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Key Points:
Quasi-16-day waves (Q16DW) were revealed by using multiple extensive data sets●

Latitude and seasonal variations were revealed by using wind and temperature measurements, and a comparison was performed●

The possibility of upward propagation of the Q16DW from the troposphere to the mesosphere and lower thermosphere at the three
stations was examined
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Abstract: This study presents an analysis of the quasi-16-day wave (Q16DW) at three stations in the middle latitudes by using a meteor
radar chain in conjunction with Aura Microwave Limb Sounder temperature data and MERRA2 (Modern-Era Retrospective Analysis for
Research and Applications, Version 2) reanalysis data from 2008 to 2017. The radar chain consists of three meteor radar stations located at
Mohe (MH, 53.5°N, 122.3°E), Beijing (BJ, 40.3°N, 116.2°E), and Wuhan (WH, 30.5°N, 114.6°E). The Q16DW wave exhibits similar seasonal
variation in the neutral wind and temperature, and the Q16DW amplitude is generally strong during winter and weak around summer.
The Q16DW at BJ was found to have secondary enhancement around September in the zonal wind, which is rarely reported at similar
latitudes. The latitudinal variations of the Q16DW in the neutral wind and temperature are quite different. The Q16DW at BJ is the most
prominent in both neutral wind components among the three stations and the Q16DW amplitudes at MH and WH are comparable,
whereas the wave amplitude in temperature decreases with decreasing latitude. The quasi-geostrophic refractive index squared at the
three stations in the period from 2008 to 2017 was revealed. The results indicate that the Q16DW in the mesosphere and lower
thermosphere (MLT) at MH has a limited contribution from the lower atmosphere. Around March and October, the Q16DW in the
troposphere at BJ can propagate upward into the MLT region, whereas at WH, the contribution to the Q16DW in the MLT region is largely
from the mesosphere.
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1.  Introduction
Planetary  waves  play  a  significant  role  in  the  dynamics  of  the

mesosphere  and  lower  thermosphere  (MLT)  region.  They  act  to

move energy,  momentum,  and  chemical  species  both  horizont-

ally  and  vertically  in  the  atmosphere.  In  the  past  decades,  there

have  been  many  reports  of  planetary  waves  in  the  MLT  region.

Planetary waves are usually observed for periods of around 2, 4–7,
8–12,  and  12–20  days  (e.g., Manson  and  Meek,  1986; Mitchell  et
al.,  1999; Miyoshi,  1999; Riggin et al.,  2006; Pancheva et al.,  2008;
Gan Q et al.,  2015; John and Kumar, 2016; Huang CM et al.,  2017;
Huang YY et al., 2017; Ma Z et al., 2017; Gong Y et al., 2018, 2019;
Wang JY et al., 2020). Researchers (e.g., Charney and Drazin, 1961;
Salby, 1981a, b; Forbes et al., 1995) have suggested that planetary
waves in the MLT region are generated in situ or that they are ex-
cited in the troposphere and stratosphere and then propagate in-
to the MLT.

Planetary waves lasting for periods of 12 to 20 days are usually re-
ferred  to  as  quasi-16-day  waves  (Q16DW),  and  they  are  believed
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to  be  a  manifestation  of  the  gravest  symmetric  westward-
propagating  Rossby  normal  mode  at  wavenumber  1  (e.g., Salby,
1981a, b; Forbes  et  al.,  1995).  Using  the  neutral  winds  obtained
from meteor radar over Sheffield (53°N, 2°W), Kingsley et al. (1978)
first  reported  the  Q16DW  in  the  MLT  region  over  the  Northern
Hemisphere  in  the  middle  latitudes.  Most  of  the  reports  on  the
Q16DW are focused on the winter hemispheric in the middle and
high latitudes (e.g., Williams and Avery, 1992; Espy et al., 1997; Jac-
obi et al., 1998a, b; Mitchell et al., 1999; Luo Y et al., 2000, 2002a, b;
Jiang GY et al., 2005; Takahashi et al., 2013; John and Kumar, 2016;
Huang  CM  et  al.,  2017).  In  the  middle  and  high  latitudes,  the
Q16DW is  typically  strong  during  winter  and  weak  during  sum-
mer,  based  on  neutral  wind  measurements  obtained  by  radar
(e.g., Williams  and  Avery,  1992; Espy  et  al.,  1997; Namboothiri  et
al.,  2002; Manson  et  al.,  2004; Araújo  et  al.,  2014; Guharay  et  al.,
2016). At low latitudes, the Q16DW does not show significant sea-
sonal  variability  (e.g., Lima et  al.,  2006; Araújo et  al.,  2014).  Using
neutral wind measurements obtained from two meteor radar sta-
tions  at  São João do Cariri  (7.4°S,  36.5°W)  and Cachoeira  Paulista
(22.7°S,  45.0°W), Araújo et al.  (2014) found that the Q16DW wave
was strong from spring to midsummer and weak from autumn to
early winter at São João do Cariri, whereas it had no obvious sea-
sonal variability at Cachoeira Paulista. Using temperature data ob-
tained from the Aura Microwave Limb Sounder (MLS) from Janu-
ary 2005 to December 2008, McDonald et al. (2011) reported that
the  Q16DWs  with  wavenumbers  1  and  2  dominated  the  other
modes. Comparisons of the Q16DW in the two hemispheres have
been reported in many studies (e.g., Jiang GY et al., 2005; Guharay
et  al.,  2016), and all  have found that  the  Q16DW has  similar  sea-
sonal variations in the two hemispheres.

In the past, studies of the Q16DW were largely limited to data col-
lected from one or two types of instruments.  In this research, we
studied the Q16DW by using a meteor radar chain, MLS temperat-
ure data, and Modern-Era Retrospective Analysis for Research and
Applications,  Version  2  (MERRA2)  reanalysis  data  in  the  period
from 2008 to 2017.  The primary goal  was to study the latitudinal
difference of  the Q16DW in the MLT region in neutral  winds and
temperature  over  three  meteor  radar  stations  and  to  investigate
the contribution to the Q16DW in the MLT region from the lower
atmosphere.  Section  2  introduces  the  instruments  and  describes
the methodology. The results and discussion are presented in Sec-
tion 3. The conclusions are summarized in Section 4.

2.  Methodology

2.1  Meteor Radar Data
A meteor radar chain established by the Institute of Geology and
Geophysics,  Chinese  Academy  of  Sciences  (IGGCAS)  was  used  in
this study. The meteor radar chain included three stations located
at  Mohe  (MH,  53.5°N,  122.3°E),  Beijing  (BJ,  40.3°N,  116.2°E),  and
Wuhan  (WH,  30.5°N,  114.6°E),  respectively.  The  radar  chain
provided  the  meridional  wind  (positive  northward)  and  zonal
wind  (positive  eastward)  measurements  in  the  altitude  range  of
80  to  100  km,  with  resolutions  of  2  km  in  altitude  and  1  hour  in
time. A detailed description of the meteor radar and data deduc-
tion  method  can  be  found  in Hocking  et  al.  (2001), Li  GZ  et  al.
(2012), and Yu Y et al. (2013). In this study, the meteor radar meas-

urements  in  the  period  from  August  2011  to  November  2017  at
MH,  December  2008  to  November  2017  at  BJ,  and  September
2010 to  November  2017  at  WH  were  used.  The  data  can  be  ob-
tained from the website of the World Data Center (WDC) for Geo-
physics, Beijing (http://wdc.geophys.ac.cn/index.asp). A discussion
of  the  radar  measurements  during  the  period  of  interest  can  be
found in Ma Z et al. (2018).

2.2  MLS Temperature Data
Temperature data measured from the MLS onboard the National
Aeronautics  and  Space  Administration  Earth  Observing  System
(NASA  EOS)  Aura  satellite  were  applied  in  this  study.  The  Aura
satellite  is  in  a  Sun-synchronous  orbit  at  an  altitude  of  705  km
with 98° inclination, and it  passes through two local times at any
fixed latitude. A detailed description of the EOS Aura MLS can be
found in Waters et al. (2006) and Schwartz et al. (2008).

The MLS temperatures in the Version 4.2 data product were used
in this study. As suggested by the data quality document of Live-
sey et al. (2017), the data products were used if the estimated pre-
cision  was  positive,  the  status  was  even,  the  quality  was  greater
than 0.9 at 261–100 hPa and 0.2 for 83–0.001 hPa, and the conver-
gence  was  less  than  1.03.  Data  quality  and  convergence  were
defined based on Aura/MLS data processing algorithms. Addition-
al  details  can  be  found  in Livesey  et  al.  (2017).  In  this  study,  the
MLS temperature data in the MLT region (from 0.01 to 0.001 hPa)
and  at  latitude  bands  within  ±2°  centered  at  MH  (53.5°N),  BJ
(40.3°N),  and  WH  (30.5°N)  were  examined.  The  pressure  levels
were converted to approximate altitudes for comparison with the
meteor  radar  measurements  by  using  the  equation  below  (An-
drews et al., 1987):

z = −H ln(p/ps), (1)

where z is  the  log-pressure  height, ps is  the  standard  reference
pressure, p is  the  pressure  level,  and H is  the  mean  scale  height,
which is assumed to be 7 km in the middle atmosphere (Andrews
et al., 1987). The log-pressure height is approximately equal to the
geometric  height  in  the  MLT  region  (Andrews  et  al.,  1987).  The
converted  altitudes  used  here  were  ~81,  ~86,  ~91,  and  ~97  km,
which are consistent with those of Day et al. (2012) and Gong Y et
al.  (2018).  The  MLS  temperature  data  were  divided  into  12  bins
with a 30° interval in longitude (e.g., Day et al., 2012; Gong Y et al.,
2018).

2.3  MERRA2 Reanalysis Data
The MERRA2  data  used  in  this  study  were  provided  by  the  God-
dard  Earth  Observing  System,  Version  5.  The  MERRA2  data  are  a
reanalysis of the global atmosphere covering the data-rich period
since 1980.  The  reanalysis  data  applied  in  this  study  had  a  hori-
zontal  resolution of  0.5°  ×  0.625°  with a  temporal  resolution of  1
day, and the data had 36 pressure levels that covered an altitudin-
al range of ~20 to ~80 km. A detailed description of the MERRA2
reanalysis data can be found in Molod et al. (2015).

2.4  Data Processing
Data on hourly neutral winds measured by the meteor radar chain
and  daily  mean  temperature  data  obtained  from  the  MLS  were
used  to  analyze  the  Q16DW  in  the  MLT  region.  To  extract  the
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amplitudes of the Q16DW wave from both the ground-based and
space-based measurements, a 48-day sliding window with a step
of 1 day was used in this study (e.g., Wu DL et al., 1995; Luo Y et al.,
2002a, b; Namboothiri et al., 2002; Jiang GY et al., 2005; McDonald
et al.,  2011). Because the period of the Q16DW is in a range from
12 to 20 days, in each sliding window, the Lomb–Scargle analysis
in the meteor radar measurements was applied to obtain the peri-
odogram of the neutral winds. On the basis of the Lomb–Scargle
results,  the dominant oscillation mode within the period of 12 to
20 days was regarded as the period of the Q16DW. The amplitude
of the Q16DW was then extracted by using least squares fitting.

For the space-based measurements, because Q16DWs with differ-
ent zonal wavenumbers could be differentiated, zonal wavenum-
bers of 3 to −3 were simultaneously fitted. The positive (negative)
wavenumbers  corresponded  to  westward  (eastward)-propagat-
ing waves,  and 0 corresponded to the stationary planetary wave.
Note that we used a 48-day sliding window with a step of 1 day in
this study. In each fitting window, the wave periods from 12 to 20
days were examined in daily steps. The largest amplitudes within
the period range were regarded as Q16DWs (e.g., Day et al., 2011).
The fitting function is given by the following equation (Wu DL et
al., 1995):

y = ∑3

s=−3
[Ascos (2πσt + sλ) + Bssin (2πσt + sλ)] , (2)

σ λ
As Bs

A = 2
√(As)2 + (Bs)2

φ0 = tan
−1 (Bs/As

where t is the time in days, s is the zonal wavenumber from −3 to
3,  is  the investigated wave frequency, and  is the longitude in
degrees. Variables  and  are the parameters to be fitted to de-
rive the wave amplitudes. The wave amplitudes can be calculated

as ,  and  the  initial  phase  can  be  calculated  as

). A more detailed description can be found in Wu

DL et al. (1995). Note that, in each fitting window, if the data gap
was longer than one-third of the period of interest or if more than
25%  of  the  total  data  were  missing,  no  analysis  was  performed
(Kishore et al., 2004; Huang CM et al., 2017).

3.  Results and Discussion
Figure 1 (top) shows the monthly mean amplitudes of the Q16DW
obtained from the meteor radar chain in the meridional compon-
ent. The white area indicates  that  the data either  were not  avail-
able  or  did  not  satisfy  the  fitting  criterion.  The  bottom  panel  in
Figure  1 provides  the  standard  deviations  of  the  monthly  mean
amplitudes  in  the  meridional  wind.  According  to Figure  1 (top),
the Q16DW amplitudes show significant interannual and season-
al variability across the three stations. The peak amplitudes occur
mainly  in  winter,  which  is  consistent  with  previous  studies  (e.g.,
Luo  Y  et  al.,  2002a, b; Jiang  GY  et  al.,  2005).  The  Q16DW  activity
was also found to be significant during early spring, although this
feature was not  common to all  years.  As  shown in Figure 1 (bot-
tom),  the  standard  deviations  of  the  monthly  mean  amplitudes
are generally  smaller  than 2 m/s.  The largest  standard deviations
occur at MH and BJ in the winter of 2013, reaching 2.8 m/s.

Figure  2 presents the  temporal  variation  of  the  Q16DW  amp-
litudes  (top)  and  their  standard  deviations  (bottom)  in  the  zonal
wind. As shown in Figure 2 (top), the amplitudes of the Q16DW in
the  zonal  component  are  stronger  than  those  in  the  meridional

component.  As  in  the  meridional  component,  the  Q16DW in  the
zonal component  is  enhanced  during  winter.  The  Q16DW  amp-
litude  at  BJ  during  winter  appears  to  be  the  most  prominent
among  the  three  stations.  The  Q16DWs  reach  their  maximum
amplitudes of ~18 m/s at BJ in January 2013 and of 24 m/s at WH
in  December  2013.  As  shown  in Figure  2 (bottom),  the  standard
deviations are generally less than 4 m/s. The largest standard devi-
ation, of 6 m/s, occurs in December 2013 at WH.

Composite-year results were computed by averaging the monthly
mean amplitudes from all years, as shown in Figure 3. The stand-
ard deviations are presented in the bottom panels of Figure 3. As
illustrated  in Figure  3, the  Q16DW  amplitudes  in  the  zonal  com-
ponent (top right) are generally larger than those in the meridion-
al wind (top left)  at all  three stations. At MH, the maximum amp-
litude  appears  during  winter  in  both  components.  The  Q16DW
amplitudes are the weakest during May and October in the meri-
dional wind and during June and July in the zonal component. At
BJ,  the  strong  Q16DW  amplitudes  appear  in  winter,  early  spring,
and  September  in  the  zonal  wind.  In  the  meridional  wind,  the
Q16DW  amplitudes  at  BJ  are  generally  larger  than  those  at  MH.
The seasonal variations of the Q16DW amplitudes at WH are simil-
ar  to  those  at  MH  in  the  zonal  wind.  In  the  meridional  wind,  the
amplitudes appear to be the strongest around September above
90 km. According to the bottom panels of Figure 3,  the standard
deviations  at  BJ  are  the  smallest,  and  the  maximum  uncertainty
occurs at WH during winter in the zonal wind.

Using  3  years  of  data  from  1993  to  1995  measured  by  multiple
medium-frequency radar  stations located at  Tromso (70°N,  19°E),
Saskatoon  (52°N,  107°W),  London  (43°N,  81°W),  Hawaii  (21°N,
157°W), and Christmas Island (2°N, 157°W), together with numeric-
al  results, Luo et  al.  (2002b) reported that  the Q16DW amplitude
in the zonal wind is greater than in the meridional wind. Our res-
ults using an extensive data set verify this statement. According to
Fig.5 of Luo Y et al. (2002b), the latitudinal variation of the Q16DW
amplitude at those five stations is limited. However, according to
our  observation,  the  Q16DW  amplitude  at  BJ  is  the  strongest
among the three stations in both wind components. A strong sec-
ondary  peak  was  observed  at  BJ  around  September  in  the  zonal
wind, which is rarely reported at similar latitudes. In addition, the
Q16DW amplitude at BJ had the least uncertainty; its standard de-
viation was  generally  the  smallest  among  the  three  stations.  Us-
ing medium-frequency radar located in the latitudinal range from
31°N to 52°N, Manson et al. (2004) indicated that the annual incre-
ment  in  the  Q16DW  is  from  September  to  wintertime,  especially
for zonal  wavenumbers  1  and  4.  They  reported  that  slight  en-
hancements  of  the  Q16DW  were  observed  only  at  the  end  of
September  in  2000  over  Wakkanai  (45°N,  141°E)  and  Yamagawa
(31°N,  130°E),  although  these  amplitudes  were  not  comparable
with the enhancements in December and January. Takahashi et al.
(2013) observed  the  Q16DW  from  the  autumn  equinox  to  the
spring equinox  in  mesospheric  winds  over  Wakkanai.  They  pro-
posed that  the Q16DW in the MLT region may be triggered by a
phase change of the zonal winds. Ma Z et al. (2018) presented sea-
sonal variations of the mean winds over BJ. They found that zonal
winds  above  90  km  weakened  as  they  moved  westward  during
the  autumn  equinox  at  BJ.  Thus,  the  secondary  enhancement
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around the autumn equinox at BJ may be associated with a phase

change of the zonal winds in September.

To compare Q16DWs in neutral winds and temperature, the west-

ward-  and  eastward-propagating  Q16DWs  with  wavenumbers

from 1 to 3 (W1, W2, W3, E1, E2, E3) were obtained by using MLS

temperature  data.  Note  that  temperature  data  in  the  latitude

bands of ±2° latitude centered at MH (53.5°N), BJ (40.3°N), and WH

(30.5°N)  were  used  in  this  study. Figure  4 displays  the  monthly

mean amplitudes of the six wave modes in a composite-year at (a)

MH, (b) BJ,  and (c)  WH. The noise levels at different altitudes and

stations were computed by using the conservative methodology

described by McDonald et al. (2011) and were less than 0.35 K. As

shown in Figure 4, the amplitudes of the W1, W2, E1, and E2 com-

ponents  are  strong  during  winter  and  weak  around  summer,

which is  consistent  with  the  results  in  the  neutral  winds.  West-

ward-propagating  wavenumber  1  is  the  strongest  component

among all  the wave modes. Westward-propagating wavenumber

3  and  E3  appear  to  be  the  least  important  components  because

their amplitudes are generally less than 0.6 K at the three stations.

The standard  deviations  of  the  W1,  W2,  W3,  E1,  E2,  and  E3  com-

ponents  in  a  composite-year  at  MH  (a),  BJ  (b),  and  WH  (c)  are

shown in Figure 5. According to Figure 5, the standard deviation is

larger where the amplitude is stronger. The standard deviation is

generally smaller than 0.6 K. Larger standard deviations occur dur-

ing winter and early spring.

A comparison of Figures 3 and 4 shows that the Q16DWs in neut-

ral winds and temperatures illustrate that the Q16DWs are strong

during winter. However, the strong Q16DW signals that appeared

in September at BJ in the zonal wind and at WH in the meridional

wind were  not  found  in  the  temperature  data.  The  major  differ-

ence in the Q16DW obtained from the ground-based and satellite

measurements  was  the  latitudinal  variation.  As  discussed before,
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Figure 1.   Temporal and altitudinal variations of the monthly-mean amplitudes (top) and standard deviation (bottom) of the quasi-16-day waves

in the meridional component over Mohe (MH, 53.5°N, 122.3°E), Beijing (BJ, 40.3°E, 116.2°E), and Wuhan (WH, 30.5°N, 114.6°E) from December 2008

to November 2017.
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the  Q16DW  at  BJ  is  the  most  prominent  in  the  neutral  wind.
However, Figure  4 indicates  that  the  amplitudes  of  the  W1,  W2,
E1,  and  E2  modes  decrease  as  the  latitude  decreases.  Using  5
years  (2003–2007)  of  TIMED/SABER  temperature  measurements,
John  and  Kumar  (2016) reported  that  W1  and  E1  are  the  most
prominent modes  and  that  they  decrease  as  the  latitude  de-
creases. Using 4 years (2005–2008) of MLS temperature data, Mc-
Donald  et  al.  (2011) found  that  the  westward-propagating
Q16DWs are  prominent  around  55°  N  and  decrease  as  the  latit-
ude  decreases.  Our  satellite-based  results  are  consistent  with
these previous studies. According to our analysis, at the three sta-
tions, the Q16DW amplitude in temperature decreases as the latit-
ude decreases,  whereas  the  amplitude in  the  neutral  wind is  the
most prominent at BJ and is comparable at MH and WH. Note that
because  the  Q16DWs  in  neutral  winds  are  derived  from  a  single
location, the Q16DWs over MH, BJ, and WH exhibit the combined
effects of  the  Q16DW  with  different  modes.  The  Q16DWs  ob-
tained from  the  Aura  satellite  could  be  differentiated  into  differ-
ent wave modes. This may be the reason the latitudinal variations

of  Q16DWs  are  different  in  neutral  winds  and  temperature.

However, numerical  investigations  are  needed  to  further  under-

stand why  the  Q16DW  amplitude  in  temperature  in  the  MLT  re-

gion decreases as the latitude decreases, whereas this decreasing

trend  is  not  observed  in  the  neutral  winds  over  the  three  radar

stations.

Qk,c

qy

The Q16DW in the MLT region is generally thought to be excited

in the lower atmosphere and to propagate upward (e.g., Malinga

and  Poole,  2002a, b; Day  et  al.,  2011; Guharay  et  al.,  2016).  The

quasi-geostrophic refractive index squared ( ) has been widely

used to indicate the vertical propagation of planetary waves (Ran-

del,  1988; McDonald  et  al.,  2011).  The  propagation  of  planetary

waves is prevented in regions where the refractive index squared

is negative, whereas it is permitted in regions where the refractive

index squared is positive (Charney and Drazin, 1961; Smith, 2003).

The quasi-geostrophic refractive index squared can be computed

from  the  gradient  in  the  quasi-geostrophic  vorticity  ( ),  which

can be obtained via (McDonald et al., 2011)
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Figure 2.   Same as Figure 1 but for the zonal component.
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where  is the angular velocity of the Earth,  is the radius of the
Earth,  is  the  latitude,  is  the  vertical  coordinate,  is  the  zonal
mean wind,  is  the  scale  height,  and  is the  Brunt–Väisälä  fre-
quency. Then  can be calculated via (McDonald et al., 2011)

Qk,c =
[ qy
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−
(2Ωsin (ϕ))2

4H2N2
]

sin2ϕ
, (4)

c k
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where  is the zonal phase speed and  is the zonal wavenumber.
The zonal  wind,  meridional  wind,  and temperature data used for
the  derivation  of  were  obtained  from  the  MERRA2  data.  The

results of  for MH (top), BJ (middle), and WH (bottom) ranging

from ~20 to ~80 km in the period from 2008 to 2017 are presen-
ted  in Figure  6.  The  yellow  area  indicates  that  is  positive,

whereas the blue region indicates that  is negative.

Qk,c

Qk,c

As shown in Figure 6,  is largely negative from April to August

at the three stations, which manifests as the Q16DWs in the tropo-
sphere being  unable  to  propagate  upward  to  the  higher  atmo-
sphere  during  that  time.  At  MH,  is  largely  positive  below  60

km during the wintertime, which indicates there are no obstacles
to the propagation of Q16DWs from the troposphere to the meso-
sphere  during  winter.  A  critical  layer  seems  to  exist  around  55–

Qk,c

Qk,c

60 km that inhibits the upward wave propagation from the lower

mesosphere to the MLT region a large amount of the time. Hence,

excitation  in  the  lower  atmosphere  and  propagation  upward  is

likely  not  an  important  mechanism  of  Q16DW  generation  in  the

MLT  region  at  MH. John  and  Kumar  (2016) proposed interhemi-

spheric propagation as a generation mechanism of the Q16DW in

the MLT region. They also analyzed the Q16DW activity in the lat-

itude  range  of  50°S  to  50°N  and  claimed  that  the  Q16DW  with

wavenumber  1  has  interhemispheric  propagation  characteristics

at 80 and 100 km (John and Kumar, 2016). This may be the mech-

anism by which the Q16DW is generated over MH. However,  fur-

ther  investigation  is  needed  to  better  understand  the  excitation

mechanism  of  the  Q16DW  over  MH.  At  BJ,  compared  with  MH,

wave propagation from the troposphere to the mesosphere dur-

ing  winter  is  not  as  unobstructed  as  at  MH.  On  the  other  hand,

propagation from the lower mesosphere to the MLT region is easi-

er  than  at  MH.  Around  March  and  October,  the  Q16DWs  in  the

lower atmosphere at BJ can propagate upward to the MLT region.

The result of  at WH is much different than that at MH. Around

30 km,  is largely negative, which illustrates that it is very diffi-

cult  for  the  waves  in  the  troposphere  and  lower  stratosphere  at

WH to  propagate  upward  into  the  mesosphere.  However,  com-

pared  with  MH,  the  waves  at  WH  in  the  mesosphere  have  many

fewer obstacles to propagation upward around March and Octo-

ber. As shown in Figure 6, the Q16DW in the MLT region likely has

a  limited  contribution  from  the  lower  atmosphere  at  MH.  At  BJ,

the  Q16DW  can  propagate  upward  from  the  troposphere  to  the
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Figure 3.   Monthly-mean amplitudes (top) and standard deviation (bottom) of the quasi-16-day waves in a composite-year in the meridional

component (left column) and the zonal component (right column) at Mohe (MH, 53.5°N, 122.3°E), Beijing (BJ, 40.3°E, 116.2°E), and Wuhan (WH,

30.5°N, 114.6°E), respectively.
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Figure 4.   Monthly-mean amplitudes of the different normal modes of the quasi-16-day wave in a composite-year obtained from the MLS

temperature at (a) Mohe (MH, 53.5°N, 122.3°E), (b) Beijing (BJ, 40.3°E, 116.2°E), and (c) Wuhan (WH, 30.5°N, 114.6°E), respectively.
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Figure 5.   Same as Figure 4 but for the standard deviation.
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MLT region around March and October. At WH, the Q16DW in the

MLT  region  has  a  contribution  from  the  lower  atmosphere,  but

the  contribution  is  mostly  from  the  mesosphere  around  March

and October.

4.  Conclusions
Using three meteor  radar  measurements  at  MH (53.5°N,  122.3°E),

BJ (40.3°E, 116.2°E), and WH (30.5°N, 114.6°E), in conjunction with

the MLS  temperature  and  MERRA2  reanalysis  data,  we  investig-

ated the  Q16DW  in  the  MLT  region.  We  found  that  the  amp-

litudes of  the Q16DWs in the zonal  component are generally  lar-

ger than those in the meridional component at all  three stations.

The Q16DW activity shows significant seasonal variation, which is

generally strong during winter and weak during summer. Accord-

ing to the MLS temperature results, W1 dominates all wave modes

of the  Q16DWs  at  the  three  stations  in  the  MLT  region.  The  sea-

sonal  variation  of  the  Q16DWs  obtained  from  the  temperature

measurements  is  generally  consistent  with  that  from  the  neutral

wind  measurements.  However,  the  latitudinal  variation  between

the  two  is  quite  different.  For  the  ground-based  measurements,

the  Q16DW  amplitude  at  BJ  is  the  most  prominent  among  the

three stations, and the wave amplitudes at MH and WH are com-

parable, whereas  the  Q16DW  amplitudes  in  temperature  de-

crease with a decrease in latitude.

Qk,cThe  quasi-geostrophic  refractive  index  squared  ( )  values  at

MH,  BJ,  and  WH  in  the  period  from  2008  to  2017  in  the  altitude

range from ~20 to ~80 km were calculated by using MERRA2 data.

Our results revealed that:

(1) At MH, a mechanism that originally excited in the lower atmo-

sphere and propagated upward was not important for the gener-

ation of the Q16DW in the MLT region;

(2)  At  BJ,  the  Q16DW  in  the  troposphere  and  stratosphere  could

propagate upward into the MLT region, mostly around March and

October;

(3) At WH, the Q16DW in the MLT region had a contribution from

the  lower  atmosphere  but  mostly  from  the  mesosphere  around

March and October.
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