TechTIDE EU Horizon 2020 Research and Innovation
Programme Grant Agreement No 776011
Deliverable 3.2

Warning and Mitigation Technologies for Travelling
Ionospheric Disturbances Effects
TechTIDE
D3.2
Report on TID drivers
Version 1.1
Grant agreement no: 776011
The TechTIDE has received funding from the European Commission Horizon 2020
research and innovation programme (2017 – 2020)

1

TechTIDE EU Horizon 2020 Research and Innovation
Programme Grant Agreement No 776011
Deliverable 3.2

Table of Contents
Document Information............................................................................................................... 3
Abstract ...................................................................................................................................... 3
Document history ....................................................................................................................... 3
Disclaimer ................................................................................................................................... 4
Executive Summary .................................................................................................................... 4
1. Introduction............................................................................................................................ 5
2. Definition and development of TID drivers ............................................................................ 5
2.1. Analysis of the magnetospheric response during storms and isolated substorms......... 5
2.1.1. CME and CIR/HSS-related events to identify LSTID drivers ...................................... 9
2.2. The Space Weather Ionospheric forecasting Technologies - SWIF model .................... 11
3. Assessment of current capabilities with metrics ................................................................. 12
3.1. Solar-interplanetary metrics ......................................................................................... 14
3.2. Magnetosphere-ionosphere metrics ............................................................................ 15
3.3. Ionosphere-thermosphere metrics .............................................................................. 16
4. Cross comparison of TID observation results....................................................................... 17
4.1. Characterisation of SW events occurred on 27 March and 16 July 2017 ..................... 17
4.2. AATR monitor results ..................................................................................................... 20
4.2.1. Brief description of the AATR outputs .................................................................... 21
4.2.2. Case study: 16 July 2017 (day 197) ......................................................................... 22
4.3. LSTID parameters obtained by HF Interferometry technique during 16 July 2017
magnetic storm..................................................................................................................... 24
4.4. The results of the LSTID observation with the HF-TID technique ................................. 26
4.5. Gravity wave activity observed over Africa using GNSS data........................................ 27
5. The TEC Gradients and TIDs ................................................................................................. 29
6. Application of CDS technique for the MSTIDs and atmospheric infrasound detection ...... 31
6.1. Data at ARISE data portal .............................................................................................. 31
6.2. Acoustic gravity waves observations with the CDS technique...................................... 35
6.2.1. Severe tropospheric event of 6 November 2012 ................................................... 35
6.2.2. 2nd October 2013: Geomagnetically disturbed day ................................................ 37
6.2.3. Observation of solar eclipse using CDSS ................................................................. 40
7. Cross validation of the CDSS and DDM techniques ............................................................. 43
8. Conclusions .......................................................................................................................... 44
9. References ............................................................................................................................ 46
10. Acronyms ............................................................................................................................ 49
2

TechTIDE EU Horizon 2020 Research and Innovation
Programme Grant Agreement No 776011
Deliverable 3.2

Document Information
Deliverable number:
Deliverable title:
Date of Delivery:
Author(s):
Work Package no.:
Work Package title:
Work Package leader:
Dissemination level:
Nature:

D3.2
Report on TID drivers
31 October 2018
IAP, DLR, NOA, SANSA, BGD, OE, RMI, L-IAP, FU
3
TID activity metrics
IAP
Public
Report

Abstract
The deliverable collects relevant information, data, and methodologies fulfilling the scope of
the WP3. 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 deliverable D3.2 report presents information
and results of the analysis of the magnetosphere reaction during magnetic storms (CME- and
CIR/CH HSSS-related events), isolated substorms and lower atmosphere dynamics including
the analysis of possible sources of enhanced wave activity to identify most important LSTID
drivers and additional parameters required to be exploited for the development of the
warning system. Assessment of current capabilities with metrics are also reported, as well as
cross comparison of TID results in respect to current and forthcoming geospace conditions
(drivers).

Document history
Version

Date

Edited by

Reason for modification / Remarks

1.0
1.1

2018.10.25
2018.10.30

Dalia Buresova
Dalia Buresova

Original
Updated based
comments

on

Executive

Board

3

TechTIDE EU Horizon 2020 Research and Innovation
Programme Grant Agreement No 776011
Deliverable 3.2

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.

Executive Summary
The document is the report D3.2 (M12) “Report on TID drivers” of the TechTIDE project
funded by the European Commission Horizon 2020 research and innovation program,
and contains outputs of Task 3.2.1 “Definition and development of TID drivers” of the
Work Package 3. D3.2 and contains results of:
(a) The information and analysis of the magnetospheric response during magnetic
storms and isolated substorms, CME and CIR/HSS-related events carried out to
identify LSTID drivers (Sections 1-5). The analysis was based on the project
catalogue events, including events from the HELCATS, EGNOS and DLR
catalogues. For these events ionospheric electron density perturbations were
analysed based on the variation of main ionospheric parameters and the TEC
gradients method applied to extract a record for the different magnetospheric
response under each different level of solar wind – magnetospheric -ionosphere
coupling. Possible drivers to study were: the AE PC, Kp, Dst, PC and some
additional indices, the polar cap electrons and protons, the solar wind –
magnetosphere-ionosphere coupling functions. The ionospheric SWIFT model
was considered to provide short-term forecasted conditions for the next 24 hrs.
(b) The comparison of the results from the CDSS network with data from ARISE data
base (particularly for the supportive analysis of the atmospheric dynamics and
atmospheric infrasound sources) was carried out to identify MSTID drivers
(Section 6-7).
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1. Introduction
Definition of the TID drivers in the solar wind and the magnetosphere is one of the major
challenges of the TechTIDE project that will advance our scientific understanding of the TID
formation and propagation mechanisms and will support the identification, verification and
early warning systems.
Space weather and space climate are controlled by temporal variability of solar activity.
Enhanced solar activity is the main source of the strongly perturbed conditions in the Earth
magnetosphere. The main drivers of the magnetospheric storms are Coronal Mass Ejections
(CMEs) and High Speed Solar wind Streams coming from the coronal holes (CH HSSS). The
WP3 Task 3.2 aims to analyse the magnetospheric reaction and magnetosphere-ionosphere
coupling under storm and isolated substorms conditions to identify LSTID drivers. We based
our analysis on the project catalogue which also contains events from the HELCATS, EGNOS
and DLR catalogues. The main possible TID drivers were studied: the AE PC, Kp, Dst, PC
indices, the polar cap electrons and protons and the solar wind – magnetosphere coupling
functions. Data from ARISE data centre and from the CDSS network (atmospheric dynamics
and infrasound signatures of natural and anthropogenic sources) were used to identify
MSTID drivers.

2. Definition and development of TID drivers
The post-analysis was used to identify the drivers of TIDs in the interplanetary medium,
the magnetosphere and the Earth upper and lower atmosphere, which have impact on
the space-based navigation systems, on ground-based HF communication and
geolocation systems. Different kinds of observations are critical for analyzing the state of
the environment when the anomaly occurred. Fusion of all available observations into a
coherent and realistic representation of the state of the environment before and at the
time of the event is important in order to accurately initialize predictive models and
provide the operational warning system with a reliable picture of present conditions.

2.1. Analysis of the magnetospheric response during storms and
isolated substorms
Strongly perturbed conditions in magnetosphere form a class of phenomena that is
called magnetospheric storm (Koskinen, 2011). Magnetospheric storms are also
observed as strong perturbations of the Earth’s magnetic field and they are often
referred to as magnetic storms. During the magnetic storms a number of more localized
substorms could appear. Koskinen (2011) pointed out that isolated substorms (nonstorm-time substorms) are much more common than substorms occurring during
strong magnetic perturbations.
5

TechTIDE EU Horizon 2020 Research and Innovation
Programme Grant Agreement No 776011
Deliverable 3.2

The substorms or auroral substorms (the definition introduced by Akasofu and
Chapman, 1961) are most pronounced within the night sector ionosphere, and
therefore, involve large parts of magnetosphere and the electrodynamic coupling
between ionosphere and magnetosphere is here an important element in the process.
Similar to storms the division into three phases could be applied:
•

The growth phase or substorm onset – when one or more auroral arcs in the
midnight sector are slowly drifting equatorward and the auroral electrojets
enhance. During the growth phase the energy input from the solar wind to the
magnetosphere increases what leads to enhanced magnetospheric convection.
The electroject currents are enhanced and the AE index is slowly rising. Another
ionospheric indicator of the substorm growth phase is the enhancement of
energetic electron (>30keV) precipitation from magnetosphere. It causes
ionization which attenuates interstellar radio noise at 30 MHz. This effect could
be observed by riometers. There are also other global methods to fix the
substorm onset, e.g. utilize information from measurements of magnetic
micropulsations Pi2 with periods of 40-150s. These pulsations are the reaction of
the global magnetohydrodynamic system to the establishment of the new fieldaligned current loop, so-called substorm current wedge (SCW) that connects the
substorm electrojet to the current sheet of the magnetotail (Koskinen, 2011).
These ionospheric signatures of the substorm onset take place within 1-2 minute
of each other. The periods are comparable to the temporal resolution of the
periods of the Pi2 pulsations.

•

The expansion phase – aurora breakup gives a signal for this phase. McPherron et
al. (1973) this phase describes as the state, when magnetotail field becomes
stretched until it brakes. The phase typically lasts for a half hour and is most
disturbed part of the substorm.

•

The recovery phase –when the substorm has exhausted the energy stored during
the previous phase and the direct energy input from the solar wind ceases, then
magnetosphere and ionosphere return to the quiet conditions. The substorm
recovery phase is different from the storm recovery phase. The substorm
recovery is rather rapid process, because the auroral substorm is coupled more
strongly to processes in the mid-tail, where the system does not have a long
memory as the ring current, whereas the more inert ionosphere remains in an
active state much longer (Koskinen, 2011).

The whole substorm is usually 2-4 hour-long. Significant substorm activity is indicated
by the horizontal magnetic field vector H in the auroral zone magnetograms.
There are several activity indices used in order to characterize the storms in the
magnetosphere. The larger number of recently used indices illustrates the large variety
of storm features. There is well known that the storm effects are stronger at high
latitudes, sometimes at low, in some cases the background current systems are already
strong before the main perturbation, different current systems may decay at different
rates, etc (Koskinen, 2011). The most widely used indices to assess global storm levels
are Dst, Kp and for the activity at auroral latitudes – AE index. Instead of electrojets, it is
6
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also possible to use measurements of the convection across the polar caps obtained
from the magnetometers closest to the magnetic poles, what is actually the calculated PC
index. The PC index has good correlation with AE index and characterizes the energy
that entered into the magnetosphere and can be used to monitor the state of
magnetosphere and readiness of magnetosphere to producing substorm or storm. The
PC index adequately responds to sharp changes in the solar wind dynamic pressure.
Since disturbances in magnetosphere are always preceded by energy input, the PC index
usage makes it possible to realize the space weather nowcasting (including the auroral
ionosphere state and even the anomalous processes in polar atmosphere). A large
advantage of the PC index before other methods based on satellite data is a permanent
availability of information about magnetic activity in both, northern and southern, polar
caps (Troshichev, et al., 2011).
The indices used to characterize storms in
magnetosphere including their main characteristics are given in the Table 1.
Table 1. Main indices used to characterise storms in magnetosphere
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*A similar 1-minute index derived from a partly different set of six low-latitude stations (SYM-H) is also
used. However, the indices are not only different in time resolution, but also in the number and location of
magnetometer stations used, and especially in the method used to convolve station data into a final index.
It is certainly not an a priori given that these two indices may be used interchangeably in any operational
sense. Since SYM-H has the distinct advantage of having 1-min time resolution compared to the 1- hour
time resolution of Dst, it is worth determining if the differences introduced by using different ground
stations and different convolution methods produce statistically significant differences in the values of the
indices. It was shown by Wanliss (2007) that for quiet times and for small storms the deviations are
typically no more than 10 nT. Moderate storms feature deviations typically only slightly more than 10 nT,
and intense storms have deviations that are usually less than 20 nT. It was recommending in future
studies using the SYM-H index as a de facto high-resolution Dst index.

Selection of just one activity index to represent the magnetosphere’s response to
enhanced solar wind driving gives insufficient and not clear picture of the
magnetospheric disturbance.
8
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2.1.1. CME and CIR/HSS-related events to identify LSTID drivers
As it was already mentioned in the Introduction, the main sources of the
magnetospheric storms are CMEs and CH HSSS. CMEs induce non-recurrent storms,
while recurrent storms are driven by high-speed solar wind and reappearing with about
27-day periodicity, when the same coronal hole is facing the Earth. Corotating
Interaction Region (CIR) forms in the interface region where fast solar wind overtakes
slow wind and then is gradually steepen to a shock. If the Z-component of the IMF in the
fast wind is southward, the passing of a CIR is a signal of enhanced magnetospheric
activity to follow. In principle, in most cases there is fast wind following the CIR
responsible for the storm occurrence, but not the CIR itself. Nevertheless, also CIR itself
is sufficiently strong driver for a storm in magnetosphere. The strongest global magnetic
perturbations are observed during CME-related events, whereas the high speed wind is
more strongly related to enhanced radiation belt electron fluxes and substorm activity.
2.1.1.1. CME – magnetospheric storm relationship and geoeffectivity
It was presented by Gonzales and Tsurutani (1987) that an occurrence of strong storm
could be expected if the IMF has a long duration (more than 3 hours), large negative Bz
component (<-10 nT) associated with duskward interplanetary electric field E = VxBs > 5
mV m-1. As fast CMEs and their shocked sheath regions enhance both V and Bs and
expose the magnetosphere to these conditions up to several hours, they are most
efficient drivers of magnetospheric activity. However, the magnetospheric reaction is
complicated and depends on detailed structure of the driver.
Depending on the background solar wind conditions and on the magnetic structure of
the CME different storm evolutions can take place Magnetic storms could be defined:
•

As sheath-associated, if at about 85% of the Dst minimum occurs while the
dayside magnetosphere is embedded in the CME sheath region. The importance
of sheath regions as storm drivers was proved in a number of publications (e.g.,
Tsurutani, et al., 1988; Huttunen and Koskinen, 2004; Zang, et al., 2007);

•

As magnetic cloud-associated, if Dst reaches the strong storm level of -100 nT
during the magnetic cloud passing the magnetosphere.

There are events that do not fall into either of these categories because not all ejecta
exhibits the magnetic cloud structure.
Koskinen (2011) pointed out that the important aspect to consider is the flux rope
configuration of the ICME and its inclination from the ecliptic plane:
•

In the case, the inclination is small the magnetic cloud can arrive with northward
(NS) or southward (SN) magnetic field ahead.

•

In the case, the inclination is large, the IMF can have unipolar northward (N) or
southward (S) orientation throughout the passage of the flux rope. In the
northward orientation case, the ICME most likely will induce only minor
9
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perturbations, while southward orientation could lead to a strong and longlasting storm, because the Earth may remain within the southward pointing flux
rope much longer than in bipolar case.
Huttunen, et al. (2005) have analysed 73 magnetic cloud events observed by WIND and
ACE satellites during 23rd solar cycle. They showed that unipolar southward clouds
always induced at least moderate storms, whereas in northward orientation only sheath
regions caused storms. At about 30% bipolar NS or SN clouds did not give rise to
moderate or larger storms. The results are visualized in the Figure 1.

Figure 1. The effects of the flux rope type on the geoeffectivity. Numbers in round bracket give total number
of magnetic clouds for each category. Black section of each circle shows percentage of analysed 73 magnetic
cloud events when no medium or larger size magnetic storm was induced dark grey is for sheath region
storms; light grey sections indicate percentage of moderate magnetic cloud storms, and white sections
shows intense magnetic cloud storms

2.1.1.2. Storms driven by CIR/CH HSS
Another important payer significantly affecting Ey on the magnetosphere is provided by
high speed solar wind streams with a southward component of IMF lasting for a long
enough time.
The main differences from the CME-related storms are:
•

At the setup of the CIR-related storm there usually is no SSC (as not all CMEs are
fast, it could happen that there will appear also CME-driven storm without SSC);

•

Ey in the high speed wind stream does not become as large as it can be in the case
within strongly compressed CME sheath plasma or in the strong magnetic cloud.
10
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Therefore, during this kind of disturbances the Dst index remains smaller, but
because fast streams with southward IMF component may last much longer, the
CIR/HSSS related storms have a longer duration, and the cumulative effects of
these storms could be more severe than the effects of CME-related storms with
significant decrease in Dst;
•

CIR-related storms are known to produce much larger relativistic electron fluxes
in the inner magnetosphere comparing to CME-related storms;

•

CIRs are not directly associated with solar energetic particle events;

•

Substorms occurring during the declining phase of solar activity (larger
occurrence of high speed solar stream events) are at about 30% more intense (in
terms of AE index) and transferred twice as much energy to polar ionosphere as
substorms during periods when the Earth is less exposed to HSSS (Tanskanen et
al., 2005).

2.2. The Space Weather Ionospheric forecasting Technologies - SWIF
model
The Solar Wind driven autoregression model for Ionospheric short-term Forecast
(SWIF) was developed by Tsagouri & Belehaki (2008), Tsagouri et al. (2009) and
validated by Tsagouri (2011). The model is implemented operationally in European
Digital Upper Atmosphere Server - DIAS (Belehaki et al., 2006) and in the European
Space Agency Space Situational Awareness (ESA SSA) Space Weather Service (Belehaki
et al., 2015) and provides forecasts for the European middle and high latitudes. SWIF
combines real-time and past ionospheric observations with solar-wind parameters
obtained in real-time at the L1 point by ACE spacecraft through the cooperation of a
model that forecasts the non-storm ionosphere with the empirical Storm Time
Ionospheric Model (STIM) formulating the ionospheric storm-time response based on
solar wind input (Tsagouri & Belehaki 2008). STIM predictions are triggered by an alert
signal for upcoming ionospheric disturbances obtained from the analysis of the realtime observations of the interplanetary magnetic field (IMF), in particular, observations
of the total magnitude B and the IMF-Bz component, from ACE spacecraft at L1. The alert
algorithm is based on specific criteria that have been derived applying superposed
epoch analysis on the magnetic field data from ACE for intense storm events occurred
during solar cycle 23. These events were mainly driven by CME-associated flows at L1
(Tsagouri & Belehaki 2015). Upon the issuing of an alert, STIM estimates the time delay
in the ionospheric storm onset for each geographic location as a function of the latitude
and the local time (LT) of the station at the storm onset. The ionospheric storm time
response is obtained by empirical expressions applied to the normal ionospheric
variation. In no alert/storm conditions, SWIF results are typically those of the non-storm
ionosphere model, while for ionospheric storm conditions STIM’s predictions are
progressively adopted for the whole of the disturbance as well as for 24 h after its end.
SWIF recovers the full set of non-storm model predictions 24 h after the end of the
ionospheric storm disturbance, which is determined by the STIM algorithm.
11
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For the middle latitudes the non-storm ionosphere is modelled by applying the Time
Series AutoRegressive (TSAR) model (Koutroumbas et al. 2008), which is an
autoregression forecasting algorithm. At high latitudes the non-storm forecasts are
provided by the CCIR model instead of TSAR because the later requires data from the
past 24 h which are not often available from high-latitude Digisondes (Tsagouri &
Belehaki 2015). Ideally, the non-storm forecasts should be able to capture both normal
and transient ionospheric variations induced by all relevant sources of influences, e.g.
solar ionising flux, meteorological influences and solar wind conditions (Forbes et al.
2000), excluding of course the storm-related variability. However, CCIR predictions are
considered representative only for the normal ionospheric variation and therefore,
some limitations are possible to be imposed on the SWIF’s performance at high latitudes
during non-storm conditions.
The performance of SWIF was systematically evaluated based on a metrics-based
evaluation plan for middle latitudes (Tsagouri 2011) and for the whole European region
including high latitude stations (Tsagouri & Belehaki 2015). The foF2 predictions were
systematically compared with actual observations over DIAS stations, also in
comparison with standard prediction methods such as the monthly median values
extracted by actual observations. The tests apply to solar cycles 23 and 24 and indicate
unbiased performance of the model during these solar cycles. The relative improvement
over median predictions – on average over all prediction steps from 1 up to 24 h ahead –
is estimated to be about 29% in middle-to-low latitudes (less than 45° N), 41% in
middle-to-high latitudes (between 45 and 60° N) and 31% at high latitudes (greater than
60° N). Furthermore, it was found that the model’s prediction accuracy depends on the
prediction step, the level of the ionospheric activity and the latitude of the observation
point especially during extremely disturbed conditions. The validation results are
summarized by Belehaki et al. (2015).

3. Assessment of current capabilities with metrics
The issued warning is informative, if there is assigned an onset time, intensity, duration,
and, if possible, how it will affect specific regions of the Earth’s environment and users’
facilities. Warnings apply to phenomena that require a customer to take action in order
to preserve their activities/operations/services. Warnings usually cover the 24-hour
period and are based on observations of causal events (like solar flares), observations of
actual events (such as a geomagnetic storm onset or increasing proton fluxes) and are
issued immediately upon observation of a certain event or condition.
There is of great importance that the following types of metric evaluations be
undertaken to establish a regular procedure of common scientific metrics for the main
TID drivers’ capabilities:
•

Measurements should be made at a regular cadence and compared systematically
with algorithm or model predictions to establish statistically valid baseline
12
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metrics. In addition to the overall averages, average errors should be recorded
for different conditions (e.g., Dst or Kp levels in the case of magnetosphereionosphere metrics).
•

When event studies are carried out comparing various models and other
algorithms to observations, the same standard metrics in the statistical analyses
mention above should be used.

13
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3.1. Solar-interplanetary metrics
Crucial solar and solar-wind parameters that are required by physical models of the
thermosphere, ionosphere, and magnetosphere are listed in Table 2.
Table 2. Primary solar-interplanetary metrics

The highest priority prediction in the Solar-Interplanetary regime is the timing of
sudden, major changes in the basic properties of the solar wind, such as wind speed. The
useful time-scale of advance prediction starts at about one hour. A spacecraft at L1 can
give one hour of warning to the Earth.

14
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3.2. Magnetosphere-ionosphere metrics
There is difficult to cover all of the important aspects of the complicated
magnetosphere-ionosphere system with just a few metrics. The aspects listed in the
Table 3 are coupled to each other in various ways, but the ability to forecast one does
not imply the ability to forecast others. For example, the dynamical behavior of the
radiation belts is quite different from the dynamical behavior of the aurora or the
plasmasphere. The ionospheric electric field and the precipitating electron fluxes were
chosen partly because of their importance as inputs for ionosphere-thermosphere
models. Several magnetic indices were included because of their wide use and because
they are designed to indicate global conditions. Magnetospheric electron fluxes were
included because of their importance as space weather parameters. The list is restricted
to the top-priority parameters that are regularly measured by ground stations or fulltime monitoring spacecraft. The best single metric for the magnetosphere-ionosphere
system is the ionospheric electric field. This metric covers nearly all magnetospheric
field lines and a wide range of physical processes. It combines magnetospheric
convection, substorm effects, magnetic storms, polar cap phenomena, and, to a modest
extent, low-latitude effects. Convection has a major effect on the cold plasma structure
and dominates ring-current injection. However, the metric defined in the top row of the
Table 3 is certainly not comprehensive. For example, it is not an indicator of
magnetopause position or of the state of the radiation belts. The ionospheric electric
field is predicted by a range of empirical and first principles models.
Table 3. Priority magnetosphere-ionosphere metrics

15
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If the model uses solar wind inputs, it must have a well-defined algorithm for
determining the appropriate delay between the L1 measurement and the ionospheric
response. In particular, the model may not determine the delay by finding the delay that
gives the best comparison between model and observation.

3.3. Ionosphere-thermosphere metrics
The principal ionosphere-thermosphere parameters that need to be predicted are:
electron density Ne, including intrinsic variability; neutral mass density, including
intrinsic variability; δNe/Ne, the amplitude of the electron density irregularities.
For each physical parameter, metrics should be defined that measure ability to forecast
and nowcast the climatological mean/background conditions, the limits in the daily
values (“day to day variability”), a particular time interval (e.g., one-day forecast), and
the departure from the climatological mean over a particular interval. An additional set
of metrics is needed to specify and forecast macroscopic features that can dominate
certain regions of the ionosphere-thermosphere domain, including the Appleton
anomaly, high-latitude features (sub-auroral trough, tongues and holes in polar cap
ionization, neutral density holes), equatorial pre-reversal enhancement in vertical ion
drift, and the ratio of atomic oxygen to molecular nitrogen column abundance. No single
metric adequately represents our overall ability to forecast and nowcast the state of the
ionosphere and thermosphere. Table 4 presents a set of main five of them. The selection
in Table 4 is based on two criteria – the importance of the parameter in describing the
state and condition of the ionosphere-thermosphere system, and the availability of
routine, accurate measurements.

16
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Table. 4. Priority ionosphere-thermosphere metrics

4. Cross comparison of TID observation results
4.1. Characterisation of SW events occurred on 27 March and 16 July
2017
The analysis of two SW events CH HSSS- and CME- related ionospheric storms has been
carried out applying different approaches. The results indicated enhanced LSTID activity
at both hemispheres.
Geomagnetic field activity ranged from quiet to G2 (Moderate) storm conditions under
the influence of a recurrent, polar connected, negative polarity CH HSSS. The period
began under a nominal solar wind environment (26 of March) before quickly becoming
enhanced. Total field increased to a maximum of 19 nT at 27/07:52 UTC while the Bz
17
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component deflected southward to -14 nT at 27/0827 UTC. Solar wind speeds started
the period near 375 km/s and peaked to a maximum speed of 781 km/s at 28/0711
UTC. No Earth-directed CMEs were observed during the period 7-days-long periods
before and after the analysed event.
As it could be seen from the Figure 2 in the late evening hours of 26 March the Psw (ram
pressure) starts growing in consequence of the enhancing concentration of solar wind.
Changes in ULF became visible later, during 27 March. Alfvénity and compressibility
before this period was not substantial.

Figure 2. Wind MFI and SWE data with 1-minute resolution (GSE coordinates) with DSCOVR MAG and FC data
over-plotted in black for the period 26-29 March 2017.

ULF oscillations in geomagnetic pulsations Pc5 range (150- 600s) are important players
in the radiation belt electron acceleration (Koskinen, 2011). The ULF power is high
18
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during both HSSS and fast CMEs. Due to longer durations of fast streams the ULF
oscillations have a longer duration during CIR-related events. In the case of the CMErelated storm of 16 July 2017 the ULF activity started in the early morning hours and
peaked before noon when also other solar wind parameters started being effective.
During this events there is evident enhanced ULF activity at about 6 hours in prior. No
such effect was observed in other coupling parameters including energetic particle
inflow.

Figure 3. Wind MFI and SWE data with 1-minute resolution (GSE coordinates) with DSCOVR MAG and FC data
over-plotted in black for the period 15-19 July 2017.
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Figure 4. Plots of aa, Kp, Dst, AE, PC indices from 26 to 29 March, 2017 (on the left) and the same indices for
the period of 15-18 July 2017 (on the right)

At 16/0515 UTC, an interplanetary shock associated with the arrival of the 14 July CME,
was observed in DSCOVR solar wind data. Solar wind speeds sharply increased from
around 320 km/s to 502 km/s. Solar wind speeds then slowly increased to a peak value
of 643 km/s observed at 16/20:37 UTC. Total field strength values reached 28 nT at
16/08:36 UTC while the Bz component was sustained at around -23 nT for a prolonged
period following the shock arrival. Solar wind density reached a peak of around 56
particles/cubic cm following the shock. The geomagnetic field was quiet until morning
hours of July 16 when a geomagnetic sudden impulse was observed (40 nT at Hartland
magnetometer). The geomagnetic field responded with active to G1 and G2 (Minor to
Moderate) geomagnetic storm levels through the remainder of 16 July. (Event from the
HELCATS catalogue and from the EGNOS list).

4.2. AATR monitor results
The AATR monitor has been run for 107 days included in the EGNOS event list and/or in
the WP3 event catalogue.
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4.2.1. Brief description of the AATR outputs
The outputs of this monitor for each of these days can be found in:
http://147.83.27.240/TechTIDE/WP3/. The outputs of the AATR monitor are presented
in following way:
At a first level one can find two folders named INFO and RAW and a set of folders named
YYYYDDD, where YYYY and DDD stands for the year and the day of year of each one of
the events in the list.
The /INFO folder contains files with useful information referred to the receivers: in the
sta.coor file, one can find the list of the 328 receivers and their coordinates (longitude
and latitude, in degrees) used to generate the AATR values. There is also a map
(map.png) showing the receivers distribution.

Figure 5. Map with the receiver positions

For each day in the list, there is a /RAW folder which contains the raw data used to
compute the AATR values. These files have a large size, but they are useful for
reprocessing purposes. The format of these files can be found in the INFO folder
(raw_data_format.txt)
For each day in the list (/YYYYDDD) there is an AATR folder that contains two
subdirectories:
/DATA
/PLOTS
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In the /DATA directory, one can find, in the aatr_5m.yy.doy file, the values of the AATR
for each of the receivers with a cadence of 5 minutes. For instance, the 3 first lines of
aatr_5m.18.042 are:
18 42 600 acor 0.00425 0.09896
18 42 900 acor 0.00466 0.11152
18 42 1200 acor 0.00579 0.13304
The columns of these files are:
1.- year
2.- doy
3.- UT seconds
4.- Receiver Id
5.- AATR value in cm/s of the geometry-free combination of carrier phases (1 cm/s = 5.7
TECU/min)
6.- Along ARC Slant Tec Gradient (AASG) in cm/km of the geometry-free combination of
carrier phases (1 cm/km = 0.095 TECU/km)
In the /PLOTS folder one can find 2 types of plots.
The first type of figures are the AATR UT-DIP maps, in figure 2, which depicts the
maximum hourly AATR value during 1 hour for each receiver. We have defined three
levels of activity, in TECUs/min, depicted in the figure:
0.1-0., in green
0.5-1.0, in blue
Larger than 1.0, in red
Values which are smaller than 0.1 TECUs/min are not depicted.

4.2.2. Case study: 16 July 2017 (day 197)
During this CME-driven magnetic storm, Dst index reaches values below -50 nT, which
are related with large AATR values in the aurora region. Moreover, some activity at noon
can be seen in mid latitudes, which indicates the propagation of a LSTID.
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Figure 6. Hourly AATR values in an UT-DIP image during 15-17 July 2017

Figure 7 shows AATR values for 4 European receivers at different latitudes for 16 July
2017. As it is seen also from the previous Figure 6, the northern receivers reach high
AATR values, while the mid latitude ones only have moderate values linked to the LSTID.

Figure 7. AATR values for 4 European receivers at different latitudes for 16 July 2017.
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4.3. LSTID parameters obtained by HF Interferometry technique during
16 July 2017 magnetic storm
The method identifies coherent TID activity at different sites and sets bounds to time
intervals for which such activity occurs into a given region. TID characterization is
obtained by applying spectral analysis methods, allowing to estimate dominant
oscillation activity period.
The HF Interferometry technique was applied to detect wave activity during the 27
March and 16 July 2017 SW events. During the CH HSSS-related 27 Mar 2017 magnetic
storm LSTID signature were better observed over South Africa than Europe in the
afternoon, while during the 16 July 2017 the passage of LSTIDs over Europe was evident
from 12:00 to 16:00 UT with azimuth about 160º and velocity of about 600 m/s. Results
for different ionospheric stations and for 27 March and 16 July 2017 events are included
in the Table 5.
Table 5. HF Interferometry technique results for 27 March and 16 July 2017 SW events

Code of the
ionospheric station

Time period when
LSTIDs were detected

Azimuth

Velocity

27 March 2017 CH HSSS-related storm
AT138*
DB049

17:00-22:00 UT

~200°

~ 600 m/s

EB040

17:00-20:00 UT

~180°

~ 600 m/s

FF051

23:00-24:00 UT

~210°

~ 400 m/s

JR055***

12:00-16:00 UT

~160°

400-600 m/s

RL052

18:00-21:00 UT

~200°

~ 450 m/s

RO041*

17:00-20:00 UT

~180°-200°

400-700 m/s

VT139

17:00-18:00 UT

180-210°

~ 500 m/s

GR13L

12:00-24:00 UT

~350°

600-1000 m/s

HE13N

15:00-24:00 UT

~350°

600-1000 m/s

MU12K

17:00-24:00 UT

~345°

600-900 m/s

PQ052*

LV12P*

16 July 2017 CME-related storm
Code of the
ionospheric station

Time period when
LSTIDs were detected

Azimuth

Velocity

AT138**
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DB049

12:00-16:30 UTC

~160°

400-800 m/s

EB040

13:30-16:30 UTC

~160°

~ 600 m/s

FF051

11:00-17:00 UTC

~160°

400-800 m/s

JR055

12:00-16:00 UTC

~160°

400-600 m/s

PQ052

13:00-16:30 UTC

~160°

500-800 m/s

RL052

12:00-16:30 UTC

~160°

400-800 m/s

RO041**
VT139**
*No data for analysed time pariod.
**LSTIDs were not detected. Well-developed Es layer did not allow to detect the perturbation.
***No clear LSTID evidence
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Figure 8. An examples of the results of application of the HF Interferometry technique on ionospheric data
obtained from several European (Juliusruh – JR055; Dourbes - DB049; Athens – At138; Ebro – EB040) and
South African (Grahamstow – 13L; Madimbo – 12K) stations when analysing LSTID activity during 27 March
2017magnetic storm.

Figure 9. Vector velocities calculated on 27 March at 19:00 UT for Europe (on the left) and at 18:OO UT for
South Africa (on the right).

4.4. The results of the LSTID observation with the HF-TID technique
The technique, based on the exploitation of Digisondes DPS4D was used to directly
identify TID. For the real-time detection and evaluation of TIDs remote-sensing data
from synchronized, network coordinated HF sounding between pairs of the European
Digisondes were exploited. The technique allows measurement of all sounding signal
properties (Doppler frequency, angle of arrival, and time-of-flight from transmitter to
receiver) and detection of TIDs and deduction if their parameters: amplitude,
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wavelength, phase velocity, and direction of propagation. The results of TID
observations during 16 July 2017 event are given in the Table 6.
Table 6. LSTIDs detected with the HF-TID algorithm: Time-period of wave observation; Frequency-D2D
sounding frequency; WA-wave amplitude; WAz-wave azimuth; WL-wavelength; WP-wave period.

Most distinct propagation of LSTIDs was observed on two paths: Ebro-Dourbes and
Juliusruh-Pruhonice during night-early morning hours and in the afternoon of the storm
culmination day, which is in accordance with other techniques applied.

4.5. Gravity wave activity observed over Africa using GNSS data
Analysis of total electron content (TEC) data derived from the Global Navigational
Satellite Systems (GNSS) observations over the African region was carried out to study
the evolution of large scale travelling ionospheric disturbances (TIDs) during the storm
days of 27 March and 16 July 2017.
TEC observations used for the analysis are calculated using L1 and L2 Global Positioning
Systems (GPS) frequency measurements (i.e. 1575.42 and 1227.60 MHz, respectively) in
an algorithm developed at Boston College. Differential satellite code biases published by
the University of Bern and receiver biases estimated by minimizing TEC variability
between 02:00 and 06:00 local time were applied in order to estimate absolute slant
TEC values. The slant TEC is mapped to vertical TEC by using a thin shell model at
ionospheric altitude of 350 km. In order to reduce the impact of multi-path, only data
from satellites with elevation angle 30˚ are used. The TEC data is limited to longitudes
between 15˚ and 40˚ to reduce data gaps over the Northern African middle latitudes.
Figure 10 shows the TEC perturbations (on the left) obtained by fitting a fourth order
polynomial to individual satellite’s TEC data and subtracting the fitted polynomial from
the actual TEC data on 27 March 2017. On the right hand side of Figure 1, extracts of TEC
perturbations at 32oS (red curve), 28oS (blue curve) and 24oS (black curve) are shown.
Horizontal extraction of TEC perturbations at constant latitudes is useful in showing the
presence of TIDs as the gravity waves propagate either in the equator-ward or poleward directions. Due to the data scarcity in the Northern hemispheric part of Africa, the
horizontal extracts of TEC perturbations at different latitudes are reliable over the
southern hemisphere.
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Figure 10. TEC perturbations over the African sector within longitude sector of 15-40oE and corresponding
horizontal extracts (right hand-side) at latitudes 32oS (red curve), 28oS (blue curve) and 24oS (black curve)
observed on 27 of March 2017.

Figure 10 (left panel) indicates that there were two periods where TIDs were clearly
observed during 1200-1600 UT. Using the horizontal TEC perturbations extracts (right
panel), and observing the shift in peak occurrences from 32oS to 24oS in latitudinal
increments of 4o, the average velocity of the TID was computed as approximately 772
m/s with a period of about 2 hours. Due to data scarcity, it is not clear to identify
whether the observed TID propagated all the way to the equator. The source of the
observed gravity waves is likely to be the auroral region through Joule heating and
Lorentz coupling processes which are intensified during geomagnetic storms (e.g.,
Hajkowicz and Hunsucker, (1987), Hocke and Schlegel, (1996)).
Figure 11 is similar to Figure 10, but is for the storm which occurred on 16 July 2017.
The procedure of TEC analysis, determining the TEC perturbations and extracting
changes in TEC at constant latitudes is similar as explained before.
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Figure 11. TEC perturbations over the African sector within longitude sector of 15-40oE and corresponding
horizontal extracts (right hand-side) at latitudes 32oS (red curve), 28oS (blue curve) and 24oS (black curve)
observed on 16 of July 2017.

The left panel of Figure 11 shows observed TID between 1400 and 1800 UT during the
16 July 2017 which was also the day of the storm’s main phase. The observed TID
propagated equator-ward over the southern mid-latitudes and dissipate in the
equatorial region. The succession of peak appearance with latitude around 14 UT (right
panel of Figure 2) confirms equator-ward propagation with mean speed = 418.7 m/s
and period of 3 hours.

5. The TEC Gradients and TIDs
The technique is based on the knowledge that LSTDs occurring during geomagnetic
storms produce strong temporal and spatial TEC gradients which are observed closest
to the source region of LSTIDs. These gradients are attributed to heating and convection
processes which are related to the excitation of LSTIDs (Borries et al. 2017). Temporal
and spatial gradients are calculated based on maps of TEC.

Figure 12. Amplitude spectrum and azimuth angles for the waves with amplitudes with >0.5 TECU.
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Table 7. Events introduces in the DLR catalogue, including information on magnetic and polar cap activity
and parameters of the observed TIDs.

During the first 12 month of the project extensive analyses with the GNSS TID algorithm
were carried out. Major part of the TechTIDE TID catalogue has been processed and
most of the TID events have been reflected in the results. TID parameters (wavelength etc.)
have not been assessed and compared yet.
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Table 8. The events recently studied using Tech gradients technique.

6. Application of CDS technique for the MSTIDs and
atmospheric infrasound detection
The multipoint continuous Doppler sounding system (CDSS) is currently operating at
three frequencies (f=3.59, 4.65 and 7.04 MHz) in the Czech Republic and in South Africa.
There are at least three sounding paths (transmitter – receiver pairs) at each frequency.
An important aspect is that the CDSS method is suitable for the monitoring of MSTIDs
and acoustic gravity waves (infrasound) and not of LSTIDs. There are main reasons are:
i) the triangle of measuring points has a size of the order of 100 km, which is welladopted for the monitoring of MSTIDs; ii) temporal changes of LSTIDs are slower, i.e.
CDSS is less sensitive to them.
All CDSS measurements are archived at the IAP servers and sent to the ARISE database.

6.1. Data at ARISE data portal
The ARISE data portal collects data provided by the consortium members. The data
policy (e.g. public access, availability on request, real time data, and delayed data access)
depends on the decision of the data provider. The portal is recently working in the
testing mode.
Besides CDSS data, there are available at the portal measurements covering middle
atmosphere (altitudes ~30-90 km) – recently mainly data from special campaigns.
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The data include temperature profiles from lidars, wind profiles from radiometer,
meteor radar wind profiles at observatories OHP (43.93N 5.71E), ALOMAR (69.28N
16.01E), and Trondheim (63.41N 10.47E). For lidar profiles and wind radiometer
profiles (WIRA) daily mean values are available. For the meteor radar winds at
Trondheim site, hourly means are available. Table 9 gives information on availability of
ARISE portal data for the events included in the TechTIDE catalogue.
Table 9. Information on data available in the ARISE data base with respect to the events listed in the
TechTIDE project catalogue.

7-10 Mar 2012

OHP lidar temperature

24 Sep 2012

OHP lidar temperature; Trondheim meteor radar

2 Oct 2013

Trondheim meteor radar

19 Feb 2014

Trondheim meteor radar

27 Feb 2014

Trondheim meteor radar

7 Jan 2015

OHP lidar temperature; Trondheim meteor radar

21 Jan 2015

OHP lidar temperature; Trondheim meteor radar

17 Feb 2015

OHP lidar temperature; Trondheim meteor radar

24 Feb 2015

OHP lidar temperature; Trondheim meteor radar

17 Mar 2015

OHP lidar temperature ;Trondheim meteor radar

23 Jun 2015

OHP lidar temperature; Trondheim meteor radar

12-13 Oct 2015

OHP lidar temperature; Trondheim meteor radar

3 Nov 2015

OHP lidar temperature; Trondheim meteor radar

20 Jan 2016

OHP lidar temperature; Trondheim meteor radar

13 Oct 2016

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

7 Jan 2017

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

31 Jan-1
2017

Feb OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

1 Mar 2017

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

19 Mar 2017

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

27 Mar 2017

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles
32

TechTIDE EU Horizon 2020 Research and Innovation
Programme Grant Agreement No 776011
Deliverable 3.2

21-22 Apr 2017

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

1 May 2017

OHP lidar temperature; Trondheim meteor radar; ALOMAR wind
radiometer profiles

17 May 2017

Trondheim meteor radar; ALOMAR wind radiometer profiles

18 May 2017

Trondheim meteor radar; ALOMAR wind radiometer profiles

27-28 May 2017

Trondheim meteor radar; ALOMAR wind radiometer profiles

6-13 June 2017

Trondheim meteor radar; ALOMAR wind radiometer profiles

16 Jul 2017

Trondheim meteor radar

11 Aug 2017

Trondheim meteor radar

22 Aug 2017

Trondheim meteor radar

31 Aug 2017

Trondheim meteor radar

6-10 Sep 2017

Trondheim meteor radar

14 Sep 2017

Trondheim meteor radar

27 Sep 2017

Trondheim meteor radar

5 Oct 2017

Trondheim meteor radar

13 Oct 2017

Trondheim meteor radar

7 Nov 2017

Trondheim meteor radar

13 Nov 2017

Trondheim meteor radar

20-21 Nov 2017

Trondheim meteor radar

7 Dec 2017

Trondheim meteor radar

Some information has been already extracted for the project catalogue events (see
below). More extensive analysis is necessary in future to indicate main coupling
characteristics in the troposphere-middle atmosphere-ionosphere system.

17 March 2013
Trondheim - small increase of eastward wind speed at 94-97 km on 17 March before
noon. Increase of meridional wind speeds (both northward and southward). OHP - no
wind and temperature data available.
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17 March 2015
Trondheim - increase of eastward wind velocities down to altitudes of around 82 km (=
in the whole measured profile) at midnight 17/18 March. OHP - higher temperatures
around altitudes of 50 km on 18 March compared to the previous day.
31 Jan – 1 Feb 2017
There was a brief major mid-winter SSW (wind reversal at 60°N and the level 10 hPa) in
early
February
(www.aer.com/science-research/climate-weather/winter2017/).
ALOMAR data are influenced by this SSW. No data from OHP available.
21-22 April 2017
OHP - no important changes of temperatures in the middle atmosphere. ALOMAR - small
increase of eastward wind speed at the altitude of around 70 km on 20April. Trondheim
- small increase of eastward wind speed at 91-96 km on 20 April.
27-28 May 2017
ALOMAR - significant increase of westward zonal wind speeds at the altitude of around
60 km on 29 May. Increase of northward meridional winds at the altitude of around
60km on 26 May. No data from Trondheim available.
16 July 2017
Trondheim - periodic increase and decrease of zonal wind speed and westwardeastward reversals at the altitude of around 95 km on 16-17 July.
31 August 2017
Trondheim no effects that can be visually identified
6-10 September 2017
Trondheim - high speed of eastward winds at 88-97 km on 6-8 September, high speed of
southward winds at the altitude of around 86 km at midnight 6/7 September.
27 September 2017
Trondheim - high speed of eastward winds at 92-96 km in the evening of 26 September.
High speed of southward winds at 85-96 km (at higher altitudes earlier) at night of 2526 September and 94-97 km in the evening of 27 September.
13 October 2017
Trondheim - no effects that can be visually identified.
7 November 2017
Trondheim - significant increase of eastward wind speed at 90-96 km (at higher
altitudes earlier) on 8 November around noon, significant increase of northward wind
speed at 90-96 km (at higher altitudes earlier) on 8 November around noon.
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6.2. Acoustic gravity waves observations with the CDS technique
Ionospheric Doppler sounding can be employed in studies of wave activity at
ionospheric heights. Waves of periods down to periods of tens of seconds can be
observed. Multifrequency multipoint sounding enables to analyse propagation of the
waves in vertical as well as in horizontal direction.
Principle of observation of vertical propagation of waves (schematically represented
with red sinusoid) is show in the Figure 13. The two sounding frequencies reflect at
different ionospheric heights (represented with horizontal blue lines). The reflection
heights of Doppler sounding waves are estimated from measurements of the collocated
Digisonde. Velocity of vertical propagation of the waves is estimated from the known
reflection heights of the two Doppler sounding frequencies and from the calculated time
delay of wave arrival at the reflection point (Δt) then, w= Δh / Δt.

Figure 13. Principle of observation of waves vertical propagation.

The transmitter Pruhonice is collocated with the Digisonde and it is only 8 km distant
from the receiver. It can be assumed that the Doppler sounding wave reflects vertically.
The reflection heights of the Doppler sounding waves can be estimated directly from the
ionograms.
Measurements on the sounding path Pruhonice-Prague were used in the study on short
period waves observed on geomagnetically quiet day of 6 November 2012 and waves
observed on geomagnetically disturbed day of 2 October 2013.

6.2.1. Severe tropospheric event of 6 November 2012
Ionospheric signatures of the acoustic gravity waves of 2-6 min periods were observed
by the two-frequency multipoint CDS in the Czech Republic during 6 November 2012.
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During the analysed period the cold front passed through the Prague from northwest.
Ahead of the cold front the strong gusty wind condition was registered for about 45 min.
This was followed by short-term heavy rain from cumulus clouds. During subsequent 30
minutes, the air pressure moved up gradually, the temperature at the height of 2 m
dropped sharply by about 3 °C, resulting in postfrontal reduction in the wind speed and
precipitation. Geomagnetic conditions during the analysed period were quiet.

Figure 14. Doppler shift spectrogram obtained on sounding frequency 3.59 MHz (top panel on the left) and
4.27 MHz (top panel on the right). Filtered signals (period range 120-360 s) observed on 6 November 2012 at
01:40-03:33 UT (bottom panel). Cyan curve represents the signal measured on sounding frequency 4.27 MHz.
Magenta line represents the signal measured on sounding frequency 3.59 MHz.

Upward propagating waves of periods 2-6 min were observed at ionospheric F region
heights on 6 November 2012 between 00:00 and 04:00 UT (LT=UT+1) on three
sounding paths of the CDSS installed in the Czech Republic. The waves were observed in
both the 3.59 MHz Doppler shift spectrogram (reflection height of the 3.59 MHz wave
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was ~ 250-300 km) and in the 4.27 MHz Doppler shift spectrogram (reflection height of
the 4.27 MHz wave was ~ 280-330 km). Corresponding wave forms occurred in the
4.27 MHz spectrogram with a time delay of several tens of seconds after the occurrence
in the 3.59 MHz spectrogram. The delayed arrivals were observed on all two-frequency
sounding paths, Panska Ves-Prague, Pruhonice-Prague, and Dlouha Louka-Prague. The
waves propagated upwards with velocities mostly between 600 and 900 m∙s-1. The
observed wave velocity is close to the sound speed in the thermosphere predicted by
MSISE90 model (calculated sound speed varied between 790 and 830 m∙s-1).

Figure 15. The cross correlation between the two signals. Each point represents correlation coefficient in a
sliding time window of 360 s length. The time windows with correlation coefficient lower than 0.5 were not
utilized in calculation of propagation velocity of the observed 120-360 s waves.

Figure 16. Red points represent the propagation velocity of the observed waves. The blue squares represent
the sound speed in the thermosphere predicted by MSISE90 model.

6.2.2. 2nd October 2013: Geomagnetically disturbed day
The moderate magnetic storm of the 2nd of October 2017 had its onset in the early
morning hours. The course of the Dst index is plotted in the Figure 17, while Figure 18
represents Doppler spectrograms obtained for two sounding frequencies of the Czech
CDSS.
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Figure 17. Course of the Dst index during 1-2 of October 2013.

Figure 18. Doppler shift spectrograms obtained on three paths of sounding frequencies 3.59 MHz (on the
left) and 4.65 MHz (on the right) of the Czech CDSS.

Filtered signals (period range 30-360 s) observed on 2 October 2013 at 01:50-05:36 UT
and the cross correlation between the two signals are given in the Figures 18. Cyan
curve in the Figure 18 represents the signal measured on sounding frequency 4.65 MHz;
magenta line represents the signal measured on sounding frequency 3.59 MHz. Each
point of the cross correlation represents correlation coefficient in a sliding time window
of 360 s. The time windows with correlation coefficient lower than 0.5 were not used in
the calculation of velocity of the observed 30-360 s waves. Time delays of wave arrivals
at the two reflection heights are shown in the Figure 20. The waves occurred without
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any time delay (within the precision of measurement) in the 3.59 MHz and 4.65 MHz
spectrograms.

Figure 19. Filtered signals (period range 30-360 s) observed on 2 October 2013 at 01:50-05:36 UT (on the left).
The cross correlation between the two signals (on the right). Time 0 is at 00:00:00 UT.

Figure 20. Time delays of wave arrivals at the two reflection heights. Time 0 is at 00:00:00 UT.

Waves of period s 30-360 s were observed between 01:50 and 05:36 UT in the
ionospheric F region (h=200-320 km) during the initial phase of the moderate
geomagnetic storm (minimum Dst was -67 nT at 08:00 UT). The time delay of wave
arrival at the two ionospheric altitudes – occurrence of the corresponding wave forms in
spectrogram measured on sounding frequency 3.59 MHz and in the 4.65 MHz
spectrogram - was zero or the time difference corresponded to one sample of the signal.
The waves propagated with velocities mostly between 600 and 900 m∙s-1. Such high
velocities are probably related with propagation of magnetospheric ultra low frequency
(ULF) waves. We assume the observed waves are ionospheric
response to
magnetospheric ULF waves.
The analysis of the November 2012 tropospheric event and October 2013 SW event
shows that calculation of the wave vertical propagation velocity can give a clue when
searching for the origin of the waves.
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6.2.3. Observation of solar eclipse using CDSS
We investigated ionospheric behaviour during the solar eclipses at three different
locations, where our CDSS sites are located. The main characteristics of the three
analysed eclipses are given in the Figure 21.

Figure 21. Information on CDSS location at the localities where the solar eclipse was observed, date of the
eclipse and wave periods obtained (top panel). Bottom panel is for information on the development of each
eclipse at different localities, Sun altitude and eclipse obscuration

All the employed Doppler sounding systems are of the same type. The sounding system
consists of one receiver and three transmitters arranged in a triangle (Figures 22, 24, 26
right panels). The distance of the transmitters from the receiver is 8–90 km in the Czech
Republic, 45–125 km in Taiwan, and 96–182 km in South Africa. The point of the signal
reflection from the ionosphere is for simplicity sake assumed in the middle between the
transmitter and the receiver. The frequencies of the transmitted signals are mutually
shifted by 4 Hz, so the signals received from the three sounding paths can be
distinguished. The sounding is performed on the single frequency of 6.57 MHz in Taiwan
and on the single frequency of 3.59 MHz in South Africa. In the Czech Republic, three
sounding frequencies are transmitted; on the analysed eclipse day of 20 March 2015,
measurements of sufficient quality were only available on the sounding frequency of
4.65 MHz.
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Figure 22. Left: The path of the total eclipse on 20 March 2015 (circles) and the position of the Doppler
sounding system in the Czech Republic (triangle). Right: The layout of the Doppler sounding system; the
circles denote the positioning of the transmitters (Tx1-Tx3) and the triangle shows the positioning of the
receiver. The Digisonde is co-located with Tx2.

Fig. 23. The Doppler measurements in the Czech Republic at 06:30–16:00 UTC, during the solar eclipse of 20
March 2015. The dashed vertical lines mark the start and the end of the solar eclipse above Prague, the solid
line marks the eclipse maximum. Top panel: Doppler frequency shift, fd; periods shorter than 100 min are
filtered out. Bottom panel: Relative Doppler phase path, Pdr; periods shorter than 100 min are filtered out.

Figure 24. Left: The path of the total eclipse on 09 March 2016 (circles) and the position of the Doppler
sounding system in Taiwan (triangle). Right: The layout of the Doppler sounding system; the circles denote
the positioning of the transmitters (Tx1-Tx3) and the triangle shows the positioning of the receiver.
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Figure 25. The Doppler measurements in Taiwan from 23:00 UTC on 08 March 2016 to 08:00 UTC on 09
March 2016, during the solar eclipse of 09 March 2016. The dashed vertical lines mark the start and the end
of the solar eclipse above Puli, the solid line marks the eclipse maximum. Two wave modes received on the
sounding path T2 are shown. Top panel: Doppler frequency shift, fd; periods shorter than 100 min are
filtered out. Bottom panel: Relative Doppler phase path, Pdr; periods shorter than 100 min are filtered out.

Figure 26. Left: The path of the annular eclipse on 26 February 2017 (circles) and the position of the Doppler
sounding system in South Africa (triangle). Right: The layout of the Doppler sounding system; circles denote
the positioning of the transmitters (Tx1-Tx3) and the triangle shows the positioning of the receiver. The
Digisonde is co-located with the receiver of the Doppler sounding system.

Fig. 27. The Doppler measurements in South Africa at 14:00–23:00 UTC during the solar eclipse of 26
February 2017. The dashed vertical lines mark the start and the end of the solar eclipse above Hermanus, the
solid line marks the eclipse maximum. The dotted vertical line at 17:23 UTC shows the sunset. Top panel:
Doppler frequency shift, fd; periods shorter than 90 min are filtered out. Bottom panel: the relative Doppler
phase path, Pdr; periods shorter than 90 min are filtered out.
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A distinct bipolar pulse was observed in the ionospheric Doppler shift measurements
above the Czech Republic and Taiwan. Its duration was around 150–200 min and the
occurrence coincides with the time of the passage of the Moon shadow above the
measurement sites.
The phase path length of the Doppler sounding wave was closely correlated with the
obscuration function; the corresponding derivative quantities, the Doppler frequency
shift as a function of time and the time derivative of the obscuration function were
highly correlated as well.
The changes of the phase path length approximate the changes of the reflection height of
the Doppler sounding wave during the eclipse.
Short time delays of the ionospheric response to the solar eclipse of 4.5–7 min were
observed in the Czech Republic.
Similar prompt response was observed in Taiwan with the time delays 8 -17 min. The
solar eclipse in Taiwan was quite small, with a maximum obscuration of 0.22.
Nevertheless, it obviously influenced the ionosphere on the time scales above 100 min.
The measurements in South Africa during the solar eclipse were influenced by sunset
phenomena – by the high wave activity related to the approaching evening terminator.
The possible solar eclipse effects may therefore be masked by the gravity waves of
periods 90 min and more (Sindelarova et al., 2018).

7. Cross validation of the CDSS and DDM techniques
We compared Digisonde Drift Measurements (DDM) and Continuous Doppler Sounding
(CDS) which can be used for real-time monitoring of medium scale travelling
ionospheric disturbances.
Both methods provide information about the vertical drift velocity component. The
DDM provides more information about the drift velocity vector and detected reflection
points. However, the method is limited by the relatively low time resolution. In contrast,
the strength of CDS is its high time resolution. In the paper Kouba and Chum (2018) we
show that the CDS Doppler shift (for short path transmitter-receiver) corresponds to the
vertical component of the drift velocity measured by DDM.
It is possible to determine the properties of the identified inhomogeneities (TIDs) velocity and direction of movement – from the signal on the spectrogram for the
different paths.
The data presented in Figure 28 were collected during special high-rate sampling
campaign. The campaign was realized during quiet geomagnetic conditions. The
behaviour of vertical velocity plot agrees with quiet time diurnal variation. The
dominant detected disturbances in one-day plot are regular peaks related to
sunrise/sunset. Amplitudes of other disturbances are significantly lower.
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Figure 28. Comparison of the vertical drift velocity component calculated using the DDM (black dots) and the
CDS spectrogram for sounding frequency of 3.59 MHz (spectrogram is plotted in speed units). Shown is the
one-day plot for September 22, 2016.

Since DDM has comparable results, it can also be applied for detection of MSTIDs and for
estimation the main characteristics of the TIDs. It takes providing the drift
measurements with a higher than usual cadence at minimally three stations
simultaneously. After the initialization tests at Pruhonice station we recently realized
the campaign at stations Pruhonice and Dourbes (several days). We expect new station
Sopron will be added to the configuration capable to detect MSTID in the centralEuropean region. We are preparing also a campaign on stations in South Africa
(Hermanus, Grahamstown, Louisvale).
Based on results of the realised test, it appears that satisfactory results can deliver the
short drift measurements (about 20 seconds) with the cadence of about 2 minutes
(Kouba, and Chum, 2018).

8. Conclusions
The main aim of the Task 3.2.1. of the WP3 was to analyse magnetospheric reaction
during storms and isolated substorms. We applied different algorithms adopted for the
TechTide project to investigate LSTID and MSTID activity during CME and CIR/HSSrelated events of different solar wind-magnetosphere and magnetosphere-ionosphere
coupling parameters to identify TID drivers. We based our analysis on larger number of
events occurred in consequence of single driver forcing or as result of combined
influence of different drivers. Current capabilities with metrics have been also
considered. During the first year of the project we have completed a large project
catalogue, which contains events related to different drivers. Some of them are also
included in the HELCATS, EGNOS and the DLR catalogues. All the events were analysed
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using at least one technique. Recently we have 39 events analysed. There is included in
the Report the results of the TID observation with different techniques only for a few
events from the project catalogue. The rest of results is successively uploaded to the
project wiki page. The information on the sources/drivers of the events and observation
of the disturbances is given in the summary table on the project wiki page:
https://techtidewiki.space.noa.gr/wiki/WikiPages/Work%20Packages/WP3/Analysis%20of%20the%2
0events
Illustration of the summary table is shown in the Table 10. It is necessary to point out
that in the wiki more detailed information is given on sources of the TIDs.
Data provided by the ARISE data centre were processed for the supportive studies of the
lower atmospheric dynamics and ionospheric infrasound sources. We are still
continuing in the comparison of the results with those obtained from the CDSS network
to identify MSTID and acoustic gravity wave drivers.
The actual results from this task will be implemented in the next months.
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Table 10. An example of the project catalogue summary table.
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10. Acronyms
The following table contains the list of all acronyms used in this document.
Table 11. Acronyms used in the Document.
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