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ABSTRACT

The ionosphere plays a critical role in the propagation of Global Navigation Satellite System
(GNSS) signals. However, ionospheric irregularities, such as scintillation and electron density
fluctuations, can significantly impact the performance of GNSS applications. Scintillation in trans-
ionospheric signals, such as those used by the Global Positioning System (GPS), is caused by
electron-density irregularities in the ionosphere. As these signals pass through the irregularities,
they experience rapid and unpredictable changes in signal strength, resulting in amplitude and
phase fluctuations. These fluctuations can lead to degraded receiver performance in several ways,
from accuracy issues, such as range errors, to the loss of signal tracking [Paula et al. 2003]. Thus,
obtaining reliable information about key parameters that describe the ionosphere's perturbation
level is crucial for ensuring the required safety standards. The occurrence and intensity of
ionospheric scintillation depend on factors like location, time, and the Earth's magnetic field.
Despite decades of study, research gaps persist, primarily due to the need for specialized high-rate
GNSS receivers.

This study examines ionospheric scintillation, total electron content (TEC), and Rate of TEC Index
(ROTTI) variability during the 23 April 2023 geomagnetic storm over Europe. We use the LOFAR
(Low-Frequency Array) dataset to calculate scintillation in the megahertz range and gain insights
into small-scale ionospheric irregularities. ROTI, calculated and provided from real-time GNSS
measurements of a global network of receivers by the Universitat Politécnica de Catalunya (UPC-
IonST), is used to assess large-scale ionospheric disturbances by measuring rapid TEC
fluctuations. Additionally, we analyze ROTI and VTEC datasets from DLR for 29 LOFAR
stations, and evaluate the Gradient Ionosphere Index (GIX) to estimate ionospheric perturbations.

By combining data from LOFAR, UPC, and DLR, we explore the relationship between
scintillation indices and ROTI values, providing a comprehensive analysis of ionospheric
irregularities during storm conditions. This research enhances our understanding of space weather
impacts on GNSS systems and communication infrastructure across Europe. The findings will
improve predictive capabilities for geomagnetic events and define strategies to mitigate the risks
associated with ionospheric disturbances.
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Key Findings:
= We observed temporal and spatial characteristics of scintillation, VTEC, and ROTIL.
= We present characteristics of ionospheric scintillation in association with ROTI, VTEC and GIX.
= We study characteristics of small-and large-scale irregularities during major geomagnetic storm
on 23-25April 2023.

1. Introduction:

The ionosphere is a highly dynamic region of the Earth's upper atmosphere that plays a crucial role
in the propagation of Global Navigation Satellite System (GNSS) signals. Ionospheric
irregularities can significantly impact GNSS-based navigation and communication systems,
particularly during geomagnetic storms. However, irregularities in the ionospheric plasma can lead
to scintillation and fluctuations in electron density, adversely affecting GNSS performance. These
irregularities can be broadly categorized into small-scale and large-scale irregularities based on
their spatial and temporal characteristics. The April 2023 geomagnetic storm presented an
opportunity to analyze ionospheric disturbances over Europe using multiple datasets. This study
focuses on scintillation, ROTI, and VTEC variations to understand the ionospheric response to this
storm event.

Small-scale irregularities, typically ranging from a few meters to a few kilometers, primarily affect
trans-ionospheric radio signals by inducing rapid amplitude and phase fluctuations, leading to
signal scintillation. In contrast, large-scale irregularities, which extend over hundreds of
kilometers, cause significant variations in the total electron content (TEC) and can impact the
accuracy and stability of GNSS positioning solutions. Understanding these irregularities is
essential for mitigating their effects on GNSS-based applications, particularly during geomagnetic
disturbances.

This study investigates ionospheric irregularities over Europe during the April 2023 geomagnetic
storm using data from the ASTRON Low-Frequency Array (LOFAR), the Universitat Politecnica
de Catalunya (UPC-IonSAT), and the German Aerospace Center (DLR). By analyzing scintillation
indices, TEC fluctuations, and the Rate of TEC Index (ROTI), we aim to enhance our
understanding of ionospheric perturbations.

1.1 Small-Scale Irregularities

Small-scale ionospheric irregularities are characterized by their ability to induce rapid variations
in GNSS signals, manifesting as phase and amplitude scintillations. These irregularities arise at
low latitude due to plasma instabilities such as the Rayleigh-Taylor instability, which leads to the
formation of equatorial plasma bubbles (EPBs) and turbulent structures in the ionosphere.

The primary indicators of small-scale irregularities are:
e Scintillation Indices: The amplitude scintillation index (S4) quantifies the signal

degradation due to electron density fluctuations. High values of this indices indicate strong
ionospheric turbulence.



e LOFAR-Based Observations: LOFAR operates in the megahertz frequency range and
provides high-resolution data on radio wave propagation through the ionosphere. This
allows for detailed characterization of small-scale irregularities.

During the April 2023 geomagnetic storm, scintillation events observed through LOFAR data
revealed enhanced electron density irregularities, correlating with increased geomagnetic activity.
These findings suggest a direct relationship between storm-induced perturbations and small-scale
turbulence in the ionosphere.

1.2. Large-Scale Irregularities

Large-scale ionospheric irregularities span hundreds of kilometers and can significantly impact
GNSS-based navigation by inducing variations in single delay the total electron content (TEC).
These disturbances, among comprising for instance Medium and Large Scale Traveling
Ionospheric Disturbances, are often associated with geomagnetic storms.

Key parameters for assessing large-scale irregularities include:

e Total Electron Content (TEC): TEC represents the total number of electrons in a
cylinder of one squared meter of section, along a GNSS signal path. Variations in TEC
can cause signal delay, affecting GNSS positioning accuracy.

¢ Rate of TEC Index (ROTI): ROTI, the standard deviation of the Rate of TEC (for
instance in a 5-minutes window with measurements each 30s) is a widely used metric for
evaluating rapid TEC fluctuations, providing insights into ionospheric perturbation
levels.

¢ Gradient Ionosphere Index (GIX): The Gradient lonosphere Index (GIX) is designed to
assess the level of 1onospheric disturbances in real-time, without relying on prior
measurements. The effectiveness and precision of these index methods are validated
through simulations using a 3-D electron density model of the ionosphere and
plasmasphere, alongside realistic GNSS constellations. Tests with actual data further
confirm that GIX and its associated standard deviation, GIX Sigma, are useful for
monitoring spatial gradients. Jakowski, N., & Hoque, M. M. (2019).

We aim to investigate the characteristics and impact of ionospheric irregularities—both small-
scale and large-scale—on GNSS signal propagation during the April 2023 geomagnetic storm over
Europe. By analyzing scintillation indices, TEC fluctuations, and ROTI variations using data from
LOFAR, UPC, and DLR, the study seeks to enhance our understanding of ionospheric disturbances
and their effects on GNSS performance. The findings will contribute to improving predictive
models and mitigation strategies for space weather-induced disruptions in navigation and
communication systems. In this study, ROTI values derived from UPC datasets and VTEC and
ROTI data from DLR for 29 LOFAR stations were analyzed to evaluate large-scale ionospheric
activity.

2. Data and Methodology



To investigate ionospheric irregularities during the April 2023 geomagnetic storm, we utilize
datasets from multiple sources, including LOFAR, UPC-IonSAT, and DLR. The methodology
includes data acquisition, processing, and analysis to assess both small-scale and large-scale
ionospheric disturbances.

LOFAR Data: The Low-Frequency Array (LOFAR) provides high-resolution radio
observations in the megahertz range. This dataset is used to analyze ionospheric
scintillation by measuring amplitude and phase fluctuations, helping to characterize small-
scale irregularities.

UPC ROTI Data: The Universitat Politécnica de Catalunya (UPC-IonSAT) supplies Rate
of TEC Index (ROTT) worldwide data, which is derived from 30-seconds real-time GNSS
observations. ROTT is used to quantify rapid TEC variations and assess large-scale
ionospheric disturbances.

DLR VTEC and ROTI Data: The German Aerospace Center (DLR) provides Vertical
TEC (VTEC) and ROTI datasets for 29 LOFAR stations. These data allow us to examine
large-scale ionospheric irregularities and their temporal evolution during the storm.

2.1 Scintillation Indices Calculation

Scintillation is quantified using the amplitude scintillation index (S4) .

2.1.1 Amplitude Scintillation Index (S4):
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Where, <> represents the mean value over 60 seconds and / indicates detrended signal intensity.

2.2 TEC Calculation

The total electron content (TEC) is a fundamental parameter for assessing ionospheric
disturbances and is given by:

N
STEC =J Ne.dL
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where is the electron density along the signal path . In this analysis, the STEC was converted to
vertical TEC using. TEC is expressed in TEC units (TECU), where 1 TECU = 10 '® electrons per
m?>.

2.2.1 Vertical TEC (VTEC) Calculation

To convert slant TEC (STEC) into vertical TEC (VTEC), we apply the mapping function:

VTECS = STECS COSZ'

Where,

Z':the zenith angle from the receiver to the ionospheric pierce point (IPP)

In some literature, the ionospheric Single Layer Model (SLM) mapping function is called the
elevation-dependent mapping function, which is represented as follows (Schaer 1999):
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Where,

RE : the mean radius of the Earth, which is ~6371 km

hm : the height of the ionospheric SLM, which is assumed 350 km
E : the elevation angle to the tracked satellite (radian)

2.2.2 Rate of TEC Index (ROTTI) Calculation

The rate of change of TEC (ROT), measured in TECU/min was used alongside the TEC variations
from individual PRNs by using TEC data with sampling rate of 30-s interval. Hence, the ROT is
computed over 30-s intervals using the measurements of relative TEC changes are as follows:



ROTI = /< ROT? > — < ROT >?2

where ROT is the time derivative of TEC:

TECt-I—dt - TECt
dt

ROT =

where is the time interval.
The methodology involves:

1. Scintillation Analysis: LOFAR data is processed to compute the amplitude scintillation
index (S4). These indices indicate the severity of small-scale irregularities.

2. TEC and ROTI Calculation: TEC variations are extracted from GNSS datasets, and
ROTT is computed to assess rapid fluctuations in ionospheric electron density.

3. Comparison and Correlation Analysis: The relationship between scintillation indices
and ROTTI values is analyzed to identify patterns in ionospheric disturbances.

4. Spatial and Temporal Analysis: The extent and duration of the irregularities are
examined using data from multiple stations across Europe.

3. Results:

e Scintillation was observed at multiple LOFAR stations, with peak occurrences during the
geomagnetic storm period.

e ROTI values showed strong correlation with scintillation indices, indicating increased
ionospheric activity.

e VTEC variations aligned with storm phases, with significant depletion and enhancement
patterns observed.

e GIX values confirmed ionospheric perturbations, complementing ROTI and scintillation
findings.
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Figure 1. The locations of the 29 LOFAR stations used in this analysis.

Table 1. LOFAR Stations Details information

(SR Nber T [§esme ot sssiona ] Eamieme T reseas T
_ CS002LBA 6.8698 52.9151
_ DE601LBA 6.884 50.5233
_ DE602LBA 11.2881 48.5011
_ DEG03LBA 11.7113 50.9793
_ DE604LBA 13.0163 52.4385
_ DEG0SLBA 6.4234 50.8973
_ DEG09LBA 9.9698 53.6985
_ FR606LBA 2.1934 47.3759
_ IE613LBA -7.9222 53.0953
_ LV614LBA 21.8549 57.5569
_ PL610LBA 17.0733 52.2761



_ PL611LBA 20.4901 49.9646
_ PL612LBA 20.5889 53.5938
_ RS106LBA 6.9851 52.874
_ RS205LBA 6.8968 52.8575
_ RS208LBA 6.919 52.6693
_ RS210LBA 6.8736 52.3309
_ RS305LBA 6.7739 52.8995
_ RS306LBA 6.7433 52.8901
_ RS307LBA 6.6809 52.8032
_ RS310LBA 6.1386 52.7644
_ RS406LBA 6.7504 53.0179
_ RS407LBA 6.7843 53.0926
_ RS409LBA 6.358 52.9807
_ RS503LBA 6.8509 52.945
_ RS508LBA 6.9532 53.24

_ RS509LBA 6.7853 53.4089
_ SE607LBA 11.9297 57.3988
_ UK60SLBA -1.4335 51.1438

The disturbances of the Earth magnetic field lead to geomagnetic storm. In addition, transferring the energy
from the solar winds through the magnetosphere will cause a geomagnetic storm.

A classical storm divided into three phases: the initial phase, main phase, and recovery phase. The initial
phase indicates the beginning of the storm, with abrupt sudden storm commencement (SSC) occurrence
and last for a few hours. The main phase is the interval from the SSC to the end of recovery phase. The
recovery is the time interval that a storm takes to return to its normal conditions and this takes a few days.



Table 2. Summarizes the World Data Center (WDC) classification of geomagnetic storm for these three
phases.

Storm Kp Ap DST (nT)

Major =7 >50 Dst >-200 nT

Minor to major 5<Kp<7 40-49 -100 nT< Dst <-200nT
Minor 4 30-39 -50 nT <Dst<-100 nT
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Figure 2. Dst, Kp, Ap indices during 21-27 April 2023.
4. Results and Discussion

In this work, the geomagnetic indices, disturbances storm time (Dst), planetary index (Kp), and planetary
index Ap obtained from World Dst Center (WDC), are examined during the major geomagnetic storm from
23-25 April 2023. The Dst, Kp, and Ap indices record values of -213, 7, and 63 respectively. Figure 3
presents the DST, KP, Ap indices, S4 index between 21-28 April 2023 at 29 LOFAR Stations. As shown
in Figure 2., the first SSC occurred on 23 April with Dst, Kp, and Ap record values of -199, 6, 57
respectively. Following that the second SSC at on the same day with DST, Kp, and Ap values of -213,7, 63
respectively.
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Figure 3. Dst, Kp, Ap indices and amplitude scintillation during the 21-28 April 2023 during major

geomagnetic storm.
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S4 Data from Station 27 (April 24-25)
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Figure 4. Scintillation observed at RSS09LBA LOFAR Station 27 along with GIXx and GIXy

4.1 Scintillation and ROTI Analysis
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Figure 5. Observation and geographical location of Scintillation along with ROTI at 23 April at 17.55. S4
index represents by circles and ROTI presents by dots.

4.2 ROTI Calculation and Temporal Analysis
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Station 10 - S4 Time Series
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Figure 6. illustrates the time series of the amplitude scintillation index (S4) and the rate of TEC
index (ROTTI) recorded at Station 10 (LV614LBA) on April 23, 2023, spanning the local time
interval from 08:00 to 19:00.

LOFAR observes at much lower frequencies than GNSS. Therefore, observed S4 at LOFAR
frequencies can but do not necessarily imply also distortions at GNSS frequencies.

The figure consists of two time series plots from Station 10 (LV614LBA ) on April 23, 2023:

Top Panel — S4 Index Time Series (Blue Plot)

The S4 index, a measure of amplitude scintillation on GNSS signals, over time from 08:00 to 19:00
local time. The figure shows from 08:00-10:30: Very low scintillation (S4 < 0.05) — quiet iono-
spheric conditions. 10:30-13:00: S4 begins to rise, with increasing fluctuations, peaking near
0.15-0.2. This suggests the onset of moderate amplitude scintillation. 13:00-19:00: Sustained
moderate scintillation levels, indicating persistent ionospheric irregularities during the afternoon.

Bottom Panel — ROTI Index Time Series (Red Plot)

The subplot shows the Rate of TEC Index (ROTI), a measure of phase fluctuations in GNSS sig-
nals, caused by small-scale ionospheric irregularities. It mainly shows from 08:00-10:00:
Near-zero ROTI, consistent with stable TEC and quiet ionosphere.

10:00-13:00: Intermittent bursts of ROTI activity, aligned with rising S4.
14:00-17:00: Some calm periods with sparse ROTI spikes.

17:00-19:00: A noticeable rise in ROTI, peaking sharply near 2.0 around 19:00,
indicating strong phase scintillation or TEC gradient fluctuations.
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o Both S4 and ROTI show enhanced activity starting around 11:00 and peaking toward the
late afternoon.

e This could reflect the growth of ionospheric irregularities.

e The correlation between rising S4 and bursty ROTI supports the presence of multi-scale
ionospheric disturbances affecting both amplitude and phase.

The top panel presents the S4 index, which indicates the presence of amplitude scintillation
fluctuations in GNSS signals caused by ionospheric irregularities. The S4 values remain
consistently low (< 0.05) during the early hours (08:00—10:30), reflecting quiet ionospheric
conditions. However, beginning around 11:00 LT, the S4 index exhibits a gradual rise, with
intermittent spikes reaching values up to 0.2. From approximately 13:00 to 19:00 LT, the S4 values
remain elevated, suggesting persistent moderate amplitude scintillation activity likely linked to the
development of ionospheric irregularities in the daytime E- or F-region.

The bottom panel displays the corresponding ROTI values, reflecting phase fluctuations due to
spatial and temporal variations in total electron content (TEC). Similar to the S4 index, ROTI
remains negligible during the early hours but begins to show sporadic increases around 10:00 LT.
Short-duration bursts of enhanced ROTI continue through midday, with a sharp and sustained
increase observed after 17:00 LT, peaking near 2.0 shortly before 19:00 LT. This abrupt rise may
indicate the presence of intense large-scale irregularities.

The observed temporal correlation between the elevated S4 and ROTI values suggests the co-
existence of amplitude and phase scintillations, implying multi-scale irregularities in the
ionosphere. This behavior is consistent with the signatures of sporadic E (Es) layers or post-sunset
equatorial irregularities, which are known to degrade GNSS signal quality.

These findings support the need for continued joint analysis using complementary datasets such
as LOFAR’s high-frequency radio observations, UPC’s GNSS TEC/scintillation maps, and DLR’s
model outputs to enhance the understanding and forecasting of ionospheric space weather impacts.

14
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Figure 7. The figure consists of two time series plots showing GNSS signal scintillation
measurements at Station 11, a LOFAR (Low Frequency Array) station located in Europe, over
the period from April 23, 06:00 to April 24, 18:00, 2023.

Top Panel: S4 Time Series

Displays the temporal evolution of the amplitude scintillation index (S4), which quanti-
fies rapid signal intensity fluctuations caused by small-scale electron density irregularities
in the ionosphere.

The S4 values remain low during the morning of April 23, gradually increase in the after-
noon and evening, and reach a clear peak near local midnight (April 24, 00:00).

After the midnight peak, the S4 values decline, remaining low through the early morning
and daytime on April 24.

Bottom Panel: ROTI Time Series

Shows the time evolution of the Rate of TEC Index (ROTI), which captures phase scintil-
lation effects by measuring the short-term variability in Total Electron Content (TEC).
ROTI is elevated during the same period when S4 increases — particularly on the after-
noon and evening of April 23, and it also peaks sharply around April 24, 00:00, coincid-
ing with the S4 maximum.

Additional minor phase activity is observed on April 24, consistent with smaller-scale
TEC disturbances.

15



This figure demonstrates that, at this high-latitude European station, there is a clear temporal
correlation between amplitude (S4) and phase (ROT]I) scintillation, particularly during the
nighttime period around April 24, 00:00.

Simultaneous Enhancements

The coinciding peaks in S4 and ROTI indicate that the ionospheric irregularities affecting the
GNSS signals had both:

e Small-scale structures (a few hundred meters to kilometers), producing amplitude scintil-
lation.

o Larger-scale TEC gradients and phase irregularities, generating rapid phase fluctuations
seen in the ROTL.

At high latitudes, this co-occurrence is typically associated with:

e Auroral precipitation events, where energy input from the magnetosphere produces
structured plasma irregularities across multiple spatial scales.

e Auroral arcs or substorm activity, which can drive multi-scale structuring, impacting
both amplitude and phase of GNSS signals.

e Possibly, polar cap patch dynamics interacting with auroral processes, further en-
hancing both S4 and ROTI.

While many high-latitude studies report that ROTI dominates and S4 often remains low, this
figure shows that under certain geomagnetic conditions, both amplitude and phase scintillation
can be enhanced simultaneously. This reflects:

o Strong plasma density gradients and multi-scale structuring.
o Potential coupling between mesoscale auroral processes and fine-scale plasma irregulari-
ties.

Such events are particularly relevant for space weather studies, as they can severely degrade
GNSS signal quality, impacting positioning accuracy, integrity, and availability.

The observed correlation between S4 and ROTI at high latitudes highlights:

e That auroral and substorm-related ionospheric disturbances can drive simultaneous am-
plitude and phase fluctuations, in contrast to more commonly observed isolated phase
scintillation.

e The importance of monitoring both S4 and ROTI metrics when assessing the impact of
high-latitude ionospheric disturbances on GNSS systems.

o The need to further investigate the coupling mechanisms between auroral precipitation,
polar cap patch transport, and the generation of multi-scale irregularities.

16



This result contributes to improving our understanding of GNSS vulnerability under disturbed
geomagnetic conditions and supports efforts toward more robust high-latitude space weather

monitoring.

4.3 Without correlation
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Figure 8. This figure shows the time series of GNSS scintillation indices at LOFAR Station 16,
located in Europe, on April 23, 2023, from 08:00 to 19:00 UTC.

Top Panel (Blue, S4 Index):

o Displays the amplitude scintillation index (S4), which reflects rapid fluctuations in signal
power caused by small-scale plasma irregularities (typically 100 m to a few km).

e S4 values are very low (<0.02) from morning until ~12:00.

e After midday, S4 gradually increases, showing a clear enhancement between ~16:00 and

19:00, peaking at ~0.12.
Bottom Panel (Red, ROTI Index):
o Displays the Rate of TEC Index (ROTI), which captures the variability of the Total Elec-

tron Content (TEC) over short time scales, sensitive to larger-scale plasma gradients
causing phase scintillation.
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e ROTI remains nearly flat (close to zero) most of the day.
e Only a few small, isolated peaks appear (near ~13:00, ~16:30, ~18:30), but they are
short-lived and do not match the steady increase in S4.

Interpretation

This figure presents a case of amplitude scintillation enhancement (S4) without strong or
sustained phase scintillation (ROTI).

e The gradual and systematic rise in S4 after 16:00 indicates the presence of small-scale
plasma irregularities.

o However, the consistently low ROTI suggests that these irregularities do not produce
significant TEC gradients or rapid phase fluctuations.

o This points to a plasma environment dominated by fine-scale structuring rather than
mesoscale or large-scale features.

Source Mechanisms (High Latitude / Europe Context)
At mid-to-high latitudes like Europe, the observed behavior can be attributed to:

e Local plasma processes (e.g., gradient-drift instabilities, Kelvin-Helmholtz instabili-
ties) that generate small-scale irregularities.

o Possible influence of sporadic E layers or E-region irregularities, which predominantly
cause amplitude scintillation without affecting phase.

e Absence of large-scale auroral precipitation, substorm activity, or polar cap patches,
which are typically responsible for strong phase scintillation and ROTI enhancements.

Scientific Significance
This result highlights several key points:

o Amplitude scintillation (S4) and phase scintillation (ROTI) can be decoupled under cer-
tain ionospheric conditions.

o At European high latitudes, small-scale irregularities can enhance S4 without corre-
sponding changes in ROTL.

e Monitoring both S4 and ROTI is essential for fully diagnosing ionospheric impacts on
GNSS signals, as relying solely on one index may miss important irregularity behavior.

e For GNSS users, such S4-only enhancements can still degrade signal strength, increase
noise, or cause signal fading, even when phase fluctuations are minimal.
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5. Conclusion

This study provides a detailed analysis of ionospheric scintillation and TEC variability over Europe
during the major geomagnetic storm of 23-25 April 2023, using combined observations from
LOFAR, UPC, and DLR datasets. By examining both small-scale (S4 index) and large-scale
(ROTI, VTEC, and GIX) ionospheric irregularities, we reveal the complex spatial and temporal
interplay between amplitude scintillation and TEC fluctuations under storm conditions.

Our results highlight that while S4 enhancements indicate the presence of fine-scale plasma
irregularities, they do not always correspond with elevated ROTI values, especially at mid-to-high
latitudes, where different instability mechanisms operate compared to the equatorial region. This
decoupling underscores the importance of using multi-parameter monitoring approaches when
characterizing ionospheric disturbances.

These findings contribute to improving space weather impact assessments on GNSS and
communication systems over Europe, providing valuable insights for developing more robust
predictive models and mitigation strategies. Future research should extend this analysis over longer
time series and across different storm phases to deepen our understanding of ionospheric dynamics
under disturbed space weather conditions.
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