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Abstract. Since 2015, simultaneous observations 

of temperature of the high-latitude mesopause (87 
km) have been made at Maimaga (63.04° N, 129.51° 
E) and Tiksi (71.58° N, 128.77° E) stations. These 
stations record spectra with Shamrock (Andor) pho-
tosensitive infrared spectrographs detecting the OH 
(3, 1) band in the near-infrared region (about 1.5 
μm). We analyze temperature data obtained in obser-
vation seasons from 2015 to 2017. Standard devia-
tions of temperature σ from its mean values are taken 
as characteristics of wave activity at night. We have ob- 

 
tained standard temperature deviations corresponding 
to internal gravity waves (IGW) (σgw) and tidal waves 
(σtd). Mean night rotational temperatures of hydroxyl 
emission almost coincide, and seasonal variations of 
gravity and tidal waves have a similar form during 
two seasons of simultaneous observations at Tiksi 
and Maimaga. 
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INTRODUCTION 
The mesopause as a boundary region (80–100 km) 

between the mesosphere and the thermosphere, where 
the atmospheric temperature is minimum, has aroused 
increasing interest in its study. This is due to the fact 
that the mesopause region actively interacts with so-
lar radiation coming from above and with a broad 
spectrum of waves propagating upward from the low-
er atmospheric layers [Brasseur, Solomon, 1987]. 

Wave activity contributes significantly to the 
mesopause temperature regime. Tidal waves cause 
adiabatic compression and expansion of the meso-
pause region, thus heating or cooling the environment 
[Chapman, Lindzen, 1972; Brasseur, Solomon, 1987]. 
IGW propagating upward from the lower atmospheric 
layers transfer momentum and energy to the meso-
sphere and thermosphere. In the mesopause region 
due to wind shift, IGW are subjected to spectral fil-
tering and are absorbed, thus causing heating in this 
region [Hines, 1974]. Amplitudes of IGW and tidal 
waves increase with height due to the atmospheric 
density reduction; thereby the waves can be detected 
in the upper atmosphere. 

In the mesosphere and lower thermosphere, wave 
activity is studied using both a satellite measurement 
method and ground-based observations. The most 
common and accessible ground-based methods are 

spectral observations of OH (3, 1) emissions, excited 
in the mesopause region. Numerous rocket measure-
ments have revealed that the emission layer is located 
at a height of ~87 km and has a halfwidth of ~9 km 
[Baker, Stair, 1988]. The height of the emitting layer 
can, however, vary depending on season and wave 
propagation through the layer [Takano et al., 1990; 
Yee et al., 1997; Zhang, Shepherd, 1999]. The rota-
tional temperature determined from the distribution 
of intensities in the hydroxyl band is close to the ki-
netic temperature of neutral gas at an emission height 
[Shefov et al., 2006; Noll et al., 2015]. Nowadays 
this method is widely applied to observations made at 
the International Network for the Detection of Meso-
pause Change (NDMC). 

Many studies of wave activity in the mesopause 
region from hydroxyl emission observations have 
been conducted at midlatitudes [Offermann et al., 
2011; Perminov et al. 2013; Perminov et al., 2014]. 
At the same time there is a lack of such studies at 
high latitudes. Therefore, of great interest is the tem-
perature behavior and wave activity at the high-
latitude mesopause. This paper studies temperature 
and its standard deviations σ from mean night values 
in the mesopause region, using measurements made 
at the high-latitude stations Maimaga (63.04° N, 
129.51° E) and Tiksi (71.58° N, 128.77° E). 
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INSTRUMENTS AND  
DATA PROCESSING METHOD  

To detect the OH (3, 1) band, we employ the pho-
tosensitive infrared spectrograph Shamrock SR-303i 
with an operating wavelength range 1490–1544 nm 
(manufactured by Andor Technology Ltd), equipped 
with a high-sensitive infrared iDus InGaAs photodiode 
detector DU490A-1.7. The spectrograph is of Czerny–
Turner design, its focal length is 303 mm, resolution 
with the effective width of the 0.2 mm entrance slit is 
0.8 nm, the aspect angle is ~14°. The Shamrock SR-
303i spectrograph is a special-purpose and reliable plat-
form designed for detection of weak light signals in the 
near-infrared region. 

Two identical spectrographs of this type are installed 
at Maimaga (150 km northward of Yakutsk) and Tiksi 
stations. At Maimaga, the instrument was put into oper-
ational use on January 17, 2013; at the high-latitude 
station Tiksi, on September 3, 2015. For mutual calibra-
tion of these instruments, we made simultaneous obser-
vations at Maimaga on August 5–15, 2015. The soft-
ware we have developed allows the device to work 
completely offline. 

The spectrographs detect the OH (3, 1) band in the 
near-infrared region (about 1.5 µm) at a >9° angle of dip 
of the Sun. Detection of this band is advantageous be-
cause in this spectral region the auroral emission is 
much less intense, and the contribution of stray light 
from the Moon and stars decreases substantially in pro-
portion to 1/λ4 [Shefov et al., 2006]. This region also 
exhibits the highest hydroxyl emission intensity. The 
working cooling temperature of chamber of the spectro-
graphs is set to –50° C to eliminate the temperature drift 
of the dark current and to reduce it. In these conditions, 
the spectrographs measure the mesopause temperature 
with an error of ~2 K (the error was calculated for each 
measurement separately). 

The exposure period for obtaining one measurement 
of the hydroxyl spectrum in the OH (3, 1) band is 60 s. 
The short exposure is not only significantly expands the 
range of periods of IGW under study, but also includes 
acoustic waves (3–5 min periods) in the spectrum con-
sidered. To exclude the acoustic waves from considera-
tion, we average the data in increments of 3 min. 

The method of estimating the rotational molecular 
emission temperature is based on the fitting of the mod-
el spectra, constructed with regard to the instrument 
functions of the device for different predetermined tem-
peratures, to the actually measured spectrum [Ammo-
sov, Gavrilyeva, 2000; Gavrilyeva, Ammosov, 2002]. 
The OH (3, 1) band is thermalized quite well, and the 
rotational temperature determined from the band is 
close to the kinetic temperature of the ambient neutral 
atmosphere at a height of its emission. To measure the 
rotational temperature from the hydroxyl band, we use 
transition probabilities calculated by Mies [1974]. The 
currently available data on probabilities [van der Loo, 
Groenenboom, 2007; Goldman et al., 1998] allow us to 
measure the absolute temperature more precisely. How-
ever, we are interested in relative temperature variations, 

not in its absolute values. Accordingly, for the results to 
be uniform and to compare them with the results from 
other studies on wave activity (e.g., Offermann et al., 
2011), we apply the transition probabilities obtained by 
Mies [1974]. Furthermore, Einstein coefficients for low-
lying transitions of OH (3, 1) in different data on proba-
bilities differ slightly [Offermann et al., 2010]. 

To exclude data with a high level of noise interfer-
ence, we select spectra satisfying the signal/noise ratio 
of >20 and then average the temperature in increments 
of 3 min. As a characteristic of night wave activity we 
take the standard deviation σ of temperature Ti from its 
mean night value :T   
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where n is the number of measured values at nighttime. 
This standard deviation is a superposition of differ-

ent waves, active at nighttime, and the dark-current 
noise of the detector. According to Offermann et al. 
[2009 ], the superposition of waves can be represented as 
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where σtd, σgw, σnoise are the standard temperature devia-
tions caused by tidal waves, IGW, and dark-current 
noise of the detector respectively; σ noise was calculated 
as an arithmetic mean of error of each individual meas-
urement per night. Planetary waves are excluded from 
consideration because their time scale is much larger 
than one night. 

The σtd value is determined by separating the har-
monics corresponding to 24, 12, and 8 hr diurnal tide 
components from the night temperature series by the 
method of least squares.  
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where f td is the sum of diurnal tide harmonics (periods 
are given in minutes); A1, A2, A3 are the amplitudes of 
diurnal tide harmonics; φ1, φ2, φ3 are the harmonic 
phase shifts; t is the time in minutes. 

The result of subtracting the sum of diurnal tide har-
monics from the night temperature series corresponds to 
the contribution of the dark-current noise and IGW propa-
gation to the temperature. Hence, knowing the value of 
σnoise, we can calculate the standard deviation σgw.  

 
OBSERVATIONS 
AND THEIR ANALYSIS 

Simultaneous observations with the Shamrock spec-
trographs at Tiksi and Maimaga were made during two 
full seasons from 2015 to 2017. Figure 1 shows mean 
night rotational hydroxyl temperatures derived from 
observations at these stations. The mean night tempera-
tures obtained in the two seasons of simultaneous ob-
servations from 2015 to 2017 closely coincide. 

The tidal components of the standard temperature 
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deviations are shown in Figure 2. The black and red 
lines indicate moving averages with a 30 day averaging 
window and represent the seasonal variation in the tidal 
component σtd for Maimaga and Tiksi respectively.  

Values and seasonal variation of the tidal component 
are roughly the same for both the stations. The seasonal 
variation in the tidal component of standard temperature 
deviations σtd varied from 2.5 to 5 K during all the ob-
servation seasons.  

The standard temperature deviations corresponding 
to IGW are shown in Figure 3, where lines indicate 
moving averages with a 30 day averaging window, rep-
resenting the seasonal variation of the gravitational 
component σgw. Values of σgw are roughly the same for 
the two observation seasons made at Tiksi and Maimaga 
in 2015–2017. The seasonal variation in the IGW com-
ponent varies from 2 to 6.5 K. 

When comparing Figures 1 and 3, we can see that 
the seasonal variation in the IGW component of stand-
ard temperature deviations (Figure 3) corresponds visu-
ally to that of the mean night temperature (Figure 1). 
For further analysis, we examine relative values of  the 

 
Figure 1. Average night rotational hydroxyl temperatures 

from observations at Maimaga and Tiksi in 2015–2017 

 
Figure 2. Seasonal variations in the tidal component of 

standard temperature deviations as a moving average with a 30 
day averaging window. The measurements made at Maimaga 
and Tiksi are highlighted in red and black respectively. 
 

standard deviations, i.e. ratios of gravitational and tidal 
components to mean night temperature ( gwσ / T  and 

tdσ / T ). This allows us to properly compare the standard 
deviations for high temperature variations throughout the 
year. Relative values of the standard temperature devia-
tions are shown in Figures 4 and 5, which also display 
similar values of tidal and IGW components of standard 
temperature deviations obtained at Maimaga and Tiksi 
during the two seasons of simultaneous observations. 

In the mid-latitude region, the hydroxyl emission was 
observed at Wuppertal (51° N, 7° E), Zvenigorod (55.7° N, 
36.8° E), and Tory (52° N, 103° E) stations. The compari-
son of the average standard temperature deviations (σN), 
obtained at Wuppertal ([Offermann et al., 2011], Figure 
10), with data on ( )ddσ /T  from Tory ([Perminov et al., 
2014], Figure 5, a), reveals that seasonal variations 
(shapes) in summer and autumn months are similar. In 
particular, the peak of the standard temperature deviations 
is the same in September (240–270 days of the year). 

 
Figure 3. Seasonal variations in the IGW component of 

standard temperature deviations as a moving average with a 30 
day averaging window. The measurements made at Maimaga 
and Tiksi are highlighted in red and black respectively 

 
Figure 4. Relative standard temperature deviations caused by 

tides. The measurements made at Maimaga and Tiksi are high-
lighted in red and black respectively 
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Figure 5. Relative standard  temperature deviations caused 

by IGW. The measurements made at Maimaga and Tiksi are 
highlighted in red and black respectively 

The standard temperature deviations gwσ / T obtained 
at Zvenigorod ([Perminov et al.,2014], Figure 5, c) and at 
Maimaga and Tiksi (Figure 5) have a smoother seasonal 
variation. Values of gwσ / T in Yakutia are about two times 
higher than those in Zvenigorod and, except for the peak in 
September, at Tory. This may be due to the fact that the 
exposures used to record OH spectra at Zvenigorod and 
Tory are long (10 min), and hence only waves with periods 
longer than 30 min can be detected. In this paper, we ana-
lyze temperature data with 3 min averaging, which allows 
us to detect the spectrum of waves with periods of 6 min 
and more at nighttime. 

The relative tidal components of standard tempera-
ture deviations tdσ / ,T  obtained at Zvenigorod, Tory, 
Maimaga, and Tiksi are very close in value. 

 
CONCLUSION 

We have studied standard temperature deviations σ in 
the mesopause region (87 km) from measurements made at 
Maimaga and Tiksi stations. These stations record spectra, 
using identical  Shamrock photosensitive infrared spectro-
graphs  (manufactured by Andor Technology Ltd) detect-
ing the OH (3, 1) band in the near-infrared region (~1.5 
µm). We have analyzed data derived from the 2015–2017 
observation seasons at Maimaga and Tiksi. 

We have obtained standard temperature deviations cor-
responding to internal gravity waves (σgw) and tidal waves 
(σtd). Mean night temperatures, tidal and IGW components 
are roughly the same for the two seasons of simultaneous 
observations at Tiksi and Maimaga. The seasonal varia-
tions in standard deviations caused by IGW and tidal 
waves recorded at Maimaga and Tiksi have been compared 
with those obtained at Wuppertal, Zvenigorod, and Tory.  

This work was supported by NOFMU grant No. 
20170220219 and RFBR grant No. 7-05-00855 A. 
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