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OSIRIS observations of OH

A2y +-X211 308 nm solar resonance
fluorescence at sunrise in the upper
mesosphere!

R.L. Gattinger, C.D. Boone, K.A. Walker, D.A. Degenstein,
N.D. Lloyd, P.F. Bernath, and E.J. Llewellyn

Abstract: Since the OH molecule plays a critical role as a catalyst in atmospheric
photochemistry, an accurate measurement of the OH density profile covering a broad range
of latitudes and solar local times is required to quantify the major reactions involved. The
optical spectrograph and infra-red imager system (OSIRIS) instrument on the Odin satellite
observes scattered solar radiation at the terrestrial limb from the upper troposphere, the
stratosphere, and the mesosphere. The wavelength range, 275 nm to 810 nm includes the OH
A%2X*—X2T1 0-0 band at 308 nm, which is seen in solar resonance emission superimposed
upon the underlying atmospheric Rayleigh-scattering background. OSIRIS routinely detects
the OH 308 nm emission in the mesosphere from sunrise through to sunset. One feature

of the OH diurnal variation is a nocturnal layer in the 80-85 km region that is frequently,
but not always, detectable in solar resonance for a short period following sunrise —

the feature we label here as the “sunrise flash”. This paper describes the observational
analysis procedures involved in the quantitative measurement of the OSIRIS OH profiles
together with a broad overview of the variability of the feature at sunrise. Also included is

a photochemical model simulation of the OH sunrise layer using background atmospheric
parameters, especially the water vapour mixing ratio, provided by the ACE/FTS instrument
on the Canadian SCISAT satellite. For a number of nearly coincident measurements between
OSIRIS OH and ACE/FTS water vapour, the model simulations show general agreement
between the two. Agreement is improved by modifying the eddy mixing rates in the 80—

85 km region, commensurate with the expected range of mixing rates.

PACS Nos.: 42.68.Ay, 82.20.Pm, 82.30.Cf, 82.33.Tb, 92.60.H—, 92.60.Ta
Résumé : Puisque la molécule OH joue un rdle critique comme cataliseur dans la photochi-

mie atmosphérique, nous avons besoin de mesurer de fagon précise le profil de densité de OH
sur une large bande de latitude et de temps solaire afin de quantifier les réactions importantes
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pertinentes. L’instrument OSIRIS sur le satellite Odin observe la radiation solaire diffusée au
limbe terrestre de la haute stratosphere, de la stratosphere et de la mésosphere. Le domaine
de longueur d’onde, 275 nm a 810 nm, inclut la bande A2X*-X2I1 0-0 a 308 nm, qui est
détectée dans 1’émission de résonance solaire surimposée sur le fond de diffusion Rayleigh
de I’atmosphere. OSIRIS détecte de facon routiniere 1’émission a 308 nm du OH dans la
mésosphere du lever au coucher du soleil. Une caractéristique de la variation diurne est une
couche nocturne dans la région 80-85 km qui est fréquemment, mais pas toujours, détectable
dans la résonance solaire pendant une courte période suivant le lever du soleil — caractéris-
tique baptisée « éclair de 1’aube ». Nous présentons ici les procédures d’analyse impliquées
dans les mesures quantitatives des profils de OH par OSIRIS, incluant une large revue des
variations au lever du soleil. Nous incluons aussi une simulation du model photochimique
de la couche de OH au lever du soleil en utilisant des parametres de fond atmosphérique,
spécialement le rapport de mélange de vapeur d’eau fourni par I’instrument ACE/FTS a bord
du satellite canadien SCISAT. Pour un bon nombre de mesures coincidentes de la vapeur
d’eau entre OSIRIS et SCISAT, la simulation indique un excellent accord entre les deux. Cet
accord s’améliore par la modification des taux de mélange par tourbillon dans la région entre
80 et 85 km, compatible avec le domaine de taux de mélange.

[Traduit par la Rédaction]

Introduction

Early observations of the OH 0-0 band solar-resonance fluorescence at 308 nm were obtained by
Anderson [1] with a rocket-borne zenith viewing spectrometer. Morgan et al. [2] reported resonance
fluorescence observations of mesospheric OH using the imaging spectrometric observatory (ISO) on the
ATLAS 1 mission. A more extensive study was conducted with the middle-atmosphere high-resolution
spectrograph investigation (MAHRSI) instrument by Conway et al. [3, 4] on two space shuttle flights
in 1994 and 1997. Rotational lines of the band were spectrally resolved and with the aid of a high-
resolution solar spectrum [5] it was possible to make a detailed comparison between observed line
intensities and the calculated rotational emission rate g-factors. Nearly global height profiles of OH in
the upper stratosphere and mesosphere were obtained by the MAHRSI instrument. Summers et al. [6]
used the MAHRSI results to examine the photochemistry in relation to previous analyses and proposed
modifications to the accepted reaction rates to address both the model OH excess and the model ozone
deficit.

Jucks et al. [7] observed the dominant odd hydrogen species from a balloon platform in the upper
stratosphere and proposed a reaction rate set to explain their observations. Cageao et al. [8] and Li et
al. [9] observed the OH column abundances using a ground-based Fourier transform spectrometer, so
potentially providing a long term data base of OH variability. Brinksma et al. [10] and Hoppe et al.
[11] detected a nocturnal OH layer in the 80 km region just after sunset using 308 nm light detection
and ranging (LIDAR) systems. The microwave limb sounder (MLS)/Aura instrument observes OH
with the THz module [12, 13] while HO; is observed with the 640 GHz radiometer. The Aura satellite
mission [14] will thus provide major advances in our understanding of the atmospheric chemistry of
the HO, odd hydrogen species (HO, = OH + HO; + H), especially in the upper stratosphere and
lower mesosphere. Gattinger et al. [15] identified the OH 308 nm band in the OSIRIS spectra and have
shown that these data can be used to study diurnal, seasonal, and geographic OH variations, especially
in the upper mesosphere. In spite of these numerous studies, the actual production and loss rates of HO,
remain uncertain.

The optical spectrograph and infra-red imager system (OSIRIS) [16], a moderate resolution spec-
trograph compared to the MAHRSI instrument, does not resolve the rotational lines of the 308 nm band
and, therefore, relies on the validated MAHRSI g-factors in the analysis. Also, the moderate resolution
limits the useful OSIRIS OH observations to the region above approximately 55 km due to the dominant
Rayleigh-scattering background at lower altitudes.
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Fig. 1. A window of OSIRIS calibrated spectra from 74, 82, and 90 km limb tangent altitudes covering the
wavelength range of the OH A2X+-X?I1 0-0 band at 308 nm. The observations are from 21 April 2005,
00:04 UT, 06:18 LT, 90.4° SZA, 22.1° south latitude, 93.3° east longitude. The Rayleigh reference spectra
are scaled for each altitude at 306 and 312 nm. The excess signature in the 82 km spectrum at 308 nm

is identified as the OH 0-0 band. Limb radiances at 90 km still retain adequate signal-to-noise to clearly
identify the Rayleigh-scattered solar spectrum.
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OSIRIS on the Odin satellite [17] is now a multiyear mission, the data set contains new information
on the global distribution of mesospheric OH including the diurnal variations. This present study is
limited to the newly identified OH 308 nm feature in the 80-85 km region immediately following
sunrise, a flash-like event that disappears within 1 h after sunrise. The observational analysis techniques
employed to derive OH vertical profiles from the OSIRIS limb observations are presented here, followed
by a broad overview of the OH sunrise flash.

The OSIRIS OH profiles are also compared with model simulations of the OH layer using background
atmospheric parameters derived from measurements by the atmospheric chemistry experiment/Fourier
transform spectrometer (ACE/FTS) instrument [18] on the Canadian SCISAT satellite. The satisfactory
comparison and (or) agreement between observations and model predictions provides another example
of the substantiation of the accuracy of photochemical models developed over the past few decades
(see, for example, refs. 19 and 20).

OH density profiles from OSIRIS limb radiance observations

The Odin satellite is in a 600 km sun-synchronous dusk/dawn orbit with ascending node at approx-
imately 18:00 local time (LT), descending node at 06:00 LT and orbital inclination of 97.8°. OSIRIS
on Odin measures limb-scattered solar radiation from the upper troposphere, the stratosphere, and the
mesosphere over the wavelength range 275 nm to 810 nm with approximately 1 nm spectral resolution
and a vertical field of view corresponding to 1 km at the tangent point. With a vertical limb scan rate of
approximately 0.75 km/s and a nominal 2 s exposure time at mesospheric altitudes, a vertical resolution
of approximately 3 km is achieved in the mesosphere. The limb altitude accuracy is typically better
than 0.5 km. Routine observations of the mesospheric region, which began near the end of 2001, are
conducted for a 24 h period at approximately 8 day intervals.

The adopted analysis procedures are similar to those described by Gattinger et al. [15]. Summarizing
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Fig. 2. The spectra shown in Fig. 1 are repeated here but with the Rayleigh background removed. The OH
A2E X1 0-0 band at 308 nm is clearly detected in the 74 and 82 km spectra but is absent in the 90 km
spectrum. The baseline noise in the 74 km spectrum results from the detected electron statistics in the large
underlying Rayleigh background signal, which is approximately 50 times larger than the OH resonance
scatter signal (see Fig. 1).
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briefly, OSIRIS preflight absolute spectral calibrations are updated by comparison against a 55 km
tangent limb radiance model using the European centre for medium-range weather forecast (ECMWF)
data base [21]. Rayleigh background reference spectra from 45 km tangent altitude are used to isolate
the OH 308 nm emission from the combined solar Rayleigh-scattered light and OH solar resonance
emission. The estimated uncertainty in the derived OH densities is 11% in the upper mesosphere.

A series of spectra obtained by OSIRIS during a single limb scan covering a period of approximately
2 min on 21 April 2005, 00:04 UT, 06:17 LT, 90.6° solar zenith angle (SZA), 22.8° south latitude, 93.1°
east longitude, interpolated to a 1 km tangent altitude grid, are shown in Fig. 1. Spectra at three altitudes,
74, 82, and 90 km are shown together with the normalized Rayleigh spectrum for each altitude. The
spectrum at 82 km clearly indicates an enhancement in the 308 nm region. This excess signal is identified
as the signature of the OH A> £+ —X?TT 0-0 band sunrise flash. The excellent overlap of the solar features
outside the OH band region is an indication of the high signal-to-noise ratio inherent in the OSIRIS
data. At 90 km the noise in the spectrum is clearly present and indicates that the detection limit is being
approached.

The limb radiance spectra obtained after removal of the Rayleigh background from the limb signals
presented in Fig. 1 are shown in Fig. 2 for the same tangent altitudes. The OH 308 nm 0-0 band is
clearly evident. The noise in the difference spectra arises from the combined effects of small errors in
the background spectrum and the known detected electron noise statistics. These noise properties are
included in the next step, the inversion procedure.

Inverting the OH limb radiance data to obtain vertical OH density profiles is accomplished with
the aid of a forward model of the OH A>X+—X2T1 00 band limb radiance profiles, with background
atmospheric parameters obtained by the ACE/FTS instrument. The model limb radiance is compared
iteratively with the observed OH limb radiances to derive the OH density profiles. The Stevens and
Conway [5] MAHRSI rotational emission rate g-factors are assumed. The OSIRIS OH density profile
obtained from the sequential limb spectra for a single limb scan, a subset is shown in Figs. 1 and 2, is
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Fig. 3. The OH limb radiance vertical profile compiled from the 308 nm 0-0 band intensities at all altitudes
(subset shown in Fig. 2) is inverted here to produce the OH vertical density profile. The error bars include
detected signal electron statistics and the estimated 11% overall uncertainty.
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shown in Fig. 3. The error bars include the electron noise and the estimated 11% uncertainty discussed
by Gattinger et al. [15].

OH sunrise density profiles

For the Odin orbit, sunrise occurs in the equatorial region with the time duration since sunrise varying
slowly with latitude at low to mid-latitudes. To study the OH variability as a function of time after sunrise
it is thus necessary to include a broad range of latitudes. A series of OSIRIS OH observations from
24-25 August 2005 have been chosen to cover from 30° south latitude to 50° north latitude where the
duration from observation location to sunrise varies by approximately 50 min, a period sufficiently long
to demonstrate the OH sunrise flash.

The observed OH profiles, ordered by time since sunrise, are shown in Figs. 4a—4d. Error bars,
omitted here to improve the appearance of the figures, are similar to those in Fig. 3. Approximate time
bins in minutes after sunrise for the four figures, respectively, are from 0 to 12 min, from 12 to 24 min,
from 24 to 36 min, and from 36 to 48 min. While many profiles show very little, if any, enhancement
in the 80-85 km region in any of the four time bins, those profiles that do show enhancements tend to
occur in the earlier time bins. In Fig. 4d, the latest after sunrise, there does not appear to be any clear
enhancement in the 80—85 km region. We apply the label “sunrise flash” to this intermittent OH sunrise
transient in the upper mesosphere.

The OH density in the 65 km region increases gradually with increasing time after sunrise as the
sunlight penetrates deeper into the atmosphere. The photochemical model discussed below predicts this
behaviour, although the present study is limited to the 80-85 km region.

Comparisons of observations with photochemical model

A mesospheric one-dimensional time-dependent photochemical model is used to examine the domi-
nant processes controlling the HO,, O, and O3 diurnal variations in the upper mesosphere [15]. Reaction
rates for the model are mainly obtained from Sander et al. [22]. For this study, the rates are retained
as published, that is, no rate modifications are made. Lyman « flux data are taken from the solar radi-
ation and climate experiment (SORCE) data base [23]. Solar photodissociation rates are recalculated
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Fig. 4. The observed OH density profiles are shown, these are ordered by time after sunrise into four
12 min bins from O to 48 min: Figure 4a from O min to 12 min, 4b from 12 min to 24 min, 4c from
24 min to 36 min, and 4d from 36 min to 48 min after sunrise. The noise limit of the observations as
seen in the 90-95 km region is approximately 2 x 10° OH molecules per cm®. In the earliest time bin
most of the profiles show excess signal in the 80-85 km region while in the latest time bin there is little
if any indication of this excess signature. The variability of the profiles is typical of the OH sunrise solar

resonance signal.
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for each 1° change in SZA. Neutral density and temperature are from the ACE/FTS measurements.
Diurnal repeatability in the model results is typically achieved by the third simulation day. However,
above 85 km H and O lifetimes are sufficiently long that several additional simulation days are required
for repeatability. The model vertical grid of 2 km is smoothed to approximately 3 km to simulate the
OSIRIS vertical resolution.

For the eddy-mixing coefficient simulations, a simplified linear-log vertical profile is assumed that
increases from 3.2 x 10* cm?/s at 50 km to 1.0 x 10° cm?/s at 100 km [24]. This profile is defined
here as the default mixing-rate profile. The default profile is scaled by 1, 1/3, and 1/10 in the model
comparisons to investigate the impact of variable eddy-mixing. Medvedev and Greatbatch [25] show that
large variations in eddy-mixing can be expected in the upper mesosphere, especially in the equatorial
region. Vertical motions caused by atmospheric tides, in the range of 1 km or less at 80 km altitude [26,
27] are not considered here.

Since the OH profile in the 80 km region is driven by the water vapour mixing ratio it is essential to
know the latitudinal distribution of the water vapour mixing ratio to avoid confusion between temporal
and spatial effects. The upper mesospheric water vapour mixing ratio used in the model calculations
is measured by the ACE/FTS instrument. The ACE/FTS operates in occultation mode measuring solar
infrared absorption spectra at the terrestrial limb in the 7504400 cm™! range, it thus obtains vertical

© 2007 NRC Canada



Gattinger et al. 137

Table 1. OSIRIS and ACE/FTS observations, 20-21 April 2005 at 80 km.

OSIRIS ACE/FTS
Profile Latitude Longitude SZA  UT Latitude Longitude UT
1 —22.1° 93.3 90.4° 00:04 —19.4° 94.0 23:59
2 —21.2° 165.8 90.1° 19:15 -=-21.1° 167.8 19:06
3 —16.3° 142.8 88.3°  20:50 —20.5° 143.2 20:44
4 —22.9° 449 90.7° 03:16 —18.3° 44.9 03:15
5 —11.1° 287.0 86.4° 11:16 —15.6° 282.0 11:24

Fig. 5. The measured ACE/FTS water vapour mixing ratio (parts per million by volume) for Profiles 1
through 5, as identified in Table 1, are used as inputs to the photochemical model. The error bars, shown
on Profile 1 only, are similar for all five profiles. These profiles, which were obtained over a 16 h period, a
5.5° latitude range, and a 250° longitude range (Table 1), show considerable water-vapour variability in the
80 km region.
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profiles of numerous species, including water vapour [28]. Vertical sampling ranges from 2 km to 6 km
approximately matching the ACE/FTS vertical field of view of 4 km. Absolute limb-pointing knowledge
for ACE/FTS is known to better than 0.5 km.

A detailed model versus observation comparison is done for five OSIRIS sunrise limb-scan pro-
files (Table 1) obtained on 20-21 April 2005. During this period, five ACE/FTS sunrise occultations
(Table 1) are in good time and space coincidence with the OSIRIS observations. The ACE/FTS water-
vapour-mixing ratio profiles for these five cases are shown in Fig. 5. These profiles exhibit considerable
variability in the 80 km region.

A comparison between OSIRIS Profile 1 (from Fig. 3) and the model OH profiles, which assume
the ACE/FTS Profile 1 for the water-vapour-mixing ratio, is shown in Fig. 6. The model profiles are
calculated for three eddy mixing rates to demonstrate the effect of vertical mixing in the upper meso-
sphere. For eddy/10 the model profile is 3 km too high but by increasing the mixing rate to eddy*1 the
layer altitude drops by 3 km. Thus, for the Profile 1 comparison pair the default eddy rate is the better
choice.

The dependence of the model OH sunrise density on the water vapour mixing ratio is also included
in Fig. 6. From Fig. 5 the ACE/FTS mixing ratio for Profile 2 at 80 km is considerably larger than
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Fig. 6. OSIRIS Profile 1 is compared with model Profile 1 for an assumed eddy-mixing coefficient of

3 x 10° cm?/s at 83 km, scaled by 1, 1/3, and 1/10. The model profiles are for 90.4° SZA to match the
OSIRIS Profile 1 observation given in Table 1. The eddy-mixing rate scaled by unity gives the best match
with OSIRIS Profile 1.

Y I (I
L —— CSIRIS Profile 1 1
r N Model Prafile 1 Eddy / 10 1
oo - — - Model Profile 1 Eddy /3 ]
r . T Model Prefile 1 Eddy * 1 1
L ... —-— Medel Profile 2 Eddy + 1 J
s [ .. 4
£ 85 .
= L J
o L J
= r . 1
2 il S
= 8lr o -
< L ]
7o .
L] I WY A B B

— 1108 0 1108 2x108 Ix108

COH Density (mcolecules per cm?)

that for Profile 1. The change in the model OH profile, with eddy*1 for both cases, is very apparent in
Fig. 6 and emphasizes the effect of the water-vapour-mixing ratio on OH sunrise density in the upper
mesosphere.

A similar analysis, not shown here, was completed for OSIRIS Profiles 2 to 5 and matching ACE/FTS
Profiles 2 to 5. For the Profile 2 pair the preferred mixing rate is nearer to eddy/3, which differs from the
mixing rate required to match OSIRIS Profile 1 as discussed above. For the Profile 3 pair, the best match
is obtained with the eddy/3 mixing rate. For Profile 4 the comparison is inconclusive as the observed
OH density does not show a clear layer structure in the 80-85 km region. For Profile 5, the eddy*1
mixing rate gives a good altitude match but the magnitude is too large, above the OSIRIS Profile 5
error bar upper limit. It is interesting to note that the two profiles that require the higher eddy-mixing
rates, Profiles 1 and 5, are also the two profiles in Fig. 5 with the largest water-vapour-mixing ratios at
85 km. These observed larger water-vapour-mixing ratios are the likely result if vertical eddy mixing is
increased.

The diurnal variations at 80, 82, and 84 km for model Profile 1 are shown in Figs. 7-9, respectively,
for eddy-mixing rates scaled by unity and by zero. At 80 km, the OH density increases rapidly for several
hours after sunset but then decreases for the remainder of the night. This decrease is particularly rapid if
the eddy-mixing rate is very low, with the resultant effect that at sunrise the OH density is depleted and
the OH 308 nm solar resonance is very weak. At 82 km the OH density continues to increase throughout
the night for unity eddy scaling and falls off slowly after sunrise producing a persistent OH 308 nm
sunrise signal. For no eddy-mixing at 82 km, the OH density peak occurs before sunrise, this will result
in a very weak OH 308 nm sunrise signal. At 84 km the OH density increases very slowly throughout
the night and in this case the OH 308 nm sunrise signal is larger with no eddy-mixing.

The diurnal variations of OH, H, and O at 80 km altitude predicted by the model for ACE/FTS
Profile 2 (high-water-mixing ratio at 80 km) and Profile 1 (low-water-mixing ratio at 80 km) are shown
in Fig. 10. The model simulation, for both of the profiles, assumes eddy-mixing scaled by unity. Each
case exhibits a sharp OH density peak shortly after sunset, the higher water-vapour-mixing ratio of
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Fig. 7. The diurnal variation at 80 km for model Profile 1 shows the changes driven by two different
eddy-mixing rates. The vertical bars indicate the times of geometric sunrise and sunset. The approximate
pre-midnight OH LIDAR observations by Brinksma et al. [10] are included for comparison.
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Fig. 8. The diurnal variation at 82 km for model Profile 1 again shows the changes driven by two different
eddy mixing rates. The vertical bars indicate the times of geometric sunrise and sunset. The approximate
pre-midnight OH LIDAR observations by Brinksma et al. [10] are included for comparison.
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Profile 2 occurring within 1 h after sunset. The effect at sunrise is for the OH density to be very low
with the larger water-mixing ratio. Thus, variations in the OH sunrise layer at 80 km are, at least in part,
controlled by the water-vapour-mixing ratio.

The OH nocturnal variation near the density peak of the sunrise layer can be expressed in terms
of the time constant for the removal of atomic oxygen through the O 4+ OH reaction. If the catalytic
removal rate of atomic oxygen is sufficiently fast to cause significant depletion of atomic oxygen before
sunrise then the balance between OH and H is tipped in favour of OH and there is rapid loss of HO,
through OH + HO,;. The signature of the combined effects of this chain of events is a peak in the
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Fig. 9. The diurnal variation at 84 km for model Profile 1 again shows the changes driven by the two
different eddy mixing rates. The vertical bars indicate the times of geometric sunrise and sunset. The
approximate pre-midnight OH LIDAR observations by Brinksma et al. [10] are included for comparison.
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Fig. 10. The diurnal variations at 80 km for model Profile 1 (low-water-mixing ratio at 80 km) and

Profile 2 (high-water-mixing ratio at 80 km) show the changes driven by the two different water-vapour
profiles. Both cases assume eddy-mixing rates scaled by unity. The comparison shows that the time of
occurrence of the nocturnal OH peak is influenced by the water-vapour-mixing ratio. The vertical bars
indicate the times of geometric sunrise and sunset. The pre-midnight OH LIDAR observations by Brinksma
et al. [10] are included for comparison.
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nocturnal OH density coincident with a major reduction in H and O. A check of this is provided by the
time constant for atomic oxygen removal via O 4+ OH, calculated as the inverse product of the O + OH

reaction rate, and the OH density just after sunset. This time constant is found to be in good agreement
with the time of the OH nocturnal peak relative to sunset, particularly for the smaller eddy mixing rates.
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Conclusions

The upper mesospheric OH A% £ T—X?TT 0-0 solar resonance fluorescence band at 308 nm is detected
by the OSIRIS instrument just after sunrise. The layer width in the 80-85 km region is only a few
kilometres and the layer density varies considerably with latitude and longitude. The resonance feature
is very short-lived, it disappears in less than 1 h after sunrise. It is identified here as the “sunrise flash”.

This OH sunrise layer is satisfactorily predicted by a one dimensional, time-dependent photochem-
ical model that uses the ACE/FTS water-vapour profiles that are nearly coincident with the OSIRIS
OH observations. The OH sunrise density is shown to depend on the water-vapour-mixing ratio. The
fact that it is also necessary to adjust the vertical eddy-mixing rate to get improved agreement between
model and observation for the various profiles, all over a very narrow latitude range but broad longitude
range, suggests that the eddy-mixing rate is not zonally uniform. Neither is the water-vapour-mixing
ratio zonally uniform in the 80 km region, this further suggests a variation in eddy-mixing rate.
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