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Key Points:
« We present the seasonal variation in and latitudinal features of the mean horizontal wind in the mesosphere and lower thermosphere
(MLT) region observed by a meteor radar chain.
» We compare the wind in the MLT between meteor radar observations and a simulation obtained by the Whole Atmosphere
Community Climate Model.
+ A strong eastward wind in the MLT region displays a clear latitudinal change from summer to spring as the latitude decreases.
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Abstract: A meteor radar chain located along the 120°E meridian in the Northern Hemisphere from low to middle latitudes provides long-
term horizontal wind observations of the mesosphere and lower thermosphere (MLT) region. In this study, we report a seasonal variation
and its latitudinal feature in the horizontal mean wind in the MLT region observed by six meteor radar instruments located at Mohe (53.5°
N, 122.3°E), Beijing (40.3°N, 116.2°E), Mengcheng (33.4°N, 116.5°E), Wuhan (30.6°N, 114.4°E), Kunming (25.6°N, 108.3°E), and Fuke (19.5°N,
109.1°E) stations. In addition, we compare the wind in the MLT region measured by the meteor radar stations with those simulated by the
Whole Atmosphere Community Climate Model (WACCM). In general, the WACCM appears to capture well the seasonal and latitudinal
variations in the zonal wind component. In particular, the temporal evolution of the eastward zonal wind maximum shifts from July to
May as the latitude decreases. However, the simulated WACCM meridional wind exhibits differences from the meteor radar observations.
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1. Introduction

The mesosphere and lower thermosphere (MLT) are important
regions for understanding the dynamic processes occurring
between the lower atmosphere and upper atmosphere. Detailed
knowledge of the horizontal winds in the MLT region is essential
for studying the short-term dynamics and long-term climate of
the middle and upper atmosphere. Accurate and continuous
observations of the MLT regions are quite difficult. Ground-based
optical instruments, such as lidars and airglow spectrometers, can
provide high temporal resolution and accurate wind measure-
ments but are limited to clear sky and often to nighttime condi-
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tions. Ground-based radio radars, such as MF (medium frequency)
and VHF (very high frequency) radars, are used to measure the
neutral horizontal wind in the MLT, but such radars are not widely
distributed in some latitudes. Meteor radar systems have been
widely employed for investigating the MLT for decades, especially
for the neutral winds in the MLT region. Because of the advantage
that meteor radars operate continuously under all weather condi-
tions, their measurements are used all over the world to explor
the dynamics and climate of the MLT (e.g., Dowdy et al., 2001;
Hocking et al., 2004; Holdsworth et al., 2006; Reid et al., 2006; Hall
et al.,, 2006, 2012; Kumar and Hocking, 2010; Stober et al., 2012;
Lee et al., 2016; Liu LB et al., 2016, 2017; Yi W et al.,, 2016, 20193,
2021;Li GZ et al., 2018; Ma Z et al., 2018; Gong Y et al., 2020; Wang
JY etal,, 2020; Huang YY et al., 2022).

In addition to such empirical observations by radar techniques,
atmospheric models have also been used to study the mean wind.
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Model predictions have been used as the background winds for
wave propagation studies and can be refined through comparison
with empirical measurements. Horizontal Wind Model-07 (HWMOQ7)
provides an exquisite wind structure with which to study atmo-
spheric dynamics (Hedin et al, 1996; Drob et al., 2008, 2015;
Emmert et al, 2008). Another model, specific dynamics (SD)
version 4 of the Whole Atmosphere Community Climate Model
(SD-WACCM) (Lamarque et al, 2012) can also be used to study
seasonal variations and long-term changes in MLT winds. Recently,
Borchert et al. (2019) compared a first 15-year-long climatology
run with the Upper Atmosphere ICOsahedral Non-hydrostatic (UA-
ICON) with gravity wave parameterization. Stober et al. (2021)
presented a climatological comparison of WACCM-X(SD), and
other atmosphere models, with ground-based meteor radar
observations at middle and polar latitudes in the Northern and
Southern Hemisphere

In this study, we use a meteor radar chain located along the 120°E
meridian in China at different latitudes to study the seasonal vari-
ations and latitudinal differences of the MLT horizontal wind.
Descriptions of the instrument datasets and the method are
presented in Section 2. The meteor radar wind characteristics and
seasonal variations at different latitudes are presented in Section
3. Composite-year comparisons between the observations and
the WACCM simulation are shown in Section 4. A discussion of the
zonal wind phenomenon appears in Section 5. Finally, a summary
of our results is provided.

2. Instruments and Model Data

The horizontal average wind data used in this study were
collected from six meteor radars located at Mohe (53.5°N, 122.3°E),
Beijing (40.3°N, 116.2°E), Mengcheng (33.4°N, 116.5°E), and Wuhan
(30.6°N, 114.4°E), at midlatitudes, and Kunming (25.6°N, 108.3°E)
and Fuke (19.5°N, 109.1°E) at the low latitudes (e.g., Liu LB et al.,
2016, Yi W et al,, 20193, Zeng J et al.,, 2022). Table 1 and Figure 1
summarize the geographic locations and observational time peri-
ods of the six meteor radar stations used in this study. All the
meteor radars belong to the Enhanced Meteor Detection Radar
System (EMDR) series manufactured by ATRAD, similar to the
Buckland Park meteor radar system described by Holdsworth et al.
(2004). The resolution of the meteor radar wind data is 1 hour
temporal and 2 km spatial.

In this study, we also used a specific dynamics (SD) version of the
WACCM, in which winds below 50-60 km are close to NASA's
Modern-Era Retrospective analysis for Research and Applications

Table 1. Geographic coordinates and observational time periods for
the meteor radars used in this study.

Meteor radar ~ Geographic coordinates ~ Data used in this study

Mohe 53.5°N, 122.3°E 2012-09-2021-12
Beijing 40.3°N, 116.2°E 2012-09-2021-12
Mengcheng 334°N, 116.1°E 2012-09-2021-12
Wuhan 30.6°N, 114.4°E 2012-10-2021-12
Kunming 25.6°N, 108.3°E 2011-04-2021-12
Fuke 19.5°N, 109.1°E 2015-08-2021-12
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Figure 1. Locations of the six meteor radars of the meteor radar
chain.

(MERRA) (Lamarque et al., 2012). The horizontal resolution is 1.9°
latitude x 2.5° longitude. We performed model experiments using
144 vertical model levels (termed lev144), which have 62 vertical
levels from the surface to 0.42 Pa (below ~50 km), similar to
MERRA, with different vertical resolutions above 0.42 Pa — the
resolution decreases from 1.9 km down to approximately 500 m in
the MLT (Merkel et al., 2009; Viehl et al., 2016; Gu SY et al., 2020).
To verify the performance of the wind output in the WACCM
simulation, we also present a comparison of winds in the MLT
obtained by the meteor radar and the WACCM simulation. The
output of the WACCM was consistent with that of the meteor
radar, with temporal and spatial resolutions of 1 hour and 2 km
and altitudes of 80 to 100 km. The time period of the WACCM
simulation in this study was the entire year of 2017.

3. Seasonal Variations in the MLT Wind Observed by a
Meteor Radar Chain

Figures 2 and 3 present the seasonal variations of zonal and
meridional monthly mean winds observed by the six meteor
radars. Figure 2 shows that the zonal winds over Mohe, Beijing,
Mengcheng, and Wuhan at midlatitudes exhibit a pronounced
annual oscillation (AO) (Drob et al., 2008); the Kunming and Fuke
meteor radar winds, at low latitudes, mainly show semi-annual
oscillations (SAO) (Vijayan and Vijayan, 1993; Dou XK et al., 2009;
Venkateswara Rao et al,, 2012a; Li N et al., 2015). A reversal of the
mean zonal winds, from eastward to westward, occurs at about 84
to 90 km over Mohe during the summer and is also observed over
Beijing, Mengcheng, and Wuhan (Ma Z et al., 2018; Jia MJ et al.,

Zhou BZ, Yi W and Xue XH et al.: Variation of MLT winds
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Figure 2. Variations of monthly mean zonal wind at altitudes from 80 to 100 km obtained from data collected by the Mohe, Beijing, Mengcheng,
Wuhan, Kunming, and Fuke meteor radars (from top to bottom) from January 2012 to December 2021.
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2018). Figure 3 shows that the meridional winds over Mohe,
Beijing, Mengcheng, and Wuhan exhibit primarily a pronounced
annual oscillation, while the winds observed at Kunming and Fuke
exhibit semi-annual oscillations. However, unlike the zonal winds,
the mean meridional winds do not exhibit a summer eastward to
westward reversal (as shown in Figure 3).

To further examine the periodicities present in the MLT winds
data derived from the meteor radars, Lomb-Scargle (LS) peri-
odograms are calculated for the entire observational period of the
winds in each 2 km bin from 80 to 100 km. Figure 4a shows the LS
spectrum of zonal wind at midlatitudes and low latitude. Gener-
ally, the AO and SAO amplitudes of the zonal wind are larger than
those of the meridional wind. The periodograms of the winds over
the six meteor radars show an AO and an SAO. At midlatitudes,
the amplitude of the zonal wind AO is stronger than that of the
SAO. The AO amplitude clearly reaches a maximum of ~25 m/s in
Mengcheng, while the SAO reaches a maximum of ~12 m/s in
Beijing. In Mengcheng, Wuhan, and Beijing, the zonal wind AO at
84 km has an obvious low significance level. In Beijing, the AO
amplitude is much larger than that of the SAO. However, in
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Wuhan, the AO amplitude is similar to the SAO amplitude. Gener-
ally, the AO amplitude increases gradually as latitude decreases,
while the SAO amplitude rapidly increases. At midlatitudes, the
seasonal variation in the MLT wind is due predominantly to the
AO.

Zonal winds also exhibit clear seasonal periodicities, with quasi-
120-day and quasi-90-day oscillations. However, these seasonal
periodicities are not obvious in the meridional wind. These results
are comparable to those of a previous study along the 120°E
longitude in NH (Yu Y et al.,, 2015). Referring to previous studies by
Jia MJ et al. (2018), a similar result was also presented for zonal
winds; they reported that an AO is evident at midlatitudes. The
differences in structure observed among the six stations appear to
be due mainly to their different latitudes (Jia MJ et al.,, 2018; Yi W
etal., 2019a).

Figure 4b shows the LS spectrum of meridional wind at midlati-
tudes and low latitude. Both of AO and an SAO are observed
clearly at Mohe, Mengcheng, Wuhan, and Fuke, whereas data
from the Beijing station shows only an AO and from Kunming
shows only an SAO. The AO amplitude clearly reaches a maximum

100 (b) Meridional wind
Mohe | |

o

m/s

©
[e3)
ON D~ OO =

30 60 90120 182.5 365 1000

o

% Beijing

m/s

©
o
ON P~ =

30 60 90120 1825 365 1000

o

Mengcheng

O
N
|
-
ON DO O =
m/s

30 60 90120 182.5 365 1000

o

Wuhan

m/s

©
[e3)
ON PO =

30 60 90120 182.5 365 1000

o

10 Kunming ’

m/s

88 |

ON S~ OO =

30 60 90120 1825 365

100 e R |

1000

o

m/s

(o]
oo
ON B~ =

90 120 182.5 365
Period (day)

30 60 1000

Figure 4. Contours of the Lomb-Scargle spectral relative amplitudes of the zonal winds (a) and meridional wind (b) over Mohe, Beijing,
Mengcheng, Wuhan, Kunming, and Fuke stations (from top to bottom). The white areas indicate results that fell below the 95% significance level.
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of ~10 m/s in Mengcheng, whereas the SAO amplitude reaches a
maximum of ~8 m/s in Kunming. In Mohe, the AO amplitude is
much larger than the SAO amplitude. However, in Wuhan, the AO
amplitude is similar to the SAO amplitude and in Fuke, the
observed AO amplitude is lower than the SAO amplitude. Thus, as
latitude decreases, the AO amplitude increases slowly, while the
SAO amplitude increases rapidly. This result is similar to that
shown in Figure 4. The meridional wind does not exhibit clear
quasi-120-day or quasi-90-day oscillations (Yi W et al., 2019b).
Overall, the SAO is predominant at low latitudes, whereas the AO
is obvious at midlatitudes. In both zonal and meridional winds,
the AO amplitude increases slowly from Mohe to Mengcheng, as
latitude decreases, while the SAO amplitude rapidly increases as
latitude decreases.

Figure 5 shows the harmonic fitting results of zonal winds
observed by the meteor radar chain (shown in Figure 4). From
Figure 5a, it is clear that the AO in the zonal wind displays an
amplitude maximum of ~20 m/s in Mengcheng. All sites have a
similar trend in the AO amplitude: the AO amplitude decreases at
altitudes from 100 to 94 km and from 86 to 80 km, whereas it
increases at altitudes from 94 to 86 km. In Figure 5b, the SAO
amplitude is much weaker than the AO amplitude. The SAO in the
zonal wind displays an amplitude maximum of ~10 m/s in Beijing.
The SAO amplitude shows a similar trend: the SAO amplitude
increases from 100 to 96 km and from 84 to 80 km, and it

Earth and Planetary Physics  doi: 10.26464/epp2022040 455

decreases from 96 to 84 km. Figures 5c and 5d show the phases of
the AO and SAO. In Figure 5c, the AO in the zonal wind phase
shows a similar trend at altitudes from 100 to 90 km at all sites
except Kunming. In Figure 5d, the SAO in the zonal wind phase
shows a similar trend at altitudes from 90 to 80 km at all sites. The
phases of the AO shown in Figure 5c at middle latitudes and the
phases of the SAO shown in Figure 5d at low latitudes are consis-
tent with the times the eastward and westward wind maxima
occurred (as shown in Figure 2).

Figure 6 presents the harmonic fitting results of the meridional
wind observed by the meteor radar chain. As shown in Figure 6a,
the AO in the meridional wind exhibits an amplitude maximum
of ~8 m/s in Mengcheng, which is similar to the result shown in
Figure 5a. Mengcheng, Wuhan, and Beijing show the same trend:
the AO amplitude decreases at altitudes from 100 to 94 km and
from 86 to 80 km, whereas it increases at altitudes from 94 to
86 km. However, in Kunming and Fuke, the trend is opposite the
variation at the middle latitude stations. As shown in Figure 6b,
the SAO amplitude displays a maximum of ~7.5 m/s in Kunming.
Similar to Figure 6b, the SAO shows the same trend at all sites: the
SAQ amplitude decreases at altitudes from 100 to 94 km and from
86 to 80 km, whereas it increases at altitudes from 94 to 86 km.
Figures 6¢ and 6d show the phases of the AO and SAO. The AO in
the meridional wind phase has a similar trend as that shown in
Figures 5¢ and 5d. The phases of the AO shown in Figure 6c¢ at
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Figure 5. Harmonic fitting results for the zonal winds observed by the meteor radar chain. Amplitude (a, b) and phase (c, d) of the AO and SAO

observed by all six meteor radars.
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Figure 6. Same as Figure 5, but for meridional winds.

middle latitudes and the phases of the SAO shown in Figure 6d at
low latitudes are consistent with the times the northward and
southward wind maxima occurred (see Figure 3).

In general, the seasonal variations in wind in the MLT region are
mainly associated with the AO at middle latitudes and with the
SAO at low latitudes. Ma Z et al. (2018) reported a similar pattern
of zonal and meridional AO wind trends in their study, and that
the meridional wind SAO amplitude reached its maximum at low
latitudes, which in their study was observed in data collected at
Sanya (19.5°N, 105.1°E) and in this paper, at Kunming.

4. A Comparison of Wind in the MLT Obtained from the
Meteor Radar Chain and the WACCM Model
Figure 7 compares the monthly mean zonal winds observed by
the meteor radar array with the corresponding model results from
the WACCM. The mean zonal winds observed at the six radar
stations show very similar patterns. The AO can be observed
between 80 and 86 km, with eastward zonal winds in autumn and
winter (August to February) and westward zonal winds in summer
(March to July). The AO can also be observed between 96 and
100 km, with eastward zonal winds in summer and westward
zonal winds in autumn and winter. An SAO is observed between
86 and 96 km, with eastward zonal winds in winter and summer
and westward zonal winds at around the Vernal equinox and the
Autumn equinox. During summer, eastward zonal winds reach a

peak value of 40-50 m/s at ~86 to ~90 km, decrease to zero at
86 km, and then turn westward. The reversal of the mean zonal
winds from eastward to westward occurs at 90 km over Mohe and
is also observed over the different latitudes of Beijing, Mengcheng,
and Wuhan, which is similar to the simulation results of the
WACCM, which, however, reveal only an AO over Mohe. The Mohe
eastward zonal wind reaches its peak value in June and July, while
the Kunming eastward zonal wind is at its maximum in May and
June. As the latitude decreases, the time reversal of the zonal
wind from eastward to westward also makes a transition from July
to May (Jia MJ et al., 2018; Ma Z et al., 2018).

Figure 8 presents the monthly mean meridional wind observed by
the meteor radar chain and a comparison with the wind in the
WACCM. As shown in Figure 8, the mean meridional wind also
shows a similar structure over the six meteor radar stations. With
the meteor radar, the southward meridional wind peak value of
~18 m/s gradually decreases from middle latitudes to low lati-
tudes. The AO can be observed only at the middle latitudes, with
northward meridional winds in autumn and winter and southward
meridional winds in summer. The SAO can be observed at low lati-
tudes, with the northward meridional winds in spring and autumn
and the southward meridional winds in summer and winter.
However, the WACCM shows a different result in that the AO can
be observed at middle latitudes, but with the northward meri-
dional winds in autumn and the southward meridional winds in
spring, summer, and winter. In addition, as shown in Figure 4, the

Zhou BZ, Yi W and Xue XH et al.: Variation of MLT winds
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Figure 7. Comparison of monthly mean zonal wind in a composite-year obtained by meteor radar (left column) and WACCM model (right
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wind is mainly associated with the AO at middle latitudes and
with the SAO at low latitudes. Stober et al. (2021) reported that
seasonal variations in wind in the MLT observed by meteor radar
have a similar structure as the WACCM.

Figure 9 compares meteor radar observations with corresponding
WACCM computed winds at different altitudes. It can be seen that
the WACCM zonal winds modeled for the locations of the six
meteor radars exhibit trends similar to those observed by the
meteor radars. The average discrepancy between modeled and
meteor radar measured zonal winds is larger at 100 km and 80 km
and smaller at 90 km. In comparison to zonal winds, greater differ-
ences are seen between radar measured and WACCM modeled
meridional mean winds. We suggest that the WACCM can be used
to study zonal winds in terms of altitude distribution but may not
be suitable for studying meridional winds.

Figure 10 shows the meteor radar and WACCM zonal and merid-
ional winds at 90 km in different months. Similar to the results
shown in Figure 9, the zonal winds observed by meteor radar are
in best agreement at midlatitudes with those produced by the
WACCM. Moreover, the meteor radar observed meridional wind is
more similar to the WACCM wind than in Figure 9. The meteor
radar eastward zonal wind reaches its maximum in June and July;
the westward wind reaches its maximum in May and November.
The meteor radar meridional southward wind displays a maximum
in February and December and the northward wind displays a

Zhou BZ, Yi W and Xue XH et al.:

maximum in September, consistent with Figures 7 and 8. The
meteor radar winds are more consistent with the WACCM winds
at mid-latitudes than at lower latitudes. The time of the meteor
radar eastward zonal wind maximum also shifts from July to May
as the latitude decreases, consistent with the results shown in
Figure 7. Meanwhile, the WACCM closely reflect the characteristics
of the wind observed by meteor radar in terms of the time distri-
bution of the meridional wind. This result differs from the meteor
radar winds shown in Figure 9 because the amplitude of the
northward meridional wind modeled by the WACCM is too large
(shown in Figure 10, right column), resulting in reversal from
southward to northward of the mean meridional wind. However,
the meteor radar meridional wind and the WACCM meridional
wind are similar in terms of time distribution. Therefore, the
WACCM can be used to study the distribution of wind with time
regardless of amplitude (Stober et al., 2021).

5. Discussion

The mean wind in the MLT is substantially controlled by tides and
gravity waves (GWs), carrying energy and momentum from their
source regions to the altitude of their dissipation. In the analysis
above, we compared the winds observed by meteor radar over a
region of China with the simulation results of the WACCM.
According to our comparisons, the inconsistency between the
meteor radar and the WACCM means the meridional winds are

Variation of MLT winds
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Figure 9. Vertical comparisons of the zonal (top panel) and meridional (bottom panel) mean winds at altitudes from 80 to 100 km between

meteor radars and the WACCM over Mohe, Beijing, Mengcheng, Wuhan, Kunming, and Fuke (from left to right). The error bars indicate the
standard deviations.
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Figure 10. Temporal comparisons of the zonal (left) and meridional (right) mean winds at 90 km between meteor radars and the WACCM over
Mohe, Beijing, Mengcheng, Wuhan, Kunming, and Fuke (from top to bottom). The error bars indicate the monthly standard deviations.

notably more different than that of the zonal winds, as shown in
Figure 9.Therefore, we estimate the tidal component using both
the meteor radar measurements and the WACCM wind simula-
tions. The tidal parameters were estimated from the hourly data
by considering a 3-day window that was shifted progressively by a
day. To obtain daily amplitudes a least square cosine fit is used
within the data window containing at least 48 data points
(Guharay et al., 2021).

Figure 11 compares diurnal and semidiurnal tides obtained from
meteor radar zonal wind observations and WACCM-modeled
zonal winds. As shown in the left columns, the amplitudes of
zonal wind diurnal tides observed by meteor radar reach their
peak values of ~25 to 40 m/s in February and October. Those
simulated with the WACCM reach their peak values of ~20 to
40 m/s in February and November and have similar seasonal varia-
tions as the diurnal tides observed by meteor radar. In the right
columns, both the observations and the simulation show
enhanced semidiurnal tides during the summer season, but radar-
observed enhanced semidiurnal tide activity covered almost all
the observed height.

Figure 12 shows diurnal and semidiurnal tides obtained by
meteor radar observations and the WACCM simulation of merid-
ional winds, respectively. As shown in the left columns, the ampli-
tudes of diurnal tides in meridional winds observed by meteor

radar reach their peak values of ~18 to 40 m/s in February, May,
and October. The amplitudes of diurnal tides in the WACCM simu-
lation of meridional wind reach their peak values of ~16 to 35 m/s
in February, May, and November and have similar seasonal varia-
tions as the diurnal tides observed by meteor radar. As shown in
the right columns, the amplitudes of semidiurnal tides in merid-
ional winds observed by meteor radar reach their peak values of
~25to 30 m/s in May and July. However, the amplitudes of semid-
iurnal tides in meridional winds from the WACCM simulation
reach their peak values of ~25 to 35 m/s in January, June, and
October, which is different from the semidiurnal tides by meteor
radar. The WACCM simulation and meteor radar observations
have significantly different seasonal variations in the semidiurnal
tides of meridional winds. This may be one reason for the incon-
sistency between the mean meridional winds from meteor radar
and the WACCM.

Different models have their special parameterizations, and they
have differences in their vertical structures. Thus, they have differ-
ent structures for wind in the MLT observed by meteor radar.
Moreover, they have many structures that are similar to those of
wind observed by meteor radar. In this study, we mainly show
(see Figure 7) that the reversal of the zonal wind observed by the
Mohe meteor radar occurred at a latitude of approximately 90 km.
With decreasing latitude, the height at which the zonal wind
reversal occurs decreases. For the zonal wind, the time of the east-
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Figure 11. Diurnal tidal amplitudes obtained from zonal (U) wind measurements by the six meteor radar stations (first column on the left) and
the WACCM (second column on the left). Semidiurnal tidal amplitudes obtained from zonal wind measurements by the six meteor radar stations
(first column on the right) and the WACCM (second column on the right). The vertical dashed lines indicate the spring and autumn equinoxes.

ward wind maximum observed by meteor radar changes at differ-
ent latitudes and slowly shifts from July to May, consistent with
the results of the WACCM. In the MLT region, gravity waves not
only affect the wind, but they also change the characteristics of
latitudinal variation of the mesopause (Fritts, 1984; Fritts and
Alexander, 2003; Jia MJ et al., 2018). Ma Z et al. (2018) reported
that the wind change is mainly influenced by gravity wave forcing.
Yi W et al. (2019a) reported a similar latitudinal phenomenon for
the relative density of the mesopause, namely that it may be influ-
enced by gravity wave forcing. Furthermore, many studies have
shown that gravity waves are very important in the MLT (Becker
and Vadas, 2018; Jia MJ et al., 2018; Sato et al.,, 2018). Generally,
the westward gravity wave will be filtered by the westward wind
in the process of upward propagation of the lower atmosphere,
and the filtering effect is greater with the enhancement of the
westward wind. After the filtering, a large number of eastward
gravity waves will break up when they reach a certain altitude,
and at the same time, they will drag the background wind field
eastward. This process contributed to the wind results shown in
Figure 7 (Li et al., 2012; Venkateswara Rao et al., 2012b; Day and
Mitchell, 2013). It is difficult to understand how gravity waves
influence zonal wind in the MLT by studying only the MLT region
because meteor radar cannot provide wind measurements below

70 km.

In this study, we have shown that the winds observed by meteor
radar are essentially consistent with the results of the WACCM
simulation. Figure 13 shows the zonal wind in the lower atmo-
sphere at an altitude range of 50-80 km from the simulation
results of the WACCM. Figure 13 shows the zonal wind from the
WACCM simulation. We can clearly see that as the latitude
decreases, the maximum of the westward zonal wind at ~50 m/s
obviously increases to ~60 m/s and that this happens in June. As
mentioned, the westward zonal wind in the range of 50-80 km at
six sites decreases with a decrease in latitude. Therefore, the
breaking altitude of the eastward gravity wave also decreases. The
changing altitude of the winds decreases, as shown in Figure 7.
Moreover, because the breaking height of the gravity wave is
reduced, the eastward zonal wind can accumulate earlier. The
maximum of the eastward wind in the MLT region is generated in
advance. Therefore, the time of the eastward zonal wind maximum
(shown in Figure 7) is advanced as the latitude decreases. In fact,
the physical mechanism cannot be comprehensively proven at
the moment and thus remains an open question. Future observa-
tions and models are needed to describe and explain these
phenomena more completely.
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Figure 12. Same as Figure 11, but for meridional (V) winds.

6. Summary

Horizontal wind in the MLT region observed by a meteor radar
chain was used to study the seasonal variations at different lati-
tudes. The wind observations in the MLT region were carried
out by six meteor radars, namely the Mohe (53.5°N, 122.3°E),
Beijing (40.3°N, 116.2°E), Mengcheng (33.4°N, 116.5°E), and Wuhan
(30.6°N, 114.4°E) meteor radar stations located at middle latitudes
and the Kunming (25.6°N, 108.3°E) and Fuke (19.5°N, 109.1°E)
meteor radar stations located at low latitudes. The wind observed
by the six meteor radar stations presents obvious seasonal varia-
tions, based on comparisons with wind from the WACCM simula-
tion. The main results can be summarized as follows:

(1) Horizontal wind in MLT region has obvious seasonal variations
and latitudinal features. The SAO predominates at low latitudes,
whereas the AO is obvious at middle latitudes. In both the zonal
and meridional winds, the AO amplitude increases slowly from
Mohe to Mengcheng as the latitude decreases, whereas the SAO
amplitude increases rapidly as the latitude decreases. The reversal
of the zonal wind from eastward to westward occurs at an altitude
of approximately 90 km. As the latitude decreases, the altitude of
the zonal wind reversal decreases. The time of the eastward zonal
wind maximum observed by meteor radar occurs at different lati-
tudes and slowly shifts from July to May, consistent with the
results of the WACCM simulation.

(2) The WACCM appears to capture the seasonal and latitudinal
variations in the zonal wind component well, especially the
temporal evolution of the eastward zonal wind maximum, which
shifts from July to May as the latitude decreases. However, the
meridional wind differs between the WACCM simulation and the
meteor radar observation results.

In this study, our results suggest that the reversal of the zonal
wind from eastward to westward during summer may be associ-
ated with the eastward gravity wave breaking by comparison with
the WACCM. Despite the differences between the meteor radar
observations and model simulations, the simulated wind in the
MLT region is still similar to the wind from the meteor radar obser-
vations. The present work provides a wide range of aerospace
applications and has the potential to improve widely used empiri-
cal models.
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