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ABSTRACT

Statistical analysis of dates of warming events observednduthe years 19842016 at different stratospheric
altitudes reveals their non-uniform distributions durimgrthern winter months with maxima at the beginning of
January, at the end of Januarbeginning of February and at the end of February. Climatplofjzonal-mean
zonal wind, deviations of temperature from its winter-aaged values, and planetary wave (PW) characteris-
tics at high and middle northern latitudes in the altitudege from the ground up to 60 km is studied using the
database of meteorological reanalysis MERRA. Climatalagiemperature deviations averaged over theo®bN
latitudinal bands reveal cooler and warmer layers desaendile to seasonal changes during the polar night. PW
amplitudes and upward Eliassen-Paflnxes averaged over 36 years have periodical maxima with thenm
maximum at the beginning of January at altitudes8® km. During the above-mentioned intervals of more
frequent occurrence of stratospheric warming events, max»f PW amplitudes and Eliassen-Pafiuxes, also
minima of eastward winds in the high-latitude northern sisphere have been found. Climatological intra-
seasonal irregularities of stratospheric warming datadccindicate reiterating phases of stratospheric vacilla-

tions in different years.

1. Introduction

The coupling between the middle and lower atmosphere isnexte
sively investigated on the base of observations and modelsitions
over several last decades.(e@,/iroz, 1975; Labitzke, 1977; Schoeberl,
1979. It is well known that sudden stratospheric warming (SSWres
are the clearest and strongest manifestation of the cogpifrthe stra-
tospheretroposphere systemCparlton and Polvani, 2007 Connected
with SSWs circulation anomalies associated with strong eakstrato-
spheric polar vortex events can decent from the middle to loweer
stratosphere where they persist, on average, for more thero2ths
(e.g.,Baldwin and Dunkerton, 20Qland produce substantial weather
effects, for example, intense outbreaks of cold air in winfe.g.,
Thompson et al., 2002 SSWs can also affect the circulation of the North
Atlantic Ocean Reichler et al.,, 201p the effects of the El Nio -
Southern Oscillation (ENSO) in Eurasia (e.neson and Scaife, 2009
They play an important role in stratospheric chemistry (eMgnney
etal., 2003, 200§ transport of climate active gases and pollutadisiig
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etal., 2013; Butler et al., 20)4ozone variability in Arctic and Antarctic
(e.g., Schoeberl and Hartmann, 19REvidences exist about SSW im-
pacts on polar clouds in the tropospher®lima and Sato, 20)40on
convective activity in the equatorial troposphere (ekgdera, 2009, on
dynamics of the mesosphere and formation of the stratopéaige, Sis-
kind et al., 2007; Manney et al., 20D5

Since theirfirst detection in 1952 Ycherhag, 1952 SSWs were
extensively observed and categorized by the World Metewichl Or-
ganization. Gbrhez-Escolar et al. (2012found an increase of SSW
occurrence frequency in the post-satellite era from thelysisof the
NCEP-NCAR and ERA-40 meteorological reanalysis datagéts.authors
showed that SSWs tend to occur preferentially in Januaryhin years
1958-1978, whereas they occur more often in December and at the end
of February in years 1972002.Charlton and Polvani (2007showed
that typically SSWs occur in Janua#yebruary with only a few SSWs
occurring in November and Decembéharlton and Polvani (2007and
Pawson and Naujokat (1998emonstrated inter-annual SSW variability.
They found a tendency toward reducing SSW activity during thid-
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1990s, which was not continued at the beginning of the twdirst
century.Manney et al. (2005analyzed the interval 1952004 and re-
ported about highest SSW activity between the years 1998 20G#.
Pogoreltsev et al. (2015emonstrated the important role of nonlinear
interactions of the meaflow with stationary planetary waves in the
SSW formation.

Butler et al. (2015panalyzed variety of existing SSW fimitions using
the NCEP-NCAR and ERAreanalysis data and provided tablelstds of
all major SSWs observed in years 198®13. Gbohez-Escolar et al.
(2012)analyzed the frequency distribution of SSWs during 195702
from the ERA-40 reanalysis data. They found different SSwhibers in
different 10-day bins. These results raised an idea thatitftes of major
SSWs may have non-uniform distribution even at time scalea few
weeks during the winter months. To clarify this idea in thisdy, we
performed a climatological analysis of atmospheric ch&gestics
related to SSW developments.
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These climatological data were compared with statistiéstirtbutions of
observed dates of major SSWs given as supplement to the pgertler
et al. (2015)

2. Methods of data analysis

The term“sudden stratospheric warmihg traditionally assigned to
the abrupt increases in temperature associated with zoimal kreversals
at the pressure level of 10 hPa (e@utler et al., 201). Fig. Lrepresents
an example of temperature deviation from the winter averagkie
(Fig. 1a) and the zonal windHig. 1b) for winter months of the year 1982
obtained from the MERRA database at high latitudes. One eansharp
increase in polar stratospheric temperature in the secantigf January
and corresponding reversal of the zonal wind direction. ldeer, this
reversal exists at altitudes above 10 hPa level and, strégtéaking, this
event can not be treated as SSW according to the WMO rules. To

Most of the mentioned above SSW climatology studies used thedistinguish such events at higher stratospheric levelsiftoaditionally

NCEP/NCAR and ERAreanalysis datasets, which cover thedshperiod
of observation in the stratosphere (since the year of 1958) the upper
boundary at the 10 hPa pressure level (approximateh83&km height).
Recently, the Modern Era Retrospective-Analysis for Reseand Ap-
plications (MERRA) databaseéx(enecker et al., 20))land UK Met Ofice
Assimilated Stratospheric Dat&\inbank and O'Neill, 199¥have been
developed, which span the altitudes from the ground to 50 fragsures
up to 0.01 hPa). The analysis of 36-year (198216) MERRA database
(Rienecker et al., 20D)for altitudes up to 60 km was performed in the
present study.

We estimated intra-seasonal distributions of dates of maja minor
stratospheric warmings (SWs) as well as amplitudes ands$&ia-Palm

discussed SSW events, we call them heréhagh stratospheric warming
(HSW) events.

In Fig. 1b the zero zonal wind contour appefarst at altitude about
50 km on January 23. This altitude and date are consideree agthe
date and location of the HSW. At altitudes below 40 km the Zamiad
reversal occurs42 days later than that at 50 km level iig. 1b. Dates
and heights of all HSWs obtained from the MERRA database farg
1981-2016 are given in th&upplementary Table to the present paper.
Fig. 1a shows the second substantial temperature increase (UpKpa&t
the end of February. One can see respective decrease in tlaévzind in
Fig. 1b, however the wind does not drop below zero. One can tredt suc
events asminor HSW'. In theSupplementary Table,ave included such

(EP) fluxes of planetary wave (PW) components with zonal wave-minor SSWs, for which the zonal wind drops below 10 m/s attlate

numbers nt4 1 and m¥% 2, EPflux divergence, zonal-mean zonal wind
and temperature deviations from its winter-mean valuesayed over

the 66-90°N latitudinal band at altitudes from the ground up to 60 km.

62.5N and mark them a0 < u < 10". The date and altitude of minor

HSW are determined using the contour of lowest zonal windrti@ for
Fig. 1b at the end of February).
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Fig. 1. Example of temperature deviation in K from the winter averaglue at latitude 878N (a) and zonal velocity in m/s at latitude 657 (b) for winter months of year 1982

obtained from the MERRA database.
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Among atmospheric characteristics responsible for SW fation, the
amplitude of stationary PWs with zonal wave numbetat and m% 2,
vertical components of ERux, also the zonal-mean zonal wind and
temperature deviations averaged over the ®B7N latitudinal band
have been considered. To obtain parameters of PWs, all maeltapical
variables have been decomposed using the Fourier analysisthe
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zonal-mean values and a superposition of harmonics withakarave
numbers n/ 1-4 (called as PWAPW4 below).

Most of studies devoted to the PW propagation used the thrai@ m
diagnostic tools: numerical general circulation modelingalysing ob-
servations to estimate the HRx and its divergence, and analysing the
atmospheric refractive index for PW modes. The fEB¢ and its
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Fig. 2. Averaged PW1 geopotential height amplitude in gpra; PW1 vertical component of BHRix in kg i &2 —b; PW1 divergence of ERux in kg 2 &2 —c¢; PW2 geopotential
height amplitude in gpm-d; PW2 vertical component of Effux —e; PW2 divergence of ERux — f; zonal-mean zonal wind in m/-s g; deviations of temperature from its winter-mean
values in Kaveraged over 690N latitudinal band- h, obtained from MERRA data for years 19&D16. Thick black lines denote zero contours.
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divergence Andrews et al., 198)/represent the wave activity and the determined with the standard WMO rules at the pressure lef/e0 hPa.
eddy forcing, respectively. Theoretically, PWs tend to i@voegions Besides that, the local temperature maximarig. 2h expand to other
where zonal winds are easterly, or westerly and exceediegctitical stratospheric altitudes, where they can indicate similarming events,
Rossby velocity as it is shown by many papers (eCg.arney and Drazin,  which we call as HSWs here (see above).
1961). They are attracted towards regions where the values of the To study such possibilities we obtained the dates of majar mmor
refractive index squared are positivendrews et al., 198 It is shown SSWs and HSWs at different altitudes using the MERRA (years
in many papers that the refractive index is a useful diagiedstol for 1981-2016) meteorological reanalysis database (see Segjiorthen we
vertical and meridional PW propagation. calculated numbers of all SW dates frddaupplementary Table @ithin
Analyses of SW formation mechanisms often include consitiens consecutive 10-day intervals represented in firet row of Table 1
of the EPfluxes to diagnose the eddy forcing (egndrews et al., 1987; HSWSs were detected at different stratospheric altitudesben 30 and
Andrews and Mcintyre, 1976 The vector of the ERlux represents the 60 km in almost every winter season (except year 1988) betwears
zonal-mean direction of wave activity propagation in theridonal 1981-2016 (seeSupplementary Table and Pogoreltsev et al., 2034
plane. Meridional and vertical Effux components include the eddy The numbers of major SSWs found Bytler et al. (2015from NCAR/
momentum and hedtuxes. In this study, climatological values of the NCEP data during the years 195880 are added to the second row of
vertical EPflux component Ffor PW modes with zonal wave numbers Table 1 The third row ofTable 1gives sums of HSW and SSW numbers
m % 1 and m¥% 2 have been estimated using the conventional formulafrom thefirst two rows for respective bins. The last rowTiable 1shows

(e.g.Inoue et al., 201} the number of SSWs obtained from MERRA data for years 12816

8 9 using their determination at the pressure level of 10 hPg.(Eharlton

< 1 9 = and Polvani, 200). These SSW dates from MERRA database are gener-
F; Yappacose  f acoscp %&'COS(PD T [Fvap (1) ally the same as those obtained from NCAR/NCEP and MERRA @mta

: N ;

years 19812013 byButler et al. (2017)
) o To verify the hypothesis about non-uniform distribution of
where a and f are the mean Earth's radius and the Coriolisnpeter, HSWp SSW dates we applied the statistical chi-square test (@icg,

respectivelypo is the background densityis latitude; u, v, ware zonal, 500 to thefirst and third rows offable 1 For each row the valug? %
meridional and vertical wind components, respectivdlyis potential P m

X b d or | , ; i o [hoP=n, was calculated, where M is the number of bins in
tem.pe.rature, overbars an prlmes . enote the zona -mea.uey n Table 1, njis the HSW number in i-th bin, g4 N/ M is expected number
deviations from them, respectively. Divergences offERshowing wave

d £ th p d4 th t ch f PW _—_ for the homogeneous distribution, N is the total number ofA\¥Sn M
rag of the mearfiow and the rate of change o Wavg-actlvny analyzed sells ofable 1 For thefirst and third rows ofable 1M %9 and
(Andrews et al., 198/ were also calculated for PW modes with zonal

bers a1 and mvs 2 X2 ¥4 13.7 andy? ¥ 16.2, respectively. According to thg’-table for
wave r\um .ers 4L andmse. . . MEd v, 8 freedom degrees (e.gBennsState, 2006 thesex2 values
To identify HSWs we generally followed their fl@itions byCharlton

d Pol i (2007)but th ¢ Lwind h b hecked correspond to the probability of uniform statistical dibtition below
and Fotvan ( Joutthe reverse o zonalwind have been checke al9.09 and 0.04 for théirst and third rows, respectively. This proves the
higher than 10 hPa pressure level altitudes up to 60 km.

statistical irregularity of HSW occurrence dates versumeti dur-
ing winter.
Numbers of registered HSWs in the third row Bdble 1have local

) o maxima at the beginning of January, atthe end of JanudmBginning of
The described above methods were used for determinationSv¥ H February and at the end of February. To make furtherfugaiions of

related characteristics from the 36-year (198216) MERRA database
(Rienecker et al., 20 )Ifor altitudes up to 60 km.

3. Results

these maxima, we performed three additional chi-squaréstesin-
homogeneity of HSW date distributions within 3 bins of thérthrow of
Table 1that contain nearby maxima and minima of HSW numbers. For
3.1. HSW date statistics specfied above three local maxima of HVBSW occurrence M43 and
¥ ¥4.2,6.1, 3.2, respectively. Thé-table for ¥,2 freedom degrees

Fig. 2 shows satellite amplitudes, vertical components and di-gives the probabilities of homogeneous statistical disttions in the
vergences of ERux for PW1 and PW2, zonal-mean zonal wind and vicinity of the mentioned three maxima less than 0.1, 0.0% &n2,
temperature deviation from its winter-mean values aveddgeeach day  respectively. This cofirms substantial statistical sighdiance of the local
of DecemberFebruary at middle and high northern latitudes, respec-maxima of HSW SSW numbers in the third row dfable 1
tively, over the entire analyzed interval using the MERRAtalzase. Specfied above intervals of maximum numbers of HBBSW events
Fig. 2h demonstrates temperature deviations from its seasonahge in the third row ofTable 1(the beginning of January, the end of January
averaged over the 600N latitudinal bands. One can see descending — beginning of February and the end of February) corresponth&o
cooler and warmer layers, whichftect seasonal changes of temperature
in the tropospherestratosphere caused by decreasing the Earth's surface
temperature to a minimum in Januafebruary and by seasonal changes Table 1
in radiation irfluxes and circulation in the stratosphere during polar Numbers of HSW and SSW events registered in consecutivea;zohuite‘rvals from the
nights. Examinations of height-latitude distributions mbnthly-mean zte;‘);;'ig'cal reanalysis datasets MERRA and from NCEP/RiQdbtained bySutler
temperatures at altitudes-35 km from CHAMP low-orbit GPS satellite ' -
data Gavrilov, 2007 show strongest temperature minima above altitude
30 km near the North Pole in Novemb&ecember. Then these minima  DaysfromDec. 1~ #10 1120 21-30 3140 4150 5160 6170 71-80 81-90
become lesser and shift downwards in accordance Widgh 2h. MERRA, 634 3 4 10 4 13 9 7 9

Besides seasonal changes, one can see localized tempenatxima HSWp SSW
in Fig. 2h inside the warmer layer. One of the reasons for these maxima 19812016

could be the cumulative effect of SSWs and HSWs occurringimwinter Ngg'\?,\/lNCEP' 208 2 1 8 8 5 0 0 8

Month N December January February

stratosphere. The existence of several local temperatuagima in 1958-1980
Fig. 2h allows assuming inhomogeneous distributions of HSW dw/its Total HSWpSSW 83 7 5 5 13 7 18 9 7 12
higher occurrence frequencies on certain days during win@oss- 1958-2016
sections of these temperature maxima at altitude about 35miay l"gg':";glsésw %92 1+ 1 8 1 8 1 2 5

correspond to more frequent occurrence of major and mMinONSSS
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locations of temperature maxima iRig. 2h and coffirm that these

Journal of Atmospheric and Solar-Terrestrial Physics 1631(2 14-22

divergences during PW1 amplitude maxima shownFig. 2a. Positive

temperature maxima can be produced by more frequent HSWtgeven EP{flux divergence corresponds to the acceleration of the nfleanand

during these intervals.
3.2. Average HSW related characteristics

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

Fig. 2a, d demonstrate, respectively, the time-altitude cressisns
of PW1 and PW2 amplitudes at &R 1atitude averaged over the last 36-
years of MERRA dataset (see abové)g. 2a shows quasi-periodical
vacillations of PW1 with amplitude maxima every 4% days (the
main maximum exists at the beginning of January at altitude$0 km).
These maxima correspond to respective maxima ofthe veER#uxin
Fig. 2b. Thesefluxes are almost everywhere positiveleeting upward
propagation of the wave activity from the wave source regiam the
lower atmosphere. Positive vertical component of fER- in Fig. 2b
corresponds to the northward direction of the zonal-avenagridional
heatflux produced by PW1. This cdimms existing views (e.g.Holton
and Mass, 197p6about heating of the polar stratosphere by PWs with
consequent decreasing eastward Polar Vortex velocitied #ms
contributing to HSW developments.

Maxima of the multiyear average PW1 BRx in Fig. 2b correspond
to PW1 amplitude maxima irFig. 2a. They occur generally after
respective local maxima of multiyear average zonal windevsh in
Fig. 2g. Areason for quasi-periodical variations of the mean wivith

decreasing PW1 wave-action, which is consistent with themaaism of
stratospheric vacillations (e.d-olton and Mass, 1976 EPflux di-
vergences for PW2 ifrig. 2f are mainly negative at altitudes 200 km
and positive at lower and higher altitudes. NegativefER-divergences
match to increases in PW2 wave-activity and amplitudes &tuales
3040 km seen inFig. 2d. For some PW2 amplitude maxima kg. 2e,

hastheir anti-phase behavior with PW1 maximahiy. 2a is less clear. This

may be connected with differences between heights of thenrPaV1
(40-50 km) and PW2 (3640 km) maxima and with other mechanisms
influencing PW propagation in the middle atmosphere.

Climatological average zonal-mean eastward winds-ig. 2g are
larger than 30 m/ s (with maxima up to 55 m/s) at altitudes a&®@ km
before the end of January and become weaker than 30 m/s afterly
20-25. This coincides with time intervals, when the lower boandof
warmer zone inFig. 2f crosses altitudes 280 km and the polar strato-
sphere becomes warmer. At the middle of February, the pdiates
sphere becomes cooler at altitudes-80 km (seeFig. 2h) and the
average zonal wind there becomes again stronger for a wedkor
in Fig. 2g.

Comparisons of the intervals of more frequent HSW occureeimc
Table 1 (the beginning of January, the end of Januarpeginning of
February and the end of February) wittig. 1la and 1b detect local
maxima of PW1 amplitudes and BERixes during these intervals (with
smaller maxima magnitudes for the last interval due to seabko
changes). All three mentioned time intervals of increase®\MHoccur-
rence correspond to decreases in the climatological eadtwénd ve-

periods of 24 weeks could be vacillations caused by changes in thelocity in Fig. 2g. Therefore, more frequent HSW occurrence during the

conditions of PW propagation and by nonlinear interactiohBWs with
the mearflow (e.g.Holton and Mass, 1976 Intensities and durations of
these vacillations may change from year to year. At entimapdom
distribution of vacillation phases, one should anticipatanplete dis-
appearing local maxima and minima iAg. 2a, b and g. Survival of
multiyear average local maxima iRig. 2 could indicate the vacillation
phase reiteration in different years.

mentioned time intervals could be explained by the reiterabf PW
vacillation phases in different years discussed above.

Consideration of the last row iffiable 1and 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 lévgl. 3 and 4
represent data similar teig. 2but for years with SSWs (1980, 82, 84, 85,
87-89, 99,2001, 02, 03,04,0640, 13) and without SSWs (1981, 83, 86,

Fig. 2d and2e reveal multiyear average PW2 amplitudes and vertical 90-98, 2000, 05, 11, 12, 14.6), respectively. Comparison ¢fgs. 3h

EP{flux componentsFig. 2e contains local regions of negative (down-
ward) vertical PW2 ERlux components. They may be caused by re-

and 4h show cooler polar stratosphere at altitudes®®km in non-SSW
years in December. This leads to higher westward velocityPofar

flections of PW2 propagating from below and/or by PW2 mode Vortex in the beginning of winter irrig. 49 compared td-ig. 3g, which

generation in the middle atmosphere. Relative dimensidnsegions
with negative ERtuxes inFig. 2e are smaller than those for positive EP-
fluxes. Negative vertical ERuxes correspond to southward wave heat
fluxes and to additional cooling of the middle atmosphere niinaer
North Pole.

The main PW2 amplitude maxima ifig. 2d are visible at altitudes
about 30 km, which are substantially lower, than the altés@f PW1
maxima at 4650 km in Fig. 2a. Areason could be strongerfinence of
the mean wind on the PW2 refractive index, which could prevew?2
propagation into the region of strong eastward winds. Nuoadisimu-
lations of height-latitude distributions of different PWnalitudes by
Gavrilov et al. (2015)revealed amplitude maxima of stationary PW2
modes at altitudes 3@0 km at high latitudes of the winter Northern
Hemisphere.

Climatological PW2 maxima irFig. 2d are repeating with time in-
tervals about 910 days. Numerical study biobinson. (1985showed
vacillations with anti-phase changes of PW1 and PW2 amgé&guin the
stratosphere. InFig. 2a, PW2 maxima often occur in between PW1
maxima, which are consistent with simulationsiybinson. (1985and
allow assuming energy exchanges between PW1 and PW2 moaetodu
nonlinear wave interactions.

For further understanding of PW1 and PW2 amplitude behavior
Fig. 2a and2f show divergences of ERuxes, which represent wave drag

suppress PW propagation and hold smaller PW1 and PW2 andeltup
to the end of December in non-SSW years (compage 4a, d and &, d).
Therefore, stratospheric vacillations between PW amgisiand the
mean wind start later in non-SSW yearshiy. 4a, d, g and substantial
temperature variations occur at higher than 10 hP A preskwved alti-
tudesin non-SSWyear§&ig. 4h) than those irrig. 3h for years with SSW.
Fig. 3h reveals smaller temperature variability below 40 km aHi¢és
until the end of January and in thfist part of February in years with
SSW. The differences may be caused by smaller PW1 amplitundibe se
intervals during years with SSWs Irig. 3a compared té-ig. 4a for years
without SSW events. This may explain smaller numbers of SS@hés
during mentioned above intervals as registered from the RiERata in
the last row ofTable 1compared with respective numbers of HB\BSW
in thefirst row in Table 1

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

4. Discussion
It is known that PWs are mainly controlled by the structureofal

mean wind and its vertical sheafr(drews et al., 198) In turn, PWs
could strongly ifluence the meafiow according to the wave-medrow

ofthe mearflow and changes in the wave action of respective PW modesdnteraction theoremAndrews et al., 198). The mean zonal wind can

(Andrews et al., 198) Fig. 2c reveals maxima of multiyear average PW1
EPflux divergence at altitudes 380 km with higher positive

18

change the refractivity index for atmospheric waves andstimfiuence
EPfluxes and PW1 amplitudes. Furthermore, PW1 can drag the mean
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Fig. 3. Same ag-ig. 1, but for the years with SSW: 1980, 82, 84, 85-89, 99, 2001, 02, 03, 04, 640, 13.

flow triggering energy transfer from the medlow to the waves. In  the troposphere by the topography and diabatic heatingpwdpagate
addition, positive vertical components of BRx in Fig. 2b correspond to  upwards to the stratosphere, where zonal mean zonal wirddwesterly
PW1 heatfluxes directed to the North Pole and to additional heating of and do not exceed the critical Rossby velocity(irews et al., 198). The
polar regions by waves, which can weakening the polar vodes critical Rossby velocity depends on the wave number anduds,
diminish eastward velocity. Such wave-mefow interactions can pro- implying that only ultra-long waves have the possibilitygoopagate to
duce vacillations with quasi-periodical maxima and miniofahe zonal the stratosphere at middle and high latitude&(suno, 197).
velocity and PW1 amplitudes seenfing. 1la andle. Fig. 1a andld show that PW1 can propagate in the upper stratosphere
During winter time in the Northern Hemisphere, PWs genetate while PW2 has maxima at lower altitudes. According to the aspheric
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Fig. 4. Same ag-ig. 1, but for the years without SSW: 1981, 83, 86,98, 2000, 05, 11, 12, 146.

wave theory, PWs can propagate in waveguides, where the M&cre  shown inFig. 2a.

tivity index squared is positive (e.gndrews et al., 198)7 Formulae for EPflux divergences for PW2 iirig. 2f are mainly positive above al-
the PW refractivity index (e.gAndrews et al., 1987; Albers et al., 203  titudes 40 km, which corresponds to accelerations of themfleav and
show that PWL1 is able to propagate in stronger westerly nfleam, than decreasing PW2 wave-activity. This could explain locdiaas of PW2
PW2. In addition, PW1 mode may accelerate or decelerate tanfhow amplitude maxima irrig. 2d mostly at altitudes 2840 km, where ERFux
depending on PW1 phases (see positive and negatifeukRlivergences  divergences are manly negative fig. 2f. However, negative PW2 EP-
in Fig. 2c). This may change conditions of PW2 propagation and PW2-flux divergences can sometimes exist at altitudes above 40 dae (
meanflow interactions (seé-ig. 2f). The majority of PW2 amplitude Fig. 2f), which could enhance PW2 amplitudes at high altitudes
maxima inFig. 2d are located in between of PW1 amplitude maxima in Fig. 2d.
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Charlton and Polvani (200 7hade statistical analysis of dates of 28
major SSWs in the years 1953002 obtained from NCAR/NCEP and
ERA-40 datasets. They found maximum of SSW occurrence irudan
and little bit smaller SSW number in February. Calculatiogal HSW
numbers in the third row ofable 1correspond to these results. Unfor-
tunately, low SSW numbers obtained Bfarlton and Polvani (200 8o
not allow getting detailed intra-seasonal distributiohS8W dates as we
do for HSWs in the present papeﬁEﬂhez—Escolar et al. (201@analyzed
intra-seasonal variations of SSW numbers observed durirg ytears
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Appendix A. Supplementary data

Supplementary data related to this article can be founidtgt:// dx.

1958-2002. They found maxima of SSW numbers during northern winte doi.org/ 10.1016/].jastp.2017.06.007

similar to those shown inTable 1 and their changes in the years

1958-1979 and 19862002. Our study may be considered as continua-

tion of these studies for wider altitude range-60 km) using the recent
MERRA dataset and involving climatology of HSW related asphberic
characteristics.

Good agreement between changes in HSW numberine 1and
independently obtained respective variations of multiy@eerage HSW

characteristics irrig. 2 could give additional evidences of intra-seasonal

statistical irregularities of HSW date distribution. Th@rimum numbers
of HSWp SSW events in the third row ofable 1are observed at the
beginning of January, the end of Januatyeginning of February and at
the end of February. It was mentioned above that quasi-pérad vari-

ations of the mean wind and PW1 and PW2 amplitudes with perafd
1-4 weeks could be stratospheric vacillations (e-mlton and Mass,

1976; Robinson, 1985 In case of completely random phases of these

vacillations in different years, one should expect homagmrs distri-
butions of multi-year average dynamical characteristiced aHSW
numbers during winter. The existence of pronounced locaxima in

Fig. 2and Table 1could rdlect reiterations of certain phases of strato-

spheric vacillations in different years.
5. Conclusions

In this study, the statistical distributions of SSW and HSH#tes and
atmospheric parametersrelated to their developmentsrealyzed using

the 36-year (19842016) daily meteorological MERRA dataset and the
57-year (19582013) NCAR/NCEP reanalysis data. Statistical distribu-

tion of HSW occurrence numbers demonstrates irregular bienhavith
maxima ofthe HSW occurrence at the beginning of Januanheatnd of
January-beginning of February and at the end of February.

Climatological atmospheric characteristics related taAH8rmation
at altitudes up to 60 km have been studied from the MERRA dasabWe
analyzed multiyear average amplitudes,filPxes and their divergences
for PW components with zonal wave numberdsi and m¥, 2, also the
zonal-mean zonal wind and deviations of temperature framiinter-
mean values at high northern latitudes.

Multiyear average temperature deviations reveal desecandooler
and warmer layers due to seasonal changes during polar.niglitiyear
PW1 amplitudes and upward vertical components offlER-have quasi-
periodical maxima with the main maximum at the beginningafidary
in the altitude range 460 km. The main climatological maxima of PW2

amplitudes and upward Efruxes are located at lower altitudes about

30 km. During intervals of HSW occurrence maxima at the bagig of
January, at the end of Januafpeginning of February and at the end of
February, climatological maxima of temperature deviasiominima of
eastward winds, also maxima of PW1 amplitudes andflERes exist.
Years without SSW events demonstrate cooler polar strétesn higher
velocity of Polar Vortex and smaller PW1 and PW2 amplitudeghe
beginning of winter and later beginning of stratosphericillations.

Further studies are required to understand whether thesgtirm
differences observed during the last decadefsent stable trends or
temporal variability in the atmospheric climate system.
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