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Key Points:
Features of seasonal variations in the 6DWs are significant, and these seasonal features are slightly different in the mid-low latitudes●

The annual oscillations of the 6DWs in the mid-low latitudes are modulated by the quasi-biennial oscillation in the diurnal tide,
resulting in seasonal features that are different from those at other latitudes

●

The 6DW amplitudes at mid-high latitudes has a significant 27-day solar rotation variation.●
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Abstract: By using atmospheric wind data in the mesopause and lower thermosphere (MLT) region, features of seasonal variations in the
quasi-6-day wave (6DW) at different latitudes are analyzed, and modulation of the 6DW by the diurnal tide and solar 27-day period is
discussed. The data used in the analysis are extracted from a wind dataset collected by a meteor radar chain from December 2008 to
November 2017. The meteor radar chain includes four stations, in Mohe, Beijing, Wuhan, and Sanya. Features of seasonal variations in the
6DW indicate that in summer the 6DW is usually strongest during July and August, followed by stronger variations in January and April.
At certain altitudes over Wuhan and Sanya, the 6DW is slightly different in different years and altitudes. In our analysis of seasonal
variations in the 6DW, we find that it is generally affected by annual oscillations and semiannual oscillations. The annual oscillations of the
6DW in the mid-low latitudes are modulated by the quasibiennial oscillation in the diurnal tide, resulting in seasonal features that are
different from those at other latitudes. In addition, the 6DW amplitude at mid-high latitudes has a significant 27-day solar rotation
variation, which was prominent in 2016.
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1.  Introduction
Planetary waves, also known as Rossby waves, are global-scale at-
mospheric  waves.  These  waves  are  thought  to  be  generated  by
the dynamic and thermal effects of the Earth’s rotation. Planetary
waves are responsible for the longer-term atmospheric variations
in  the  upper  atmosphere,  such  as  the  quasibiennial  oscillation
(QBO)  in  the lower  latitude area (Garcia  et  al.,  2005; Liu  HL et  al.,
2010; Salby, 1984).

The  westward  propagating  quasi-6-day  wave  (6DW)  is  one  of
these  planetary  waves,  with  period  from  4  to  7  days  and  zonal
wavenumber 1 (Riggin et al., 2006; Wu DL et al., 1994). The 6DW is
one of the most significant planetary waves in the mesopause and

lower  thermosphere  (MLT)  region.  In  the  MLT  region,  planetary

waves with periods from 4 to 7 days are often observed in two dif-

ferent  periods,  at  approximately  5  days  and  approximately  6.5

days  (Belova et  al.,  2008). Wu DL et  al.  (1994) reported the 5-day

wave in the wind dataset measured by the High Resolution Dop-

pler Imager (HRDI) over the Upper Atmosphere Research Satellite

(UARS) and suggested that these 5-day to 7-day planetary waves

may  be  the  (1,  1)  Rossby  normal  mode,  which  is  consistent  with

research carried out by Salby (1981). However, it is proposed that

the  Doppler  shift  could  cause  a  period  change  of  only  0.5  days

(Geisler  and  Dickinson,  1976),  and  the  6DW  may  be  a

baroclinic/barotropic  instability  in  the  MLT  region  (Lieberman  et

al.,  2003).  Moreover, Geisler  and Dickinson (1976) suggested that

the wave amplitudes are amplified in the MLT region in the west-

ward zonal mean winds, but the intensity of the 5-day wave nor-

mal modes decays with altitudes increasing away from the source

and  stratosphere  without  continuous  forcing  (Andrews  et  al.,
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1987). Thus, in this study, planetary waves with periods from 4 to

7 days in the MLT region are considered to be 6DWs.

Over the past decades, the 6-day planetary wave has been extens-

ively  studied  with  both  observations  and  numerical  simulations

(Forbes and Zhang XL, 2017; Gan Q et al., 2016; Gu SY et al., 2018;

Lieberman  et  al.,  2003; Liu  HL  et  al.,  2004; Miyoshi  and  Hirooka,

1999; Talaat  et  al.,  2001; Wu  DL  et  al.,  1994). Talaat  et  al.  (2001)

used the HRDI dataset to study seasonal variations in the quasi-6-

day  wave,  and  this  dataset  showed  that  the  6-day  wave  at  the

mesosphere peaked  before  and  after  the  equinox,  which  is  con-

sistent with simulation results by Liu HL et al. (2004). Using the Na-

tional Center for Environmental Prediction (NCEP) reanalysis data,

Miyoshi  and  Hirooka  (2003) studied  the  quasibiennial  oscillation

(QBO) of  the  5-day  wave  amplitude  in  the  stratosphere,  and  de-

scribed  the  mechanism  underlying  the  relationship  between  the

QBO  in  the  5-day  wave  amplitude  and  in  the  equatorial  zonal

wind  variation.  Moreover,  it  has  been  proven  that  the  vertical

wavelengths of  6.5-day  waves  are  considerably  larger  at  approx-

imately 60–80 km,  which could propagate from the lower  to  up-

per  atmosphere  (Forbes,  2000).  Previous  6-day  wave  studies

mainly used satellite datasets and model simulations, but ground-

based and long-term observations are very limited. Using the MF

radar  systems  at  Urbana  (40.1°N,  87.8°W),  Saskatoon  (52.1°N,

106.6°W)  and  Durham  (43.1°N,  70.9°W)  during  August  and

September  1993, Meyer  and  Forbes  (1997) analyzed  the  origin

and characteristics of  a 6–7 day westward propagating planetary

wave. Jiang G et al.  (2008b) presented the latitudinal feature and

vertical  structure  of  the  6.5-day  wave  observed  by  six  ground-

based  radar  systems  in  equatorial  and  midlatitude  regions.

However, the radar data are limited to observations from April to

May 2003. Gong Y et al. (2018) reported interannual and seasonal

variations in quasi-5-day waves and the mechanism by which the

2013  SSW  led  to  5DW  amplification  by  using  neutral  wind  data

from a meteor radar chain. These studies revealed that the 6-day

wave is evident in the MLT region, but its characteristics and mod-

ulation by some other variations have not been comprehensively

reported or analyzed.

In  this  study,  we  present  observations  of  6DWs  in  the  horizontal

winds by a meteor radar chain over 4 meteor radars in the period

from  December  4,  2008  to  November  26,  2017.  We  investigate

preliminarily 6DW variations on different time scales. The observa-

tional instruments and data processing methods are given in Sec-

tion 2. The analysis results of the 6DWs are presented in Section 3.

In  Section  4  we  discuss  extensively  the  latitudinal,  interannual,

and  short-term  variations  in  6DW  amplitudes  in  the  MLT  region.

Finally, our conclusions are summarized in Section 5.

2.  Data and Methods
In this  study,  horizontal  wind  data  from  four  meteor  radars  loc-

ated  at  Mohe  (53.5°N,  122.3°E),  Beijing  (40.3°N,  116.2°E),  Wuhan

(30.5°N,  114.2°E)  and  Sanya  (18.4°N,  109.6°E),  called  MH,  BJ,  WH

and  SY,  respectively,  were  used. Table  1 summarizes the  operat-

ing  frequencies,  geographic  coordinates,  and  observational  time

spans for the meteor radar dataset used in this study (Li GZ et al.,

2018).  These  meteor  radars  are  ATRAD  meteor  detection  radar

(MDR) series (Holdsworth et al., 2004; Yi W et al., 2019) and all be-

long  to  the  Institute  of  Geology  and  Geophysics,  Chinese

Academy of  Sciences  (IGGCAS),  which  is  part  of  the  Chinese  Me-

ridian Project  and  STERN  (the  Solar-Terrestrial  Environment  Re-

search  Network). Figure  1 shows  the  geographic  locations  of

these four meteor radars.

The radar  system transmitted radio  waves  and coherently  detec-

ted their reflections from meteor trails. Distances to reflecting ma-

terial can be obtained by the time intervals between transmission

and detection,  and the azimuth or  elevation angle measurement

is  calculated  from  the  phase  displacement  (Franke  et  al.,  2005;

Holdsworth et al., 2004). Assuming that the vertical wind is negli-

gible, the horizontal wind can be determined by the Doppler shift,

following the algorithms in Hocking et al. (2001).

All  four  radars  are  used  to  measure  horizontal  winds  from  70  to

110 km. Temporal and altitudinal resolutions are 1 hour and 2 km,

respectively.  However,  due  to  the  smaller  number  of  meteors  at

70–80 km  and  100–110  km,  horizontal  wind  data  at  these  alti-

tudes are extremely limited. Therefore, only horizontal wind data

at 80–100 km are analyzed in this study.

The  power  spectral  density  analysis  provides  an  overview  of  the

dominant  oscillation  modes  in  a  given  neutral  wind  component.

Due  to  uneven  temporal  sampling,  Lomb–Scargle  (LS)  analysis

(Lomb,  1976; Scargle,  1982)  is  applied  in  this  study  to  derive  the

periodograms  of  neutral  winds.  Note  that  the  periodicities

between 4 and 7 days are considered to be the 6DWs in this study.

3.  Results
A spectral  analysis  of  the  horizontal  winds  described  above  re-

veals that there is a wave with a period close to 6 days. As an ex-

ample, Figure 2 shows the moving Lomb–Scargle periodogram of

the  zonal  wind  at  90  km  over  Beijing  during  the  observational

period from January 1, 2012 to March 1, 2012. This periodogram is

obtained from daily mean zonal wind using a 12-day sliding win-

dow with a step of one day. It can be seen from the spectrum peri-

odogram that the main period of the fluctuation occurs between

4 days and 7 days,  the period near 6 days (6.3 days in the figure)

being the most significant.

Table 1.   Geographic locations, working frequencies, and observational time periods of the meteor radars used in this study.

Meteor radar Geographic locations Frequency Data used in this study

Mohe (MH) 53.5°N, 122.3°E 38.9 MHz 2011/8/1–2017/11/26

Beijing (BJ) 40.3°N, 116.2°E 38.9 MHz 2008/12/4–2017/11/26

Wuhan (WH) 30.5°N, 114.2°E 38.9 MHz 2010/9/22–2017/11/26

Sanya (SY) 18.4°N, 109.6°E 47.5 MHz 2009/1/25–2014/4/13

286 Earth and Planetary Physics       doi: 10.26464/epp2020024

 

 
Wang JY and Chen TD et al.: Quasi-6-day waves coupling with the QBO and solar 27-day rotation

 



Since the meteor radar observation process may not be turned on
for a certain period of time or the number of meteors at a certain
height may  be  insufficient,  the  horizontal  wind  data  may  be  dis-

continuous  for  a  long  time  span.  To  approximate  daily  mean

winds,  the  horizontal  wind  data  are  mathematically  processed

here. Because  the  wave period we are  interested in  is  approxim-

ately 6 days, the horizontal wind is averaged daily;  if  the number

of effective data points is less than 12 in one day at one altitude,

no average  is  performed  at  this  point,  and  the  winds  at  this  alti-

tude on this day are marked as Not a Number (NAN).

To investigate these waves further, it is necessary to obtain the 6-

day wave amplitudes of the horizontal wind. In this study, we ap-

plied  a  least  squares  fitting  method  to  estimate  the  6-day  wave

amplitudes  from  the  neutral  winds  dataset.  According  to  the  LS

periodogram, the most intense oscillation mode between 4 and 7

days was chosen as the 6-day wave period. Then, the least squares

fitting is used for the horizontal wind data from December 2008 to

November 2017. The fitting simultaneously extracts amplitudes of

the  quasi-6-day  wave,  quasi-2-day  wave  and  10-day  mean  wind

from the daily mean horizontal wind data, which are observed as

the significant variation in Figure 2.

To obtain  the  6DW  amplitudes,  we  chose  an  18-day  sliding  win-

dow for the least squares fitting. The screening conditions for the

fitting are as follows:  first,  if  the effective data in the window are

less than 1/2, no fitting is performed; second, if the effective data

in the window occupy less than 2/3 of their phase, fitting is not al-

lowed; for  other  situations,  these  18-day  wind  data  could  be  fit-

ted.  As  a  result, Figure  3 shows  the  6DW  amplitude  of  the  zonal

wind and meridional wind filtering of four stations on the meteor

radar  chain  during  the  time  period  from  December  4,  2008  to

November 26, 2017. The analysis in Figure 3 shows that the 6DW

is  most  intense  during  January  and  February  in  winter  and  July

and  August  in  late  summer.  For  example,  in  the  late  summer  of

2011, the 6DW of the zonal wind reached 18 m/s over Beijing, and

in the early  spring of  2012,  it  exceeded 14 m/s  in  the meridional

wind over Sanya.

4.  Discussion

4.1  Seasonal Variations in 6DW Amplitudes
To  show  more  clearly  the  seasonal  variation  in  6DW, Figure  4

shows the seasonal features of the 6DW amplitude of zonal wind

and  meridional  wind  at  four  stations  on  the  meteor  radar  chain

during the time interval from December 4, 2008 to November 26,

2017.  It  can be seen that  at  Mohe station,  the 6DW amplitude of

the zonal wind reached its strongest level in July and at the vernal

equinox,  and  that  the  range  of  the  meridional  direction  was

greatest  in  August.  At  the  Beijing  station,  the  6DW  amplitude  of

the  zonal  wind  was  significant  in  February  and  September,  near

the  autumnal  equinox;  the  meridional  wind  peaked  at  its

strongest in March and July.  At the Sanya station,  the 6DW amp-

litude  of  the  zonal  wind  was  strongest  from  July  to  September

and in January, and the range of the meridian was greatest at the

autumnal  equinox  and  in  February  over  92  km.  However,  at  the

Wuhan  station,  only  the  amplitudes  above  95  km  in  the  zonal

component  demonstrated  significant  seasonal  variations;  there,

they were strongest in February to April; the seasonal features are

weaker in  other  components  or  at  other  heights;  especially  lack-

ing are the summer features observed elsewhere.
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Figure 1.   The locations of the 4 meteor radar stations used in this

study.

LS amplitude periodogram (m/s) near 6-day period over Beijing

0
10

8

Pe
rio

d 
(d

ay
)

6

4

2
Jan 1 Feb 10 Mar 12011 21 31

1 2 3 4 5 6

 
Figure 2.   Moving Lomb–Scargle periodogram of the zonal wind over

the Beijing station near the 6-day period in the time period from

January 1 to March 1, 2012. The results with a 95% confidence level

are larger than 1.8 m/s.
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Through  the  above  seasonal  features,  the  seasonal  features  over

Mohe are similar to the results of the model simulation. The 6DW

amplitudes  in  the  zonal  component  reach  their  maximum  near

the vernal equinox and decay to their minimum near solstices (Ji-

ang G et  al.,  2008a; Lieberman et  al.,  2003).  In  Beijing and Sanya,

6DW amplitudes are strongest in the summer, August to Septem-

ber,  and  second  strongest  near  February,  which  is  similar  to  the

result of the 1993 TIME-GCM simulation at 40°N and 22.5°N by Liu

HL  et  al.  (2004). It  has  been  proven  that  the  reason  6DW  amp-

litudes in summer are stronger than in winter is that the horizont-

al  wind  is  weaker  near  the  time  of  the  winter  solstice;  thus,  the

wind  can  hinder  wave  propagation,  and  the  wind  curvature  is

large in the summer mesosphere, and the wave may be amplified

by  instability  (Liu  HL  et  al.,  2004).  However,  the  intensive  6DW

amplitudes observed over Sanya near January were not found in

that  simulation,  so  the  phenomenon  may  be  due  to  modulation

of  some  long-period  oscillations,  such  as  the  QBO,  which  will  be

discussed later. In addition, since there is only one meteor radar at

each  latitude,  the  6DW  is  the  superposition  of  all  wavenumber

modes, which  may  also  be  one  of  the  reasons  for  the  inconsist-

ency between observations and simulation.

These seasonal  features  reflect  the  variations  in  6DW amplitudes

over a period of one year or half a year; thus, the annual or semi-

annual oscillations may be intense over Mohe, Beijing, and Sanya.

The interannual  variations  in  6DW  amplitudes  are  discussed  be-

low to analyze the cause of the loss of seasonal features at lower

altitudes over Wuhan and Sanya.

4.2  Interannual Variations in the 6DW Amplitudes
To reveal the interannual variations in the 6DWs, we performed an

LS analysis by using all  18-day sliding window fitting results over

all  4  stations. Figure  5 shows  the  normalized  LS  periodogram  of

the  6DW  amplitudes  in  the  zonal  (left)  and  meridional  (right)

winds over MH, BJ, WH, and SY. At the Mohe station, annual oscil-

lation (AO)  and  ter-annual  oscillation  (TAO)  dominated  the  vari-

ation  in  the  6DW  amplitudes  in  the  zonal  wind,  and  semiannual

oscillation  (SAO)  and  TAO  controlled  the  meridional  wind.  This

TAO  oscillation  may  be  the  reason  that  the  interval  of  the

strongest amplitudes in zonal wind over Mohe is approximately 4

months instead of 6 months, similar to Beijing or Sanya in Figure

4a, as well as why three intensity minima are observed in the sea-

sonal  pattern  of  variation  in  the  meridional  wind  over  Mohe.  At

the Beijing station, both the zonal wind and meridional wind were

strongly  dominated  by  SAO.  In  particular,  AO  was  strong  at  the

zonal  wind,  and  there  was  a  strong  TAO  at  the  meridional  wind

over  the  BJ  Station.  At  the  WH  Station,  only  TAO  controlled  the

zonal wind, and SAO controlled the meridional wind. AO and SAO

dominated both the zonal and meridional winds over the SY Sta-

tion.

Disregarding  the  Wuhan  station,  we  observe  that  the  horizontal

wind 6DW amplitude over the other three stations appears to be

controlled  by  either  the  AO  or  SAO.  However,  there  is  no  strong

Monthly-mean amplitudes of 6DWs (m/s)
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Figure 3.   Altitude–year–intensity plot of the monthly-mean amplitudes of 6DWs in the zonal and meridional components, from December 2008

to November 2017 over the Mohe, Beijing, Wuhan, and Sanya stations (from 80 km to 100 km).
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AO  in  the  meridional  wind  over  the  WH  Station,  so  in Figure  4g,
the 6DW amplitudes over Wuhan have no significant seasonal fea-
tures. Moreover, there are some symmetrically distributed oscilla-
tion  peaks  near  AO.  We  suggest  that  these  oscillation  peaks  are
the result  of  the  AO  being  modulated  by  longer-period  oscilla-
tions, and the modulation mechanism is determined by Equation
(1):

1
ω2

= 1
ω0

±
1
ω1
, (1)

where ω0 is the modulated period; ω1 is the longer period; and ω2

is  the  resulting  period.  At  both  the  zonal  and  meridional  winds
over Wuhan station, the AO is modulated by a longer period of os-
cillation, of 21-month and 8.4-month periods, and these two peri-
ods were stronger in  terms of  the zonal  wind.  At  both zonal  and
meridional  winds  over  Sanya  station,  the  AO  is  modulated  by  a
longer  period  of  oscillation  of  an  8.4-month  period.  The  longer
period could be obtained by the calculation of Equation (1), which
is 28 months.

To verify  the  existence of  the  previous  28-month period and the
mechanism for the formation of the 21-month period and the 8.4-
month  period,  the  LS  spectra  periodogram  of  the  daily  mean
winds at the Beijing, Wuhan, and Sanya stations are given in Fig-
ure  6. Figure  6 shows  the  LS  spectra  periodogram  of  the  daily
mean  winds  of  the  meridional  and  zonal  winds  at  the  Beijing,
Wuhan, and Sanya stations. The figure shows that there is a strong

28-month  period  in  the  LS  spectrum  of  the  zonal  wind  over  the

Wuhan  station  in Figure  6b and  there  is  an  intensive  28-month

period in the LS spectrum of the meridional wind over the Sanya

station  in Figure  6f;  there  is  no  significant  near-28-month  period

over Beijing.  Moreover,  this  28-month period is  close to the peri-

od of  the quasibiennial  oscillation (QBO) in the equatorial  strato-

sphere. However,  these QBO signals  in  the horizontal  winds can-

not  correspond  to  the  21-month  and  8.4-month  signals  in  the

6DW  amplitudes,  in  terms  of  each  component  and  altitude.  For

example,  we  noticed  that  the  21-month  or  8.4-month  signals  in

the meridional 6DW amplitudes over Wuhan exist at nearly all alti-

tudes  between  80  km  and  100  km  in Figure  5g,  but  there  is  no

QBO signal in the meridional winds at the same station in Figure

6e.

Therefore, the QBO oscillation in horizontal winds may not be the

dominant  factor  for  the  shift  from  the  AO  of  21-month  or  8.4-

month period variations in 6DW amplitudes.  To explain this phe-

nomenon, the LS periodograms of diurnal tidal amplitudes in the

MLT region over Beijing, Wuhan, and Sanya are given in Figure 7.

As  with the method of  estimating the 6DW amplitudes,  the tidal

amplitudes are obtained by using a  least  squares  fitting.  The dif-

ference  is  that  the  tidal  amplitudes  are  fitted  by  the  horizontal

winds with a resolution of 1 hour in a sliding window of 3 days (72

hours),  and  the  fitting  simultaneously  extracts  the  amplitudes  of

the diurnal,  semidiurnal,  and terdiurnal  tides. Figure 7 shows the

Seasonal variation of 6DW amplitudes (m/s)
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Figure 4.   Monthly-mean amplitudes of the 6DWs in a composite-year in the zonal component (left column, a to d) and the meridional

component (right column, e to h) at Mohe, Beijing, Wuhan, and Sanya.
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LS periodogram of the diurnal tidal amplitudes of the meridional
and  zonal  winds  at  the  Beijing,  Wuhan,  and  Sanya  stations.  The
figure  shows  that  the  QBO  signals  are  significant  in  both  zonal
and  meridional  winds  over  Wuhan  at  approximately  3.5  to  4.0
m/s, strong  in  meridional  component  over  Sanya  at  approxim-
ately  6  m/s,  and  a  little  weak  in  zonal  component  over  Sanya  at
approximately 2.5 m/s, but this QBO oscillation is very weak over
Beijing at approximately 1.0 to 1.5 m/s.

Combining the seasonal variation and LS spectrum for 6DW amp-
litudes over each station, these features correspond well at all alti-
tudes. For  example,  in  the  zonal  wind over  Wuhan,  the  QBO sig-
nal  in  diurnal  tidal  amplitudes  is  approximately  3  to  4  m/s
between 82 and 94 km in Figure 7b, and in Figure 5c, the AO sig-
nal in 6DW amplitudes appears mainly between 94 to 100 km and
80 to 82 km; therefore, the seasonal feature of 6DW amplitudes in
zonal wind over Wuhan exists only at 94 to 100 km and 82 km in
Figure 4c.  In the meridional  wind over Wuhan,  the QBO signal  in
diurnal tidal amplitudes is significant in Figure 7e, so the seasonal
feature of  6DW is  very weak in Figure 4g,  and the 21-month and
8.4-month periods are strong in Figure 5g. In the zonal wind over
Sanya, the QBO signal in the diurnal tidal amplitudes appeared at
approximately 95 km and 82 km in Figure 7c; correspondingly, the
8.4-month period is significant at these altitudes in Figure 5d. Sim-
ilarly,  the  QBO  signal  is  very  strong  in  the  meridional  wind  over
Sanya  in Figure  7f, which  leads  to  the  reduction  in  seasonal  fea-

tures under 92 km in Figure 4h. The above discussion can explain
why the QBO oscillation in diurnal tidal amplitudes modulates the
AO in 6DW amplitudes over Wuhan and Sanya, shifting them into
21-month  and  8.4-month  period  variations,  thereby  weakening
the seasonal features at the corresponding altitudes.

Moreover, although the QBO in the horizontal wind cannot modu-
late the AO in 6DW amplitudes, it can directly modulate the 6DW
amplitudes  in  the mesopause region (Huang YY et  al.,  2017).  For
instance,  the  QBO  signal,  which  has  an  approximately  29-month
period  in  the  zonal  wind  over  Wuhan,  clearly  exists  between  82
and 94 km in Figure 6b, and in Figure 5c, the QBO signal, with an
approximately 30-month  period  in  6DW  amplitudes  mainly  ap-
pears at the same altitudes. At the Sanya station, the QBO signal,
with  an  approximately  27  to  31-month  period,  is  approximately
2.3  m/s  in  the  meridional  wind  at  altitudes  from  90  to  94  km  in
Figure  6f,  so  the  QBO  signal,  with  an  approximately  29-month
period in  the 6DW amplitudes exists  also in  the meridional  com-
ponent from 90 to 96 km in Figure 5g. There is no significant QBO
signal  in  the  amplitudes  of  the  zonal  component  of  6DW  over
Sanya  in Figure  5d,  which  is  similar  to Figure  6c.  The  intensive
QBO variation in the amplitudes of the meridional component of
6DW over Wuhan cannot be explained by the modulation of  the
QBO in horizontal  wind,  which may be related to the QBO signal
in other mechanisms, such as diurnal tidal amplitudes or winds at
lower altitudes.
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Figure 5.   Normalized Lomb–Scargle periodogram of the 6DW amplitudes in the zonal component (left column, a to d) and the meridional

component (right column, e to h) at Mohe, Beijing, Wuhan, and Sanya during all times. The dotted lines indicate the 21-month and 8.4-month

periods, respectively. The dash-dotted lines indicate the 30-month period. The LS results greater than 0.14 at MH, 0.18 at BJ, 0.28 at WH, and 0.34

at SY in the zonal wind have a 95% confidence level. Correspondingly, in the meridional wind, those numbers are 0.16 at MH, 0.19 at BJ, 0.28 at

WH, and 0.33 at SY. The intensity of the area surrounded by the solid lines is above the significance level.
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The previous discussion about the QBO modulated AO being a 21-
month or 8.4-month period has focused on the 6DW amplitude at
middle and low latitudes; we would now move on to the features
of the high-latitude 6DW amplitude. On the other hand, we have
discussed the modulation of 6DW amplitudes and their features at
different latitudes by interannual variations such as AO and SAO.
Next, we study the modulation of some short-period variations on
the 6DW amplitudes.

4.3  Twenty-Seven-Day Period in the 6DW Amplitudes
For short-period variations, we are interested in the solar rotation
variation,  which  has  a  period  of  approximately  27  days. Lean
(1991) suggested that the solar rotational period could vary from
25 days to 35 days depending on the solar latitude. In this study,
we use the term ‘27 days’ to describe the variations in the period
of 25 to 29 days, which may be related to variations in the solar ro-
tation. Figure  8 shows  the  normalized  LS  spectra  periodogram
over the four stations within the zonal and meridional 6DW amp-
litudes.  The figure shows that there is a significant 26-day period
in  the  LS  spectrum  of  the  meridional  wind  over  Mohe.  However,
these solar rotation variations near the 27-day period are weaker
in  the  zonal  wind  at  Mohe  station.  Over  Beijing  and  Wuhan,  we
found  a  strong  26-  to  27-day  period  in  both  the  LS  spectrum  of
the  zonal  and  meridional  6DW  amplitudes.  At  Sanya  station,  no
significant solar  rotation  variation  observed  in  either  the  meridi-
onal or zonal 6DW amplitudes.

Figure 9 shows the wavelet spectrum near the 27-day period from
8 December 2008 to 26 November 2017 at 90 km over the Beijing
station. From this wavelet spectrum, it can be seen that from June
2015  to  June  2016,  the  27-day  variation  is  the  stronger  over
Beijing during the period — from August 1, 2011 to November 26,
2017  —  when  all  of  the  3  meteor  radars,  Beijing,  Wuhan,  and
Mohe,  observed  wind  data.  Although  the  most  intensive  27-day
variation in the amplitudes of the zonal component of 6DW over
Beijing  is  from  March  to  May  2013,  we  choose  the  period  from
2015  June  to  2016  June,  considering  that  the  27-day  variation
over  Beijing  in  the  amplitudes  of  both  the  zonal  and  meridional
components of 6DW is stronger in this period.

According  to  the  result  from Figure  9,  we  select  the  time  period
from June 2015 to June 2016 to obtain the LS spectrum near the
27-day variation in 6DW amplitude in Mohe, Beijing, and Wuhan.
Figure 10 shows the Lomb–Scargle periodogram of the 6DW amp-
litudes in the zonal and meridional winds near the 27-day period
at  Mohe,  Beijing,  and  Wuhan  from  June  2015  to  June  2016.  As
shown in Figure 10, the 27-day period can be seen clearly at the 3
stations. The  27-day  period  at  the  Beijing  station  in  the  amp-
litudes  of  the  zonal  component  of  6DW  is  significantly  stronger
than  in  the  amplitudes  of  the  meridional  component  of  6DW,
while the 27-day period in the amplitudes of the meridional com-
ponent  at  the  Mohe station is  slightly  stronger  than in  the  zonal
component;  the  LS  spectrum  of  6DW  amplitudes  in  the  zonal
wind  at  the  Wuhan  station  also  has  a  nearly  27-day  variation.
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Figure 6.   Lomb–Scargle periodogram of the daily mean winds in the zonal component (left column, a to c) and the meridional component (right

column, d to f) in Beijing, Wuhan, and Sanya. The LS results greater than 2.3 m/s at BJ, 2.1 m/s at WH, and 2.4 m/s at SY in the zonal wind have a

95% confidence level. Correspondingly, in the meridional wind, those numbers are 1.3 m/s at BJ, 1.4 m/s at WH, and 1.9 m/s at SY.
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Combining the  27-day  variation  in  6DW  amplitudes  at  all  3  met-

eor  radars,  we  can  see  that,  as  the  latitude  increases,  the  27-day

variation gradually shifts from the zonal component (eastward) to

the meridional component (northward) in the LS spectrum.

Moreover,  by  focusing  on  only  the  zonal  wind,  we  find  that  the

27-day  variation  in  6DW  amplitudes  is  more  significant  over

Wuhan  than  over  other  latitudes.  According  to  the  order  of  the

27-day variation intensities from strong to weak, the sequence of

stations is Wuhan, Beijing, and Mohe. In the meridional wind, the

27-day variation is strongest over Mohe, and is weak over Beijing

and Wuhan.

5.  Summary
Mesopause  horizontal  winds  observed  by  a  meteor  radar  chain

are used to investigate the climatology of the mesopause quasi-6-

day wave. The neutral wind data were from December 4, 2008 to

November  26,  2017,  and  these  data  involved  4  meteor  radars,

namely, the Mohe station (53.5°N, 122.3°E) located at a mid-high-

latitude  area;  the  Beijing  (40.3°N,  116.2°E)  and  Wuhan  (30.6°N,

114.4°E)  meteor  radars  located  in  the  middle  latitudes;  and  the

Sanya station (18.3°N, 109.4°E) located at a low latitude. The 6DW

amplitudes obtained from these 4  meteor  radars  exhibit  signific-

ant seasonal and latitudinal variations.

The  monthly  mean  6DW  amplitudes  in  the  meridional  wind  are

weaker  than  those  in  the  zonal  wind.  At  these  4  stations,  the
largest  6DW  amplitudes  are  approximately  17  m/s  in  the  zonal
wind and approximately 13 m/s in the meridional wind. In gener-
al, 6DW amplitudes are strongest from July to October and weak-
est  from  January  to  February,  but  at  Wuhan  station,  there  is  no
significant seasonal  feature.  The  seasonal  variation  in  6DW  amp-
litudes is controlled by AO and SAO. However, AO is modulated by
QBO  oscillation  during  the  diurnal  tide  in  other  periods  at  the
mid-low latitudes over Wuhan and Sanya stations, thereby weak-
ening the seasonal variation in 6DW amplitudes.

Moreover, for short-period features, we are interested in the solar
rotation  variation  near  the  27-day  period.  At  midlatitudes  over
Wuhan,  Beijing,  and  Mohe,  the  6DW  amplitudes  are  significantly
modulated by the 27-day variation. From Wuhan to Mohe, the 27-
day variation shifts from modulating primarily the zonal compon-
ent of the 6DW amplitudes to modulating primarily the meridion-
al component, as well.
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Figure 7.   Lomb–Scargle periodogram of diurnal tidal amplitudes in the zonal component (left column, a to c) and the meridional component

(right column, d to f) in Beijing, Wuhan, and Sanya. The LS results greater than 1.1 m/s at BJ, 1.1 m/s at WH and 1.2 m/s at SY in the zonal wind are
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Figure 8.   Normalized Lomb–Scargle periodogram of the 6DW amplitudes in the zonal component (left column, a to d) and the meridional

component (right column, e to h) near the 27-day period at Mohe, Beijing, Wuhan, and Sanya. The LS results greater than 0.14 at MH, 0.17 at BJ,

0.28 at WH, and 0.33 at SY in the zonal wind are at the 95% confidence level. Correspondingly, for the meridional wind, those numbers are 0.16 at

MH, 0.19 at BJ, 0.28 at WH, and 0.32 at SY.

Wavelet periodogram

0.0

34

32

30

28

Pe
rio

d 
(d

ay
)

26

24

22

20

34

32

30

28

Pe
rio

d 
(d

ay
)

26

24
22

20

2012 2013 2014 2015 2016 2017

2012 2013 2014 2015

Year

2016 2017

0.2 0.4 0.6 0.8

 
Figure 9.   Normalized wavelet spectrum near the 27-day period from 1 August 2011 to 26 November 2017 at 90 km over the Beijing station. The

dotted lines indicate the 27-day period.
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CAS — “Study on the interaction between low/mid-latitude atmo-

sphere and ionosphere based on the Chinese Meridian Project”.
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Figure 10.   Lomb–Scargle periodogram of the 6DW amplitudes in the zonal component (left column, a to c) and the meridional component

(right column, d to f) near the 27-day period at Mohe, Beijing, and Wuhan from June 2015 to June 2016. The LS results greater than 0.79 m/s at

MH, 0.72 m/s at BJ and 0.95 m/s at WH in the zonal wind are at a 95% confidence level. Correspondingly, for the meridional wind, the numbers are

0.71 m/s at MH, 0.49 m/s at BJ and 0.76 m/s at WH.
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