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Abstract—The detection, monitoring, and characterization of ionospheric perturbations are key areas of
space weather research due to their significant impact on man-made technological systems. The European
Space Agency’s (ESA) Swarm mission has provided high-quality data and services for more than 11 years,
enriching our understanding of solar, magnetospheric, thermospheric, ionospheric, and atmospheric
processes, as well as their coupling and effects on human activities. As part of the Swarm Data, Innovation,
and Science Cluster (DISC) project “Monitoring Ionospheric GRAdients at Swarm (MIGRAS)”, we have
developed two novel Swarm data products to study the state and dynamics of the ionosphere at Swarm
height and medium scales — in the order of 100 km. We introduce and validate the electron density spatial
gradient index, NeGIX, and the total electron content (TEC) gradient index, TEGIX. We leverage the near-
polar, parallel orbits of Swarm A and C to combine data with a resolution of 0.5° in latitude along the satel-
lite tracks. NeGIX uses electron density measurements from the Langmuir Probe experiment onboard
Swarm A and C, while TEGIX uses Precise Orbit Determination (POD) data from the Swarm TEC product.
We validate these indices for both quiet and perturbed geomagnetic conditions, and further comparison is
made with the Swarm Ionospheric Plasma IRregularities (IPIR) product and the ground-based Gradient
Tonosphere indeX (GIX). The zonal component of the NeGIX and TEGIX gradients, and particularly their
meridional component, clearly identify ionospheric perturbations in the selected case studies. These indices
have a high potential for detecting ionospheric perturbations during storm events and provide valuable
information about their dynamical evolution. It is expected that NeGIX and TEGIX may essentially support
ionospheric research, practical applications, and low-latency monitoring services.

Keywords: Swarm / Ionospheric gradients / NeGIX / TEGIX

1 Introduction

The detection, monitoring, and characterization of small-
scale irregularities, as well as medium- and large-scale iono-
spheric perturbations, are crucial for space weather monitoring
services due to their severe and hazardous impact on the func-
tionality of modern radio systems used for telecommunication,
navigation, and remote sensing. Although studying ionospheric
perturbations is challenging because of their vastly different
temporal and spatial scales, several proxies have demonstrated
their validity in quantifying these phenomena.

“Corresponding author: andres. cahuasqui@dlr. de

In the L-band, ionospheric irregularities at scales ranging
from tens to hundreds of meters, which cause amplitude scintil-
lations, are quantified by the S4 index. This index is defined as
the normalized ratio of the standard deviation of signal intensity
fluctuations to the mean signal intensity (Groves et al., 1997;
Anderson, 2003; Kintner et al., 2007; Aol et al., 2020; Wu,
2020). Accompanied phase changes caused by ionospheric irreg-
ularities on the order of hundreds of meters up to several kilome-
ters can additionally be quantified by the o, index (Van
Dierendonck et al., 1993; Beach, 2006; Zhao et al., 2022).
Another powerful index for detecting and quantifying iono-
spheric irregularities across various scales is the Rate Of Total
electron content Index (ROTI), which is defined as the standard
deviation of the rate of change of total electron content (ROT)
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over a specific time interval, typically 5 min (Pi et al., 1997).
Moreover, multiple studies have revealed a close relationship
between ROTI and the aforementioned scintillation metrics
(Olwendo et al., 2018; Carrano et al., 2019; Li et al., 2020).

To estimate the degree of ionospheric perturbation at
medium and large scales — such as during the propagation of
ionization fronts or traveling ionospheric disturbances spanning
several hundred kilometers (Jakowski et al., 2009; Thaganyana
et al., 2022) — Jakowski et al. (2006) proposed and Jakowski
et al. (2012) further developed the Disturbance Ionosphere
indeX (DIX). DIX is a space weather proxy that relies on
ground-based global navigation satellite systems (GNSS) mea-
surements of the total electron content (TEC) to quantify the
potential impact of ionospheric perturbation events on radio
systems. The index utilizes ionospheric pierce points (IPPs)
defined by the intersection of radio links between GNSS
satellites and receivers with an assumed single-layer ionospheric
height (e.g., 350, 400, or 450 km). By taking pairs of IPPs, the
ROT between them is estimated. DIX is calculated as a statisti-
cal value (e.g., mean or median) derived from all IPP pairs
within a predefined region. A generalized definition of DIX
includes both temporal and spatial TEC gradients, which can
be treated separately. An advanced version of DIX, known as
the Disturbance Ionosphere indeX Spatial Gradient (DIXSG,
Wilken et al., 2018), has demonstrated the ability to describe
regional and global perturbations using link-related spatial
TEC gradients. Furthermore, the Gradient Ionosphere indeX
(GIX) introduced by Jakowski & Hoque (2019) provides a
method for characterizing the absolute value of horizontal
TEC gradients instantaneously. This method achieves a latency
equal to the time resolution of the input GNSS data and
eliminates the need for statistical analyses of historical data.
GIX is particularly recommended for exploring regional
ionospheric perturbations with scales ranging from a few tens
to several hundred kilometers. Spatial scales below 30 km are
not considered to avoid high GIX values resulting from dividing
differential TEC by short dipole lengths. Conversely, for scales
greater than approximately 300 km, GIX becomes smoother and
loses the resolution necessary to support precise GNSS applica-
tions and Safety-of-Life operations. Recently, Nykiel et al.
(2024) tested the relationship between GIX and other
ionospheric indices with GNSS positioning degradation, finding
that GIX gradients are strongly associated with relative position-
ing degradation at low and medium latitudes.

Despite their advantages, the aforementioned ionospheric
proxies rely primarily on ground-based techniques, which are
restricted to observation sites over landmasses. Space-based
measurements, in contrast, enable global coverage, including
over oceans, but require new and innovative approaches for data
analysis to advance space weather science and mitigate associ-
ated risks.

Since their launch in November 2013, ESA’s Swarm satel-
lites (Friis-Christensen et al., 2008) — Alpha (A), Bravo (B), and
Charlie (C) — have provided unparalleled data products and
services, significantly enhancing our understanding of solar,
magnetospheric, thermospheric, ionospheric, and atmospheric
processes, as well as their coupling and impacts on man-made
technological systems. Currently, the Swarm Product Data
Handbook' offers access to 73 Level 1b and Level 2 products

! https://swarmhandbook.earth.esa.int.

derived from Swarm measurements, along with around
16 additional products obtained from other spacecraft and
distributed via the Swarm Data, Innovation, and Science Cluster
(DISC). Specifically, for the investigation of ionospheric plasma
irregularities and perturbations, the in-situ plasma density mea-
surements obtained by the Electric Field Instrument (EFI)
onboard the Swarm satellites have enabled detailed structural
analyses. These studies include equatorial plasma irregularities
or bubbles (Xiong et al., 2016a, 2018; Luo et al., 2019; Jin
et al., 2020), as well as plasma irregularities and pressure
variations at mid- and high latitudes (Park et al., 2017; Liu
et al., 2022; Lovati et al., 2022). Building on EFI data, two
key Swarm Level 2 data products have been developed: the
Ionospheric Bubble Index (IBI, Park et al., 2013) and the
Ionospheric Plasma IRregularities Index (IPIR, Jin et al.,
2022). The IBI detects sub-kilometer bubbles in magnetic field
measurements, while the IPIR leverages Langmuir Probe (LP)
measurements along satellite tracks to estimate electron density
gradients at various scales (20, 50, and 100 km). However, for
near-polar orbiting satellites like the Swarm trio, plasma irregu-
larities can only be sampled in the meridional direction. As a
result, longitudinal structures, such as the large-scale irregulari-
ties in the equatorial magnetic region (Xiong et al., 2016a;
Aa et al., 2020), remain unresolved.

In this paper, we define and validate two novel data products
developed under the Swarm DISC project ‘“Monitoring
Ionospheric GRAdients at Swarm (MIGRAS)”. These products
integrate the GIX methodology with space-based observations
of the topside ionosphere captured by the Swarm satellites.
We leverage the near-polar orbits (87.3° inclination) of Swarm
satellites A and C, which fly side-by-side at an altitude of
approximately 470 km and achieve a maximum separation of
about 170 km (as of 2025) at the equator. By combining their
temporally and spatially related measurements along the tracks,
with a latitudinal resolution of 0.5°, we derive two key gradient
index products: the spatial electron density gradient index
(NeGIX) and the spatial TEC gradient index (TEGIX). This
approach capitalizes on the unique configuration and high-
quality data of Swarm satellites A and C, enabling the develop-
ment of products that significantly enhance our understanding
of the two-dimensional structure of medium- and larger-scale
ionospheric perturbations in the topside ionosphere.

The structure of this paper is as follows: Section 2 intro-
duces and defines the NeGIX and TEGIX indices. Section 3
presents validation results and comparisons with existing iono-
spheric proxies. Section 4 discusses the potential applications
and relevance of the MIGRAS products. Finally, Section 5 out-
lines the key conclusions of this work.

2 Definition of MIGRAS products

The two MIGRAS products are based on the fundamental
principle of the ground-based index GIX (Jakowski & Hoque,
2019). At a given epoch, GIX considers all IPPs formed at
the intersection of a single-layer ionospheric model and
GNSS-receiver links to create pairs, or dipoles, of calibrated
VTEC measurements (referred to as TEC hereafter for
simplicity). For each pair of pierce points PP; and PP; a central
point CP; is defined between them. At this location, the
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gradient value VTEC; is estimated, with an azimuthal
direction 0 measured clockwise from North. The gradient is
normalized over the distance As; between the pierce points.
The zonal (West to East, VTECX;;) and meridional (South to
North, VTECY ;) components of the gradient vector are then
calculated as:

For a predefined region with N such vectors, statistical metrics
can be computed separately for the X and Y components,
including:

— GIXjyean — the mean value of all vectors,

— GIX, - the standard deviation, or

— GIXys, — the 95th-percentile, representing the most
extreme upper or lower values, which is particularly
effective for detecting sharp TEC changes, such as those
caused by solar flares (Herndndez-Pajares et al., 2012;
Berdermann et al., 2018) or energetic particle precipitation
(Jayachandran et al., 2012).

The same principle of GIX is applied to define NeGIX and
TEGIX, with modifications to account for the unique geometri-
cal distribution of measurements and the dynamic and technical
characteristics of the Swarm satellites.

Figure 1 illustrates the spatial configuration where NeGIX
and TEGIX are defined, highlighting the near-parallel positions
of the Swarm satellites A and C and their relationship to the
GNSS satellites. Since NeGIX is derived from Level 1b in-situ
LP measurements taken by Swarm units A and C, its altitude of
definition corresponds to the flight altitude of the satellites. In
contrast, the Swarm Level 2 TEC product used for TEGIX cal-
culations, provides absolute vertical TEC values based on the
assumption of a height-independent plasma density ionosphere
with a thickness of 400 km above the Swarm satellites. These
values are nevertheless referenced to the satellites’ positions
rather than the ionospheric pierce points. To calculate TEGIX,
an additional step is performed to infer the locations of the IPPs,
along with their respective VTEC values, at an adopted altitude
of 200 km above the Swarm satellites. The details of this proce-
dure are described in Section 2.2.

The Earth globe in Figure 2 illustrates schematically the 0.5°
latitudinal spatial resolution — equivalent to approximately
8 seconds of flight — used along the satellite tracks for both
MIGRAS data products. Due to the near-polar parallel orbits
of Swarm satellites A and C, the longitudinal separation of
measurements ranges from a few kilometers at the poles to
approximately 170 km at the equator. The left side of Figure 2
depicts the combination of electron density measurements used
for defining NeGIX, while the right side outlines the methodol-
ogy adopted for TEGIX. In both cases, only pairs of measure-
ments with distances (As;) between 30 and 200 km are
considered. This range is chosen to examine medium-scale
perturbations while avoiding the strong sensitivity to data
calibration at smaller distances and ensuring coverage of the
largest separations achievable with Swarm A and C.

GNSS
GNSS \'(\['1](';11 TT(JIV %” _
o \ .
; ~ :
Swarm A

Swarm C

Figure 1. Scheme of the spatial configuration and definition of the
MIGRAS products, NeGIX and TEGIX, with respect to the Swarm
and GNSS satellites.

2.1 Swarm electron density (Ne) gradient index —
NeGIX

NeGIX utilizes electron density measurements acquired
in-situ at an altitude of approximately 470 km with the LP
instrument onboard the Swarm satellites A and C to monitor
medium-scale irregularities with horizontal spatial scales up to
200 km. The Swarm operational (OPER) Level 1b product
SW_EFIX_LP_IB,2 used as input data, is publicly available®
with a current latency of 4 days. The input daily dataset for each
satellite consists of two Extensible Markup Language (XML)
files containing metadata and one Common Data Format
(CDF) file with plasma density measurements sampled at
2 Hz. This results in approximately 16 data points recorded
by each Swarm satellite along a path of 0.5° in latitude.

As shown in the left scheme of Figure 2, gradient vectors
are formed between same-satellite measurements (A-A and
C-C), as well as zonally between measurements from different
satellites. In analogy with the definition of GIX, for instance,
for a dipole between 4, and 7, a central point CP,.,_,, is deter-
mined. The gradient vector VNe,,_,,, with azimuthal direction
0 is estimated, and normalized over the distance As;.,_,,
between the measurements. Due to the geometry of data combi-
nation, the origin of the transversal NeGIX vectors lies on the
midpoint trace of the satellites, whereas for the vectors between
same-satellite measurements, the origin lies on their respective
satellite tracks. Then, the statistical metrics NeGIX can,
NeGIX,, and NeGIXys;, of the resulting NeGIX, and its zonal
and meridional components, are calculated from all available
vectors over the given resolution sectors.

2 https://swarmhandbook.earth.esa.int/catalogue/SW_EFIx_LP_1B.
3 https://swarm-diss.eo.esa.int/#swarm%2FLevel 1b%2FEntire_
mission_data%2FEFIx_LP.
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Figure 2. Illustration of the horizontal definition of the MIGRAS products NeGIX (left) and TEGIX (right). Both Swarm data products utilize
measurements from Swarm satellites A and C, with a latitudinal resolution of 0.5° along their orbital paths, as shown on the Earth globe in the
center. The data combination approach for their definition differs due to the geometry of in-situ LP measurements for NeGIX and the

availability of GNSS-derived TEC data for TEGIX.

In accordance with the description of flagged measurements
in the Swarm Level 1b Product Deﬁnition,4 only measurements
with nominal data (values <20 in the Flags_Ne parameter) are
used for dipole formation. Although Lomidze et al. (2018)
proposed a correction factor for Swarm LP measurements of
1.1067 for Swarm A, and 1.1157 for Swarm C, these correc-
tions are not applied to NeGIX calculations due to their negligi-
ble effect on gradient estimations.

The resulting time series and metadata of the NeGIX
product (SW_NIX_TMS_2F) are stored as daily CDF and
metadata files, following the conventions established for ESA’s
Swarm mission.” A detailed description of the product variables
contained in the CDF file is provided in Appendix A.

2.2 Swarm TEC Gradient IndeX — TEGIX

TEGIX uses as input the publicly available ® Swarm OPER
Level 2 data product SW_TECxTMS_2F 7 from spacecraft A
and C to monitor TEC gradients with horizontal spatial scales
of up to 200 km. The current latency of these daily files on
the Swarm Data Access portal is 5 days. The input dataset for
each satellite consists of two XML files containing metadata
and one CDF file with Precise Orbit Determination (POD)
and TEC measurements at a 1-second resolution ®, The POD
and TEC data from the input products are used to estimate
the location of IPPs and their associated VTEC, assuming a
“center of mass” height at 200 km above the Swarm satellites.
Several articles have reviewed and used a similar procedure of
IPP determination (Klobuchar, 1987; Sharma et al., 2018;

* https://earth.esa.int/eogateway/documents/20142/37627/swarm-
level-1b-product-definition-specification.pdf.

5 https://swarmhandbook.earth.esa.int/documents/d/earth-online/
swarm-level-2-product-specification.

® https://swarm-diss.eo.esa.int/#swarm%2FLevel2daily%2FEntire_
mission_data%2FTEC%2FTMS.

7 https://swarmhandbook.earth.esa.int/catalogue/SW_TECxTMS_2F.
8 https://earth.esa.int/eogateway/documents/20142/37627/swarm-
level-2-tec-product-description.pdf.

Prol et al., 2025). At these IPP locations, the slant TEC values
provided in the input file are converted to VTEC using the
following expressions (Foelsche & Kirchengast, 2002):

In this equation, Hy,pping iS the ionospheric reference height
at 200 km above the Swarm satellites, Ry is the height of the
Swarm spacecraft, and the parameter r is defined as:

VTEC = STEC - M(e), (3)

where the mapping function M, as a function of the elevation
angle €, is defined as:

Hma in
M(E) pping

.1 . -1
= ————— | COS(S1n r-CcoSe)) — (r-sine .
R [aos(sin (- cos)) = (r-sinc)]

4)

Rs

= 5
RS + Hmapping ( )

TEGIX is defined with a latitudinal resolution of 0.5°. Unlike
the in-situ measurements, the number of possible pair
combinations depends on the simultaneous availability of
multiple GNSS satellites connected with Swarm A and C
throughout the given resolution. As depicted in the right scheme
of Figure 2, gradient vectors are formed only between IPPs
related the same-satellite measurements (e.g. VTEC g, _1rp, ,
or VTECpp,,—1rr._,). The purpose is avoiding potential incon-
sistencies in the differential code bias (DCB) estimation of
onboard GNSS receivers, which is conducted daily and sepa-
rately for Swarm A and C. According to the Swarm L2 TEC
Product documentation, the uncertainty of the input TEC
product is 2 TECU,” where daily DCB errors exceeding this
threshold are flagged. Jakowski & Hoque (2019) similarly
considered an uncertainty of 1 TECU in the calculation of
GIX. However, even if any TEC input file contains daily recei-
ver DCB errors larger than 2 TECU, this is not expected to
affect TEGIX gradient estimates as the dipole formations rely
exclusively on the same-satellite receiver measurements.

° ITECU = 1000 mTECU=10'® elm 2

Page 4 of 17


https://earth.esa.int/eogateway/documents/20142/37627/swarm-level-1b-product-definition-specification.pdf
https://earth.esa.int/eogateway/documents/20142/37627/swarm-level-1b-product-definition-specification.pdf
https://swarmhandbook.earth.esa.int/documents/d/earth-online/swarm-level-2-product-specification
https://swarmhandbook.earth.esa.int/documents/d/earth-online/swarm-level-2-product-specification
https://swarm-diss.eo.esa.int/#swarm%2FLevel2daily%2FEntire_mission_data%2FTEC%2FTMS
https://swarm-diss.eo.esa.int/#swarm%2FLevel2daily%2FEntire_mission_data%2FTEC%2FTMS
https://swarmhandbook.earth.esa.int/catalogue/SW_TECxTMS_2F
https://earth.esa.int/eogateway/documents/20142/37627/swarm-level-2-tec-product-description.pdf
https://earth.esa.int/eogateway/documents/20142/37627/swarm-level-2-tec-product-description.pdf

J.A. Cahuasqui et al.: J. Space Weather Space Clim. 2025, 15, 45

When calibrating Swarm POD TECs, the DCBs of the GNSS
satellites are considered as known parameters and taken from
the International GNSS Service (IGS). Their accuracies are
within fractions of TECU. Therefore, the satellite DCB errors
will not essentially impact the TEGIX accuracy.

The resulting TEGIX over the given resolution sector can be
deduced from all available vectors jointly for Swarm A and C,
and expressed as the statistical proxies TEGIX ean, TEGIX,,
and TEGIXys, — also for their zonal and meridional compo-
nents. The right illustration of Figure 2 shows that the origin
of the resulting TEGIX vector is not necessarily symmetric with
respect to satellites A and C but varies depending on the avail-
ability of GNSS records. The resulting time series and metadata
of the TEGIX product, SW_TIX_TMS_2F, are exported as
daily CDF and header files in accordance with ESA’s
established conventions. A description of the product variables
contained in the CDF file is provided in Appendix B.

3 Validation of data products

3.1 MIGRAS products during quiet geomagnetic
conditions

In this section, we demonstrate the capability of NeGIX and
TEGIX to characterize ionospheric features during periods of
nominal geomagnetic activity. We analyze Swarm data
collected on May 9, 2024, a day marked by quiet conditions,
with a Kp index of approximately 1 and a Disturbance Storm
(Dst) index value that rounded 20 nT over the day. On that
day, the Swarm satellites A and C, operating at an average
altitude of 479 km, observed the most significant geomagnetic
activity during their descending orbits, which included an equa-
torial pass at 19:16 Local Time (LT). In contrast, the ascending
orbits of the satellites observed weakened geomagnetic condi-
tions, with an equatorial pass at 07:16 LT. The ascending orbits
are excluded from this analysis because they exhibit minimal to
no significant gradient activity.

Figure 3 presents a visualization of the final MIGRAS
products for the descending orbits on May 9, 2024. From top
to bottom, the left panels display: (a) a global map of the in-situ
electron density measurements from the LP instruments on
Swarm A and C, (b) the 95th-percentile results of NeGIX for
the zonal component, and (c) the 95th-percentile results for
the meridional component. Similarly, the right panels present:
(d) a VTEC map generated from the TEC data of Swarm A
and C, (e) the 95th-percentile results for the zonal component
of TEGIX, and (f) the 95th-percentile values for the meridional
component of TEGIX.

The equatorial ionization anomaly (EIA) crests, observed in
both the plasma density and TEC data of Figure 3, are well
characterized by the gradient estimations of NeGIX and TEGIX.
In particular, NeGIX not only captures the double positive-
negative peaks at equatorial latitudes through the meridional
component (panel ¢), but it also reveals weaker gradients in
the zonal direction (panel b). The estimation of the meridional
component of the TEC gradient index (panel f) accurately
reflects the TEC enhancements observed in panel d. However,
the zonal component (panel ¢) does not show significant varia-
tions in TEC. This can be attributed to two main factors. First, at
lower latitudes, the absence of a zonal component is explained

by the TEGIX definition, which avoids combining TEC mea-
surements from Swarm A and C across-track to prevent DCB
biases. Second, at high and polar latitudes, the geometry of
the GNSS satellites with respect to the Swarm satellites — specif-
ically the GPS constellation with an inclination of about 55° —
limits the availability of information on TEC gradients in the
West-East direction.

A more detailed overview of a sample of Swarm orbits from
May 9, 2024, is shown in Figure 4. The figure presents
three descending passes over the Atlantic Ocean at longitudes
13°W, 36°W, and 60°W, from top to bottom. The approximate
equatorial crossing times for these orbits correspond to
Universal Times (UTs) at 20:03, 21:37, and 23:11. The 95th-
percentile values for TEGIX_X_P95, TEGIX_Y_P95,
NeGIX_X_P95, and NeGIX_Y_P95 are plotted as functions
of magnetic quasi-dipole latitude. For comparison with the
newly developed products, the rightmost panels of the figure
also show the electron density gradient at 100 km from the
Swarm IPIR product.

Several observations can be made from Figure 4. First, the
equatorial crests and the perturbations at polar regions are the
strongest ionospheric features in these profiles, with amplitudes
reaching up to 50 mTECU km ' for TEGIX_Y_P95, and
2000 cm ™ km ™" for NeGIX_Y_P95. The meridional metrics
reflect a rather symmetrical equatorial zone with respect to the
magnetic equator — especially during the first sample — with
crests extending well within +20 degrees in latitude. The zonal
component of NeGIX also shows strong gradients in the
equatorial regions, though without clear symmetry as a function
of latitude. For reasons outlined above, the zonal component of
TEGIX remains relatively unchanged along low- and mid-
latitudes. We observe fluctuations at high and polar latitudes
that demonstrate the complex and patchy structure of these
regions.

Both the Swarm IPIR product and the NeGIX product
utilize Swarm Level 1b SW_EFIx_LP_1B measurements
as input data to estimate electron density gradients. In the
case of the IPIR product, the electron density gradients
(Grad_Ne_at_100 km, Grad_Ne_at 50 km, and Grad_Ne_
at_20 km) are calculated for each Swarm satellite using running
windows of 27, 13, and 5 data points, which correspond to
spatial scales of 100, 50, and 20 km, respectively (Jin et al.,
2022). The gradient values at these three scales are very similar,
with the shortest scale noisier and the largest scale of 100 km
smoother. Since these gradient estimations are made along the
satellite paths, the meridional component of NeGIX is, by
definition, equivalent to these proxies and serves as an ideal test
for validation. The key difference between the IPIR gradients
and NeGIX is that, by combining across-track data from Swarm
A and C within a 0.5° latitudinal resolution — generally 16 data
points from each satellite — NeGIX includes gradient scales
ranging from 30 to 200 km, consists of a more robust statistical
sample, and exclusively provides additional information about
the zonal variation of electron density. The zonal electron
density gradients between Swarm A and C are primarily
attributed to their difference in local time under unperturbed
ionospheric conditions (Xiong et al., 2016b). Given the current
longitudinal separation of approximately 1.4° between the two
satellites, this difference corresponds to about 6 min. Addition-
ally, a longitudinal dependence of the electron density gradients
between Swarm A and C has been identified and attributed to
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Figure 3. A visualization of the MIGRAS products for the quiet day of May 9, 2024, is shown here. Panel a displays an electron density map
derived from the EFI Level 1b input data of Swarm A and C, while panel d presents a VTEC map created from the Level 2 TEC product of the
satellites. The Swarm spacecraft, in their descending orbits shown here, passed over the equator at 19:16 LT. The 95th-percentile metrics for
NeGIX (panels b and ¢) and TEGIX (panels e and f) are shown for both their zonal and meridional components.

tidal forcing from the lower atmosphere (Xiong et al., 2016b;
Zhou et al., 2016). Furthermore, zonal gradients can arise when
satellites A and C traverse distinct plasma density structures in
the ionosphere. For instance, equatorial plasma irregularities
may exhibit plasma density scale sizes smaller than 44 km in
the zonal direction (Xiong et al., 2016a), implying that strong
gradients can be expected within the scale ranges considered
for the NeGIX definition.

Also, the great correlation between NeGIX_Y_P95 and
Grad_Ne_at_100 km in Figure 4 led us to conclude that the
95th-percentile values of the gradients are a better statistical
proxy for characterizing the ionosphere. Although not plotted
in the panels with the purpose of better visualization, the derived
mean values of the gradients (variables NeGIX_X and
NeGIX_Y in Appendix A) underestimate the real magnitude
of variability in the ionosphere due to the unsteady geometry
of vectors considered for the computation. Preference for the
95th-percentile metric has also been noted by Jakowski &
Hoque (2019) due to its potential to represent better extreme
and abrupt changes in the state of the ionosphere.

An analysis of a larger dataset from the NeGIX product is
presented in the distribution density plot in Figure 5. The anal-
ysis focuses on the period of minimal geomagnetic activity in
2019, which marks the end of Solar Cycle 24. Figure 5 shows

the northern summer months (May to July) and the diurnal
local time range from 9:00 to 15:00. The data was recorded
by Swarm A and C during their descending orbits. The
NeGIX_X_P95 (left panel) and NeGIX_Y_P95 (right panel)
are plotted as functions of magnetic quasi-dipole latitude, with
the color scale indicating the occurrence (counts) of the gradient
values over the whole period. Both the zonal and meridional
gradients lie within a range of +500 cm > km™'. This narrow
distribution of values is further depicted by the corresponding
histograms displayed in the bottom panels.

The mid-latitudinal zones between approximately +30° and
+60° show the smallest gradients, while a broader distribution
of values is observed at the equatorial crests (peaking around
+15°) and at high latitudes (above +75°). As seen also in the
individual passes of Figure 4, the long-term dataset in Figure 5
clearly delineates the double positive-negative gradient pattern
of NeGIX_Y_P95 at the equatorial crests. The right panel also
reveals a rather symmetrical distribution of gradient values in
the northern polar region and gradients that predominantly favor
negative values in the southern polar region. The zonal
NeGIX_X_P95 shows a rather uniform distribution of gradient
values in the West and East direction at equatorial latitudes. At
high latitudes, the gradient values are highly variable, indicating
irregular structures caused, probably, by particle precipitation.
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Figure 4. A sample of the TEGIX and NeGIX products for May 9, 2024, as a function of magnetic quasi-dipole latitude, is shown. From top to
bottom, the 95th-percentile values of the zonal and meridional components of the gradients are presented in different colors for three Swarm
descending orbits, along longitudes over the Atlantic Ocean at 13°W, 36°W, and 60°W. For comparison with an existing Swarm data product,
the rightmost panels display the electron density gradients at 100 km, as estimated by the IPIR index.
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Figure 5. Distribution density plot of NeGIX gradients showing a sample of Swarm A—C data collected during their descending orbits. The
period corresponds to the northern summer months (May to July) of 2019, during diurnal local time from 9:00 to 15:00. The 95th-percentile
magnitudes of NeGIX_X_P95 (left panel) and NeGIX_Y_P95 (right panel) are plotted as functions of quasi-dipole latitude, with the color scale
representing the occurrence (counts) of values. The bottom panels display histograms projecting the distribution of gradient values for both
NeGIX components.
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Figure 6. Visualization of the MIGRAS products for the Mother’s Day geomagnetic storm on May 10, 2024. Panel a shows an electron
density map derived from the EFI Level 1b input data of Swarm A and C, while panel d displays a VTEC map created from the Level 2 TEC
product of the satellites. The Swarm spacecraft, during their descending orbits, had an equatorial pass at around 19:11 LT. The 95th-percentile
metrics of NeGIX (panels b and ¢) and TEGIX (panels e and f) are shown for their zonal and meridional components.

3.2 MIGRAS products during severely disturbed
geomagnetic conditions

The G5-level geomagnetic storm on May 10, 2024, also
known as the Mother’s Day storm, is presented as a case study
due to its status as one of the strongest events of Solar Cycle 25.
The main phase of the storm began with a sudden commence-
ment at around 17:00 UT on May 10, reached its peak intensity
(Dst index of —412 nT) at approximately 02:00-02:15 UT on
May 11, and then entered a recovery phase that extended over
the following one to two days (Kwak et al., 2024). The Swarm
A and C satellites recorded the most intense geomagnetic activ-
ity during their descending node, with an equatorial crossing at
around 19:11 LT. Global maps of these passes on May 10 are
presented in Figure 6. Given the time of storm onset, the
overpasses recorded over Asia occurred beforehand and
remained unaffected, whereas those over Western Europe and
the Americas sampled the main phase.

In analogy with Figure 3, Figure 6 presents a visualization
of the final MIGRAS products for the descending orbits on
May 10, 2024. From top to bottom, the left panels display:
(a) the in-situ electron density measurements plotted over a
global map, (b) the 95th-percentile results of NeGIX for the
zonal component, and (c) the 95th-percentile results for the

meridional component. Similarly, the right panels present: (d)
a VTEC map generated from measurements with Swarm A
and C, (e) the 95th-percentile results for the zonal component
of TEGIX, and (f) the 95th-percentile values for the meridional
component of TEGIX.

In comparison to the conditions presented above for May 9,
the Swarm electron density and TEC data acquired on May 10
exhibit much stronger and extended EIA crests and high-latitude
perturbations. Particularly, the meridional components of
NeGIX and TEGIX shown in panels ¢ and f reflect strong
gradients in low latitudes extending into mid-latitude regions.
The northern and southern polar regions also show significant
perturbations that spread towards lower latitudes. Indeed, on this
day, observers from various mid- and low-latitude locations
worldwide witnessed auroral events caused by this intense geo-
magnetic storm (Gonzalez-Esparza et al., 2024; Grandin et al.,
2024; Kataoka et al., 2024). Impacts on space weather, observed
through both ground- and space-based instruments, have also
been documented (Aa et al., 2024; Spogli et al., 2024).
Although with less pronounced signatures, NeGIX_X_ P95
shown in panel b of Figure 6 also displays electron density gra-
dients in the zonal direction.

Figure 7 presents an overview of three passes over the
Atlantic sector, specifically along the longitudes 7°W, 30°W,
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Figure 7. A sample of the TEGIX and NeGIX products for the storm on May 10, 2024, as a function of magnetic quasi-dipole latitude, is
shown. The 95th-percentile values of the zonal and meridional components of the gradients are presented in different colors for three Swarm
descending orbits, from top to bottom, along longitudes over the Atlantic Ocean at about 7°W, 30°W, and 54°W. The rightmost panels show

the electron density gradients at 100 km from the Swarm IPIR product.

and 54°W, from top to bottom. The Swarm orbits correspond to
equatorial passes at 19:34, 21:08, and 22:42 UT. In a manner
similar to Figure 4, from left to right, the magnitudes of the
95th-percentile values of TEGIX_X_ P95, TEGIX_Y_P95,
NeGIX_X_P95, and NeGIX_Y_P95 are plotted as functions
of magnetic quasi-dipole latitude. For comparison, the Swarm
product Grad_Ne_At_100 km is also shown in the rightmost
panels.

A notable observation from the Swarm maps in Figure 6
and their related latitudinal profiles in Figure 7 is the extended
and asymmetric distribution of the EIA crests over the South
American and Atlantic sectors. While plasma accumulation gen-
erally occurs near +15° in geomagnetic latitude (Appleton,
1946, 1954), the crests in this region extend beyond +30°. This
has been noted also by Nayak et al. (2025). The latitudinal pro-
files of TEGIX and NeGIX in Figure 7 clearly feature the crests’
asymmetry with respect to the magnetic equator. The solar wind
and interplanetary magnetic field during the exceptional super
storm of May 10 clearly led to the unusual location of the
EIA crests, but questions and a more quantitative analysis
remain (Fejer et al., 2024).

The amplitude values of the profiles in Figure 7 surpass
100 mTECU km ™' for the meridional component of TEGIX
(as seen for the orbits at 21:08 and 22:42 UT), and above
6000 cm > km™' for the meridional components of NeGIX
and IPIR. The observed TEGIX and NeGIX values are
approximately 2 and 3 times greater, respectively, than those
observed during the quiet day. Except for the flat profiles of
TEGIX_X_P95 due to reasons noted earlier, the other indices

display strong, perturbed, and variable features across low-,
mid-, and high-latitudes. The double-peak EIA crests
observed in latitudinal traces are broad and asymmetric with
respect to the magnetic equator, often merging with the
strong perturbations observed at latitudes above +60° (for
example, in the Swarm orbit along 54°W shown in blue).
Moreover, in this case study, the comparison of our NeGIX_
Y_P95 index with Grad_Ne_At_100 km, which yields identical
results, serves again to validate its definition and effectiveness in
characterizing ionospheric perturbations at medium-range
scales.

As in the case reviewed for 2019, the results of a larger
dataset for the NeGIX gradients are presented in Figure 8.
The dataset corresponds to the diurnal local time from 9:00 to
15:00 during the northern summer months (May to July) of
2024 — a period of strong geomagnetic activity as Solar Cycle
25 approaches its peak in 2025. The data were collected by
Swarm A and C during their descending orbits.

The zonal 95th-percentile component (left panel) and the
meridional 95th-percentile component (right panel) are
plotted as functions of magnetic quasi-dipole latitude, with the
color scale representing the occurrence of values. Both the
color plots and the histograms in the bottom panels reveal a
much broader distribution of gradient values in comparison to
the period of quiet conditions. The gradients easily reach
+1000 cm > km ! at the peaks of the equatorial crests (around
+15°) and at latitudes above +75°. Extreme cases within this
period, such as the Mother’s Day storm discussed earlier,
exceed largely the ranges shown in Figure 8.
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Figure 8. Distribution density plot of NeGIX gradients showing a sample of Swarm A-C data collected during their descending orbits. The
period corresponds to the northern summer months (May to July) of 2024, during diurnal local time from 9:00 to 15:00. The magnitudes of
NeGIX_X_P95 (left panel) and NeGIX_Y_P95 (right panel) are plotted as functions of quasi-dipole latitude, with the color scale representing
the occurrence (counts) of values. The lower panels display histograms showing the distribution of gradient values for both NeGIX

components.

The broadly distributed double-peak structure of the EIA is
clearly visible in the visualization of NeGIX_Y_P95. Addition-
ally, a clear feature of the ionospheric equatorial trough is
observed, indicative of periods of stronger ionization during
the daytime and higher solar activity. The longitudinal
dependence of the gradients is not visible from this illustration.
It is also important to note the differences between the northern
and southern high-latitudes (above %75°). In the northern
hemisphere, the gradients seen in NeGIX_X_P95 and
NeGIX_Y_P95 remain  more confined  within a
+1000 cm > km ™! range, while the gradients in the southern
hemisphere broadly extend across the entire range. The density
plot of the zonal component on the left panel further reveals
strong values in the EIA and trough regions, predominantly
exhibiting eastward values across all latitudes.

3.3 MIGRAS products compared with the GIX index

Here, we present a comparison of NeGIX and TEGIX with
the corresponding ground-based index GIX. As a case study we
review the St. Patrick’s Day storm on March 17, 2015. This
storm was one of the most severe geomagnetic events of Solar
Cycle 24 and its impact on space weather has been investigated
in numerous studies (Astafyeva et al., 2015; Nava et al., 2016;
Maurya et al., 2018). In particular, this event has also been used
to validate the ability of GIX to characterize the perturbation
degree of the ionosphere at medium scales over Europe and
to compare it with other proxies of geomagnetic activity, such
as Dst, the Sudden Ionospheric Disturbance indeX (SIDX),
and ROTI (Jakowski & Hoque, 2019; Nykiel et al., 2024).

Figure 9 presents a comparison among NeGIX, TEGIX, and
GIX, from top to bottom. Two ascending orbits of Swarm A
and C over Europe, with equatorial passes at 19:48 LT, are
illustrated. On that day, the spacecraft observed minimal

geomagnetic activity during their descending paths, and there-
fore, no sample is presented here. The left-side plots show the
estimated mean values of the eastward and northward compo-
nents of the gradients for the passage over Europe at around
19:00 UT. Similarly, the right-side plots depict the observations
for the Swarm passage recorded around 20:30 UT.

For the maps depicted in Figure 9, GIX was computed for a
scale comparable to the Swarm products, considering a range
from 30 to 200 km. For this purpose, 30-second GNSS data
from approximately 350 stations belonging to the EUREF
Permanent GNSS Network (EPN) was VTEC calibrated with
the methodology proposed by Ma & Maruyama (2003). Also,
gradient vectors as described in Section 2 were formed assum-
ing an IPP height of 350 km and considering, for a given epoch,
links between the same satellite and all available ground stations
within the given range. The studies cited previously have
demonstrated the capability of GIX to monitor large-scale
ionization fronts propagating in the southwest direction. Such
a front can also be noted from the panels for the GIX northward
gradients of the figure. NeGIX and TEGIX clearly capture these
perturbations, aligning well with the magnitudes and locations
of the ground-based index. The strong agreement among these
indices is particularly evident for the northward components, as
demonstrated also in the latitudinal profiles of Figure 10. A
sharp decline in gradient values is observed along the ionization
front between 40°N and 55°N, while strong and variable pertur-
bations are seen at latitudes above 55°. Although with a lower
degree of correlation, the eastward components of the gradients
also reveal signatures of the perturbed ionosphere during these
passes. Specifically, the zonal gradients of NeGIX (blue traces)
show a significant decline in the electron density gradients of
around 250 cm™> km™ !, extending between 30°N and 55 N,
and strong, variable perturbations up to 300 cm > km ™! above
55°N. The eastward GIX (green traces) closely follows the
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Figure 9. A comparison of the zonal and meridional components of NeGIX, TEGIX, and GIX is presented for two ascending orbits of Swarm
A and C on March 17, 2015. The Swarm spacecraft, on this day, passed over the equator at 19:48 LT. The left panels show the observations for
the pass over Europe around 19:00 UT, while the right panels display the results for the pass around 20:30 UT. Complementarily, Figure 10
shows the profiles of the indices values as a function of latitude for the two orbits.
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Figure 10. Comparison among the mean values of gradient components of NeGIX (blue), TEGIX (red), and GIX (green) as a function of
latitude. The observations correspond to the St. Patrick’s Day storm of 2015 as mapped in Figure 9. The two ascending orbits of Swarm A and
C above Europe are displayed: the pass around 19:00 UT (left panels) and the pass around 20:30 UT (right panels).
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shape of the NeGIX estimation, although with a much smaller
amplitude. The eastward component of TEGIX (red traces)
remains relatively flat, with only small variations in the TEC
index observed above 65°N. Due to the inclusion of the plasma-
sphere content in TEC data that is clearly dominating in TEGIX,
zonal gradients should be principally smooth. Somewhat en-
hanced dynamic is expected during sunrise and sunset
conditions.

It is important to note that the difference in the profiles
shown in Figure 10 may arise also from the measurement con-
figurations used to estimate the gradients, or from differences in
how the three data products are defined. Electron density gradi-
ents are a local characteristic of the ionosphere state with respect
to altitude, whereas VTEC gradients are an integral characteris-
tic, meaning some variability may be smoothed out. NeGIX is
defined at the altitude of the Swarm satellites A and C
(463 km on March 17, 2015), while the IPP points deduced
for estimating TEGIX were located at a height of 663 km. On
the other hand, as previously mentioned, a single-layer iono-
sphere at 350 km was assumed to calculate GIX.

4 Discussion

In the previous section, we defined and tested the
capabilities of the NeGIX and TEGIX indices to characterize
medium-scale ionospheric perturbations. These perturbations
were examined during individual geomagnetic events as well
as over long seasonal datasets, including both quiet conditions
and periods of increased geomagnetic activity. We validated
the newly developed Swarm data products using existing
products such as the Swarm IPIR index and the ground-based
GIX index based on GNSS measurements.

We observe a strong correlation when comparing NeGIX
and TEGIX to the existing Swarm IPIR product, especially
for the meridional components. A key difference from the IPIR
gradients is that NeGIX and TEGIX use data from both Swarm
A and C within a 0.5° latitudinal resolution, making the sample
used to estimate ionospheric gradients more robust and the
results statistically significant. Additionally, both NeGIX and
TEGIX provide gradient information along not only the merid-
ional component but also the zonal direction — a feature not
available in the existing Swarm data products.

The comparison of the results from NeGIX and TEGIX with
GIX also shows strong agreement, particularly in their
meridional components. Differences between their profiles
may stem from variations in their technical definitions and the
geometry of the measurements used to compute the gradients.
Since these indices are defined at different altitudes, they can
be used complementarily to investigate altitude-related depen-
dencies in horizontal electron density gradient structures. By
comparing gradient estimates across the three distinct altitude
ranges, we can gain a deeper understanding of the dynamics
of ionospheric storms and assess the applicability of the Swarm
products. NeGIX and TEGIX can be combined also with other
proxies of geomagnetic activity such as the S4 index, SIDX,
and ROTI to expand our understanding of the processes driving
space weather events. By contrasting these indices, we can
determine how strongly they correlate one another and whether
one index can substitute another. Initial efforts to develop

a combined observational study of scintillation events in
southern Europe — incorporating NeGIX, TEGIX, and GIX —
have already been reported (Morozova et al., 2025).

The algorithms developed to compute the NeGIX and
TEGIX indices require only a few minutes of processing time,
making them, in principle, well suited for near-real-time
monitoring of ionospheric conditions. In practice, however, sev-
eral factors limit their operational applicability.

First, because NeGIX and TEGIX rely on the orbital
geometry of Swarm A and C, a single nearly longitude-aligned
strip is sampled only twice per day (ascending and descending
nodes). Achieving global coverage with only ascending or only
descending passes requires an entire day, and the Swarm satel-
lites cover all local times only about every four months. As a
consequence, short-lived or rapidly evolving regional features
can be undersampled in space and time.

The dependence on quasi-simultaneous data availability
from Swarm A and C presents another limitation. Any missing
data from one or both satellites, due to technical issues or
calibration problems, can affect the estimation of gradient
indices. During the lifetime of Swarm A and C, there have been
periods of maneuvering'® when their separation fell below the
minimum required range of 30 km for calculating NeGIX and
TEGIX, potentially leading to data quality degradation or
missing data''. Such issues also arise during time intervals
when the Swarm satellites A and C, in their regular near-parallel
orbits, reduce their separation to only a few kilometers while
crossing over the poles.

A further caveat is data latency. Swarm OPER products
typically become available with a delay of at least four days,
which can be reduced to about 12 hours (two updates per
day) using the advantages of the Fast Track (FAST) method
(Orr et al., 2024). Nevertheless, even this enhanced latency is
insufficient for near-real-time monitoring and forecasting of
ionospheric conditions, which are critical for space-weather
services, natural-hazard warnings, and augmentation systems.
Ultimately, as is inherent to all mission-dependent products,
the continuity of NeGIX and TEGIX is constrained by the
stability and lifetime of Swarm A and C.

Within these constraints, the newly developed space-based
gradient indices can provide valuable support for the post-event
characterization of ionospheric perturbations, particularly for
GNSS operators and users in regions with limited ground-based
coverage, such as oceans or sparsely populated areas. NeGIX
and TEGIX can serve as valuable tools for studying the impact
of space weather on precision and Safety-of-Life applications,
as well as on augmentation systems like the European Geosta-
tionary Navigation Overlay Service (EGNOS). These systems,
which rely on trans-ionospheric signals, are particularly vulner-
able to ionospheric perturbations. Such perturbations can lead to
significant disruptions along satellite-receiver links due to
severe spatial gradients and rapid fluctuations in electron density
and TEC.

Additionally, these gradients are useful for investigating the
mechanisms behind ionospheric storms. Horizontal gradients,

19 https://earth.esa.int/ecogateway/missions/swarm/constellation-
and-orbit-evolution.

" hitps://earth.esa.int/eogateway/news/swarm-alpha-and-charlie-or-
bit-raise-campaign-starting-on-26-april-2023-potential-impact-on-
data-quality.

Page 12 of 17


https://earth.esa.int/eogateway/missions/swarm/constellation-and-orbit-evolution
https://earth.esa.int/eogateway/missions/swarm/constellation-and-orbit-evolution
https://earth.esa.int/eogateway/news/swarm-alpha-and-charlie-orbit-raise-campaign-starting-on-26-april-2023-potential-impact-on-data-quality
https://earth.esa.int/eogateway/news/swarm-alpha-and-charlie-orbit-raise-campaign-starting-on-26-april-2023-potential-impact-on-data-quality
https://earth.esa.int/eogateway/news/swarm-alpha-and-charlie-orbit-raise-campaign-starting-on-26-april-2023-potential-impact-on-data-quality

J.A. Cahuasqui et al.: J. Space Weather Space Clim. 2025, 15, 45

from a mathematical perspective, clearly represent spatial struc-
tures, making them well-suited to study dynamic ionospheric
processes such as those observed during geomagnetic storms.
The temporal variation and the different behaviors of the east-
ward and northward gradient components can help us to under-
stand the storm propagation mechanisms. Moreover, the
distinction between the zonal and meridional components of
these indices can provide new insights into the impact of the
solar terminator on ionospheric variability and, consequently,
on the propagation and deflection of radio waves (Cameron
et al., 2024).

The capability of NeGIX and TEGIX to characterize hori-
zontal gradients is of great interest for studying ionospheric pro-
cesses at both high and low latitudes. At high latitudes, strong
gradients at the borders of ionization patches are often linked
to enhanced scintillation activity in GNSS signals, due to gradi-
ent instability effects in the ionospheric plasma (De Franceschi
et al., 2008). At low latitudes, sharp gradients are associated
with plasma bubbles, which can also lead to increased scintilla-
tion occurrences in GNSS measurements. Due to the disentan-
glement into zonal and meridional components of these
ionospheric indices, it is possible to relate the gradients with
the scintillation occurrence and morphology of ionospheric vari-
ability (Cesaroni et al., 2015). Indeed, scintillation modeling is
another important area that can benefit from NeGIX and
TEGIX. For instance, Vasylyev et al. (2024) used electron den-
sity gradients from NeGIX to simulate scintillation events in
both low- and high-latitude regions, contributing to the develop-
ment of a phase gradient screen approach.

NeGIX and TEGIX time series — spanning more than
11 years — hold substantial potential for developing and validat-
ing empirical and numerical ionospheric models. Combining
these indices with measurements from other satellite missions
and ground-based observations will further enhance both their
scientific value and their practical applications. Finally, the
data-combination method developed for Swarm can also be
considered for future satellite missions with similar objectives.

5 Conclusions

In the context of the MIGRAS project, we have used the
near-parallel orbits of Swarm A and C to develop two innova-
tive data products. These products are unique in their approach
of combining Swarm measurements, enabling the estimation of
horizontal spatial gradients in electron density and TEC within
the topside ionosphere at scales ranging from 30 to 200 km.

We have introduced a detailed technical definition of
NeGIX and TEGIX, and demonstrated their capability to mon-
itor and characterize ionospheric perturbations. Testing was
conducted for periods of quiet geomagnetic activity — such as
the quiet day of May 9, 2024, and the summer diurnal period
of 2019 — as well as for perturbed conditions, including the
Mother’s Day storm on May 10, 2024, and the summer diurnal
period of 2024.

Further validation was achieved through comparisons with
the Swarm IPIR product and the ground-based GIX index.
The results highlight the strong correlation and potential of these
indices to monitor the state and dynamics of the ionosphere at

medium scales. A key advantage of the NeGIX gradient,
compared to the existing IPIR gradients, is its use of across-
track data from Swarm satellites A and C at a 0.5° latitudinal
resolution. This approach provides a more robust sample for
estimating gradients, yielding statistically significant results.
Additionally, NeGIX and TEGIX offer gradient information
not only along the meridional track of the satellites, as with
existing Swarm data products, but also in the West-East direc-
tion. This expands our capability to explore the longitudinal
morphology of ionospheric perturbations.

The comparison of NeGIX and TEGIX with GIX also opens
the possibility of investigating altitude-related dependencies in
horizontal gradient structures. Unlike GIX or other ground-
based proxies, these new Swarm indices can support research
and post-processing applications in regions with limited data
availability, such as over oceans or sparsely populated areas.
Their practical use, nevertheless, is subject to several con-
straints. The functionality, data availability, and latency of both
Swarm spacecraft A and C are critical factors. A separation of
less than 30 km between the satellites, technical maneuvers,
or calibration issues affecting either spacecraft can lead to data
quality degradation or gaps. At present, the availability of the
OPER products used as inputs are subject to a latency of at least
four days, although this can be reduced to about 12 h through
the FAST data dissemination method. Such latency, however,
still precludes the use of these indices for near-real-time
monitoring.

We have also discussed the wide range of scientific and
practical applications for these indices, including their utility
in space weather research, precision and Safety-of-Life applica-
tions, augmentation systems, scintillation modeling, and
combined observational studies. Additionally, NeGIX and
TEGIX can contribute to the development of new empirical
and numerical models, as well as low-latency services. The
daily OPER products, NeGIX (SW_NIX_TMS_2F) and
TEGIX (SW_TIX_TMS_2F), are now publicly available
through the official Swarm Data Access at https://swarm-diss.
eo.esa.int and the Ionospheric Monitoring and Prediction Center
(IMPC) of DLR at https://impc.dlr.de.

In conclusion, NeGIX and TEGIX represent valuable tools
for advancing our understanding of ionospheric dynamics and
their impact on technology and space weather. The continued
development and dissemination of these indices may provide
crucial support for both scientific research and practical
applications in the monitoring and prediction of ionospheric
conditions.
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Appendix A: Description of variables in the daily NeGIX data product

Name Description Unit
Timestamp Time in Universal Time
Longitude Position of NeGIX in geocentric longitude. Averaged longitude position of the deg
central points (CPs) derived from the combination of Ne measurements of Swarm A
and C.
Latitude Position of NeGIX in geocentric latitude. Averaged latitude position of the central deg
points (CPs) derived from the combination of Ne measurements of Swarm A and C.
Distance Averaged distance (As) value from all dipoles used for the estimation of NeGIX m
values
Azimuth Averaged azimuth (8) value from all dipoles used for the estimation of NeGIX deg
values
Negix_X Mean value of NeGIX for the West-East component cm > m!
Negix_X_Sigma Standard deviation value of NeGIX for the West-East component em > m™!
Negix_X_P95 95th-percentile value of NeGIX for the West-East component cm > m!
Negix_Y Mean value of NeGIX for the South-North component em > m™!
Negix_Y_Sigma Standard deviation value of NeGIX for the South-North component em™ m™!
Negix_Y_P95 95th-percentile value of NeGIX for the South-North component em > m™!
Negix_Total Total vector value of NeGIX, derived from the mean West-East and South-North cm > m™!
components
Negix_Sigma Vector value of the standard deviation of NeGIX, derived from the standard em ™ m™!
deviation values of West-East and South-North components
Negix_P95 Vector value of the 95th-percentile of NeGIX, derived from the 95th-percentile em m™!

N_Measurements
Flag_Negix

Orbit_Label

values of West-East and South-North components

Number of elements for a data record from which NeGIX is determined

Flags characterizing the dispersion of gradient values that are used to compute the
total vector Negix_Total

Value defining whether the magnitude belongs to an ascending or descending orbit
of the Swarm satellites
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Appendix B: Description of variables in the daily TEGIX data product

Further information about the definition of the MIGRAS products can be found on ESA’s webpage at https://earth.esa.int/eogateway/ activities/

migras.
Name Description Unit
Timestamp Time in Universal Time
Longitude_Swarm Averaged geocentric longitude of the Swarm satellites for all combined deg
measurements for a certain epoch
Latitude_Swarm Averaged geocentric latitude of the Swarm satellites for all combined deg
measurements for a certain epoch
Longitude_IPPs Position of TEGIX in geocentric longitude. Averaged longitude position of the deg
central points (CPs) derived from the combination of VTEC measurements of
Swarm A and C.
Latitude_IPPs Position of TEGIX in geocentric latitude. Averaged latitude position of the deg
central points (CPs) derived from the combination of VTEC measurements of
Swarm A and C.
Distance Averaged distance (As) value from all dipoles used for the estimation of TEGIX m
values
Azimuth Averaged azimuth () value from all dipoles used for the estimation of TEGIX deg
values
Tegix_X Mean value of TEGIX for the West-East component milli-TECU m™"
Tegix_X_Sigma Standard deviation value of TEGIX for the West-East component milli-TECU m ™!
Tegix_X_P95 95th-percentile value of TEGIX for the West-East component milli-TECU m™"
Tegix_Y Mean value of TEGIX for the South-North component milli-TECU m™"
Tegix_Y_Sigma Standard deviation value of TEGIX for the South-North component milli-TECU m™"
Tegix_Y_P95 95th-percentile value of TEGIX for the South-North component milli-TECU m™!

Tegix_Total
Tegix_Sigma
Tegix_P95

N_Measurements
Flag_Tegix

Orbit_Label

Total vector value of TEGIX, derived from the mean West-East and South-North
components

Vector value of the standard deviation of TEGIX, derived from the standard
deviation values of West-East and South-North components

Vector value of the 95th-percentile of TEGIX, derived from the 95th-percentile
values of West-East and South-North components

Number of elements for a data record from which TEGIX is determined

Flags characterizing the dispersion of gradient values that are used to compute
the total vector Tegix_Total

Value defining whether the magnitude belongs to an ascending or descending
orbit of the Swarm satellites

milli-TECU m™!
milli-TECU m ™!

milli-TECU m™!
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