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Abstract. Measurements of the OH Meinel emissions in the level is inferred from both the SCIAMACHY observations
terrestrial nightglow are one of the standard ground-basednd the model simulations.

techniques to retrieve upper mesospheric temperatures. It
is often assumed that the emission peak altitudes are not
strongly dependent on the vibrational level, although this as-
sumption is not based on convincing experimental evidence.
In this study we use Envisat/SCIAMACHY (Scanning Imag- |t js generally assumed that the exothermic reaction of H and
ing Absorption spectroMeter for Atmospheric CHartogra- O3,

phY) observations in the near-IR spectral range to retrieve

vertical volume emission rate profiles of the OH(3-1), OH(6- H+ O3 — OHv' < 9) + 0O, (R1)

2) and OH(8-3) Meinel bands in order to investigate whether

systematic differences in emission peak altitudes can be obS the main source of vibrationally excited OH near the
served between the different OH Meinel bands. The resultdn€sopause, producing an emission layer — first identified
indicate that the emission peak altitudes are different forPy Meinel (1950 — that is centered at about 87 km with a
the different vibrational levels, with bands originating from full width at half maximum (FWHM) of about 8-10 km (e.g.
higher vibrational levels having higher emission peak alti- Baker and Stajr1988. The first observation of the OH emis-
tudes. It is shown that this finding is consistent with the ma-Sion peak altitude was carried out in 1956 at the White Sands
jority of the previously published results. The SCIAMACHY Proving Ground (New Mexico, US) using rocket photometer
observations yield differences in emission peak altitudes ofbservations of the OH(9-3) bantii¢ppner and Meredith

up to about 4 km between the OH(3-1) and the OH(8-3) band1958. _ _ _

The observations are complemented by model simulations Ground-based observations of different OH Meinel bands
of the fractional population of the different vibrational lev- are among the standard techniques to remotely sense the tem-
els and of the vibrational level dependence of the emissiorPerature of the emitting layer (e.grench and Mulligan
peak altitude. The model simulations reproduce the observed01Q Sigernes et al.2003 Bittner et al, 2002 Espy and

vibrational level dependence of the emission peak altitudeStegman 2002 Reisin and Schee2002). If simultaneous
well — both qualitatively and quantitatively — if quenching Observations of the vertical volume emission rate profile of

laxation by Q is considered. If a linear relationship between the temperature retrievals may be difficult. An extreme exam-
emission peak altitude and vibrational level is assumed, thel€ is the dramatic decrease of the OH emission layer altitude

a peak altitude difference of roughly 0.5 km per vibrational down to about 78 km observed in early 2004 at high north-
ern latitudes, leading to an apparent temperature increase of
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about 15K Dyrland et al, 2010. Long-term, solar cycle and satellite. The inversion method employed for the retrieval of
seasonal variations in OH emission altitude can also lead twertical emission rate profiles from limb emission profiles
apparent variations in ground-based OH temperature meas described in SecB. The inversion results together with
surements, and may interfere with the determination of thea discussion are presented in Settln Sect.5 the mod-
actual long-term, solar cycle and seasonal variations of upelled OH() fractional populations and volume emission rate
per mesospheric temperatures. profiles for different vibrational levels are presented and dis-
Previous studies showed characteristic variations of thecussed. SectioB briefly discusses the implications of the
OH emission altitude with latitudéMarsh et al,2006 Baker  differences in emission peak altitude for different vibrational
et al, 2007, time of the year (e.gBaker et al. 2007, lon- levels for measurements of OH rotational temperatures from
gitude (e.g.Liu and Shepherd2006 and with solar activ-  the ground. Conclusions are provided at the end.
ity (Liu and Shepherd200§. On shorter time scales, the
height of the OH emission layer is affected by characteris-
tic tidal variations Ward, 1999 with maximum changes of 2 SCIAMACHY on Envisat
about 3km during the course of the night (eXee et al,
1997). SCIAMACHY, the Scanning Imaging Absorption spectroM-
Another potential difficulty for the interpretation of eter for Atmospheric CHartrograph¥Bgrrows et al. 1995
ground-based OH rotational temperature measurements is ré&ovensmann et gl1999 on ESAs Envisat is an 8-channel
lated to the possibility that Meinel bands originating from grating spectrograph covering the spectral range from about
different vibrational levels may have different peak emis- 214nm up to about 2380 nm. Envisat was launched on 1
sion altitudes. The number of previous studies dealing withMarch 2002 into a sun-synchronous polar orbit with an in-
this aspect is rather limited. Furthermore, the main results otlination of 98.55 and a descending node at 10:00 a.m. lo-
these studies are partly contradictory. Some mddeade cal solar time. SCIAMACHY observes scattered, reflected,
199] and experimental studieMénde et al.1993 indicate  transmitted and emitted electromagnetic radiation in nadir,
that differences in emission peak altitudes for different vi- solar/lunar occultation and limb-viewing geometry. Unfortu-
brational levels are rather small. Other moddbkhlouf et  nately, SCIAMACHY measurements abruptly ceased on 8
al., 1995 Adler-Golden 1997 Baker and Stajr1988 Xu et April 2012 with a fatal spacecraft failure. The main focus of
al., 2012 and experimental result&aufmann et al.2008 the SCIAMACHY limb observations is on the daytime mea-
Xu et al, 2012 suggest a vibrational level dependence of surements of scattered solar radiation allowing, e.g. retrievals
the emission peak altitude of several Ku et al. (2012 re- of stratospheric @ NO, and BrO profiles as well as strato-
cently provided a comparison of SABER OH emission ob- spheric aerosol extinction profiles. However, SCIAMACHY
servations and model results that showed evidence for a vialso performs limb observations on the Earth’s night-side
brational level dependence of the OH emission altitude withcovering the tangent height range from about 72km up to
emissions from higher vibrational levels occurring at higher 150 km. These night-time or ecplise limb observations are
altitudes. employed in the current study. Note, that the local time of
In this context it is also relevant to mention that according all SCIAMACHY measurements used for this study is close
to Cosby and SlanggP007) significant changes in the rel- to 10:00 p.m. The eclipse limb measurements are also used
ative population of the OH vibrational levels occur through- to retrieve OH rotational temperatures from the OH(3-1)
out the night. Furthermore, the magnitude of these nocturnaMeinel band yon Savigny et a.2004). Unfortunately, these
variations changes from night to night. The OH vibrational measurements do not cover the entire latitude range on the
population has to be considered a dynamic equilibrium be-dark side of the Earth, because blocks of limb measurements
tween OH* production preferably in the higher vibrational are interrupted by calibration measurements. The range of
levels ¢’ =7, 8, 9) and collisional as well as radiative trans- latitudes covered changes with season, such that, e.g. high
fer to lower vibrational levelsGosby and Slange2007). northern latitudes are only observed during northern winter.
In this study we use nightglow observations with SCIA- Continuous coverage throughout the year is only possible be-
MACHY on Envisat to retrieve vertical volume emission rate tween about 10S and 20 N. The vertical field of view of the
profiles of the OH(3-1), OH(6-2) and the OH(8-3) Meinel limb observations is about 2.6—2.8 km at the tangent point,
bands, in order to investigate whether systematic differenceand the limb spectra are recorded in tangent height steps of
exist in the mean emission altitudes of these bands. Th&.3 km.
three bands were chosen because they are the most com-During the early phases of the SCIAMACHY mission the
monly used bands for ground-based OH temperature relimb tangent height information was affected by errors of up
trievals. The SCIAMACHY observations are complementedto several kmKaiser et al. 2004 von Savigny et a).2005.
by model simulations using an extended version of the modelThe main reasons for these tangent height errors — satellite
by McDade(1997). attitude knowledge errors as well as a misalignment between
The paper is structured as follows. Sectbprovides in-  the SCIAMACHY optical axes and the satellite reference
formation on the SCIAMACHY instrument and the Envisat frame —were identified and correctggdttwald et al,2007).
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Only the most recent SCIAMACHY Level 1 data versions Table 1.Spectral windows used for the different OH Meinel bands.
(7.03 and 7.04) are used in this study including the most up-
to-date corrections for instrument misalignments and satel-

lite attitude errors. Recent investigations of potential anoma- OHband  Spectral interval
lous drifts in SCIAMACHY tangent height information using 3-1 1515-1546 nm
solar occultation observations indicate tangent height trends 6-2 837.5-848 nm
of less than about 20 myt (Bramstedt et a).2012. These 8-3 730-738nm

small trends in the limb tangent height information render
the SCIAMACHY data set suitable to study possible tem-

poral variations in the altitude of the OH Meinel emission  The regularization parametegr was iteratively adjusted
|aye|’. Calibration of the SCIAMACHY raw data (LeVeI 1b until X2 — as defined in the fo”owing equation — is identi-

data) was performed without correction for the memory ef-c3| to the summed up variances of the limb-radiances:
fect and polarization (calibration flags 0 and 6), due to known
problems with these corrections.

M 2 N
X2=Z(2Kux1—yi) ~) oy @
= i—1

N
3 Methodology: inversion of volume emission rate i=1

profiles
Because single OH(8-3) spectrai=5) as observed with

SCIAMACHY provides measurements of the limb emission SCIAMACHY are characterized by low signal-to-noise ra-
rates integrated along the tangent line of sight. These limtios, we determined monthly and zonally averaged limb spec-
emission rates (being a function of tangent height) have tdra for 10 latitude bins (Fig.1 shows some sample spec-
be inverted to vertical volume emission rate profiles (as atra). This is possible, because the tangent heights associated
function of geometrical altitude). The inversion was per- with the different tangent height steps are essentially identi-
formed with a regularized least squares technique with staeal for different limb measurements, at least within a month.
tistical weighting. The retrieval altitude grid was chosen to We note that zonal averaging will eliminate the potentially
be identical with the tangent height grid of the limb obser- significant longitudinal variations in OH Meinel emissions
vations, i.e. the spacing between adjacent altitude levels iseported in earlier studies (e Baker et al.2007 Gao et al.
about 3.3km. The retrieval is based on the assumption tha2011).

the hydroxyl layer can be approximated by a set of 10 ho- The monthly averaged limb measurements consist of av-
mogeneously emitting layers of 3.3 km thickness with centereraged limb spectra for the different tangent heights ranging

altitudes ranging from about 73 km up to 103 km. from about 72km to about 110 km. An additional radiance
The basic inversion equation is given by: offset correction was performed by subtracting the average of
the 2 spectra at tangent height steps 11 and 12 (about 107 km

x= (KTS*lK +yRTR)_lS*1KTy (1)  and 110km) from the limb spectra at lower tangent heights.

Visual inspection showed that the reference spectra at tan-
gent height steps 11 and 12 do not contain any OH Meinel
emission features, as expected. Before the inversion the limb-
radiances for the different OH bands are spectrally averaged
gver the spectral ranges listed in Tabl® yield the elements

of the measurement vectoys_1, ys_2, andys_s that are in-
hverted using Eq.1). The maximum signal-to-noise ratios are
of the transect of limb line of sightthrough layerj of the 2" the order of 5000 for the OH(3-1) band, 50 for the OH(6-

model atmosphere. In the present cadgeequalsN (i.e. 2) band and 10 for the OH(8-3) band.
K is a square matrix) because the retrieval altitude grid is
identical to the tangent height grié is the measurement 4 Results
covariance matrix and is assumed to be diagoRahnd y
are the regularization matrix and the regularization paramein order to allow for an easier comparison of the inverted
ter, respectively, and the standdrgl matrix was chosen as volume emission rate profiles of the three OH-Meinel bands
regularization matrix. analyzed, the volume emission rate profiles are normalized
relative to their respective peak value for the following dis-
cussions.
The normalized volume emission rate profiles for all three
OH Meinel bands and for July 2005 are shown in Edor
10° latitude bands between30° S and 10 N. Despite some

Here, x=[x1, x2, ..., xy]? corresponds to the re-
trieved solution of the vertical emission rate profile, and
y=[y1, y2, ..., yn]T corresponds to the measured limb
emission profile (spectrally averaged over wavelength range
presented in Tabld). The element;; of the matrix K
are geometric weighting factors corresponding to the lengt
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Fig. 1. Monthly and zonally averaged OH(3-1), OH(6-2) and OH(8-3) limb spectra for July 2005 and%*/%e-30 S latitude range. Note
that the limb emission spectra at every second tangent height have been omitted for the sake of clarity.
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Fig. 2. Monthly and zonally averaged vertical volume emission rate profiles of the OH(3-1), OH(6-2) and OH(8-3) bandddtru® bins
between 30S and 10 N and July 2005. The dotted lines indicate the retrieval errors based on the standard error of the inverted limb-radiance
profiles.
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Table 2. Compilation of rocket OH profile measurements listed in Table Baker and Staif1988 that cover different OH Meinel bands
simultaneously.

Code Date Reference Location Latitude Longitude,.. Peak OH Bands
altitude [km]
720391 8 February 1972 Evansetal(1973 Churchill, MB, Canada 585N 94° W 84.0 3-1-5-3
720392 8 February 1972 Evansetal(1973 Churchill, MB, Canada 585N 94° W 84.0 3-1-5-3
720393 8 February 1972 Evans etal(1973 Churchill, MB, Canada 585N 94° W 87.5 5-3-7-5
720394 8 February 1972 Evans et al(1973 Churchill, MB, Canada 585N 94° W 88.0 5-3-7-5
720661 6 February 1972 Rogers et al(1973 White Sands, NM, US ~ 32°5N 107P W 82.0 3-1-5-3
720662 6 February 1972 Rogers et al(1973 White Sands, NM, US ~ 32°5N 10P W 84.0 7-5-8-6
731061 16 April 1973 Good(1976 White Sands, NM, US  32°8\ 10PW 93.0 7-4-9-6
731062 16 April 1973 Good(1976 White Sands, NM, US ~ 32°5N 107P W 87.0 3-1-6-4
732772 4 October 1973  Baker(1978 White Sands, NM, US  32°8N 10PW 87.0 4-2-5-3
732773 4 October 1973  Baker(1978 White Sands, NM, US  32°8\ 10PW 89.2 7-5-8-6
750631 4 March 1975 Baker(1978 Chatanika, AK, US 651N 148 W 87.7 4-2-5-3
750632 4 March 1975 Baker(1978 Chatanika, AK, US 651N 148 W 89.0 7-5-8-6
771921 11 July 1977 Thomas and Youn@l98l)  White Sands, NM, US 32N 10PW 88.0 5-3-6-4
771922 11 July 1977 Thomas and Youn@l981)  White Sands, NM, US 32N 10PW 87.0 5-3-6-4
771923 11 July 1977 Thomas and Youn@l981)  White Sands, NM, US 32" 107P W 87.0 7-4-9-6
771924 11 July 1977 Thomas and Youn@l981)  White Sands, NM, US 32N 10P W 89.0 7-4-9-6
813531 19 December 1981 Lopez-Moreno et a[1984 Huelva, Spain 375N 6.4°W 84.0 3-1-4-2
813532 19 December 1981 Lopez-Moreno et a[1984 Huelva, Spain 375N 6.4°'W 87.5 4-2-5-3
813533 19 December 1981 Lopez-Moreno et a[1984 Huelva, Spain 375N 6.4°'W 87.0 5-3-6-4
820821 23 February 1982 Greer et al(1986 South Uist, Scotland 57°MN 7.40°W 925 8-3
820822 23 February 1982 Greer et al(1986 South Uist, Scotland 57°MN 7.40°W 87.0 Av=2*

* The photometer had a center wavelength of 1610 nm and a bandwidth of 194 nm, i.e. covered the OH(5-3), OH(4-2) and OH(3-1) bands.

variability and despite the fact that SCIAMACHY is not able files for the OH(3-1), OH(6-2) and OH(8-3) bands that were

to identify the exact peak altitude — because of ##8 km

used for the inversion to vertical volume emission rate pro-

vertical field of view and the 3.3 km tangent height sampling files shown in Fig2. As in the case of the inverted volume
— it is evident that the OH(6-2) peak altitude is systemat-emission rate profiles there is — despite some variability — a
ically higher than for the OH(3-1) band, and the OH(8-3) fairly systematic vertical shift of the emitting layers with the
peak altitude is generally higher than for the OH(6-2) band.bands originating from higher vibrational levels occurring at
The total altitude shift — considering only altitudes above theslightly higher altitudes. Again, the exact emission peak alti-
emission maximum — between the OH(3-1) and the OH(8-3)tude differences cannot be resolved with SCIAMACHY due
profiles can be as large as 3—4 km. We also note the presende the relatively large vertical field of view and the vertical
of an asymmetry with larger vertical shifts above the emis-sampling. However, the altitude shifts are evident.

sion maximum and smaller shifts below. The origin of this

The inversion algorithm was applied to the SCIAMACHY

apparent asymmetry will be discussed further and explainediata set between September 2002 and December 2010. The
results for all months in this period and for all latitude bins
In order to check, whether the retrieval code is capableare very similar to the ones shown in Fi@and4 and clearly

of reproducing the observed limb-radiance profiles we com-indicate that OH Meinel emissions originating from higher
pare in Fig.3 the observed limb-radiance profiles (blue solid vibrational levels typically peak at slightly higher altitudes.
lines) for the three Meinel bands with the forward-modelled
profiles (solid black circles) based on the retrieved volume4.1 Comparison to previous results
emission rate profiles. The measurement errors are indicated

by the blue dotted lines. Evidently, the retrieval is able to re-\we now discuss whether our findings are consistent with the
produce the observed limb-radiance profiles well, which isregyits presented in the limited number of earlier observa-

in section5.

an important consistency check.

bands is already evident. Fig.shows the normalized (with

tional studies on this topic. Comparisons with published and

Note that even in the original limb-radiance profiles the new model simulations will be presented and discussed in
difference in peak altitude between the three OH Meinelggct 5,

Lopez-Moreno et al.(1987 retrieved vertical den-

respect to the maximum limb-radiance) limb-radiance pro-sjty profiles of OH in vibrational states’=2-7 from

www.atmos-chem-phys.net/12/8813/2012/
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Fig. 3. Comparison of observed and forward modelled limb-radiance profiles — based on the retrieved volume emission rate profiles — for a
sample latitude bin and the OH(3-1), OH(6-2) and the OH(8-3) bands. The observed limb-radiance profiles are shown as solid blue lines, the
dotted lines indicate the measurement error. The solid black circles correspond to the forward modelled limb-radiance profiles.
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Fig. 4. Normalized monthly and zonally averaged limb-radiance profiles for the OH(3-1), OH(6-2) and the OH(8-3) band and the same
latitude bins as in Fig2. The profiles are normalized with respect to the peak values for easier comparison. The altitude shifts between the
different bands are already visible in the un-inverted limb-radiance profiles.

multi-band rocket photometer observations. Each of the thregublished byBaker and Stai(1988, providing a compre-
photometer passbands covered several OH Meinel transikensive compilation of rocket observations of OH emission
tions. Lopez-Moreno et a[1987 found a maximum peak rate profiles carried out between 1956 and 1¥&ker and
altitude difference of about 5km. Interestingly, the density Stair (1988 even explicitly discuss altitude differences be-
peak altitude does not increase monotonously with increastween different upper vibrational states in the context of the
ing vibrational level. The largest density peak altitude wasUSU/AFGL (Utah State University/Air Force Geophysics
found for v =5 (about 91km), and the peak altitudes for Laboratory) dual photometer rocket observations of the (4-
v/ =6 and 7 were again 3km lower. The SCIAMACHY re- 2) and (5-3) as well as the (7-5) and (8-6) bands of OH (see
sults presented here are only partly consistent with the result$able IV in Baker and Stajr1988 and Table? of this study).
by Lopez-Moreno et al(1987 in the sense that significant For the New Mexico observations in 1973 the emission peak
differences in density peak altitude — and consequently emisaltitude of the OH(4-2) and OH(5-3) bands is 87 km, whereas
sion peak altitude — are found for the different values’of  for the OH(7-5) and OH(8-6) bands a value of 89.2km is
However,L6pez-Moreno et al1987 do not find the largest  found, i.e. roughly 2 km difference for a difference in vi-
emission peak altitude to be associated with the highest vibrational levels of 3. For the Alaska observations in 1975
brational level, contradicting the results presented here. a peak altitude 87.7 km is found for the OH(4-2) and OH(5-
One of the most important and most cited previous stud-3) bands, whereas 89.9 km was derived for the OH(7-5) and
ies on the altitude of the OH Meinel emission bands wasOH(8-6) bandsBaker and Stai{1988 treat these altitude

Atmos. Chem. Phys., 12, 8818828 2012 www.atmos-chem-phys.net/12/8813/2012/
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100 T T T T T T der to eliminate these effects we now only focus on the obser-
- Slope: 0.63 km/vib. level vations listed in Table V oBaker and Staif1988 that were
P Offset: 835 km . carried out at the same location, on the same day and at the
same time. Limiting the analysis to observations with emis-
sion peak widths smaller than 17 km, and to OH emissions
originating from 3 or less adjacent vibrational levels leads
to 8 cases of simultaneous observations of different Meinel
bands. These measurements are listed in T2bkor 6 out
of these 8 cases, the OH emission profiles peak at higher alti-
tudes for higher vibrational levels. The two exceptions are the
measurements reported Bigomas and Youn@981) and by
Lopez-Moreno et al1984). TheThomas and Youn{1981)
measurements (codes 771921-771924) are partly inconsis-
tent with the hypothesis that OH in higher vibrational levels
emits at slightly higher altitudes. Two of these four measure-
Fig. 5. Dependence of OHi(, v”/) emission peak altitude on the Ments cover the OH (5-3) to (6-4) bands, and the remain-
upper vibrational level’ as extracted from Table V iBaker and  ing two the (7-4) to (9-6) bands. If the mean OH emission
Stair(1988. See text for a detailed description of the data screeningpeak altitudes for the (5-3) to (6-4) bands and the (7-4) to (9-
applied. 6) bands are compared, then the emission originating from
the higher vibrational levels occurs at a higher altitude. Also,
the 3 measurements yppez-Moreno et al1984) are only
differences with caution due to potential contamination by partly consistent with the assumption that the emission from
the Oz(lAg) emission — although this emission does not higher vibrational levels peaks at higher altitudes: the (3-1) to
overlap with any of the bands discussed — and possible eft4-2) bands peak at 84.0 km, the (4-2) to (5-3) bands at 87.5
fects caused by gravity waves. (consistent with the hypothesis that emissions from higher
We now investigate, whether the-dependence of the vibrational levels peak at higher altitudes), but the (5-3) to
emission peak altitude observed in SCIAMACHY data is (6-4) band peaks at 87.0 km.
also present in the OH peak altitude observations compiled For completeness we mention tHalwick et al. (1986
in Baker and Staif1988 (their Table V). The Table lists re- (codes 840411 and 840412) also reported on simultaneous
sults of 56 OH observations — mainly rocket observations, bubbservations of OH emission rate profiles — of the same
also a few satellite measurements — carried out at differenbands, however — and found a difference in peak altitude of
locations (latitudes vary betweert 8 and 78N) between  4km.
July 1956 and February 1984. A few observations yielded The overall conclusion of the analysis of the observations
emission peak thicknesses that may be considered unrealisompiled byBaker and Staif1988 is that the majority of
tically large and in the following observations with emission the coincident rocket measurements of different OH bands
peak thicknesses exceeding 17 km are excluded (9 casess consistent with the hypothesis, that emissions from higher
Note that many studies measure several OH bands simultasibrational levels peak at higher altitudes.
neously. In those cases the mean upper vibrational level is Mende et al.(1993 presented another study addressing
determined and studies with filters covering bands originat-the question, whether OH emissions from higher vibrational
ing from more than 3 adjacent vibrational levels are not con-levels occur at higher altitudes. The authors used measure-
sidered. Fig5 shows for the remaining cases the dependencenents taken with a grating spectrometer flown on the space
of the emission peak altitude listed in Table VRdiker and  shuttle (mission STS-37) in November 1990. The emission
Stair (1988 on the upper vibrational level. Despite the scat- rate profiles of several OH Meinel bands were observed (8-3,
ter, Fig.5 indicates that the emission peak altitude increases/-2, 6-1, 9-3, and 6-0), but no systematic dependence of the
with increasing vibrational level. A linear fit to the set of data emission peak altitude with vibrational level was found.
points shown in Fig5 yields a slope of 0.63 0.30km per In a more recent studikaufmann et al(2008 presented
vibrational level, which is in good quantitative agreementan example of limb-radiance profiles in the OH(9-6) and
with the SCIAMACHY results presented in this study, as the OH(3-1) Meinel band — observed with SCIAMACHY —
well as with the model simulations bdler-Golden(1997) that suggests a vertical shift of the OH(9-6) relative to the
and the ones presented later in Séct. OH(3-1) emission layer of about 3km. This altitude shift
The above interpretation of the results Bgker and Stair is roughly consistent with about 0.5km vertical displace-
(1988 may be criticized, because measurements at differeniment per vibrational level. However, the data presented by
latitudes and local times are combined, and possible latitud&aufmann et al(2008 is only an example and the presented,
and tidal variations of the emission peak altitude may inter-i.e. uninverted limb-radiance profiles do not allow accurate
fere with the dependence on the upper vibrational level. In or-determination of the altitude shift.
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Finally, it is noteworthy that differences in emission peak or by collisional relaxation
altitudes for different vibrational levels similar to the ones
seen in the SCIAMACHY observations presented here werdH() + @ — OH(") + Q k§ ' V") (R4)
recently also identified in OSIRIS (Optical Spectrograph . _

with 0 =05, No.

and In_fraRed Imag_er System)léwellyn et a_l, 2904) ob- Additionally, vibrationally excited OH may be entirely re-
servations (R. Gattinger, personal communication, 2011) a: oved:
well as SABER (Sounding the Atmosphere using Broad- '
band Emission RadiometryR(ssell et al. 1999 measure-  OH(v') + Q —> other products k4Q(v’) (R5)
ments (J.-H. Yee, personal communication, 2011; See also
Xu et al. (2012). In terms of OSIRIS observations vertical With 0 =0, O, N.
volume emission rate profiles of the OH(3-1) and OH(9-4) FollowingMcDade(1993), the concentration of OH in vi-
bands yielded vertical shifts of up to about 3km with the brational state» can be — for steady state conditions — ex-
OH(9-4) band peaking at higher altitudes (R. Gattinger, perressed by:
sonal communication, 2011). SABER has broad-band chan-
nels near 1.um and 2.0um covering the (5-3)/(4-2) and -1
the (9-7)/(8-6) bands of OH, respectively. For tropical lati- [OH()]= (A(V) + 2 kL (V)[Q]) X
tudes and July 2005, the SABER OH emission profile mea-
surements show an altitude shift between the 2 channels o(p(v) + Z [OHW*)]{A(W*, v) —I—ZkQ(v v)[Q]})
about 2 km, with the emission rate profile peak of the 2.0 VE =41
um channel occurring at a higher altitude (J.-H. Yee, per- ©)
sonal communication, 2011). The recent studyXayet al.
(2012 also shows systematic vertical shifts — consistent withwhere p(v) is the nascent production rate of OH in vibra-
the other results discussed here — of the volume emission ratgynga| levelv, ande is the total rate constant for removal of
profiles retrieved from observations in the two SABER chan-oH in vibrational Ievelu through ReactionsR4) and R5).
nels of 2-3km for selected days of the year 2003. Note thaty () corresponds to the inverse radiative lifetime of OH in
all of these observations are approximately consistent with &iprational levelv.
0.5 km altitude shift per vibrational level. A detailed Compal’- Equation G) can be transformed into an expression for the
ison of the SCIAMACHY, SABER as well as OSIRIS results re|ative population of vibrational levelwith respect ta = 9:
on vertical shifts between OH Meinel bands originating from
different vibrational levels will be presented in a follow-up
publication (McDade et al., 2012; to be submitted). N@) = (a(v) + K%M (1)[0y] +Ko(v)[0])_lx

In conclusion, we note that — despite the existence of some L -
contradicting cases — the majority of the previously published F){1+ K22 (9)[0,] + KO(9)[O]}+ )
experimental studies are in fact consistent with the hypothe- - t
sis, that the OH emissions originating from higher vibrational 9 . . 02Ny . 4
levels peak at higher altitudes. V*§+1N(V Na@?,v) + K707, v)[O2)

Here, F(v) = p(v)/p(9), a(*,v)=A(v*,v)/A(9) and the
5 Model simulations remaining quantities are defined asMeDade(199]). Equa-
tion (4) is in the following used to calculate the fractional

The model employed here is based on the model also used byopulation of OH for the different vibrational levels
McDade(1991). As the model has been described in detailin  McDade (1991) determined the fractional population of

McDade and Llewellyr{1987 andMcDade(1991) only the ~ the OH vibrational levels)=1, ..., 9 based on 4 differ-
most important features as well as the changes are describét sets of assumptions: a collisional cascade model without
here. As mentioned above, the reaction guenching by atomic oxygen, a sudden-death model with-
out quenching by atomic oxygen, a collisional cascade model
H+ 03 — OH(V' <9)+ 0, k1 (R2) with maximum atomic oxygen quenching as well as a sudden

death model with maximum quenching by atomic oxygen.
is generally considered to be the only excitation mechanismlhe 4 sets of assumptions lead to differences in the mod-
of vibrationally excited OH near the mesopause, producingelled OH emission peak altitude associated with all vibra-
OH molecules preferentially in the=6, 7, 8, 9 vibrational tional levels of 1-2 km at most. The two models that ignore
levels. The lower vibrational states can be populated througtguenching by atomic oxygen cause vibrational bands orig-
a radiative cascade from the initially populated higher levels inating from lower vibrational levels to peak at higher alti-

tudes, contradicting the SCIAMACHY results presented in
OH®W') — OHOW") + hv A(',v") (R3)  this study and also contradicting several earlier studies, as
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Multiquantum vibrational relaxation model
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Fig. 6. Left panel: fractional populations of OH vibrational levels 1, ..., 9 as a function of altitude based on E4). The lifetime at

level v =9 (A(9)~1) was taken fromLanghoff et al.(1986), the nascent population ISteinfeld et al(1987) (see Table) was used and O-
quenching based on the rate constaridter-Golden(1997) was considered. Right panel: normalized emission rate profiles for vibrational
levelsv=1, ..., 9 calculated with Eq7J.

discussed in Sect. Therefore, taking quenching by atomic mined the rate constants for multi-quantum collisional re-
oxygen into account appears to be a necessary prerequisitaxation empirically assuming an exponential scaling of the
for reproducing a realistic dependence of the emission peakate constants with quantum number differerce (Eq. 11
altitude on vibrational level. The importance of quenching in Adler-Golden 1997 using zenith observations of several
by atomic oxygen was also emphasized in the model studyMeinel bands reported bjakahashi and Batis{@d981). For
by Makhlouf et al.(1999. N> — an inefficient quencher of OH — single-quantum deac-
For the initial model simulations presented here the O-tivation is assumed, and thedependent rate constants also
quenching rate constant also assumed Anjler-Golden  used byAdler-Golden(1997) are adopted here.
(1997 was used, i.ekP(v) =2x 10~ cm? s72 for all vi- This model is then used to determine the fractional popu-
brational levels,. Note that this value is very similar to the lation of the different vibrational levels as a function of al-
maximum O-quenching case dfcDade(199]) — consider- titude. The left panel of Figs shows the fractional popula-
ing typical radiative lifetimes at vibrational leve=9 —and  tion of the different vibrational states as a function of alti-
it was also used in the study §aufmann et al(2008. In tude determined with Eg4j, assuming the nascent popula-
Sect5.1we also test the effect of using the O-quenching ratetion by Steinfeld et al.(1987 (see Table3). Evidently, the
constant recently suggested 8ynith et al.(2010 including model produces a fairly significant altitude variation of the

the correction presented Xu et al.(2012. fractional population of the OH vibrational levels=1, ...,
Following McDade (199]), the relative transition proba- 9. The fractional population of the higher vibrational levels
bilities A(v’, v”) are taken fronMurphy (1971, andA(9) — increases with increasing altitude. This altitude variation in

the inverse lifetime of level =9 — is taken for test purposes fractional population is more pronounced than for any of the
from Mies (1974, Langhoff et al.(19869 or Turnbull and  four cases investigated bycDade(1991).

Lowe (1989, as described below. It is found, however, that In a next step the relative fractional populations are used
the resulting relative populations of the vibrational levels asto model thev-dependence of the OH emission rate profiles.
well as the modelled vertical emission rate profiles are veryThis model is based on the following assumptions:
insensitive to the assumed valueA®). Vertical concentra- o ) ]
tion profiles of O, @ and N are taken from the MSIS-E90 1. The initially produced OH follows a Gaussian alti-

climatology Hedin 1997). tude profile with a peak height @f"®"=87 km, and a
The collisional cascade model used bigDade (199) FWHM of 8 km, based on the results B&ker and Stair

only allowed for single-quantum collisional deactiva- (1988:

tion. Following Adler-Golden (1997, the model by 1 mean 2

McDade(199]) was extended in the following way: multi- G(z)= exp _u (5)

quantum collisional deactivation by,@s considered by us- V2ro 202

ing the state-to-state quenching rate constants listed in Ta-

ble 3 of Adler-Golden(1997). Adler-Golden(1997) deter- with o = F%z.
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Table 3.Nascent vibrational level distributions used for model sim- relaxation by @ are important in terms of reproducing the

ulations. observed vibrational level dependence of the OH emission
peak altitude. In order to evaluate the relative contributions
Ohoyama  Steinfeld of O-quenching and the multi-step quenching by t© the
etal. (1985)  (1987)* strong vibrational level dependence in OH emission peak al-
p(9) 0.32 0.47 titude seen in Fig6, we ran the model in a separate test
p(8) 0.29 0.34 without any quenching by atomic oxygen. The results of this
p(7) 0.19 0.15 test are presented in Fi@. The altitude dependence of the
p(6) 0.06 0.03 fractional population is significantly smaller if quenching by
p(S) 0.06 0.01 atomic oxygen is not considered. It is worth noting that for
P4 0.06 0.00 altitudes between 80 and 85 km the modelled fractional pop-
P(3) 0.06 0.00 ulations for the two cases (with and without O-quenching)
r(2) 0.00 0.00 are very similar. This effect is easily explained by the strong
p(1) 0.00 0.00 . : o ; . : ) ;
increase in [O] with increasing altitude in combination with
* Adjusted as described McDade(1993). the decreasing concentrations of @&nd Ny with increasing
** Adjusted as described idler-Golden . . . . . .Y
(1997). altitude, which make quenching by O a relatively inefficient

process below 85km. At higher altitudes the lower vibra-
tional levels are more strongly quenched by O than by O
2. The resulting vertical emission rate profile VBR{)  — relative to lower altitudes — which leads to the decreasing
associated with emission from vibrational levés now  fractional populations of the lower vibrational states at alti-
determined by weighting; (z) with the fractional pop-  tudes above about 85 km in the left panel of lign terms of
ulation N(v) (see Eq4): the vibrational level dependence of the volume emission rate
profiles, neglecting quenching by O leads to a significantly
VER(v, 2)=Nv) x G(z) 6)  reducedv-dependence of the emission peak altitude (com-
pare right panels of Figg. and6). However, in contrast to
‘the findings ofMicDade(1991J), neglecting O-atom quench-
ing leads to the correetdependence of the emission peak al-
titude in a qualitative sense (except fé=9), i.e. emissions
‘originating from higher vibrational levels peak at higher al-
titudes. This finding again confirms that both, quenching by
VER(®, 2) atomic oxygen as well as multi-quantum collisional deacti-
VER, (v.2)= MAX (VER(v, 7)) () vation contribute to the vibrational level dependence of the
emission peak altitude.
The resulting normalized volume emission rate profiles as-
sociated with the different upper vibrational levels 1, . . ., 5.1 Sensitivity tests
9 are shown in the right panel of Fif. As this figure illus-
trates, the pronounced altitude variation in fractional popula-In order to investigate the sensitivity of the model results to
tion (left panel of the same figure) also leads to significantsome of the basic assumptions made we performed a series of
differences in the normalized emission rate peak altitudegests. Note that a more comprehensive sensitivity study treat-
for the different vibrational levels, with emissions originat- ing effects of uncertainties in all parameters and testing all
ing from lower vibrational levels occurring at lower altitudes. published rate constants available for the relevant reactions
The peak altitude difference between the vibrational levelsis beyond the scope of this study.
v=1 andv=9 is about 4km, leading to an averaged peak
altitude difference of about 0.5km for emissions originat- 5.1.1 Rate constants for quenching by O and ®
ing from adjacent vibrational levels. This altitude difference
for adjacent vibrational levels is — as expected — consistenThe analysis presented above indicates that quenching by
with Adler-Golden(1997. A closer inspection of the right atomic oxygen is the key process to explain the vertical shifts
panel of Fig.6 shows that the emission peaks are not equallybetween Meinel emissions originating from different vibra-
spaced in altitude. The peak altitude difference between adjational levels. Accurate modelling of this quenching requires
cent vibrational levels decreases with increasing vibrationalccurate knowledge of the atomic oxygen concentration pro-
level. file in the MLT region as well as of the reaction rates for both
Based on (a) the model simulations performed here, andjuenching by O (ReactioR5) and collisional relaxation by
(b) the differences between our model results and the one®, (ReactiorR4). Particularly the O-quenching reaction rate
reported inMcDade(1991) we conclude that both quench- is uncertain (see Table 4 ¥u et al.(2012) for a compilation
ing by atomic oxygen as well as multi-quantum collisional of published rate constants) and in order to test the sensitivity

3. For easier comparison of the volume emission rate pro
files for different vibrational levels the emission rate
profile of everyv is normalized to its maximum value,
i.e. the peak values of the normalized emission rate pro
files for differentv are all 1:
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Multiquantum vibrational relaxation model
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Fig. 7. Fractional population of different vibrational levels (left panel) and modelled vertical emission rate profiles (right panels) for the same
parameters as in Fi§, except that quenching by atomic oxygen is entirely neglected.

Multiquantum vibrational relaxation model

100 =9 ] 100 “TVie]
v=2_8 v=_8
V=71 v=71
v==6 - v==6 4
v=5 v=5
—--v=4 v=4
%[ vz
— —v=17 — v=17
IS IS
= =
S 90 1 3 1
2 2
< <
85 b b
e
80 T 80
0.01 0.10 1.00 00 02 04 06 08 10 1.2
Fractional population Relative emission rate

Fig. 8. Same as in Fig6, except that quenching by atomic oxygen is modelled using the O-quenching rate constant takBmitioret
al. (2010 in combination with the correction factog € 1.293) fromXu et al.(2012). Adjusted G-quenching is also taken froiXu et al.
(2012, but is found to have only minor impact on the model results.

of the results to the value of the O-quenching rate we usesmaller vertical shifts below the emission peak and larger
the recently published rate constant value Sipith et al.  shifts above the emission peak is now more pronounced,
(2010 in combination with the correction facto €1.293)  in agreement with the SCIAMACHY results presented in
derived byXu et al. (2012. The Smith et al.(2010 value Fig. 2. We conclude that using th&mith et al.(2010 O-

is with k°2(v) =0.5x 10~*cm®s™ only one forth of the  quenching rate constant including tKe et al.(2012) correc-
Adler-Golden(1997 value. Based on the case study neglect-tion factor (8 = 1.293) allows for a more realistic modelling
ing quenching by atomic oxygen described above, we expectf the asymmetry seen in the SCIAMACHY measurements.
that the vertical shifts between emissions from different vi- We also tested using tt&mith et al(2010 O-quenching rate
brational levels will be smaller with th&mith et al.(2010 constant without applying théu et al.(2012 correction fac-
value compared to th&dler-Golden(1997 value. Figure8 tor, and found that the effect of thau et al.(2012) correction
demonstrates that this is the case, showing the model resulfactor is rather small, as expected.

including theSmith et al.(2010/Xu et al. (2012 value as
well as theXu et al. (2012 correction of the @ quench-
ing rate constant. Note that the effect of the Quenching

rate constant correction on the model results is only minor,

. : 1Jn an additional test we investigated the sensitivity of the
Figure 8 also demonstrates, that the asymmetry in terms o ; . :
model results to changes in the atomic oxygen profile by

5.1.2 Scaling the atomic oxygen concentration profile
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Fig. 9. Sensitivity of the modelled vertical emission rate profiles to the atomic oxygen profile. The standard MSIS atomic oxygen profile is
scaled with constant factors varying between 0.1 (top left panel) and 10 (bottom right panel). The rate constants for quenching by atomic
oxygen and molecular oxygen are the corrected values publishéad @b al. (2012.

scaling the atomic oxygen concentrations at all altitudes withhigher altitudes — is not affected. However, an increase in the
a constant factor (ranging from 0.1 to 10) leaving all other vertical shifts is observed both below and above the emission
parameters unchanged. The tests are performed witkuihe peaks if the peak altitude becomes larger. This effect is again
et al. (2012 values of the O and 9quenching rate con- directly caused by the larger atomic oxygen concentrations
stants. The resulting model output is displayed in Biglhe at higher altitudes.

main effect is an increase of the vertical shifts between emis- Regarding the effect of the peak width of the initially pro-
sions from different vibrational levels with increasing scaling duced OH we find that the resulting vertical shifts are signif-
factor. The results also demonstrate that the asymmetry diseantly affected (bottom panel of Fig0). The vertical shift
cussed above — smaller/larger vertical shifts below/above théncreases with increasing peak width, and so does the asym-
emission peak — becomes smaller again with increasing scaimetry of the modelled emission rate profile. The latter effect
ing factor if the factor exceeds a value of about 2. This mayis caused by the increasing difference in the atomic oxygen
again suggests that the O-quenching rate constant employeabundance — between altitudes in the lower and upper parts
by Adler-Golden(1997) is likely too large. of the emission rate profile — for increasing peak width.

5.1.3 Variability of width and mean altitude of initially 5.1.4  Effect of assumed nascent distribution and A(9)

produced OH profile Finally, we also tested the effect of the assumed nascent dis-

] ] _tribution p(v) and the assumed value for the inverse radia-
The effect of changing the peak altitude and peak widthiye Jifetime A(9) of levelv = 9 on the fractional populations.
of the initially produced OH (via the reaction H + e gifferent nascent O distribution parameter sets used
O3 — OH*+0;) on the model results was also investi- phere are listed in Tabte In terms of A(9) the values bylies
gated._For thls_ purpose the mean altitude of the assumefilg74)’-|-umbu" and Lowe(1989 andLanghoff et al (1986
Gaussian function was changed #y3km and the FWHM  \yere ysed. The differences in fractional populations and ver-
was varied from 4km to 12km in steps of 2km. The effect 5| emission rate profiles between the sets of nascent dis-

of changing the peak altitude is illustrated in the top row of 4, tions and A(9) values were found to be very small (not
Fig. 10 and the effect of changing the peak width is shown shown).

in the bottom row of this Figure. In terms of the peak alti-
tude dependence of the model results the main conclusion of
this study — emissions from higher vibrational levels peak at
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Fig. 10.Sensitivity of the modelled vertical emission rate profiles to peak altitude (top row) and peak width (bottom) of the initially produced
OH* profile. The initially produced profile is assumed to follow a Gaussian function with peak altfitfd@and a given FWHM. The rate
constants for quenching by atomic oxygen and molecular oxygen are the corrected values pubKsheitkin(2012).

5.2 Comparison of SCIAMACHY observations and 6 Effect on ground-based OH temperature observations
model results
In this section we briefly discuss the effect of different
We now discuss how the modelled differences in emissionpeak emission altitudes associated with OH Meinel emis-
peak altitudes compare to the experimental results obtainedions from different vibrational levels on OH temperature re-
from SCIAMACHY observations described above. In terms trievals using ground-based observations. Note that a com-
of the model results we focus on the simulations includingprehensive investigation of these effects including consid-
the Xu et al. (2012 O and @ quenching rates (see Fig), eration of, e.g. seasonal and latitudinal variations of the at-
because those produce an asymmetry in terms of verticainospheric temperature profile as well as possible variations
shifts below and above the emission peak that is in bettein peak emission altitudes — and emission altitude differ-
agreement with the SCIAMACHY observations. The mod- ences for different vibrational levels — is beyond the scope
elled altitude difference between emissions from vibrationalof this study. Here we assume that the OH emission profile
levelsv’ =6 andv’ =3 is aboutl.0-1.5km. This is in good can be modelled with a Gaussian function with 8 km FWHM
guantitative agreement with the SCIAMACHY results indi- and different peak altitudeg®@"in Eq.5) and we use this
cating about a 1.0-2.0 km difference in emission altitude befunction as a weighting function for the temperature profile.
tween these vibrational levels. The modelled altitude differ- The temperature profile assumed was determined using the
ence between vibrational levels=8 andv’ =6 is with about ~ MSIS-90E model for 1 July 2005, a latitude ¢fénd a longi-
0.2 km significantly smaller than the observed difference oftude of 0. The peak altitudes were then varied from 85 km to
about 1km. The reasons for this discrepancy are not fully89 km in steps of 0.5 km. The resulting difference in altitude-
known, but are likely related to the remaining uncertainty of weighted temperature for a 4 km difference in emission peak
the O-quenching rate constant and/or errors in the assumedltitude is 5.8 K, and the mean temperature difference for an
atomic oxygen profile. Still, the model qualitatively repro- emission peak difference of 0.5 km was found to be 0.65 K. If
duces the observed peak altitude differences. we assume that the emission peak of the OH(6-2) band may
be 2 km higher than for the OH(3-1) band, then the resulting
temperature difference between OH(6-2) and OH(3-1) mea-
surements from the ground may be as large as about 2.6 K
—ignoring all other potential difficulties associated with the
comparison.
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The exact numerical values of the temperature differenceSCIAMACHY is jointly funded by Germany, the Netherlands and
resulting from different emission peak altitudes will vary Belgium.
with season and latitude, but this simple analysis shows
that the effect of different vibrational levels having differ- Edited by: W. Ward
ent emission peak altitudes may cause differences between
ground-based observations employing different OH Meinel
bands on the order of a few K. Moreover, the analysis indi-
cates that accurate knowledge on the OH emission peak alxgler-Golden, S.: Kinetic parameters for OH nightglow model-
titude, peak width and its shape are essential for interpreting jng consistent with recent laboratory measurements, J. Geophys.
variations — particularly slow and long-term variations —in  Res., 102, 19969-19976, 1997.
OH rotational temperature measurements from the groundBaker, D. J.: AFGL-TR-78-0251, Air Force Geophysics Laborato-
Available satellite observations of the OH emission layer, ries, Hanscom AFB, MA, 40, 1 January, 1978.
e.g. from SCIAMACHY or SABER should be used to com- Baker, D. J. and Stair Jr., A. T.: Rocket measurements of the altitude
plement ground-based OH rotational temperature measure- distribution of the hydroxyl airglow, Phys. Scripta, 37, 611-622,
ments.
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