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Highlights: 36 

1. The 2020 summer season revealed frequent NLCs in the NH at middle latitudes 37 

2. A moderate decrease in summer mesopause temperature was observed between 2016-2020 38 

3. H2O mixing ratio in the upper mesosphere increased in summer 2020 compared to 2017 39 

4. The 2020 H2O maximum can be explained by a maximum in volcanic activity in 2015 40 

 41 

Abstract 42 

The 2020 summer season has revealed frequent occurrences of noctilucent clouds (NLCs) around 43 

the Northern hemisphere at middle latitudes (45-55°N), with the lowest latitude at which NLCs 44 

were seen being 34.1°N. In order to investigate a reason for this NLC extraordinary summer 45 

season, we have analyzed long-term Aura/MLS satellite data for all available summer periods 46 

from 2005 to 2020. Both Aura/MLS summer temperature and water vapor in the upper 47 

mesosphere and the mesopause region, between 74 and 89 km altitude, have been considered. We 48 

have found that there has been a moderate decrease in the upper mesosphere temperature between 49 

2016 and 2020 and no dramatic changes have been observed in temperature in the summer of 50 

2020 at the middle latitude mesopause. At the same time, water vapor concentration has 51 

significantly increased (by about 12-15%) in the zonal mean H2O value in the 2020 summer 52 

compared to 2017, meaning that the summer mesopause at middle latitudes has become more wet. 53 

At the same time, no increase in water vapor has been detected at the high latitude high altitude 54 

mesopause. A combination of lower mesopause temperature and water vapor concentration 55 

maximum at middle latitudes is the main reason for frequent and widespread occurrences of NLCs 56 

seen around the globe at middle latitudes in the summer of 2020. The 24th solar cycle minimum 57 

cannot explain the H2O maximum in 2020 since the correlation between Lyman-α flux and the 58 

amount of water vapor is low. The increase in volcanic activity from 2013 to 2015 (and its recent 59 

maximum occurred in 2015) explains the increased amount of water vapor in the upper 60 

mesosphere for the past years and its maximum in 2020 due to volcanic water vapor being 61 

injected into the atmosphere and transported into the upper mesosphere. The 5-year delay between 62 

volcanic activity and water vapor maximum is well explained by a general meridional-vertical 63 

atmospheric circulation. 64 

 65 
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1. Introduction 70 

The highest clouds in the Earth’s atmosphere are noctilucent clouds (NLCs) formed around 71 

the mesopause region at 80–90 km altitudes. The clouds are a beautiful nighttime optical 72 

phenomenon occurring during the summer months at middle, subpolar and high latitudes. NLCs 73 

consist of water ice particles of 30–100 nm in radius that scatter sunlight and thus NLCs are 74 

readily seen within the arc of twilight from middle of May until end of August (Gadsden and 75 

Schröder, 1989).  76 

Satellite observations have discovered polar mesospheric clouds (PMCs) covering almost the 77 

entire polar mesopause region poleward of ±70° latitude during summertime (Donahue et al., 78 

1972; Thomas, 1984; Russell III et al., 2009). Sometimes, some areas or “patches” of PMCs 79 

(similar to icebergs separating from a continental ice sheet) extend to mid-latitudes and become 80 

visible from the Earth’s surface as NLCs. A number of NLC observations were from as far south 81 

as at latitudes of 39-42°N (Taylor et al., 2002; Wickwar et al., 2002; Herron et al., 2007; Nielsen 82 

et al., 2011). A great enhancement of NLCs was noticed in July 2009 at middle latitudes: NLCs 83 

were seen in many countries in Europe and as far south as Palmela (Portugal) and Colorado 84 

(USA) at ~39°N (Nielsen et al., 2011). A single NLC observation was observed from Hokkaido, 85 

Japan (43.2–44.4°N) in June 2015 (Suzuki et al., 2016). Occasional NLC observations at mid-86 

latitudes, limited in space and time, have not allowed us to resolve the main source of NLC 87 

formation and variability at mid-latitudes so far. Hultgren et al. (2011) have demonstrated that 88 

NLC enhancements observed in July 2009 were produced locally due to cold mesopause 89 

temperatures provided by lower average mesopause temperature (compared to previous years), 90 

diurnal tides and large-scale planetary waves, with the NLC/PMC transport from polar to middle 91 

latitudes being questionable because of a short life-time of visible (bright) NLCs. However, 92 

Nielsen et al. (2011), studying the same NLC increase in July 2009, have found those bright NLCs 93 

occurred due to a combination of additional wave cooling (the 2-, 5- and 16-day planetary waves) 94 

and advection of NLCs from higher to middle latitudes. Gerding et al. (2013a,b) have analyzed 95 

long-term midlatitude lidar measurements of NLCs at Kühlungsborn, Germany (54°N).They have 96 

also found an NLC maximum in 2009 with a rate of 19%. 97 

In the present study, we report on the latest outbreak of NLC activity, which happened in the 98 

summer of 2020 at middle northern latitudes. We focus our investigation on NLC sightings seen at 99 

latitudes below 50°N by analyzing various NLC databases. An analysis of Aura satellite data 100 

(temperature and water vapor) for summers 2005–2020 is applied to different latitudes and 101 

altitudes in the upper mesosphere and the mesopause region in order to establish a reason for the 102 
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2020 extraordinary NLC season. Solar and volcanic activities are considered to investigate their 103 

roles in the budget of water vapor in the upper mesosphere.   104 

 105 

2. Data Source 106 

Various ground-based NLC observations around the world have been considered in order to 107 

compare the latest outbreak of NLCs happening in the summer of 2020. We have analyzed the 108 

North America (Canada and USA, CAN AM, https://www.researchgate.net/profile/M-109 

Zalcik/research) NLC database for the period of 2005–2020, the West European NLC database for 110 

2005–2020 (http://ed-co.net/nlcnet/pos15-may) as well as the Russian NLC database for 2009–111 

2020 (http://meteoweb.ru/astro/nlc/reports.php). Most of the NLC observations in these countries 112 

have been conducted by professional NLC observers for many years, and most NLC reported are 113 

accompanied by photographic registrations (the reader can find details of NLC observations on 114 

these web resources). Note that part of these NLC observations include monitoring by high 115 

quality automated digital cameras, taking images of the night sky every minute during entire 116 

summer season, which are situated through the entire Northern Hemisphere (Dalin et al., 2008; 117 

Dubietis et al., 2011). 118 

The Microwave Limb Sounder (MLS) radiometer onboard NASA Aura satellite is used as a 119 

source of temperature and water vapor data (Waters et al., 2006). On 15 July 2004, Aura was 120 

launched into a near-polar (98° inclination), sun-synchronous orbit 705 km above the Earth, with 121 

ascending and descending equator-crossing times at 13:45 and 01:45 local time, respectively. The 122 

orbital period is about 100 minutes. Since the Aura orbit is nearly fixed in solar local time, Aura 123 

makes measurements for a given point in the atmosphere twice a day (ascending and descending 124 

transversals); the number of orbits per day is around 14.6. The temperature and water vapor data 125 

of the MLS instrument from 25 May to 13 August from 2005 to 2020 are used in this study. The 126 

description on the MLS temperature product and its validation can be found in Froidevaux et al. 127 

(2006) and Schwartz et al. (2008). The validation of water vapor data is described in detail by 128 

Read et al. (2007) and Lambert et al. (2007). The Aura/MLS temperature and water vapor of 129 

ver.4.23 and level 2 data quality have been obtained from the NASA public web-site: 130 

https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_MLS_Level2/ 131 

 132 

3. Method of Analysis 133 

The Aura/MLS instrument measures temperature and water vapor on the day and night side of 134 

the Earth (twice a day at each longitude). The temperature in the upper mesosphere experiences 135 

large diurnal variations due to solar tides of about 5–15 K between 60° and 50°N (Hultgren et al., 136 
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2011). That is why we analyze nighttime temperature corresponding to a colder phase of solar 137 

tides (Stevens et al., 2017) and nighttime water vapor measurements to use those most likely 138 

related to the formation and existence of NLCs at middle latitudes. Nighttime values of neutral 139 

temperature and water vapor have been averaged over the following latitudes bands: 45–50°, 50–140 

55° and 55–60°N. Zonal mean temperature and water vapor values have been considered for the 141 

following four pressure levels: 0.0215 hPa (about 74 km), 0.01 hPa (about 79 km), 0.0046 hPa 142 

(about 84 km), and 0.0022 hPa (about 89 km). 143 

Since temperature variations exhibit a decrease/increase in the first/second half of a summer, 144 

an inverse Gaussian fit in the least-square sense has been estimated to temperature variations for 145 

each summer season of 2005–2020, with a summer season being considered between 25 May and 146 

13 August. Water vapor behaves, generally, in opposite way, that is there is an increase/decrease in 147 

the first/second half of a summer season. That is why a Gaussian fit has been estimated in the 148 

least-square sense to H2O volume mixing ratio variations for each analyzed summer season. The 149 

volume mixing ratio of H2O defines the fractional concentration of water vapor as the number of 150 

H2O molecules per million air molecules and expressed in units of parts per million by volume 151 

(ppmv). An example of temperature and water vapor data at the latitude band of 45-50°N at 152 

0.0046 hPa for the 2009 summer is illustrated in Fig. 1. As a result, we further analyze three 153 

different statistical parameters of temperature and water vapor measurements:  154 

a) mean of zonal mean nighttime temperatures and water vapor for a summer season (25 May 155 

– 13 August);  156 

b) minimum / maximum value of zonal mean nighttime temperature / water vapor data, 157 

respectively, for a summer season;  158 

c) minimum / maximum value of a Gaussian fit to temperature / water vapor data, 159 

respectively, for a summer season. 160 

 161 
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 162 
Figure 1. An example of Aura/MLS data shown at the latitude band of 45-50°N at 0.0046 hPa 163 

(about 84 km) during the summer time between 25 May and 13 August 2009. (Upper panel) Zonal 164 

mean nighttime temperatures (the black line with dots), the red curve represents an inverse 165 

Gaussian fit to the data, the green dot shows the minimum of a Gaussian fit. (Lower panel) Zonal 166 

mean nighttime H2O mixing ratio values (the black line with dots), the red curve shows a 167 

Gaussian fit to the data, the green dot marks the maximum of a Gaussian fit. 168 

 169 

4. Results 170 

4.1. Results on noctilucent clouds activity 171 

The outstanding 2020 NLC season started with early observations of NLCs on 22/23, 23/24 172 

and 24/25 May seen from many sites in Russia. On 29/30 May, NLCs were registered at Ft. 173 

Chipewyan, Stony Rapids and Key Lake in Canada (57-59°N). At middle latitudes (~47°N), NLC 174 

were first seen from Switzerland on 30/31 May (see https://www.foto-175 
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webcam.eu/webcam/pizol/2020/05/31/0340). Then NLCs were observed nearly every night at the 176 

beginning of June 2020 from North America (as south as Logan, Utah, 41.7°N). 177 

A remarkable feature of the 2020 summer season is that NLC displays were seen from 178 

Hokkaido (Japan) at latitudes between 43° and 44°N in the middle of June (12, 13, 14) and on 18 179 

July. Note that before the 2020 summer, NLCs were observed from Hokkaido only once, on 21 180 

June 2015, in spite of the fact that NLC observations are conducted every summer from 2010 with 181 

multiple automated cameras located at Hokkaido (Suzuki et al., 2016). Thus, NLC events seen 182 

four times from Hokkaido are an extraordinary feature of the 2020 summer season. An example of 183 

the NLC display seen from Hokkaido on 18/19 June 2020 is shown in Fig. 2. 184 

Note that at higher latitudes of 55-60°N, NLC activity behaved differently from site to site. 185 

For example, maxima in the NLC occurrence number have been observed in Edmonton (Alberta, 186 

Canada, ~53°N) with 28 NLC cases in 2020, and in Lithuania (54-55°N) with 42 NLC cases in 187 

2020 in the past 30 years, whereas NLC activity had no maximum in 2020 as seen from the 188 

Moscow region (55-56°N) in the past 60 years, taking into account tropospheric weather 189 

conditions. The reason for this will be addressed in the Discussion. At the same time, a maximum 190 

in NLC sightings (73 cases) has been registered in North America as observed from many sites, 191 

meaning that NLCs were seen on almost every night in the 2020 summer across North America. 192 

The farthest-south NLC display was evident on 3/4 July from Joshua Tree, California, USA at 193 

34.1°N. The 2020 NLC season lasted for a long time until 19/20 August as evident from an 194 

observation on that date in Cape Dorset in Canada (64.2°N). There was also an unusually late 195 

NLC sighting on 13/14 August as seen from the Moscow Region (56°N). 196 

 197 
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Figure 2. An example image of noctilucent clouds as seen from Hokkaido, Japan (44.3°N, 198 

142.2°E) on the night of 17/18 July 2020. Comet NEOWISE is clearly seen in the image. The 199 

NLC photograph taken from Hokkaido has been provided by a staff of Nayoro astronomy 200 

observatory, Mr. Fumitake Watanabe. 201 

 202 

We have carefully analyzed three NLC databases: North America (Canada and USA), Western 203 

Europe and Russia for the period of 2005–2020. For consistency purposes, the number of NLC 204 

sightings observed at latitudes below 50°N has been counted, which is shown in Fig. 3. One can 205 

clearly see that all three databases demonstrate the maximum of NLC sightings in 2020, with 206 

significantly increased NLC numbers by North America and Russian observations (the black and 207 

blue lines).  208 

 209 

 210 
Figure 3. The number of displays of noctilucent clouds as observed from latitudes below 50°N as 211 

a function of time. The black line with triangles shows NLC displays as observed in North 212 

America (Canada and USA observations), the blue line with open circles illustrates NLC sightings 213 

as observed from Russia, the red line with dots is NLC events as seen from Western Europe. 214 

 215 

4.2. Results on temperature and water vapor analysis 216 

Figures 4 and 5 illustrate three different statistical parameters of Aura/MLS temperature time 217 

series for 2005–2020 as described in section 3. Figure 4 demonstrates a general decrease in 218 
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temperature starting from 2016/2017 until 2020. One can also see a temperature minimum in 2009 219 

(Fig. 4b,d,f) as previously discussed in the literature (Hultgren et al., 2011; Nielsen et al., 2011). 220 

The most significant decrease in temperature has been observed at the latitude bands of 50-55° 221 

and 55-60°N at the lowest considered pressure level of 0.0215 hPa (Fig. 4c,e), with the lowest 222 

temperature values observed in all three statistical parameters in the 2020 summer. At the bottom 223 

of the mesopause region (0.01 hPa, about 79 km), the 2020 temperature drop is rather moderate, 224 

having about the same values as ones observed in 2009. 225 

 226 

2004 2006 2008 2010 2012 2014 2016 2018 2020

164

166

168

170

172

174

176

178

180

182

T
 [K

]

45−50°N,  H=0.0215 hPa

 

 

2004 2006 2008 2010 2012 2014 2016 2018 2020

150

152

154

156

158

160

162

164

166

168

170

T
 [K

]

45−50°N,  H=0.01 hPa

 

 

Years

2004 2006 2008 2010 2012 2014 2016 2018 2020

164

166

168

170

172

174

176

178

180

182

50−55°N,  H=0.0215 hPa

 

 

2004 2006 2008 2010 2012 2014 2016 2018 2020

150

152

154

156

158

160

162

164

166

168

170

50−55°N,  H=0.01 hPa

 

 

Years

2004 2006 2008 2010 2012 2014 2016 2018 2020

164

166

168

170

172

174

176

178

180

182

55−60°N,  H=0.0215 hPa

 

 

2004 2006 2008 2010 2012 2014 2016 2018 2020

150

152

154

156

158

160

162

164

166

168

170

55−60°N,  H=0.01 hPa

 

 

Years

b

a c

d

e

f

 227 
Figure 4. Aura/MLS temperature time series for summer periods of 2005–2020 at different 228 

latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0215 hPa (about 74 km) and 0.01 229 

hPa (about 79 km). The black line indicates a minimum value of the zonal mean nighttime 230 

temperature for a summer season (between 25 May and 13 August), the red line is a minimum 231 

value of an inverse Gaussian fit, the blue line shows the mean of the zonal mean nighttime 232 

temperature for a summer period. Error bars indicate one standard deviation for each point. 233 

 234 
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Figure 5 shows a complicated temperature behavior at 0.0046 hPa (about 84 km) and 0.0022 235 

hPa (about 89 km) pressure levels for summers 2005–2020. At 45-50° and 50-55°N latitude bands 236 

at 0.0046 hPa (Fig. 5a,c,e), a general temperature decrease has been observed since 2014-2016; 237 

however the temperature in the summer 2020 (different statistical parameters) was not the lowest 238 

one for the considered time interval of 2005–2020. The lowest temperatures were observed in the 239 

summer of 2008, 2009, 2010 and 2019, depending on latitude band and temperature statistical 240 

parameters. At the pressure level of 0.0022 hPa (Fig. 5b,d,f), the summer temperatures have been 241 

increasing since 2017 and no dramatic changes have been observed in the 2020 summer 242 

temperature at this altitude, which is the top of the summer mesopause region. 243 
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 244 
Figure 5. Aura/MLS temperature time series for summer periods of 2005–2020 at different 245 

latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0046 and 0.0022 hPa. The black 246 

line indicates a minimum value of the zonal mean nighttime temperature for a summer season 247 

(between 25 May and 13 August), the red line is a minimum value of an inverse Gaussian fit, the 248 

blue line shows the mean of the zonal mean nighttime temperature for a summer period. Error 249 

bars indicate one standard deviation for each point. 250 

 251 
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Figures 6 and 7 illustrate three different statistical parameters of Aura/MLS water vapor time 252 

series for 2005–2020 as described in section 3. Figure 6 demonstrates a strong increase in the 253 

water vapor concentration between 2017 and 2020 at all considered latitude bands (45-50; 50-55; 254 

55-60°N) at two pressure levels of 0.0215 and 0.01 hPa. All statistical parameters show the 255 

highest values in the H2O concentration in the last 16 years occurring in the summer of 2020. 256 

Starting from the summer 2017, the H2O mixing ratio has increased by about 12-15% in the zonal 257 

mean value, depending on a latitude band and altitude, meaning that the upper mesosphere at 258 

these latitudes and altitudes has become more wet. 259 
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 260 
Figure 6. Aura/MLS water vapor mixing ratio [ppmv] time series for summer periods of 2005–261 

2020 at different latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0215 hPa (about 262 

74 km) and 0.01 hPa (about 79 km). The black line indicates a maximum value of the nighttime 263 

H2O zonal mean for a summer season between 25 May and 13 August, the red line is a maximum 264 

value of a Gaussian fit, the blue line shows the mean of the nighttime H2O zonal mean for a 265 

summer period. Error bars indicate one standard deviation for each point. 266 

 267 

https://doi.org/10.5194/angeo-2021-28
Preprint. Discussion started: 10 June 2021
c© Author(s) 2021. CC BY 4.0 License.



 12

Figures 7a and 7c illustrate that the maximum in the water vapor concentration has occurred in 268 

the 2020 summer at the latitude band of 45-50°N and might be at 50-55°N at the pressure level of 269 

0.0046 hPa. However, at 55-60°N, the H2O maximum occurred in 2018-2019, depending on the 270 

statistical parameters (Fig. 7e). At the same time, there was no H2O increase in 2020 at the higher 271 

level of 0.0022 hPa at all considered latitudes (Fig. 7b,d,f); here the highest H2O maxima in 16 272 

years were observed in 2018-2019. In general, no dramatic changes in water vapor concentration 273 

have been observed at pressure levels of 0.0046 and 0.0022 hPa for the period of 2005–2020. 274 
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 275 
Figure 7. Aura/MLS water vapor mixing ratio [ppmv] time series for summer periods of 2005–276 

2020 at different latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0046 hPa (about 277 

84 km) and 0.0022 hPa (about 89 km). The black line indicates a maximum value of the nighttime 278 

H2O zonal mean for a summer season between 25 May and 13 August, the red line is a maximum 279 

value of a Gaussian fit, the blue line shows the mean of the nighttime H2O zonal mean for a 280 

summer period. Error bars indicate one standard deviation for each point. 281 

 282 

4.3. Results on the relationship between solar activity and the water vapor concentration 283 

maximum in 2020. 284 

https://doi.org/10.5194/angeo-2021-28
Preprint. Discussion started: 10 June 2021
c© Author(s) 2021. CC BY 4.0 License.



 13

 285 

The recently past 24th solar activity cycle has demonstrated the lowest solar activity in the last 286 

60 years as illustrated in Fig. 8, which shows summer mean solar Lyman alpha flux data obtained 287 

from the LASP Interactive Solar Irradiance Datacenter (LISIRD) at http://lasp.colorado.edu/lisird. 288 

In the present analysis, we use time series of the Lyman α flux at 121.6 nm as a proxy for solar 289 

activity. 290 

 291 
Figure 8. Summer mean values of solar Lyman-α flux for the period of 1947–2020. 292 

 293 

It is well-known that Lyman alpha radiation photodissociates water molecules hence 294 

decreasing the amount of water vapor in the upper mesosphere and the mesopause region 295 

(Brasseur and Solomon, 1986). From this point of view, one can anticipate an anticorrelation 296 

behavior between solar Lyman-α flux and amount of water vapor in the mesopause region. Since 297 

there was the lowest solar activity in the last 60 years occurred in the summers of 2019 and 2020, 298 

one can expect highest values of water vapor concentration in the summer mesopause in 2019 and 299 

2020. We can check this hypothesis by applying the relationship between water vapor 300 

measurements and solar activity in a form of the multiple regression analysis (MRA):   301 

 302 

)()2005(2 1211101 lagLya ttFCtCCOH −⋅+−⋅+=      (1) 303 
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where H2O is the summer mean water vapour mixing ratio per each year, FLya is the Lyman α flux 304 

averaged over each summer season (June-July), t is the time, C01 is the regression constant; C11 is 305 

the regression coefficients characterizing the linear long-term trend (H2O/yr), C21 is the solar 306 

activity term (H2O/ per solar Lyman-α flux units, SFU, 1 SFU is 1011 photons s-1cm-2),  tlag1 is the 307 

phase time lag between water vapor and solar activity. A similar MRA technique has been 308 

frequently utilized in geophysical data analysis (Dalin et al., 2020; DeLand and Thomas, 2019; 309 

Dubietis et al., 2010; Kirkwood et al., 2008; Pertsev et al., 2014). 310 

Figure 9 demonstrates the relationship between water vapour and solar activity for 2005–311 

2020. Figure 9a shows a cross-correlation coefficient as a function of time lag, which is very low 312 

varying between 0 and –0.2. Figure 9b shows the maximum H2O value of a Gaussian fit estimated 313 

at middle latitudes 50-55°N and at pressure level of 0.01 hPa (see the red line in Fig. 6d) as well 314 

as the model regression curve (the black line) as calculated using equation 1. We choose a time 315 

lag (tlag1) equal to zero years for the C21·FLya term as calculated from the cross-correlation analysis 316 

between water vapor measurements and Lyman-α time series for 2005-2020. The choice of solar 317 

time lag does not influence the obtained results since the correlation between Lyman-α flux and 318 

water vapor is very low. After the subtraction of the solar term from water vapor measurements 319 

using equation 1, we arrive at H2O residuals shown in Fig. 9c.  320 
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 321 
Figure 9. Relationship between water vapor and solar activity for 2005–2020. Solar activity is 322 

represented by Lyman-α flux measurements. (a) cross-correlation coefficient as a function of time 323 

lag. (b) the red line shows the maximum value of H2O mixing ratio of a Gaussian fit estimated at 324 

middle latitudes 50-55°N at 0.01 hPa (the red line in Fig. 6d), the black line is the model 325 

regression curve estimated using equation 1. (c) H2O mixing ratio residuals after the subtraction 326 

of the solar term and the regression constant C01 from water vapor measurements (see text).  327 

 328 

One can clearly see that the 2020 water vapor maximum is still present after the subtraction of 329 

solar impact, which was in any case minimal. It means that the 24th solar minimum was not 330 

responsible for the observed water vapor maximum in the 2020 summer. There should be another 331 
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source of the 2020 water vapor maximum observed at middle latitudes in the upper mesosphere, 332 

which is discussed in the next section. 333 

  334 

4.4. Results on the relationship between volcanic activity and the water vapor concentration 335 

maximum in 2020 336 

Water vapor is one of the major volcanic gases and one might expect a potential influence of 337 

volcanic activity on the humidity level at the mesopause region via intrusions of volcanic water 338 

vapor into the stratosphere and their successive transport to the mesopause region by means of a 339 

general meridional atmospheric circulation. Unfortunately, there are no reliable estimations of the 340 

amount of volcanic water vapor injected into the atmosphere so far. Fortunately, there are satellite 341 

measurements of sulfur dioxide (SO2), being a major volcanic gas as well. Below we consider 342 

SO2 volcanic emissions injected into the atmosphere as a proxy for volcanic activity related to the 343 

present study. 344 

We have used quantitative information on global volcanic activity represented by a long-term 345 

database of the volcanic SO2 emission derived from ultraviolet satellite measurements from 1978 346 

to 2019. The data (version 3) represent best estimates of the volcanic contribution to global 347 

atmospheric SO2 concentrations (Carn et al., 2015; Carn, 2019) and can be downloaded from GES 348 

DISC Dataset: https://disc.gsfc.nasa.gov/datasets/MSVOLSO2L4_3/summary.  349 

This database contains information on SO2 plume altitudes varying from 2 to 28 km. Since 350 

several tens of volcanic eruptions occur each year, we have selected volcanic eruptions having 351 

SO2 plume altitudes greater than 10 km in order to facilitate intrusions of SO2 emissions (and 352 

probably volcanic water vapor) directly into the stratosphere in order to overcome a well-known 353 

freeze-drying water vapor effect at the tropopause region (Pinto et al., 1989; Brasseur and 354 

Solomon, 1986; Siebert et al., 2010). Then selected SO2 plume altitudes (higher 10 km) have been 355 

averaged for each year to produce annual mean volcanic eruption altitudes. The result of these 356 

calculations is illustrated in Fig. 10, in which we can see the mean altitude maximum in 1991 due 357 

to the great Pinatubo eruption. Also, there is a secondary maximum in the volcanic activity 358 

recently happened in 2015 due to powerful high altitude volcanic eruptions that occurred in Italy, 359 

Chile, Ecuador, Papua New Guinea and Kamchatka. Below we concentrate on the analysis of 360 

recent volcanic activity from 2000 to 2019, which is related to the analyzed water vapor 361 

measurements for 2005–2020.  362 
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 363 
Figure 10. Time series of volcanic activity for 1978-2019, represented by annual mean SO2 plume 364 

eruption altitudes per each year. Volcanic eruptions having SO2 plume altitudes greater than 10 km 365 

have been selected for the analysis (see text). 366 

 367 

We apply the MRA technique again as described above for solar activity, and now we add a 368 

volcanic activity term HSO2: 369 

)()()2005(2 22321221202 lagSOlagLya ttHCttFCtCCOH −⋅+−⋅+−⋅+=   (2) 370 

HSO2 is the annual mean observed SO2 plume altitude, C32 is the regression coefficient for volcanic 371 

activity (H2O/ km), H2O is the summer mean water vapour mixing ratio per each year, FLya is the 372 

Lyman α flux averaged over each summer season (June-July), t is the time, C02 is the regression 373 

constant; C12 is the regression coefficients characterizing the linear long-term trend (H2O/yr), C22 374 

is the regression coefficient for solar activity, tlag1 is the phase time lag between water vapor and 375 

solar activity, tlag2 is the phase time lag between water vapor data and volcanic activity. We choose 376 

a fixed time lag equal to zero years for the solar activity term since there is no dependence 377 

between water vapor amount and solar activity at the mesopause as found in the previous section. 378 

The tlag2 value for the C32 coefficient is a variable parameter from 0 to 7 years since it is a 379 

completely unknown quantity between the mesopause water vapor and volcanic activity so far.  380 

Figure 11 demonstrates the relationship between water vapour and SO2 volcanic activity for 381 

2005–2020. Figure 11a shows a moderate cross-correlation coefficient as a function of time lag, 382 
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having a maximum of +0.53 at the lag of 5 years (the black line). This correlation coefficient is 383 

significantly greater (by absolute value) than the cross-correlation coefficient between H2O and 384 

solar activity (0÷ –0.2) found in the previous section. The red line illustrates the cross-correlation 385 

coefficient after shifting volcanic data by 5 years back in time, having now maximum at zero 386 

years.  387 

 388 
Figure 11. Relation between Aura/MLS water vapor (at 0.01 hPa at 50-55°N) and SO2 plume 389 

emission altitude. (a) The black line shows a cross-correlation coefficient between water vapour 390 

and SO2 altitude as a function of time lag in years. The red line illustrates the cross-correlation 391 

coefficient after shifting the volcanic SO2 data by 5 years back in time. (b) The red line is the 392 

maximum value of H2O mixing ratio of a Gaussian fit estimated at the middle latitudes 50-55°N at 393 
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0.01 hPa (see the red line in Fig. 6d) as well as the model regression curve (the black line) using 394 

equation 2, with the volcanic data being shifted by 5 years back. (c) H2O mixing ratio residuals 395 

after the subtraction of the SO2 volcanic term, shifted by 5 years back in time, the solar term 396 

)( 122 lagLya ttFC −⋅  and the regression constant C02 from water vapor measurements (see equation 397 

2). 398 

 399 

We use the found time lag of 5 years in further analysis and in the Discussion. Figure 11b 400 

demonstrates the maximum H2O mixing ratio value of a Gaussian fit estimated at the middle 401 

latitudes 50-55°N at 0.01 hPa (see the red line in Fig. 6d) as well as the model regression curve 402 

(the black line) using equation 2, with volcanic data being shifted by 5 years back. One can 403 

clearly see that now there is a perfect match between the model estimation and actual water 404 

vapour measurements in 2019 and 2020. After the subtraction of the C32·HSO2 volcanic term from 405 

water vapor measurements, the solar term )( 122 lagLya ttFC −⋅  and regression constant C02, H2O 406 

mixing ratio residuals are shown in Fig. 11c, demonstrating that there is no water vapor maximum 407 

in 2020 anymore. This confirms that high volcanic activity occurring in 2015 was one of the 408 

major sources of the observed water vapor maximum in the 2020 summer mesopause, those 409 

physical mechanisms being addressed below in the Discussion. At the same time, these two water 410 

vapour residual points (2019 and 2020) are not equal to zero since there is a clear positive trend in 411 

the amount of water vapor since 2010, which is explained by neither SO2 volcanic data nor solar 412 

activity. There should be another atmospheric process responsible for the observed positive trend 413 

in water vapor at the summer mesopause, which might be related to the increase in methane 414 

concentration, leading to increasing H2O in the middle atmosphere (Thomas and Olivero, 2001). 415 

The exact reason for the observed positive trend in the H2O concentration is beyond the scope of 416 

the present paper. 417 

 418 

5. Discussion 419 

Noctilucent clouds observed at mid-latitudes are supposed to be more sensitive to any 420 

temperature and water vapor changes than NLCs at high latitudes since there are no highly 421 

saturated conditions at the summer mesopause at middle latitudes, i.e., when temperature is not far 422 

below the frost point (Russell III et al., 2014). It is poorly understood what processes are 423 

responsible for such icy patches at mid-latitudes at the summer mesopause. Occasional NLC 424 

observations at mid-latitudes can have different and even contradictory atmospheric mechanisms 425 

discussed in the literature. Indeed, Hultgren et al. (2011) have found that NLC enhancements 426 

observed in July 2009 were caused mainly by “a combination of local temperature variations by 427 

https://doi.org/10.5194/angeo-2021-28
Preprint. Discussion started: 10 June 2021
c© Author(s) 2021. CC BY 4.0 License.



 20

diurnal tides, favorably located large-scale planetary waves, and general mesospheric 428 

temperature conditions below the average compared to previous years. The transport of NLC 429 

particles from higher latitudes has also been investigated but does not seem to be probable 430 

because of the short life-time of the visible clouds and hence the short distance traveled during the 431 

time period of existence”. However, Nielsen et al. (2011), investigating the same NLC increase in 432 

July 2009, have demonstrated that “These clouds occur due to a combination of advection from 433 

higher and colder latitudes, and in situ wave growth. The 5-day wave was the most dominant 434 

driver behind these clouds”. Herron et al. (2007) have come to the conclusion that the middle 435 

latitude NLC display observed above Logan, Utah (41.7°N) on 22 June 1995, was produced by 436 

the combined effect of a gravity wave (ether orographic or convective source) and the diurnal tide 437 

to give rise to low enough temperatures to form the observed NLC event. Gerding et al. (2013b) 438 

have concluded that NLC occurrence above Kühlungsborn (54°N) is most likely related to 439 

temperature variation by planetary waves and is less influenced by tidal temperature disturbances. 440 

Thus, the 2020 middle latitude NLC displays might be locally formed as well as being advected 441 

from higher to middle latitudes due to a great variety of atmospheric waves (gravity, planetary 442 

waves and tides), with a combination of the decreased temperature and the increased water vapor 443 

concentration at the bottom of the mesopause region. 444 

Figures 4 and 5 demonstrate a slight drop in temperature at latitude bands of 45-50°N and 50-445 

55°N at altitudes of 0.0215, 0.01 and 0046 hPa. The gradual temperature lessening started in 446 

2016/2017 and lasted until 2020, with relative temperature decrease varying between 1.8% and 447 

2.5%, depending on latitude band, altitude and various temperature statistics considered. 448 

However, water vapor has demonstrated a significantly greater relative increase of 12-15% in 449 

2020 compared to 2017, when water vapor levels have started to increase (one can consider water 450 

vapor concentration equal to a mean value in 2017 over the period of 2005–2017). At first glance, 451 

the recent water vapor growth and its maximum in 2020 might be a primary source of the 452 

observed increase in NLC activity at middle latitudes in 2020. At the same time, the existence of 453 

ice particles at the summer mesopause is possible when air is supersaturated, i.e. the saturation 454 

ratio S (ratio of the water vapor local partial pressure to the saturated pressure of water vapor over 455 

a plain ice surface at a given temperature) is greater than 1. The saturation ratio is linearly 456 

proportional to the water vapor volume mixing ratio and proportional to the exponential function 457 

of inverse temperature, T, [ )/4.6077exp(2 TOHS ⋅∝ ], meaning that S is a strong inverse 458 

function of low mesopause temperatures at 130–180 K (Gadsden and Schröder, 1989; Berger and 459 

von Zahn, 2002). We can demonstrate this effect by using actual values of water vapor and 460 

temperature measurements being analyzed. For example, if we take a water vapor increase from 461 
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6.5 to 7.5 ppmv (see the red line in Fig. 11b) between 2017 and 2020, this H2O increase results in 462 

the enhancement of the S value of 1.15 times. However, if we consider a temperature drop from 463 

179 to 175 K between 2016 and 2020 (see the red line in Fig. 4a), then the S value increases of 464 

2.17 times. Thus, from the point of view of the ice particle existence at the summer mesopause the 465 

observed temperature drop plays a more important role compared to the observed water vapor 466 

increase. At the same time, it is important to note that both the temperature drop and water vapor 467 

increase, occurred in the summer of 2020, have led to the increased saturation ratio, compared to 468 

the previous years, and hence to the pronounced increase of NLC activity as observed at middle 469 

latitudes in 2020.  470 

At higher latitudes 55-60°N, NLC activity has demonstrated a different behavior from site to 471 

site. In particular, a maximum in NLC number (42 cases) has been observed in Lithuania (54-472 

55°N) in the past 30 years, whereas NLC activity has demonstrated no maximum as seen from the 473 

Moscow region (55-56°N) in the past 60 years, taking into account tropospheric weather 474 

conditions. This result can be explained by the fact that the temperature drops as well as water 475 

vapor increases at higher latitudes (55-60°N) were not as strong as ones at lower latitudes, 476 

meaning that the saturation ratio was of about the same level as one in previous years at higher 477 

latitudes. That is why, at some sites the wave activity could play important role in increasing the 478 

saturation ratio (lower temperature and more humidity brought from higher latitudes) but at other 479 

site it was not like this. 480 

The annual mean of SO2 plume altitude in 2015 (for volcanic eruptions greater than 10 km 481 

altitude) have produced a positive impact on the maximum amount of water vapor at the summer 482 

mesopause in 2020, with the time lag of 5 years. This positive volcanic impact on the mesopause 483 

humidity is connected to the transport of water vapour from the lower stratosphere to the upper 484 

mesosphere and can be explained as follows. In the equatorial troposphere, there is an overturning 485 

wind circulation called the Hadley Cells, in which the warm air rising at the equator sinks at 486 

around 30°S and 30°N latitudes where the Hadley Cells end (Brasseur and Solomon, 1986). 487 

However, the Hadley Cells are not completely closed circulations. Part of the air penetrates into 488 

the stratosphere in the tropics, then traveling towards polar latitudes of the summer hemisphere, 489 

where it again rises to the summer mesosphere, and finally reaches the summer mesopause 490 

(Garcia and Solomon, 1983; Brasseur and Solomon, 1986). This meridional-vertical air 491 

circulation is supposed to be one of the main sources of water vapor at the mesopause region to 492 

form NLC ice particles (Thomas, 1991). 493 

The 5-year phase lag found between the maximum in volcanic activity and the maximum in the 494 

water vapor amount at the mesopause at middle latitudes is supported by experimental studies 495 
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dealing with the transport time of minor atmospheric species from the troposphere to the 496 

stratosphere and mesosphere. The transport time of inert trace gases (N2O, CF2C12, CFC13 and 497 

CC14) from the ground to the stratosphere (at 20-30 km altitude) have been observed to be of the 498 

order of 3-4 years (Stordal et al., 1985). Russell III et al. (1996) have found that the transport time 499 

of hydrogen fluoride (HF) trace gas is 5.9±2 years to be lifted from the lower troposphere to the 500 

mesosphere at 55 km altitude. The transport time of the CO2 trace gas (as measured in a balloon-501 

borne experiment) was found to be about 5 years to reach the polar stratosphere at 35 km altitude 502 

from the troposphere through the tropical upwelling (Bischof et al., 1985). Thus, it takes about 4–503 

6 years for inert trace gases to reach the polar atmosphere at 30-55 km altitude from the tropical 504 

troposphere. Then it takes them two more years to rise throughout the mesosphere and reaching 505 

the mesopause region at 85-87 km altitude where NLC ice particles start to form. The latter is 506 

supported by a well know fact that first undoubtedly detected NLCs were discovered in June 507 

1885, i.e., about two years after the great explosive Krakatoa eruption occurred in August 1883. 508 

Note that the most likely altitude of the Krakatoa eruption column was about 40–50 km (Self and 509 

Rampino, 1981; Carey and Sparks, 1986). As a result, the total time required for transporting 510 

volcanic water vapor from the tropical troposphere to the middle and polar mesopause is about 6-511 

8 years. However, in the present analysis we have selected powerful volcanic eruptions having 512 

altitudes of more than 10 km to overcome the cold tropopause region and well-known freeze-513 

drying effect for water vapor (Brasseur and Solomon, 1986; Pinto et al., 1989). Thus, the transport 514 

time of volcanic water vapor from the lower stratosphere to the polar and midlatitude mesopause 515 

is expected to be slightly less than 6-8 years, and the found time lag of 5 years matches well this 516 

estimation of water vapor time transport due to the general meridional-vertical air circulation. 517 

Note that a maximum in the NLC occurrence number and brightness was evident in 1995 518 

following the powerful Pinatubo eruption in 1991 (Gadsden, 1998; Thomas and Olivero, 2001; 519 

Romejko et al., 2003), i.e., the NLC maximum occurred 4 years after the great volcanic eruption 520 

in 1991. This time shift corresponds to our result of a 5-year time delay, taking into account the 521 

fact that the great Pinatubo eruption produced a high volcanic plume reaching 25 km altitude 522 

(Considine et al., 2001; Carn et al., 2015), thus allowing volcanic water vapor to deeply penetrate 523 

into the upper stratosphere, with successive slow upward motion into the midlatitude mesopause 524 

region. Also, we emphasize that volcanic eruptions warm up the cold tropopause region that in 525 

turn facilitate a transfer of H2O into the stratosphere across the tropopause (Considine et al., 526 

2001). 527 

 528 

 529 
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6. Conclusions 530 

The 2020 summer season has revealed frequent and widespread occurrences of noctilucent 531 

clouds in the Northern Hemisphere at middle latitudes between 45° and 55°N. In order to 532 

investigate a reason for this extraordinary NLC season, we have considered long-term Aura/MLS 533 

satellite data for all available summer periods from 2005 to 2020 so far. Both temperature and 534 

water vapor in the upper mesosphere and the mesopause region (between 75 and 90 km altitude) 535 

have been considered. Also, we have also analyzed solar and volcanic activity in search of 536 

possible reasons for the increased amount of water vapor and can conclude the following: 537 

1. A moderate decrease (without any dramatic changes) in temperature has been observed 538 

beneath and at the middle latitude summer mesopause for the past years (2016–2020).  539 

2. Water vapor concentration has significantly increased (by about 12-15%) in the 2020 summer 540 

compared to 2017, meaning that the summer mesopause at middle latitudes has become more 541 

wet. A combination of lower mesopause temperature and water vapor maximum at middle 542 

latitudes is the main reason for frequent and widespread occurrences of noctilucent clouds 543 

seen around the globe at middle latitudes in the 2020 summer. 544 

3. The 24th solar cycle minimum cannot explain the strong increase in water vapor (and the H2O 545 

maximum in 2020) for the past years since the correlation between Lyman-α flux and water 546 

vapor amount is very low (0÷ –0.2). 547 

4. The increase in volcanic activity from 2013 to 2015 (and its maximum in 2015) explains the 548 

increased amount of water vapor in the upper mesosphere for the recent years (2018–2020) 549 

and its maximum in 2020 due to volcanic water vapor being injected into the stratosphere and 550 

transported into the upper mesosphere. The 5-year delay between volcanic activity and water 551 

vapor maximum is well explained by the general meridional-vertical atmospheric circulation. 552 

5.  Since volcanic activity has significantly decreased after 2015, we might expect a decrease in 553 

the amount of H2O at the mesopause region and in NLC activity at middle latitudes that makes 554 

such NLC observations of great importance in the years to come. 555 

6. Neither solar nor volcanic activity can explain a positive trend in water vapor in the upper 556 

mesosphere since 2010. There exists another atmospheric process responsible for the observed 557 

positive increase in water vapor at the bottom of the summer mesopause at middle latitudes. 558 

 559 
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Figure captions 710 

Figure 1. An example of Aura/MLS data shown at the latitude band of 45-50°N at 0.0046 hPa 711 

(about 84 km) during the summer time between 25 May and 13 August 2009. (Upper panel) Zonal 712 

mean nighttime temperatures (the black line with dots), the red curve represents an inverse 713 

Gaussian fit to the data, the green dot shows the minimum of a Gaussian fit. (Lower panel) Zonal 714 

mean nighttime H2O mixing ratio values (the black line with dots), the red curve shows a 715 

Gaussian fit to the data, the green dot marks the maximum of a Gaussian fit. 716 

 717 

Figure 2. An example image of noctilucent clouds as seen from Hokkaido, Japan (44.3°N, 718 

142.2°E) on the night of 17/18 July 2020. Comet NEOWISE is clearly seen in the image. The 719 

NLC photograph taken from Hokkaido has been provided by a staff of Nayoro astronomy 720 

observatory, Mr. Fumitake Watanabe. 721 

 722 

Figure 3. The number of displays of noctilucent clouds as observed from latitudes below 50°N as 723 

a function of time. The black line with triangles shows NLC displays as observed in North 724 

America (Canada and USA observations), the blue line with open circles illustrates NLC sightings 725 

as observed from Russia, the red line with dots is NLC events as seen from Western Europe. 726 

 727 

Figure 4. Aura/MLS temperature time series for summer periods of 2005–2020 at different 728 

latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0215 hPa (about 74 km) and 0.01 729 

hPa (about 79 km). The black line indicates a minimum value of the zonal mean nighttime 730 

temperature for a summer season (between 25 May and 13 August), the red line is a minimum 731 

value of an inverse Gaussian fit, the blue line shows the mean of the zonal mean nighttime 732 

temperature for a summer period. Error bars indicate one standard deviation for each point. 733 

 734 

Figure 5. Aura/MLS temperature time series for summer periods of 2005–2020 at different 735 

latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0046 and 0.0022 hPa. The black 736 

line indicates a minimum value of the zonal mean nighttime temperature for a summer season 737 

(between 25 May and 13 August), the red line is a minimum value of an inverse Gaussian fit, the 738 

blue line shows the mean of the zonal mean nighttime temperature for a summer period. Error 739 

bars indicate one standard deviation for each point. 740 

 741 

Figure 6. Aura/MLS water vapor mixing ratio [ppmv] time series for summer periods of 2005–742 

2020 at different latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0215 hPa (about 743 
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74 km) and 0.01 hPa (about 79 km). The black line indicates a maximum value of the nighttime 744 

H2O zonal mean for a summer season between 25 May and 13 August, the red line is a maximum 745 

value of a Gaussian fit, the blue line shows the mean of the nighttime H2O zonal mean for a 746 

summer period. Error bars indicate one standard deviation for each point. 747 

 748 

Figure 7. Aura/MLS water vapor mixing ratio [ppmv] time series for summer periods of 2005–749 

2020 at different latitude bands (45-50; 50-55; 55-60°N) and pressure levels of 0.0046 hPa (about 750 

84 km) and 0.0022 hPa (about 89 km). The black line indicates a maximum value of the nighttime 751 

H2O zonal mean for a summer season between 25 May and 13 August, the red line is a maximum 752 

value of a Gaussian fit, the blue line shows the mean of the nighttime H2O zonal mean for a 753 

summer period. Error bars indicate one standard deviation for each point. 754 

 755 

Figure 8. Summer mean values of solar Lyman-α flux for the period of 1947–2020. 756 

 757 

Figure 9. Relationship between water vapor and solar activity for 2005–2020. Solar activity is 758 

represented by Lyman-α flux measurements. (a) cross-correlation coefficient as a function of time 759 

lag. (b) the red line shows the maximum value of H2O mixing ratio of a Gaussian fit estimated at 760 

middle latitudes 50-55°N at 0.01 hPa (the red line in Fig. 6d), the black line is the model 761 

regression curve estimated using equation 1. (c) H2O mixing ratio residuals after the subtraction 762 

of the solar term and the regression constant C01 from water vapor measurements (see text).  763 

 764 

Figure 10. Time series of volcanic activity for 1978-2019, represented by annual mean SO2 plume 765 

eruption altitudes per each year. Volcanic eruptions having SO2 plume altitudes greater than 10 km 766 

have been selected for the analysis (see text). 767 

 768 

Figure 11. Relation between Aura/MLS water vapor (at 0.01 hPa at 50-55°N) and SO2 plume 769 
emission altitude. (a) The black line shows a cross-correlation coefficient between water vapour 770 
and SO2 altitude as a function of time lag in years. The red line illustrates the cross-correlation 771 
coefficient after shifting the volcanic SO2 data by 5 years back in time. (b) The red line is the 772 
maximum value of H2O mixing ratio of a Gaussian fit estimated at the middle latitudes 50-55°N at 773 
0.01 hPa (see the red line in Fig. 6d) as well as the model regression curve (the black line) using 774 
equation 2, with the volcanic data being shifted by 5 years back. (c) H2O mixing ratio residuals 775 
after the subtraction of the SO2 volcanic term, shifted by 5 years back in time, the solar term 776 

)( 122 lagLya ttFC −⋅  and the regression constant C02 from water vapor measurements (see equation 777 

2). 778 
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