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Abstract –The main objective of the TechTIDE project (warning and mitigation technologies for travelling
ionospheric disturbances effects) is the development of an identification and tracking system for travelling
ionospheric disturbances (TIDs) which will issue warnings of electron density perturbations over large
world regions. The TechTIDE project has put in operation a real-time warning system that provides the
results of complementary TID detection methodologies and many potential drivers to help users assess
the risks and develop mitigation techniques tailored to their applications. The TechTIDE methodologies
are able to detect in real time activity caused by both large-scale and medium-scale TIDs and characterize
background conditions and external drivers, as an additional information required by the users to assess the
criticality of the ongoing disturbances in real time. TechTIDE methodologies are based on the exploitation
of data collected in real time from Digisondes, Global Navigation Satellite System (GNSS) receivers and
Continuous Doppler Sounding System (CDSS) networks. The results are obtained and provided to users in
real time. The paper presents the achievements of the project and discusses the challenges faced in the
development of the final TechTIDE warning system.

1 Introduction

The Earth’s upper atmosphere is directly affected by the
solar variability, by the near-Earth space dynamics and lower
atmosphere phenomena. This results in a complex and dynamic
environment influenced by solar radiation, energy transfer,
winds, waves, tides, electric, and magnetic fields, and plasma
processes. Travelling ionospheric disturbances (TIDs) constitute
an important Space Weather effect in the upper atmosphere dri-
ven by this complexity. TIDs are plasma density fluctuations
that propagate as waves through the ionosphere at a wide range
of velocities and frequencies and play an important role in the

exchange of momentum and energy between various regions
of the upper atmosphere. TIDs are the ionospheric manifestation
of internal atmospheric gravity waves (AGW) in the thermo-
sphere (e.g., Hunsucker, 1982; Hocke & Schlegel, 1996). The
vast majority of observations suggests that gravity waves trans-
port momentum and energy from auroral latitudes to middle
latitudes (Hocke & Schlegel, 1996) and can also transfer
momentum and energy from the lower to the upper atmosphere.
Francis (1975) concluded in his classic review on atmospheric
gravity waves that theory and observations imply that “the only
natural sources of large-scale TIDs are in the auroral zones”.
However, some cases of large-scale TIDs (LSTIDs) being
launched in the vicinity of the magnetic equator were recently
reported (Habarulema et al., 2015, 2016, 2018) although such
cases appear to be rare. AGW and consequently TIDs are
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classified according to their wave velocity and period. LSTIDs
have horizontal propagation velocities between 300 m/s and
1000 m/s, horizontal wavelengths greater than 1000 km
(1000–3000 km) and periods in the range of 30 min to 3 h.
Medium-scale TIDs (MSTIDs) have horizontal propagation
velocities between 100 m/s and 300 m/s, horizontal wavelengths
of several hundreds of km and periods between 15 min and
60 min. Besides, small-scale TIDs that have wavelengths of less
than 300 km have also been observed. They are not considered
here.

According to the literature, LSTIDs are mostly associated
with auroral and geomagnetic activity (e.g., Tsugawa & Saito,
2004; Figueiredo et al., 2017, and references therein). MSTIDs
are mostly associated with ionospheric coupling with the lower
atmosphere, as comprehensively explained by Hunsucker
(1982) and further demonstrated with experimental observations
during ionosphere–troposphere coupling events such as tsunami
events (e.g., Savastano et al., 2017) and convective storms (e.g.,
Azeem et al., 2015). Long wavelength gravity waves propagate
quasi-horizontally in the thermosphere. These waves are ducted
by the temperature gradient in the lower thermosphere and dom-
inate at great distances from the source. In the mid-latitude iono-
sphere, these gravity waves can be observed as typical LSTIDs
propagating equatorward. The second gravity wave mode, of
a shorter wavelength, is a wave from the lower to the upper ther-
mosphere that propagates near the source. In the lower atmo-
sphere, ducted waves dominate at large distances away from
the source, and Earth-reflected gravity waves propagate after
reflection at the Earth’s surface back into the thermosphere,
where they are rapidly dissipated because of their short wave-
length. However, simulation models for the generation and
propagation of gravity waves, suggest a more complex mode
spectrum (Balthazor & Moffet, 1997).

Numerical simulations show that wave amplitudes are not
necessarily directly related to the strength of excitation and that
the source geometry is extremely important. A large enhance-
ment of energy deposition into the ionosphere is often not
accompanied by a large increase of gravity wave excitation.
On the other hand, excitation of large-scale gravity waves
occurs even under quiet geomagnetic conditions with relatively
low energy depositions but optimal source properties (Mayr
et al., 1990). These results indicate that perturbations detected
in the ionospheric characteristics due to TIDs and the source
of their excitation do not have a one-to-one correspondence.
This is the reason why, the tracking and even the nowcasting
of TIDs is very challenging.

The following requirements have to be fulfilled for the
development of a comprehensive TID selection system:

Monitoring the TID drivers: TIDs constitute a specific type
of space weather phenomenon that can be solar-driven or be dri-
ven by other processes acting below the ionosphere. LSTID dri-
vers are physical characteristics that provide information on the
level of solar-wind magnetosphere coupling during isolated sub-
storms and on the impact of coronal mass ejections (CME) and
corotating interaction region/solar wind high-speed streams
(CIR/HSS) on the Earth environment. They are represented
by the magnetosphere coupling functions, the Auroral Electrojet
intensity, and the polar cap electron and proton fluxes, as sum-
marized by Buresova et al. (2018). Recently Zhang et al. (2019),
based on the analysis of GNSS differential TEC observations,

suggested X-class solar flares, can be also considered to drive
LSTIDs.

MSTID drivers are described by physical characteristics that
specify the level of ionosphere–lower atmosphere coupling and
specifically, the coupling of processes on the Earth’s surface or
in the lower-lying layers of the atmosphere with electric and
electromagnetic phenomena in the ionosphere (Lastovicka,
2006). Upward propagating waves in the neutral atmosphere
triggered by seismic activity, the occurrence of strong meteoro-
logical phenomena (large convective storms, passages of strong
cold fronts, tornados, typhoons), the passage of solar terminator
and solar flares are the main physical drivers of MSTIDs
(Buresova et al., 2018), which in turn generates ionospheric
irregularities such as spread F, N-shaped pulse disturbances or
irregular variation of ionospheric parameters (Jayachandran
et al., 1987; Sauli & Boska, 2001; Xiao et al., 2007). Regarding
MSTIDs, their identification and tracking contain large uncer-
tainty, since they are associated with gravity waves propagation
and plasma instability that can impact the ionospheric electrody-
namics. Wide and dense networks of observing systems that
include ground-based and space-borne sensors are required to
monitor simultaneously disturbances in the lower atmosphere,
in the ionosphere, in the magnetosphere and in the solar wind;
such a network is required to draw a global picture of the solar
wind – magnetosphere – ionosphere – lower atmosphere
coupled system, which is necessary for monitoring of the TID
drivers in real time and evaluate the criticality of the TID trig-
gering conditions in order to issue warnings.

Detection of conditions for LSTID triggering at high lati-
tudes: Since LSTIDs are triggered by auroral activity, it is
expected that the detection of LSTIDs at high latitudes could
help warning for TID activity in lower latitudes. Observational
networks of Global Navigation Satellite Systems (GNSS) recei-
vers can provide estimates of the total electron content (TEC).
The perturbation in TEC at high latitudes is indicative of TID
activity initiation at regions close to the gravity wave excitation
source. These results can be used as an early warning for forth-
coming TID activity at middle and low latitudes (Borries et al.,
2017).

Development of dense networks of in situ measurements for
the detection of perturbations imposed by TIDs in the bottom-
side ionosphere: Direct TIDs effects are primarily observed in
the bottomside ionosphere (e.g., Beley et al., 1995). Specific
observations must be collected from this region using dense
networks of ionospheric sounders, which are able to operate
in synchronised mode as transmitter–receiver pairs. These are
the oblique Digisonde-to-Digisonde (D2D) “skymap” observa-
tions which were introduced by Reinisch et al. (2018). They
are required to identify the disturbance in the radio wave
propagation characteristics due to TIDs. Such a network exists
in Europe mainly due to developments in the Net-TIDE
project (Belehaki et al., 2015; Reinisch et al., 2018). This
special operation mode requires continuous adjustment of the
transmitting frequency to reach optimum communication
conditions.

Develop methods to detect TIDs at any altitude in the bot-
tomside and topside ionosphere: TEC parameters provide an
indication of a TID without specification of the height of the
maximum disturbance. Electron density reconstruction models can
fulfil this need. As an example, the 3D version of the Topside
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Sounder Model (TSM)-assisted Digisonde (TaD) model is able
to track the TID triggered disturbances in the electron density at
various heights in the F layer and in the topside ionosphere
(Kutiev et al., 2016).

Establishment of permanent networks to detect TIDs excited
in the lower atmosphere: To identify TIDs triggered by mecha-
nisms acting below the ionosphere altitudes, i.e. MSTIDs,
specific methodologies are employed. These include the Contin-
uous Doppler Sounding System (CDSS) and the GNSS detrend-
ing. The CDSS method detects MSTIDs, because of the
topology of the network and its sensitivity to fast changes.
CDSS networks operate in Europe and South Africa. The GNSS
detrending method relies on the analysis of data from clusters of
GNSS receivers to verify TID propagation characteristics with
wavelength of the scales of the GNSS stations distances.

Define regional ionosphere background conditions: The
amplitude of TID perturbation is directly proportional to the
background electron density (Hooke, 1968). Ionospheric storms
are large scale disturbances resulting in electron density
enhancements or depletions depending on local time, storm
time, geomagnetic location and season. Neutral winds and
strong dawn-to dusk electric field can cause large uplifts or
downdrafts of the ionospheric plasma leading to large-scale
local time dependent enhancements or decreases of the iono-
spheric electron content at all latitudes. In depleted ionospheric
plasma, the TIDs are faint (Reinisch et al., 2018). However, for
users requesting accurate ionospheric characteristics in real time,
even under ionospheric storm conditions the electron density
modulation triggered by TIDs must be identifiable.

The main objective of the TechTIDE project (warning and
mitigation technologies for travelling ionospheric disturbances
effects) is the development of an identification and tracking
system for TIDs considering all the requirements listed above.
For the first time such a system operates in realtime. TechTIDE
will issue the results of various detection methodologies and
warnings of electron density perturbations over wide world
areas. TechTIDE methodologies are based on the exploitation
of data collected in real time from Digisondes, GNSS receivers,
and CDSS networks.

In this paper we report on the main activities carried out in
the frame of the TechTIDE project. In Section 2 we summarize
the key specifications of a real-time TID warning system and
the main data required to be collected and retrieved in real time;
in Section 3 we present the main methodologies that are
exploited in TechTIDE to detect TIDs and their detection
capabilities; in Section 4 we discuss the challenges that need
to be addressed for the reliable operation of a real-time TID
warning system.

2 Specifications of a real-time TID warning
system and required data

Specification of TID activity over large world regions is a key
requirement from the operators of systems using or affected by
ionospheric conditions; TIDs severely affect all operational sys-
tems using predictable ionospheric characteristics as they can
impose disturbances with amplitudes of up to ~20% of the
ambient electron density, and Doppler frequency shifts of the
order of 0.5 Hz on HF signals (Reinisch et al., 2018).

The accuracy of ground-based single-site-location (SSL)
HF radio wave direction finding is severely compromised by
the passage of TIDs through the ionospheric reflection area
(Nickisch et al., 2016). Small amplitude TIDs, occurring virtu-
ally all the time with varying amplitudes, similar to cloud occur-
rence in the troposphere, can tilt the reflecting isodensity
contours by as much as 3�–5�. These time-varying tilts cause
variances in the measured bearings of about 1� for emitter dis-
tances of 1000 km to about 100� for 100 km, the “short-range
catastrophe” (Ross, 1947). TIDs of larger amplitudes affect the
performance of GNSS, and in particular, the Satellite Based
Augmentation Systems (SBAS), such as the European Geosta-
tionary Navigation Overlay System (EGNOS, Pintor & Roldán,
2015), as they can produce variations in TEC of several total
electron content units (TECUs). These variations cannot be
completely detected and corrected by these systems. This,
results in a decrease of the observation accuracy and a limitation
of the availability of these navigation systems for the different
types of applications that they support (mainly aviation).
Furthermore, it was shown by Hernández-Pajares et al. (2006)
that TIDs of medium scale can affect the performance of the
high accuracy navigation systems, like network real-time
kinematic (N-RTK). Because N-RTK services are based on
interpolating the ionospheric delays, the effect of TIDs can be
quite significant. The radio astronomy community reports phase
errors in low frequency radio telescope images due to small
variations in TEC caused by MSTIDs (Mevius et al., 2016).
Overall TIDs are a nuisance for any system using transiono-
spheric radio wave propagation.

Basic users’ requirements that need to be fulfilled by a real-
time identification and tracking TIDs system, are collected by
the TechTIDE consortium and summarized by Altadill et al.
(2019):

� Detection of MSTIDs and LSTIDs occurrence in real time
over large geographical regions.

� Estimation of the period, phase velocity, propagation
direction, wavelength, and amplitude for both LSTIDs
and MSTIDs.

� Estimation of the Doppler frequency, angle of arrival, and
signal time-of-flight from transmitter to receiver for HF
communications.

� Estimation of de-trended ionospheric characteristics and
spectral energy contribution for specific measuring
stations.

� Indication of the altitude of the maximum disturbance in
the electron density over a region.

� Calculation of TEC gradients in real-time over wide
regions in the globe.

� 3D electron density distribution maps over large geo-
graphical regions, for the bottomside and the topside
ionosphere.

� Scaling of TID activity and characterization of the criti-
cality of the induced disturbances in the systems
concerned.

� Indication for the initiation of TIDs at high latitudes.
� Monitoring of the TID activity drivers, including the
interhemispheric circulation.

� Specification of ionospheric background conditions,
including the mapping of critical ionospheric characteris-
tics foF2 and hmF2.
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To meet these requirements the TechTIDE consortium
deploys several independent and complementary detection tech-
niques which are presented in the next section. A variety of data
are exploited to operate the TID detection algorithms and to cal-
culate the indicators and monitor the drivers:

� Digisonde vertical sounding measurements and oblique
Digisonde-to-Digisonde observations from the European
and South African networks.

� Data from ground-based GNSS receivers.
� Data from Doppler sounders.
� Additional auxiliary data from Spacecraft missions at L1
vintage point, magnetospheric, solar and geomagnetic
indices, retrieved from World and Regional Data Centers.

Digisonde vertical incidence ionospheric measurements
are openly accessible through the GIRO web site. Oblique
Digisonde-to-Digisonde measurements and CDSS data are
owned by the TechTIDE partners: the Royal Meteorological
Institute of Belgium (RMI), the Institute of Atmospheric Phy-
sics of the Czech Republic (IAP), the Leibniz Institute of Atmo-
spheric Physics of Germany (L-IAP), the National Observatory
of Athens in Greece (NOA), and the Ebro Observatory in Spain
(OE). The GNSS-RINEX data files are obtained from IGS and
EUREF GNSS stations and are processed in real-time by the
Deutsches Zentrum für Luft- und Raumfahrt (DLR) and the
Universitat Politecnica de Catalunya (UPC).

3 TechTIDE methodologies for the real-time
detection of TIDs

In the upper atmosphere, gravity waves are observed either
directly as density and velocity fluctuations of the neutral gas, or
indirectly as fluctuations of the ionospheric plasma, which is in
principle a passive tracer of the neutral gas motions. The iono-
spheric fluctuations are measured using different radio tech-
niques employing ionosondes, HF Doppler systems, GNSS
receivers, and their networks. TechTIDE warning services are
based on the implementation of several methodologies that
are able to detect and analyze signatures of TIDs in real time.
These methodologies include the Digisonde-to-Digisonde TID
detection method (HF-TID), the HF Interferometry method
(HF-INT), the Doppler Sounder detection method (CDSS-
MSTID), the electron density perturbation at any ionospheric
altitude calculated with the TaD ionospheric profiler model to
estimate the LSTID index (LSTIDx), the Spatial and Temporal
GNSS analysis that provides the MSTID index (MSTIDidx), the
GNSS TEC gradients method (TECgrad) and the Along the Arc
TEC Rate (AATR) indicator method. Among them, the HF-TID
and HF-INT methods are based on Digisonde observed charac-
teristics, the CDSS-MSTID results are inferred from CDSS
measurements, the LSTIDx method is based on the TaD model
which combines input from ground-based Digisonde data and
GNSS-TEC estimates, while other methods exploit exclusively
GNSS data. The detection capabilities of the aforementioned

Fig. 1. Top panel: The Dst-index during 5 August 2019, the day when the initial and main phase of the moderate geomagnetic storm occurred.
Bottom panel: the AATR indicator for 5 GNSS receivers at high, middle and low latitudes.
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methodologies may depend on their intrinsic features but also
on the configuration and the specifications of the observations’
programmes. Consequently, the HF-TID, HF-INT and LSTIDx
methods support the detection of LSTIDs, while the CDSS-
MSTID and MSTIDidx help detection of MSTIDs. The
TECgrad and AATR methods results provide indicators of TIDs
occurrence as both can be interpreted as proxies of the iono-
spheric activity at auroral latitudes. Finally, the TechTIDE
warning services are supported by the specification of the iono-
spheric background conditions to help the users assess the crit-
icality of any ongoing disturbances. In the following paragraphs
indicative results obtained by the TechTIDE methodologies are
presented. The detection efficiency of LSTIDs is demonstrated
for the period 5–9 August 2019 that is characterized by the
occurrence of a geomagnetic storm of moderate intensity (min
Dst = �53 nT). The MSTID detection results are presented
for a quiet day (20 January 2020) when no activity was recorded
in the auroral electrojets.

3.1 Indicators of initiation of TID activity at high
latitudes

During geomagnetic storms the high-latitude ionosphere is
prone to heating and convection processes which tend to pro-
duce strong spatially and temporally variable plasma density
gradients. Such gradients form the source of LSTIDs which then
propagate equatorward.

The AATR indicator is a method that provides a metric for
TID activity at high latitudes. The AATR indicator (Sanz et al.,
2014) was developed in the context of ionospheric studies for
EGNOS.

As developed in Juan et al. (2018), the AATR indicator is
based on the rate of the slant TEC (STEC) variation and imple-
ments the rates of all satellites in view at a single site. The basic
AATR input is the geometry-free combination of carrier-
phase measurements, i.e., LI = L1–L2. The STEC (DSTEC)
variation between two consecutive observations separated Dt,
for a receiver i and a satellite j, can be computed for a given
epoch, t, as:

�STECj
i tð Þ ¼ LIji tð Þ � LIji t ��tð Þ:

The definition of the instantaneous AATR index is then given
by the following equation:

AATRj
iðtÞ ¼

1

ðMð�ÞÞ2
�STECj

i tð Þ
�t

where, Dt is the sampling rate of the carrier-phase measure-
ments and M(�) is an obliquity factor defined as the secant
of the zenith angle at the mean ionospheric height. Finally,
the RMS of the instantaneous AATRj

iðtÞ is computed for a pre-
defined period for all “j” satellites in view from a particular
station, resulting into the AATR index per a given “i” receiver
as:

AATRi Tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XTþ�T

t¼T

XnsatðtÞ

j¼1

ðAATRj
iðtÞÞ

2

vuut

where N is total number of observations during the selected
interval DT.

Juan et al. (2018) showed that AATR can be used for spec-
ifying ionospheric activity which causes performance degrada-
tion of the EGNOS network. They established a threshold of
around 0.5 TECUs/min for moderate and around 1.0 TECUs/min
for large ionospheric perturbations. The TechTIDE warning
system provides routinely the values of the AATR indicator
at approximately 150 locations of permanent GNSS receivers
worldwide in the form of a color-coded global map, as ASCII
values and in daily plots that are dynamically refreshed every
5 min. Figure 1 presents the variation of the AATR indicator
on 5 August 2019, during the main and recovery phase of a
moderate geomagnetic storm as indicated by the Dst index vari-
ation (top panel of figure). The results from five stations are pre-
sented, REYK, KIR0, YELL in the auroral zone, DYNG at
middle latitudes and NKLG at low latitudes. The yellow line
is the threshold for the EGNOS system to receive warnings
about moderate ionospheric disturbances, whereas the red line
is the threshold for high ionospheric activity warnings. In
the event shown in Figure 1, only the auroral zone stations pro-
vide AATR estimates that are higher than 0.5 TECU/min, while
the middle and lower latitude stations record quiet conditions.

Fig. 2. Results from the gradient TEC method on the quiet day 1st August 2019 at 08:15 UT (left) and at the same time but for the disturbed
day 5 August 2019 (right) when a moderate geomagnetic storm was in its main phase.
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The GNSS TEC gradient method has been proposed by
Borries et al. (2017). The method calculates temporal and spatial
TEC gradients based on TEC maps. TEC gradients are not a
direct signature of TIDs. Therefore, TID occurrence cannot be
directly inferred from TEC gradients. Instead, TEC gradients
are considered to be precursors of LSTID activity. Significant
TEC gradients at high latitudes are indicative of strong
ionosphere–thermosphere perturbations, which are in turn con-
sidered to be sources of LSTIDs. Such TEC gradients are typ-
ically observed in the auroral oval. For operational purposes,
the estimation of TEC gradients is based on TEC maps. Since
the generation of TEC maps averages out steep TEC gradients,
rather low thresholds must be assumed for the indication of the
probability of LSTID generation. The statistical analysis of TEC
gradients shows, that the average TEC gradient has an ampli-
tude of about 0.2 mm/km. Alert thresholds can be based on
the 90%, 95%, and 99% quantile, derived from the complemen-
tary of the cumulative distribution function of the high-latitude
region. TEC gradients are considered low with amplitudes
below 1.2 mm/km, moderate with amplitudes between
1.2 mm/km and 2 mm/km and strong above 2 mm/km.

Figure 2 presents the results of this method derived from
DLR TEC maps at 15� E. The TEC gradient map for the geo-
magnetically quiet day 01 August 2019 at 08:15 UT is pre-
sented on the left side. The results for 5 August 2019, at
08:15 UT when a geomagnetic storm is in its main phase, is

presented on the right. Maps of large-scale TEC gradients are
routinely produced by the DLR and the results are disseminated
to the users through the TechTIDE warning system.

3.2 Large scale TID detection methodologies

The HF-TID method (Huang et al., 2016; Reinisch et al.,
2018) is based on the exploitation of DPS4D ionosonde data
and is implemented to directly identify TIDs in real-time. For
the real-time detection and evaluation of TIDs Digisonde-
to-Digisonde (D2D) data from synchronized HF sounding
between pairs of DPS4D ionosondes are analysed.

The method is based on the assumption that the ionosphere
is represented by a moving undulated mirror, to relate HF signal
parameters to TID characteristics, using the Doppler-Frequency-
Angular-Sounding (FAS) technique (Paznukhov et al., 2012).
Measurement of all signal properties (Doppler frequency, angle
of arrival, and time-of-flight from transmitter to receiver) proved
to be instrumental in detecting the TID and deducing the TID
parameters: amplitude of the detected perturbation with respect
to the ambient electron density (AMP%), propagation velocity
and azimuth. The signal processing technique applied to HF
data is capable of consistently extracting different signals that
have propagated along different ionospheric paths. An intelli-
gent system for “signal tracking” has been developed to handle
the multi-path signal, based on a neural network model of

Fig. 3. Graphical representation of the HF-TID results in the TechTIDE warning system during the geomagnetic disturbed period of 5 August
2019.
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a pre-attentive vision capable of extracting continuous signal
tracks from the multi-path signal ensemble.

HF-TID is sensitive to the quasi-periodic variations of the
HF radio signal recorded on oblique D2D links. Once such
quasi-periodic signal behavior is detected, HF-TID uses the
observed signal to infer properties of the TID wave responsible
for the variation. The TID wave amplitude AN is one of such
HF-TID derived properties, readily available for categorization
and presentation to the user. While HF-TID has been proven
to be sensitive even to minute undulations caused by the travel-
ing disturbance, that determination is pertinent to a very partic-
ular area in the ionosphere. This makes estimation of the impact
on the end user operations even more difficult, as these systems
exhibit different sensitivity to plasma disturbances of different
extent in space, both in the vertical and horizontal dimensions.
Unfortunately, this means that there is no universal TID activity
metric definition that would suit all systems. The perturbation

amplitude AN(z0) is an excellent candidate for a consistent and
objective characterization of the TID phenomenon as evaluated
by the HF-TID technique. It has a clear physical meaning and
well-defined minimum and maximum values. AN is defined for-
mally under assumption of a simple TID model in which, for
any particular fixed altitude z0 in the ionosphere, TID is a sinu-
soidal perturbation of the ambient electron density. For an easier
interpretation, AN(z0) is given in %, thus ranging from 0 to
100%. The HF-TID version presented here defines five levels
of LSTID activity in relation to the detected amplitude; Insignif-
icant activity for events with AMP < 5%, weak for events with
5% � AMP < 10%, moderate for events with 10% �
AMP < 15%, strong for events with 15% � AMP < 20%,
and very strong activity for events with AMP � 20%.

The performance of the method has been demonstrated
with oblique D2D “skymap” observations from European
Digisondes (Reinisch et al., 2018). The method can detect

Fig. 4. Graphical representation of the HF-INT method results in the TechTIDE warning system. The European map with the TID velocities
over stations are given in a colour scale which indicated the speed magnitude (top panel). Specific TID characteristics, i.e., period, spectral
contribution, velocity and azimuth are presented in a daily real-time updated plot for the Dourbes Digisonde (center and bottom panels). The
graphs refer to results extracted from observations collected on 5 August 2019.
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electron density perturbations from 5% to 20% of the ambient
electron density making possible the identification of both
LSTIDs and MSTIDs. The method is implemented in real time
in TechTIDE and provides the signatures of TID activity
detected by any active pair of Digisondes performing D2D mea-
surements in bistatic link mode. For the 5 August 2019 storm,
only the link between the Ebro (EB040, Rx) and Dourbes
(DB049, Tx) Digisondes was operated systematically. Figure 3
presents the map at 16:07 UT with the TID propagation
direction and the visualization of the amplitude, Doppler, zenith,
and azimuth of the detected TID.

The HF-Interferometry (HF-INT) method identifies
LSTIDs for the monostatic measurements of a given network
of HF sensors (i.e. ionosondes). The spatial distribution of the
network should be dense enough to detect LSTID i.e., distance
between measuring sites no larger than 1000 km. The method
detects quasi-periodic oscillations of ionospheric characteristics,
identifies coherent oscillation activity at different measuring sites
of the network and sets bounds on time intervals for which such
activity occurs in a given region. The disturbance potentially
associated to TID in the last 6-h interval can be related to the
de-trended ionospheric characteristics after removing the main
daily harmonics. The dominant period of oscillation and ampli-
tude of the LSTID are obtained by spectral analysis. This allows
for identification of TID activity from Digisonde networks. The
vector velocity of propagation is estimated by the measured time
delays of the disturbance of a given ionospheric characteristic at
different sensor sites and assuming a plane wave propagation.
Classification of the TID activity for the HF-INT method is
related to the spectral energy contribution (SEC) of the detected
TID. Altadill et al. (2019, 2020a) have shown that the SEC of a
given LSTID to the total spectral energy is equivalent to the con-
tribution of the LSTIDs to the total variability for a given time
series. Thus, the larger the SEC of a LSTID, the larger the impact

of the LSTID to the variability. Altadill et al. (2020b) have
performed a statistical analysis for all events detected during
2018 in the European region. As a result, they have defined
different levels of activity from the distribution of the cumulative
number of events for a given SEC or lower (Fig. 4 in Altadill
et al., 2020b). The first decile of the distribution defines the
threshold between Insignificant and Weak activity. The second
quartile of the distribution defines the threshold between weak
and moderate. The third quartile defines the threshold between
moderate and strong, and the ninth decile defines the threshold
between strong and very strong activity. Thus, we define
Insignificant activity for events with SEC < 18%, weak for
events with 18% � SEC < 65%, moderate for events with
65% � SEC < 80%, strong for events with 80% �
SEC < 86%, and very strong activity for events with SEC � 86.

In TechTIDE, the method is implemented in real time based
on typical ionospheric characteristics measured with Digisondes
in the European and South African Digisonde Networks
(Altadill et al., 2020a). Representative products released by
TechTIDE for the disturbed day 5 August 2019, based on the
HF INT method are shown in Figure 4. LSTID activity is
detected after 12:00 UT in the lower panel with the method’s
characteristics variation over Dourbes Digisonde during that
day. The European map which corresponds to 12:45 UT shows
coherent activity at all locations providing data at that specific
time.

The TID-induced perturbations in electron density pre-
dicted with the TaD model. The Topside Sounder Model
(TSM)-assisted Digisonde (TaD) profiler provides vertical elec-
tron density profiles (EDP) above Digisonde sounding stations
operating in Europe, from the bottom of the ionosphere up to
the GNSS orbit altitude (Kutiev et al., 2016). This model is
based on the Topside Sounder Model (TSM) proposed by
Kutiev et al. (2006). The TSM model provides with empirical

Fig. 5. Bottom panel: The LSTIDx calculated with the TaD model for three heights at 200 km, 300 km and 400 km, during the moderate
geomagnetic storm on 5 August 2019. The TaD model results are calculated using data from Dourbes Digisonde (DB049). Top panel: The
auroral electrojet indices IU and IL provided by the IMAGE magnetometer network in Finland.
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Fig. 6. The daily plot for the MSTID index for 20 January 2020, with the results from six GNSS receivers at high, middle and low latitudes, as
indicated in the color coded legend.

Fig. 7. The global map of the MSTID activity index at 06:40 UT on 20 January 2020.
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equations the scale height and transition height in the topside
ionosphere from the Alouette/ISIS topside sounders data. The
results are updated for the actual ionospheric and geospace con-
ditions with the ionospheric characteristics at hmF2 (the critical
frequency foF2, the true height hmF2 and scale height Hm of
the F2 layer) obtained from an ionospheric sounder and with
the TEC parameter at the location of the ionospheric sounder.

The electron density predicted by the model at various
heights is detrended with 1-h running averages. At each differ-
ent height, the LSTID index (LSTIDx) is derived as the absolute
values of the residuals of the current detrended values from the
30-days running median detrended values. For this methodol-
ogy to be effective, the time resolution of the source vertical
sounding ionospheric parameters must be at least 5 min. Some
representative LSTIDx results are shown in Figure 5 for three
heights at 200 km, 300 km and 400 km, during the moderate
geomagnetic storm of 5 August 2019. The results are calculated
using Digisonde data from the Dourbes ionospheric station. The
auroral electrojet indicators IU and IL provided by the IMAGE
magnetometer network in Finland are presented in the top panel
of Figure 5, to give a measure of the auroral activity in the
European longitude sector. The strongest values of the LSTIDx
are detected at 200 km. LSTIDx decreases quickly towards
higher altitudes. At 400 km the perturbation marginally exceeds
the background levels. These results are in agreement with ear-
lier studies reporting that TID amplitudes maximize near or
below the background electron density maximum hmF2 (e.g.,
Morgan & Ballard, 1978).

In the current version of the TechTIDE warning system the
LSTIDx is computed with autoscaled data. The autoscaled data
include very often outliers and gaps. The large number of out-
liers produces noise in any statistical analysis attempted to
define activity levels. Unless an intelligent method is applied
to overcome this issue, the LSTIDx must be evaluated in

correlation with a relevant driver, which for the middle
European latitudes, is the IL and IU indicator from the IMAGE
magnetometer network, as shown in the case presented in
Figure 5.

3.3 Medium scale TID detection methodologies

The detection of MSTIDs is based on data collected from
ground-based GNSS receivers and from Continuous Doppler
Sounding Systems.

The Spatial and Temporal GNSS analysis procedure
detects and characterises TIDs, including velocity and period,
based on GNSS measurements (Hernández-Pajares et al.,
2006). This procedure allows the study of any ionospheric per-
turbation and can be used for detecting a TID (with a single
receiver) and estimating the propagation parameters (from a net-
work of receivers). The basic GNSS measurement used is the
geometry-free combination of carrier phases, with measurement
noise at the level of few millimetres. The first step for the TID
detection is to detrend the data in order to remove the well-
known dependences, such as diurnal and elevation angle
variations, which have larger time scales than the TID. This
detrending can be applied in realtime and for a single receiver
to calculate the MSTID index (MSTIDidx) for each transmitter–
receiver pair or for a RTK network. Therefore, information
about the TID occurrence can be obtained for the monitored
region around the receiver. In the case of small networks, as
it is shown in Hernández-Pajares et al. (2006), it is possible
to estimate the MSTIDs propagation parameters (velocity and
direction) from the differential effects experienced by different
receivers on the network.

Users with a single frequency receiver can achieve confi-
dence on their positioning solution by using just observations
with MSTIDidx < 0.01 LI meters (LI is the geometry free com-
bination of carrier phases, i.e. LI = L1–L2). MSTIDidx is a rep-
resentative index for ionospheric perturbations with time scales
from some minutes to tens of minutes, which are the typical
periods of MSTIDs. According to its definition, MSTIDidx var-
ies largely depending on the receiver location. To specify this
effect, a statistical study was performed with MSTIDidx results
for the years 2018 and 2019, for a receiver at high latitude
(KIRU) and a receiver at mid latitude (EBRE), using the com-
plementary of the cumulative distribution function (1-CDF), i.e.
the probability of being the MSTIDidx larger than a specific
value. The results indicate that the activity at high latitude is
much more pronounced than at mid latitude, with the high-
latitude MSTIDidx larger than 0.01 LI meters in around 10%
of the cases. On the other hand, ionospheric activity at these
time scales is, in general, very low at mid latitude. However,
the N-RTK service, with single frequency receivers, requires
high accuracy in the ionospheric corrections, thus it can be
affected by perturbations with only some tenths of a TECU of
amplitude. In this sense, observations with MSTIDidx > 0.01
LI meters (i.e. around 0.1 TECUs) cause a non-negligible
positioning error.

An example of the MSTIDidx as presented in the TechTIDE
warning system is shown in Figure 6. Here, the daily plot for 20
January 2020 is presented, with the results from six GNSS recei-
vers at high, middle and low latitudes, as indicated in the color

Fig. 8. The CDSS system which is located in Czech Republic
detected significant activity on 20 January 2020 in the morning sector
simultaneously with the intensification of MSTID index in Europe
shown in Figure 6.
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coded legend. Figure 7 shows the global map the same day at
06:40 UT.

The CDSS-MSTID detection method is based on the
analysis of multipoint CDSS operating at three frequencies
( f = 3.59, 4.65, and 7.04 MHz) in the Czech Republic, at
3.59 MHz in South Africa, at 4.63 MHz in Northern Argentina
and at 4.66 MHz in Taiwan. There are at least three sounding
paths (transmitter – receiver pairs) at each frequency at each
location. The CDSS method is suitable for the monitoring of
MSTIDs but not of LSTIDs. There are two reasons. First, the
triangle of measuring points has a horizontal expansion of the
order of 100 km, which is suitable for the monitoring of
MSTIDs. Second, temporal changes at LSTIDs are slower,
i.e. CDSS is less sensitive to them.

The basic principles of the Doppler sounding and phenom-
ena that can be analysed were reviewed by Lastovicka & Chum
(2017). For the automatic detection and analysis of MSTIDs in
real-time only CDSS operating at 4.65 MHz in the Czech
Republic is used.

The recorded data are automatically processed in several
steps. The complete computation is repeated every 15 min.
First, Doppler shift spectrograms are computed for the last
90-min record (e.g., Fig. 8). Then maxima of spectral intensities
are searched in three frequency bands that correspond to the fre-
quency bands of signals from the individual transmitter to recei-
ver pairs. The frequencies fDi corresponding to the maxima of
spectral intensities for each transmitter–receiver pair are stored
together with powers ppi calculated in the narrow frequency
band around these maxima (bandwidth on the order of
~0.1 Hz). In addition, powers pTi in the whole frequency bands
in which the maxima are searched are evaluated (frequency
band of about 4 Hz). In addition to the values of fDi and ppi
the power ratios ri = ppi/pTi are also stored to a file with
1-min step (the stored values are 1 min averages). High values
of ri approaching 1 indicate clear signals suitable for further
analysis, whereas low values of ri indicate signals with insignif-
icant spectral maxima that occur e.g. under spread F conditions.
Such signals are inconvenient for further analysis.

In the next step, the stored values of fDi, ppi and ri are ana-
lyzed. First, the offsets are removed to obtain fDCi = fDi � <fDi>
where <fDi> is the mean value calculated over the 90-min inter-
vals. Next the validity of criterion (1) is tested,

ppi > Th1
� �

and ri � Th2ð Þ: ð1Þ

The requirement (ppi > Th1) ensures that sufficient signal power
was received (Th1 is an experimentally found threshold). Insuf-
ficient power is received, e.g., if the critical frequency is lower
than sounding frequency f = 4.65 MHz and the signals do not
reflect from the ionosphere. The second requirement
(ri > Th2; Th2 ~ 0.5) ensures that the spectral maxima are sig-
nificant (e.g., no spread F occurred). TIDs are only analyzed
if condition (1) is fulfilled for more than 80% of data points
in the last 90 min. The observed horizontal velocity and azimuth
of propagation are then computed from the observed time
(phase) delays between signals recorded for different sounding
paths (transmitter–receiver pairs) using three different calcula-
tion methods described by Chum & Podolská (2018): (i) slow-
ness search; (ii) least squares fitting to the time delays obtained

from cross-correlation of the fDCi series; (iii) weighted least
squares fitting to the time delays obtained from cross-correlation
of the fDCi series; the weights are the maxima of the cross-
correlation functions. The values of vH and azimuth AZ that
are finally reported are the mean values of vH and AZ quantities
obtained by the three different methods; their uncertainties are
estimated as corresponding standard deviations. Specifically,
2-D versions of the described methods are used. In addition,
root mean square (RMS) value of Doppler shift and dominant
periods are evaluated. It should also be noted that the fDCi series
are first filtered to keep only signals with periods from 4 to
50 min. The aim is to remove a possible high frequency noise
and to remove long-period fluctuations (large-scale TIDs) that
cannot be reliably analyzed with respect to 90-min intervals
and with respect to the relatively small spatial scale (tens of
km) of the measuring array defined by the reflection points.

Figure 8 shows the Doppler shift spectrogram recorded in
Czech Republic on 20 January 2020 from 06:45 UT to
08:15 UT at the operating frequency 4.65 MHz. Figure 8 also
demonstrates an example of a relatively complex Doppler shift
spectrogram with ambiguous spectral peaks during several
subintervals (e.g., around 75 min elapsed time) and an outlier
in the automatic determination of a spectral peak in the bottom
trace (around 60 min elapsed time). The results of automatic
MSTID propagation analysis for the time interval in Figure 8
are as follows: observed horizontal velocity vobs ~ 230 m/s,
azimuth AZ ~ 200�; the results after manual corrections are:
vobs ~ 190 m/s, AZ ~ 135�. The RMS value of Doppler shift
is about 0.25 Hz. Within the same period, the MSTID shows
an intensification in the stations located in central Europe as
seen in the map presented in Figure 7. The auroral electrojets
during that day were extremely weak, as documented by the
AE indices (not shown here), and this is an indication that the
disturbances seen with the two methods do not have a magne-
tospheric origin and must be related to other drivers, which
probably are disturbances in the lower atmosphere. Moreover,
the propagation analysis of MSTIDs by CDSS often shows
roughly poleward propagation, especially during the summer
season (Lastovicka & Chum, 2017; Chum & Podolská, 2018,
and references therein).

The characterization of the TID activity scales based on the
CDSS Doppler shift is under continuous development as new
results are accumulated in the TechTIDE database.

3.4 Specification of ionospheric background
conditions

Ionospheric background conditions provide the first indica-
tion to the user about the overall disturbances in the ionosphere
over a region of interest and about the probability for TID detec-
tion given that for TIDs produced by gravity waves, the ampli-
tude of the TID perturbation is directly proportional to the
background electron density (Hooke, 1968). Ionospheric back-
ground conditions are defined by the normal ionospheric vari-
ability and by large scale ionospheric storm effects. The key
characteristic among the ionospheric conditions is the electron
density. To obtain the electron density distribution in the bot-
tomside and topside ionosphere over an extended region such
as Europe, we apply the 3D version of the TaD model. The 3D
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mapping technique is described in Kutiev et al. (2016). The
TaD profiler first computes electron density profiles (EDP) over
the European Digisonde locations. For the implementation of
the method in TechTIDE, ionospheric data of foF2 and hmF2
are used from the European Digisondes of Athens, Rome, Ebro,
Dourbes, Pruhonice, Juliusruh and Chilton. Using the Poly-
weight interpolation method the 2D maps of the basic iono-
spheric plasma parameters at the height of maximum electron
density concentration, are derived. The TaD profiler calculates
EDPs at each node and adjusts them to the GNSS-TEC values
extracted from the GNSS TEC maps (Belehaki et al., 2012;
Kutiev et al., 2012). Electron density at any arbitrary point
within the 3D space is calculated by a linear interpolation from
their respective values at the neighbouring grid nodes. The elec-
tron density distribution (EDD) between any two points in the
space is then obtained by calculating successive ED values with
a defined step along the ray path. The model error based on the
comparison of 3D EDD model values with vertical TEC
(vTEC) and slant TEC (STEC), calculated from individual
GNSS receivers, is 10% for STEC and 6% for vTEC (Kutiev
et al., 2016). Belehaki et al. (2017) showed the sensitivity of
the TaD EDD to disturbances in the electron density due to
LSTIDs and the model capability to detect the altitude of the
maximum perturbation.

In TechTIDE, the 3D electron-density maps Ne(i, j, k)
(where i denotes the latitude, j the longitude and k the height)
produced by the TaD model are used for the derivation of the
near-real time ionospheric condition maps in Europe for the
heights of 200, 300, 400, and 500 km. The respective median
MED(i, j, k) and the standard deviation STD(i, j, k) maps are
produced using the electron density maps corresponding to

the same UT over the previous 30 days and two quantities a,
b are derived as follows:

a i; j; kð Þ ¼ 100� Ne i; j; kð Þ �MED i; j; kð Þ½ �
MED i; j; kð Þ

b i; j; kð Þ ¼ 100� STD i; j; kð Þ
MED i; j; kð Þ :

In practice, the STD map reflects the standard deviations of the
values taken into account in the calculation of the corresponding
medians at each point of the grid. In this respect, b that repre-
sents the relative STD (%) aims to delimit the normal iono-
spheric variability (Tsagouri et al., 2018b, 2018c). Ionospheric
effects at each pixel of the map (i, j, k) are characterised as
“median” when |a| � |b|, as “positive” when |a| > |b| and
a > 0 and as “negative” when |a| > |b| and a < 0. A map is con-
sidered as “uncertain” if less than 17 maps are used for the
derivation of the median and standard deviation maps. When
a specific effect characterizes more than 80% of the ionospheric
effect map then this effect is considered as dominating, other-
wise if the sum of pixels with positive and negative effects
exceeds the number of pixels with median effects, conditions
tend to be disturbed while conditions tend to be median in the
reverse case. Note that the area covered by Digisonde observa-
tions is delimited in latitude and longitude by the four stations at
its edges, Chilton, Ebro, Athens, and Juliusruh. This area
includes the 80% of the mapped region. That is why the 80%
percentage is critical to characterize conditions over Europe.

Fig. 9. Ionospheric background activity maps calculated during the main phase of a moderate storm (left) and during a quiet day (right), using
the relative standard deviation of the electron density at each ionospheric altitude, taken into account for the estimation of the median values.
Here the maps at 200 km (top row) and at 300 km (bottom row) are presented.
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Table 1. TechTIDE detection methodologies for TIDs.

Detection method and main characteristics Products

Methods specific to the detection of LSTIDs
HF-TID 1. European map indicating the velocity, amplitude and

propagation direction at the reflection points between
Digisondes operated in bistatic mode.

2. Report of TID characteristics extracted from the analysis of the
raw data from the D2D operations, i.e TID propagation Doppler
frequency, angle of arrival, and time-of-flight from Tx to Rx,
both OI and VI sounding.

3. Plots of amplitude, Doppler, azimuth within the last 45 min from
the TID detection.

Input: Signal properties from Digisonde synchronized operation.
Output: TID velocity, amplitude, propagation direction at the

signal reflection point between the stations.
The method is fully described in the paper by

Reinisch et al. (2018).

HF interferometry Dominant period, amplitude and horizontal vector velocity of
detected LSTID over the region of interest and over each
Digisonde location.

Input: Ionospheric characteristics from VI and OI soundings.
Output: 2D TID vector velocity, amplitude, period and spectral

energy contribution.
The method is described in the paper by Altadill et al. (2020a)

while the calculation of the corresponding activity levels is given
in the TechTIDE project report by
Altadill et al. (2020b).

1D version of TaD-EDD model – LSTID index LSTID index: The residuals of the detrended electron density from
the median values, calculated with the TaD model for heights
ranging from 150 up to 900 km with 50 km step. The results are
provided over specific European Digisondes performing VI
sounding at least every 5 min.

Input: Ionospheric characteristics at the hmF2 altitude and TEC
maps.
Output: Analytical function of the electron density distribution

with altitude from 90 km to 22,000 km.
The method is first proposed by Belehaki et al. (2017).

Methods specific to the detection of MSTIDs
CDSS-MSTID Period, amplitude of Doppler measurements, observed horizontal

velocities and azimuths of MSTIDs.Input: CDSS reflected signals, ionospheric characteristics and
irregularities.
Output: Doppler shift, Doppler shift. Fluctuations associated to

the TIDs and estimation of the propagation parameters (direction,
velocity, and amplitude).
The method is fully described in the paper by Chum & Podolská

(2018).

Spatial & temporal GNSS analysis MSTID index calculated at each GNSS contributing receiver.
Input: GNSS TEC from single receivers over a region.
Output: Fluctuations associated to the TIDs and estimation of

the propagation parameters (direction, velocity, and amplitude).
The method is first proposed by Hernández-Pajares et al. (2006).

Indicators
GNSS TEC gradient Maps of TEC gradients for the European region
Input: Grids of TEC maps over a region.
Output: Latitude-time maps of TEC gradients and indication of

significant gradients.
The method is described in the paper by Borries et al. (2017).

AATR indicator Along Arc TEC Rate (AATR) calculated at each contributing
GNSS receiver.Input: Slant TEC parameters.

Output: The along Arc STEC Rate, metric to characterize the
ionosphere operational conditions of EGNOS.
The method is described in the paper by Juan et al. (2018).

Ionospheric background conditions Maps of relative standard deviation of the electron density at each
ionospheric altitude with an indication of the probability for
LSTIDs detection.

Input: Ionogram derived characteristics in the F2 layer from
ionosondes; GNSS TEC at the ionosonde location; geomagnetic,
and solar flux indices.
Output: Maps of the electron density at any height in the

bottomside and topside ionosphere.
The methodologies that define ionospheric background

conditions are described in the TechTIDE project report by
Tsagouri et al. (2018a).
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The time resolution of the maps is 15 min which is required
to monitor the evolution of large-scale disturbances. An exam-
ple is shown in Figure 9 for a disturbed day (left) and for the
day before which is a quiet day (right). The disturbed day is
the 5th August 2019 and at the selected timestamp 16:00 UT
the main phase of the geomagnetic storm is ongoing. These
maps indicate conditions favorable for TID identification since
the sum of pixels with positive and negative effects exceeds
the number of pixels with median effects. The maps for the
day before, show clearly that quiet conditions dominate in the
selected ionospheric heights.

4 Discussion

TIDs are propagating waves altering an a priori vari-
able ambient ionospheric electron density distribution. The
TechTIDE project provides for the first time a real-time

identification and tracking system for TIDs. The TechTIDE
warning system provides the results of complementary TID
detection methodologies and many potential drivers to help
the users assess the risks and develop mitigation strategies tai-
lored to their applications.

The TID detection methodologies deployed in the Tech-
TIDE project rely on data retrieved from ionosonde and GNSS
observations. Both types of observations have advantages and
disadvantages with respect to TID detection capabilities. The
known disadvantage of the TEC measurements is the integra-
tion of the electron density over the entire satellite-ground signal
path. Considering that the most significant contribution to the
TEC value comes from the topside ionosphere (e.g., Belehaki
& Tsagouri, 2002), there are concerns about the sensitivity of
the GNSS TEC measurements to the smaller scale ionospheric
disturbances which may not affect the entire volume of the iono-
sphere. Data obtained from HF sounding can have higher sen-
sitivity to smaller scale disturbances since the HF waves are
reflected in the lower part of the ionosphere at the heights where
the local plasma gyrofrequency is equal to the sounding fre-
quency. On the other hand, certain gaps exist in the data which
are associated with small signal-to-noise ratios and signal degra-
dation through electromagnetic interference and sporadic E
layers. They are most frequent at middle latitudes where TIDs
also occur. The opportunity and challenge for the TechTIDE
research community is to demonstrate that combined analysis
of results from different TID detection methodologies based
either on HF soundings or GNSS TEC data or on both can lead
to improvements in the calculation of TID characteristics confi-
dence levels, for both medium and large scale TIDs, under var-
ious different geophysical conditions. The ultimate goal is to
effectively support the requirements of the users. TechTIDE
has set the frame and the work progresses as more results are
stored in the system archive.

The TechTIDE methodologies are able to detect in realtime
activity caused by both large-scale and medium-scale TIDs and
characterize background conditions and external drivers, as an
additional information required by the users to assess in real
time the criticality of the ongoing disturbances. These method-
ologies are based on the exploitation of data collected in real
time from Digisondes, GNSS receivers and CDSS networks.
The results of the data analysis are obtained and distributed in
real time. The calculated TID characteristics and the products
available and distributed by the TechTIDE warning system
are summarized in Table 1.

Further improvements are expected from the simultaneous
application of the TID detection methodologies in Europe and
South Africa and collection of simultaneous results for TID
activity, to better estimate the probability for TID interhemi-
spheric circulation and its effects. Case studies of past events
performed within the TechTIDE project (Watermann, 2020)
indicate that during geomagnetic storms, even if of moderate
magnitude, one may expect with rather high likeliness TIDs
to be launched at auroral latitudes in both hemispheres which
propagate equatorward. If LSTIDs are launched in one
hemisphere during the main or early recovery phases of a geo-
magnetic storm it is almost certain that LSTIDs are simultane-
ously launched in the other hemisphere. Interhemispheric
circulation of TIDs (i.e. propagation across the equator from
one hemisphere into the other) was also observed in a few cases,

Fig. 10. Northward propagating LSTID (dotted lines) starting in the
southern hemisphere, crossing the equator and propagating into the
northern hemisphere. Shown is the difference between observed TEC
and an unperturbed TEC background. Latitude is geographic. The
geomagnetic equator is located about 10� north of the geographic
equator. Figure kindly provided by Zama Katamzi-Joseph, South
African National Space Agency.

Table 2. Interhemispheric characteristics of LSTID observed during
geomagnetic storms. The total number of events analysed is 26. The
first three-row group shows the distribution according to the LSTID
geographic origin, the second according to interhemispheric appear-
ance. Each group sums up to 26.

LSTID observed during geomagnetic storm periods 26
LSTID of high latitude origin propagating equatorward 14
LSTID of equatorial origin propagating poleward 3
LSTID of both high latitude and equatorial origin 9
LSTID observed in both hemispheres without
interhemispheric circulation

16

LSTID with observed interhemispheric circulation 4
No conclusive results due to insufficient data in one hemisphere 6
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but such events constituted a minority. Balthazor & Moffett
(1997) employed the CTIP (Coupled Thermosphere–Iono-
sphere–Plasmasphere) model (Millward et al., 1996) to simulate
propagation of TIDs on a global scale. According to their
numerical results all TID modes interfere constructively at the
magnetic equator and continue their propagation into the oppo-
site hemisphere. However, only few actual observations of
AGW or TID crossing the equator and subsequently propagat-
ing into the other hemisphere were reported in the literature
(Ding et al., 2008; Bowman & Mortimer, 2011; Guo et al.,
2014, 2015; Pradipta et al., 2016).

We investigated 26 event periods lasting between 4 h and
15 h each, the majority of which took place during geomagnetic
storms. The analysis revealed that during the main and early
recovery phases of strong storms with Dst < �90 nT LSTID
are almost always launched in both hemispheres. But very
few of them were observed to cross the geomagnetic equator
and continue their way into the opposite hemisphere. An exam-
ple is shown in Figure 10.

The data coverage is, unfortunately, poor in the vicinity of
the geomagnetic equator and up to 25� geographic north. This
latitude band corresponds to Central and sub-Sahara Africa
and suffers from the low density of reliable and accessible
research quality GNSS receivers. Table 2 shows the results in

a quantitative manner. Observations, method and results are
described in more detail in the TechTIDE report D3.4 an
updated version of which is publicly available (Watermann,
2020).

Additional enhancements are expected with the integration
of results from supplementary methods to further support spec-
ification of TID activity with better confidence. In this frame-
work, the height-time-reflection intensity (HTI) method is
considered, first proposed by Haldoupis et al. (2006). The appli-
cation of this method in the frames of the project will enable
the identification and tracking of the TID activity over each
Digisonde station by using the actual ionograms produced over
each station. This technique considers an ionogram a “snapshot”
of intensity and height as a function of Digisonde frequency,
and uses a sequence of ionograms to compute an average
HTI plot, (for a given frequency bin) that is essentially a 3-D
plot of reflected signal-to-noise ratio as a function of height
within a given time interval.

Following the implementation of the TechTIDE methodolo-
gies, the key challenges for the development of a reliable real-
time TID warning system are: (a) the quality of ingested data,
and (b) a better specification of the activity levels in correlation
with performance degradation data from operations systems
concerned.

Fig. 11. (a) The autoscaled values of the foF2 and hmF2 ionospheric characteristics (blue line) obtained over Dourbes in comparison to
manually scaled ones (red dashed line) for the time interval 4–9 August 2019. (b) Results of the TaD algorithm in the topside ionosphere (400
and 450 km) with autoscaled (blue line) and manually scaled (red line) foF2 and hmF2 values as input.
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(a) The quality of the data ingested into TechTIDE
algorithms strongly affects the accuracy and reliability
of the results. Note that the results shall be driven by
real-time input that in several cases suffers from occa-
sional errors, as for instance data spikes or outliers. These
errors may be attributed to measurement errors or raw
data processing errors. As an indicative example of rele-
vant cases one may consider the Digisonde-derived iono-
spheric characteristics that serve as input to some of the
methodologies (e.g., LSTIDx and HF-INT). The real-time
implementation of the algorithms is based on the
exploitation of the automatically scaled ionograms.
Although previous studies of the quality of specific
autoscaling algorithms suggest their excellent overall
compatibility with the manual scaling at selected iono-
sonde stations (Galkin et al., 2008), the autoscaled values
may still occasionally be dramatically wrong, thus con-
tributing errors to the algorithms’ output. Figure 11a pre-
sents the autoscaled values of the foF2 and hmF2
ionospheric characteristics obtained over Dourbes in
comparison to manually scaled ones for the time interval
4–9 August 2019 to indicate the occurrence of data out-
liers in the autoscaled characteristics. The respective
effect of the data errors in TaD’s performance that is
related to LSTIDx performance is investigated in
Figure 11b. It is clear, that data quality control should
be anticipated in any future upgrade of the TechTIDE
warning services to ensure reliability of the results in all
possible cases. Since any operational implementation
cannot rely on manually scaled data, the development of
data filtering algorithms may be envisaged, which apart
from data outliers, will partially address data gaps issues.

(b) The next big challenge in future developments is the scal-
ing of TID activity and characterization of the criticality of
the induced disturbances in the systems concerned. Signif-
icant progress has been made in TechTIDE, especially for
the correlation of the AATR and MSTIDidx indices with
performance degradation data from the EGNOS and
N-RTK system respectively (Juan et al., 2019). Indica-
tively, a preliminary AATR analysis has shown inverse
correlation between the AATR values and the EGNOS
availability. This correlation was also observed between
AATR and the horizontal protection level (HPL) and
vertical protection level (VPL) values as an increase of
the AATR values leads to an increase of the protection
levels (xPL). However, the AATR tends to present differ-
ent distributions for different locations, so for the use of
AATR as an indicator of ionospheric activity, different
AATR values should be defined at different latitudinal
zones. Moreover, the results show that the presence of
MSTIDs degrades the user positioning in both RTK and
NRTK services. This degradation is not only related to
the effect of the TID on the user measurements but in
the measurements of any of the reference receivers. The
analysis has shown that it is possible to implement the
MSTID index as a tool to mitigate positioning degradation
(Juan et al., 2019). It has been clearly demonstrated that
TIDs can have multiple effects in the operation of aerospa-
tial and ground-based infrastructures and especially in
EGNOS and N-RTK services, in high frequency (HF)

communications, in radio reconnaissance operations and
in very high frequency – ultra high frequency (VHF–
UHF) radiowave propagation. The real-time identification
of perturbations induced in the ionospheric characteristics
is a strong requirement from all operation sectors con-
cerned.

Promising developments could also be envisaged through
the exploitation of TechTIDE detection algorithms to develop
new methodologies able to provide a probability of TID occur-
rence well in advance. This task should include also the analysis
of TID drivers that are physical mechanisms corresponding to
solar X rays, solar protons, solar wind, interplanetary magnetic
field structures at L1, high-latitude ionospheric electric fields,
auroral electron precipitation, the ring current the magneto-
spheric electron fluxes and the ionospheric convection pattern.
Furthermore, the TechTIDE results also indicate that CMEs,
as well as CIR/CH HSS are very efficient sources of TIDs.
Although further research is needed on using empirical methods
(e.g. time delay in ionospheric response, season and latitudinal
dependence, interhemispheric circulation) and gather more data
for statistical analysis (e.g., amplitudes and periods vs. solar
wind speed, duration of TID activity), it may be expected that
ionospheric models which depend on solar wind and magneto-
spheric conditions, such as the SWIF model (Tsagouri et al.,
2009), can be considered to provide short-term forecasted con-
ditions for the next 24 h including TID occurrence.

Finally, we note that the source code of all TID detection
methods is available for downloading from the TechTIDE
repository (at http://tech-tide.eu) under the Creative Commons
Attribution License.
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