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Abstract.

Microwave (A ~1 "2 mm) spectral emission line observations Of HQO,, Oy, and HEO
from the upper st ratosphere and mesosphere (45-80 k) were obtained in April 1992,
January 1993, Apriland December 1996, using t he Kit t Peak National Radio Astronomy
Observatory (NRAQO). Significant improvements to this, the ouly method for making
mesospheric HO, measurements, have been made with hardware upgrades allowing ob-
servation Of a stronger emission line than described in previous work. 1)at a analysis has
been improved by (1) recalibration of the (primarily ast ronomical) instrument for atmo-
spheric st udies, (2) incorporation of updated laboratory spect roscopic work, and (3) use
of an improved photochemical model. 1)iurnal HO, dat a analyses employing 30 minut e
to 2 hour observations show measured HO, abundances at 50-80" km alt it ude are 23-47(X,
higher than photochemical model values at mid-day, agree wit h model values prior to
9am, and exceed model mixing ratios by 1 00% iinmediat ely after sunset. Coordinated
diurnal mcasuremerits Of mesospheric Oy find a model Oy deficit consistent with model
underpredict ion Of ozone scen in all comparable dat a sets. The ozone model deficit and
9am-6pm HO, model deficit ave simultancously resolved with a 40(X) reductionin the rate
coeflicient k(HO, 4 () - » 011 -1 ()). We briefly review other modeling studies Of this rate
change, indicating it has negligible eflect in the lower stratosphere and ilmproves a diverse
set Of 1110(2(' 1 vesults from the 11])] )(7 1" stratosphere 0 mesopause. We argue that the factor
of two model underprediction of post-sunset HO, 1S driven by rapid conversion of () to
O3 in the absence Of photolysis, and resultant conversion Of H to HO, in the 70-80" km

altitude range.



1. Introduction

The HO, family (HO,, OH, and H) contributes to ozone 10SS processes throughout
the atmosphere via catalytic O, (Oj and ()) destruction, and completely dominates O,
10ss above 55 Kill [eg.  Bra sscur and Solomon, 1 986]. Despite the impor tance Of these
odd-hydrogen species in the mesosphere, their abundances there are poorly constrained
1)-y measurements.  Balloon measurements in the low to mid-stratosphere [Traub et al.,
1990; Stimpfle et al. 1 990; Park and Carli, 1991 ; Stachnik et (/7., 1 992] find [HO,] values
IN agreement with photochemical model predictions up to 40 kin atitude, but the highest
(upper st ratospheric) balloon measurernents [ Traub et al., 1 990; Stachnik et al.,1992] find
models underpredict [HOy] by about 30% at 40-50 k.

The first mesospheric measurements Of 110, were made using ground-based mi-
crowave spect roscopy by Clancy et (/1. [1 994a], who found a large excess Of measured
HO, relative to photochemical model abundances at 50-75 kin. Model underpredict ion
of mesospheric [HO,] IS @ surprising result in the context Of model underprediction of
ozone (the long-standing ozone deficit problem, which has been reduced by roughly one
half through changes in the rate cocflicient for OH + HO, - } O, -t H,O)[Solomon et al.,
1983; Clancy ct al., 1987; Eluszkicwiczand Allen, 1993]. Most changes to t he phot o-
chemical model that reduce the HO, deficit increase ozone destruct ion and worsen the
model O3 deficit. Clancyctal. [199-18] showed t hat @ decrease in the accepted JIPL92
rate coeflicient for O 4 HQO, - » OH -1 Oy would simultancously reduce both the HO, and
Oy deficits. Another consequence Of decreasing the rate of this HOy partitioning reaction
IS a decrease in OH abundance below t hat predict ed wit h t he standard phot ochemical
model.

Subsequent mesospheric [OH] measurements [Summers et al., 1996; 1997; Conway
et al., 1996] indeed found 30 to 50% model overprediction of [OH] at altitudes 50-70”
km, an OH model surplus that Summers et 01 [1 996;1 997] show IS resolved by a 50%

reduction in the () +HO, — 011 + O, rate cocflicient.  AS for the case of HO,, OH



measurements below 40 km [eg Pickett and P el erson, 1 996] are in general agreement
with m odel prediction.

The implications Of a reduced K(() -1 HO,) rate coeflicient on aspects Of atinospheric
chemistry other than mesospheric HO,, 011, and Oy are generally consistent with, and
supportive Of this change. Sandor et al.[1 997] used t he rat ¢ change t 0 resolve a lower
mesospheric O, (' A,) model deficit that parallels t he Oy deficit. In @study of exothermic
chemistry, Siskind et al. [1996] found a reduced value for k(O -1 110,) alleviates @ model
cold bias in the upper mesosphere. Model underprediction of column CO above 64 ki 1S
described by Solomon et al. [1 985], who discuss @ model overestimate of O abundance
as onc possible reason for the C() underestimate. Kh osravi et al. [1997] show that 40%
reduction Of the () 41O, rate coeflicient, in coordination with assimilation of Upper
Atmospheric Rescarch Satellite (UARS) ClO, and NO, data and UKMO temperature
data, climinates the ozone deficit in the upper stratosphere. The O 4 HO, reaction IS
unimportant in the lower stratosphere, where both HO, and atomic oxygen abundances
are very low. Chin et al. [1997] show, for exa mple, that 1O, is responsible for less
than 1% 0f lower stratospheric Oy destruction.  Surnmers et al. [1997] find that a 50%
reduction of the ()-1 1O, rate coefficient implies changes of less than 10% to 011 and
HOy abundances 1riow 30km.

Since the Clancy et (/1. [199-41] result, hardware improvements have allowed ob-
servations Of @ stronger 1O, emission line, resulting in new data with improved s/n.
Observati ons of the 233.9 GHz OO0 line [San dor and Clancy, 1997] have heen used to
improve calibration Of the Clancy et d. [1994a] mecasurcment system. In work presented
below the effect of this new calibrat ion, together with use of an improved photochemical
model [Siskind et al., 1995] and application to a larger HO, data Set, leads to corrobo-
ration of the Clancy ¢t 01, [1994@] conclusion. From mid-day high signal to noise (s/n)
observations on SIX dates, we mecasure HO, abundances 23% to 47% higher than model

prediction for altitudes 50-80 k. Model agreement with the data 1S substantially im-



proved for a 40% (two sigina) reduction of K(() -1 HO,) below the accepted ,1171,9-1 value
[DeMore et al., 1991, henceforward referenced as 31 ‘1 .94, This rat ¢ iS unchanged from
the ,II"1,92 value).

2. HO; Photochemistry and Photochemical Modeling

HO,, OH, and } 1 are rapidly interconverted during 110, catalyt ic ozone destruction
cycles. For 50-70" km altitude, HO,, O, and H individually have chemical lifetimes
<10 seconds, while the lifetime of 1O, IS about an hour. Above 70 kin, 110% and Ol
lifetimes become shorter while the HO, lifetime increases to one day a 80 km [Brasseur
and Solomon, 1986]. HO, production for these @t it udes IS dominated by Schumann-

Runge Band photolysis and O(* 1)) oxidation of wat er:

H,0 4 he -5 011 -t 11 (13)

H,04 (1) - »OH-1OH (RD)

HO, removal pr-oceeds viareact ions among 11()X species. Below 75 kin, the important

HO, destruction reaction iS:

()I] - II()Z - >}lz()'1 ()2 (}{‘1)

with atomic hydrogen playing a more important role a higher altitudes.

HO, partitioning reactions, which interchange H, OH and HO, without changing
the total of their concent rations, determine t he rat io [1102 J/[O1]. ™ Yor 50-80 km the
important partitioning reactions are R5, R6, R7, and R1 1 (table 1). From these one can
write algebraic expressions for the photochemical equilibrium concentrations of the [1OX

species and S0il'( for the HO, /O ratio:



Oy ks [O,][M] | (1)

M) ke ko [O,) [M] -1 ki (0]
Asvpart of the datainterpretation @once dimensional photochemical model [Siskind et
al., 1 995] was used to calculat ¢ t heoretical abundances of chemical species as @afunction of
time of day. This 1110( 1( "1, an updated version Oft hatusedby Ruschand Eckman[1985]and
by Clancy et al. [1994a], calculat es species abundances at 2 ki int ervals for altitudes of
36-82 kin. Species with phot ochemicallifetimes suflicient Iy long, that horizont al t ransport
IS important are specified as model inputs. The key long-lived species for this study 1S
water, for which the input profile is derived from the 203 GHz HPO observations. We use
HIEO as a proxy for the normal isotope, HO, based upon observations showing the ratio
[HIEO]/[HIP0] in the atmosphere IS constant within a range l€ss than 4 2% [Kaye, 1987].
Model HO, and Oy abundances scale as [H,0]% and [H,0) V2, vespect ively [Clancy et
al., 1 994a], so a (typical) 4 20% uncert ainty in imcasured wat er vapor corresponds t 0 10%
uncertainties in model HO, and ozone. 1t 1S significant that an crror in water vapor input
to the model produces errors in model HO, aud Oy that are opposite in sign, bhecause
this me ans an error in mcasured w ater vapor cannot cause the observed simultaneous
underpredictions Of HO, and O,
The standard version of t he Siskind ¢t al. [1995] model includes some 50 photochems-
ical react ions. React ions relevant to mesospheric 110 chemist vy are list ed in Table 1.
The standard model was run with ,171,{ )-4 reactionrates.  Altered versions Of the stand-
ardmodelwererunby perturbing reaction rat es relative t o 1’1 91 valu es. The modified
model version of most interest differs from t he standardmo del in t hat it uses a rat ¢
cocflicient for HO, 4 () - » 011 + O, reduced 40% (twice the quoted uncertainty) below
the standard 11" 1,94 value. The focus on t his reaction follows from Clancy et al. [199 4a],
where the 40% magnit ude of t he pert urbation IS det ermined from HQ, observat ions de-

scribed in the present work.
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3. Observations and Data Analysis

Observations of 110, at 254.55153 and 260.56586 G112, Oy at 249.7886 Glz, and
HIEO at 203.40752 Gz were made from Kitt Peak Arizona (32°N,112°W), using the Na-
tional Radio Astronomy Observatory (NRAO)* 12-meter radio telescope and microwave
receivers. HO, observat ions were made at 255 GHz prior t 01 deceinber 1995, and at 260
Glzsubsequenitly. The 260.6 GHz 1O, line IS preferred because 1t 1S 58% stronger t han
the 254.6 GHz line [Pickett et @., 1996]. The weaker line was used for carlier observations
owing to problems with tuning the receivers to the higher frequency, which is closer to
the putative edge of t he 200-265" Gz receiver sensitivity.  Experience has led to the ca-
pability Of tuning withconfidenceto 260.6 GHz, with noise comparable to that at 254.6
GHz. [HFO] is measured as a proxy for [H,0], which iS used @ an input to the pho-
tochemical miodel. [O3] measurements are iimportant for understanding the relationship
between HO, and OX chemistry discussed in the preceding section.

Observations are made with the telescope at 207 or 307 elevation and fixed azimuth.
Species abundances arc roughly linecarly propottional t o spectral bright ness t emperatures
for these optically thin emissions, and the cor responding rotational states are in local
thermodynamic equilibrium Well into the thermosphere. Line strengths, as well as line
center frequencies and rotational state energy levels are taken from the JPI microwave
spectroscopy catalog [Poynter and Pickett, 1985; Pickett et al., 1996]. Line shapes follow
a Voigt profile dominated by collisional (pressure) broadening up to altitudes of about
5 ki, Thermal (Doppler) broadening becomes important above 65 kin, and dominates
the line shape above 75 k. The exponential dependence of pressure on altitude allows
derivation of species altitude dependence from line shape for altitudes where collisional
broadening is important. A frequency switching procedure is used to remove the base-
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line, making the observations insensitive to (very broad) emission from below about 45
km. Species abundances are retrieved from spectral data using an iterative least squares
inversion to minimize the summed squared residuals between the data and a synthetic
spectrum corresponding to the retrieved species altitude profile. More detailed discus-
sions of microwave radiative transfer, frequency switching, and least squares inversions
are providcd in Clancy and Muhleman [1993] and Clancy ct ol. [1991a). Retrievals require
an assumed temperature profile, which we adapt from the CIRA 86 [Fleming et al., 1990]
and expanded Solar Mesospheric Explorer (SME) [Clancy ot al., 1991h] climatologies,
and from which we calculate hydrostatic equilibrium pressures. Reasonable deviations
from climatological temperatures lead to 0% to 2% retrieval errors.

Subsequent 1o Clancy et al. [1994a], improvements to the microwave data analysis
have been made by recalibrating the Kitt Peak observations [Sandor and Clancy, 1997],
and by incorporating recent laboratory measurements of HQO, spectroscopic parameters
[Chance et al., 1995; 1997]. The need for a recalibration follows from the atmosphere
filling 27 steradians of sky, while standard Kitt Peak calibration procedures are designed
for obscrvations of small angular size astronomical objects. The result of the recalibration
is that 209 clevation observations have their brightness temperatures revised downward
by 16%. While this reduces retrieved [11O,] by 16%, it also reduces retrieved [HYFO] (used
as a proxy for HyO [Clancy et al., 1991a]) by 16%, thereby decrcasing the measured water
abundance used as an input to the photochemical model. Since model [HO,] scales as
[}Iz()]’/Q, the new calibration reduces modal underprediction of [HO,] by only ~8%.

For HO,, hyperfine splitting of the 254 and 260 GHz HO, lines by 240 and 440
K1z, respectively, and updated line strengths [K. Chance, personal communication, 1997
have been incorporated in the data reduction procedure. Updated strengths for the four
hyperfine components amount to a 3.9% decrease for the 254 GHz line and a 3.2% increase
for the 260 GlHz line relative to the JPL catalog values.

The pressure broadening cocflicient (V) for these HO, lines remains unmeasured.
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de Zafra et al. [1984] estimated Ve, = 3.1 ().6 MHz/hPafor thelr stratospheric obser-
vations of HOy lines @ 265.690, 265.732, and 265.770 Gllz, basing that estimate on
an approximately lincar relationship between dipole strength and Ve, for a number of
ot her molecules wit h well known microwave and in frared pressure broadening behaviors.
Nelson and Zahniser [1wi] LZ11CWIll'(d V., = 3.2040.27 MHz/hPa for an } 102 line in the
17, vibrational band corresponding to the pure rotat ional line at 578.196 GHz. Chance
el al. [1 994]measured Vi, - 4.1640.38 MHz/hP’a for the HO, line at 2.1878 THz. We
interpret the Nelson and Zahniser [1994] measurement @S verification of the de Zafra el
al. [1984] estimate, and the Chance et al. [1991) measurement as indicating Ve, increases
with transition frequency. Based on these measurements, we continue to use the de Zafra
el al. [1 984] value, but with reduced uncertainty, Vi, = 3.14 ().3 MHz/hPa. 10% un-
certainty in the pressure broadening coeflicient corresponds to O-8% uncertainties in the
ret rieved mixing ratios.

Spectral data for the 260 and 254 GHz HO, lines are shown in figures 1 and 2,
respect ively. Cont ribut ion functions (figure 3) corresponding to the (figure 1) 260 Gllz
spectrum are indicative of altitude resolution Of the retrieval. Minimum half-widths of
arc 10-15 ki, delimiting the t he best possible alt it ude resolution.  Contribution functions
indicate the relative cont ributions of HO, at different alt it udes t 0t he observed spect rum,
and correspond to the weighting functions [Clancy et 01., 1994a] multiplied by the HO,
mixing ratios. Figure 3 indicates most Of the information content of an HO, spectrum
derives from cinission near 70 ki altitude. Retrieved HO, abundance at any altitude is

well approximated by [Rodgers, 1990]:

Xyeto Xa -t A(xtlu(- - Xa) (2)
where Xpo, Xa, and X, are vectors representing the altitude distributions of retrieved,
a priori, and true species abundances. Rows of the matrix A are the averaging kernels,

cach of which describes how differences between the true and a priori mixing ratio profiles



contribute to retrieved species abundance at a given altitude.

4. Results and Discussion

Figures 4 and 5 show HO, altitude profiles derived from the (figures 1 aud 2; respec-
tively) 260 and 2564 GHz HO, spectra. Also shown in figures 4 and 5 are HO, profiles
from the photochemical model. Formally, the retrieved profile should be compared with

[Rodgers, 1990; Connor et al., 1994]:

X = X, - A(xm(»(l('l - Xa) (3)

rather than directly with the model. Comparison of equations 2 and 3 reveals that X 1S
what the retrieval algorithin would find if the true [HO,] profile were given by Xpodel-
Because the a priori profile used for all our HO, retrievals is the standard photochemical
model result using ,11'1,94 rate cocflicients, the standard model [HO,] profileis identical to

its corresponding % vector. The model result with 40% red uced k(HO, + ()- > O11 4 O,)
differs from itS corresponding % by -1 6% to - 7% in figure 4, with a difference of - 4%
near 70 km, where the contribution functions (figure 3) peak. Diflerences between Xy, o gel
and corresponding X are similarly small for other retrievals; the % behavior relative to
Xt el shown infigure 4 is representative.

Figures 1 and 2 show, in addition to the data, synthetic spectra corresponding to the
retrieved and model [HO,] profiles. (A synthetic spectrum corresponding to @ retrieved
[HO,] profile is the best fit to the data.) It IS clear that the standard photochemical
model implies synthetic spectra well outside the noise of these measurements, and that
the model result with 40% reduced k(HO, - O-> OH -t (3,) IS almost indistinguishable
from the best fit to the data.

AS discussed above,cachphotochemical 1110111 calculationrequiresawater profilein-

put, which we derive fromn a 203 GHz HEO observation. A represen tative HFO spectrum
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is shown in figure 6. Figure 7 presents water profiles used as model inputs for the periods
of HO, observations, and table 2 compares the Kitt Peak water vapor measurements with
measurcments made with the 22 GHz ground-based facility at Table Mountain, Califor-
nia [Nedoluha el al., 1995; 1997) and with the Microwave Limb Sounder (MLS) on the
Upper Atmospheric Rescarch Satellite (UARS) [Lahoz, 1991; Lahoz ¢t al., 1996]

HO, observations were made at 255 GHz on April 11, 1992 and January 23, 1993,
and at 260 GHz on April 3, November 30, and Decemnber 1 and 2, 1996, Measured
mixing ratios for these observations for altitudes 50-80 kin and local time 10am-2pm
exceed those of the standard photochemical model by 47:4 12%, 404 10%, 264 7%, 23+ 5%,
304 7%, and 264-3%, respectively, where the stated uncertainties are one sigima s/u values.
Other sources of error in the HO, measurcients are calibration (5%) and the HO,
pressure broadening coceflicient. (5%). The water vapor profile used as an input to the
photochemical model contributes 8-10% uncertainty to the ratio of observed to model
1O, abundances. From this, we conclide that observed HO, mixing ratios are 354 10%
higher than model values in the lower mesosphere (50-80 k), in agreement with balloon
measurements of a 30% 10, model deficit in the upper stratosphere (40-50 km). With
the model reaction rate k(HO, - O - » O 4 O,) reduced by 40%, predicted HO, mixing
ratios increase by 25-28% for the conditions on these six measurcement dates, in agrecment
with measured values. Bach of these observations was re-analyzed to obtain improved
altitude resolution (with consequent increase in s/n uncertainty), as shown in figures 4
and 5. Table 3 sumiarizes this higher resolution analysis, with guoted mixing ratios at

60 and 70 ki representing layers approximately 50-65 and 65-80 ki, respectively.
1 g Ia; P \ ; I \

4.1 HO, Diurnal Behavior

A diurnal analysis was performed for observations made April 11, 1992 and January
23, 1993 at 255 GHyz, as well as for observations made April 3 and November 30 - De-

cember 2, 1996 at 260 Glz. Long integrations, such as those represented by spectra in
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figures 1 and 2, were broken into much shorter time intervals, obtaining high temnporal
resolution with lower s/n. Observations from the three days November 30 - December 2,
1996 were combined to give a single diurnal period, and spectra from that period corre-
sponding to 30-60 minute intervals were individually fit. Longer time bins are required by
the noisier observing conditions on other dates. Figures 8 and 9 show diurnally resolved
HO; measurements at 70 ki, representing HO, at altitudes 55-75 kin, for January 23,
1993, and November 30 - December 2, 1996, respectively. Also shown are the correspond-
ing photochemical model caleulations for cases with standard chemistry and with 40%
reduced k(HOz 4 O —> OH - O,). April 1992 and April 1996 diurnal results are similar.

HQO, underprediction by the standard model is most clear and consistent near mid-
day, when abundance is highest and spectral signal is strongest. The modified photo-
chemical model clearly gives a better mateh to these mid-day observations than does
the standard model. For three of the four diurnal analyses (excepting December 1996),
model underprediction continues through the afternoon. The carliest morning (prior to
~9:30am) [HO,] measurements are anomalously low on all four observation dates, and
are better fit by the standard than modified model. Early evening [HO,] measurements
in January 1993 and Decemnber 1996 (the only two dates on which evening measurements
were possible) are 100% higher than the standard model, and 4 to 6 sigina higher thau
even the modified model.

Measurements in carly-mid morning through late afternoon are broadly consistent
with the modified photochiemical model and 40% reduction in k(HO, -+t O - > OH - O,).
However, the carly evening observations arve clearly not explained by the model and merit
further discussion.

Production of HO, depends on photolysis of water and methane, as well as oxidation
by O('D), itself a product of Oy photolysis. HO, production thus stops at sunset and
cannot be the cause of the sunset HO, increase seen in figures 8 and 9. The remaining

process to increase HO, abundance is to shift the HO, partitioning by conversion of



OHor H to HO,. A sudden jump in [HO,] a sunset IS expected at 50--60"  km due to
the very rapid conversion Of () to Oz and sudden al)st’lice of’ O3 photolysis as a source
of () [eg Allenctal.,, 1984, and the diurnal Oz observations described below]. With
the disappearance Of atomic oxygen, the HO, + O -» Ol 4 O, conversion of 1O, to
O ceases, while reaction © Oy with O to form HO, coutinues. leum’er, this sunset
partitioning of HO, to favor HO, at the expense Of OHiSless important @ 70 ki, where
It is seen in the photochemical model (@t higher tinie resolution than presented in figures
8 and 9) as a small effect. Because the p ressure-b roadened half-width of the HO, line
below 60 km 1S >1 Mlz, the narrow line ohserved at 6-7pmn (figure 10) rules out the
possibility of a large repartitioning of OH to HO, at 50-60 ki being misinterpreted as
an increase in HOy at 70 k.

The following photochermical equilibrium expression for the [HO,] to [H] ratio may

be derived from the HOy partitioning reactions RH, R6, R7, and R11:

[HO21 - [O4)[M]
] kelO)] 4)

Equation 4 1S not expected to be rigorously true atsunset, because photochemical equi-
librium conditions do not hold at t hat t iine.  However, it doces indicate that @ large
repartit ioning Of H to 1O, will be driven by the rapid conversion of () to Oy a sunsct.
While the spectrum in figure 1() could be produced by very large HO, abundances
above the 82 ki maximum altitude Of the photochemical model, the 1-2 hour decay  Of
the observed evening HO, peak seen in t hie 1ecernber 1996 data indicat es T he signal must
come from the 70-80 km altitude regime where HO, lifetime of one to several hours 1S
consistent with the observed decay. The short lifetime of atomic oxygen (20 minutes at
70 Kill; 2 hoursat80km) IS consistent with rapid conversion Of H to HO,. TheStrong
altitude dependence of late afternoon mixing ratios of Hand O (cach increases one to
two orders Of magnit ude from 70-80 kin)andat omic oxygen lifet irne Wit hin t his alt it ude

regime imply the evening junmp in HO, abundance iS @ strong function of altitude. It is
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possible the 2 km vertical resolution Of the photochemical model IS not adequate t o fully
capture this behavior. Model diurnal HO, mixing ratios shown in figure 11 illustrate
the extreme altitude dependence of HO, behavior at dusk, partienlarly int he 76-78 ki
range.

The narrow 6-7pm emission line can only be produced by HO, above 70 ki, where
line width is dominated by (altitude inde pendent) therinal broadenin g, and helow 80 kin,
where chemical lifetimes are sufliciently short to allow the observed rapid change. We
believe the observed very high post-sunset 1O, abundances reflect @ rapid conversion of
70-80 kin H to HO, that is driven by partitioning of O to Oy, and which IS too strong a
function of altitude to be represented in the photochemical model. Improved modeling

of evening HO, behavior IS a goal of future work.

4.2 O; Diurnal Behavior

We also obtained high s/n measurements of the 2°19.7886 GHz Oy line with 6-12
minute integrations. Figure 12 presents a typical spectruim. The observed Oy criission
line is significantly different from the synt hetic spyectrum correspon ding to the standard
theoretical ozone profile, as a consequence of themodelozone deficit. The synthetic Oy
spectrum corresponding to the modified model 1S nearly indistinguishable from the best
fit spectruin, which parallels the behavior scen in the (figures 1 and 2) 110, behavior.
Pigure 13 snow Oy altitude profiles corresponding to the spectra in figure 12, The
retrieved Oy altitude in’ofi]c is consistent with the modified photochemicalmodel and
withthe SME UV and IR monthly zonal means, but displays mixing ratios significantly
higher than predicted with the standard photochemical model.

Diurnal O3 behavior was measured Jauuary 23-25, 1993, by collecting cleven 249
GHz O3 spectra and combining them to form a single diurnal period. Interleaving of
the Oy and HO, observations on January 23, 1993 leads to the gaps in HO, diurnal

measu rements shown in figure 8. Figures 14-16 present measured diurnal Oy behavior at



three atitudes. Vertical eror bars indicate uncertaiuty in derived mixing ratio, whichare
dominated by t he effect Of an 8% uncertainty in t hie collisional broadening coeflicient. S/N
uncertainty IS very small, as reflected in the small vertical scatt (1" of the measurements.
The length of each observation was 6 or 12 minutes.  The standard model Oy deficit
IS cvident throughout the day, and IS consistent with the deficit scenin al comparable
mesospheric Oy data sets. Mode] underprediction of Oy abundance increases with altitude
(from 20% at 55 km 1o 40% at 65 kin during daylight hours [Sendor et 01., 1997]), and is
substantial ly eliminated with the 40% reduced HO,+4 () rate coefficient. * 1" 11( simultaneous
observations Of diurnal HOy aud O3 behavior (figures 8 and  14-16) obtained in January
1993, demonstrate that the 10O, and O3 model deficits occur simultancously.

The rapid drop in Oz abundance a sunrise (figures 14-16) IS due 10 photolysis Of O
into () and Oy; the rapid Oy increase at sunset IS driven by three body recombination
of o with O,, and t he sudden absence of photolytic O3 10ss. Be cause atomic oxygen
abundances change muchmore quickl y at twilight than do any of the HOy species abun-
daunces, the twilight HO, chemistry is largely driven by these chiatiges incatomic oxygen,
as discussed in the preceding sect ion in t he context of observed very large post -sunset

HO, abundances.

5. Summary

Microwave spectra of HO,, Oy, and HPO are inverted to retrieve mixing ratios of
1HO,, O3, and 11,0 in the upper stratosphere and mesosphere (45-80 k). The focus of
this study is on mesospheric HO,, which is uniquely determined with methods described
in this paper. Fmission line shapes have been fit to obtain altitude resolution of 10-15 km
within the 45-80 km range. HO, and Oy observations are binned into integrations of 30
minutes - 2 hours and 6 - 12 minutes, respectively, to characterize the diurnal variability
of cach species. Ho0O abundance derived from HI*O observations has been used as an

input to a dinrnal photochemical model, with which theoretical HO, and O3 abundances
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are calculated for comparison with t he observations.

The present WOrk is an updated study, expauding on the init jal data and analysis
reported by Clancy et 01. [1 994a]. Improvements include use of dat afrom additional ob-
servations made since the Clancy et al. [1 994a] anal ysis. ardware impr ovements have
enabled observations of an HO, line a 260 GHz that is 58% stronger thau the 254 GHz
line used previously. Laboratory spectroscopic st udies have provided values for t he hyper-
fine splitting of HO, lines [Chance etal., 1995;1 997; K. Chance,personal communication
1997) as well as increased confidence in t he estimated }102 pressure broadening coefli-
cient [Nelson and Zahniser, 1994]. The zero dimensional photochemical model [Rusch
and Fekman, 1 985]) employed by Clancy et al. [199-11 has been substant ially improved
[Siskind et 01., 1995], with the model’s upper altit ude limit extended to 82 k. The Kitt
Peak facility’ sabsolute calibration, designed for ast ronomical observations, has @'so heen
revised for atmospheric observations [Sandor and Clancy, 1 997].

O3 abundances observed at Kitt Peak are consistent Wit b other obser vat ional dat a
sets, such @S the SME IR [Thomas et al., 1984] and UV [Rusch et al., 1983] monthly
zonal means, but are 20%0-40%" higher than t he model predicted values (figures 14-16),
wh ere t he model vs data disagreement increases withalt it ude. This model underpredic-
tion IS consistent with the long-standing ozone deficit problem [Solomon et of., 1983],
as modified by changes to HOx 10SS rates [e.g. Clancy et al., 1987]. Oy diurnal obser-
vations show model underprediction 1S consistent throughout the day. Mid-day 50-80
km 1 10, observed abundances, which provide the St rongest signal and therefore best
s/n, are 23% to 47% higher than model prediction. 110, observations are consistent
with the standard model for roughly 7 to 9 am, andare 1 ()()X higher t han model pre-
diction for 6-7pm, just after sunset. Model 1102 values for 9am to 6pm, as well as Oy
values for al times of day, are brought into agreement with the model for a 40% (two
sigma relat ive t 0 JP1.94 recommendat ions) decrease in the value Of the reaction rate

cocflicient, k(HO, -1 () — > OH - O,). Ot her consequences Of this rate coeflicient change
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include (1) decreased model OH, resulting in immproved agreement with MAHRST mea-
surements [Summers et al., 1997], (2) increased model CO, improving agreement with
ground-bhased microwave observations [Solomon et al., 1985], (3) increased upper meso-
spheric model temperatures, again improving agreement with data [Siskind et al., 1996],
and (1) reduction of the model ozone deficit at 40-50 km altitude [Khosravi et al., 1997].
This rate change has negligible cffect on lower stratospheric chemistry [Chin et al., 1997;
Summers et al., 1997].

The factor of two model HO, underprediction at dusk is not resolved by the rate
cocflicient change. We believe this problem may indicate that twilight chemistry between
70 and 80 kin is too strong a function of altitude to be adequately represented with the

model’s 2 kin altitude resolution.
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Figure 1. 260 GH1zHO;spectrumobserved 10):00-14:0() local time, averaged over three
days Noverpher 30 - December 2, 1996. AISO show are synt hetic spectra corresponding
to the best-fit (S0lid), standard photochemical model [HO,] altit ude profile (dotted), and
photochemical model with 40% reduced k(HO,4 O) (dashed). The standard model syn-
thetic spectrum demonst rates model underprediction of [110,]. The reduced k(1 102+ O)

synthetic spectrum is almost identical to the best fit.

Figure 2. Same as figure ), but for a 255 GI 1z 1 1Oy, spect rum, observed 07:15-1 7:30,

January 23, 1993.

Figure 3. 10, 260 GHz contribution functions. These indicat ¢ the source alt it ude
and relative weight ings of contributions to observed spectra. For example, the difference
between signalat ().125 and 1.125 MHz from line cent er (dot ted curve) is most sensitive
to emission from ~62-74 k. Thiese contribut ion funct jons are t he weight ing funct jons

in Clancy et al., [1994a], multiplicd be the HOy mixing ratio.

Figure 4. HO, mixing ratios corresponding to the 260 GHz spectra shown in figure 1.
Dotted profile is the standard photochemical model result and is the a priori profile used
for the retrieval. Dashied line is the photochemical model result with rate coeflicient for
HO,+ O reduced 40%. The dot-dashed line shows the profile that would be retrieved

(the % values defined by equation 3) if the true profile were the dashed profile.

Figure 5. HO, mixing ratios corresponding to the 254 Glzspectra shownin figure 2.
1 Yotted profile is t he standard photochemical inodel result and is the a priori profile used
for the retrieval. Dashed line is the photochemical model result with rate coeflicient for

HO3+4 o reduced 40%.

Figure 6. The 203 GHz spectrum of H*0, observed April 10, 1992, The 2560 KHz
resolution data are represented by the histogram. The dashed curve is the best it to the

data.
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Figure 7. H,0 altitude profiles retrieved from observations on the indicated el ates.
Error bars on each prrofile represent 1 -sigma S/N uncertainties for altitude bins 48-58
and 58-70 km. No H*O observation was madein April 1996; the solid curve (present ed
without error bars) indicates clilmatological values for t hat dat ¢ used as input to the
photochemical model. Dotted curve, April 10, 1992, Dashed curve, January 23, 1993.

Solid curve, April 3,1996. Dot-dashed curve, December 2, 1996.

Figure 8. 55-75 ki diurnal HO, behavior on January 23, 1993, Solid horizontal lines
indicate retrieved mixing ratio at 70 km, and have length corresponding to the duration
of each observation. Solid vertical lines indicate the I-sigma g /1 error. Dotted horizontal
lines indicate the standard photochemical model values. Dashed horizontal lines indicate

model values with k(HO, 4+ () > OH + O,) reduced 40 %.

Figure 9. Samc as figure 8, but for 260 GHz observations 011 NGvember 30- D ecember
2, 1996. Data from the three days have been collect ed into a single diurnal period,

improving s/n to allow hetter time resolution (30-90" minutes).

Figure 10. 260 GHz 1O, spectruny, observed 6 -7pmn, Noverber 30 - December 2, 1996.

Figure 11. Model HO, diurnal mixing ratios For December 1, 1996, Altitude depen-

dence of HO» time behavior is very strong, particularly just after sunset.



Figure 12. The 249 GHzspectrum of Oz, observed at 1300 LT, April lo, 1992, The
250 K1z resolution data are represented by the histogram. The dashed curve is the best
fit to the data, and the dotted curve is the synthetic emission line corres ponding to the
standard photochemical model Oy altitude profile. Plus’s indicate the synthetic spectrum
corresponditg to the photoche mical mod ¢l Oy profile for k(110,40 - > OH 4 () reduced

40%; this spectrun i almost indist inguishable from the best fit.

Figure 13. Representative Oy altitude profile. The solid curve was derived from the
249 Gz data shown in Figure 12, Brror bars indicate pressure broadening, calibration,
and 1-sigma S/N uncertaintics for altitude bins 48-58 and 58-72 km. The dotted line is
the standard photochemical model result, corresponding to the dotted line spectrum in
Iigure 10. The dashed line is the photochemical model result with the indicated rate
change, corresponding to the plus’s in figure 12, Also shown are the 4-year monthly
mean values derived from SME IR [Thomas et al., 1984] and UV [Rusch et al., 1983]

observations.

Figure 14. Diurnal behavior of Oy on Jamuary 23-25, 1993, Crosses indicate the re-
trieved mixing ratios at 52 ki for a two-layer (48-58 and 58-72 k) fit to the observations,
with horizontal bar indicating the length of the observation (6-12 min) and vertical bar
indicating the uncertainty of the derived value. Errors bars are dominated by pressure-
broadening uncertainty. The solid curve represents the standard photochemical model
03 behavior. The dashed curve indicates the photochemical model result for the case
in which k(HOy + O —> OH 4 0,) is reduced 40% below the JPLY4 value. The 4-year
ronal monthly mean values determined from SME UV (dot-dashed line) and 1R (1.27
pan, dotted line) observations are shown at the middie to late afternoon time period

during which those observations were made.
Figure 15. Same as Figure 14 for 60 k.

Figure 16.Same as Figure 14 for 68 k.
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“,Hm‘_zo 1. HO, and Oy Reactions

Reaction Rate

R Oy4 hr-> 040 A < 242

J2a O34 hv->044 O ) A < 310nm

J2b  O44 hr > O, ( A < 1140nm

J3 HoO -+ her > 11+ Ol A < 242mn

J4 1,0, 4 he » 0 4 Ol A < 870nm

R1 1,0+ O('D) -»20H 2.2x10° 10

R2 1L, 4 O(D)-»>H+ ON 1.0x10° 10

R3 M+ HO,-» 1Lt O 81x10 '

R4 OH4 HO, -»> 11,04 O, 4.8%x 10 Me2a0/T

RH  C. 40O »yHHA Oy 2.2%10 1ipt20/1

R6  HO,4 O--C 1 0Oy 3.0x10° 2001

R7  H+4 O,4 M-»>HO, 4 M 5.7x10 #2(1/300) ¢
R8O+ Oy »20, 8.0x10 12 206071
R1I0 O+ O, 1 M-> 05+ M 6.0x 107 31('1/300) 2*
RIT 114 Oy » O+ O, 1.4x10 10¢ A70/T
R12 O 1 0; »HO, 1 O, 1.6x 10 e 010/
RI3 C 14« y 11,0+ ( 4.2%x10° 12p2tort

R14 (ot HOy 2 H,05 1 Oy 2.3x .0 et
R15 HO, + Oy »20,- O1 1 1x.) Mg B00/w
R16 1,0, 4 O -» H,0 4 HO,  2.9x10° e 16o/ v

1O, and Cymwgi,::_w used in photochemical model.
Rates are JI’1.94, in cgs units. Model runs also include
NO, and ClOy chemistry not listed here.



Table 3. HO310-15 km vertical resolution dat a-model comparison.

HO,(observed) /HO, (inodel)
Time, prwave HO(pphv) JP1.94 rates 0.6xk(HO,+0)
Date I.ST €70k @ GOkm @70kin @60k @70kin @G0k
11 A 92 0800-1600 3.5940.85 0.674 0.36 1.55:4().42 0.9240.50 1.1740.31 0.6840.38
23 Jan93 0715-1730 2.48:4 0.54 0.584 0.18 1.4940.39 1.0840.36 1.1340.31 0.7940.27
3AproG 0730-1800 2.984 0.46 0.754 0.18 1.38,1 0.29 1.09:10.29 1.044 (.22 (.84 0.21
30Nov96  1(00D-1400  2.3740.54  0.9540.14 1001 0.20  1.354 (.26  0.824().22  1.0040.19
1Dec96 10(K)- 1400 3.0140.83 0.89:().23 1.3830.43 1.2830.36 1.0440.32  0.944().27
2Dec96 1000-1400 3.0340.31 0.784 (.0s 1.3940.2’'1 1.1240.18 1.054().18 0.8240.13
30Nov 1000-" 1400 2.864 0.28 0.854 0.09 1.3140.22 1.2140.19 0.9940.17 0.8'340.14

-2Dec86

Summary of HOymeasuren ents, Long 0bse rvations allow 1etrievals wit 11 bestaltit uderesolution. hlcasuw-
mentuncertaint 1¢smeolumns 3 and 4 are t he one-sigma ¢/nerrors. Uneertainties in the data to photochemical
model ratios (columns 5-8) include these s/nertors, as well as uncert ainties due to pressur e broadening (0-8%),
calibration (5%), temperature profile (3%), and model wat er profile (10%). 1992-1993 obscrvations were made
at 255 GHz, and 1996 observations at 260 GHz.
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