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 8 

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

various applications in the mesopause region, such as retrieving hard-to-measure characteristics from 10 

observations. Previously, the criterion for determining the NOCE boundary was used to analyze its long-11 

term evolution from SABER/TIMED data, primarily at low and middle latitudes. This work focuses on 12 

polar latitudes. We demonstrate that the NOCE criterion clearly indicates the main features of the 13 

transition zone separating deep and weak O and H diurnal photochemical oscillations. During the polar 14 

night, this zone degenerates into a step in their profiles, and the criterion identifies the altitude of this step. 15 

Next, we analyze the evolution of the NOCE boundary using SABER/TIMED data in conjunction with 16 

MERRA-2 data for the winter–spring period of 2002–2025. We demonstrate that its most pronounced 17 

variability is observed at northern latitudes during and after strong SSWs with an elevated stratopause. 18 

Prior to or immediately during such warmings, the daily mean boundary can rise to ~87 km. Immediately 19 

after, it rapidly descends to 72–74 km and can remain at this altitude for an extended period. Model studies 20 

of the winter of 2009 show that the boundary closely follows the variability of the medians of the vertical 21 

distributions of O and the volume emission rates of OH*, O*, and O2*. Thus, we can assume that the 22 

NOCE boundary can be used to monitor significant disturbances in both the Ox–HOx components and the 23 

airglows generated by physicochemical processes involving them. 24 

 25 

1 Introduction 26 

Ozone is a unique atmospheric trace gas that plays different roles depending on altitude. In 27 

particular, stratospheric ozone protects life on our planet by absorbing ultraviolet solar radiation in the 28 

wavelength range of 200–315 nm. Moreover, by absorbing radiation in the Herzberg continuum, ozone at 29 

these altitudes is the only atmospheric minor gas whose vertical distribution determines the 30 

photodissociation rate of the major gas, molecular oxygen. In turn, tropospheric ozone acts as the fourth (in 31 

terms of importance) greenhouse gas after H2O, CO2 and CH4. Furthermore, in the boundary layer, ozone 32 

is one of the five major pollutants (according to the World Health Organization) that negatively affect the 33 

biosphere and human health due to its high toxicity. 34 

In the mesosphere–lower thermosphere (MLT), ozone is involved in reactions between the Оx and 35 
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НOx families (O+O3 and H+OH+HO2), which produce many layered phenomena. Below ~80–87 km, there 36 

are “deep” diurnal photochemical oscillations, where the difference between daytime and nighttime values 37 

of these components can reach several orders of magnitude due to the diurnal modulation of the 38 

photodissociation rates of O2, H2O, and O3. Above ~80–87 km, photochemical oscillations are relatively 39 

weak compared to the more pronounced impact of vertical and horizontal transport. As a result, there is a 40 

narrow (1–3 km thick) transition region where the regime of photochemical oscillations changes rapidly 41 

with height. Above this transition region, O and H concentrations accumulate and reach absolute maxima, 42 

forming the corresponding layers, including a layer of stored chemical energy. This leads to the appearance 43 

of a secondary ozone maximum and airglow layers of excited OH, O2 and O observed in the visible and 44 

infrared ranges. In particular, the reaction of ozone with atomic hydrogen is the main source of OH 45 

airglow, whose intensity spectrum can be used, for example, to derive information about the mesopause 46 

temperature. Thus, mesopause photochemistry enables several remote sensing techniques that are widely 47 

used for ground-based and satellite monitoring of climate change and wave activity at these altitudes. The 48 

chemical heating from exothermic reactions between Оx-НOx species is one of the major sources of the 49 

mesopause energy balance. In particular, this heating can exceed that from turbulent energy dissipation 50 

(e.g., Grygalashvyly et al., 2024). Moreover, mesopause photochemistry influences the radiative cooling of 51 

this region in the CO2 15-μm band, is involved in plasma-chemical reactions, and contributes to the 52 

formation of ionospheric layers. Note that variations in the Оx-НOx transition zone height reflect 53 

corresponding changes in the O and H layers, and through them, in airglows and other mesopause features. 54 

Thus, this characteristic can be considered a sensitive indicator of mesopause processes. 55 

Note also, the mentioned transition of Оx-НOx behavior with height may occur via the nonlinear 56 

response to the diurnal modulation of photodissociation rates, resulting in the appearance of subharmonic 57 

(with periods of 2, 3, 4, and more days) or chaotic oscillations of O, O3, H, OH, and HO2 (e.g., Sonnemann 58 

and Fichtelmann, 1997; Feigin et al., 1998). This unique phenomenon was predicted many years ago 59 

(Sonnemann and Fichtelmann, 1987) and further investigated theoretically by taking into account different 60 

transport processes (Sonnemann and Feigin, 1999; Sonnemann et al., 1999; Kulikov and Feigin, 2005; 61 

Kulikov, 2007; Kulikov et al., 2020), including within the framework of the 3D chemical-transport models 62 

(Sonnemann and Grygalashvyly, 2005; Kulikov et al., 2021). The vertical eddy diffusion was revealed as 63 

the most important process (Sonnemann and Feigin, 1999; Sonnemann et al., 1999), so that 2-day 64 

oscillations can only survive at real diffusion coefficients. At the same time, the eddy diffusion in the zonal 65 

direction leads to the appearance of the so-called reaction-diffusion waves in the form of propagating 66 

phase fronts of 2-day oscillations (Kulikov and Feigin, 2005; Kulikov et al., 2012; Kulikov et al., 2020). 67 

Recently, the first evidence of 2-day photochemical oscillations in the actual mesopause was revealed 68 

through the satellite data processing (Kulikov et al., 2021).  69 

At the MLT altitudes, the physicochemical assumptions involving ozone are useful tool for 70 
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monitoring poorly measured Оx-НOx components. In many papers, the rocket and satellite measurements 71 

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 72 

H distributions (e.g., Good, 1976; Pendleton et al., 1983; McDade et al., 1985; McDade and Llewellyn, 73 

1988; Evans et al., 1988; Thomas, 1990; Llewellyn et al., 1993; Llewellyn and McDade, 1996; Mlynczak 74 

et al., 2007, 2013a, 2013b, 2014, 2018; Smith et al., 2010; Xu et al., 2012; Siskind et al., 2008, 2015). The 75 

retrieval approach employs a model of the corresponding airglow and an algebraic equation derived from 76 

the assumption of ozone photochemical/chemical equilibrium and relating local O and H values with 77 

measurement data. The ternary photochemical equilibrium condition of OH, HO2, and O3 produces a 78 

useful system of algebraic equations, which was used to retrieve daytime distributions O, H, HO2, and H2O 79 

from simultaneous O3 and OH data measured during the satellite CRISTA – MAHRSI campaign (Kulikov 80 

et al. 2006, 2009) and to evaluate the quality of simultaneous observations OH, HO2, and O3 by MLS/Aura 81 

(Kulikov et al. 2018a; Belikovich et al., 2019). Note also that the nighttime ozone chemical equilibrium 82 

was used (i) to study hydroxyl emission in the MLT region using simulated and measured data, in 83 

particular, OH* mechanisms, morphology and variability caused, for example, by atmospheric tides and 84 

gravity wave activity (e.g., Marsh et al., 2006; Nikoukar et al., 2007; Xu et al., 2010, 2012; Kowalewski et 85 

al., 2014; Sonnemann et al., 2015); (ii) to analyze the MLT response to sudden stratospheric warmings 86 

(SSWs) (e.g., Smith et al., 2009); (iii) to derive exothermic heating rates in the MLT (e.g., Mlynczak et al., 87 

2013b); (iv) to analytically simulate the mesospheric OH* layer response to gravity waves (e.g., Swenson 88 

and Gardner, 1998); and (v) to derive the analytical dependence of excited hydroxyl layer number density 89 

and peak altitude on atomic oxygen and temperature (e.g., Grygalashvyly et al., 2014; Grygalashvyly, 90 

2015). 91 

The daytime O3 balance at MLT altitudes is primarily determined by reactions O+O2+M  O3+M, 92 

O3 +hv O2+O, O(
1
D), and H+O3  O2+OH (Kulikov et al., 2017, 2022a). Kulikov et al. (2017) 93 

examined O3 daytime equilibrium within the framework of a 3D chemical-transport model and found it to 94 

provide a good approximation everywhere in the MLT region due to the high ozone photodissociation rate. 95 

In contrast, nighttime ozone chemical equilibrium (NOCE) is valid above a lower boundary, whose altitude 96 

depends on latitude and month. In particular, according to the 3D chemical-transport model, the monthly 97 

mean NOCE boundary varies within the range of 81–87 km (Kulikov et al., 2018b). Below this boundary, 98 

the local ratio between true O3 and its equilibrium value may vary widely and reaching several orders of 99 

magnitude (e.g., Fig. 5 in Kulikov et al. (2018b)). This means that the error in retrieved data due to the use 100 

of the O3 equilibrium approximation is uncontrollable and may significantly exceed all other errors in the 101 

retrieval procedure arising from, for example, uncertainties in measurement data and rate constants. In 102 

order to limit the equilibrium approximation error, Kulikov et al. (2018b) developed a robust analytical 103 

criterion that allows localizing the boundary of the NOCE using measured or retrieved data. Kulikov et al. 104 

(2019) applied this criterion to determine the NOCE boundary using data from the SABER (Sounding of 105 
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the Atmosphere using Broadband Emission Radiometry) instrument onboard the TIMED (Thermosphere 106 

Ionosphere Mesosphere Energetics and Dynamics) satellite. The space-time distribution of the derived 107 

NOCE boundary showed good agreement with model results. Moreover, the application of the NOCE 108 

condition below this boundary could lead to a significant (up to 5–8 times) systematic underestimation of 109 

the 2-month mean O distribution below 86 km. Recently, Kulikov et al. (2023a) analyzed the long-term 110 

evolution of the monthly mean NOCE boundary derived from SABER/TIMED data in 2002–2021. It was 111 

revealed that, first, this characteristic at 55°S–55°N contains a clear signal of the 11-year solar cycle and 112 

can be considered a sensitive indicator of solar activity. Second, the NOCE criterion at low and middle 113 

latitudes reproduces well the altitude and captures the main variations of the transition zone separating 114 

deep and weak diurnal oscillations of O and H. In particular, the transition zone at middle latitudes 115 

demonstrates a pronounced annual cycle with minimum altitude in winter and maximum altitude in 116 

summer. This is a nontrivial effect as summer nighttime H values are substantially higher than those in 117 

winter (e.g., Kulikov et al., 2024), which results in shorter ozone lifetimes in summer than in winter. Thus, 118 

one would expect an opposite seasonal dependence of the transition zone altitude. Nevertheless, the same 119 

results were obtained in model studies by Belikovich et al. (2018) and Kulikov et al. (2018b). In the work 120 

by Kulikov et al. (2023a), the discussed effect was explained by the specific nonlinear properties of 121 

nighttime mesopause chemistry, which depend strongly on the daytime O/H ratio preceding the night. By 122 

design, the NOCE criterion takes into account these properties, ensuring good agreement with the 123 

transition zone position. Thus, this criterion is not only a useful technical tool for retrieving unmeasured 124 

data from satellite observations, but also a sensitive indicator of O and H layers. As mentioned, many 125 

phenomena in the MLT (e.g., airglows) are caused by O and H layers. Thus, one can expect that variations 126 

in the main features of these phenomena (e.g., half-width, peak volume emission rates, etc.) are connected 127 

with the NOCE boundary position and can be explained/predicted by the NOCE criterion. Finally, Kulikov 128 

et al. (2023a) noted abrupt changes in the NOCE boundary at north polar altitudes in winters with powerful 129 

SSWs accompanied by elevated (up to ~80–85 km) stratopause events, but a detailed analysis of these 130 

variations was outside the scope of that study. 131 

This article focuses on the local evolution of the NOCE boundary at polar latitudes, primarily during 132 

winter. The first goal is to study using model data the connection between the NOCE boundary and the 133 

spatiotemporal variability of Ox-HOx chemistry at these latitudes; the second is to analyze the evolution of 134 

the NOCE boundary from the SABER/TIMED dataset during the winter–spring period, especially before, 135 

during, and after SSWs in 2002–2025. In the next section, we present the model data used. In Section 3, we 136 

briefly describe the criterion for determining the local altitude of the NOCE boundary and explain the 137 

methodology of its application to satellite data. In Section 4, we study how the NOCE boundary is related 138 

to the features of O and H oscillations calculated by the 3D model. Section 5 presents the main results 139 

obtained from SABER/TIMED data in comparison with zonal wind and temperature in the upper 140 
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stratosphere and lower mesosphere from the MERRA-2 reanalysis. Section 6 is devoted to the discussion, 141 

followed by concluding remarks. 142 

 143 

2 Used data of 3D models 144 

To study the connection between the NOCE boundary at polar latitudes and the transition zone of 145 

Оx-НOx oscillations with altitude, we used our calculations of the NCAR Whole Atmosphere Community 146 

Climate Model with thermosphere and ionosphere extension (WACCM-X) (Liu et al., 2018). This is a 147 

high- top, interactive 3D chemistry-climate model that describes the global evolution of the atmosphere 148 

from the surface to 4.1·10−
10

 hPa at 145 pressure-related altitude levels, with a horizontal resolution of 149 

0.95 degrees in latitude and 1.25 degrees in longitude. The vertical resolution of the model at mesopause 150 

altitudes is approximately 1.5 km. The integration step is 5 min. The chemical mechanism includes 74 151 

neutrals and 7 ions, 87 photolysis and photoionization processes, 202 gas-phase reactions, and 152 

heterogeneous reactions. WACCM-X reproduces many modes of variability and trends in the middle 153 

atmosphere, including quasi-biennial oscillations, SSWs, ozone depletion and polar ozone holes, etc. 154 

To study the impact of the SSW during the winter of 2009 on North Polar chemistry and airglow 155 

emissions from excited OH*, O*, and O2* states, we used data from an annual run of the Canadian Middle 156 

Atmosphere Model (Scinocca et al., 2008) provided by the Canadian Centre for Climate Modelling and 157 

Analysis. The pressure, temperature, O, H, O2, and O3 profiles allowed us to calculate the distributions of 158 

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

1  
 ), according to the airglow models presented by Panka et al. (2021), Gao et 159 

al. (2012), and Grygalashvyly et al. (2021), respectively. 160 

 161 

3 The NOCE criterion and determination of the NOCE boundary from SABER data 162 

Here, we repeat the theory behind the NOCE criterion following Kulikov et al. (2023b) to improve 163 

the readability of this paper, using the same nomenclature as in the original work.  164 

The equilibrium ozone concentration (  
  ), corresponding to the instantaneous balance between the 165 

production and loss terms due to reactions R1 and R2, is given by: 166 

  
   

         

    
, (1) 167 

where M is air concentration, and      are the corresponding rate constants of the reactions (see Table 1). 168 

 169 

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

−2
 s

−1
], 170 

for two-body reactions [cm
3
 molecule

−1
 s

−1
]) taken from Burkholder et al. (2020). 171 

 Reaction Rate constant 

R1 O+O2+M  O3+M                         

R2 H+O3  O2+OH                         
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R3 O+HO2  O2+OH                      

R4 H+O2+ M HO2+M                         

R5 H+HO2  O2+H2              

R6 H+HO2   O+H2O              

 172 

As mentioned above, the NOCE criterion was suggested in Kulikov et al. (2018b). The main idea is 173 

that the local values of    and   
   are close (        

     ), when    
    

  , where    
 is the 174 

ozone lifetime and    
   is the local time scale of   

  :  175 

   
 

 

    
, (2) 176 

   
   

  
  

    
      

 
 

   
 

  
 
 

 
  

 . (3) 177 

Kulikov et al. (2018b) determined the expression for    
   with the use of a simplified photochemical 178 

model describing the Ox-HOx evolution in the mesopause region (Feigin et al., 1998), so the criterion of the 179 

NOCE validity is as follows: 180 

   
   

 
  

  
  

        
    

  
   

     

  
  

 

       
  , (4) 181 

where ki are the corresponding reaction constants from Table 1. Calculations with the global 3D chemistry-182 

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

       183 

defines well the boundary of the area where      
          .  184 

Kulikov et al. (2023b) presented the theory of chemical equilibrium of a certain trace gas  . Strictly 185 

mathematically, the cascade of sufficient conditions for         
      was derived considering its 186 

lifetime, equilibrium concentration, and time dependences of these characteristics. In case of the nighttime 187 

ozone, it was proved that    
    

     is the main condition for NOCE validity and the criterion 188 

   
    

       limits a possible difference between    and   
   to not more than ~10%. Moreover, 189 

Kulikov et al. (2023b) slightly corrected the expression for the criterion (4): 190 

     
       

  
            

     

  
         

 

       
    . (5) 191 

One more important condition for      
   at the time moment   is: 192 

     
    

 
     ,  (6) 193 

where     is the onset of night. The ozone equilibrium concentration jumps at sunset due to the shutdown 194 

of photodissociation. Thus, the condition (6) shows that it takes time for the ozone concentration to reach a 195 

new equilibrium. Kulikov et al. (2023b) revealed that, at the solar zenith angle χ > 95°, the condition (6) is 196 

fulfilled almost in all cases and the condition (5) becomes the main criterion for NOCE validity. In 197 

addition, Kulikov et al. (2023b) demonstrated with the use of a 3-D model that the criterion (5) almost 198 
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ideally reproduces the NOCE boundary found by direct comparison of    and   
   concentrations, see 199 

Figure 1 in Kulikov et al. (2023b). 200 

In the paper, we use version 2.0 of the SABER data product (Level2A) for the simultaneously 201 

measured profiles of temperature (T), O3 (at 9.6 μm), and total volume emission rate (   ) of OH* 202 

transitions (9→7 and 8→6) at 2.0 μm within the 0.0001–0.02 mbar pressure interval (altitudes 203 

approximately 75–105 km) in 2002-2024. Following Kulikov et al. (2023b), we take into account only 204 

nighttime data corresponding to the solar zenith angle χ > 95°. 205 

Kulikov et al. (2018a) rewrote the term         in the expression for the NOCE criterion in the 206 

form depending on measurable characteristics only with the use of the corresponding OH(v) model by 207 

Mlynczak et al. (2013a):  208 

                    ,  (7) 209 

where          is the function in square brackets in Eq. (3) in the paper by Mlynczak et al. (2013a) with 210 

the parameters corrected by Mlynczak et al. (2018): 211 

         
           

                                    
   
               

 
           

                                                 
 212 

                                                

                                     
   
                                                                   

.  (8) 213 

This function is the result of the combination of the equations of physicochemical OH* balance in the v = 8 214 

and v = 9 states, in particular, see Kulikov et al. (2022b) for details. It depends on the constants of the 215 

processes describing sources and sinks at the corresponding levels, in particular, the OH(v) removal on 216 

collisions with O2, N2, and O. Below 86-87 km,                            due to relativity 217 

small O concentrations. Kulikov et al. (2023a) verified this approximation by direct comparison of 218 

       and          and found it to be valid near the NOCE boundary with mean difference between 219 

       and          ~ 0.1%. Thus, by combining Eqs. (5) and (7), the NOCE criterion for SABER 220 

data can be recast in the following form: 221 

                   
       

  
            

     

  
               . (9) 222 

One can see that,        decreases rapidly with height due to the strong (~  ) air-concentration 223 

dependence. So, this inequality is well fulfilled at 105 km, but the relationship at 70-75 km is inverse. The 224 

local position of the NOCE boundary (geometrical altitude level    ) is determined according to the 225 

criterion (9), where                 .  226 

Kulikov et al. (2023b) studied the uncertainty of the retrieved NOCE boundary height. Following the 227 

typical analysis presented, for example, in Mlynczak et al. (2013a, 2014), the uncertainty was obtained by 228 

calculating the root-sum-square of the individual sensitivity of the retrieved characteristic to the 229 

perturbation of O3, T, rates of reactions, and parameters of the   function. As the result, the uncertainty of 230 

the NOCE boundary local height was found to be varied in the range of 0.1-0.3 km. 231 
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In this paper, we processed all simultaneous profiles of T, O3, and     from 2002 to 2025 and 232 

determined the position of the NOCE boundary as a function of time, latitude, and longitude. The latitude 233 

range from 82.5
°
S to 82.5

°
N was divided into 33 bins 5

° 
each, and all local values of     falling into a given 234 

bin on a specific day of the year were averaged. Then, we calculated daily mean values of    
  (hereafter, 235 

the superscript d denotes the daily average).  236 

 237 

4 The connection of the NOCE boundary with spatiotemporal variability of Оx-НOx chemistry 238 

Figures 1–3 demonstrate the day-to-day evolution of O and H as a function of altitude above various 239 

northern polar locations over 3.5 months (from mid-September to December 2017), as simulated by 240 

WACCM-X. Thus, Figures 1 and 3 correspond to periods around the autumnal equinox and the winter 241 

solstice, respectively. From mid-September to mid-October, pronounced diurnal O and H oscillations 242 

occur below 79–80 km, where nighttime values drop by several orders of magnitude relative to daytime 243 

values. These oscillations are driven by variations in solar radiation and high nighttime loss rates of HOx 244 

and O, which are nonlinearly dependent on air concentration. Above 83–85 km, the behavior of O and H is 245 

fundamentally different. First, the diurnal range between minimum and maximum values is significantly 246 

reduced. Second, variations on multi-day timescales predominate in the corresponding spectra. The two 247 

modes (upper and lower) of O and H behavior are connected vertically by a transition zone several 248 

kilometers thick, which is characterized by sharp vertical gradients in the mean daily concentrations of 249 

these species. Note that the black lines in Figures 1–3 indicate the NOCE boundary according to criterion 250 

(5). An interesting feature is observed in the dynamics of the        contour line, which is typical of 251 

most nights in Figure 1. Over the course of a single night, this line traverses the transition zone, moving 252 

from its lower part, where the lower mode of O and H behavior still persists, to the upper part of the 253 

transition zone, where the upper mode is already established. Thus, as at middle and low latitudes (Kulikov 254 

et al., 2023a), the NOCE criterion clearly indicates the local position and thickness of the transition zone. 255 

The duration of daylight decreases as the year progresses; this manifests relatively weakly in the upper 256 

region, but strongly in the lower region. Specifically, below the transition zone (see Figure 2), the mean 257 

daily concentrations of O and H decrease noticeably, and their diurnal oscillations become less pronounced 258 

or periodically disappear (i.e., they are obscured by variations on other timescales). This is especially 259 

noticeable at 82.5°N. Finally, in December (see Figure 3), the mean daily concentrations of O and H at 260 

lower altitudes drop to such low levels that the transition zone effectively "degenerates" into a step in the 261 

vertical profiles of these species, and the NOCE criterion marks the altitude of this transition. It should be 262 

noted that below 75 km, diurnal oscillations remain noticeable, which is likely due to a combined effect of 263 

atmospheric dynamics and chemical relaxation. 264 
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 265 

Figure 1. O and H time-height variations above different polar points in September - October 2017 266 

calculated by 3D chemical transport model WACC-X. Black lines point the NOCE boundary altitude in 267 

accordance to criterion (5) (      ). 268 
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 269 

Figure 2. The same as in Fig. 1, but in October - November.  270 

  271 
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 272 

Figure 3. The same as in Fig. 1, but in November - December.  273 

 274 

5 NOCE boundary in the polar winters of 2002-2025 from SABER/TIMED data: main results and 275 

discussion 276 

Figures 4-5 present contour maps showing the northern latitude–time evolution of    
  from January 277 

to March between 2002 and 2025. The strongest disturbances can be seen above 60ºN in early 2004, 2006, 278 

2009, 2012, 2013, and 2019. These winters are known for remarkable major SSWs followed by elevated 279 

stratopause (ES) events. In other winters, there were no such strong warming events, but a notable single 280 

pulse of    
  may occur (see 2020), when it rose by several kilometers and returned to its original level 281 
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within 7-10 days, as well as quasi-periodical oscillations (see 2008) with a characteristic period of ~10-15 282 

days.  283 

 284 

Figure 4. Latitude-time evolution of the daily mean NOCE boundary    
  at northern polar latitudes in 285 

different years. 286 

  287 
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 288 

Figure 5. Latitude-time evolution of the daily mean NOCE boundary    
  at northern polar latitudes in 289 

different years.  290 
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 291 

 292 

 293 

 294 

 295 

 296 

Figure 6. Time evolution of    
  at 80ºN in different years (black lines with dots). The blue lines show the 297 

zonal mean wind at 60ºN and 10hPa, the red lines show the temperature difference between the pole and 298 

60ºN at 10hPa.  299 
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 300 

 301 

 302 

 303 

 304 

  305 

Figure 7. Time evolution of    
  at 80ºN in different years (black lines with dots). The blue lines show the 306 

zonal mean wind at 60ºN and 10hPa, the red lines show the temperature difference between the pole and 307 

60ºN at 10hPa.  308 
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It is well known that SSWs are caused by the amplification of planetary waves traveling from the 309 

lower atmosphere and their interaction with the zonal flow at stratospheric altitudes. Therefore, winter 310 

processes at mesopause altitudes should be considered in the context of the simultaneous dynamics of the 311 

upper stratosphere and, in some cases, the lower mesosphere. Therefore, in Figures 6-7, the evolution of 312 

   
  at 80ºN is shown together with the dynamics of the zonal mean wind at 60ºN and 10hPa (           ) 313 

and the temperature difference (               ) between the pole and 60ºN at 10hPa, defined as the 314 

difference between the average temperatures in the latitudinal ranges of 80-90ºN and 60-70ºN. Both 315 

characteristics were calculated using MERRA-2 reanalysis data for the corresponding years. 316 

In the winter of 2001/2002, there were two major SSWs on 29-Dec-01 and 17-Feb-02, respectively. 317 

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

  only from the 318 

end of January, tracking the last major event. During this SSW, we observe weak variations in    
  within 319 

the range of 78.5-81.5 km without a clear correlation with             or                .  320 

In the 2002/2003 winter, a major SSW occurred on 18 January; however, due to the late start of 321 

dataset, it is impossible to see how it manifested at mesopause altitudes. Only a slight oscillation in    
  322 

can be seen in the final stage of this event. Note that in mid-February, there was a strong (nearly to zero) 323 

weakening of the zonal wind followed by its recovery, which was accompanied by a noticeable local 324 

increase of    
  against the background of a slow seasonal trend. 325 

The winter of 2003/2004 was notable in the 40-year record of meteorological analyses (Manney et 326 

al., 2005). A powerful major SSW occurred on January 5, after which the phenomenon of an elevated 327 

stratopause was first recorded. Evidently, the pronounced low values of    
  at 80°N (down to ~72.5 km, 328 

see Figure 6) from January 15 onwards were caused by this event. Starting in mid-February,    
  began to 329 

recover, reaching ~80 km at the end of the dataset. 330 

The winter of 2004/2005 was characterized by a strong polar vortex, and no major SSW was detected 331 

before the final stratospheric warming on March 11. However, it can be noted that, unlike the cases of 332 

2001/2002 and 2002/2003, the variations in    
  demonstrated better agreement with the upper 333 

stratospheric dynamics. A comparison of the    
  evolution with             shows a good correlation 334 

with a coefficient of approximately -0.8. In particular, the absolute minimum in    
  on 20 January 335 

corresponded to a zonal wind increase to 70 m/s, whereas two    
  maxima on days ~55 and ~70 could be 336 

caused by a local deep minimum and reversal (<0 m/s) of the zonal wind. 337 

In 2005/2006, the central date of the major SSW was January 21, which corresponded to a noticeable 338 

rise in    
  from ~79 km to ~83.5 km. The subsequent rapid drop of this characteristic to ~73 km in 339 

February and the following rise to 80–81 km in March can be attributed to the appearance and subsequent 340 

disappearance of an elevated stratopause. According to Yamazaki et al. (2025), during this SSW, the 341 

stratopause jumped from ~30 km to ~80 km around January 25. 342 
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In 2006/2007, a major SSW occurred on February 23. However, this event had little impact on the 343 

evolution of    
 . More pronounced variations in    

  can be seen in mid-January (a drop to ~77 km), 344 

which can be associated, similarly to 2005, with a local increase in the zonal wind to ~50 m/s. 345 

In 2007/2008, there were four SSW events: three consecutive minor SSWs and one major event 346 

occurring on 25 January, 2 February, 16 February, and 23 February, respectively (Wang and Alexander, 347 

2009). During this period,    
  demonstrated pronounced quasi-periodic oscillations with a period of ~7–348 

10 days in the range of 78–84 km. At least five maxima of the NOCE boundary height can be observed on 349 

23 January, 3 February, 14 February, 21 February, and 3 March. Thus, the first four    
  maxima can be 350 

attributed to the occurrence of SSWs, whereas the last one could be a manifestation of the seasonal 351 

restructuring of stratospheric dynamics with oscillations of the mean zonal wind around zero (Wang and 352 

Alexander, 2009). 353 

Evidently, the major SSW in early 2009 was one of the most powerful phenomena with an elevated 354 

stratopause ever observed. The central date was determined to be January 24, but 3 days prior,    
  rapidly 355 

(over 5–6 days) rose from ~79 km to ~87 km. The subsequent decline of    
  below 73.5 km is attributed 356 

to the elevated stratopause rising from ~20 km to ~82 km (Yamazaki et al., 2025), which jumped to this 357 

altitude around January 31. Note that this winter was characterized by the longest-lasting elevated 358 

stratopause, so the minimum values of    
  persisted for ~3 weeks, delaying the recovery. 359 

In 2009/2010, the central date of the major SSW was February 9. That winter, the evolution of    
  360 

demonstrated two peaks (~83.5 and 84.5 km), one of which approximately corresponded to the major 361 

SSW. The elevated stratopause was weakly developed (from ~50 km to ~72 km, Yamazaki et al., 2025) 362 

and short-lived, so the NOCE boundary height did not fall below 77.5–78 km. 363 

The winter of 2010/2011 was strong, and only a minor SSW was detected on February 1. Before this 364 

event,    
  dropped from ~82 to ~77 km, possibly due to zonal wind strengthening. As a result, the 365 

subsequent minor SSW led to the recovery of the NOCE boundary height to ~82 km. 366 

The winter of 2011/2012 is notable because there was only a minor SSW (January 11), followed by 367 

an elevated stratopause. There was a small jump in    
  from 80 km to 82 km due to this SSW. The 368 

subsequent elevated stratopause, rising from ~40 km to ~80 km (Yamazaki et al., 2025), led to a drop in 369 

   
  to ~76 km at the end of January, followed by a quick recovery to ~80 km in mid-February. 370 

The winter of 2012/2013 was characterized by a powerful major SSW (January 7) followed by an 371 

elevated stratopause rising from ~35 km to ~80 km (Yamazaki et al., 2025). As in the cases of 2006 and 372 

2009, intense variations in the NOCE boundary height at 80°N can be seen: a rapid rise of this 373 

characteristic from ~80 km to ~84.5 km over 3 days, with a subsequent decline below 73 km due to the 374 

elevated stratopause. This event persisted for a considerable time, so the minimum values of    
  lasted 375 

for ~2 weeks before recovery. 376 
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The winter of 2013/2014 was quite calm with a few minor SSWs that did not greatly disturb either 377 

the zonal wind or    
 . Weak variations in    

  can be seen within the range of 78–82.5 km without a 378 

clear correlation with             or                . 379 

The winter of 2014/2015 was characterized by an unusual minor SSW in early January with a 380 

remarkable impact on atmospheric dynamics close to that of a major SSW (Manney, 2015). During this 381 

time, the zonal wind at 10 hPa reversed above 70°N, which lasted for only a few days (see the purple line 382 

in the corresponding panel of Figure 7). Nevertheless, a drop in the stratopause was observed, 383 

accompanied by warming of the mesopause. Thus, the    
  maximum (~84.6 km at 80°N) during this 384 

period was caused by the SSW. Note that this maximum extended from the pole down to 55–60°N (see 385 

Figure 5). The subsequent strengthening of the vortex and its transformation later in January led to 386 

mesopause warming and a drop in    
  below 77 km. 387 

The winter of 2015/2016 was strong and cold (Matthias et al., 2016) with one minor SSW occurring 388 

on 8–9 February. Nevertheless, before this SSW, there were pronounced oscillations in             leading 389 

to variations in    
  in the 78–83 km range. 390 

The winter of 2016/2017 was quite calm with a few minor SSWs that did not greatly disturb either 391 

the zonal wind or    
 . Weak variations in    

  can be seen within the range of 78.5–82.5 km without a 392 

clear correlation with             or                . 393 

In the 2017/2018 winter, there was a strengthening of the stratospheric polar vortex in late 394 

December, which apparently resulted in    
  variations in the 77–82 km range from late December to 395 

early January. A major SSW occurred on 12 February 2018. It was accompanied by mesopause warming 396 

around 80 km (Yamazaki et al., 2025), resulting in a decline in    
  from ~83 km to ~77 km until the end 397 

of February. 398 

In the 2018/2019 winter, a powerful major SSW with a subsequent elevated stratopause occurred on 399 

January 1, but there was a remarkable gap between the times of polar temperature warming and zonal wind 400 

reversal. This is likely the reason why we did not observe a strong    
  rise, as in the previous cases of 401 

2005/2006, 2008/2009, and 2012/2013. On January 9, the stratopause jumped from ~35 to ~80 km 402 

(Yamazaki et al., 2025), warming the mesopause and causing    
  to fall to ~72 km. 403 

The winter of 2019/2020 was characterized by a remarkably strong stratospheric polar vortex due to 404 

unusually weak tropospheric wave activity and wave reflection in the polar upper stratosphere (Lawrence 405 

et al., 2020; Lukianova et al., 2021). During the first decade of January 2020, a latitude-altitude splitting of 406 

the polar vortex occurred, accompanied by periodic accelerations in the zonal wind, causing a drop and 407 

warming of the stratopause, zonal wind disturbances at mesospheric altitudes (see Figure 7 for 2020), and 408 

mesopause cooling with temperature inversion layer formation. This was not a typical SSW caused by 409 

planetary wave breaking. The subsequent strengthening of the vortex and its transformation later in 410 
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January led to mesopause warming and the disappearance of the inversion. Thus, the pronounced pulse-411 

like variation in    
  is a manifestation of the polar vortex's own dynamics, rather than classical warming 412 

due to the breakdown of planetary waves from the troposphere. 413 

In the 2020/2021 winter, a powerful major SSW occurred on January 4, which corresponded to a 414 

noticeable rise in    
  from 79–79.5 km to ~83.5 km and its subsequent return. At the end of January and 415 

the beginning of February, two moderate stratopause elevations were observed, from ~54 to ~75 km and 416 

from ~55 to ~70 km (Yamazaki et al., 2025), which caused two local oscillations in    
  with a drop to 417 

~76 km. 418 

The winter of 2021/2022 was quite calm with a stable polar vortex from December to February, 419 

leading to weak variations in    
  in the 79–83 km range. 420 

The winter of 2022/2023 was characterized by a strong polar vortex from December to the first half 421 

of January, whose strengthening resulted in a drop in    
  from ~81.5 km to ~76 km on January 1. 422 

Subsequent variations in    
  were determined by minor and major SSWs in the second half of January 423 

and mid-February, respectively. 424 

There were a few minor SSWs in the winter of 2023/2024, which did not greatly disturb    
 . One 425 

can see weak variations    
  within the range of 78-82 km without a clear correlation with             or 426 

               . 427 

There were a few minor SSWs in the winter of 2023/2024, which did not greatly disturb    
 . Weak 428 

variations in    
  can be seen within the range of 78–82 km without a clear correlation with             or 429 

               . 430 

The winter of 2024/2025 was quite calm with a stable polar vortex from December to February, 431 

leading to weak variations in    
  in the 78–82.5 km range. 432 

Figures 8–9 present contour maps showing the southern latitude–time evolution of    
  from June to 433 

September between 2002 and 2025. Compared to the Northern Hemisphere maps in Figures 4–5, 434 

significantly weaker    
  variations can be seen. The strongest disturbances was above 60°S during the 435 

winters of 2002, 2004, 2012, 2014, 2017, and 2023. It is well known that southern SSWs are much rarer 436 

than northern ones. A major SSW occurred in 2002, which essentially influenced the Antarctic ozone hole 437 

that year. The SSW of 2019 was minor but exhibited the largest temperature variations ever recorded in the 438 

southern winter polar stratosphere. The winter of 2024 was characterized by two successive minor SSWs 439 

in mid-July and early August. Vincent et al. (2025) identified all southern SSWs between 1998 and 2019 440 

using MERRA-2 data. However, most central dates fall outside the time interval where the satellite 441 

geometry of SABER allows us to determine    
  above 55°S. Figures 10–11 present the time evolution of 442 

   
  at 80ºS together with U60ºS,10hPa and ΔT90-60ºS,10hPa. In addition, we included the temperature at the 0.1 443 
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hPa (            ), calculated using MERRA-2 reanalysis data, as an indicator of lower mesosphere 444 

dynamics, and compared its time evolution with that of    
 . 445 

 446 

Figure 8. Latitude-time evolution of the daily mean NOCE boundary    
  at southern polar latitudes in 447 

different years.  448 
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 449 

Figure 9. Latitude-time evolution of the daily mean NOCE boundary    
  at southern polar latitudes in 450 

different years.  451 
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  452 

  453 

  454 

  455 

  456 

  457 

Figure 10. Time evolution of    
  at 80ºS in different years (black lines with dots). The blue lines show 458 

the zonal mean wind at 60ºS and 10hPa, the red lines show the temperature difference between the pole 459 

and 60ºS at 10hPa.  460 
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  461 

  462 

  463 

 464 

  465 

  466 

Figure 11. Time evolution of    
  at 80ºS in different years (black lines with dots). The blue lines show 467 

the zonal mean wind at 60ºS and 10hPa, the red lines show the temperature difference between the pole 468 

and 60ºS at 10hPa.  469 
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470 

 471 

 472 

Figure 12. Time evolution of    
  at 80ºS (black lines with dots) versus the temperature at 60ºS and 473 

0.1hPa in the selected years. 474 

 475 

The presented time evolution of    
  at 80°S can be classified into one of four types: (1) monotonic 476 

growth, as in 2003, 2009, 2011, 2015, or 2022; (2) a step-like change, as in 2002, or a slope break, as in 477 

2004; (3) an impulse-like disturbance, as in 2012, 2023, or 2024; (4) quasi-periodic oscillations with a 478 

period of ~20–30 days, as in 2014 or 2017. According to Vincent et al. (2025), the central dates of the 479 

minor SSWs in 2002–2019 captured by SABER measurements were 23 August 2002 (day 235 of the year), 480 

2 September 2002 (day 245), 13 September 2002 (day 256), 6 August 2008 (day 218), 2 August 2010 (day 481 

214), 20 August 2012 (day 233), and 7 September 2013 (day 250). Only a minor manifestation of these 482 

events can be seen in the evolution of    
  in Figures 10–11. According to Zi et al. (2025), the central 483 

dates of two minor SSWs in 2024 were 13 July 2024 (day 195 of the year) and 4 August 2024 (day 217). It 484 

can be seen from Figure 11 that the first event corresponded to a local    
  rise from ~77 km to ~82 km, 485 

but the second one did not significantly disturb    
 . A comparison with the temperature at 0.1 hPa (see 486 

Figure 12) shows that many features of the    
  evolution can be explained by the dynamics of the polar 487 

vortex in the lower mesosphere. In particular, the step in    
  in 2002 and the impulse in 2023 were 488 

accompanied by similar behavior of             ; the monotonic growth of    
  in 2003 corresponded to 489 

gradual cooling of the lower mesosphere; the slope break in 2004 showed a strong anticorrelation (with a 490 
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coefficient of ~ -0.8) with             ; and the temperature of the lower mesosphere in 2017 also exhibited 491 

quasi-periodic oscillations with a period close to that of the    
  oscillations. 492 

 493 

6 Discussion 494 

The sharp change in the diurnal oscillations of O and H above 80 km in Figure 1 is caused by the 495 

altitude dependence of the reaction rates that determine the chemical lifetimes of these components. The 496 

main loss processes for O at these altitudes are the reactions O + OH  O2 + H and O + HO2  O2 + OH, 497 

whereas the main loss processes for H are the reactions H+HO2  O2+H2 и H+HO2   O+H2O (Kulikov 498 

et al., 2023b). Kulikov et al. (2023a), based on the equations describing purely chemical O and H nighttime 499 

evolution, evaluated the nighttime lifetimes of O and H: 500 
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where   is the local time,    is the onset of night,  
 

 
 

    

 is the     ratio at the onset of night. Note that 503 

         (see Table 1). Above the NOCE boundary:      
   

         

    
, then  

 

 
 

    

 
        

  . 504 

Moreover, in the transition zone, relative concentration of ozone (    ) begins to increase, forming a 505 

secondary maximum at 90-95 km. This means that the first terms in equations (9-10) increase with altitude 506 

faster than 
 

  , leading to approximately the same altitude dependence for    and   . Thus, the lower mode 507 

of O and H evolution, characterized by deep diurnal oscillations, corresponds to the condition        , 508 

where    is duration of the night, whereas the weak diurnal oscillations of O and H at higher altitudes 509 

correspond to the opposite condition:        . Consequently, the existence of a narrow transition zone 510 

connecting the two modes of O and H oscillations is due to a sharp increase in their lifetimes with 511 

increasing altitude.  512 

In the ozone equilibrium approximation, criterion (5) can be rewritten as follows: 513 

                 
     

  
         

 

    
    . (11) 514 

It can be seen that the Cr=0.1 contour corresponds to the following expression: 515 

                    
     

  
        , (12) 516 

which imposes strong constraints on the O concentration at the NOCE boundary. Note that the product 517 

        is the dominant term of this relation, which also determines the lifetimes of O and H in (9-10). 518 

As can be seen from Figure 1, at the beginning of the night, the NOCE boundary lies in the region 519 

exhibiting deep diurnal O oscillations. However, since the O concentration at these altitudes drops by 1–2 520 

orders of magnitude or more during the night, the NOCE boundary, according to Equation (12), must 521 
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inevitably rise to those altitudes where a high O concentration persists at the end of the night, i.e., in the 522 

region of weak diurnal variations of this component. This is why, during each night, the        contour 523 

cuts through the transition zone, passing from its lower part to the upper one, and clearly captures its main 524 

features (local position and thickness). 525 

The analysis presented in Section 5 shows that the most pronounced variability of the NOCE 526 

boundary at north polar latitudes occurs during and after strong SSWs with subsequent elevated 527 

stratopause events. Just prior to or directly during such warming, the daily mean boundary near the North 528 

Pole can jump to 87 km, and local values may be even higher, up to 90-92 km. This means that during 529 

these periods, methods for retrieving poorly measured mesopause characteristics (in particular, O), based 530 

on the ozone equilibrium condition, may yield significant uncontrolled errors below these altitudes due to 531 

the breakdown of this equilibrium. At the same time, immediately after such SSWs, the NOCE boundary 532 

rapidly drops down up to 72-74 km and can remain there for a long time.  533 

Thus, during an elevated stratopause event, the altitude range over which the ozone equilibrium 534 

condition is well satisfied is significantly expanded and can be used for retrieving O and other 535 

characteristics well below 80 km. Furthermore, according to Equation (12), such strong variations (first 536 

upward, then downward) of the NOCE boundary during such SSWs should reflect specific features of the 537 

dynamics of the vertical profile of O and the airglow emissions caused by Ox-HOx chemistry. Figure 13 538 

presents the evolution of these characteristics in January–February 2009 at ~80°N, simulated using data 539 

from the Canadian Middle Atmosphere Model. It can be seen that the NOCE boundary closely follows the 540 

variability of the median vertical distributions of O and the volume emission rates of OH(v=1-9), O(
1
S), 541 

and O2(b
1  

 ). Thus, we can assume that the boundary can be used to monitor significant disturbances in 542 

both the Ox–HOx components and the airglows generated by physicochemical processes involving them. 543 
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 544 

Figure 13. Time evolution of vertical distributions of O and the volume emission rates of OH(6-2), O(
1
S) 545 

at 557.7 nm, and O2(b
1  

 ) at 762 nm (Atmospheric Band) at ~80°N in January–February 2009, simulated 546 

using data from the Canadian Middle Atmosphere Model. The black dotted lines show the medians of the 547 

presented vertical distributions, magenta line shows the NOCE boundary. 548 

 549 

7 Conclusions 550 

As at mid- and low latitudes, the NOCE criterion clearly indicates the local position and thickness of 551 

the transition zone separating deep and weak photochemical oscillations of O and H caused by the diurnal 552 

variations in solar radiation. This is due to the strong dependence of the NOCE boundary position on the 553 

altitude of the layer characterized by a relatively high O concentration. During the polar night, the 554 

transition zone effectively "degenerates" into a step in the vertical profiles of these components, and the 555 

NOCE criterion identifies the altitude of this step.  556 

The most pronounced variability of the NOCE boundary at northern polar latitudes is observed 557 

during and after strong SSWs with subsequent stratopause elevation events. Just prior to or directly during 558 
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such warmings, the daily mean altitude of the boundary near the North Pole can jump to 87 km, while local 559 

values can be even higher, up to 90–92 km. Immediately after such SSWs, the NOCE boundary rapidly 560 

descends to 72–74 km and can remain there for a long time. Thus, the altitude range where the ozone 561 

equilibrium condition is valid to determining O and other mesopause characteristics changes significantly 562 

during such events. Model studies of 2009 winter show the NOCE boundary well repeat the variability of 563 

the medians of the vertical distributions O and volume emission rates of OH(v=1-9), O(
1
S), and O2(b

1  
 ).  564 

At southern polar latitudes, variations in the NOCE boundary values during winter are significantly 565 

weaker than at northern latitudes. These variations are generally unrelated to minor SSWs during these 566 

years, but can be explained by the dynamics of the polar vortex in the lower mesosphere. 567 
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