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 8 

Abstract. The nighttime ozone chemical equilibrium (NOCE) is a key assumption widely employed forin 9 

various applications inwithin the mesopause region, such as retrieving harddifficult-to-measure 10 

characteristics from observations.observational data. Previously, the criterion for determining the NOCE 11 

boundary criterion was used to analyze its long-term evolution frombased on SABER/TIMED data, 12 

primarily at low and middle mid-latitudes. This work focuses onstudy extends this focus to polar latitudes. 13 

We demonstrate that the NOCE criterion clearly indicatesdelineates the main features of the transition zone 14 

separating deep that vertically separates regions of strong and weak O and H diurnal photochemical 15 

oscillations of O and H. During the polar night, this transition zone degenerates into a sharp step in theirthe 16 

vertical profiles of these species, and the criterion accurately identifies the altitude of this step. 17 

NextFurthermore, we analyze the evolution of the NOCE boundary using SABER/TIMED 18 

dataobservations in conjunction with MERRA-2 reanalysis data for the winter–spring period ofperiods 19 

from 2002– to 2025. We demonstrateshow that itsthe most pronounced variability is observedof the NOCE 20 

boundary occurs at northern polar latitudes during and after strong SSWs with an elevated Sudden 21 

Stratospheric Warmings accompanied by stratopause elevation events. Prior to or immediately during the 22 

onset of such warmings, the daily mean altitude of the boundary can rise to ~8786 km. Immediately 23 

afterFollowing these events, it rapidly descends to 72–74 km and, where it can remain at this altitude for an 24 

extended period. Model studies of the 2009 winter of 2009 show that the NOCE boundary closely 25 

followstracks the variability of the medians of themedian vertical distributions of O and, as well as the 26 

volume emission rates of OH*,(v=1-9), O*,(
1
S), and O2*. Thus, we can assume that the NOCE boundary 27 

can be used to monitor significant disturbances in both the Ox–HOx components and the airglows 28 

generated by physicochemical processes involving them.(b
1  

 ). 29 

 30 

1 Introduction 31 

Ozone is a unique atmospheric trace gas that plays different roles depending on altitude. In 32 

particular, stratospheric ozone protects life on our planet by absorbing ultraviolet solar radiation in the 33 

wavelength range of 200–315 nm. Moreover, by absorbing radiation in the Herzberg continuum, ozone at 34 

these altitudes is the only atmospheric minor gas whose vertical distribution determines the 35 
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photodissociation rate of the major gas, molecular oxygen. In turn, tropospheric ozone acts as the fourth (in 36 

terms of importance) greenhouse gas after H2O, CO2 and CH4. Furthermore, in the boundary layer, ozone 37 

is one of the five major pollutants (according to the World Health Organization) that negatively affect the 38 

biosphere and human health due to its high toxicity. 39 

In the mesosphere–lower thermosphere (MLT), ozone is involved in reactions between the Оx and 40 

НOx families (O+O3 and H+OH+HO2), which produce many layered phenomena. Below ~80–87 km, there 41 

are “deep”strong diurnal photochemical oscillations, where the difference between daytime and nighttime 42 

values of these components can reach several orders of magnitude due to the diurnal modulation of the 43 

photodissociation rates of O2, H2O, and O3. Above ~80–87 km, photochemical oscillations are relatively 44 

weak compared to the more pronounced impact of vertical and horizontal transport. As a result, there is a 45 

narrow (1–3 km thick) transition region where the regime of photochemical oscillations changes rapidly 46 

with height. Above this transition region, O and H concentrations accumulate and reach absolute maxima, 47 

forming the corresponding layers, including a layer of stored chemical energy. This leads to the appearance 48 

of a secondary ozone maximum and airglow layers of excited OH, O2 and O observed in the visible and 49 

infrared ranges. In particular, the reaction of ozone with atomic hydrogen is the main source of OH 50 

airglow, whose intensity spectrum can be used, for example, to derive information about the mesopause 51 

temperature. Thus, mesopause photochemistry enables several remote sensing techniques that are widely 52 

used for ground-based and satellite monitoring of climate change and wave activity at these altitudes. The 53 

chemical heating from exothermic reactions between Оx-НOx species is one of the major sources of the 54 

mesopause energy balance. In particular, this heating can exceed that from turbulent energy dissipation 55 

(e.g., Grygalashvyly et al., 2024). Moreover, mesopause photochemistry influences the radiative cooling of 56 

this region in the CO2 15-μm band, is involved in plasma-chemical reactions, and contributes to the 57 

formation of ionospheric layers. Note that variations in the Оx-НOx transition zone height reflect 58 

corresponding changes in the O and H layers, and through them, in airglows and other mesopause features. 59 

Thus, this characteristic can be considered a sensitive indicator of mesopause processes. 60 

Note also, the mentioned transition of Оx-НOx behavior with height may occur via the nonlinear 61 

response to the diurnal modulation of photodissociation rates, resulting in the appearance of subharmonic 62 

(with periods of 2, 3, 4, and more days) or chaotic oscillations of O, O3, H, OH, and HO2 (e.g., Sonnemann 63 

and Fichtelmann, 1997; Feigin et al., 1998). This unique phenomenon was predicted many years ago 64 

(Sonnemann and Fichtelmann, 1987) and further investigated theoretically by taking into account different 65 

transport processes (Sonnemann and Feigin, 1999; Sonnemann et al., 1999; Kulikov and Feigin, 2005; 66 

Kulikov, 2007; Kulikov et al., 2020), including within the framework of the 3D chemical-transport models 67 

(Sonnemann and Grygalashvyly, 2005; Kulikov et al., 2021). The vertical eddy diffusion was revealed as 68 

the most important process (Sonnemann and Feigin, 1999; Sonnemann et al., 1999), so that 2-day 69 

oscillations can only survive at real diffusion coefficients. At the same time, the eddy diffusion in the zonal 70 
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direction leads to the appearance of the so-called reaction-diffusion waves in the form of propagating 71 

phase fronts of 2-day oscillations (Kulikov and Feigin, 2005; Kulikov et al., 2012; Kulikov et al., 2020). 72 

Recently, the first evidence of 2-day photochemical oscillations in the actual mesopause was revealed 73 

through the satellite data processing (Kulikov et al., 2021).  74 

At the MLT altitudes, the physicochemical assumptions involving ozone are useful tool for 75 

monitoring poorly measured Оx-НOx components. In many papers, the rocket and satellite measurements 76 

of the ozone and the volume emission rates of OH(ν), O(
1
S), and O2(a

1
Δg) were applied to retrieve O and 77 

H distributions (e.g., Good, 1976; Pendleton et al., 1983; McDade et al., 1985; McDade and Llewellyn, 78 

1988; Evans et al., 1988; Thomas, 1990; Llewellyn et al., 1993; Llewellyn and McDade, 1996; Mlynczak 79 

et al., 2007, 2013a, 2013b, 2014, 2018; Smith et al., 2010; Xu et al., 2012; Siskind et al., 2008, 2015). The 80 

retrieval approach employs a model of the corresponding airglow and an algebraic equation derived from 81 

the assumption of ozone photochemical/chemical equilibrium and relating local O and H values with 82 

measurement data. The ternary photochemical equilibrium condition of OH, HO2, and O3 produces a 83 

useful system of algebraic equations, which was used to retrieve daytime distributions O, H, HO2, and H2O 84 

from simultaneous O3 and OH data measured during the satellite CRISTA – MAHRSI campaign (Kulikov 85 

et al. 2006, 2009) and to evaluate the quality of simultaneous observations OH, HO2, and O3 by MLS/Aura 86 

(Kulikov et al. 2018a; Belikovich et al., 2019). Note also that the nighttime ozone chemical equilibrium 87 

was used (i) to study hydroxyl emission in the MLT region using simulated and measured data, in 88 

particular, OH* mechanisms, morphology and variability caused, for example, by atmospheric tides and 89 

gravity wave activity (e.g., Marsh et al., 2006; Nikoukar et al., 2007; Xu et al., 2010, 2012; Kowalewski et 90 

al., 2014; Sonnemann et al., 2015); (ii) to analyze the MLT response to sudden stratospheric warmings 91 

(SSWs) (e.g., Smith et al., 2009); (iii) to derive exothermic heating rates in the MLT (e.g., Mlynczak et al., 92 

2013b); (iv) to analytically simulate the mesospheric OH* layer response to gravity waves (e.g., Swenson 93 

and Gardner, 1998); and (v) to derive the analytical dependence of excited hydroxyl layer number density 94 

and peak altitude on atomic oxygen and temperature (e.g., Grygalashvyly et al., 2014; Grygalashvyly, 95 

2015). 96 

The daytime O3 balance at MLT altitudes is primarily determined by reactions O+O2+M  O3+M, 97 

O3 +hv O2+O, O(
1
D), and H+O3  O2+OH (Kulikov et al., 2017, 2022a). Kulikov et al. (2017) 98 

examined O3 daytime equilibrium within the framework of a 3D chemical-transport model and found it to 99 

provide a good approximation everywhere in the MLT region due to the high ozone photodissociation rate. 100 

In contrast, nighttime ozone chemical equilibrium (NOCE) is valid above a lower boundary, whose altitude 101 

depends on latitude and month. In particular, according to the 3D chemical-transport model, the monthly 102 

mean NOCE boundary varies within the range of 81–87 km (Kulikov et al., 2018b). Below this boundary, 103 

the local ratio between true O3 and its equilibrium value may vary widely and reaching several orders of 104 

magnitude (e.g., Fig. 5 in Kulikov et al. (2018b)). This means that the error in retrieved data due to the use 105 
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of the O3 equilibrium approximation is uncontrollable and may significantly exceed all other errors in the 106 

retrieval procedure arising from, for example, uncertainties in measurement data and rate constants. In 107 

order to limit the equilibrium approximation error, Kulikov et al. (2018b) developed a robust analytical 108 

criterion that allows localizing the boundary of the NOCE using measured or retrieved data. Kulikov et al. 109 

(2019) applied this criterion to determine the NOCE boundary using data from the SABER (Sounding of 110 

the Atmosphere using Broadband Emission Radiometry) instrument onboard the TIMED (Thermosphere 111 

Ionosphere Mesosphere Energetics and Dynamics) satellite. The space-time distribution of the derived 112 

NOCE boundary showed good agreement with model results. Moreover, the application of the NOCE 113 

condition below this boundary could lead to a significant (up to 5–8 times) systematic underestimation of 114 

the 2-month mean O distribution below 86 km. Recently, Kulikov et al. (2023a) analyzed the long-term 115 

evolution of the monthly mean NOCE boundary derived from SABER/TIMED data in 2002–2021. It was 116 

revealed that, first, this characteristic at 55°S–55°N contains a clear signal of the 11-year solar cycle and 117 

can be considered a sensitive indicator of solar activity. Second, the NOCE criterion at low and middle 118 

latitudes reproduces well the altitude and captures the main variations of the transition zone separating 119 

deepthat vertically separates regions of strong and weak diurnal oscillations of O and H. In particular, the 120 

transition zone at middle latitudes demonstrates a pronounced annual cycle with minimum altitude in 121 

winter and maximum altitude in summer. This is a nontrivial effect as summer nighttime H values are 122 

substantially higher than those in winter (e.g., Kulikov et al., 2024), which results in shorter ozone 123 

lifetimes in summer than in winter. Thus, one would expect an opposite seasonal dependence of the 124 

transition zone altitude. Nevertheless, the same results were obtained in model studies by Belikovich et al. 125 

(2018) and Kulikov et al. (2018b). In the work by Kulikov et al. (2023a), the discussed effect was 126 

explained by the specific nonlinear properties of nighttime mesopause chemistry, which depend strongly 127 

on the daytime O/H ratio preceding the night. By design, the NOCE criterion takes into account these 128 

properties, ensuring good agreement with the transition zone position. Thus, this criterion is not only a 129 

useful technical tool for retrieving unmeasured data from satellite observations, but also a sensitive 130 

indicator of O and H layers. As mentioned, many phenomena in the MLT (e.g., airglows) are caused by O 131 

and H layers. Thus, one can expect that variations in the main features of these phenomena (e.g., half-132 

width, peak volume emission rates, etc.) are connected with the NOCE boundary position and can be 133 

explained/predicted by the NOCE criterion. Finally, Kulikov et al. (2023a) noted abrupt changes in the 134 

NOCE boundary at north polar altitudes in winters with powerful SSWs accompanied by elevated (up to 135 

~80–85 km) stratopause events, but a detailed analysis of these variations was outside the scope of that 136 

study. 137 

This article focuses on the local evolution of the NOCE boundary at polar latitudes, primarily during 138 

winter. Northern Hemisphere winters characterized by major SSWs. It is well established that SSWs are 139 

driven by the upward propagation and amplification of planetary waves from the lower atmosphere and 140 
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their subsequent interaction with the stratospheric zonal flow. A major SSW is commonly identified when 141 

the winter polar 10-hPa zonal-mean winds poleward of 60°N reverse from westerly to easterly, 142 

accompanied by a reversal of the 10-hPa zonal-mean temperature gradient poleward of 60°N (e.g., Butler 143 

et al., 2015). In contrast, during a minor SSW, the temperature gradient reverses without a reversal of the 144 

background zonal circulation. Consequently, winter processes at mesopause altitudes must be considered 145 

within the context of the concurrent dynamics of the upper stratosphere and, in some cases, the lower 146 

mesosphere. In the Southern Hemisphere, SSWs are much rarer and weaker than their Northern 147 

Hemisphere counterparts (e.g., Vincent et al., 2022). However, a major SSW occurred in September 2002, 148 

profoundly affecting the Antarctic ozone hole that year. More recently, a minor SSW in September 2019 149 

exhibited the largest temperature variations ever recorded in the Southern Hemisphere winter polar 150 

stratosphere (Roy et al., 2022). Furthermore, the winter of 2024 was characterized by two successive minor 151 

SSWs in mid-July and early August (Zi et al., 2025). For broader context, Vincent et al. (2022) identified 152 

all minor SSWs in the Southern Hemisphere between 1994 and 2019 using MERRA-2 reanalysis data. 153 

The first goal is to study using model data the connection between the NOCE boundary and the 154 

spatiotemporal variability of Ox-HOx chemistry at these latitudes; the second is to analyze the evolution of 155 

the NOCE boundary from the SABER/TIMED dataset during the winter–spring period, especially before, 156 

during, and after SSWs in 2002–2025. In the next section, we present the model data used. In Section 3, we 157 

briefly describe the criterion for determining the local altitude of the NOCE boundary and explain the 158 

methodology of its application to satellite data. In Section 4, we study how the NOCE boundary is related 159 

to the features of O and H oscillations calculated by the 3D model. Section 5 presents the main results 160 

obtained from SABER/TIMED data in comparison with zonal wind and temperature in the upper 161 

stratosphere and lower mesosphere from the MERRA-2 reanalysis. Section 6 is devoted to the discussion, 162 

followed by concluding remarks. 163 

 164 

2 Used data of 3D models 165 

To studyinvestigate the connectionrelationship between the NOCE boundary at polar latitudes and 166 

the transition zone of Оx-НOx diurnal oscillations with altitude, we used our calculationsat polar latitudes, 167 

model data with sub-daily temporal resolution are required. The specific year is not critical, as our focus is 168 

on these short time scales. To this end, we analyzed a one-year simulation of the NCAR Whole 169 

Atmosphere Community Climate Model with thermosphere and ionosphere extension (WACCM-X) (Liu 170 

et al., 2018). This is a high- top, interactive 3D chemistry-climate model that describes the global evolution 171 

of the atmosphere from the surface to 4.1·10−
10

 hPa at 145 pressure-related altitude levels, with a 172 

horizontal resolution of 0.95 degrees in latitude and 1.25 degrees in longitude. The vertical resolution of 173 

the model at mesopause altitudes is approximately 1.5 km. The integration step is 5 min. The chemical 174 

mechanism includes 74 neutrals and 7 ions, 87 photolysis and photoionization processes, 202 gas-phase 175 
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reactions, and heterogeneous reactions.) for the year 2000 as a representative example, using hourly output. 176 

We performed the simulation using WACCM-X reproduces many modes of variability and trends in the 177 

middle atmosphere, including quasi-biennial oscillations, SSWs, ozone depletion and polar ozone holes, 178 

etc. 179 

To study the impact of the SSW during the winter of 2009 on North Polar chemistry and airglow 180 

emissions from excited OH*, O*, and O2* states, we used data from an annual run of the Canadian Middle 181 

Atmosphere Model (Scinocca(version 2.1) nudged to Modern-Era Retrospective Analysis for Research and 182 

Applications, Version 2 (MERRA-2, e.g., Molod et al., 2008) provided by the Canadian Centre for Climate 183 

Modelling and Analysis. The pressure, temperature, O, H, O2, and O3 profiles allowed us to calculate the 184 

distributions of OH(v=1-9), O(
1
S), and O2(b

1  
 ), according to the airglow models presented by Panka et 185 

al. (2021), Gao et al. (2012), and Grygalashvyly et al. (2021), respectively2015) data. 186 

To determine the NOCE boundary height, we used version 2.0 of the SABER data product 187 

(Level2A) for the simultaneously measured profiles of pressure (p), temperature (T), O3 (at 9.6 μm), and 188 

the total volume emission rate of OH* transitions (9→7 and 8→6) at 2.0 μm at geometrical altitudes. 189 

Following Kulikov et al. (2023b), we considered only nighttime data corresponding to solar zenith angles χ 190 

> 95°.  191 

As noted above, winter processes at mesopause altitudes must be considered within the context of the 192 

concurrent dynamics of the upper stratosphere and, in some cases, the lower mesosphere. Here, we 193 

examine the evolution of the NOCE boundary height alongside the zonal-mean wind at 60°N and 10 hPa 194 

(           ) and the 10-hPa temperature difference between the polar cap and 60°N (               ). 195 

The latter is defined as the difference between the zonal-mean temperature averaged over 80°–90°N and 196 

that averaged over 60°–70°N. Both variables were derived from MERRA-2 reanalysis data for the 197 

corresponding years. It is worth noting that the use of MERRA-2 data to identify SSWs is a well-198 

established practice. 199 

 200 

3 The NOCE criterion and determination of the NOCE boundary from SABER data 201 

Here, we repeat the theory behind the NOCE criterion following Kulikov et al. (2023b) to improve 202 

the readability of this paper, using the same nomenclature as in the original work.  203 

The equilibrium ozone concentration (  
  

), corresponding to the instantaneous balance between the 204 

production and loss terms due to reactions R1 and R2, is given by: 205 

  
   

         

    
, (1) 206 

where M is air concentration, and          are the corresponding rate constants of the reactions (see Table 207 

1). 208 

 209 
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Table 1. List of reactions with corresponding reaction rates (for three-body reactions [cm
6
 molecule

−2
 s

−1
], 210 

for two-body reactions [cm
3
 molecule

−1
 s

−1
]) taken from Burkholder et al. (2020). 211 

 Reaction Rate constant 

R1 O+O2+M  O3+M                         

R2 H+O3  O2+OH                         

R3 O+HO2  O2+OH                      

R4 H+O2+ M HO2+M                         

R5 H+HO2  O2+H2              

R6 H+HO2   O+H2O              

 212 

As mentioned above, the NOCE criterion for NOCE validity was suggested inproposed by Kulikov 213 

et al. (2018b). The main ideaFollowing a minor correction by Kulikov et al. (2023b), it is that the local 214 

values of    and   
  

 are close (        
     ), when    

expressed as follows: 215 

     
   

 
  

  
   

       

  
             

     

  
         

 

       
    

  ,  , (2) 216 

where ki are the corresponding reaction rate constants from Table 1,    
 is the ozone lifetime and 217 

   
   is the local time scale of   

  
:  218 

   
 

 

    
, (2) 219 

   
   

  
  

    
      

 
 

   
 

  
 
 

 
  

 . (3) 220 

Kulikov et al. (2018b) determined the expression for    
   with the use of a simplified photochemical 221 

model describing the Ox-HOx evolution in the mesopause region (Feigin et al., 1998), so the criterion of the 222 

NOCE validity is as follows: 223 

   
   

 
  

  
  

        
    

  
   

     

  
  

 

       
  , (4) 224 

where ki are the corresponding reaction constants from Table 1.. Calculations with theusing a global 3D 225 

chemistry-transport model of the middle atmosphere showed (Kulikov et al. 2018b) that the criterion 226 

   
    

            accurately defines well the boundary of the arearegion where      
       227 

   .  228 

 (Kulikov et al. (., 2018b, 2023b) presented). Moreover, Kulikov et al. (2023b) developed the theory of 229 

chemical equilibrium offor a certain trace gas  . Strictly mathematically, the cascade of sufficient 230 

conditions for         
      was derived considering its lifetime, equilibrium concentration, and time 231 

dependences of these characteristics. In case of the nighttime ozone, it was proved that    
    

     is 232 

the main condition for NOCE validity and the criterion    
    

       limits a possible difference 233 
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between    and   
  

 to not more than ~10%. Moreover, Kulikov et al. (2023b) slightly corrected the 234 

expression for the criterion (4):and provided a rigorous mathematical proof. 235 

     
       

  
            

     

  
         

 

       
    . (5) 236 

One more important condition for      
  

 atSince reaction R2 is the time moment   is: 237 

 
    

    
 
     ,  (6) 238 

where     is the onsetsource of night. The ozone equilibrium concentration jumps at sunset due to the 239 

shutdown of photodissociation. Thus, the condition (6) shows that it takes time for the ozone concentration 240 

to reach a new equilibrium. Kulikov et al. (2023b) revealed that, at the solar zenith angle χ > 95°, the 241 

condition (6) is fulfilled almost in all cases and the condition (5) becomes the main criterion for NOCE 242 

validity. In addition, Kulikov et al. (2023b) demonstrated with the use of a 3-D model that the criterion (5) 243 

almost ideally reproduces the NOCE boundary found by direct comparison of    and   
  

 concentrations, 244 

see Figure 1 in Kulikov et al. (2023b). 245 

In the paper, we use version 2.0 of the SABER data product (Level2A) for the simultaneously 246 

measured profiles of temperature (T), O3 (at 9.6 μm), and total volume emission rate (   ) of OH* 247 

transitions (9→7 and 8→6) at 2.0 μm within the 0.0001–0.02 mbar pressure interval (altitudes 248 

approximately 75–105 km) in 2002-2024. Following Kulikov et al. (2023b), we take into account only 249 

nighttime data corresponding to the solar zenith angle χ > 95°. 250 

Kulikov et al. (2018a) rewroteexited OH, the term           in the expression for the NOCE 251 

criterion(2) can be rewritten in the form depending on measurableterms of characteristics only with the use 252 

ofmeasured by SABER using the corresponding OH(v) model by Mlynczak et al. (2013a)::  253 

                    ,  (73) 254 

where where     is the total volume emission rate of OH* transitions (9→7 and 8→6) at 2.0 μm, 255 

         is the function given in square brackets in Eq. (3) in the paper byof Mlynczak et al. (2013a) 256 

with the parameters corrected by Mlynczak et al. (2018): 257 

         
           

                                    
   
               

 
           

                                                 
 258 

                                                

                                     
   
                                                                   

.  (8) 259 

). This function is the result of the combination of the equations of derived by combining the 260 

physicochemical OH* balance equations for OH* in the v = 8 and v = 9 states, in particular,  (see Kulikov 261 

et al. (., 2022b), for details. It depends on the constants of the processes describing sources and sinks at the 262 

): 263 

         
      

                   
 

      

                   
 

      

                   
 

                       

                   
, (4) 264 

where fv are the nascent distributions for vibrational level v; Bv, Cv, and Dv are the total quenching 265 
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coefficients for O2, O, and N2, respectively, for corresponding level v; Ev are the total spontaneous 266 

emission coefficients for corresponding levels, in particular, the OH(v) removal on collisions with O2, N2, 267 

and O.level v; B98, D98, and E98 are the quenching ratios for quenching by O2, N2, and spontaneous 268 

emission coefficients, respectively, for the transitions from level 9 to level 8. The values of these rate 269 

constants are given in Mlynczak et al. (2013a), with a correction in Mlynczak et al. (2018). Below 86-87 270 

km,                            due to relativity small O concentrations.  (Kulikov et al. (., 271 

2023a) verified this approximation by direct comparison of        and          and found it to be 272 

valid near the NOCE boundary with mean difference between        and          ~ 0.1%. Thus, by 273 

combining Eqs. (5) and (7),). Consequently, the NOCE criterion for SABER data can be recast in the 274 

following forminto a form that depends only on measurable characteristics: 275 

                    
       

  
            

     

  
               .276 

 (9277 

     , (5) 278 

One can see that, where        decreases rapidly with height due to the strong (~  ) air-concentration 279 

dependence. So, this inequality is well fulfilled at 105 km, but the relationship at 70-75 km is inverse. The 280 

is the total volume emission rate at which the condition    
    

       is satisfied. Thus, the local 281 

position of the NOCE boundary (geometrical altitude level    ) is determined according to theusing 282 

criterion (95), where                 . In the zeroth approximation (see Table 1): 283 

          
        

    

  
            

     

  
                ,  (6) 284 

which ensures a strong anti-correlation between     and temperature (Kulikov et al., 2023a): cooling of the 285 

mesopause leads to a noticeable rise in    , and vice versa. Kulikov et al. (2023b) studiedinvestigated the 286 

uncertainty of thein     retrieved NOCE boundary height.from SABER data. Following the typicalstandard 287 

error analysis presented, for example, in Mlynczak et al. (2013a, 2014), the uncertainty was obtained by 288 

calculating the root-sum-square of the individual sensitivitysensitivities of the retrieved characteristic to 289 

the perturbation of perturbations in O3, T, reaction rates of reactions, and the parameters of the   function. 290 

As thea result, the uncertainty in the local altitude of the NOCE boundary local height was found to be 291 

variedvary in the range of 0.1-–0.3 km. 292 

In this paper, we use the function          with updated rate constants corresponding to the OH(ν) 293 

model of Panka et al. (2021). In particular, the quenching rates of OH(ν = 8, 9) by O2, N2, and O were 294 

adopted from Adler-Golden (1997) and Caridade et al. (2013), respectively. Furthermore, the model 295 

accounts for the multiquantum quenching of OH* via the process OH(ν≥5) + O(
3
P)  OH(0≤ν

’
≤ν-5) + 296 

O(
1
D), as described by Sharma et al. (2015) and Kalogerakis et al. (2016). Applying criterion (5), we 297 

processed all simultaneous vertical profiles of p, T, O3, and     from at geometric altitudes from the 298 
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SABER database for the period 2002 to –2025 and determined, determining the position of the NOCE 299 

boundary as a function of time, latitude, and longitude. Additionally, the concentration of M was 300 

calculated using the ideal gas law, while the spatiotemporal distribution of the O2 mixing ratio was adopted 301 

directly from the SABER database processing. The latitude range from 82.5
°
S to 82.5

°
N was divided into 302 

33 bins 5
° 

each, and all local values of     falling into a given bin on a specific day of the year were 303 

averaged. Then, we calculated daily mean values of    
  (hereafter, the superscript d denotes the daily 304 

average).  305 

 306 

4 The connection of the NOCE boundary with spatiotemporal variability of Оx-НOx chemistry 307 

Figures 1–3 demonstrate the day-to-day evolution of O and H as a function of altitude above various 308 

northern polar locations over 3.5 months (from mid-September to December 20172000), as simulated by 309 

WACCM-X. Thus, Figures 1 and 3 correspond to periods around the autumnal equinox and the winter 310 

solstice, respectively. From mid-September to mid-October, pronounced diurnal O and H oscillations 311 

occur below 79–80 km, where nighttime values drop by several orders of magnitude relative to daytime 312 

values. These oscillations are driven by variations in solar radiation and high nighttime loss rates of HOx 313 

and O, which are nonlinearly dependent on air concentration. Above 83–85 km, the behavior of O and H is 314 

fundamentally different. First, the diurnal range between minimum and maximum values is significantly 315 

reduced. Second, variations on multi-day timescales predominate in the corresponding spectra. The two 316 

modesregimes (upper and lower) of O and H behavioroscillations are connected vertically by a transition 317 

zone several kilometers thick, which is characterized by sharp vertical gradients in the mean daily mean 318 

concentrations of these species. Note that the black lines in Figures 1–3 indicate the NOCE boundary 319 

according to criterion (5). An interesting feature is observed in the dynamics of the        contour line, 320 

which is typical of most nights in Figure 1. Over the course of a single night, this line traverses the 321 

transition zone, moving from its lower part, where the lower mode ofstrong O and H behavioroscillations 322 

still persistspersist, to the upper part of the transition zone, where the upper mode isweak O and H 323 

oscillations are already established. Thus, as at middle and low latitudes (see Kulikov et al., 2023a), the 324 

NOCE criterion clearly indicates the local position and thickness of the transition zone. The duration of 325 

daylight decreases as the year progresses; this manifests relatively weakly in the upper region, but strongly 326 

in the lower region. Specifically, below the transition zone (see Figure 2), the mean daily concentrations of 327 

O and H decrease noticeably, and their diurnal oscillations become less pronounced or periodically 328 

disappear (i.e., they are obscured by variations on other timescales). This is especially noticeable at 329 

82.5°N. Finally, in December (see Figure 3), the mean daily concentrations of O and H at lower altitudes 330 

drop to such low levels that the transition zone effectively "degenerates" into a step in the vertical profiles 331 

of these species, and the NOCE criterion marks the altitude of this transition. It should be noted that below 332 

75 km, diurnal oscillations remain noticeable, which is likely due to a combined effect of atmospheric 333 
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dynamics and chemical relaxationlikely due to residual photodissociation (e.g., of O3, Figures S1 in the 334 

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

runs of the WACCM-X model, e.g., https://doi.org/10.26024/5b58-nc53. 336 

 337 
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 338 

Figure 1. O and H timeTime-height variations above differentof O and H (in cm
-3

) over various polar 339 

pointslocations in September - –October 20172000, calculated byusing the 3D chemical transport model 340 

WACCWACCM-X. Log-pressure altitude is used as the vertical coordinate. Black lines pointindicate the 341 

NOCE boundary altitude in accordance tobased on criterion (5) (      ). 342 
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 344 

Figure 2. The same as in Fig. 1, but in October -– November 2000.  345 

  346 
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 349 

Figure 3. The same as in Fig. 1, but in November -– December 2000.  350 

 351 

5 NOCE boundary in the polar winters of 2002-2025 from SABER/TIMED data: main results and 352 

discussion 353 

Figures 4- and 5 present contour maps showing the northern latitude–time evolution of    
  from 354 

January to March between 2002 and 2025   
  in the Northern Hemisphere during the winter–spring 355 

period from 2002 to 2025, derived from SABER data. The strongest disturbances can be seen above 356 

60ºNare observed in early 2004, 2006, 2009, 2010, 2012, 2013, and 2019. These wintersyears are known 357 

forcharacterized by remarkable major SSWs followed by elevated stratopause (ES) events. InDuring other 358 
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winters, there were no such strong warming events, but warmings did not occur; however, a notable single 359 

pulse of    
  may occurwas observed (see, e.g., 2020), when it rose by several kilometersor multi-pulse 360 

behavior occurred (e.g., in 2008 and returned to its original level within 7-10 days, as well as quasi-361 

periodical oscillations (see 2008) with a2015). The variations in    
  are most pronounced at 80°N and 362 

decrease toward the midlatitudes; however, in some years (e.g., 2009), they extended to 50°–60°N. To 363 

identify the characteristic periodfeatures of ~10-15 days.    
  during these years and their underlying 364 

causes, we examine its time evolution at 80°N alongside the zonal mean wind at 60°N and 10 hPa 365 

(           ) and the temperature difference between the pole and 60°N at 10 hPa (               ). As 366 

mentioned previously, both variables were calculated using MERRA-2 reanalysis data for the 367 

corresponding years. Furthermore, we correlate variations in    
  with the height-time evolution of 368 

temperature in the stratosphere and mesosphere at 80°N, using data from SABER observations (Figures 369 

S2-S5 in the Supplement) and the JAWARA reanalysis (Yamazaki et al., 2025). 370 
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 373 

Figure 4. Latitude-time evolution of the daily mean NOCE boundary    
  (geometrical altitude, km) at 374 

northern polar latitudes in different years2002-2013 obtained from SABER data. White areas indicate 375 

missing data due to satellite geometry. 376 

  377 
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 380 

Figure 5. Latitude-time evolution of the daily mean NOCE boundary    
  at northern polar latitudes in 381 

different years.Same as Figure 4, but for the period 2014–2025.   382 
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 389 

Figure 6. Time evolution of    
  at 80ºN in different years (geometrical altitude) at 80°N during 2002–390 

2013, derived from SABER data (black lines with dots). The blue, left y-axis). Blue lines showrepresent 391 

the zonal mean wind at 60ºN60°N and 10hPa, the10 hPa (right y-axis), while red lines showindicate the 392 

pole-to-60°N temperature difference between the pole and 60ºN at 10hPa.  393 
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 394 

 395 

 396 

 397 

 398 

  399 

Figure 7. Time evolution of    
  at 80ºN in different years (black lines with dots). The blue lines show the 400 

zonal mean wind at 60ºN and 10hPa, the red lines show the temperature difference between the pole and 401 

60ºN at 10hPa.  402 
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It is well known that SSWsat 10 hPa (right y-axis); both variables are caused by the amplification of 403 

planetary waves traveling from the lower atmosphere and their interaction with the zonal flow at 404 

stratospheric altitudes. Therefore, winter processes at mesopause altitudes should be considered in the 405 

context of the simultaneous dynamics of the upper stratosphere and, in some cases, the lower mesosphere. 406 

Therefore, in Figures 6-7, the evolution of    
  at 80ºN is shown together with the dynamics of the zonal 407 

mean wind at 60ºN and 10hPa (           ) and the temperature difference (               ) between the 408 

pole and 60ºN at 10hPa, defined as the difference between the average temperatures in the latitudinal 409 

ranges of 80-90ºN and 60-70ºN. Both characteristics were calculated using from the MERRA-2 reanalysis 410 

data for . The "↓ES" symbol marks the onset of the ES event in the corresponding years., as identified, for 411 

example, by Yamazaki et al. (2025). 412 

In the winter of 2001/2002, there were two major SSWs on 29-Dec-01 and 17-Feb-02, respectively. The 413 

satellite geometry of SABER measurements above 55
°
N allowed us to determine    

  only from the end of 414 

January, tracking the last major event. During this SSW, we observe weak variations in    
  within the 415 

range of 78.5-81.5 km without  416 

 417 

 418 

 419 
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 420 

 421 

  422 

Figure 7. Same as Figure 6, but for the period 2014–2025. Additional data in the 2015 and 2020 panels are 423 

derived from the MERRA-2 reanalysis. 424 

 425 

As shown in Figures 6 and 7, in years without ES events,    
  typically varied within the 78–82 km 426 

range. Furthermore, the influence of major or minor SSWs is not clearly evident. In general, the dynamics 427 

of    
  show no distinct regularity, nor do they exhibit a clear correlation with             or 428 

               .  429 

In the 2002/2003 winter, a major SSW occurred on 18 January; however, due to the late start of 430 

dataset, it is impossible to see how it manifested at mesopause altitudes. Only a slight oscillation in    
  431 

can be seen in the final stage of this event. Note that in mid-February, there was a strong (nearly to zero) 432 

weakening of the zonal wind followed by its recovery, which was accompanied by aThis is particularly 433 

noticeable local increase of    
  against the background of a slow seasonal trend. 434 

The winter of 2003/2004 was notable in the 40-year record of meteorological analyses (Manney et 435 

al., 2005). A powerful major SSW occurred on January 5, after which the phenomenon of an elevated 436 

stratopause was first recorded. Evidently, the pronounced low values of    
  at 80°N (down to ~72.5 km, 437 

see Figure 6) from January 15 onwards were caused by this event. Starting in mid-February,    
  began to 438 

recover, reaching ~80 km at the end of the dataset. 439 
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The winter of 2004/2005 was characterized by a strong in years with a relatively weak polar vortex, 440 

and no major SSW was detected before the final stratospheric warming on March 11. However, it can be 441 

noted that, unlike the cases of 2001/2002 and 2002/2003, the variations in    
  demonstrated better 442 

agreement with the upper stratospheric dynamics. A comparison of the    
  evolution with             443 

shows a good correlation with a coefficient of approximately -0.8. In particular, the absolute minimum in 444 

   
  on 20 January corresponded to a zonal wind increase to 70 m/s, whereas two    

  maxima on days 445 

~55 and ~70 could be caused by a local deep minimum and reversal (<0 m/s) of the zonal wind (e.g., 2002, 446 

2003, 2014, 2021, and 2024). However, three notable exceptions are evident in 2008, 2015, and 2020. 447 

In 2005/2006, the central date of the major SSW was January 21, which corresponded to a noticeable 448 

rise in    
  from ~79 km to ~83.5 km. The subsequent rapid drop of this characteristic to ~73 km in 449 

February and the following rise to 80–81 km in March can be attributed to the appearance and subsequent 450 

disappearance of an elevated stratopause. According to Yamazaki et al. (2025), during this SSW, the 451 

stratopause jumped from ~30 km to ~80 km around January 25. 452 

In 2006/2007, a major SSW occurred on February 23. However, this event had little impact on the 453 

evolution of    
 . More pronounced variations in    

  can be seen in mid-January (a drop to ~77 km), 454 

which can be associated, similarly to 2005, with a local increase in the zonal wind to ~50 m/s. 455 

In 2007/2008, there were four SSW events: three consecutive minor SSWs and one major event 456 

occurring on 25 January, 2 February, 16 February, and 23 February, respectively (Wang and Alexander, 457 

2009). During this period,    
  demonstrated In 2008 (Figure 6),    

  exhibited pronounced quasi-458 

periodic oscillations with a period of ~approximately 7–10 days in the range of 78–84at altitudes between 459 

77 and 83 km. At least fiveFive distinct maxima ofin the NOCE boundary height can beare observed on 23 460 

January, 3 February, 14 February, 21 February, and 3 March. Thus, the first four    
  maxima can be 461 

attributed to the occurrence of SSWs, whereas the last one couldWang and Alexander (2009) identified 462 

four SSW events during this period: three consecutive minor SSWs and one major event, occurring on 25 463 

January, 2 February, 16 February, and 23 February, respectively. The height–time temperature evolution 464 

derived from SABER observations (Figure S3) indicates that these SSWs induced quasi-periodic 465 

temperature oscillations at 80°N above 70 km, with minima coinciding with the SSW events. As shown in 466 

Section 3, the NOCE boundary is strongly sensitive to temperature. Notably, these temperature oscillations 467 

are consistent with JAWARA reanalysis data (Figure S9 in Yamazaki et al., 2025). Thus, the first four 468 

   
  oscillations can be attributed to the SSWs, whereas the fifth may be a manifestation of the seasonal 469 

restructuring of stratospheric dynamics with, characterized by oscillations of the mean zonal wind 470 

aroundabout zero (Wang and Alexander, 2009). 471 

Evidently, the major SSW in early 2009 was one of the most powerful phenomena with an elevated 472 

stratopause ever observed. The central date was determined to be January 24, but 3 days prior,    
  rapidly 473 
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(over 5–6 days) rose from ~79 km to ~87 km. The subsequent decline of    
  below 73.5 km is attributed 474 

to the elevated stratopause rising from ~20 km to ~82 km (Yamazaki et al., 2025), which jumped to this 475 

altitude around January 31. Note that In 2015, due to the SABER satellite measurement geometry, the 476 

evolution of    
  began with a sharp drop from 84 km to 78 km (Figure 7). Manney et al. (2015) noted that 477 

this winter was characterized by the longest-lasting elevated stratopause, so the minimum values of    
  478 

persisted for ~3 weeks, delaying the recovery. 479 

In 2009/2010, the central date of the major SSW was February 9. That winter, the evolution of    
  480 

demonstrated two peaks (~83.5 and 84.5 km), one of which approximately corresponded to the major 481 

SSW. The elevated stratopause was weakly developed (from ~50 km to ~72 km, Yamazaki et al., 2025) 482 

and short-lived, so the NOCE boundary height did not fall below 77.5–78 km. 483 

The winter of 2010/2011 was strong, and only a minor SSW was detected on February 1. Before this 484 

event,    
  dropped from ~82 to ~77 km, possibly due to zonal wind strengthening. As a result, the 485 

subsequent minor SSW led to the recovery of the NOCE boundary height to ~82 km. 486 

The winter of 2011/2012 is notable because there was only a minor SSW (January 11), followed by 487 

an elevated stratopause. There was a small jump in    
  from 80 km to 82 km due to this SSW. The 488 

subsequent elevated stratopause, rising from ~40 km to ~80 km (Yamazaki et al., 2025), led to a drop in 489 

   
  to ~76 km at the end of January, followed by a quick recovery to ~80 km in mid-February. 490 

The winter of 2012/2013 was characterized by a powerful major SSW (January 7) followed by an 491 

elevated stratopause rising from ~35 km to ~80 km (Yamazaki et al., 2025). As in the cases of 2006 and 492 

2009, intense variations in the NOCE boundary height at 80°N can be seen: a rapid rise of this 493 

characteristic from ~80 km to ~84.5 km over 3 days, with a subsequent decline below 73 km due to the 494 

elevated stratopause. This event persisted for a considerable time, so the minimum values of    
  lasted 495 

for ~2 weeks before recovery. 496 

The winter of 2013/2014 was quite calm with a few minor SSWs that did not greatly disturb either 497 

the zonal wind or    
 . Weak variations in    

  can be seen within the range of 78–82.5 km without a 498 

clear correlation with             or                . 499 

The winter of 2014/2015 was characterized by an unusual minor SSW in early January with a 500 

remarkable , which exerted an impact on atmospheric dynamics closecomparable to that of a major SSW 501 

(Manney, 2015).. During this timeperiod, the zonal wind at 10 hPa reversed above 70°N, whicha reversal 502 

that lasted for only a few days (see the purple line in the corresponding panel of Figure 7). 503 

NeverthelessConsistent with this, a drop in the stratopause was observed, accompanied by warming ofbrief 504 

cooling at 80°N above 75 km, as indicated by SABER and JAWARA data; see Figure S4 in the 505 

mesopause.Supplement and Figure S13 in Yamazaki et al. (2025). Thus, the initial    
  maximum (~(84.6 506 

km) at 80°N) during this period was caused by thecan be attributed to this SSW. Note thatNotably, this 507 
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maximum extended from the pole down to 55–60°N (see Figure 5). The subsequent strengthening and 508 

reconfiguration of the polar vortex and its transformation later in January led to mesopause warming and a 509 

dropfurther decrease in    
  to below 7778 km. 510 

The winter of 2015/2016 was strong and cold (Matthias et al., 2016) with one minor SSW occurring 511 

on 8–9 February. Nevertheless, before this SSW, there were pronounced oscillationsOver a two-week 512 

period in             leading to variationsJanuary 2020 (Figure 7), a pronounced pulse-like variation in 513 

   
  in the 78–83 km range. 514 

The winter of 2016/2017 was quite calm with a few minor SSWs that did not greatly disturb either 515 

the zonal wind or    
 . Weak variations in    

  can be seen within the range of 78.5–82.5 km without a 516 

clear correlation with             or                . 517 

In the 2017/2018 winter, there was a strengthening of the stratospheric polar vortex in late 518 

December,was observed, during which apparently resulted in    
  variations in the 77–82 km rangeit rose 519 

from late December78 km to 84 km before returning to early January. A major SSW occurred on 12 520 

February 2018. It was accompanied by mesopause warming around 80 km (Yamazakiits original level. 521 

According to Lawrence et al. (2020) and Lukianova et al., 2025), resulting in a decline in    
  from ~83 522 

km to ~77 km until the end of February. 523 

In the 2018/2019 winter, a powerful major SSW with a subsequent elevated stratopause occurred on 524 

January 1, but there was a remarkable gap between the times of polar temperature warming and zonal wind 525 

reversal. This is likely the reason why we did not observe a strong    
  rise, as in the previous cases of 526 

2005/2006, 2008/2009, and 2012/2013. On January 9, the stratopause jumped from ~35 to ~80 km 527 

(Yamazaki et al., 2025), warming the mesopause and causing    
  to fall to ~72 km. 528 

The winter of 2019/2020 . (2021), this winter was characterized by a remarkably strong stratospheric 529 

polar vortex due to, driven by unusually weak tropospheric wave activity and wave reflection in the polar 530 

upper stratosphere (Lawrence et al., 2020; Lukianova et al., 2021).. During the first decade10 days of 531 

January 2020, a latitude-altitudelatitudinal and altitudinal splitting of the polar vortex occurred,. This was 532 

accompanied by periodic accelerations in the zonal wind, causing a drop and warming of the stratopause, a 533 

zonal wind disturbancesreversal at mesospheric altitudes (seepurple line in Figure 7 for 2020), and 534 

mesopause cooling with the formation of a temperature inversion layer formation. (Lukianova et al., 2021). 535 

The mesopause cooling can be seen in Figure S5 in the Supplement and Figure S15 in Yamazaki et al. 536 

(2025). This event was not a typical SSW causeddriven by planetary wave breaking. The subsequent 537 

strengthening and reconfiguration of the vortex and its transformation later in January led to mesopause 538 

warming and the disappearancedissipation of the inversion layer. Thus, the pronounced pulse-like variation 539 

in    
  iswas a manifestation of the polar vortex's ownintrinsic dynamics of the polar vortex, rather than a 540 

classical warming due toevent driven by the breakdownbreaking of upward-propagating planetary waves 541 
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from the troposphere. 542 

In the 2020/2021 winter, a powerful major SSW occurred on January 4, which corresponded to a 543 

noticeable rise in    
  from 79–79.5 km to ~83.5 km and its subsequent return. At the end of January and 544 

the beginning of February, two moderate stratopause elevations were observed, from ~54 to ~75 km and 545 

from ~55 to ~70 km (Yamazaki et al., 2025), which caused two local oscillations in    
  with a drop to 546 

~76 km. 547 

The winter of 2021/2022 was quite calm with a stable polar vortex from December to February, 548 

leading to weak variations in    
  in the 79–83 km range. 549 

The winter of 2022/2023 was characterized by a strong polar vortex from December to the first half 550 

of January, whose strengthening resulted in a drop in    
  from ~81.5 km to ~76 km on January 1. 551 

Subsequent variations in    
  were determined by minor and major SSWs in the second half of January 552 

and mid-February, respectively. 553 

There were a few minor SSWs in the winter of 2023/2024, which did not greatly disturb    
 . One 554 

can see weak variations    
  within the range of 78-82 km without a clear correlation with             or 555 

               . 556 

There were a few minor SSWs in the winter of 2023/2024, which did not greatly disturb    
 . Weak 557 

variations in    
  can be seen within the range of 78–82 km without a clear correlation with             or 558 

               . 559 

The winter of 2024/2025 was quite calm with a stable polar vortex from December to February, 560 

leading to weak variations in    
  in the 78–82.5 km range. 561 

In summary, SSWs without an ES, as well as the internal dynamics of the polar vortex, can lead to 562 

pronounced variations in    
  provided such events are accompanied by significant local cooling in the 563 

upper mesosphere. 564 

During years with ES events, a clear pattern emerges in the    
  dynamics. We illustrate this using 565 

the winter of 2009 (Figure 6), which featured the most intense SSW on record. In the second half of 566 

January, a pronounced pulse-like variation in    
  was observed, during which it rapidly rose from 78 km 567 

to 86 km over 5–6 days. This pulse coincided closely with the onset of the major SSW (central date: 24 568 

January), which led to extreme cooling (up to 160 K) in the upper mesosphere and mesopause region at 569 

80°N (Figure S3; Figure S10 in Yamazaki et al., 2025). From February to March, we observe: (1) an 570 

almost monotonic decrease in    
  to 72.5 km; (2) only minor variations near this level until early March; 571 

and (3) a subsequent slow rise in    
 . According to SABER (Figure S3) and JAWARA (Figure S10 in 572 

Yamazaki et al., 2025) data, this behavior of    
  in February–March can be attributed to the significant 573 

(up to 260 K) prolonged warming of the upper mesosphere at 80°N starting on 31 January during the ES 574 
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event, when the stratopause ascended abruptly from ~20–30 km to ~82 km. 575 

In 2006 and 2013 (Figure 6), the evolution of    
  was similar to the 2009 case. SABER (Figures 576 

S2–S3) and JAWARA (Figures S8 and S12 in Yamazaki et al., 2025) data indicate that the underlying 577 

mechanisms were identical. Brief upper mesospheric cooling caused by the SSW led to a pulse in    
 , 578 

while the subsequent prolonged warming during the ES event manifested as a significant decrease in    
  579 

to ~72 km. 580 

In 2004 (Figure 6), due to SABER's satellite observation geometry, only the second stage associated 581 

with the ES is observable (Figure S2), manifesting as a significant, prolonged decrease in    
   to 72 km. 582 

In 2019 (Figure 7), the    
  pulse was weak due to relatively mild upper mesospheric cooling, likely 583 

caused by a substantial time lag between the stratospheric warming and the zonal wind reversal. 584 

Subsequently, only a significant, prolonged decrease in    
  below 72 km is observed, driven by the 585 

prolonged ES (Figure S5; Figure S15 in Yamazaki et al., 2025). 586 

In 2010, two distinct upper mesospheric cooling events occurred: one prior to the major SSW and the 587 

second during it (Figure S3; Figure S10 in Yamazaki et al., 2025). This resulted in a two-peaked structure 588 

in the    
  evolution (Figure 6). The elevated stratopause was modest in vertical extent (rising from ~50 589 

km to ~70-75 km; Figure S3) and short-lived; consequently,    
  did not fall below 76–77 km.  590 

The 2012 case (Figure 6) is notable because it featured only a minor SSW (11 January), followed by 591 

an elevated stratopause. As in 2019, the    
  pulse was muted due to relatively weak upper mesospheric 592 

cooling. The subsequent elevated stratopause (Figure S3; Figure S11 in Yamazaki et al., 2025), which rose 593 

from ~35 km to ~80-82 km, led to a drop in    
  to ~74 km at the end of January. This was followed by a 594 

rapid recovery of    
  to ~78–80 km in mid-February, coinciding with the rapid descent of the stratopause. 595 

In 2021, the elevated stratopause was modest in vertical extent (rising from ~50 km to ~75 km; 596 

Figure S5; Figure S16 in Yamazaki et al., 2025) and short-lived; consequently,    
  did not fall below 75 597 

km (Figure 7). 598 

In summary, SSWs accompanied by ES events produce a clear, two-stage pattern in    
  evolution, 599 

characterized by fast and slow dynamics driven by the SSW and the subsequent ES, respectively. 600 

Throughout these stages,    
  variability is governed by the magnitude and duration of the upper 601 

mesospheric cooling and warming, respectively. 602 

Figures 8–9 present contour maps showing the southern latitude–time evolution of    
  in the 603 

Southern Hemisphere from June to September between 2002 and 2025., derived from SABER data. 604 

Compared to the Northern Hemisphere maps in Figures 4–5, significantly weaker    
  variations can be 605 

seenare observed. The strongest disturbances was aboveoccurred poleward of 60°S during the winters of 606 

2002, 2004, 2012, 2014, 2017, and 2023. It is well known that southern SSWs are much rarer than 607 



 

32 

 

northern ones. A major SSW occurred in 2002, which essentially influenced the Antarctic ozone hole that 608 

year. The SSW of 2019 was minor but exhibited the largest temperature variations ever recorded in the 609 

southern winter polar stratosphere. The winter of 2024 was characterized by two successive minor SSWs 610 

in mid-July and early August. Vincent et al. (2025) identified all southern SSWs between 1998 and 2019 611 

using MERRA-2 data. However, most central dates fall outside the time interval where the satellite 612 

geometry of SABER allows us to determine    
  above 55°S. Figures 10–11 present the Figure 10 shows 613 

typical examples of    
  time evolution of    

  at 80ºS together with U60ºS,10hPa and ΔT90-60ºS,10hPa. In 614 

addition, we included the temperature at the 0.1 hPa (            ), calculated using MERRA-2 reanalysis 615 

data, as an indicator of lower mesosphere dynamics, and compared its time evolution with that of    
 . 616 
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 617 

Figure 8. Latitude-time evolution of the daily mean NOCE boundary    
  at southern polar latitudes in 618 

different years.  619 
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 620 

Figure 9. Latitude-time evolution of the daily mean NOCE boundary    
  at southern polar latitudes in 621 

different years.  622 
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  623 

  624 

  625 

  626 

  627 

  628 

Figure 10. Time evolution of    
  at 80ºS in different years (black lines with dots). The blue lines show 629 

the zonal mean wind at 60ºS and 10hPa, the red lines show the temperature difference between the pole 630 

and 60ºS at 10hPa.  631 
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  632 

  633 

  634 

 635 

  636 

  637 

Figure 11. Time evolution of    
  at 80ºS in different years (black lines with dots). The blue lines show 638 

the zonal mean wind at 60ºS and 10hPa, the red lines show the temperature difference between the pole 639 

and 60ºS at 10hPa.  640 
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641 

 642 

 643 

Figure 12. Time evolution of    
  at 80ºS (black lines with dots) versus the temperature at 60ºS and 644 

0.1hPa in the at 80°S for selected years., derived from SABER data.  645 

 646 

The presentedNote that the central dates of most Southern Hemisphere SSWs fall outside the time 647 

evolutionintervals when SABER's orbital geometry permits the determination of    
  at 80poleward of 648 

55°S can be classified into one of four types: (1) monotonic growth, as in 2003, 2009, 2011, 2015, or 2022; 649 

(2) a step-like change, as in. In particular, the SSWs of 2002, or a slope break, as in 2004; (3) an impulse-650 

like disturbance, as in 2012, 2023, or 2024; (4) quasi-periodic oscillations with a period of ~20–30 days, as 651 

in 2014 or 2017 and 2019 both occurred in September. According to Vincent et al. (2025), the central dates 652 

of the minor SSWs inbetween 2002– and 2019 that were captured by SABER measurements were 23 653 

August 2002 (day 235 of the year), 2 September 2002 (day 245), 13 September 2002 (day 256), 6 August 654 

2008 (day 218), 2 August 2010 (day 214), 20 August 2012 (day 233), and 7 September 2013 (day 250). 655 

Only a minor manifestationweak manifestations of these events can be seenare visible in the evolution of 656 

   
  evolution shown in Figures 8–10–11. According to. Furthermore, Zi et al. (2025), ) reported that the 657 

central dates of the two minor SSWs in 2024 were 13 July 2024 (day 195 of the year) and 4 August 2024 658 

(day 217). It can be seen from Figure 1110 (the panel for 2024) shows that the first event corresponded to a 659 

local    
  rise from ~77 km to ~82 km, butwhereas the second one did not significantly disturbperturb 660 

   
 . A comparison with the  661 
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 662 

Figure 8. Latitude-time evolution of the daily mean NOCE boundary    
  (geometrical altitude, km) at 663 

southern polar latitudes in 2002-2013 obtained from SABER data. White areas indicate missing data due to 664 

satellite geometry. 665 

 666 
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 667 

Figure 9. Same as Figure 8, but for the period 2014–2025. 668 

 669 
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  670 

 671 

  672 

  673 

Figure 10. Time evolution of    
  (geometrical altitude) at 80°S (black lines with dots, left y-axis), derived 674 

from SABER data for the selected years. Blue lines represent the zonal mean temperature at 60ºS and 0.1 675 

hPa (see Figure 12) showsright y-axis) from the MERRA-2 reanalysis.  676 

The time evolution of    
  at 80°S can be classified into four distinct types: (1) monotonic growth 677 

(e.g., 2003); (2) a step-like change (e.g., 2002) or a change in slope (e.g., 2004); (3) a pulse-like 678 

disturbance (e.g., 2012, 2023, 2024); and (4) quasi-periodic oscillations with a period of ~20–30 days (e.g., 679 

2014, 2017). A comparison with MERRA-2 temperature data at 60°S and 0.1 hPa (            ), shown in 680 

Figure 10, indicates that many features of the    
  evolution can be explained by theintrinsic mesospheric 681 

dynamics of the polar vortex in the lower mesosphere. In particular, the step-like change in    
  in 2002 682 

and the impulsepulse in 2023 were accompanied by similar behavior of variations in             ; the. The 683 

monotonic growth of    
    

  in 2003 corresponded to gradual cooling of the lower mesosphere;, while 684 

the change in slope break in 2004 showedexhibited a strong anticorrelation (with acorrelation coefficient of 685 
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~ -~-0.8) with             ; and the. Furthermore, the lower mesospheric temperature of the lower 686 

mesosphere in 2017 also exhibiteddisplayed quasi-periodic oscillations with a period close to that of the 687 

   
  oscillations with a period closely matching that of the    

  oscillations. 688 

In summary,    
  variations at southern polar latitudes during winter are significantly weaker than 689 

those at northern latitudes. These variations are generally decoupled from SSWs and can instead be 690 

attributed to intrinsic mesospheric dynamics. 691 

 692 

6 Discussion 693 

TheWe now show that the sharp change in the diurnal oscillations of O and H above 80 km 694 

(discussed in Figure 1Section 4) is caused by the strong altitude dependence of the reaction rates that 695 

determine thetheir nighttime chemical lifetimes of these components. The main loss processes for O at 696 

these altitudes are the reactions O + OH  O2 + H and O + HO2  O2 + OH, whereas the main loss 697 

processes for H are the reactions H+HO2  O2+H2 и H+HO2   O+H2O (Kulikov et al., 2023b). Kulikov 698 

et al. (2023a), based on the equations describing purely chemical O and H nighttime evolution, evaluated 699 

the nighttime lifetimes of O and H: 700 
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where   is the local time,    is the onset of night,  
 

 
 

    

 is the     ratio at the onset of night. Note that 703 

         (see Table 1). Above the NOCE boundary:      
   

         

    
, then  

 

 
 

    

 
        

  . 704 

Moreover, in the transition zone, relative concentration of ozone (    ) begins to increase, forming a 705 

secondary maximum at 90-95 km. This means that the first terms in equations (9-107-8) increase with 706 

altitude faster than 
 

  ,   , leading to approximately the same altitude dependence for    and   . Thus, 707 

the lower moderegim of O and H evolution, characterized by deepstrong diurnal oscillations, corresponds 708 

to the condition        , where    is duration of the night, whereas the weak diurnal oscillations of O 709 

and H at higher altitudes correspond to the opposite condition:          . Consequently, the existence 710 

of a narrow transition zone connecting the two modesregimes of O and H oscillations is due to a sharp 711 

increase in their lifetimes with increasing altitude.  712 

In the ozone equilibrium approximation, criterion (5) can be rewritten as follows: 713 

                 
     

  
         

 

    
    . (119) 714 

It can be seen that the Cr=0.1 contour corresponds to the following expression: 715 

                    
     

  
        , (1210) 716 
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which imposes strong constraints on the O concentration at the NOCE boundary. Note that the product 717 

        is the dominant term of this relation, which also determines the lifetimes of O and H in (9-107-718 

8). As can be seen from Figure 1, at the beginning of the night, the NOCE boundary lies in the region 719 

exhibiting deepstrong diurnal O oscillations. However, since the O concentration at these altitudes drops 720 

by 1–2 orders of magnitude or more during the night, the NOCE boundary, according to Equation (1210), 721 

must inevitably rise to those altitudes where a high O concentration persists at the end of the night, i.e., in 722 

the region of weak diurnal variations of this component. This is why, during each night, the        723 

contour cuts through the transition zone, passing from its lower part to the upper one, and clearly captures 724 

its main features (local position and thickness). 725 

In this paper, we determined the NOCE boundary altitude,    , using the function          in (5) 726 

with new rate constants corresponding to the OH(v) model of Panka et al. (2021). We carried out an 727 

additional analysis to verify the approximation                     at the NOCE boundary. For 728 

this purpose, we calculated     in two ways: assuming     and    . In the latter case, the atomic 729 

oxygen concentration was determined from Eqs. (1) and (3) using the ozone equilibrium condition 730 

(     
  

), following Mlynczak et al. (2013a). Figure 11a shows the difference in     values for 2009 as 731 

an example. Irrespective of latitude and season, the difference is generally less than 0.01 km, with very 732 

rare deviations of up to 0.1–0.2 km, which demonstrates the validity of this approximation. In addition, we 733 

compared the     values determined using the new and previous rate constants for the function  . We 734 

found that the new rate constants led to a systematic downward shift in     of approximately 0.5–1.5 km 735 

(Figure 11b). Thus, our method for determining the NOCE boundary position is relatively insensitive to 736 

the choice of OH* model parameters, demonstrating its robustness. 737 

 738 

Figure 11. (a) The difference (in km) between    
  values at 80ºN derived from 2009 SABER data, 739 

assuming     and    . (b) The difference (in km) between    
  values derived from 2009 SABER 740 

data using the new and previous rate constants for function   .  741 

 742 

The analysis presented in Section 5 shows that the most pronounced variability of the NOCE 743 

boundary at north polarhigh northern latitudes occurs during and after strong SSWs with subsequent 744 

elevated stratopause events. Just prior to or directly during such warmingwarmings, the daily mean 745 

boundary near the North Pole can jumprise abruptly to 8786 km, and local values may bereach even higher 746 
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altitudes, up to 90-9291 km. This meansimplies that during these periods, retrieval methods for retrieving 747 

poorlysparsely measured mesopause characteristics (in particular, O), basedatomic oxygen, O) that rely on 748 

the ozone equilibrium condition, may yield significant uncontrolledunquantified errors at altitudes below 749 

these altitudes this level due to the breakdown of thisthe equilibrium. At the same timeConversely, 750 

immediately after such SSWs, (during the ES stage), the NOCE boundary rapidly drops down updescends 751 

to 72-–74 km and can remain there at these altitudes for a long time.  752 

an extended period. Thus, during an elevated stratopauseES event, the altitude range over which the 753 

ozone equilibrium condition is well satisfied is significantly expanded and can be used for retrieving O and 754 

other characteristics well below 80 km. Furthermore, according to Equation (12), such strong variations 755 

(first upward, then downward) of the NOCE boundary during such SSWs should reflect specific features of 756 

the dynamics of the vertical profile of O and the airglow emissions caused by Ox-HOx chemistry. Figure 13 757 

presents the evolution of these characteristics in January–February 2009 at ~80°N, simulated using data 758 

from the Canadian Middle Atmosphere Model. It can be seen that the NOCE boundary closely follows the 759 

variability of the median vertical distributions of O and the volume emission rates of OH(v=1-9), O(
1
S), 760 

and O2(b
1  

 ). Thus, we can assume that the boundary can be used to monitor significant disturbances in 761 

both the Ox–HOx components and the airglows generated by physicochemical processes involving them, 762 

allowing for the reliable retrieval of O and other characteristics well below 80 km. 763 
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 764 

Figure 13. Time evolution of vertical distributions of O and the volume emission rates of OH(6-2), O(
1
S) 765 

at 557.7 nm, and O2(b
1  

 ) at 762 nm (Atmospheric Band) at ~80°N in January–February 2009, simulated 766 

using data from the Canadian Middle Atmosphere Model. The black dotted lines show the medians of the 767 

presented vertical distributions, magenta line shows the NOCE boundary. 768 

The 2009 event (Figure 6) demonstrates the most pronounced variations in    
 , particularly during 769 

the major SSW that triggered the    
  pulse. A number of studies (e.g., Gao et al., 2012; Medvedeva et al., 770 

2019; Hu et al., 2025) indicate strong perturbations in chemical constituents (specifically, atomic oxygen) 771 

and airglow emissions in the mesopause region during both this specific SSW and other major SSWs 772 

accompanied by an elevated stratopause. To identify common patterns in the evolution of the NOCE 773 

boundary and these characteristics, we examined multiple datasets from various 3D models for 2009 to 774 

find one that reproduced the same pulse-like variation in the NOCE boundary during this event. First, we 775 

found that the WACCM-X data were unsuitable for this purpose. A likely reason is that the WACCM-X 776 

temperature data show a remarkably weaker cooling of the upper mesosphere during this SSW compared 777 
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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 778 

the Supplement. Second, the temperatures from the 2009 annual run of the Canadian Middle Atmosphere 779 

Model (CMAM; Scinocca et al., 2008), with 6-hourly output provided by the Canadian Centre for Climate 780 

Modelling and Analysis, correspond much better to the SABER data (e.g., Shepherd et al., 2014). We used 781 

this run to calculate the daily zonal mean evolution of the NOCE boundary at ~80°N (Figure 12), alongside 782 

the daily zonal mean vertical profiles of O and the volume emission rates of OH(6-2), O(
1
S) at 557.7 nm, 783 

and O2(b
1  

 ) at 762 nm (Atmospheric Band). To achieve this, the distributions of OH(v=1-9), O(
1
S), and 784 

O2(b
1  

 ) were calculated using established airglow models driven by CMAM profiles of pressure, 785 

temperature, and relevant chemical species (O, H, O2, and O3). Specifically, the OH(v=1-9) distributions 786 

were derived using the model by Panka et al. (2021; see their Table 1 for details), assuming vibrational 787 

level equilibrium. The O(
1
S) distributions were calculated using the McDade et al. (1986) approximation, 788 

with rate constants updated by Gao et al. (2012). Finally, the O2(b
1  

 ) distributions were modeled 789 

following Grygalashvyly et al. (2021), utilizing the aforementioned OH(v=1-9) profiles alongside the 790 

standard CMAM atmospheric profiles. As shown in Figure 12, the NOCE boundary closely follows the 791 

variability of the medians of vertical distributions of O and the airglow emissions. Thus, we can propose 792 

that the NOCE boundary can serve as an indicator of disturbances in Ox–HOx chemistry and the associated 793 

airglow variations arising during such powerful SSWs in the mesopause region. 794 
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 795 

Figure 13. Time evolution of the daily zonal mean profiles (in geometrical altitude) of O (in cm
-3

) and the 796 

volume emission rate (in photon/(cm
3
·s)) of OH(6-2), O(

1
S) at 557.7 nm, and O2(b

1  
 ) at 762 nm 797 

(Atmospheric Band) at ~80°N during January–February 2009, simulated using the Canadian Middle 798 

Atmosphere Model (CMAM). The black dotted lines indicate the medians of the respective vertical 799 

distributions, while the magenta line marks the daily zonal mean NOCE boundary. 800 

 801 

7 Conclusions 802 

As at mid- and lowAt polar latitudes, the NOCE criterion clearly indicates the local position and 803 

thickness of the transition zone separating deeppronounced and weak photochemical oscillations of O and 804 

H caused by the diurnal variations in solar radiation. This is due to the strong dependence of the NOCE 805 

boundary position on the altitude of the layer characterized bywith a relatively high O concentration. 806 

During the polar night, the transition zone effectively "degenerates" into a sharp step in the vertical profiles 807 

of these components, and the NOCE criterion identifies the altitude of this step.  808 

TheBased on SABER observations (Figures 4-7), the most pronounced variability of the NOCE 809 
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boundary at northern polar latitudes is observed during and after strong SSWs with subsequentfollowed by 810 

stratopause elevation events. Just prior to or directly during such warmings, the daily mean altitude of the 811 

boundary near the North Pole can jump to 87 km, while local values can be even higher, up to 90–92 km. 812 

Immediately after such SSWs, the NOCE boundary rapidly descends to 72–74 km and can remain there for 813 

a long time.an extended period. Thus, the altitude range where the ozone equilibrium condition is valid 814 

tofor determining O and other mesopause characteristics changes significantly during such events.  815 

Model studies of 2009the winter of 2009 show that the NOCE boundary well repeatclosely tracks the 816 

variability of the medians of the vertical distributions O and volume emission rates of OH(v=1-9), O(
1
S), 817 

and O2(b
1  

 ).  818 

At southern polar latitudes, variations in the NOCE boundary values during winter are significantly 819 

weaker than at northern latitudes. These variations are generally unrelated to minor SSWs during these 820 

years, but can instead be explained by the dynamics of the polar vortex in the lower mesosphere. 821 
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