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Abstract. The nighttime ozone chemical equilibrium (NOCE) is a key assumption widely employed forin
various applications #awithin the mesopause region, such as retrieving harddifficult-to-measure
characteristics from ebservations-observational data. Previously, the eriterionfor-determining-the-NOCE
boundary criterion was used to analyze its long-term evolution frombased on SABER/TIMED data,
primarily at low and midele-mid-latitudes. This werk-foeuses-onstudy extends this focus to polar latitudes.
We demonstrate that the NOCE criterion clearly indicatesdelineates the main features of the transition zone
separating—deep-that vertically separates regions of strong and weak ©-and—H-diurnal photochemical
oscillations of O and H. During the polar night, this transition zone degenerates into a sharp step in theithe

vertical profiles_of these species, and the criterion accurately identifies the altitude of this step.
NextFurthermore, we analyze the evolution of the NOCE boundary using SABER/TIMED
dataobservations in conjunction with MERRA-2 reanalysis data for the winter—spring period—efperiods
from 2002- to 2025. We demenstrateshow that #sthe most pronounced variability is-ebservedof the NOCE
boundary occurs at northern polar latitudes during and after strong SSWs—with—an—elevated-Sudden
Stratospheric Warmings accompanied by stratopause_elevation events. Prior to or immediately-during the
onset of such warmings, the daily mean altitude of the boundary can rise to ~8786 km. kmmediately
afterFollowing these events, it rapidly descends to 72—74 km-and, where it can remain at-this-altitude-for an
extended period. Model studies of the 2009 winter ef-2009-show that the NOCE boundary closely
follewstracks the variability of the medians—of-themedian vertical distributions of O-and, as well as the
volume emission rates of OH=.(v=1-9), O%(*S), and O,% Fhuswe can-assume-that the NOCE boundary
ean-be—used-to-monitor—signticant-disturbances—in-—both-the-0,—HO, —components—and-the—atrglows
genem%ed—byphweeehame&kpmeesse&invehﬁngm(_ﬂ)_

1 Introduction

Ozone is a unique atmospheric trace gas that plays different roles depending on altitude. In
particular, stratospheric ozone protects life on our planet by absorbing ultraviolet solar radiation in the
wavelength range of 200-315 nm. Moreover, by absorbing radiation in the Herzberg continuum, ozone at

these altitudes is the only atmospheric minor gas whose vertical distribution determines the
1
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photodissociation rate of the major gas, molecular oxygen. In turn, tropospheric ozone acts as the fourth (in
terms of importance) greenhouse gas after H,O, CO, and CH,. Furthermore, in the boundary layer, ozone
is one of the five major pollutants (according to the World Health Organization) that negatively affect the
biosphere and human health due to its high toxicity.

In the mesosphere—lower thermosphere (MLT), ozone is involved in reactions between the Oy and
HOy families (O+03; and H+OH+HO,), which produce many layered phenomena. Below ~80-87 km, there
are “deep”strong diurnal photochemical oscillations, where the difference between daytime and nighttime
values of these components can reach several orders of magnitude due to the diurnal modulation of the
photodissociation rates of O,, H,O, and O3. Above ~80-87 km, photochemical oscillations are relatively
weak compared to the more pronounced impact of vertical and horizontal transport. As a result, there is a
narrow (1-3 km thick) transition region where the regime of photochemical oscillations changes rapidly
with height. Above this transition region, O and H concentrations accumulate and reach absolute maxima,
forming the corresponding layers, including a layer of stored chemical energy. This leads to the appearance
of a secondary ozone maximum and airglow layers of excited OH, O, and O observed in the visible and
infrared ranges. In particular, the reaction of ozone with atomic hydrogen is the main source of OH
airglow, whose intensity spectrum can be used, for example, to derive information about the mesopause
temperature. Thus, mesopause photochemistry enables several remote sensing techniques that are widely
used for ground-based and satellite monitoring of climate change and wave activity at these altitudes. The
chemical heating from exothermic reactions between Ox-HOx species is one of the major sources of the
mesopause energy balance. In particular, this heating can exceed that from turbulent energy dissipation
(e.g., Grygalashvyly et al., 2024). Moreover, mesopause photochemistry influences the radiative cooling of
this region in the CO;, 15-um band, is involved in plasma-chemical reactions, and contributes to the
formation of ionospheric layers. Note that variations in the Ox-HOy transition zone height reflect
corresponding changes in the O and H layers, and through them, in airglows and other mesopause features.
Thus, this characteristic can be considered a sensitive indicator of mesopause processes.

Note also, the mentioned transition of Ox-HOx behavior with height may occur via the nonlinear
response to the diurnal modulation of photodissociation rates, resulting in the appearance of subharmonic
(with periods of 2, 3, 4, and more days) or chaotic oscillations of O, O3, H, OH, and HO, (e.g., Sonnemann
and Fichtelmann, 1997; Feigin et al., 1998). This unique phenomenon was predicted many years ago
(Sonnemann and Fichtelmann, 1987) and further investigated theoretically by taking into account different
transport processes (Sonnemann and Feigin, 1999; Sonnemann et al., 1999; Kulikov and Feigin, 2005;
Kulikov, 2007; Kulikov et al., 2020), including within the framework of the 3D chemical-transport models
(Sonnemann and Grygalashvyly, 2005; Kulikov et al., 2021). The vertical eddy diffusion was revealed as
the most important process (Sonnemann and Feigin, 1999; Sonnemann et al., 1999), so that 2-day
oscillations can only survive at real diffusion coefficients. At the same time, the eddy diffusion in the zonal
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direction leads to the appearance of the so-called reaction-diffusion waves in the form of propagating
phase fronts of 2-day oscillations (Kulikov and Feigin, 2005; Kulikov et al., 2012; Kulikov et al., 2020).
Recently, the first evidence of 2-day photochemical oscillations in the actual mesopause was revealed
through the satellite data processing (Kulikov et al., 2021).

At the MLT altitudes, the physicochemical assumptions involving ozone are useful tool for
monitoring poorly measured Ox-HOx components. In many papers, the rocket and satellite measurements
of the ozone and the volume emission rates of OH(v), O(*S), and Oz(alAg) were applied to retrieve O and
H distributions (e.g., Good, 1976; Pendleton et al., 1983; McDade et-al—1985;MeDBade-and Llewellyn,
1988; Evans-et-al—1988:-Thomas, 1990;Llewetyn-etal-1993; Llewellyn and McDade, 1996; Mlynczak
et al., 2007, 2013a, 2013b, 2014, 2018; Smith et al., 2010; Xu et al., 2012; Siskind et al.,-2608; 2015). The
retrieval approach employs a model of the corresponding airglow and an algebraic equation derived from
the assumption of ozone photochemical/chemical equilibrium and relating local O and H values with
measurement data. The ternary photochemical equilibrium condition of OH, HO,, and O3 produces a
useful system of algebraic equations, which was used to retrieve daytime distributions O, H, HO,, and H,0O
from simultaneous O3 and OH data measured during the satellite CRISTA — MAHRSI campaign (Kulikov
et al. 2006, 2009) and to evaluate the quality of simultaneous observations OH, HO,, and O3 by MLS/Aura
(Kulikov et al. 2018a; Belikovich et al., 2019). Note also that the nighttime ozone chemical equilibrium
was used (i) to study hydroxyl emission in the MLT region using simulated and measured data, in
particular, OH* mechanisms, morphology and variability caused, for example, by atmospheric tides and
gravity wave activity (e.g., Marsh et al., 2006; Nikoukar et al., 2007; Xu et al., 2616,-2012; Kowalewski et
al., 2014; Sonnemann et al., 2015); (ii) to analyze the MLT response to sudden stratospheric warmings
(SSWs) (e.g., Smith et al., 2009); (iii) to derive exothermic heating rates in the MLT (e.g., Mlynczak et al.,
2013b); (iv) to analytically simulate the mesospheric OH* layer response to gravity waves (e.g., Swenson
and Gardner, 1998); and (v) to derive the analytical dependence of excited hydroxyl layer number density
and peak altitude on atomic oxygen and temperature (e.g., Grygalashvyly et al., 2014; Grygalashvyly,
2015).

The daytime O3 balance at MLT altitudes is primarily determined by reactions O+0O,+M — O3+M,
O3 +hv— 0,+0, O('D), and H+0; — O,+OH (Kulikov et al., 2017, 2022a). Kulikov et al. (2017)
examined O3 daytime equilibrium within the framework of a 3D chemical-transport model and found it to
provide a good approximation everywhere in the MLT region due to the high ozone photodissociation rate.
In contrast, nighttime ozone chemical equilibrium (NOCE) is valid above a lower boundary, whose altitude
depends on latitude and month. In particular, according to the 3D chemical-transport model, the monthly
mean NOCE boundary varies within the range of 81-87 km (Kulikov et al., 2018b). Below this boundary,
the local ratio between true O3z and its equilibrium value may vary widely and reaching several orders of

magnitude (e.g., Fig. 5 in Kulikov et al. (2018b)). This means that the error in retrieved data due to the use
3
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of the O3 equilibrium approximation is uncontrollable and may significantly exceed all other errors in the
retrieval procedure arising from, for example, uncertainties in measurement data and rate constants. In
order to limit the equilibrium approximation error, Kulikov et al. (2018b) developed a robust analytical
criterion that allows localizing the boundary of the NOCE using measured or retrieved data. Kulikov et al.
(2019) applied this criterion to determine the NOCE boundary using data from the SABER (Sounding of
the Atmosphere using Broadband Emission Radiometry) instrument onboard the TIMED (Thermosphere
lonosphere Mesosphere Energetics and Dynamics) satellite. The space-time distribution of the derived
NOCE boundary showed good agreement with model results. Moreover, the application of the NOCE
condition below this boundary could lead to a significant (up to 5-8 times) systematic underestimation of
the 2-month mean O distribution below 86 km. Recently, Kulikov et al. (2023a) analyzed the long-term
evolution of the monthly mean NOCE boundary derived from SABER/TIMED data in 2002—-2021. It was
revealed that, first, this characteristic at 55°S—55°N contains a clear signal of the 11-year solar cycle and
can be considered a sensitive indicator of solar activity. Second, the NOCE criterion at low and middle
latitudes reproduces well the altitude and captures the main variations of the transition zone separating
deepthat vertically separates regions of strong and weak diurnal oscillations of O and H. In particular, the

transition zone at middle latitudes demonstrates a pronounced annual cycle with minimum altitude in
winter and maximum altitude in summer. This is a nontrivial effect as summer nighttime H values are
substantially higher than those in winter (e.g., Kulikov et al., 2024), which results in shorter ozone
lifetimes in summer than in winter. Thus, one would expect an opposite seasonal dependence of the
transition zone altitude. Nevertheless, the same results were obtained in model studies by Belikovich et al.
(2018) and Kulikov et al. (2018b). In the work by Kulikov et al. (2023a), the discussed effect was
explained by the specific nonlinear properties of nighttime mesopause chemistry, which depend strongly
on the daytime O/H ratio preceding the night. By design, the NOCE criterion takes into account these
properties, ensuring good agreement with the transition zone position. Thus, this criterion is not only a
useful technical tool for retrieving unmeasured data from satellite observations, but also a sensitive
indicator of O and H layers. As mentioned, many phenomena in the MLT (e.g., airglows) are caused by O
and H layers. Thus, one can expect that variations in the main features of these phenomena (e.g., half-
width, peak volume emission rates, etc.) are connected with the NOCE boundary position and can be
explained/predicted by the NOCE criterion. Finally, Kulikov et al. (2023a) noted abrupt changes in the
NOCE boundary at north polar altitudes in winters with powerful SSWs accompanied by elevated (up to
~80-85 km) stratopause events, but a detailed analysis of these variations was outside the scope of that
study.

This article focuses on the local evolution of the NOCE boundary at polar latitudes, primarily during

winter—Northern Hemisphere winters characterized by major SSWs. It is well established that SSWs are

driven by the upward propagation and amplification of planetary waves from the lower atmosphere and
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their subsequent interaction with the stratospheric zonal flow. A major SSW is commonly identified when

the winter polar 10-hPa zonal-mean winds poleward of 60°N reverse from westerly to easterly,

accompanied by a reversal of the 10-hPa zonal-mean temperature gradient poleward of 60°N (e.g., Butler

et al., 2015). In contrast, during a minor SSW, the temperature gradient reverses without a reversal of the

background zonal circulation. Consequently, winter processes at mesopause altitudes must be considered

within the context of the concurrent dynamics of the upper stratosphere and, in some cases, the lower

mesosphere. In the Southern Hemisphere, SSWs are much rarer and weaker than their Northern

Hemisphere counterparts (e.g., Vincent et al., 2022). However, a major SSW occurred in September 2002,

profoundly affecting the Antarctic ozone hole that year. More recently, a minor SSW in September 2019

exhibited the largest temperature variations ever recorded in the Southern Hemisphere winter polar

stratosphere (Roy et al., 2022). Furthermore, the winter of 2024 was characterized by two successive minor
SSWs in mid-July and early Auqust (Zi et al., 2025). For broader context, Vincent et al. (2022) identified
all minor SSWs in the Southern Hemisphere between 1994 and 2019 using MERRA-2 reanalysis data.

The first goal is to study using model data the connection between the NOCE boundary and the
spatiotemporal variability of Ox-HOy chemistry at these latitudes; the second is to analyze the evolution of
the NOCE boundary from the SABER/TIMED dataset during the winter—spring period, especially before,
during, and after SSWs in 2002-2025. In the next section, we present the model data used. In Section 3, we
briefly describe the criterion for determining the local altitude of the NOCE boundary and explain the
methodology of its application to satellite data. In Section 4, we study how the NOCE boundary is related
to the features of O and H oscillations calculated by the 3D model. Section 5 presents the main results
obtained from SABER/TIMED data in comparison with zonal wind and temperature in the upper
stratosphere and lower mesosphere from the MERRA-2 reanalysis. Section 6 is devoted to the discussion,
followed by concluding remarks.

2 Used data-ef3D-medels

To studyinvestigate the eennectionrelationship between the NOCE boundary at-pelartatitudes-and
the transition zone of O,-HO, diurnal oscillations with-altitudewe-used-ourcaledlationsat polar latitudes,

model data with sub-daily temporal resolution are required. The specific year is not critical, as our focus is

on these short time scales. To this end, we analyzed a one-year simulation of the NCAR Whole

Atmosphere Community Climate Model with thermosphere and ionosphere extension (WACCM-X) (Liu

et al., 2018)-—Fh a-high-topnteractive-3D-chemistry-chmate-model that describes the-global-evolutio
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reactions,-and-heterogeneous—reactions:) for the year 2000 as a representative example, using hourly output.
We performed the simulation using WACCM-X mamduees—many—medes—ef—%nabq%;d—tmnds—m—the

Atmosphere-Meodel{Seineeea(version 2.1) nudged to Modern-Era Retrospective Analysis for Research and

Applications, Version 2 (MERRA-2, e.g., Molod et al., 2008)-previded-by-the Canadian-Centre-for Climate
Medeling-and-Analysis—Thepressure—temperature—O—H—O,—and-Os-profiles-aHowed-us-to-caleulatethe
distributions-of OH{v=1-9)-O(*S)-and-O.(b" 2 )-accerding-to-the-alrglow-models-presented-by Pankaet

a-(2020-Cog-elal-L2000 and-Capgalashwdhrelal L2020 resnectively2015) dala,
To determine the NOCE boundary height, we used version 2.0 of the SABER data product

(Level2A) for the simultaneously measured profiles of pressure (p), temperature (T), O3 (at 9.6 um), and

the total volume emission rate of OH* transitions (9—7 and 8—6) at 2.0 um at geometrical altitudes.

Following Kulikov et al. (2023b), we considered only nighttime data corresponding to solar zenith angles y
> 095°,

As noted above, winter processes at mesopause altitudes must be considered within the context of the

concurrent dynamics of the upper stratosphere and, in some cases, the lower mesosphere. Here, we

examine the evolution of the NOCE boundary height alongside the zonal-mean wind at 60°N and 10 hPa

(Usoen 10npq) and the 10-hPa temperature difference between the polar cap and 60°N (ATg9_ggen 10nPa)-

The latter is defined as the difference between the zonal-mean temperature averaged over 80°~90°N and

that averaged over 60°—70°N. Both variables were derived from MERRA-2 reanalysis data for the

corresponding years. It is worth noting that the use of MERRA-2 data to identify SSWs is a well-

established practice.

3 The NOCE criterion and determination of the NOCE boundary from SABER data

The equilibrium ozone concentration (05°?), corresponding to the instantaneous balance between the

production and loss terms due to reactions R1 and R2, is given by:
, (1)

where M is air concentration, and %3k, , are the corresponding rate constants of the reactions (see Table
1).

k1002M

eq _
07" = kyH
2
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Table 1. List of reactions with corresponding reaction rates (for three-body reactions [cm® molecule > s 7],

for two-body reactions [cm® molecule™' s™']) taken from Burkholder et al. (2020).

Reaction Rate constant
R1 | O+0y+M — O3+M k, = 6.1-1073%(298/T)%*
R2 | H+O;3 - O,+OH k, = 1.4- 10 exp(—470/T)
R3 | O+HO,; —» 0,+0OH ks =3-10"exp(200/T)
R4 | H+Oy+ M— HO,+M k, = 5.3+ 10732(298/T)18
R5 | H+HO; —» O,+H, ks = 6.9-10712
R6 | H+HO, —» O+H,0 ke = 1.6-10712

As mentioned above, the NOCE-criterion for NOCE validity was suggested-iaproposed by Kulikov
et al. (2018b). Fhe-mainideaFollowing a minor correction by Kulikov et al. (2023b), it is that-thelocal

values-of O5-and-05°% are close (0506 ~0:°1(£)) when-g_expressed as follows:
P TO3 _ . kl'M'Oz . . . . . k5+k6 . . 1
Criv = = 2200 (kM- 0, (1 e )+k2 05) g Foeer L, 2)

where ki are the corresponding reaction rate constants from Table 1, o, is the ozone lifetime and

Tp,ea is the local time scale of 0;°7:

__* (2
T )
Fpeg =0 o © (3)
T et wigly

i | (20185 ired_t .y itk 1 : lified_o! | |
N@GEV&HG—I—W—!S—&S—fGHGWS—' iy :
Cro— 05 _ olrkyOrtME (|  kstks) % 1 4)

Toget ke \ ks ) kpHO5 ’

wherek—are-the-corresponding-reaction-constants—from—Table-L.. Calculations with-theusing a global 3D
chemistry-transport model of the middle atmosphere showed {(Kulikev—et-al—2018b)-that the criterion

TozfFgzee=-Crit = 0.1 accurately defines wel-the boundary of the arearegion where [03/05°7 — 1| <
0.1-

(Kulikov et al-—., 2018b, 2023b)-presented). Moreover, Kulikov et al. (2023b) developed the theory of
chemical equilibrium effor a certain trace gas n—Stricthy—mathematically,—the—cascade—of sufficient

alalal ‘ala a A = 1 A AQ a¥a ala ala ala aydlaala) aYa N aa alalatala ala Nno me
CH1O v el \/ v v
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expression-for-theeriterion{4):and provided a rigorous mathematical proof.

M -0
Fass =4

Cr— 0 F0zM NI s W S R W . (5)
A\vD § ek kz \’4 \ kg}l’\«é Ué/ —_— U L \\J}

One-more-importantconditionfor 9;~-0-°% atSince reaction R2 is the time-moment¢-is:
%%Q?i"u’: N 1

]

z

where—t—is-the-onsetsource of

Kulikov—et-al—(2018a)rewroteexited OH, the term kzk, - H - O3 in the-expression—for-the NOCE
eriterion(2) can be rewritten in the-form-depending-on-measurableterms of characteristics erhy-with-the-use
efmeasured by SABER using the corresponding OH(v) model-by-Mlyrezak-et-al(2013a)::

k, H-05=VERJA(T,M,O0), (#3)
where-where VER_is the total volume emission rate of OH* transitions (9—7 and 8—6) at 2.0 pm,
A(T, M, 0) is the function given in square brackets in Eq. (3) in-thepaperbyof Mlynczak et al. (2013a}

84741835 03411721
AT M0 — £ 4
T 115,97 220 ! —13 —13 -1 0 !
215.054+2.5.10=tL.0 3.36.10=13.. T .\ _13.19=10.9 378:06+4-8-30=- 074 09=5 N 4 54 9=10.0.
. 23426, . €3 2 (8)
220 : M7
T T 1l T 13 10 0 0 13 13 T 10

). This function is the—result—ofthe—combination—ofthe—equations—of—derived by combining the
physicochemical ©H*balance equations for OH* inthev=8andv =9 states—m—pameular— _(see Kulikov

et al—., 2022b}, for details-
)

foEg7 fs'Ege fo'Ege E9g+Bgg02+Co9g'0+Dgg"Ny
A(O,M,T) = + + : (4)
E9+Bg'02+CQ'O+D9'N2 E8+Bg'02+68'0+D8'N2 E9+Bg'02+C9'0+D9'N2 E8+Bg'02+C8'0+D8'N2

where f, are the nascent distributions for vibrational level v; B,, C,, and D, are the total quenching

8
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coefficients for O,, O, and N, respectively, for corresponding level v; E, are the total spontaneous

emission coefficients for corresponding levelsn-partictarthe-OH{W)removal-on-cothisions-with-OoNo;

and—O-level v; Bgs, Dgg, and Egg_are the gquenching ratios for quenching by O, Nj, and spontaneous

emission coefficients, respectively, for the transitions from level 9 to level 8. The values of these rate

constants are given in Mlynczak et al. (2013a), with a correction in Mlynczak et al. (2018). Below 86-87
km, A(T,M,0) = A(T,M, 0 = 03=ALF-M) due to relativity small O concentrations—_(Kulikov et al—.,

2023a)~verified-this—approximation-by-direct comparison—of AT -M)-and-ALT-M-0)-andfound 0-he

combining-Egs—5)-and{7);). Consequently, the NOCE criterion for SABER data can be recast r-the

folewing-forminto a form that depends only on measurable characteristics:

k1'02 ‘M

ks+keg
ko

VER > VER,;, (T, M) == 20 - >
3

(ks M- 0 (1 —52€) 4k, - 05) - AT, M.

is the total volume emission rate at which the condition 7, /74,ea = 0.1_is satisfied. Thus, the local

position of the NOCE boundary (geemetrical-altitude level-z,,) is determined according—te—theusing
criterion (95), where VER = VER,,,;,,(T,M). In the zeroth approximation (see Table 1):

. . 2.2
M-A(T,M,O = 0)~

2 2

VER i ~ 20 - n

t ~exp(470/T)/T*?, (6)

which ensures a strong anti-correlation between z,, and temperature (Kulikov et al., 2023a): cooling of the

mesopause leads to a noticeable rise in z,,, and vice versa. Kulikov et al. (2023b) studiedinvestigated the
uncertainty efthein z,, retrieved NOCE-beundary-height-from SABER data. Following the typicalstandard

error analysis presented, for example, in Mlynczak et al. (2013a, 2014), the uncertainty was obtained by
calculating the root-sum-square of the individual sensitivitysensitivities of the retrieved characteristic to
the-perturbation-of-perturbations in Os, T, reaction rates-ef-reactions, and the parameters of the A function.
As thea result, the uncertainty in the local altitude of the NOCE boundary lecal-height-was found to be
variedvary in the range of 0.1--0.3 km.

In this paper, we use the function A(T, M, O) with updated rate constants corresponding to the OH(v)

model of Panka et al. (2021). In particular, the quenching rates of OH(v = 8, 9) by Oy, Ny, and O were
adopted from Adler-Golden (1997) and Caridade et al. (2013), respectively. Furthermore, the model

accounts for the multiquantum guenching of OH* via the process OH(v>5) + O(CP) — OH(0<y <y-5) +
O(*D), as described by Sharma et al. (2015) and Kalogerakis et al. (2016). Applying criterion (5), we

processed all simultaneous vertical profiles of p, T, O3, and VER frem-at geometric altitudes from the

9
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SABER database for the period 2002-t6—2025-and-determined, determining the position of the NOCE

boundary as a function of time, latitude, and longitude._Additionally, the concentration of M was

calculated using the ideal gas law, while the spatiotemporal distribution of the O, mixing ratio was adopted

directly from the SABER database processing. The latitude range from 82.5°S to 82.5'N was divided into

33 bins 5 each, and all local values of Zqq falling into a given bin on a specific day of the year were
averaged. Then, we calculated daily mean values of zeqd (hereafter, the superscript d denotes the daily

average).

4 The connection of the NOCE boundary with spatiotemporal variability of Ox-HOy chemistry
Figures 1-3 demonstrate the day-to-day evolution of O and H as a function of altitude above various
northern polar locations over 3.5 months (from mid-September to December 26472000), as simulated by
WACCM-X. Thus, Figures 1 and 3 correspond to periods around the autumnal equinox and the winter
solstice, respectively. From mid-September to mid-October, pronounced diurnal O and H oscillations
occur below 79-80 km, where nighttime values drop by several orders of magnitude relative to daytime
values. These oscillations are driven by variations in solar radiation and high nighttime loss rates of HOy
and O, which are nonlinearly dependent on air concentration. Above 83-85 km, the behavior of O and H is
fundamentally different. First, the diurnal range between minimum and maximum values is significantly
reduced. Second, variations on multi-day timescales predominate in the corresponding spectra. The two
meodesregimes (upper and lower) of O and H behawioroscillations are connected vertically by a transition
zone several kilometers thick, which is characterized by sharp vertical gradients in the mean-daily mean
concentrations of these species. Note that the black lines in Figures 1-3 indicate the NOCE boundary
according to criterion (5). An interesting feature is observed in the dynamics of the Cr = 0.1 contour line,
which is typical of most nights in Figure 1. Over the course of a single night, this line traverses the
transition zone, moving from its lower part, where the lewermede-efstrong O and H behavioroscillations
still persistspersist, to the upper part of the transition zone, where the upper—mede—isweak O and H
oscillations are already established. Thus, as at middle and low latitudes (see Kulikov et al., 2023a), the

NOCE criterion clearly indicates the local position and thickness of the transition zone. The duration of
daylight decreases as the year progresses; this manifests relatively weakly in the upper region, but strongly
in the lower region. Specifically, below the transition zone (see Figure 2), the mean daily concentrations of
O and H decrease noticeably, and their diurnal oscillations become less pronounced or periodically
disappear (i.e., they are obscured by variations on other timescales). This is especially noticeable at
82.5°N. Finally, in December (see Figure 3), the mean daily concentrations of O and H at lower altitudes
drop to such low levels that the transition zone effectively "degenerates™ into a step in the vertical profiles
of these species, and the NOCE criterion marks the altitude of this transition. It should be noted that below

75 km, diurnal oscillations remain noticeable, which-is—tkely-due-to-a-combined-effectofatmespheric
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334 | dynamics—and-chemicalrelaxationlikely due to residual photodissociation (e.g., of Os, Figures S1 in the

335 | Supplement) under twilight conditions. The same diurnal oscillations of O and H can be found in other

336 | runs of the WACCM-X model, e.q., https://doi.org/10.26024/5b58-nc53.
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Figure 2. The same as in Fig. 1, but in October -—— November 2000.
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Figure 3. The same as in Fig. 1, but in November -— December 2000.

5 NOCE boundary in the polar winters of 2002-2025 from SABER/TIMED data: main results and
discussion

Figures 4- and 5 present contour maps showing the nerthern-latitude—time evolution of ZGTG‘—#em
January-to—Mareh-between—2002-and—2025z,,7_in the Northern Hemisphere during the winter—spring
period from 2002 to 2025, derived from SABER data. The strongest disturbances ean-be-seen—above
60°Nare observed in earhy-2004, 2006, 2009, 2010, 2012, 2013, and 2019. These wintersyears are knewn
fercharacterized by remarkable majer-SSWs followed by elevated stratopause (ES) events. #aDuring other
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370

winters, there-were-no-such strong warming-events-but-warmings did not occur; however, a notable single
pulse of zeqd may-oecedrwas observed (see, e.q., 2020), when-itrose-by-several-kiometersor multi-pulse
behavior occurred (e.g., in 2008 and returned-to—its—originaltevelwithin—7-10-days—as—well-as—guasi-
periodical-oscillations{see-2008)-with-a2015). The variations in Zeqd are most pronounced at 80°N and

decrease toward the midlatitudes; however, in some years (e.qg., 2009), they extended to 50°—60°N. To

identify the characteristic periodfeatures of %@%ﬂays.—zeqd during these years and their underlying

causes, we examine its time evolution at 80°N alongside the zonal mean wind at 60°N and 10 hPa

(Usoen 10npq) and the temperature difference between the pole and 60°N at 10 hPa (ATgg—gpen 10nPa). AS

mentioned previously, both variables were calculated using MERRA-2 reanalysis data for the

corresponding years. Furthermore, we correlate variations in zeqd with the height-time evolution of

temperature in the stratosphere and mesosphere at 80°N, using data from SABER observations (Figures
S2-S5 in the Supplement) and the JAWARA reanalysis (Yamazaki et al., 2025).
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Figure 4. Latitude-time evolution of the daily mean NOCE boundary zeqd (geometrical altitude, km) at

northern polar latitudes in different—years2002-2013 obtained from SABER data. White areas indicate

missing data due to satellite geometry.
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Figure 5.

differentyears-Same as Figure 4, but for the period 2014-2025.
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426 As shown in Figures 6 and 7, in years without ES events, z,,% typically varied within the 78-82 km

427 | range. Furthermore, the influence of major or minor SSWs is not clearly evident. In general, the dynamics
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TFhe-winter-of 2004/2005-was-characterized-by-a-strong-in years with a relatively weak polar vortex;

2009)—During—this—period—z*—demoenstrated—In 2008 (Figure 6), z,,* exhibited pronounced quasi-
periodic oscillations with a period of ~approximately 7-10 days -therange-of 78-84at altitudes between
77 and 83 km. AtleastfiveFive distinct maxima efin the NOCE boundary height ean-beare observed on 23
January, 3 February, 14 February, 21 February, and 3 March. Ihus—the—ﬁ#st—fe&#ze%—ma*%a—ean—be
attributed-to-the-oceurrenceof SSWs—whereasthe-last-ene—couldWang and Alexander (2009) identified
four SSW events during this period: three consecutive minor SSWs and one major event, occurring on 25

January, 2 February, 16 February, and 23 February, respectively. The height—time temperature evolution

derived from SABER observations (Figure S3) indicates that these SSWSs induced quasi-periodic

temperature oscillations at 80°N above 70 km, with minima coinciding with the SSW events. As shown in

Section 3, the NOCE boundary is strongly sensitive to temperature. Notably, these temperature oscillations
are consistent with JAWARA reanalysis data (Figure S9 in Yamazaki et al., 2025). Thus, the first four

zeqd oscillations can be attributed to the SSWs, whereas the fifth may be a manifestation of the seasonal

restructuring of stratospheric dynamics—with, characterized by oscillations of the mean zonal wind
areundabout zero (Wang and Alexander, 2009).




474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506

507

altitude—aroundJanuary-3+—Nete-that-In 2015, due to the SABER satellite measurement geometry, the
evolution of z,,% began with a sharp drop from 84 km to 78 km (Figure 7). Manney et al. (2015) noted that
this winter was characterized by the-longest-lasting-elevated-stratopause,—so-the-minimurm-values-of 2%

The-winter—of2014/2015-was—characterized-by—an unusual minor SSW in early January—with—a
remarkable-, which exerted an impact on atmospheric dynamics elesecomparable to that of a major SSW
{Manney—2015).. During this timeperiod, the zonal wind at 10 hPa reversed above 70°N, whicha reversal
that lasted for only a few days (see—the—purple line in the—corresponding—panel—of—Figure 7).
NeverthelessConsistent with this, a drop in the stratopause was observed, accompanied by warming-ofbrief
cooling at 80°N above 75 km, as indicated by SABER and JAWARA data; see Figure S4 in the

rresepause-Supplement and Figure S13 in Yamazaki et al. (2025). Thus, the initial z,,% maximum (~(84-6

km) at 80°N} during this period was-caused-by-thecan be attributed to this SSW. Nete-thatNotably, this
28
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maximum extended from the pole down to 55-60°N (see-Figure 5). The subsequent strengthening and
reconfiguration of the polar vortex and-s-transfermation-later in January led to mesopause warming and a
dropfurther decrease in z,,% to below 7778 km.

Decerber,was observed, during which apparently-resulted-inz > variations-in-the 77-82-km-rangeit rose
from late-December78 km to 84 km before returning to ea#ly—lacnuaFy—A—majeréSW—eeeuﬁed—en—Lz

Hts orlqmal level.

The-winter-o0f2019/2020-, (2021), this winter was characterized by a remarkably strong stratospheric

polar vortex-due-to, driven by unusually weak tropospheric wave activity and wave reflection in the polar

upper stratosphere—{Lawrence—et-al—2020;—tukianeva—et-al—2021)-. During the first decadel0 days of
January 2020, a latitude-altitudelatitudinal and altitudinal splitting of the polar vortex occurred;. This was

accompanied by periodic accelerations in the zonal wind, causing a drop and warming of the stratopause, a
zonal wind disturbanecesreversal at mesospheric altitudes (seepurple line in Figure 7—fer—2020), and
mesopause cooling with_the formation of a temperature inversion layer formatien—(Lukianova et al., 2021).

The mesopause cooling can be seen in Figure S5 in the Supplement and Figure S15 in Yamazaki et al.

(2025). This event was not a typical SSW eauseddriven by planetary wave breaking. The subsequent

strengthening and reconfiguration of the vortex and-its-transfermation-later in January led to mesopause

warming and the disappearancedissipation of the inversion_layer. Thus, the pronounced-pulse-like variation
in zeqd fswas a manifestation of the pelarvertex's-ewnintrinsic dynamics_of the polar vortex, rather than a

classical warming due-toevent driven by the breakdewnbreaking of upward-propagating planetary waves
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In summary, SSWSs without an ES, as well as the internal dynamics of the polar vortex, can lead to

pronounced variations in zeqd provided such events are accompanied by significant local cooling in the

upper mesosphere.

During years with ES events, a clear pattern emerges in the zeqd dynamics. We illustrate this using

the winter of 2009 (Figure 6), which featured the most intense SSW on record. In the second half of

January, a pronounced pulse-like variation in zeqd was observed, during which it rapidly rose from 78 km

to 86 km over 5—6 days. This pulse coincided closely with the onset of the major SSW (central date: 24

January), which led to extreme cooling (up to 160 K) in the upper mesosphere and mesopause region at

80°N (Figure S3: Figure S10 in Yamazaki et al., 2025). From February to March, we observe: (1) an

almost monotonic decrease in zeqd to 72.5 km; (2) only minor variations near this level until early March;

and (3) a subsequent slow rise in zeqd. According to SABER (Figure S3) and JAWARA (Figure S10 in

Yamazaki et al., 2025) data, this behavior of zeqd in February—March can be attributed to the significant

(up to 260 K) prolonged warming of the upper mesosphere at 80°N starting on 31 January during the ES
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event, when the stratopause ascended abruptly from ~20—30 km to ~82 km.
In 2006 and 2013 (Figure 6), the evolution of zeqd was similar to the 2009 case. SABER (Figures
S§2-S3) and JAWARA (Figures S8 and S12 in Yamazaki et al., 2025) data indicate that the underlying

mechanisms were identical. Brief upper mesospheric cooling caused by the SSW led to a pulse in z,,%,

while the subsequent prolonged warming during the ES event manifested as a significant decrease in zeqd
to ~72 km.

In 2004 (Figure 6), due to SABER's satellite observation geometry, only the second stage associated

with the ES is observable (Figure S2), manifesting as a significant, prolonged decrease in z,,%_to 72 km.

In 2019 (Figure 7), the z,,% pulse was weak due to relatively mild upper mesospheric cooling, likely

caused by a substantial time lag between the stratospheric warming and the zonal wind reversal.

Subsequently, only a significant, prolonged decrease in z,,% below 72 km is observed, driven by the

prolonged ES (Figure S5; Figure S15 in Yamazaki et al., 2025).
In 2010, two distinct upper mesospheric cooling events occurred: one prior to the major SSW and the

second during it (Figure S3; Figure S10 in Yamazaki et al., 2025). This resulted in a two-peaked structure

in the z,,? evolution (Figure 6). The elevated stratopause was modest in vertical extent (rising from ~50

km to ~70-75 km; Figure S3) and short-lived; consequently, z,, did not fall below 76-77 km.
The 2012 case (Figure 6) is notable because it featured only a minor SSW (11 January), followed by

an elevated stratopause. As in 2019, the z,,% pulse was muted due to relatively weak upper mesospheric

cooling. The subsequent elevated stratopause (Figure S3; Figure S11 in Yamazaki et al., 2025), which rose

from ~35 km to ~80-82 km, led to a drop in zeqd to ~74 km at the end of January. This was followed by a

rapid recovery of z,, to ~78-80 km in mid-February, coinciding with the rapid descent of the stratopause.

In 2021, the elevated stratopause was modest in vertical extent (rising from ~50 km to ~75 km;

Figure S5; Figure S16 in Yamazaki et al., 2025) and short-lived; consequently, zeqd did not fall below 75
km (Figure 7).

In summary, SSWs accompanied by ES events produce a clear, two-stage pattern in z,,% evolution,

characterized by fast and slow dynamics driven by the SSW and the subsequent ES, respectively.

Throughout these stages, zeqd variability is governed by the magnitude and duration of the upper

mesospheric cooling and warming, respectively.

Figures 8-9 present contour maps showing the southern latitude—time evolution of zeqd in_the

Southern Hemisphere from June to September between 2002 and 2025-, derived from SABER data.

Compared to the Northern Hemisphere maps in Figures 4-5, significantly weaker zeqd variations ean-be

seenare observed. The strongest disturbances was-abeveoccurred poleward of 60°S during the winters of
2002, 2004, 2012, 2014, 2017, and 2023. H—is—weHknown-that-southern-SSWs—are—much—rarer—than
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TFhe-presentedNote that the central dates of most Southern Hemisphere SSWs fall outside the time
evolutienintervals when SABER's orbital geometry permits the determination of zeqd at-80poleward of

55°S-can-be-classified-into-one-of fourtypes: monotonicg
{2)-a-step-tikechangeas-in. In particular, the SSWs of 2002;

aWa Dance—3 n—20 A a AWYi ) aua alaldlala

-2014-6r-2047 and 2019 both occurred in September. According to Vincent et al. (2025), the central dates
of the minor SSWs inbetween 2002— and 2019 that were captured by SABER measurements were 23
August 2002 (day 235-ef-the-year), 2 September 2002 (day 245), 13 September 2002 (day 256), 6 August
2008 (day 218), 2 August 2010 (day 214), 20 August 2012 (day 233), and 7 September 2013 (day 250).
Only a-miner-manifestationweak manifestations of these events ean-be-seenare visible in the evolution-of
zeqd evolution shown in Figures 8—10—11-According-to. Furthermore, Zi et al. (2025);-) reported that the
central dates of the two minor SSWs in 2024 were 13 July 2024 (day 195-of-the-year) and 4 August 2024
(day 217). H-can-be-seenfrem-Figure 1110 (the panel for 2024) shows that the first event corresponded to a
local zeqd rise from ~77 km to ~82 km, butwhereas the second-ene did not significantly disturbperturb

d - -
Zgq " -A-comparison-with-the
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Figure 9. Same as Figure 8, but for the period 2014—2025.
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Figure 10. Time evolution of z,,* (geometrical altitude) at 80°S (black lines with dots, left y-axis), derived

from SABER data for the selected years. Blue lines represent the zonal mean temperature at 60°S and 0.1

hPa (seeFigure-12)-shewsright y-axis) from the MERRA-2 reanalysis.
The time evolution of Zeqd at 80°S can be classified into four distinct types: (1) monotonic growth

(e.q., 2003); (2) a step-like change (e.g., 2002) or a change in slope (e.q., 2004): (3) a pulse-like

disturbance (e.q., 2012, 2023, 2024): and (4) quasi-periodic oscillations with a period of ~20—30 days (e.q.,
2014, 2017). A comparison with MERRA-2 temperature data at 60°S and 0.1 hPa (Tges 0.1npg). ShOWN N

Figure 10, indicates that many features of the zeqd evolution can be explained by theintrinsic mesospheric
dynamics-of-the-pelarvortex-in-the-lower-mesesphere. In particular, the step-like change in z,,? in 2002
and the mpulsepulse in 2023 were accompanied by similar behavior-ef-variations in Teges 0.1npai-the. The

monotonic growth of zerzeqd in 2003 corresponded to gradual cooling of the lower mesosphere;, while

the change in slope break-in 2004 shewedexhibited a strong anticorrelation (with-acorrelation coefficient of
40
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=—~-0.8) With Tygos 0 1npqi—aRe—the. Furthermore, the lower mesospheric temperature of—the—lower
mesosphere-in 2017 also exhibiteddisplayed quasi-periodic-eseiHations-with-a-period-close-to-that-ef-the

ZGTGL oscillations with a period closely matching that of the zeqd oscillations.

In summary, z,,% variations at southern polar latitudes during winter are significantly weaker than

those at northern latitudes. These variations are generally decoupled from SSWSs and can instead be

attributed to intrinsic mesospheric dynamics.

6 Discussion

FheWe now show that the sharp change in the diurnal oscillations of O and H above 80 km
(discussed in Figure—1tSection 4) is caused by the strong altitude dependence of thereaction—+ates—that
determine-thetheir nighttime chemical lifetimes-ef-these-compenents. The main loss processes for O at

these altitudes are the reactions O + OH —» O, + H and O + HO, — O, + OH, whereas the main loss

processes for H are the reactions H+HO; — O,+H; u H+HO, — O+H,0 (Kulikov et al., 2023b). Kulikov
et al. (2023a), based on the equations describing purely chemical O and H nighttime evolution, evaluated

the nighttime lifetimes of O and H:

= 0 — 1 . 2 _ _k5+k6 . _
Yo =1a0/ad 2k M-0, (H)t=t0 (1 ks ) (t — to), e7)
=_H __*r v ks (O  _(_k__1).(r—
th = |dH/dt] ~ 2+depMe0s 2:kyM-0, ks+kg (H)t=to (k5+k6 1) (t —to), (£08)
where t is the local time, t, is the onset of night, (%) is the O/H ratio at the onset of night. Note that
t=t0

ks > ks + kg (see Table 1). Above the NOCE boundary: 05 ~ 0469 = £:2%2M hep ( ) = (03)2”0.
ky'H H/ =t M
Moreover, in the transition zone, relative concentration of ozone (05/M) begins to increase, forming a

secondary maximum at 90-95 km. This means that the first terms in equations (9-167-8) increase with
altitude faster than —M 3. leading to approximately the same altitude dependence for 7, and 7. Thus,

the lower moderegim of O and H evolution, characterized by deepstrong diurnal oscillations, corresponds
to the condition 7, y < T,,, Where T,, is duration of the night, whereas the weak diurnal oscillations of O
and H at higher altitudes correspond to the opposite condition: t, 5 > F;T,,. Consequently, the existence
of a narrow transition zone connecting the two medesregimes of O and H oscillations is due to a sharp
increase in their lifetimes with increasing altitude.

In the ozone equilibrium approximation, criterion (5) can be rewritten as follows:

ks+kg

Cr=2-(k4-M-02-(1— )+k2 03)—<01 (119)
It can be seen that the Cr=0.1 contour corresponds to the following expression:
Ky 0=20-(kyM-0,- (1 "5”‘6) +k, - 03), (1210)
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which imposes strong constraints on the O concentration at the NOCE boundary. Note that the product
k4 - M - 0, is the dominant term of this relation, which also determines the lifetimes of O and H in (9-107-
8). As can be seen from Figure 1, at the beginning of the night, the NOCE boundary lies in the region
exhibiting deepstrong diurnal O oscillations. However, since the O concentration at these altitudes drops
by 1-2 orders of magnitude or more during the night, the NOCE boundary, according to Equation (2210),
must inevitably rise to those altitudes where a high O concentration persists at the end of the night, i.e., in
the region of weak diurnal variations of this component. This is why, during each night, the Cr = 0.1
contour cuts through the transition zone, passing from its lower part to the upper one, and clearly captures
its main features (local position and thickness).

In this paper, we determined the NOCE boundary altitude, z.,, using the function A(T, M, 0)_in (5)

with new rate constants corresponding to the OH(v) model of Panka et al. (2021). We carried out an
additional analysis to verify the approximation A(T,M,0) = A(T,M, 0 = 0)_at the NOCE boundary. For

this purpose, we calculated z,,_in two ways: assuming O = 0_and O # 0. In the latter case, the atomic

oxygen concentration was determined from Eqgs. (1) and (3) using the ozone equilibrium condition

(03 = 03°%), following Mlynczak et al. (2013a). Figure 11a shows the difference in z,, values for 2009 as

an example. lrrespective of latitude and season, the difference is generally less than 0.01 km, with very

rare deviations of up to 0.1-0.2 km, which demonstrates the validity of this approximation. In addition, we

compared the z.,_values determined using the new and previous rate constants for the function A. We

found that the new rate constants led to a systematic downward shift in z.,_of approximately 0.5-1.5 km

(Figure 11b). Thus, our method for determining the NOCE boundary position is relatively insensitive to

the choice of OH* model parameters, demonstrating its robustness.
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Figure 11. (a) The difference (in km) between zeqd values at 80°N derived from 2009 SABER data,

assuming O = 0_and O # 0. (b) The difference (in km) between z,,¢ values derived from 2009 SABER

data using the new and previous rate constants for function A.

The analysis presented in Section 5 shows that the most pronounced variability of the NOCE
boundary at nerth—pelarhigh northern latitudes occurs during and after strong SSWs with subsequent
elevated stratopause events. Just prior to or directly during such warmingwarmings, the daily mean
boundary near the North Pole can jumprise abruptly to 8786 km, and local values may bereach even higher
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altitudes, up to 90-9291 km. This meansimplies that during these periods, retrieval methods for retrieving
poerlysparsely measured mesopause characteristics (in particular, ©)-basedatomic oxygen, O) that rely on

the ozone equilibrium condition; may yield significant vreentreHedunquantified errors at altitudes below
these—altitudes—this level due to the breakdown of thisthe equilibrium. At-the-same—timeConversely,
immediately after such SSWs; (during the ES stage), the NOCE boundary rapidly drops-dewn-updescends
to 72-—74 km and can remain there-at these altitudes for a-leng-time-

an extended period. Thus, during an elevated-stratopauseES event, the altitude range over which the

ozone equilibrium condition is well satisfied is significantly expanded-and-can-be-used-forretrieving-O-and

allowing for the reliable retrieval of O and other characteristics well below 80 km.
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The 2009 event (Figure 6) demonstrates the most pronounced variations in z,,%, particularly during

the major SSW that triggered the z,, pulse. A number of studies (e.g., Gao et al., 2012; Medvedeva et al.,

2019; Hu et al., 2025) indicate strong perturbations in chemical constituents (specifically, atomic oxygen)

and airglow emissions in the mesopause region during both this specific SSW and other major SSWs

accompanied by an elevated stratopause. To identify common patterns in the evolution of the NOCE

boundary and these characteristics, we examined multiple datasets from various 3D models for 2009 to

find one that reproduced the same pulse-like variation in the NOCE boundary during this event. First, we
found that the WACCM-X data were unsuitable for this purpose. A likely reason is that the WACCM-X

temperature data show a remarkably weaker cooling of the upper mesosphere during this SSW compared
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to the SABER data, as can be seen by comparing Figure 1(a) in Hu et al. (2025) with Figure S3 for 2009 in

the Supplement. Second, the temperatures from the 2009 annual run of the Canadian Middle Atmosphere
Model (CMAM: Scinocca et al., 2008), with 6-hourly output provided by the Canadian Centre for Climate
Modelling and Analysis, correspond much better to the SABER data (e.g., Shepherd et al., 2014). We used

this run to calculate the daily zonal mean evolution of the NOCE boundary at ~80°N (Figure 12), alongside

the daily zonal mean vertical profiles of O and the volume emission rates of OH(6-2), O(}S) at 557.7 nm,
and O,(b*2;) at 762 nm (Atmospheric Band). To achieve this, the distributions of OH(v=1-9), O(‘S), and

O,(b'2}) were calculated using established airglow models driven by CMAM profiles of pressure,

temperature, and relevant chemical species (O, H, O,, and Og3). Specifically, the OH(v=1-9) distributions

were derived using the model by Panka et al. (2021; see their Table 1 for details), assuming vibrational

level equilibrium. The O(*S) distributions were calculated using the McDade et al. (1986) approximation,

with rate constants updated by Gao et al. (2012). Finally, the Og(blzg) distributions were modeled

following Grygalashvyly et al. (2021), utilizing the aforementioned OH(v=1-9) profiles alongside the

standard CMAM atmospheric profiles. As shown in Figure 12, the NOCE boundary closely follows the

variability of the medians of vertical distributions of O and the airglow emissions. Thus, we can propose

that the NOCE boundary can serve as an indicator of disturbances in O,~HO, chemistry and the associated

airglow variations arising during such powerful SSWs in the mesopause region.
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Figure 13. Time evolution of the daily zonal mean profiles (in geometrical altitude) of O (in cm™) and the
volume emission rate (in photon/(cm*s)) of OH(6-2), O(*S) at 557.7 nm, and oz(blzg) at 762 nm

(Atmospheric Band) at ~80°N during January—February 2009, simulated using the Canadian Middle

Atmosphere Model (CMAM). The black dotted lines indicate the medians of the respective vertical

distributions, while the magenta line marks the daily zonal mean NOCE boundary.

7 Conclusions

As-at-mid-—and-lowAt polar latitudes, the NOCE criterion clearly indicates the local position and
thickness of the transition zone separating deeppronounced and weak photochemical oscillations of O and
H caused by the diurnal variations in solar radiation. This is due to the strong dependence of the NOCE
boundary position on the altitude of the layer characterized—bywith a relatively high O concentration.
During the polar night, the transition zone effectively "degenerates™ into a sharp step in the vertical profiles
of these components, and the NOCE criterion identifies the altitude of this step.

FheBased on SABER observations (Figures 4-7), the most pronounced variability of the NOCE
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boundary at northern polar latitudes is observed during and after strong SSWs with-subseguentfollowed by
stratopause elevation events. Just prior to or directly during such warmings, the daily mean altitude of the
boundary near the North Pole can jump to 87 km, while local values can be even higher, up to 90-92 km.
Immediately after such SSWs, the NOCE boundary rapidly descends to 72—74 km and can remain there for
a—teng-time.an extended period. Thus, the altitude range where the ozone equilibrium condition is valid

tefor determining O and other mesopause characteristics changes significantly during such events.
Model studies of 2609the winter of 2009 show that the NOCE boundary weH-+epeatclosely tracks the

variability of the medians of the vertical distributions O and volume emission rates of OH(v=1-9), O(‘S),
and Ox(b'2).

At southern polar latitudes, variations in the NOCE boundary values during winter are significantly
weaker than at northern latitudes. These variations are generally unrelated to minor SSWs during these
years, but can instead be explained by the dynamics of the polar vortex in the lower mesosphere.
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https://gmao.gsfc.nasa.gov/reanalysissMERRA-2/, last access: 1 July 2026, Gelaro et al., 2017).

Code availability. As a component of the community earth system model, WACCM-X source code are

publicly available at http://www.cesm.ucar.edu), last access: 1 July 2026, Liu et al. (2018).

Author contributions. MK and MB performed data processing and analysis and wrote the manuscript.
AC, SD, and AM contributed to reviewing the article.

Competing interests. The authors declare that they have no conflict of interest.
Acknowledgements. The authors are grateful to the SABER team for data availability.

Financial support. The study was supported by the Russian Science Foundation (grant no. 25-27-00242,
https://rscf.ru/project/25-27-00242/).

References
Belikovich, M. V., Kulikov, M. Yu, Grygalashvyly, M., Sonnemann, G. R., Ermakova, T. S., Nechaev, A.

A., and Feigin, A. M.: Ozone chemical equilibrium in the extended mesopause under the nighttime
47



845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879

conditions, Adv. Space Res., 61, 426-432, https://doi.org/10.1016/j.asr.2017.10.010, 2018.

Belikovich MV, Kulikov MYu, Nechaev AA, Feigin AM {2019)() Evaluation of the atmospheric minor
species measurements: a priori statistical constraints based on photochemical modeling-, Radiophys
Quantum El, 61:, 1-15, https://-doi. org/ 10. 1007/ s11141- 019- 09918-5, 2019.

Burkholder, J. B., Sander, S. P., Abbatt, J., Barker, J. R., Cappa, C., Crounse, J. D., Dibble, T. S., Huie, R.
E., Kolb, C. E., Kurylo, M. J., Orkin, V. L., Percival, C. J., Wilmouth, D. M., and Wine, P. H.: Chemical
Kinetics and Photochemical Data for Use in Atmospheric Studies, Evaluation No. 19, JPL Publication 19-

5, Jet Propulsion Laboratory, Pasadena, http://jpldataeval.jpl.nasa.gov, 2020.

Butler, A. H., Seidel, D. J., Hardiman, S. C., Butchart, N., Birner, T., and Match, A.: Defining sudden
stratospheric warmings, Bull. Am. Meteorol. Soc., 96, https://doi.org/10.1175/BAMS-D-13-00173.1, 2015.
Hu, J., Gu, S.-Y., Qin, Y., Liu, Y., and Wei, Y.: Influence of sudden stratospheric warming with elevated

stratopause on the hydroxyl in the polar middle atmosphere, Atmos. Chem. Phys., 25, 18431-18447,
https://doi.org/10.5194/acp-25-18431-2025, 2025.

Feigin, A. M., Konovalov, I. B., and Molkov, Y. |.: Towards understanding nonlinear nature of

atmospheric photochemistry: Essential dynamic model of the mesospheric photochemical system., J.

Geophys. Res.: Atmos., 103, 25,447-25,460, https://doi.org/10.1029/98JD01569, 1998.
Gao, H., Xu, J., Ward, W., and Smith A. K.: Temporal evolution of nightglow emission responses to SSW

events observed by TIMED/SABER, J. Geophys. Res., 116, D19110,
https://doi.org/10.1029/2011JD015936, 2011.

Gao, H., Nee, J.-B., Xu, J.: The emission of oxygen green line and density of O atom determined by using
ISUAL and SABER measurements, Ann. Geophys., 30, 695-701, https://doi.org/10.5194/angeo-30-695-
2012, 2012.

Good, R. E.: Determination of atomic oxygen density from rocket borne measurements of hydroxyl
airglow, Planet. Space Sci., 24, 389-395, https://doi.org/10.1016/0032-0633(76)90052-0, 1976.

Grygalashvyly, M., Sonnemann, G. R., Liibken, F.-J., Hartogh, P., and Berger, U.: Hydroxyl layer: Mean
state and trends at midlatitudes, J. Geophys. Res. Atmos., 119, 12,391-124109,

48



880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914

https://doi.org/10.1002/2014JD022094, 2014.

Grygalashvyly, M.: Several notes on the OH* layer, Ann. Geophys., 33, 923-930,
https://doi.org/10.5194/ange0-33-923-2015, 2015.

Grygalashvyly, M., Strelnikov, B., Eberhart, M., Hedin, J., Khaplanov, M., Gumbel, J., Rapp, M., Liibken,
F.-J., Lohle, S., and Fasoulas, S.: Nighttime O(‘D) and corresponding Atmospheric Band emission
(762nm) derived from rocket-borne experiment, J. Atmos. Sol.-Terr. Phys., 213, 105522,
https://doi.org/10.1016/j.jastp.2020.105522, 2021.

Grygalashvyly, M., Strelnikov, B., Strelnikova, I., Rapp, M., Liibken, F.-J., Schiitt, C., Stephan, C.,
Eberhart, M., Lohle, S., and Fasoulas S.:.Chemical heat derived from rocket-borne WADIS-2 experiment,
Earth Planets Space, 76, 180, https://doi.org/10.1186/540623-024-02129-x, 2024.

Feigin—A-Kalogerakis, K. S., Matsiev, D., Sharma, R. D., and Wintersteiner, P. P.: Resolving the

mesospheric nighttime 4.3 um emission puzzle: Laboratory demonstration of new mechanism for OH(v)

relaxation, Geophys. Res. Lett., 43(17), 8835-8843, https://doi.org/10.1002/2016GL069645, 2016.

Kowalewski, S., v. Savigny, C., Palm, M., McDade, I. C., and Notholt, J.: On the impact of the temporal

variability of the collisional quenching process on the mesospheric OH emission layer: a study based on
SD-WACCM4 and SABER, Atmos. Chem. Phys., 14, 10193-10210, https://doi.org/10.5194/acp-14-
10193-2014, 2014.
Kulikov, M. Yu., and Feigin, A. M.: Reactive-diffusion waves in the mesospheric photochemical system.
Adv. Space Res., 35(11), 1992-1998, https://doi.org/10.1016/j.asr.2005.04.020, 2005.
Kulikov, M. Y., Feigin, A. M., and Sonnemann, G. R.: Retrieval of the vertical distribution of chemical
components in the mesosphere from simultaneous measurements of ozone and hydroxyl distributions,
Radiophys Quantum El., 49, 683-691, https://doi.org/10.1007/s11141-006-0103-4, 2006.
Kulikov, M. Yu.: Theoretical investigation of the influence of a quasi 2-day wave on nonlinear
photochemical oscillations in the mesopause region, J. Geophys. Res., 112, D02305,
https://doi.org/10.1029/2005JD006845, 2007.
Kulikov, M. Y., Feigin, A. M., and Sonnemann, G. R.: Retrieval of water vapor profile in the mesosphere
from satellite ozone and hydroxyl measurements by the basic dynamic model of mesospheric
photochemical system, Atmos. Chem. Phys., 9, 8199-8210, https://doi.org/10.5194/acp-9-8199-2009,
2009.

49



915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949

Kulikov, M. Yu., Vadimova, O. L., Ignatov, S. K., and Feigin, A. M.: The mechanism of non-linear
photochemical oscillations in the mesopause region, Nonlin. Processes Geophys., 19, 501-512,
https://doi.org/10.5194/npg-19-501-2012, 2012.
Kulikov, M. Y., Belikovich, M. V., Grygalashvyly, M., Sonnemann, G. R., Ermakova, T. S., Nechaev, A.
A., and Feigin, A. M.: Daytime ozone loss term in the mesopause region, Ann. Geophys., 35, 677-682
https://doi.org/10.5194/ange0-35-677-2017, 2017.
Kulikov, M. Y., Nechaev, A. A., Belikovich, M. V., Ermakova, T. S., and Feigin, A. M.: Technical note:
Evaluation of the simultaneous measurements of mesospheric OH, HO,, and O3 under a photochemical
equilibrium assumption — a statistical approach, Atm. Chem. Phys., 18, 7453-747,
https://doi.org/10.5194/acp-18-7453-2018, 2018a.
Kulikov, M. Y., Belikovich, M. V., Grygalashvyly, M., Sonnemann, G. R., Ermakova, T. S., Nechaev, A.
A., and Feigin, A. M.: Nighttime ozone chemical equilibrium in the mesopause region. J. Geophys.
Res.,123, 3228-3242, https://doi.org/10.1002/2017JD026717, 2018b.
Kulikov, M. Yu., Nechaev, A. A., Belikovich, M. V., Vorobeva, E. V., Grygalashvyly, M., Sonnemann, G.
R., and Feigin, A. M.: Border of nighttime ozone chemical equilibrium in the mesopause region from saber
data: implications for derivation of atomic oxygen and atomic hydrogen, Geophys. Res. Lett., 46, 997—
1004, https://doi.org/10.1029/2018GL080364, 2019.
Kulikov, M. Y., Belikovich, M. V., and Feigin, A. M.: Analytical investigation of the reaction-diffusion
waves in the mesopause photochemistry, J. Geophys. Res., 125, €2020JD033480,
https://doi.org/10.1029/2020JD033480, 2020.
Kulikov, M. Y., Belikovich, M. V., Feigin, A. M.: The 2-day photochemical oscillations in the mesopause
region: the first experimental evidence? Geophys. Res. Lett, 48, €2021GL092795,
https://doi.org/10.1029/2021GL092795, 2021.
Kulikov M. Yu., Belikovich, M. V., Grygalashvyly, M., Sonnemann, G. R., and Feigin, A. M.: Retrieving
daytime distributions of O, H, OH, HO,, and chemical heating rate in the mesopause region from satellite
observations of ozone and OH* volume emission: The evaluation of the importance of the reaction H+O3
—0,+0OH in the ozone balance, Adv. Space Res., 69, 3362—
3373,https://doi.org/10.1016/j.asr.2022.02.011, 2022a.
Kulikov, M. Y., Belikovich, M. V., Grygalashvyly, M., Sonnemann, G. R., and Feigin, A.M.: The revised
method for retrieving daytime distributions of atomic oxygen and odd-hydrogens in the mesopause region
from satellite observations, Earth Planets Space, 74, 44, https://doi.org/10.1186/s40623-022-01603-8,
2022b.
Kulikov, M. Yu., Belikovich, M. V., Chubarov, A. G., Dementyeva, S. O., and Feigin, A. M.: Boundary of
nighttime ozone chemical equilibrium in the mesopause region: long-term evolution determined using 20-
year satellite observations, Atmos. Chem. Phys., 23, 1459314608, https://doi.org/10.5194/acp-23-14593-
50




950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984

2023, 2023a.
Kulikov, M. Yu., Belikovich, M. V., Chubarov, A. G., Dementeyva, S. O., Feigin, A. M.: Boundary of
nighttime ozone chemical equilibrium in the mesopause region: improved criterion of determining the
boundary from satellite data, Adv. Space Res., 71 (6), 2770-2780,
https://doi.org/10.1016/j.asr.2022.11.005, 2023b.

Lawrence, Z. D., Perlwitz, J., Butler, A. H., Manney, G. L., Newman, P. A., Lee, S. H., Nash, E. R.: The
remarkably strong Arctic stratospheric polar vortex of winter 2020: Links to record-breaking Arctic
Oscillation and  ozone loss, J. Geophys. Res. Atmos., 125, €2020JD033271,
https://doi.org/10.1029/2020JD033271, 2020.

Liu, H.-L., Bardeen, C. G., Foster, B. T., Lauritzen, P., Liu, J., Lu, G., Marsh, D. R., Maute, A,
Mclnerney, J. M., Pedatella, N. M., Qian, L., Richmond, A. D., Roble, R. G., Solomon, S. C., Vitt, F. M.,
Wang, W.: Development and validation of the Whole Atmosphere Community Climate Model with
thermosphere and ionosphere extension (WACCM-X 2.0), J. Adv. Mod. Earth Sys., 10, 381-402,
https://doi.org/10.1002/2017MS001232, 2018.

Llewellyn, E. J.,

Hewellyn—E—J-and McDade, I. C.: A reference model for atomic oxygen in the terrestrial atmosphere,
Adv. Space Res., 18, 209-226, https://doi.org/10.1016/0273-1177(96)00059-2, 1996.

Lukianova, R., Kozlovsky, A., Lester, M.: Upper stratosphere-mesosphere-lower thermosphere

perturbations during the formation of the Arctic polar night jet in 2019-2020, Geophys. Res. Lett., 48,
€2021GL094926, https://doi.org/10.1029/2021GL094926, 2021.

Manney, G. L., Kruger, K., Sabutis, J. L., Sena, S. A., and Pawson, S.: The remarkable 2003-2004 winter
and other recent warm winters in the Arctic stratosphere since the late 1990s. J. Geophys. Res., 110,
D04107, https://doi.org/10.1029/2004JD005367, 2005.

Manney, G. L., Lawrence, Z. D., Santee, M. L., Read, W. G., Livesey, N. J., Lambert, A., Froidevaux, L.,
Pumphrey, H. C., and Schwartz, M. J.: A minor sudden stratospheric warming with a major impact:
Transport and polar processing in the 2014/2015 Arctic winter, Geophys. Res. Lett., 42, 7808-7816,
http://doi.org/10.1002/2015GL065864, 2015.

Marsh, D. R., Smith, A. K., Mlynczak, M. G., and Russell I1I, J. M.: SABER observations of the OH
Meinel airglow variability near the mesopause, J. Geophys. Res.,, 111, A10SO05,
https://doi.org/10.1029/2005JA011451, 2006.

Matthias, V., Dornbrack, A., and Stober, G.: The extraordinarily strong and cold polar vortex in the early
northern winter 2015/2016, Geophys. Res. Lett., 43, 1228712294, doi:10.1002/2016GL071676, 2016.
McDade, I. C., Murtagh, D. P., Greer, R. G. H., Dickinson, P. H. G., Witt, G., Stegman, J., Llewellyn, E.

51




985
986

987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019

J., Thomas, L., and Harris—R-—Atomic—oxygen—concentrationslenkins, D. B.: ETON 2: Quenching
parameters for the proposed precursors of Og(blzg) and O('S) in the lower—auroral—thermosphere;
Advterrestrial nightglow, Planet. Space Res—5——229-232Sci., 34, 789-800,
https://doi.org/10.2029/GL011003P00247-19851016/0032-0633(86)90075-9, 1986.

McDade, I. C., and Llewellyn, E. J.: Mesospheric oxygen atom densities inferred from night-time OH
Meinel band emission rates, Planet. Space Sci., 36, 897-905, https://doi.org/10.1016/0032-0633(88)90097-
9, 1988.

Medvedeva, I. V., Semenov, A. I., Pogoreltsev, A. l., and Tatarnikov, A. V.: Influence of sudden

stratospheric warming on the mesosphere/lower thermosphere from the hydroxyl emission observations

and numerical simulations, J. Atmos. Solar-Terr. Phys., 187, 22-32,
https://doi.org/10.1016/j.jastp.2019.02.005, 2019.
Mlynczak, M. G., Marshall, B. T., Martin-Torres, F. J., Russell 11, J. M., Thompson, R. E., Remsberg, E.

E., and Gordley, L. L.: Sounding of the Atmosphere using Broadband Emission Radiometry observations

of daytime mesospheric O,(*B'A) 1.27 um emission and derivation of ozone, atomic oxygen, and solar and
chemical energy deposition rates, J. Geophys. Res., 112, D15306, https://doi.org/10.1029/2006JD008355,
2007.

Mlynczak, M. G., Hunt, L. A., Mast, J. C., Marshall, B. T., Russell 111, J. M., Smith, A. K., Siskind, D. E.,
Yee, J.-H., Mertens, C. J., Martin-Torres, F. J., Thompson, R. E., Drob, D. P., and Gordley, L. L.: Atomic
oxygen in the mesosphere and lower thermosphere derived from SABER: Algorithm theoretical basis and
measurement uncertainty, J. Geophys. Res., 118, 5724-5735, https://doi.org/10.1002/jgrd.50401, 2013a.
Mlynczak, M. G., Hunt, L. H., Mertens, C. J., Marshall, B. T., Russell Ill, J. M., Lépez-Puertas, M., Smith,
A. K., Siskind, D. E., Mast, J. C., Thompson, R. E., and Gordley, L. L.: Radiative and energetic constraints
on the global annual mean atomic oxygen concentration in the mesopause region, J. Geophys. Res. Atmos.,
118, 5796-5802, https://doi.org/10.1002/jgrd.50400, 2013b.

Mlynczak, M. G., Hunt, L. A. Marshall, B. T. Mertens, C. J. Marsh, D. R. Smith, A. K. Russell, J. M.
Siskind D. E., and Gordley L. L.: Atomic hydrogen in the mesopause region derived from SABER:
Algorithm theoretical basis, measurement uncertainty, and results, J. Geophys. Res., 119, 35163526,
https://doi.org/10.1002/2013JD021263, 2014.

Mlynczak, M. G., Hunt, L. A., Russell, J. M. Ill, and Marshall, B. T.: Updated SABER night atomic
oxygen and implications for SABER ozone and atomic hydrogen, Geophys. Res. Lett., 45, 5735-5741,
https://doi.org/10.1029/2018GL077377, 2018.

Molod, A., Takacs, L., Suarez, M., and Bacmeister, J.: Development of the GEOS-5 atmospheric general
circulation _model: evolution from MERRA to MERRAZ2, Geosci. Model Dev., 8, 1339-1356,
https://doi.org/10.5194/gmd-8-1339-2015, 2015.

Nikoukar, R., Swenson, G. R., Liu, A. Z., and Kamalabadi, F.: On the variability of mesospheric OH

52



1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054

emission profiles, J. Geophys. Res., 112, D19109, https://doi.org/10.1029/2007JD008601, 2007.

Panka, P. A., Kutepov, A. A,, Zhu, Y., Kaufmann, M., Kalogerakis, K. S., Rezac, L., Feofilov, A. G.,
Marsh, D. R., and Janches, D.: Simultaneous retrievals of nighttime O(*P) and total OH densities from
satellite observations of Meinel band emissions, Geophys. Res. Lett, 48, €2020GL091053,
https://doi.org/10.1029/2020GL091053, 2021.

Pendleton, W. R., Baker, K. D., Howlett, L. C.: Rocket-based investigations of O(°P), O (a'Ag) and OH*
(v=1,2) during the solar eclipse of 26 February 1979, J. Atm. Terr. Phys., 45(7), 479-491, 1983.
SiskindB—EMarsh—B-Roy, R., MlynezakM—G—Martin-TForres—FKuttippurath, J., Lefévre, F., and
Russel-H—J—M-—DeereasesKumar, P.: The sudden stratospheric warming and chemical ozone loss in
atomic—hydrogen—over—the summer—pele—Evidencefor—dehydration—from—polar—mesospheri ouds?
Geophys—Res—Lett 35, L13809Antarctic winter 2019: comparison with the winters of 1988 and 2002,
Theor. Appl. Climatol., 149, 119-130, https://doi.org/10.10629/2008G1L033742—2008.1007/s00704-022-
04031-6, 2022.

Siskind, D. E., Mlynczak, M. G., Marshall, T., Friedrich, M., Gumbel, J.: Implications of odd oxygen

observations by the TIMED/SABER instrument for lower D region ionospheric modeling, J. Atmos. Sol.
Terr. Phys., 124, 63-70, https://doi.org/10.1016/j.jastp.2015.01.014, 2015.

Sharma, R. D., Wintersteiner, P. P., & Kalogerakis, K. S.: A new mechanism for OH vibrational relaxation

leading to enhanced CO; emissions in the nocturnal mesosphere, Geophys. Res. Lett., 42, 4639-4647,
https://doi.org/10.1002/2015GL063724, 2015.

Shepherd, M. G., Beagley, S. R., and Fomichev, V. l.: Stratospheric warming influence on the

mesosphere/lower thermosphere as seen by the extended CMAM, Ann. Geophys., 32, 589-608,
https://doi.org/10.5194/ange0-32-589-2014, 2014.

Smith, A. K., Lopez-Puertas, M., Garcia-Comas, M. and Tukiainen, S.: SABER observations of
mesospheric ozone during NH late winter 2002-2009, Geophys. Res. Lett., 36, L23804,
https://doi.org/10.1029/2009GL040942, 2009.

Smith, A. K., Marsh, D. R. Mlynczak, M. G. and Mast, J. C.: Temporal variations of atomic oxygen in the
upper mesosphere from SABER, J. Geophys. Res., 115, D18309, https://doi.org/10.1029/2009JD013434,
2010.

Sonnemann, G., and Fichtelmann, B.: Enforced oscillations and resonances due to internal non-linear
processes of photochemical system in the atmosphere, Acta. Geod. Geophys. Mont. Hung., 22, 301-311,
1987.

Sonnemann, G., and Fichtelmann, B.: Subharmonics, cascades of period of doubling and chaotic behavior
of photochemistry of the mesopause region, J. Geophys. Res., 101, 1193-1203,
https://doi.org/10.1029/96JD02740, 1997.

Sonnemann, G., ¥




1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089

Senanemann—G-—Feigin, A. M., and Molkov, Ya. I.: On the influence of diffusion upon the nonlinear
behaviour of the photochemistry of the mesopause region, J. Geophys. Res., 104, 30591-30603,
https://doi.org/10.1029/1999JD900785, 1999.

Sonnemann, G., and Feigin, A. M.: Non-linear behaviour of a reaction-diffusion system of the

photochemistry ~ within ~ the  mesopause  region, Phys. Rev. E, 59, 1719-1726,
https://doi.org/10.1103/PhysRevE.59.1719, 1999.

Sonnemann, G. R., and Grygalashvyly, M.: On the two-day oscillations and the day-to-day variability in
global 3-D-modeling of the chemical system of the upper mesosphere/mesopause region, Nonlin.
Processes Geophys., 12, 691— 705, https://doi.org/10.5194/npg-12-691-2005, 2005.

Sonnemann, G. R., Hartogh, P., Berger, U., and Grygalashvyly, M.: Hydroxyl layer: trend of number
density and intra-annual variability, Ann. Geophys., 33, 749-767, https://doi.org/10.5194/angeo-33-749-
2015, 2015.

Scinocca, J. F., McFarlane, N. A., Lazare, M., Li, J., and Plummer, D.: Technical Note: The CCCma third
generation AGCM and its extension into the middle atmosphere, Atmos. Chem. Phys., 8, 7055-7074,
https://doi.org/10.5194/acp-8-7055-2008, 2008.

Swenson, G. R., and Gardner C. S.: Analytical models for the responses of the mesospheric OH* and Na
layers to  atmospheric  gravity waves, J. Geophys. Res., 103(D6), 6271-6294,
https://doi.org/10.1029/97JD02985, 1998.

Thomas, R. J.: Atomic hydrogen and atomic oxygen density in the mesosphere region: Global and seasonal
variations deduced from Solar Mesosphere Explorer near-infrared emissions, J. Geophys. Res., 95,
16,457-16,476, https://doi. org/-10.-1029/-35095-1D10p-16457JD095i1D10p16457, 1990.

Vincent, R. A., Kovalam, S., Reid, I. M., Murphy, D. J., Klekociuk, A.: Southern Hemisphere stratospheric

warmings and coupling to the mesosphere-lower thermosphere J. Geophys. Res. Atmos., 127,
€2022JD036558, https://doi.org/10.1029/2022JD036558, 2022.

Wang, L., and Alexander, M. J.: Gravity wave activity during stratospheric sudden warmings in the 2007—
2008 Northern Hemisphere winter, J. Geophys. Res., 114, D18108, http://doi.org/10.1029/2009JD011867,
2009.

Xu—45-Gao, H. Smith, A. K. and Zhu Y.: Using TIMED/SABER nightglow observations to investigate
hydroxyl emission mechanisms in the mesopause region, J. Geophys. Res., 117, D02301,
https://doi.org/10.1029/2011JD016342, 2012.

54



1090
1091
1092
1093
1094
1095
1096

Yamazaki, Y., Sato, K., Koshin, D., Yasui, R., Atmospheric semidiurnal solar tide response to sudden
stratospheric warmings in the JAGUAR-DAS Whole neutral Atmosphere Reanalysis (JAWARA) during
2004-2023, J. Geophys. Res. Sp. Phys., 130, e2024JA033688, https://doi.org/10.1029/2024JA033688,
2025.

Zi, Y., Long, Z., Sheng, J., Lu, G., Perrie, W., Xiao, Z.: The sudden stratospheric warming events in the
Antarctic in 2024, Geophys. Res. Lett., 52, e2025GL115257, https://doi.org/10.1029/2025GL115257,
2025.

55



