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Pioneers:  Satellite Navigation Science and Technology for Africa: 2009



Gravity Waves are not Gravitational Waves
Originate from the general theory of 

relativity and were predicted by 

Einstein,(1916) as ripples in space-time 

because of energetic processes in the

universe.  Sources include

• Collision of neutron stars (such as 

pulsars)

• Explosion of massive stars at the end 

of their lifetimes === Supernovae

• Black holes collision
• Detected on Sept 14, 2015  by the twin 

Laser Interferometer Gravitational-
wave Observatory (LIGO) detectors

Two neutron stars orbiting each other, later combine 

emitting gravitational waves: Courtesy of 

NASA/GSFC

On the contrary, Atmospheric Gravity Waves are in our back yard! These are 

generated by many sources “near us”  and Buoyancy acts as a restoring force

This is our focus here



Atmospheric Gravity Waves

Within the 

Ionosphere;

• Gravity waves transfer energy between different ionospheric layers 

and manifest as travelling atmospheric disturbances or travelling 

ionospheric disturbances (TIDs)

• TIDs are mainly categorized into medium and large scale 

 mainly based on their velocities, wavelengths and periods



TIDs: First reported by Munro (1948): Short-Period Changes In the F-region of the Ionosphere, 

Nature, 162, 886-887



Motion of the air parcel
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AGWs generation



Some limiting cases…



AGWs effects on the ionosphere

After some tiring derivation…



AGWs effects on ionosphere continued….
An exhaustive derivation leads to



THANK YOU

Background determination; methods & parameterizations
Commonly previously used 

method before the 

densification of different 

instruments: 

Velocity values are 

computed based on time 

delay between successive 

peaks’ appearances.

 These are virtual 

propagation values as the 

assumption is of ‘perfectly 

equatorward’ 
Ngwira et al., (2015): An investigation of ionospheric disturbances over South Africa during 

the magnetic storm on 15 May 2005, ASR, 327-335
 



Background determination: Polynomial fitting



Background determination; Savitzky-Golay

Sarp et al., (2024). Response of the thermosphere‐ionosphere 

system to an X‐class solar flare: 30 March 2022 case study. 
Space Weather, 22,  https://doi.org/10.1029/ 2024SW003938 

For a signal, fit successive subsets of 

adjacent data points with a predefined 

polynomial through linear least squares 

method.
Sarp et al., (2024) applied a SG filter  
with a 60‐step window, corresponding 

to a constant 30‐min temporal interval. 

TEC perturbations are evaluated by 

the detrended TEC (dTEC), which is 

the difference between the observed 
VTEC values and filtered VTEC values. 
A half‐window length is excluded from 

both ends of each dTEC time series to 
prevent extrapolation‐related spurious 
effects .



Background determination; Dependent-independent variables

Express the parameter as a function of different factors that influence it

Ding et al., (2007), Large-scale traveling ionospheric disturbances 

observed by GPS total electron content during the magnetic storm of 
29-30 October 2003, JGR, 112, A06309, doi:10.1029/2006JA012013 



Background determination

Tsugawa et al., (2007), Medium-scale traveling ionospheric 

disturbances detected with dense and wide TEC maps over North 
America, GRL 

Running averages or 

medians

Depending on the 

type of the TID under

consideration,

different temporal

resolutions are used for 

this purpose.



Comparison of different methodologies

Guerra et al., ( 2024): Travelling ionospheric disturbances 

detection: A statistical study of detrending techniques, 
induced period error and near real-time observables, JSWSC

•  Moving average. 

• The multi-order numerical difference.

•  Savitzky-Golay filter. 

• Finite Impulse response band-pass filter.

•  Fast Iterative Filtering band-pass filter. 

•  Polynomial detrending.

Guerra et al., ( 2024) concluded that FIF and SGOLAY proved to be the most reliable overall in 

estimating  the wave amplitude  and period 



Observations of different categories
09 March 2012: 30-120oE

MSTIDs have periods up to 1 hr and velocity values of ∼ 100 - 

300 m/s and occur more frequently: For LSTIDS, velocities up to 
1000 m/s, periods of 1-3 hours 

Hernandez-Pajares et al., (2012) 
Radio Science Habarulema et al., (2016), GRL



TID generation mechanisms; Natural sources



Different mechanisms have different effective rates…



Numerical simulation and observational studies



Concentric wave fronts reconstructed from GPS TEC data over Japan after 11 March 2011 earthquake; 
and ionosonde data showing signatures of TIDs. References: Pradipta et al., (2015), Ionosonde 
observations of ionospheric disturbances due to the 15 February 2013 Chelyabinsk meteor explosion, JGR
Tsugawa et al., (2011), Ionospheric disturbances detected by GPS total electron content observation after 
the 2011 off the Pacific coast of Tohoku Earthquake, EPS 

Earthquake generated TIDs



TIDs generated by meteor explosion

Plot of the great circle distance from Chelyabinsk to each ionosonde 
stations versus the corresponding time delay for the traveling 
ionospheric disturbances to arrive. The solid red line is a linear fit, 
revealing a propagation speed of roughly 171 m/s. The dashed 
magenta lines indicate the 95% confidence interval bounds 

Pradipta et al., (2015); JGR



https://giro.uml.edu/

Challenges? Ionosondes (biased) and magnetometers

Malindi

Magnetometer networks: INTERMAGNET, 
 MAGDAS, AMBER, SANSA 



Some regions are constrained by research infrastructure

Should instrumentation challenges continue to limit us?



Statistical study of TIDs: Geomagnetic equator origin



Examples of TIDs originating from Equator: American sector



Examples of TIDs originating from Equator: African sector



Statistical Results; American sector



Statistical Results; African sector

Over the African sector, almost 
all observed poleward TIDs 

during main phase are LS with 

velocity values of 300-550 m/s

During the recovery phase, 

63% and 37% of the poleward 

TIDs accounted for medium 

and large scale TIDs with 

period (velocity) ranges of 23-

50 minutes (190-290 m/s) and 
0.5-1.5 hours (300-410 m/s) 

respectively; over the African 

sector.

Statistically, results over the 

American sector are similar to 
those over the African sector 

Habarulema et al.,. (2022). A statistical study of poleward traveling ionospheric 

disturbances over the African and American sectors during geomagnetic 

storms, JGR,  https://doi.org/10.1029/2021JA030162



ΔH is a proxy of EEJ which in turn is directly proportional to vertical 

ExB drift. Differential magnetometer approach has shown this in 
different longitude sectors

Relationship between ΔH and vertical ExB drift 



Link between electrodynamics and resulting TIDs?



Difficult to detect and amplitude comments
It has been suggested and numerically shown that changes in EEJ can have influence in contributing 

to TIDs during disturbed conditions.

• Chimonas (1969): The upper atmosphere in motion: The equatorial electrojet as a source of long 

period traveling ionospheric disturbances, Geophysical Monograph Series, 18, 698-709.

• Knudsen (1969), Neutral Atmosphere Wave Generation by the Equatorial Electrojet, J. Geophys. 
Res. 74(16), 4191-4192. 

In their analysis of properties 

of traveling atmospheric 

disturbances (TADs) during 

storms of 2001–2007, Bruinsma 
and Forbes (2009) stated that 

few cases of poleward TADs 

were observed but did not 

propagate far from their 

source and were difficult to 
be tracked



Resultant TIDs are confined within latitude ranges of +/-30 degrees. Why? 

• The orientation of the Lorentz force driving the ion-neutral collisions at 
equatorial and auroral regions. Due to nearly vertical nature of the 
magnetic field in auroral regions, Lorentz coupling involves a direct transfer 
of energy to the neutrals in a horizontal way (e.g., Chimonas, 1969; 
Knudsen, 1969).

• Lorentz force in equatorial regions is vertical due to the eastward electric 
field and the magnetic field is almost horizontal. 

• An additional consideration is the strength of the magnetic field in auroral 
and equatorial regions. The magnetic field strength in auroral regions is 
approximately double that of the strength in the equatorial region, and 
given that the current density magnitude in EEJ about 1/3 that of the 
auroral electrojet (AEJ) during geomagnetic storms (Akasofu et al., 1965; 
Knudsen, 1969), the resulting force (J × B) in EEJ is smaller than that in the 
auroral region by a factor of 1/5 (Knudsen, 1969; Yizengaw et al., 2018). 

• The orientation of the Lorentz force, integrated current density in EEJ and 
AEJ, and magnetic field strength influences the resultant energy transferred 
from ions to neutrals; and hence distinguishes the characteristics of the 
launched AGWs in auroral and equatorial regions. 

First suggested by Knudsen (1969) and numerically shown by Chimonas (1969)



• Theoretical studies of TIDs which would require solving the hydrodynamic equations 

(continuity, energy and momentum) from first principles

• Models: Theoretical and/or empirical/semi empirical models of TIDs; including data 

assimilation approaches

More ways of studying TIDs…. And different considerations
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