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Abstract. Based on the zero dimensional box model CAABA/MECEA2f, an OH airglow model
was developed to derive night-time number densifestomic oxygen ([OP)]) and atomic hydrogen
([H]) in the mesopause region (~75-100 km). Thefile® of [OCP)] and [H] were calculated from
TIMED/SABER satellite OH airglow emissions measuee®.0 um. The two target species were used
to initialize the OH airglow model, which was emgally adjusted to fit four different OH airglow
emissions observed by the satellite/instrumentigardtion TIMED/SABER at 2.0 um and at 1.6 um
as well as measurements by ENVISAT/SCIAMACHY of tlransitions OH(6-2) and OH(3-1).
Comparisons between the “Best fit model” obtainedehand the satellite measurements suggest that
deactivation of vibrationally excited Ov) via OH{>7)+0, might favour relaxation to OM{<5)+0,

by multi-quantum quenching. It is further indicatédht the deactivation pathway to QH{v-5)+0O,
dominates. The results also provide general suppmdrtthe recently proposed mechanism
OHV)+O(CP)—>0OH(0<v'<v-5)+O(D) but suggest slower rates of QH8,7,6,5)+O1P), partly
disagreeing with laboratory experiments. Additidyjatleactivation to OH(=v-5)+O(D) might be
preferred. The profiles of [é®)] and [H] derived here are plausible between 80and 95 km but
should be regarded as an upper limit. The valuefO¢TP)] obtained in this study agree with the
corresponding TIMED/SABER values between 80 km @hdkm, but are larger from 85 to 95 km due

to different relaxation assumptions of GHOCP). The [H] profile found here is generally largean
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TIMED/SABER [H] by about 50 % from 80 to 95 km, whi is primarily attributed to our faster
OH(v=8)+0; rate.

1 Introduction

Atomic oxygen in its ground state @®)) and atomic hydrogen (H) strongly influence #reergy
budget in the mesopause region (~75-100 km) dwtaygand night (Mlynczak and Solomo, 1993), and
consequently affect atmospheric air temperaturadwand wave propagation (Andrews et al., 1987).
Therefore, an improved knowledge of the abundarfc®(@P) and H is of great importance when
studying the mesopause region. At these altitu@¥>) has a direct impact on the heating rates by
participating in several exothermic chemical reawi (Mlynczak and Solomon, 1993, their Table 4).
But OCP) also contributes to radiative cooling by exgjtiCQ via collisions, leading to increased
infrared emissions of CQand partly opposing the &) chemical heating effect. Night-time H plays a
crucial role in the mesopause region due to th&wdson of ozone (g which is accompanied by the
release of a considerable amount of heat (Mlyncaa#t Solomon, 1993). This chemical reaction
additionally leads to the production of vibratidgaéxcited hydroxyl radicals (OW&0)) up to the
vibrational levelv=9, causing the formation of OH emission layersh@ atmosphere (Meinel bands;
Meinel, 1950).

Direct measurements of &) and H are relatively rare because as atomiciepéicey do not have
observable vibration-rotation spectra. Consequgntbasuring these species in the mesopause region
by remote sensing requires complex methods whilsitun observations are rather expensive (e.g.
Mlynczak et al., 2004; Sharp and Kita, 1987). Thirere exists no global data set based on direct
observations. As a consequence, an indirect metrzadintroduced by Good (1976) to derive J0)]

and [H] during night, using OH airglow emission$ig approach was also adapted by Mlynczak et al.
(2013a; 2014; 2018) which derived a global datao$etight-time [OfP)] and [H] in the mesopause
region from satellite observations of Qhl(The method is based on the assumption of chéstieady
state of Q and further depends on several radiative lifetimgsemical reactions, and physical

processes involving OMJ. However, the corresponding total rate coeffitseend branching ratios are
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still not sufficiently known, and thus present egkasource of uncertainty in the derivation of J@){
and [H].

There are two major issues currently discussedhenliterature which considerably affect the overall
abundance of derived &) and H. The first problem addresses the undeylgizactivation schemes of
OH(v) from the higher excited state to the lower excited staté (v'<v) by collisions with Q. This
can generally occur via sudden death (QHO,—OH(V'=0)+0;), single-quantum
(OH(V)+0,—0OH((V'= v-1)+0,), or multi-quantum (OH()+0O,—OH(v'<v)+0,) quenching. However,

in case of the sudden death approach, it is stkthawn where such a huge amount of excess energy is
transferred. The second crucial point comprises deactivation scheme and the total rate of
OH()+OCP), including the new pathway OW¢OECP)—OH(0<v’<v-5)+O(D) suggested by Sharma
et al. (2015).

Over the last three to four decades, several nstdelies attempted to fit OH airglow measurements,
using different rates and schemes for the deaaivatf OH{) by O, and by O{P). And at least to our
knowledge, there is no general agreement abouthwhiadel is correct. The deactivation of @Hpy

O, in many models (e.g. von Savigny et al., 2012;Mdiak et al., 2013a; Grygalashvyly et al., 2014;
Panka et al., 2017) is based on the model proplogddller-Golden (1997). It assumes a combination
of multi-quantum and single-quantum quenching armd derived from theoretical considerations and
ground-based observations. Xu et al. (2012) ingattd measurements from the Sounding of the
Atmosphere using Broadband Emission Radiometry SRPB instrument on board the NASA
Thermosphere-lonosphere-Mesosphere Energetics gndnidcs (TIMED) satellite of the OH airglow
emissions at 2.0 um and at 1.6 um. Their resufipa@t the model of Adler-Golden (1997) but suggest
slower total OH¢)+O, rates. They further exclude the sudden death mesthaas a possible
deactivation scheme. There are also two theoresitalies (Shalashilin et al., 1995; Caridade et al.
2002) which investigated OB deactivation via @ both supporting a combination of multi-quantum
and single-quantum quenching similar to the modl@idber-Golden (1997).

However, Russell and Lowe (2003) and Russell e{24105) analyzed OH(8-3) and 13} airglow
emissions measured by the Wind Imaging Interferem@VINDII) instrument on board the Upper

Atmospheric Research Satellite (UARS). Both airglEwissions were used to derive separate data sets
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of [O(P)] and the best agreement between these twiP]Ddata sets was obtained when a sudden
death scheme for OM)+O, quenching was applied. Kaufmann et al. (2008) stigated several OH
airglow spectra between 1 pm and 1.75 pm measusedh® Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMAQHnstrument on board the Environmental
Satellite (ENVISAT). They found best agreement lestav their model and the measured OH airglow
spectra when a combination of sudden death antesiuzntum quenching was used.

Vibrationally dependent rates of OH¢O(P) were determined by Varandas (2004) and Caridade
(2013), using quasi-classical trajectory calculatiol heir results suggest that deactivation oceiara
chemical reaction as well as multi-quantum quenghialogerakis et al. (2011) obtained a deactivatio
rate of OHY=9)+O(CP) from laboratory experiments which is severalentarger than the rate from
these calculations. But applying this fast quenghiate led to non-physical [@X)] values and
associated heating rates (Smith et al., 2010; Migkcet al., 2013a). Thus, Sharma et al. (2015)
proposed a new mechanism OMOCP)->OH(0<v’'<v-5)+O{D) to account for results from both
theory and experiment. Very recent laser experimmantd model studies support this new pathway while
the exact values of the branching ratios and totd rates are still not known (Kalogerakis et20.16;
Panka et al., 2017). However, recently publishesults by Mlynczak et al. (2018) oppose this
mechanism. They also applied the new rate of Kalige et al. (2011) for OnED)+OCP). But in
order to get the annual energy budget into neaanoal it was necessary to assume that at least
OH(V=9)+0@P) occurs via single-quantum relaxation. Additibpahe rate of OH{=8)+0, had to be
reduced and is considerably smaller than the vaperted from Adler-Golden (1997).

The newly suggested rates of @OEPP) were applied in different models to derive ¥){ in the
mesopause region. Mlynczak et al. (2018) used SABERairglow emissions observed at 2.0 um to
derive [O¢P)] and assumed rates of x10'° cn® s* and 1..x10"° cm® s* for OHV=9)+0¢P) and
OH(v=8)+O(P), respectively. They further stated that deatitmaof OH{=9)+O€P) has to occur via
single-quantum quenching and that the @#8)+0O, rate has to be smaller than known from laboratory
measurements to get global annual energy budgenedr balance. Panka et al. (2018) simultaneously

investigated SABER OH airglow emissions measureti@gum and 1.6 um, while applying faster rates
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for OH(V=8)+O(P) and OH{)+0,. Their [O€P)] values agree within the corresponding errots wie
results reported by Mlynczak et al. (2018) abové k& but are larger in the altitude region beloive T
authors also demonstrated the high sensitivithefderived [OfP)] from OP) quenching rates applied
in their model. Zhu and Kaufmann (2018) analyzedABACHY OH(9-6) transition. They used a
value of 2.x10™ cm?® s* for OHL=9)+OCP) which is lower than the one applied in the twevjpus
studies, resulting in generally lower fBf] values in the altitude region above 87 km. Thaie for
OH(v=9)+0, lies between the corresponding rates of the twmrostudies, and consequently their
[O(P)] is also between the [&)] values of these two studies below 87 km. Thesent publications
indicate that the rate of Ob9,8)+O€P) might be slower than previously suggested in8haet al.
(2015). But this problem needs further attentiomabse all three papers derive different *R)],
depending on the data sets investigated.

In order to address the two major issues statedealblois paper is focused on the development efra z
dimensional box model for atmospheric OH airglowtmthe intention to derive night-time [&%)] and
[H] in the mesopause region. The model considergaimation of OH¢) via H+O; and deactivation of
OH(v) due to spontaneous emission of photons, chemgattions and physical collisions with
atmospheric air compounds,ND,, and OfP). We used the indirect method introduced by GA6d6)
and derived night-time [&®)] and [H] from TIMED/SABER OH emissions at ~2.@npwhile also
considering the OH airglow observations from TIMBBBER at ~1.6 um as well as the OH(6-2) and
OH(3-1) transitions measured by ENVISAT/SCIAMACHYurther sensitivity runs were carried out to
estimate the uncertainty on the derived valuesQiff)] and [H] due to the different deactivation

schemes, overall rate constants, and branchinggrati

2 Data and method
2.1 Satellite measurements

2.1.1 ENVISAT/SCIAMACHY

The SCIAMCHY instrument (Bovensmann et al., 1999swan 8-channel spectrometer on board
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ENVISAT, providing atmospheric OH airglow emissiameasurements between ~220 nm and ~2380
nm. ENVISAT was launched into a polar and sun-symobus orbit and crossed the equator at ~10 LT
and ~22 LT. The ENVISAT mission started in MarctD2@nd SCIAMACHY was nearly continuously
operating until the end of the mission in April 20daused by a spacecraft failure. The SCIAMACHY
instrument performed measurements in different mas@®ns modes, including night-time (~22 LT)
limb scans over the tangent altitude range ~75-&%0 These measurements are only available
throughout the year at latitudes between the eqaaitd 30° N.

In this paper, we used SCIAMACHY level 1b data v/t0 retrieve OH airglow volume emission rates
(VERS) of the OH(3-1) and OH(6-2) bands in the wength ranges of 1515-1546 nm and 837.5-848.0
nm, respectively. The retrieval approach applie levery similar to the one described in von §ayi

et al. (2012). The retrieval does not cover the @ete spectra of the OH(3-1) and OH(6-2) bands, and
consequently a “correction factor” of 2.48 for OH(BVER and 2.54 for OH(6-2) VER was applied to
account for the entire band emissions at mesop#esperature. The data set further includes
corrections for misalignments and other measuremeemrs (Gottwald et al., 2007). Investigations
performed by Bramstedt et al. (2012) showed a dfithe SCIAMACHY tangent height of less than 20
m yeat* which is negligible for our study.

The uncertainties of the OH(3-1) VER and OH(6-2) R/Eetrievals from SCIAMACHY Ilimb
observations correspond to the propagated unceesiof the observed limb emission rate (LER)
profiles. The latter are estimated from the LERuealin the tangent height range between 110 km and
150 km, where the actual atmospheric emissionsIdhioe zero. The VER uncertainties are first
determined for daily and zonally averaged data. Ureertainties used in this analysis corresportigo

mean uncertainties averaged over all days witrocated SCIAMACHY and SABER observations.

2.1.2 TIMED/SABER

The SABER instrument (Russell et al., 1998) board the TIMED satellite has been nearly
continuously operating since January 20fflecting over 98 % of all possible data. Therimstent scans
the atmosphere from the surface up to altitudes4®0 km while providing a vertical resolution of
about 2 km throughout the entire height intervalleDlo the geometry of the satellite orbit and the
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regular yaw manoeuvres every ~60-65 days, SABER prdvides complete coverage of the latitude
range between ~55° S and ~55° N. The SABER instnammeasures the OH VERs at ~2.0 uym and at
~1.6 um which approximately corresponds to thesiteoms of OH(9-7)+OH(8-6) and OH(5-3)+0OH(4-
2), respectively. The contribution of OH(7-5) to MER at 2.0 um and of OH(3-1) to OH VER at 1.6
pum is only about a few percents (Xu et al., 201B;ndzak et al., 2013a) and is neglected in thisspap

In this study, we used the SABER Level 2A data \d.the “unfiltered” OH VERs at 2.0 um and at 1.6
pm, the air temperature and pressure, and the etaixing ratios (VMRS) of @(derived at 9.6 pm).
There are also SABER ;Oneasurements at 1.27 um but these observationsoaravailable during
night. New night-time VMRs of GP) and H (Mlynczak et al., 2018) were used for cargon with the
results derived from our model. The “unfilter” factapplied to OH VER adjusts the originally
measured OH VER by the SABER instrument to thel ddEER emitted by OH in the corresponding
vibrational bands, while considering the shapethyidnd transmission of the SABER broadband filters
(Mlynczak et al., 2005). Outliers were excludeddoyeening the data as suggested by Mlynczak et al.
(2013a). The SABER data used here were furthengtst to observations between 21 LT and 23 LT to
approximately match the SCIAMACHY measurement tahe 22 LT. In order to be consistent with the
naming of the SCIAMACHY OH airglow observationsetSABER OH airglow at 2.0 um and at 1.6
pum are referred to as OH(9-7)+OH(8-6) and as OH381(4-2) throughout the paper.

The total uncertainty of SABER OH airglow data usede comprises three different error sources.
Since we used climatology of the measurements $get 2.2), there are sufficient samples that the
random noise component of the total uncertaingseentially zero. The remaining two major terms are
the absolute calibration error (<5 %) and the “iefi factor error (<3 %). Assuming a root-sum-sggia
propagation of the individual uncertainties, thesults in a total uncertainty of about 6 % forddta

points presented in this study.

2.2 Method

In order to minimize uncertainties between SABER &CIAMACHY due to different measurement
characteristics, we focused on the latitude ramgenf0O° to 10° N, which was covered by both
instruments throughout the entire year. A broadétude band is not recommended because SABER
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and SCIAMACHY do not uniformly cover the same ladies, leading to disagreements between the
real latitude of the observations and the nomiagdude of the interval. The accepted profiles ofhb
instruments within the chosen latitude interval evarveraged to zonal mean nightly mean values. All
these zonal mean nightly means from January 200Becember 2011 were used to calculate a
climatology, including only days on which both SGAACHY and SABER data are available.
The approach to derive [éR)] and [H] applied here was developed by Good §19Rd is described in
detail in Mlynczak et al. (2013a). Thus, we onlyegia brief summary here. The measured SABER
OH(9-7)+OH(8-6) VER (photons cfrs?) is given by Eq. (1):

OH(9-7)+OH(8-6)VER =k, [H][0,]G(f,, A ,.C...) » (1)
where k; is the rate constant of the chemical reaction gj+@presenting direct production. The
functionG (Eq. (2)) comprises all relevant production amsklprocesses of OH(9-7) VER and OH(8-6)
VER:

f f f. AL+C
TR A VT RA Ay weroy et
9 9 8 8 9 9 8 8

)

The subscriptsy and v (v'<v) are the vibrational states of OH before and atfter corresponding
process. The ternfg are the nascent distributions and describe théugtmn efficiency of OH(f) via
the reaction H+@ Total radiative loss due to spontaneous emissiereonsidered by the Einstein
coefficientsA, (s*) which are the inverse radiative life times of ®H(The total loss rat€, (s*) is the
sum of loss due to collisions with the air compaii,, O, OCP)), including chemical reactions and
physical quenching. The termds, andC,, represent the specific state-to-state transitions.
In the second step, chemical equilibrium gfddring night is assumed as follows:

k [H][O5] + k, [OCP)I[O;] = k [OCP)IO,]M] , 3)
meaning that @loss due to H and éR) (left side) is balanced bys@ormation via the three-body-
reaction O{P)+O+M (right side). Herek, andks are the corresponding rate constants ¢PBO; and
OCP)+Ox+M, respectively, whilevl being an air molecule and [M] being the total nemtiensity of the
air.
Finally, rewriting Eq. (1) enables the derivatidi{td] while [O(®P)] is calculated by substituting Eq. (3)
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in EQ. (1) and rewriting the resulting term asdulb:
OH(9-7)+OH(8-6) VER
Gk [O4]

OH(9-7)+OH(8-6) VER
G (ks [Oz] [M] - kz [03]) l

[H]=

: (42)

[OCP)]= (4b)

Air temperature and air pressure from SABER weredu® calculate [M], [@] (VMR of 0.21), and
[N2] (VMR of 0.78) via the ideal gas law, and [M] wien used to convert SABER; MR into [Og].
The chemical reaction rates and physical quencpingesses involved are described in Sect. 2.3. The
values of [OfP)] and [H] were individually derived for each aitle. Finally, the obtained vertical
profiles of [OfP)] and [H] were used to initialize the OH airglovodel (see Sect. 2.3).

It is apparent from Eq. (4a-b) that any changediegpo the input parameters (G;,@s, M, ki, ko, ka)
are balanced by the derived values of°f)] and [H], without assuming any a priori inforoat of
[OCP) and [H]. In contrast, OH(9-7)+OH(8-6) VER is naffected by the input parameters and
therefore identical in every model run. Howevee goal of this paper is to develop a model whicesdo
not only fit OH(9-7)+OH(8-6) VER observations buts@ reproduces the three other airglow
measurements OH(6-2) VER, OH(5-3)+OH(4-2) VER, éanid(3-1) VER. We have to further point out,
that the relation between [t®)] and OH(9-7)+OH(8-6) VER is not linear since fluaction G also
depends on [GP)], as represented by the terisandC,,. In fact, Eq. (4b) is a quadratic expression
with respect to [OP)] but treated here as a linear one, making nstanbal differences for small
[OCP)]. Nevertheless, this issue is addressed inldetaect. 3.4.

2.3 The OH airglow Base model

The model used in this study based on the atmospheric chemistry box model uéoé&fficiently
Calculating the Chemistry of the Atmosphere/ChemistAs A Box model Application
(MECCA/CAABA-3.72f; Sander et al.,, 2011). The boodel calculates the temporal evolution of
chemical species inside a single air parcel ofrtatepressure and temperature, making the modkl we
suited for sensitivity studies. The CAABA/MECCA stiard model was extended by several chemical

reactions and physical quenching processes in@l@hi() which are described in this section. The
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model was run until it reaches steady-state, défing the agreement between the measured and
modelled OH(9-7)+OH(8-6) VER.

The OH airglow model described in this sectionefermed to as “Base model” because it is the starti
point of our model studies. But we have to point that there is no such a thing as a commonly
accepted OH airglow base model in the literaturee Base model takes into account all major
formation and loss processes of ®H(Table 1) which are commonly used in other modelshe
literature and are assumed not to be seriouslyror.eThe model comprises the production of @H(
via the chemical reaction H+x@s well as the deactivation due to spontaneoussamni and the removal
physical quenching and chemical reactions with®, and OfP).

The chemical reactions H+#0 OGP)+Qs;, and O{P)+O+M were already included in the
CAABA/MECCA standard model and their correspondirajes were taken from the latest Jet
Propulsion Laboratory (JPL) report 18 (Burkholdéraé, 2015). The reaction H+xCcan populate
OH(v) at all vibrational level®<9 and the nascent distribution of Qhi{vas taken from Adler-Golden
(1997). The spontaneous emissions are given b¥i&ein coefficients at 200 K (Xu et al., 2012).
Deactivation of OH{) by N, is assumed to occur via single-quantum quenchihg. rates at room
temperature for ORK8) and for OH¢=9) were taken from Adler-Golden (1997) and Kaleds et al.
(2011), respectively.

Quenching of OH() by G; is based on the values reported by Adler-Gold@87{1their Table 3) which
comprise a combination of multi-quantum and sirggl@ntum quenching. However, Adler-Golden
(1997) applied a factor of ~1.5 to account for npease temperature based on comparisons between
laboratory measurements at room temperature obEBJEO, and the corresponding rate inferred from
OH(8-3) rocket observations in the mesopause redgahlater experiments reported by Lacousiere et
al. (2003) and calculations by Caridade et al. 22(fuggest smaller values. The latter study further
indicates that the temperature dependence decriesdewer vibrational levels and becomes negligibl
for OH(<4). Consequently, the rates presented in Adler-&old1997) were scaled to room
temperature measurements={-6 Dodd et al., 199M=7 Knutsen et al., 1996=8 Dyer et al., 1997;
v=9 Kalogerakis et al., 2011), and afterwards aofaof 1.1 for OH¢>6) and 1.05 for OH(=5) was

10
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applied.

The removal of OH() via collisions with OP) is included by using a combination of multi-gtan
guenching (Caridade et al., 2013, their Table H)@remical reactions (Varandas, 2004). The rates we
obtained from quasi-classical trajectory calculagicat 210 K, approximately matching mesopause
temperature.

As described in the previous section, the OH aighoodel is adjusted to fit OH(9-7)+OH(8-6) VER,
OH(6-2) VER, OH(5-3)+OH(4-2) VER, and OH(3-1) VERhus, the model cannot provide
information about OH(<2). It further treats OH(=9) and OHY=8) as well as OH{=5) and OHy=4)

as a single level and the corresponding deactivatltannels presented in Table 2 and 3 should be

viewed more critically.

3 Results and discussions

Figure 1 displays vertical profiles of a) OH(6-2ER, b) OH(5-3)+OH(4-2) VER, and c¢) OH(3-1)
VER, comparing the observations (black squared) thié corresponding Base model output (red line).
The model results of OH(6-2) VER and OH(3-1) VER ar4 km running average to take the averaging
kernels of SCIAMACHY measurements into account. Base model approximately matches the
general shape of the measured profiles but overasts the three OH airglow measurements at the
altitude of maximum VER. A closer look at the relat differences shows that the ratio
model/observation at the altitude of maximum VERakout 2.0, 1.2, and 1.3 for OH(6-2), OH(5-
3)+0OH(4-2), and OH(3-1), respectively. Furthermdiegse ratios increase with decreasing altitude,
indicating that the overestimation of the Base nhaadght be associated with,@uenching.

The differences between Base model and observatienguite substantial in case of OH(6-2) VER.
This implies a general problem of the rates or s@®included in the Base model, requiring a detaile
error analysis. The focus was set on potentialresources of OH(6-2) VER because the relative
differences between model and measurements aestarxgmpared to the other two OH transitions, and

secondly because changes of @) will affect the lower vibrational levels, buttnace versa.

3.1 Potential error sources of OH(6-2) VER in the Bse model

11
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Based on the results presented in Fig. 1, the patesrror source has to have an effect on theenti
height interval and must have a stronger impacDét(6-2) compared to the other two OH transitions.
We further focus on quantities with large uncetias For the latter reason, temperature is exdwade
possible source because to account for a reducfi@H(6-2) VER by a factor of 2, temperature must
be increased by more than 20 K (not shown hera)h &uarge error is very unlikely considering that
zonal mean climatology (2003-2011) is used here.

Since the overestimation of the Base model is eslhedarge for OH(6-2) VER, an impact of the
Einstein coefficient of the corresponding transitraust be considereBegarding this aspect, we have to
point out that studies based on HITRAN 2004 datasteuld be viewed more critically, because of
erroneous OH transition probabilitie3he Einstein coefficients used in this study weeeently
recalculated (Xu et al., 2012, their Table Al) aodrespond to a temperature of 200 K, which is very
close to mesopause temperature. Furtherntioese Einstein coefficients are consistent withvtaluesof

the HITRAN 2008 data set (Rothman et al., 2009)weleer, there are several other data sets of Emstei
coefficients found in literature that might leadddferent results. We therefore carried out séngit
runs, using the Einstein coefficients reported bynbull and Lowe (1989), Nelson et al. (1990), van
der Loo and Groenenboom (2007), Xu et al. (2012aseBmodel), and Brooke et al. (2016). The
corresponding results are presented in Figure 2shodv considerably large differences in case of
OH(6-2) VER which are about a factor of 4 betwdess highest and lowest model output. In contrast,
the individual simulations of OH(5-3)+0OH(4-2) VER&OH(3-1) VER are rather consistent and vary
only by ~10 %. These results emphasize that theelha the Einstein coefficients is a potentialoerr
source for higher quanta transitions.

Regarding the credibility of the Einstein coeffidig, it is generally assumed that the calculation
improve with time. However, this is not necessatile at quanta changes >2 because it all depends o
how good the representation of the Hamiltonian tftee OH molecule is, that is used to solve the
Schrodinger equation. Multi quanta transitions xfamta have small Einstein coefficients and are
generally hard to model and calculate. The assedsafghe Einstein coefficients requires a detailed
analysis of the corresponding calculations, whe&chayond the scope of this study. We thereforeaann

exclude the values used in the Base model as at@dterror source, but we also think that our ckoi

12
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of the Einstein coefficients from Xu et al. (201i8)reasonable. Additionally, these values represent
approximately the average model output of all filz#a sets considered here, while the model results
based on Nelson et al. (1990) and van der Loo andri@nboom (2007) represent the variability. Thus,
we will not replace the Einstein coefficients by &al. (2012) in our model but keep in mind thnesyt
might be too large.

Furthermore, the best agreement between the oltegryand the model was obtained by applying the
Einstein coefficients reported by van der Loo andeBenboom (2007). But even in this case, the
model still overestimates the observations of &l ttansitions in the altitude region between ~80 km
and ~86 km. This pattern strongly supports the ssiygn stated above that the rates and schemes
associated with Ol{+O, are incorrect.

The nascent distribution of the excited OH staféb® chemical reaction H+Qvas observed in several
studies and all of them agree that @H& primarily formed in the vibrational levels=8 andv=9 (e.g.
Charters et al., 1971; Streit and Johnston, 19Tgi)y@ma et al., 1985; Klenerman and Smith, 1987).
The values used in the Base model were taken fratierAsolden (1997) which are based on
measurements reported by Charters et al. (1971)agree with values obtained by Klenerman and
Smith (1987) and Streit and Johnston (1976). THeegafound by Ohoyama et al. (1985) show some
differences, but according to Klenerman and Snii#87), their results are fundamentally flawed. This
also affects the nascent distribution used by Mighkcand Solomon (1993) which is an average of
Charters et al. (1971), Ohoyama et al. (1985),iKdederman and Smith (1987).

Therefore, we think that our nascent distributigedihere is likely not a serious error source. Hawe
minor errors might be introduced by extrapolating hascent distribution to lower vibrational levats

it was done for the values used in our study (A@elden, 1997). It is also possible that part @& th
nascent value of OMEG) is not due to direct production via H3®ut results from contributions of
OH(v>7). In order to test the potential impact of the (@+6) nascent value on OH(6-2) VER, we
assumed an extreme scenario by reducing thevEhi(nascent value from 0.03 to zero. But the
corresponding results of OH(6-2) VER of the Basedehaun (not shown here) are only about 15 %
lower compared to the values presented in Fig.utthEr sensitivity runs also showed that an in@eas

of the ratio §/fg is associated with a decrease of modelled OH(BER but even the extreme case of
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fo=1 and §=0 could not account for a factor of 2. Note tHaamges of the overall rate constant of H+O
affect all considered OH transitions in a similaywThus, we conclude that direct production of QH(

is unlikely to be the reason for the overestimatb@H(6-2) VER by the Base model.

The physical removal of OM) by N, is included as single-quantum relaxation whickupported by
theoretical studies (Shalashilin et al., 1992; Ad@®lden, 1997). Assuming a sudden death schenfe wit
the same overall deactivation rates resulted iraedse of simulated OH(6-2) VER by less than 10 %
at the altitude of maximum VER. The total deacimatrate for OHY=9) used here is about 1.5 times
higher than the one suggested by Adler-Golden (L8897 the difference between the corresponding
model OH(6-2) VERSs is negligible (<1 %). There am® studies reporting temperature dependence of
N> quenching (Shalashilin et al., 1992; Burtt andr8tza 2008), both agreeing with measurements at
room temperature. However, the calculations of flrener study imply slower quenching rates at
mesopause temperature compared to their respedives at room temperature whereas the latter
publication indicates the opposite behaviour, reépgra ratio between the rate at 200 K and 300 K of
approximately 1.7 for ORESB) and 1.3 for OH(=9). These factors are generally supported by LOpez
Puertas et al. (2004) which applied an empiricdéyermined factor of 1.4 to the rates of Adler-Goid
(1997) to account for mesopause temperature. Shecéemperature dependence is still uncertain, we
tested both possibilities. We increased and deedetige overall OH()+N, quenching rates by a factor
of 1.5 which led to higher or lower OH(6-2) VERSs algout 5 %. Therefore, Ns too inefficient as a
OH(v) quenching partner to cause differences of OH(@EXRR of a factor of 2.

The overall rate and exact pathways of QHO(CP) are also still not known well enough buf@)(has
nearly no influence on OMJ at altitudes below 85 km. It therefore cannottte only reason for the
differences presented in Fig. 1. Consequently, tdedion by Q is the only remaining candidate which
has a crucial influence on O¥(throughout the entire height interval. Therefave, will first focus on

OH(v)+0, (Sect. 3.2) before investigating a potential iaflae of O{P) on OHY) in Sect. 3.3.

3.2 Deactivation of OHp) by O,

The overestimation of OH(6-2) VER by the Base mazi be generally corrected either by slower
rates of OH¢=9,8,7)+Q or by a faster rate of OB{6)+0,. The overall deactivation of Ob9) was
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measured by Chalamala and Copeland (1993) and¢seynmended a value of x10™ cm® s*. This
result was later confirmed by Kalogerakis et aQ1(P), reporting a rate of :x20™ cn? s*. The rates

for OH(V=8,7,6)+Q are each based on a single study on§8(Dyer et al., 19974=7 Knutsen et al.,
1996; v=6 Dodd et al., 1991). But at least to our knowkesdthere are no signs that the rates of
OH(v=9,8,7,6)+Q are fundamentally flawed. In order to test the actpof the individual rates on
OH(6-2) VER, we carried out sensitivity runs bywag the overall rates within their recommended 2
errors. Thus, we reduced the values of B#9(8,7)+Q to 1€x10"? cn? s?, 7x10* cn?® s?, and 'x10

12 cnt® s?, respectively, while the rate of O{6)+0, was increased to ¢x310* cn s*. But even
under this favoured condition, the Base model augfutOH(6-2) VER decreased only by a factor of
1.5, still not close to the required differenceadfictor of 2. Additionally, the assumed scenasitather
unlikely since the overall rates were obtainedrmependent studies.

The possibility of a systematic offset of QHE)+0, rates, which are based on the single study (Dodd
et al., 1991), is also excluded because of the gend agreement of this O#2)+0O, rate with the
value obtained by Rensberger et al. (1989). Furibez, when we increased the O@H§)+0; rates by a
factor of 3, the Base model approximately fits O2J6VER and OH(3-1) VER but underestimates
OH(5-3)+0OH(4-2) VER by more than 30 %. Temperatependence also affects the @activation
rates used here. But the factor to account for peasse region temperature is suggested to be lower
than 1.3 (Lacousiere et al., 2003; Cadidade et@D?2) which has a weaker impact on OH(6-2) VER
than the scenarios considered above.

Consequently, when applying the standard deaabwatrates and schemes found in the literature,
neither errors of the overall rates nor uncertamtf the temperature dependence can give a rddsona
explanation of the overestimation of OH(6-2) VERsBamodel output shown in Fig. la. Since the
overall rates were actually measured while the tileiion schemes are solely based on theoretical
considerations, it is more convincing that the poé error source lies within OMJ+O, deactivation
scheme rather than in the deactivation rates.

In order to considerably reduce OH(6-2) VER, weuassd an extreme scenario and substituted the

multi-quantum relaxation (OMJ+O,—OH(V'<v)+0O;) in the Base model by a sudden death
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(OH(v)+0,—0H+0,) approach. This new model is referred to as; “©D model” and the
corresponding results are displayed in Fig. 3 dslires, showing that the simulated OH(6-2) VER
matches the observations within the error barsvbeé86 km and above ~92 km. The model still
overestimates the measurements in the altitudeomegb0 km, which might be related to Y
guenching (see Sect. 3.3). The 8D model output for the other two OH transitioRsg( 3b-c) is
clearly too low, implying that OH{)+O, quenching cannot occur via sudden death alonealt
conclude that the contribution of higher excitestest OH¢>7) to OH{=6) must be negligible or even
zero and these higher states are suggested torjyirpapulate lower vibrational levels OWK5).
Therefore, OH{)+O, has to occur via multi-quantum quenching becansease of single-quantum
deactivation the contribution of OW7) to OH@=6) is considerably larger than zero.

According to Finlayson-Pitts and Kleindienst (1980DH(V) might be relaxing to’=v-5 while the
excess energy is transferred to form(t2E). This vibration-to-electronic energy transfer waiso
mentioned by Anlauf et al. (1968) and is suppotigdhe close energy match of the transition from
OH(V=9) to OH@=4) and from Q(X>%) to Oyb'Z) of about 36.6 kcal mdl and 37.5 kcal md
respectively. Although there is no experimental psurp of this deactivation pathway, this approach
gives a reasonable explanation for the observeadrpan our study and OM]) as a potential source of
excited Q, as discussed in Howell et al. (1990) and Murtaigal. (1990). However, evaluating whether
the product is really §b'Z) or another excited Ostate is beyond the scope of this study. Thus, we
concluded that deactivation of OH(by O, has to satisfy the following condition:

OH(vV>6)+0, — OH(V'<5)+0; (R8)
while we further assume that the pathway
OH(WV>6)+0, —» OH((V'=v-5)+0, (R9)

is the preferred deactivation channel.

In order to test whether R9 could be the only pathaf R8 we assumed multi-quantum relaxation via:
OH@)+0; — OH(V-5)+0; (R10a)

or OHWL)+O; — OH(V-4)+0;, (R10Db).

If R10a is integrated in the model (Fig. 3b-¢,va6 model), the corresponding model output at alasu
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<90 km is only about 10 % below the observationgO6f(5-3)+0OH(4-2) VER and approximately
matches OH(3-1) VER measurements within the eraos.blr'he underestimation of the OH(5-3)+OH(4-
2) VER measurements by the model could be attribitteninor errors of the OMJ+0O, overall rates in
combination with a slightly different OM) branching of H+@ Therefore, we cannot completely rule
out R10a as a possible solution, even if theresallesome differences between the modelled and the
observed OH VER. Replacing R10a by R10b in the infieig. 3b-c, Q v-4 model) results in an
overestimation of the observations of OH(5-3)+ORJ4/ER and OH(3-1) VER by about 20 % to 30
%, and consequently this assumption is not furtbesidered as a potential solution.

The results shown in Fig. 3 suggest that the OBlair model is not able to reproduce the three OH
airglow observations when sudden death or simgliflsulti-quantum schemes for OH$O, are
applied. But the @v-5 model output is quite close to the measuremaniggesting that R9 might be
the dominating deactivation channel within a mglientum relaxation scheme in accordance with R8.
We therefore included these two conditions in thecalled “Q best fit model” and the results are
displayed in Fig. 4. The corresponding branchirtgpsafor the individual pathways are summarized in
Table 2.

The simulated OH airglow fits well with the threéi@irglow observations within the error bars below
85 km. In the altitude region above 85 km, it isrs¢hat the model still overestimates OH(6-2) VER
while OH(3-1) VER is indicated to be slightly undstimated. Furthermore, this pattern is not seen in
OH(5-3)+OH(4-2) VER and therefore could be attrdzltto deviations due to the different
satellite/instrument configurations between TIMEBBER and ENVISAT/SCIAMACHY. But since
this behaviour only occurs in the upper part ofwbdical profiles and is not seen throughout thiere

height interval, it is more likely related to 3] quenching.

3.3 Deactivation of OHg) by O(P)

Only recently, Sharma et al. (2015) proposed a pathway of OH¢)+O(P) by providing a direct link
between higher and lower vibrational levels via:
OH(V)+0OP) — OH(0<v’<v-5)+O(D) (R11),

with the vibrationally independent reaction constan= 2.:x10"° cm?® s*. While the value of 4(v=9)
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is based on measurements (Kalogerakis et al., 20khiebaud et al., 2010) and on calculations
(Varandas, 2004), the values fai(k=5, 6, 7, 8) are only assumed to be identicahi{(vk9) and should
be viewed more critically.

We adapted R11 in the “Cbest fit OfP) v-5 model” in such a way that the product is @H{-
5)+O{D) and the results obtained are displayed as Ies in Fig. 5. Comparisons for OH(6-2) VER
in Fig. 5a show an underestimation of the modelt&tdes >85 km. A sensitivity study was carried o
that showed that the impact of O0,8,7)+O¢P) on OH(6-2) VER is negligible. This is reasonable
because these three upper states only indiredtlyemce OH(6-2) via R11. Consequently, our analysis
suggests a lower value ofi;lw=6) and best agreement between model output and -QH{ER
observations was obtained for an overall rate pfadmately 0.x10*° cm® ™.

In case of OH(5-3)+OH(4-2) VER, presented in Fidy, 3he new approach leads to a weak
underestimation of the observations by the modethie altitude region above 85 km, even if
OH(vV=9)+OFP) of R11 solely populates OW4). The model results are most sensitive;ivk5), and
therefore this rate might be too fast. Considedngbest fit value obtained forKv=6), it is indicated
that k;(v) decreases with decreasing vibrational level &islfeature is discussed below in more detail.
Thus, an upper limit of(v=5)<ki1(v=6) is recommended and the actual rate coefficiaattb balance
the direct contribution of OWEY) to OHP=4) via R11. Investigating another scenario ef(\k=5)
being zero showed that the branching of %) to OH{@=4) has to be at least about 0.6 which
corresponds to a rate of a ~x40* cm® s,

The assumption that;{v) decreases at lower vibrational levels is suppolig the overall rate of
OH(v=7)+0fP)—>OH(v')+O('D) at mesopause temperature which is suggestee tmtthe order of
0.9-1.6x10™ cn?® s* (Thiebaud et al., 2010; Varandas, 2004). At léasiur knowledge, the total rate
of OHV=8)+0FfP)—>OH(v’)+O('D) was not measured. Nevertheless, results repbstedlynczak et
al. (2018) and Panka et al. (2017, 2018) indidaaé this rate might be slower than the value 023

19 cm® st suggested by Sharma et al. (2015). This is alsmirement with our findings here, because
applying 2.x10% cm® s* for kyy(v=9,8) results in non-physical [éR)] values above 90 km. The
corresponding value of [éR)] e.g. at 95 km is about 1.25 times larger thaBER [OCP)] 2013
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(Mlynczak et al., 2013a) which in turn is aboutBL.imes larger than the upper limit of fBj]
(Mlynczak et al., 2013b, their Fig. 4). This resuih a factor of 1.1x1.25=1.44 (=44 %) above the
upper limit and cannot be explained by the uncetyadf the [OfP)] profile derived here (40 %, see
Sect. 3.4). In order to obtain reasonable’fg}(values, it was necessary to lower the rate f%8) to
1.6x10% cn?® s, and we therefore recommengd(k=8)<1.6x10° cm® s* as an upper limit to derive
physically allowed [OfP)] values.

It is seen in Fig. 5c that observations andb®st fit OfP) v-5 model output of OH(3-1) VER are in
agreement within the corresponding measurementsebnat the model values seem to be slightly too
low at heights >85 km. In this altitude region, slated OH(3-1) VER is most influenced by
OH(v=9,8)+0¢P) of R11 because both vibrational levels can tirgmpulate OH¢=3). However, not
much is known about the individual branching ratio®f R11 except that
OH(vV=9)+0fP)->OH(Vv=3)+O(D) is an important deactivation channel but not esserily the
dominating one (Kalogerakis et al., 2016). Thedbas suggested a rate of 2.3(x x@P*° cnt® s* and
noted that this rate might be slower due to thelvement of excited surfaces. This generally agrees
with our results presented here because thlee®t fit OP) v-5 model only considers a contribution of
OH(v=8) to OH=3) and the underestimation indicated in Fig. 5cldde attributed to the missing
channel OH§=9)+0OCP)—~0OH(Vv=3)+O{D). The conclusions drawn from comparisons betwibeee
different airglow observations and our model stadigth respect to OmW}j+OCP) quenching are
summarized in Table 3.

Finally, all these findings presented in Table & &were adapted in the “Best fit model” (Fig. &dr
lines), resulting in an overall agreement betweeadeh output and measurements within the
corresponding errors. Note that(k=7) used here is the average of the lower and uppés derived
from Thiebaud et al. (2010) and Varandas (2004rkwis unlikely to be seriously in error. Furthermor
we have to point out that lowering:fv=8) does only impact the [é¥)] and [H] derived here but does
not affect the general conclusions drawn in thetise.

The empirically determined solution presented henplies that the contribution of OBE9) to

OH(v=8) via quenching with GP) is close to zero (see Table 1 and this sectiorgontrast, the model
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described in Mlynczak et al. (2018) assumes siggktum relaxation
(OH(V=9)+OP)—OH(v=8)+OCP)) to get the global annual energy budget intor reedance. But
applying this approach in our OH model (same toagé of (x10"° cn® s* and varying the rates for
OH(v<8)+O(P)) leads to a considerable overestimation of OF(8ER. Additionally, the shape of
simulated OH(5-3)+0OH(4-2) VER slightly mismatchés bbserved OH(5-3)+OH(4-2) VER above 90
km (not shown here). Based on these sensitivitg,rae conclude that at least part of @&)+O¢P)
channel has to be deactivated via multi-quantummchiag. This is supported by the results presented
by Panka et al. (2017) which adjusted an OH airgioedel to fit night-time Cg{vs) emissions at 4.3
um. However, this study reported empirically deteed rates for OH@&v<8)+OFP) generally higher
than the rates obtained in this work. But thestehces might be attributed to their faster valoies
OH(v)+0O, because they seem to have falsely assumed thedtdseof Adler-Golden (1997) do not take
mesopause temperature into account. Thus, we thatkheir rates of OW{+O, are too high, at least
by a factor of ~1.5. Since they performed an erogirstudy, it is not possible to estimate how much
this issue affects the rates of OKY58)+OCP). But we know from our work that higher rates of
OH(V)+0;, lead to higher values of OH(6-2) VER, OH(5-2)+OHMVER, and OH(3-1) VER which
can be generally balanced by higher rates of @KB)+O(CP). Considering our comparisons with
these two studies, we think that the rates of\QHD(P) should be investigated in more detail in future

studies as this rate has a huge impact on deriaterés of [O{P)] (Panka et al., 2018).

3.4 Derived profiles of [O¢P)] and [H]

Figure 6 displays the vertical profiles of fB] and [H] obtained by the Best fit model in comigan

with the results derived from SABER OH(9-7)+OH(8-8ER only (Mlynczak et al., 2018). The
[OCP)] profiles seen in Fig. 6a agree below 85 kmthatBest fit model shows gradually larger values
in the altitude region above. Between 85 km andr@5these larger values are caused by the different
deactivation rates and schemes of QHO(CP), agreeing with general pattern reported in Pagtla.
(2018). We have to point out that other studieg. (gon Savigny and Lednyts’kyy, 2013) observed a

pronounced [O%)] maximum of about x10' cm® at 95 km. The [OP)] derived here indeed shows

20



535

540

545

550

555

560

similar values at 95 km but a maximum is not seé¢evertheless, the [éR)] in our study obtained
above 95 km looks rather unexpected and possibkons are discussed below.

The night-time [H] derived in this study shows damipattern as SABER [H], including the maximum
at 80 km. But Best fit model [H] is systematicdlyger than SABER [H] by a factor of approximately
1.5. This is primarily caused by our faster O&)+O, rate compared to the rate applied in Mlynczak
et al. (2018). Similar to the comparisons with¥){, Best fit model [H] results also shows unexpdct

patterns above 95 km.

The quality of the derived profiles is primarilyfedted by three different uncertainty sources. st
source includes uncertainties due to the ratesheimecal and physical processes as well as the
background atmosphere considered in the Best fitel®/e assessed the lincertainty by assuming
uncorrelated input parameters. Adler-Golden (12Bd ot state any uncertainties fgahd § but these
values should be similar to the uncertaintygaddrived by Klenerman and Smith (1987). Therefare,
applied an uncertainty of 0.03 fardnd §. In case of the Einstein coefficient, we adaptedi@certainty

of 30 %, which is based on the five sets of Eimstmiefficients analyzed in Sect. 3.1. Note thagdar
uncertainties only occur for multi quanta transiio>2 quanta. But [G®)] and [H] were calculated
from the transition OH(9-7)+OH(8-6) where the agneat is better. All the otheroluncertainties of
the input parameters were taken from their respestiudies.

Recent comparisons between MIPAS &d SABER @ derived at 9.6 um were performed by Lopez-
Puertas et al. (2018). The authors showed that-tilgle O; from SABER is slightly larger than night-
time G; obtained from MIPAS in the altitude region 80-10@ over the equator (their Fig. 8 and 10)
but these differences are within the corresponaingrs. Thus, at least to our knowledge there is no
conclusive evidence stating that SABER night-time i©® generally too large. Nevertheless, we
considered an uncertainty of;@f about 10 % (Smith et al., 2013). The uncertaiot SABER
temperature was estimated to be lower than 3 %c{&&omas et al., 2008) while the total uncertainty
of SABER OH(9-7)+OH(8-6) VER was assumed to be al®®o (see Sect. 2.1.2). The totai 1
uncertainty was obtained by calculating the roatrmguare of all individual uncertainties. The ré&sul

of 16 uncertainty of [O{P)] and [H] derived by the Best fit model are shaagrerror bars in Fig. 6. The
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error bars of SABER [GP)] and [H] were adapted from the correspondingdipation.

In case of the Best fit model [BR)] profile, the & uncertainty varies between 30 % and 40 %,
depending on altitude. The individual contributiamfsthe input parameters to the total @ncertainty
are considerably different. Einstein coefficientgl anascent distribution each account for about 10 %
and 5 %, respectively, throughout the entire heigierval. The influence of the collision ratesaisout

5 % and gradually decreases to zero with increadliitgde. In contrast, the chemical reaction r&tes
and k account for ~80 % to ~85 % of the overadi Gincertainty of the derived [éR)] profiles. The
total 1o uncertainty of [H] varies between 25 % and 40 %hviit being the major uncertainty source
(~80 %) below 85 km. In higher altitude regionse impact due to uncertainty of {®)] becomes
gradually more important and both knd [OfP)] each contribute close to one half to the overal
uncertainty at altitudes >95 km. We further assumedorst case scenario (not shown here), meaning
that all uncertainties of the input parameters ronte to either higher or lower [€R)] values,
obtaining a worst caseoluncertainty of approximately 80 % for [{®)] and about 65 % for [H].
However, it is more likely that the uncertaintigs ancorrelated since they originate from indepanhde
measurements.

The second aspect influencing the quality of theved profiles is the assumption of chemical
equilibrium of Q, represented by Eq. (3). This issue was recentigstigated by Kulikov et al. (2018),
which carried out simulations with a 3-D chemiaansport model and demonstrated that a wrongly
assumed chemical equilibrium of;@ay lead to considerable errors of derived®f}(and [H]. In
order to test the validity of chemical equilibriuai Os; locally, the authors suggested that OH(9-
7)+OH(8-6) VER has to exceed xGxB, with B including several chemical reaction rates invajvin
O« and HQ species. Note that this criterion requires sinmdtausly performed temperature and OH
airglow measurements. Furthermore, this criterisnbased on the assumption that the impact of
atmospheric transport on chemical equilibrium of i® negligible. Since our experiments fit these
conditions, we applied their suggested limit andnft that in our case chemical equilibrium of iI©®
valid above 80 km. We have to point out that threntéchemical equilibrium of & refers to Q that
does not deviate more than 10 % from i@ chemical equilibrium (Kulikov et al., 2018, thé&qg. 2).

Assuming that @is always 10 % greater or lesser thag i® chemical equilibrium introduces an
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590 uncertainty of about 10 % at 80 km and 20 % at ®5 &dditionally to the total uncertainty of [{B{]
and [H] estimated above. However, such a worst cas@ario is rather unlikely while it is more
realistic that @ actually varies around its chemical equilibriumncentration. Thus, an over- and
underestimation of derived [é®)] and [H] are assumed to compensate each otbesequently, we
conclude that the impact on the total uncertairftya°P)] and [H] due to deviations from chemical

595 equilibrium of @ is negligible, but only because the previouslyduseterion (OH(9-7)+0OH(8-6)
VER>1(xGxB) is valid.

The last problem lies in the fact that the approasbd here (see Sect. 2.2) has to be applied to
individual OH airglow profiles to derive [é®)] and [H] correctly. However, the individual ssaof
OH(6-2) were too noisy to analyze single profilesl ave therefore used climatology for all input

600 parameters. By investigating individual OH airglqwofiles, we would derive individual [CR)]
profiles and eventually average them to the medfP)Pprofile. While in our case, we directly derive
the mean [OP)] profile. This makes no difference as long as télation between OH airglow and
[OCP)] is a linear one. But Eq. (4b) shows that thati@n between [GP)] and OH(9-7)+OH(8-6)
VER is only approximately linear becauSealso depends on [éK)], as represented by the ter@s

605 andC,,. The linearity between OH(9-7)+OH(8-6) VER and @){ of an air parcel with a certain
temperature and pressure is solely controlled h§HY]xG. Note that [H] too is affected by this non-
linearity issue since [H] depends @G1(Eq. (4a)). Thus, derived [H] values are onlyakle as long as
the derived [OfP)], and as a consequer@g is not seriously in error.

In order to test the linearity, [(R)]xG was plotted as a function of [{®)] and the corresponding

610 results for Best fit model at five different heighdre presented in Fig. 7. It is seen that theioela
between [OP)] and [O{P)]xG or OH(9-7)+OH(8-6) VER, respectively, is linear small values of
[OCP)], while a non-linear behaviour becomes more puoced for larger values of [&)].
Furthermore, the starting point of the behaviowstidted to lower [OfP)] values at higher altitudes. In
order to estimate this threshold, we performed sauali analysis and determined an upper limit of

615 [O(P)] before non-linearity of [GP)]xG takes over. The approximated upper limits areeddas
dashed lines in Fig. 7. Finally, an fiB}] value at a certain altitude is assumed to e ifrthis value is

below the corresponding upper limit of fB]. Otherwise, it should be viewed more criticallhis
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was done for each altitude and we found that th€A)p and [H] profiles presented in Fig. 6 are
plausible in the altitude region <95 km. In combio@ with the estimation of chemical equilibrium of
O; and the maximum of physically allowed fB]], we think that the [3P)] and [H] derived by the
Best fit model are reasonable results between 8@hkan95 km. Note that these altitude limits do not

affect the results with respect to GO, and OHY)+O(CP) presented in the Sect. 3.2 and 3.3.

4 Conclusions

We presented a zero dimensional box model which thie VER of four different OH airglow
observations, namely TIMED/SABER OH(9-7)+OH(8-6) darOH(5-3)+OH(4-2) as well as
ENVISAT/SCIAMACHY OH(6-2) and OH(3-1). Based on @ht-time mean zonal mean climatology
of co-location measurements between 2003 and 2003-E0° N, we found that I) OR}+0O; is likely

to occur via multi-quantum deactivation while QH{) primarily contribute to OH{<5) and might
prefer deactivation to OM{=Vv-5)+0,. This relaxation scheme generally agrees withlteseported in
Russell et al. (2005) but is considerably differemthe commonly used scheme suggested by Adler-
Golden (1997). We further found 1) general supportor the new pathway
OHV)+OCP)->0OH(V")+O(*D) proposed by Sharma et al. (2015) but suggestesltotal loss rates of
OH(v=8,7,6,5)+O1P). Additionally, hints for a favoured deactivatido OH{’=v-5)+O(D) are
obtained.

We have to stress that we performed an empiricaleinstudy and the total rates and deactivation
channels suggested here heavily depend on the @isitions considered. Including additional OH
transitions, like OH(9-4), OH(8-3), and OH(5-1) inathe Optical Spectrograph and InfraRed Imager
System (OSIRIS) on board the Odin satellite, migisiult in other values and deactivation schemes.
This could be a subject of a future study. Alscentbiat the Einstein coefficients used here mighinbe
error (see Sect.3.1; Fig. 2). This does not affeettwo general conclusions drawn above but would
impact the empirically derived rates.

Furthermore, our OH airglow model is based on thesitions OH(9-7)+OH(8-6), OH(6-2), OH(5-
3)+0OH(4-2), and OH(3-1) only. Therefore, our modeés not provide any information of OHR). It
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further cannot distinguish between QHH) and OHy=4) as well as OHE9) and OHY=8),
respectively, and errors in OW5) and OHY=9) might be compensated by errors in @) and
OH(v=8) or vice versa. Consequently, the rates of tlkvidual deactivation channels presented in
Table 2 and Table 3 should be viewed as a suggesbioly. In particular, the rate of
OH(v=9)+0¢P)—0H(V=3)+O(D is about 3 times slower than the lower limit repd by Kalogerakis

et al. (2016). But these issues will only be sohesgntually when future laboratory experiments
provide the corresponding OW¢0O, and OHY)+O(CP) relaxation rates and deactivation channels.
Nevertheless, we have to emphasize that the simarigs of our model do not affect the two main
conclusions drawn in this study.

Justified by a nearly linear relation between’)[ and OH(9-7)+OH(8-6) VER, the physically allowed
upper limit of [OfP)], and also considering the chemical equilibriomOs, we conclude that the
[OCP)] and [H] profiles derived by the Best fit modek plausible in the altitude range from 80 km to
95 km. The correspondingoluncertainty due to uncertainties of chemical neast and physical
processes varies between 35 % and 40 % ([H]) atwieea 30 % and 40 % ([éX)]), depending on
altitude.

The [H] derived here is systematically larger bfaetor of 1.5 than SABER [H] reported in Mlynczak
et al. (2018) which is primarily attributed to thelower OHY=8)+0O, rate. Our [O{P)] values in the
altitude region below ~87 km are in agreement withie corresponding errors with the results found i
Mlynczak et al. (2018) and Zhu and Kaufmann (20d#)are lower than the values presented in Panka
et al. (2018). However, we think that the resultshe latter study are too large because the asithor
falsely assumed too fast OB¢O; rates. In the altitude region above ~87 km, th€R§) shown here is
generally larger than the values reported in thébsee studies up to a factor 1.5 to 1.7. These
differences are attributed to the faster rates diffiérent deactivation channels of OBHOCP).
Therefore, it is indicated that we might overestengOCP)] above >87km and we suggest that our
results should be interpreted as an upper limitvéieer, a final conclusion cannot be drawn at tloisip

due the large uncertainties of the rates assumeertee [OFP)].
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Table 1 Physical processes and chemical reactions indludthne Base model

Process Rate or scheme Reference
ki = 1.£x107° #70D Burkholder et al. (2015),
RL - H +@ —OHY +6 ka(v) = Ky fa(V)? Alder-Golden (1997, Table 1)
R2 OP)+Q —O +Q ko = 8x 102 2060 Burkholder et al. (2015)
R3 OfP) +Q+M— O +M k= €x10°3* (300/TF* Burkholder et al. (2015)
R4  OHY) — OH(V’) + hv variable rates Xu et al. (2012, Table Al)

Adler-Golden (1997, Table 1),

RS OHP) +Np — OHE) + N, vEv-1 Kalogerakis et al. (2011)

, , Adler-Golden (1997, Table 3),
R6  OHP) +O  — OHY) + 0, visv see text for more information
R7a OHy) + OfP) - H +0Q variable rates Varandas (2004, Table 3, M I)
R7b OHyp) + OFP) — OH(WV’) + OCP) V'<y Caridade et al. (2013, Table 1)

Rate constants are given in the’esii system.
890 %4(5,6,7,8,9)=0.01, 0.03, 0.15, 0.34, 0.47

895

900

905
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Table 2. Empirically determined branching ratios of @iO,—OH(v’)+O, of the Q best fit model
based on OH(6-2) VER, OH(5-3)+0OH(4-2) VER, and OHJ3/ER observations.

ViV’ 8 7 6 5 4 3 <2
9 0 0 0 0 1 0 0
8 0O O 0 03 07 O
7 0O O 0 0.1 0.9
6 0O O 0 1
5 0O O 1
4 0 1
3 1
910
915
920
925
930

35



Table 3. Empirically determined branching ratios of @OCP)->OHV')+O('D) of the Best fit
model based on OH(6-2) VER, OH(5-3)+0OH(4-2) VER] &H(3-1) VER observations.

Process Recommendation Best fit rate (chs?)
Rlla OH(9) + OpP)— OH(4) + OlD) k11(9-4) > 0.6xkq(V=9) 0.6x2.3(x10%°
R1lb OH(9) + OP)— OH(3) + OfD) not negligible 0.x2.3(x10™*
Rllc OH(8) + OP)— OH(3) + OtD) k11(v=8) < ki1(v=9) 1.(x1.8(x10%°
R1ld OH(7) + OP)— OH(2) + O¢D) k11(7-<2) < kq3(v=8) 1.2tx10%°
R1lfe OH(6) + OfP) — OH(1) + O¢D) k11(6<1) < ky3(v=7) 0.8(x10™"°
R11gf OH(5) + OfP) —» OH + OfD) k11(v=5) < ky1(v=6) 0.4(x10™"°
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Figure 1 : Comparison of vertical profiles of the wlume emission rate (VER) of a) OH(6-2), b) OH(5330H(4-2), and c) OH(3-1)
950 at 0°-10° N between satellite observations and tfgase model output. The observations are climatologyf night-time mean zonal
means from 2003 to 2011, based on co-location messuents of TIMED/SABER and ENVISAT/SCIAMACHY. Note the different

scaling of the x-axis.
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OH(6-2) VER = Observations
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Figure 2 : Same as Figure 1 but for different setef Einstein coefficients from literature, namely N9O(Nelson et al., 1990), TL89
955  (Turnbull and Lowe, 1989), X12 (=Base model; Xu etla 2012), B16 (Brooke et al., 2016), and vdLGO7 (wvaler Loo and

Groenenboom, 2007).
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Figure 3 : Same as Fig. 1 but for the @SD model, the Qv-5 model, and the Qv-4 model. Note that the results of these three
models are identical in case of OH(6-2) VER.
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Figure 4 : Same as Fig. 1 but for the @best fit model. Note that Fig. 4a is identical t&ig. 3a but was plotted again for
convenience.
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Figure 5 : Same as Fig. 1 but for the @best fit OP) v-5 model and the Best fit model.
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Figure 6 : Vertical profiles of a) [O@P)] and b) [H] derived from SABER OH(9-7)+OH(8-6) VER observations (Mlynczak et al.,
2018) and our Best fit model by fitting SABER OH(9-J+OH(8-6) VER and OH(5-3)+OH(4-2) VER as well as SCIMACHY
OH(6-2) VER and OH(3-1) VER. Shown are averages ofight-time mean zonal means of co-location measuremis (see Sect. 2.2)

975  from 2003 to 2011 between 0° and 10° N. Error bashow the I uncertainty due to chemical and physical processes
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Figure 7 : O(’(P) X G as a function of OfP) at different altitudes. The visually determined pper limits of O(*P) before non-linearity
becomes too pronounced are represented by the dashines.
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