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Abstract –Statistical models of the variability of plasma in the topside ionosphere based on the Swarm data
have been developed in the “Swarm Variability of Ionospheric Plasma” (Swarm-VIP) project within the
European Space Agency’s Swarm+4D-Ionosphere framework. The models can predict the electron density,
its gradients for three horizontal spatial scales – 20, 50 and 100 km – along the North-South direction and
the level of the density fluctuations. Despite being developed by leveraging on Swarm data, the models
provide predictions that are independent of these data, having a global coverage, fed by various parameters
and proxies of the helio-geophysical conditions. Those features make the Swarm-VIP models useful for
various purposes, which include the possible support for already available ionospheric models and proxy
of the effect of ionospheric irregularities of the medium scales that affect the signals emitted by Global
Navigation Satellite Systems (GNSS). The formulation, optimisation and validation of the Swarm-VIP
models are reported in Paper 1 (Wood et al. 2024. J Space Weather Space Clim. in press). This paper
describes the performance assessment of the models, by addressing their capability to reproduce the known
climatological variability of the modelled quantities, and the ionospheric weather as depicted by ground-
based GNSS, as a proxy for the ionospheric effect on GNSS signals. Additionally, we demonstrate that,
under certain conditions, the model can better reproduce the ionospheric variability than a physics-based
model, namely the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM).

Keywords: Topside ionosphere / Space weather / Ionosphere atmosphere interactions / Statistical modelling

1 Introduction

The Earth’s ionosphere is a dynamical system whose com-
plexity manifests itself in an irregular variability in time and
space and an apparent randomness (or quasi-randomness) of
the physical parameters characterizing its state (Materassi
et al., 2019). Such complexity is due to the non-linear couplings
among the different sub-systems forming the near-Earth envi-
ronment. In fact, the ionosphere is characterised by its coupling

with the magnetosphere and solar wind from above, with the
lower atmospheric layers and lithosphere from below, and by
the changes in the neutral atmosphere in which the ionosphere
lies. The need for modelling the ionospheric changes in space
and time stands not only as part of our search for understanding
our environment and the physical laws ruling it but also as an
important input to technologies and applications for which the
ionospheric medium is an issue. These include, among others,
satellite-based positioning, as provided by Global Navigation
Satellite Systems (GNSS), telecommunications in the HF-
VHF-UHF bands, radio astronomy, Earth observation from*Corresponding author: luca.spogli@ingv.it
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space, and many others (Bilitza et al., 2022). The ionospheric
models can be sorted into: (i) physics-based models, including
the Thermosphere-Ionosphere-Electrodynamics General Circu-
lation Model (TIE-GCM) (Qian et al., 2014; Maute, 2017;
and references therein); (ii) empirical and semi-empirical mod-
els, including the International Reference Ionosphere Model
(Bilitza et al., 2022; and references therein) and the NeQuick
(Nava et al., 2005, 2008), (iii) models of the impact of the effect
of plasma density irregularities on radio wave propagation,
including scintillation (Priyadarshi, 2015, and references
therein) and (iv) data assimilation models where a background
empirical or physical model is modified based on observations
(e.g. Elvidge & Angling, 2019).

The use of the in-situ and topside ionospheric information
provided by data collected by Low-Earth Orbit (LEO) satellite
missions has been demonstrated to be of paramount importance
to support the development of ionospheric models (see., e.g.
Wernik et al., 2007; Alfonsi et al., 2017; Kamal et al., 2021).
Among LEO missions, Swarm is the European Space Agency’s
(ESA) first constellation mission for Earth Observation (Friis-
Christensen et al., 2008). It was initially constituted by three
identical satellites, called Alpha (A), Bravo (B), and Charlie
(C), which follow quasi-Sun-synchronous near-polar orbits
(87.3� inclination) at different altitudes: Swarm A and C fly at
around 440 km (in 2021) above the Earth’s surface and Swarm
B at a higher altitude (around 510 km). These satellites were
launched in November 2013. Conceived mainly as a magnetic
mission, Swarm has also provided a plethora of interesting
results about ionospheric variability, as reported by the thorough
review by Wood et al. (2022). It has also been successfully used
in the recent past to improve ionospheric modelling (Pezzopane
& Pignalberi, 2019). In the Swarm Variability of Ionospheric
Plasma (Swarm-VIP) project, funded by the European Space
Agency (“Swarm+4D-Ionosphere” framework), the Swarm data
have been exploited to develop fully empirical, statistical mod-
els of the variability of plasma in the topside ionosphere. In this
regard, Swarm-VIP models are part of the model indicated by
(ii) in the aforementioned list.

The Swarm-VIP models predict some of the quantities avail-
able in the IPIR (Ionospheric Plasma IRregularities) Swarm data
product (Jin et al., 2022). These are the electron density, its gra-
dients at three spatial scales – 20, 50 and 100 km – and an index
which indicates the strength of the fluctuations, called IPIR
Index (IPIR_ix) (Jin et al., 2022). Those spatial scales are the
quantities that are significant by Urbar et al. (2023) to highlight
the ionospheric response to the geospace forcing.

The formulation of the models, their optimization and vali-
dation are provided in detail within the companion paper (Wood
et al., 2024; hereafter referred to as Paper 1). This paper aims to
assess and investigate the capability of the models in reproduc-
ing known features of ionospheric climatology; to underline, for
selected applications and case events, their usability to support
GNSS-based ionospheric information, and to report a compar-
ison against the physical modelling through TIE-GCM. Indeed,
the Swarm-VIP models are conceived to contribute to the
knowledge of ionospheric behaviour and to support the
development of possible operational tools which can provide
ionospheric information in regions scarcely covered by
ground-based instrumentation. The latter follows also from the
hints about the usability of IPIR parameters to support the

identification of plasma irregularities, their level of structuring
and their effect on L-band signals provided by Kotova et al.
(2023).

The paper is structured as follows. Section 2 reports the
basic principles of the Swarm-VIP model formulation, detailed
in Paper 1, but here recalled, in brief, to provide the context for
this paper. Section 3 details the methods adopted and the con-
sidered datasets, sorted into two categories: (i) Swarm for the
climatological assessment and (ii) GNSS-based datasets. Addi-
tionally, Section 3 recalls the TIE-GCM and how the perfor-
mance assessment against it is realised. Section 4 provides
selected results of the performance assessment, while Section 5
is dedicated to the discussion and conclusions.

2 Recalling of modelling basic principles

The Swarm-VIP models have been developed using a tech-
nique called Generalised Linear Modelling (GLM) that is used
to predict the following quantities at Swarm A&C altitudes
(~440 km): (i) the absolute value of the spatial gradients of
the electron density over 20, 50, 100 km along Swarm orbit
(|Grad_Ne@XXkm|, where XX=20, 50, 100), (ii) the electron
density (Ne), and (iii) the IPIR_ix, from which categorisation
of fluctuations in the ionospheric plasma density (0–3 low,
4–5 medium, and >6 high level) can be derived, as detailed
in Jin et al. (2022). Those quantities are also reported in Paper 1
and are all based on the measurements performed by the
Langmuir Probe onboard Swarm. These data are available at
1 Hz in the Swarm level 2 data product termed IPDxIRR_2F,
available at: ftp://swarm-diss.eo.esa.int.

The predicted quantities are expressed as a function of a
subset of explanatory variables, among all trialled ones, which
can be categorised into six families (see Sect. 2.2 of Paper 1
for the details and referring text):

1. Solar activity: Solar radio flux at 10.7 cm wavelength
(F10.7) and the sunspot number R;

2. Solar wind: Bulk speed, density, pressure, Interplanetary
Magnetic Field (IMF) and Interplanetary Electric Field
(IEF) time-shifted to the Earth’s bow shock;

3. Geomagnetic activity: The aa, AE, am, AL, Ap, ASY-D,
ASY-H, AU, Dst, Kp, Polar cap (north) index (PCN),
SYM-D and SYM-H indices;

4. Location: Geographic latitude, magnetic latitude, local
solar time and magnetic local time;

5. Miscellaneous: Solar Zenith Angle (SZA) and a sine func-
tion to represent the seasonal variation, going from �1 at
northern midwinter to +1 at northern midsummer.

The full list of the explanatory variables can be found in
Table S1 of Paper 1.

Each model predicts the investigated quantities in one of the
four considered different regions (polar, auroral, mid-latitude,
and equatorial), with the regions identified using a combination
of the ionosphere region flag in the IPIR data product and of the
modulus of the magnetic latitude. This translates into a total
number of 5 quantities (|Grad_Ne@XXkm| with XX = 20, 50,
100, Ne, and IPIR_ix) times 4 regions, equalling 20 different
models. The modelling method assumes that the explanatory
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variables selected are independent of one another. Ensuring that
this condition was fulfilled was a substantial challenge and the
relevant work is described in Section 2.6 of Paper 1.

The basic form of the models is as follows:

Grad Ne@XXkmj j ¼ exp b0 þ b1 � x1 þ � � � þ bn � xnð Þð Þm;
ð1Þ

in which, x1. . .xn are the explanatory variables and b0. . .bn are
empirically determined constants known as the parameter esti-
mates and the power m changes model per model. The b0. . .bn
are reported in Tables S2 and S3 of Paper 1. An example of a
model is provided in equation (2), which reports the formula-
tion of the polar cap model for the |Grad_Ne@100km|:

Grad Ne@100kmj j ¼ exp b0 þ b1 � F 107 81þ b2 � SZAþ b3ðð

�DOY fnþ b4 � Kp þ b5 � MLATj jÞÞ3: ð2Þ
In the example above, F107_81 is the average value of F10.7
solar flux over 81 days (see, e.g. Xiong et al., 2022), SZA is
the solar zenith angle, |MLAT| is the absolute value of the mag-
netic latitude, Kp is the planetary K-index and DOY_fn is a sine
function based on the day of year (DOY), going from �1 at
northern midwinter to +1 at northern midsummer.

Two versions of the models were produced. These are
shown in Tables S2 and S4 of Paper 1. In version 2
(Table S4 of Paper 1), all of the explanatory variables
(Table S1 of Paper 1) were trialled. This model was intended
to increase scientific understanding of the system with explana-
tory variables chosen to act as proxies for a wide variety of driv-
ing processes. Version 1 of the models (Table S2 of Paper 1)
uses a subset of the explanatory variables, only including those
which are routinely available. The choice of explanatory vari-
ables is discussed in detail in Paper 1 but, in essence, the com-
plementary observations from Swarm are excluded. This allows
a model to be created which is more generally applicable, which
can predict ionospheric parameters at locations other than that
where the Swarm satellite is currently observing. It is the assess-
ment of the performance of these models (version 1, Table S2 of
Paper 1) which are considered in the remainder of this paper.

The models presented here are slightly different from those
reported in Paper 1. In Paper 1, a transformation is applied to
the dependent variable, so the mth root of the dependent vari-
able is modelled. Therefore, the mth root is shown on the
right-hand side of these equations. In the present paper, the
dependent variable is predicted. Therefore, the left-hand side
of the equation is expressed as the mth power.

3 Datasets and methods

The performance assessment addresses three different
aspects of the modelling, namely: (i) the capability of the model
to reproduce the climatological variability of the considered
quantities through the direct comparison with Swarm data; (ii)
the capability to reproduce ionospheric weather as depicted by
ground-based GNSS and to serve as proxy for the ionospheric
effect on GNSS signals; and (iii) the comparison with the
physics-based modelling provided by the TIE-GCM.

The Swarm-VIP models are not a single model, rather they
are 20 equations which predict the variability of ionospheric

plasma at different scales and in different latitudinal regions.
There are multiple versions of the models and multiple compar-
isons drawn within this paper (comparisons to climatology,
GNSS data and a physics-based model, namely TIE-GCM). A
complete assessment would involve 180 comparisons, each with
its own set of plots and statistics. Summary statistics of such
comparisons would average out areas of particularly good, or
bad, model performance. Therefore, a selection of comparisons
is presented in this paper. These are designed to show the
strengths and limitations of the Swarm-VIP models. We have
made a deliberate choice to include and discuss areas where
model performance is poor in order to make recommendations
for model improvement. It is hoped that these recommendations
will be relevant to other groups engaged in statistical, climato-
logical or machine-learning modelling activities. We further
highlight here that Paper 1 presents also a primary model vali-
dation against Swarm measurements evaluating all the neces-
sary metrics (as suggested by Liemohn et al., 2021). In this
paper, we concentrate on performance assessment, specifically
in its application to approximate other parameters, such as those
indicating the impact of medium-scale ionospheric irregularities
on GNSS signals. Consequently, our focus is on a qualitative
evaluation rather than a quantitative one.

3.1 Swarm

The capability of the model to reproduce the climatological
variability of the considered quantities is assessed through the
direct comparison with Swarm data. We use only the Swarm
A datasets since the climatology obtained from the three Swarm
satellites is quite similar (Jin et al., 2020). Regional models are
investigated separately by comparing the model outputs with the
Swarm climatology. We use the plasma density gradients avail-
able within the IPIR dataset (Jin et al., 2022) for the year 2015
as a basis for the proposed comparison.

3.2 Global Navigation Satellite Systems

The performance assessment against ground-based GNSS
data is based on the comparison with ionospheric scintillation
indices and Rate of Total Electron Content (TEC) changes
(ROT) provided by Ionospheric Scintillation Monitor Receivers
(ISMRs) owned by Istituto Nazionale di Geofisica e Vulcanolo-
gia (INGV), and with TEC N-S gradients at 20 km, 50 km, and
100 km evaluated by using TEC maps over Italy and Brazil, as
described below.

ISMRs provide amplitude (S4) and phase scintillation (rU)
indices every 1 minute and ROT every 15 s for every satel-
lite-receiver pair (Bougard et al., 2011). Amplitude and phase
scintillation indices are defined as (Fremouw et al., 1978):

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SI2
� �� SIh i2

SIh i2

s

; ð3Þ

r/ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2� �� /h i2

q
; ð4Þ

in which SI is the signal intensity normalized with its low-
band pass filtered and u is the detrended signal carrier phase,
while <. . .> indicates the ensemble average over the consid-
ered time window, i.e. 1 minute in our case (Van Dierendonck
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et al., 1993). The detrending is a very delicate aspect of the rU
retrieval at high latitudes (see, e.g. McCaffrey & Jayachan-
dran, 2019; Ghobadi et al., 2020; and references therein)
and it would require a dedicated fine-tuning of the adopted
scheme and cut-off frequency to retrieve values of the index
with the minimum contamination of the refractive effects on
GNSS signals (Spogli et al., 2021a). We use here the rU eval-
uation based on the application with a 6th-order Butterworth
filtering with a 0.1 Hz cut-off frequency, which makes the
index particularly sensitive to a medium-scale ionospheric
irregularities (above hundreds of meters up to a few tens of
kilometres), which includes the kilometre scale, to which
Swarm plasma density data from Langmuir Probes onboard
Swarm are sensitive. As increases of S4 values are sensitive
to ionospheric irregularities below the Fresnel’s scale for
L-band signals and GNSS observational geometry (order of
a few hundreds metres), we are not considering this effect
since Swarm Langmuir Probe data are not able to monitor
these scales.

ROT is defined as:

ROT ¼ sTECi � sTECi�1

ti � ti�1
; ð5Þ

that is the gradient of the TEC evaluated along the slant path
connecting the receiver-satellite pair (sTEC) between two dif-
ferent epochs. ROT mixes the spatial and the temporal gradi-
ents along the arc and it is here considered for comparison
with the plasma density gradients at the various scales pro-
vided by the model.

The performance assessment focuses on investigating the
capability of the models to follow the development of geomag-
netic storms and/or the formation of ionospheric irregularities as
detected by increases/changes in the parameter values provided
by selected ISMR covering different model regions. In doing
such a comparison, a time series of ISMR parameters are con-
sidered and models are evaluated by considering the geographic
location of an Ionospheric Piercing Point (IPP) located at 350
km altitude, which is widely adopted for the thin shell approx-
imation. We are not using Swarm altitudes for the IPP evalua-
tion as we aim to assess the capability of the Swarm-VIP model
to proxy what is experienced by GNSS receivers in their stan-
dard use, i.e. on the ground. An elevation angle mask of 30�
has been applied to reduce the impact of multipath, which
may mimic ionospheric scintillation as well as the impact of
large ROT values for low elevation observations. The list of
the considered ISMRs, including their geographic coordinates
and corresponding ionospheric region considered for selection
of the appropriate model region is reported in Table 1. Data
from the selected ISMRs are part of the scintillation data collec-
tions available at the electronic Space Weather upper atmo-
sphere (eSWua, http://www.eswua.ingv.it/) data portal
managed by INGV (Upper Atmosphere and Radio Propagation
Working Group, 2020).

The ability of the model to provide a proxy for TEC spatial
gradients has been investigated by retrieving maps of GNSS-
based TEC gradients along the N-S direction, being the direc-
tion to which the modelled |Grad_Ne@XXkm| mostly refer,
due to the high inclination of the Swarm satellites. We concen-
trate on two regions: the Italian mid-latitudes region and the
region around the expected position of the southern crest of

the Equatorial Ionization Anomaly (EIA) over Brazil. The
Italian region was chosen as the European sector was one of
the regions on which the ESA-funded Swarm-VIP project
focussed. The Brazilian region was chosen as it was expected
to be a particularly challenging location for the models and also
for the presence of the South Atlantic Anomaly.

For Italy, we use the Receiver INdependent EXchange for-
mat (RINEX) data (at a 30-s sampling rate) freely provided by
the Rete Integrata Nazionale GNSS (RING) network of INGV
(INGV RING Working Group, 2016) by considering selected
cases of ionospheric disturbances. For Brazil, RINEX data
(30-s sampling rate) freely provided by the Rede Brasileira de
Monitoramento Contínuo dos Sistemas GNSS (RBMC), man-
aged by the Instituto Brasileiro de Geografia e Estatística
(IBGE), are used for the period 1 September 2013 to 30 March
2014. This period is selected because it covers high solar flux
conditions, and it refers to equinoctial and summer periods. This
translates into the maximum probability of formation of post-
sunset Equatorial Plasma Bubbles (EPBs) in the Brazilian
region. The values of TEC for each receiver-satellite couple
are obtained by following the method detailed in Ciraolo
et al. (2007), Cesaroni et al. (2021), and Tornatore et al.
(2021). The techniques to retrieve the mapping of TEC and
TEC N-S gradients are detailed in Cesaroni et al. (2015). To
retrieve TEC gradients along the N-S direction at 20 km, 50
km, and 100 km, TEC maps were first evaluated every 20 min-
utes for Brazil and every 15 minutes for Italy and obtained by
considering the last 5 minutes of GNSS observations. Maps
over Italy are originally on a 0.1� latitude � 0.1� longitude grid,
while Brazilian maps have a 0.5� latitude�0.5� longitude reso-
lution. This segmentation of the maps has been already proven
to be effective in depicting the TEC variability in the two con-
sidered regions (Cesaroni et al., 2021; Spogli et al., 2021b).
TEC values are then re-evaluated on the map with a new grid
which has a XX km (XX = 20, 50, 100) spacing in the N-S direc-
tion and then the N-S gradient is calculated according to for-
mula (4) of Cesaroni et al. (2015). Hereafter we refer to the
absolute value of such a TEC gradient simply as
rTEC@XXkm. An example of the retrieval of the TEC N-S
gradient at 100 km over Italy is provided in Figure 1. The model
performance is then evaluated in terms of the comparison
between medians in the selected geographical areas of
<rTEC@XXkm> ± r(rTEC@XXkm) and <|Grad_-
Ne@XXkm|> ± r(|Grad_Ne@XXkm|), in which r indicates
the standard deviation and <. . .> indicates the average.

3.3 TIE-GCM

TIE-GCM is a comprehensive, three-dimensional, first-
principles model of the coupled thermosphere and ionosphere
system (Dickinson et al., 1981; Richmond et al., 1992; Qian
et al., 2014). It solves the three-dimensional momentum, energy,
and continuity equations for neutral and ion species at each
model time step. Version 2.0 of the model, used here, runs in
two resolution modes: 5� and 2.5� in longitude and latitude.
The higher resolution version of the model, with a spatial reso-
lution of 2.5� in both longitude and latitude, was used in the pre-
sent study. The model height spacing is at one-half scale height
at 5� resolution and one-quarter scale height at 2.5�. Dang et al.
(2021) have described a high-resolution “Version 2.1” of the
model, which runs to a resolution of 0.625� across an altitude
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range of ~97 km to 500–700 km (depending on solar activity
levels).

TIE-GCM makes a number of assumptions, namely hydro-
static equilibrium, constant gravity, steady-state ion and electron
energy equations and incompressibility on a constant pressure
surface. Several empirical models are used within the TIE-GCM
to specify photoelectron heating, the production of secondary
electrons, and the upper boundary conditions for electron heat
transfer and electron number flux. TIE-GCM needs a number
of magnetospheric inputs, including particle precipitation and
the ionospheric electric fields at high latitudes (which are driven
from above). Atmospheric tides must be specified at the lower
boundary, and by default, the Global Scale Wave Model
(GSWM; Hagan et al., 1995) is used.

A more detailed description of the model is provided, and
online model runs can be obtained, at NASA’s Community

Coordinated Modelling Centre (CCMC) at https://ccmc.gsfc.
nasa.gov/requests/IT/TIE-GCM/tiegcm_user_registration.php.

The Swarm data products predicted by the model, i.e.
|Grad_Ne@100km|, |Grad_Ne@50km|, |Grad_Ne@20km| and
the IPIR_ix have a higher resolution than the spatial resolution
of TIE-GCM, so this comparison will be restricted to predic-
tions and observations of the electron density.

Predictions and observations compared with four week-long
case studies are selected: 4–10 September 2017, 26 April–2
May 2017, 13–20 August 2017, and 23–29 October 2017.
These dates are chosen as they include a range of local times
(LTs) and geomagnetic activities. On each day, the average lon-
gitude is calculated for each half-orbit (from one pole to the
other). The half orbit with the smallest average longitude is
selected. This meant that all the passes shown below crossed
the European sector. The longitudes are between 0� and 15�E

Table 1. List of ISMRs, including geographic coordinates and corresponding ionospheric region considered to select the model.

Receiver ID Location Latitude (�N) Longitude (�E) Region

DMC0P Concordia Station (Antarctica) �75.10 123.40 Polar/Auroral
MZS0P Mario Zucchelli Station (Antarctica) �74.70 164.11 Auroral
SAN0P SANAE-IV Station (Antarctica) �71.70 �2.80 Auroral
NYA0P Ny-Ålesund (Svalbard) 78.90 11.90 Auroral
TUC0P San Miguel de Tucumán (Argentina) �23.73 �65.23 Equatorial

Figure 1. Example of TEC N-S gradient calculation over Italy. Original TEC map using 5-minute data interval (left panel) with the 0.1�
latitude � 0.1� longitude resolution (as indicated by the black grid); TEC map evaluated on a regular grid (red dots) having a 100 km spacing
over the N-S direction (middle panel); corresponding TEC N-S gradient map (right panel).
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meridian. In TIE-GCM the longitude which was closest to the
average longitude of Swarm was found. The average altitudes
of the pressure levels at this longitude are calculated. The pres-
sure levels immediately above and below the altitude of the
Swarm are selected. The electron density values at these alti-
tudes and the associated scale height are used to estimate the
electron density at the altitude of Swarm.

4 Results

4.1 Climatological assessment of the model
performance

In this subsection, the model is tested in its ability to repro-
duce the climatological features of the Ne and Ne gradients. For
this purpose, the model output will be evaluated by direct com-
parison with Swarm data.

4.1.1 Climatology in the polar caps

In this section, we compare the density gradient at 100 km
calculated from the polar cap model with the gradients at
100 km from Swarm data. The equation of the model is recalled
below:

Grad Ne@100kmj j ¼ exp �1:69þ 5:74 � 10�3F 107 81
��

�4:30�10�3SZA� 6:29 � 10�3DOY fn

þ 3:53 � 10�3Kpþ 6:68 � 10�3MLAT ÞÞ3: ð6Þ
The physical meaning of each parameter is explained in the sup-
plementary material of Paper 1 (Table S1). We use the year 2015
as a basis for the comparison. Figures 2a and 2b show the sea-
sonal and universal time (UT) variations of the modelled density
gradient (polar model) in 2015 above the geomagnetic pole in
the Northern Hemisphere (83.0011� N; 83.7272�W – Fig. 2a)
and geomagnetic pole in the Southern Hemisphere
(74.8207� S; 124.5879�E – Fig. 2b). Figures 2c and 2d show
the seasonal and UT variation of the measured average plasma
density gradient at 100 km scale in the polar cap ionosphere
(poleward of ±75� MLAT) binned by 1 h in UT and 5 days in
DOY, for Northern (Fig. 2c) and Southern (Fig. 2d) hemispheres.
The values of the SZA near the altitude of Swarm A above geo-
magnetic poles in the northern and southern hemispheres are
shown in contours. The horizontal black lines show solstices
and equinoxes. Due to the orbital effect, there are a few data gaps
in the Southern Hemisphere at certain UT and DOY. However,
Figures 2c and 2d, similar to Jin & Xiong (2020), demonstrates
that large-scale density gradients have clear seasonal variations,
i.e., they show maximum from equinox to winter in the Arctic
and they show peak from equinox to summer in the Antarctic.
In addition, they also show UT variations which are due to the
offset between geographic and geomagnetic poles. This effect
can be represented by the SZA as presented by black and white
contours. During deep winter with the highest solar zenith angle
(lowest solar elevation angle), the density gradients are the
lowest.

By comparing Figures 2a and 2b with Figures 2c and 2d,
differences between Swarm-VIP models and data in the
Northern Hemisphere are present. However, the seasonal and
UT variations of density gradients in the southern hemisphere

are well represented, i.e. the low values of density gradients
are located near SZA values around 120�, while the high values
are located near SZA values of 60�–90�. The differences are
likely due to the strong control of the model by F107_81. The
high solar activity during the first half of 2015 resulted in strong
density gradients during that period, and this kind of variation
dominates the other model drivers (not shown). On the contrary,
the SZA above the geomagnetic south pole varies a lot, and this
results in a strong regulation by the SZA in that sector.

It is also worth noting that the seasonal variations of density
gradients in the North and South Polar Caps are different. The den-
sity gradient in the North Polar Cap is enhanced during local win-
ter, while the South Polar Cap shows enhancement during local
summer. The model does not distinguish between hemispheres,
since it has been trained using data from both sectors. Therefore,
the Southern Hemisphere could dominate the model as it is usually
associated with larger plasma structures (Jin & Xiong, 2020).
There is a discontinuity at the year boundary in the model because,
while some terms in the model such as DOY_fn are continuous
across the year boundary, others are not. For example, F107_81
differs at the start and end of 2015 and so contributes to the discon-
tinuity in the model at the year boundary.

4.1.2 Climatology at the auroral latitudes

In this section, we compare the density gradient calculated
from the auroral model for the gradients at 100 km against
the Swarm data. The equation of the model is recalled below:

Grad Ne@100kmj j ¼ exp �1:65þ 4:6 � 10�3F107 81
��

�7:92 � 10�2DOY fnþ 7:15 � 10�3MLAT

þ 2:08 � 10�2SW Press� 2:66 � 10�3 � SZA

þ1:69 � 10�2�IEF � 1:20 � 10�4SW VelÞÞ3: ð7Þ
The physical meaning of each parameter is explained in
Section 2.2 of Table S1 of Paper 1.

Figures 3a–3d show the parameters that are used to feed
|Grad_Ne@100km| model in the auroral latitudes in the northern
and southern hemispheres, respectively. As the equation at auro-
ral latitudes does not depend on LT, the Swarm orbits are not
divided by ascending/descending orbits. We use the Swarm data
that are flagged as being located in the auroral latitudes from the
IPIR dataset. The mean magnetic latitudes are shown in
Figure 3b. Due to the dynamical feature of the auroral oval in
response to the solar wind-magnetosphere-ionosphere coupling,
the magnetic latitudes of the auroral region vary with solar wind
dynamic wind pressure and speed. The solar wind dynamic
pressure and solar wind speed, and IEF are presented
(Figs. 3c–3d). Figures 3 shows the modelled (Fig. 3e) and daily
averaged (Fig. 3f) density gradients in 2015. The most obvious
feature of the modelled results is that they show annual varia-
tions that peak around December–January. There is also one
peak in the middle of 2015 that is likely due to the high value
of solar wind dynamic pressure during the storm on June 22,
2015 (Piersanti et al., 2017). Figure 3f shows that the daily aver-
aged density gradients from Swarm also show seasonal varia-
tions that are like the modelled result. However, the averaged
data are more fluctuating and with larger amplitudes than the
modelled one. This result is consistent with Paper 1, where
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Table 3 showed that the precision of this model (defined accord-
ing to Liemohn et al., 2021) was markedly less than 1, indicat-
ing that the model predictions were less variable than the
observations. Interestingly, the daily averaged density gradients
do show a peak on June 22, 2015.

Figure 4 presents scatter plots of modelled and daily aver-
aged density gradients from Swarm A at auroral latitudes
against F107_81 and DOY_fn for the Northern (black) and
Southern (red) Hemispheres to show their dependence on these
two different parameters. Clearly, both the model and the data
show dependence on a proxy for the solar activity (in this case
F107_81). When the solar activity increases, the density

gradients increase as well. The Swarm data have a wider range
of values than the model. This indicates that other parameters
are also playing a role in the generation of plasma structures.
When it comes to the dependence of DOY_fn, the model shows
a clear correlation with DOY_fn, and the correlation is more
obvious in the Southern Hemisphere.

4.1.3 Climatology at mid-latitudes

In this section, we compare the density gradient calculated
from themid-latitude model for theNe gradients at 100 km against
the Swarm data. The equation of the model is recalled below:

Figure 2. Seasonal and UT variations of modelled density gradient (polar model) in 2015 above the geomagnetic pole in the northern
hemisphere (NP, 83.0011� N; 83.7272�W – a) and geomagnetic pole in the southern hemisphere (SP, 74.8207� S; 124.5879�E – b). Seasonal
and UT variation of the averaged plasma density gradient at 100 km in the polar cap ionosphere (poleward of ±75� MLAT) binned by 1 h in UT
and 5 days in the day of the year, for Northern (c) and Southern (d) hemispheres. The solar zenith angle near the altitude of Swarm A above
geomagnetic poles in the northern and southern hemispheres are shown in contours. The horizontal black lines show solstices and equinoxes.
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Grad Ne@100kmj j ¼ exp �5:97 � 10�1 þ 9:93 � 10�4F 107 81
��

� 8:67 � 10�3ST þ 3:45 � 10�6Newell� 2:02 � 10�2DOY fn

� 5:15 � 10�4LAT þ 2:03 � 10�3IMF Abs ByÞÞ7: ð8Þ
The physical meaning of each parameter is explained in Paper 1
(Sect. 2.2 and Table S1).

Figures 5a–5d show the parameters for calculating density
gradients at middle latitudes. As the model is dependent on solar
time (ST), we only show the results corresponding to the
ascending (northward) orbits. This is because Swarm satellites
cross different LT sectors during ascending and descending
orbits. The ST of the ascending orbits in the Northern and
Southern Hemispheres are shown in Figure 5b. To make it sym-
metric about local solar noon, the value of the ST is used if ST <
12, while the value used is 24-ST for ST > 12. The modelled and
daily averaged density gradients are presented in Figures 5e
and 5f. The ratio of |Grad_Ne@100km| calculated by the model
and Swarm data is about 0.1–0.9, with a mean value of 0.27.
For the mid-latitude region, the seasonal variations of Swarm
data are obviously different from the model. The model uses
a sine function with a period of one year (mainly driven by
its anti-correlation with ST). The purpose of this function was

to represent the annual anomaly, whereas the Swarm data
clearly shows evidence of variations in other periods with two
clear peaks. This is the major discrepancy between the model
and the data. In a previous study the technique of Generalised
Linear Modelling was applied to the high-latitude ionosphere
(Dorrian et al., 2019), a function to represent the semi-annual
anomaly was trialled but was not then included in any of the
models. Such a function was not included as an explanatory
variable in the present study for two reasons. Firstly, it was
weakly correlated with the SZA and so, based on the modelling
method used, a choice had to be made between using this func-
tion and the SZA. The SZA has a more obvious physical inter-
pretation and was selected. Secondly, it was anticipated that
any such variations would be captured by the observations of
the thermospheric density made by Swarm (models shown in
Table S4 of Paper 1). As discussed in Paper 1, a thermospheric
data product with a higher temporal resolution is needed and
this will be explored in a future study.

Figure 6 shows the scatter plots of modelled (mid-latitude
model) and daily averaged density gradients versus F107_81
and DOY_fn. Similarly to auroral latitudes, both the model
and data are dependent on F107_81. The bottom panels
show the dependence on the day of the year. For the model, a
clear dependence on DOY_fn is seen. However, two groups

Figure 3. The input for the auroral model is the daily averaged values of Swarm A (a–d). The magnetic latitudes are daily averaged of the
ionosphere region 2 (aurora) from the IPIR dataset. The modelled (auroral model) density gradients at 100 km (e) and the daily averaged
density gradients at 100 km (f) at auroral latitudes of the Northern (NH, black) and Southern (SH, red) Hemispheres using data from Swarm A.
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of data exist. This can explain the differences in the seasonal
variations, i.e. a sine function with a period of one year is not
enough to explain the seasonal variations of mid-latitude density
gradients.

4.1.4 Climatology at the equatorial latitudes

In this section, we compare the density gradients calculated
from the equatorial-latitudes model for the gradients at 100 km
against the Swarm data. Figure 7 shows the climatology of elec-
tron density and density gradient at 100 km scale at low latitudes,
as a function of geographic latitude and local time. The data are
averaged in 2015 using Swarm A. The averaged plasma density
and its gradient are enhanced from 09:00 to 22:00 LT, due to EIA
(MacDougall, 1969). After 18:00 LT, the plasma density

gradients are intensified and cover a wider area, which includes
the equator. This is the signature of the plasma density gradients
embedded in the post-sunset EPBs that can be detected at Swarm
altitudes (see Wood et al., 2022; and references therein).

To overcome the limitation of the scarce capability of the
models to reproduce the signatures of the post-sunset equatorial
plasma bubbles, three additional categories of model in the
equatorial region, one to represent daytime, one to represent
night-time and one to represent the evening, when EPBs were
more likely to occur (Li et al., 2021), are developed. The
three different considered LT sectors separately could be set
as 01:00–08:00 LT (night), 08:00–18:00 LT (day) and 18:00–
01:00 LT (bubbles). The expressions for the |Grad_Ne@100km|
models for the three LT regions are for the dayside sector
(08:00–18:00 LT):

Figure 4. The scatter plots of modelled (auroral model) and daily averaged density gradients from Swarm A at auroral latitudes against
F107_81 and DOY_fn for Northern (black) and Southern (red) Hemispheres.
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Grad Ne@100kmj j ¼ exp �1:69þ 1:39 � 10�2Sunspot 27
��

�2:53 � 10�2 LAT þ�2:81 � 10�3 � SYM H � 5:53 � 10�3SZA

�9:82 � 10�2DOY fnÞÞ4; ð9Þ

while for the EPB sector (18:00–01:00 LT):

jGrad Ne@100kmj ¼ ðexp �4:17 � 10�1 þ 3:86 � 10�3F 107 81
�

�1:11 � 10�2LAT � 3:19 � 10�3SZAþ 3:84 � 10�4IMF ClockÞÞ4;
ð10Þ

and for the nightside sector (01:00–08:00 LT):

jGrad Ne@100kmj ¼ ðexp �4:95 � 10�1 � 2:90 � 10�2ST
�

þ S4:84 � 10�4Sunspot þ 6:62 � 10�3IMF Bt � 3:87 � 10�3MLAT

� 1:94 � 10�4SYM H � 2:29 � 10�3IMF By

� 6:95 � 10�4SYM DÞÞ6: ð11Þ

The known season/longitude variations of equatorial iono-
spheric irregularities are not included in the models. Figure 8

Figure 5. The input for the mid-latitude model as daily averaged values of Swarm A (a–d). The modelled (mid-latitude model) density
gradients at 100 km (e) and the daily averaged density gradients at 100 km (f) at mid-latitudes of the Northern (black) and Southern (red)
Hemispheres using data from Swarm A.
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is analogous to Figure 7 except that the equatorial models
have been sorted according to the different LTs. Figure 8 is
produced using the averaged helio-geophysical indices in
2015. This is to match the time for the averaged Swarm data
in 2015 (Fig. 7). For the dayside sector 08–18 LT, the DOY
was selected as the Spring equinox (March 22) in 2015. Note
that selecting other DOY will only affect absolute values of
density gradients but not the general pattern. The models
reproduce the general features, like daytime enhancements of
both Ne and |Grad_Ne@100km| during daytime and the increase
and latitudinal spreading after local post-sunset hours
(18:00 LT), but the double crest signature is completely lost.

4.2 Performance assessment against ground-based
GNSS observations

In this section, the model is tested to verify its capability of
reproducing ionospheric weather as depicted by ground-based
GNSS data, by concentrating on rU and ROT data from ISMRs
and on TEC spatial gradients evaluated in the N-S direction at
the three scales of 20, 50, and 100 km.

To verify the ability of the model to follow the development
of a geomagnetic storm and represent the consequent formation
of the medium-scale irregularities in the high-latitude iono-
sphere, we focus on the September 2017 storm. The severe geo-
magnetic storm, caused by a series of X and M class flares and
associated coronal mass ejections, had its main phase during 7–
8 September 2017 and its effects are among the most studied of
the last solar cycle (see., e.g. Vanlommel & Van der Linden,
2017; Linty et al., 2018; Alfonsi et al., 2021; de Paula et al.,
2022; Sato et al., 2019). The formation of irregularities and their
impact on GNSS has been reported at high latitudes in both the
Northern and Southern Hemispheres, in terms of enhancements
of the scintillation indices recorded by ground-based GNSS
receivers (Linty et al., 2018; Ghobadi et al., 2020; Vilà-Valls
et al., 2020; D’Angelo et al., 2021). To the scope, Figure 9
shows time series of rU (black) for every GPS satellite in view
with elevation >30� by MZS0P, SAN0P (b), DMC0P (c), and
NYA0P (d) receivers (see Table 1) and of the corresponding
IPIR index, IPIR_ix (red), from auroral model (Figs. 9a–9d)
and polar cap model (Figs. 9e–9h), for the period 5–10 Septem-
ber 2017. Events that occur rarely pose a challenge for statistical
models to capture. These dates were chosen as they included a

Figure 6. The scatter plots of modelled (left plots) and daily averaged (right plots) density gradients at 100 km from Swarm A for the
ascending orbits as a function of F107_81 (top plots) and DOY_fn (bottom plots), separately for Northern (black) and Southern (red)
Hemispheres.
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Figure 7. The average Ne (top plot) and density gradient at 100 km (bottom plot) as a function of geographic latitude and local time. The data
from Swarm A in 2015 are divided into bins of 2� in latitude and 20 min in local time.

Figure 8. Same as Figure 7, but for the equatorial models being sorted according to the different LT.
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number of flares and heightened geomagnetic activity, both of
which represent challenging conditions for the Swarm-VIP
models. The IPIR index, IPIR_ix, was used within this compar-
ison as Kotova et al. (2023) highlighted the usability of this
index as a proxy for large-scale plasma variations, which can
lead to phase fluctuations in GNSS signals, by leveraging on
a statistical characterization upon 23 ground-based GNSS
scintillation receivers at polar, auroral and low latitudes. The

expressions of the IPIR_ix model for the auroral and polar
regions, respectively, are the following:

IPIR ix ¼ exp 4:87 � 10�1 þ 2:83 � 10�3F 107 81
�

þ9:60 � 10�3MLAT � 8:02 � 10�3MLT þ 1:38 � 10�2SW Press

�2:64 � 10�2DOY fnþ 1:24 � 10�2IEF Þ; ð12Þ

Figure 9. Time series of rU (black) for every GPS satellite in view with elevation >30� as observed from the receivers at (a) MZS0P,
(b) SAN0P, (c) DMC0P, (d) and NYA0P and of the corresponding IPIR index (red) from auroral model (panels a–d) and polar cap model (e–h),
for the period 5–10 September 2017.
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IPIR ix ¼ exp 9:67 � 10�1 þ 3:32 � 10�3F 107 81
�

�3:11 � 10�3SZAþ 5:03 � 10�3MLAT þ 1:93 � 10�3Kp

� 2:01 � 10�2DOY fnþ 1:92 � 10�3SW DenÞ: ð13Þ
The MZS0P, SAN0P, and NYA0P receivers are mostly auroral
and cusp stations while DMC0P is mostly within the cap (see,
e.g. Spogli et al., 2009; Prikryl et al., 2011; D’Angelo et al.,
2018; De Franceschi et al., 2019). The time series of IPIR_ix
has a gap because all the values of the IEF and/or other solar
wind parameters for the preceding 2-hour period were missing.
This model requires the averaging of these parameters over the
preceding 2-hour interval.

Enhancements of rU for all receivers are found mostly on
7 and 8 September, indicating the presence of ionospheric irreg-
ularities covering the range spanned by Swarm observations.
Such enhancements have good agreement with increases in
the model predictions of IPIR_ix. Some scintillation is found
on late 5 September for MZS0P and NYA0P, in correspondence
with an increase of the polar cap model predictions (in anti-
phase with the auroral model). There is a daily peak of the
IPIR_ix which does not have any translation into enhancements
of the phase scintillation index.

Figure 10 presents time series of |ROT| (in black) for every
GPS satellite with elevation >30� by MZS0P (a), SAN0P (b),
DMC0P (c), and NYA0P (d) receivers and of the corresponding
|Grad_Ne@XXkm| (XX = 20, 50, and 100 km) from auroral
model, according to the colour coding reported in legend, and
for the period 5–10 September 2017. |ROT| is the measure of
the TEC variation along each arc, hence mixing spatial and tem-
poral TEC gradients, while |Grad_Ne@XXkm| represents the
irregularities on the N-S direction at the given spatial scale

(20, 50, and 100 km). We remind the reader that |ROT| enhance-
ments are triggered mostly by the passage of the GNSS signal
through mesoscale irregularities, i.e. those having scale sizes
in the few km up to few tens of km range. The exact scale caus-
ing the phase variation is also dependent on the relative geom-
etry between the ray path at the IPP and the bulk direction of the
irregularity. So the purpose of the comparison is to assess the
ability of the model to represent irregularities on a spatial scale
close to the one investigated by means of |ROT|, especially the
20 km one. Additionally, |ROT| is a physical measure of a sim-
ilar kind of |Grad_Ne@XXkm|. As already mentioned, it is not
the purpose of the proposed assessment to get a one-by-one
comparison of the investigated quantities, rather than check
the possibility to use the model to proxy some GNSS effects
induced by the presence of the irregularities on compatible scale
sizes.

Similar to Figure 9, the effect of the storm in both hemi-
spheres was the triggering of ionospheric irregularities, as
shown by |ROT| enhancements. Here the investigated models
differ from what was shown in the previous figure. The auroral
models for the three gradients of Ne are expressed as:

Grad Ne@100kmj j ¼ expð�1:65þ 4:64 � 10�3F 107 81
�

�7:92 � 10�2DOY fnþ 7:15 � 10�3MLAT þ 2:08 � 10�3SW Press

�2:66 � 10�3SZAþ 1:69 � 10�2IEF � 1:20 � 10�4 SW VelÞÞ3; ð14Þ

Grad Ne@50kmj j ¼ exp �8:55 � 10�1 þ 1:76 � 10�3F 107 81
��

þ 5:04 � 10�3MLAT � 2:80 � 10�2DOY fn� 8:39 � 10�1SW Press

�4:86 � 10�3MLT � 7:53 � 10�3IEF ÞÞ8; ð15Þ

Figure 10. Time series of |ROT| (black) for every GPS satellite in view with elevation >30� as observed from the receivers at (a) MZS0P, (b)
SAN0P, (c) DMC0P and (d) NYA0P and of the corresponding |Grad_Ne@XXkm| (XX = 20, 50, and 100 km) predicted by the auroral model,
according to the colour coding reported in the legend, for the period 5–10 September 2017.
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Grad Ne@20kmj j ¼ expð�3:10 � 10�1 þ 6:98 � 10�3F 107 81
�

þ 1:95 � 10�2MLAT � 1:07 � 10�1DOY fnþ 3:21 � 10�2SW Press

�1:76 � 10�2 MLT � 1:17 � 10�2IMF BzÞÞ2: ð16Þ

The figure intends also to report on the inter-hemispheric asym-
metry between the Northern Hemisphere station NYA0P (d)
and the other Southern Hemisphere measurements by the three
receivers at MZS0P (b), SAN0P (b) and DMC0P (c) and of the
corresponding |Grad_Ne@XXkm| from auroral model, accord-
ing to the colour coding reported in legend, for the period
5–10 September 2017. Also in this case, the auroral model
can reproduce the presence of irregularities with scale sizes of
a few km’s scales and can follow the development of the geo-
magnetic storms in the high-latitude sector.

To assess the equatorial model, the period 2–6 February 2022
in the Southern Hemisphere has been selected, as it has the right
seasonality (close to the equinox and local summer) and solar
flux conditions (ascending phase of the solar cycle) to have
enhanced probability of formation of ionospheric irregularities
embedded in the post-sunset EPBs (see, e.g. Cesaroni et al.,
2015; Muella et al., 2017; Li et al., 2021; Macho et al., 2022).
This variability, coupled with the proximity to the South Atlantic
Anomaly, represents a particularly challenging set of conditions
for the model. Figure 11 shows the time series of |ROT| (black)
for every GPS satellite with elevation >30� by TUC0P (top)
receiver, located under the crest of the EIA in the Argentinean
sector, and of the corresponding |Grad_Ne@XXkm| from
the LT-dependent equatorial models, according to the colour
coding reported in legend, for the period 2–6 February 2022.

For the sake of brevity, the 9 analytical expressions of
the |Grad_Ne@XXkm| LT-dependent equatorial models are not
explicitly reported, and the reader is referred to Table S3 of
Paper 1.

The |ROT| time series for the TUC0P receiver is featured by
enhancements in local post-sunset hours (LT = UT � 3) up to
5 TECu/min and more. This is the typical signature of the
presence of the post-sunset EPBs. For what concerns the mod-
els, the discontinuities are due to the different formulations of
the models in the three considered LT sectors (01:00–08:00,
08:00–18:00, and 18:00–01:00). All models present a primary
peak at the local noon, having a weak correspondence with
|ROT| data which tends to be enhanced slightly after local noon.
A secondary peak, present at later hours by the 08:00–18:00
model, fits with the increase in |ROT| due to plasma bubbles,
although the 08:00–18:00 model tends to indicate that the max-
imum gradients occur five hours before the peaks in |ROT|.
During the night between 2 and 3 February and the night
between 4 and 5 February 2022, no signature of EPBs is found
in |ROT| data. This is due to the day-to-day variability of the
EPB occurrence (Li et al., 2021), while the model, being clima-
tological in nature, predicts their presence every day.

Concerning the performance of the models against TEC
spatial gradients in the North-South direction (»TEC@XXkm),
whose retrieval is reported in Section 3.2, Figure 12 reports
the median of TEC N-S gradient at 20 km (a) and 100 km (c)
and of the LT-dependent equatorial models of |Grad_Ne@20km|
(b) and of |Grad_Ne@100km| (d) in the geographical sector
(54�W, 17–20�S), i.e. in the Brazilian sector, as a function of
day and LT. This geographical sector is characterized to be
the closest, among the available ones, to the expected position
of the southern crest of the EIA. The yellow solid lines indicate

Figure 11. Time series (in LT) of |ROT| (black), for GPS satellites in view with elevation >30� by TUC0P receiver and of the corresponding
|Grad_Ne@XXkm| (XX = 20, 50, and 100 km) from the LT-dependent equatorial models, according to the colour coding reported in legend, for
the period 2–6 February 2022 UT.
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the sunrise and sunset times evaluated at 120 km altitude.
The considered period is from 1 September 2013 to 30 March
2014. Similarly to what was stated in Figure 11, the seasonal
conditions during the period from 1 September 2013 to
30 March 2014 (southern hemisphere equinoxes and summer)
are such to have the maximum probability of formation of
post-sunset equatorial plasma bubbles.

TEC N-S gradients at the considered spatial scales peak after
the local post-sunset hours, present a day-to-day variability, and
favour the equinoctial months. This suggests that those gradi-
ents are related to the presence of EPBs. The models peak at
local noon after 18:00 LT (i.e. in correspondence with the
post-sunset hours) and values are enhanced until local midnight.
The peak at local noon in the models maximizes during local
winter and equinoxes, favouring the March equinox for both
20 km and 100 km gradients. The increase after 18:00 LT in
the models has a maximum in the March equinox. Also, the
TEC data reports a peak in the post-sunset hours that is more
pronounced in the March equinox. The peak at noon is
completely absent in the data. This is likely because, around
noon and in such a narrow geographical sector, TEC is mainly
dominated by the EIA crest, which covers a large area. This
may result in very little meridional gradients when considering
an integrated quantity like TEC. Conversely, a larger variability
is expected when considering that the model addresses just the
topside sector of the ionosphere.

To check how this climatological behaviour translates into
specific cases, Figure 13 shows the time series of the median
TEC N-S gradient at 20 km (bottom), 50 km (middle) and
100 km (top) and of the corresponding Ne gradient medians
from the equatorial model in the geographical sector (47�W,
17�–20�S). Shaded areas indicate the ±1 sigma spread around
the median. The selected period refers to 21–27 January

2014. As in the case of the relation between the peaks in
|ROT| presented in Figure 11, the |Grad_Ne@XXkm| models
show a shift in the time of occurrence of the night-time |Grad_
Ne@XXkm| maximum which occurs three hours earlier than the
onset of EPBs. These features are present in the climatology of
evaluated Swarm Ne gradients data on which the model is
based. This is, as stated, in contradiction with the scintillation/
EPB occurrence measurements not only on a day-to-day
basis but also climatologically (offset by a few hours). Never-
theless, whenever investigating the cross-correlation (not
shown) of the complete statistics of the median values of both
|»TEC@XXkm| and |Grad_Ne@XXkm|, the larger correlation
is found in correspondence with the zero lag. At a 3-hour lag,
it presents a 15% decrease, dropping below 50% for lags
exceeding 10 h. Additionally, there was another diurnal peak
at ±24 h, similar in magnitude to the one observed at a 3-hour
lag.

An additional reason for the differences between the model
and the observations in this sector is likely due to the presence
of the South Atlantic Anomaly (Aruliah, personal communica-
tion). In the model development, no measure of longitude (geo-
graphic or geomagnetic) was trialled as an explanatory variable
due to the characteristics of the Swarm orbit. During a year,
Swarm samples all LT and longitude sectors. However, it only
samples a given LT sector in a given longitude sector once every
131 days, which corresponds to two or three intervals per year.
It is not feasible to trial both LT and longitude using a dataset
that spans 2 years, and it is not currently feasible to extend this
dataset without compromising the ability of the model to con-
sider times of higher solar activity. Therefore, the behaviour
of the equatorial ionosphere was considered on average,
whereas it would be advantageous to model the region around
the South Atlantic Anomaly separately. As the Swarm mission

Figure 12. Median of TEC N-S gradient at 20 km (a) and 100 km (c) and of the model |Grad_Ne@20km| (b) and |Grad_Ne@100km| (d) from
the equatorial model in the geographical sector (54�W, 17�–20�S) as a function of day and LT. The yellow solid lines indicate the sunrise and
sunset times evaluated at 120 km. The considered time period is from 1 September 2013 to 30 March 2014.
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continues during solar cycle 25, the additional observations will
make this a feasible proposition.

To check the behaviour of the mid-latitudes models, we also
evaluated the performance of the |Grad_Ne@100km| against
TEC N-S gradients over Italy (as described in Sect. 3.2). The
expression of such a model is again in Table S2 of Paper 1.
Figure 14 shows the time series of the median of the TEC
N-S gradient at 100 km and the corresponding Ne gradient med-
ian values from the mid-latitude model in the geographical sec-
tor (13�E, 35–46�N). Shaded areas indicate the ±1 sigma spread

around the median. We report only the model for |Grad_
Ne@100km| as no significant differences with the other Ne gra-
dient models are observed for mid-latitudes models. The
selected periods refer to 17–20 March 2015 (Fig. 14a) and
7–10 March 2012 (Fig. 14b), which are both characterized by
the presence of a geomagnetic storm. The former is the widely
studied 2015 St. Patrick’s Day Storm which produced different
types of Large-Scale Traveling Ionospheric Disturbances
(LSTIDs) in the European sector (Borries et al., 2016;
Zakharenkova et al., 2016); the latter has been studied by

Figure 13. Time series of the median of the TEC N-S gradient at 20 km (bottom), 50 km (middle) and 100 km (top) and the corresponding Ne
gradient medians from three equatorial models in the geographical sector (47�W, 17–28�S). Shaded areas indicate the ±1 sigma spread around
the median. The selected period refers to 21–27 January 2014.

Figure 14. Time series of median of the TEC N-S gradient at 100 km and of the corresponding Ne gradient medians from mid-latitude model
in the geographical sector (13�E, 35–46�N). Shaded areas indicate the ±1 sigma spread around the median. Periods refer to 17–20 March 2015
(a) and 7–10 March 2012 (b).
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Belehaki et al. (2017), reporting again LSTIDs activity over
Europe linked to auroral electrojet intensification following
the storm. Concerning the case of the St. Patrick’s Day storm
case (Fig. 14a), concurrent enhancements of the investigated
quantities are found in the first phase of the storm (17 to the half
of 18 March). To evaluate the ability of the mid-latitude models
to account for the effect of a partial solar eclipse, the period
includes 20 March 2015 between 09:00 and 10:00 UT during
which such an eclipse occurred over Europe. The ionospheric
effects induced by the eclipse in the European sector (including
Italy) are reported in the literature (see, e.g. Pezzopane et al.,
2015; Verhulst et al., 2016; Stankov et al., 2017). The effect
of the solar eclipse has been modelled by setting for the respec-
tive hour the value of the F10.7 parameter to zero to feed the
model. As only F107_81 is input to the model, no meaningful
differences have been found in the overall behaviour, as
expected. On the contrary, in the March 2012 case, there is a
midnight-noon inversion of the peak gradient from the model
and data, which limits the capability of the model to reproduce
the storm effect in terms of the induced spatial gradients. We
recall that under the comparison between TEC N-S grad and
|Grad_Ne@XXkm| lies a strong assumption, i.e. that enhance-
ments of gradients in TEC can be reflected in gradients at the
same spatial scale in the topside ionosphere, and that these

gradients occur simultaneously. Deviations from these assump-
tions can occur under disturbed conditions, contributing to the
possible failure of the model in the March 2012 case event.

4.3 Performance assessment against TIE-GCM

In this section, the modelled Ne is compared against the
TIE-GCM output. No other modelled parameters are compared
since they are below the spatial resolution of TIE-GCM. An
example of a comparison between Swarm A observations and
TIE-GCM output is shown in Figure 15. This illustrates a few
differences which were repeatedly seen in the wider analysis.
In general, when TIE-GCM is compared with Swarm data, it
can depict enhanced electron densities at equatorial latitudes
close to local noon, persisting into the afternoon and evening,
as expected from the diurnal variation, however, there can be
significant differences between the values predicted by
TIE-GCM and observed by Swarm. There are times when
TIE-GCM represents the Swarm observations well, such as
when the solar zenith angle is low. However, when the iono-
sphere is variable, TIE-GCM does not always accurately capture
that variability, for example at the high latitudes in Figure 15.
Even when conditions are quiet, TIE-GCM does not always

Figure 15. The electron density (Ne) and |Grad_ Ne@100km| observed by Swarm A with the electron density (Ne) estimated by TIE-GCM
along the Swarm A orbital path for 26th October 2017 16:50 UT–17:37 UT.
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capture the large-scale structure of the ionosphere as shown in
the additional figures in the Supplementary material.

The TIE-GCM and Swarm-VIP models are compared
against Swarm observations for four weeks long case studies
in a longitude sector that includes the European region (0oE–
15oE longitude): 4–10 September 2017, 26 April – 2 May
2017, 13–20 August 2017, and 23–29 October 2017, with these
intervals chosen to cover a range of LT sectors and geomagnetic
conditions. The 13–20 August 2017 interval is chosen as these
orbits sampled the noon and midnight LT sectors (approxi-
mately aligned on the 00:00–12:00 LT axis). The 23–29 is
chosen as these orbits sampled the dawn and dusk LT sectors
(approximately aligned on the 06:00–18:00 LT axis). There
was a period of enhanced geomagnetic activity between 4 and
10 September 2017, and so these dates were selected. During
this interval, Swarm A sampled LT approximately aligned with
the 10:00–22:00 LT axis. Observations from 26 April–2 May
2017 are also selected, as the same LT sectors are sampled,
but under quiet geomagnetic conditions. To enable a like-for-
like comparison between the Swarm-VIP models and TIE-
GCM, the goodness of fit statistics discussed against Swarm
plasma density observations is recalculated for the Swarm-
VIP models for this interval.

Ideally, dates from the evaluation dataset (detailed in
Paper 1) would be used for this comparison. However, the opti-
mization and evaluation dataset is split by DOY, with odd
DOYs used for optimization and even DOYs used for evalua-
tion. This is necessary to ensure that a suitable range of helio-
geophysical conditions are present in both the optimisation
and evaluation datasets for model development and testing.
Unfortunately, it also meant that, if dates from the evaluation
database were used for the comparison with TIE-GCM then,
if 7 days of data were required, this would be drawn from a per-
iod of 13 days. In this interval, the LT of the orbit would vary by
2.4 h. To minimise these variations in LT while using 7 days of
data, a continuous interval of observations is required.

As described in Paper 1, the models are originally fitted
using data from the training dataset. Then the model parameters
are re-estimated using data from the optimization dataset. There-
fore, the training dataset is used to determine what parameters
are chosen, but not their estimates. To enable the comparison
with TIE-GCM, dates from the training dataset are selected
for this statistical comparison. This ensures that the comparison
is based on four intervals covering a range of geomagnetic
activities and LTs but where the variation with LT within
each interval is minimised. However, it does mean that the

goodness-of-fit statistics for the Swarm-VIP models are slightly
better than they would be if the models were evaluated against
an independent dataset. For this reason, the comparison is
intended to be illustrative, focusing on 4 weeks of data at a
specific longitude sector and a range of LTs.

The databases used for the Swarm-VIP models include a
total of 17,339 independent data points which are used for these
tests. In order to enable a like-for-like comparison between the
Swarm-VIP models and TIE-GCM, the four key measures of
the goodness-of-fit of the model predictions to the data already
used in Paper 1 are used in the present study. These are the rel-
ative Root Mean Square Error (rRMSE) and Median Symmetric
Accuracy (MSA) for the accuracy; the Mean Error (ME) for the
bias; the precision and the Pearson Linear Correlation Coeffi-
cient for the association. All those goodness of fit statistics
are introduced in Liemohn et al. (2021) and are reported in
equations 15–19 of Paper 1. These parameters are calculated
for the Swarm-VIP models for this interval. These re-calculated
values are shown in Table 2 and are broadly similar to those
shown in Table 3 of Paper 1. The similarity of these good-
ness-of-fit statistics to those shown in Paper 1 gives confidence
that the improvement to the goodness-of-fit statistics which
results from evaluating the Swarm-VIP models against the train-
ing dataset is minor.

The model predictions from TIE-GCM at the closest grid
point on a latitude-longitude-universal time grid to the location
of the observation made by Swarm are selected and the same
goodness-of-fit statistics are calculated. The modelled electron
density is re-scaled to the mean altitude of Swarm A in this
interval. Within each latitudinal region, goodness-of-fit statistics
from the Swarm-VIP models and TIE-GCM can be compared.
The most striking difference in the goodness-of-fit statistics
between the models is seen in the correlations. The Swarm-
VIP models show a moderate improvement over TIE-GCM in
the polar, auroral and mid-latitude sectors, while TIE-GCM
shows a moderate improvement over the Swarm-VIP model
in the equatorial sector. The higher correlations indicate that
more of the trend in the observations is captured by the model.
The model with the higher correlation in each latitudinal region
also has a slightly better accuracy, as measured by the rRMSE
and the MSA. The precision is closer to 1 for the Swarm-VIP
models than TIE-GCM in the auroral and mid-latitude regions,
indicating that the variability in the model and observations is
more similar for the Swarm-VIP models than for TIE-GCM.
In the polar and equatorial regions, the precision is better (closer
to 1) for TIE-GCM. Substantial biases are seen for TIE-GCM in

Table 2. Goodness of fit statistics compared between the Swarm-VIP models and TIE-GCM for a series of case studies in 2017. The calculation
of these goodness-of-fit statistics is shown in Paper 1.

Model Region Goodness-of-fit statistics

rRMSE MSA rME Precision Correlation

Swarm-VIP models Polar 0.16 110 0.02 0.55 0.65
Auroral 0.15 110 0.01 0.70 0.62
Mid 0.16 111 0.00 0.76 0.48
Equatorial 0.14 110 �0.01 0.72 0.43

TIE-GCM Polar 0.23 112 �0.10 0.57 0.36
Auroral 0.22 113 �0.12 0.61 0.36
Mid 0.18 112 0.01 0.72 0.32
Equatorial 0.16 112 0.11 1.03 0.67
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the auroral and equatorial regions, but not for any other model
in any other region. Bias in physical models is relatively com-
mon (i.e. Elvidge et al., 2023), raising the possibility that the
Swarm-VIP models could be used to calibrate the physical mod-
els. This possibility will be explored in a subsequent paper
which will also conduct a more detailed comparison of TIE-
GCM and the Swam-VIP models.

A possible explanation for the differences in the goodness-
of-fit statistics between the Swarm-VIP models and TIE-GCM
is that a statistical model can respond more quickly to changes
in the driving conditions, and the Swarm-VIP models are more
heavily driven by such terms away from the equatorial region.
In addition, the Swarm-VIP models can model not just Ne,
but proxies for structures below the TIE-GCM grid size. How-
ever, TIE-GCM does have another significant advantage over
the Swarm-VIP models. Since it is a physics-based model, it
has the potential to better contribute to our physical understand-
ing of the system.

5 Discussion and conclusions

In the frame of the Swarm-VIP project, 20 models have
been developed to predict electron density, its gradients at three
spatial scales – 20, 50, and 100 km – and the strength of the
density of the fluctuations (through IPIR_ix) in the polar cap,
auroral, mid-latitude and equatorial regions. The paper leverages
on the formulation, optimisation and validation of the models
provided in the companion paper (Paper 1) for identifying per-
formance strengths of the models. This translates into address-
ing three different aspects: (i) the ability of the model to
reproduce the climatological variability of the considered quan-
tities through the direct comparison with Swarm data; (ii) the
ability to reproduce ionospheric weather as depicted by
ground-based GNSS and serve as a proxy for the ionospheric
effect on GNSS signals; and (iii) the comparison with the phy-
sics-based modelling provided by the TIE-GCM. Selected
results are discussed and detailed in this paper and Paper 1.

Concerning (i), the overall climatological features are gener-
ally well reproduced by the models. For the polar models, the
main discrepancies are found to be related to the strong control
of the models by F107_81 and the lack of inter-hemispheric
asymmetry in the models. This impact can be mitigated by train-
ing models using separate datasets from each hemisphere. The
most significant discrepancy between the mid-latitude data and
the model is that the model significantly underestimates |Grad_
Ne@100km| by a factor that ranges from 0.1 to 0.9. Other dis-
crepancies can be attributed to the fact that the model uses a sine
function with a period of one year, while the Swarm data show
seasonal variations with two peaks. The equatorial models have
two formulations: the first one uses the GLM approach indepen-
dently on the LT, while the second applies it in three LT sectors
to better reproduce the effect of the post-sunset equatorial plasma
bubbles. The three LT-dependent equatorial models differ signif-
icantly from the Swarm and GNSS measurements in terms of
the time difference between the daily peaks of the |Grad_
Ne@100km| models and the corresponding gradients derived
from Swarm Ne measurements and GNSS TEC observations.

Concerning (ii), in general, the high-latitude models can rep-
resent enhancements of the IPIR_ix and |Grad_Ne@XXkm|

quantities that sometimes match enhancements of rU and
|ROT| during the various phases of the September 2017 storm.
This is more evident for the auroral model, which seems to
be the one able to represent the considered ISMR data, which
covers both the auroral and polar cap sectors. We remind the
reader that the Swarm-VIP models can reproduce medium-scale
irregularities, i.e. no matching with measured amplitude scintil-
lation events is expected. This is somehow expected as those
irregularities are most likely to form within the auroral oval,
at the edges of auroral forms (see, e.g. Moen et al., 2013;
Enengl et al, 2023; and references therein). For the equatorial
LT-dependent models of the |Grad_Ne@XXkm|, signatures of
the post-sunset equatorial plasma bubbles are represented by
the models, but at times up to three hours earlier than the occur-
rence of the EPBs as observed in the rU and |ROT| measure-
ments. However, due to the climatological nature of the
models, the day-to-day variability of the bubble formation
remains mostly unmodelled (Li et al., 2021). Additionally, a
peak at noon of the model (favouring local winter and equi-
noxes) is reported and found not to be related to the TEC merid-
ional gradients in the considered narrow area under the southern
crest of the equatorial ionisation anomaly. This can be ascribed
to a larger variability of the topside ionosphere than the one
obtained while considering an integrated quantity like TEC over
a narrow ionospheric sector.

Concerning (iii), the Swarm-VIP models of electron density
show an improvement over TIE-GCM in the polar, auroral and
mid-latitude sectors, but not in the equatorial sector. One possi-
ble explanation for this could be the greater dependency of
polar, auroral, and mid-latitude models on driving conditions
in contrast to equatorial models. Consequently, they may dis-
play more effective reactions to geospace forcing than the equa-
torial model, which reacts less to such forcing, ultimately
leading to outperforming the TIE-GCM. It may also be that
the influence of the thermosphere on the ionosphere is stronger
at these latitudes and this will also be explored. Another possi-
bility is likely to be the presence of the South Atlantic Anomaly.
Ideally, a measure of longitude should be trialled as an explana-
tory variable, or a separate model should be developed for this
region. However, the characteristics of the Swarm orbit (sam-
pling a given LT sector in each longitude sector only once every
131 days) means that it is not currently feasible to do this with-
out compromising the ability of the model to consider times of
higher solar activity. As the Swarm mission continues during
solar cycle 25, the additional observations will make this a fea-
sible proposition. Substantial biases are seen for TIE-GCM in
the auroral and equatorial regions. Biases in physical models
are relatively common (i.e. Elvidge et al., 2023), raising the pos-
sibility that the Swarm-VIP models could be used to calibrate
the physical models. This possibility will be explored in a sub-
sequent paper.

A perfect agreement between the models and the data is
neither expected nor observed. These models of the plasma
structures are deterministic. However, there are also random
variations in the ionospheric structures which cannot be captured
by these models. The explanatory variables are proxies for the
driving processes. They approximate these processes, rather than
exactly replicating them, and this will cause a discrepancy.
Nevertheless, the Swarm-VIP models successfully represent a
wide variety of ionospheric features. The comparisons to other
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datasets and models in this paper can be used to identify poten-
tially fruitful areas for further model development. The most
important of these is to trial thermospheric density products at
temporal/spatial resolution that are similar to the ionospheric
data products. Applying different lags to the solar wind data
products and between the DOY_fn and the |Grad_Ne@XX_km|
models may also be a fruitful avenue for future research.We plan
to explore these avenues in a future publication.

In summary, our effort shows that the developed climatolog-
ical models for the ionospheric plasma density reflect the
instantaneous values reasonably well. Modelling the plasma
density gradients, however, is more of a challenge. The basic
features of the topside electron density are captured by our
models, but, since the models are primarily climatological, most
of the instantaneous variability is not captured. Future develop-
ments of the Swarm-VIP models are expected to improve
their performance. Specifically, the use of the thermospheric
density and the ionospheric current systems has been proven
in Paper 1 to be effective in improving the models. However,
the Swarm data products directly providing this information
cannot be used for models aimed at being independent of the
Swarm tracks that generated them. Exogenous data sources
would be needed, specifically, thermospheric density at high
spatial/temporal resolution, as well as temperature and/or
velocity data or even indications of ionospheric currents would
be of interest.

As a concluding remark, in general, physics-based models,
like TIE-GCM, have the advantage of contributing to our
physical understanding of the system with respect to empirical,
statistical models like the presented ones. However, the Swarm-
VIP models can model not only the electron density, which is
the physical observable given by physics-based models, but also
provide proxies for ionospheric irregularities impacting the tech-
nological systems, for example, global navigation satellite
systems.
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Figure S1: The electron density and GradNe@100km observed by Swarm A
with the electron density estimated by TIE-GCM along the Swarm A orbital path
for 29th April 2017 09:18 UT–10:05 UT.
Figure S2: As Figure S1 but for 29th April 2017 20:59 UT –21:46 UT.
Figure S3: As Figure S1 but for 16th August 2017 00:16 UT–01:03 UT.
Figure S4: As Figure S1 but for 16th August 2017 11:57 UT–12:44 UT.
Figure S5: As Figure S1 but for 26th October 2017 05:09 UT–05:56 UT.
Figure S6: As Figure S1 but for 26th October 2017 16:50 UT–17:37 UT.
Figure S7: As Figure S1 but for 7th September 2017 10:17 UT–11:03 UT.
Figure S8: As Figure S1 but for 7th September 2017 21:57 UT–22:44 UT.
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