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Abstract: In this study, long term observations of medium frequency (MF) radar at Langfang site (39.4°N, 116.7°E) from 2009 to 2020 have
been used to analyze the dependence of the 11-year solar cycle on horizontal winds in the local mesosphere and lower thermosphere
(MLT). The results show that the zonal wind is positively correlated with solar activity during spring at 80–84 km, and during summer at
80–82 km; the meridional wind is positively correlated with solar activity during spring at 84–88 km and during summer at 84–90 km. In
contrast, the results show no correlation between the horizontal wind and solar activity in autumn and winter. We attempt to explain the
correlations in terms of the changes in stratospheric temperature and the net flux of gravity waves during solar activities. In addition,
annual and semiannual oscillations of the zonal/meridional wind were found by using the least squares fitting method on daily horizontal
winds, which show negative correlations with solar activity at heights of 80–90 km.
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1.  Introduction
The response  of  the  80–100  km  mesosphere  and  lower  thermo-

sphere (MLT) winds to the 11-year solar cycle has been intensively

studied since the 1960s, and the results have enriched our under-

standing  of  MLT  dynamic  processes.  The  initial  investigation  of

the solar cycle dependence of winds at 95 km was conducted us-

ing night-time wind field data from 1957 to 1965 by Sprenger and

Schminder  (Sprenger  and  Schminder,  1968). They  found  a  posit-

ive correlation between the prevailing zonal wind and solar activ-

ity in winter, with an increase from about 15 m/s during solar min-

imum  to  nearly  40  m/s  during  solar  maximum  (assuming  the

westerly and southerly winds are positive). The meridional wind is

also  positively  correlated  with  solar  activity,  but  with  a  relatively

weak correlation. The semidiurnal tides, both zonal and meridion-

al,  are  negatively  correlated  with  solar  activity.  The  results  were

confirmed  by  Dartt  who  analyzed  composite  data  from  1966  to

1981 for 90 km (Dartt et al.,  1983). Using medium frequency (MF)

radar data from 1979 to 1990,  Namboothiri  also found a positive
correlation  between  solar  activity  and  the  zonal  wind  in  winter
and a negative correlation with the meridional wind in summer at
heights  of  79–97  km,  but  the  confidence  level  was  weak  (Nam-
boothiri  et  al.,  1993).  He  also  reported  a  negative  correlation
between  solar  activity  and  the  semidiurnal  tide  and  no  obvious
correlation  with  the  diurnal  tide.  All  these  studies  indicated  that
the horizontal  wind is  positively correlated with the solar activity
in  winter,  and  is  negatively  correlated  with  the  solar  activity  in
spring  and  summer,  which  has  been  confirmed  by  Bremer  et  al.
(Bremer et al., 1997; Jacobi, 1998; Keuer et al., 2007).

However, other authors have drawn different conclusions. Using a
longer time series of observations at the same site, Gresiger found
that  during  1957–1984,  the  zonal  wind  at  95  km  in  winter  was
negatively correlated  with  solar  activity  with  a  correlation  coeffi-
cient  of  –0.93  (Greisiger  et  al.,  1987),  opposite  to  Sprenger  and
Schminder’s  study.  Gresiger  also  found  a  negative  correlation
between the summer zonal  wind and solar  activity  from 1976 to
1983,  but  no  correlation  between  the  meridional  wind  and  solar
activity.  The negative correlation between the winter  zonal  wind
and  solar  activity  was  confirmed  by  Merzlyakov  using  wind  field
data  of  meteor  radar  for  90–100  km  from  1964  to  1995
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(Merzlyakov  and  Portnyagin,  1999).  Middleton  analyzed  meteor

winds  for  1988–2000  and  found  a  negative  correlation  between

solar  activity  and  the  horizontal  wind  (Middleton  et  al.,  2002).  In

addition,  he  reported  a  positive  correlation  between  the  zonal

wind and solar activity in summer and autumn.

Most  studies  discovered  correlations  between  solar  activity  and

the  zonal  wind  in  spring,  summer  and  winter,  and  correlations

between solar  activity  and the meridional  wind in  winter.  Only  a

few  studies  found  a  positive  correlation  between  the  meridional

wind  and  solar  activity  in  spring  and  summer,  e.g.,  Dartt  et  al.

(Dartt  et  al.,  1983; Merzlyakov and Portnyagin,  1999; Keuer  et  al.,

2007).

As for the correlation between tides and solar activity in the MLT,

a negative correlation was found for the semidiurnal tide in sum-

mer  and  winter  (Sprenger  and  Schminder,  1968; Greisiger  et  al.,

1987; Namboothiri  et  al.,  1993; Guharay  et  al.,  2019),  except  for

Keuer who reported no obvious correlation (Keuer et al., 2007). So

far, few studies have been conducted on the correlations between

diurnal tide and solar activity.

In this  study,  continuous wind observations of  MF radar at  Lang-

fang site  (39.4°N,  116.7°E)  from  2009  to  2020  were  used  to  ana-

lyze the dependence of  season and solar  cycle  on the horizontal

winds  in  local  MLT,  which  cover  two  solar  minima  and  one  solar

maximum.  The  correlation  of  prevailing  wind  with  solar  activity

was analyzed and the results were compared with other observa-

tions. 

2.  Data
MF radar can be used to obtain the atmospheric horizontal  wind

and electron density at 60–100 km, using full  correlation analysis

and differential  absorption  experiments,  respectively.  Contribut-

ing continuous  observations  and  high  time  resolution  at  relat-

ively low cost, there are currently over fifty MF radars all over the

world.  The  National  Space  Science  Center,  Chinese  Academy  of

Sciences,  has  installed  an  MF  radar  at  Langfang  site  (39.4°N,

116.7°E)  in  2009.  This  radar  has  been  continuously  operated  for

nearly  12  years  with  height  and  time  resolutions  of  2  km  and  4

min,  respectively.  The main parameters  are  listed in Table  1,  and

statistics  of  these  observation  are  shown  in Figure  1.  A  series  of

studies have been carried out with these data, such as the season-

al variation of MLT mean wind and tides, the effect of stratospher-

ic sudden warming in mid/low-latitude MLT region, ionospheric D

region electron density variations during solar flares, etc. (Yang JF,

2016; Yang JF et al., 2017; Quan L et al., 2021).

Solar activity has a period of about 11 years. The data used in this

paper  is  from  2009  to  2020,  corresponding  to  the  24th  cycle  of

solar activity. This cycle begins at the end of 2009, reaches its peak

in 2014 and ends at the beginning of 2020. Years of different solar

activity  levels  can  be  divided  into  maximum  year  and  minimum

year according to the changes of F10.7. Figure 2 shows the annual

averaged F10.7 from 2009 to 2020. According to the trend of F10.7 in

this  figure,  and excluding the fast-rising and fast-declining years,

we  consider  2012−2014  as  the  solar  maximum  years,  and

2009−2010 and 2017−2020 as the solar minimum years. The F10.7

data can be downloaded from the following website: http://www.

spaceweather.gc.ca/solarflux/sx-en.php.
 

3.  Correlation Analysis
The daily zonal and meridional wind at 80–100 km altitude using

MF radar were first averaged within a sliding window of 54 days in

order  to  extract  the  low  frequency  changes  in  wind  estimation,

and  filter  out  high-frequency  oscillations  such  as  gravity  waves,

Table 1.   Langfang MF observation parameters.

Parameter MF radar

Frequency 1.99 MHz

Pulse repetition frequency 80 Hz (daytime);
40 Hz (nighttime)

Height resolution 2 km

Time resolution (the length of
individual time series) 4 min

Height 60–110 km

Number of coherent integrations 2

35

30

25

20

15

10

5

0

V
a

li
d

 d
a

ta
 (

d
a

y
)

M
ay

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

D
ec

Jan

A
u

g

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

 
Figure 1.   Statistics of the observation data.
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planetary  waves,  tides,  and the  27-day  sun rotation period.  After

this filtering, correlation analysis between F10.7 data and the aver-

aged horizontal wind was conducted. 

3.1  Zonal Wind
Figure  3 shows  the  variation  of  the  monthly  zonal  wind  at  80–

100  km  in  2009–2020.  At  altitudes  of  80–85  km,  the  zonal  wind

has a strong annual cycle, easterly in summer (roughly colored in

red)  and  westerly  in  winter  (roughly  colored  in  blue),  and  shows

obvious  correlation  with  the  solar  activity  in  summer,  i.e.,  the

westerly wind was stronger in solar maximum years than in min-

imum  years. Figure  4 shows  the  seasonal  variations  of  the  zonal

wind;  the  zonal  wind  is  greater  in  2015  than  in  2010  and  2020,

from 80 km to 86 km in spring and summer, which shows a posit-

ive correlation with solar activity.

Figure 5 shows the minimum of the 54-day averaged zonal wind

and the seasonal averaged F10.7 in spring at 80–84 km, which ex-

hibits a more obvious correlation. In Figure 5, zonal wind is estim-

ated from the three heights to be about −15 m/s in solar maxim-

um years  and  −40  m/s  in  solar  minimum  years,  positively  correl-

ated with solar activity. The correlation coefficients for heights of

80,  82,  and  84  km  are  0.67,  0.66,  and  0.55,  respectively,  and  the

corresponding  confidence  levels  are  better  than  98%,  98%,  and

93%, which means the higher the altitude,  the lower the correla-

tion.  The  method  of  calculation  of  correlation  coefficients  and

confidence  levels  is  similar  to Bremer  et  al.  (1997) and Tauben-

heim  (1969).  The  correlation  coefficients  from  86  km  to  100  km

were  also  calculated,  but  they  are  all  less  than  0.5  and  show  no

significant correlation. Figure 6 is the minimum of the 54-day av-

eraged  meridional  wind  and  the  seasonal  averaged F10.7 in sum-

mer at 80−82 km. Zonal wind in summer shows a stronger posit-

ive  correlation  with  greater  correlation  coefficients  of  0.81  and

0.65,  respectively,  and the confidence levels  are  better  than 99%

and 98%. However, no correlation was found above 84 km. 

3.2  Meridional Wind
Figure  7 shows  the  variation  of  the  monthly  meridional  wind  at

80–100  km  in  2009–2020.  It  is  mainly  northerly  in  summer  and

southerly in winter  at  altitudes of  80–90 km, and shows no obvi-

ous seasonal changes above 90 km. Since the value of the meridi-

onal  wind  is  relatively  small,  it  is  difficult  to  judge  its  correlation

with the 11-year solar activity. Therefore, we studied the seasonal

variations of the meridional winds, as shown in Figure 8. There are

two minima for the summer meridional wind in 2010 and 2018 at

heights of 84–90 km, whereas the value in 2013 is relatively high.

This  phenomenon exhibits  the same trend as  solar  cycle  activity.

The  correlation  analysis  was  also  carried  out  to  the  other  three

seasons, though no similar characteristics were found.

Figure 9 shows the minimum of  the 54-day averaged meridional

wind and seasonal averaged F10.7 in spring at 84−88 km. In this fig-

ure, there are positive correlations with F10.7 at 84, 86, and 88 km,

and  correlation  coefficients  are  0.73,  0.64,  and  0.57,  respectively,
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Figure 2.   The variation of annual averaged F10.7.
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Figure 3.   Monthly zonal wind at 80–100 km in 2009–2020 (assuming westerly is positive).
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with  the  confidence  levels  of  better  than  99%,  97%,  and  94%.

Figure 10 is the minimum of the 54-day averaged meridional wind

and  seasonal  averaged F10.7 in  summer  from  84  km  to  90  km.  In

Figure 10, the meridional wind is about −4.7 m/s in solar maxim-

um years and −7 m/s in solar minimum years, and exhibits an ob-

vious  positive  correlation  with F10.7.  The  correlation  coefficient  is

0.67 with confidence level >97%. 

3.3  Annual and Semiannual Oscillations
Harmonic  analysis  was  conducted  on  the  daily  wind  data  with  a

window  of  three  years  using  the  least  squares  fitting  method

(Equation (1)) to analyze the annual and semiannual oscillations:

Y (t) = Y0 +∑
n=1,2

Ancos [2πn
366

(t − φn)] , (1)

where n = 1/2 is the annual/semiannual oscillation; t is time; Y(t) is

the daily zonal/meridional wind; Y0 is the prevailing wind in each

window; and A and φ are the amplitude and phase of the oscilla-

tion.  The  parameters  in  Equation  (1)  were  only  calculated  when

valid  data  in  each  window  covered  more  than  1.5  years.  Due  to

the incomplete data in 2009 and 2020, only the annual and semi-

annual oscillations from 2010 to 2019 were extracted in this study.
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Figure 4.   Seasonal variation of the monthly zonal winds at 80–100 km in 2009–2020: (a) spring: March, April, and May; (b) summer: June, July,

and August; (c) autumn: September, October, and November; and (d) winter: December, January, and February.
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Figure 5.   Minimum of the 54-day averaged zonal wind and the seasonal averaged F10.7 in spring (80–84 km).
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Figure 11 shows the amplitudes of the annual and semiannual os-

cillations  of  the  zonal  wind  and  its  correlation  coefficients  with

F10.7 from 80 km to 100 km. It’s clear that the annual oscillation of

the  zonal  wind  is  stronger  around  80–85  km  and  100  km,  while

the semiannual oscillation is stronger around 90 km. Furthermore,

the  annual  oscillation  and F10.7 are  mostly  negatively  correlated,

especially  at  92–100  km  where  the  correlation  coefficient  was

about −0.75. However, MF radar winds are susceptible to interfer-

ence from factors  such as total  reflection,  the triangle size effect,

and receiver saturation in these altitudes (Cervera and Reid, 1995).

The results above 90 km were not further studied. The zonal amp-

litude  of  the  semiannual  oscillation  is  also  negatively  correlated

with solar activity, and shows an obvious valley at 80–90 km dur-

ing solar maximum years. The correlation coefficient is about −0.7,

with a confidence > 95%. Figure 12 is similar to Figure 11 but for

meridional  annual  and  semiannual  oscillations.  They  are  mostly

negatively correlated with F10.7, especially at 80 km and 86 km for

annual oscillation and at 80–94 km for the semiannual oscillation. 

4.  Discussion
Table 2 summarizes the responses of MLT winds and tides to solar

activity since the 1960s. It shows the influence of solar activity on

MLT winds is relatively weak, and is easily affected by the observa-

tion period, altitude, location, and methods (Bremer et al., 1997). It
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Figure 6.   Minimum of the 54-day averaged zonal wind and the seasonal averaged F10.7 in summer (80–82 km).
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Figure 7.   Monthly meridional wind at 80–100 km in 2009–2020 (assuming southerly is positive).
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has also been demonstrated that the solar cycle’s effect on meso-

spheric  circulation  decreases  rapidly  above  80  km  (Arnold  and

Robinson, 1998). Therefore, it is understandable that different au-

thors have obtained different results. For example, our analysis of

the positive correlations between spring and summer zonal winds

and  solar  activity  are  consistent  with  the  results  of  Middleton

(Middleton et al.,  2002), but are contrary to the results of Dartt et

al. (Dartt et al., 1983; Namboothiri et al., 1993; Jacobi, 1998; Keuer

et  al.,  2007). The  positive  correlations  between  spring  and  sum-

mer meridional winds and solar activity drawn from our study are

in  agreement  with  the  results  of  Dartt  et  al.  (Dartt  et  al.,  1983;

Merzlyakov  and  Portnyagin,  1999; Keuer  et  al.,  2007),  but  other

studies  have  reported  that  there  is  no  obvious  correlation

(Middleton  et  al.,  2002).  There  are  several  possible  explanations

for these differences, as follows:

(1)  The  correlation  in  the  mid-latitudes  at  90  to  100  km  may  be

due to an internal  atmospheric cause,  such as climatic character-

istics  with  a  time  scale  of  about  10  years.  Therefore,  the  analysis

based  on  data  less  than  two  solar  cycles  may  lead  to  incorrect

results.
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Figure 8.   Seasonal variation of the monthly meridional wind at 80–100 km in 2009–2020: (a) spring: March, April, and May; (b) summer: June,

July, and August; (c) autumn: September, October, and November; and (d) winter: December, January, and February.
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Figure 9.   Minimum of the 54-day averaged meridional wind and the seasonal averaged F10.7 in spring (84–88 km).
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(2)  The  turbulence  and  momentum  deposition  generated  by
breaking gravity waves have an effect on the amplitude and direc-
tion of mesospheric circulation.
(3)  Stratosphere  and  mesosphere  temperature  changes  due  to
solar activity may indirectly affect the winds in the mesosphere.
(4)  The correlation may be a result  of  the vertical  gradient of  the
prevailing  zonal  wind,  systematic  reflection  height  changes,  and
the force exerted by the lower atmosphere.
(5) Different  observing  techniques  may  lead  to  different  re-
sponses  to  solar  activity,  which  varies  with  height.  For  example,
the  best  MF  radar  winds  are  generally  collected  below  90  km,
while  the  best  meteor  radar  winds  are  usually  collected  at  90–
95 km.
(6)  The response of  the atmosphere to solar  activity  may change

from cycle to cycle, thus observations over several decades are re-

quired to reveal the true correlations.

In  this  study,  a  positive  correlation  between  the  11-year  solar

cycle and the zonal/meridional prevailing wind in spring and sum-

mer was found at heights of 80–90 km, i.e., the westerly/southerly

wind was stronger during solar maximum than during solar min-

imum, whereas no correlation was found in the other seasons and

at other heights. According to previous observations, the content

of oxygen  molecules  and  ozone  is  relatively  low  in  the  meso-

pause  region  (Bowman  and  Krueger,  1985),  and  MLT  is  warm  in

winter and cool  in summer.  Thus,  the radiation in summer is  low

during solar activity,  which results in small  temperature changes,

and  the  effect  on  the  wind  is  negligible.  On  the  other  hand,  the
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Figure 10.   Minimum of the 54-day averaged meridional wind and the seasonal averaged F10.7 in summer (84–90 km).
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Figure 11.   (a) variation of the amplitude of the zonal annual oscillation; (b) variation of the amplitude of the zonal semiannual oscillation; (c)

correlation coefficients of the amplitude of the zonal annual oscillation with F10.7; (d) correlation coefficients of the amplitude of the zonal

semiannual oscillation with F10.7 (The circles represent the confidence levels, red: > 98%; blue: > 95%; and green: > 90%.)
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drag force of electrons on the horizontal winds may also be negli-
gible  due  to  the  relatively  low  electron  density  in  this  region
(about  300–400/cm3)  (Sun  W,  2015). So  we  posit  that  the  re-
sponse  of  the  horizontal  wind  at  80–90  km  to  solar  activity  is
mainly  caused  by  changes  in  stratosphere  temperature  and  net

momentum of the gravity wave.

According to the thermal wind equation (Equation (2)),

f
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R
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Figure 12.   (a) variation of the amplitude of the meridional annual oscillation; (b) variation of the amplitude of the meridional semiannual

oscillation; (c) correlation coefficients of the amplitude of the meridional annual oscillation with F10.7; (d) correlation coefficients of the amplitude

of the meridional semiannual oscillation with F10.7 (The circles represent the confidence levels, red: > 98%; blue: > 95%; and green: > 90%.)

Table 2.   The response of the MLT wind and tides to solar activity since the 1960s (+: positive; –: negative).

Author Location Year Height
(km)

Wind

Zonal Meridional

Sprenger and
Schminder Kuhlungsborn (51.4°N, 11.8°E), Collm (51.3°N, 13.0°E) 1957–1968

(nighttime) 95 winter: + winter: +

Greisiger Kuhlungsborn (51.4°N, 11.8°E), Collm (51.3°N, 13.0°E) 1975–1984 95 summer: –   winter: – winter: /

Dartt

50°N

1966–1981

90 spring: –   summer: –
winter: +

spring: +
summer: +

Adelaide (35°S, 139°E), Buckland Park (35°S, 138°E)
80
90
100

same as 50°N winter: +

Fraser Adelaide (35°S, 139°E), Christchurch (44°S),
Saskatoon (52°N, 107°W), Durham 43°N) 1978–1988 85–95 / /

Namboothiri Saskatoon (52°N, 107°W) 1979–1990 79–97 summer: –   winter: + no

Jacobi Collm (51.3°N, 13.0°E) 1973–1996 95 spring: –   summer: – /

Bremer Kuhlungsborn (51.4°N, 11.8°E), Collm (51.3°N, 13.0°E) 1964–1994 90–100 summer: –   winter: + winter: +
(weak)

Fahrutdinova Kazan State University (46°N, 49°E) 1986–1995 80–110 80–95 km: – /

Middleton UK (52°N) 1988–2000 90–95 summer: +
autumn: +   winter: – winter: –

Keuer Juliusruh (54.6°N, 13.4°W) 1990–2005 68–93 summer: –   winter: + summer: +
winter: +
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∂uuu
∂z

∂T
∂φ

where f is the geostrophic parameter,  is the zonal wind height

gradient, R is the dry air ratio, H is the geopotential height, a is the

atmospheric  density,  and  the  is  the  temperature  meridional

gradient),  the variation in the zonal  wind with height is  inversely

proportional to the meridional temperature gradient, variation in

the zonal wind with height is inversely proportional to the meridi-

onal temperature gradient. Figure 13 is a sketch map of the meri-

dional  temperature  circulation  (Murgatroyd,  1971).  In  this  figure,

the  temperature  of  the  troposphere  is  higher  near  the  equator

than  in  Langfang  (40°N).  Thus,  the  temperature  gradient  is  less

than zero, and the zonal wind increases with height. In the strato-

sphere,  the  atmospheric  temperature  increases  rapidly  with

height, because the ozone absorbs the ultraviolet radiation emit-

ted by the Sun, and ozone is more prevalent at mid-latitudes than

near  the  Equator.  This  leads  to  the  temperature  gradient  being

greater than zero and the zonal wind decreases with height. In the

mesosphere, the amplitude of vertical propagating gravity waves

increases sharply  and  generates  unstable  breaking.  The  mo-

mentum of eastward gravity waves is larger than westward grav-

ity  waves,  which  generates  an  eastward  drag  on  the  zonal  wind.

Thus the zonal wind increases with height; this variation is shown
as the black solid line in Figure 14.

Studies have shown that the stratosphere’s temperature in spring

and summer  is  positively  correlated with  solar  cycle  activity,  and
the correlation is greater at 40°N than near the equator (Gan Q et

al.,  2016).  So  in  solar  maximum  years,  the  temperature  gradient

(Equation (2))  is  greater  than  in  solar  minimum  years,  which  res-
ults  in  the  zonal  wind  more  rapidly  decreasing  with  height,  as  is

shown by the dashed black line in Figure 14. In addition, the mo-

mentum  of  westward  gravity  waves  decreases  due  to  the  larger
zonal wind in the stratosphere, while the momentum of eastward

gravity waves remains the same, which leads to a larger net east-

ward  momentum  and  a  greater  drag  on  the  zonal  wind.  As  the
zonal zero wind in summer is above 80 km in Langfang, a positive

correlation was found between the solar cycle and the horizontal

wind at 80–90 km.

The negative  correlation  between  the  solar  cycle  and  the  amp-

litudes of annual oscillations has a close relationship with the pos-

itive correlation between the solar cycle and the prevailing wind.
As shown in Figure 3,  the westerly zonal wind is  usually stronger

in winter and weaker in the summer. In solar maximum years, the

westerly  zonal  wind is  almost  constant in winter  but increases in
summer, which leads to the decreased amplitude of annual oscil-

lations  and  results  in  a  negative  correlation  with  the  solar  cycle.

Further, a negative correlation between the solar cycle and semi-
annual oscillations was found. 

5.  Conclusions
In  this  study,  the  Langfang  MF  radar  winds  from  2009  to  2020

were used to analyze the responses of the MLT horizontal wind to

the 11-year solar cycle activity at different heights and in different
seasons. It  was  found  that  the  zonal  wind  was  positively  correl-

ated with solar activity in the spring at 80, 82, and 84 km. The cor-

relation coefficients are 0.67, 0.66, and 0.55 respectively, with con-
fidence levels of greater than 98%, 98%, and 93%, indicating that

westerly winds are larger during solar maximum years. A positive

correlation  was  also  observed  between  the  summer  zonal  wind
and  solar  activity  at  80  and  82  km,  with  coefficients  of  0.81  and

0.65, respectively, and confidence levels of greater than 99% and

98%. As for the meridional wind, it was positively correlated with
solar  activity  in  spring  at  84,  86,  and  88  km,  with  the  correlation

coefficients  of  0.73,  0.64,  and  0.57,  respectively,  and  confidence

levels of greater than 99%, 97%, and 94%, which indicates that the
southerly winds are larger during solar maximum years. The sum-

mer  meridional  wind  was  also  positively  correlated  with  solar

activity  at  84–90  km,  with  a  correlation  coefficient  of  0.67  and  a
confidence level > 97%. However,  no such correlation was found

between  autumn  and  winter  horizontal  winds  and  solar  activity.

Furthermore, annual and semiannual oscillations of the horizont-
al winds were mainly negatively correlated with the solar cycle.

As for  the  correlations  found  in  this  study,  we  attempted  to  ex-

plain  them in  terms of  changes  in  stratosphere  temperature  and
the net momentum of gravity waves in solar maximum years. The

regional and time differences of gravity wave activities may be the
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Figure 13.   Meridional circulation (Murgatroyd, 1971).
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main  reason  for  the  different  conclusions  obtained  in  previous
studies. It should be noted that only one solar cycle of horizontal
wind data was used in this study. Thus, the conclusions in this pa-
per  are  only  suitable  for  Langfang  at  heights  of  80–90  km  from
2009 to 2020. Surprisingly, we also found seasonal oscillations and
even  a  quasi-biennial  oscillation  (QBO)  in  the  long-term  wind
data. Therefore, in future studies, more data will be used to deeply
study  the  mechanisms  and  processes  of  horizontal  winds,  tides,
seasonal  oscillations,  and  the  QBO  dependence  on  the  11-year
solar cycles in Langfang. 
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