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Key Points:

¢ In this study, we present more than 9 years of observations of mesopause temperatures and densities.
e Mesopause density (temperature) exhibits a seasonal structure similar to that of the zonal (meridional) wind.
e Meteor radar provides multiple mesospheric parameters for investigating mesospheric dynamics and thermodynamic processes.
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Abstract: The atmospheric temperatures and densities in the mesosphere and lower thermosphere (MLT) region are essential for
studying the dynamics and climate of the middle and upper atmosphere. In this study, we present more than 9 years of mesopause
temperatures and relative densities estimated by using ambipolar diffusion coefficient measurements observed by the Mengcheng

meteor radar (33.4°N, 116.5°E). The intercomparison between the meteor radar and Thermosphere lonosphere Mesosphere Energetics
and Dynamics/Sounding of the Atmosphere by Broadband Emission Radiometry (TIMED/SABER) and Earth Observing System (EOS) Aura/
Microwave Limb Sounder (MLS) observations indicates that the meteor radar temperatures and densities agree well with the
simultaneous satellite measurements. Annual variations dominate the mesopause temperatures, with the maximum during winter and
the minimum during summer. The mesopause relative densities also show annual variations, with strong maxima near the spring
equinox and weak maxima before the winter solstice, and with a minimum during summer. In addition, the mesopause density exhibits a
structure similar to that of the zonal wind: as the zonal wind flows eastward (westward), the mesopause density decreases (increases). At
the same time, the meridional wind shows a structure similar to that of the mesopause temperature: as the meridional wind shows
northward (southward) enhancements, the mesopause temperature increases (decreases). Simultaneous horizontal wind, temperature,

and density observations provide multiple mesospheric parameters for investigating mesospheric dynamics and thermodynamic
processes and have the potential to improve widely used empirical atmospheric models.
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1. Introduction

The mesopause in summer is the coldest region of the Earth
because gravity wave-driven mean meridional circulation results
in upwelling and adiabatic cooling in the summer polar
mesopause region (see, e.g., Fritts and Alexander, 2003). Accurate
observations of mesopause temperature are essential for studying
the short-term dynamics and long-term climate of the middle and
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upper atmosphere. However, the specific environment of the
mesosphere makes obtaining continuous measurements of the
mesopause temperature quite difficult. Ground-based radio
radars, such as medium frequency and very high frequency radars,
are widely used to measure the neutral horizontal wind in the
mesosphere, but they are not capable of measuring neutral atmo-
spheric temperatures and densities. Ground-based optical instru-
ments, such as lidar and airglow spectrometers, can provide high
temporal resolution and accurate temperature measurements but
are limited to clear sky and often to nighttime conditions. Sounding
rockets can provide good in situ soundings of neutral mesospheric
temperatures, but the high cost and complicated logistics of
launching rockets generally make them impractical for routine
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observations.

For decades, meteor radars have been widely used for investigating
the mesosphere and lower thermosphere (MLT) region, especially
for investigating the neutral wind of the MLT region. Because of
the advantages of continuous meteor radar measurements,
meteor radar observations are widely used in detecting the
dynamics and climate of the MLT region (Hall et al., 2012; Stober
et al., 2012, 2014; Holmen et al., 2016; Batubara et al., 2018; Yi W
et al,, 2019a). In addition to wind monitoring, meteor radars can
be used to derive the neutral atmospheric temperature (Hocking
et al., 1997; Hocking, 1999; Hall et al., 2006; Holdsworth et al.,
2006; Yi W et al., 2014, 2016; Holmen et al., 2016; Lee et al., 2016;
Liu LB et al.,, 2017b; Kam et al., 2019), pressure (Nielsen et al., 2001;
Kumar, 2007), and density (Takahashi et al., 2002; Younger et al.,
2015; Reid et al., 2017; Yi W et al,, 2017, 2018, 2019b).

In this study, we use the ambipolar diffusion coefficients derived
from the University of Science and Technology of China’s
Mengcheng meteor radar (33.4°N, 116.5°E) to examine the
mesopause temperature and relative density and to investigate
the climatology of the mesopause temperature and relative
density. In addition, we present an intercomparison between the
meteor radar and observations by the Thermosphere lonosphere
Mesosphere Energetics and Dynamics/Sounding of the Atmo-
sphere by Broadband Emission Radiometry (TIMED/SABER) and
Earth Observing System (EOS) Aura/Microwave Limb Sounder
(MLS). This article is organized as follows. In Section 2, we introduce
the experimental instruments and their datasets. Then, in Sections
3 and 4, we present the mesopause temperatures and relative
densities at midlatitudes derived by the Mengcheng meteor radar.
Finally, we summarize our results.

2. Data and Methods
The Mengcheng all-sky interferometric meteor radar (MCMR)
was installed at the midlatitude station in Mengcheng (33.36°N,

lonized meteor trail

Meteor region
~70-110 km

116.49°E), Anhui Province, and has been operated by the University
of Science and Technology of China since April 2014. The MCMR
belongs to the ATRAD Enhanced Meteor Detection Radar (EMDR)
series and is essentially the same as that described by Holdsworth
etal. (2004). As shown in Figure 1 and Table 1, the MCMR transmits
a coherent-pulse radio signal at a frequency of 38.9 MHz corre-
sponding to a wavelength (A) of 7.71 m and a peak power of
20 kW. The MCMR uses a 4-bit code and a pulse repetition
frequency of 430 Hz with four sample integrations.

Figure 2a shows the daily number of meteors observed by the
MCMR. The MCMR typically detects approximately 6000-20,000
underdense meteor echoes per day, which is enough to estimate
the daily temperature and density. The number of meteors per
hour observed by the MCMR is approximately 200-1600, which is
enough to provide a horizontal wind field at an altitude of 76 to
100 km. The seasonal variations in the meteor count rates
observed by the MCMR (at midlatitudes in the Northern Hemi-
sphere) show a clear annual variation, with a maximum in
September-October and a minimum in February. Measurements
obtained by the MCMR from April 2014 to June 2022 are used in
this study. Although some data gaps exist because of site mainte-
nance, the MCMR data still have good continuity for investigating
the atmospheric dynamics and climatology in the MLT region at
midlatitudes. Figures 2b and 2c show the peak height and width
of the detection distribution of meteor echoes observed by the
MCMR.

In Figure 2b, the peak height observed by the MCMR shows
annual variation, with a maximum value of approximately 92 km
in winter and a minimum value of approximately 88.5 km in
summer. The width of the meteor distribution fluctuates from 4.5
km in summer to 6.5 km in winter. The peak height of the meteor
distribution can be used to indicate variations in mesospheric
density, but it is also significantly affected by seasonal variations

Figure 1. Schematic diagram of the geometry of the Mengcheng meteor radar. The bottom right inset shows the receiving array consisting of an
arrangement of five two-element Yagi antennas. The upper right inset shows a picture of the Mengcheng meteor radar receiving antenna array.
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Table 1. Main operating parameters of the Mengcheng meteor
radar.

Frequency 38.9 MHz
Peak power for transmitter 24 kW
Pulse repetition frequency 430 Hz
Transmission mode Circular
Coherent integrations 4
Range resolution 1.8 km
Pulse type Gaussian
Pulse width 7.2 km

in meteor velocity (e.g., Yi W et al,, 2017, 2018). The peak height at
Davis Station (68.6°S) in the Antarctic mainly shows annual
variation, reaching its maximum in summer (January) and mini-
mum in winter (July). Similarly, the meteor radars located at the
Arctic stations of Svalbard (78.3°N) and Tromsg (69.6°N) display
peak heights that primarily follow an annual variation with an
additional semiannual variation. The maximum peak height
occurs in autumn (October), whereas the minimum height is
observed in spring (February). The peak altitude at Mohe, China
(53.5°N), at higher northern midlatitudes, indicates a semiannual
oscillation and a relatively weak annual oscillation. At northern
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midlatitudes, the peak height in Beijing, China (40.3°N), mainly
exhibits annual variations, with the maximum peak height
recorded in autumn (October-November) and the minimum
during summer (July; e.g., Liu LB et al., 2017a; Yi W et al., 2021).

2.1 TIMED/SABER and EOS Aura/MLS

The SABER instrument is carried onboard the TIMED satellite,
which was launched in December 2001. The SABER measures CO,
infrared limb radiance from the tropopause to the lower thermo-
sphere, and kinetic temperature profiles are retrieved over these
altitudes by using a full non-local thermodynamic equilibrium
(LTE) inversion (Xu JY et al., 2006; Remsberg et al., 2008).

The MLS instrument is onboard the EOS Aura spacecraft, which
was launched in 2004. The MLS observes atmospheric thermal
microwave emissions in five spectral regions from 115 GHz to
2.5 THz. Temperatures are retrieved from bands near the O, spec-
tral lines at 118 and 239 GHz detected by the MLS radiometers
(Schwartz et al., 2008).

The temperature and density obtained from the SABER profiles
(version 2.0) and the temperature and geopotential height
obtained from the MLS profiles (version 4.2) were selected from a
5° x 20° grid in latitude and longitude centered on the
Mengcheng meteor radar location, and the daily mean satellite

x10* x10*
2.5 —
(b)
5 5 2.0
je) fe)
= E1s
c c
1<} <}
Q (5
ko @
= =
0 n n n n n n n n n n n
2014 2015 2016 2017 2018 2019 2020 2021 2022 Jan Apr Jul Oct Jan
Year Month
94
— _ (d)
€ € :
3 53
k= =
k= >
[ [}
e ey
X X
© ©
[ [
a : : : : H a
88-....I....i....I....i....I....i....l....i....l....i....l....i....l....i....l....i....l....- 88
2014 2015 2016 2017 2018 2019 2020 2021 2022 Jan Apr Jul Oct Jan
Year Month
€
=3
=
=
=

2014

2015 2016 2017 2018

Year

2019 2020

2021 2022 Jan Apr Jul Oct Jan

Figure 2. (a) Meteor count rate, (b) peak height, and (c) width of the meteor detection distribution from 2014 to 2022 observed by the
Mengcheng meteor radar. Scatterplot of the composite (d) meteor count rate, (e) peak height, and (f) width of the meteor detection distribution
as a function of the day of the year. The red dotted lines represent the 30-day running mean values.
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temperatures and densities were averaged from these satellite
measurements.

3. Mesopause Temperature Estimation Using the
Mengcheng Meteor Radar
The ambipolar diffusion coefficient, D,, of the plasma in an under-
dense meteor trail can be derived from the meteor radar echo
decay time from the relation (e.g., Chilson et al., 1996; Hocking
etal., 1997)
AZ
a = @/

m

where A is the wavelength of the meteor radar and 7 is the time
taken for the echo power to decay by a factor of e=2 of the initial
maximum value. Measurements of ambipolar diffusion coefficients
(D,) observed by meteor radar can be used to estimate atmo-
spheric temperature and pressure according to the relationship
D, o< TZ/P (Hocking et al., 1997; Cervera and Reid, 2000). In this
study, we estimate the mesopause neutral temperature by using
the ambipolar diffusion gradient method from meteor radar as
follows. An expression for temperature is given by Hocking (1999),
and a more detailed description of this technique can be found in
YiW et al. (2016):

T= 5(23—; + %)logme, @
where T is the temperature at peak height (as shown in Figure 2b),
S is the slope of log,,D, as a function of height, and D, is the
ambipolar diffusion coefficient. The expression dT/dz is the vertical
temperature gradient, which we model by averaging the Aura
MLS temperature measurements. Variable m is the mass of a typical
atmospheric particle, g is the gravitational acceleration at the
meteor peak height (g = 9.49 m/s? at 90 km altitude), and k is the
Boltzmann constant (Hocking, 1999). The approach to the estima-
tion of slope S has been described in detail by Yi W et al. (2016,
2021, and references therein); therefore, we present only the
results here.

Figure 3 shows the results of the northern midlatitude mesopause
temperature estimated by using the MCMR measurements. In
Figure 3a, the temperature gradient (d7/dz) models used in this
study are based on the Aura/MLS temperature gradient averaged
from an altitude of 80 km (at a pressure level of 0.01 hPa) to an
altitude of 88 km (at a pressure level of 0.0022 hPa) over the
MCMR. The temperature gradient model is estimated by applying
a harmonic fit of the annual, semiannual, terannual, and quarterly
components. The estimated gradient models over the MCMR at
northern midlatitudes mainly show annual and semiannual varia-
tions, with a maximum in autumn and spring and a minimum in
summer. As shown above, we calculated the slope S and formed a
temperature gradient model. However, in general, the tempera-
tures derived from meteor radar using the ambipolar diffusion
gradient method show larger fluctuations than do the actual
temperatures (Holdsworth et al., 2006; Yi W et al., 2016).

As shown in Figure 3b, we illustrate the calibration of the MCMR
temperatures by using the simultaneous MLS temperatures.
Figure 3b shows a scatterplot of 2682 simultaneous daily temper-

atures obtained from the MCMR and MLS, with a correlation coef-
ficient of 0.78. The strong correlation between the MCMR and MLS
temperatures indicates that the two independent measurements
can accurately estimate the mesopause temperatures. However,
to account for the different ranges in the temperature estimates,
we use the MLS temperature to calibrate the meteor radar
temperature. The red line shows the linear fitting between the
MCMR and MLS temperatures. The fitted relationship is

Tmes = 0.39 Tyemr + 1091,

in units of kelvin (K). Figure 3c shows the differences in daily
temperatures between the MCMR and the MLS and SABER
measurements. This representation is similar to the analysis by Yi
W et al. (2021). The mean differences between the MCMR and MLS
temperatures are less than =1 K. The lower biases of the MCMR
temperature with respect to the SABER data become greater at
—7.8 K. In the mesopause region, the SABER temperatures show a
warm bias with respect to the MLS temperatures throughout
most latitudes, with an approximately +5 K bias in the southern
polar region and an approximately +10 K bias in low latitudes
(Hoppel et al., 2008; Schwartz et al., 2008; Nguyen and Palo, 2013).
A bias of approximately +7 K exists between the daily SABER and
MLS temperature measurements over MCMR at midlatitudes,
which can explain the lower biases of the MCMR temperatures
with respect to the SABER data.

Figure 3d shows a comparison of the calibrated MCMR tempera-
tures between the SABER and MLS temperatures. The calibrated
MCMR temperatures show reasonable agreement with the SABER,
with a correlation coefficient of 0.59 lower than the correlation
coefficient of 0.78 between the MLS and MCMR temperatures. It
should be noted that the correlation coefficient between the daily
mean MLS and SABER temperatures is 0.61, which also explains
the lower correlation between the MCMR and SABER tempera-
tures. Figure 3e shows the monthly mean temperatures derived
from the MCMR, SABER, and MLS measurements, and the mass
spectrometer incoherent scatter (MSIS) model (NRLMSISE-00;
Picone et al,, 2002) over the MCMR. The MCMR, SABER, and MLS
temperatures show the dominant annual variations, with a maxi-
mum during winter and a minimum during summer. The MSIS
temperatures generally exhibit annual and weak semiannual vari-
ations, with a clear minimum during summer but a maximum
(temperature warming) during autumn (October) and spring
(April).

To better understand the seasonal variations in the mesopause
temperatures at midlatitudes, in Figure 4 we show the results of
harmonic fits for the MCMR temperatures. The MCMR temperatures
mainly show annual variations. The largest of the annual variations
has an amplitude of 8.3 K. It is interesting to note that the scatter-
plots of the composite temperatures show some intraseasonal
variations at periods of 75 and 60 days and with amplitudes of 2.1
and 2.6 K. Tang YH et al. (2023) analyzed the intraseasonal oscilla-
tions (ISOs, 30-100 days) in the MLT region by using the horizontal
wind observed by the MCMR and found a clear seasonal variation
in I1SOs in the horizontal wind at 80 km, which was strongest
during the winter and weakest during the summer. Yi W et al.
(2019a) reported evidence for oscillations near 90 days in meso-
spheric temperatures and winds observed by the Kunming
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Figure 3. (a) The temperature gradient was calculated by averaging the Aura MLS temperatures from an altitude of 80 km (at a pressure level of
0.01 hPa) to an altitude of 88 km (at a pressure level of 0.0022 hPa) from 2014 to 2022 over the MCMR. The red solid line indicates the harmonic fit
of the annual, semiannual, terannual, and quarterly components to create a temperature gradient model. (b) The linear fit of the MCMR and MLS

temperatures, whose correlation coefficient is 0.78. The linear fitted expression for the relationship is Ty s = 0.39Tycmg + 109.1, in units of kelvin.
(c) Histograms and Gaussian fits of temperature differences between the MCMR and MLS at a pressure level of 0.0022 hPa and SABER
temperatures at 90 km. The means and standard deviations are shown for each fitted Gaussian distribution. (d) The calibrated daily mean MCMR
temperatures are compared with the daily SABER and MLS temperatures. The correlation coefficients between the daily mean MCMR
temperatures and the MLS and SABER temperatures are 0.78 and 0.59, respectively. (€) The monthly mean MCMR temperatures are compared
with the monthly mean SABER, MLS, and MSIS (NRLMSISE-00) model temperatures.

meteor radar at lower latitudes (25.6°N); these variations mainly
appeared in the winter and spring. Gong Y et al. (2022) analyzed
the MLT horizontal winds observed by the Mohe meteor radar at
higher midlatitudes (53.5°N) and reported that prominent 1SOs
with a period of 40-60 days appeared in the winter season and
were likely associated with the equatorial Madden-Julian Oscilla-
tions in the troposphere. It is clear that ISOs in mesopause
temperature observed by the MCMR mainly appear in the winter
and spring, and these periodicity variations may be similar to the
Madden-Julian Oscillations from the lower atmosphere (Ecker-
mann and Vincent, 1994).

4. Mesopause Relative Density Estimation Using the
Mengcheng Meteor Radar
The ambipolar diffusion coefficient D, describes the rate at which

plasma diffuses in a neutral background; it is a function of atmo-
spheric temperature (T) and atmospheric pressure (P) or atmo-
spheric density (p) (Hocking et al., 1997; Cervera and Reid, 2000),
as given by

T
=223x%10 4K05, 3)

D, = 6.39 x 10‘%2
where Kj is the ion zero-field mobility factor. Following Chilson
etal. (1996), Hocking et al. (1997), and Cervera and Reid (2000), we
assumed Ko to be 2.5 x 10™*m™s"'V™'. Given the relation in Equa-
tion (3), measurements of ambipolar diffusion can be used to
retrieve the neutral mesospheric temperature by using the
supplied value of pressure (Nielsen et al., 2001; Hall et al., 2012;
Holmen et al., 2016) or to retrieve the pressure or density by using
a predetermined temperature (Hocking et al., 1997; Takahashi
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Mengcheng meteor radar temperature
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time period.

etal., 2002).

Figure 5 shows the monthly mean mesospheric densities at north-
ern midlatitudes derived from the MCMR. The MCMR monthly
mean densities from April 2014 to December 2022 at lower
midlatitudes in Figure 5a clearly show annual variations, with a
clear minimum during summer and a maximum during spring.
Figure 5b shows the amplitudes of the annual and semiannual

variations. It is clear that the annual variations are much stronger
than the semiannual variations. The amplitudes of the annual and
semiannual variations reach 10% and 5% at 91 km and 85 km,
respectively. The phases of the annual variation roughly show a
decreasing trend as latitudes decrease and a downward progres-
sion as altitudes increase.

To better appreciate the seasonal variations in the mesopause

Yi W and Xue XH et al.: Climatology of MLT temperature and density
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Figure 6. Contours of the composite monthly mean values of the mesopause relative densities obtained from the (a) Mengcheng meteor radar
and (b) Aura/MLS in the composite year. The color bars indicate the percentage variation in mesopause density relative to the mean density from
the total observational time period. The vertical black dashed lines depict the spring and autumn equinoxes and summer and winter solstices.

relative density, we show a composite analysis for the MCMR
density in Figure 6a. The mesopause relative densities at midlati-
tudes show strong maxima near the spring equinox, weak
maxima before the winter solstices, and minima in summer. As
shown in Figure 6b, for comparison, we calculate the relative
densities using the Aura/MLS measurements, and we use the
calculation of the MLS temperature and geopotential height
measurements in Younger et al. (2014). In general, the results of
the comparison show that the MCMR densities have seasonal vari-
ations similar to those with the MLS measurements above 90 km.
However, the MCMR densities show inconsistencies between the
MLS densities below 90 km. These inconsistencies may be caused
by the neutralization of meteoric plasma in addition to ambipolar
diffusion (Lee et al., 2013; Younger et al,, 2014).

In addition, in Figure 7, we show the composite seasonal variation
in zonal and meridional winds from 2014 to 2022 observed by the
MCMR (e.g., Yi W et al., 2023) compared with the mesopause rela-
tive densities obtained from MLS measurements and temperatures
observed by SABER. It is interesting to note that the mesopause
density (as shown in Figure 7¢) exhibits a structure similar to that
of the mesopause zonal wind (as shown in Figure 7a): as the zonal

wind flows eastward, the mesopause density decreases, and vice
versa. Yi W et al. (2019b) reported that the maxima of the yearly
variations in the mesopause relative densities display a clear lati-
tudinal variation across the spring equinox as the latitude
decreases. Zhou BZ et al. (2022) also reported that the time of the
maximum eastward zonal wind flows observed by meteor radars
at different latitudes slowly shifts from summer to spring. These
similar latitudinal variation characteristics between mesospheric
density and zonal wind may be related to latitudinal changes
influenced by gravity wave forcing. Zhou BZ et al. (2023) reported
the simultaneous response of neutral density and horizontal wind
observed by high- and midlatitude meteor radars to stratospheric
sudden warmings (SSWs). Their results indicated that at high
(middle) latitudes, the neutral density increased (decreased) at the
beginning of SSW events and decreased (increased) after the
zonal mean stratospheric temperature reached the maximum. At
the same time, the zonal wind at high (middle) latitudes showed a
westward (eastward) enhancement at the beginning of SSWs and
then an eastward (westward) enhancement after the stratospheric
temperature reached a maximum. These results show that an
obvious relationship exists between the mesopause density and
the zonal wind.
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Figure 7. Composite of monthly mean (a) zonal (eastward is positive) and (b) meridional (northward is positive) winds from 2014 to 2022
observed by the Mengcheng meteor radar compared with the monthly mean (c) relative density obtained by the MLS measurements and (d)
temperature obtained from the SABER measurements. The vertical black dashed lines depict the spring and autumn equinoxes and summer and

winter solstices.

In Figures 7b and 7d, we also find that the mesopause meridional
wind observed by the MCMR and mesopause temperature
observed by the SABER show similar seasonal patterns. In general,
as the meridional wind flow shows northward enhancements, the
mesospheric temperature increases, and vice versa. The meridional
winds mainly show annual variation, with a strong northward
wind during winter and a southward wind during summer. At the
same time, the mesopause temperatures also show annual varia-
tions, with a maximum during winter and a minimum during
summer. This phenomenon typically represents the energy
conversion between atmospheric dynamics and thermodynamics
in the MLT region. The mesopause density and wind relationship
is apparent for the zonal wind component but not for the merid-
ional wind component, which may be related to the balance wind
relationship. For example, the balance wind relationship is used to
derive averaged zonal winds in the tropics from satellite retrievals
of geopotential height (Smith et al., 2017). These remarkable rela-
tionships between the atmospheric wind, temperature, and
density are very complex, and their mechanisms are not indepen-
dent because these atmospheric parameters interact with each
other; however, these are beyond the scope of this study at the
moment and are the subject of ongoing work.

5. Summary and Conclusions

In this article, we have described an all-sky meteor radar system
deployed at Mengcheng Station (33.4°N, 116.4°E). The radar
system made nearly continuous measurements of winds in the
mesosphere and lower thermosphere from April 2014 to the
present, which has good continuity for investigating the atmo-
spheric dynamics and climatology in the MLT region at midlati-
tudes. Here, we present more than 9 years of mesopause temper-
atures and relative densities over Mengcheng and compare our

measurements with the SABER and Aura/MLS observations. The
main points we found can be summarized as follows:

(1) Approximately 6000-20,000 underdense meteor echoes are
observed per day by the Mengcheng meteor radar, which is suffi-
cient for the estimation of daily temperature and relative density
in the MLT region. The meteor count rates observed by the MCMR
show a clear annual variation, with a maximum in September-
October and a minimum in February.

(2) Mesopause temperatures were estimated by applying the
ambipolar diffusion gradient method with data observed by the
Mengcheng meteor radar. The temperature gradient model over
Mengcheng was developed by using the Aura/MLS temperature.
Linear calibration factors for the Mengcheng meteor radar
temperature were obtained by using the Aura/MLS temperature.
The calibrated temperatures estimated from meteor radars agree
with the SABER and MLS temperatures. In northern midlatitudes,
the annual variations dominate the seasonal variations in
mesopause temperatures.

(3) Mesopause relative densities were estimated by applying the
ambipolar diffusion and Aura/MLS temperatures. In northern
midlatitudes, the mesopause relative densities from the MCMR
show strong maxima near the spring equinox and weak maxima
before the winter solstices. The minima of the mesopause relative
densities basically appear during summer.

(4) The mesopause temperature, density, and horizontal wind can
be obtained simultaneously by the MCMR meteor radar. The
mesopause density observations show a seasonal structure similar
to that of the zonal wind: as the zonal wind flows eastward (west-
ward), the mesospheric density decreases (increases). At the same
time, the mesopause temperature shows a structure similar to
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that of the meridional wind: as the meridional wind shows north-
ward enhancement, the mesopause temperature increases, and
vice versa.

These results highlight the important contribution of MLT
measurements made by the Mengcheng meteor radar, through
which we can develop our understanding of MLT dynamics and
climate. Long-term continuous observations of wind, temperature,
and density can be used to guide further investigation of long-
term trend changes in the MLT region, and they provide a wide
range of opportunities to improve widely used atmospheric
models.
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