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Abstract

Mesospheric winds from three longitudinal sectors at about 65$"\circ8N and 543" \circ$N latitude are combined to diagnose
the zonal wavenumbers ($m$) of high-frequency-resolved spectral wave signatures during the rare southern hemisphere sudden
stratospheric warming (SSW) of 2019. Diagnosed are quasi-10- and 6-day planetary waves (Q10DW and Q6DW, $m$=1), solar
semi-diurnal tides with $m$=1, 2, 3 (SW1, SW2, and SW3), lunar semi-diurnal tide, and the upper and lower sidebands (USB
and LSB, $m$=1 and 3) of Q1I0DW-SW2 nonlinear interaction. We further present a 7-year composite analysis to distinguish
SSW effects from climatological behaviors. Immediately before (after) the SSW onset, LSB (USB) enhances, accompanied by
the enhancing (fading) Q10DW, and a weakening of climatological SW2 maximum. These behaviors are explained in terms of
Manley-Rowe energy relation, i.e., the energy goes first from SW2 to Q10DW and LSB, and then from SW2 and Q10DW to
USB.
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Key Points:

» Mesospheric winds from multiple longitudes in the NH are combined to diagnose
zonal wavenumbers of waves during the Antarctic SSW 2019.

« Diagnosed are Q6DW, Q10DW, M2, SW1, SW2, SW3, and LSB and USB of Q10DW-
SW2 nonlinear interactions.

+ LSB and USB are generated asynchronously, during which their parent waves evolve

following the Manley-Rowe energy relations.
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Abstract

Mesospheric winds from three longitudinal sectors at about 65°N and 54°N latitude are
combined to diagnose the zonal wavenumbers (m) of high-frequency-resolved spectral
wave signatures during the rare southern hemisphere sudden stratospheric warming (SSW)
of 2019. Diagnosed are quasi-10- and 6-day planetary waves (QL0DW and Q6DW, m=1),
solar semi-diurnal tides with m=1, 2, 3 (SW1, SW2, and SW3), lunar semi-diurnal tide,
and the upper and lower sidebands (USB and LSB, m=1 and 3) of Q10DW-SW2 non-
linear interaction. We further present a 7-year composite analysis to distinguish SSW
effects from climatological behaviors. Immediately before (after) the SSW onset, LSB
(USB) enhances, accompanied by the enhancing (fading) Q10DW, and a weakening of
climatological SW2 maximum. These behaviors are explained in terms of Manley-Rowe
energy relation, i.e., the energy goes first from SW2 to Q10DW and LSB, and then from
SW2 and Q10DW to USB.

Plain Language Summary

Sudden stratospheric warming events occur typically over the winter Arctic and

are well-known for being accompanied by diverse waves. A rare SSW occurred in the south-
ern hemisphere in September 2019. Here, we combine mesospheric observations from the
northern hemisphere to study the wave activities before and during the warming event.

A dual-station approach is implemented on high-frequency-resolved spectral peaks to di-
agnose the horizontal scales of the dominant waves. Diagnosed are multiple tidal com-
ponents, multiple Rossby normal modes, and two secondary waves arising from nonlin-

ear interactions between a tide component and a Rossby wave. Most of these waves do

not occur in a climatological sense and occur around the warming onset. Furthermore,

the evolution of these waves can be explained using theoretical energy arguments.



16 1 Introduction

a7 In the winter polar atmosphere, upward propagating Rossby waves (RWs; also called
a8 planetary waves), e.g., triggered by topography and the horizontal thermal gradient of

49 the land-sea distribution. Such interactions may interact with the polar vortex and heat

50 the stratosphere rapidly, known as sudden stratospheric warming events (SSWs; e.g., But-
51 ler et al., 2015). Associated with SSWs are oscillations in the middle and upper atmo-

52 sphere in both neutral and plasma properties, such as the neutral density and compo-

53 sition, temperature, wind, plasma density, and electric current density (e.g., Chau et al.,

54 2009; Goncharenko & Zhang, 2008; Pedatella & Forbes, 2010; He & Chau, 2019).

55 In the mesosphere, planetary-scale oscillations during SSWs can be categorized into
56 two temporal scales, longer and shorter than one day, termed hereafter as RW- and tide-
57 like oscillations, respectively. RW-like oscillations occur at periods from a few days to

58 a few tens of days, mostly explained as RW normal modes (RNMs, e.g., Madden, 1979;

59 Forbes, 1995). RNMs are westward-propagating and occur with wave periods near 2, 6,

60 10, 16, and days, and are often referred to as quasi-2-, 6-, 10-, 16-, and 28-day waves (Q2DW,
61 Q6DW, Q10DW, Q16DW, and Q28DW, e.g., Forbes et al., 2017, 2020; Yamazaki, 2018;

62 Zhao et al., 2019). Associations between RNMs and SSWs have also been broadly re-

63 ported, although the underlying mechanisms are still under debate (e.g., He, Yamazaki,

64 et al., 2020; Pancheva et al., 2008; Stray et al., 2015; Yamazaki & Matthias, 2019). Be-

65 sides RNMs, secondary waves of nonlinear interactions between RNMs and stationary

66 RWs are also observed during SSWs (e.g., He, Yamazaki, et al., 2020).

67 Oscillations, occurring around the periods of harmonics of the solar or lunar day,
68 are explained mostly as signatures of harmonics of solar or lunar tides. Oscillations of
69 this nature are reported to be associated with or impacted by SSWs, such as the first
70 six solar migrating tidal harmonics (at 24hr, 12hr, ..., 4hr) and the second lunar migrat-

n ing tidal harmonic (M2, at 12.4hr) (e.g., He, Forbes, et al., 2020; Chau et al., 2015; He
7 & Chau, 2019). Among these oscillations, the sun-synchronous (migrating tide-like) com-
73 ponents are typically explained in terms of SSW modulations of tidal heating (e.g., Gon-

7 charenko et al., 2012; Limpasuvan et al., 2016; Siddiqui et al., 2020) and of propagation

75 conditions (e.g., He, Forbes, et al., 2020), whereas the non-sun-synchronous (non-migrating
7 tide-like) components are conventionally explained as arising from zonal asymmetries in
77 heating, or nonlinear interactions between stationary RWs and migrating tides (e.g., He
78 et al., 2017; Forbes et al., 2020). Nonlinear interactions could also occur between RNMs
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and tides (e.g., Forbes et al., 2020; He et al., 2017), generating secondary waves at fre-
quencies slightly below and above the tidal frequencies, termed hereafter as lower and
upper sidebands (LSBs and USBs), respectively. LSBs and USBs are often misinterpreted
as tides according to He and Chau (2019).

Most knowledge of the above mesospheric wave activities is based on SSWs that
occurred in the northern hemisphere (NH). In September 2019, an SSW occurred (Lim
et al., 2020) in the southern hemisphere (SH), providing a unique opportunity to inves-
tigate the response of the NH middle and upper atmosphere to SH SSWs. Using Aura
Microwave Limb Sounder (MLS) observations and Swarm plasma and magnetic obser-
vations, Yamazaki et al. (2020) revealed 6-day periodicities in the middle atmosphere
and ionosphere. Conventionally, such like periodicities were explained most often as Q6DW.
However, a recent modeling study (Miyoshi & Yamazaki, 2020) suggested that the iono-
spheric 6-day periodicities in the 2019 case might not be Q6DW signatures but aliases
from near-12hr waves resulted from Q6DW-SW2 nonlinear interaction. This aliasing, be-
tween RNWs and their secondary waves associated with migrating tides, is an inherent
sampling property of all quasi-sun-synchronous single-spacecraft missions, which is ex-
plained mathematically in Appendix A. The current work uses ground-based observa-
tions to eliminate the concerns about the aliasing and investigate the potential RNMs
and near-12hr waves. Implementing a dual-station approach, we are also able to diag-
nose zonal wavenumbers of the underlying waves, beyond the capabilities of single-station
approaches. Our results illustrate the presence of both RNMs and near-12h waves in the
mesosphere, and reveal how the Q10DW-tidal interactions result in the mesospheric wind

variability during the SH SSW.

2 Observation and method

The current work uses five radar systems, at Juliusruh (13.4°E, 54.6°N), Mohe (122°E,
53.5°N), Andenes(16.0°E, 69.3°N), PokerFlat (147.5°W,65.1°N), and Yellowknife (114.3°W,
62.5°N), referred hereafter as J, M, A, P and Y radars, respectively. The details of the
radar setups, e.g., frequencies and antenna configurations, were introduced in Hoffmann
et al. (2010); Yu et al. (2013); Singer et al. (2013); Klemm (2019); Kumar and Hocking
(2010), respectively. As illustrated by two dashed lines in Figure S1 in Supporting in-
formation (SI), these radars distribute largely along two latitudes, 65°N and 54°N. The

zonal and meridional wind observations (v and v) around the SSW, between 1 June and
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31 November 2019 (except at Yellowknife where data is not available before 13 August),
are derived between 80km and 100km altitude for a case study. As a reference and for
comparison, 7-year (2012-2018) observations at Mohe and Juliusruh are also used for a
composite analysis (CA).

Our main approach is the so-called phase differencing technique (PDT), developed
in He, Chau, Stober, et al. (2018) and has been explained mathematically and imple-
mented several times (e.g., He, Chau, Hall, et al., 2018). Here, we explain PDT briefly.
Based on dual-point configurations, PDT makes use of the phase difference between two
locations on the wave path to estimate the wavenumber in the direction defined by the
two points (The same idea was also used in, e.g., the deconvolution procedure Hocking
et al., 2014). When the two locations are at the same latitude, estimated would be the
zonal wavenumber m. The estimation is based on two main assumptions. The first one,
called single wave assumption, is that the wavenumber is a function of frequency. The
other, called long wave assumption, is that the separation between the two locations is
shorter than half the wavelength of the underlying wave. Particularly, in diagnosing RWs
and tides, m could be assumed as a near-zero integral number, which might relax the
long wave assumption from half wavelength to one and a half wavelength. PDT has been
implemented, through cross-wavelet (CWL) analysis, to diagnose m of RW- and tide-
like oscillations in a few NH SSWs (e.g., He, Chau, Stober, et al., 2018; He, Yamazaki,
et al., 2020). Further validating PDT, different dual-station configurations at the same
latitude yielded consistent results (e.g., He, Forbes, et al., 2020). The current work ap-
plies PDT to the SH SSW 2019, using three dual-radar configurations, i.e., M-J, P-A,
and Y-A.

3 Results

As explained in the introduction, most planetary-scale wave activities during SSWs

are RW- and tide-likes oscillations. Therefore, we explore the waves in two frequency ranges

in Sections 3.1 and 3.2, respectively. Section 3.3 focuses only on T" = 12.0 £ 0.2hr.

3.1 Multi-day oscillations

Figure la presents \V~V(‘§ # 1, a Gabor wavelet (Torrence & Compo, 1998) of the zonal
wind at 95km altitude over Juliusruh. In the plot, the dashed vertical line on 08 Septem-

ber denotes the onset of the SH SSW 2019. The onset refers to the central day between
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5-11 September, during which the atmospheric temperature at 10 hPa increased rapidly
from 208K to 259K according to the MERRAZ2 reanalysis data (e.g., Yamazaki et al.,
2020). The most dominant character of Figure la is the peak at periods T'= 6-8 days
around 1 October, as highlighted by a horizontal arrow. There is another peak around
T'= 10 days around 1 September, before the onset and highlighted by an arrow. Both
of the 6- and 10-day peaks also occurred over Mohe, as displayed in the spectrum |W(J}/f t)|
in Figure 1b. The coincidence between the two radars allows diagnosis of m through CWL
analysis (readers are referred to, e.g., He, Yamazaki, et al., 2020, for details), The CWL
spectrum between Figures la and 1b, C'(f,t) W(f t)W(f 1)+ is shown in Figure lc, in
which the darkness denotes the amplitude |C| while the color hue denotes Arg{C}. Arg{C}
measures the phase difference of the osculations between the stations. Assuming the phase
difference is due to the propagation of a dominant wave with the wavenumber m, then
Arg{C} = mMa is a function of m and the longitudinal separation between the two
radars Aa. The color hue of Figure 1c is adjusted so that the redness represents Arg{é’} =
Aa, corresponding to m=1. In Figure 1c, both the 6- and 10-day peaks are associated
with m=1, suggesting both peaks are the RNMs, i.e., Q6DW and Q10DW, respectively.
Similar Q6DW and Q10DW signatures occur also at 65°N detected by the P-A radar
pair, as displayed in Figure S2d in SI.

For comparison and as a reference, we present a CA in Figures 1d-f, using the data
from J-M pair between 2012 and 2018. Similarly to the 2019 case, in Figures 1d-f Q6DW
also occurs around 1 October, whereas Q10DW is not visible around 1 September which

is different from the 2019 case.

3.2 Near-12hr oscillations

Figure 2a presents a CWL spectrum similar to Figure 1c but for the altitude-averaged
spectrum at periods near 12hr. Different from Figure 1c showing the spectrum of only
u, Figure 2a displays the sum of the spectra of u and v since the spectra are almost iden-
tical to each other. The black isolines denote amplitudes at |C~'\: 8,12, 16, and 24m/s.
In Figure 2a, the most dominant peak occurs at 12.0hr, characterized by m=2 and |C~Y | >
24m/s before the SSW onset, corresponding to the tidal component SW2. In the cur-
rent work, SWm denotes semi-diurnal westward propagating component with zonal wavenum-

ber m. In Figure 2a and at 12.4hr, as indicated by a horizontal arrow, another peak oc-
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curs above \/ﬁ > 12m/s. The 12.4hr peak is characterized by m=2, and therefore should
be a signature of the lunar tide M2.

Figure 2b is the same plot as Figure 2a but from the radar pair A-P, at 65°N. Sim-
ilarly to Figure 2a, in Figure 2b the spectrum also maximizes at 12.0hr and 12.4hr above
\/@ > 24m/s and 12m/s, respectively. The 12.0hr peak is mostly characterized by m=2,
and so is the 12.4hr peak, which therefore suggests the underlying waves are SW2 and
M2, respectively. In addition, in Figure 2b and between 11.0-11.5hr, there is a dominant
blue peak, maximizing at \/|C|= 17.9m/s, at T= 11.36hr on 12 September 2019, as in-
dicated by the white cross. However, the color of the 11.36hr is close to m=1 and =3
in the color code map, due to the special radar separation A &~ m and AA+27 =~ 3AA.

To determine m, we produce the same spectra as Figure 2b but for the radar pair A-Y,
displayed in Figure 2c.

Similarly to Figure 2b, Figure 2c also exhibits peaks at T= 12.4hr, 12.0hr and 11.0-
11.5hr. The previous two are associated with m=2, whereas the third peak, as illustrated
by the white cross, maximizes at \/|C|= 11.1m/s, at T= 11.29hr on 14 September 2019.
The blueness suggests the underlying dominant wave is associated with m=3, which is
compatible with the blue peak in Figures 2b. Actually, the color codes for all panels of

Figure 2 are adapted so that the blueness represents m=3. A weak blue or purple peak

could also be found in Figure 2a as indicated by the white cross, maximizing at |C’ |[=9.1m/s,

T=11.36hr. Additionally, in Figure 2c and immediately before the onset, a red peak oc-
curs at T=12.73hr with 1/|C|=8.0m/s as indicated by a white cross. The redness sug-
gests the underlying wave is associated with m=1. Similar 12.7hr peaks also occur in Fig-
ures 2b and 2a, indicated by white crosses there.

Figure 2d displays the same plot as Figure 2a but from the 7-year CA, which com-
prises mainly the 12.0hr peak but not the off-12.0hr peaks seen in Figures 2a-c, at least
not at the comparable magnitudes. The 12.0hr peak is also different from those in Fig-
ures 2a-c, e.g., the peak exhibits a minimum in late October in Figure 2d, but prema-

turely around 1 October in Figure 2a. We look into the details in the next subsection.

3.3 Solar semi-diurnal tide

To investigate the 12.0hr peak, we reproduce spectra similar to Figure 2a but at
every individual altitude, and then pick the values only at 7=12.040.2hr at each alti-

tude and combine them into the time-height plane, displayed in Figure 3a. Similarly, Fig-
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ures 3b, 3c, and 3d are constructed from spectra similar to Figures 2b, 2¢, and 2d. In
all panels here, green represents m=2. The most dominant character in Figure 3d is the
green peak (m=2), maximizing vertically at about 90km in September. The September
maximum is a well-known climatological behavior (also cf., Figures 7b and 1c in He &
Chau, 2019; Conte et al., 2017, respectively). The pattern around the SSW in Figure 3a
could be explained as a distorted version of the climatological maximum. The maximum
occurs 10-20d earlier and splits around 90km and above, in comparison with Figure 3d.
The premature and split maximum also occurs in Figures 3b and 3c, but associ-
ated with more interesting behaviors. As indicated by the horizontal arrows, blueness
(or purpleness) and redness occur at h=90km and 95km, respectively. These colors sug-
gest that the dominant underlying wave there is not SW2. In Figure 3c, blueness and
redness represent m= 1 and 3, suggesting the underlying waves are the non-migrating

tides, SW1 and SW3, respectively.

4 Discussions

The previous section diagnoses the zonal wavenumber m of potential waves seen
in cross wavelet spectra, in two ranges of period, namely, multi-days and near-12hr. In
the current section, we discuss them as RNMs, tides, and secondary waves of RNM-tide

nonlinear interactions.

4.1 Association of RNMs with SH SSW

Although there are observational studies suggesting that SSWs are not associated

with RNMs (e.g., Sassi et al., 2012), most observational studies support associations, at

least for most NH SSWs between 2004 and 2018 (e.g., He, Yamazaki, et al., 2020; Pancheva

et al., 2008; Stray et al., 2015; Yamazaki & Matthias, 2019; Gong et al., 2018; Yamazaki,
2018; Chandran et al., 2013; Manney et al., 2008). The burst of Q6DW in late Septem-
ber 2019 was reported by Yamazaki et al. (2020) using geopotential height (GPH) ob-
servations of Aura MLS and magnetic observations from Swarm. The 2019 Q6DW am-
plitude, in GPH, was stronger than the 2004-2018 average amplitude, especially above
70km altitude in SH. Consistently, our comparison between Figures 1c and 1f also illus-
trates that in NH the 2019 Q6DW is also stronger than the multi-year average. How-
ever, such a strong NH Q6DW in this season is not unique for 2019. Among the seven

years we explored, Q6DW also occurred at comparable or even stronger amplitudes in
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the same season in 2013 and 2017 (observed from the same figures as Figures la-c but
for 2012-2018, not shown here).

In contrast to the climatological occurrence of the Q6DW, the occurrence of the
Q10DW in early September is unique for 2019, and also temporally more close to the
SH SSW, c.f, Figures la-c vs. 1d-f. Therefore, we argue that the Q10DW is potentially
associated with the SSW. Consistent with our QLODW results, the SH GPH results (Figure
3a in Yamazaki et al., 2020) also exhibited a spectral peak, not mentioned by the au-
thors, at T= 10d around 1 September and weaker than the Q6DW amplitude by at least
50%. The consistency of our NH ground-based results with the SH satellite-based results
suggests that the Q6DW and Q10DW are both active on global scales, consistent with
their interpretation as RNM. Coincidentally, a Q10DW signature was also reported in
the ionosphere during the SH 2002 (Mo & Zhang, 2020).

RNMs prior to NH SSW onsets could be explained in terms of in situ instability
(e.g., Siskind et al., 2010; Pancheva et al., 2008), whereas the RNMs which appeared af-
ter the NH SSWs are believed to arise from different mechanisms, e.g., the zonal asym-
metry of gravity wave breaking (e.g., Manney et al., 2008). Therefore, the Q10DW might
be attributable to potential in situ instabilities. Supporting this hypothesis is the evo-
lution of the meridional gradient of the quasi-geostrophic potential derived from the MLS
GPH observations (Figures 3h-j in Yamazaki et al., 2020). The gradient is necessary for
barotropic/baroclinic instability, even though the evolution and the instability were dis-
cussed to explain the Q6DW. Another potential mechanism of the Q10DW generation
is the planetary wave amplification by stimulated tidal decay (PASTIDE, He et al., 2017)

as detailed in the following subsection.

4.2 Secondary waves of Q10DW-SW2 nonlinear interactions

In Sections 3.2 and 3.3, we explained the 12.0hr and 12.4hr spectral peaks as so-
lar and lunar tides, respectively. In the current subsection, we discuss other near-12hr
peaks as the upper and lower sidebands (USB and LSB) of nonlinear interactions between
SW2 and RNM, respectively.

According to the resonance conditions of wave-wave nonlinear interaction (e.g., He
et al., 2017), the frequency and wavenumber of USB (LSB) are equal to the sum (dif-
ference) of their parent waves. Given that the RNMs, Q6DW, Q10DW, and Q16DW,

are associated with m=1, all their USBs and LSBs of interactions with SW2 are asso-
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ciated with m=3, and 1, respectively. Observational evidence with constraints of both

f and m were reported for the sidebands of Q6DW and Q16DW using either ground-
based or satellite observations (e.g., Forbes & Zhang, 2017; Forbes et al., 2020; He, Chau,
Hall, et al., 2018; He, Chau, Stober, et al., 2018). As a reference, the theoretical peri-
ods of the USBs and LSBs of RNMs, according to the periods indicated by the arrows
in Figures 1c and S1d, are calculated and displayed as the dashed horizontal arrows at
the most right-side in all panels of Figure 2. Further, using the periods at the six white
crosses (indexed hereafter as k = 1,2, ...,6) in Figures 2a-c, we calculate the theoreti-
cally required periods of the parent RNMs according to the resonance condition, result-
ing in six values Tj. Assuming all the six peaks share one parent RNM and using the
spectral amplitude wy, := |C|/ < |Cy| > in Figure 2, we calculate the weight aver-
age T :=< Tpwy >1,=8.6d with a deviation o(wy (T} —T))=0.4d, displayed as a verti-

cal error bar in Figures 1c and S1. The horizontal error bar represents the correspond-
ing weight-averaged time and its deviation, £=11.1+2.2d after 00:00, on 1 September.

In Figures 1c and S1d, the Q10DW peaks, in comparison with the Q6DW, are closer to
the black cross in both ¢ and 7', and T overlaps the period of the Q1ODW peak partially.
Therefore, we argue that the Q10DW, rather than Q6DW, is more likely responsible to

the sidebands, or at least contributes more.

Moreover, the temporal evolution of the Q10DW peak, together with those of the
LSB, USB, and SW2, satisfies the energy requirements of Manley-Rowe relation (He et
al., 2017). According to the Manley-Rowe relation, the LSB and USB are generated in
two nonlinear interaction processes. In the LSB-generating interaction, the tide exports
energy to both LSB and RNM, while in the USB-generating interaction, both RNM and
tide contribute energy to USB. A potential circumstance occurring during the SH SSW
2019 is sketched in Figure 4. LSB-generating interaction occurs at t; before the onset,
generating or amplifying LSB and Q10DW at the cost of energy from SW2. Then, the
amplified Q10DW further interacts with SW2 at ¢y around the onset, in which both Q10DW
and SW2 transport energy to the USB. This circumstance could explain following de-
tails of the wave evolutions around the onset in Figures 1-3, namely, (1) the Q10DW and
LSB burst simultaneously before the onset; (2) the USB maximizes after the weaken-
ing of QIODW; and meanwhile (3) the bursts of both LSB and USB are accompanied
with the split September SW2 maximum as described in Section 3.3. According to the

Manley-Rowe relation, the absolute net energy gains of the waves are proportional to
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their frequencies, and 100% and 95% of the energy of the LSB and USB are contributed
directly by SW2. Therefore, the energy deficits of SW2 could be responsible for the split-
ting of the SW2 maximum in Figures 3a-c.

On the other hand, Q6DW maximized in late September and is, therefore, less likely

responsible for the LSB generation that occurred about 20-30 days prior.

5 Summary

The current study explores planetary-scale wave activities in the NH during the
SH SSW 2019, using mesospheric winds detected with five meteor radar systems around
54°N and 65°N. We diagnose the zonal wavenumber m of wave signatures contained in
cross-wavelet spectra of the observations from multiple longitudinal sectors. Spectral peaks
are diagnosed at T'= 5-7d, 8-10d, 12.0hr, 12.4hr, 11.2-11.5hr, and 12.6-12.8hr, associated
dominantly with m= 1, 1, 2, 2, 3, and 1, which are explained as Q6DW, Q10DW, SW2,
M2, and USB and LSB of Q10DW-SW2 nonlinear interaction, respectively. As a refer-
ence, a 7-year composite analysis is presented, illustrating that the SW2 pattern dur-
ing the SH SSW could be explained as a premature and split climatological September
maximum, and that the Q6DW during the SH SSW could be explained as an amplified
climatological phenomenon. The detected periods of the Q10DW, LLSB and USB signa-
tures satisfy the resonance conditions of nonlinear interaction. In addition, the tempo-
ral variations of the Q10DW, LSB, USB and SW2, shortly before and after the SSW on-
set, could be explained in terms of the Manley-Rowe relation of nonlinear interactions.
Our results illustrate that the QLODW-SW2 interactions can explain the details of the

mesospheric wind variabilities during the SH SSW 2019.
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Figure 1: Wavelet spectra of the zonal wind at 95km altitude over the radar systems

at (a) Juliusruh and (b) Mohe, and (c) their cross wavelet spectrum. In each Panel, the
vertical dashed line represents the SH SSW onset; the horizontal arrows indicate the
periods of the maxima of two peaks in (c). In (c), the color hue represents the phase dif-
ference between (a) and (b); the color hue is adjusted so that the redness denotes exactly
m=1; the black isolines denote the amplitude |é |=7 m/s; the horizontal error bar illus-
trates the temporal distribution of the USB- and LSB-like maxima indicated by the white
crosses in Figures 2a-c, while the vertical bar illustrates the distribution of the estimated

periods of RNM that can interact with SW2 and give rise to the maxima. (d,e,f) The

same plots are (a,b,c) but from composite analyses between 2012 and 2017.
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Figure 2: (a) Near-12hr CWL spectrum for the radar pair M-J, namely, similar plot
as Figure 1c but summing the spectra of the zonal and meridional winds, averaged be-
tween 90 and 96km. All panels are adjusted so that blueness represents m=3. (b, ¢) Same
plots as (a) but for the radar pairs A-P, and A-Y, respectively. (d) Same as (a) but for
the 2012-2018 composite analysis. In each panel, the black isolines denote amplitudes at
|C~'\:87 12, 16 and 24 m/s; the solid horizontal arrow indicates the M2-like signature;
the dashed arrows on the most right-side illustrate the theoretical periods of the sec-
ondary waves (USB and LSB) of SW2-Q6DW and SW2-Q10DW nonlinear interactions;

and the white crosses indicate local maxima of USB- and LSB-like peaks.
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Figure 3: Same variable and panel arrangement as displayed in Figure 2 but as a func-
tion of date and altitude only at period T=12.0hr. For example, Panel (a) is combined
from similar spectra as Figure 2a but at each individual altitude. The color is adapted so

that green represents m=2. In (b,c), the horizontal arrows indicate SW1- and SW3-like

signatures.
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Figure 4: A sketch of net energy gain of the four waves in the QL0DW-SW2 nonlinear
interactions according to the Manley-Rowe relation. The red and blue represent the LSB-
and USB-generating interactions occurring at t;, and ¢y, respectively. Between ¢y and ¢y

maximizes the Q1I0DW. AE and AEy are energy exchanged through SW2.
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Appendix A Aliasing between Q6DW and the secondary waves of Q6DW-
SW2 nonlinear interaction

Aliasing effects are intrinsic properties of all discrete signals. According to the Nyquist
sampling theorem, a signal at frequency fj, with a sampling frequency fs and Nyquist
frequency fn := fs/2, is indistinguishable from signals at f = (Zfs + fn) £ |fo — fn|
for all integers Z, and therefore they are aliases of each other. The largest near-zero dis-
tinguishable frequency range is [0 fn). Readers are referred to Salby (1982) for a detailed
description of the aliasing of the single-spacecraft approaches. Here, for a concise expla-
nation, we consider a situation over the equator, where the temporal sampling interval
of slowly precessing polar orbiter for a given longitude is about 12hr, or fs = 2d~ and
fv = 1d=. A Q6DW signal at fo =0.2cpd is associated with aliases at f =1.8 and
2.2cpd, namely, the frequencies of the secondary waves of Q6DW-SW2 interactions. Note
that this aliasing is independent from the coordinate systems. In the sun-synchronous
coordinates system and for a given local time, f; equals to the number of orbits per day
(up to 15-16, e.g., in the case of Swarm) and fy equals to 7.5-8cpd. However, the three
waves are still indistinguishable because they are Doppler-shifted to the same frequency
|f| = 0.8cpd. (A wave at fo in the earth-fixed frame is Doppler-shifted to fs=fo-m in

sun-synchronous frames.)
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Figure S1. Distribution of the five meteor radars used for the current work. Two colors

represent two latitude groups. Inside each groups, radars are paired to use the dual-station

approach, PDT.
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Figure S2. (a) CWL spectrum for the radar pair J-M, namely, same plot as Figure 1c but

averaged between 90 and 96km. (b) Same plots as (a) but for the radar pair P-A. (¢, d) Same
plots as (a, b) but for meridional wind. In (d), the arrows indicated the maxima of the peaks at
T=8-9 and 5-7d. To resolve these two peaks, the wavelet analysis, in all panels here, is carried at
a higher frequency resolution than that in Figure 1. Consequently, the time resolution is lower

here, and the peaks are smeared out in time domain.
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