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A B S T R A C T

Travelling Ionospheric Disturbances (TIDs) are signatures of atmospheric gravity waves (AGWs) observed
in changes in the electron density. The analysis of TIDs is relevant for studying coupling processes in the
thermosphere–ionosphere system. A new TID index 𝐴𝑇 𝐼𝐷 is introduced, which is based on an easy extension
of the commonly used approach for TID detection. This TID activity index, which can be applied for individual
Global Navigation Satellite Systems (GNSS) stations and also for mapping TID activity, is capable to study both
Large Scale TIDs (LSTIDs) and Medium Scale TIDs (MSTIDs).

𝐴𝑇 𝐼𝐷 is well applicable for statistical analyses and investigations of the source mechanisms of TIDs.
Correlation studies presented here reveal that LSTID magnitudes at mid-latitudes are well correlated with solar
wind derived parameters, like the Kan-Lee merging electric field (𝐸𝐾𝐿), the intermediate function (𝐸𝑊𝐴𝑉 )
and the modified version of the Akasufo 𝜖 parameter (𝜖3). Thus, the magnitude of the global solar-wind
energy input into the Earth’s magnetosphere–ionosphere–thermosphere system is most relevant for the LSTID
generation. The correlation with common geomagnetic activity indices shows that also sudden changes in
the magnetosphere–ionosphere–thermosphere system are relevant. Good correlation results are limited to mid-
latitudes. High-latitude regions are impacted by auroral processes and low-latitude regions by coupling from
below and other instabilities.

𝐴𝑇 𝐼𝐷 can be used for the modelling and prediction as demonstrated with a prediction model for storm
induced LSTIDs, based on solar wind observations only. Very good performance of this LSTIDs prediction
model in mid-latitudes has been proven.
1. Introduction

During geomagnetic storms, great amounts of energy are transferred
from the solar wind into the Earth system, causing significant changes
in the magnetosphere, ionosphere and thermosphere. In the auroral
region electrojets and currents intensify very suddenly and the ther-
mosphere heats up significantly due to the dissipation of the currents.
This very sudden heating and expansion of the thermosphere generates
large-scale Atmospheric Gravity Waves (AGWs), which develop at the
equatorward boundary of the auroral oval and propagate equator-
ward (Borries et al., 2017). One of the best methods to study these
large scale AGWs is the investigation of their signature in the iono-
sphere, the Large Scale Travelling Ionospheric Disturbances (LSTIDs).
Measurements of the Total Electron Content (TEC), which can be
well derived from ground based measurements of Global Navigation
Satellite Systems (GNSS), are ideal to investigate the occurrence and
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wave properties of LSTIDs. In the past decades, many case studies and
statistical investigations of LSTIDs during geomagnetic storms based
on GNSS data have been published (e.g. Afraimovich et al., 2008;
Ding et al., 2008; Borries et al., 2009; Habarulema et al., 2015; Tsug-
awa et al., 2004; Zakharenkova et al., 2016). Also the signatures of
smaller scale waves, the Medium Scale TIDs (MSTIDs), can be observed
with GNSS based TEC (e.g. Saito et al., 2007; Tsugawa et al., 2007;
Hernández-Pajares et al., 2006). While LSTIDs are generated mainly
due to the solar wind energy input and auroral heating, the MSTID are
considered to be predominantly originating from atmospheric gravity
waves coming from lower regions of the atmosphere. Investigations
on the E-F region coupling also suggest that MSTIDs may also be
generated by coupling between F-region and E-region instabilities, such
as sporadic E-layer instabilities (Liu et al., 2019b; Sivakandan et al.,
2022). The phenomenological investigation of Travelling Ionospheric
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Disturbances (TIDs) progresses well, but modelling and forecasting of
TIDs is still not sufficiently addressed.

MSTIDs impact the performance of positioning applications and
during storms the large scale atmospheric gravity waves (travelling
atmospheric disturbance) contribute to significant perturbations in the
ionosphere (positive storms, c.f. Prölss, 2006). Therefore, forecasting
the occurrence and amplitude of TIDs is required. Still, this is a pending
task. Research projects like Tech-TIDE (Warning and Mitigation Tech-
nologies for Travelling Ionospheric Disturbances Effects, Belehaki et al.,
2020) worked on the exact identification and tracking of TIDs with
different scales. But, a precise forecast of TIDs, has not been established
yet.

Numerous case studies and a number of statistical analyses of
LSTIDs in different regions of the globe indicates that the generation
and amplitudes of LSTIDs depend on geomagnetic activity. The occur-
rence rate of LSTIDs increases with increasing magnitude of kp, ap and
AE and local auroral electrojet indices, as shown by Tsugawa et al.
(2004) and Ding et al. (2008). A significant correlation of the magni-
tude of LSTIDs with the AE index has been demonstrated for F-region
height enhancements by Hajkowicz (1991) and for TEC by Borries et al.
(2009). In a case study, Cherniak and Zakharenkova (2018) observed
that an increase of the Field Aligned Currents (FACs) magnitude led to a
simultaneous intensification of the LSTIDs occurrence at high latitudes.
A variety of studies show that the LSTID generation evidently depend
on intense high-latitude electrodynamic processes driven by solar wind
energy (e.g. Zakharenkova et al., 2016; Lyons et al., 2019). But, they
do not give a clear indication, which geomagnetic parameter correlates
best with the LSTID characteristics.

The high-latitude energy input strongly depends on the vertical
component of the interplanetary magnetic field (IMF) 𝐵𝑧. The mag-
nitude of the solar wind energy input can be approximated by solar
wind–magnetosphere coupling functions. Newell et al. (2007) statis-
tically analysed a set of 20 coupling functions and discussed their
applicability for forecasting numerous geomagnetic activity indices.
Since these coupling functions clearly correlate with AE and kp indices,
it can be expected, that they also correlate with LSTID occurrences
and thus may be suitable for their prediction. This hypothesis will be
analysed, in this paper.

The work presented here uses an extended approach for descrip-
tion of TID occurrence, which neglects the phase information of the
waves for the purpose of better indication of the wave presence and
amplitude. This improves the preconditions for statistical analyses and
generation of prediction models. We define the resulting parameter as
a new TID activity index 𝐴𝑇 𝐼𝐷. In this work, we are demonstrating the
apabilities of this TID activity index in characterising the occurrence
f LSTIDs, show its correlation with solar and geomagnetic parameters
otentially related to driving mechanisms and demonstrate an initial
xample how this index can be applied for generating a forecast model.

. Data and methods

.1. TID activity index

Radiowaves passing through the ionosphere are delayed, reflected,
bsorbed or scattered dependent on their frequency, because the iono-
phere is a dispersive medium. Since the operating GNSS systems
ork with at least two different carrier frequencies, this allows the
erivation of the Total Electron Content (TEC) along the line of sight
etween satellite and receiver. The derivation algorithms for TEC from
NSS observations are well described in e.g. Hofmann-Wellenhof et al.

2012).
The geometry free TEC is a precise estimation of relative changes

long the line of sight TEC (𝑠𝑇𝐸𝐶) based on the difference between the
two carrier phase signals. Commonly for the analysis of the TID signa-
tures, a perturbation TEC (𝑇𝐸𝐶𝑝) estimate is used, which is basically a
high-pass filtered or band-pass version of the geometry free TEC signal.
2

The 𝑇𝐸𝐶𝑝 is derived for each satellite-receiver link (one observation of
TEC between one ground station and one satellite from its rise to its
decline) separately, by computing the difference between the original
TEC signal (𝑇𝐸𝐶) and a low pass filtered TEC or trend (𝑇𝐸𝐶𝐿𝐹 ).

𝑇𝐸𝐶𝑝(𝑡) = 𝑇𝐸𝐶(𝑡) − 𝑇𝐸𝐶𝐿𝐹 (𝑡) (1)

ometimes 𝑇𝐸𝐶𝑝 is calculated from the 𝑠𝑇𝐸𝐶 directly (Hernández-
ajares et al., 2006), and sometimes 𝑠𝑇𝐸𝐶 is translated first into
vertical column TEC (𝑣𝑇𝐸𝐶) by applying a mapping function to

he calibrated 𝑠𝑇𝐸𝐶 (adjusting the integer ambiguity in the phase
easurements, see e.g. Ding et al., 2007; Borries et al., 2009; van de
amp et al., 2014), which is the method used in this work. For low-
ass filtering (𝑇𝐸𝐶𝐿𝐹 ) either moving average (e.g. Saito et al., 1998;
hiokawa et al., 2002; Zakharenkova et al., 2016), polynomial fits (e.g.
ing et al., 2007; Habarulema et al., 2015) or other estimations of
ackground TEC or trends (Hernández-Pajares et al., 2006) have been
pplied so far. There is no significant difference between these methods.
ince so far, 𝑇𝐸𝐶𝐿𝐹 with about 60 min scale have been applied very
uccessful for analysing LSTIDs, we will use it here, too. In some cases,
ot only low frequencies and trends are removed, but also frequencies
igher than a certain threshold (Afraimovich et al., 2008). That means
eplacing 𝑇𝐸𝐶(𝑡) in Eq. (1) by another low-pass filtered TEC. Also in
his study, we are using this kind of band-pass filter. We are extracting
he variability in the temporal range of 30 to 60 min by calculating the
ifference between a moving average with 60 min window size and a
oving average with 30 min window size.

𝐸𝐶𝑏𝑝(𝑡) =
1
𝑇30

𝑡+0.5𝑇30
∑

𝑛=𝑡−0.5𝑇30

𝑣𝑇𝐸𝐶(𝑛) − 1
𝑇60

𝑡+0.5𝑇60
∑

𝑚=𝑡−0.5𝑇60

𝑣𝑇𝐸𝐶(𝑚) (2)

𝑇30 and 𝑇60 are chosen such that we get a 30 min and 60 min moving
average, respectively, i.e, 𝑇30 = 30∕𝛥𝑡 and 𝑇60 = 60∕𝛥𝑡 where 𝛥𝑡
corresponds to the sample time, which is equal to 30 s in this work.
Fig. 1 shows in the left panel an example of geometry free TEC for the
GNSS reference station GLSV on 17th March 2015. The middle panel
shows the corresponding TID amplitudes for each satellite-receiver link
(in different colours). We only use data with elevation larger than
60◦. This derivation of TID amplitudes is identical to the derivation
in Borries et al. (2009).

The new TID activity index is calculated again along each satellite-
receiver link. For each time step 𝑡, the difference between the maximum
𝑇𝐸𝐶𝑏𝑝 and minimum 𝑇𝐸𝐶𝑏𝑝 in a window of 60 min size centred
around this time step is calculated.

𝐴𝑇 𝐼𝐷(𝑡) = 0.5(𝑚𝑎𝑥(TECbp(𝑥) ∗ 𝐹 (𝑥 − 𝑡)) − 𝑚𝑖𝑛(TECbp(𝑥) ∗ 𝐹 (𝑥 − 𝑡))) (3)

For the window function 𝐹 , we apply a Gaussian to reduce the impact
of values with larger distance from the window centre. The resulting
TID activity index 𝐴𝑇 𝐼𝐷 is illustrated for the example in Fig. 1 in the
right panel for each satellite receiver link in colours. These values have
the georeference of the ionosphere pierce point and can be mapped
to study the regional occurrence of TIDs. Next to generating maps of
the TID activity index, also a TID activity index for one ground station
can be calculated. In this case, a weighted mean of all 𝐴𝑇 𝐼𝐷 estimates
of this station measured at the same time is calculated. The weights
depend on the elevation of the observation, to give highest weight to
90◦ elevation and reduce the weight with reducing elevation. Again a
Gaussian function is used to set the weights.

Fig. 2 shows a map of the European–African sector with the GNSS
ground stations, for which the TID activity index is calculated in this
study. According to the authors knowledge, there does not exist yet a
TID parameterisation like the TID activity index introduced here. The
common TID indicators are comparable to 𝑇𝐸𝐶𝑝 (Eq. (1)), which are
very useful for extracting the respective wave parameters like wave-
length, phase speed, period, azimuthal direction, etc. The TID activity

index presented here just reflects the absolute amplitude of all waves
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Fig. 1. GNSS derived TEC for the GNSS ground station GLSV on 17 March 2015. Left: geometry free TEC for all visible GNSS satellites (each satellite-receiver-link has a different
olour). Middle: 𝑇𝐸𝐶𝑏𝑝 along each satellite-receiver-link, illustrating the TID amplitude. Right: TID activity index for each satellite-receiver link in colours and the weighted mean
n black.
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Fig. 2. Map showing the locations and ID of the GNSS stations used for the correlation
analysis and the stations indicated in blue correspond to the stations used to generate
Fig. 3.

present at a specific time. All other wave parameters are removed. It
needs to be considered that the actual amplitude of all individual wave
components can be estimated with classical spectral decomposition
methods like Fourier transform only if it is a continuous signal. In
nature, the amplitude of the waves typically varies with different
conditions in the ionosphere–thermosphere system and often there are
only individual non-continuous waves occurring (e.g. 24 Aug. 2005
presented in Borries et al., 2009). Spectral decomposition methods for
transient signals like short-time Fourier transform or wavelet transform
are better capable to capture the wave amplitudes, but often the wave
power is distributed on different frequency components, either because
the actual signal is a composition of multiple waves or because of
mathematical effects like the leakage effect. The TID activity index
presented is very simple to derive and does not suffer these problems.

2.2. Solar parameters and geomagnetic indices

For the purpose of forecasting TIDs, it is necessary to know, which
geophysical parameters or indices do reflect their driving mechanisms.
For the identification of these parameters and indices, we will apply
cross correlation studies of the TID activity index with a list of poten-
tial candidates. The list compilation of the list of potential candidate
3

parameters is described here.
Former studies showed relations of LSTIDs with the magnitude of
geomagnetic indices 𝑘𝑝, 𝑎𝑝, 𝐷𝑠𝑡, 𝐴𝐸 and FAC (c.f. introduction). These
will form the initial list of candidate parameters. The 𝐴𝐸 index has
some limitations in the representation of the actual electrojet activity
and Joule heating (Newell and Gjerloev, 2011). Thus, we add the Su-
perMAG Electrojet Indices 𝑆𝑀𝐸 and 𝑆𝑀𝐿 to our list. Considering that
we are focusing the European region and local electrojet activity might
matter, the list will be complemented by the IMAGE magnetometer
electrojet index, which reflects best auroral electrojet activity in the
European region. Also, the Polar Cap index for the northern hemisphere
𝑃𝐶𝑁 is added to the candidates list, because it aims at monitoring the
energy input from solar wind to the magnetosphere (loading activity).
𝐾𝑝, 𝑎𝑝, 𝐷𝑠𝑡, 𝐴𝐸, 𝐼𝐸 and 𝑃𝐶𝑁 are available via different world data
centres and websites (c.f. acknowledgement). Next to the common
𝐴𝐸 index, we also use the upper and lower AE indices 𝐴𝑈 and 𝐴𝐿,

hich are reflecting the intensity of the eastward and westward auroral
lectrojet, respectively (Davis and Sugiura, 1966). Only FAC do not
ave an indicative index. A clear relationship between FAC and the
olar cap potential has been shown in Adhikari et al. (2018). Also,
AC have been shown to be linearly dependent on different solar wind
arameters, as shown e.g. in Iijima and Potemra (1982) and Korth et al.
2010), who performed a statistical assessment on this relationship.
herefore, we consider FAC to be sufficiently covered by the 𝑃𝐶𝑁 and
he merging electric field derived from solar wind parameters (to be
iscussed next). The auroral electrojet indices, 𝑆𝑌𝑀 − 𝐻 and 𝑃𝐶𝑁
re used with a 1 min temporal resolution. 𝐾𝑝, 𝑎𝑝 and 𝐷𝑠𝑡 are used
ith their common temporal resolution of 3 h and 1 h respectively.

For the solar parameters, we start our list with the common IMF
𝑧 component, because it is the most relevant parameter for the so-

ar wind–magnetosphere coupling. In addition, we use the top five
eoeffective parameters listed in the Newell et al. (2007) study, who
erformed a broad assessment on solar wind coupling functions and
heir relation to different geomagnetic indices and parameters. The top
ive coupling functions are:

• The Newell empirical parameter 𝑑𝛷𝑀𝑃 ∕𝑑𝑡 = 𝑣4∕3𝐵2∕3
𝑇 sin8∕3(𝜃𝑐∕2),

• The ‘‘intermediate’’ function 𝐸𝑊𝐴𝑉 = 𝑣𝐵𝑇 sin4(𝜃𝑐∕2),
• The Vasyliunas electric field 𝐸𝑊 𝑉 = 𝑣4∕3𝐵𝑇 sin4(𝜃𝑐∕2)𝑝1∕6,
• A modified version of the Akasufo 𝜖 parameter 𝜖3 = 𝑣𝐵 sin4(𝜃𝑐∕2),
• The Kan-Lee electric field 𝐸𝐾𝐿 = 𝑣𝐵𝑇 sin2(𝜃𝑐∕2),

here 𝑣 is the solar wind speed, 𝐵 is the absolute IMF, 𝐵𝑇 = (𝐵2
𝑦+𝐵

2
𝑧 )

1∕2

is the transverse IMF component, 𝑝 is the solar wind dynamic pressure
and 𝜃𝑐 = arctan(𝐵𝑦∕𝐵𝑧) is the IMF clock angle.

3. Results

3.1. Capabilities of the new TID activity index

A large number of GNSS station data is provided by the Interna-

tional GNSS Service (IGS), UNAVCO, EUREF and other networks. A

http://mostwiedzy.pl
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Fig. 3. TID activity index for 7 GNSS stations (as listed in the legend) during 17 March 2015. The TID activity index for each station is multiplied by 10 and the latitude integer
has been added to illustrate the TID activity depending on latitude and time. A mean TID activity value and its standard deviation of the preceding 26 days is illustrated with
error bars for each station. The two yellow almost vertical lines of asterisks indicate the sunrise and sunset times. The black arrow indicates the propagation of the LSTIDs activity
from North to South.
m
t
s
t
i
v
g
w
a
r
s
t
t
t
t
a
c
s
l
p
a
l
t

subset of 7 stations, which are located in Europe and Africa in the
longitude sector ranging 9–39◦E at different latitudes, is used for the
urpose of demonstrating the capabilities of the new TID activity index
ere. The IGS Identifiers and location of the stations are shown Fig. 2
stations marked in blue). The illustration of the TID index for the St.
atrick’s Day storm 2015 is shown in Fig. 3. For this event, the TID
ctivity has been extensively discussed in several studies already (e.g.
akharenkova et al., 2016; Borries et al., 2017; Liu et al., 2019a). To
llustrate the TID activity index depending on latitude, we multiplied
he TID activity index magnitude by 10 and added the latitude value
f the station. The actual temporal evolution of the TID activity index
or each station for the 17 March 2015 is presented with coloured
old lines. To distinguish significant amplitudes from normal quiet
ime activity, the mean and standard deviation of the preceding 26
ays is presented for each station with thin dashed lines and error
ars. Since the TID activity might depend on day–night conditions,
e are indicating sunrise and sunset with yellow asterisks. In the
xample shown here, the TID activity is strongest in high latitudes
TRO1 station). The quiet time TID activity is larger in high latitudes
han in mid-latitudes. In mid-latitudes, the quiet-time TID activity is
owest. During the storm event, the TID amplitudes exceed the quiet
ime level at all latitudes and they are significantly larger than the
uiet time amplitude. The storm time LSTIDs start around noon. The
argest amplitudes can be observed during sunset hours and in post-
unset conditions. Looking at the initial TID activity maxima at around
oon in mid-latitudes, a delay is visible from North to South (indicated
y the black arrow). This is related to the time which the LSTIDs need
o propagate from the auroral region towards the equator.

At low-latitudes, a clear increase of the TID activity index is visible
or quiet times in the post-sunset hours. This is the typical time for the
ccurrence of Equatorial Plasma Bubbles (EPB). At the low-latitudes
tations, the storm-time TIDs exceed the quiet-time level during day,
ut not during night.

Fig. 4 presents the TID activity index observed in the European
ector at mid-latitudes before (left panels) and during (right panels) the
arch 17, 2015 geomagnetic storm. The upper panels correspond to the
ID activity index computed at the ionospheric piercing points and the

ower panels corresponds to the TID activity index computed for the
tation location. A clear increase in the magnitude of the 𝐴𝑇 𝐼𝐷 index
4

during storm conditions can be observed, indicating LSTID activity.
3.2. Correlation of the TID activity with geomagnetic indices

For the correlation study, we are using a list of 60 geomagnetic
storm events, characterised by significant ring current changes, which
are indicated by a drop of the 𝐷𝑠𝑡 index. The list of 36 event applied in
the statistical study in Borries et al. (2009) is used as a starting point
and is complemented by a list of more recent events. This complemen-
tary list is shown in Table 1. Both tables sum up to the 60 events used
here.

Fig. 5 shows in a scatter plot the maximum TID index of the
GNSS ground station GLSV (50◦N, 30◦E) during each event versus the

aximum or minimum geomagnetic index in the 18 h preceding the
ime of the maximum TID index (marked as blue dots). In addition, we
how with grey dots the relation between the maximum or minimum
emporal derivative of the geomagnetic index and the maximum TID
ndex. We add this analysis, to take into account the hypothesis that
ery sudden, strong changes in the auroral region thermosphere are
enerating the LSTIDs. It is well visible, how the TID activity increases
ith increasing magnitude of all the selected geomagnetic indices. We
re adding regression lines in order to show the correlation of the pa-
ameters in the scatter plots. In most cases, there are outliers in the data
ets, impacting the computation of the correlation. We are identifying
hese outliers using the Hampel filter method, which is detecting values
hat are more than three local scaled median absolute deviations from
he local median in a moving window. They are marked with crosses in
he scatter plots and excluded in the computation of the regression lines
nd the Pearson correlation coefficients. The corresponding Pearson
orrelation coefficients are indicated in each panel. This results in
ignificant correlation coefficients for almost all parameters. The solid
ines represent the regression lines. Even though a very large time
eriod has been chosen for the statistical analyses, there is still only
limited number of severe storm events. All correlation values are

arger than 0.5 indicating good correlation of the parameters. Only
he derivatives of 𝑘𝑝 is not correlated. In most cases, the correlation

of the maximum TID index with the derivative indices (grey dots) is
larger than with the actual magnitude of the indices (blue dots). But,
in most cases, this is not a significant difference. The correlation of the
derivative of 𝑎𝑝 with the maximum TID index reaches 0.8 and is the

best correlation coefficient obtained for the geomagnetic indices.
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Fig. 4. TID activity index before (left panels) and during (right panels) the 17 March 2015 geomagnetic storm. The upper panels correspond to the TID activity index computed
at the ionospheric piercing points and the lower panels corresponds to the TID activity index computed for the station location.
3.3. Correlation of TID activity with solar wind–magnetosphere coupling
functions

Fig. 6 presents the correlation of the maximum TID activity index
derived from the mid-latitude GNSS ground station GLSV with the max-
imum magnitude of the solar wind–magnetosphere coupling functions
in the same way like it has been done for the geomagnetic indices.
Similar to the geomagnetic indices, the TID activity increases with
increasing magnitude of all the selected parameters. In this case, the
correlation of the derivative parameters in general is smaller than the
correlation with the absolute magnitude of the parameters. However,
the difference is not significant. The normalised correlation coefficient
for the absolute magnitudes of the parameters ranges between 0.76 and
0.80. The highest correlation coefficients result from 𝜖3 and 𝐸𝐾𝐿. The
correlation coefficients of all solar wind based geoeffective parameters
are very similar. In fact, the magnitude of the correlation is larger than
for most of the geomagnetic indices.

3.4. Latitudinal dependence of correlation

Because the TID activity changes significantly with latitude, as
demonstrated in Fig. 3, our next step is to assess how this impacts
the correlation values of the TID activity index with the geophysical
parameters. The same analysis presented in Figs. 5 and 6 for the GLSV
station is now applied to a number of stations in the European–African
sector. The location and ID of these stations is shown in Fig. 2 (red and
blue stations). In order to keep a good overview in this analysis, we
limit the amount of geomagnetic and solar parameters. We select only
those, which showed best correlation for the GLSV station. And in case
where indices are very closely related like for 𝑆𝑌𝑀 −𝐻 and 𝐷𝑠𝑡 and
𝐴𝐸 and 𝐴𝐿, we only use the most common one.

In Fig. 7, the correlation coefficients between a geomagnetic or
solar-wind parameter and the TID index for each individual GNSS
station is plotted versus the latitude of the respective station. The cor-
relation coefficients with the absolute magnitude of the parameters are
shown in filled black and grey dots, while the correlation coefficients
with the derivatives of the parameters are shown in blue circles. The
5

dots and circles are not labelled with the station ID, because this is
considered irrelevant for the discussion of the results. Instead, the dot’s
and circle’s size and colour intensity are indicating how many out
the total 60 events were included in the statistics (not each station is
delivering data for each event). If the shown correlation coefficient is
based on all 60 events (100%), the dot is largest and has strong black or
blue colour. The smaller the fraction of available data sets, the smaller
the corresponding dot or circle and the lighter its colour.

It can be seen that for all stations, the correlation coefficients of
the absolute magnitude and the derivative magnitude with the TID
index are rather close to each other. In most cases, the correlation
coefficient with the derivative is smaller, but there are also a few
cases where the correlation with the derivative parameter is larger. The
deviations between the correlation coefficients of the absolute and the
derivative parameters are usually larger for smaller data availability.
This is related to the larger uncertainty for smaller data availability.

It is also well visible that the correlation coefficients for all pa-
rameters are largest in the latitude range 30–50◦N. In high and low
latitudes, the correlation coefficients hardly exceed the magnitude of
0.5. There is not much difference between the different solar and ge-
omagnetic parameters. On average, the highest correlation coefficients
are reached for 𝐸𝐾𝐿, reaching values up to approximately 0.8, which
suggests that it may be a good indicator for LSTIDs occurrence and a
promising parameter to be used on the prediction of LSTIDs activities
at mid-latitudes in the European region.

4. LSTID forecasting, a demonstration

In this section, we investigate and demonstrate the applicability of
the proposed index on the LSTID activity forecasting. From the results
presented in Fig. 6, one can note that there is a good correlation
between the maximum TID activity index and the maximum Kan-Lee
electric field 𝐸𝐾𝐿 observed within the 18 h prior to the maximum
TID activity index. Our objective in this section is to derive coarse-
grained predictions of the maximum 𝐴𝑇 𝐼𝐷, based on a linear regression
approach. This task is performed as follows: since the correlation in-
vestigation presented in Figs. 5 and 6 has been conducted by analysing

http://mostwiedzy.pl


Journal of Atmospheric and Solar-Terrestrial Physics 247 (2023) 106069C. Borries et al.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

Fig. 5. Scatter plots of the maximum TID activity index (y-axis) of the GNSS ground station GLSV during each of the 60 storm events versus the maximum geophysical parameter
(x-axis) in the 18 h ahead of the maximum TID activity index (minimum for 𝐷𝑠𝑡 and 𝑆𝑌𝑀 −𝐻). Top left: 𝐴𝐸 index, top centre: 𝐼𝐸 index, top right: 𝑃𝐶𝑁 , middle left: 𝑘𝑝 index,
middle centre: 𝑎𝑝 index, middle right: 𝐷𝑠𝑡 index, bottom left: 𝑆𝑀𝐸 index, bottom centre: 𝑆𝑀𝐿 index, bottom right: 𝑆𝑌𝑀 −𝐻 index. Grey dots indicate the temporal derivative
indices respectively. The text in each panel describes the Pearson correlation coefficient derived from the respective indices. The solid lines are the regression lines derived for the
actual index (blue) and its derivative respectively (grey). Outliers are indicated with crosses.
the maxima values, the maximum EKL in a 2 h interval (𝑚𝑎𝑥2ℎ𝑟𝐸𝐾𝐿) is
computed. Different intervals could be used, but we have empirically
chosen 2 h, aiming at maximising the prediction performance. The
obtained values 𝑚𝑎𝑥2ℎ𝑟𝐸𝐾𝐿 are then applied to a linear regression
equation to predict the 𝐴𝑇 𝐼𝐷.

In order to derive the linear regression equation, we use an ap-
proach based on the leave-one-out cross-validation, in which one event
from the 𝑛 geomagnetic storm events presented in Fig. 6 is used for
validation, and the other 𝑛 − 1 events are used to derive a linear
regression model that will be used for the 𝐴𝑇 𝐼𝐷 prediction on the
validation event. We are generating 𝑛 linear regression models, each
with another storm event kept for validation. This allows to use all
the available geomagnetic storms for the validation of the proposed
approach. Fig. 8 illustrates the linear regression fit 𝑦 = 𝑏 + 𝑎𝑥 (with
𝑏 = 0.152 ± 0.036 and 𝑎 = 0.021 ± 0.002, significant with a 𝑝-value
of 2.6e-12.) and the 95%, 90% and 50% prediction intervals used for
predicting the 𝐴𝑇 𝐼𝐷 for the geomagnetic storm event observed on the
20 of November 2003. This was a strong storm that occurred due to an
Interplanetary Coronal Mass Ejection (Zhang et al., 2007) that reached
the Earth in the morning of the 20 of November 2003 and led to a Dst
index of approximately −422 nT at 21 UT (Blanch et al., 2005). The TID
analysis for this particular storm is presented in Borries et al. (2017).

For this geomagnetic storm, for example, we have used the follow-
ing simple linear equation, which is based on the linear regression fit
6

presented in Fig. 8:

𝐴̂𝑇 𝐼𝐷(𝑡 + 𝑛) = 0.152 + 0.021 × 𝑚𝑎𝑥2ℎ𝑟𝐸𝐾𝐿(𝑡), (4)

where 𝑚𝑎𝑥2ℎ𝑟𝐸𝐾𝐿(𝑡) corresponds to the maximum EKL in a 2 h interval
and 𝑛 represents the 30, 60, ... 180 min predictions time, which are
then compared to the 𝐴𝑇 𝐼𝐷 reference values at 𝑡, 𝑡 + 30, ..., 𝑡 + 180.

Fig. 10 shows the result of the one-hour prediction for the period
from 19 to 21 of November 2003. The 𝐴𝑇 𝐼𝐷 computed for the GLSV
station during this event reached magnitudes of around 0.8 TECU,
indicating a moderate/strong TID activity over the station. For this
period, one can note that the prediction model is able to reproduce
the increase of the 𝐴𝑇 𝐼𝐷 observed during the storm. Rapid fluctuations
are, on the other hand, not very well reproduced. In this event, the
predictions lead to a Root Mean Squared Error (RMSE) of 0.16 TECU
and a Pearson correlation coefficient (R) of 0.84.

As presented in Fig. 10, although the proposed model is not able to
reproduce the rapid fluctuations, it can depict fairly well the significant
increases in the TID index during storm events. With this in mind,
and taking into consideration that, in practice, any regression problem
for a continuous variable can be simplified as a classification task by
introducing thresholds and separating the range of classes (Camporeale,
2019), we evaluate the performance of the model on the LSTID activity
detection over the GLSV station for all the aforementioned geomagnetic
storm events.
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Fig. 6. Scatter plots of the maximum TID activity index (y-axis) of the GNSS ground station GLSV during each of the 60 storm events versus the maximum geophysical parameter
(x-axis) in the 18 h ahead of the maximum TID activity index (minimum for IMF Bz). Top left: IMF Bz, top centre: Kan-Lee electric field 𝐸𝐾𝐿, top right: ’’intermediate’’ function
𝐸𝑊𝐴𝑉 , bottom left: Vasyliunas electric field 𝐸𝑊 𝑉 , bottom centre: variant of the 𝜖 parameter, bottom right: Newell empirical parameter 𝑑𝛷𝑀𝑃 ∕𝑑𝑡. Grey dots indicate the temporal
derivative parameters respectively. The text in each panel describes the Pearson correlation coefficient derived from the respective parameters. The solid lines are the regression
lines derived for the actual parameter (blue) and its derivative respectively (grey). Outliers are indicated with crosses.
Fig. 7. Scatter plot of the correlation coefficient between the maximum TID index and the parameter given in the title of each panel. The intensity and size of the dots indicates
the data availability for the correlation coefficient. The most intense colour (black or blue) is 100% data availability. The filled black/grey dots are for the absolute magnitude of
the parameter. The blue circles are for the derivative of the parameter.
4.1. Prediction performance evaluation

We have set different thresholds based on the 90th, 97.5th and
98th percentiles of the 𝐴𝑇 𝐼𝐷 considering all values and all events,
corresponding to thresholds of 0.2, 0.3 and 0.5 TECU, approximately.
According to this approach, every prediction point of 𝐴 greater
7

𝑇 𝐼𝐷
than or equal to the threshold level is considered a LSTID activity
event and prediction points below this threshold are considered as non-
LSTID activity events. This type of classification leads to the following
possibilities when comparing to the reference values: True Positive
(TP), True Negative (TN), False Positive (FP) and False Negative (FN).
Fig. 9 shows how this classification would work in a fictitious scenario
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Fig. 8. Scatter plot of the maximum TID activity index of the GNSS ground station
GLSV during each of the 56 storm events versus the maximum Kan-Lee electric field
𝐸𝐾𝐿 in the 18 h ahead of the maximum TID activity index. Outliers indicated in Fig. 6
are not included.

Fig. 9. Illustrative example of classification as TP (true positive), FP (false positive),
TN (true negative), and FN (false negative) for a fictitious scenario with a threshold
of 0.45 TECU.

comparing sequences of predicted and reference values. The class for
each sample is indicated in the horizontal axis. In this example, one
can observe 3 TP, 1 FP, 3 TN and 1 FN predictions.

In order to evaluate the performance of the model in predicting the
occurrence or not of LSTID activity events, we have assessed the True
Skill Score (TSS), which gives the difference between true and false
positive rates and is unbiased with respect to class-imbalance (Detman
and Joselyn, 1999; Camporeale, 2019). TSS ranges between −1 and
, with −1 to be interpreted as always wrong predictions (Bobra and
ouvidat, 2015), 0 or less indicating a performance no better than
andom (Detman and Joselyn, 1999) and 1 indicating perfect forecasts.
he TSS is computed based on the following equation

SS = TPR − FPR = TP
TP + FN − FP

FP + TN , (5)

which is based on the difference between true positive and false
positive rates, indicated as TPR and FPR, respectively (Camporeale,
2019). For the illustrative example shown in Fig. 9 a TSS of 0.5 is
observed.

In order to evaluate the prediction performance of the proposed
model we used as a benchmark the persistence model, which as-
sumes that a future value 𝐴𝑇 𝐼𝐷 is equal to the most recent observa-
tion (Reikard, 2018). Fig. 11 shows the resulting TSS for the linear
regression model (lines with squares) and the persistence model (lines
with triangles) for the three selected thresholds. The tested prediction
lead times range between 0 and 180 min. For the lead time of 0 min
(nowcast), the persistence model reaches the maximum achievable TSS
8

of 1 because it is identical to the ground truth. For lead times larger
than 30 min and the thresholds of 0.3 and 0.5, the TSS of the linear
regression model is larger than the TSS of the persistence model. The
TSS for lead times larger than 30 min reaches maximum values between
30 and 60 min lead times and decreases continuously for larger lead
times. The best performance is obtained by the linear regression model
using a threshold of 0.5 TECU and a prediction time of 30 min, leading
to a TSS of 0.802 (compared to a TSS of 0.608 of the persistence
model with the same lead time and threshold). The TSS for the linear
regression model with a threshold of 0.2 TECU is lowest with values of
0.35, not fluctuating much for different lead times.

5. Discussion

5.1. TID characteristics

LSTID and MSTIDs usually have different sources and are therefore
studied separately. Since both signatures usually differ in their temporal
and spatial scale, the adjustment of the right filter in the derivation
of the TID index 𝐴𝑇 𝐼𝐷 allows the separation of both effects. Based
on the description of TID scales in Hunsucker (1982), LSTIDs have
periodicities of 30–180 min, while MSTID periodicities range between
15 to 60 min. The wavelength of MSTIDs is in the range of tens to
hundreds of km, while LSTIDs typically have 1000 km wavelength
and beyond. The selection of a bandpass filter with a 10–30 min filter
window should allow the separate study of MSTIDs. In the example
study presented here, a high-pass filter with 60 min and a low-pass filter
with 30 min was applied. We did not extend the filter size to 120 min
on purpose because then the strong daily variability is impacting the
results. It is expected that mainly LSTIDs should be included in the TID
activity index analysed here. However, since there is an overlap in the
temporal scales of the MSTIDs and LSTIDs in the applied filter range,
both TID types cannot be separated completely. But, in mid-latitudes
storm–induced LSTIDs commonly have larger amplitudes than MSTIDs
(reflected by the difference between quiet- and storm-time 𝐴𝑇 𝐼𝐷 curves
shown in Fig. 3), and thus large amplitudes of 𝐴𝑇 𝐼𝐷 should reflect
LSTIDs only. For the purpose of clear separation of the different TID
effects, a spatial filter for specific ranges of the wavelength should
be applied to 𝑇𝐸𝐶𝑏𝑝 before the computation of 𝐴𝑇 𝐼𝐷 and mapping.
This requires a sufficiently dense data coverage of 𝑇𝐸𝐶𝑏𝑝 and includes
the challenge of view-angle dependent MSTID signatures and correct
mapping, as discussed e.g. in Nykiel et al. (2019). In the case of the
station based TID index, which is a focal point of the results discussed
here, the spatial filtering is not possible.

The quiet time TID activity index is a good indicator of the noise
level and uncertainties of the TID activity index. In the present study,
it may also contain regular MSTID occurrence, as discussed above.
Also, the passage of the solar terminator, which can give rise to
LSTIDs (Song et al., 2013), may generate a peak during the solar
terminator passage in the morning. Low quiet time amplitudes are
observed for the mid-latitude stations (METS, GLSV, AJAC and ALX2,
c.f. Fig. 3). No terminator signatures are visible for these stations in
this case study and were also not found in longer time series studies
(not shown here). The equatorial and low-latitude stations (MBAR and
ADIS) show large amplitudes and standard deviation of the quiet-time
TID activity index after sunset. This is the typical time and location
of EPBs and scintillation activity. They are associated with strong TEC
perturbations at different temporal scales. It has already been shown
decades ago that AGWs can seed EPBs (Tsunoda and White, 1981; Singh
et al., 1997). Modelling results (Krall et al., 2011) and also observations
from the GOLD mission suggested that AGWs with periods of up to 1
h can trigger EPBs (Eastes et al., 2019; Chou et al., 2020). Thus, the
periodicity of storm–driven LSTIDs investigated in this work and the
signatures of AGW seeding EPBs are very similar and can both create
strong 𝐴 . Also, it cannot be excluded that the EPB itself creates a
𝑇 𝐼𝐷

http://mostwiedzy.pl


Journal of Atmospheric and Solar-Terrestrial Physics 247 (2023) 106069C. Borries et al.

b
r
g
s
a
b
o
q
p
l
w
w
a
T
e
c
a
s
e
p
v

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

Fig. 10. Prediction of the TID index (blue line) and reference values (red line) for the geomagnetic storm observed on the 20th of November 2003. 95%, 90% and 50% are
indicated with the black dashed lines.
Fig. 11. True Skill Score for the predictions based on the linear regression (LR) and persistence model (PM) for different thresholds (in parenthesis) and different prediction times.
The threshold determines the criterion to determine the occurrence or not of a LSTID activity event.
TID-like signature in the TEC observation. Because of the regular occur-
rence of enhanced 𝐴𝑇 𝐼𝐷 at low latitudes in the evening hours, it can
e assumed that it will contain mainly the signature of perturbations
elated to EPB, although contributions from storm–driven atmospheric
ravity waves will be included occasionally, too. The distinction of the
torm–driven LSTIDs from EPB related effects needs a more detailed
nalysis. Either characterisation of the EPB related signatures or a
etter applicable filtering is suggested. This goes beyond the objectives
f the present work. Also, the high-latitude station (TRO1) shows larger
uiet-time TID activity amplitudes. Auroral activity, precipitation and
atches can be the source of these fluctuations, which often have much
arger magnitudes than LSTIDs in mid-latitudes. Tromsø is typically
ithin the auroral oval, and during storm conditions, it may even be
ithin the polar cap. Since storm–driven LSTIDs are typically generated
t the equatorward edge of the auroral oval (Borries et al., 2017), the
ID activity index at Tromsø is most likely not related to them. There
xist numerous studies reporting MSTIDs in the polar region, including
orrelations to AE index (e.g. Vlasov et al., 2011; Negale et al., 2018). In
case study of September 2017, Zhang et al. (2019) showed that these

torm–induced nightside TIDs from the polar cap to auroral zones are
quatorward, while dayside TIDs (around midday) of these regions are
ropagating poleward. Thus, TIDs in the polar and auroral regions have
ery different characteristics and need to be treated differently. Also,
9

it will be necessary to analyse if polar patches (which have significant
amplitudes) impact the magnitude of the 𝑇𝐸𝐶𝑏𝑝, before assessing any
wave characteristics in this region.

In the case study shown in Fig. 3, which is for storm conditions
on 17 March 2015, the TID activity index increased well above the
quiet time level at all stations. It started with a perturbation between
9 and 12 UT and then continued after 14 UT. This is consistent with
the discussion of LSTIDs during this event in Borries et al. (2016),
Zakharenkova et al. (2016), Liu et al. (2019a) and Lu et al. (2020).
Also, the equatorward propagation of the LSTIDs can be tracked with
the TID activity index (e.g. the peak starting at about 14 UT at METS
and arriving at about 17 UT at MBAR).

5.2. Correlation with geophysical parameters

We are investigating the correlation of the TID magnitude with
the magnitude of geophysical parameters, because the correlation may
provide hints for the generation mechanisms. However, the generation
of TIDs is a complex process which is not yet completely understood. A
few thermosphere and ionosphere conditions may impact their gener-
ation. Thus, the magnitude of the TIDs may not clearly correlate with
the solar wind energy input represented by the geoeffective parameters.
Outliers may indicate different background conditions for the TID
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generation. In our correlation studies, outliers have been removed in
order to generate better conditions for modelling and prediction. Thus,
our results represent the average response to geophysical conditions.
However, the outliers are specifically interesting from the physical
point of view. They impose the question of why no significant LSTIDs
are generated in the European–African sector despite significant energy
input from the solar wind and related significant geomagnetic distur-
bances. We do not yet have a sufficient amount of outliers for statistical
analysis. Thus, they need to be analysed in a qualitative way. Four
strong events with missing significant LSTIDs have been detected in our
analysis: 21-Jan-2005, 07-Nov-2004, 15-May-2005, and 06-Nov-2001.
There are also outliers in the opposite sense. Strong LSTIDs have been
measured when there was only moderate solar wind energy input, like
24-Nov-2001. Both cases, the lack of strong LSTIDs and unexpectedly
large LSTIDs, are ideal subjects to study more in depth the generation
mechanisms of LSTIDs. This is beyond the scope of this work and needs
to be done in a follow–up study.

The correlation of LSTID occurrence with different geomagnetic
indices, presented in earlier studies by different authors, is supported by
the correlation results presented here. In fact, all geomagnetic indices
are correlated with the LSTID magnitude. 𝐼𝐸, 𝑘𝑝 and 𝑆𝑌𝑀 − 𝐻
have the lowest correlation, while 𝐴𝐸, 𝑆𝑀𝐿 and 𝐷𝑠𝑡 show the best
correlations. The high correlation of 𝐴𝐸 and TID of 0.8 in Borries et al.
(2009) had been achieved by distinguishing day and night and solar
max and solar min conditions. Because this classification has not been
applied here, the correlation values presented here are slightly lower.
The correlation of 𝑆𝑀𝐿, representing the westward electrojet, is larger
than that of 𝑆𝑀𝐸 and 𝐴𝐸. Also, the comparison of the correlation
coefficients of 𝐴𝑈 and 𝐴𝐿 indices (not shown here) indicate that
mostly the westward electrojet (represented by 𝐴𝐿) is relevant for the
TID magnitude. Since Singh et al. (2015) discuss that during extreme
geomagnetic activities, 𝐴𝐿 index could represent substorms better than
𝐸 index, 𝑆𝑀𝐿 and 𝐴𝐿 might be preferred against 𝑆𝑀𝐸 and 𝐴𝐸

or the purpose of LSTID prediction. But, in our analysis, we do not
ee a significant difference between both. Since we are presenting an
nalysis of stations in the European–African sector, it can be assumed
hat the 𝐼𝐸 index may correlate best, because it is based on a European
agnetometer chain. But, our results show that this is not the case.
hus, it is considered that global energy deposition is more relevant
or the LSTID generation than local effects.

The correlation of LSTIDs with solar wind parameters has not
een shown before. It reaches the same magnitude as the correlation
ith geomagnetic indices and even exceeds it slightly. There is no

ignificant difference in the correlation results for all the different solar
ind–magnetosphere coupling functions applied here. The correlation

oefficients of the TID magnitude with the solar wind parameters reach
lmost 0.8, indicating a very good correlation. In fact, this magnitude
s comparable with the correlation results presented in Newell et al.
2007). There, the maximum correlation coefficient was 0.85. This
agnitude indicates good potential for prediction. Thus, based on the
resented results, we suggest common solar wind parameters like 𝐸𝐾𝐿,

𝜖3, and IMF 𝐵𝑧 component to be used for the prediction of LSTIDs.
We add the temporal derivatives to the correlation analysis in order

o take into account the hypothesis that very sudden, strong changes
n the auroral region thermosphere are generating the LSTIDs. In the
ase of the solar wind parameters, the temporal derivatives generally
how lower correlation values. In the case of the geomagnetic indices,
he correlation values improved by using the temporal derivative in
ome cases. However, it did not exceed the correlation values of the
olar wind parameters. Thus, sudden changes in the magnetosphere–
onosphere–thermosphere system are relevant for generating LSTIDs,
ut they cannot be traced back to sudden changes in solar wind
onditions.

The analysis of 𝐴𝑇 𝐼𝐷 at stations with different latitudes in the
uropean–African sector showed that only mid-latitude stations show
10

l

good correlation with solar and geomagnetic parameters. In high lat-
itudes, the correlation values drop significantly and tend to zero at
Tromsø (TRO1). That the large magnitudes of 𝐴𝑇 𝐼𝐷 at Tromsø are
not related to LSTIDs has been discussed in Section 5.1 already. This
explains well the low correlation results at these latitudes. During
strong storms, the auroral oval extends significantly. Thus, a station
at 60◦N will often be in the auroral region during storms, and their
correlation with LSTID magnitudes decrease. In the European–African
sector, the auroral oval hardly reaches latitudes of 50◦N. Thus, the
correlation results reach maximum values there.

In low and equatorial latitudes, the number of available GNSS
data sets for the selected storms is not so high and therefore, the
correlation results are not as reliable as those obtained in mid-latitudes.
The correlation values at the geomagnetic equator, which is at about
10◦N in the African sector, tend to be zero. In the crest region, at the
geographic equator, the correlation value reaches a moderate value of
0.5. A decrease in the correlation results is expected in this low-latitude
and equatorial region because 𝐴𝑇 𝐼𝐷 includes the signature of AGW
ausing EPB (c.f. Section 5.1).

Concerning the confidence of the presented correlation results, we
onsider two facts supporting the validity of the shown results: First, the
ood agreement of the correlation values between the different solar
nd geomagnetic parameters and second, the good agreement of the
orrelation coefficients of the absolute magnitude of the parameters and
heir derivatives (Fig. 7).

It can be argued that the correlation of the TID activity index
ith geomagnetic and solar indices is not linear as assumed for the

egression analysis presented here. Therefore, we had a detailed look
nto the different results and also tested nonlinear dependencies be-
ween maximum 𝐴𝑇 𝐼𝐷 and maximum geomagnetic and solar indices.

e performed calculations for the GLSV station (the results are listed
n Table 2). The most significant change was noted for the kp index.
fter raising to the second power or using the square root of the
xponential value, we obtain correlation coefficients higher by 0.05
nd 0.10, respectively, reaching a correlation value of 0.70 (with a 𝑝-
alue of 5.0e-10). Still, this improved correlation value for nonlinear
p functions does not exceed the linear correlation of many other ge-
magnetic indices, including ap. This shows that the logarithmic scale
f kp is not ideal for describing and modelling the physical processes
ike LSTIDs. It has been discussed before the changes over time in
he solar wind–based parameters have less correlation with maximum
𝑇 𝐼𝐷 than the original parameter. The correlation of these temporal
erivatives (of 𝑑𝐸𝐾𝐿∕𝑑𝑡, 𝑑𝐸𝑊𝐴𝑉 ∕𝑑𝑡, and 𝑑𝜖3∕𝑑𝑡) can be improved
sing the square (we noted an increase in correlation of 0.04, 0.02,
nd 0.05, respectively). Still, they do not reach the magnitude of the
riginal parameter’s correlation (𝐸𝐾𝐿, 𝐸𝑊𝐴𝑉 , and 𝜖3) and are thus not
ecommended for use in the modelling and prediction of LSTIDs. No
emarkable improvement with nonlinear relationships was found for
he other indices.

.3. TID prediction

In Section 4, the predictability of LSTIDs has been demonstrated in
n easily understandable approach using linear regression. It allows us
o explain some peculiarities which need to be considered for predic-
ion. First, it is necessary to take into account that the TID activity
ndex shows some fluctuations, which are not related to solar wind
onditions or geomagnetic indices perturbations. These are visible in
ig. 10 comparing the red and blue lines. Since it is not completely
nderstood how these fluctuations develop (changing thermospheric
onditions can be a cause), the LSTID prediction model aims to predict
he maximum achievable TID index 𝐴𝑇 𝐼𝐷. The resulting prediction
Fig. 10, blue line) is like an upper envelope function of the observed
𝑇 𝐼𝐷 (Fig. 10, red line). Hence, typical model evaluation methods
ike RMSE and correlation coefficients are not ideal for evaluating
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the model’s performance. Computing skill scores based on the contin-
gency table is better suited for this purpose. This validation method
has already been successfully applied many times for space weather
modelling and prediction (e.g. Bloomfield et al., 2012; Welling et al.,
2018; Verkhoglyadova et al., 2020; Mukhopadhyay et al., 2020; Kahler
and Darsey, 2021). The TSS is a common skill score relevant for data
sets with class-imbalance, as is the case with the occurrence of LSTIDs.
The class-imbalance here arises due to the fact that the majority of
data samples do not contain increased LSTIDs activity. The application
of the contingency table requires the definition for event detection.
We tested the method using three different thresholds based on the
statistical occurrence of 𝐴𝑇 𝐼𝐷 magnitudes in the list of events studied
ere. As shown in our results, the TSS strongly depends on the proper
hreshold definition. The threshold of 0.2 TECU is obviously chosen as
oo low for the linear regression model. The reason is visible in Fig. 8.
ere, the regression line starts at y = 0.152, and the 50% prediction

interval reaches up to about 0.25. Thus, already in quiet times the
model will fluctuate around a value of 0.2 TECU and the validation
with the contingency table and a threshold of 0.2 TECU will result in
many FP values. This shows that the presented LSTID prediction model
is rather restrictive, showing most of the time, the chance of getting
a LSTID with 0.2 TECU amplitude. That this restriction is not wrong
shows a recent study by Thaganyana et al. (2022), who presented an
analysis of TIDs with medium to large scales in the European–African
sector travelling from one hemisphere into the other. They occurred
during geomagnetically quiet days and were associated with tertiary
AGWs generated from the dissipation of secondary AGWs excited by
the local body force created from breaking mountain waves (according
to the theory of, e.g. Becker and Vadas, 2020).

Better performance in the prediction of LSTIDs is shown for larger
thresholds, i.e. stronger events. The best model performance is shown
for a threshold of 0.5 TECU. This indicates that this model is best suited
for the prediction of moderate/strong TID activity just by means of
solar wind data. In addition, the model performance is best for lead
times between 30 and 60 min. Assuming that the LSTIDs are excited
at the equatorward boundary of the auroral oval (Borries et al., 2017),
which is on average at about 65–70◦N in the European region, and a
speed of 680 ms−1 (Borries et al., 2009), the LSTID would need 40–54

in to reach the GNSS station GLSV at 50◦N, which has been used
or the demonstration of the prediction model. This matches well with
he derived best lead times of the prediction model. This estimation
lso shows that the model assumes an immediate impact of the solar
ind on the ionosphere, which is confirmed by the performance. The
stimation of LSTID propagation time only applies to the beginning
f the storm. Later in the course of the storm, when the auroral oval
s larger, The LSTIDs need less time to reach the mid-latitude GNSS
tation.

The theory about the existence of AGW and TID in the thermosphere
nd ionosphere goes back many decades. Since then, models have been
eveloped to theoretically describe the wave signatures (e.g. Hocke and
chlegel, 1996; Fedorenko et al., 2013, and references therein). These
odels depend on good and realistic parameterisation. A combination

f such theoretical models with the prediction model described here
ay have the potential for even more realistic TID predictions in future.

. Summary and conclusion

A new TID index 𝐴𝑇 𝐼𝐷, based on an easy extension of the commonly
sed approach for TID detection, neglecting the phase information of
he waves for the purpose of better indication of the wave presence and
mplitude, is introduced. 𝐴𝑇 𝐼𝐷 has been developed to facilitate and fos-
er statistical analyses of TIDs because of its good quantification of the
emporal and local occurrence and strength of TIDs. This TID activity
ndex can be applied for individual GNSS station (like demonstrated
ere) and also for mapping TID activity over larger regions or globally.
t is not only capable of studing LSTIDs (as shown here), but it can also
11

e applied for analyses of MSTIDs (10–30 min period). However, the
present study also reveals that 𝐴𝑇 𝐼𝐷 applied with a 30–60 min filter
window does not allow to distinguish MSTIDs and LSTIDs.

The presented work demonstrates that 𝐴𝑇 𝐼𝐷 is well applicable for
statistical analyses. Correlation studies revealed that LSTID magni-
tudes are well correlated with solar wind parameters like the Kan-Lee
merging electric field. Thus, the magnitude of the global solar-wind
energy input into the Earth’s magnetosphere–ionosphere–thermosphere
system is most relevant for the LSTID generation. The good correlation
indicates that common solar wind parameters and IMF 𝐵𝑧 component
can be used for the prediction of LSTIDs. The correlation with common
geomagnetic activity indices showed that also sudden changes in the
magnetosphere–ionosphere–thermosphere system are relevant. It needs
to be considered that all correlation results are only good for mid-
latitude stations. High-latitude regions are strongly impacted by auroral
processes, and low-latitude regions by AGWs coupling from below.
Based on the results presented here for low- and equatorial latitudes,
we suggest investigating if 𝐴𝑇 𝐼𝐷 can be used in conjunction with EPB
analysis and prediction.

The usage of the introduced TID index 𝐴𝑇 𝐼𝐷 allows the modelling
and prediction of TIDs. The development of a prediction model for
storm–induced LSTIDs based on solar wind observations only has been
demonstrated. It shows very good performance in predicting LSTIDs
in mid-latitudes. The model also indicates that there is a quiet time
perturbation level of about 0.2 TECU in the mid-latitude region in
Europe, most likely related to AGWs coupling from below.
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Table 1
For the statistical analysis, the storm list used in Borries et al. (2009) has been
complemented by the dates listed here. This sums up to a total number of 60 events.

Date min. Dst (nT)

2011-09-26 −118
2011-10-25 −147
2012-03-09 −145
2012-04-24 −120
2012-07-15 −139
2012-10-01 −122
2013-03-17 −132
2013-06-01 −124
2014-02-19 −119
2015-01-07 −107
2015-03-17 −234
2015-06-23 −204
2015-10-07 −124
2015-11-03 −55
2015-12-20 −166
2016-04-02 −59
2016-10-13 −110
2017-03-01 −61
2017-03-27 −70
2017-05-28 −125
2017-07-16 −72
2017-08-31 −51
2017-09-08 −122
2017-09-14 −33
2017-11-07 −71

Table 2
Correlation coefficients of solar and geomagnetic parameters 𝑥 with the maximum
𝐴𝑇 𝐼𝐷 measured at the GNSS station GLSV. Each value reflects the Person correlation
coefficient and in brackets its 𝑝-value. Correlation values for the non-linear functions
(second and third column) are only presented for those cases, where the correlation
improves compared to the linear correlation (first column).

Parameter 𝑥 𝑎𝑥 + 𝑏 𝑎𝑥2 + 𝑏 𝑎
√

𝑒𝑥 + 𝑏

max(AE) 0.72 (2.8e−10) 0.76 (6.9e−10)
max(dAE/dt) 0.69 (3.3e−09)
max(AU) 0.60 (4.2e−07)
max(dAU/dt) 0.73 (1.1e−09)
min(AL) −0.70 (9.4e−10)
min(dAL/dt) −0.56 (3.1e−06)
max(IE) 0.53 (1.3e−05)
max(dIE/dt) 0.66 (7.4e−08)
max(PCN) 0.70 (4.9e−10)
max(dPCN/dt) 0.69 (1.0e−08)
max(kp) 0.60 (5.2e−07) 0.65 (2.6e−08) 0.70 (5.0e−10)
max(dkp/dt) 0.15 (2.4e−01)
max(ap) 0.71 (3.2e−10)
max(dap/dt) 0.80 (7.7e−14)
min(Dst) −0.76 (7.1e−12)
min(dDst/dt) −0.78 (1.2e−12
min(SYM-H) −0.63 (1.6e−07)
min(dSYM-H/dt) −0.69 (3.9e−09)
max(SME) 0.66 (7.3e−09) 0.68 (2.2e−9)
max(dSME/dt) 0.57 (2.8e−06)
min(SML) −0.75 (9.1e−12) 0.79 (2.7e−13)
min(Bz) −0.76 (9.2e−12) 0.78 (1.2e−12)
min(dBz/dt) −0.67 (1.2e−08)
max(E𝐾𝐿) 0.79 (3.2e−13)
max(dE𝐾𝐿/dt) 0.69 (2.8e−09) 0.73 (1.4e−10)
max(E𝑤𝑎𝑣) 0.79 (8.6e−13)
max(dE𝑤𝑎𝑣/dt) 0.73 (3.1e−10) 0.77 (1.5e−11)
max(E𝑤𝑣) 0.76 (5.5e−12)
max(dE𝑤𝑣/dt) 0.58 (2.8e−06) 0.60 (8.3e−07)
max(𝜖3) 0.80 (1.5e−13)
max(d𝜖3/dt) 0.70 (1.3e−09)
max(d𝛷/dt) 0.79 (7.4e−13)
max(dd𝛷/dtdt) 0.61 (6.2e−07)
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