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ARTICLE INFO ABSTRACT

We present the results of studying the behavior of temperature and of the atomic oxygen concentration in the
mesopause region during the 2013 January major Sudden Stratospheric Warming (SSW). The data on the hy-
droxyl molecule OH(6-2), 834.0 nm emission intensity and rotational temperature were analyzed. These data
were obtained through spectrometric measurements at the Geophysical Observatory of the Institute of Solar-
Terrestrial Physics of the Siberian Branch of the Russian Academy of Sciences (51.8°N, 103.1°E, Tory), and at the
Zvenigorod Station at the Obukhov Institute of Atmospheric Physics of the Russian Academy of Sciences (55.7°N,
36.8E°). We calculated the concentration of atomic oxygen and its variations by using the data of the OH
emission measurements. We revealed, that the response of the mesopause characteristics for two longitudinally
spaced mid-latitude regions essentially differs. Thus, from the Tory Station data, the maximal increase in the OH
emission intensity (by a factor of ~2) and in the concentration [O] (by a factor of ~3) occurred during the
sudden stratospheric warming (SSW) evolution, whereas, from the Zvenigorod Station data, the OH emission
intensity increase (by a factor of ~3) and the concentration [O] increase (by a factor of ~3.5) was observed at
the SSW recovery phase. As a result of numerical modeling using the Middle and Upper Atmosphere Model
(MUAM), it was shown, that the cause for the revealed effect may probably be longitudinal differences in the
diurnal variation in the vertical wind at the mesopause heights over the indicated stations during the SSW. One
may elucidate these differences through the generation of non-migrating tides due to a non-linear interaction
between the intensified stationary planetary wave 1 (SPW1) and migrating tides and forcing a set of high-
frequency PWs at the stratospheric heights. All these waves are capably of propagating into the MLT region and
produce observed changes in behavior of the OH emission intensity, temperature and atomic oxygen con-
centration over Tory and Zvenigorod.
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1. Introduction

Hydroxyl (OH) atmospheric emissions result from chemical pro-
cesses at the mesopause heights and produce an ~9-km thick radiating
layer with the intensity maximum at ~87 km (Baker and Stair, 1988).
The hydroxyl emission spectrum represents a set of vibrational-rota-
tional bands, mainly emitting in the IR region. The OH molecule rota-
tional temperature determined by its emission corresponds to the at-
mosphere temperature at the mesopause heights (Khomich et al.,
2008). The temperature and dynamic regimes in the mesopause region
are characterized by a large variability caused by the influence of the
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solar radiation, activity of the atmospheric waves with various time-
scales, and many climatic and meteorological processes in the lower
and middle atmosphere.

Therefore, analyzing the atmosphere characteristics at these heights
may provide information on possible mechanisms for the coupling be-
tween different atmospheric layers. Winter sudden stratospheric
warmings (SSWs), whose effects manifest themselves practically
throughout the whole atmosphere thickness, from the troposphere
(Mitchell et al., 2013) to the upper thermosphere and ionosphere
(Klimenko et al., 2015; Pedatella et al., 2016), are referred to most
significant meteorological disturbances encompassing large spatial and
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time scales.

Many experimental and theoretical works concern the investigation
into the SSW effect manifestation on the temperature, composition, and
dynamics of the upper atmosphere. Yigit and Medvedev (2015) showed
that SSWs can cause significant disturbances in the thermosphere and
ionosphere state. Tweedy et al. (2013) revealed strong variations in the
MLT ozone associated with the anomalous vertical residual motion
during SSWs. Pancheva et al. (2008) found dynamical coupling be-
tween the high- and low-latitude stratosphere and mesosphere during
the 2003 major SSW. Medvedeva and Ratovsky (2017) revealed an
increase in the OH temperature variability caused by planetary waves,
tides, and internal gravity waves, during the 2016 minor SSW.
Shepherd et al. (2010) reported strong atomic oxygen depletion during
the 2009 major SSW and its rise during the SSW recovery phase. Wu
and Nozawa (2015), by analyzing the lower thermospheric wind ob-
servations, found an enhanced semidiurnal tide before and during the
2010 SSW. Feng et al. (2017) showed a strong correlation between the
temperature and the Na and Fe column densities in the Mesosphere-
Lower Thermosphere (MLT) during the 2009 major SSW. Shpynev et al.
(2015), collecting the data from several high- and mid-latitude iono-
sonde stations for the 2009 and 2013 SSWs, found that the SSW effects
on the ionospheric parameters may differ for various stations de-
pending on the ionosonde position relative to the stratospheric circu-
lation pattern.

In this study, we present the results of the investigation of the
variations in the temperature and atmosphere composition at the me-
sopause heights (80-90 km) for two longitudinally separated mid-lati-
tude sites, where the Tory (51.8°N, 103.1°E) and Zvenigorod (55.7°N,
36.8°E) Observatories are located, during the 2013 January major SSW.
Based on the numerical modeling using the Middle and Upper
Atmosphere Model (MUAM) (Pogoreltsev et al., 2007), we attempted to
explain the revealed longitudinal differences in the atmosphere tem-
perature and composition variations observed at those stations.

2. Instrumentation and data

In this study, we use the data from spectrometric measurements of
the parameters for hydroxyl emission (OH(6-2), 834.0 nm). The mea-
surements are carried out at the Tory (51.8°N, 103.1°E) and Zvenigorod
(55.7°N, 36.8°E) Observatories at nighttime, in the absence of strong
cloudiness and full moon. The obtained 10-min spectra enable to de-
termine spectral characteristics (intensity, temperature) for the hy-
droxyl molecule emission originating at the mesopause heights (the OH
emission layer maximum is about 87 km (Baker and Stair, 1988;
Khomich et al., 2008)). Measurements and data processing at both
observatories are conducted through a uniform procedure. To record
the spectra of the upper atmosphere airglow in the near IR region, high-
aperture diffraction spectrographs equipped with highly sensitive di-
gital CCD-cameras were used. A detailed description of the equipment
and data processing technique are described in (Semenov et al., 2002;
Perminov et al., 2014; Khomich et al., 2008; Medvedeva et al., 2014).
The OH rotational temperature was derived by the distribution of the
first three lines of the P-branch of vibrational-rotational band of OH(6-
2), 834.0 nm, because, as a rule, no more than the first three lines
correspond to the Boltzmann distribution of population of the rotational
levels of the P-branch lines. These lines originate at quantum transitions
from low rotational levels, whose populations are in the thermo-
dynamic equilibrium, and the Boltzmann function describes their dis-
tribution. The method for determining the rotational temperature of the
OH molecule was described in detail in Shefov (1961), Khomich et al.
(2008). The accuracy of determining the OH rotational temperature by
this technique is about 1-2 K. The hydroxyl emission intensity provides
information on the concentration of reactive components at the OH
emission layer heights.

To study the temperature regime and the hydroxyl emission layer
maximum height variations within the investigated regions, we used
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satellite data from the SABER radiometer that measured the atmosphere
temperature profiles and the Volume Emission Rate (VER) of OH
emission. The SABER instrument is a radiometer installed aboard the
TIMED satellite that measures the Earth limb emission profiles over the
1.27-17 ym spectral range. The SABER was launched in 2001
December; it operates into a circular orbit at 625 km inclined at 74° to
the equator (Russell et al., 1999). To estimate the OH emission layer
height, OH VER profiles of the OH (1.6 pm) were analyzed. We used the
level 2A, version 2.0 SABER data obtained from the night-time passes of
the satellite over the two investigated regions. For the analysis, the data
within = 7° latitude range and + 10° longitude centered at Tory and
Zvenigorod were selected.

Estimates for state of the middle atmosphere over the Northern
Hemisphere during the 2013 SSW were made from the Modern ERA-
Retrospective Analysis for Research and Applications (MERRA) re-
analysis data, version 2. The MERRA-2 is the latest atmospheric re-
analysis of the modern satellite era produced by NASA's Global
Modeling and Assimilation Office (GMAO) (Gelaro et al., 2017). The
MERRA-2 includes 39 time-varying product collections, all produced on
a 0.625° x 0.5° horizontal grid. Variables are provided on either the
native vertical grid (at 72 model layers or the 73 edges) or interpolated
to 42 standard pressure levels (Gelaro et al., 2017).

Analysis of the tides and high-frequency planetary waves in the
middle atmosphere was performed using new ERA5 reanalysis data
(Hersbach and Dee, 2016). ERA5 data contains the hourly information
on the global distribution of meteorological fields which are available
at a horizontal resolution of 31 km on 139 levels.

3. Determining the atomic oxygen concentration in the
mesopause region by the OH emission measurements

Hydroxyl emission results from recombination reactions of atomic
oxygen produced in the atmosphere as a result of the molecular oxygen
photodissociation, and is one of the channels of sink of the absorbed
solar energy. The theory for producing excited OH molecules involves
two basic mechanisms: ozone-hydrogen (Bates and Nicolet, 1950) and
perhydroxyl (Krassovsky, 1963). Both occur in the cycle comprising
two processes:

ozone-hydrogen -

0+0; + 0; = 03 + 0, apy(02) 1)

O0+0, + N; = O3 + N, ag,(V2) 2

H+0; = OH( V< 9) + O, ayo; 3
and perhydroxyl -

H+0, + M— HO,+M ayo, 4)

O+HO, — OH( v< 6) + Oy domo, )

In this study, we use only the ozone-hydrogen mechanism, because
it is responsible for, practically, about 75% of the intensity of the total
emission produced by these processes.

Vibrationally excited OH molecules (v <9) emit within the
0.5-5 pm spectral region (Semenov and Shefov, 1996) with an effective
transition probability of

OH(v< 9) » OH + hv(0.5 < A< 5um) A = 4857, 6)

where A is the mean effective transition probability.

The expression describing the volume emission intensity (pho-
ton-em~3s™!) at the Z height, using only the ozone-hydrogen me-
chanism of OH molecule emission, has the view:

Qon(2) = A-apo,[HI[0:1/{A + ko, [0:] + kny[N2] + ko[O]} )

where, in square brackets, the atom or molecule concentrations are
designated, Z is the OH emission layer maximum height, o are the O3
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Table 1
Coefficients used in expressions (8) and (9).

a0;(02) = 5.96 1073* (300/T)*% cm®s ™!
ao;(N2) = 5.7 107%* (300/T)** cm®s ™"
apoy = 1.4 1071 (480/T) em®s ™!

ano, = 6.7 107°% (238/T) ecm® s~ !
ooy = 2.9 107! (200/T) cm® s~ *

ko =5.0010"" cm®s™!

ko, = 1.05 10~ exp(220/T) em®s™*
kn, = 3.36 1072 exp(220/T) cm® s !
A=091s""

Lin and Leu (1982)
Lin and Leu (1982)
Nicolet (1989)
Kaufman (1969)
Nicolet (1989)
Nicolet (1989)
Nicolet (1971)
Nicolet (1971)
Langhoff et al. (1986)

O 0 N U AW N -

molecule production coefficients, k are the coefficients for the OH
molecule deactivation by atoms and molecules.

By using the obtained expression and the OH emission ozone-hy-
drogen mechanism, one may, based on the hydroxyl emission
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parameters and the known coefficients for the reaction rates, determine
the atomic oxygen concentration at the hydroxyl emission layer heights
(80-100 km)

Qon(Z){A + ko, [0] + kny [No]}

[0] = , (cm™3
A{00;(02)-[0;] + ap;(Np):[N;]}-[0,]-B ®
where
1 Qou(2)-ko
A{00;(02)[05] + ato;(N2)[N>1}[0,]° 9

The coefficients used in these expressions are given in the Table 1.

By using Formula (8) and the measured values for the OH emission
intensity and temperature in the OH emission layer, we calculated the
atomic oxygen concentrations at the OH emission layer height for the
regions, where the Tory and Zvenigorod Stations are located. We used
the data from spectrometric measurements of OH emission intensity
and temperature. The measured intensities were converted to the
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Fig. 1. Observed changes of the middle atmosphere characteristics over 2012 December 21 - 2013 February 1 (MERRA-2 reanalysis): a - amplitude of PW1 in
geopotential height at 62.5 N; b — mean zonal wind at 62.5N; ¢ - zonally averaged temperature at 87.5 N. The vertical line indicates zonal mean zonal wind reversal

(62.5° N, 10 hPa).
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Fig. 2. Day-to-day variations in: atmospheric temperature profiles from the SABER data for the Tory (a) and Zvenigorod (e) regions; intensity of the OH emission (I
(OH)) from the Tory (b) and Zvenigorod (f) ground-based data; OH rotational temperature (T(OH)) from the Tory (c) and Zvenigorod (g) ground-based data; atomic
oxygen concentration [O] calculated through the above procedure for Tory (d) and Zvenigorod (h). Vertical line shows zonal mean zonal wind reversal and the major
SSW onset. Dotted line is the atomic oxygen concentration from the MSIS-E-90 model.
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volume emission intensity Q in the following way. Volume emission
intensity Q has dimension of photons cm ™2 s ™!, The intensity obtained
from ground-based measurements is in Rayleigh, i.e. its dimension is
photons cm =2 s~ 1. Thus, I = Q Z, and Q = I/Z, where Z is the emission
layer thickness. Here, in the calculations we consider Z as equal to
10km. The O, and N, concentrations were calculated by using the
MSIS-E-90 model for each region of observation under the specified
conditions: coordinates, date, time t = 0 LST. Because we do not know
the exact height of the OH emission layer for ground-based measure-
ments, we calculated [O-] and [N,] averaged over the 87 + 4km al-
titude range (OH layer thickness is about 9 km, OH emission layer
maximum is about 87 km) (Baker and Stair, 1988; Khomich et al.,
2008).

4. Results and discussion

Fig. 1 shows the behavior of the middle atmosphere characteristics
during the 2012 December 21 - 2013 February 1 time interval observed
in the MERRA-2 reanalysis data (Gelaro et al., 2017) [https://gmao.
gsfc.nasa.gov/reanalysis/MERRA-2/] interpolated to MUAM grid
points: the amplitude of planetary wave with zonal wave number 1
(PW1) at 62.5°N (a); the mean zonal wind at 62.5°N (b); the zonally
averaged temperature at 87.5°N (c). The vertical line indicates reversal
of the mean zonal wind (62.5° N, 10 hPa).

As the vertical coordinate, we used the log-isobaric height z = -H*In
(p/1000), where p is the pressure in hPa, H = 7 km. Up to 100 km, the
log-isobaric height approximately coincides with the geopotential
height. According to these data, in 2013 early January, significant
disturbances of temperature and of the dynamic regime of the middle
atmosphere were observed. Thus, the PW1 amplitude at 62.5°N in early
January grew more than by a factor of 2 (Fig. 1a). The mean zonal wind
(62.5°N, 10hPa (~30km)) within January 5-6 changed its direction
from westerly to easterly, and persisted such until ~January 20
(Fig. 1b). The stratospheric temperature at high latitudes in late De-
cember started to increase, in early January, it increased by ~50 K and
persisted increased up to January 20s (Fig. 1¢). Thus, in 2013 January,
a major sudden stratosphere warming evolved over the Northern
Hemisphere. This SSW caused disturbances of the temperature and
dynamic regimes in the middle atmosphere over a wide range of lati-
tudes.

To study the atmosphere state in the analyzed regions of observa-
tion (Tory and Zvenigorod), we used the SABER data of the atmosphere
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temperature profiles obtained over 2012 December 1 - 2013 January
31. Fig. 2a presents height-temporal variations in the atmosphere
temperature over the 15-100 km height range in the region of the Tory
Station location from the SABER data. One can well see that, after
December 22, significant disturbances of the temperature regime of the
middle atmosphere were observed within the investigated region:
broadening and lowering of the stratopause and the spread of the
higher-temperature region from the upper stratosphere heights
(~50km) to lower heights (~25-30 km). After January 11, the struc-
ture of the middle atmosphere became nearly isothermal, without the
pronounced stratopause. The stratopause formation and the recovery of
a typical temperature distribution pattern started, practically, at once;
however, the temperature regime of the middle atmosphere in the in-
vestigated region recovered completely only by late January, after the
SSW end, when the direction of the mean zonal wind changed into
westerly, and the winter pattern of the atmosphere zonal circulation
over the Northern Hemisphere recovered (Fig. 1a).

The same figure presents the variations in the night-averaged values
for the OH emission intensity (b) and temperature (c) obtained from the
Tory Station observations, as well as the variation in the atomic oxygen
concentration (d) calculated through the procedure described above.
We found that, from late December, during the stratosphere warming
evolution, the increase in the stratospheric temperature and in the
higher-temperature region spread to the lower (to 25-30 km) strato-
sphere heights (Fig. 2a), one observed a substantial growth in the OH
emission intensity (by over a factor of 2) and in the atomic oxygen
concentration (by up to a factor of 3) as compared with the values
observed prior to the SSW onset. Simultaneously, with the I (OH) and
[O] growth, the T(OH) increase by ~ 15K was observed. Over January
2-4, one observed a decrease in the intensity (by ~500R), con-
centration (by a factor of ~2.5), and temperature (by ~15-20K).
Then, just after the moment of the mean zonal wind direction change
and the major SSW onset, their values increased again. However, 5-7
days later, the values I, T, and [O] recovered to the level observed in the
SSW absence with a short-time increase during the mean zonal wind
direction change and the zonal circulation winter pattern recovery on
January 20s. In the absence of the disturbances, the [O] calculated
through the procedure stated above agrees reasonably well with the
MSIS-E-90 model values (Fig. 2d, dotted line).

The right panel on Fig. 2(e-h) presents the analogous plots obtained
for the Zvenigorod Station region. The analysis of the atmosphere
temperature regime over Zvenigorod from the SABER data (Fig. 2e)
showed the following. Like in the Tory Station region, after December
22, one observed significant disturbances of the mid atmosphere tem-
perature regime in the investigated region. One may also note the
stratopause lowering and the higher-temperature region spread to the
lower stratosphere heights. However, unlike the Tory Station (Fig. 2a),
the higher-temperature region spread downwards by a smaller value,
without reaching 25-30 km. After January 11, the middle atmosphere
structure also became nearly isothermal. But, unlike the effects ob-
served in the Tory Station region, the stratopause formation and the
recovery of the typical temperature distribution pattern in the mid at-
mosphere started only in late January.

Analyzing the data of ground-based spectrometric observations at
the Zvenigorod Station (Fig. 2 f-h) showed that, at the mesopause
heights during the SSW, the following effects were observed. Within the
origin of temperature disturbances in the mid atmosphere and the SSW
evolution after December 20 (Fig. 2a), a dramatic (by ~30K) OH
temperature decrease occurred (Fig. 2g). Unfortunately, because of bad
weather conditions, there are no data on ground-based observations of
the OH emission in the subsequent several days. However, significant
changes in the MLT temperature regime from late December and a
sharp decrease in the atmosphere temperature at the OH emission layer
over Zvenigorod were confirmed by the SABER temperature data
(Fig. 2e). At the same time, there were sufficiently low values of the OH
emission intensity (Fig. 2f) and of the atomic oxygen concentration
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(Fig. 2h). During the SSW recovery phase, one observed a significant
growth (by a factor of ~ 3) in the OH emission intensity (Fig. 2 f) and in
the [O] (by a factor of ~3.5) relative to the values at the SSW onset
(Fig. 2h).

Thus, the comparative analysis of the middle and upper atmosphere
state during the 2013 SSW in the Tory and Zvenigorod regions revealed
both common features and longitudinal differences, that is, from late
December in both regions temperature disturbances within a large
range of atmospheric heights were observed. After January 11, in both
regions, the structure of the middle atmosphere became nearly iso-
thermal, without the pronounced stratopause. In mid December, in both
regions was observed [O] increase that continued ~7-10 days, in this
time interval [O] reached up to a factor of ~2 relatively to the un-
disturbed conditions. One may attribute the following to longitudinal
differences. In the Tory region, one observed the stratopause lowering
and broadening, as well as the higher-temperature region spread to
~25-30km. The stratopause formation and the stratosphere
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temperature regime recovery started practically at once. A dramatic
increase in the OH emission intensity by a factor of ~2 and in the [O]
concentration by a factor of ~3 occurred during the SSW evolution
after December 25. Already after January 13, at the SSW recovery
phase, the values of the OH emission characteristics and [O] corre-
sponded to the conditions, when there are no disturbances, with a
short-time increase during the mean zonal wind direction change and
the zonal circulation winter pattern recovery on January 20s. In the
Zvenigorod Station region, the stratopause started to form only in late
January, after the atmosphere zonal circulation winter pattern recovery
in the Northern Hemisphere. One observed the maximum of the OH
emission intensity (by up to a factor of 3) and of the [O] concentration
(by up to a factor of ~3.5 as compared with the values at the SSW
onset) at the SSW recovery phase, like in (Shepherd et al., 2010).

In earlier studies (Yee et al., 1997; Mulligan et al., 2009; Shepherd
et al., 2010) it was shown, that the OH emission intensity increased at
the decrease in the OH emission layer height. We analyzed the
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variations in the OH emission layer height. For this, we involved the
SABER data on the OH volume emission rate (VER) profile. For the
analysis, we used of the OH 1.6 um VER profiles, level 2A, version 2.0.
In (Mulligan et al., 2009; Shepherd et al., 2010) were shown, that the
OH layer maximum height at limb measurements from the satellite and
from the VER OH ground-based measurements are in an inverse cor-
relation dependence. Therefore, to estimate the variations in the hy-
droxyl emission layer height, we used the data on the OH emission
maximum height obtained from the SABER measurements of the hy-
droxyl emission profiles. For each VER profile, we determined the
emission maximum height. Fig. 3 presents the results. The top panel
corresponds to the data for the Tory Station region, the lower panel
shows the same for the Zvenigorod Station region. Black color indicates
the variations in the OH emission maximum from the SABER data, dark
blue triangles correspond to the OH emission intensity from ground-
based data, red squares designate the calculated the [O] concentration.
The analyzed period covers 2012 December 14 - 2013 January 31.
From the plots, one can see that between the hydroxyl layer max-
imum height and the OH emission intensity and the atomic oxygen
concentration, there is an inverse dependence. Thus, for the Tory

region, at the SSW evolution phase in late December - early January, a
dramatic growth in the OH emission intensity and the atomic oxygen
concentration were accompanied by lowering of the emission layer
height to 82km (Fig. 3, top panel). But already after January 12, the
OH layer height values measured with the satellite were 87-88 km, and
the I(OH) and [O] over that period returned to the values observed
prior to the SSW onset (top panel).

For the Zvenigorod region, a significant lowering of the OH layer
was observed after January 16, at the SSW recovery phase. On January
25, the layer height reached the minimal value of 81 km (Fig. 3 bottom
panel). In this period, I(OH) and [O] reached maximal values.

Fig. 4 presents regression dependences between the OH emission
intensity and the emission layer maximum height for the Tory Station
(top panel) and for the Zvenigorod Station (bottom panel). For both
regions of observation, one can clearly see anticorrelation between the
hydroxyl emission intensity and the height. Over the analyzed period,
the OH emission maximum height varied from 83 km to 90 km for the
Tory region and from 81 km to 88 km for the Zvenigorod region.
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5. Numerical simulation with the Middle and Upper Atmosphere
Model

To reveal possible causes for the observed longitudinal differences
of the I(OH), T(OH), and [O] variations at the Tory and Zvenigorod
Stations, we performed numerical modeling for the dynamics of the
vertical component of wind velocity in the atmosphere over the
0-100km height range. To model the thermal conditions and the
common atmosphere circulation, we used the Middle and Upper
Atmosphere Model (MUAM) (Pogoreltsev et al., 2007). The MUAM
represents a 3D non-linear model for the common atmosphere circu-
lation. The model is implemented at a grid, 5.625° in longitude, 5° in
latitude. As a vertical coordinate, the log-isobaric height z = - H*In (p/
1000) is used, where p is the pressure at hPa, H = 7 km. The height step
is 0.4*H, and there is a possibility to set an arbitrary number of vertical
levels from 48 to 60. In this study, we used the 56-level MUAM version.
The time integration step was 225 s. In the last MUAM version, new
parameterizations were involved: effects of orographic gravity waves
(Gavrilov and Koval, 2013) and normal atmospheric modes
(Pogoreltsev et al., 2014). The lower boundary conditions at 1000 hPa
were set in the form of averaged horizontal distributions of the geo-
potential heights and temperature for January. Those distributions
were obtained from the JRA reanalysis data (Japanese 55-year Re-
analysis) (Kobayashi et al., 2015). To reproduce the conditions closest
to the observed ones within the 2012-2013 winter in our numeric
calculations, we (when calculating the lower boundary conditions)
averaged the distributions for 1982, 1991, 1994, 2002, and 2004,
during which the ENSO neutral phase according to the Multivariate
ENSO Index (MEID) [http://www.esrl.noaa.gov/psd/enso/mei/table.
html] was observed. Besides, ensemble calculations were conducted
for the quasi-two-year variation westerly phase conditions (Pogoreltsev
et al., 2014). Unfortunately, it is difficult to estimate the errors of
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simulated vertical wind. Nevertheless, the comparison of vertical wind
obtained with the MUAM and using the radar measurements shows a
good agreement (Portnyagin et al., 2010, 2011).

To include the latent heating due to condensation, the Modern-Era
Retrospective Analysis for Research and Applications (MERRA) con-
vective precipitation data were used for the selected years (Rienecker
et al., 2011). The distribution of heating rates is calculated by using the
empirical formula from Hong and Wang (1980):

J (@, 4, 9) = Jz (2) J1p (4, @), (10)

where Jj, (A4, @) is the observed longitude/latitude distribution of
precipitation rates near the ground and J,(z) is the empirical formula
for the vertical distribution of the latent heating rates depending on the
precipitation rate near the ground:

Jz(@) =A {eXP [—(25_—325)2] —0.23 exp (—1—21)}

here A is the empirical constant, which was obtained based on the
measurements (Reed and Recker, 1971). A = 8.54 mW/kg corresponds
to the rainfall rate of 1.6 mm/day.

The procedure for numerical experiments matched the one de-
scribed in (Pogoreltsev et al., 2007), i.e., until model day 330, we used
the Sun fixed zenith angle corresponding to the January 1 conditions;
then, its seasonal variations were involved. In summary, model days
330-400 corresponded to January-February and early March. As a re-
sult, we obtained a solution ensemble involving 10 terms by using
different initial conditions. For the further analysis, selected was one of
the versions, when the SSW event evolved in the first half of January
(see Fig. 5). Although the model SSW (Fig. 5) is a little weaker than that
observed in 2013 January (Fig. 1), the basic features of the vertical
wind behavior over Zvenigorod and Tory (longitudinal differences)
may be estimated, at least, qualitatively based on modeling calcula-
tions.

Fig. 6 presents the results of modeling the vertical wind at the hy-
droxyl layer height (87 km) for the Tory (top panel) and Zvenigorod
(bottom panel) regions. The horizontal line marks the wind velocity
zero value. The «+» sign corresponds to the upward wind, the «-»-
downward. The calculations showed that the vertical wind velocity for
the Tory Station varied over —0.06 to 0.04 m/sec, with —0.04 to
0.02 m/sec for the Zvenigorod Station.

From the figure, one can see that the prevalent vertical wind for the
Tory Station over January 1-4, 9-15, and 23-26 was downward (see
Fig. 6, top panel) during both nighttime and daytime. It is these periods,
when we found an increase in the OH emission intensity, an increase in
the atomic oxygen concentration, and a decrease in the hydroxyl
emission layer height from the experimental data. The model calcula-
tions for the Zvenigorod region showed that the downward vertical
wind was observed at the SSW recovery phase, on January 16-25. Fig. 7
shows the discussed time intervals zoomed in.

Fig. 8 presents the results of the vertical wind profile model calcu-
lations for the Tory (top panel) and Zvenigorod (bottom panel) regions.
The zero point on the X axis corresponds to 00 LT on January 1. From
the figure, one can see that, for the Tory Station, the prevalent wind
within 80-90 km (hydroxyl emission layer height) is mainly downward
until mid January, whereas, in the second half of January, the prevalent
wind is upward. For the Zvenigorod region, after January 16, a suffi-
ciently strong vertical downward wind at 80-90 km prevailed.

Thus, the hydroxyl emission layer significant variations causing
changes in the OH emission intensity and in the OH temperature, as
well as in the atomic oxygen concentration, at the mesopause heights,
may result from the vertical wind variations within the atmosphere.

The downward vertical wind leads to lowering of the OH emission
layer, which result in its adiabatic heating. As a result, there is an in-
crease in the OH temperature, in the atomic oxygen concentration, and,
as a consequence, an increase in the OH emission intensity. In case of
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the vertical upward wind, on the contrary, there is an increase in the
OH emission layer height, which leads to an adiabatic cooling, to a
decrease in the OH temperature, in the atomic oxygen concentration,
and in the OH emission intensity. Similar results and conclusions, as
well as a possible mechanism elucidating the [O] change at upward/
downward motion, were presented and discussed in (Shepherd et al.,
2010). According to that paper, an increase in the atomic oxygen
concentration at the OH emission height occurs due to an influx of
atomic oxygen from the thermosphere, where its concentration is
considerably higher, than that in the mesopause region. As a result of
the upward motion, air masses with a low content of atomic oxygen
arrive at the OH emission layer heights from the lower atmosphere
(Shepherd et al., 2010). In (Shepherd et al., 2010), there are estimates
for the velocity of the vertical motion leading to variations in the OH
layer height during the 2009 stratospheric warming. The authors as-
sume that, in that period, the OH emission layer height variations oc-
curred due to a vertical motion with a rate of 1 kmd~?, or 0.0l ms ™.

The model calculations showed the existence of longitudinal dif-
ferences in the vertical wind variations over Tory and Zvenigorod
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regions. These differences agree well with the revealed effects from the
experimental ground-based and satellite data. The obtained differences
in the vertical velocity diurnal variations over the indicated stations
during SSW events may be elucidated by generation of non-migrating
tides as a result of non-linear interaction between the increased SPW1
and migrating tides (Pogoreltsev et al., 2007). To check such possibility,
the wavelet analysis of the tides and high-frequency planetary waves in
the stratosphere has been performed using new ERA5 reanalysis data
(Hersbach and Dee, 2016). ERAS5 data provide us with the hourly in-
formation on the global distribution of meteorological fields and we
have a possibility to investigate the characteristics of the main tidal
oscillations. A complex wavelet analysis using Morlet mother wavelet
(Torrence and Compo, 1998) has been applied to the time series of the
real and imaginary parts of zonal harmonics with zonal wave numbers
1-3 in the meridional wind at the stratospheric middle latitudes to
investigate the travelling PWs and tides activity during the time interval
considered. The method of separation PWs into the standing and
westward/eastward propagating components has been described in
Pogoreltsev et al. (2007). Fig. 9 shows the amplitude wavelet spectra of
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westward propagating PWs in the meridional wind at latitude 52.5N in
the upper stratosphere. The results obtained demonstrate that during
time interval of SSW event (end of December 2012 - first half of Jan-
uary 2013) the migrating tides are suppressed. It should be noted that
additionally during the main phase of SSW a set of high-frequency PWs
(periods 1.5-2 days) with zonal wave numbers 1-3 is generated. All
these waves are capable of propagating into the MLT region and can
explain the observed differences in behavior of the OH emission in-
tensity, temperature and atomic oxygen concentration over Tory and
Zvenigorod.

6. Conclusions

Based on the ground-based spectrometric measurement data on the
OH(6-2) hydroxyl emission at the longitudinally spaced Tory (51.8°N,
103.1°E) and Zvenigorod (55.7°N, 36.8°E) stations, by involving the
SABER satellite measurement data and the MUAM simulation, the
temperature regime and the atomic oxygen concentration in the me-
sopause region during the 2013 January major sudden stratospheric
warming have been analyzed.

As a result of that analysis, we revealed significant variations in the
OH emission intensity and temperature, as well as in the atomic oxygen
concentration at the hydroxyl emission layer. The observed variations
may be explained by an adiabatic expansion or compression of the
emission layer due to changes of its height.

Significant longitudinal differences in the behavior of the in-
vestigated characteristics have been found. Thus, in the Tory Station
region, the OH maximal intensities and temperature, as well as the
atomic oxygen maximal concentration, caused by the emission layer
height lowering, were observed during the SSW evolution. Over the
Zvenigorod Station, the maximal values for those characteristics were
observed at the SSW recovery phase.

As a result of numerical modeling, a possible cause for the revealed
effect was shown to be longitudinal differences in diurnal variation of
the vertical wind at the mesopause heights over the indicated sites
during the SSW event. One may elucidate these differences through
generation of non-migrating tides due to a non-linear interaction be-
tween the intensified stationary planetary wave 1 (SPW1) and mi-
grating tides and forcing a set of high-frequency PWs at the strato-
spheric heights. All these waves are capably of propagating into the
MLT region and produce observed changes in behavior of the OH
emission intensity, temperature and atomic oxygen concentration over
Tory and Zvenigorod.
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