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Abstract. At the altitudes of thenesospheré lower thermospher®H and HQ play a significant
role in many physicochemicaprocessesThus, monitoring their spatiotemporal evolutiotogether with
otherchemically active trace gases is one of the most important prolfiberttes atmosphere regiom
which direct measurements are difficulbe @perstudiesthe nighttime OH and H@chemical equibria
using the 3D chemicatansportmodelingwithin the general approagctvhich includesthe identification
of the main sources and sinksthe equilibrium spacetime areas andedivation of analytical criteridor
equilibrium validity. The presented analysis showsat there are extended areas, where nighttime HO
and OH are close to their local equilibrium concentratidesermined mainly by the reaction between
HO, i Ox componentamongthemselvesand with HO,, N, NO, NO, and CO. Intheuppermesospheré
lower thermospheréhe equilibrium expressionan beshortenedso that they include the HQ i Oy
chemistry only. Thesexpressionglescribe the H®and OH equilibra from the topdown to some
boundaries, the altitude positios of which vary in the interval betweef2-73 and 85 km and depend
essentially on season and latitu@ibe developed analytical crite@@mosteverywherereproducewell the
main features of thedeoundaries. Due toweak sensitivityto uncertainties of reaction rates and other
parametersthe criteria can be considexd a robust instrument for HOand OH equilibriumvalidation.
The obtainedesults allomusto extendpreviously proposed methoéts theretrieval ofpoorly measured

componentérom measuremertata and to develop new approaches.
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1 Introduction

Monitoring the spatiotemporal evolution of chemically active trgeses is one of the most
important problens in atmospheric researcidespite the increase of the experimental daihime
nowadays primarily due to thedevelopmentin remote sensing methgdsiany importanttrace gases
continueto be unavailablefor direct and regular measurementsA well-known way to increase the
information content of experimental campaigns is totheeavailableexperimental datan conjunction
with a certain chemicalor physicchemicalmodelto derive unmeasured characteristicslirecty. Within
the framewdk of this approachthe model acts aa priori relationship between directly measured and
retrieved characteristics. The simplastde| that makes it possible to implement this appro&cbased
on the condition of local (in both time and space) photmited/chemical balancdocal equilibrium)
between sources and sinks of thecsa | | e d @ f a sttacegaseswithpsbor Efgtimes relatively,
in particular, to the characteristic transport timdathematicallythis condition does not mean thae
fast variables arat equilibrium, but when it is fulfilled, the corresponding concentrations are close to
their instantaneous equilibrium value&t the same timalue tothe strong dissipatiorin most cases
(except the speciatass where the ensemble ofast componentsncludesthe slow famiy of these
components there is no need to follow the law of matter conservatibis possible to diggard
insignificant sinks and source#cluding those caused by misport in the correspondindalance
equations withouthe loss of accuracyThe resulting algebraic equations are the simg@gstiori local
relations between measurable amdrieved trace gases These relationshipgan be used to derive
information about hartb-measure atmospheric species, determkygatmospheric characteristics (for
example, temperatuf®archand et al2007), validate the data quality of simultaneous measurements of
several atmospheric compams(Kulikov et al, 2018a) estimate reaction rate constaf@sedman et al.
1975;Avallone and Toohey2001), evaluate sourcésnks(Cantrellet al, 2003, etc.

For several decadeke photochemical/chemical equilibrium approximati@s been used tsolve
manyatmospherid¢asks It is applied (see, e.g., the short review Kulikov et al.(20183) and references
therein)in investigations of theurface layer and free tropospheteemistry n different regions (over
megaolises,in rural areasin the mountains, over the seas)stratospheric chemistry studies, including
derivation of critical parameteis the ozone destructionatalytic cyclesandin studiesof the HQ T Oy
chemistry and airglow§O(*S) greerline, O, A-band OH Meinel bancemission} at the heights of the
mesospheré lower thermospherdn the lattercasethe distributions of unmeasured characteristics are
determined from the data of daytime and nighttime rocket and satellite measuremenB/ég.and
Llewellyn, 1973;Good, 1976; Pendleton et al., 1983; McDade et al., 1985; McDade and Llewellyn, 1988;
Evans et al., 1988; Thomas, 1990; Llewellyn et al., 1993; Llewellyn and McDade, R@S¢ell and
Lowe, 2003 Russell et al., 206, Kulikov et al., 2006, @09, 2017, 2022a, 2022bllynczak et al., 2007,
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2013a, 2013b, 2014, 2018; Smith et al., 2010; Xu et al., 2012; Siskind 20G8,, 2015 Fyttereret al.,

2019) with the use ofequilibrium assumptionsor ozone and excited states of OH, O, and Eor
exanple, suchan approach is applied to the datatbE SABER (Sounding of the Atmosphere using
Broadband Emission Radiometry) instrument onboard the TIMED (Thermosphere Ilonosphere
Mesosphere Emgetics and Dynamics) satellite, which since 2@0atinues tomeasuresimultaneous
profiles of temperature, ozorad volume emission rates of OH* transitions in wideges of altitude,

local timeand latitudewith a rather high spae@mne resolution.

Note a number ofgeneral aspects of thapplication ofequilibrium conditions in the above
examples First of all, there are no clear criteyiandicating the conditions under which thse of
equilibrium approximationis justified. Usuallya certain component iteken to bea fast variableif its
lifetime is much shorterthan the lifetimes of other components of studied photochemical/chemical
system or the duration of a day, daytime, nighttime, etc. For exampllee ipapes on SABER data
processingMlynczak et al., 2013a, 2013b, 2014, 2Di8s assumedthat the nighttime ozone chemical
equilibrium in the mesopauses well fulfilled at altitudes of 80100 km, since the nighttime ozone
lifetime at these altitudegaresin the rangdrom several minutes to several tens of minukste, that
this assumptia is quite popularandusedin differenttasks(e.g.,Swenson and Gardner, 1998arsh et
al., 2006; Smith et al., 200¥Nikoukar et al., 2007; Xu et al., 2010, 2012; Kowalewski et al., 2014,
Grygalashvyly et al., 2014; Grygalashvyly, 201Sonnemann et al 2015 Kulikov et al, 2021).
Belikovich et al. (2018andKulikov et al. (2018, 2019, 2023agnalyzedthe nighttime ozone chemical
equilibrium numerically analytically, and with theuse of SABER/TIMED data It wasrevealedthatthe
short lifetime isnot a sufficient conditionsg, this equilibrium may be significantlydisturbedabove 80
km. The local ratio between true and equilibrium concentrations may vary widely and reach up to severe
orders of magnitude (e.g., Figure 5 in Kulikov et(@D18). Thus, without special restrictiorte error
in retrieved characteristics due to the use of equilibrium approximation is uncontrollable and may
significantly exceed all other errors in the retrieval procedure due to, for example, unceriaitiiees

measurement data and rate constants.

Sincethe papersof Belikovich et al. (2018andKulikov et al. (2018, 2019, 2023), we developd
the general approach correcly identify fast @mponentsemployingthe data froma global 3D chemical
transport modellt includes:

1. Plotting of the equilibrium spacgéme maps othe components of interest
2. ldentification of the main sources and sinks in the found equilibrium areas.
3. Derivation and subsequent use of analytioga that make it possible to determine the fulfillment of

the equilibrium condition locally (in time and space) with the use of the measurement data only.
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The latter point is based omnhe theory of chemical equilibrium of a certain trace, gasjured from
estimations of its lifetime and equilibrium concentratiand time dependences of these characteristics
(Kulikov et al, 20233). Note, that when equilibrium condition is applied to measurement data in the
retrieval of umeasured charactstics the criterion allows controlling and limiting the possible error
caused by the equilibrium approximation.

The main goabf the paper is to applythis approachto the analysis of nighttime OH and H®
chemical equilibriain the mesospheré lower themosphere Along with O and H,OH and HQ are
importantcomponents of HOi O, chemistry participating(a) in chemical heating through, in particular,
O+OH - O,+H and O+HQ - 0O,+OH exothermicreactions,(b) in formation of airglows, (c) in
catalytic cycls of the ozone destructioMoreover, the equilibrium conditions ofOH and HQ are
additionala priori relationshifg, that can be used to retriewbese components @ther characteristics
from measureddata In particular, Panka et al. (2021) proposed thethod for nighttime total OH
retrieval from SABER/TIMED data at 8000 km, which does not use the ozone chemical equilibrium.
However, the method applies the equilibrium between sourcesréaghst only to excited states of OH

with ultrashort lifeimes,but alsato the ground stat& hereforethis pointis verified in our paper.

In the nextsectionwe present the usedodel and methods. In Sectionl# model data are used to
plot HO, and OH equilibrium maps.In Sectiors 4-5 we identify the main reactionsdetermining
equilibria of these gasesnd present their shortened equilbconditions at the upper mesosphere and
lower thermosphere altitudds. Section &he critera for HO, and OH equilibra validity are develogd.

In Section7 we discusghe obtained results and their possible applications.

2 Used 3D modeand Approaches

The analysis of OH and Highttime chemical equilibaiwas carried oytusing thedatg obtained
with calculation of3D chemical transport adel of the middle atmospherdeveloped at the Leibniz
l nstitute o f At mospheric Physics (e. g., Sonn
Grygalashvyly et al., 2009; Hartogh et al., 2004, 20fd)investigate themesospherel lower
thermaspherechemistry, in particularin the extended mesopause regiénnumber of papers (e.g.,
Hartogh et al., 20042011; Sonnemann, et al., 20@®08) validatedthe modelwith measurements, in

particular, for ozone and water vapor

The spacetime distribuion of temperature and winds wetakenfrom the model of the dynamics
of the middle atmosphere COMMIAP (e.g.,Kremp et al., 1999; Berger and von Zahn, 1988h an
updated frequency of 1 dand linearsmoothingbetween subsequent updatesvoid unealistic jumps
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in the calculateadtoncentrations of trace gas&P advectivaransportis taken into accounwith theuse

of the Walcekscheme (Walcek, 2000)The vertical diffusive transport (turbulent and moleculés)
calculated with the use tiie impicit Thomas algorithnfMorton and Mayers1994) The model grichas

118 pressureheightlevels (0i 135 km), 16 latitudinal and 32 longitudinal levels. The chemical module
(see Table 1yomprise25 constituent{O, O(D), Oz, H, OH, HQ, H,0,, H,O, H,, N, NO, NG, NO;,
N.O, CH,;, CH,, CH;, CH;0O,, CH;0, CHO, CHO, CO, CQ O, N,), 54 chemical reactions between
themand 5 photadissociation reactions. The model utilizes the galeulated dissociation rates (Kremp

et al., 1999) and their dependencelmmdtitude and solar zenith angle.

The modelas usedo calculate a ongear global evolution of the above mentioned trace gadges.
remo\e the transition regions correspongd to sunset and sunrise, wiee onlylocal times when the solar
zenith angles > 105A As a result, we find the spatiotemposariesof the 0 "@0 'O and"O0 700
ratios HereO "Gand"O0 are the local nighttime valseof hydroxyl and hydroperokyadicals calculated
by the modelb 'O and™Q) are theirlocal equilibrium valus, corresponding to the instantaneous
balance between production and loss teraspectively To determineeach local value ob 'O and
"'O0 we usé the local valies of the parameters (temperatu®g and N) and the concentrations of
othertrace gasesietermininglocal chemicabkources and sinks of ‘CandOU0 . Thenthe0 ‘@ 'O and
"O0 ¥OU  series were averaged over the zonal coatd and time during each month and were
presented as heigldtitude maps, depending othe month Each map contains linesnarking the
boundaries of the equilibrium areas, where the following conditions are satisfied:

w7 LA T wo

where the angle brackets are used to denote the values averaged in time and, space, and

.7 arestandarddeviations othe0 "@0 'O andO0 FOU ratios from Irespectively.

Then we plotted spatiotemporal mapshowing the relative contribution of each reaction to a
summarizedsource or sink at all altitudes and latitudes. These mafpedh us to identify the main
sources and sinkdescribing the chemical equilibrium of nighttime OH and,HOthe equilibrium areas

to an accuracyf better than a few percent.

Finally, we obtained and verified the analytical criteria @H and HQ nighttime chemical
equilibria according toKulikov et al. (20238). The paper considered tipeire chemicalevolution of a

certain trace gas:

— 0 Y  —& &
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whereois time,"Oand"Y aretotal photochemical/chemical sources and sinks ofspectively;t is the
¢ lifetime and¢ s its equilibrium concentratigrrorrespondindo the conditionO  “Y. The lifetime
determines the characteristic time scéde which& approaches , wheng o & &. ingeneralcase
T and&¢ are functions of timeKulikov et al. (2023ashowedstrictly mathematically that the local
values o and¢ areclosetoeachother© ¢ 0),whent L t ,wheret isthe local time

scale ofe

3)

s s
The expression fot is found fromthe total sink of¢. The expression fof  is derivedfrom Eq. @)

with the use oflifferential equationsdescribing chemicatvolution ofother reacting componenighich

determine theexpression fo€ . Kulikov et al. (2023) alsoshowedwhent L + ,&¢e ¢ p

i 'Q'Qe— 3— in the firstorderapproximation Thus,the criterion

Al ) 4

is sufficient, in order tdhe possiblerelativedifferencebetweere ande¢ to be no more than 0.1

3 Nighttime HO, and OH chemical equilibria

According to the Table 1HO, chemical sources nighttime are determined bythe following

reactions:

H+O#+M - HOx+M (R20), OH+Os - Ox+HO; (R22), H,0+OH -  H,0+HO, (R29), H,0,+0 -
OH+HO; (R19), CHO+O, - HO#+CO (R40), CH;0+0, - CH,O+HO; (R37),

whereahemical sink®f this componenareas follows

HOx+O - OH+O, (R18), HOy+Os - OH+20; (R23), OH+HO, -  H,0+0, (R28), H+HO, - 20H
(Rl4), H+HO, - H,O0+0O (R]_S), H+HO, - H»+0O, (Rlﬁ), NO+HO, - NO,+OH (R50), HO,+HO, -
H>0,+0, (R30), HO,+HO+M - H0+0,+M (R3l).

Thus, HQ local equilibrium concentration tescribed 1 the followingequation

‘00

0 o) 0] o) o) o) 20 (5)



182 Figure 1 plots heightlatitude cross sections for the O0 ¥O0U ratio for each monthThe
183 black solid lines mark thboundaries of equilibrium areas, wheeecording tacondition(1) local values
184 of HO, areclose totheir equilibrium valuesvith a possible bia®f less than 10%At low and middle
185 latitudesone can see thpresenceof the main equilibrium area which extends from théop of the

186 analyzd altituderangeto the lower bounary. The heigh of this equilibriumboundary, @ , depends

187 ontheseason and latitude and varies in the interval betw@and & km. It is the highestandthe lowest

188 during the summeandwinter respectively athe middle latitudes Nearthe equatord demonstrates

189 the weakest annual variatiorand varies irthe 81-83 km range There are local areas below the upper
190 longest black line, but they are small and irregular and can be omitted frorormiderationNote that
191 the mapsshow the estence of equilibrium near 50 kiwhich can be assumed be thebeginning ofthe
192  mainequilibrium area inthe stratosphereAt high latitudesthere is themain equilibrium areaasat low
193 and middle latitudesbut this arembove 7675A0f latitudecanextend down to 50 km

194 In accordance to the TableOH chemical sources are determined by the following reactions:
195 H+03- OH+0, (R21), HO+O- OH+0O; (R18), HO,+0O3- OH+2G; (R23), H+HO, - 20H (R14),

196  NO+HO, - NO»+OH (R50), H,0,+O - OH+HO, (R19), H +NO, - OH+NO (R51), O(*D)+H.0 -
197 20H(R7), O(*D)+H,- H+OH (R8), CHs#+O('D) - CHz+OH (R9),

198 whereaghemical sink®f this componenare as follows

199 OH+O- H+0; (R17), OH+0; - O#+HO; (R22), OH+HO, - H,0+0, (R28), OH+OH - H;0+0
200 (R26), OH+OH+M - H,0+M (R27), H+OH+N, - H,0+N, (R24), H0+OH - H,0+HO; (R29),
201 OH+CO- H+CO, (R32), CH#+OH - CHz+H,0 (R33), OH+H, - H,0+H (R25), N+OH - NO+H
202 (R49.

203 Thus,OH local equilibrium concentration is described by the following equation:

204 00 (Q J0QA ™ IO ™ JOGA ¢JQ JOJOG Q JOH WO QO
205 00 2 Q J0) Q WHYIJO ¢TI OO0 QW OTJO QA 0D

206 6OFTT QA QA QIO ¢cd@ QD O QIOH QDO QO
207 60 Q JO QA (6)

208 Figure 2 showsheightlatitude cross sections for the0 "@0 'O  ratio for each monthin this
209 casethe equilibrium covers up to 780% of the presented rang®f heightsand latitudesso thatthe
210 black solid lines mark thexternalboundaries of non-equilibrium areas In March and Septembéhis
211 area isalmost symmetricalo the equator. IrApril-Augustit is shifted tevardsthe northerrhemisphere.

212  In OctoberFebruarythis area idigherin the southern hemisphere. In@bnthsit is below 8586 km. In



213
214

215

216

217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

233

234

235
236
237
238
239
240
241
242
243
244

thepolar regionghereare latitugnal rangeswhere OH is close to equilibriuthroughait the entire range

of heights.

4 The main reactions determining HO, and OH equilibria

Figure 3 presentsheightlatitude contour mapsshowing therelative contribution ofa certain
reaction tathe total sourceandsink of HO, in Januarytakenas anexample To increase the information
content of the panels, the altitude range is cut off everywhet&t&Pa since there are no significant
changes abovéotefirstly, thatreactionH+0O,+M - HO,+M determines major (up to95% and more)
contribution inthe mainequilibrium arealmost everywherexceptfor thepolar regionsibove 767 50k
latitude andbelow 5-80 km, wherethe reactioa OH+O; - O;+HO, and H,O,+OH - HO+HO,
becomemportantandshould be taken into accou@therreactions i,0,+O - OH+HO,, CHO+G -
HO,+CO, CHO+0O, - CH,O+HOQO;) togethercontributelessthan2-3% to the total source of HOnN the
main equilibrium areandmaybe omitted Secontly, thereactionHO,+O - OH+O, determinesa major
(up to 95% and more) contributido the totalsink in the main equilibrium area almost everywhere
exceptfor the same smalpolar areas, as in theonsideredcasewith the sourceswhere the reactions
HO,+0O3 - OH+20, and NO+HO, - NO,+OH are important and should be taken into accodiite
reactionsOH+HO, - H,0+0,, H+HO, - 20H, H+HGQ - H,0+0,andH+HO, - H,+0O, contribute
cumulatively up to 1015% of the total sink near the boundary dahe main equilibriumarea The
remainingreactions KFIO,+HO, - H;0,+0,, HO+HO+M -  H,0,+0O,+M) are not importantin the

main equilibrium area and can be omitted.

Therefore the expression faHO, local equilibrium concentratiocan be simplifieds follows

000 20 O ) o)

Ou 2 0 2 2 9 (7)

Figure 4 presentsheightlatitude contour mapsshowing therelative contribution ofa certain
reaction tahe totalsourceand sinkof OH in Januarytaken as aexamplein Figure 3 As in the previous
casethe altitude range is cut oft 10° hPa because onlyhe panels for the reactiort$+Os; - OH+0O;
andHO,+O - OH+0, consistof interestingvariationsabove Note, that firstly thesereactiors are the
main OH source@ the upper part of the preseatdistributions down to #@5 km where thg jointly
provideup toa 95% contributiorto theequilibrium concentratiarAlso the reactiorHO,+0O3 - OH+20,
is major sourcein the lover part of the presented distribution from 50 to-@D km. The reaction
NO+HO, - NO,+OH is important arounchonequilibrium areasof OH and should be taken into
account, whereas the reactidntNO, - OH+NO s important in compact altitudatitude areanearthe

poles,the reactiorH+HO, - 20H gives up to 1015% contributionin small areas near the equilibrium
8
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boundary Otherreactions (OD)+H,O - 20H, OfD)+H, - H+OH, CH+O(D) - CHs+OH, H0,+O

- OH+HO,) togethercontribute lesshan2-3% of the total source oDH in the main equilibrium area
andcanbe omitted.Seconty, thereaction OH+O- H+O, is the main OH &k in the upper part of the
presented distributions down to-80 km, where it providesp to 95%of the equilibrium concentration.
Thereactiors OH+CO- H+CO, andOH+0Os; - 0O,+HO, aremajor in the lower part of the preseat
distributions from 50 t&@0-80 km. The reactio®H+HO, - H,O+0; is significantenougharound non
equilibrium areas of OH, whereas the reactity©O,+OH - H,O+HQO, is important inthe compact
altitudelatitude area neahe poles Other reactioa (OH+OH - H,O+O, OH+H - H,0O+H, N+OH -
NO+H, CH4+OH - CHsz+H,0O, H+OH+N; - H,O+N,, OH+OH+M - H,0,+M) togethercontribute

lessthan2-3% to the totasink of OH in the main equilibrium area andnbe omitted.

Therefore the expression fdDH local equilibrum concentratiogan be simplifiecas follows

20 20 2 O 0 090 20 2 O 2 O

Lo o} ) ) o) o) (8)

5 Shortened equilibrium conditions of HO, and OH in the upper mesosphere and lower
thermosphere

The @&ove analysisevealed that the reactions describinthe equilibrium conditiong7-8) in the
lower and middle mesospheage differentfrom those in theupper mesosphe@nd lower thermosphere.
This means that the task of applying these conditions can be divided into two parts depending on tt
selected altitude rangét the upper mesosphere and lower thermosphéreides we can considesnly
the HO i Oy chemistry exduding the reactions with participation BLO,, N, NO, NG, and CO In
addition we can omit the reactioh$0,+0; - OH+20,, OH+0O; - O+HO,, and OH+HQ - H,O0+0,
due totheir insignificancehere.As aresult, he shortened equilibrium conditions of H@GndOH for this

altitude rangeare as follows:

200

00 S = )
§ 0 20 OR0) - 2 00 (10)
Figure5 showsheightlatitude cross sections for the'O0 700 ratio for each monthn each

panel the upper longestlack line marks the lower boundary of the main equilibrium areawhere
according tacondition(1) 'O0 "O0  with possible biasf less than 10%As in the case of Figure 1,
this areaextends from the top of the analyzed altitude raigere arealsovery small equilibrium areas

below, which can beomitted from our consideratiorthe height ofthe lowerboundary of the main
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equilibrium aread , dependgssentiallyon the season and latitud€omparing with Figure bne can
see thatit reproducesnany features of at low and middle latitudesn particular,a varies in
the intervalbetween 3 and & km, as in the case af . In themiddle latitudesh in summer is
several km higher than in wintéMearthe equatotx demonstrates the weakest annual variations and

varies inthe range of 8B3 km.So, one can concludthatthe exclusion ofa number of reactions does
not lead to significant changes in ggacetime distributions othe HO, equilibrium.

Figure 6 plots heightlatitude cross sections for the0 ‘@0 'O  ratio for each monthAs in the
previous case,this is the lowerboundary of the equilibrium areawhere according tocondition (1)

0 'O U 'O with good precisionThe dependence dhe boundary height & , on the season and
latitudemainly repeatshe behavior o . In particularg varies in the interval between 73 and 85
km. At middle latitudesx in summer isseveral km higher than in wintéMearthe equatorx also

demonstrates the weakest annual variations and varies in the rang83kBi Neverthelessin some
caseghe OH equilibriumboundary lies slightly higher than thEO, boundary. In particulart can be seen
in April-Au g u st a ,bvbichean 5e@xpl&inedby the difference betweetHO, and OH lifetimes
(t t ), mainly due t0™Q  "Q . Comparing with Figure2, one canseethe exclusion of the

mentionedreactionsrom consideratiomesultsin the absee of the OH equilibrium areast thelow and
middle mesospheratitudes as expected.

6 The criteria for HO, and OH equilibrium validity in the upper mesosphere and lower
thermosphere

Firsty we determine HQ@ and OH lifetimes and the local time scales™©0 and 0 O,

according to Section.2

FromEgs. (23) and(9), HO; lifetime andthe local time scales 80 areas follows:

ro— 5 1
; — (12
Thenwe find the expression faJO0 | Q0O
0 003 -0 2 0092 -9 13
o 0 0 0

10



302 Kulikov et al. (20238) analyzed the local nighttimevolution of O and Hvithin the framework of pure

303 HO«T Oy chemistryand found the expression fer — :
304 — - ¢dQ DV Ip —— QI QDI O (14)

305 Thus,Eqg.(13) can be rewritten ithefollowing form:

2 2000$20$00 000 — o} 200 &

306 S S . (15)

307 By combiningEgs.(9), (12), and (L5) we obtain the expression ftire local time scales D0

o) o}
2008 000 — o} 200 &

308 T (16)
309 Thus,takinginto accountEgs.(4), (11) and (6), the criterion forHO, equilibrium validity is written in
310 the form:

200 2000 — o) 20 &

311 o1 Qo 5 5 . (17)

312 We calculatedd i "Q@ using the global 3D chemicatansport modeland includedthe zonally and
313 monthly averaged lile 01 Q0 1@ in Figure5 (seemagentdines). One can see that, depending
314 on the montheachmagentdine reproducesvell the lower boundary of the mainHO, equilibrium area
315 and follows almostall its features and variationdlote, thatin the zeroth ordeapproximationthe

316 criterion (L7) can be simplified as

317 61 Q0 ¢JQ DV Ip —— QI QDD > 05 ™. (18)
318 FromEgs. (23) and(10), OH lifetime and the local time scales@fO are as follows:

319 t — (19)
320 ¥ _— (20)

J

321 Before determiningthe expression fofl) 'O j ‘Q done shouldkeep in ming that the expressiofil0)
322 depends on thédiO, concentration.As previously mentioned,near and above th®H equilibrium

323 boundary HO, is in equilibrium (OO0 "O0 ) and we can useEq. (9). In view of Q Q)|

324 Q 0 T J0
200 o)

325 Ov 5 P 5 . (21)
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341
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350

The substitutiorof Eq. (21) into Eg. (10) yields:

O O o)

o)

60 0 00D W >—>— 2 = ===-0p —

> (22)
Thus, the expression f6l) O j Q ds:
_ — -9 [OR0) :)p o) _ o) o) C:))C)_. (23)
Taking irto accountEq. (14) and thedifferentialequation for @time evolution:
— QB B Q 0T,
the expressior2@) can be rewritten in following form:

2 000 —— o) ooaoo OOOp 5 _ 5 5
20 000 j0R0) (24)

o)

Thus, ly combiningEgs.(4), (19), (20), (22), and 24) we obtain the expression for the criterion i

equilibrium validity:

01 Qo

0 000 — 2 > 20 0 200 —/—4m——— o) 0 2000 20

90 20090 — 2 9
. (25)

We calculatedd i "Qbusing the global 3D chemicatansport modeland included the zonally and
monthly averaged lines 6 i "Q0 1 in Figure6 (seemagentdines). One can see that, depending on
the math, the magentaline almost everywhereeproduces the lowdsoundary of the OH equilibrium
area and repeatwainly its features and variationBleverthelessthere are a fewbfy latitudg narrow
areas (in AprHAu g u st near 7 0MDeSemienala ri n7b@keNhe dirion gives a few
km lower position of the OH equilibrium boundatliese arediscussedn the next sectiarNote thatour
numericalanalysisshows thain the zeroth ordeapproximationthe criterion 25) can be simplified as

610 ¢ BB Oop — I QDI 3> O (26)

7 Discussion
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351 We now discussobtained results and their possilalpplications.

352 Pay attention to the fadhatthe presented results were plottads i ng t he | ower t hr e
353 nighttime solar zenith angle)(to exclude the twilight transition processes. Nevertheless, our additional
354 analysis revealedha OH and HQ equilibrium conditions are fulfilled at>95A Evidently, during the

355 processing of the measurement data, takwigight £ i n (95 A, 1roS5aécpunt rextemds eéhe i
356 latitude range of OH and H@quilibria application andallowsus to include anoticeablepart of the data

357 into considerationHowever, in this casene should check for additional condition (Kuliket al.,

358 2023a):

359 Q | p,Q | p, (27)

360 wheret andt are the HQand OH lifetimesdetermined by Eqgs. (11) and (18),& local time of
361 data,a 0 is the local timeatthe beginning of the night. Mind, that at nigha@®@d H tendo decrease due
362 to the shutdown of the ,Cand HQ family photochemical sourcesof andt increase Thus,

363 analyzing the measurement date can apg more stringent contilons:

64 Q| pQ | p (28)

365 The mainresults were obtainedsing a 3D modelwheretemperature and wind distributioase

366 updated every 24 hour3his excluded the influence of the atrpbsric wave motion, in particular,

367 associated with tides, which is one of the main dynamical drivers in the tropical mesopause. We catrrie
368 out additional modeling with the distributions of the main characteristatsulated by the Canadian

369 Middle Atmosphee Model for the year 2009 (Scinocca et al., 2008) with-reo@ly frequency for

370 updating. The analysis of the tisheight evolution of OH and HQespeciallyat low latitudesshowed

371 that our criteria reproducguite well the local variations of the OH ardiO, equilibrium boundaries in

372 such conditions

373 We evaluated the sensitivity of the presented; ld@d OH criteriad i "Qoandd i "Qpto the
374 uncertainties of characteristjdgavolvedin the expressions (17) and (25). The local heigiithe OH and
375 HO, equilibrium boundaries (@ and & ) according to the criteria are determined as the
376 altitudes at whichd i Q0 1 andd i "Q0 T respectively. We considered the whole dataset of
377 nighttime profiles obtained by the numerical simulation of a emar global evolution of mesosphére
378 lower thermosphereand estimated total uncertainties to determinatiod of  anda from each

379 local (in time ad space) dataset (profiles of O, H;, W, O, and temperature). Following the typical
380 analysis presented, for exampteMlynczak et al. (2013a, 2014), each uncertainty was calculated as a

381 root sum square of the sensitivities to the individual perturbatidcertain variables or parameters in the

13



382 expressions (17) and (25). The following uncertainties of the variables were used: 5K in the temperatur
383 and 30% in @ O, and H. The uncertainties in reaction rates and their temperature dependencies wer
384 takenfrom Burkholder et al. (2020). As the result (see Figureéhg) monthly and longitudinally meani

385 total uncertainties imletermination ofx anda were found varying in the range 0-QZm,

386 depending on altitudend seasonNote that these values are comparable with the typical height
387 resolution of satellitedata The latter allows us t@onsiderour criteriaas a robust instrument for

388 equilibrium condition validtion The main reaso of relatively low sensitivity ofx anda is

389 the strong heightlependence af i "Qdand0 i "Qaear the value of 0.1.

390 As noted, Figs. % represent an interesting peirity. At the middle latitudesummerg and
391 @ are remarkably higher than winter ones. Recently, Kulikov et al. (2023b) found such a feature in

392 the evolution of nighttime ozone chemical equilibrium boundderived from SABER/TIMED data,
393 which was accompanied by the samariation of the transition zoneseparating deep and weak
394 photochemical oscillations of O and Ehused by the diurnal variations of solar radiation. The authors
395 analyzed this effect near and belowe tinansition zone. It was showinstly, that nighttimeO decreases
396 with the characteristic time scale 0732 () Q @proportional to tha) ¥Oratio at the beginning of the
397 night. Seconly, during the summethe daytime) 7'Oat the middle latitudes is remarkably less than the
398 one in winterConsequentlysummer values of are significatly shorter than winter oneso summer

399 O during the night decreases muchtéaghan in winter. In our caddetimes of HQ and OH are

400 proportional mainly to- (see Egs. (11) and (19)), so the summer risé& of anda can be

401 explained by the season difference in O diurnal evolution at these latitudes.

402 As noted,there are a few narrow arease a r /N {Figlré®s), wherethe criterion (25) does not
403 correspondwell to the OH equilibrium boundary. Our analysrevealed that the main reason is
404 neglecting the reactio@H+CO- H+CQO, as the source of h the corresponding differential equation

405 of its chemical balancén order to improve the criteriowe revised thelerivation of expressiorid) for

406 — — following to Kulikov et al. (2023):
07 —- ¢ ABBOop — VB QDB > —00 DI Op
08 —— 0D . (29)

409 Asaresultthecorrecteccriterion for OH equilibrium validitys asfollows:

14



9 0009 8 o
410 o1 Qo 5 3-0

o) o) ';-Q o)) 0 000 333 T[Eﬁ) (30)

411 Q DD Op

412  We calculatedhis criterion using the global 3D chemictdansport model and included the zonally and
413 monthly averagd lines 61 Qo T on the OHequilibriummaps(seeFigure8). One can see that
414 the inclusion othis additional termactually eliminates the noted discrepancy between OH boundary and

415 criterion.But the application of this criteriaequiresCO data.

416 As notedin the Introduction, he conditions of nighttime OH ardiO, equilibria together with one
417  for Oz equilibrium and their analytical criteria constitatesefultool for retrieval of these components or
418 other characterista(for example, O and Hyom measured datét the altitudes of uppanesospheré

419 lower thermospher¢hese conditions can be applied, for example, to MLS/Aura datab@sas\jred
420 characteristicsOH, HO,, Os;, and CQ, SMILES (HO, and Q), SCIAMACHY (O(*S) greenline, O, A-

421 band, and OH Meinel baremissiony SABER/TIMED (O3, OH Meinel band emissiorst 2. 0 & m
422 and 8Y6anmamndis)6 em (5Y3)amedmtherjrciMding improvehent of existing

423 retrieval approachen particular,Panka et al(2021) proposethe methodf simultaneous derivatioof

424 O andOH at the levels/=0-9 from SABER datd vol ume emi ssi on ,wwdtYeand a't
425 wOY ) at 83100 km taking into accounthe equilibrium condition for all statesf OH. Such

426 approach is valid foexcited statesdue totheir very shortlifetimes determined byadiative transitions
427 andquenchingwith Oy, Ny, and O. Inthe case of the OH ground stételifetime is determinedby the

428 reactionOH+O- H+0O, only. It meansthat Panka et al. (2021) usech equilibrium condition for total
429 OH, which as one can see from Figi;iemay be significantly disrupted above 80.Kon the othehand

430 there ardatitude ranges anehontts, when theOH equilibriumboundary dropsremarkably below 80 km.
431 Moreover, the Panka et al. method requires external data abguwinri@ the reaction HOO - OH+O,

432 becomsthe important source for OH below 87 km (Panka et al., 2021; see also #igwer paper).

433 The results of our paperlav modifying the Panka et al. method to extend its capabilities. The
434  simplest development of this method seems to be the following. First of all, note that:itlequddrium

435 condition (9) depends on H and O only and can be used within theossisten retrieval procedure,

436 considering the following system of equations:

437 OO0 w 2000 B h h O h O h h 00
P 5> B R R o R o P R ’
B h h O h O h h 00 22 2 22
438 L On ,
o)
- 200
439
Ov o) ol
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458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

OOY & ux V0w & Yw B OY,

w0y @ vlw VO G thy Q) Or

where®w are the constant rates of the processesvDH(OH(v'<v) + hv, OH{) +O, - OH(w<V') +

O, OH() +N, - OH(v<V) + N, OHV) +OCP) - OHV'Or-5) + OfD), OHWK) +OCP) - OH(v'<v) +

OCP), and OHE) +OCP) - H + O, respectively. Take into osideration, thathis system includes 13
equations with 13 unknown variables. Therefore sthlation to the system forangleset of the SABER
measurementtsimultaneously measured profiles of, @, pressureo OY , andwOY ) gives one
simultaneously retrieved profiles of O, H, GHQ-9), and HQ. By applying the criteria (17) and (25) to
obtained O and H profiles, we verify the fulfillment of OH and¢Quilibrium conditions and determine

the heightbelow which the resultim profiles should be cut. More advanced retrieval procedure would be
statistical, based on Bayesian theorem, taking into account the uncertainties in measurement data and r
constants. Simildy, for example, to Kulikov et al. (2018a), it should incluaelerivation of posterior
conditional probability density function of retrieved characteristics and numerical analysis of this
function. Detailed development of this retrieval method is outside of this paper and should be carried ot

in a separate work.

8 Conclusions

The presented analysis showsat there are extended areas in mesosphere and lower thermosphere
where nighttime H@and OH are close to their local equilibrium concentratidesermined mainly by
thereactiors between HQ1 Oy, componentamongthemselvesand with HO,, N, NO, NQ, and CO. In
upper mesospherei lower thermospherethe shortened expresssrfor their local equilibrium
concentrationgre valid,including the HQ T O chemistry only These conditiondescribethe HG and
OH equiibrium from the top tcsome lowetboundaries, the altitude position of which vary in the interval
between 73 and 85 km and depends essentiallfherseason and latitudéVe propogd analytical
criteria, which almost everywhereeproduceqquite wellthe mainfeatures of thesboundaries. Due to
weak sensitivityto uncertaintieof reaction rates and variables, theséeriacan be consided a robust
instrument for HQ and OH equilibrium validtion The obtainedresults allow extending the abilities of
the Panka et al. (2021) methamretrieve unmeasured components from SABER ddtse simultaneous
application of OH and H@equilibrium conditions tothe SABER data together with th@H and HQ
criteria to controthis equilibrium validityallowsus toretriewve all unknown HQ i O components (O, H,
OH, and HQ) and toextendthe altituderangeof retrievaldownwardbelow 80 kmand without external

information
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Table 1. List of reactiongncluded in 3d chemicakransport modelith the correspondg reaction rates

taken from Burkholder et al. (2020)

1 | o('D)+0;- O+0, 24 | H+OH+N; - H,0+N; 47 | NO+0;3- NO,+O;,
2 | O('D)+Nz- O+N, 25 | OH+H, - H,O+H 48 | NO,+03- NOs+0,
3 | 0('D)+03- 0,+20 26 | OH+OH- H,0+O 49 | N+OH- NO+H

4 | O(D)+0z- 20, 27 | OH+OH+M- H,0O,+M 50 | NO+HO; - NOy+OH
5 | O(D)+N,O- 2NO 28 | OH+HO; - H,0+0, 51 | H+NO,- OH+NO
6 | O('D)+N,O- N+O, 29 | H,O0,+OH- H,0+HO, 52 | NOs+tNO- 2NO,
7 | O(‘D)+H,0- 20H 30 | HO+HO, - H 0,+0; 53 | N+NO- N,+O

8 | O('D)+H,- H+OH 31 | HO,+HOM - Hy0,+0+M | 54 | N+NO, - N,0+0
9 | O('D)+CH,- CHs+tOH |32 | OH+CO- H+CO, 55 | Oy+hv- 20

10 | O(D)+CH;s- Hot+ CHO | 33 | CH4+OH- CHg+H,0 56 | O,+hv- O+O(D)
11| O+O0O+M- O,+M 34 CH3+0O, - CH30, 57 | Ogthv- 0O,+0O

12| O+0+M - Osz+M 35| CH3+O- CH,O+H 58 | Osthv- 0,+O('D)
13 O0+0;- 0O, +O, 36 CH30,+NO- CHz0O+NOG, 59 | No+hv- 2N

14 | H+HO, - 20H 37 | CH;0+0, - CH,O+HO, 60 | NO+hv- N+O

15 | H+HO, - H,0+0 38 | CH,0- Hx+CO 61 | NOs+hv- NO+O
16 | H+HO, - H.+0;, 39 | CH,0- H+CHO 62 | N,O+hv- N,+O('D)
17| OH+O- H+O, 40 | CHO+G, - HO,+CO 63 | N,O+hv- N+NO
18 | HO+O- OH+0; 41| Oz+tN- NO+0, 64 | NOsthv- NO,+O
19| H,0,+O- OH+HO, 42 | NOz+O - NO,+0O, 65 | H,O+hv- H+OH
20 | H+O+M - HO»+M 43 | O+NO+M- NO»+M 66 | H,Ox+hv- 20H
21| H+O3- OH+O, 44 | NO,+O- NO+0O, 67 | CHsthv- CHytH,
22| OH+03- Ox+HO, 45 | NO,2+O+M - NOs+M 68 | CHs+hv- CH+H,+H
23| HO+O3- OH+20, 46 | N+O,- NO+O 69 | CO+hv- CO+0O

24




693
694

695
696
697
698

/ January February g March i 15
105 120 1 120 107537 1120
~10~ 95 1p-3 95 10—32 95 G 1.1
10 / gg gg 10 |
10° 60 -30 0 30 60 9055 90 —60 -30 0 30 60 9055 100_530 60 -30 0 30 60 29;) 0.5
S T EES e
e - N
E o o5 fa /95 -3 - NS
g0 %90 1074 /90 10 90 3
2 23 / 2] / -2 ‘g
°'10-1§ % 10719 @b 107 U'Lf . 0.7
100—290 60 -30 0 30 60 Z;og;; 100;90 —60 -im éo%gogé 100— 0 Y 0§§ 0.5
July % August % September 15
10° 120 10 _ % 120
E 20 / ?%,20% 11
ﬂl_,-10 %gg 10 % 290 g
2102 B 80 102 . % %gg £ oo
g F /80 — / N
® 10 % éé 10! | o )}% Zié ) 0.7
7 November December 15
1079 / 120 10 _120
E / 100 _100% 1
il : s
5 % 85 g5 3
NG 0 g B
S , 7 7 ©
107 % 65 65 0.7
10° 90/ 60 -30 0 30 60 90 90 —60 -30 0 30 60 Qogg 90 —60 -30 0 30 60 gi)gg 0.5
Latitude Latitude Latitude

Figure 1.Nighttime mean and monthly averagéx) 700

, whereO0

is equilibrium concentration

determined by EqJ5). Blackline shows thdoundary of HO, equilibriumaccording to condition (1)he

stipplingcorr esponds

1.5] interval.
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Figure 2. Nighttime mean and monthly averaged@0 O , whereU "O is equilibrium concentration

determined by Eq6). Black line shows théoundary of OH equilibrium according to conditiofl). The

stippingc or r esponds

interval.
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