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Abstract. An OH airglow model was developed to derive nigirtet atomic oxygen (GP)) and atomic

10 hydrogen (H) from satellite OH airglow observationghe mesopause region (~75-100 km). The OH
airglow model is based on the zero dimensional meoxdel CAABA/MECCA-3.72f and was
empirically adjusted to fit four different OH aiggl emissions observed by the satellite/instrument
configuration TIMED/SABER at 2.0 pm and at 1.6 uns avell as measurements by
ENVISAT/SCIAMACHY of the transitions OH(6-2) and @8+1). Comparisons between the “Best fit

15 model” obtained here and the satellite measurenserggest that deactivation of vibrationally excited
OH(v) via OHE>7)+0O, might favour relaxation to OM{<5)+0O, by multi-quantum quenching. It is
further indicated that the deactivation pathwayotd(v'=v-5)+0O, dominates. The results also provide
general support of the recently proposed mechafisttv)+O(P)—OH(0<v’<v-5)+O(D) but suggest
slower rates of OHE7,6,5)+OFP). Additionally, deactivation to OMEV-5)+O¢D) might be

20 preferred. The profiles of @R) and H derived here are plausible between 80ridrd& km. The values
of OCP) obtained in this study agree with the correspund IMED/SABER values between 80 km
and 85 km, but are larger from 85 to 95 km dueifferént relaxation assumptions of QBOCP).
The H profile found here is generally larger thdMED/SABER H by about 30-35 % from 80 to 95
km, which might be attributed to too high @ight-time values.

25 1 Introduction
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Atomic oxygen in its ground state @®)) and atomic hydrogen (H) strongly influence #reergy
budget in the mesopause region (~75-100 km) dudag and night, and consequently affect
atmospheric air temperature, wind, and wave prapagalherefore, an improved knowledge of the
abundance of GP) and H is of great importance when studying thesapause region. At these
altitudes, O{P) has a direct impact on the heating rates bycjzating in several exothermic chemical
reactions (Mlynczak and Solomon, 1993, their Tat)leBut OfP) also contributes to radiative cooling
by exciting CQ via collisions, leading to increased infrared esiaiss of CQ and partly opposing the
OCP) chemical heating effect. Night-time H plays acial role in the mesopause region due to the
destruction of ozone @ which is accompanied by the release of a corsderamount of heat
(Mlynczak and Solomon, 1993). This chemical reactolditionally leads to the production of excited
hydroxyl radicals (OH()) up to the vibrational level=9, causing the formation of OH emission layers
in the atmosphere (Meinel bands; Meinel, 1950).

Direct measurements of %) and H are relatively rare because as atomiciespéisey do not have
observable vibration-rotation spectra. Consequeniasuring these species in the mesopause region
by remote sensing requires complex methods whilsitin observations are rather expensive (e.g.
Mlynczak et al., 2004; Sharp and Kita, 1987). Thihgre exists no global data set based on direct
observations. As a consequence, an indirect metasdntroduced by Good (1976) to derivé®)(and

H during night, using OH airglow emissions. Thipagach was also adapted by Mlynczak et al. (2013;
2014; 2018) which derived a global data set of ftghe OFP) and H in the mesopause region from
satellite observations of OW), The method is based on the assumption of chéstieady state of 9
and further depends on several radiative lifetinsBemical reactions, and physical processes invglvi
OH(v). However, the corresponding total rate coeffitdeand branching ratios are still not sufficiently
known, and thus present a large source of uncéytairthe derivation of 3p) and H.

There are two major issues currently discussedhénliterature which considerably affect the overall
abundance of derived &) and H. The first problem addresses the undeylgizactivation schemes of
OH(v) from the higher excited stateto the lower excited staté (v'<v) by collisions with Q. This can
generally occur via sudden death (OHO,—OH(v'=0)+0,), single-quantum
(OHWV)+0O,—0OH(V'= v-1)+0O;), or multi-quantum (OH()+0O,—0OH(V'<v)+0O;) quenching. However,
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in case of the sudden death approach, it is stkhawn where such a huge amount of excess energy is

55 transferred. The second crucial point comprises dkeeactivation scheme and the total rate of
OHW)+OEP), including the new pathway OW¢#OCP)—~OH(0<v’<v-5)+O(D) suggested by Sharma
et al. (2015).

Over the last decades, several model studies atenp fit OH airglow measurements, using different
rates and schemes for the deactivation of Y O, and by O{P). And at least to our knowledge,

60 there is no general agreement about which modsrigct. The deactivation of O¥(by G, in many
models (e.g. von Savigny et al., 2012; Mlynczaklet2013; Grygalashvyly et al., 2014; Panka et al.
2017) is based on the model proposed by Adler-Gold®97). It assumes a combination of multi-
guantum and single-quantum quenching and was dkfreen theoretical considerations and ground-
based observations. Xu et al. (2012) investigatedsurements of the Sounding of the Atmosphere

65 using Broadband Emission Radiometry (SABER) inseomon board the NASA Thermosphere-
lonosphere-Mesosphere Energetics and Dynamics (D)\atellite of the OH airglow emissions at 2.0
pum and at 1.6 um. Their results support the mofléddier-Golden (1997) but suggest slower total
OH(V)+0, rates. They further exclude the sudden death mésthaas a possible deactivation scheme.
There are also two theoretical studies (Shalasétlial., 1995; Caridade et al., 2002) which ingzgtd

70 OH(v) deactivation via @ both supporting a combination of multi-quantumd asingle-quantum
guenching similar to the model of Adler-Golden (29
However, Russell and Lowe (2003) and Russell e(26105) 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 airgkmissions were used to individually derive®)(

75 and the best agreement between these twB)@fofiles was obtained when a sudden death scfame
OH(V)+0, quenching was applied. Kaufmann et al. (2008) stigated several OH airglow spectra
between 1 um and 1.75 pum measured by the Scanmiaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY) instrument dmoard the Environmental Satellite
(ENVISAT). They found best agreement between theddel and the measured OH airglow spectra

80 when a combination of sudden death and single-guantienching was used.

Vibrationally dependent rates of OB¢OCP) were determined by Varandas (2004) and Caridade
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(2013), using quasi-classical trajectory calculagiol heir results suggest that deactivation oceiars
chemical reaction as well as multi-quantum queng:hitalogerakis et al. (2011) obtained a deactivatio
rate of OH(9) +OfP) from laboratory experiments which is severaksrtarger than the rate from these
calculations. But applying this fast quenching rie to non-physical GP) values and associated
heating rates (Smith et al., 2010; Mlynczak et 20]13). Thus, Sharma et al. (2015) proposed a new
mechanism OH()+OCP)—>0OH(0<v’'<v-5)+O(D) to account for results from both theory and
experiment. Very recent laser experiments and mstdelies support this new pathway while the exact
values of the branching ratios and total loss ratesstill not known (Kalogerakis et al., 2016; Raet

al., 2017). However, recently published resultdvlynczak et al. (2018) oppose this mechanism. They
also applied the new rate of Kalogerakis et al1{3Gor OH(9)+OtP). But in order to get the annual
energy budget into near balance, it was necessarysume that at least OH(9)+#B) occurs via single-
guantum relaxation. Additionally, the rate of OH{8} had to be reduced and is considerably smaller
than the value reported from Adler-Golden (1997).

In order to address the two major issues statedealtiois paper is focused on the development efa z
dimensional box model for atmospheric OH airglowhvwthe intention to derive night-time ) and H

in the mesopause region. The model considers timeation of OHY) via H+O; and deactivation of
OH(v) due to spontaneous emission of photons, chem&aitions and physical collisions with
atmospheric air compounds,ND,, and OfP). We used the indirect method introduced by GA8d6)

and derived night-time @) and H from TIMED/SABER OH emissions at ~2.0 pwhile 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/SCIAMACHMurther sensitivity runs were carried out to
estimate the uncertainty on the derived values(@)and H due to the different deactivation schemes,

overall rate constants, and branching ratios.

2 Data and method

2.1 Satellite measurements
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2.1.1 ENVISAT/SCIAMACHY

The SCIAMCHY instrument (Bovensmann et al., 1999swan 8-channel spectrometer on board
ENVISAT, providing atmospheric OH airglow emissiareasurements between ~220 nm and ~2380

110 nm. ENVISAT was launched into a polar and sun-syobus orbit and crossed the equator at ~10 LT
and ~22 LT. The ENVISAT mission started in Marcl02@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 mlagiens modes, including night-time (~22 LT)
limb scans over the tangent altitude range ~75-#80 These measurements are only available

115 throughout the year at latitudes between the eqaatt 30° N.

In this paper, we used SCIAMACHY level 1b data v7t0 retrieve OH airglow volume emission rates
(VERSs) of the OH(3-1) and OH(6-2) bands in the wergth ranges of 1515-1546 nm and 837.5-848
nm, respectively. The retrieval approach applie lievery similar to the one described in von §ayi

et al. (2012). The retrieval does not cover the mete spectra of the OH(3-1) and OH(6-2) bands, and

120 consequently a “correction factor” of 2.48 for OH(BVER and 2.54 for OH(6-2) VER was added to
account for the entire band emissions at mesop#ersperature. The data set further includes
corrections for misalignments and other measurersemtrs (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.

125 The uncertainties of the OH(3-1) VER and OH(6-2) R/Eetrievals from SCIAMACHY limb
observations correspond to the propagated uncgesiof 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 emissions|dho& zero. The VER uncertainties are first
determined for daily and zonally averaged data. Uieertainties used in this analysis correspontgo

130 mean uncertainties averaged over all days witlocated SCIAMACHY and SABER observations.

2.1.2 TIMED/SABER

The SABER instrument (Russell et al.,, 199%) board the TIMED satellite has been nearly

continuously operating since January 20ffllecting over 98 % of all possible data. Therimstent scans
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the atmosphere from the surface up to altitudes4®0 km while providing a vertical resolution of
135 about 2 km throughout the entire height intervalielio the geometry of the satellite orbit and the
regular yaw manoeuvres every ~60-65 days, SABER prdvides complete coverage of the latitude
range between ~55° S and ~55° N. The SABER instntimmeasures the OH VERs at ~2.0 um and at
~1.6 um which approximately corresponds to thesiteoms of OH(9-7)+0OH(8-6) and OH(5-3)+OH(4-
2), respectively. The contribution of OH(7-5) to R at 2.0 um and of OH(3-1) to OH VER at 1.6
140 um is only about a few percents (Xu et al., 201Bjrdzak et al., 2013) and is neglected in this pape
In this study, we used the SABER Level 2A data \&.the “unfiltered” OH VERs at 2.0 pm and at 1.6
pum, the air temperature and pressure, and the wohaixing ratios (VMRSs) of @(derived at 9.6 um).
New night-time VMRs of OP) 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
145 measured OH VER by the SABER instrument to thel tdEBR emitted by OH in the corresponding
vibrational bands, while considering the shapethyidnd transmission of the SABER broadband filters
(Mlynczak et al., 2005). Outliers were excludedsoyeening the data as suggested by Mlynczak et al.
(2013). The SABER data used here were furthericestrto observations between 21 LT and 23 LT to
approximately match the SCIAMACHY measurement tahe22 LT. In order to be consistent with the
150 naming of the SCIAMACHY OH airglow observationsetBABER OH airglow at 2.0 um and at 1.6
pm are referred to as OH(9-7)+OH(8-6) and as OH{%381(4-2) throughout the paper.

2.2 Method

In order to minimize issues between SABER and SCMMY due to different measurement
characteristics, we focused on the latitude ramgenf0° to 10° N, which was covered by both
155 instruments throughout the entire year. A broadétude band is not recommended because SABER
and SCIAMACHY do not uniformly cover the same laties, leading to disagreements between the
real latitude of the observations and the nomiagiude of the interval. The accepted profiles ofhb
instruments within the chosen latitude interval evaveraged to zonal mean nightly mean values. All
these zonal mean nightly means from January 200Becember 2011 were used to calculate a

160 climatology, including only days on which both SGAACHY and SABER data are available.
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The approach to derive &) and H applied here was developed by Good (18f6)is described in
detail in Mlynczak et al. (2013). Thus, we only gia brief summary here. The measured SABER
OH(9-7)+OH(8-6) VER (photons cirs?) 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 k+®presenting direct production. The
functionG (Eq. (2)) comprises all relevant production argslprocesses of OH(9-7) VER and OH(8-6)
VER:

f9 + f8 A+ f9 A98+C98A

G= )
97 A, +C, 86 A,+C, A,+C, 86

= 2
A+C, )

The subscripty and v (v'<v) are the vibrational states of OH before and dtfer corresponding
process. The ternfs are the nascent distributions and describe thdugtmn efficiency of OH() via
the reaction H+@Q Total radiative loss due to spontaneous emissi®reonsidered 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 compaaiish, O,, OCP)), including chemical reactions and
physical quenching. The termg, andC,, represent the specific state-to-state transitions.
In the second step, chemical equilibrium @fdDring night is assumed as follows:
k [HI[O;] + k, [OCP)I[O;] = k; [OCP)IO,IM] , 3

meaning that @loss due to H and éR) (left side) is balanced by the three-body-reac®fP)+0+M
(right side). Herek, and ks are the corresponding rate constants ofP{Q; and OfP)+O+M,
respectively, whiléM is the total number density of the air.
Finally, rewriting Eq. (1) enables the derivatidn-bwhile OCP) is calculated by substituting Eq. (3) in
Eq. (1) and rewriting the resulting term as follows
_ OH(9-7)+0OH(8-6) VER
) Gk [0;]
OH(9-7)+OH(8-6) VER

G(k[0,]M] -k, [Og])
Air temperature and air pressure from SABER werglue calculat®/ as well as the number densities
of O, (VMR of 0.21), N (VMR of 0.78), and SABER 9via the ideal gas law. The chemical reaction

(H]

: (42)

[OCP)=

(4b)

7
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rates and physical quenching processes involvedeseribed in Sect. 2.3. The values off(and H

were individually derived for each altitude. Fiyalthe obtained vertical profiles of %P() and H were

used to initialize the OH airglow model (see S23).

It is apparent from Eq. (4a-b) that any changesdieghpo the input parameters (G;,@s, M, ki, ko, ks)
190 are balanced by the derived values offp@nd H. In contrast, OH(9-7)+OH(8-6) VER is nifeeted

by the input parameters and therefore identicalviery model run. However, the goal of this papdois

develop a model which does not only fit OH(9-7)+@H)) VER observations but also reproduces the

three other airglow measurements OH(6-2) VER, OB)2oH(4-2) VER, and OH(3-1) VER. We have

to further point out, that the relation betweeriR)(and OH(9-7)+OH(8-6) VER is not linear since the
195 function G also depends on ¥}, as represented by the ter@sand C,,. In fact, Eq. (4b) is a

quadratic expression with respect to’@)(but treated here as a linear one, making notauiis

differences for small GP). Nevertheless, this issue is addressed in detaict. 3.4.

2.3 The OH airglow Base model

The model used in this study based on the atmospheric chemistry box model uldoé&fficiently
200 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 ofreatepressure and temperature, making the modgl ve
suited for sensitivity studies. The CAABA/MECCA stiard model was extended by several chemical
reactions and physical quenching processes inv@l@R () which are described in this section. The
205 model was run until it reaches steady-state, ddfing the agreement between the measured and
modelled OH(9-7)+0OH(8-6) VER.
The OH airglow model described in this sectioreifemred to as “Base model” because it is the sgrti
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
210 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%@s well as the deactivation due to spontaneousséwni and the removal
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physical quenching and chemical reactions with®4, and otP).

The chemical reactions H+0D OCP)+0;, and OfP)+O+M were already included in the
CAABA/MECCA standard model and their correspondireges were taken from the latest Jet
Propulsion Laboratory (JPL) report 18 (Burkholdeale, 2015). The reaction Hx@opulates OH up to
the vibrational leveb<9 and the nascent distribution of Qfifvas taken from Adler-Golden (1997).
The spontaneous emissions are given by the Eingtegfficients at 200 K (Xu et al., 2012).
Deactivation of OH{) by N, is assumed to occur via single-quantum quenchiihg. rates at room
temperature for ORK8) and for OHY=9) were taken from Adler-Golden (1997) and Kalegés et al.
(2011), respectively.

Quenching of OH() by G; is based on the values reported by Adler-Gold8871their Table 3) which
comprise a combination of multi-quantum and simglentum 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 of PH8and the corresponding rate inferred from
OH(8-3) rocket observations in the mesopause reddahlater experiments reported by Lacousiere et
al. (2003) and calculations by Caridade et al. 20flggest smaller values. The latter study further
indicates that the temperature dependence decriesidewer vibrational levels and becomes negligibl
for OH(v<4). Consequently, the rates presented in Adler-&vold1997) were scaled to room
temperature measurements=1-6 Dodd et al., 1994=7 Knutsen et al., 1996=8 Dyer et al., 1997,
v=9 Kalogerakis et al., 2011), and afterwards aofacf 1.1 for OH¢>6) and 1.05 for OH(5) was
added.

The removal of OHY() via collisions with O{P) is included by using a combination of multi-gtuam
guenching (Caridade et al., 2013, their Table #)@remical reactions (Varandas, 2004). The rates we
obtained from quasi-classical trajectory calculaicat 210 K, approximately matching mesopause

temperature.

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)
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VER, comparing the observations (black squared) thi¢ corresponding Base model output (red line).
240 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. Bese model approximately matches the
general shape of the measured profiles but overatts 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-
245 3)+OH(4-2), and OH(3-1), respectively. Furthermaditese ratios increase with decreasing altitude,
indicating that the overestimation of the Base nhatight be associated with,@uenching.
The differences between Base model and observatianguite 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
250 differences between model and measurements aestargmpared to the other two OH transitions, and

secondly because changes of OH(6) will affect threel vibrational levels, but not vice versa.

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

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 impadDbl{6-2) compared to the other two OH transitions.
255 We further focus on quantities with large uncetias For the latter reason, temperature is exdade
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 herah &uarge error is very unlikely considering that
zonal mean climatology (2003-2011) is used here.
Since the overestimation of the Base model is éalbedarge for OH(6-2) VER, an impact of the
260 Einstein coefficient of the corresponding transitinust 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 probabilitieShe 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 withvaluesof
265 the HITRAN 2008 data set (Rothman et al., 2009ynbull and Lowe (1989) after the correction

10
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suggested by Adler-Golden (1997) is applied, antddteet al. (1990) which al@pplied to derive new
night-time OFP) and H from SABER (Mlynczak et al., 2018herefore, an error of a factor of 2 for the
transition of OH(6-2) is rather unlikely. Conseqthgnwe exclude the Einstein coefficients as a
potential fundamental error source.

The nascent distribution of the excited OH stafeéb® chemical reaction H+Qvas observed in several
studies and all of them agree that @Hié primarily formed in the vibrational levels=8 andv=9 (e.g.
Charters et al., 1971; Streit and Johnston, 19Hay@ma et al., 1985; Klenerman and Smith, 1987).
The values used in the Base model were taken fratierAGolden (1997) which are based on
measurements reported by Charters et al. (1971)agrek 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 Mighcand Solomon (1993) which is an average of
Charters et al. (1971), Ohoyama et al. (1985),Kklederman and Smith (1987).

Therefore, we think that our nascent distributisedihere is likely not a serious error source. Hewe
minor errors might be introduced by extrapolatihg 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 OH(6) is not due to direct producivia H+G but results from contributions of
OH(v>7). In order to test the potential impact of the (©Hnascent value on OH(6-2) VER, we
assumed an extreme scenario by reducing the OH{6¢ent value from 0.03 to zero. But the
corresponding results of OH(6-2) VER of the Basedetaun (not shown here) are only about 15 %
lower compared to the values presented in FigutthEr sensitivity runs also showed that an inareas
of the ratio §/fg is associated with a decrease of modelled OH(@ER but even the extreme case of
fo=1 and §=0 could not account for a factor of 2. Note thadrmges of the overall rate constant of H+O
affect all considered OH transitions in a similaywThus, we conclude that direct production of @H(
is unlikely to be the reason for the overestimatb®H(6-2) VER by the Base model.

The physical removal of OMJ by N, is included as single-quantum relaxation whickupported by
theoretical studies (Shalashilin et al., 1992; Ad@elden, 1997). Assuming a sudden death schenfre wit

the same overall deactivation rates resulted iraehse of simulated OH(6-2) VER by less than 10 %
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at the altitude of maximum VER. The total deacimatrate for OH(9) used here is about 1.5 times
295 higher than the one suggested by Adler-Golden (1897 the difference between the corresponding
model OH(6-2) VERSs is negligible (<1 %). There tm@ 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 fibrener study imply slower quenching rates at
mesopause temperature compared to their respedivues at room temperature whereas the latter
300 publication indicates the opposite behaviour, répgra ratio between the rate at 200 K and 300 K of
approximately 1.7 for ORES8) and 1.3 for OH(=9). These factors are generally supported by Lopez
Puertas et al. (2004) which applied an empiricdé{ermined factor of 1.4 to the rates of Adler-@old
(1997) to account for mesopause temperature. Sircéemperature dependence is still uncertain, we
tested both possibilities. We increased and deedetiee overall OH{)+N, quenching rates by a factor
305 of 1.5 which led to higher or lower OH(6-2) VERSs &lyout 5 %. Therefore,Ns too inefficient as a
OH(v) quenching partner to cause differences of OH(GERR of a factor of 2.
The overall rate and exact pathways of @HQO(CP) are also still not known well enough buf@)(has
nearly no influence on OMJ at altitudes below 85 km. It therefore cannottlee only reason for the
differences presented in Fig. 1. Consequently, tdedion by Q is the only remaining candidate which
310 has a crucial influence on O¥j(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 OHy) by O,

The overestimation of OH(6-2) VER by the Base maxi be generally corrected either by slower
rates of OH(9,8,7)+@or by a faster rate of OH(6)+OTl'he overall deactivation of OH(9) was measured
315 by Chalamala and Copeland (1993) and they recometkeadalue of 2 10 cni® s*. This result was
later confirmed by Kalogerakis et al. (2011), rejmy a rate of 2.x10™ cn?® s*. The rates for
OH(8,7,6)+Q are each based on a single study onsB(Dyer et al., 1994=7 Knutsen et al., 1996;
v=6 Dodd et al.,, 1991). But at least to our knowkedthere are no signs that the rates of
OH(9,8,7,6)+Q are fundamentally flawed. In order to test theactf the individual rates on OH(6-2)

320 VER, we carried out sensitivity runs by varying theerall rates within their recommended &rrors.
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Thus, we reduced the values of OH(9,8,7)t®1¢x 10" cnt’ s, 7x10*2 cnt® s, and 'x10™ cn? 7,
respectively, while the rate of OH(6)¥Qvas increased to £x310* cm® s’. But even under this
favoured condition, the Base model output of OHY6/ER decreased only by a factor of 1.5, still not
close to the required difference of a factor oAdditionally, the assumed scenario is rather utjike
since the overall rates were obtained by indeperstadies.

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 geog agreement of this OH(2)@ate with the value
obtained by Rensberger et al. (1989). Furthermaten we increased the OH)+0O, rates by a
factor of 3, the Base model approximately fits OR2J6VER and OH(3-1) VER but underestimates
OH(5-3)+0H(4-2) VER by more than 30 %. Temperatiependence also affects the @@activation
rates used here. But the factor to account for pesse region temperature is suggested to be lower
than 1.3 (Lacousiere et al., 2003; Cadidade eR@D2) which has a weaker impact on OH(6-2) VER
than the scenarios considered above.

Consequently, when applying the standard deaatiwstirates and schemes found in the literature,
neither errors of the overall rates nor uncertastf the temperature dependence can give a rédsona
explanation of the overestimation of OH(6-2) VERsBamodel output shown in Fig. 1a. Since the
overall rates were actually measured while the tiledtiion schemes are solely based on theoretical
considerations, it is more convincing that the ptigé error source probably lies within OH¢O,
deactivation scheme rather than in the deactivatites.

In order to considerably reduce OH(6-2) VER, weuassd an extreme scenario and substituted the
multi-quantum relaxation (OWJ+O,—OH((V'<v)+0,) in the Base model by a sudden death
(OH(V)+0,—0OH+0O;) approach. This new model is referred to as, “©D model” and the
corresponding results are displayed in Fig. 2 dslires, showing that the simulated OH(6-2) VER
matches the observations within the error barsvbe8d km. The model still overestimates the
measurements in the altitude region above whicthtriig related to GP) quenching (see Sect. 3.3).
The @ SD model output for the other two OH transitioRgy( 2b-c) is clearly too low, implying that
OH(v)+0, quenching cannot occur via sudden death alonealgdeconclude that the contribution of

higher excited states Ov¥7) to OH(6) must be negligible or even zero andé¢hkigher states are
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suggested to primarily populate lower vibratioraldls OHY<5). Therefore, OH()+O, has to occur
350 via multi-quantum quenching because in case ofleiggantum deactivation the contribution of
OH(v>7) to OH(6) is considerably larger than zero.
According to Finlayson-Pitts and Kleindienst (1980OH(V) might be relaxing tos'=v-5 while the
excess energy is transferred to form(l€E). This vibration-to-electronic energy transfer waiso
mentioned by Anlauf et al. (1968) and is suppotigdhe close energy match of the transition from
355 OH(9) to OH(4) and from @X>%) to Oy(b'%) of about 36.6 kcal mdland 37.5 kcal mdi, respectively.
Although there is no experimental support of thisadtivation pathway, this approach gives a
reasonable explanation for the observed patteguirstudy and OHY) as a potential source of excited
0O, was discussed in Howell et al. (1990) and Murtaghl. (1990). However, evaluating whether the
product is really @b%Z) or another excited Ostate is beyond the scope of this study. Thus, we

360 concluded that deactivation of OH(by O, has to satisfy the following condition:

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

is the preferred deactivation channel.
365 In order to test whether R9 could be the only pathaf R8 we assumed multi-quantum relaxation via:
OH@)+0O; — OH(v-5)+0; (R10a)
or OHE)+0O; — OH(V-4)+0, (R10b).
If R10a is integrated in the model (Fig. 2b-¢,va6 model), the corresponding model output at altt
<90 km is only about 10 % below the observationgO&f(5-3)+OH(4-2) VER and approximately
370 matches OH(3-1) VER measurements within the eraos.brhe underestimation of the OH(5-3)+0OH(4-
2) VER measurements by the model could be attribicteninor errors of the OMJ+O, 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 therestllesome differences between the modelled and the
observed OH VER. Including R10b in the model (Rig-c, Q v-4 model) results in an overestimation
375 of the observations of OH(5-3)+OH(4-2) VER and OHJ3VER by about 20 % to 30 %, and
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consequently this assumption is not further comelas a potential solution.
The results shown in Fig. 2 suggest that the OBlair model is not able to reproduce the three OH
airglow observations when sudden death or simglifieulti-quantum schemes for OH¢O, are
applied. But the @v-5 model output is quite close to the measuremeaniggesting that R9 might be
380 the dominating deactivation channel within a mgliantum 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. 3. The corresponding branchingsafor the individual pathways are summarized in
Table 2.
The simulated OH airglow fits well with the threé¢d@irglow observations within the error bars below
385 85 km. In the altitude region above 85 km, it isers¢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)+0OH(4-2) VER and therefore could be attrdglitto deviations due to the different
satellite/instrument configurations between TIMEREER and ENVISAT/SCIAMACHY. But since
this behaviour only occurs in the upper part ofitegical profiles and is not seen throughout thire
390 height interval, it is more likely related to ) quenching.

3.3 Deactivation of OHg) by OCP)

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)+O(CP) — OH(0<v’'<v-5)+0O(D) (R11),

395 with the vibrationally independent reaction constan= 2.5x10%° cn? s*. While the value of §(9) is
based on measurements (Kalogerakis et al., 20i&bahd et al., 2010) and on calculations (Varandas,
2004), the values for; K5, 6, 7, 8) are only assumed to be identicahi(®k and should be viewed more
critically.

We adapted R11 in the Ybest fit OfP) v-5 model” in such a way that the product is @Hg-

400 5)+O(D) and the results obtained are displayed as lmes in Fig. 4. Comparisons for OH(6-2) VER
in Fig. 4a show an underestimation of the modaelti#ttides >85 km. A sensitivity study was carried o
which implied that the impact of OH(9,8,7)f®] on OH(6-2) VER is negligible. This seems
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reasonable because these three upper states dircity influence OH(6-2) via R11. Consequently,
our analysis suggests a lower value g{& and best agreement between model output an@-@QH(
VER observations was obtained for an overall ré@pproximately 0.x10% cn? s™.

In case of OH(5-3)+OH(4-2) VER, presented in Fidy, 4he new approach leads to a weak
underestimation of the observations by the modelthia altitude region above 85 km, even if
OH(9)+O€P) of R11 solely populates OH(4). The model resalts most sensitive to,%5), and
therefore this rate might be too high. Consideng best fit value obtained for 6), it is indicated
that k;(v) decreases with decreasing vibrational level. Essumption is supported by the overall rate
of OH(7)+O¢P)—~OH(V)+O(*D) at mesopause temperature which is suggested tmntthe order of
0.9-1.6x10 cn® s* (Thiebaud et al., 2010; Varandas, 2004). Thusygper limit of k(5)<ki1(6) is
recommended and the actual rate coefficient hdmkance the direct contribution of OH(9) to OH(4)
via R11. Investigating another scenario ef(k) being zero showed that the branching of OH¢) t
OH(4) has to be at least about 0.6 which correspemd rate of a ~1x1.0° cn?® s™.

It is seen in Fig. 4c that observations andb®st fit OfP) v-5 model output of OH(3-1) VER are in
agreement within the corresponding measurementsebut 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(9,8)+0¢P) of R11 because both vibrational levels can tirgmpulate OH(3). However, not much
is known about the individual branching ratios dfiRexcept that OH(9)+GR)—OH(3)+O¢D) is an
important deactivation channel but not necess#nigydominating one (Kalogerakis et al., 2016). This
agrees with our results presented here becaus©theest fit OfP) v-5 model only considers a
contribution of OH(8) to OH(3) and the underestimratindicated in Fig. 4c could be attributed to the
missing channel OH(9)+CR)—OH(3)+O¢D). The conclusions drawn from comparisons between
three different airglow observations and our madetiies with respect to Ov)+OCP) quenching are
summarized in Table 3.

Finally, all these findings presented in Table & &nwere adapted in the “Best fit model” (Fig. ddr
lines), resulting in an overall agreement betweeadeh output and measurements within the
corresponding errors. Note thati(¢) used here is the average of the lower and ulipés derived

from Thiebaud et al. (2010) and Varandas (2004xkwis unlikely to be seriously in error. Furthermor
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it is indicated that the value ofk8) might be lower than 2x310*° cn? s* which can be assumed
based on the other rates af(k). But we did not find any study reporting an olveer k(8) rate, and
consequently we did not changg(R). Besides, we have to point out that lowering® does not
affect the general conclusions drawn in this sectio

The empirically determined solution presented lgies that the contribution of OH(9) to OH(8) via
quenching with Of) is close to zero (see Table 1 and this sectiorjontrast, the model described in
Mlynczak et al. (2018) assumes single-quantum atla (OH(9)+O{P)—>0H(8)+OFP)) to get the
global annual energy budget into near balanceapplying this approach in our OH model (same total
rate of x10"° cn® s and varying the rates for Ob8)+OCP)) leads to a considerable overestimation
of OH(6-2) VER. Additionally, the shape of simuldt®H(5-3)+OH(4-2) VER slightly mismatches the
observed OH(5-3)+OH(4-2) VER above 90 km (not shdwre). Based on these sensitivity runs, we
conclude that at least part of OH(9)£P) channel has to be deactivated via multi-quarguenching.
This is supported by the results presented by Pahkh (2017) which adjusted an OH airglow model
to fit night-time CQ(v3) emissions at 4.3 um. However, this study repodegpirically determined
rates for OH(5v<8)+O(P) generally higher than the rates obtained inwhigk. But these differences
might be attributed to their faster values of @HQ, because they seem to have falsely assumed that
the rates of Adler-Golden (1997) do not take messpaemperature into account. Thus, we think that
their rates of OH()+O, are too high, at least by a factor of ~1.5. Sitimy performed an empirical
study, it is not possible to estimate how much ibssie affects the rates of OH(&8)+OCP). But we
know from our work that higher rates of Qh{O, lead to higher values of OH(6-2) VER, OH(5-
2)+OH(4-2) VER, and OH(3-1) VER which can be geligrebalanced by higher rates of
OH(5<v<8)+0O¢P). Considering our comparisons with these two isgydve think that the rates of
OH(V)+O(P) should be investigated in more detail in futstiedies as this rate has a huge impact on
derived values of GP) (Panka et al., 2018).

3.4 Derived profiles of OfP) and H

Figure 5 displays the vertical profiles of ¥} and H obtained by the Best fit model in compuariwith
the results derived from SABER OH(9-7)+OH(8-6) VERIy (Mlynczak et al., 2018). The &)
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profiles seen in Fig. 5a agree below 85 km butBhst fit model shows gradually larger values in the
altitude region above. These higher values areethbg the different deactivation rates and scheavhes

460 OHV)+OCP), agreeing with general pattern reported in Pastkal. (2018). We have to point out that
other studies (e.g. von Savigny and Lednyts’kyyl®0observed a pronounced®®) maximum of
about &x10" cm?® at 95 km. The 3P) derived here indeed shows similar values at ®5bkit a
maximum is not seen. Nevertheless, théPP(in our study obtained above 95 km looks rather
unexpected and possible reasons are discussed. below

465 The night-time H derived in this study shows simpattern as SABER H, including the maximum at
80 km. But Best fit model H is systematically largean SABER H by a factor of approximately 1.5.
This might be partly caused by too high @ght-time values, as suggested by Mlynczak e{24118).
Similar to the comparisons with ), Best fit model H results also shows unexpepterns above
95 km.

470 The quality of the derived profiles is primarilyfedted by three different uncertainty sources. fitst
source includes uncertainties due to the ratet@fical and physical processes considered in tise Be
fit model. We assessed the lincertainty by assuming uncorrelated input pararseiAdler-Golden
(1997) did not state any uncertainties fpand § but these values should be similar to the uncestai
of fg derived by Klenerman and Smith (1987). Therefate applied an uncertainty of 0.03 fgrand §.

475 In case of the Einstein coefficient, we adaptediacertainty of 10 % as suggested by Mlynczak et al.
(2013). All the other & uncertainties of the input parameters were takem ttheir respective studies.
The total I uncertainty was obtained by calculating the rastrssquare of all individual uncertainties.
The results of & uncertainty of OP) and H derived by the Best fit model are showerasr bars in
Fig. 5. The error bars of SABER ) and H were adapted from the corresponding patidic.

480 In case of the Best fit model ) profile, the & uncertainty varies between 20 % and 30 %, depgndin
on altitude. The individual contributions of theput parameters to the totab luncertainty are
considerably different. Einstein coefficients andscent distribution each account for about 5 %
throughout the entire height interval. The influemt the collision rates is lower than 6 % and gedly

decreases to zero with increasing altitude. Inresttthe chemical reaction ratesakd k account for
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485 ~85 % to ~90 % of the overalbluncertainty of the derived éR) profiles. The total & uncertainty of
H also varies between 20 % and 30 % witlb&ing the major uncertainty source (~85 %) bel&vki.
In higher altitude regions, the impact due to utaiety of OfP) becomes gradually more important and
both k and OfP) each contribute close to one half to the ovenaflertainty at altitudes >95 km. We
further assumed a worst case scenario (not showe),hmeaning that all uncertainties of the input
490 parameters contribute to either higher or lowetPpgalues, obtaining a worst case dncertainty of
approximately 60 % for OP) and about 50 % for H. However, it is more likéigt the uncertainties
are uncorrelated since they originate from indepahtheasurements.
The second aspect influencing the quality of theivdd profiles is the assumption of chemical
equilibrium of Q, represented by Eq. (3). This issue was recentlgstigated by Kulikov et al. (2018),
495 which carried out simulations with a 3-D chemicadnsport model. They suggested that chemical
equilibrium of Q is only valid when OH(9-7)+0OH(8-6) VER exceedsestain threshold, depending on
G and several chemical reactions involving &d HQ species. Applying their suggested limit, we
found that in our case chemical equilibrium afi®probably true only above 80 km.
The last problem lies in the fact that the approaskd here (see Sect. 2.2) has to be applied to
500 individual OH airglow profiles to derive ®) and H correctly. However, the individual scah©bl(6-
2) were too noisy to analyze single profiles andthexefore used climatology for all input paramgter
By investigating individual OH airglow profiles, weould derive individual Gf) profiles and
eventually average them to the meafR) profile. While in our case, we directly derivetmean GP)
profile. This makes no difference as long as thaticn between OH airglow and ) is a linear one.
505 But Eq. (4b) shows that the relation betweedRp@nd OH(9-7)+OH(8-6) VER is only approximately
linear becaus6& also depends on &X), as represented by the ter@)sandC,,. The linearity between
OH(9-7)+OH(8-6) VER and OP) of an air parcel with a certain temperature pressure is solely
controlled by O{P)xG. Note that H too is affected by this non-lineaiésue since H depends h
(Eq. (4a)). Thus, derived H values are only rebads$ long as the derived ¥}, and as a consequence
510 G, is not seriously in error.
In order to test the linearity, @&)xG was plotted as a function of ®j and the corresponding results

for Best fit model at five different heights areepented in Fig. 6. It is seen that the relationvbeh

19



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-755 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 6 August 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

OCP) and OP)xG or OH(9-7)+OH(8-6), respectively, is linear fonall values of OP), while a non-
linear behaviour becomes more pronounced for largleres of OfP). Furthermore, the starting point of
515 the behaviour is shifted to lower ] values at higher altitudes. In order to estintiai threshold, we
performed a visual analysis and determined an ufipér of OCP) before non-linearity of GR)xG
takes over. The approximated upper limits are addedashed lines in Fig. 6. Finally, art®)(value at
a certain altitude is assumed to be true if thisivas below the corresponding upper limit ofPY
Otherwise, it should be viewed more critically. §was done for each altitude and we found that the
520 OCP) and H profiles presented in Fig. 5 are plausiblae altitude region <95 km. In combination with
the estimation of chemical equilibrium of;Qve think that the GP) and H derived by the Best fit
model provides reasonable results between 80 km9ankin. Note that these altitude limits do not
affect the results with respect to GO, and OHY)+OCP) presented in the Sect. 3.2 and 3.3.

4 Conclusions

525 We presented a zero dimensional box model which tlie VER of four different OH airglow
observations, namely TIMED/SABER OH(9-7)+OH(8-6) darOH(5-3)+0OH(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 1) ORJ+O; is likely
to occur via multi-quantum deactivation while QHT) primarily contribute to OH<5) and might

530 prefer deactivation to OM{=Vv-5)+0O,. 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 1l) general supporfor the new pathway
OHV)+OCP)->OH(V')+O('D) proposed by Sharma et al. (2015) but suggestesitotal loss rates of
OH((v=7,6,5)+OtP). Additionally, hints for a favoured deactivatitmOH@’=v-5)+O(D) are obtained.

535 But we have to emphasize that our OH airglow masldlased on the transitions OH(9-7)+OH(8-6),
OH(6-2), OH(5-3)+0H(4-2), and OH(3-1) only. Thusiranodel does not provide any information of
OH(v<2). Furthermore, it cannot distinguish between QHid OH(4) as well as OH(9) and OH(8),
and consequently errors in OH(5) and OH(9) mightbmpensated by errors in OH(4) and OH(8) or
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vice versa. Finally, we have to stress that wequaréd an empirical model study and the total rates
deactivation channels suggested here heavily depanthe OH transitions considered. Including
additional OH transitions might result in otherued and deactivation schemes. But these issues will
only be solved eventually when future laboratorgesiments provide the corresponding ®HQO. and
OHV)+O(P) relaxation rates.

Justified by chemical equilibrium ofs@nd a nearly linear relation betweer’®)(and OH(9-7)+OH(8-

6) VER, we conclude that the ) and H profiles derived by the Best fit model plausible in the
altitude range from 80 km to 95 km. The correspogdi uncertainty due to uncertainties of chemical

reactions and physical processes varies betweéf &@d 30 %, depending on altitude.
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Table 1 Physical processes and chemical reactions indlirdéhe Base model
Process Rate or scheme Reference
ky = 1.£x1070 #70M Burkholder et al. (2015),
RL H +Q@ —OHV) +O )=k fiv)° Alder-Golden (1997, Table 1)
R2 ofP)+q -0 +Q ko = €x 10712 20650 Burkholder et al. (2015)
R3 OfP) +Q+M— O3 +M k = €x10>* (300/TF* Burkholder et al. (2015)
R4  OHg) — OHV’) + hv variable rates Xu et al. (2012, Table Al)
, — Adler-Golden (1997, Table 1),
R5 OHP) +No — OHW) + N, vEv-l Kalogerakis et al. (2011)
, , Adler-Golden (1997, Table 3),
R6  OHp) +Q  — OHWY) + 0, v<v see text for more information
R7a OHg) + OfP) - H +0 variable rates Varandas (2004, Table 3, M I)

R7b OHy) + OFP) — OH(V’) + OCP)

V'<v

Caridade et al. (2013, Table 1)

730 %4(5,6,7,8,9)=0.01,0.03, 0.15, 0.34, 0.47
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Table 2. Empirically determined branching ratios of @MO,—OH(V")+O, of the Q best fit model
750 based on OH(6-2) VER, OH(5-3)+0OH(4-2) VER, and OHIJ3/ER observations below 85 km.

viv' 8 7 6 5 4 3 <2
9 0 0 0 0 1 0 0
8 0 0 0 03 0.7 0
7 0O O 0O 01 0.9
6 0 0 0 1
5 0O O 1
4 0 1
3 1
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Table 3. Empirically determined branching ratios of @MOCP)»OHV')+O(*D) of the Best fit
model based on OH(6-2) VER, OH(5-3)+0H(4-2) VER] &H(3-1) VER observations above 85 km.

Process Recommendation Best fit rate (chs™)

Rlla OH(9) + Op)— OH(4) + OfD) k11(9,4) > 0.txk11(9) 0.6x2.3(x107%°
R1lb OH(9) + OP)— OH(3) + OfD) not negligible 0.x2.3(x10%°
Rllc OH(8) + OP)— OH(3) + OtD) not negligible 0.x2.3(x10%°
R11d OH(8) + OP)— OH(2) + O(D) 0.2x2.3(x10%°
Rlle OH(7) + OP)— OH(2) + O¢D) k11(7 <2) < kuy(9) 1.2tx10%°
R11f OH(6) + (Z;z)_, OH(<1) + O¢D) k11(6,<1) < ky1(9) 0.8(x10%°
R1lg OH(5) + Of)— OH + OtD) k11(5) < ku1(6) 0.4(x10%°
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790 Figure 1 : Comparison of vertical profiles of the wlume emission rate (VER) of a) OH(6-2), b) OH(5)30H(4-2), and c) OH(3-1)
at 0°-10° N between satellite observations and tiBase model output. The observations are climatologyf night-time mean zonal
means from 2003 to 2011, based on co-location meeesuents of TIMED/SABER and ENVISAT/SCIAMACHY. Note the different
scaling of the x-axis.
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Figure 2 : Same as Fig. 1 but for the SD model, the Q v-5 model, and the Q v-4 model. Note that the results of these three
models are identical in case of OH(6-2) VER.
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Figure 3 : Same as Fig. 1 but for the @best fit model. Note that Fig. 3a is identical téig. 2a but was plotted again for
convenience.
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Figure 5 : Vertical profiles of a) OCP) and b) H derived from SABER OH(9-7)+OH(8-6) VER okervations (Mlynczak et al., 2018)
and our Best fit model by fitting SABER OH(9-7)+0OH(86) VER and OH(5-3)+0OH(4-2) VER as well as SCIAMACHYOH(6-2)
VER and OH(3-1) VER. Shown are averages of night-timenean zonal means of co-location measurements (&ect. 2.2) from

2003 to 2011 between 0° and 10° N. Error bars shahe 1o uncertainty due to chemical and physical processes
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Figure 6 : O(’P)X G as a function of OP) at different altitudes. The visually determined pper limits of O(®P) before non-linearity
becomes too pronounced are represented by the dashimes.
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