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Abstract The dynamical behavior of the mesosphere and lower thermosphere (MLT) region during
strongly disturbed wintertime conditions commonly known as polar-night jet oscillations (PJOs) is
described in detail and compared to other wintertime conditions. For this purpose, wind measurements
provided by two specular meteor radars located at Andenes (69◦N, 16◦E) and Juliusruh (54◦N, 13◦E) are
used to estimate horizontal mean winds and tides as an observational basis. Winds and tidal main features
are analyzed and compared for three different cases: major sudden stratospheric warming (SSW) with (a)
strong PJO event, (b) non-PJO event, and (c) no major SSWs. We show that the distinction into strong
PJOs, non-PJOs, and winters with no major SSWs is better suited to identify differences in the behavior of
the mean winds and tides during the boreal winter. To assess the impact of the stratospheric disturbed
conditions on the MLT region, we investigate the 30-year nudged simulation by the Extended Canadian
Middle Atmosphere Model. Analysis of geopotential height disturbances suggests that changes in the
location of the polar vortex at mesospheric heights are responsible for the jets observed in the MLT mean
winds during strong PJOs, which in turn influence the evolution of semidiurnal tides by increasing or
decreasing their amplitudes depending on the tidal component.

1. Introduction
The mesosphere and lower thermosphere (MLT) composes the region of the terrestrial atmosphere that
spans from approximately 50 to 110 km of altitude. Understanding its behavior is of great importance to
explain the coupling between the troposphere/stratosphere and the ionosphere/thermosphere regions. This
coupling can be accomplished via vertical propagation of waves of different periods and scales. Planetary
waves (PWs) are global-scale waves with periods of up to 30 days that are usually triggered by land-sea dis-
continuities and baroclinic instabilities (e.g., McCormack et al., 2014; Rossby, 1939). Thermal tides are also
global-scale waves, but with periods that are subharmonics of one solar day, typically 24, 12, and 8 hr. They
result from thermal forcing mainly due to absorption of solar radiation by water vapor in the troposphere
and ozone in the stratosphere (e.g., Forbes, 1984). Tidal waves can also be excited by gravitational forces, as
it is the case of the lunar tide (Lindzen & Chapman, 1969). Inertia gravity waves (IGWs) are middle-scale
waves with typical periods of a few hours that can be generated by the orography, dynamic shear instabil-
ities, convection, Rossby wave breaking, etc. (e.g., Fritts & Alexander, 2003; Zülicke & Peters, 2008). The
vertical propagation of all these waves strongly depends on the zonal wind in the stratosphere (e.g., Holton,
2004; Yiğit & Medvedev, 2015). This implies that changes in the winds may easily facilitate or prevent the
waves from propagating further upward.

Sudden stratospheric warming (SSW) events are atmospheric phenomena characterized by a rapid and
pronounced increase of the temperature in the wintertime polar stratosphere that is accompanied by a decel-
eration or reversal from eastward to westward of the zonal mean zonal wind (ZMZW) in the stratosphere
(Butler et al., 2017; Zülicke et al., 2018, and references therein). They result mainly from angular momentum
deposition into the mean flow by breaking of amplified PWs that propagate upward from the troposphere
region (Matsuno, 1971). The warming in the stratosphere is accompanied by a cooling in the meso-
sphere and a thermospheric warming, especially at middle and high latitudes (e.g., Goncharenko & Zhang,
2008). At low latitudes, the influence of SSWs manifests as enhanced variability in ionospheric parame-
ters such us vertical plasma drift velocities and electron densities (e.g., Chau et al., 2009; Fejer et al., 2010).
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According to the World Meteorological Organization (Andrews et al., 1987), SSWs can be categorized as
minor or major warmings depending on the extent and amplitude of the deceleration of the ZMZW at
60◦N and 10 hPa. Events characterized by a complete reversal of the ZMZW are termed as major sudden
stratospheric warmings (MSSWs), while a minor warming corresponds to the case when the zonal mean
zonal wind decelerates without reversing its direction (e.g., Charlton & Polvani, 2007). Some studies have
suggested that the response to major SSWs of different parts of the atmosphere depends mostly on the per-
sistence of the major warming conditions rather than on their strength (e.g., Baldwin & Dunkerton, 1999;
Runde et al., 2016). Certain major SSWs are followed by anomalously warmer stratospheric conditions
that can persist for longer periods of time and propagate downward, reaching the troposphere and signifi-
cantly impacting its behavior (e.g., Kuroda & Kodera, 2004). This type of event is commonly referred to as
polar-night jet oscillation (PJO) and occurs after roughly half of all MSSWs (e.g., Hitchcock et al., 2012).
PJOs can also be observed in the mean winds in the stratosphere, where the oscillation first starts with east-
ward winds that reverse direction into strong westward that later on become eastward again and continue
blowing in this direction for up to 2 months. Peters et al. (2018) introduced a more thorough distinction
into strong, intermediate, and non-PJO events, in which strong PJOs (sPJOs) correspond to those events
exceeding a three standard deviations confidence level.

Several studies have focused on identifying changes in the stratospheric conditions during major sudden
warming events based on how strongly the polar vortex is distorted. Correspondingly, a MSSW is classified
into either a displacement or a split event (e.g., Mitchell et al., 2013). In the first case, the polar vortex is
moved away from the pole toward lower latitudes, while the second case is characterized by a splitting of the
polar vortex into two pieces that is usually associated with enhanced activity of PWs with Wave Number 2.
So far, there is no preferred occurrence between split and displacement events during sPJOs (e.g., Karpechko
et al., 2017).

Given that the definition of sPJO is well suited to describe the evolution of the meteorological state of the
stratosphere after the onset of a major sudden warming, we hypothesize that the mean winds and tides
in the MLT region should exhibit clear and distinctive responses depending on the development or not of
a sPJO. Consequently, we set to investigate the behavior of the MLT mean winds and tides during sPJOs,
in comparison to other winter conditions. The paper is organized as follows. In section 2, we describe the
technique employed to extract mean winds and tides from meteor radar measurements, and we explain the
procedure used to identify sPJO events. In section 3 we present our main results, which are discussed in
section 4. We finalize with the conclusions in section 5.

2. Data Analysis
The specular meteor radars (SMRs) located at the sites of Andenes (69.3◦N, 16◦E) and Juliusruh (54.6◦N,
13.3◦E) have been extensively used to study neutral winds and atmospheric waves in the MLT region (e.g.,
Chau et al., 2015; Hoffmann et al., 2007, 2010; Conte et al., 2017, 2018; Wilhelm et al., 2017). Combined,
they provide continuous measurements for a set that is currently comprised of more than 15 years worth
of data. To obtain the wind information, these measurements can be processed using various techniques.
Particularly, after applying a modified version of the all-sky fit method developed by Hocking et al. (2001),
hourly zonal and meridional winds can be retrieved every 2 km in the range between 75 and 105 km of
altitude (Stober et al., 2017, 2018). These winds are then further processed to determine mean winds and
tides. Thus, assuming that the observed winds result from the superposition of a mean background value
and different period oscillations, one can fit the following expression:

[u, v] = [U0,V0] +
4∑

i=1
A[u,v]i cos

(
2𝜋

(t − 𝜙[u,v]i )
Ti

)
, (1)

to the retrieved zonal and meridional winds, u and v respectively. U0 and V0 are the mean zonal and merid-
ional winds; A[u,v]i and 𝜙[u,v]i are the amplitude and phase, respectively, of the zonal and meridional tidal
components; Ti is the period of each considered tide (T1 = 24 hr, T2 = 12 hr, T3 = 8 hr, and T4 = 12.42 hr, for
the solar diurnal, solar semidiurnal, solar terdiurnal, and quasi-lunar semidiurnal tides, respectively); and
t is the time in hours. Finally, u and v are independently fitted with equation (1) in bins of 21 days shifted
by 1 day using a least squares technique. The selected length of the fitting window allows separating the
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Table 1
Diagnostic of the NAM-CD and PJO Events Based on ERA-Interim (Adapted From Peters et al., 2018)

Boreal winter season Major SSW NAM-CD Strong PJO Intermediate PJO Non-PJO S/D
1979/1980 Yes (1) 3/1/1980 1 D
1981/1982 Yes (2) 1/25/1982 2 D
1983/1984 Yes (3) 2/25/1984 1 D
1984/1985 Yes (4) 12/31/1984 1 S
1986/1987 Yes (5) 1/23/1987 2 D
1987/1988 Yes (6) 12/7/1987 3 S
1988/1989 Yes (7) 2/19/1989 4 S
1991/1992 Yes (8) 1/18/1992 3 D
1994/1995 Yes (9) 2/4/1995 4 D
1997/1998 Yes (10) 1/7/1998 2 D
1998/1999 Yes (11) 12/16/1998 5 D
1998/1999 Yes (12) 2/26/1999 3 S
2000/2001 Yes (13) 2/7/2001 4 S
2001/2002 Yes (14) 12/28/2001 5 D
2002/2003 Yes (15) 1/18/2003 6 S
2003/2004 Yes (16) 1/4/2004 6 D
2005/2006 Yes (17) 1/21/2006 7 D
2007/2008 Yes (18) 2/22/2008 7 D
2008/2009 Yes (19) 1/23/2009 8 S
2009/2010 Yes (20) 1/28/2010 8 S
2012/2013 Yes (21) 1/7/2013 9 S
2016/2017 Yes (22) 1/29/2017 9 D
Total 22 9 4 9

Note. S/D: split/displacement event. The missing winter seasons correspond to years with no major sudden strato-
spheric warmings (16 in total). NAM-CD = Northern Annular Mode central day; PJO = polar-night jet oscillation;
SSW = sudden stratospheric warming.

semidiurnal solar (12 hr) and quasi-lunar (12.42 hr) tides but implies assuming that the phase and tidal
amplitudes do not change much within the entire selected time interval (e.g., Chau et al., 2015). We imple-
mented the fitting technique instead of Fourier or wavelet analysis in order to avoid the inconveniences
introduced by data gaps.

In this work, we are interested in studying the different responses the MLT region may exhibit after MSSW
events. Hence, it follows that one must first identify the winters in which these phenomena were observed.
For this purpose, geopotential height (GPH) anomalies determined from ERA-Interim reanalysis were inte-
grated over the northern polar cap (north of 60◦N) in order to calculate the Northern Annular Mode (NAM)
index (e.g., Dee et al., 2011). Specifically, GPH anomalies are obtained after subtracting the daily climatol-
ogy of the selected time period. Then, the GPH anomalies are integrated north of 60◦N and multiplied by
−1. The NAM index is finally obtained after normalizing by the standard deviation at each pressure level
(e.g., Siegmund, 2005). A major SSW event is thus identified when the NAM index crosses a threshold value
of −2.3 at 10 hPa (Peters et al., 2018). The crossing also determines the central day (CD) of the MSSW. The
selected threshold value yields a CD very close to the CD determined by the reversal of the mean zonal wind
(e.g., Charlton & Polvani, 2007). The implementation of this criterion resulted in a total of 22 major SSWs
between the years of 1980 and 2017 (see Table 1).

To examine the behavior of the stratosphere after the onset of a major SSW, we followed the PJO definition
updated by Peters et al. (2018). First, principal component analysis is applied to temperature anomalies
obtained from ERA-Interim reanalysis for the period 1980–2017. The anomalies are integrated over the
region north of 70◦N and then projected onto the first two leading empirical orthogonal functions, thus
obtaining the series PC1 and PC2, which explain around 90% of the total variance. Second, in the phase space
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Figure 1. ZMZW anomalies and NAM index obtained from the Extended Canadian Middle Atmosphere Model. The
black vertical dashed line indicates the NAM CD in (a) and (b) and 1 January in (c). The black dotted horizontal lines
correspond approximately to 100, 10, 1, 0.1, and 0.01 hPa. NAM-CD = Northern Annular Mode central day;
PJO = polar-night jet oscillation; SSW = sudden stratospheric warming; ZMZW = zonal mean zonal wind.

of PC1 and PC2, daily values of the amplitude R =
√

PC12 + PC22 and the phase angle 𝜃 = arctan(PC2∕PC1)
are calculated for the entire winter season, that is, for the months between November and March. Finally, a
sPJO event is defined when R ≥ 3𝜎 and Δ𝜃 ≥ 100◦, 𝜎 being the standard deviation of R. An intermediate
PJO event happens if 2𝜎 ≤ R < 3𝜎 and Δ𝜃 ≥ 100◦. The major SSW events which do not fit into any of
the two previous categories are identified as non-PJOs. This definition allows one to clearly visualize an
oscillation that the polar cap stratospheric temperatures describe during anomalously warmer conditions.
Given that winds and temperature are related by the thermal wind equation, the oscillation can also be
distinguished in the zonal mean zonal wind, as the winds reverse from eastward to westward, and then to
eastward again within a period of approximately one month (see Figure 1, which will be discussed later). It is
important to stress here that all three types of PJO events, that is, strong, intermediate, and non-PJOs occur
during winters with MSSWs. For comparison purposes, winters with no major SSWs (shortly, non-MSSWs)
are also investigated.

In order to assess the impact of sPJO events on the dynamics of the MLT region, we analyzed the
30-year nudged simulation by the extended Canadian Middle Atmosphere Model (Ext-CMAM30). The
Ext-CMAM30 is a spectral global circulation model of the troposphere, middle atmosphere, and lower ther-
mosphere that vertically extends up to ∼210 km. It includes interactive ozone chemistry, as well as observed
and projected forcing of the atmosphere by greenhouse gases emissions and ozone-depleting substances
(e.g., de Grandpré et al., 2000; McLandress, 1997). The tropospheric and stratospheric meteorological states
are nudged toward ERA-Interim reanalysis data sets (e.g., McLandress et al., 2014; Scinocca et al., 2008).
Parameterizations of viscosity, ion drag, and orographic and nonorographic gravity wave drag have also been
implemented in these simulations (e.g., Fomichev et al., 2002). The Ext-CMAM30 outputs used in this study
were obtained from the website of the Canadian Centre for Climate Modelling and Analysis. Their spatial
resolution is of 5.625◦ by 3.75◦ in latitude and longitude and 87 pressure levels in vertical. The temporal
resolution is of 6 hr. The meteorological fields explored in Ext-CMAM30 include zonal winds, GPHs, total
ozone, and ozone concentration.

The SMR data sets used in this study to investigate the MLT dynamics at high and middle latitudes cover
four sPJO and four non-PJO events in the case of Andenes (2003–2017) and two sPJOs and three non-PJOs
in the case of Juliusruh (2008–2017). The Ext-CMAM30 outputs span from 1980 to middle of 2010, compris-
ing a total of nine sPJO and nine non-PJO events. Although four intermediate PJOs were recorded during
1980–2017, none of them took place within the period of time with available SMR data, that is, between the
years of 2003 and 2017. Consequently, this last type of event was not considered in the present study. A sum-
mary of all the events can be found in Table 1. Note that a sPJO event not necessarily corresponds to a split
event (five out of nine sPJOs are split events).
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Figure 2. Composite over Andenes of the mean zonal (U0) and meridional (V0) winds, the diurnal and semidiurnal
solar tides (D1 and S2, respectively), the semidiurnal quasi-lunar tide (qM2) and the terdiurnal solar tide (T3), for
(a) strong PJO years, (b) non-PJO years, and (c) years with no MSSW. Zero-wind contours in U0 and V0 are
presented. The vertical white dashed line indicates the reference day: the NAM-CD in (a) and (b) and 1 January in
(c). MSSW = major sudden stratospheric warming; NAM-CD = Northern Annular Mode central day;
PJO = polar-night jet oscillation.

3. Results
3.1. High Latitudes
In Figure 2 we present a composite over Andenes of the mean zonal (U0) and meridional (V0) winds, and
the total amplitudes of the solar diurnal (D1) and semidiurnal (S2) tides, the semidiurnal quasi-lunar (qM2)
tide and the terdiurnal solar (T3) tide. The composites correspond to years with (Column a) sPJO events,
(Column b) non-PJO events and (Column c) non-MSSWs. The term total amplitude refers to the magnitude
of the vector sum of the corresponding zonal and meridional components. From this figure, one can easily
notice significant differences among the three cases in all six quantities. During sPJO years, the mean winds
are severely affected. A strong enhancement develops in both the zonal and meridional components almost
immediately after the NAM-CD and persists for about 50 days. In the case of the zonal component, there
is a significant enhancement of the eastward wind, particularly at altitudes below 90 km. Above ∼92 km,
the mean eastward winds exhibit similar amplitudes of around 25 m/s until approximately 10 days after the
NAM-CD, when they start decreasing to eventually reverse direction and blow westward. These westward
winds are not able to extend to lower altitudes as it is the case during non-PJO years. The strong eastward
jet taking place below ∼92 km seems to prevent the descending westward winds observed at other winters
from extending further down. When reaching an altitude of 92 km, they abruptly reverse direction at all
heights above that level. At this point, the mean eastward winds span the entire observed height range.
Approximately 1 month later, they reverse direction once again, but this time at all observed heights and
at approximately the same time. This final reversal toward westward direction happens ∼70 days after the
NAM-CD and mainly from below, contrary to non-MSSWs when it develops mainly from above (Column c).
During non-PJO years, the reversal of the mean zonal wind from eastward to westward direction happens
also mainly from above, starting roughly 20 days after the NAM-CD for altitudes above 90 km to ∼40 days
or more after the NAM-CD for heights below 84 km. From then on, westward winds dominate at all heights
until the beginning of summer, which is characterized by a wind reversal from westward below ∼92 km to
eastward above. The tilt of this summer reversal is less pronounced and develops approximately 40 to 50
days earlier than in the case of sPJO years and non-MSSWs.

The mean meridional winds behave very similarly during non-PJO events and non-MSSWs, blowing mainly
toward the south (Columns b and c). In years with sPJO events, the main difference is observed during the
two months following the NAM-CD when a strong northward jet prevails. Approximately 35 days after the
NAM-CD, the northward winds start reversing direction, first at an altitude of 99 km to then progressively
continue downward until southward winds dominate again at all height levels, about 2 months after the

CONTE ET AL. 9266



Journal of Geophysical Research: Atmospheres 10.1029/2019JD030828

Figure 3. Same as Figure 2 but over Juliusruh.

NAM-CD. Another difference can be distinguished around the NAM-CD of sPJO years, when the mean
meridional winds are almost zero at all observed altitudes. This zero-wind line is not observed in the other
two cases.

Differences in the behavior of the diurnal solar tide are not as evident as in the case of the mean winds.
This is not surprising given that D1 becomes less important poleward of 30◦ (e.g., Andrews et al., 1987).
One can only notice that in early winter above ∼94 km, the diurnal solar tide maximum amplitudes during
non-MSSWs are larger and reach lower altitudes than in sPJO and non-PJO years.

The behavior of the semidiurnal solar tide (S2) is significantly affected during sPJO years, compared to
non-PJOs and years with no MSSWs. Previous studies have reported a considerable decrease of S2 ampli-
tudes starting 1 or 2 weeks before the onset of a major SSW (e.g.,Chau et al., 2015). A few days after the
event, they recover and reach values as large as (or even larger than) those observed before the pre-MSSW
decrease (e.g., Siddiqui et al., 2018). Figure 2, however, shows that only in years with sPJO events the afore-
mentioned behavior of the S2 tide is observed. The decrease is very pronounced and extends for about 15
days. A few days after the NAM-CD, S2 amplitudes start recovering until they reach again values of ∼40 m/s.
During non-PJO years, there is some decrease of the S2 amplitudes around the NAM-CD, but above∼94 km.
After the NAM-CD, the S2 amplitudes slightly increase only above ∼97 km. During the winter of years with
no major SSWs, the S2 tide exhibits larger amplitudes and extends for about one more month than during
non-PJO years. With respect to sPJO years, the S2 amplitudes during wintertime are smaller, but they also
extend for longer periods of time (∼15 more days).

The semidiurnal quasi-lunar tide exhibits similar amplitudes except in the case of sPJO years, when signifi-
cantly larger amplitudes can be observed during an interval of approximately 40 days around the NAM-CD,
although with some intermittence between 30 and 15 days prior to the NAM-CD. These amplitudes reach
values of 20 m/s and are the largest among the three cases analyzed in this study. They develop above ∼90
km at about the same time the S2 tide starts decreasing and maintain for 20 days to then abruptly decrease
and become negligible during the rest of the year. During the 20 days following the day of reference, the
qM2 tide of non-PJO years shows slightly larger amplitudes (∼5 m/s) than that of non-MSSWs. However, in
years with no major SSWs the qM2 tide shows a minor enhancement in the spring, a time of the year with
no qM2 activity in the other two cases.

The maximum amplitudes of the terdiurnal solar tide (10 m/s) are observed during sPJO years, above 90 km
∼15 days before the NAM-CD and below 88 km 30 days after the NAM-CD. This second maximum consti-
tutes the peak of an interval of larger T3 amplitudes that develops 15 days after the NAM-CD and persists
for about 30 days, coinciding with the time period when the eastward and northward jets are observed in
the mean zonal and meridional winds, respectively. In the case of non-PJO years, some weak activity of T3
can be detected before the NAM-CD and in the spring. In non-MSSWs, the T3 tide is extremely weak.
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Table 2
Summary of the Main Differences Between the Mean Winds and Semidiurnal Tides of Strong PJOs and the other Two Cases

High latitudes (Andenes) Middle latitudes (Juliusruh)
Parameter Strong PJO Non-PJO/Non-MSSW Strong PJO Non-PJO/Non-MSSW
U0 Strong eastward jet for about

50 days, starting a few days after
the NAM-CD

Weak eastward winds and a
reversal to westward mainly
from above

Strong eastward jet for about
50 days, starting immediately
after the NAM-CD

Weak eastward winds and a
reversal to westward mainly
from above

V0 Strong northward jet for about
50 days, starting a few days after
the NAM-CD

Southward winds dominate
before and after the NAM-CD

Strong northward jet for about
50 days, starting a few days after
the NAM-CD

Southward winds dominate
after the NAM-CD

S2 Pronounced decrease during
the two weeks prior to the
NAM-CD. Recovery after the
NAM-CD

Similar amplitudes before,
during and after the NAM-CD

Decrease during 2–3 days prior
to the NAM-CD

Same amplitudes before, during
and after the NAM-CD

qM2 Strong amplitude enhancement
during 25–30 days around the
NAM-CD

Very weak amplitude increase,
and only after the NAM-CD

Strong amplitude enhancement
during 25–30 days around the
NAM-CD

Amplitudes increase only after
the NAM-CD, and sustain for a
shorter period of time

Note. MSSW = major sudden stratospheric warming; NAM-CD = Northern Annular Mode central day; PJO = polar-night jet oscillation.

3.2. Middle Latitudes
Figure 3 shows similar composites as Figure 2 but over Juliusruh. A visual inspection of this figure reveals
that the main difference with respect to Andenes lies in the amplitudes, which in general are at least 10%
larger than at high latitudes. A strong eastward (northward) jet develops in the mean zonal (meridional)
wind immediately (roughly 5 days) after the NAM-CD of sPJO years. It happens at all height levels in the
meridional component but only below ∼96 km in the zonal component. Above 96 km, the mean zonal wind
reverses direction to westward 1 day before the NAM-CD. Approximately 2 months after the NAM-CD, this
reversal starts descending to lower altitudes until all observed heights are dominated by westward winds.
During both non-PJOs and non-MSSWs the reversal to westward winds happens mainly from above but
approximately 10 days earlier in the case of non-PJO years. These two cases exhibit another reversal to
westward winds during the fall. It occurs above ∼94 km and lasts for about 10 days (not shown). The differ-
ences in the meridional wind among the three cases are similar to those observed over Andenes: sPJO years
exhibit a strong enhancement in the northward direction that lasts almost 60 days, starting a few days after
the NAM-CD. Below ∼85 km, the northward meridional winds decelerate but do not reverse direction until
roughly 95 days after the NAM-CD. During non-PJO years, the northward winds dominate mainly before
the NAM-CD, spanning all altitudes until ∼10 days before the NAM-CD. In the case of non-MSSWs, north-
ward meridional winds dominate before 1 January. Below ∼96 km, they reverse direction around this day
to later on become northward again and blow in this direction for about 20 (60) days above (below) 90 km
of altitude. From then on, southward winds dominate until late fall.

Similarly to high-latitude locations, the diurnal solar tide over Juliusruh does not show many considerable
differences among all three cases. Only one noticeable difference is observed, approximately 30 days after
the NAM-CD of sPJOs, when an enhancement of D1 develops and maintains for about 20 days, starting first
at ∼92 km to later on extend to higher altitudes.

The decrease of the S2 tide around the NAM-CD during sPJO years lasts a much shorter time in comparison
to high latitudes. The S2 tide amplitudes slightly decrease above ∼94 km for only a couple of days to then
recover to their previous values of more than 40 m/s. Approximately between 87 and 93 km of altitude, the
decrease is more clear and lasts for about a week. Non-PJO years do not show any sort of decrease of the S2
tide around the NAM-CD. The same happens in the case of non-MSSWs, but with one noticeable difference:
strong S2 amplitudes are observed for at least 30 more days than during non-PJO years.

In the case of sPJO years, the semidiurnal quasi-lunar tide over Juliusruh is mainly active around the
NAM-CD for about 1 month. During non-PJOs and non-MSSWs, there is an enhancement of qM2 after the
reference day, although it develops approximately 15 days later in the case of years with no major SSWs.
Similarly to high latitudes, the most noticeable difference in the behavior of the qM2 tide is that during sPJO
years it is significantly enhanced around the NAM-CD. This enhancement occurs above 88 km roughly 10
days before the NAM-CD and lasts for almost 30 days. During this interval of time, qM2 amplitudes can reach
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values of up to 25 m/s, which is equivalent to ∼50% of the S2 amplitude during that same period. This is not
the case during non-PJO years, which might be indicating that not all major SSWs can trigger a strong qM2
enhancement but only those characterized by extremely disturbed wind conditions, that is, sPJO events.

As it has been the case in all other five quantities, the amplitudes of the terdiurnal solar tide are considerably
larger over Juliusruh compared to Andenes. From Figure 3, one can see that the T3 tide shows significant
activity mainly after the NAM-CD for strong and non-PJO years, as well as before and after the reference
day for non-MSSWs. In sPJO years, T3 exhibits the largest maximum amplitudes (∼15 m/s). These large
amplitudes develop around 90 km of altitude and then extend further up and down until they span from
∼82 up to 96 km of height. Once this enhancement disappears, a period of about 20 days with almost no T3
tidal activity follows. A similar pattern is observed during non-PJO years, but in this case the enhancement
is not as pronounced and maintains for a shorter period of time. The T3 tide of years with no MSSWs exhibits
three enhancements in its activity. The first one during the first 2 weeks of December, the second roughly
one week after 1 January, and a last one during March.

To underline the fact that only the dynamics of sPJOs exhibits significant differences with respect to other
wintertime conditions, a summary of the main distinctive features characterizing mean winds and the
semidiurnal solar and quasi-lunar tides during sPJOs and the other two cases (non-PJOs and non-MSSWs)
is presented in Table 2, for both high and middle latitudes.

4. Discussion
A great amount of studies have focused on the response of the MLT to dynamically disturbed conditions,
particularly to SSW events (e.g., Charlton & Polvani, 2007; Forbes & Zhang, 2012; Fuller-Rowell et al., 2010;
Jacobi et al., 2003; Limpasuvan et al., 2016; Matthias et al., 2013; Zhang & Forbes, 2014). The conditions of
the polar vortex at stratospheric altitudes during SSWs have also been extensively investigated (e.g., Harvey
et al., 2002; Manney et al., 1994; Mitchell et al., 2011; Waugh & Randel, 1999). Recently, Harvey et al. (2018)
extended the analysis of the polar vortex wintertime climatology to the mesosphere region. However, to the
best of our recollection, the boreal MLT mean winds and tides obtained from meteor radar measurements
have not been analyzed with respect to different manifestations of MSSWs, and in particular to sPJO events.
sPJO events refer to a long-lasting recovery phase of the polar stratosphere from major warming conditions
(e.g., Kodera et al., 2000). Figure 1 shows this effect very clearly. In the phase after the NAM-CD, and for
a time interval that may last up to 2 months, strong westward ZMZW anomalies (i.e., the ZMZW minus
the climatology, averaged between 50◦N and 70◦N) slowly propagate downward from the stratosphere into
the upper troposphere. A similar pattern can be distinguished in the NAM index. Non-PJO years also show
strong westward ZMZW anomalies and the NAM index values cross the −2.3 threshold, something expected
given that non-PJO events occur after major stratospheric warmings as well. However, the downward propa-
gating pattern after the NAM-CD is not evident during this type of events. In the case of years with no major
SSWs (Column c), the slightly downward propagating variability detected in the ZMZW anomalies and, to
a lesser extent, in the NAM index may be due to minor warmings or simply a result of the mean seasonal
cycle. Thus, we expect from our hypothesis a clear separation in the MLT behavior between sPJOs and the
other two cases.

Figures 2 and 3 show that the situation in the MLT region is quite different depending on the development
or not of a sPJO, at least at the locations of Andenes and Juliusruh. The mean zonal eastward wind indeed
decelerates around the NAM-CD of sPJOs, but it recovers very rapidly and enhances significantly in a matter
of a few days. This strong enhancement persists for more than 40 days and coincides with a strong pole-
ward jet in the mean meridional wind, which might be indicating that the edge of the polar vortex at upper
mesosphere altitudes crosses over northern Europe during this type of events. Previous studies have shown
that the polar vortex at stratospheric altitudes is located more toward the North Atlantic European sector
during sPJO events. In the case of non-PJO events, it tends to stay mainly over the North Pacific region (e.g.,
Peters et al., 2018). GPH disturbances derived from the Ext-CMAM30 (obtained after subtracting the zonal
mean, and also referred to as eddy GPH; e.g., Harvey et al., 2018) indicate that the location of the polar vor-
tex in the mesosphere is different from that in the stratosphere. This can be appreciated in Figure 4, where
we present composites at 100, 10, 1, 0.1, and 0.01 hPa of the GPH disturbances averaged over 15 days after
the reference day of the three cases here studied (NAM-CD for both types of PJOs and 1 January in the case
of non-MSSWs). Although the Ext-CMAM30 is free running above 1 hPa, McLandress et al. (2013) showed
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Figure 4. Extended Canadian Middle Atmosphere Model GPH disturbances averaged over 15 days after the reference
day of strong PJOs, non-PJOs, and years with no major sudden stratospheric warmings, at (from bottom to top) 100, 10,
1, 0.1, and 0.01 hPa. The cyan circles indicate the location of Andenes and Juliusruh. The yellow circle indicates the
absolute minimum. GPH = geopotential height; MSSW = major sudden stratospheric warming; NAM-CD = Northern
Annular Mode central day; PJO = polar-night jet oscillation.
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Figure 5. Contours of the zonal mean zonal wind obtained from the Extended Canadian Middle Atmosphere Model
averaged over 15 days after the reference day of strong PJOs, non-PJOs, and years with no major SSWs, as a function of
latitude and pressure. Contours are given in meters per second. Red positive values correspond to eastward winds,
while blue negative values indicate westward winds. The black dashed vertical lines correspond to the latitude of
Andenes and Juliusruh. PJO = polar-night jet oscillation; SSW = sudden stratospheric warming.

that Ext-CMAM30 data sets are in good agreement with Aura Microwave Limb Sounder measurements at
mesospheric heights.

In the stereographic plots presented in Figure 4, one can notice that there are clear differences between
sPJO events and the other two cases, especially at 1, 0.1, and 0.01 hPa. During sPJO events, GPH distur-
bances above Andenes and Juliusruh go through a clear transition as the altitude increases. Negative values
(i.e., a GPH value below the zonal mean, also known as a cyclonic anomaly) dominate at 10 hPa and do
so again at 0.01 hPa, although in this last case with weaker amplitudes. Conversely, at 100, 1, and 0.1 hPa,
the region above northern Europe is dominated by positive GPH disturbances (i.e., anticyclonic anomalies),
with larger values at 0.1 hPa. In the case of non-PJO events, GPH disturbances also experience changes with
altitude, but these are considerably different. Small positive and negative values dominate the GPH distur-
bances above Andenes and Juliusruh at 100 hPa, while only negative values dominate at both 10 and 1 hPa.
Higher up, the GPH disturbances become positive again, but with larger amplitudes at 0.01 hPa. During
non-MSSWs, the GPH disturbances above Andenes and Juliusruh exhibit the same characteristics as in the
case of non-PJOs. Thus, similarly to our SMR observations, the Ext-CMAM30 outputs also reveal that only
the dynamics of sPJOs differs considerably from that of the other two cases. Non-PJOs and non-MSSWs
exhibit similar characteristics.

During sPJOs, the GPH disturbances at 100 and 10 hPa reveal a weak upward propagation of PWs with Wave
Number 2 (PW2). Then, from 10 to 1 hPa, a strong upward propagation of the PW with Wave Number 1
(PW1) can be noticed. The upward propagation becomes very weak above 1 hPa. However, at 0.01 hPa the
PW2 pattern becomes dominant again, probably as a result of in situ generation by filtered gravity waves
(e.g., Liu & Roble, 2002). Non-PJOs and non-MSSWs preserve the Wave Number 1 structure at all considered
levels, except at 100 hPa where the Wave Number 2 pattern is more evident. According to Charney and
Drazin (1961), PW1 structures can propagate upward only if the mean zonal wind is directed toward the
east with a speed of ∼0–40 m/s. In case of the PW2 pattern, its propagation is possible if the speed of the
eastward mean zonal wind is between 0 and ∼20 m/s. From Figure 5, where we present the ZMZW obtained
from the Ext-CMAM30 averaged over 15 days after the reference day of the three cases considered in this
study, one can notice that during non-PJOs and non-MSSWs, the ZMZW in the polar cap below 0.1 hPa is
always eastward directed, with a speed of about 20 m/s. This prevents propagation of PW2 but allows PW1
structures to propagate further upward, as it can be inferred from the dominance of the PW1 pattern detected
in the GPH disturbances at 0.1 hPa and above.

In the case of sPJO events, the ZMZW between 10 and 1 hPa is westward directed in the polar region, as a
consequence of deceleration due to strong upward propagation of PW1 structures (see Figure 4). This feature
is not evident during non-PJOs and non-MSSWs , most likely due to a stronger eastward ZMZW that prevents
the PWs from further propagating (note that there is a strong upward propagation of the PW1 structure only
above 1 hPa, where the eastward ZMZW is weaker). During sPJOs, the ZMZW above 1 hPa recovers and
becomes eastward again, in agreement with the enhancement of the mean zonal wind observed with our
SMRs (Figures 2 and 3). Besides, the recovery of the eastward ZMZW may facilitate the upward propagation
of westward propagating GWs, which at higher altitudes (∼80 km) might in situ generate the PW2 structure
described above (upper panels of Figure 4).
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Figure 6. Extended Canadian Middle Atmosphere Model total ozone anomalies averaged over 15 days after the
reference day for (a) strong polar-night jet oscillations (PJOs), (b) non-PJOs, and (c) non-major sudden stratospheric
warmings. The difference between strong and non-PJO events is presented in (d). The white contours indicate the
areas where the difference has a 95% of statistic significance. The color scale is in Dobson units (1 DU = 2.69 × 1020

m−2). The black asterisks indicate the location of Andenes and Juliusruh.

From the results presented in section 3 (see Table 2 for a quick summary), it is clear that only during sPJO
events the tides in the MLT region exhibit significant differences compared to wintertimes with no major
SSWs. If a major SSW develops but the recovery phase is not sufficiently prolonged in time (i.e., during a
non-PJO event), the MLT region is not considerably affected and its behavior resembles that of a winter
with no major SSWs (Columns b and c in both Figures 2 and 3). Under MSSW conditions, changes in the
stratospheric global circulation driven by enhanced quasi-stationary PWs lead to a more asymmetric longi-
tudinal distribution of the stratospheric ozone, which in turn may trigger nonmigrating semidiurnal tidal
components (e.g., Goncharenko et al., 2012). These nonmigrating components might interact out of phase
with the migrating semidiurnal tide and eventually induce the S2 decrease observed around the NAM-CD
of sPJO events. At this point, it is worth noting that the observed S2 tide studied here may be the result
of both migrating and nonmigrating components, given that single point measurements do not allow us to
distinguish between different wave numbers. Besides, given the 6-hr time resolution of the Ext-CMAM30
outputs, only waves with periods larger than 12 hr can be unambiguously resolved, meaning that only the
diurnal tide can be studied with the Ext-CMAM30 outputs considered in this work.

sPJO events are also characterized by a period of stronger PW activity following the NAM-CD (e.g., Peters
et al., 2018). This increase in the PW activity may favor a redistribution of ozone, with a strong increase over
Eurasia, which in turn might allow the S2 tidal amplitudes to recover to their pre-MSSW values. Figure 6
presents Northern Hemisphere stereographic projections of the total ozone anomalies obtained from the
Ext-CMAM30 for strong and non-PJO events, non-MSSWs, and the difference between the first two cases.
The plots show an average over the 15 days following the reference day. The white curve encloses the area
where the differences in the total ozone anomalies have a significance of 95% (using the two-tailed Student's
t test). This area composes parts of the North Atlantic European region and Siberia, in agreement with previ-
ous studies (e.g., Butler et al., 2017; Peters et al., 2018). The largest positive and more uniformly distributed
(in longitude) total ozone anomalies of sPJO events are consistent with the recovery of the observed S2
tide, specially at high-latitude locations. Besides, the area of greatest significance includes Andenes but not
Julisuruh, which may partially explain why the differences in the S2 behavior between strong and non-PJO
events at middle latitudes are not as pronounced as over high-latitude locations.
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Figure 7. Extended Canadian Middle Atmosphere Model ozone zonal anomalies at 10 hPa averaged over 15 days
(top row) before and (bottom row) after the reference day of strong PJOs and non-PJOs, and the difference between
these two cases. The zonal anomalies were calculated after removing the climatology of the 30-year period. The black
asterisks indicate the location of Andenes and Juliusruh. The white curves (third column) enclose the areas where the
difference is 95% significant. PJO = polar-night jet oscillation; sPJO = strong PJO; CD = central day.

Figure 7 shows stereographic projections of the ozone zonal anomalies at 10 hPa averaged over 15 days before
and after the reference day of sPJOs and non-PJOs, and the difference between these two types of events.
From this figure, one can notice that prior to the NAM-CD of sPJOs, the ozone concentration in the strato-
sphere is significantly reduced over the Scandinavian Peninsula and parts of northern Germany. After the
NAM-CD, the ozone concentration increases considerably, particularly over Andenes, which is consistent
with the observed recovery of the S2 tide. Similarly to the case of the total ozone (Figure 6), only Andenes lies
inside the area where the difference between strong and non-PJOs is 95% significant. In the case of non-PJO
events (second column in Figure 7), there is a decrease/increase pattern in the ozone concentration over
parts of northern Europe before and after the NAM-CD. This might be easily associated with an enhance-
ment in the S2 tide amplitudes after the NAM-CD, which is not consistent with the observed behavior in
our meteor radar measurements, where S2 shows similar amplitudes before and after the NAM-CD over
Andenes, and slightly smaller after the NAM-CD over Juliusruh.

Given that changes in the mean winds can modify the amplitudes of tides (e.g., Jin et al., 2012), it is most
likely that the enhanced eastward mean zonal wind observed after the NAM-CD of sPJO events is the main
factor responsible for the increase in the S2 amplitudes observed during that same period. The three cases
considered in this study have one clear (and obvious, from a theoretical point of view) similarity: the S2 tide
exhibits significant amplitudes only when the mean zonal wind blows to the east. As soon as the mean zonal
eastward winds weaken, the S2 tide amplitudes start decreasing. In the case of sPJO events, the changes the
S2 tidal amplitudes experience around the NAM-CD are probably a consequence of changes in the mean
winds at mesospheric altitudes. Ext-CMAM30 GPH disturbances indicate that the polar vortex area of influ-
ence at upper mesospheric heights encompasses parts of the North Atlantic European region. Particularly,
the edge of the vortex at 0.01 hPa (∼80 km) crosses the region directly above Andenes and Juliusruh, which
is consistent with the enhancements observed in the horizontal mean winds at these two sites.

Understanding the enhanced amplitudes of the semidiurnal quasi-lunar tide around the NAM-CD of sPJO
events is more complicated. Several mechanisms have been proposed in order to explain this tidal com-
ponent. Some studies have suggested that changes in temperature and in the mean winds can lead to a
shifting of the atmosphere's so-called Pekeris resonance frequency toward the lunar period and a consequent
enhancement of qM2 (e.g., Forbes & Zhang, 2012). This may explain the behavior of qM2 during sPJOs, but
it cannot explain the differences between strong and non-PJOs events. Other studies suggest that the qM2
tide is in fact a result of nonlinear interactions between the S2 tide and quasi-stationary PWs (e.g., He et al.,
2017; He & Chau, 2019). From the structure of the GPH disturbances at 0.01 hPa (Figure 4), one may argue
that the PW1 pattern becomes very weak at these heights partly because of nonlinear interactions with the
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S2 tide that then result in the observed enhancement of qM2. In non-PJOs and non-MSSWs, the PW1 pat-
tern does not disappear at 0.01 hPa, which may partially explain why the qM2 is not significantly enhanced
as in the case of sPJOs. However, this second mechanism cannot explain the enhancement of qM2 observed
over Juliusruh after the NAM-CD of non-PJOs, neither the larger qM2 amplitudes observed during the first
weeks of January in years with no major SSWs.

Fuller-Rowell et al. (2016) showed that under severely disturbed wind conditions, the phase of the S2 tide
may be shifted. Given the long averaging window used in our study (21 days), the shifting of the phase could
be picked up by our fitting technique as a signal of a slightly different frequency that then we interpreted
as that of the lunar tide. Usage of shorter running windows (e.g., 4 days) revealed that the phase of the
S2 tide indeed changes around the NAM-CD of sPJOs but that it also changes during non-PJO events (not
shown here). The tidal amplitudes obtained using the 4-day running window exhibit more variability, which
is expected given the shorter length of the averaging window, although the same main features as in the
case of the 21-day window are observed in both the mean winds and the solar tides. Variability within a
time interval of 21 days may also result in sidebands of the S2 tide that are misinterpreted as the lunar tide.
However, the sidebands are usually associated with different wave numbers, which can only be resolved
by combining observations from different longitudinal sectors (He & Chau, 2019). Thus, it is evident that
from our analysis one cannot fully determine which one of the proposed mechanisms (or if a combination
of them) is responsible for the enhanced qM2 amplitudes observed during sPJOs. Hence, the usage of the
term quasi-lunar.

As a next step, in future studies we plan to investigate the dynamics of sPJOs using Microwave Limb Sounder
measurements. Besides, we realize that detailed model studies are needed to fully understand the physics
behind the enhancement of qM2 during sPJOs. A simple first step might consist, for example, in forcing
the Pekeris model with mean wind profiles typical of sPJOs, in order to test if the shifting of the resonance
frequency toward the lunar period indeed occurs under these extreme wind conditions.

5. Conclusions
We have presented a detailed description of the response the MLT region exhibits during Northern Hemi-
sphere wintertime extreme stratospheric events known as sPJOs. For this purpose, SMR wind measurements
have been analyzed in combination with horizontal winds, GPHs, total ozone, and ozone concentration
obtained from the 30-year nudged simulation by the Ext-CMAM30. The entire MLT region over Andenes
(high latitude) and Juliusruh (middle latitude) is significantly disturbed during sPJO events, compared to
other wintertime conditions. The observed mean winds and semidiurnal quasi-lunar (qM2) tide show clear
enhancements that persist for several weeks after the CD of a sPJO event. The semidiurnal solar (S2) tide
shows a decrease/increase pattern around the CD of sPJO events that is most likely due to changes in the
mean zonal wind at mesospheric heights.

We have shown that the distinction between winters with or without major sudden stratospheric warmings
is not sufficient and that a more detailed categorization into strong and non-PJO events, and winters with
no major SSWs must be considered in order to explain the winter-to-winter variability of the MLT region.
A clear example of this is that after a major SSW, the MLT wind and tidal behaviors strongly depend on
the development (or not) of a sPJO event. In the absence of a sPJO event, the MLT winds and tides behave
similar to a year with no major SSWs. On the other hand, after a sPJO event, intense jets develop in both
components of the horizontal mean wind and the amplitudes of the semidiurnal tides enhance considerably,
at both middle and high latitudes. GPH disturbances obtained from the Ext-CMAM30 show that after the
CD of sPJOs, the polar vortex at stratospheric heights locates mainly over northern Europe. In the lower
and middle mesosphere, it shifts toward Alaska and the North Pacific, and at upper mesospheric heights it
splits into two parts, one of them being located over the North Atlantic European region and with its edge
directly above Andenes and Juliusruh. This pattern is not detected during non-PJOs neither years with no
MSSWs, which explains why the mean winds observed in the MLT during sPJO events exhibit significant
differences with respect to the other two cases.
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