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Abstract: In this study, we present nearly 9 years of the quasi-16-day wave (Q16DW) in the meso-
sphere and lower thermosphere (MLT) wind at middle latitudes based on the long-term wind ob-
servations between April 2014 and December 2022 by the Mengcheng (33.4°N, 116.5°E) meteor 
radar. There are two maxima in the Q16DW amplitude in the winter and early spring (near equinox), 
respectively, associated with the minimum during the summer. The Q16DWs are relatively weak 
in meridional winds with no obvious seasonal variations. On average, the phase of the zonal 
Q16DW is larger than the meridional components with a mean difference that is slightly less than 
90°, which suggests that there are orthogonal relationships between them. During the bursts of 
Q16DW, the periods in winter range between 15 and 18 d, whereas in summer, the periods of the 
planetary waves have a wider range. The wintertime Q16DW anomalies are, on average, amplified 
when the zonal wind shear anomalies increase, suggesting that barotropic instability may be a 
source of the Q16DW. Although the interannual variability of Q16DW amplitudes has been sug-
gested observationally, there is no significant relationship between the eleven-year solar cycle and 
Q16DW. 
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1. Introduction 
The atmosphere between 60 km and 120 km, which is also referred to as the meso-

sphere and the lower thermosphere region (MLT), connects the lower atmosphere and the 
upper atmosphere. Horizontal and vertical coupling due to atmospheric waves plays es-
sential roles in the transport of momentum, energy, and chemical species through the at-
mosphere. Of the various atmospheric wave types, planetary waves (PWs) play a critical 
role in MLT dynamics. 

In recent decades, numerous studies have reported observed MLT planetary waves 
for different periods [1] of approximately 2 days [2,3], 4–7 days [4–7], 8–12 days [8–10], 
and 12–20 days [11–13]. MLT PWs could either be generated in situ as a result of atmos-
pheric disturbances or be excited in the lower atmosphere and then propagate vertically 
in the middle atmosphere [14] and further penetrate into the MLT under suitable atmos-
pheric conditions [15]. 

Quasi-16 day waves (Q16DW) are usually considered PWs with periods ranging 
from 12 days to 20 days. The Q16DW manifests itself with the westward-propagating 
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symmetric Rossby normal mode with wavenumber 1 [16]. Since Kingsley et al. [17] first 
reported the MLT Q16DW using the neutral winds observed by the meteor radar (MR) 
over Sheffield (53°N, 2°W), numerous papers have reported the Q16DW in the winter 
hemisphere at midlatitudes and high latitudes as a function of the neutral wind as meas-
ured by the radar [18,19], where the Q16DW is characterized by a larger amplitude in 
winter and a weaker amplitude in summer [20]. At lower latitudes, the Q16DW does not 
have significant seasonal variability [21]. Araújo et al. [22] suggested that the Q16DW is 
usually active during late spring months and becomes quite active during early winter, 
according to the MR observations at São João do Cariri (7.4°S, 36.5°W). A comparison be-
tween the Q16DW in the Northern and Southern Hemispheres [20] suggested similar sea-
sonal variations in both hemispheres. 

In the remainder of this paper, we obtained the characteristics of the Q16DW ob-
served by MR at Mengcheng (33.4°N, 116.5°E), which was installed in April 2014. The MR 
winds are analyzed on the basis of continuous observations throughout the day. At some 
altitudes, the meteor count rate is sometimes low, which can lead to missing meteor radar 
observations and data gaps. The purpose of this study is to investigate the Q16DW varia-
tion with respect to actual periods at Mengcheng to improve the understanding of the 
Q16DW characteristics. We adopt the background wind shear computed from the meteor 
radar observations as a proxy for the baroclinic instability. Section 2 briefly describes the 
instruments and observational methods, and the Q16DW feature observed by Meng-
cheng's meteor radar is detailed in Section 3. Section 4 contains a discussion of the 
Q16DW's relation to the vertical wind shear and solar cycle, and Section 5 contains a sum-
mary of the results. 

2. Horizontal wind measurements and Methods 

2.1. Mengcheng meteor radar 
The Mengcheng all-sky interferometric meteor radar (MCMR) was installed at the 

Mengcheng station (33.4°N, 116.5°E) in Anhui Province, China. The MCMR has been op-
erating by the University of Science and Technology of China (USTC) since April 2014.  

Table 1. Main parameters of the Mengcheng meteor radar. 

 

The MCMR radar system is an atmospheric radar system (ATRAD) weather-detec-
tion radar, as suggested by Holdsworth et al. [23]. MCMR transmits a 38.9 MHz pulsed 
coherent radio signal with a wavelength of 7.71 m and a peak power of 20 kW. A 4-bit 
code and a pulse repetition frequency (PRF) of 430 Hz are adopted by the MCMR with 
four sample integrations. Table 1 lists the key parameters of MCMR. In total, the radar has 
six pairs of cross-dipole antennas, of which one pair acts as the transmitter and the other 
five together make up a receiver. 

Horizontal winds with resolutions of 1 hour (time) and 2 km (altitude) from April 
2014 to December 2022 were observed by the MCMR, following the wind retrieval tech-
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nique in [23]. The residual RMS (root mean square) of the hourly horizontal velocity pro-
vided by the Mengcheng meteor radar system is mostly smaller than 10 m/s. In addition, 
Reid et al. [24] and Zeng et al. [25] carried out joint measurement campaigns involving 
two meteor radars located at Davis Station in Antarctica and at Kunming Station at low 
latitudes, respectively, and summarized the performance of wind measurements ob-
served by meteor radar and provided a precise estimation of wind uncertainties. 

In this study, the daily mean horizontal winds in MLT were averaged from the zonal 
and meridional hourly MR wind measurements. Then, the daily mean zonal and meridi-
onal winds are used to extract the amplitudes, phase and vertical wavelength of the 
Q16DWs at Mengcheng to investigate the seasonal variations in Q16DW in the MLT re-
gion at northern midlatitudes. 

2.2. WACCM simulation 

The Whole Atmosphere Community Climate Model (WACCM), version 4, is a high-
top chemistry‐climate coupled model [26], with an altitude range from the Earth's surface 
to the thermosphere. WACCM was developed by the National Center for Atmospheric Research 
(NCAR) and is a member of the Community Earth System Model. To investigate the seasonal vari-
ation in the Q16DW variation and compare it with the meteor radar observations, a 36‐year (1979–
2014) simulation is adopted based on the “Specific Dynamics” (SD) version of WACCM (SD‐
WACCM). To obtain "more real" atmospheric simulations, the dynamics in the lower atmosphere 
from the surface to 1 hPa of SD‐WACCM are nudged with data from version 2 of Modern‐Era Ret-
rospective Analysis for Research and Applications reanalysis (MERRA2) [27]. 

2.3. Data analysis 
The reflected signal of the meteor track has a Gaussian peak at approximately 90 km 

with a full width of 40 km corresponding to 70 km to 110 km [28]. Under the assumption 
of a weak vertical wind, the hourly horizontal wind values from radar measurements are 
obtained by using the least square method to fit the individual radial wind with an hourly 
time step [29]. Then, the daily mean horizonal winds are used to calculate the vertical 
wind shear and characteristics of quasi16-day waves. 

The MR observation data are usually unevenly spaced since there are few meteors 
during certain time intervals, especially at the upper and lower altitudes during the after-
noon. The Q16DW periods are determined by Lomb–Scargle periodogram analyses [30] 
with respect to the unevenly spaced daily mean zonal wind in each of the 61-day win-
dows. Then, the characteristics of Q16DW, including amplitude and phase, are obtained 
by harmonic fitting at the selected period, which was defined where the amplitude 
reaches its maximum between 12 and 20 days for the analyzed 61-day period. In cases that 
have more than one maximum within the chosen time interval, those with lower ampli-
tudes are ignored here even though they are closer to 16 days. Note that the periodograms 
are computed based on the zonal component because the zonal Q16DW amplitudes are 
much larger than the meridional amplitudes in the observation. The vertical wavelength 
of quasi-16-day waves is derived from the phase. 

The ”anomalies” in this study refer to the date with the climatological mean seasonal 
cycle removed. The F10.7 flux used in this study are obtained from the Low Resolution 
OMNI (LRO) data set. 

3. Results 
The MCMR observations of monthly average horizontal winds from April 2014 

through December 2022 are shown in Figure 1. Seasonal variations in MLT wind are in-
consistent at different heights. Above 88 km, the annual cycle of the zonal wind is mainly 
characterized by a strong eastward wind during spring and early summer with a maxi-
mum of approximately 60 m/s at 93 km and a weak westward wind during winter with a 
minimum of approximately -10 m/s at 100 km. Below 88 km, the eastward wind peaks 
during winter, with a maximum of approximately 50 m/s, and a weak westward wind 
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manifests during spring, with a minimum of approximately -20 m/s. Figure 1b shows the 
monthly mean variation in the meridional wind. The northward wind is strongest during 
winter, with a maximum of approximately 20 m/s below 90 km, while the southward wind 
has a minimum of approximately -15 m/s at 80 km during summer. During the early 
spring, there is another meridional minimum at approximately 95 km in the observations. 

 
Figure 1. (a) Monthly mean zonal (eastward is positive) and (b) meridional (northward is positive) winds 
from 2014 to 2022 observed by the Mengcheng meteor radar between altitudes of 76 and 106 km. 

Figure 2 shows that the period of 10- to 20-day variabilities in zonal winds is larger 
in winter in most years. In addition to the quasi16-day oscillations observed in, for exam-
ple, early 2020, quasi10-day oscillations are also seen (e.g., early 2018). The quasi-10-day 
oscillations are also clearly presented during winter in the periodicity spectrum. How-
ever, for the meridional winds, significant quasi-16-day oscillations exist only in early 
2020. 

The distribution of zonal amplitudes at 84 km through the years 2014–2022 as ob-
tained from the periodograms of the Lomb–Scargle is shown in Figure 3. The cyan dots 
indicate the period with the largest amplitude ranging from 12 to 20 days. During the 
boreal wintertime, the burst of Q16DW appears earlier in certain years (such as 2014, 2016, 
or 2019), with a representative peak in late November or early December. For years such 
as 2016 and 2018, Q16DW became active until February or March. For some years, the 
burst of Q16DW appears twice during both the mid-winter and spring months. In general, 
the strongest Q16DW activities are observed in the boreal mid-winter (from December or 
January). In addition, there are also significant Q16DW activities from March to May in 
some years (e.g., 2015, 2022). The Q16DW amplitude is quite weak in the winter of 2020-
2021, which could possibly be related to the major sudden stratospheric warming at the 
same time. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 December 2022                   doi:10.20944/preprints202212.0311.v1

https://doi.org/10.20944/preprints202212.0311.v1


 

 

 

Figure 2. Lomb Scargle Spectral of 84 km zonal (upper panel) and meridional (lower panel) wind observed 
by the meteor radar between April 2014 and December 2022. The area surrounded by the dashed lines indi-
cates significant power according to the false alarm probability. 

The periods for the Q16DW maxima for both the midwinter and spring bursts of 
2014-2015 are 17 and 13 days, respectively, as suggested by the running spectrum, which 
provides a typical example of the seasonal variation in wave activity. This indicates that 
the active wave from December to January has longer periods than that during the spring 
event. However, this is not always the case. For instance, in the winter of 2019-2020, the 
period for the midwinter burst is approximately 15 to 17 days, while the periods for the 
spring outburst are near 20 d, which is longer than those of 2015. However, considering 
the 20 d period to be near the edge of the analyzed period range, it is possible that the 
signal within the 2020 source is induced by slower atmospheric activity, such as intrasea-
sonal variation, rather than by the typical Q16DW signal. Generally, the periods for the 
wave burst during mid-winter are usually concentrated at approximately 15 to 17 days, 
whereas those for the spring are more variable. 

Significant increases in the Q16DW amplitudes can be seen each winter from 2014 to 
2022. On the other hand, the maximum in Q16DW amplitude is small for all 9 summers, 
which is, on average, only approximately 2 times larger than the minimum during the 
month of May, which is comparable to previous observations. (e.g.,[31]). Periods for the 
Q16DW maxima are quite variable in summer and fall. The Q16 day wave activity during 
summer is erratic: it is typically large during July and August of 2016, 2017, and 2020, 
whereas no significant Q16DW activity is observed during the summers of 2019 and 2021 
in the measurements. Some years (e.g., 2018, 2021) also show peaks in amplitudes during 
the months of September or October. The seasonal cycle of the Q16DW basically agrees 
with previous studies. As suggested by Yi et al. [32], the variabilities of PWs with periods 
within the 12-20 day band in mesopause temperature are characterized by enhancement 
during the winter and suppression during the summer, associated with a small enhance-
ment near the spring equinox. In the study of seasonal variation in the Q16DW, Gong et 
al. [12] found that the Q16DW activities in the Northern Hemisphere mid-latitudes are 
typically stronger in winter and weaker in summer. The characteristics of the Q16DW 
seasonal cycle are similar to those of the neutral wind and temperature in the same region. 
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In the MLT region, Q16DWs at low latitudes show enhancements in both summer and 
winter [20]. 

 

 
Figure 3. Periodograms of zonal amplitudes for 2014–2022 at 84 km. The date represents the center 

day of a 61-day window. The cyan points denote the period with the largest amplitude between 12 days and 
20 days for wave amplitudes greater than 6 m s − 1. 

 
Since the Q16DW is perceived to be more intense during winter, which refers to the 

months of November through March, we focus our attention on the characteristics of the 
Q16DW during winter. To investigate the relationship between wave periods and ampli-
tudes at 84 km, the histograms of periods with respect to the different ranges of amplitude 
amplitudes during winter are presented in Figure 4. We omit boundary periods shorter 
than 5 days or longer than 25 days. The dark blue bars indicate only the largest ampli-
tudes, while the light cyan bars include days of all amplitudes. For the strong PWs with 
amplitudes above 15 m s-1 (dark blue columns), the periods have a median of 15 d, while 
the median across all amplitudes, including faint amplitudes (light cyan), is 16 d. For the 
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period range of 12-20 d, the lower and upper quartiles of the strong PW periods corre-
spond to 14 d and 17 d, respectively. In addition, there is another clear maximum in the 
counts of the periods located at 9 to 12 d, suggesting the activity of quasi-10 day PWs [33]. 
There are a large number of quasi-16-day waves with total amplitudes between 10 m s-1 

and 15 m s-1 in winter; thus, in the remainder of this paper, we focus on the Q16DW with 
total amplitudes greater than 10 m s-1, which are considered as “active Q16DW” cases in 
the following investigation. 

 

Figure 4. Distribution of Q16DW periods in the boreal winter (Nov–Mar) for the years 2014–2022. Dark 
blue: amplitudes larger than 15 m s-1 only. Light blue: amplitudes between 10 and 15 m s-1. Light cyan: am-
plitudes smaller than 10 m s-1. 

To evaluate the amplitude difference between the zonal and meridional components 
of Q16DW, the relative amplitude differences ∆υ are defined as 

∆υ = 2∙ 𝜐𝜐𝑧𝑧−𝜐𝜐𝑚𝑚
𝜐𝜐𝑧𝑧+𝜐𝜐𝑚𝑚

 ∙ 100% (1) 

where 𝜐𝜐𝑧𝑧 (𝜐𝜐𝑚𝑚) denotes the zonal (meridional) component of the Q16DW amplitude. 
Δ𝜐𝜐 clearly shows the dominant component of the Q16DW oscillation, and the positive 
(negative) value represents zonal (meridional) wind dominance. The relative amplitude 
differences with 738 winter days are shown in Figure 5. The mean of the relative difference 
is 99.3%, while the median is 105%. The 5% and 95% percentiles of the difference amount 
to 5% and 170%, respectively. The zonal component, therefore, tends to be greater than 
the meridional component. Although the zonal amplitude also tends to be slightly larger 
because the periods of the Q16DW were chosen based on the amplitude peaks in the zonal 
waves, the effect is not significant. Indeed, the 5% and 95% percentiles of the relative am-
plitude differences would be 10% and 165% when they were calculated at the periods 
when the meridional amplitude is the largest. Thus, the zonal component of Q16DW is 
qualitatively stronger than the meridional counterpart. 
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Figure 5. Histogram of the relative amplitude differences (∆v) between the zonal and meridional 
components of the Q16DW amplitudes at 84 km. Only waves with amplitudes in excess of 10 m s-1 
are considered. There are 738 days considered for winter (indicated by the dark blue bars, Novem-
ber–March), whereas 285 days are considered for the remainder of the year (Light cyan bars, April-
October). 

The difference between the 84 km Q16DW zonal phase and its meridional counter-
part for Q16DW active days is shown in Figure 6. Dark blue bars denote cases during 
boreal winter (November–March), while light cyan bars indicate the remainder of the 
year. The number of active cases during the remainder of the years is much less than that 
during the winter. To estimate the typical features of the Q16DW phase relations, a Gauss-
ian fit was performed on the winter cases. The mean (80.5°) and median (72.5°) values are 
all similar to one another. The phase differences are close to 90° with a small bias, implying 
that the zonal and meridional components are nearly quadratic to each other. 

 

Figure 6. The same as Figure 5 but for the phase difference. The red line indicates the Gaussian fit. 
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Figure 7. Left panel: the mean of the phase difference (blue dots and line) between the zonal and 
meridional components during 2014–2022. The blue shadings indicate their standard deviations. 
Right panel: the 2014-2022 mean zonal (red stars and line) and meridional (green stars and line) 
amplitudes as well as their standard deviations (red and green shading). Amplitude differences 
with standard deviation are shown in purple triangles, lines, and shading. 

In Figure 7, we show the average phase difference of the “active” Q16DW compo-
nents at each altitude along with their standard deviations (left panel). Between 80 and 95 
km, the phase difference is positive, ranging from 30 degrees to 60 degrees, which indi-
cates that the longitudinal and latitudinal fluctuations are roughly orthogonal, as noted 
earlier. It is noted that the standard deviation becomes larger above 90 km. The standard 
deviation from 90 to 100 km is almost twice as large as those from 80 to 85 km. As sug-
gested by the mean difference between the Q16DW zonal and meridional amplitudes (the 
right panel of Figure 7), the zonal amplitude is 4.5 m s-1 larger than the meridional ampli-
tude at 104 km, which increases as the height decreases and peaks at 8 m s-1 at 88 km and 
slightly decreases below. 

To obtain the vertical wavelength of Q16DW observed by MCMR, we first computed 
the phase of the Q16DW at each altitude relative to the same period range as found at 84 
km. Linear phase fits were then applied to calculate the vertical phase gradients for the 
Q16DW at Mengcheng. The vertical wavelength λz is defined from each 61-day window 
as follows: 

λz = 
𝑃𝑃

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄
  , (2) 

for the “active Q16DW” cases at 84 km. P denotes the period, while T denotes the 
phase. The vertical phase gradient is therefore denoted dT/dz. All wavelengths smaller 
than 400 km during winter are presented in Figure 8. Large wavelengths over 400 km are 
ruled out since these large ("infinite") wavelengths are suggested by the calculation when 
the phase is without significant variation with respect to the altitude, which refers to the 
“trapped” wave without vertical propagation. Of the 738 cases, there are 85 "infinite" 
waves, accounting for approximately 11.5% of the total cases considered. For wavelengths 
shorter than 400 km, we apply a log-normal probability density function that has accepted 
several statistical hypothesis tests, including Kolmogorov–Smirnov, Anderson–Darling, 
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and chi-square tests. The mode wavelength from the log-normal fitting is 135 km, while 
the median and mean of the Q16DW vertical wavelength are much greater, with values 
of 187.2 km and 200 km, respectively. 

 

Figure 8. The distribution of the vertical wavelengths (red bars) during winter (Nov–Mar) when the 
total amplitude is greater than 10 m s-1 from 2014 to 2022. Large wavelengths over 400 km are ex-
cluded (this refers to 85 days out of 738). The black line denotes the fit of the log-normal probability 
density function. 

4. Discussion 
4.1 Relationship with the zonal wind shear 

As baroclinic instability is considered an origin of PWs in the mesosphere [34], the 
northward gradient of quasigeostrophic potential vorticity qy should have an opposite 
sign to trigger instability. Since the strongest zonal wind is located below the MLT region, 
the vertical shear of the zonal wind is adopted as a proxy for determining baroclinic in-
stability to study the possible baroclinic instability in the MLT region based on the MR 
measurements. 

The average seasonal cycle of the total Q16DW amplitudes at 84 km (the top panel) 
and at all altitudes (the bottom panel) is shown in Figure 9. The gray lines show the total 
Q16DW amplitudes, which refer to the arithmetic square root of the zonal and meridional 
amplitudes at 84 km (top panel), for each year from 2014 April to 2022 December. The 9-
yr mean of the total, zonal and meridional amplitudes of Q16DW are denoted by thick, 
dotted, and dashed black lines, respectively. A 45-day window average of the 9-year mean 
is represented by the red line. Either the average seasonal variation in the Q16DW ampli-
tude or those for each year suggest stronger winter Q16DW activity and weaker spring 
activity, as has also been noted earlier. The zonal amplitude in Figure 9 is much stronger 
than its meridional counterpart. The burst of winter Q16DW typically begins to increase 
in December.  
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Figure 9. Top panel: Light gray lines indicate the annual Q16DW amplitudes at 84 km for each year 
between April 2014 and December 2022. The thick black line indicates the mean of the total Q16DW 
amplitudes from 2014 to 2022, whereas the meridional and zonal components are denoted by the 
dashed and dotted lines, respectively. The smooth red line represents the 45-day adjacent mean for 
the multiyear averaged amplitude. The blue curve and error bars show the vertical zonal wind shear 
and its standard deviation, respectively. Bottom panel: the 9-yr mean total amplitudes of Q16DW 
as a function of height in an annual cycle (shading and contour). 

For example, a magnificent large burst of Q16DW began in December 2019. The 
Q16DW amplitudes persist strongly into late March and early April, with multiyear mean 
amplitudes (red curve) in excess of 6 m s-1. Individual bursts (gray lines) can have signifi-
cant amplitudes, peaking as high as 20 m s-1 in some years. In summer, the Q16DW am-
plitudes are much smaller, with mean amplitudes of approximately 3-4 m s-1. As shown 
by the dotted and dashed lines in Figure 9, the seasonal variation in the Q16DW amplitude 
is mainly attributed to the variation in the zonal direction, while the seasonal variation in 
the meridional component is not significant. 

The variation in the baroclinic instability, denoted by the zonal wind shear, is poten-
tially considered to be the variation in the Q16DW source. The vertical shear of the zonal 
wind at 84 km (a blue line in Figure 9) was calculated by the linear fit from the vertical 
difference in the zonal wind between 78 km and 102 km. The 9-yr mean Q16DW ampli-
tudes start to increase in June, shortly after the shear reaches its maximum in May. During 
the winter months, the Q16DW burst typically occurs during December and January, 
when wind shear reaches its minimum. Generally, the seasonal cycle of the wind shear 
and the Q16DW amplitude are negatively correlated with each other. However, there is a 
positive relationship between the seasonal cycle of wind shear and other planetary wave 
components, such as Q2DW(ACP), which can obscure the relationship between atmos-
pheric instability and waves within certain periods. 
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Figure 10. The same as Figure 9 but for the 35-year WACCM simulation. 

The lower panel of Figure 9 displays the mean seasonal cycles at different altitudes 
from 78 to 102 km, which suggests a stronger Q16DW during winter and a weaker ampli-
tude during summer. In the lower altitude, the burst of Q16DW occurred during the mid-
winter, while there is another amplitude maximum during March and April above 90 km. 

The amplitudes of Q16DW at the same location derived from the 35-yr SD-WACCM 
simulation are shown in Figure 10. In the WACCM simulation, the amplitude of Q16DW 
is also strongest during the winter. However, there is another maximum of the amplitude 
during the summer, while the minimum of the total amplitude is seen during September 
and October. The meridional amplitude in the WACCM simulation is more comparable 
to the zonal counterpart, although it is still weaker than the zonal amplitude. As shown 
in the lower panel of Figure 10, the burst of Q16DW in the summer is confined below 90 
km. The wind shear in the WACCM simulation suggested a burst of instability during 
summer, which implies a connection with the summer peak of the Q16DW amplitude. 

Baroclinic instability may not only vary annually but also affect Q16DW on a shorter 
timescale. Therefore, we next consider the possible relationship between the Q16DW am-
plitude and zonal wind shear during winter. To focus on the shorter timescales, we ex-
cluded the annual mean from both the amplitude of the wind shear and Q16DW. Then, 
two methods of superposed epoch analyses were applied to the anomalies of the wave 
amplitude and wind shear during the winter (Nov-Mar). For the first method, the central 
days are identified when the Q16DW are “active”. For the second method, the central days 
are identified when the wind shear is larger than 2 m s-1 km-1. Once the central days have 
been identified, time windows from 70 days prior to the central days to 70 days after the 
central days are considered. 
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Figure 11. The mean of the anomalous vertical wind shear from the zonal wind (blue line) and the 
total Q16DW amplitudes (red line) from 70 d before the central day to 70 d after the central day at 
84 km, along with the standard error (shading). Top panel: central days are identified when the 
Q16DW amplitude > 10 m s-1. Bottom panel: central days are identified when wind shear > 2 m s-1 
km-1 during the winter (Nov-Mar). 

The total Q16DW amplitude and wind shear anomalies within the windows are av-
eraged over all cases for each of the methods. Figure 11 suggests that the anomalous 
Q16DW at 84 km has a positive correlation with the anomalous vertical wind shear; that 
is, the Q16DW tends to be enhanced as the baroclinic instability increases in the MLT re-
gion. 

The results in Figure 11 suggest that the 84 km Q16DW tends to amplify as the wind 
shear peaks, implying that enhanced baroclinic instability may benefit the occurrence of 
Q16DW. The correlations between the amplitude and wind shear suggested by the two 
methods are 0.45 and 0.36, respectively. Indeed, the positive correlation between Q16DW 
anomalies and the wind shear anomalies is also suggested by the WACCM simulation for 
the “active Q16DW” cases; however, the wind shear anomalies in the SDWACCM are 
much weaker than the observations. The correlation between the two, however, does not 
necessarily prove that atmospheric instability is the primary forcing factor for the varia-
tion in Q16DW because of the large error in the data. Furthermore, the relationship at 84 
km altitude is not as significant at the other altitudes. 

4.2. Interannual variability 
As suggested by previous studies [35], the mesospheric planetary wave amplitudes were cor-

related to the 11-year solar cycle in observations. The upper part of the top panel in Figure 12 shows 
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the radio solar flux F10.7 (blue) and the vertical shear of the prevailing wind at 84 km (red) in the 
winter (5 months mean from Nov to Mar), whereas the total amplitudes at the four different alti-
tudes between the altitudes of 78 km and 96 km are presented in the lower part. The Q16DW am-
plitudes exhibit qualitatively similar interannual variability at each altitude associated with a major 
burst in the 2018-2019 winter. The correlation between the amplitude and the F10.7 index is weak 
and insignificant. At 84 km altitude, the correlation of the seasonal mean total amplitudes with wind 
shear is -0.72, whereas the correlation coefficients at the other altitudes are fairly low, ranging in the 
range of -1.5 to 1.6. 

 

Figure 12. Top panel: Seasonal mean Q16DW total amplitudes for winter (Nov–Mar, top panel) for 
different altitudes in blue (78 km), green (84 km), orange (90 km), and red (96 km) lines and dots. 
The shadings denote the standard deviation of each season. The light blue line and shading indicate 
the seasonal mean of the F10.7 index (sfu) and their standard deviations, while the light red line and 
shading indicate the seasonal mean of zonal wind shear at 84 km and the standard deviation (m s-

1). Bottom panel: the same as the top panel except for summer (May–Sep). 
 
In the summer (bottom panel of Figure 12), the amplitudes are not always as homo-

geneous among different altitudes, except for the minimum at all altitudes during the 
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summer of 2019. The correlation with wind shear is also insignificant at all altitudes, with 
correlation coefficients ranging from -0.2 to 0.2. 

Since the time span of the data is less than 11 years, it is possible that the present MT 
observations are not sufficient to reveal the relation between the interannual variation in 
Q16DW and the long-term variations in the solar F10.7 flux. 

5. Conclusions 
In this study, the characteristics of Q16DW are investigated based on the observation 

of the horizontal wind by the Mengcheng meteor radar, which has continuously moni-
tored the MLT wind since the installation of the radar in 2014. Wave amplitudes and 
phases with a period ranging from 12-20 d are obtained based on a 61-day sliding win-
dow. The average amplitude of Q16DW can exceed 8 m s-1 in winter, as suggested by the 
nearly 9-year average of annual variation, whereas the maximum of single-wave bursts of 
waves may be greater than 20 m s-1. During spring, there is another lower peak in Q16DW 
with an amplitude of approximately 6–7 m s -1. In summer, the Q16DW amplitude reaches 
its minimum below 4 m s-1. The periods of the Q16DW tend to be closer to 16 d for the 
winter burst but are more diffusive in the spring burst. 

The phase of the zonal components of the Q16DW is approximately 90° greater than 
the meridional counterpart, suggesting that the wave is nearly polarized, but not precisely 
so. The zonal and meridional amplitudes have the largest difference of approximately 8 
m s-1 at 80-95 km and decrease with altitude above there. The change in the amplitude 
difference with height is due to the changing meridional amplitudes with height. The me-
dian Q16DW wavelength is 187.2 km based on vertical wavelengths calculated from ver-
tical phase gradients. However, the mode of the wavelength is much shorter, 135 km, due 
to a fitted lognormal distribution. 

In the multiyear annual cycle, the zonal wind shear usually acts opposite to that of 
the Q16DW. In addition, a connection is suggested between the zonal vertical wind shear 
anomalies and the Q16DW amplitude anomalies by two epoch analyses with different 
definitions for the center days. The maximum of the anomalous amplitudes tends to ap-
pear simultaneously with that of the wind shear anomalies at 84 km. However, the varia-
tion in the wind shear anomalies in the SDWACCM simulation is underestimated. How-
ever, in an interannual view, the correlation is not significant between the zonal wind 
shear and Q16DW amplitudes at most altitudes. 

The relationship between Q16DW amplitudes and the F10.7 index is insignificant in 
either winter or summer. As the MCMR timescale is less than one solar cycle (11 years), 
considering that the solar minimum from 2016 to 2020 occupied half of the time range 
analyzed, longer observations in the future are required to provide the implications and 
conclusions. 
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