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Abstract 
 
A number of complementary Traveling Ionospheric Disturbances (TID) detection mechanisms 
are explored in TechTIDE project in order to release a warning system for the TID activity over 
the Europe-Africa region. 
The main aim of the WP3 is to release the TID activity report based on the compilation of the 
results of all TID detection algorithms and of additional parameters from the geospace and 
the Earth’s atmosphere. The TID activity report will provide the metrics for the assessment of 
TID impact probability in users’ operations. This deliverable D3.1 reports the work 
accomplished during the design phase of WP3 for the identification of additional parameters 
required to be exploited for the development of the warning system. 
The deliverable collects relevant information, data, and methodologies fulfilling the scope of 
the WP3.  
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Disclaimer 
This document contains description of the TechTIDE project findings, work and products. Certain parts 
of it might be under partner Intellectual Property Right (IPR) rules so, prior to using its content please 
contact the Project Coordinator (Dr. Anna Belehaki, belehaki@noa.gr) for approval.  

In case you believe that this document harms in any way IPR held by you as a person or as a 
representative of an entity, please do notify us immediately. 

The authors of this document have taken all reasonable measures in order for its content to be 
accurate, consistent and lawful. However, neither the project consortium as a whole nor the individual 
partners that implicitly or explicitly participated in the creation and publication of this document hold 
any sort of responsibility that might occur as a result of using its content. 

This publication has been produced with the assistance of the European Union. The content of this 
publication is the sole responsibility of the TechTIDE consortium and can in no way be taken to reflect 
the views of the European Union.  
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Executive Summary 
The document is the report D3.1 (M6) “Report on methodology for the specification of 
additional parameters” of the TechTIDE project funded by the European Commission Horizon 
2020 research and innovation program and contains outputs of Task 3.1 “Design phase for 
identification of additional parameters for the warning system” of the Work Package 3. D3.1 
defines the methodology for the specification of: 
 
(a) TID drivers – the approach considers drivers for Travelling Ionospheric Disturbances of 
various amplitudes, based on data from open data repositories and events catalogues (Section 
1). In general, at a given location the regular electron density variation has 24-hour periodicity 
because of the Earth’s rotation and the resulting repeated interaction between the Sun and 
upper atmosphere. The irregular variation usually refers to influence from geomagnetic 
storms, transient solar radiation, atmosphere and magnetosphere. This is also associated with 
increased AGW activity. When propagating through the ionosphere, atmospheric gravity 
waves give rise to quasi periodic variations in the electron density, known as Traveling 
Ionospheric Disturbances (TIDs). In their turn, these modulate parameters of radio signals 
reflected from or passing through the ionosphere. The modulation effect may deteriorate the 
radio waves propagating along ground-based or satellite links. With the commonly accepted 
size classification the TIDs can be referred to large- and medium- scale TIDs (LSTIDs and 
MSTIDs, respectively). The main TID drivers are: geomagnetic storms (CME- CIR/HSS-related 
events), auroral activity, polar cusp electrons and protons, troposphere - ionosphere coupling 
(drivers of meteorological origin), seismic activity, solar terminator, eclipse, anthropogenic 
sources. While the LSTIDs are mostly excited almost solely by the variability of the auroral 
electrojets associated with storms, the MSTIDs are excited by auroral activity and 
troposphere-ionosphere coupling. The TIDs excited at auroral zones of Southern and Northern 
hemisphere propagates equatorward subsequently crossing the equator to the opposite 
hemisphere. Apparently, information on the potential evolvement of TID triggering 
mechanisms will efficiently support TechTIDE warning services.     
 
(b) ionospheric background conditions – this approach considers several data analysis 
techniques and ionospheric prediction models (Section 2) as potential algorithms for the 
calculation of the ambient electron density and relevant key ionospheric characteristics. The 
selection of these characteristics is based on the requirements dictated by the TID detection 
methodologies and the users' needs. The ionospheric background will be used by the user of 
the TechTIDE system to evaluate the criticality of prevailing conditions. Additional challenges 
that should be addressed for the effective implementation of the selected algorithms are also 
addressed in Section 2.  

(c) interhemispheric circulation – this approach considers the evaluation of results extracted 
from TID detection codes with temporally coincident observations from the European and the 
South African networks (Section 3). The information obtained from these sources may be used 
to alert users that a certain probability exists for LSTIDs which exhibit enhanced amplitudes 
near the geomagnetic equator. 
 



 

 

TechTIDE EU Horizon 2020 Research and Innovation 
Programme Grant Agreement No 776011 

Deliverable 3.1 

 

6 

 

Abbreviations 
The following table contains the list of all acronyms used in this document. 

Acronym Definition 

AATR Along Arc TEC Rate 

AGW Atmospheric Gravity Wave 

AIRL Alternating Iteratively Reweighted Least Squares 

CDSS  Continuous Doppler Sounding System 

CGW Concentric gravity wave 

CIR Co-rotating Interaction Region 

CME Coronal Mass Ejection 

CTID Concentric Travelling Ionospheric Disturbances 

DPS-4D Digisonde-Portable-Sounder-4D 

GNSS  Global Navigation Satellite System 

HF High Frequency  

HSS High Speed Solar Wind Streams 

ISGI International Service of Geomagnetic Indices 

ISR Incoherent Scatter Radar 

LSTID Large Scale Traveling Ionospheric Disturbance 

MSTID Medium Scale Traveling Ionospheric Disturbance 

MUF Maximum Usable Frequency 

NH Northern Hemisphere 

OI Oblique Incidence 

PCN/PCS Northern Polar Cusp and Southern Polar Cusp index 

SSBC Solar Sector Boundary Crossing 

SH Southern Hemisphere 

SSA SWE Space Situational Awareness Space Weather 

SSC Storm Sudden Commencements 

SSMAX 
Solar activity Maximum according to 81-day mean values of the 10.7 cm solar radio 
flux (150-225) 

SSMIN 
Solar activity Minimum according to 81-day mean values of the 10.7 cm solar radio 
flux (70-100) 
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Acronym Definition 

SSN Sunspot Number 

ST Solar Terminator 

STD Standard Deviation 

TEC Total Electron Content 

TECP Total Electron Content Perturbations 

TID Travelling Ionospheric Disturbance 

VI Vertical Incidence 

WDC World Data Centre 

WP Wave Packets 
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1. Introduction  
The Task 3.1 aims to propose methodology of definition of TID drivers and additional 
parameters from the geospace and the Earth’s atmosphere, to determine the ionospheric 
background conditions, and investigate the interhemispheric circulation of TIDs including their 
interaction in the vicinity of geomagnetic equator. The work plan is based on the systematic 
assessment of the state of the art methodologies during specific time intervals that are 
selected through the TechTIDE event catalogue compiled by the TechTIDE consortium.  

 

2. Definition and development of TID drivers 
The main TID drivers are: geomagnetic storms (CME- CIR/HSS-related events), auroral activity, 
polar cusp electrons and protons, troposphere - ionosphere coupling (drivers of 
meteorological origin), seismic activity, solar terminator, solar eclipse, anthropogenic sources. 
The approach is considering drivers for LSTID and for MSTID based on data from open data 
repositories and events catalogues. This report deals with several most efficient TID drivers. 

 

2.1. Geomagnetic storms 
Comprehensive observations of the effects during geomagnetic storms usually show Total 
Electron Content Perturbations (TECP) caused by the ionospheric fluctuations associated with 
the neutral wind of LSTIDs moving equatorward. The LSTIDs are launched from the auroral 
zones have long horizontal wavelength and high speeds. This is consistent with data obtained 
from different measurements (e.g. the Arecibo ISR, ionosondes, and imagers). The LSTIDs 
could be multiple when associated with a series of quasi-periodic substorms (Nicolls et al., 
2004; Shiokawa, et al., 2007). The studies have shown that these LSTIDs are only observed at 
middle latitudes when the Kp index >~4 (Tsugawa et al., 2004). 

On average the distribution of magnetic storms over the solar activity cycle exhibits two peaks 
of different solar and heliospheric sources. A peak near solar maximum is associated mainly 
with CMEs, while a later peak during declining phase is very often attributed to CIRs and HSS 
(Webb, 1995).  

Figure 1 represents results of the LSTID analysis of the May 2017 CME-related strong 
geomagnetic storm. We observed the LSTID signatures in our oblique sounding data related 
to single peaks of the storm- substorm-time auroral activity. 
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Figure.1: May 2017 CME-related geomagnetic storm. Left-side panel represents geomagnetic 
and auroral activity indices, while the right-side plots shows signatures associated with LSTDs 
based on Digisonde obligue sounding data  within the analysed storm period of 27-20 May.   

 
When fast solar wind streams, emanating from coronal holes, interact with slow streams, they 
can produce co-rotating interaction regions in interplanetary space. The magnetic fields of the 
slow streams in the solar wind are more curved due to the lower speeds, and the fields of the 
fast streams are more radial because of their higher speeds. Intense magnetic fields can be 
produced at the interface between the fast and slow streams in the solar wind. In the case the 
Z-component of the magnetic field in the fast wind is turned southward, the passing of a CIR 
is usually a signal of possible enhancement in magnetospheric activity. CIRs at 1 AU are not 
accompanied by a shock wave but before their leading edge the solar wind particle 
concentration is substantially enhanced. The solar wind with substantially enhanced particle 
concentration suppresses the magnetosphere, which results in a remarkable increase of the 
positive Dst lasting for longer period, when comparing with the course of Dst during CME 
events. When this solar wind particle enhancement terminates, Dst quickly switches over to 
negative values. Typically Bz fluctuates, AE is relatively large but the effect in Dst is relatively 
small with the positive phase often larger than the negative phase, as it happened in 2008–
2009 (Buresova et al., 2014). According to our results, long-lasting fluctuations in Bz and the 
relatively large changes in AE could significantly affect state of ionisation at high and middle 
latitudes under relatively weekly perturbed Dst conditions and generate significant passages 
of TIDs (e.g. Fig.2).  
While the ejecta-driven storms usually produce larger decrease in the Dst index than CIR/HSS 
events, the CIR/HSS-related storms are more geoeffective (Brovsky and Danton, 2006). The 
comparison of CME and CIR/HSS events with at about the same input energies also revealed 
that CIR/HSS-related storms usually have greater energy output. Particularly during the 
recovery phase the ratio of output and input power of CIRs was doubled comparing to CME 
events. 
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Figure 2: September 2017 recurrent, positive polarity CH HSS-related geomagnetic storm. Left-
side panel represents geomagnetic and auroral activity indices, while the right-side plots shows 
signatures associated with LSTDs based on Digisonde obligue sounding data  within the 
analysed storm period of 14-16 September.   

In general with a delay of 1 – 3 days ejecta-related events and CIR/HSS-related events could 
be observed at satellites like ACE or WIND near the L1 position. A CME detected here will reach 
the Earth within around 20 to 60 min. Depending particularly on the magnetic properties in 
the solar wind cloud, preliminary forecasts are issued. With a delay of around 15 min, the 
effects from a solar wind change at the front of the magnetosphere reaches the Polar Cusp 
ionosphere and modify the convection-related current systems thereby changing the magnetic 
variations from which the PC indices are derived. In our analysis (e.g. Fi.1-3) we used the PC 
index even in the case AE index was available. Solar wind enhancement will cause increases in 
the PC indices within 15 min after impinging on the magnetosphere. Enhanced PC index values 
provide early warning of substorm activity. PC index values sustained at a level above 10 mV/m 
during more than 30 min indicate an immediate risk for violent substorm activity, which could 
affect state of ionisation and the extraordinary wave dynamics in the local night region.  There 
was found a very high correlation between PC and AE during winter and equinox, the linear 
correlation coefficient being ≈0.8–0.9 for NH Thule and ≈0.7–0.8 for SH Vostok stations 
(Stauning and Troshichev, 2008). Unfortunately, during summer the correlation is slightly less 
because the PC index is then disturbed by polar cusp currents controlled by the northward and 
east-west components of the interplanetary magnetic field. We therefore stress the 
importance of having PC available from both the northern and southern hemisphere.  
Our analysis showed that there are also specific space weather events, which could launch 
TIDs. Folds in the heliospheric current sheet called solar sector boundaries develop because 
the Sun’s magnetic and rotational axes change alignment as the Sun rotates. Along the plane 
formed by Earth’s path as it orbits the Sun, the interplanetary magnetic field generally 
organizes itself into 2 or 4 sectors per solar rotation. When Earth crosses one of these folds, 
called a Solar Sector Boundary Crossing (SSBC), the IMF’s magnetic polarity outside of Earth’s 
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magnetosphere changes and could have  possible geomagnetic effects (Whitham D. Reeve, 
2016). An example of such SSBC event is shown in the Fig.3. 

 

Figure 3: May 18, 2017 SSBC event. Left-side panel represents geomagnetic and auroral 
activity indices, while the right-side plots shows signatures associated with LSTDs based on 
Digisonde obligue sounding data  within the analysed storm period of 17-18 May.   

 

The methodology distinguishes between two main sources of geomagnetic activity: CME- 
and CIR/HSS-related events. A number of these events is listed in the TechTIDE event 
catalogue compiled by the TechTIDE consortium (the catalogue is accessible via the project's 
wiki pages). We propose additionally focus on SSBC events, as they seem to be efficient 
source of TIDs. Geomagnetic storms nowadays are forecasted with a relatively high accuracy 
over a one-hour lead time. Main global geomagnetic indices 1-hour Dst or even the SYMH 
and ASYH indices (which have a higher time resolution than Dst index) , 3-hour Kp, aa, am, 
and AE index. The best solution is using information on the magnetic activity from auroral 
geomagnetic stations. We propose additionally monitoring PCN/PCS indices, which are 
informative when analysing/issuing warnings on possible LSTID passages at both 
hemispheres. The above indices could be obtained from public sources (WDC for 
Geomagnetism Kyoto,ISGI web page, NOAA SWPC Boulder CO). Regional indices for the 
European sector can be obtained in real time from the IMAGE network and European 
observatories.  
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2.2. Troposphere - ionosphere coupling (drivers of meteorological origin) 
Dominant mechanisms of excitation of gravity waves (GW) in the lower atmosphere are 
convection, orographic forcing of the air flow, and wind shear (Fritts et al., 2006). Other 
sources that can be significant at preferred sites or in association with specific larger scale 
dynamics include adjustment of unbalanced air flow in the vicinity of jet streams and frontal 
systems (Fritts and Alexander, 2003). 

 

2.2.1. Tropospheric convection 

Convection generates gravity waves throughout the full range of phase speeds, wave 
frequencies, and vertical and horizontal wavelengths. Horizontal wavelengths of these waves 
extend from approximately 10 to 1000 km, while their periods range from minutes to tens of 
hours (Vadas and Fritts, 2004). 

The deep tropical convection is surely the most effective tropospheric source of gravity waves. 
The most efficient meteorological source of gravity waves in mid latitudes are cold fronts 
(Šauli and Boška, 2001; Laštovička, 2006). Tropospheric sources of gravity waves further 
include intense thunderstorms or convective storms (Kelley, 1997; Sentman, 2003; Azeem et 
al., 2015; Lay, 2015) and typhoons (Zuo Xiao et al., 2007; Kong et al., 2017). 

Tropical cyclones, tornadoes, convective storms, cyclones, weather fronts, mesoscale 
convective complexes, and air flow over mountainous terrain are considered the most 
efficient meteorological sources of infrasonic waves (Laštovička, 2006). Due to strong 
absorption by the atmosphere, only acoustic waves with frequencies below 1 Hz are able to 
reach the upper atmosphere (Blanc, 1985). 

Observations of ionospheric infrasound were reported when a convective storm occurred 
within the radius up to 250- 300 km from the observational site (Georges, 1973; Prasad et al., 
1975). The localized nature of the disturbance is related with infrasound propagation in the 
atmosphere; only waves with initial propagation angle of 30° or less from the vertical reach 
ionosphere. Rays launched at higher angles are refracted down below the ionosphere (Baker 
and Davies, 1969; Georges, 1973). From the more recent studies,  Lay et al. (2017) report 
observations of acoustic waves with periods of 2–4 min (and gravity waves with periods of 6–
16 min)  using GPS total electron content measurements in the mid-latitude U.S. Great Plains. 
In Central Europe, ionospheric infrasound was observed during intense convective storms in 
summer and during the passage of a distinct cold front in winter (Šindelářováet al., 2009). 
Atmospheric wave activity during strong tropospheric convection compared with quiet 
tropospheric situation is presented in the Fig.4.   
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Figure 4: Fourier spectrum shows much higher wave activity on 29 July 2005, day of strong 
stormy tropospheric convection, than on quiet days over Prague as was observed by CDSS. 
Thick line: amplitude spectrum on 29 July 2005. Thin line: median of Fourier spectra on quiet 
days. Dashed lines: lower quartile and upper quartile of Fourier spectra on quiet days. 

 

In some cases of the appearance of short period GWs or MSTIDs and infrasound the source 
could be relatively local, as it was, for example, observed during the 20 June, 2013 
thunderstorm over the western part of the Czech Republic. Figure 5 shows an analysis of the 
selected interval from 20:30 to 22:00: the AGWs propagated to the North-East (azimuth ~45°) 
the source of the observed waves was the thunderstorm which passed from South - West and 
passed through the western part of the country. 
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Figure 5: The variation of the fmin, foE, foEs, fbEs parameters as it was obtained from 
Pruhonice Digisonde during the campaigns and the time of the sprites on 20th of June 2013 
thunderstorm. The arrows show the time of the observed sprites (upper plots). Data of a five-
point CDSS operating at 3.59 MHz (the bottom panels). 

 

Fig.6 shows Doppler shift spectrogram recorded in Hermanus, South Africa during the 
tropospheric event on 11 July 2010. 
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Figure 6: Tropospheric event as it was observed by South African CDSS (Hermanus site) on 11 
July 2010. Transmitter-receiver paths are offset by 4 Hz. A and B indicate analyzed disturbances 
observed on different sounding paths. T is the observed period of GW, and Δt12 and Δt13 are 
the time differences between the S-shaped patterns observed on various sounding paths. 

 

Extreme tropospheric events (e.g. super typhoons, hurricanes) generate CTIDs lasting for 
several hours and subsequently occurring MSTIDs, which could be detected in TEC. CTIDs are 
associated with concentric gravity waves (CGWs) at ionospheric heights and could exhibit 
horizontal phase velocities of about 100-220 m/s, horizontal wavelengths of about 160-270 
km and periods of 8-30 min. During such extreme events CTIDs are excited by convective 
clouds, spiral rainbands and the eyewall of typhoon. There is suggested in literature that 
subsequent MSTIDs are generated by the electrodynamical coupling of Perkins instability and 
by polarization electric fields induced by CGWs (Chou, et al., 2017a; Chou, et al., 2017b). 

 

2.2.2. Orographic forcing of the air flow  

 

Mountain waves play a role particularly in the lower atmosphere, but may also penetrate to 
the stratosphere, mesosphere, and lower thermosphere. Since the phase speeds are near 
zero, mountain waves penetrate to high altitudes only under specific conditions when 
sufficiently nonzero winds exist in the whole vertical column of the atmosphere (Fritts et al., 
2006 and references therein).   

 

2.2.3. Wind shear  

Wind shear as the source of GW is important near the tropopause and at higher altitudes. 
Particularly the shear of the jet stream is likely a source that contributes significantly to the 
momentum budget of the middle atmosphere (Fritts et al., 2006 and references therein). 
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2.3. Seismic activity 
Co-seismic perturbations in the ionosphere are caused by infrasound waves that are 
generated by the vertical movement of the Earth’s surface. Infrasound waves propagate 
nearly vertically outside the epicenter region as the seismic waves propagate at supersonic 
speeds (Chum et al., 2016a, Liu et al., 2016). Only long-period infrasound (periods longer than 
about 10 s) can reach the ionospheric heights (Blanc, 1985). Such long periods are usually 
generated only by strong earthquakes (M>7). Infrasound observations in the ionosphere are 
usually based on perturbation of total electron content measured by dual-frequency GPS 
receivers (Calais and Minster, 1995; Liu et al., 2011) or on changes of Doppler shift of radio 
signals (Chum et al., 2016a). Co-seismic signatures of Rayleigh waves are usually observed in 
the ionosphere. However, Chum et al. (2012) observed also co-seismic signatures of P and S 
waves. At large distance from the epicenters, the infrasound waves propagate to the upper 
atmosphere linearly. On the other hand, nonlinear phenomena can play a very important role 
and change significantly the shape and frequency content of infrasound wave packet in the 
upper atmosphere at small horizontal distances (~ to 1500 km) from the epicenter (Chum et 
al., 2016b, Chum et al., 2018). 

 
Figure-7: Infrasound from Tohoku super-earthquake of March 2011 at a distance ~ 9000 km. 
Doppler shift spectrogram recorded at 06:00 UT to 07:10 UT by the Czech CDSS. The individual 
transmitters are offset by 4 Hz. The color indicates the common logarithm of power spectral 
intensity. Oscillations A, B, C, D and E correspond to very similar oscillations at local 
seismogram (when adding time for upward propagation to the ionosphere).  
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There were observed exceptional intensive quasi-periodical perturbations of TEC caused by 
the great Sumatra-Andaman earthquake on 26 December 2004 (Astafyeva and Afraimovich, 
2006). The time period of the variations was about 15 min, their duration was about 1 hour. 
The amplitude of the TEC oscillations exceeded the amplitude of “background” fluctuations in 
this range of periods by one order of magnitude, at a minimum. They were registered 2–7 
hours after the main shock at a distance from 1000 to 5000 km, both on the northwest and 
northeast outward from the epicenter. The most probable source of the observed oscillations 
appeared to be a seismic airwave generated by the sudden vertical displacement of the Earth’s 
surface near the epicenter. 
 

2.4. Solar terminator 
Solar Terminator (ST) has been identified as an important source of AGW and consequently 
TIDs in the Earth atmosphere-ionosphere system. The generation mechanism has been 
proposed by Chimonas and Hines (1970). The cooling/heating of the Earth’s atmosphere 
induced by decrease/increase of the incoming solar radiation is a potential generator of the 
wave/like disturbances that are likely to propagate through the atmosphere-ionosphere 
system. Due to the systematic occurrence of AGWs during dawn and dusk, it has been proven 
experimentally, that the moving region of atmospheric constituents with large gradients acts 
a source of AGW structures. The dusk terminator wave is generally more well-defined than 
that near dawn, is more prominent during solar minimum than solar maximum, and during 
solstice as opposed to equinox. However, the variability, periodicity and persistence of AGWs 
are very large and the observational techniques limited in sampling rates etc. For instance, in 
order to detect the ST induced wave structures, a special campaign of high sampling rates are 
necessary to be scheduled for ionosondes. The following Figure 8 shows the diurnal course of 
the electron concentration and related detected AGW sunrise structure. It is evident, that the 
detected structure propagates from the source region around 200 km height (Boška et al., 
2003). 
 

 
Figure 8: Diurnal course of the electron density as it was observed over Pruhonice ionospheric 
station at 12 October 1996 (on the left) and detected AGW sunrise structure (on the right). 
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Using TEC measurements from the global network of GPS receivers, the first evidence for the 
wave structure excited by the ST, moving over the USA, Europe, and Japan was obtained 
(Afraimovich, 2008). There were found two main types of the observed TEC disturbance: large-
scale (of about 60-min) variations with amplitude of about 0.5–1 TECU and medium-scale (of 
about 15-min) variations with amplitude of about 0.05–0.1 TECU. The first type of 
disturbances was predicted in theoretical investigations and registered earlier using different 
methods of ionosphere radio sounding. The second type of the observed TEC disturbance is 
wave packets (WPs) generated when the time derivative of TEC is at its maximum. These WPs 
have duration of about 1–2 h and a time shift of about 1.5–2.5 h after the solar terminator 
appearance at an altitude of 100 km. Large Scale TEC disturbances and Medium Scale Wave 
Packets were found to be space-fixed along the ST line over a distance exceeding 1600 km. 

 

2.5. Eclipse  
During eclipse atmospheric gravity waves may be generated due to the supersonic speed of 
the Moon’s cool shadow in the atmosphere, as theoretically has been predicted by Chimonas 
and Hines (1970). Such waves propagate upward with growing amplitudes and their 
ionospheric trace should be measurable as TIDs (Jakowski, et al., 2008).  

 

Figure 9: CDSS 3.59 MHz frequency measurements and VS measurements carried out in Spain 
during the solar eclipse on 3 October 2005 from 07:45 to 10:45 UT. Panel A: Doppler shift 
spectrogram of the signal having a reflection point on the eclipse path (of maximum 
obscuration). Panel B: Doppler shift spectrogram of the signal having a reflection point about 
200km south of the eclipse path. Panel C: VS virtual height measurements at the Ebro 
observatory. The red circles indicate the ordinary waves reflecting from the ionospheric F-layer, 
the green crosses are used for indicating the extraordinary waves reflecting from the F-layer 
below the reflection of ordinary waves, and the blue diamonds indicate the reflection from the 
semi-transparent sporadic E layer. 
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The ionosphere is host to a huge number of naturally occurring waves, from small to large in 
size and strength, and eclipse shadows in particular can leave behind a large number of newly 
created waves as they travel across the planet. Evidences of extraordinary AGW occurrence 
in the ionosphere after the solar eclipse of 23 September 1987 was given also by Cheng et al. 
(1992). Fritts and Luo (1993) modelled the gravity wave field induced by the cooling of the 
ozone layer in response to the solar eclipse on 11 July 1991. They explained the observations 
with the generation of upward propagating waves with dominant periods between 2 and 4 
hours. There are also known internal gravity waves vertically propagating from the F1 layer in 
the ionosphere. Such waves were observed during the solar eclipse of 24 October 1995 (Liu et 
al., 1998). There are proposed two main sources of AGW: a source located in the lower 
atmosphere, observed in the microbarograph records, and a source located in the 
thermosphere, as detected in vertical sounding ionograms (Farges et al., 2003). The wave 
observed via the electron density fluctuations showed a characteristic period of 
approximately 60 min. During solar eclipse also occurrences of acoustic gravity waves excited 
at ionospheric F-layer height is reported (Sauli et al., 2006a; Altadill et al. 2001). The AGWs 
are generated during the initial phase of eclipse in the region around 200 km propagating 
upward and downward simultaneously. In the recovery phase, the waves are detectable 
propagating from below, from the atmospheric regions.  

The latest great eclipse event in United States (the celebrated Great American Eclipse of 
August 2017) crossed the continental U.S. in 90 minutes, and totality lasted no longer than a 
few minutes at any one location. Researchers at MIT's Haystack Observatory and the 
University of Tromsø in Norway confirmed the existence of ionospheric bow waves definitively 
for the first time during the August 2017 event (Fig.10). 

 

Figure 10: Te graphic shows atmospheric bow waves forming during the August 2017 eclipse 
over the continental United States using TEC data collected by a network of more than 2,000 
GNSS (Global Navigation Satellite System) receivers (after Shunrong Zhang/Haystack 
Observatory, Westford, Massachusetts). 
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2.6. Anthropogenic sources 
A number of man-made sources generate infrasound oracoustic waves. Some of these sources 
contribute to the continuous background noise field, while the signals from the other sources 
are essentially impulsive in nature. The most important artificial or anthropogenic sources of 
infrasound are: infrasound generated by the launching and re-entry of rockets, the re-entry of 
the space shuttle and space debris and overhead passage of rockets at orbital altitudes; 
supersonic aircraft, chemical and nuclear explosions. Experimental ionospheric data obtained 
during underground nuclear and small yield chemical explosions showed that the resulting 
acoustic waves are an efficient way to transport the energy of the dynamic processes 
developing in the low atmosphere to the ionosphere. Point surface sources are able to give 
rise to, large-sized acoustic disturbances and as a result we can expect large-sized ionospheric 
disturbances. Even an acoustic ray with an initial take-off angle of 1 degree can propagate to 
ionosphere. It was shown that in the main the forms of ionospheric disturbances follow the 
forms of acoustic disturbances. However, there is a particular form, when the angle between 
direction of the geomagnetic field and an acoustic ray trajectory is about 90°. Amplitude of 
ionospheric disturbance increases with increasing height and has the first maximum at an 
altitude corresponding to that of the ionospheric valley. For instance, for explosion with yield 
of 500 ton TNT equivalent, the amplitude of ionospheric disturbances is from 8E+9 to1.6E+10 
1/m3 for E-layer and from 15E+10 to 2.5E+10 1/m3 for F-layer of the ionosphere. It 
corresponds from 11% to 8.5% for E-layer and from 7% to 2% for F-layer (Drobzheva and 
Krasnov, 2001). Thus, in order to obtain the full description of the influence of the low 
atmosphere on the ionosphere it is necessary to account for infrasonic mechanisms of energy 
transportation in an inhomogeneous atmosphere. 
 

To provide users with information on AGW activity related to tropospheric and seismic 
events we propose monitoring data from the meteoradars, data from European and South 
African networks of the CDSSs, main ionospheric parameters foF2 and hmF2 obtained from 
VI sounding and oblique soundings carried out by Digisondes involved in the project, LINET 
lightning data and METEOSAT-9 infrared maps, data from the Watec 902H2 Ultimate 
cameras or similar instruments to monitor sprite events, data from seismographs located at 
seismically active regions, NASA Eclipse website (https://eclipse.gsfc.nasa.gov/solar.html) 
to monitor upcoming eclipse events. 

  

https://eclipse.gsfc.nasa.gov/solar.html
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3. Methodology for the determination of the background 
conditions  

 

The reliable identification of TIDs requires accurate determination of the background 
conditions. The challenge lies in the fact that the TID effects on the ionospheric plasma 
properties should be cautiously distinguished from large scale space weather effects (i.e., 
ionospheric storm effects) that may be simultaneously evolved or may act as the triggering 
mechanism. This requirement demands treatments beyond the standard approaches for the 
determination of the ionospheric normal variation (e.g. monthly medians of key ionospheric 
characteristics).  

In this task we design the methodology to follow for the development of new algorithms for 
the calculation of the ambient electron density and relevant key ionospheric characteristics. 
The selection of these characteristics is based on the requirements dictated by the TID 
detection methodologies and the users' needs including the MUF, foF2, hmF2 and TEC. The 
ionospheric background will be used by the user of the TechTIDE system to evaluate the 
criticality of the current conditions. 

Preliminary considerations on potential tools/methodologies/algorithms are described in 
Section 3.1, while additional challenges that should be addressed for the effective 
implementation of the algorithms are described in Section 3.2. 

 

3.1 Background representations 

 

The work plan will be established on the systematic assessment of state of the art 
methodologies during specific time intervals that will be selected through the TechTIDE event 
catalogue compiled by the TechTIDE consortium. The catalogue is available in the project's 
wiki pages. 

The methodologies will be selected to meet the following requirements:  

• Prediction efficiency: the new algorithm should be able to reproduce the normal 
ionospheric changes (e.g., diurnal, monthly, seasonal, solar cycle, latitudinal, longitudinal 
dependence), but also large scale disturbances (e.g., large scale storm time effects). 

• Implementation: it should be able to provide output in real-time. 

Based on the requirements, the running medians/averages are considered as the preferable 
approaches for the development of the new algorithms against other options such as spectral 
analysis methods and nowcasting ionospheric models, which mainly meet difficulties in real 
time response.     

 



 

 

TechTIDE EU Horizon 2020 Research and Innovation 
Programme Grant Agreement No 776011 

Deliverable 3.1 

 

22 

 

Running medians/averages 

For the monitoring of the large scale disturbances of the ionospheric characteristics one may 
count on the running medians calculated over the previous days. The number of days could 
be different for different applications or characteristics (e.g. 27 days or 30 days for foF2 and 
15 days for TEC). This option is the close to the concept of the monthly median that is used 
widely for the determination of the normal ionospheric variation, but at the same time is 
available in real time. Indeed, comparison tests between running medians (30-days) and 
monthly medians indicate that there is a satisfactory agreement between them within the 
uncertainty limits (see Fig. 11). These tests are planned to be expanded in order to cover the 
TechTIDE locations and all possible options in the time window taken into account for the 
calculation of the medians. 

 

  

 

Figure 11: 30-day running medians of the 
foF2, hmF2 and vertical TEC (green line) in 
comparison with monthly medians (red line) 
calculated over Chilton/HERT in UK. 

Running medians or averages, but within a shorter averaging time window could also respond 
to the needs for the monitoring of small scale effects, i.e. TIDs. This solution has been 
investigated in the past with promising results (see Fig. 12). Nevertheless, as the width of the 
averaging window may sound arbitrary and one may argue in favor of several different options 
(e.g., averages/medians over some minutes or hours) we plan the comparative analysis of the 
results that are received with several different window size options towards the optimum 
exploitation the proposed method capabilities. This test may consider the dependence of the 
absolute or relative deviation between "predicted" and actual observations in terms of the 
width of the averaging window. This is expected to yield a more accurate estimation of the 
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optimum range of width for which the method can provide meaningful results with respect to 
the objectives of this work task.  

 

 

Figure 12: Top: The background TEC values,  TECb (black line) estimated as 60 min running 
average, the absolute TEC (red line) and their residuals dTEC = TEC-TECb (bottom panel) for 
the two quiet days 30 and 31 March 2012, estimated with data from GOPE GPS receiver in 
Czech Republic (Belehaki et al. 2017). The residuals dTEC do not exhibit a daily pattern and 
their amplitude do not exceed the ±0.6 TECU. The remaining perturbations are probably due 
to TIDs of medium scale or even smaller which occur independently of the level of 
geomagnetic activity. Bottom: The residuals of TEC from their monthly median values (TEC 
median, black line) plotted together with the de-trended TEC using the 60 min running 
averages as background (dTEC, red line), for 8 March 2012, computed with data from EBRO 
GPS receiver (Belehaki et al. 2016). It is obvious that the two quantities differ largely since 
the de-trended TEC does not include large scale ionospheric variations.  
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3.2 Additional challenges 

3.2.1 Data quality 

The reliable monitoring of the ionospheric conditions requires the continuous availability of 
high quality data. Some of the challenges that should be addressed are described in Figure 13. 

 

 

 

Figure 13: Ionospheric monitoring challenges. Top: Data gaps that may be critical in case of 
disturbances. Bottom: Spikes due e.g. to autoscaling errors. 

 

Proposed solution 

Matrix completion based on the AIRL method (Giampouras et al. 2017). The method takes into 
account all available observations in the past 30 days to compose a matrix of dimension 
288x31 (time resolution 5 min). Matrix completion is accomplished through the assumption 
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of low-rank representation. As an example of the capabilities of the proposed method see 
Figure 14. 

 

 

 

Figure-14: The original time series (blue line) in comparison to the filled time series (red line) 
and the estimated time series (green line) used for the gaps' completion for the two 
examples presented in Fig. 3. 

 

3.2.2 Characterization of the ionospheric activity level 

 

The ionospheric activity level should be characterized e.g. as weak, moderate or intense 
especially for large scale effects for users' awareness.  



 

 

TechTIDE EU Horizon 2020 Research and Innovation 
Programme Grant Agreement No 776011 

Deliverable 3.1 

 

26 

 

1st step: Defining a threshold for significant disturbances. Example case: in case of running 
medians, one may use the standard deviation, STD of the values taken into account in the 
calculation of the medians. 

The STD is estimated over each time of the day and it is depended on the characteristic, 
location, season and local time (see Fig. 15). 

 

 

 

  

  

Figure 15: The maximum relative STD (%) for foF2 (left) and hmF2 (right) versus local time (top 
panels) and month (bottom panels) obtained for 2012. 
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2nd step: Quantification of the disturbances intensity (e.g. weak, moderate, intense) in terms 
of users’ requirements. For this purpose, we may need to compare the ionospheric variation 
with other TID activity indicators, as for example the AATR. 

 

 

 

 

Fig.16. The foF2 deviation (dfoF2) together with to STD (top) in comparison with the AATR 
index results for the time interval 16 April - 26 April 2017. 
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4. Interhemispheric circulation  
 

Investigations of conjugate excitation of TIDs in both hemispheres, their subsequent 
propagation to the opposite hemisphere and their interaction in the vicinity of the 
geomagnetic equator will help to enhance the reliability of TID prediction and warnings. 

 

4.1. Characteristic features of LSTID interhemispheric circulation  
 
Over the past two decades simulations and theoretical studies were performed which treated 
the propagation of AGWs and associated TIDs from the auroral zones across the geomagnetic 
equator into the opposite hemisphere (Lu et al. 2001, Balthazor and Moffet 1996). The former 
authors employed the Thermosphere-Ionosphere-Electrodynamics General Circulation Model 
(TIE-GCM, Richmond et al. 1992) and demonstrated the importance of energy input via auroral 
precipitation and Joule heating for generating LSTIDs. The latter authors studied in detail the 
interaction of AGWs and associated TIDs launched simultaneously in the northern and 
southern auroral zones and interfering with each other while crossing the equatorial region. 
Their model bears a considerable complexity: At F2 region height a single wave propagates 
from each hemisphere across the equator while at F1 region a fast and a slow mode and at E 
region height a fast, an intermediate and a slow mode are observed concurrently in each 
hemisphere all of which mutually interact.  
Remote direct observation of AGWs at ionospheric heights with the help of ground-based 
instruments is difficult. Very low orbiting satellites with appropriate sensors are capable of 
measuring the AGW pressure variations in the thermosphere. Incoherent scatter radars and 
Fabry-Perot interferometers can, under stringent assumptions, detect waves in the neutral 
upper atmosphere. It is much easier (and actually widely accepted) to remotely identify the 
AGWs’ ionospheric counterparts, the TIDs, via observation of plasma density and height 
variation of the ionospheric F2 layer or ionospheric Total Electron Content (TEC) temporal 
fluctuations and spatial gradients.  
Several cases of spaceborne observations of AGWs and ground-based observations of TIDs 
propagating from one hemisphere into the other have been published over the past few years 
(Guo et al. 2014, 2015; Pradipta et al. 2016; Habarulema et al. 2015, 2016; Borries et al. 2016). 
Below we show two examples of observations taken during geomagnetic storms which were 
presented in two of the above cited publications.  
The first example shows satellite observations of AGWs launched at high latitudes in the 
dayside and nightside thermosphere in the main phase of a weak geomagnetic storm 
(minimum Dst = -48 nT) which subsequently cross the geomagnetic equator. The AGWs loose 
strength in the sub-auroral and mid-latitude zones but regain energy at their interference near 
the equator. The amplitudes are larger at local daytime than at local night. 
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Figure 17: Weak geomagnetic storm 28/07/2006. Upper panel: CHAMP neutral density (from 
accelerometer data) normalised to 400 km altitude using NRLMSISE-00 (top late afternoon, 
bottom early morning); lower panel: GRACE neutral density (from accelerometer data) 
normalised to 400 km altitude using NRLMSISE-00 (top late afternoon, bottom early morning). 
Ordinates are scaled in geodetic latitude. (after Guo et al., 2015) 
 

The second example shows ground-based GNSS observations of TIDs most likely launched 
simultaneously in both auroral ovals during a strong geomagnetic storm (minimum Dst = -118 
nT). They meet near the geomagnetic equator (a few degrees south of the geodetic equator) 
where they interact and amplify but thereafter loose much of their energy and continue as 
rather weak disturbances into the other hemisphere. 
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Figure 18: Strong geomagnetic storm 26/09/2011.TECP over South America inferred from 
GPS data acquired with the LISN and UNAVCO networks. UTC leads local time by 4 hours. The 
ordinate is scaled in geodetic latitude (after Pradipta et al., 2016). 
 
AGW and TID observations reported in the literature (two of them shown above) lead to the 
following conclusions: 
(1) Interhemispherically circulating AGWs and TIDs are of large scale (hundreds to thousands 
of km wavelength and tens to hundreds of minutes period). 
(2) The most intense LSTIDs are launched in the auroral zones during the main phase of a 
geomagnetic storm. 
(3) All but one of the published observations of interhemispheric circulation occurred during 
strong or severe geomagnetic storms. 
(4) Those launched in the auroral zones can travel equatorward but also poleward (i.e., across 
the polar cap). 
(5) Some LSTIDs are launched near the geomagnetic equator and travel poleward into both 
hemispheres. 
(6) LSTIDs associated with geomagnetic storms may occur at any time but are typically stronger 
at daytime. 
One is tempted to conclude that a geomagnetic storm is a prerequisite for large-scale AGWs 
and TIDs to contain enough power to travel into the opposite hemisphere and be observed 
there. In principle it is the dynamic auroral electrojet which is the source of the most intense 
TIDs, i.e. the TIDs result from substorms. But observations suggest that but substorms 
associated with geomagnetic storms rather than isolated substorms are sufficiently powerful 
to launch TIDs which can travel into the other hemisphere.   
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4.2. External geophysical drivers potentially leading to interhemispheric 
circulation of LSTIDs  

 
Considering that geomagnetic storms and associated substorms are the most powerful 
sources of LSTIDs it is promising to nowcast or even better forecast their occurrence and 
intensity using publicly available relevant information. This information includes 
- arrival of interplanetary shocks, 
- magnetosphere-ionosphere current system reconfiguration (specifically the auroral oval 
current system), 
- sudden release of energy stored in the magnetosphere (specifically keV particle precipitation 
into the auroral zone). 
These drivers can be identified in real time from solar wind and geomagnetic observations and 
are also characterised by geomagnetic indices. Real-time versions of the following indices are 
routinely made available via the websites of the WDC for Geomagnetism Kyoto and the IMAGE 
magnetometer network. 
- geomagnetic storms: IAGA indices Dst, SYM-H/D and ASY-H/D, 
- substorms in the northern hemisphere: IAGA indices AE, AL, AU, 
- substorms specifically in the Scandinavian sector: IE, IL, IU (from the IMAGE magnetometer 
network), 
- substorms in the southern hemisphere: no indices available due to lack of observing sites 
(the southern auroral zone lies almost entirely over the ocean), 
- interplanetary shocks: ACE real-time solar wind data and geomagnetic SI (sudden impulses, 
including SSC). 
 
We have shown above an example of large scale AGWs which cross the equator in order to 
demonstrate that in principle AGWs may serve as an indirect indicator of TIDs which propagate 
over long distances. But we note that LEO satellites and ground-based facilities capable of 
observing AGWs in the upper neutral atmosphere are rare. The CHAMP and GRACE satellites 
from which the examples above were obtained are no longer in operation. Ground-based 
upper atmosphere neutral density observations are not currently available in real time. These 
are constraints which excludes AGW observations from being operationally exploited in 
TechTIDE. 
 
We propose to focus on geomagnetic storms which can nowadays be forecast with high 
accuracy over a one-hour lead time. Characteristic global geomagnetic indices (nowcast and 
1-hour forecast) can be obtained from public sources (WDC for Geomagnetism Kyoto, NOAA 
SWPC Boulder CO). Regional indices for the European sector can be obtained in real time 
from the IMAGE network and European observatories. The information obtained from these 
sources may be used to alert users that a certain probability exists for LSTIDs which exhibit 
enhanced amplitudes near the geomagnetic equator. 
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5. Conclusions 
The aim of this design study is to facilitate the development of the TID activity report. This is 
based on the real-time evaluation of the characteristics determined by the TID detection 
methods, taking into account conditions in the interplanetary medium, magnetospheric 
conditions, meteorological forecasts and astronomical parameter (such as the solar eclipses 
and the solar terminator). Current seismic activity will be also considered.  
The main characteristics of the atmospheric waves generated by several different sources are 
specified in this report and are given in the Table 1. These parameters that are important to 
be monitored either as drivers of TID activity or as characteristics that need to be checked to 
confirm the general solar-magnetospheric-ionospheric-atmospheric coupling conditions.  

TID driver 
Wave 
period 

Horizontal 
phase 

velocity 

Horizontal 
wavelength 

Time of 
duration Phenomenon 

Characteristic/ 
calculations 

Geomagnetic 
storms – 

distinguish 
between CME 

and CCIR 
driven and 
between 

SSBC driven 

IMF and the 
bulk plasma 

characteristics 
at L1 

Dst, SYMH, 
ASYH, Kp, aa, 
am, and AE 

index, 
PCN/PCS as 

well as 
regional 

indices for the 
European 

sector 

LSTIDs - up 
to 3h 

MSTIDs – 
15-60 min 

LSTIDs-
400–1000 

m/s 

MSTIDs-
100 -250 

m/s 

LSTIDs -> 
1000km 

MSTIDs- 
hundreds of 

km 

depending 
on source up 

to several 
days 

Troposphere - 
ionosphere 

coupling 

Acoustic 
waves with 

frequency less 
than 1 Hz 

Infrasound 
1-5 min 

MSTIDs 15-
25 min 

For 
infrasound 

~80 m/s 

For MSTIDs 

~50 m/s 

 

MSTIDs- 
tens to 

hundreds of 
km 

several 
hours 

super 
typhoons, 
hurricanes 

Meteorological 
forecasts 

8-30 min 
100-220 

m/s 
160-270 km 

several 
hours 

Seismic 
activity 

CDSS data ; a 
real-time 

seismic alert  
system on a 

Infrasound 
up to 5 

min;  

Up to 780 
m/s 

At about 

1000-5000 

km from the 

epicentre 

~1 h 
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regional scale ; 
TEC maps 

MSTIDs -15 
min 

Solar 
terminator 

Astronomical 
calculations 

~15 min to 
~60 min 

500 m/s 
(700 m/s) 
at SSMIN 
(SSMAX 

Up to 3600 
km 

 

1–2 h 

(time shift of 
about 1.5–
2.5 h after 
the solar 

terminator 
appearance) 

Eclipse 
Astronomical 
almanac data 

~60 min ~300 m/s 

Hundreds 
km 

from the 
totality 

central path 

Up to several 
hours 

Table 1. Main characteristics of the atmospheric waves launched by different sources. 

 

Some additional considerations: 

• Through the ESA SSA services an early warning message can be designed based on 
solar flare identification  

• Using the background algorithms, we can define intensity levels of the ionospheric 
activity having a criterion the STD ranges. 

 
The high-level diagram of the TechTIDE operations that will lead to the release of the activity 
report, is given in Figure 19 below. In the blue boxes to the right, we present the 
characteristics preliminary identified in this report.  
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Figure 19. The workflow for the release of the TID activity metrics 

 
The actual results from this design phase, will be implemented in the next 6 months and will 
be reported in D3.2, D3.3 and D3.4. The merging of all different elements will lead to the TID 
activity report which will be released in M24 of the project, integrated in the second TechTIDE 
prototype. 
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