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In this work, the ionospheric variability is analyzed by applying the wavelet decomposition technique to the noontime foF2, 
F10.7, interplanetary magnetic field (IMF) Bz, Ap, and lower thermospheric temperature at pressure of 104 hPa in 2002. Re-
sults show that the variance of periodic oscillations in the ionosphere is largest in the 2–4-day period and declines with the in-
crease of the period. The maximum variance of the periodic oscillations in solar irradiation is in the 16–32-day period. For 
geomagnetic activities, most of the variance is about equally distributed on intervals of periods shorter than 32 days. Variance 
distributions of IMF Bz and lower thermospheric temperature are similar to those of the ionosphere. They show the maximum 
in the 2–4-day period and decline with the increase of the period. By analyzing the distributions of the variances, the potential 
connections between the ionosphere and the external sources are discussed. 
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1  Introduction 

The ionosphere exhibits variability because of complicated 
processes and changeable sources from above and below. A 
detailed classification of these sources probably responsible 
for ionospheric variability has been given by Rishbeth and 
Mendillo [1]. Briefly, these sources and processes can be 
classified into four broad categories, including solar ioniz-
ing radiation, solar wind and geomagnetic activity, neutral 
atmospheric condition, and electrodynamics. No doubt, the 
characteristic variations in the ionosphere due the sources 
should be manifested in some way. Nevertheless, although 
the connections between the ionospheric variation and the 
sources are physically clear, it is difficult to separate the 
contribution of these sources to ionospheric variability 

quantitatively for the given ionospheric observations. 
The most powerful source of the ionospheric variability 

is the solar irradiation, which provides most of the ionizing 
energy. There are the 11-year solar cycles, quasi-27-day 
solar rotations and the day-to-day basis that lead to the cor-
responding periods in the ionospheric variations. Some oth-
er periodic variations in the ionosphere are also possibly 
related to the solar irradiation. Also, the ionospheric plasma 
densities could be changed because of the solar flux-   
induced variations in the neutral composition, neutral tem-
peratures, winds, and conductivities [2,3]. The solar activity 
dependences of the ionospheric peak electron density 
(NmF2) have been analyzed by Liu et al. [4] that the ob-
served change rate of NmF2 can be reproduced by a modu-
lated solar activity factor. Also, the solar flares, active re-
gions, and some other violent activities can all lead to 
changes in the state of the ionosphere [5,6]. 
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The interaction of interplanetary conditions with the 
earth’s magnetosphere that include the interplanetary mag-
netic field (IMF) and the solar wind energetic particles, can 
bring in a series of modulations in the ionosphere [7–9]. 
Researches have shown that on magnetically quiet days, a 
large part of the day-to-day variability of the ionosphere 
seems to be attributed to the polarity changes of the IMF Z 
component (in GSM coordinates) Bz. The position of the 
main ionospheric trough may also change as an effect of the 
IMF sector structure and of the IMF Bz component turnings 
[10–13]. Bremer et al. [14] statistically studied the effects of 
the structure of the IMF on the ionospheric variability and 
found that negative Bz values can cause distinct negative 
ionospheric effects. The effects of the solar wind particle on 
high-latitude ionosphere have been studied thoroughly. Un-
der some extreme conditions, for example, during coronal 
mass ejections (CMEs), these effects can be found even in 
the middle- and low-latitude ionosphere. Besides the ex-
treme conditions, the routine effects of the normal solar 
wind, such as the 9- and 7-day periodic oscillations in the 
global mean total electron content (TEC) related to the solar 
wind streams, which is more often observed during the de-
clining phase of the solar cycle and in the solar minimum, 
have also been found in the ionosphere [15,16]. 

It is well known that the influence from the lower at-
mosphere is one of the primary origins of the ionospheric 
variability. Through some physical processes, waves in the 
lower atmosphere can propagate to the height of the iono-
sphere and bring in corresponding periodic oscillations in 
the ionosphere. The periods of these variations vary from 
minutes to tens of days and overlap some of the solar varia-
tions. Obviously, the identification of the ionospheric varia-
tions that originated from the lower atmosphere is worthy of 
attention. In recent years, studies on the ionospheric varia-
bility focus mainly on estimating the effects [17–19] such as 
planetary waves (PWs) and phenomena such as thunder-
storms, typhoons, hurricanes, tornadoes, and even seismo-
logical events that are all potential origins of the ionospher-
ic variability [20–22]. Although it has been widely recog-
nized that this type of oscillations are generally related to 
the global scale PWs generated in the lower atmosphere, 
there are some other studies indicating that they are related 
to the solar wind. Using wavelet filter algorithms, Borries et 
al. [23] estimated that 38%–42% of the PW-type oscilla-
tions observed in TEC are related to the quasi-periodic var-
iability of the EUV, solar wind speed, and geomagnetic 
disturbances. Focusing on the PW-type responses of the 
thermosphere/ionosphere system to the forcing from above 
and below during a major sudden stratospheric warming 
(SSW), Mukhtarov et al. [24] studied the periodic compo-
nents of the ionospheric oscillation, and found that the ob-
served global ionospheric oscillations with periods of ~9, 
~14, and ~24–27 days are approved to be of solar origin and 
the ~18-day wave is allocated to a 18-day PW observed in 
the stratosphere/mesosphere/lower thermosphere region. 

Besides the oscillations with periods of days, the day-to-day 
variability is another major subject in the study of iono-
spheric variability. Forbes et al. [2] found that under quiet 
geomagnetic conditions, the variability of NmF2 because of 
the meteorological influences, is 25%–35% at periods of a 
few hours to 1–2 days and 15%–20% at periods of PWs 
(2–30 days). Also, considering the possible differences in 
the ionosphere between day and night, Rishbeth and 
Mendillo [1] also studied the ionospheric variability and 
found that for years of medium solar activity, the standard 
deviation of the NmF2 are 20% by day and 33% by night. It 
was concluded that the geomagnetic activity is a major 
cause of the ionospheric variability, though “meteorologi-
cal” causes transmitted from lower levels may make a 
comparable contribution. 

The spectrum of the ionospheric short-period variation is 
formed by various sources from above and below, external 
and internal. Most studies focus on certain origins and cover 
part of the periods with spectral analysis and band pass fil-
ters [25–27]. It should be noticed that the spectral peaks and 
band pass filtered signals are both limited by the width of 
the bands. To avoid the loss of information, the wavelet 
decomposition method is applied. The method, as well as 
the data set used in this study, will be introduced in Section 
2. Considering the complicated relation between the iono-
sphere and those space environmental factors, the variance 
distributions of the periodic oscillations are calculated in-
stead of the direct correlation between the original series or 
the filtered signals. In Section 3, for the period intervals of 
2–64 days, the variance distribution of the critical frequency 
of the ionospheric F2-region (foF2) and its possible relation 
with F10.7 index, IMF Bz, Ap index, and lower thermo-
spheric temperature will be analyzed. 

2  Data and method 

The noontime ionospheric foF2 in 2002, contemporaneous 
F10.7 index, IMF Bz, Ap index and the lower thermospher-
ic temperature are used in this study. Considering the latitu-
dinal difference of the ionospheric variability, two Chinese 
ionosonde stations at the mid- and low-latitudes, respec-
tively, are selected. Their geographical locations and geo-
magnetic locations are given in Table 1. It can be seen that 
these two stations locate in the same longitude zone, and the 
magnetic latitude difference between them is over 15 de-
grees, covering from mid to low geomagnetic latitude. 
BP440 is a mid-latitude station. The ionosphere at this lati-
tude is rarely disturbed by the equatorial fountain effect and 
the high-latitude auroral heating, which means that its status 
is relatively stable. GU421 is a low-latitude station under 
the northern crest of the equatorial anomaly. The iono-
spheric status at this latitude is strongly influenced by the 
equatorial fountain effect. The IMF Bz is observed by the 
ACE (advanced composition explorer). Based on the  
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Table 1  Station coordinates (degrees), both geographic and geomagnetic 

Site ID GeoLat GeoLong MagLat MagLong 

BP440 40.1 116.3 29.5 186.8 
GU421 23.1 113.4 12.4 184.6 

 
 
consideration of temporal resolution and the local time de-
pendence in foF2, the 1-hour average of Bz at noontime of 
the local time of the two stations are used. The temperature 
is observed by SABER (sounding of the atmosphere using 
broadband emission radiometry) on the TIMED (thermo-
sphere, ionosphere, mesosphere energetics and dynamics) 
satellite. The temperature at the pressure of 104 hPa (alti-
tude about 100 km) is selected and the daily average is cal-
culated within two areas (5°×25°) of the globe, correspond-
ing to the locations of BP440 and GU421, respectively. 

For analyzing the periodic variations, the wavelet “db6” 
is used to perform a multi-level one-dimensional wavelet 
decomposition. The component of the original data at any 
single level can be reconstructed after decomposition 
[28–30]. In this work, the period scales of the reconstructed 
levels are 2–4, 4–8, 8–16, 16–32 and 32–64 days. After ex-
cluding these “zero mean” periodic components from the 
original data, there is still a secular trend containing some 
periodic information with periods longer than 64 days. As 
an example, the original series and the decomposed com-
ponents of F10.7 and daytime foF2 at BP440 during 2002 
are presented in Figure 1. The top two panels are the original 
data of F10.7 and foF2. Downward from the second two  

panels are the levels of decomposition in the order of the 
period. The last row shows the long-period trends.  

Comparing the decompositions of F10.7 and foF2, the 
most obvious difference is the contrast in the amplitudes of 
the first five periodic variations. For F10.7, the variation at 
the period of 16–32 days shows largest amplitude, although 
for foF2, the largest amplitude seems to be at the short pe-
riods of 2–4 or 4–8 days. The distribution of periodic oscil-
lations provides significant information of the original data 
and could be used to represent the periodic characteristics. 
To quantitatively analyze the variations, a quantification 
method is needed. Based on the lossless decomposition and 
the mean zero feature of the wavelet decomposition results, 
the variance percentage of each level is calculated by the 
following formula to reveal the variability: 

1

Variance
Variance% 100%,

Variance
i

i n
ii

 


 

where Variancei is the variance of the wavelet decomposi-
tion results at level i. 

3  Results and discussion 

Figure 2 shows the variance distribution of periodic oscilla-
tions in the ionospheric foF2 at two stations. The variance 
percentages at both stations declines with the increase of the 
period. More than 50% of the variance concentrates upon 
the 2–8 days short-period variations, whereas variations  

 
Figure 1  Original data and wavelet decompositions of F10.7 and noontime foF2 at BP440 during 2002. From top to bottom are the original data, the 2–4, 
4–8, 8–16, 16–32, 32–64-day periodic variations and the long period trends. 
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Figure 2  The variance percentages in the ionospheric foF2 at two sta-
tions in East-China. The grey columns stand for the BP440 station and the 
white ones for the GU421 station. The horizontal ordinates correspond to 
the period in the form of logarithm and the vertical ordinates correspond to 
the variance percentage. 

with periods longer than 8 days take less than half of the 
variances. This indicates that the periodic oscillations in the 
ionosphere are more concentrated on short periods. Still 
there are some differences between the two stations. Com-
pared with the mid-latitude station BP440, the variance 
percentages at the low-latitude station GU421 are higher at 
periods of 2–4 and 8–16 days, lower at periods of 4–8 and 
16–32 days, and approximately the same at 32–64 days. 

To study the origins of ionospheric variability, the vari-
ance percentages of the periodic oscillations in F10.7, IMF 
Bz, Ap, and lower thermospheric temperature are calculated 
and their distributions are shown in Figure 3. Panel (a) is the 
distribution of the variances of the periodic oscillations in 
F10.7. The significant maximum is at the 16–32-day period, 
which covers the quasi-27-day solar rotation cycle. This 
16–32 days variation takes over 60% out of the solar vari-               

ance and dominates the 2–64 days interval. For the other 
periods, the percentage of variance is lowest at the period of 
2–4 days and increase along with the period. Using 
band-pass filter and some other methods, it has been found 
that there are also some quasi-27-day variations in the ion-
osphere and they are correlated with those in the solar radi-
ation [31]. However, the variance percentages of the 
16–32-day periodic oscillations in foF2 at two stations are 
both lower than 20%, which are far less than that of the 
corresponding period of F10.7. This may suggest that the 
solar rotation effect in the ionosphere is not as much as the 
effects from other sources. On the other hand, it could be 
noticed that the 2–4 days variance of F10.7 takes the small-
est part in the 2–64 days interval, whereas the variance of 
foF2 at this band is the maximum of all periods. This has 
already been reported by some studies that changes in the 
NmF2 due to the day-to-day solar photon flux variation are 
relatively small [2]. Comparing the variance distributions of 
F10.7 and foF2, it is suggested that the solar originated qua-
si-27-day variations take a minor part in all the variations of 
the ionosphere. Meanwhile, the 2–4 days component in the 
solar irradiation is not the main source of the ionospheric 
2–4 days variations. 

Figure 3(b) is the distribution of variances of the periodic 
oscillations in Bz. It shows that the variance percentage 
declines with the increase of the period. The 2–4 days os-
cillations of Bz take over 50% of the variance and variations 
at the second period of 4–8 days take more than 25% out of 
the whole. This distribution is quite similar to those of foF2, 
but there are still some differences between them. At both 
2–4 and 4–8-day periods, the variance percentages of Bz are 
always higher than those of foF2. This means that the  

 

Figure 3  The variance percentages of different period variations in F10.7, Bz, Ap, and lower thermospheric temperature. In panel (d), the grey columns 
stand for the mid-latitude and the white ones for the low-latitude. The horizontal and vertical ordinates are both the same with those in Figure 2. 
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periodic variations of the IMF Bz are more concentrated on 
the shorter periods in the 2–64 days interval than those of 
the foF2. It should be noted that the 1-hour-average Bz in 
noontime is used to study the variance of the periodic oscil-
lations. Actually, according to the researches, the 
short-period parts of the variation in IMF Bz, in most cases, 
the polarity changes, provide its main contribution to the 
changes in the state of the ionosphere [10–13]. Temporal 
scales of polarity changes because of the IMF sector 
boundary crossings are about several days. On the other 
hand, temporal scales of the ∆Bz-changes in the IMF are 
about a few hours [14]. In this study, the daily noontime Bz 
provides general information of the periodic variation in the 
IMF Bz, which might not be able to reveal the ∆Bz-changes. 
But the IMF sector boundary crossings, as well as the peri-
odic variations in the IMF without polarity changes, are 
kept in the course of the wavelet decomposition. Based on 
the factor of most variances of periodic oscillations in the 
IMF Bz concentrating on short periods of 2–8 days, it could 
probably be suggested that it is the short-period variations 
in the IMF Bz providing the main contribution of the IMF 
Bz polarity turnings and periodic variations to the changes 
in the ionosphere. However, as the interaction between the 
IMF and the ionosphere is complicated and there are time 
delays for some processes, it is still difficult to determine 
the contribution from the IMF to the ionosphere. 

The variance percentages of Ap are shown in Figure 3(c). 
At the first four period intervals, the variance percentages 
are all around 25%, leaving less than 10% to the longest 
period of 32–64 days. This indicates that for periods shorter 
than 64 days, most part of the periodic variations in the 
geomagnetic field activity distribute averagely on periods 
shorter than 32 days. However, this average is approximate. 
It could be noticed that despite the period of 2–4 days, var-
iance percentages of the other three periods show a slightly 
decreasing trend with the period. Rishbeth and Mendillo [1] 
have calculated the geomagnetic component of the iono-
spheric variability at low-level fluctuations of activity. The 
estimated contribution is about 13% to the total daytime 
variability of the ionosphere. Also, Xiong et al. [32] showed 
that the geomagnetic oscillations are the most important 
drivers for the PW-type oscillations in the ionosphere with 
dominant periods of 5, 10, and 13.5 days, whereas the PWs 
in the mesosphere/lower thermosphere winds are the main 
drivers for the quasi-2-day oscillations in the ionosphere. 
They evaluated all of the possible events in 2002 and 2003 
driven by geomagnetic oscillations and found that more 
than 70% of the events have a relationship with the geo-
magnetic oscillations with 5- and 10-day periods. Our re-
sults indicate that the variance percentages of Ap at periods 
of 4–8 and 8–16 days add up to more than 50% of the whole. 
The geomagnetic field is affected by the interplanetary con-
ditions such as the IMF and solar wind. And these two fac-
tors both contain the 27-day period component which is a 
result of the solar rotation. Thus, the geomagnetic activity 

index Ap does show considerable variance in the period 
interval of 16–32 days, covering the 27-day period. Howev-
er, in the IMF and solar wind, there are shorter periods such 
as 9 days [15,16] and day-to-day variations [10–14] which 
may lead to corresponding oscillations in the geomagnetic 
field. According to our results, their contributions to the 
geomagnetic activity are as much as the part from solar 
27-day rotation. And it is the combination of effects from 
multiple sources that lead to the averagely distributed vari-
ances of periodic variations with periods lower than 32 days. 
The variations of the geomagnetic field at these periods may 
probably provide their main contributions to the ionospheric 
variability on an average. But an accurate estimation still 
needs some deeper research. 

For studying the atmosphere-ionosphere coupling, the 
variance percentages of the temperature at a pressure of 10 
hPa are calculated. The temperature is measured by SABER 
using remote sensing technology and the altitude at this 
pressure level is about 100 km. The results are presented in 
Figure 3(d). For both the areas, the maximum variance per-
centage is at the 2–4-day period. The minimum variance 
percentage is at the 8–16-day period for the mid-latitude 
area and at the 32–64-day period for the low-latitude area. 
The sum of the variance percentages at the 2–8-day period 
takes more than 50% out of the whole. Most of the varia-
tions in the temperature lie in the short period bands. This 
feature is similar to that of foF2. Some more agreements 
could be found by comparing the variance distributions be-
tween those of foF2 and temperature at the periods of 2–32 
days. One agreement is that the variance distributions for 
both parameters are more concentrated on the 2–4 days 
short period band. The other one lies in the latitudinal dif-
ferences. As mentioned earlier, there are some latitudinal 
differences in the variance distribution of foF2. For the pe-
riod of 2–32 days, these differences also exist in the vari-
ance distribution of temperature. Compared with the mid- 
latitude area, the variance percentages at the low-latitude 
area are higher at periods of 2–4 and 8–16 days and lower at 
periods of 4–8 and 16–32 days. The similarities between the 
variance distribution of the temperature and foF2 provide 
some evidence of the atmosphere-ionosphere coupling. In 
fact, the atmospheric effects on the ionosphere come from 
both above and below [24]. On one hand, according to 
studies on the PWs, the PW-type oscillations in the iono-
sphere are apparently connected with the upward penetra-
tion of PWs and meteorological influences [21,26,27,33]. It 
should be noticed that although some of the waves in the 
lower atmosphere cannot propagate upward to the height of 
the F region, they can still affect the ionospheric F region by 
modulating the wind system in the dynamo region and 
composition [34]. The resultant electrodynamics associated 
with the waves is also important in the ionospheric variabil-
ity. In recent years, the effects on the ionosphere from be-
low are being paid more and more attention to [17–27]. The 
lower atmosphere is realized to be one of the major sources 
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of the ionospheric variability [1,2]. On the other hand, re-
cent studies by Xu et al. [35,36] have shown that heating of 
the magnetospheric origin in the auroral region is most 
likely the cause of the variations in the daily mean thermo-
spheric mass density and neutral temperature. Using satel-
lite observations, they found that under quiet geomagnetic 
conditions, there are strong longitude variations in the daily 
mean thermospheric mass density. The positive density 
peaks are always located near the magnetic poles and the 
high-density regions extend toward the lower latitudes and 
even into the opposite hemisphere. Strong longitudinal vari-
ations have also been found in temperature in the 
high-latitude lower thermosphere that persist over all sea-
sons and are confirmed by the comparison of two model 
runs with and without auroral heating. In short, the upward 
and downward processes in the atmosphere-ionosphere 
coupling are both very important. As the variations from 
above and below are mixed in the ionosphere, it is hard to 
distinguish their contributions to the variances. But the sim-
ilarities between foF2 and temperature still provide positive 
evidence for confirming the paradigm of atmos-
phere-ionosphere coupling.  

The variance distributions of periodic oscillations in foF2 
and space environmental parameters are analyzed and com-
pared. Although the similarities or differences of the vari-
ance distributions cannot directly identify the effects on the 
ionosphere, they are still useful for analyzing the potential 
contributions of various factors based on the known physi-
cal processes of the interactions between the ionosphere and 
the origins of its variability. It is known that the thermo-
sphere-ionosphere system responds to external forcing from 
various sources differently. As the source of the ionization 
of the ionosphere, variations of the solar irradiation directly 
lead to changes in the electron density [4–6]. The IMF sec-
tor structure and Bz turnings can also cause disturbances in 
the ionosphere [7–14]. The geomagnetic activity effects on 
the ionosphere are more complicated and there are often 
time delays between the geomagnetic activity events and 
disturbances in the ionosphere [37–39]. And for the atmos-
phere-ionosphere coupling, the influences can be both up-
ward and downward. Various waves and oscillations in the 
neutral atmosphere with wide bands of periods are able to 
affect the ionosphere directly or indirectly [21,26,27,33]. 
The auroral heating can also change the thermospheric mass 
density and neutral temperature [35,36]. In most cases, the 
periodic oscillations in the origins lead to ionospheric varia-
tions at the corresponding bands of periods. Based on this 
premise, it is feasible for us to deduce possible connections 
between factors from the in variance distributions of peri-
odic variations. However, the interactions between the 
sources and the ionosphere are more complicated than linear 
correlation. Some disturbances in the ionosphere because of 
specific causes do show the disagreement with their sources 
in the amplitudes and periods. Because of the limit of the 
dataset and the analyzing method in this study, it is hard for 

us to identify these kinds of events. More detailed classifi-
cation of the periodic oscillations in the ionosphere and 
their causes will be studied in future analyses. 

4  Summary 

The variance distributions of the periodic variations of 
noontime foF2, F10.7, IMF Bz, Ap, and neutral atmosphere 
temperature in 2002 are analyzed using the wavelet de-
composition method. Results show that the variance in the 
ionosphere is the largest at the 2–4-day period and decline 
with the increase of the period. The maximum variance of 
the periodic oscillations in solar irradiation is on the 
16–32-day period. For geomagnetic activities, most of the 
variance is about averagely distributed on periods shorter 
than 32 days. The variance distributions of IMF Bz and 
lower thermospheric temperature are similar to those of the 
ionosphere. Their variances of periodic oscillations show 
the maximum at the 2–4-day period and decline with the 
increase of the period. It is known that the state of the iono-
sphere is influenced by sources from above and below, ex-
ternal and internal, and in most cases, the periodic oscilla-
tions in the origins can lead to corresponding periodic varia-
tions in the ionosphere. Based on comparing the variance 
distributions of periodic variations, contributions of the so-
lar irradiation, IMF Bz, geomagnetic field and lower ther-
mosphere are qualitatively estimated. It is suggested that the 
solar originated quasi-27-day variations take a minor part in 
all the variations of the ionosphere. Most variances of the 
periodic oscillations in the IMF Bz concentrate on short 
periods of 2–8 days, providing the main contribution of IMF 
Bz polarity turnings and periodic variations to the changes 
in the ionosphere. The variations of the geomagnetic field at 
periods of 2–32 days may probably provide their main con-
tributions to the ionospheric variability averagely. The dis-
tributions of the variances of periodic oscillations of lower 
thermospheric temperature, for both latitudes, show agree-
ment with those of foF2. This may provide a positive evi-
dence for confirming the paradigm of atmosphere-iono-          
sphere coupling. Because of the complex interactions be-
tween the ionosphere and the origins, the connections be-
tween them still need further investigation. It is recom-
mended that some more factors and improvements in the 
research techniques should be considered in future studies 
on the ionospheric variability. 

This work was supported by the National Natural Science Foundation of 
China (Grant Nos. 41174134 and 41274156), and the National Basic Re-
search Program of China (“973” Project) (Grant No. 2011CB811405). 
The ionosonde data is from the National Key Laboratory of Electromag-
netic Environment, China Research Institute of Radio wave Propagation. 

1 Rishbeth H, Mendillo M. Patterns of F2-layer variability. J Atmos 
Solar-Terr Phys, 2001, 63: 1661–1680 



180 Shi H, et al.   Sci China Tech Sci   January (2015) Vol.58 No.1 

2 Forbes J M, Palo S E, Zhang X. Variability of the ionosphere. J At-
mos Solar-Terr Phys, 2000, 62: 685–693 

3 Wu F, Hao Y Q, Zhang D H. Particle bursts in the inner radiation belt 
related to global lightning activity. Sci China Tech Sci, 2013, 56: 
2658–2667 

4 Liu L, Wan W, Ning B, et al. Solar activity variations of the iono-
spheric peak electron density. J Geophys Res: Space Phys, 2006, 111: 
A08304 

5 Zhang D H, Mo X H, Cai L, et al. Impact factor for the ionospheric 
total electron content response to solar flare irradiation. J Geophys 
Res: Space Phys, 2011, 116: A04311 

6 Zhang D H, Cai L, Ercha A, et al. Statistical studies on the excess 
peak flux in soft X-rays and EUV bands from solar flares. Sol Phys, 
2012, 280: 183–196 

7 Hapgood M A, Lockwood M, Bowe G A, et al. Variability of the in-
terplanetary medium at 1 au over 24 years: 1963–1986. Planet Space 
Sci, 1991, 39: 411–423 

8 Yan Q, Shi L Q, Liu S Q. Effect of seed electron injection on cho-
rus-driven acceleration of radiation belt electrons. Sci China Tech Sci, 
2013, 56: 492–498. 

9 Duan A Y, Cao J B, Ma Y D, et al. Cluster observations of 
large-scale southward movement and dawnward-duskward flapping 
of Earth’s magnetotail current sheet. Sci China Tech Sci, 2013, 56: 
194–204 

10 Karpachev A T, Deminova G F, Pulinets S A. Ionospheric changes in 
response to IMF variations. J Atmos Terr Phys, 1995, 57: 1415–1432 

11 Tulunay Y. Interplanetary magnetic field and its possible effects on 
the mid-latitude ionosphere II. Annali Di Geofisica, 1994, 37: 
193–200 

12 Tulunay Y. Variability of mid-latitude ionospheric foF2 compared to 
IMF-polarity inversions. Adv Space Res, 1995, 15: 35–44 

13 Tulunay Y. Interplanetary magnetic field and its possible effects on 
the mid-latitude ionosphere III. Annali Di Geofisica, 1996, 34: 
853–862 

14 Bremer J, Lastovicka J, Tulunay Y. Influence of the interplanetary 
magnetic field on the variability of the mid-latitude F2-layer. Ann 
Geophys-Italy, 1996, 39: 721–727 

15 Denton M H, Ulich T, Turunen E. Modification of midlatitude iono-
spheric parameters in the F2 layer by persistent high-speed solar wind 
streams. Space Weather, 2009, 7: S04006 

16 Lei J, Thayer J P, Forbes J M, et al. Ionosphere response to solar 
wind high-speed streams. Geophys Res Lett, 2008, 35: L19105 

17 Pancheva D, Mukhtarov P, Andonov B, et al. Planetary waves ob-
served by TIMED/SABER in coupling the stratosphere-mesosphere- 
lower thermosphere during the winter of 2003/2004: Part 1–Com-                            
parison with the UKMO temperature results. J Atmos Solar-Terr 
Phys, 2009, 71: 61–74 

18 Pancheva D, Mukhtarov P, Andonov B, et al. Planetary waves ob-
served by TIMED/SABER in coupling the stratosphere–mesosphere– 
lower thermosphere during the winter of 2003/2004: Part 2–Altitude 
and latitude planetary wave structure. J Atmos Solar-Terr Phys, 2009, 
71: 75–87 

19 Mo X H, Zhang D H, Goncharenko L P, et al. Quasi-16-day periodic 
meridional movement of the equatorial ionization anomaly. Ann Ge-
ophys-Germany. Copernicus GmbH, 2014, 32: 121–131 

20 Hao Y Q, Xiao Z, and Zhang D H. Teleseismic magnetic effects  

21 (TMDs) of 2011 Tohoku earthquake, J Geophys Res: Space Phys, 
2013, 118, 3914–3923 

22 Kazimirovsky E, Herraiz M, De la Morena B A. Effects on the iono-            
sphere due to phenomena occurring below it. Surv Geophys, 2003, 24: 
139–184 

23 Xiao Z, Xiao S G, Hao Y Q, et al. Morphological features of iono-
spheric response to typhoon. J Geophys Res: Space Phys, 2007, 112: 
A04304 

24 Borries C, Jakowski N, Jacobi C. Observation of large scale waves in 
the thermosphere–ionosphere system. In: Proceedings of the ESA’s 
Second SWARM International Science Meeting, 2009. 1720178 

25 Mukhtarov P, Andonov B, Borries C, et al. Forcing of the ionosphere 
from above and below during the Arctic winter of 2005/2006. J At-
mos Solar-Terr Phys, 2010, 72: 193–205 

26 Altadill D, Sole J G, Apostolov E M. First observation of quasi-2-day 
oscillations in ionospheric plasma frequency at fixed heights. Ann 
Geophys-Germany, 1998, 16: 609–617 

27 Forbes J M, Zhang X. Quasi 2-day oscillation of the ionosphere: A 
statistical study. J Atmos Solar-Terr Phys, 1997, 59: 1025–1034 

28 Laštovička J. Forcing of the ionosphere by waves from below. J At-
mos Solar-Terr Phys, 2006, 68: 479–497 

29 Daubechies I. Ten Lectures on Wavelets. Philadelphia: Society for 
Industrial and Applied Mathematics, 1992 

30 Dudok de Wit T, Kretzschmar M, Lilensten J, et al. Finding the best 
proxies for the solar UV irradiance. Geophys Res Lett, 2009, 36 

31 Mallat S. A Wavelet Tour of Signal Processing. Burlington, MA: 
Academic Press, 1999 

32 Ma R, Xu J, Wang W, et al. The effect of ∼27 day solar rotation on 
ionospheric F2 region peak densities (NmF2). J Geophys Res: Space 
Phys, 2012, 117: A03303 

33 Xiong J, Wan W, Ning B, et al. Planetary wave-type oscillations in 
the ionosphere and their relationship to mesospheric/lower thermo-
spheric and geomagnetic disturbances at Wuhan (30.6 N, 114.5 E). J 
Atmos Solar-Terr Phys, 2006, 68: 498–508 

34 Forbes J M, Leveroni S. Quasi 16-day oscillation in the ionosphere. 
Geophys Res Lett, 1992, 19: 981–984 

35 Pancheva D V, Mitchell N J. Planetary waves and variability of the 
semidiurnal tide in the mesosphere and lower thermosphere over 
Esrange (68ºN, 21ºE) during winter. J Geophys Res: Space Phys, 
2004, 109: A08307 

36 Xu J, Wang W, Gao H. The longitudinal variation of the daily mean 
thermospheric mass density. J Geophys Res: Space Phys, 2013, 118: 
515–523 

37 Xu J, Smith A K, Wang W, et al. An observational and theoretical 
study of the longitudinal variation in neutral temperature induced by 
aurora heating in the lower thermosphere. J Geophys Res: Space 
Phys, 2013, 118: 7410–7425 

38 Fuller–Rowell T J, Codrescu M V, Moffett R J, et al. Response of the 
thermosphere and ionosphere to geomagnetic storms. J Geophys Res: 
Space Phys (1978–2012), 1994, 99: 3893–3914 

39 Field P R, Rishbeth H. The response of the ionospheric F2-layer to 
geomagnetic activity: an analysis of worldwide data. J Atmos So-
lar-Terr Phys, 1997, 59: 163–180 

40 Ding Y H, He Z G, Zhang Z L, et al. Influence of wave normal angle 
on gyroresonance between chorus waves and outer radiation belt 
electrons. Sci China Tech Sci, 2013, 56: 2681–2689 

 


