute time intervals to study O,("A,) diurnal hehavior, Jerived
abundances of Ou( A,) Hetween 50 and 70 ki for he four observation dates are respee-

tively 9%, 31%, 3¢

, and 26%, cach 21 10%, higher than predicted, based on the simple
photochemistry of Tower mesospheric O,("A,). Modeled varia ion of [O2("A, ] with time

ol day agrees with observed variation, in that the observed diflerence hetween model

and data abundances is constant throughout the daylieht hours of cach observation date.

Model nnderprediction of [O,( A )] s consistent with similar model mnderprediction of
mesospheric _CL

rvations are cotpared with

O2('Ay) abundances derived from these .2 mon oh
the [O2("Ay)] values der ved from SME observations of 1.27 micron emission and
are discussed i the context of neso pheric Oy and 110, chemistry, and of the recent

controversy over the Oy ("Ay) radiative lifetime.




1. Introd uction

Photolysis of ozone by ultraviolet solar fhux lcads to Targe abundances (ppmv) in the
npper stratosphere and mesospliere of molecular oxygen in its first clectronically excited
state, O5("A, ). 1.27 am emission from 0,('A,) as it decays 0 the ground state, 05(?Y),
has been observed from aiveraft [Noxon and Vallance-Jowes, 1962, v0¢1<@is [Hoansetal.,
1968; Weeks el al., 1978], from satellite [Thomas el al., 1931 who give a detailed history
of prior 1.27 ym airglow observations], and fromi thie g round [Pondlc ton el al., 1996].

O,('A,) mixing ratios may be inferred from measured 127 o fluxes. Oy mixing
ratiosmay in turn he inferred from O, (P A ) abun dances, withuse of a simple photochem:
wcal modeling scheme discussed in the following section. Remote observations of 1,27
cmission from Oy (TA,) have proved important for satellite mcasurements of mesospherie
Oy. 17 1 the 70 100 ki altitude region, 1.27 jan emission from O, (A, ) supports the only
existing technigue for remote measurements of ozone. Henee, it is of considerableinterest
to improve our understanding of O,(* A, ) photochemistry.

To date, infrared observations of O,( 'A,) radiative decay have provided the only
micans for measuring, O2("Ap) atmospheric abundances. A newmethod for making these
measurcments, by observation of microwave emission due to a rotational transition of
the O,(" AL) molecule, was fivst reported by Clancy of ol [1 993]. Microwave spectra
of middle atmospheric constituents from gronnd-hased observations can bhe inverted to
provide constitnent mixing profiles with one-to-two scale height vertical resolution, due to
the pressure broadened line shapes of the spectral emission {Claney and Mullenan, 1993).
Furthermore, the emission is relatively temperature insensitive (often linear), unaflected
by scattering, andindicative of” LT conditions. The Oy(" A, ) and Oy molecular species
exhibit reasonably st rong rotational line transitions at 255 01794 and 249.7886 G 1]z,
respectively, which provide for a unique study of O,("A,) in the lower mesosphere.

The following, presents an analysis of microwave spectral line observations of day-
) and Oy within the 40-70 km altitude region. Work discussed

time mesospheric Oy( 'A,




below represents a significan advance over the Claney o al., 993 report for Cie follow-
ing, reasons: () The data set has been considerably expanded. Observations discussed
elow were made in Jannary 19920 Aori 992, January 993, anc November 1993, (2)
Improved s/w allows two of these data sets o he analyzed for O, (TA,) dinrna variabili y.

(3) Improvements to the microwave nstrunient calibration have been made. (4) Come

varisons Helween observed and theoretical mixing ratios tave heen facilitated by use of

an 1 aproved Hhotochemical model
Microwave O,('A,) observations provide a unique Herspective on the cirrent con-
troversy over the O,("AL) .27 g vadiative ifetime, waich is of central iportance

to mesospheric and stratospheric ¢

one measurements. " he 27 gan radiat ve lifetime

had long Heen accepted as 3880 scconds, Hased on e laboratory work of Badacr ol al.
£ s . !

[1965]  Recently, the Taboratory measurement of Hsu of al. 992, 1as been i prefed

by Mlynczak and Nesbitl | 995] 1o e 6800 sceonds, a 75% inerease. Al micasurements

ol Oy("A,) abundance, and henee of Oy a nindance, based on .27 jan observations are
dependent on is laboratory determined  fetime. Thus the Mlynezal and Nesbill 995]
res ['correct, would call for a major rcassessment and revision of al ozone measure
ments derived from 1.27 jan observations. Independent determinations of the 0.('A)
adiative lifetime based on decay of 1.27 jan emission from the awvora [Gallinger and

Vallanee-Jones, 973] and from the upper mesosphere in the evening twilight [Pendleton

ol al., 1996] support the Badger ot al. | 965] 3880 second ifetime

) crvations

o}

Mecasurements of O,("A,) mixing ratios derived from the 255 (

presented below are insensit ve o Jhe 1.27 g adiative lifetime. For that reason. we

arc able to address this important issue. .27 g volume emission rates caleulated from

onr nicrowavedetermined Oy ('Ay) abundances will matel observed 1.27 jan volume
cmission racs only if the correct radiative ifetime is used in the calenlation. 1t is shown
below that our microwave observations are consistent, wit 1 the Badger el al. [1965]

determination, and not with the Mlynezak and Nesbitl [1995] Tifetime.




2. O0y( A,) 1T otcchemistry

There are three important, 0,("A,) moduction reactions in the ipper stratosp iere

and lower mesosphere. Solar TV photolysis of ozon

( . ) 210 < A < 310mm) [ ]

produces O, 'A,) directly, where fis e production efliciency of the excited states

and is ~0.9 [Faivehild ¢ ol 978]  The atomic (. photolysis product provides

an indirect (~10-20% below 80 ki [Mlynezak ad Olander 1995])  source for Oy('A,)
Vo

throngh production of G, ) :

0O

aboratory uncertainties for this reaction are such that eground-state Oy rather than
O, ') may resull (reaction 0 hetween 0 and 45% of the time [Lee and Slanger, 978
The Oy("Y) state is collisionally le-excited to O,("Ay) with nearly 100% efficiency Ogry-

o and Thrash, 9745 see discussion by Mlynezak el al., 993].

M [3]

Yadiative relaxation of O,("Y) to the ground state is impaortant only above 90 km. The

O('D) may also e quenched Hy reaction with N,.

(. N, ('’ N, [4]

The third source for O, A,) is the direct excita jon Hy 762 nm solar photons of O, o

O,('N)):

O, he(7620m 5 Oy('y) [H]




followed by reaction 3. The above chennstry does not include the additional sou rees of
O,('A, ) production following (rom Oy photolysis, which are of <1% importance below
70 kill [Mlynezakcial. 1 9931,

O,('A, ) has two important loss processes. Themoleenlar Ox(' A, ) specie is retmed

to ground state molecular oxygen cither thirou gh radiative relaxation,

O,("Ay) >y Oy Al {(X1.270m) [6]

or collisional de-excitation,

O(" Ny )10y 20, o

Quenching by species other than Oy is not significant, At altitudes below 70 ki, the
timescale for reaction (7] i's shorter than the radiative decay timescale [3880 scconds,
Badger ol al., 19 65] of reaction [6], such that collisional de-excitation dominates the loss
of O2("AL). Reactions [11-1'7] account for ing important production ancl loss of Oy(TA,)
below 70 ki, For completc mess, however, all the reactions listed in table 1 (adapted
from the Oy (" A, ) chemistry of Mlynezak et al. [1 993]) are included in modeling of our
O,("Ag)observations.  Inclusion of all the reaction s in table 1 accounts for O(TA,)
production and loss to altitudes as high as 90 ki, well above the 82 km upper limit
ol the DlotoctCiiciil” modelusedhiere. AT signilicant Oy ]Z\g) production helow 70 kin
follows from Oy photolysis or 762 nm excitation ol O, to Oy(") (reaction H). The
relative importance of reaction H can be quantified [eg Mlynezak and Olande v, 1 995).
Making this allowance, and allowance for Oo(" A, ) production from Oy photolysis in the
upper 111 sosh11(re2 the abundance of Oy ("A,) canbe 11 s¢ (1 asaproxy for Oy abundance,
as disenssed i the preceding section,

‘1 he followinig analyt ic approximation to the Oy(TA, ) abundance may be derived

lromreactions I-7and 10, intable Tnnder conditions of phot ochienmiical eqguilibrium:




_ _d—AvL_zN?vL

Jy O4] - - -1 J510, 8
wLCL. Aq 1 .L { _ L (8)

MCNAHR/ Z :,:\, _:::CL J _/,\;ZL .

Fauation 8 illustrates that O,(*A,) is produced dircet v from Oy photolysis, indirectly
from the O('D) product of Oy photolysis, and indirectly from O, absorption of 762 mn

solar photons.

3. Jbscrvat 1

Ox at 219.7386 G

Obscrvations of O,(TA,) at 255.01791 QG , and PO at
203.40752 Gz were made from Kitt 2cak Arizona (32°N, 112°W), nsing the National
Radio Astronomy Obscrvatory (NRAO)T 12 meter radio telescope and microwave re-
ceivers. Data were collected during one to three day time periods during January 1992,
April 1992, January 1993, and November 1993, Representative 0,("A). Oy, and 1170

pectra, obtained in Apri 1992, are shown in figures 1, 2, and 3, res pectively.

Microwavespectra of O,('A,), Oy, and 130 were obtained in e {requency switched
mode at fixed clevation (209 or 30°) and azimnth (270° or 90°). Details of the frequency
switched observations can he found in discussion of similar NO [Clancy ¢l al., 992)
ind Oy, Oy, and 22O [Claney of al., 1991L] Kitt ’cak mcasurcments. Durine the
data analysis procedure a hest fit to cach spectrmm was fonnd for the signal within = 6
MT 7z from line center. Observed spectral brightness temperatures are roughly lincarly

within the 40-70 ki altitude

proportional to the Oy("A,), Oy, and  FO abundane
region. The verical profiling sensitivity of the observed line shapes is demonstrated hy

comparable HO, weighting functions presented in Claney of al, [1994b)]

Calibration of atmospheric observations from Kitt Pcak has been improved [San-

dor, 1995]. Absolute calibration was established by observation of the (Zeeman split)

“I'he National Radio Astronomy Observatory is opera d by Associated Universitic

ne., under cooperative agreement with the National Science Foundation.




23391618 G 1z line of ™00 with the clescope elevation at 909, and con parison of the

retrieved mixing ratios with the well known ™00 a4 undance | Nvoopnick and Chraig,

J. Calibration as a function of tele cope clevation angle was established sig nu

>

lines of O,

merons manual i observation sequences of the 2108038 and 249.7886 (]

and the 230.53799 (i1 e of CQO.

15 an clectric dipole, rotational transition with

The O,("AL) line emission at 255 (]
Zeemar splitting, due to the small net or sita an ala nomentum of O4("AL)L 1 1ito seven
I £ £ 2 g/

SIAYE

equally spaced components hetwe FH90 Kz from Tine center. Only e conter

ive lines (which are of mixed polarization and are cqually spaced within Av - -1 390
NHz of Tine center) contribute significantly to the signal. We detect the O.('A,) line

stmultancously in two orthogonal, lincarly polarized receivers. The spectrum of figure

I presents the average of the two polari ations, which leads to a blending of the two

cts of Zeeman splittings. Adjacent Zeeman components of the 255 Gllz O,(TA,) line

.

are separated by Av = 200 Kllz, which is less than the 250 K 1z spectral resolution of

onr observations. Thus individual Zeeman line components are not cevident in figure

Lo bt the magnetic splitting does contribute to the widih of the emission line and i

mchded in the data reduction procedure. Zeeman splitting is stil - distinetive in 00

NIz resolution spectra of O2("Ay) which were observed bt are no presented in this
aper. Aniniportant consequence of nagnetic split ing is an increase in he width of e
altitude-independent. contribution .o line broadening, eflectively degrad ng the altitude
resolution obtainable from an O,("A,) speetr,

Te O+ and :me hne emissions at 249 and 203 Gz, respect vely, were observed to
stupport interpretation of the Oy(*AL) measurements. The importance of Oy in Oy('A,)
chemistry is discussed in the preceding sections. O is important as the e of ozone
destroying 1105, O1 | and tmust be specified as an input to the photochemical model

discussed i1 the following, section, whoere the justification for using 10 as a roxy for

2O is also presented.




We Herform non-lincar least-squares nversions of the O3(TA,). Oy, and 1180 spee-
tral Tine obscrvations in the manner deseribed in Clancy ol al. [1994h]. The upper
stratospheric/mesospheric temperature profile is adopted from the CIRA 86 climatol

ogy Fleming ol al., 1990]. We also emiploy the expanded Solar Mesospheric Ixplorer

(SMI9) temberature climatology  Clancy o al., 1990a]. Pressures ave calculated from the

temperature profiles using the hydros atic law. To investigate the effeets of uncertainty

in the temperature orofiles on retrieved species abundance profiles, we inverted sample

spectra for the case where temperatures at altitudes 30 ki and higher were inercased HIs.

This temperature Herturation Teads 1o 0%, 2% and 0% changes in inferred O,("A,), Oy,
and 1,0 abundances, respectively, The spectra line frequencies and  ine strengths are

taken from the Poynter and Pickedl | 985 line catalog. P'ressure broadened line width

for the 249 Gz Oy line (2.39 MIlz/mbar) is adopted from the  TTRANY2 database
[Rollan i al., 992], which specifies an uncertainty of -1 5 10% in s parameter. The
A4 8% uncertainty we use for error analysis corresponds to a =l 15% uncertainty in derived

O,("A,) line is estimated

O4 abundance. Pressure broadened  ine width for the 255 G

as .8 M lz/mbar, based on laboratory work with siimilar transi ions of ground state

estimate our uncerta nty in iis parameter as - 15%, which

Cp Liche el al., 992]. W

line

corresponds 1o a b 8% uncertainty in derived Oy ("AL) abundance. For the 203 G 1
| . i

ol 11570 the Hressure broadened ine width used is 2.7 M1 z/mbar [Rothman el al., 1992),

and a1 20% uncertainty in this value is assumed. This 1 20% uncertainty implics a
8% uncertainty in retrieved water abundance.
The Jargest uncertainty associated with Ox observa dons is that of collisional line

>

width. For Oy('A,) observations, the I-signma s/n uncertainty may he comparable o
collisional Tine wic 1 uncertainty. Table 2 provides a list of nncertaintics in retrieved
mixing ratios of Oy, O,("A,), and H,0 that follow from uncertainty n he collisional

line broadening cocflicien for the applicable observation frequency, from uneertainty in

telescope calibration, from an assumed -FH K uncertainty in the atmospheric tamperature
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profile, and from the one sigma s/n nneertainty of these observations.

The profile mversion analysis indicates that -3 layers over the .40-707 km altitude
region are constrained by the Oy(" A,) and Oy spectra. 117(sC1L1C(L heloware twolayer
(10-H8 a1 d H8-70 kim) solutions for the O mixing profiles. One-Tayer (h0-70 km) o1
two layer (50-60 and 60-70 ki) solutions for the O,( "AL) mixing ratios are presented,
where the nmumber of O,(TAL) solution layers derived from a given 255 Gllz spectrum is
controlled by the noise level of the observa tion. Mixing profiles are constrained to vary
smoothl y across Jayer boundaries. The inversions do not resolve vertical variations in
the Oy and O("AL) mixing profiles finer th an these solution laye r widths. The snall
contributions of Oy and O,('A,) emission above and below these layers are cal culated
rom a priori Oy and Oy(" A,) mixing profiles, which are constrained to blend smoothly
to the mixing profile solutions.

Retrieved altitude profiles of 02 (] A,) mixing rat ios for the four ohservation dates
arc shown in fligure 4. LFach profile represents the full day observation. Times of  day
represented in fipare 4 and table 3 are | lam-Dpr o for January 19 and 21, 1992, 1:30
2:30 procfor April 1(), 1992, 3:10-5:10 pm {or January 24, 1993, and 8:4Ham-4pm for
November 29 and 30, 1993, For the model vs data comparisons in table 3, model O,(*A,)
antndanceswercavera g L over the times of day corresponding to the observations. The
single ervor bars on cach of the Janmary and April 1992 O, (' A,) altit ude profiles represent
retrieval imcertainty for a H0- 70 ki altitude Javer. The two crror bars on cach o  the
Jann ary and November 1993 O, (P A, ) altitude profiles re presentretrieval uncertaintics
for H0 60 and 60 70 km altitnde bins, where this higher altitude resolution follows from
the higher s/nol the 1993 observations.

Alitude profiles of 11,0 mixing ratios, derived from the 1170 observa tion s, for the
[or observation dates are shown in figure 5. Frror bars correspond to s/n uncertaintics
i the retrieved profiles for altitude bins 46-58 and H8 70 k. Fach profile represents

the all day observation; details of cach observation and comparison with other water




profile data for cach date are listed in table b, Water vapor profiles measured from Kitt
Peak compare favorably with comncident measurements made with the Microwave Limb
Sonnder (MLS) 183 GHz radiometer [Lahoz, 19917 on the Upper Atmospheric Rescarch
Satellite (UARS), and with ground-hased 22.2 Gllz measnrements [Nedoluha ot al., 1995)
made from the Table Mountain, California (344 N, 117.7¢ W) {acility 650 ki from Kitt
Peak.

Fignre 6 shows a sample retrieved Oy altitude profile, along with the corresponding,
4-year monthly zonal mean Oy abundances derived from obscervations of the SME UV
[ Ruselr of al., 1983) and IR (1.27 micron) [ Thowas ol al., 1984]) instruments. Photochen-
1ical model Oy profiles, discussed in the following section, are also presented in figure
0.

Obscrvational parameters for the four observation dates are summarized {or cach
species n tables 35, System temperatures for the Oo(*A,) integrations refleet that the
the ordering of observation dates from lowest to highest noise is: January 1993, November
1993, April 1992 January 1992, For the January and November 1993 observations, s/n
was suflliciently high that O,("A,) abundances could be retrieved from numerous 20-90
minnte 250 Gllz integrations. These data enable analysis of diurnal O(TA,) diurnal
hehavior, diseussed in detail below. A similar diurnal study of Ox from short 249 Gllz

inlegrations was conducted for January, 1993.

4. I’hotochemical Model

As part of the data interpretation, a one dimensional photochemical model [Siskind
el al., 1995] was used to calculate theoretical abundances of chemical species as a fune-
fion of time of day. This model, an updated version of that nsed by Rusch and elanan
[IS)HT)], calculates species abundances Tor altitudes 36-82 k. Tmprovements to Oy pho-
tochemistry in this model melnde the use of spherical ray tracing at twilight, a partial

relaxation of the odd-oxygen family approximation, and a scaltering correction to O




photolysis.

species with photochemical Tifet mes sufliciently long that horizontal transport is
important arce specified as modelinpu s, T'he key such long-lived species for this study is
waler, and the input profile used is derived from the 203 GHz HPO observations deseribed
above by (@iNi(H]]p,1Ctti\NI((1 [11270]values by 2.00x 107 # the standardmeanoccanwater
(SMOW ) value of [I15P0O]/[1 1°0] [Kaye, 987} The atinosphceric vatio [HFO]/[N30] was
observed by Rinsland of ol [1991] to match the SMOW ratio up to 51 ki, he top
01" thairmeasurementrange. Model Oy abundanee roughly scales as []];“()]'/2 Clancy
(/ (/7. 1991Db], so the~ o 20% uncertainty in nmcasured water vapor correspon Is toa
~ <1 10% uncertainty in model ozone. Because Oy photolysis is the dominant source of
O,("A,), uncertainty in retrieved water vapor abundance similarly translates into a model
[02(" A )] uncertainty of ~ 110%. This square root dependence of [Oy] and [O5(TA,)] on
water is scenincomparison of model runs with dillerent water inputs, discussed below.,

The standard version of this model includes some H0 photochemical reactions. For
work present ed here the reactions specifically relevantto O, ("A,) chemistry (table 1),
not alrcady inchided have heen adapted from Mlynezak et al., [1993] and added t o the
Ickiman-Siskind model.

The standard model was run with reaction rates from the JP1 1994 compilation
[DcMorc(L (Z7., 1991]. Altered versions of the standard 11101 (1 werernnby perturbing
reactionrat es away [romtheir 101,94 values. T'he pertarbed model version discussed
most extensively in the following section differs from the standard model i that it uses
arate cocflicientfor Oy <) () » 011 - Oy reduced 40% (tw ice the quot ed uncertainty)

NeIEW the standard vy 94 value[DeMorc ¢ (1., 199.1].
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5. Results and Discussion
5.1 . Model-Data Comparisons

Observedh 7o ki full-day O,(* A, ) abundan ces are higher than model values by 9,
31, 3o and 26 %, for an average over the four observation periods of 1 7% (table 3). T'he
high s/n spectra obtained i Jarmary and November 1993 allow better (10 km) altitude
resolution for those dat es. In figure 4, the single error har on cach of the January and
April 1992 altitude profiles indicates retrieval for a single, 50-70kill, laycr;the two (1717017
bars on cach of the January and November 1993 profiles indicate retrieval for two layers
(060 and60-70 1{11)). T'he shape of the retrieved Janmary profile is well matched hy the
shape of the st and ard photochemical model. ThHe two layer retrieved November profile,
howeverdsenhanced~H0:11 0% ONCI themodelfor 50-(ion kimyand ~10:10% over 1 he
model for 60-70 k. I'his difference inshape of the November 1993 retrieved and model
[O,("AL)] profiles is not affected by any of the changes to the photochemical model
discussed helow.

As an alternative to obtaining 10 km altitude resolution with the Jannary and
November 1993 O,( TA,) observations, the single 50 70 ki altitude hin may be used
with the full-day observations broken into much shorter intervals. 20-35 minute tempo-
ral resolution was obtained from the Janary 24,1993 O,(* A, ) observation and a divrnal
analysis performed for the tocal solar time range 3:10-6:20pm. Simnilarly, 30- 90 minnte
resolution was obtained for 8:45 a1 4:00 pm from the Novenber 29-30, 1993 O,('A,)
obscrvation: data from two consceutive days were combined Lo obtainimproved s/ n and
were analyzed as a single dinrnal period. Figures 7 and 8 illustrate that photochemi-
cal model ()‘Z(]Ag) dinmrnal behavior agrees with the observations. 1 Torizontal crror bars
indicate the length of cach observation, and verti cal error bars indicate uncertainty in
the retrieved H0- 70 ki mixing ratios. The shapes of the Oy (TA,) mixing ratio vs time

ol day cur ves are the same for the data and model. The data/model oflsets are roughly




constant through the day, and are consistent with the full-day data/model differences
listed in table 3.

Table 4 summarizes retrieved daytime Oy values from the fonr observation periods,
where only daytime resnlts are reported in order to facilitate comparison with the (day-
time) SME climatologies. Fleven 249 GHz Oy obscervations were made January 23-25,
1993, Mixing ratios derived from these data are plotted vs thime of day for a single diurnal
period and at three altitudes in figures 9, 10, and 11, Torizontal crror bars on the data
points indicate the Tength of cach observation (6 or 12 minntes). Vertical error bhars in-
dicate nneertainty in derived mixing ratio. Mixing ratio uncertainties are dominated hy
the effect of an 8% uncertainty in the collisional broadening cocflicient. Uncertainty due
to noise in these strong-signal observations is small, and this is reflected by the simall ver-
tical scatter of the data points relative to the size of the error bars. The shapes of the Oy
mixing ratio vs time of day curves are the same for the data and model. The data/model
olfsets are roughly constant through the day for cach altitude, with the sole exception
of the 8:45pm observation. Figures 9- 11 illustrate that our Oy data ave 15 25% under-
predicted by the stand ard model and thatthe data vs model discrepancy inereases with
altitnde. This underprediction is the ozone deficit [Solowmon el al., 1983; Iluszkicwicz
and Allen, 199 3] seen in every other comparable data set. Our Oy observations are in
agrecment withthe SMICIR [Thomas ef 01, 1984] and UV [Rusch el al., 1983] 1-ycar
monthly zonal moeans.

Becanse Oy photolysis is the dominant sonree of Oy( 'A,) below 70 km, the most
consistent way to interpret the modelunder predict ion of observed O, (TAL) is as a («(on -
sequence of themodel’s underprediction of Os Our O, 'A,) (figures 7 and 8) and Oy
(ligures 9 11) observations are compared with results of a perturbed photochemical model
imwhichk(HO»-1 05 O11+} 02, is rednced 40% 1j¢10v% theaccepted 121, $14 value, This
perturbation is motivated by the conclusions of Clarey of ol [1994b], that a reduction of

this rate coellicient will simultancously improve model deficits in Qs and 110, 1t is fur-




_ [

ther motivated by more recent microwave 1 0Oy observations [Sandor and Claney, 1996],

and by satellite observations Conway of al., 996: Summers of al., 1996] of substantially
less lower mesospheric O than predicted with standard models (@ model O surplus).
Also, Siskind et al. [1996] report a reduction in this reaction rate adequately addresses
a low temperature bias in the model for ~60-80 ki, though not a larger model cold hias

at higher altitndes, That this reduction in the rate cocflicient s smaller than the 60-

of the inproved

A:x;i_:..:::_.n,.a..::::c:%.;v.<5\~::”.cl:\. ﬁ.c.ﬁ_;?__Eexﬁ.sc:_:
photochenmical imodel and from the improved Kitt ’eak calibration.
Model O,("Ay )] is inereased ~20% by the 40% reduction 1 the rate cocllicien for
(., C )4 Oz This rate change provides pood agreement with the observation
Dhat JOL("A)] is on average 17% higher (table 3) than the standard model prediction,
and simultancously gives nuel i1 roved agrecment with observed Oy (figures 9- 11, table
1).

The HOL -1 O rate reduction is not a mique explanation of the Oy("A,) ohserva-

data

tions reported here, hut it is the simplest explanation that also addresses modal v
discrepancies for Oy (g, this study), HOy [Clancy ol al., 994)], ane (. [Suminers ol
al 1996]. For example, a 20% (1 sigma) reduction of the 0,("A,) collisional deactiva-
bion cocflicient hrines modcl O0,("Ay) into agrecment wit 1 the data, but has no cffect

on model Ok, Oy, or Ol As another example, reducing the model water input oy

40-50% Hrovides good nodel correspondence with observed 0,("A,) and Oy, lowever

such a 40-50% water reduction would only worsen model Oy underprediction [Claney

ol oaly, T991D], and s unvealistic in view of the excellent agreement between our water

¢
[

obscrvations and others listed in table

).

5.2, O,("A,) 1.27/0n Radiative Lifetime

Ancaccurate value for the Oo(*AL) 1.270m radiative lifetime (the reciprocal of the

Finstein A value) is 1 quired for mterpreting observed  27/0m volnime emission rate




1

i terms OL("AL), and hence Oy, alnmdances. The valne A= 2.6 1(17 “Is- 'determined
by Badger ol al [1965] had long been acceptec as accurat . More recently, Mlynezak
and Nesbitl 1 1995] have interpreted the Hsu ol al [1 992] laboratory mcasurement of the
Finstein BB value for absorption of 1.27 micron photons by 0 2 to imply an O2("A,)
Finstein® A value of 1> 10710 This is 42% smaller thanthe previously accepted value
2.6x 107 1s- [ Badger clal., 1965),and if this new rate 1S correct a re-analysis of all
mesospheric ozone measurements based on .27 micronremote observations is called for .
Mlynezal: and Nesbiti [1995], using the A= 1.hx 10- 77" value, have reinterpreted the SMI
.27 micron volume emission rates to imply ozone donsities~7H% higher thian inferred
by Thomas (1al. [LOW] inthe region below 7( 1 kmy where O,(TA) loss is dominated by
collisions with ground state O,.

Ground-based observations of the decay of 1.27m0 emission [rom anroral displays {eg
Gallingar and Vallanee ,1021Cs, 1973] imply a hfctime of abont an hour, consistent wit h
the Badgor of ol [1965] A value, which corresponds to a 64 minute lifetime. G round-
hased observations of 1.27;0n emission decay from the upper mesosphiere in the evening
twilight [ Pendlcton (4 al., 1996] indicate a lifetime of 44 to GEminntes, also consistent
with Badger el al. [1965], and much shorter th anthe Miyuczal and Nesbitt [1995] Hifet ime
of 110 minutes.

L e ontrast to inferences from 1.27 mieron data, Oo('A,) abundances doerived from
thel.2mmobservations deseri bedin this paper arc independent of thie Finstein A value
i the (collisionally dominated) altitude regime below 7¢ 1 k. However, 127 icron
voltme emission vates arve casily cal enlat ed from these 1.2 mm O, 'A,) abun dances for
any ass umed A valne, and will matcl observed 1.27 micron volume emission rates only
foruse of the correct A value. T'hus the 1.2 mm observations presented e this paper
provide a test of the lahoratory determined Finsteine A’s fundamentally different tha
the tests allowed by 1.27 micron observations.

Altitude profiles of the Oz TA,) 1.27 micron volume emission rate are shown in




lignre 120 Values observed with SME on March I, 1983, have been adopted from figure

8 of Thowas ¢l al. [1931]. Diamonds and triangles indicate the SMIS results at 44°N

and 10N latitude, respectively, bracketing the 32°N latitude of Kitt Peak.  Volume
cmission rates corresponding, (o our 1.2 nim observations are simply [O,("A)Ix A, and

dare

hown by the solid and dotted curves for the Einstein A valnes 2.6x 10 4 [Badge

olid

ol al, 1965] and 1.5x 1071 [Mlynezak and Nesbill, 1995], respectively, with one
and one dotted curve for cach observation date. Frror bars on the solid and dotted
curves correspond to the uneertaintics in O,("AL) abundances derived from the 1.2 mm
observations. Altitnde profiles with one error har represent one-layer (January and April,

1992) retrievals. Altitude profiles with two error bar represent two- layver (January and

November, 1993) vetrievals.
For all four observation dates, the .27 micron volume emission ratos corresponding

to omr 1.2 mim O, ('A

) measnrements are in close agrecment with the ohserved [Thomas

el al., 1984] 1.27 micron volume emission rates for an Binstein A value 2.6 107" [Badger

ol al., 1965], but not for A: 1.hx 101 [Mlyneczak and Nesbitl, 1995]. This is strong

cvidence that the Badger of al. [1965) A value is correct and that the Mbynezak and

cshitl [1995] A value is in error. We do not know the reason for this error. However, we
find no problem with the analysis of Mlgnezak and Nesbili [1995], and therefore speenlate
the most likely source of the Mlynezal: and Nesbill [1995]) error is an crror in the Hsu of

tein 3 value,

al. [1992] measurement of the Bing

5. Sun nary

The first microwave observation of an clectronically excited moleenlar species in

ervation of the 255 Gllz emission

Farth’s atmosphere was made in Jannary 1992 with ol

ol Ou("Ay). Subsequent, higher signal to noise, 255 Gl 0,('A,) observations were

made in April 1992, Jamary 1993, and November 1993, One layer (50-70 km) daytime

retrieved Oy( AL) abundances derived from these ol rvations are 3-31: 10% higher than




abundances predicted with a st andard photochemical model. The average of the H0 70
ki [O2 (! ANt/ 102 ("A) ] moda ratios from the fourobservationdatesis 1,17, This17%
average enhancement of ohser vedover mo del O("A,) i's well matehied by running the
modcel with a 40% reductionin the rate coeflicient for 110, -1 > 011 -1 o02. Variahility
of the enhan cement between observation dates is not addressed by the rate ¢ han ge. This
modclel perturbation al so substantially improves ag rcement between moclel and observed
Oy, addressing the long-standing problem ol a middle atmospliere ozone deficit [Solomon
clal, 1983; luszhicwicz and Alla, 1993], and is consistent wit h lower mesospheric model
vs data discrepancies reported elsewhere for WO, [Clancey of al.. 19941)], O Summarsdd
al.. 1 996], and temperature [Siskind & al., 1996].

Improved altit ude resolution was obtained with two lTayer (H0-60 and 60 70 kim) data
inversions for high s/nobservations  made in January and November, 1993, The shape of
the retrieved January profile is well matched hy the shape of the standard photochemical
model. The two Tayer November profile has signiflicantly more enhancement of observed
over model [Oy(" A)] in the 50-60 than in the 60- 70 ki altitude bin,

Shorter integration time Oy (1 AL) 1993 obscrvations for hoth January and November
have heen analyzed for diurnal variability. For Janniary 1993, an extensive dinrnal analysis
was al so done with O4 observations, For hoth Oy ("A, ) and O there is agreement between
observed behavior and the shape of the species ab undanice vs time of day model curves.
Thatis, theenhancements of [O2(*AL)] listed i table 3 hold at all observation times of
day.

Ingeneral, these microwave Oy ("AL) observations are an important confivmation of
the utility of 1.27 micron obscervations of O, (' A,) as a proxy for mesosphieric ozone. The
consisteney hetween model deficits of Op(TAL) and Oy implies that O,( "A,) chemistry
i s well understood. Addressing a more specific issue, microwaveOy(13p, ) observations
providea DOVS(fill new argnment that the .27 micron radiative lifetime determination

ol Badgcr e (11, [1965], which is crucial to mesospheric Oy studies, is not inervor.
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“1c 1. Reactions descr bing O,("A,) photo
chemistry. s list is adapted fron Mlynezak

al. [1993], and reactions not alrcady included m
Do Jockman-Siskind photochemical model [Rusch
and Leknan, 980; Siskind ¢ al. 1995] were wdded

Lo ]

Table 2. Uncertaintios involved 11 el -jeva  of

from mi-

Ci_nzrv, O, and :._Ny.A abundance

crowave ohservations

Tad lo 3 Sumnary description of Oy ("A,) obser-
va ions and results. Ratios of model to data values
are for  layer (50-70 kin) data retrievals. Uncer-
tainties are the ms sun of error sou ces listed 1
tablc 2, and are dominated by the pressure broad-

ening coeflicient uncertainty.

Table 4 Summary description of Oz observations
and results  Jach mixing ra do derived from 249
Gz Kit Peak observations is e average of the
stated number of daytime observations; the -
errors are dominated by the pressure broadening
uncertainty. SMIS values are the 4-year monthly

zonal means.

Y



Ta ble 5. Summa vy description of HyO obser-
vationsand 1esii1is. Val ues derived {rom Kitt
Peak 203 Gllz HPO spectra compare favorably
with values from coincident mea surement s ade
(rom nCarhy Table Mountain, California and from
UARS MLS. Table Mount ain mixing, ratios for
Apribare April 11, 10 992 measurod vadues (R,
Bevil acqua, personal communication, 189 2}, and
for January 1992, January 1993 | and November
1993 are the monthly average values for the months
January,January, and October 1992, 1(sD(C@GHiN\' (17’
[Nedolulia el al., 1995]. M 1/s values pgnoz, 1901]
are lrom the wat er vapor profile measured closest
to Kitt Peak on the day of the Kitt Peak water

observation.

Figure 1. 200 Glz spectrum o Oy (TAL ), o)
served April 1o, 1:30 - 2:30 pm, 1992 The 250 K1z
resolution data are represented by the histogram.,
The dashed curve is the hest fit to the data, The
dottec] cvirve s the synthetic emission line cor-
respouding Lo the standard photochemical maodel
Oy (! A, ) altitude profile, and illustra tes th at the
difference hetween measured and model [, (PA,)]

is well outside the noise of the observation.




Figure 2. 249 GHz spectrum of Oy, observed
April to, 100 pm, 1992, The 250 Kz resolution
dataare represent ed by the histogram. ‘11110 dashed
curve is the hest fit to the dat a, and the dotted
curve is the synthetic emission line corresponding
to the standard photocher pical model Oy altitude

profile.

Figure 3. 203 Gllz spectrum of PO, observed
April 10, 1992, The 250 Kllz resolution data are
represented by the histogram. The dashed curve is

t hie bowstfitto the data.

Figure 4. 0, (" A,) altitude profiles retrieved from
ohservations on the indicated dates. Solid curve: |-
layer (50 70 k) Oz (! A,) profile from observation
January 19 (1-5 pm) and January 21 (I Tawm- 2pm),
1992. Dot ted cineve:  1-layer (50-707 kill) ()2(‘Ag)
profile {rom  observation  1:30-2:30pm April 10,
1992, Sce figure 1d. Dash ed curve: 2-layer (h0 60
and 60 70 km) O2(" A, ) profile from observation
300 h:10pm January 24, 1993, Dot-dashed curve:
2-Tayer (50 60 and 60-70 ki) O,("A,) profile Trom
observation8:Ahan12:30pmand 2-.1 111 November
29 and 30,1993, 15 rror bars on cach profile repre

sent the rims sum of uncertainties associated with

s/n. calibration, and pressure broadening.




Figure b

2-layer (48-58 and H8-70 k) 0 al-
titude profiles retrieved from observations ouw the

mdicated  lates, Solid curve: January 19 and 22,

1992 Dotted curve: April 10,1992, Dashed cu ve

Janvary 23, 99.  Dot-dashed curve: November

29, 1993 I9rror bars on cach profile

siga s/ unce tainties

Figure 6. Representative Qg altitude profile. The
solid eurve was derived {from the 249 Gllz data

hown in figure 2d; a two layer retrieval (48-H8

and HR-72 ki) was done. 1Srror bars indicate pre
sure broadening, calibration, and I-sigma s/un un-
cortainties. I'he dashed line is the standard photo
chemical model result, corresponding to the dotted

line spectrum in figure 2d. The dotted line is the

photochemical model result with the indicated rate
change. Also shown are the 4-year monthly mean

values derived from SMIS TR and UV observations.




Figure 7. 0" A,) mixingratio at 60 1 m asa

function of time o0 1 1 January 24, 1993, Crosses
indicate the retrieved mixing ratios at 60 1i 111
for a single (50-70 k) solution layer, with hor-
izon tal bar indicating th ¢ ICngth of the obser-

vation, Isach  vertical bar indicates the rims

sum ol uncert aint ies of  he derived valu e, T'he

solid cnrve represents the standard photochemical
model Oy ("A,) behavior. The dashed ¢@ rve in-
diciat es the photochemical model result in the case
where k(11102 - () - } 011 -| 02, is reduced40% be-

low the .II'1 ,94 value.

Figure & Diurnal hehavior of Ou(TAL) i1 60
Li 111 as a funcetion of time on November 29 and
30, 1993, Crosses indicate the retrieved mixing

ratios at GO km for a single (50-70 km) solution

layer, with horizontal bar indicating the length of

the observa tion.  ach vertical bar indicates the
rms sum of uncertainties of the derived value, T e
solid curve represents the standard photochienical
model Ox( 'AL) behavior.  The dash ed curve in -
dic ates the photochemical model res ult in the case
where 1< (1102 <[ Q - } 011 - 02, is reduced 40% he-

low tho JP L9 value.




igure 9. Diurnal behavior of ;. Crosses 1

dicate the retrieved mixing ratios at b2 ki o1 «

two layer (4858 and 5872 k) fit to the observa-
tions, with horizontal bar indicating the length of
the observation (6- 12 minutes) and vertical bar in-
lica g the uncertainty of the derived value. 9
rors bars are dominated by pressure oroadening,
uncertainty. The solid curve represents he stan-
dard photochemical model O: Heliavior  The dot-
ted curve indicates the photochemical model ve
sult in the case where k(HOy - O > Ol - Oy) is
reduced 40% below he JPPL91 value. The 4-ycar
zonal monthly mean values determined from SM
UV and 3 (1.27 micron) observations are shown
at the mid 1o late afternoon time period those ob.

servations were made.

Figure 10. Same as figure 9 for GO ki

Figure 11 Same as figure 9 for G8 km

9(
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Sgure 12, Altitude profiles of the Oy ("A,) 1.27
micron volume emission rate. Values determined
Tom SMIS observations made on March 983,
are adopted from figure 8 of Thomas ¢t al. (1984

Diamonds and triangles indicate  he SMIS results

al A1°N and  0°N latitude, respectively, bracket-

ing the 32°N lati ude of Ki Peak. Volume emi
sion rates corresponding to our .2 mm observa-
tions are simply [O2(PA)]x A, and are shown by

the solid and dotted curves for he Einstein A val-

nes 2.6x 1001 Badger ¢t al., 965] and by 071

[Mlynczak and Nesbiti, 1995], respectively, with
one solid and one dotted curve for cach observation

date. Error bars on the solid and dotted curve

correspond to the uncertain ies in Oy (TA,) abun
dances derived from the .2 i observations. Al
tude profliles with one error bar represen one-layer
(Jannary aud April; 1992) retrievals. Altitude pro-
files with two error ha s represent two-layer (Jan-

nary anc November; 1993) retrievals.

30
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O34 hr = 0500, -+ O('D)
CA:J 4 0, > OCP) 4 0('Y)
Q") 41 Ny -5 02("A,) -1 Ny
cﬁ D COy > 05(PA) + CO
O,("%) 4 O3 -2 02(PA,) + Og
Oy(13) 4 0 -» 0,('Ag) 4 O
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Iorror SOIl ce 803 | 60,( A,) | 611L0

coll width 15% 8%, 18%
cali yration 5% 5% 5%
temperature 2% 0% 0%

spectral noise || ~2%, 2-8% 10-20%
RMS Total: 16% | 10-12% | 21-27%




Date Idevation | Integration | Ty :@@AWMWWM:_
Time (hrs)

Jan. 19421, 1992 || 30° 7.0 3340 | 1.094 10%

Apr. 10, 1992 20° 1.0 2100 | 1.314 10%

Jan. 24, 1993 20° 2.0 1150 | 1.034 10%

Nov. 29-1 30, 1993 20° 6.8 1760 | 1.26-1 10%




Kitt Peak:
Num.
[O5)@
TVLR:

SME IR:
[Os]@ 55 km (ppmv)
[O3]@ 65 km (ppmv)

SME UV:

[O3]@ 55 km (ppmv)
[O3]@ 65 kim (ppmv)

Model, JPLY4:
[Os]as/[O
[Os]obs/ (O] moder@ 65 ki

Model, k(11O; - O)=
[Os]abs/ [Os]moda@ 55 kim
[O3)ans/ [O3)moda@ 65 kin

Obs.
55 km (ppmv)
5 km (ppmv)

S
T:o_r o _::

O.GX_C_._A

Jan 1992

*)
504 0.26
0.3441- c.omm

1.65
0.474

913
0.740

Apr 1992

70z

H(2+4 0.085

1.46
H08

118
11

0.9941
0.926

Jan 1993

«J

1.71-1 0.29
J.543-4 0.092

1.65
0.474

Nov 1993

9
1.44-4 0.24
0.338:4 0.057

1.59
0.401
0.412

1.04
0.889

0.883
0.740




Kitt Peak:
[H,0]@ 55 km (ppmv)
[11,0]@ 65 km (ppmv)
Table Mt.:
[11,0]@ 55 km (ppinv)
[11,0]@ 65 km (ppmv)
UARS MLS:
[H,O0]< 55 ki (ppmv)

Jail 1992

6.5 1.6
6.3 1.s

~

6.2-1 1.4

Apr 1992

Al

G.94 1.7
584 1.5

U =]

6.9:11.6

Jan 1993

Nov 1993
6.4-1 1.7
4.8-1 1.2

(.0
6.0
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