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GNSS brings us back on the ground 
from ionosphere
Yang‑Yi Sun* 

Abstract 

Both solar activities from above and perturbations of Earth’s surface and troposphere from below disturb ionospheric 
structure and its dynamics. Numerous ionospheric phenomena remain unexplained due to the complicated nature of 
the solar–terrestrial environment. We do appreciate the ground‑ and space‑based Global Navigation Satellite Sys‑
tem (GNSS) techniques being around and providing global observations with high resolutions to help us to resolve 
unexplained phenomena. This paper summarizes recent studies of the effect of solar (geomagnetic storm and total 
solar eclipse), tropospheric (typhoon, walker circulation, and El Niño‑Southern Oscillation), and earthquake/tsunami 
activities (2010 Chile, 2011 Tohoku, and 2015 Nepal earthquakes) on the ionosphere utilizing the global ground‑ and 
space‑based GNSS observations.
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provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Introduction
The Earth’s ionosphere is the ionized portion of the upper 
atmosphere at an altitudinal range from ~ 60 to thousands 
of kilometers that is central to our solar–terrestrial envi-
ronment (Kamide and Chian 2007). Solar activities, such 
as solar flare, coronal mass ejection, and moon shadow of 
eclipse, induce rapid change of ionosphere morphology 
so-called ionospheric weather that significantly impacts 
radio communication and navigation systems.

The ground-based Global Navigation Satellite Sys-
tem (GNSS) receivers can measure the ionospheric total 
electron content (TEC) that routinely monitor global 
ionospheric climate and weather. The number of ground-
based GNSS receiver increases significantly in the recent 
three decades. For example, ~ 10 ground-based GNSS 
receivers in 1988, ~ 450 receivers in 1998, and more 
than 2000 receivers after 2008 are freely available from 
the International GNSS Service (IGS) (http://www.igs.
org). The dense ground-based GNSS TEC observations 
have been widely used to monitor the horizontal struc-
ture of ionospheric climate and weather with high tem-
poral (30  s) and spatial resolutions (less than 1 degree 
in longitude and latitude). The dense TEC observations 

recorded regional ionospheric perturbations due to 
geomagnetic storm (Sun et  al. 2013), eclipse (Liu et  al. 
2011), earthquake/tsunami (Liu et al. 2006), and typhoon 
(Chou et  al. 2017a). The GNSS TEC observations have 
been also derived as a global ionospheric map since 1998 
for monitoring global ionospheric weather and climate 
(Schaer 1999; Mannucci et  al. 1998; Hernandez-Pajares 
et al. 2009; Sun et al. 2017; Yao et al. 2018 and references 
therein).

On the other hand, the space-based GNSS radio occul-
tation (RO) technique can vertically scan the ionospheric 
density structure for better understanding of the global 
three-dimensional structure of ionosphere. FORMO-
SAT-3/COSMIC (Constellation Observing System for 
Meteorology, Ionosphere and Climate) (F3/C) satellite 
RO soundings have led to significant improvement of our 
understanding of the global morphology and variability 
of the dynamical Equatorial Ionospheric Anomaly (EIA) 
structures (e.g., Lin et  al. 2007; Maruyama et  al. 2016) 
and irregularities (e.g., Liu et al. 2016a; Chen et al. 2017a; 
Yu et al. 2018; Qiu et al. 2019).

Besides the effect from solar actives, perturbations 
from lower atmosphere [e.g., typhoon, walker circulation, 
and El Niño-Southern Oscillation (ENSO)] and surface 
(e.g., earthquake and tsunami) leave many of shape foot-
prints messy on the ionosphere. The RO soundings also 
recorded the changes in stratospheric temperature during 
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the 22 July 2009 total solar eclipse (Wang and Liu 2010), 
the ENSO effect on the quasi-biennial oscillation (QBO) 
from stratosphere to ionosphere (Das and Pan 2016; Sun 
et al. 2018a), and the earthquake/tsunami waves in iono-
sphere and stratosphere (Sun et al. 2016; Yan et al. 2018).

The sections below first briefly show studies of the 
effect of the solar activities (storm and eclipse) on the 
ionosphere. Then, we pay attention to the effect of the 
tropospheric (convections) and surface (earthquake/

tsunami) activities on the lower atmosphere to iono-
sphere observed by the ground- and space-based GNSS 
systems.

Ionospheric weather
Figure  1 shows examples of ionospheric weather due 
to the solar storm and the moon shadow that can be 
comprehensively monitored by the GNSS systems. A 
solar storm that dumps energy into the Earth’s upper 

Fig. 1 Changes of total electron content (TEC) during the ionospheric weather events of (Left) the magnetic storm on 16–18 March 2015 and 
(Right) the moon shadow of the total solar eclipse over Northern America on 21 August 2017. The dark curve in the left panels denotes the 
magnetic equator. The white open circle in the right panels indicates totality
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atmosphere can seriously impact ionospheric morphol-
ogy and electron density (Ne) structure. A severe geo-
magnetic storm, named “St. Patrick’s Day geomagnetic 
storm” that is one of the most intense storms during the 
weaker solar cycle 24, occurred on 17 March 2015. The 
minimum Dst value is less than − 200 nT and Kp reaches 
a value of 8 (https ://omniw eb.gsfc.nasa.gov/). The left 
panels show the global features of the positive and nega-
tive ionospheric storms monitored by the Taiwan Real-
time Global Ionospheric Map (TWR GIM). The TWR 
GIM is constructed from the global TEC observations, 
which included the data from ~ 120 ground-based GNSS 
stations and F3/C RO, using a spherical harmonic expan-
sion and Kalman filter (Sun et  al. 2017). The EIA con-
sisted of two typical crests before the storm onset. The 
high TEC area much expanded from low to middle lati-
tude in the first day after the storm onset (during the 
main phase period). The EIA crests became much weaker 
and the high TEC area significantly shrank toward the 
dip equator during the recovery phase for couple days. 
The evolution can be attributed to the disturbance of 
neutral atmosphere (Chen et al. 2016a) and electric fields 
(Kuai et al. 2016).

By contrast, the moon shadow masking the solar irradi-
ation can also significantly change the ionospheric struc-
ture. Right panels of Fig. 1 show the reduction of ~ 50% of 
TEC during the maximum obscuration period of the 21 
August 2017 total solar eclipse (Sun et al. 2018b). Besides 
the significant losing rate of plasma in the lower part of 
ionosphere in the shadow area, it was surprising to see 
the density enhancement before and after the moon 
shadow. The temperature difference within and outside 
the moon shadow area can produce pressure gradients 
that drive thermospheric natural winds. Wu et al. (2018) 
conducted the global ionosphere–thermosphere model 
and showed that the divergence of horizontal winds 
drove the increase in Oxygen after the eclipse allow-
ing an increase in the ionization rate. The assimilation 
result from Chen et al. (2019) showed stronger eastward 
electric fields around the magnetic equator region at the 
beginning of the solar eclipse (around the eastern bound-
ary of moon shadow). The low-latitude eastward electric 
field may result from the sudden darkness at the termina-
tion region, like the eastward convection in the evening, 
and then further cause the early appearance of the EIA. 
Moreover, the pre-enhancement and sunset enhance-
ment of TEC were observed during the 21 May 2012 
annular solar eclipse and the other eclipses (Liu et  al. 
2019a and references therein).

In the present and future, the GNSS observations do 
a big favor for ionospheric data assimilation systems for 
constructing three-dimensional ionospheric Ne structure 
and updating neutral atmosphere (Lin et al. 2015, 2017; 

Sun et al. 2015a, b; Chen et al. 2016b, 2017b; Hsu et al. 
2018a, b). The data assimilation systems are constructed 
for nowcasting and forecasting of rapidly changing iono-
spheric weathers (Araujo-Pradere et  al. 2006; Matsuo 
and Araujo-Pradere 2011; Lin et al. 2012; Komjathy et al. 
2012; Sun et  al. 2013; Chartier et  al. 2016; Chen et  al. 
2016a, b, 2019), which is important for warning about the 
impact and improving the accuracy of the telecommuni-
cation and navigation systems.

Troposphere activity
Severe weather activities can not only affect troposphere 
(below 18 km altitude) but also modulate upper atmos-
phere. Nishioka et  al. (2013) showed concentric waves 
and short-period oscillations in the ionosphere after an 
enhanced Fujita scale (EF-scale) 5 tornado in Moore, 
Oklahoma, on 20 May 2013 using dense ground-based 
GNSS TEC observations in North America. Chou et  al. 
(2017a, b) analyzed the dense ground-based GNSS net-
works in Taiwan and Japan and reported that the super 
typhoons Meranti and Nepartak in 2016 induced con-
centric traveling ionospheric disturbance through the 
process of Perkin’s instability. Song et al. (2017) reported 
the ground-based GNSS TEC detection of the iono-
spheric disturbances due to the typhoons Rammasum 
and Matmo in Southern China.

Longitudinal distribution of convection along the equa-
tor (e.g., Walker circulation) and its effect can induce the 
ionospheric Ne structure with wave number four at low 
and middle latitudes in a fix-local time frame. Lin et al. 
(2007) first showed the three-dimensional EIA wave-
four structure recorded by the F3/C RO Ne soundings. 
The zonal wind DE3 (diurnal eastward wave 3) in the 
mesosphere–lower thermosphere (MLT) region has been 
attributed to the primary driver of the wave-four struc-
ture (Wan et  al. 2008; Fang et  al. 2009). The DE3 and 
SPW4 (stationary planetary wave 4) signatures in TEC 
comprise the largest portion of the wave-four structure 
(Pancheva and Mukhtarov 2010; Chang et al. 2013).

The El Niño-Southern Oscillation (ENSO) is a strong 
ocean–atmosphere coupled phenomenon that is consid-
ered to be a primary dynamic driver of the interannual 
variations in the troposphere. The tropospheric compo-
nent of the ENSO is the abnormal distribution of con-
vection along equator. The major pattern of the oceanic 
component of ENSO is the warm sea surface water mov-
ing across 180° E to the Eastern Pacific from the west 
that further drives the displacement of the strong con-
vection area (Sun et  al. 2014). Figure  2 shows that the 
tropopause height responds to the ENSO phases over 
the Niño 3.4 region (5° N–5° S, 120°–170° W) where the 
atmospheric convection anomaly highly correlates with 
the sea surface temperature anomaly. The Oceanic Niño 

https://omniweb.gsfc.nasa.gov/
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Index (ONI) is derived from the sea surface tempera-
ture anomaly (SSTA) in the Niño 3.4 region. The tropo-
pause observed by the F3/C RO is also collected above 
the Niño 3.4 region. The mean annual cycle was removed 
from the observation. The strong convection above the 
warm water raises up the tropopause by several hundred 
meters during the ENSO warm phases of 2009/2010 and 
2015/2016.

The QBO, which normally shows a steady downward 
propagation of the westerly phase, is the major year-to-
year variability in the stratosphere. Newman et al. (2016) 
reported the anomalous upward displacement of the 
westerly phase from ~ 30 to 15 hPa pressure levels dur-
ing the ENSO warm phase of 2015/2016. The sudden 
disturbance of QBO is also recorded by the F3/C RO 
temperature, which is averaged within ± 5° N latitudes 
at each pressure level, during the ENSO warm phase of 
2015/2016 (top panel of Fig. 2). Furthermore, it also has 
been known that the ENSO warm phases can shorten the 
QBO period not only in the stratosphere, but also in the 

MLT region due to the interaction of broad-band atmos-
pheric waves, tides, and background wind field (Das and 
Pan 2016; Sun et al. 2018a).

The ENSO is a periodic year-to-year variation with 
periods widely varying from 3 to 7  years in the atmos-
phere. An adaptive method such as the Hilbert–Huang 
transform (HHT) is appropriate for resolving the foot-
prints of the highly non-stationary phenomenon left 
on the ionosphere (Chang et  al. 2016). Figure  3a shows 
the annual cycle extracted from the F3/C TEC SPW4 
amplitude using the multidimensional ensemble empiri-
cal mode decomposition of the HHT. The annual cycle 
was normalized by the residual that mainly contains the 
long-term trend of solar irradiance (Chang et  al. 2016). 
Figure 3b shows the departure of the normalized annual 
cycle from its mean annual cycle. The negative deviation 
corresponds to the ENSO warm phase in the 2009/2010 
winter. The positive deviations correspond to the ENSO 
cold phases in the 2007/2008 and 2010/2011 winter in 
the Northern Hemisphere. The deviations may relate to 

Fig. 2 a Quasi‑biennial oscillation (QBO) and b tropopause height respond to El Niño‑Southern Oscillation (ENSO) observed by the FORMOSAT‑3/
COSMIC (F3/C) radio occultation (RO) technique. A band‑pass filter with the cutoff period ranging from 18 to 34 months is applied to extract the 
QBO component from the RO temperature averaged within 5° N–5° S at each pressure level. b The departure of tropopause height from its mean 
annual cycle. The monthly tropopause height is averaged over the Niño 3.4 area (5° N–5° S, 120°–170° W). c Red and blue (exceeding the threshold 
of ± 0.5 °C) on the Oceanic Niño Index (ONI) indicates the ENSO warm and cold phases, respectively
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the tides driven by the ENSO phases in the MLT region 
(Liu et al. 2017), and they could contribute to the QBO 
in the ionospheric tide/SPW (Sun et al. 2019). The com-
plete story of ENSO effect on the ionosphere is far from 
complete and needs to be further examined. There is no 
agreement between the deviations and ENSO phases 
after 2012 due to the fact of the higher solar irradiance. 
Longer observations recorded during the lower solar 
activity period are required for examining the ENSO sig-
nal in the ionosphere.

The F3/C mission provided RO observation (2006 to 
present) during the solar cycle 24. The follow-on FOR-
MOSAT-7/COSMIC2 (F7/C2) mission was launched in 
June 2019, which continues the observations of electron 
density and scintillation allowing us to keep studying the 

response of ionospheric tide/SPW (Sun et al. 2019) and 
Sporadic E (Chang et al. 2018) to ENSO.

The ENSO is one of the phenomena that modulate con-
vection and precipitation. We can expect that the other 
climate phenomena such as, Madden–Julian oscillation 
(Zeng et al. 2012), Pacific Decadal Oscillation (Sun et al. 
2015b), and change of global precipitation trend (Wu and 
Lau 2016) can also modulate tides and stationary plan-
etary waves in whole atmosphere. Moreover, the telecon-
nection of climate phenomena from the polar region, 
such as sudden stratospheric warming (Lin et  al. 2019) 
and Arctic oscillation, to the global upper atmosphere 
and ionosphere can be also examined with the future RO 
mission.

Fig. 3 The response of the annual component (IMF (intrinsic mode function) 4) of the ionospheric TEC (total electron content) SPW4 (stationary 
planetary wave 4) to ENSO. a Normalized annual component of the SWP4 amplitude. The normalized annual component is defined as the annual 
component being divided by its long‑term trend at each latitude (seeing details from Chang et al. 2016). b The variation is the departure from the 
mean annual cycle of the normalized component. c ONI
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Surface perturbations
Sudden surface perturbations due to an earthquake or 
tsunami can induce seismo-traveling atmospheric dis-
turbances (STADs) in the Earth’s atmosphere. The obser-
vation of the ground-based GNSS TEC is an efficient 
technique for monitoring and examining the horizontal 
component of the STADs (e.g., Liu et al. 2011; Zhao and 
Hao 2015 and reference therein). Liu et al. (2019b) sug-
gested that the dense ground-based GNSS receiver net-
works can be treated as space buoy arrays to monitor the 
atmospheric gravity wave induced by tsunami and earth-
quake. However, the favorable condition for detecting 
the STADs depends on the change of elevation angle of 
the GNSS satellites (Rolland et al. 2011). By contrast, the 
BeiDou Navigation Satellite System (BDS) satellites in a 
geosynchronous equatorial orbit (GEO) (at ~ 35,000  km 
above the Earth’s equator and following the direction of 
Earth’s rotation) continuously measure TEC as a func-
tion of time but without the effect of change of elevation 
angle. A buoy floating on the water surface measures 
the wave period and amplitude. The BDS GEO satellites 
providing the 24 × 7 monitoring of ionospheric wavy 
structures over a certain location can be a perfect space 
buoy for detecting the tsunami traveling ionospheric 
disturbances.

On the other hand, the RO technique was applied to 
scan the vertical component of STADs in the recent 
years. Before the scientist applying the RO technique to 
detect the STADs, the ionosonde recorded the vertical 
structure of the lower part of ionosphere perturbed by 
the earthquake and tsunami (Leonard and Barnes 1965; 
Liu and Sun 2011; Maruyama et al. 2011, 2012). Liu et al. 
(2016b) employed concurrent and collocated measure-
ments of seismometers, infrasonic systems, magnetome-
ters, HF‐CW (high-frequency continuous-wave) Doppler 
sounding systems, and GPS receivers and detected the 
vertical propagation of STADs due to the Tohoku earth-
quake over Taiwan.

The RO technique onboard a low earth orbit satellite 
can vertically scan the STADs from the lower to topside 
ionosphere. Astafyeva et  al. (2011) identified the earth-
quake uplift area using the TEC observations from the 
F3/C RO and ground-based GNSS receivers after the 
11 March 2011 Mw9.0 Tohoku earthquake. Sun et  al. 
(2016) examined the F3/C RO Ne soundings and cap-
tured the wave front induced by the 25 April 2015 Mw 
7.8 Nepal earthquake. Yan et al. (2018, 2019) applied the 
wavelet analysis to show the acoustic resonance due to 
the 12 May 2008 Mw7.9 Wenchuan earthquake and the 
Tohoku earthquake/tsunami by analyzing dozens of ion-
ospheric RO sounding profiles during the periods of 6 h 
before and after the earthquake initial rapture. Liu et al. 
(2019c) applied the Hilbert–Huang transform to derive 

the instantaneous wave number and amplitude of the 
fluctuations of F3/C RO Ne profiles and showed the ver-
tical Ne fluctuations induced by underneath Rayleigh and 
tsunami waves of the Tohoku earthquake and their post-
waves. Figure 4 is another example of the RO Ne fluctua-
tions after the Mw8.8 Offshore Maule, Chile earthquake 
(epicenter: 35.8° S, 72.7° W) and tsunami. The earthquake 
initial rapture occurred at 0334 LT (0634 UT) on 27 Feb-
ruary 2010. To avoid possible contamination of irregular-
ities on the Ne observation at low latitude, the Ne profiles 
are collected during the periods of 3 h before (0034–0334 
LT) and after (0334–0634 LT) the earthquake in the 
area of eastern South Pacific off Chile (16° to 56° S, 73° 
to 120° W). The wavy structure with wavelength ranging 
from several to tens kilometers below 400 km altitude as 
shown in the Hilbert spectra is possible to be the long-
lasting tail or atmospheric resonance after the wave front 
passing through the atmosphere (Yan et al. 2018).

Besides the ionospheric disturbances, the RO observa-
tion can also record the STADs in the lower atmosphere. 
Yan et al. (2018) analyzed the F3/C atmospheric refractiv-
ity index and reported that the 2011 Tohoku earthquake/
tsunami can perturb the vertical structures of not only 
the ionosphere, but also the stratosphere with vertical 
wavelength of several kilometers. The RO-recorded verti-
cal component of STADs allows a more comprehensive 
understanding of excitation, propagation, and dissipa-
tion of earthquake/tsunami-induced waves in the whole 
atmosphere. The wave detection in the lower atmosphere 
can benefit to improve earthquake and tsunami warning 
systems.

Summary
The ground- and space-based GNSS systems are efficient 
and well-established techniques for measuring iono-
spheric structures in both horizontal and vertical direc-
tions that help data assimilation systems for nowcasting 
and forecasting of ionospheric weather all over the globe. 
The dense radio occultation (RO) soundings from FOR-
MOSAT-3/COSMIC (F3/C) (2006 April to present) and 
the follow-on FORMOSAT-7/COSMIC2 (F7/C2) mis-
sion (since 2019 July) can provide thousands of sound-
ings per day for more than 20 years that is pertinent to 
the ongoing study attempting to establish the long-term 
change in the troposphere to the upper atmosphere. We 
can expect that the follow-on RO mission can capture the 
ground perturbation not only in the ionosphere, but also 
in the lower atmosphere. The GNSS systems bring us a 
holistic view of dynamic interaction between the Earth’s 
spheres and help us to seek a deeper understanding of 
our solar–terrestrial environment.
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Fig. 4 a Distributions of the tangent points of the F3/C RO electron density (Ne) soundings in the area of eastern South Pacific off Chile during the 
periods of 3 h before (blue) and after (red) the 27 February 2010 Mw8.8 Offshore Maule, Chile earthquake. b Fluctuations of the Ne profiles before 
(blue) and after (red) the earthquake. The trend determined by the empirical model decomposition has been removed from the raw profiles for 
showing the fluctuations. The Hilbert spectra of the fluctuations c 3 h before and d 3 h after the earthquake. e The difference between the two 
spectra (d–c)
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