
1. Introduction
The quasi-two-day wave (Q2DW) is perhaps the largest and most widely studied planetary wave (PW) in 
the mesosphere. Tunbridge et al. (2011) gave an excellent historical account of observational and theoret-
ical studies on the Q2DW. Briefly, the Q2DW was first discovered in meteor radar winds (Babadshanov 
et al., 1973; Muller, 1972) and was later proposed theoretically to be the atmospheric manifestation of the 
gravest westward-propagating normal mode with zonal wavenumber m = 3 (e.g., Salby, 1981). Alternatively, 
the Q2DW is explained as the response to instability in the mesospheric summer westward jet, with poten-
tial zonal wavenumbers m = 2–4 (Pfister, 1985; Plumb, 1983). The Q2DW seems like a near-resonant oscil-
lation excited and/or amplified by an instability (Randel, 1994). Within the satellite era, various space-based 
observations have been explored to study the Q2DW (Huang et al., 2013; Moudden & Forbes, 2014; Panche-
va et al., 2018), delineating seasonal-latitudinal and interannual variabilities of Q2DWs with m = 2–4 (cf., 
Tunbridge et al., 2011). Insightful analyses on the Q2DW have also been performed using a global middle 
atmosphere assimilation model (Lieberman et al., 2017; Pancheva et al., 2016).

Abstract Mesospheric winds from two longitudinal sectors at 53°N latitude are combined to 
investigate quasi-two-day waves (Q2DWs) and their nonlinear interactions with tides. In a summer 2019 
case study, we diagnose the zonal wavenumber m of spectral peaks at expected frequencies through two 
dual-station approaches, a phase differencing technique (PDT) on individual spectral peaks and a least 
squares procedure on family batched peaks. Consistent results from the approaches verify the occurrences 
of Rossby-gravity modes (m = 3 and 4 at periods T = 2.1  and 1.7 days), and their secondary waves 
(SWs) generated from interactions with diurnal, semi-diurnal, ter-diurnal, and quatra-diurnal migrating 
tides. We further extend the PDT to 2012–2019, illustrating that Q2DWs exhibit significant interannual 
variability. Composite analysis reveals seasonal and altitude variations of the Rossby-gravity modes and 
their SWs. The Rossby-gravity modes maximize in local summer, whereas their 16- and 9.6-h SWs appear 
more in winter.

Plain Language Summary The quasi-two-day wave is the strongest and most widely 
studied planetary wave occurring in the mesosphere. Existing observational analyses are based on either 
single-satellite or -station approaches, which suffer from temporal and spatial aliasing, respectively. The 
current study implements and develops dual-station approaches to investigate the mesospheric quasi-
two-day wave at 53°N latitude, in a case and a statistical study. Our approaches allow diagnosing both 
the frequency and zonal wavenumber. In the case study, we diagnosed two Rossby-gravity modes and the 
secondary waves (SWs) of the nonlinear interactions between the Rossby-gravity modes and the migrating 
tides at periods of 24, 12, 8, and 6 h. While the interactions with the 24- and 12-h tides are expected, those 
with the 8- and 6-h tides are reported for the first time. In the statistical study, we report the seasonality 
and altitude variation of the Rossby-gravity modes and their most dominant SWs.
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An intriguing aspect of the early radar studies was the discovery (e.g., Manson et al., 1982) that nonlinear 
interaction between the Q2DW, and the semi-diurnal tide yields 9.6- and 16-h secondary waves (SWs) which 
are sometimes observed in the wind spectra (Beard et al., 1999; Cevolani & Kingsley, 1992). The underly-
ing theory was further developed (Teitelbaum et al., 1989; Teitelbaum & Vial, 1991) to include longitude 
dependence of the waves, tide-tide and -PW interactions. The interactions are regulated by the resonance 
conditions (RCs, e.g., He et al., 2017; Teitelbaum & Vial, 1991). Assume that at longitude λ and time t, the 
disturbance, induced by a zonal traveling wave with an amplitude   and zonal wavenumber m at frequency 
f, could be represented as,

               2Ψ , | , : , | , : i ft mt f m t f m e (1)

Then, two waves,   1 1 1 1( , | , )t f m  and    2 2 2 2( , | , )t f m , might interact nonlinearly and generate an SW, 
    ( , | , )SW SW SW SWt f m . The RCs specify,

                   1 2 1 2 1 2 1 2, , , or,SW (2)

hereafter, • ,   • , and  arg •  denote the conjugate, real part, and argument (in the range 0 2  excluding 

2π) of a complex value •, respectively. Since             1 2 1 2 ,    1 2 and   1 2 represent the same wave, 

and so do    1 2 and   1 2. Therefore, only two SWs in Equation 2 are independent:     1 2  and      1 2 , 
termed, hereafter, as upper and lower sidebands (USB and LSB), respectively.

Equation 2 implies,

   1 2 1 2,and,SW SWf f f m m m (3)

According to Equation 3, the interactions between the Rossby-gravity (R-G) modes (Q2DWs with m = 3 
and 4, Q2DW3 and Q2DW4) and the diurnal and semi-diurnal migrating tides (DW1 and SW2, at f = 1 and 
2 cpd with m = 1 and 2, respectively) could generate up to eight SWs. The SWs populate at three periods, 
2 days, 16 h, and 9.6 h with different m, as sketched in the f-m depiction in Figure S1a. In addition, these 
three periods are also populated by SWs of interactions between Q2DWs and various non-migrating tides 
(Forbes & Moudden, 2012).

The importance of Q2DW-tide interactions to atmosphere-ionosphere coupling was recently demonstrat-
ed using a whole-atmosphere-ionosphere general circulation model (e.g., Gu et al., 2018). Although the 
cross-mesopause propagations of Q2DWs are subject to background winds (Salby & Callaghan, 2001), a 
subset of their SWs can propagate well into the E-region (Nguyen et al., 2016; Palo et al., 1999) and gener-
ate electric fields that carry the Q2DW periodicity to the F-region (Gu et al., 2018). The point here is that 
eastward- (westward-) propagating waves favor propagation into regions of prevailing westward (eastward) 
zonal-mean winds. The presence of SWs in the wind spectrum is significant, since they propagate free-
ly as independent oscillations and contribute measurably to the longitude-time structure and complexity 
of the overall dynamics (e.g., Pedatella & Forbes, 2012) and to the ionospheric response (Gu et al., 2018). 
A major challenge to date has been our inability to unequivocally determine which 9.6- and 16-h waves 
are present in the atmosphere at any given time. As noted above, while ground-based observations allow 
identifying the SWs at expected frequencies, they provide no information on the wavenumber m. From the 
vantage point of a slowly precessing satellite, a wave X, at fX with mX in Earth-fixed coordinate system O, 

appears at its Doppler-shifted frequency    1cpd
1cpd

X
X X

ff m  in the sun-synchronous coordinate system 

O'. Specially, all migrating tides ( 
1cpd

fm ) are shifted to   0f , and their interactions with X generate SWs 

at also 
Xf  according to the RCs (Equation 3). Therefore, X and all the SWs cannot be distinguished from 

each other. On this ambiguity, there are equivalent explanations implementing the RCs in O and inspecting 
the waves in either O or O' (e.g., Forbes & Moudden, 2012; He et al., 2011; Nguyen, et al., 2016). In O, the 

quantity 


 
1cpd 1cpd

X X
X

f fm  is also discussed as the apparent or spaced-based zonal wavenumber. Forbes 
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and Moudden (2012) specified the apparent wavenumbers of SWs of the Q2DW interactions with various 
migrating and non-migrating tides.

In summary, single-satellite or -station approaches suffer from temporal and spatial aliasing (Text S1, He, 
Chau, et al., 2020), respectively. In the present paper, we use two dual-station approaches, one developed 
here and the other developed in He et al. (2018), to identify f and m of diverse SWs arising from Q2DW-tide 
interactions.

2. Data Analysis
Following the single-wave assumption (He, Chau, et al., 2020, and references therein), we assume that at 
f there exists only one wave traveling zonally, denoted as     2Ψ i fta e  where      : ima e  according to 
Equation 1.  a  could be estimated spectrally using observations collected at two longitudes, denoted as 
  1a  and   2a . Their cross product,

                2 21 2 Δ
1 2: :im imc a a e e (4)

allows estimating m,

    
  


    
 

0
Δ Δ Δ

arg 2 arg 2 : Δm
c Z c Zm m Z (5)

here,   arg 2c Z  represents the phase difference between the longitudes, where Z  is an integer rep-
resenting a whole-cycle ambiguity. All possible m values are aliases of m0, and Δm denotes the Nyquist 
sampling theorem in the spatial domain. This approach is called the phase differencing technique (PDT; 
He et al., 2018). In Sections 3 and 4, we implement and develop the PDT in a case and statistical study, 
respectively.

We use meteor radar winds over two sites, Mohe (M, 122°E, 54°N) and northern Germany (G, 13°E, 53°N). 
The Mohe radar was introduced in Yu et al. (2013), whereas at Germany echoes from two radars, at Julius-
ruh (13°E, 55°N; Hoffmann et al., 2010) and Collm (13°E, 51°N; Jacobi, 2012; Lilienthal & Jacobi, 2015), are 
used to expand the temporal coverage. Hourly zonal and meridional winds (u and v) are estimated on an 
altitude grid h = 80.5,81.5,…, 99.5 km through the approach in Hocking et al. (2001).

3. A Case Study
The winds, u and v, at Mohe and Germany between June 1 and September 15, 2019, are used to calculate the 
Lomb-Scargle spectra, yielding complex amplitudes    , , , and ,M M G G

u v u va a a a  at each altitude. The amplitudes are 

used to calculate  a a
u v

2 2 , averaged between G and M. As displayed in Figure 1a,  a a
u v

2 2  at h > 96 km 
is noisy, potentially due to the relatively low density of meteor count (Chau & Clahsen, 2019). Therefore, 
the current work focuses mainly on h < 96 km. To implement Equation 4, we calculate the cross product 

  : M G
u u uc a a  and   : M G

v v vc a a , and then the altitude average        80 96km: u v hc c c  displayed in Figure 1b. To 
inspect the details in Figure 1b, we develop a representation in Section 3.1, with which we estimate m of 
spectral peaks using two approaches. The results are summarized in Figure S1b and Table 1 and explained 
below.

3.1. Spectral Periodic Table

We divide the  c f  spectrum in Figure 1b into 0.5-cpd-wide segments, as denoted by the color bars on top 
of Figure 1b, indexed as N , that is, 0+,1–,1+,…,3+. N  segment comprises f between N and  0.5N  cpd. 
Each segment is zoomed into one row in Figure 1c and arranged according to  f f f:    , namely, the 

distance between f and its nearest integer  f  (hereafter, for simplicity, we use f to denote 
1cpd

f
, namely, 

the value in the unit of cpd). We name the representation of Figure 1c as the spectral periodic table (SPT).
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The RCs (Equation 3) specify the frequency relations between SWs, and their parent waves:  1 2.SWf f f  
Specially, when f f

1 1
0    (namely,  1 1,2,3, cpdf ), f f f f

SW SW
     

2 2
, revealing that in the SPT 

all potential SWs of interactions between tides and any wave at f2 locate at the column comprising f2.

On top of the SPT (Figure 1c), there are short horizontal bars in black, blue, and red, corresponding to the 
three maximum peaks of     


  :

N
P f c f . Each of these bars represents a 0.015-cpd-wide  f  interval, 

narrower than the spectral frequency resolution    2 2 / 2 / 106d 0.019 cpd.f wT  Here  106 dwT  is the 
window width. For example, the black bar corresponds to   0 0.0075 cpdf . The following three subsec-
tions deal with these intervals, respectively.

3.2. The Tidal Signatures

At   0 0.0075 cpdf  in each row of Figure  1c, we search for a maximum spectral peak, displayed as 
the vertical black lines in Figures 1b and 1c and specified in black in Table 1. The c values at these max-
imum peaks are substituted in Equation 5, resulting in the PDT estimations mPDT listed in Table 1. Note 
that mPDT comprises aliases denoted by ΔmZ , where Δ 3.31m  is determined by our radar separation. At 
 1.0,2.0,3.0,f  and 4.0 cpd,  0.95,1.89,3.46,PDTm  and 3.56, when  0,0,1,Z  and 1, respectively. The near-

est integers of mPDT are  m
PDT  1 2 3, , , and 4, as listed in the column mF in Table 1. Therefore, we explain 

the corresponding spectral peaks as migrating solar tides, DW1 SW2, TW3, and QW4 (diurnal, and semi-, 
ter-, and quatra-diurnal westward traveling tides with  1,2,3,m  and 4).

3.3. The Q2DW4 Family

Similarly, at   0.4275 0.0075 cpdf , denoted by the blue bar on top of Figure 1c, we search for the max-
imum peak in each row of Figure 1c, above the significance level   0.01. Six maxima are searched and 
displayed as the vertical blue lines in Figures 1b and 1c, whose frequencies and c values (denoted as Nc ) are 
specified in blue in Table 1. Substituting Nc  for c in Equation 5 results in the PDT estimations 

PDT
Nm  spec-

ified in Table 1. To deal with the ambiguities represented by Z in 
PDT
Nm , below we present a family batched 

estimation of Nm .
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Table 1 
Wavenumber Estimation Through Two Approaches: mPDT versus mF

aIn the last column, the symbols “−” and “+” represent the LSB- and USB-generating interactions between the waves 
at the flanks of the symbols, respectively. bCollectively referred to as near-2-day waves. cCollectively referred to as 
near-16-h waves. dCollectively referred to as near-9.6-h waves. eAlso known as Q2DE2. fCan also be explained as SW2-
Q2DE2 interaction.
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According to Equation 4,


    Δ/ imN

N Nc c e (6)

here, Nm  might not be completely independent but regulated by the RCs (Equation 3), if underlying waves 
generate each other by interacting nonlinearly with the tides identified in Section 3.2. In the most extreme 
case, only one wave is independent and all the others are associated SWs. In this single-independent-wave 
case, only one wavenumber is independent, and Nm  can be represented as:

   0Nm N m (7)

Substitute Nm  in Equation 6,

    
        0 Δ 0 ΔΔ/ /i N m imiN

N N N Nc c e e c c e (8)

which is an overdetermined system comprised of only one unknown 0m  and six equations. We first es-
timate the least squares solution of 0ime  denoted as LSe , and then estimate 0m  through an optimization 

 
    ˆ

ˆ
0 argmaxF im

LS
m

m e e , subject to:      5, 4, ,5m̂ . Here, we use the superscript F to distinguish the 

family batched estimations 
F
Nm  from the PDT estimations 

PDT
Nm .

Solving the optimization yields the estimation   0 3Fm . Other 
F
Nm  are calculated according to Equation 7, 

listed in blue in the column mF in Table 1 and compared with 
PDT
Nm . The comparison results are listed in 

the column F PDTm m  in Table 1, in which checkmarks “✓” denote consistencies between 
F
Nm  and 

PDT
Nm  

whereas the cross mark “×” denotes an inconsistency. The consistency is claimed if Z :  m Z m
N

PDT

N

F

     
which equals to,

     : min 0.5PDT F
N N Nm m m (9)

Among the six estimations, five estimations exhibit consistency, among which the one at f = 0.58 cpd could 
be explained as the R-G mode Q2DW4 (e.g., Salby & Callaghan, 2001). Accordingly, we explain the remain-
ing four as the SWs of tide ±Q2DW4 interactions specified in the last column in Table 1. (Here, + and – 
represent the USB- and LSB-generating interactions, respectively.) The blue symbols in Figure S1b present 
the five consistent estimations in the f-m plane.

The above SPT analysis utilizes the constraints of the RCs of andf m. Conventionally, the single-sta-
tion bispectral analysis is used to explore nonlinear interactions, exploiting the constraints of the RC of f 
and quadratic phase coupling relations (e.g., Beard et al., 1999). We also produce a bispectrum using our 
Lomb-Scargle spectra (Figure S2). While each of the interactions suggested in Table 1 is associated with a 
bispectral peak, some of the bispectral peaks are absent in Table 1. For example, the peak indicated by the 
blue arrow in Figure S2e suggests the DW1+Q2DW interaction, which is absent in Table 1.

3.4. The Q2DW3 Family

Further, we implement the above peak identification, least squares estimation, and optimization, at 
  0.4775 0.0075 cpdf  denoted by the red bar on top of Figure 1c. The results are displayed as the verti-
cal red lines in Figures 1b and 1c and specified in red in Table 1. The family batched estimation mF and the 
individual PDT estimation mPDT are consistent for all six peaks, denoted as the red symbols in Figure S1b. 
Among the six peaks, the one at f = 0.485 cpd is explained as the Q2DW R-G mode with mF = 3 (Q2DW3, 
e.g., Salby & Roper, 1980). Therefore, the remaining five peaks are explained in terms of migrating-tides 
±Q2DW3 interactions specified in the last column in Table 1.
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To our knowledge, it is for the first time that TW3 and QW4 are reported interacting nonlinearly with PWs. 
These results demonstrate clearly that the PW-tide interactions increase the variety of waves in the upper 
mesosphere and lower thermosphere region, more than was previously known.

4. 2012–2019 Composite Analysis
The previous section implements the PDT in the summer 2019 case using the Lomb-Scargle method. In the 
current section, we extend the PDT implementation to 8 years (2012–2019) after replacing the Lomb-Scar-
gle method with the cross-wavelet method (He, Chau, et al., 2020). We first calculate the Gabor wavelet 
(Torrence & Compo, 1998) of u and v components over Germany and Mohe at each altitude h, resulting in 
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Figure 2. (a) 2012–2019 composited    
u v hC C , namely, the sum of the cross-wavelet spectra of u and v wind components between the two longitudes, 

averaged in the altitude range 80 < h < 96 km and frequency range  Δf f : = [0.3,0.7 cpd]. (b) The composite spectrum of (a). (c), (d) same plots as (b) but in 
the frequency ranges Δ 1f  and Δ 2f , respectively. (a) and (b) share the same color-code map, in which the dotted, solid, and dashed black isolines denote 
amplitudes at  3,4,C  and 5 m/s.
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amplitudes        
   , , , , , , , ,

, , , ,, , , and .G u h G v h M u h M v h
f t f t f t f tW W W W  These amplitudes are the observational estimations of  a  in 

Equation 4 and are functions of t and f. Then, the cross product    
  
, ,: G M

f t f tC W W , namely, the cross-wavelet 
spectrum, is the observational estimation of c in Equation 4. We sum the cross-wavelet spectra of u and v 
components, yielding     :u v u vC C C . In Sections 4.1 and 4.2, we inspect altitude-averaged 


u vC  in the f-t 

depiction and 


u vC  at discrete frequencies in h-t depiction.

4.1. Altitude-Averaged Cross-Wavelet Spectra

Figure 2a displays    
80 96kmu v hC , in which the darkness represents the magnitude while the color hue de-

notes its phase. The magnitude exhibits an annual variation, maximizing in local summer (July–September) 
with dim spectral peaks in local winter.

 
u v hC  is composited as a function of the month, displayed in Figure 2b. As indicated by the black dashed 

line in Figure 2b, the composite spectrum maximizes largely earlier at a higher frequency. Below, we focus 
on the frequency range 2Δ Q DWf : = 0.40–0.60 cpd where the strongest spectral peaks occur. The strongest 
two peaks are the red one at f = 0.57–0.60 cpd (T = 40.0–42.1 h) and the blue at f = 0.48–0.50 cpd (T = 48.0–
50.0 h), both of which appear in July. The redness and blueness are associated with m = 4 and 3, respec-
tively. These two peaks can be explained as R-G modes Q2DW4 and Q2DW3 because both their f and m are 
consistent with the theoretical expectations [T,m] = [1.7 days,4] and [2.1 days,3] (Salby & Callaghan, 2001). 
Except for the red and blue peaks, Figure 2b is dominated mainly by magenta associated with m = −3 
(Q2DE3), including a peak at f = 0.52–0.55 cpd in July and the smeared region within f = 0.35–0.50 cpd in 
August. The smeared Q2DE3 signature could be explained as the LSB of the interaction between DW1 and 
Q2DW4 at f = 0.57–0.60 cpd, whereas the Q2DE3 peak at f = 0.52–0.55 cpd might not be excited in-situ as 
no Q2DW4 signature appears at the required frequency.

The above four Q2DW signatures exhibit significant interannual variabilities, as revealed in Figure 2a. The 
Q2DW3 signature occurred in summers of 2012, 2013, 2016, and 2019; the Q2DW4 occurred in 2012, 2013, 
2017, and 2019; the Q2DE3 signature at f = 0.35–0.50 cpd occurred weakly in 2012, 2014, 2015, 2016, and 
2017; and the Q2DE3 signature at f = 0.50–0.55 cpd occurred in 2012, 2014, 2015, 2016, and 2017. Besides, 
at f = 0.45–0.55 cpd occurred the green peak in 2012, 2014, 2018, and 2019, which is not visible in the com-
posite spectrum. The greenness suggests m = 2 (Tunbridge et al., 2011).

Figures 2c and 2d present the same plots as Figure 2b but for periods near 16 and 9.6 h, namely, frequency 
ranges of the SWs. Given that in Figure 2b Q2DWs occur mainly within 2Δ Q DWf : = 0.40–0.60 cpd, we focus 
hereafter on 2Δ 1.00 cpdQ DWf  and 2Δ 2.00 cpdQ DWf . In these ranges, the most dominant two near-16-h 
and -9.6-h peaks are along the dashed gray line, all occurring during November–January. Similar SW signa-
tures also occur in the summer throughout 2012–2019 in the spectra in Figure S3. The summer signatures 
are weak and almost saturated out in the composite spectra in Figures 2c and 2d. The winter SWs were also 
observed in the southern hemisphere (Alves et al., 2013). We discuss this seasonality further in the next 
subsection.

4.2. Altitude Variation

Figure 3 displays the composite spectra of 


u vC  as a function of the month and altitude at the frequencies 
illustrated by the horizontal gray dashed lines in Figures 2b–2d. Figures 3a and 3b capture the Q2DW3 
and Q2DW4, respectively. While the Q2DW3 occurs mainly above 90 km, the Q2DW4 peak extends to a 
lower altitude. Such a difference could be observed in the geopotential amplitudes at southern hemispheric 
mid-latitude in a theoretical computation (Figures 6 vs. 10; Salby & Callaghan, 2001). The computation 
suggests that the Q2DW4 is strongly distorted by the mean wind and does not penetrate much across the 
mesopause whereas the Q2DW3 extends upward into the thermosphere.

In Figure S1, there are four potential near-16-h SWs: m = −2, −1, 4, and 5, and four near-9.6-h: m = −1, 
0, 5, and 6. Among the potential near-16-h SWs, the m = 4 peak in Figure 3c is stronger than the peak in 

HE ET AL.

10.1029/2020GL092237

8 of 12



Geophysical Research Letters

Figure 3d. At near-9.6 h, the m = 0 amplitude in Figure 3f is comparable to the m = −1 in Figure 3e. All the 
SWs maximize in the local winter, resulted potentially from the seasonality of tides and Q2DWs, as proposed 
speculatively in the following paragraphs.

According to the Manley-Rowe relation (He et al., 2017), tides contribute more energy than PWs in gener-
ating SWs, and therefore might be more important in shaping SWs' seasonality (note that the Manley-Rowe 
relation deals with the wave mode's global total energy but not the energy spatial distribution, and there-
fore cannot exactly quantify the local amplitudes of the relevant waves). The dominant tidal component 
at 53°N is the semi-diurnal (Figure 4 in He, Forbes, et al., 2020), comprising mainly SW2 that maximizes 

HE ET AL.

10.1029/2020GL092237

9 of 12

Figure 3. Multi-year composited  
u vC C , as a function of month and altitude at six periods indicated by the horizontal dashed lines in Figures 2b–2d.
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in December–January (Figure 4k in He & Chau, 2019). Meanwhile, Q2DWs with m = −2 and −3 (Q2DE2 
and Q2DE3) arise occasionally in the northern hemisphere winter, potentially from the stratospheric jet 
instability (Merzlyakov et al., 2005; Pancheva et al., 2016; Sandford et al., 2008), mainly below 80 km al-
titude (Gu et al., 2017; Pancheva et al., 2016). Consistently, in the spectra above 80 km in Figure 1a, the 
winter Q2DE2 and Q2DE3 signatures, namely, the yellow and magenta peaks indicated by the downward 
black arrows, are weak and erratic. The vertical propagation (dissipation) of waves is inhibited (enhanced) 
for slower phase speeds relative to the zonal-mean flow. Accordingly, the prevailing eastward wind in the 
winter mesosphere disfavors the upward propagation of the Q2DE2 and Q2DE3 more than the m = −1 SW, 
but promotes the propagation of SWs with  0m . Therefore, SW2–Q2DE2 and SW2+Q2DE3 interactions 
can generate the m = 4 and −1 SWs at low altitudes, and the SWs can propagate upward above 80 km, 
as captured in Figures 2c and 2e. The m = 0 peak in Figure 2f is attributable to the TW3–Q2DW3 inter-
action, since the local ter-diurnal tide maximizes annually in October–December (Figure 4, He, Forbes, 
et al., 2020).

Another possible explanation for the SWs' seasonality is the annual variation of the southern hemispheric 
Q2DWs that maximize during December–January (Salby & Callaghan, 2001). The southern hemispheric 
Q2DW prefers T = 48–52 h and m = 3 (Tunbridge et al., 2011), whereas the northern hemispheric Q2DW 
tends to spread out in T and m. Therefore, the southern hemispheric Q2DWs and the associated SWs should 
be more repeatable from year to year. The SWs might extend to northern hemispheric mid-latitudes and 
occur in both hemispheres during December–January.

5. Summary
Mesospheric winds, from two longitudinal sectors at 53°N, are combined to investigate the Q2DW in a 
summer 2019 case study and an 8-year statistical study. In the case study, PDT is first implemented to di-
agnose zonal wavenumber m of the Lomb-Scargle cross-spectral peaks at T = 24, 12, 8, and 6 h, suggesting 
migrating tides, DW1, SW2, TW3, and QW4. Then, we arrange the cross-spectrum into a periodic table to 
batch spectral peaks of each expected Q2DW and all its potential SWs into one family. For each family, we 
estimate m through two approaches, the PDT on individual peaks and a family batched estimation. Consist-
ent estimations of the approaches suggest two families, namely Q2DW3 with its five SWs, and Q2DW4 with 
its four SWs. These SWs entail tidal components DW1, SW2, TW3, and QW4, among which TW3 and QW4 
are reported for the first time as the parent waves.

In the statistical study, cross-wavelet analysis is implemented to the wind observations between 2012 and 
2019. The cross-wavelet spectra are composited into frequency-month depictions in three period rang-
es (near 2 days, 16 h, and 9.6 h), and altitude-month depictions at discrete frequencies. The near-2-day 
spectrum exhibits significant interannual variabilities and seasonal variation, which maximizes in July at 
f  =  0.57–0.60, 0.48–0.50, and 0.50–0.55  cpd (T  =  40.0–42.1, 48.0–50.0, and 48.0–43.6  h) associated with 
m = 3, 4, and −3, first two of which are R-G modes. The near-16-h and -9.6-h spectra maximize in local win-
ter when the near-2-day spectra are weak locally, which we attribute speculatively to two potential factors, 
local modulation of tidal variation and potential SWs extended from the southern hemisphere, respectively. 
The Q2DWs and their SWs exhibit various altitude distributions. Given the potential relevance to global at-
mosphere-ionosphere coupling, the mechanisms underlying the height and seasonal-latitudinal behaviors 
of SWs revealed here warrant study by global models.

Data Availability Statement
The hourly wind data from Mohe is provided by the Data Center for Geophysics (http://www.dx.doi.
org/10.12197/2020GA016), National Earth System Science Data Sharing Infrastructure at BNOSE (Beijing 
National Observatory of Space Environment), and IGGCAS (Institute of Geology and Geophysics, Chinese 
Academy of Sciences). The post-processed data used in the current paper are available at https://dx.doi.
org/10.22000/353.
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