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Abstract

Thanks to the advances in the remote sensing of the Earth’s
Ionosphere through GNSS-derived Total Electron Content
(TEC), we are now capable of detecting and characterizing
wavy features in both post-processing and, to some extent,
in real-time (RT). Therefore, this study aims at
understanding and compare how different TEC detrending
techniques and their settings impact the capabilities to
extract wave parameters, such as amplitude and period.
Moreover, the impact of general algorithm settings, like
Ionospheric Piercing Point (IPP) height and elevation cut-
off angle on the characterization capabilities is
investigated. Finally, due to the growing interest in the RT
detection and classification of Traveling lonospheric
Disturbances (TIDs), the study proposes and investigates
possible techniques for the estimation of the TID amplitude
in a near-RT (NRT) scenario.

1 Introduction

TIDs are plasma density fluctuations that propagate as
waves through the ionosphere at a wide range of
frequencies and velocities [1] and are usually classified
according to those parameters into Small, Medium, and
Large scale TIDs (SSTID, MSTID, and LSTID,
respectively). Normally, TIDs are generated by the
coupling of the neutral and ionized atmosphere [2], with
gravity and acoustic neutral waves forcing a movement on
ions due to collisions with neutral particles. Generally,
LSTIDs are caused by geomagnetical activity [3] while
MSTIDs can be related to natural hazards, (e.g.
earthquakes, tsunamis, volcanic eruptions), neutral weather
[2], and other phenomena related to the changes in the
ionizing radiation from the Sun (e.g. solar terminator
passages, solar eclipse, etc.)

In addition to being of scientific interest, TIDs are as well
a driver for GNSS and HF degradation, especially at
middle latitudes. TIDs can cause disturbances up to 20% of
the background electron density, are responsible for an
increase in cycle slip occurrence [4], and are a “Silent
accuracy killer” [Ivan Galkin] as they are hardly detectable
when affecting the GNSS signals received at the ground.
This explains why it is utterly important to detect and
characterize them in real-time, making it possible to
develop mitigation techniques and forecasting algorithms.
At the moment, there are only a few GNSS-based

algorithms for the RT or NRT detection of TIDs; such as
VARION [5] and GUARDIAN [6].

Now, given the importance of TID detection and
characterization, follows that it is necessary to know the
reliability of the techniques that are used to extract the
wavy feature of interest from the TEC time series and to
evaluate their impact on the extracted parameters.

2 Data and Methods

In order to create a representative database, we used 2
years’ worth of data (2009, solar min, and 2014, solar max)
gathered by a geodetic station belonging to the INGV’s
Rete Integrata Nazionale GNSS (RING), which is located
close to Altamura, Apulia, Southern Italy. The data used
were in the form of 30s RINEX files, and calibrated TEC
was retrieved through the Ciraolo calibration technique [7].
To better compare different wave extraction techniques
(some are detrending and some are filtering algorithms),
we removed the high-frequency components performing a
moving average. Now that the background arc (i.e. a
continuous set of GNSS observations from a receiver-
satellite pair) database is generated (about 15000 arcs), we
need to add the wavy “synthetic” feature. To do so, we
considered a 2D wave field that propagates at a given
height (considered equal to the IPP height):
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Where A is the wave amplitude, A is the wavelength, 0 is
the azimuth of propagation, and, lastly, v is the TID speed.
Two different wave fields have been implemented, one
representing an LSTID and one representing an MSTID.
The two wave field parameters were set according to
climatological values [1], [8] as shown in Table 1.

To extract wavy features from the TEC signal, 6 different
detrending/filtering techniques have been applied to the
wavy, smoothed arc:

Gaussian-weighted moving average
Multi-order numerical difference [1]

Third order Savitzky-Golay filter

8th-order polynomial detrending

Finite Impulse response (FIR) bandpass filter
Fast Iterative Filtering (FIF) [9] bandpass filter
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The techniques’ main parameters were set according to the
usual LSTIDs and MSTIDs ones, with the most impactful
being the period. The period band considered for MSTIDs
was between 5 and 30 minutes, while for LSTIDs the 40-
90 minutes band was used.

Once the detrended database is successfully generated it
was possible to investigate the amplitude and period error
induced by the wave extraction technique. In particular, we
defined the amplitude error (AE) as the difference between
the given detrended arc and the wave field calculated at the
IPP location. Regarding the period error instead, we used
the normalized cross-correlation between the two signals to
investigate how likely they are in the time domain.

Once the effect on the amplitude and period error
introduced by the detrending algorithm is evaluated, the
focus is moved to the effect on the wave period induced by
the nature of the sensing instrument. Since our IPPs are
moving across the TID, the measured wave will suffer a
doppler effect, which is directly related to the elevation and
height of the ionospheric shell. Thus, to investigate this
phenomenon detrending techniques are not necessary,
because the doppler effect depends only on the relative
velocity between the IPP and the TID. Therefore, since the
TID velocity vector is set, we hence need to derive the IPP
velocity vector for each data sample. Once the relative
velocity vector is evaluated, we can calculate the doppler
effect thanks to the following equation:

VREL )
Utip 2

fr=Fa+

Where vy, is the TID-IPP relative velocity, vy is the
TID speed, f is the original wave frequency and f' is the
detected frequency. Now, since the IPP velocity depends
strongly on the satellite elevation and IPP height, we
investigated as well the doppler induced error statistics for
different values of the two parameters. This allows
inferring the expected error given the ionospheric shell
height and the elevation cut-off angle.

Lastly, we want to investigate how detrending different
NRT available observables impacts the retrieved
amplitude. VARION, for example, works by investigating
the integrated Geometry-Free linear combination (GFLC)
time difference, which is basically the uncalibrated (i.e.
including the DCBs affecting TEC measurements) slant
TEC (sTEC). Detrending such an observable (hereafter
referred as VARION) will indeed induce an error in the
wave amplitude proportional to the calibration bias times
the mapping function. Despite that, such a technique has
proven to be reliable in estimating the wave period [5].
Bearing this in mind, we proposed 2 NRT observables
derived from the integrated GF time difference. The first
one is simply the integrated GF multiplied times the
mapping function (verticalization), while the second one is
like the previous one but with an intermediate step, which
is to estimate sSTEC before verticalizing through NeQuick2
[10]. These latter 2 observables will be henceforth called
vVARION and vNeVARION. All the 3 techniques
presented are not computationally demanding and thus a
good option for NRT operations. To quantify the AE we

fixed a detrending technique and then considered as ground
truth the detrended calibrated vTEC, which is confidently
assumed to be the most reliable TEC estimate and thus
normally used in post-processing studies.

3 Results

Figure 1 reports the AE statistic. FIF is found to perform
better than the other techniques in terms of AE. Since our
distributions are highly non-normal, we looked at the
median together with percentiles rather than at the mean
and standard deviation. Figure 1 also shows, how the
median AE value for all techniques is close to 0, with FIF
showing the smallest one for MSTIDs and the second
smallest for LSTIDs. Moreover, FIF shows as well the
smallest 16-84 percentile in both TID scenarios and the
best/second best 2.5-97.5 percentile for LSITD/MSTID,
respectively.

Now, from Figure 2 we can investigate the ability of the
different techniques at preserving the decomposed signal in
the time domain, which is necessary when using
interferometry techniques for speed/azimuth retrieval.
Focusing on the MSTID case, the multi-order numerical
difference has both the smallest mean and standard
deviation, with FIF being respectively the second and third
best. Instead, looking at LSTID statistics, FIF shows both
the smallest average and standard deviation of the
correlation error. Considering everything discussed above,
we can confidently affirm that FIF is the best detrending
technique overall for both TID scenarios since it ranks
among the best techniques in both errors for both TIDs.
Now that the results for the wavy feature extraction
comparison have been shown, the focus is moved instead
to the effects of general settings on the extracted
parameters. Figure 3 shows the cumulative distribution
function of the percentage period error induced by the IPP
movement as a function of 2 different ionospheric shell
heights and 5 different elevation cut-offs. Looking at the
different distributions, it is easily noticeable how higher
shell height and lower cut-offs correspond to higher errors
on average. This is easily explainable by the direct
geometrical relationship between the IPP velocity and both
the shell height and the elevation. Moreover, Figure 3
shows as well how slower TIDs are more prone to the
doppler effect since the TID to IPP speed ratio is smaller.
To quantify this, let’s look at the value of the period error
for P(x)=0.8 for the MSTID scenario. Considering a shell
height of 250 km, the 0.8 value for 20° and 60° elevation
cut-offs are respectively 23 % and 37 %. Instead, setting
the IPP height to 350 km, the values are respectively 33 %
and 53 %. Here, we stress that those values are a function
of both the TID speed/azimuth and the GNSS station’s
geographic  location.  Nevertheless, having used
climatological values for TID speed and azimuth, the
values are assumed to still be representative of what a mid-
latitude-based user might expect.

To conclude, Figure 4 investigates the AE for different
observables that might be used in an NRT scenario.
Specifically, Figure 4 shows the median together with the
16-84 and 2.5-97.5 percentiles for the 3 different



techniques. From the different statistical values, we can
confidently affirm that the wverticalized bias-corrected
VARION output (vNeVARION) is the one that most
accurately resembles the output of the detrend calibrated
vTEC. Looking at numerical values for the vNeVARION,
the 2.5/97.5 percentile values are respectively -18/18 and
-27.6/27.8 mTECu for LSTID and MSTID, which is indeed
a really good degree of accordance.

4 Discussion and Conclusions

In this section, we discuss the significance of our results in
terms of assessing how the assumption made might affect
the likelihood of our synthetic data to real data. First, we
assumed the TID to be localized only in a thin-shell
ionospheric layer, which should be reliable since vTEC is
an integrated quantity and most of the ionospheric plasma
is located close to the peak density height. Moreover, to
make our database more representative, we considered 2
whole years of data, which should cover all possible
observational geometry and different ionospheric
background conditions. Finally, since the GNSS receiver
considered in this study is located in the European sector at
mid-latitude, the statistical values obtained in this study
might not be representative of high- and low-latitude
regions, but the general picture and hence the rank of the
technique should still be the same.

To conclude, thanks to the statistical analysis performed we
had the possibility to quantitatively rank different
detrending techniques in terms of extracted parameters,
with the novel FIF-based bandpass filter showing the best
overall stats. Furthermore, we were able to quantify the
period error induced by the IPP movement, which could be
useful in avoiding setting blindly the elevation cut-off
angle, but rather basing it on the maximum acceptable
percentage error given the kind of TID of interest. Finally,
the investigation of the AE for the different considered
detrended NRT observables showed how vNeVARION
shows very good accordance with detrended calibrated
data, which is indeed an encouraging result for NRT
provided also its computational features.

5 Tables and Figures
5.1 Tables

Table 1. MSTID and LSTID parameters used to generate
the wavefield described in Equation 1.

MSTID LSTID
Amplitude (4) [TECu] 0.2 0.4
Wavelength (4) [km] 1800 200
Azimuth (0) [°] 150 195
Speed (v) [m/s] 200 400
Period [min] 16.7 75

5.2 Figures
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Figure 1. Median and 16/84 and 2.5/97.5 percentiles
values for different detrending techniques for both MSTID
and LSTID. Butf and DD represent respectively the
bandpass filter and the multi-order numerical difference.
The database was generated with IPP height and elevation
cut-off set to 350km and 20° respectively.
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Figure 2. Average (top) and standard deviation (bottom) of
the correlation error for the 6 different techniques. The
database was the same as in Figure 1.
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Figure 3. Cumulative distribution function plots of
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