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A B S T R A C T

Statistical analysis of dates of warming events observed during the years 1981–2016 at different stratospheric
altitudes reveals their non-uniform distributions duringnorthern winter months with maxima at the beginning of
January, at the end of January– beginning of February and at the end of February. Climatology of zonal-mean
zonal wind, deviations of temperature from its winter-averaged values, and planetary wave (PW) characteris-
tics at high and middle northern latitudes in the altitude range from the ground up to 60 km is studied using the
database of meteorological reanalysis MERRA. Climatological temperature deviations averaged over the 60–90 N
latitudinal bands reveal cooler and warmer layers descending due to seasonal changes during the polar night. PW
amplitudes and upward Eliassen-Palmfluxes averaged over 36 years have periodical maxima with the main
maximum at the beginning of January at altitudes 40–50 km. During the above-mentioned intervals of more
frequent occurrence of stratospheric warming events, maxima of PW amplitudes and Eliassen-Palmfluxes, also
minima of eastward winds in the high-latitude northern stratosphere have been found. Climatological intra-
seasonal irregularities of stratospheric warming dates could indicate reiterating phases of stratospheric vacilla-
tions in different years.

1. Introduct ion

The coupling between the middle and lower atmosphere is exten-
sively investigated on the base of observations and model simulations
over several last decades.(e.g,Quiroz, 1975; Labitzke, 1977; Schoeberl,
1978). It is well known that sudden stratospheric warming (SSW) events
are the clearest and strongest manifestation of the coupling of the stra-
tosphere–troposphere system (Charlton and Polvani, 2007). Connected
with SSWs circulation anomalies associated with strong or weak strato-
spheric polar vortex events can decent from the middle to thelower
stratosphere where they persist, on average, for more than 2months
(e.g., Baldwin and Dunkerton, 2001) and produce substantial weather
effects, for example, intense outbreaks of cold air in winter (e.g.,
Thompson et al., 2002). SSWs can also affect the circulation of the North
Atlantic Ocean (Reichler et al., 2012), the effects of the El Ni~no -
Southern Oscillation (ENSO) in Eurasia (e.g.,Ineson and Scaife, 2009).
They play an important role in stratospheric chemistry (e.g., Manney
et al., 2003, 2005), transport of climate active gases and pollutants (Jiang

et al., 2013; Butler et al., 2014), ozone variability in Arctic and Antarctic
(e.g., Schoeberl and Hartmann, 1991). Evidences exist about SSW im-
pacts on polar clouds in the troposphere (Kohma and Sato, 2014), on
convective activity in the equatorial troposphere (e.g.,Kodera, 2006), on
dynamics of the mesosphere and formation of the stratopause(e.g.,Sis-
kind et al., 2007; Manney et al., 2005).

Since their fi rst detection in 1952 (Scherhag, 1952), SSWs were
extensively observed and categorized by the World Meteorological Or-
ganization. Gomez-Escolar et al. (2012)found an increase of SSW
occurrence frequency in the post-satellite era from the analysis of the
NCEP-NCAR and ERA-40 meteorological reanalysis datasets.The authors
showed that SSWs tend to occur preferentially in January in the years
1958–1978, whereas they occur more often in December and at the end
of February in years 1979–2002.Charlton and Polvani (2007)showed
that typically SSWs occur in January–February with only a few SSWs
occurring in November and December.Charlton and Polvani (2007)and
Pawson and Naujokat (1999)demonstrated inter-annual SSW variability.
They found a tendency toward reducing SSW activity during the mid-
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1990s, which was not continued at the beginning of the twenty-fi rst
century.Manney et al. (2005)analyzed the interval 1958–2004 and re-
ported about highest SSW activity between the years 1998 and2004.
Pogoreltsev et al. (2015)demonstrated the important role of nonlinear
interactions of the meanflow with stationary planetary waves in the
SSW formation.

Butler et al. (2015)analyzed variety of existing SSW definitions using
the NCEP-NCAR and ERA reanalysis data and provided tables ofdates of
all major SSWs observed in years 1958–2013. Gomez-Escolar et al.
(2012) analyzed the frequency distribution of SSWs during 1957–2002
from the ERA-40 reanalysis data. They found different SSW numbers in
different 10-day bins. These results raised an idea that thedates of major
SSWs may have non-uniform distribution even at time scales of a few
weeks during the winter months. To clarify this idea in this study, we
performed a climatological analysis of atmospheric characteristics
related to SSW developments.

Most of the mentioned above SSW climatology studies used the
NCEP/ NCAR and ERA reanalysis datasets, which cover the longest period
of observation in the stratosphere (since the year of 1958) with the upper
boundary at the 10 hPa pressure level (approximately 30–35 km height).
Recently, the Modern Era Retrospective-Analysis for Research and Ap-
plications (MERRA) database (Rienecker et al., 2011) and UK Met Office
Assimilated Stratospheric Data (Swinbank and O'Neill, 1994) have been
developed, which span the altitudes from the ground to 50 km (pressures
up to 0.01 hPa). The analysis of 36-year (1981–2016) MERRA database
(Rienecker et al., 2011) for altitudes up to 60 km was performed in the
present study.

We estimated intra-seasonal distributions of dates of major and minor
stratospheric warmings (SWs) as well as amplitudes and Eliassen-Palm
(EP) fluxes of planetary wave (PW) components with zonal wave-
numbers m¼ 1 and m¼ 2, EP-flux divergence, zonal-mean zonal wind
and temperature deviations from its winter-mean values averaged over
the 60–90 N latitudinal band at altitudes from the ground up to 60 km.

These climatological data were compared with statistical distributions of
observed dates of major SSWs given as supplement to the paperby Butler
et al. (2015).

2. Methods of data analysis

The term“sudden stratospheric warming” is traditionally assigned to
the abrupt increases in temperature associated with zonal wind reversals
at the pressure level of 10 hPa (e.g.,Butler et al., 2015). Fig. 1 represents
an example of temperature deviation from the winter averagevalue
(Fig. 1a) and the zonal wind (Fig. 1b) for winter months of the year 1982
obtained from the MERRA database at high latitudes. One can see sharp
increase in polar stratospheric temperature in the second part of January
and corresponding reversal of the zonal wind direction. However, this
reversal exists at altitudes above 10 hPa level and, strictly speaking, this
event can not be treated as SSW according to the WMO rules. To
distinguish such events at higher stratospheric levels from traditionally
discussed SSW events, we call them here as“high stratospheric warming
(HSW) events” .

In Fig. 1b the zero zonal wind contour appearfi rst at altitude about
50 km on January 23. This altitude and date are considered here as the
date and location of the HSW. At altitudes below 40 km the zonal wind
reversal occurs 1–2 days later than that at 50 km level inFig. 1b. Dates
and heights of all HSWs obtained from the MERRA database for years
1981–2016 are given in theSupplementary Table 2to the present paper.
Fig. 1a shows the second substantial temperature increase (up to 20 K) at
the end of February. One can see respective decrease in the zonal wind in
Fig. 1b, however the wind does not drop below zero. One can treat such
events as“minor HSW” . In theSupplementary Table 2, we included such
minor SSWs, for which the zonal wind drops below 10 m/ s at latitude
62.5 N and mark them as“0 < u < 10” . The date and altitude of minor
HSW are determined using the contour of lowest zonal wind (10m/ s for
Fig. 1b at the end of February).

Fig. 1. Example of temperature deviation in K from the winter average value at latitude 87.5N (a) and zonal velocity in m/ s at latitude 62.5N (b) for winter months of year 1982
obtained from the MERRA database.
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Among atmospheric characteristics responsible for SW formation, the
amplitude of stationary PWs with zonal wave number m¼ 1 and m¼ 2,
vertical components of EP-flux, also the zonal-mean zonal wind and
temperature deviations averaged over the 60–90 N latitudinal band
have been considered. To obtain parameters of PWs, all meteorological
variables have been decomposed using the Fourier analysis into the

zonal-mean values and a superposition of harmonics with zonal wave
numbers m¼ 1–4 (called as PW1–PW4 below).

Most of studies devoted to the PW propagation used the three main
diagnostic tools: numerical general circulation modeling, analysing ob-
servations to estimate the EP-flux and its divergence, and analysing the
atmospheric refractive index for PW modes. The EP-flux and its

Fig. 2. Averaged PW1 geopotential height amplitude in gpm– a; PW1 vertical component of EP-flux in kg m 1 s 2 – b; PW1 divergence of EP-flux in kg m 2 s 2 – c; PW2 geopotential
height amplitude in gpm– d; PW2 vertical component of EP-flux –e; PW2 divergence of EP-flux – f; zonal-mean zonal wind in m/ s– g; deviations of temperature from its winter-mean
values in K averaged over 60–90N latitudinal band– h, obtained from MERRA data for years 1981–2016. Thick black lines denote zero contours.
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divergence (Andrews et al., 1987) represent the wave activity and the
eddy forcing, respectively. Theoretically, PWs tend to avoid regions
where zonal winds are easterly, or westerly and exceeding the critical
Rossby velocity as it is shown by many papers (e.g.,Charney and Drazin,
1961). They are attracted towards regions where the values of the
refractive index squared are positive (Andrews et al., 1987). It is shown
in many papers that the refractive index is a useful diagnostic tool for
vertical and meridional PW propagation.

Analyses of SW formation mechanisms often include considerations
of the EP-fluxes to diagnose the eddy forcing (e.g.,Andrews et al., 1987;
Andrews and McIntyre, 1976). The vector of the EPflux represents the
zonal-mean direction of wave activity propagation in the meridional
plane. Meridional and vertical EP-flux components include the eddy
momentum and heatfluxes. In this study, climatological values of the
vertical EP-flux component Fz for PW modes with zonal wave numbers
m ¼ 1 and m¼ 2 have been estimated using the conventional formula
(e.g. Inoue et al., 2011):

FZ ¼ ρ0a cosφ
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where a and f are the mean Earth's radius and the Coriolis parameter,
respectively;ρ0 is the background density;φ is latitude; u, v, w are zonal,
meridional and vertical wind components, respectively;θ is potential
temperature; overbars and primes denote the zonal-mean values and
deviations from them, respectively. Divergences of EP-flux showing wave
drag of the meanflow and the rate of change of PW wave-activity
(Andrews et al., 1987) were also calculated for PW modes with zonal
wave numbers m¼ 1 and m¼ 2.

To identify HSWs we generally followed their definitions byCharlton
and Polvani (2007), but the reverse of zonal wind have been checked at
higher than 10 hPa pressure level altitudes up to 60 km.

3. Results

The described above methods were used for determination of HSW
related characteristics from the 36-year (1981–2016) MERRA database
(Rienecker et al., 2011) for altitudes up to 60 km.

3.1. HSW date statistics

Fig. 2 shows satellite amplitudes, vertical components and di-
vergences of EP-flux for PW1 and PW2, zonal-mean zonal wind and
temperature deviation from its winter-mean values averaged for each day
of December–February at middle and high northern latitudes, respec-
tively, over the entire analyzed interval using the MERRA database.
Fig. 2h demonstrates temperature deviations from its seasonal means,
averaged over the 60–90 N latitudinal bands. One can see descending
cooler and warmer layers, which reflect seasonal changes of temperature
in the troposphere–stratosphere caused by decreasing the Earth's surface
temperature to a minimum in January–February and by seasonal changes
in radiation influxes and circulation in the stratosphere during polar
nights. Examinations of height-latitude distributions ofmonthly-mean
temperatures at altitudes 5–35 km from CHAMP low-orbit GPS satellite
data (Gavrilov, 2007) show strongest temperature minima above altitude
30 km near the North Pole in November–December. Then these minima
become lesser and shift downwards in accordance withFig. 2h.

Besides seasonal changes, one can see localized temperature maxima
in Fig. 2h inside the warmer layer. One of the reasons for these maxima
could be the cumulative effect of SSWs and HSWs occurring in the winter
stratosphere. The existence of several local temperature maxima in
Fig. 2h allows assuming inhomogeneous distributions of HSW dateswith
higher occurrence frequencies on certain days during winter. Cross-
sections of these temperature maxima at altitude about 35 kmmay
correspond to more frequent occurrence of major and minor SSWs

determined with the standard WMO rules at the pressure levelof 10 hPa.
Besides that, the local temperature maxima inFig. 2h expand to other
stratospheric altitudes, where they can indicate similar warming events,
which we call as HSWs here (see above).

To study such possibilit ies we obtained the dates of major and minor
SSWs and HSWs at different altitudes using the MERRA (years
1981–2016) meteorological reanalysis database (see Section2). Then we
calculated numbers of all SW dates fromSupplementary Table 2within
consecutive 10-day intervals represented in thefi rst row of Table 1.
HSWs were detected at different stratospheric altitudes between 30 and
60 km in almost every winter season (except year 1988) between years
1981–2016 (seeSupplementary Table 2and Pogoreltsev et al., 2014).
The numbers of major SSWs found byButler et al. (2015)from NCAR/
NCEP data during the years 1958–1980 are added to the second row of
Table 1. The third row ofTable 1gives sums of HSW and SSW numbers
from thefi rst two rows for respective bins. The last row inTable 1shows
the number of SSWs obtained from MERRA data for years 1981–2016
using their determination at the pressure level of 10 hPa (e.g., Charlton
and Polvani, 2007). These SSW dates from MERRA database are gener-
ally the same as those obtained from NCAR/ NCEP and MERRA datafor
years 1981–2013 byButler et al. (2017).

To verify the hypothesis about non-uniform distribution of
HSWþ SSW dates we applied the statistical chi-square test (e.g.Rice,
2006) to thefi rst and third rows ofTable 1. For each row the valueχ2 ¼
P M

i¼1ðni n0Þ2=n0 was calculated, where M is the number of bins in
Table 1, ni is the HSW number in i-th bin, n0 ¼ N/ M is expected number
for the homogeneous distribution, N is the total number of HSWs in M
analyzed sells ofTable 1. For thefi rst and third rows ofTable 1M ¼9 and
χ2 ¼ 13.7 andχ2 ¼ 16.2, respectively. According to theχ2-table for
M 1 ¼ 8 freedom degrees (e.g.,PennState, 2016), these χ2 values
correspond to the probability of uniform statistical distribution below
0.09 and 0.04 for thefi rst and third rows, respectively. This proves the
statistical irregularity of HSW occurrence dates versus time dur-
ing winter.

Numbers of registered HSWs in the third row ofTable 1have local
maxima at the beginning of January, at the end of January– beginning of
February and at the end of February. To make further verifications of
these maxima, we performed three additional chi-square tests of in-
homogeneity of HSW date distributions within 3 bins of the third row of
Table 1that contain nearby maxima and minima of HSW numbers. For
specified above three local maxima of HSWþ SSW occurrence M¼ 3 and
χ

2 ¼4.2, 6.1, 3.2, respectively. Theχ2-table for M 1 ¼2 freedom degrees
gives the probabilities of homogeneous statistical distributions in the
vicinity of the mentioned three maxima less than 0.1, 0.05 and 0.2,
respectively. This confi rms substantial statistical significance of the local
maxima of HSWþ SSW numbers in the third row ofTable 1.

Specified above intervals of maximum numbers of HSWþ SSW events
in the third row ofTable 1(the beginning of January, the end of January
– beginning of February and the end of February) correspond tothe

Table 1
Numbers of HSW and SSW events registered in consecutive 10-day intervals from the
meteorological reanalysis datasets MERRA and from NCEP/ NCAR (obtained byButler
et al., 2015).

Month N December January February

Days from Dec. 1 1–10 11–20 21–30 31–40 41–50 51–60 61–70 71–80 81–90

MERRA,
HSWþ SSW

1981–2016

63 4 3 4 10 4 13 9 7 9

NCAR/ NCEP,
SSW

1958–1980

20 3 2 1 3 3 5 0 0 3

Total HSWþ SSW
1958–2016

83 7 5 5 13 7 18 9 7 12

MERRA, SSW
1981–2016

19 2 1 1 3 1 3 1 2 5
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locations of temperature maxima inFig. 2h and confi rm that these
temperature maxima can be produced by more frequent HSW events
during these intervals.

3.2. Average HSW related characteristics

To clarify the reasons for described above irregularities of the sta-
tistical distribution of HSW dates, the climatological variability of at-
mospheric characteristics related to the HSW formation has
been analyzed.

Fig. 2a, d demonstrate, respectively, the time-altitude cross-sections
of PW1 and PW2 amplitudes at 62N latitude averaged over the last 36-
years of MERRA dataset (see above).Fig. 2a shows quasi-periodical
vacillations of PW1 with amplitude maxima every 15–20 days (the
main maximum exists at the beginning of January at altitudes40–50 km).
These maxima correspond to respective maxima of the vertical EP-flux in
Fig. 2b. Thesefluxes are almost everywhere positive reflecting upward
propagation of the wave activity from the wave source regions in the
lower atmosphere. Positive vertical component of EP-flux in Fig. 2b
corresponds to the northward direction of the zonal-average meridional
heat flux produced by PW1. This confi rms existing views (e.g.,Holton
and Mass, 1976) about heating of the polar stratosphere by PWs with
consequent decreasing eastward Polar Vortex velocities and thus
contributing to HSW developments.

Maxima of the multiyear average PW1 EP-flux in Fig. 2b correspond
to PW1 amplitude maxima inFig. 2a. They occur generally after
respective local maxima of multiyear average zonal winds shown in
Fig. 2g. A reason for quasi-periodical variations of the mean windwith
periods of 1–4 weeks could be vacillations caused by changes in the
conditions of PW propagation and by nonlinear interactionsof PWs with
the meanflow (e.g.Holton and Mass, 1976). Intensities and durations of
these vacillations may change from year to year. At entirelyrandom
distribution of vacillat ion phases, one should anticipatecomplete dis-
appearing local maxima and minima inFig. 2a, b and g. Survival of
multiyear average local maxima inFig. 2 could indicate the vacillation
phase reiteration in different years.

Fig. 2d and2e reveal mult iyear average PW2 amplitudes and vertical
EP-flux components.Fig. 2e contains local regions of negative (down-
ward) vertical PW2 EP-flux components. They may be caused by re-
flections of PW2 propagating from below and/ or by PW2 mode
generation in the middle atmosphere. Relative dimensions of regions
with negative EP-fluxes inFig. 2e are smaller than those for positive EP-
fluxes. Negative vertical EP-fluxes correspond to southward wave heat
fluxes and to additional cooling of the middle atmosphere nearthe
North Pole.

The main PW2 amplitude maxima inFig. 2d are visible at altitudes
about 30 km, which are substantially lower, than the altitudes of PW1
maxima at 40–50 km in Fig. 2a. A reason could be stronger influence of
the mean wind on the PW2 refractive index, which could prevent PW2
propagation into the region of strong eastward winds. Numerical simu-
lations of height-latitude distributions of different PW amplitudes by
Gavrilov et al. (2015)revealed amplitude maxima of stationary PW2
modes at altitudes 30–40 km at high latitudes of the winter Northern
Hemisphere.

Climatological PW2 maxima inFig. 2d are repeating with time in-
tervals about 9–10 days. Numerical study byRobinson. (1985)showed
vacillations with anti-phase changes of PW1 and PW2 amplitudes in the
stratosphere. InFig. 2a, PW2 maxima often occur in between PW1
maxima, which are consistent with simulations byRobinson. (1985)and
allow assuming energy exchanges between PW1 and PW2 modes due to
nonlinear wave interactions.

For further understanding of PW1 and PW2 amplitude behavior,
Fig. 2a and2f show divergences of EP-fluxes, which represent wave drag
of the meanflow and changes in the wave action of respective PW modes
(Andrews et al., 1987). Fig. 2c reveals maxima of multiyear average PW1
EP-flux divergence at altitudes 30–50 km with higher posit ive

divergences during PW1 amplitude maxima shown inFig. 2a. Positive
EP-flux divergence corresponds to the acceleration of the meanflow and
decreasing PW1 wave-action, which is consistent with the mechanism of
stratospheric vacillations (e.g.Holton and Mass, 1976). EP-flux di-
vergences for PW2 inFig. 2f are mainly negative at altitudes 20–40 km
and positive at lower and higher altitudes. Negative EP-flux divergences
match to increases in PW2 wave-activity and amplitudes at altitudes
30–40 km seen inFig. 2d. For some PW2 amplitude maxima inFig. 2e,
their anti-phase behavior with PW1 maxima inFig. 2a is less clear. This
may be connected with differences between heights of the main PW1
(40–50 km) and PW2 (30–40 km) maxima and with other mechanisms
influencing PW propagation in the middle atmosphere.

Climatological average zonal-mean eastward winds inFig. 2g are
larger than 30 m/ s (with maxima up to 55 m/ s) at altitudes above 30 km
before the end of January and become weaker than 30 m/ s after January
20–25. This coincides with time intervals, when the lower boundary of
warmer zone inFig. 2f crosses altitudes 25–30 km and the polar strato-
sphere becomes warmer. At the middle of February, the polar strato-
sphere becomes cooler at altitudes 40–50 km (seeFig. 2h) and the
average zonal wind there becomes again stronger for a week ortwo
in Fig. 2g.

Comparisons of the intervals of more frequent HSW occurrence in
Table 1 (the beginning of January, the end of January– beginning of
February and the end of February) withFig. 1a and 1b detect local
maxima of PW1 amplitudes and EP-fluxes during these intervals (with
smaller maxima magnitudes for the last interval due to seasonal
changes). All three mentioned time intervals of increased HSW occur-
rence correspond to decreases in the climatological eastward wind ve-
locity in Fig. 2g. Therefore, more frequent HSW occurrence during the
mentioned time intervals could be explained by the reiteration of PW
vacillation phases in different years discussed above.

Consideration of the last row inTable 1 and the SSW database by
Butler et al. (2017)shows many years, when the MERRA data do not
reveal any existence of SSWs at the 10 mb pressure level.Figs. 3 and 4
represent data similar toFig. 2 but for years with SSWs (1980, 82, 84, 85,
87–89, 99, 2001, 02, 03, 04, 06–10, 13) and without SSWs (1981, 83, 86,
90–98, 2000, 05, 11, 12, 14–16), respectively. Comparison ofFigs. 3h
and 4h show cooler polar stratosphere at altitudes 30–50 km in non-SSW
years in December. This leads to higher westward velocity ofPolar
Vortex in the beginning of winter inFig. 4g compared toFig. 3g, which
suppress PW propagation and hold smaller PW1 and PW2 amplitudes up
to the end of December in non-SSW years (compareFig. 4a, d and 3a, d).
Therefore, stratospheric vacillations between PW amplitudes and the
mean wind start later in non-SSW years inFig. 4a, d, g and substantial
temperature variations occur at higher than 10 hP A pressurelevel alt i-
tudes in non-SSW years (Fig. 4h) than those inFig. 3h for years with SSW.
Fig. 3h reveals smaller temperature variability below 40 km altitudes
until the end of January and in thefi rst part of February in years with
SSW. The differences may be caused by smaller PW1 amplitudesin these
intervals during years with SSWs inFig. 3a compared toFig. 4a for years
without SSW events. This may explain smaller numbers of SSW events
during mentioned above intervals as registered from the MERRA data in
the last row ofTable 1compared with respective numbers of HSWþ SSW
in the fi rst row in Table 1.

Analysis of differences between years with and without SSWs
observed at 10 hPa pressure level is not the primary goal of the present
paper. Further studies of these differences are required.

4. Discussion

It is known that PWs are mainly controlled by the structure ofzonal
mean wind and its vertical shear (Andrews et al., 1987). In turn, PWs
could strongly influence the meanflow according to the wave-meanflow
interaction theorem (Andrews et al., 1987). The mean zonal wind can
change the refractivity index for atmospheric waves and thus influence
EP-fluxes and PW1 amplitudes. Furthermore, PW1 can drag the mean
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flow triggering energy transfer from the meanflow to the waves. In
addition, positive vertical components of EP-flux in Fig. 2b correspond to
PW1 heatfluxes directed to the North Pole and to additional heating of
polar regions by waves, which can weakening the polar vortexand
diminish eastward velocity. Such wave-meanflow interactions can pro-
duce vacillations with quasi-periodical maxima and minimaof the zonal
velocity and PW1 amplitudes seen inFig. 1a and1e.

During winter time in the Northern Hemisphere, PWs generated in

the troposphere by the topography and diabatic heating willpropagate
upwards to the stratosphere, where zonal mean zonal winds are westerly
and do not exceed the critical Rossby velocity (Andrews et al., 1987). The
critical Rossby velocity depends on the wave number and latitude,
implying that only ultra-long waves have the possibility topropagate to
the stratosphere at middle and high latitudes (Matsuno, 1970).

Fig. 1a and1d show that PW1 can propagate in the upper stratosphere
while PW2 has maxima at lower altitudes. According to the atmospheric

Fig. 3. Same asFig. 1, but for the years with SSW: 1980, 82, 84, 85, 87–89, 99, 2001, 02, 03, 04, 06–10, 13.
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wave theory, PWs can propagate in waveguides, where the PW refrac-
tivity index squared is positive (e.g.Andrews et al., 1987). Formulae for
the PW refractivity index (e.g.Andrews et al., 1987; Albers et al., 2013)
show that PW1 is able to propagate in stronger westerly meanflow, than
PW2. In addit ion, PW1 mode may accelerate or decelerate the meanflow
depending on PW1 phases (see positive and negative EP-flux divergences
in Fig. 2c). This may change conditions of PW2 propagation and PW2-
mean flow interactions (seeFig. 2f). The majority of PW2 amplitude
maxima in Fig. 2d are located in between of PW1 amplitude maxima

shown inFig. 2a.
EP-flux divergences for PW2 inFig. 2f are mainly positive above al-

titudes 40 km, which corresponds to accelerations of the mean flow and
decreasing PW2 wave-activity. This could explain localizations of PW2
amplitude maxima inFig. 2d mostly at altitudes 20–40 km, where EP-flux
divergences are manly negative inFig. 2f. However, negative PW2 EP-
flux divergences can sometimes exist at altitudes above 40 km (see
Fig. 2f), which could enhance PW2 amplitudes at high altitudes
in Fig. 2d.

Fig. 4. Same asFig. 1, but for the years without SSW: 1981, 83, 86, 90–98, 2000, 05, 11, 12, 14–16.
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Charlton and Polvani (2007)made statistical analysis of dates of 28
major SSWs in the years 1958–2002 obtained from NCAR/ NCEP and
ERA-40 datasets. They found maximum of SSW occurrence in January
and litt le bit smaller SSW number in February. Calculating total HSW
numbers in the third row ofTable 1correspond to these results. Unfor-
tunately, low SSW numbers obtained byCharlton and Polvani (2007)do
not allow getting detailed intra-seasonal distributions of SSW dates as we
do for HSWs in the present paper.Gomez-Escolar et al. (2012)analyzed
intra-seasonal variations of SSW numbers observed during the years
1958–2002. They found maxima of SSW numbers during northern winter
similar to those shown inTable 1 and their changes in the years
1958–1979 and 1980–2002. Our study may be considered as continua-
tion of these studies for wider altitude range (0–60 km) using the recent
MERRA dataset and involving climatology of HSW related atmospheric
characteristics.

Good agreement between changes in HSW numbers inTable 1 and
independently obtained respective variations of multiyear average HSW
characteristics inFig. 2 could give additional evidences of intra-seasonal
statistical irregularities of HSW date distribution. The maximum numbers
of HSWþ SSW events in the third row ofTable 1 are observed at the
beginning of January, the end of January– beginning of February and at
the end of February. It was mentioned above that quasi-periodical vari-
ations of the mean wind and PW1 and PW2 amplitudes with periods of
1–4 weeks could be stratospheric vacillations (e.g.Holton and Mass,
1976; Robinson, 1985). In case of completely random phases of these
vacillations in different years, one should expect homogeneous distri-
butions of multi-year average dynamical characteristics and HSW
numbers during winter. The existence of pronounced local maxima in
Fig. 2 and Table 1could reflect reiterations of certain phases of strato-
spheric vacillations in different years.

5. Conclusions

In this study, the statistical distributions of SSW and HSW dates and
atmospheric parameters related to their developments are analyzed using
the 36-year (1981–2016) daily meteorological MERRA dataset and the
57-year (1958–2013) NCAR/ NCEP reanalysis data. Statistical distribu-
tion of HSW occurrence numbers demonstrates irregular behavior with
maxima of the HSW occurrence at the beginning of January, at the end of
January– beginning of February and at the end of February.

Climatological atmospheric characteristics related to HSW formation
at altitudes up to 60 km have been studied from the MERRA database. We
analyzed multiyear average amplitudes, EP-fluxes and their divergences
for PW components with zonal wave numbers m¼ 1 and m¼ 2, also the
zonal-mean zonal wind and deviations of temperature from its winter-
mean values at high northern latitudes.

Multiyear average temperature deviations reveal descending cooler
and warmer layers due to seasonal changes during polar night. Multiyear
PW1 amplitudes and upward vertical components of EP-flux have quasi-
periodical maxima with the main maximum at the beginning of January
in the altitude range 40–50 km. The main climatological maxima of PW2
amplitudes and upward EP-fluxes are located at lower altitudes about
30 km. During intervals of HSW occurrence maxima at the beginning of
January, at the end of January– beginning of February and at the end of
February, climatological maxima of temperature deviations, minima of
eastward winds, also maxima of PW1 amplitudes and EP-fluxes exist.
Years without SSW events demonstrate cooler polar stratosphere, higher
velocity of Polar Vortex and smaller PW1 and PW2 amplitudes in the
beginning of winter and later beginning of stratospheric vacillations.

Further studies are required to understand whether these long-term
differences observed during the last decades reflect stable trends or
temporal variability in the atmospheric climate system.
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