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Scientific attention has recently been focused on the coupling of the earth’s upper atmosphere and ionosphere. In the present 
work, we review the advances in this field, emphasizing the studies and contributions of Chinese scholars. This work first in-
troduces new developments in the observation instruments of the upper atmosphere. Two kinds of instruments are involved: 
optical instruments (lidars, FP interferometers and all-sky airglow imagers) and radio instruments (MST radars and all-sky 
meteor radars). Based on the data from these instruments and satellites, the researches on climatology and wave disturbances in 
the upper atmosphere are then introduced. The studies on both the sporadic sodium layer and sporadic E-layer are presented as 
the main works concerning the coupling of the upper atmosphere and the low ionosphere. We then review the investigations on 
the ionospheric longitudinal structure and the causative atmospheric non-migrating tide as the main progress of the coupling 
between the atmosphere and the ionospheric F2-region. Regarding the ionosphere-thermosphere coupling, we introduce studies 
on the equatorial thermospheric anomaly, as well as the influence of the thermospheric winds and gravity waves to the iono-
spheric F2-region. Chinese scholars have made much advancement on the coupling of the ionosphere and upper atmosphere, 
including the observation instruments, data precession, and modeling, as well as the mechanism analysis. 
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The variability of the ionosphere includes space weather 
variations having short time scales and space climatology 
having long periods. It is well known that the ionospheric 
variability is mainly driven by solar activities, disturbances 
of the solar wind and magnetosphere, and atmospheric 
waves propagated from the lower atmosphere (Robert and 
Pfaff, 2012). The observations indicated that these three 
types of external sources contribute almost equally to the 
variations of the ionosphere (Forbes et al., 2000; Rishbeth 
and Mendillo, 2001; Rishbeth, 2006).Thus, the disturbances 
from the lower atmosphere and from ground surface must 

be considered as one of the most important sources of ion-
ospheric space weather and space climate. 

Ionospheric responses to atmospheric waves involve the 
vertical couplings in the atmosphere-ionosphere system, 
which is a hot field in the study of aeronomy. The Interna-
tional Association of Geomagnetism and Aeronomy subor-
dinates (IAGA), an affiliated agency of the International 
Union of Geodesy and Geophysics (IUGG), organized a 
number of workshops and published three special issues of 
Journal of Atmospheric and Solar-Terrestrial Physics 
(Pancheva et al., 2006, 2007, 2012), along with amonograph 
(Abdu et al., 2011). The Scientific Committee on Solar- 
Terrestrial Physics (SCOSTEP) has sponsored an interna-
tional program ‘Climate And Weather of the Sun-Earth 
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System (CAWSES, CAWSES-II),’ in which the special 
working group (TG4) is devoted to study the responses of 
the geospace to the lower atmosphere (Schmieder et al., 
2004; Basu and Pallamraju, 2006). 

In the atmosphere-ionosphere system, various activities 
in the lower atmosphere, such as the absorption of the solar 
UV radiation by the stratospheric ozone, severe weather 
events in the troposphere, and the interaction between the 
troposphere and the terrestrial topography, result in a varie-
ty of disturbances in the near earth space. The released en-
ergy propagates upward in the forms of gravity waves, tides, 
and planetary waves. When the atmospheric waves propa-
gate upward, their amplitudes tend to increase to conserve 
the wave energy density due to the decrease of the back-
ground density. On the other hand, wave amplitudes decay 
rapidly with height above the bottom thermosphere due to 
the rapid increase of the background temperature. This, in 
turn, induces the increase of atmospheric molecular viscos-
ity and thermal conductivity. As a result, most of the wave 
energy can only be transmitted to the mesosphere and lower 
thermosphere (MLT).  

Both observational and the theoretical studies have 
shown that the coupling of the upper atmosphere and iono-
sphere has the following forms: (1) Atmospheric waves in 
the MLT region interact with the nearby lower ionosphere. 
For instance, in the ionospheric E region at mid-latitudes, 
the wind shear leads to metalions accumulating, resulting in 
the sporadic E layer. (2) Part of the wave energy may prop-
agate, or leak, into the upper thermosphere/ionosphere 
F2-region, then creating wave-like variations of the plasma 
density through the neutron-ion collisions. This may further 
excite ionospheric irregularities due to the plasma instabili-
ties in the low latitude and equatorial regions. (3) At mid- 
latitudes, the atmospheric waves in the MLT region drive 
the motions of charged particles, which cross the geomag-
netic field lines and generate electric fields through the ion-
ospheric dynamo effect. Along the magnetic field lines, 
these electric fields can map into the F2-layer over the 
equatorial and low latitude regions. This in turn causes the 
plasma drift and redistribution to form the equatorial iono-
spheric anomalies. 

In recent years, significant progress has been made in the 
investigation of coupling of the upper atmosphere and ion-
osphere, mainly due to the rapid development of upper at-
mospheric observations. The GUVI, SABER and TIDI in-
struments onboard the TIMED satellite have worked for 
nearly a solar cycle (~11 years) to measure the global at-
mospheric temperature, density, composition and wind in 
the MLT region with considerably high precision (Yee et al., 
1999; Christensen et al., 1994; Russell et al., 1999; Killeen 
et al., 1999, 2005). The CHAMP and GRACE satellites also 
performed long-term observations on the wind and density 
in the upper thermosphere (Reigber et al., 2002; Guo et al., 
2007; Liu H X et al., 2007). These space-borne observations 
have significantly contributed to recent research of upper 

atmospheric dynamics. In terms of ground-based observa-
tions, both the optical (e.g., lidar) and radio (e.g., all-sky 
meteor radar) instruments have made great progress. Using 
instruments, a large number of datasets for the atmospheric 
parameters have been obtained in the MLT and the upper 
thermosphere region (Gardner and Voelz, 1987; She et al., 
1992; Yu J Y and She, 1993; Gong S S et al., 2003; Yu Y et 
al., 2013). As a result of these observations scientists have 
extensively studied the propagation, attenuation and non-
linear effects of gravity waves, tides, and planetary waves 
and their ionosphere responses, as well as the couplings of 
the thermosphere and ionosphere. 

Following the success of the international research on the 
coupling of the upper atmosphere and ionosphere, Chinese 
scientists have also made significant achievements in ob-
servational and scientific research. This review paper fo-
cuses mainly on Chinese scientists’ recent research, empha-
sizing the works on the upper the atmosphere (one can refer 
to Liu L B et al. (2011) for the review on the investigation 
of the ionosphere).  

1  Upper atmosphere observations 

It is well known that observation plays a key role in study-
ing the coupling between the upper atmosphere and iono-
sphere. Ionospheric observations have a long history and 
have evolved. However, a lack of observations of the upper 
atmosphere limited the previous studies for the coupling of 
upper atmosphere and ionosphere. In recent years, the ob-
servational technique for the upper atmosphere has been 
developed rapidly. In the observation using space-borne 
techniques, the Thermosphere-Ionosphere-Mesosphere En-
ergetics and Dynamics (TIMED) satellite carried a series of 
instruments for the upper atmospheric observations (Yee et 
al., 1999). These instruments include the Global Ultra-violet 
Imager (GUVI), designed to measure the atmospheric 
composition and temperature of the lower thermosphere 
(Christensen et al., 1994). Another instrument is the Sound-
ing of the Atmosphere using Broadband Emission Radio- 
metry (SABER), which provides the vertical profiles of 
kinetic temperature, pressure, geopotential height, volume 
mixing ratios for the trace species, and volume emission 
rates (Russell et al., 1999). A third instrument is the TIMED 
Doppler Interferometer (TIDI), used to measure the vector 
winds in the MLT region (Killeen et al., 1999, 2005). The 
accelerometers mounted on CHAMP, GRACE, etc., are 
able to carry in-situ measurements of the thermospheric 
wind and density (Sutton et al., 2007). These on-board in-
struments have provided long-term global high-resolution 
observations for the atmospheric temperature, density and 
wind in the MLT and thermosphere. They have also ad-
vanced our understanding of the fundamental processes 
governing the energetics, chemistry, dynamics and transport 
in the upper atmosphere. 
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The ground-based optical technique for observing the 
upper atmosphere has also been developed rapidly, and this 
includes the upper atmospheric lidar, Fabry-Pérot (FP) in-
terferometer and the all-sky airglow imager. The upper at-
mospheric lidar issued to measure the temperature, the wind 
in the stratosphere, mesosphere and lower-thermosphere, as 
well as the metal atoms/ions in the MLT (Gardner and 
Voelz, 1987; She et al., 1992; Yu and She, 1993). The FP 
interferometers can observe the wind in the thermosphere 
(~250 km) and the MLT region (~87 km, ~97 km) 
(Niciejewski et al., 1994; Wu et al., 2004). The all-sky air-
glow imagers are used to obtain the horizontal structure of 
the OH and OI (green line) airglow emissions in the meso-
pause region as well as the OI (red line) airglow emission in 
the thermosphere (~250 km) (Peterson and Kieffaber, 1973; 
Peterson, 1979; Taylor, 1997). On the other hand, the 
ground-based radio technique for detecting the upper at-
mosphere is becoming more and more mature and is applied 
widely. For example, the worldwide all-sky meteor radars, 
the mesosphere-stratosphere-troposphere (MST) radars, 
have provided a large amount of wind observations in the 
MLT region.  

In recent years, the ground-based observations in China 
have grown fast, especially with support from “the Meridian 
Project”. In fact, 28 series of upper atmospheric observa-

tional instruments have been set up at 15 observatories (ref. 
Table 1).  

Upper atmospheric lidar development in China began at 
the end of the twentieth century. Gong et al. (1997) built the 
first broadband Na lidar to measure the sodium density in 
the region of 80–110 km over Wuhan in China. Later, Gong 
et al. (2003) developed a dual-band Rayleigh-Na lidar, 
which is able to detect the atmospheric temperature/density 
in the height range of 30–70 km and the sodium density in 
the height range of 80–110 km simultaneously. They also 
developed the technique for measuring sodium density dur-
ing the daytime. The lidar group at Wuhan University 
(WHU) built a series of lidars, e.g., Na lidar, Fe lidar, and 
Ca/Ca+ lidar. These three independent resonance fluores-
cence lidars allow for simultaneous and nearly common- 
volume measurements of three metal species (Na, Fe and Ca 
or Na, Fe and Ca+) (Yi et al., 2008, 2009; Chen and Yi, 
2011). 

Based on the construction of a Rayleigh-Na lidar, the 
group at the University of Science and Technology of China 
(USTC) has given priority to the development of wind lidars. 
They built the first stratospheric Doppler wind lidar in China, 
which is based on a double-edged technique and is able to 
measure the wind up to 40 km (Xia et al. 2012; Shu et al. 
2012). Recently, the USTC group successfully developed  

Table 1  The upper atmospheric observatories and the instruments in China 

Observatory Location Instruments Paramtersa) Altitude (km) Division 

Mohe 53.5°N, 122.3°E Meteor radar U, V, T 75–110 IGGCAS 
Xinglong 40.4°N, 117.6°E FP interferometer 

Airglow imager 
U, V, T 
{OH}, {O} 

87, 94, 250 
87, 94, 250 

CSSAR 

Yanqing 40.2°N, 116.2°E Rayleigh-Na lidar T, , [Na] 30–70, 80–110 CSSAR 
Langfang 39.5°N, 116.7°E Narrow-band Na lidar 

Airglow imager 
MF radar 

, [Na] 
{OH} 
U, V 

80–110 
87 
80–100 

CSSAR 

Beijing 40.3°N, 116.2°E Meteor radar U, V, T 75–110 IGGCAS 

Xianghe 39.8°N, 116.9°E MST radar U, V 10–40, 70–120 IAPCAS 

Kelan 38.7°N, 111.6°E FP interferometer U, V, T 250, 97, 87 NCSW 

Wuzhai 38.9°N, 111.8°E MF radar U, V 60–100 NCSW 

Qingdao 36.0°N, 120.2°E Na lidar , [Na] 80–100 CIRWP 
Hefei 31.8°N, 117.3°E Raleigh-Na lidar 

Wind lidar 
Narrow-band Na lidar 
Airglow imager 

T, , [Na] 
U, V 
T, U, V, [Na] 
{OH}, {O} 

30–70, 80–110 
0–60 
80–105 
87, 94, 250 

USTC 

Wuhan 30.5°N, 114.4°E Na lidar 
Fe lidar 
Ca/Ca+ lidar 
MST radar 

T, , [Na] 
T, [Fe] 
[Ca], [Ca+] 
U, V 

30–70, 80–110 
0–70, 80–110 
80–110 
10–40, 70–120 

WHU 

Wuhan 30.5°N, 114.4°E Rayleigh-Na lidar T, , [Na] 30–70, 80–110 WIPM 

Wuhan 30.5°N, 114.4°E Meteor radar U, V, T 75–110 IGGCAS 

Qujing 25.6°N, 103.8°E 
Meteor radar 
MF radar 

U, V, T 
U, V 

75–110 
60–100 

CIRWP 

Qujing 25.6°N, 103.8°E Airglow imager {OH}, {O} 87, 94, 250 CSSAR 

Haikou 20.0°N, 110.4°E Raylegih-Na lidar T, , [Na] 30–70, 80–110 CSSAR 
Fuke 19.5°N, 109.1°E Meteor radar 

Airglow imager 
U, V 
{OH}, {O} 

80–100 
87, 94, 250 

CSSAR 

Sanya 18.3°N, 109.6°E Meteor radar U, V, T 75–110 IGGCAS 

a) U: zonal wind; V: meridional wind; T: temperature; : atmospheric density; [x]: metal atoms/ions density; {x}: airglow density. 
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a mobile Doppler wind lidar constructed with three inde-
pendent large-aperture (1-m diameter) lidar systems. They 
extended the wind measurement to approximately 60 km, as 
shown in Figure 1. Additionally, the USTC group built a 
narrow-band Na lidar, which can measure wind, tempera-
ture and sodium density in the height range of 80–110 km 
simultaneously (Li T et al., 2012a). 

Supported by the Chinese “Meridian Project”, four Ray-
leigh-Na lidars have been built in Beijing, Hefei, Wuhan 
and Haikou by the Center for Space Science and Applied 
Research (CSSAR), USTC and WHU, respectively. A lidar 
chain has thus formed and is used to observe the atmos-
pheric density between 30–70 km and sodium density be-
tween 80–110 km (Wang et al., 2012; Gong S H et al., 
2013). Moreover, the Chinese Institute of Radio Wave 
Propagation (CIRWP) also built a Na lidar in Qingdao. 

In addition to the above lidars, two FP interferometers 
have been built at Xinglong and Kelan by CSSAR and the 
National Center for Space Weather (NCSW), respectively. 
These are used to detect the wind in thermosphere (~250 km) 
and the MLT (~87 km, ~94 km) (Yuan et al., 2010, 2013; 
Jiang et al., 2012). CSSAR has also developed all-sky air-
glow imagers both in Xinglong and Langfang. The airglow 
imagers provide the horizontal structure of the OH airglow 
emission near the mesopause region, which is used to re-
trieve the characteristics of gravity waves at the corre-
sponding altitudes (Tu et al., 2009; Li Q et al., 2011, 2013). 
CSSAR has also developed and installed a Spectrometer of 
atmospheric radiation at Xinglong Station, used to obtain 
the rotational temperature through the OH radiation spec-
trum (Zhu et al., 2012). 

The Chinese “Meridian Project” also developed radio 
observational instruments in China. The Institute of At-
mosphere Physics, Chinese Academy of Sciences (IAPCAS) 
and WHU collaboratively built two MST radars in Xianghe 
and Wuhan, respectively. The MST radar measures the hor-
izontal wind in the troposphere, stratosphere (10–45 km) 

and mesosphere regions through radar signals returned from 
refractive index fluctuations produced by turbulence in the 
neutral atmosphere and the strong vertical gradient in elec-
tron density. 

The all-sky meteor radar is the most effective way to de-
tect the wind in the MLT region as it measures the Doppler 
shift and arriving angle of the echoes (~30 MHz), which are 
scattered by meteor trails in the MLT region. The meteor 
radar can also be used to estimate the background atmos-
pheric temperature through the decay time of the radar sig-
nals. Today, the meteor radar has become the most popular 
instrument for measuring the upper atmosphere. The first 
meteor radar in China was built in Wuhan in 2001. After a 
three-year observation, a series of works were published to 
characterize the mean wind and tides over Wuhan (Xiong et 
al., 2004; Niu et al., 2005; Zhao et al., 2005a, 2005b). Re-
cently, the Institute of Geology and Geophysics, Chinese 
Academy of Sciences (IGGCAS) has established a meridian 
meteor radar chain, which includes four all-sky meteor ra-
dars in Mohe, Beijing, Wuhan and Sanya. This chain across 
the middle and low latitudes in the northern hemisphere, to 
measure the wind as well as the background temperature at 
altitudes from 70 to 110 km. Based on the observations 
from the meteor radar chain, Yu et al. (2013) mapped the 
horizontal wind in the domains of latitude, altitude and local 
time along 120oE meridian using the classical atmospheric 
tidal theory. Additionally, the CIRWP also built an all-sky 
meteor radar in Qujing. 

MF radars have also been built in Qujing, Langfang, and 
Wuzhai by CIRWP, CSSAR and NCSW, respectively. The 
MF radar measures the wind of 60–100 km via the scattered 
echoes of ionospheric irregularities. 

2  Variability of the upper atmosphere 

The upper atmospheric variability, including the wave  
 
 

 

Figure 1  The Doppler wind lidar developed by USTC group (a). The center and right panels show the wind velocity (b) and direction (c) obtained by the 
lidar system and comparison with the measurements of balloon (blue lines) on Dec. 21, 2013 at Qinghai. Provided by Dou XianKang (2014, private commu-
nication). 
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perturbations and the long-term background variations, 
plays an important role in the coupling between the upper 
atmosphere and ionosphere. The seasonal and inter-annual 
variations of the background parameters (e.g., neutral den-
sity, temperature and wind) have been extensively studied 
based on satellite and ground observations, as well as at-
mospheric general circulation model (Garcia et al., 1997; 
Leblanc et al., 1998). Chinese scientists have made signifi-
cant contribution to this field. 

Dou et al. (2009a) studied, in detail, the semiannual os-
cillation (SAO) and annual oscillation (AO) in temperatures 
between 20 and 80 km in the middle latitude of the northern 
hemisphere. Dou et al. (2009b) used long-term lidar night 
time observations and SABER temperature observations. 
Figure 2 shows the comparison of the monthly mean tem-
perature AO and SAO observed by the lidar and SABER, as 
well as the tide amplitude AO and SAO observed by 
SABER in southern California (34°N). The clear differences 
are observed in the middle layer between ground-based and 
space-born observations, and this is due to the strong AO in 
the diurnal amplitude. The results suggested that the diurnal 
tide has a significant impact on the nighttime temperatures 
in the upper mesosphere. In addition, Li T (2011) studied 
the long-term trend and solar cycle variation of the meso-
sphere and stratosphere from the observation of a Rayleigh 
lidar. 

Using the TIMED/SABER temperature observations, Xu 
et al. (2006a, 2007a, 2007b) studied the global temperature 
structure, along with the properties of the AO, SAO and the 
quasi-biennial oscillation (QBO) in the in the mesopause 
region. They also investigated the mesospheric responses to 
the solar activity. Gan et al. (2012) reveaed the lower mes-
ospheric inversion layers at low and middle latitudes. Li T 
et al. (2008) studied the QBO phenomenon, the upper at-
mospheric response temperature to the El Niño Southern 
Oscillation (ENSO) and the 11-year solar activity cycle with 
a 14-year lidar data set. Li T et al. (2013) further studied the 

mechanisms of the hemispheric coupling of the upper at-
mosphere from a 11-year observation period through the 
TIMED/SABER satellite during the ENSO events, aug-
mented by a 53-year period model resulting from the Whole 
Atmosphere Community Circulation Model (WACCM), 
developed by National Center for Atmospheric Research 
(NCAR). 

The upper atmospheric variability also concerns the 
propagation of the gravity waves (Fritts and Alexander, 
2003), tides (Chapman and Lindzen, 1970) and planetary 
waves (Andrews et al., 1987), as well as their dissipation 
and nonlinear interaction (Lindzen, 1981; Holton, 1982; 
Holton and Alexander, 2000). 

In the studies of the upper atmospheric gravity waves, 
Dou et al. (2010b) analyzed a five-year data set of the 
all-sky OH airglow imager located over northern Colorado. 
They studied the seasonal variations of the propagation di-
rection and found that the gravity waves tend to propagate 
polar ward and equatorward in the summer and winter, re-
spectively. This is possibly related to the gravity waves that 
are generated through deep convection at low latitudes in 
the summer and ducted waves induced by storms and fronts 
at high latitudes in the winter. Tang et al. (2014) quantita-
tively calculated the gravity wave momentum flux with both 
the OH all-sky imager dataset and the nearby MF radar. 
They found that the momentum flux of the gravity waves is 
significantly modulated by tides, and both the propagation 
direction and the momentum flux of the waves change dra-
matically before and after stratospheric warming events. Li 
Q et al. (2011) statistically studied the seasonal variations of 
gravity waves in the upper atmosphere with OH imager 
observations at Xinglong Station. The results show that the 
gravity waves propagate southwest in the winter and north-
east in the summer, with no significant orientation in spring 
and autumn. This is likely related to the gravity wave filter-
ing effect of the background winds. In addition, the gravity 
wave-breaking in the upper mesosphere directly drives or   

 
 

 

Figure 2  Observations of the amplitudes of the temperature AO and SAO (a) and the amplitudes of the AO and SAO in tide amplitude (b). After Dou et al. 
(2009a). 
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changes the structure of the background atmosphere and the 
distributions of the turbulence (Xu et al, 2009b; Li T et al, 
2007, 2010, 2012b). From the TIMED/SABER observation 
of global atmospheric temperature, Zhang Y et al. (2012) 
studied temporal and spatial distribution of the stratospheric 
gravity waves as well as the corresponding wave sources. 
Wu and Xu (2006) investigated the vertical wave number 
spectra of the gravity waves derived from chaff rockets. 
Further, Using temperature profiles from TIMED/SABER 
and wind profiles from the meteor radar, Li Q et al. (2013) 
studied the generation mechanisms of the bore event and its 
influences on Na density at Xinglong Station. 

The study of the gravity wave characteristics in the lower 
atmosphere is important to understand wave propagation 
and dissipation in the upper atmosphere, since most of the 
wave sources are located in the lower atmosphere. Zhang S 
D et al. (2010, 2012, 2013) studied the characteristics of the 
gravity waves and the inertial gravity wave parameters (e.g., 
period, wave speed and vertical wavelength) in the lower 
atmosphere with radiosonde observations. Moreover, the 
latitudinal, vertical and seasonal variations of the inertial 
gravity waves were also investigated. Chen et al. (2012) 
utilized the WRF model to simulate the gravity waves and 
the propagations generated by tropical cyclones. Huang K 
M et al. (2009, 2010, 2013a) simulated gravity waves under 
nonlinear resonance conditions and found it may be signifi-
cant in the gravity wave spectral distribution in the upper 
atmosphere. Liu X et al. (2009) simulated Kelvin-Helm- 
holtz instability of gravity waves and its effect on the mean 
flow by using a high resolution numerical model. 

For the tide studies, Xue et al. (2007, 2008) analyzed the 
diurnal and semidiurnal tide over Wuhan with a meteor ra-
dar wind dataset and using the canonical correlation analy-
sis (CCA) method. They found that the tidal variations are 
directly modulated by the seasonal variations, the solar rota-
tion period (~27 days) and planetary waves. Using the data 
observed by meteor radars recently built in Mohe, Beijing, 
Wuhan and Sanya along the 120E meridional line, Yu et al. 
(2013) obtained the two-dimensional tidal distributions at 
middle and low latitudes in the northern hemisphere using 
the classical Hough mode decomposition method. The meteor 
radar wind observations over Maui (20.75°N, 156.43°W) 
showed evidence of an 8-hour tidal component with signif-
icant semiannual variations (Jiang et al., 2009). In addition, 
Jiang et al. (2010) analyzed the meteor radar wind observa-
tions in Hainan and presented the diurnal and semidiurnal 
tidal variations in the low latitude upper atmosphere. Fur-
thermore, Zhao et al. (2012) studied the vertical and sea-
sonal variations of the diurnal and semidiurnal tidal varia-
tions through MF radar observations at Qujing Station. 

Xu et al. (2009a) extracted the zonal mean and migrating 
tidal variations of the temperature, pressure and wind fields 
with TIMED satellite observations. They also extracted 
their global distribution and seasonal and quasi biennial 
oscillations. Xu et al. (2009b) then reported the seasonal 

variations and the global distribution of the atmospheric 
eddy coefficient by introducing the equivalent Rayleigh 
dissipation factor and TIMED/TIDI wind observations. The 
global distributions and seasonal variations of the 24-, 12-, 
8- and 6-hour tidal sources are investigated by Xu et al. 
(2010a, 2012a), who further analyzed stratosphere ozone 
heating. On the basis of satellite observations, Xu et al. 
(2010b) found that the atmospheric airglow is strongly 
modulated by migrating and non-migrating tides, and Xu et 
al. (2012b) studied the radiation mechanism of the atmos-
pheric airglow. Using the TIMED/SABER satellite temper-
ature observations, Chen and Lü (2009) studied the propa-
gation DE3 tide in the upper atmosphere. 

Jiang et al. (2008) comprehensively studied a strong 
6.5-day wave during April and May of 2003 with six radar 
observations at middle and low latitude regions. Recently, 
Gu et al. (2013a) and Huang Y Y et al. (2013) investigated 
the seasonal and inter-annual variations of the quasi-two- 
day wave from 20 to 120 km using the 11-year TIMED sat-
ellite temperature and horizontal wind observations. The 
results showed significant inter-annual variations for both 
s=−3 and s=−4 QTDW modes, which is related to the sum-
mer easterly jet strength and could also be modulated by the 
sudden warming and solar activities of the winter strato-
sphere. In addition, the 16-year mesosphere wind observa-
tions through Hawaii MF radar showed that the amplitudes 
of QTDW are strongly correlated with the 11-year solar 
cycle and affected by the ENSO (Gu et al. 2013b). Gan et al. 
(2012) studied the s=1 quasi-stationary and the 16-day 
planetary waves and their effects on the temperature inver-
sion in the mesosphere. 

In the field of wave-wave interactions, Li T et al. (2009) 
studied the short-term variability of the diurnal and semidi-
urnal tides with temperature/wind obtained by the sodium 
lidar observations. They showed that the tidal wave ampli-
tudes and phases changed dramatically on a day-to-day ba-
sis, and these are closely related to the propagation direc-
tions and the strength of gravity waves observed by a collo-
cated all-sky airglow imager. Simulation results also 
showed that the nonlinear interactions between gravity 
waves and tides could effectively affect the day-to-day var-
iability of the tidal amplitudes (Liu X et al., 2008). Simula-
tions by Huang C M et al. (2013) indicate that the variation 
of the tidal winds may change the frequency of the gravity 
waves; this leads to the penetration of the gravity waves to 
the critical layer associated with the tidal winds. Liu X et al. 
(2012, 2013) also pointed out that the non-isothermal back-
ground atmosphere may affect the vertical propagation of 
the gravity waves and change their vertical wavelengths. 
Further, the nonlinear interactions between quasi-stationary 
planetary waves and the migrating tides can generate strong 
non-migrating tides, which lead to dramatic changes in the 
short-term tidal amplitudes that have been observed by 
ground-based instruments (Liu and Hagan, 1998). Through 
satellite observations, Xu J Y et al. (2014) showed strong 
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evidence of the nonlinear interactions between migrating 
diurnal tides and planetary waves, which is suggested to be 
an important source of the non-migrating diurnal tides. The 
nonlinear interactions between quasi two-day waves and 
tides were observed by Huang K M et al. (2013b) through 
meteor radar wind observations in Hawaii. These generated 
two planetary waves with periods of 16.2 and 15.8 hours. 
Huang C M et al. (2012) analyzed the tides and planetary 
waves in the thermosphere wind field through Arcebo in-
coherent scatter radar. The results showed that the tides 
dominate the day-to-day variations in the thermosphere, 
accompanied by strong gravity waves, tides and planetary 
wave interactions. The nonlinear interaction between tides 
and planetary waves was also investigated by Huang C M et 
al. (2009), Gong Y et al. (2011, 2013) and Huang K M et al. 
(2013c). In addition, Huang K M et al. (2012) studied the 
nonlinear interaction of gravity waves with a two-dimen- 
sional model. 

3  The coupling of the upper atmosphere, metal 
layers and the lower ionosphere 

The mesopause is the most complex part of the atmospheric 
dynamical and chemical processes, as well as the critical 
coupling region of the upper atmosphere and ionosphere. 
Extraterrestrial material is deposited in this region, giving 
rise to layers of free metal atoms or ions (e.g., Na, Fe, Ca, 
Ca+) in the MLT from 80 to 105 km. The metal atoms/ ions 
can be deemed a positive tracer of the atmospheric dynam-
ical and chemical processes; thus, many researchers have 
paid more attention to studies that focus on the metal layers. 
Since the 1970s, fluorescence lidars have been used to de-
tect the metal layers in the MLT. One of the most interest-
ing features in the metal layers is the sporadic metal layer, 
which is defined as an abrupt increase in the metal density 
relative to the background level. On the other hand, in the 
mid-latitude, the metal ions in the ionospheric E-region can 
be converged into a narrow layer by the vertical shear of the 
background horizontal wind, causing the so-called sporadic 
E (Es) layers. The high correlation in time and space be-
tween the sporadic metal layer and Es is evidence of inter-
preting the mechanisms of the sporadic metal layer. 

Since the 1950s, the mid-latitude Es layer has been 
widely investigated to study its occurrence, distributions, 
generation mechanism, etc. However, some observational 
features of Es remain uncovered, one of which is the so- 
called “summer anomaly” (the occurrence of mid-latitude 
Es is extremely high during summer). The well-known ex-
planation of mid-latitude Es is that the wind shear mecha-
nism is directly affected by the atmospheric waves. Thus, in 
recent years, researchers have tried to investigate the rela-
tionship between the “summer anomaly” of Es and the sea-
sonal variations of the atmospheric waves. Zuo and Wan 
(2008) revealed the quasi 6-day oscillations in Es occur-

rence, which relates the quasi 6-day planetary wave activity 
in the MLT region. They used observations of both the ion-
osonde and meteor radar located at Wuhan. Later, by ana-
lyzing the observations from several worldwide ionosonde 
stations, Zuo et al. (2009) found the global 6-day planetary 
wave oscillations detected in the Es layer propagated west-
ward with a zonal wave number of about 1. Zhao et al. 
(2008) studied the anomalous enhancement of ionospheric 
electron content in the Asian-Australian region during a 
geomagnetically quiet day and found a large increase of Es 
prior to the start of an anomalous enhancement. The 
day-to-day variability of Es suggested that the enhancement 
process was related to the lower atmospheric 2-day waves. 
The confirmation of the relationship between the atmos-
pheric waves and ionospheric Es proposes a new possibility 
for interpreting the observed features of Es, i.e., the “sum-
mer anomaly”.  

Among the atoms/ions in the metal layers, sodium atoms 
were first and widely detected by lidars. The sporadic so-
dium layer (SSL) has attracted researchers’ attention for 
many years. Dou et al. (2009b, 2010a) statistically studied 
the relationship of the SSL, Es and the meteor input over the 
mid-latitude region, using the observations from ground- 
based sodium ldiar, meteor radar and satellite occultation. 
They found that the seasonal variation of the meteor input 
number showed a maximum during summer and a minimum 
during winter, which correlated well with the seasonal oc-
currence of SSL and Es. From a statistical point of view, a 
meteor-Es-SSL chain could be a reasonable interpretation. 
This interpretation is briefly described as following: assum-
ing the incoming meteors are the source of the Es and the 
SSL, the metal ions are converged into Es layer by the wind 
shear related with atmospheric waves, and follow the 
downward phase progression of the waves to form SSL up-
on recombination. 

In actuality, SSLs have been observed in a different lati-
tude region. Figure 3 shows four SSLs observed by sodium 
lidars of the Chinese Meridian Project and located in Bei-
jing, Hefei, Wuhan and Haikou, respectively. Using these 
four lidars together with three ionosondes located in Beijing, 
Wuhan and Haikou, Dou et al. (2013) studied the latitudinal 
distribution and correlation of SSL and Es. The SSLs at four 
lidar sites showed evidence of summer enhancements, and 
they correlated well with Es. The co-observations of SSLs 
at three lidar site pairs, i.e., Hefei-Beijing, Hefei-Wuhan, 
and Hefei-Haikou, indicated that a large-scale SSL extended 
horizontally for at least a few hundred kilometers. Moreover, 
the SSLs were better correlated in the Hefei-Wuhan and 
Hefei-Haikou pairs than in the Hefei-Beijing pair, which 
suggested a difference in the dynamical/chemical process in 
the MLT between the Beijing and the other sites.  

The recent observations showed that the upside of the 
metal layer was able to extend to the thermospheric region 
of 120–170 km (Höffner and Friedman, 2004, 2005; Chu et 
al., 2011; Friedman et al., 2013). Gong et al. (2003) reported  
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Figure 3  The SSLs observed by sodium lidars located at Beijing (a), Hefei (b), Wuhan (c), and Haikou (d), respectively. Adopted from Dou et al. (2013). 

a case of a thermospheric sodium layer (also called a double 
sodium layer by the authors) in Wuhan using a sodium lidar. 
Wang et al. (2012) statistically studied 17 thermospheric 
sodium layers observed through a sodium lidar located in 
Beijing over the observations of 300 nights. They illustrated 
that the thermospheric sodium layers frequently occurred 
during spring and summer when the altitude region was 
distributed from 105–130 km. Recently, Xue et al. (2013) 
reported two thermospheric sodium layers at a low- latitude 
station in Lijiang. With the help of the adjacent ground- 
based and space-borne ionospheric radio observations, they 
suggested that the formation of the thermospheric sodium 
layers was related to an “Es-Thermospheric sodium layer” 
chain formed through the tidal wind shear mechanism, as is 
shown in Figure 4. 

Besides the sodium layer, the detection of the other metal 
atoms/ions is also an attractive topic. Yi et al. (2013) re-
ported common-volume observations of sporadic metal lay-
ers in the MLT region through three lidars. The sporadic 
layering events of Na, Fe and Ca (Ca+) can be observed 
simultaneously. The altitudes of all the sporadic metal at-
oms/ions agreed with each other, and the evaluation of these 
layers followed almost the same track. The results indicated 
that the sporadic metal layers are usually a mixture of mul-
tiple metal atoms and ions and suggested that all these metal 

species in a mixture were the product of the same or similar 
source processes.  

Various numerical models associated with metal layers 
or sporadic metal layers have been developed, which have 
been coupled with photo-chemistry or dynamics (Collions 
et al., 2002, Plane, 2004). Recently, some metal layer mod-
els have been successively incorporated into the atmospher-
ic general circulation model, i.e., WACCM developed by 
NCAR, to study the global variation of the metal layers 
(Feng et al., 2013, Marsh et al., 2013). Xu and Smith (2003, 
2005) calculated the chemical lifetime of the sodium from 
the eigenvalues and eigenvectors of the sodium chemical 
system. They found that the lifetime is much longer in the 
vicinity of the mesospheric sodium layer and verified that 
the sodium could be deemed as a positive tracer for the at-
mospheric dynamical process (e.g., gravity waves). Xu et al. 
(2006b) developed a nonlinear model of the sodium layer, 
which is time-dependent, two-dimensional, nonlinear, and 
non-hydrostatic (Xu et al. 2003), to study the effect of grav-
ity waves on the sodium layer. They found that the model 
and observations showed similar behavior in the evolution 
of the sodium densities, mixing ratios, and potential tem-
perature in response to large- and small-scale waves. Based 
on the theoretical study of the sodium photon-chemistry. Xu 
et al. (2005) also proposed a new retrieval method for satellite  
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Figure 4  (a) The development of the whole sodium layer during the observational period 13:00 UT–16:30 UT on 10 March 2012, at Lijiang, China. Above 
110 km, an evident thermospheric sodium layer appeared, and then decayed gradually. However, the SSL in the main layer below was enhanced and reached 
its maximum at the end of the observation. The blank area is due to the thin cloud covering over the lidar site. The MF received power is contoured as the 
solid white lines; the contour levels are 10000 to 30000 in the arbitrary unit, with an interval of 5000. (b) The calculated divergence of the ion vertical mo-
tion on 10 March 2012. The negative divergence is represented by blue; the positive, red. The peak height of the thermospheric sodium layer and the SSL 
versus time are represented by the black dots. In an ion-convergent region, the thermospheric sodium layer (or SSL) can be enhanced, while in an 
ion-divergent region, the layer density tends to decrease. Adopted from Xue et al. (2013). 

remote sensing of global sodium during the nighttime through 
the use of satellite limb observations of ozone density, neutral 
temperature and Na nightglow volume emission rate. 

4  The coupling of atmospheric tides and the 
ionospheric F2-layer 

Atmospheric waves transform the energy from the lower 
atmosphere to the upper atmosphere and ionosphere, and 
play important roles in the ionosphere-thermosphere cou-
pling. Among these atmospheric waves, the tide regularly 
and diurnally occurs and therefore plays an important role 
in the vertical propagation of atmospheric energy.  

In the research on the coupling between the atmospheric 
tide and the ionospheric F2-region, the main challenge is 

that both the ionosphere and the migrating tide, which is the 
dominant tidal mode, have sun-synchronous diurnal varia-
tion. Thus, it is very difficult to separate the influence of the 
migrating tide from the ionospheric diurnal variation. On 
the other hand, the non-migrating tide is not sun-synchro- 
nous, and its influence is easier to separate. For example, 
previous research suggested that the atmospheric tide of the 
non-migrating tidal mode DE3 (diurnal eastward wave 
number 3) is the origin of the ionospheric longitudinal 
structure of wave number 4 (WN4), which was first ob-
served in 2005 (Sagawa et al., 2005; Immel et al., 2006). 
WN4 is an important phenomenon of the ionosphere-ther- 
mosphere coupling, and can reveal the complex coupled 
mechanisms between the ionosphere and thermosphere. 
Hence, this new ionospheric distribution has attracted con-
siderable attention.  
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In earlier research, it was difficult to study the WN4 cli-
matology and diurnal variation because of the coverage lim-
itation of the satellite observation. Wan et al. (2008) studied 
the seasonal and solar cycle variations of the ionospheric 
WN4 by using the long-term TEC data from global iono-
spheric maps (GIMs). As shown in Figure 5, they found that 
the intensity of the WN4 greatly depends on the season and, 
to a lesser extent, solar activity. In other words, the WN4 
waves are intense and well developed in boreal summer and 
early boreal autumn, but quite weak in boreal winter; the 
intensity of the WN4 increases slightly with the increase of 
solar activity. Wan et al. (2008) also found that the WN4 
patterns shift eastward, and the shifting speed, which is 
smaller in the daytime than at night, is about 90o/day in the 
LT-frame. This is attributed to both the eastward propaga-
tion of the DE3 in the E-region and the zonal E×B ion drifts 
in the F-region.  

To demonstrate that the ionospheric WN4 is driven by 
the DE3 tide, Wan et al. (2010) studied the correlation be-

tween the above WN4 structure in the ionospheric TEC and 
the DE3 tidal wind in TIDI/TIMED observations. They 
found that the observed WN4 wave and DE3 zonal wind 
components experience very similar annual and inter-annual 
variations, and that the correlation coefficient is higher than 
90%. However, the DE3 meridional wind component shows 
quite different behavior. Wan et al. (2010) suggested that 
such different correlations are attributed to the different 
hemispheric symmetry of different DE3 wind components. 
The DE3 zonal wind is likely in hemispheric symmetrical 
mode; hence, it can efficiently affect the ion drifts in the 
F-region. In contrast, the meridional wind is mainly in anti- 
symmetrical mode and seldom affects the ionospheric drifts.  

Previous research suggested that the ionospheric vertical 
drifts play an important role in the coupling between the 
DE3 and WN4. Ren et al. (2009a) studied the diurnal and 
intra-annual variation of the WN4 in the equatorial vertical 
E×B drifts based on ROCSAT-1 observations, and found that 
its intra-annual variation agrees with that of the ionospheric    

 
 
 

 

Figure 5  Patterns of the wavenumber-4 component filtered from the latitudinal integrated TEC (ITEC) of JPL GIMs. The three rows from top to bottom 
are for low (F107<120), medium (120<F107<160) and high (F107>160) levels of solar flux, respectively. The columns from left to right are for months 
January through December, respectively. Because of the recurrence of the wave patterns in the longitude domain, the figure shows only one-pattern ITEC 
maps in a longitude range from 45W to 45E. Adopted from Wan et al. (2008). 
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WN4 observed by Wan et al. (2008). Ren et al. (2009a) also 
found that the intra-annual variation of the WN4 in daytime 
vertical drifts agree with that of the DE3 zonal wind and 
temperature components. With an ionospheric dynamo mod-
el, Ren et al. (2010) simulated the WN4 in vertical drifts 
and found similar intra-annual variation and phase shifts. 
The results of Ren et al. (2010) also demonstrated what 
Wan et al. (2010) had suggested: the symmetrical tide can 
efficiently affect the F-region ion drifts, while the an-
ti-symmetric mode could not. 

Recent research suggested that the DE3 tide can also di-
rectly penetrate the thermosphere and ionosphere and drive 
the WN4 structure there. Ren et al. (2011a) simulated the 
influence of non-migrating tides on the longitudinal varia-
tions in the equinoctial lower thermosphere nitric oxide 
(NO), and found that DE3 tides drive the WN4 structure in 
the NO density and the DE2 tides (diurnal eastward wave 
number 2) drive the WN3, the longitudinal structure of 
wave number 3. They pointed out that the non-migrating 
tides mainly affect the longitudinal variations of the iono-
sphere through the modulation of the NO chemical produc-
tion rate. Ren et al. (2012a) also simulated the influence of 
non-migrating tides on the longitudinal variations in 
E-region’s electron density and found similar results. Wan 
et al. (2012) investigated the above two mechanisms with a 
coupled ionosphere-thermosphere model and found that the 
thermospheric WN4 waves are directly produced by the 
wave propagation mechanism; they are also indirectly cre-
ated by the mechanism of electro-dynamical coupling com-
bined with ion-neutral collision. Correspondingly, the ion-
ospheric WN4 waves are directly produced by the electro- 
dynamical coupling, and they can also be indirectly excited 
by the mechanisms of upward wave propagation combined 
with neutral-ion collision. 

Based on the DMSP F13 satellite observations, Ren et al. 
(2008) also found the WN4 in the electron temperature and 
electron density in the sunset (17:45LT) equatorial topside 
ionosphere. Liu L B et al. (2008, 2009, 2010a) collected the 
ionospheric electron density profiles from the COSMIC 
radio occultation measurements and found the WN4 in ion-
ospheric seasonal harmonics, topside ionospheric scale 
heights, the thickness parameter B0 and the shape parameter 
B1 in the IRI model. Zhao et al. (2011a, 2011b) and Li G Z 
(2008) found also the WN4 structure in the occurrence of 
F3-layer and ionospheric bubble, From the TIMED/GUVI 
observations, He et al. (2010) found the WN4 in the ther-
mospheric O/N2 column density ratio. Mu et al. (2010) also 
studied the correlation between the ionospheric WN3 and 
DE2. 

The atmospheric tide affects not only the ionospheric and 
thermospheric structures but also their seasonal variations. 
Ren et al. (2011b) studied the equinoctial asymmetry of the 
ionospheric vertical E×B plasma drift velocity based on 
ROCSAT-1 observations, and the observed asymmetry ex-
hibits obvious local time and longitude dependence. Ren et 

al. (2011b) simulated the effect of the drift asymmetry on 
the ionospheric plasma density and found that the daytime 
drift asymmetry can partly explain the equinoctial asym-
metry in daytime low-latitude ionospheric plasma density, 
as observed by Liu et al. (2010b). Ren et al. (2012b) simu-
lated alsothe influence of the lower thermospheric tidal 
winds on the equinoctial asymmetry of the equatorial verti-
cal E×B plasma drifts using TIDM-IGGCAS-II model, and 
found the asymmetry is mainly driven by the migrating 
tides DW1 (diurnal) and SW2 (semidiurnal tide), as well as 
the non-migrating tides DE3 and DW2. Lei et al. (2011, 
2013) explored the influence of the lower atmospheric tides 
on the latitudinal structure of the lower thermosphere and 
their contribution to the annual asymmetry of the upper 
thermosphere. Luan et al. (2012) reported the latitudinal, 
seasonal and solar cycle variations of terdiurnal migrating 
tide signatures in theionospheric TEC based on the JPL 
global ionospheric maps (GIMs) between 1999 and 2011. 
The absolute amplitude of TW3 exhibits maximum values 
in the magnetic equatorial region, which reaches about 8 
TECU under high solar activity and 1.5 TECU under low 
solar activity. 

Xiong et al. (2013) studied the influence of sudden strato- 
spheric warming (SSW) in the winter of 2008/2009 on the 
ionosphere based on the TEC observations in Beijing, and 
found the enhancement in semidiurnal variation of the ion-
ospheric TEC with a phase shift forward. They used the 
winds observed by an all-sky meteor radar in the same ob-
servatory to study mesospheric variation. They also found 
that the coupling between the mesosphere and ionosphere 
contributes to the semidiurnal variation of the TEC through 
both solar and semidiurnal lunar tides, and the enhancement 
in semidiurnal lunar tide is responsible for the TEC peak 
shift forward during the SSW. Mo et al. (2014) studied the 
morphology of the ionospheric equatorial anomaly during 
the SSW in 2005–2006. 

5  Coupling between the ionosphere and the 
thermosphere 

The collision between the charged plasma and the neutral 
gas is one of the fundamental processes in the upper at-
mosphere, and this results in the interaction and modulation 
of the ionosphere and the thermosphere and the variability 
of the upper atmosphere. 

As we know, the background thermospheric winds can 
transport the plasma by the wind component parallel to the 
magnetic field lines through the ion-neutral collisions. The 
equatorward winds tend to move the plasma into higher 
altitudes where the recombination rate is lower, which 
causes an increase of electron density in the F-region, and 
vice versa. Meanwhile, the variations of zonal winds, along 
with the magnetic field decline effect, can also have a wind 
component along the magnetic field lines to further modu-



2006 Wan W X, et al.   Sci China Earth Sci   September (2014) Vol.57 No.9 

 

late the variation of the ionosphere. This includes the for-
mation of the ionospheric density anomaly in the middle 
latitudes, which has attracted great interest of scientists in 
recent years. For instance, He et al. (2009) found that the 
change of peak electron density (NmF2) over the Weddell 
Sea Anomaly (WSA) is associated with the change in peak 
height (hmF2), while the latter is correlated closely with the 
components of the geomagnetic field. This indicated that 
the WSA is a manifestation, with a particular geometry of 
the magnetic field, of the evening enhancement induced by 
the winds. Simulations by Ren et al. (2012c) revealed that 
the middle latitude summer nighttime anomaly mainly ap-
pears in three distinct regions—East Asia, northern Atlan-
tic-Europe and the South Pacific, which are mainly associ-
ated with the longitudinal variations of thermospheric zonal 
and meridional winds. Zhao et al. (2013) provided evidence 
of the longitudinal change supporting the thermospheric 
zonal wind mechanism by examining the climatology of 
NmF2 and electron density at different altitudes in the Far 
East regions with a longitude separation of up to 40°–60°. 
As shown in Figure 6, in the Far East area the daytime elec-
tron densities are higher in the West than those in the East, 
while at night the situation is the opposite. In addition, the 
daytime hmF2 in the West is higher by 30–50 km than in 
the East. They also suggested that the observed longitudinal 
variations of electron density in the Far East are associated 
with neutral winds and magnetic decline angle.  

Based on measurements of a ground-based GPS station 
network, Xu J S et al. (2014) examined differences of the 
mid-latitude ionospheric TEC in the east and west regions 
of North America, South America and Oceania. Their anal-
ysis showed that the longitude variations of both declination 
and zonal thermospheric winds are one of the most im-
portant causes of the differences of the mid-latitude iono-
spheric TEC on both sides of the longitudes with zero dec-
lination. Luan and Dou (2013) studied the longitudinal and 
seasonal variations of the nighttime NmF2 and the corre-  

 
 

 
Figure 6  Three-dimensional distribution of electron densities in the Far 
East Asia area in the summer of 2007–2008. The variation of the magnetic 
decline angle (dashed line) is also included in this plot. Adopted from Zhao 
B Q et al. (2013). 

sponding hmF2 at southern middle latitudes. They found 
that the seasonal-local time patterns of the electron density 
longitudinal variations during nighttime at southern middle 
latitudes cannot simply be explained in terms of WSA. Be-
sides the magnetic declination-zonal wind effects, the geo-
graphic meridional wind and the magnetic inclination also 
have significant effects on the upward plasma drifts and the 
resultant electron density. 

Aside from the background neutral winds, large scale 
gravity waves can introduce significant variability in the 
ionosphere. Ding et al. (2012, 2013) and Song et al. (2012) 
reported variations of the two-dimensional imaging of 
large-scale traveling ionospheric disturbances (LSTID), and 
also compared the differences and similarities between the 
Chinese and American regions regarding the propagating 
feature and characteristics of the LSTID. Ding et al. (2011) 
obtained climatology of medium-scale traveling ionospheric 
disturbances (MSTIDs) from observations of a dense GPS 
receiver array in central China. The propagation directions 
and the seasonal behaviors support the view that the day-
time MSTIDs are the ionospheric manifestation of atmos-
pheric gravity waves from the lower atmosphere, while a 
possible excitation mechanism of nighttime MSTIDs is the 
electro-dynamic process caused by plasma instability in the 
F-region. With the network observations of both GPS re-
ceivers and ionosondes, Song et al. (2013) studied seasonal 
variations of the ionospheric disturbances generated by the 
solar terminator over China. Recently Ding et al. (2014) 
reported ionospheric response to the shock and acoustic 
waves excited by the launch of the Shenzhou 10 spacecraft. 
Later, Ding et al. (2012, 2013) and Song et al. (2012) re-
ported variations of the two-dimensional imaging of LSTID, 
and also compared the differences and similarities between 
the Chinese and American regions regarding the propagat-
ing feature and characteristics of the LSTID. Xu et al. (2008) 
conducted a study on the relationship between TEC over 
East Asia and the tropospheric circulation around the Qing-
hai-Tibet Plateau, and found a positive correlation between 
the day-to-day variability of the TEC and the Asian zonal 
circulation index. They suggested that the dynamical effect 
on airflow of the plateau can generate vortexes, and these 
vortexes may continuously excite internal gravity waves 
that propagate upward to the ionosphere and cause regional 
wave disturbances.  

Li G Z et al. (2012) investigated the large-scale wave 
structures (LSWS) and the onset and development of the 
ESF over Sanya (18°N, 109°E) in 2011. Correlative studies 
between the LSWS and ESF activities during the observa-
tional period offer consolidated evidence that the LSWS is a 
necessary precursor for the ESF development. On the other 
hand, the appearance of the LSWS alone may not be suffi-
cient to produce the post-sunset F-region irregularities re-
sponsible for ionospheric scintillations. Factors aside from 
the LSWS could play crucial roles in the growth of ESF 
instabilities that are responsible for ionospheric scintilla-
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tions. Li G Z et al. (2013a) further revealed the frequent 
occurrences of multiple plumes over two stations, i.e., the 
Equatorial Atmosphere Radar (EAR) (0.2°S, 100.3°E; dip 
latitude 10.4°S) and the Sanya VHF radar (18.4°N, 109.6°E; 
dip latitude 12.8°N). However, for the 21 March 2012 event, 
the EAR measured multiple plume structures that developed 
successively in the radar-scanned area with east-west sepa-
ration of ~50 km, with no sunset plasma plume over Sanya. 
Their study implied that the simultaneous occurrence of the 
small-scale wave structures (SSWS) and LSWS is the pre-
ferred condition for the generation of the ESF. Li G Z et al. 
(2013b) reported a rare observation of daytime 150 km 
echoes with the small Sanya VHF radar preceded by the 
occurrence of an unusual intermediate layer, which is iden-
tified as abnormal traces at the upper E region in corre-
sponding ionograms. The abnormal intermediate layer asso-
ciated with possible gravity wave activity could significant-
ly contribute to the growth of irregularities. It is also inter-
esting that Xiao et al. (2007), Xiao et al. (2009) and Hao et 
al. (2012) analyzed the ionospheric disturbances associated 
with typhoons and earthquakes. They attributed the ob-
served disturbances to the upward propagation of the at-
mospheric gravity. 

The previous sections described the recent progress of 
the studies in the influence of the background thermosphere 
on the ionosphere. The impact of the ions on the neutral gas 
is another interesting aspect of the ion-neutral coupling. As 
revealed in Lei et al. (2012a, 2012b), neither heat transport 
due to zonal winds nor chemical heating is able to explain 
the formation of the equatorial thermosphere anomaly (ETA) 
crests. Instead, it was found that plasma-neutral collision 
heating and the field-aligned ion drag are the major contrib-
utors in producing the ETA crest and trough, respectively. 
As shown in Figure 7, the crest- trough difference in the 
exosphere temperature is 46 K, and the corresponding 
crest-trough ratio in thermosphere density at 400 km is 1.06. 
Additionally, the crests of the ETA always locate poleward   

 

 

 

Figure 7  Latitudinal distribution of thermospheric temperature (sold line) 
and peak density of F2 layer (dash line, unit is 1012 m–3) from theoretical 
model including the heating from field-line ion drag and ion-neutral colli-
sion. The local time and longitude are 14:00 and 110°E, respectively. 

by 10°–15° with respect to those of the equatorial ionosphere 
anomaly (EIA) (Liu et al., 2007; Lei et al., 2010a, 2012c). It 
is interesting to point out that Liu et al. (2011) demonstrated 
a similar ETA feature observed in the nighttime thermo-
spheric density, albeit the occurrence is lower compared 
with that of the daytime. Whether the formation of the 
nighttime ETA is also associated with the ion-neutral cou-
pling is an interesting topic that will be explored in the fu-
ture. 

Beside the momentum transfer between the ions and the 
neutrals through ion drag, energy exchange between the 
ions and neutrals also affects the status of the thermosphere. 
Ruan et al. (2013) suggested that photoelectron heating 
from the conjugate summer hemisphere might be the main 
contributor to pre-midnight enhancement in ion temperature 
by the ion-neutral collisional heating, which results in a 
subsequent enhancement in neutral temperature in January, 
2012. During storm-time, the elevated Joule heating due to 
the increase of particle precipitation and the associated 
conductivities results in significant changes of the upper 
thermosphere (e.g., Richmond and Lu, 2000; Lei et al, 
2010b, 2012d). Xu et al. (2013a, 2013b) demonstrated that 
there are strong longitudinal variations of the upper atmos-
phere at high-latitudes over all seasons, and their simula-
tions further confirmed that auroral heating causes the ob-
served longitudinal variations (about 10%–20% to the zonal 
mean). Interestingly, the impact of auroral heating on the 
thermodynamics of the neutral atmosphere can penetrate 
down to about 105 km. 

Because of the complex and highly coupled processes in 
thermosphere and ionosphere, simulations play an important 
role in the studying of the thermosphere and ionosphere, 
and one needs to develop complex numerical models of this 
coupled system. To simulate the complex and highly cou-
pled physical and chemical processes in the ionosphere- 
thermosphere system, Ren et al. (2009b) developed a new 
global time-dependent three-dimensional coupled iono-
sphere-thermosphere. This model self-consistently calcu-
lates the time-dependent three-dimensional structures of the 
main thermospheric and ionospheric parameters in a sphe- 
rical geomagnetic coordinate in the height range from 90 to 
600 km, including neutral number density of major species 
O2, N2, and O and minor species N(2D), N(4S), NO, He and 
H; ion number densities of O+ ,O2

+, N2
+, NO+, N+ and elec-

tron; neutral, electron and ion temperature; neutral wind 
vectors and ionospheric electric field. This model can re-
produce the main features of the thermosphere and iono-
sphere, and have been used in studying the influence of 
thermospheric variations on the ionosphere (Ren et al., 
2011a, 2012a; Wan et al., 2012). 

6  Summary 

The coupling between the upper atmosphere and the iono-
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sphere manifests chiefly from the upward energy propaga-
tion from the low atmosphere to the ionospheric altitudes. 
This energy propagation reveals another important origin of 
the ionospheric space weather—the vertical coupling of the 
atmosphere-ionosphere system, which is different from the 
typical space weather origins, such as the solar activities or 
solar wind-magnetosphere-ionosphere coupling. As pointed 
out by Forbes et al. (2000) and Rishbeth and Mendillo 
(2001), the space weather origin below is of similar im-
portance as those from the above. Therefore, the investiga-
tion on the coupling between the upper atmosphere and the 
ionosphere plays an important role in the space weather 
research. 

In paper we reviewed the recent research progress on the 
coupling of the upper atmosphere and the ionosphere, em-
phasizing the works of Chinese scholars, summarized as 
follows: 

(1) We first reviewed the observation facility of the up-
per atmosphere, which was recently constructed in China 
with the support of the Chinese Meridian Project. The upper 
atmospheric observations are consist with the meridian 
chains of the optical instruments including lidars and FP 
interferometers in Bejing, Hefei, Wuhan and Haikou, and 
radio instruments including Meteor radars and MST radars 
in Mohe, Bejing, Wuhan and Sanya. These instruments pro-
vide plentiful data for studying the upper atmosphere. 

(2) We introduced the investigations on climatology and 
wave disturbances in the upper atmosphere. These works 
concern the seasonal and inter-annual variations of the up-
per atmosphere and its responses to the ENSO, QBO, AO, 
and SAO, as well as the propagations and dissipations of the 
gravity waves, tides and planetary waves in the upper at-
mosphere. 

(3) We reviewed the studies on coupling between the 
upper atmosphere and the low ionosphere. These works 
include the coupling of the sporadic E layers and planetary 
waves, and the relationship among the sporadic metal layers 
(e.g., SSL), the meteor injection and the sporadic E layers. 

(4) We also reviewed research on the coupling between 
atmospheric tides and the ionospheric F2 layer. This body 
of work revealed the seasonal and solar cycle variation of 
the WN4 structure in the ionosphere, as well as the correla-
tion between the ionospheric WN4 and the non-migrating 
tide DE3 in the upper atmosphere. New mechanisms and 
models were proposed to explain the WN4-DE3 coupling 
process. 

(5) Finally, we reviewed studies on ionosphere-thermo- 
sphere coupling. These works deal with the nighttime en-
hancement of the atmospheric winds, as well as the ther-
mospheric equatorial anomaly created by the collision be-
tween the ions and neutron particles.  

From the above summary, it is clear that Chinese inves-
tigators have made significant progress in the coupling be-
tween the ionosphere and upper atmosphere, and these con-
tributions include the observation, data precession, model-

ing and mechanism analysis. 
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