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Abstract: Auroral Ionosphere Model (AIM-E) is designed to calculate chemical content in the high-
latitude E region ionosphere and takes into account both the solar EUV radiation and the electron
precipitation of magnetospheric origin. The latter is extremely important for auroral ionosphere
chemistry especially in disturbed conditions. In order to maximize the AIM-E timing accuracy when
simulating highly variable periods in the course of geomagnetic storms and substorms, we suggest to
parameterize the OVATION-Prime empirical precipitation model with the ground-based Polar Cap
(PC) index. This gives an advantage to: (1) perform ionospheric simulation with actual input, since
PC index reflects the geoeffective solar wind conditions; (2) promptly assess the current geomagnetic
situation, since PC index is available in real-time with 1 min resolution. The simulation results of
AIM-E with OVATION-Prime (PC) demonstrate a good agreement with the ground-based incoherent
scatter radar data (EISCAT UHF, Tromso) and with the vertical sounding data in the Arctic zone
during events of intense particle precipitation. The model reproduces well the electron content
calculated in vertical column (90–140 km) and critical frequency of sporadic E layer (fOEs) formed
by precipitating electrons. The AIM-E (PC) model can be applied to monitor the sporadic E layer
in real-time and in the entire high-latitude ionosphere, including the auroral and subauroral zones,
which is important for predicting the conditions of radio wave propagation.

Keywords: auroral oval; numerical modeling; substorm; PC index; electron precipitation; E region of
ionosphere; electron concentration

1. Introduction

Great efforts have been made recently in the field of space weather—the set of space
factors that influence technical, industrial, and economic human activities. Space weather
research, forecasting, and real-time diagnostics become the most urgent problems of modern
near-space physics [1–5]. Space weather includes the complex chain of interactions between
solar emissions (solar irradiation and solar plasma) and Earth’s magnetic field, while
the ionosphere plays an important role in its diagnostics as a primary indicator of solar-
terrestrial interaction [6].

At high latitudes, there are two main sources of atmospheric gas ionization by the
extreme ultraviolet (EUV) solar radiation and the electron precipitation from the magneto-
sphere. Magnetospheric 1–10 keV electrons release their energy in the ionosphere E layer
at 90–140 km altitudes, playing an important role in chemical, optical, and electrodynamic
processes [7]. Due to precipitation of magnetospheric electrons, the Hall and Pedersen
conductivities reach their maximum at these altitudes leading to development of horizontal
ionospheric electrojets which close magnetospheric field-aligned currents [8,9].

Dynamics of the electric currents in the E layer are responsible for various ground mag-
netic disturbances [10–12]. Ionospheric currents, associated with strong magnetospheric
perturbations, can induce the harmful parasitic electric currents in long technological
structures on the Earth’s surface—communication lines, electrical power systems, and
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pipelines [3,13,14]. Additionally, the unsteady dynamics of sporadic particle precipitation
in the E layer can lead to a rapid change in the radio wave propagation conditions [15],
complicating the diagnostics and forecasting of high frequency radio paths.

Many theoretical problems and practical applications related to the high-latitude
ionosphere require complex analysis of regular ground and spacecraft measurements in
combination with the numerical modeling of the geophysical processes. The Auroral
Ionosphere Model (AIM-E) [16] is specially designed for the high-latitude E region of the
ionosphere and takes into account the solar EUV radiation flux and the global spatial
distribution of precipitating magnetospheric electrons. Both ionization sources can be set
using actual spacecraft measurements or/and empirical models. In the case of electron
precipitation input, the spacecraft-based measurements provide a high accuracy of iono-
spheric solution along the spacecraft trajectory, while the empirical model of precipitating
particle distribution can be used for a climatological modeling to describe the large-scale
ionosphere dynamics in the auroral zone [16]. AIM-E provides the chemical composition of
the high-latitude ionosphere in the altitude range from 90 to 140 km. The model calculates
concentrations of 10 ionospheric components: three small neutral components NO, N(4S),
N(2D), and 7 ions N+, N2

+, NO+, O2
+, O+(4S), O+(2D), O+(2P), taking into account their

interactions in 39 chemical reactions.
One of the main challenges in modeling of auroral ionosphere is to correctly determine

the spatial distribution of particle precipitation in the course of geomagnetic storms and
substorms. The AIM-E model uses the OVATION-Prime empirical model [17] to emulate
the magnetospheric precipitation source. The OVATION-Prime model allows to estimate
the intensity of four types of auroral precipitation: monoenergetic, broadband (“Alfvenic”
or wave aurora), diffuse electron precipitation, and ion precipitation poleward from the 50◦

magnetic latitude [18]. The model application is limited by Kp = 5+ geomagnetic activity
level. The OVATION-Prime is a useful tool and widely used for different space weather
services (e.g., prediction of visible aurora [19]).

OVATION-Prime was constructed using DMSP spacecraft measurements of particle
precipitation during two solar activity cycles and parameterized by the coupling function
built on OMNI2 solar wind hourly average data [20], which are based on the spacecraft
measurements far upstream of the Earth’s bow shock, mainly in the Lagrange point L1 (at
the distance of ~1.5 million km from the Earth).

Accuracy of OMNI IMF-based parameterization suffer from two main reasons: (1) solar
wind parameters measured at the Lagrange point L1 are not always geoeffective (not the
same at the L1 and the Earth orbit), and in 20% of cases do not interact with the mag-
netosphere at all [21,22]; (2) spatial distribution and energy spectrum of precipitating
particles significantly depend on the internal magnetospheric processes, in other words,
under similar solar wind conditions, magnetospheric state and hence, magnetosphere–
ionosphere interaction may differ dramatically depending on previous magnetospheric
dynamics [23,24].

In order to improve the accuracy of AIM-E model when simulating highly variable
periods during geomagnetic storms and substorms, we use OVATION-Prime model with
modified parameterization, where the solar wind-based Newell’s coupling function (N) is
changed for the ground-based Polar Cap (PC) index, responding in the real-time to the solar
wind energy input into the magnetosphere [25]. Hereinafter, we will use the designations
OVATION-Prime (PC) and AIM-E (PC) to reflect the modification of the models switching
to the PC input.

In this study, we simulate the high-latitude ionosphere in the E region during disturbed
geomagnetic conditions using the AIM-E model with PC index as a control parameter for
the electron precipitation source. To validate the new parameterization, we analyze the
simulation results together with UHF EISCAT (Tromso, Norway) radar measurements and
ionosonde data in the Arctic zone.



Atmosphere 2022, 13, 402 3 of 15

2. Materials and Methods

The AIM-E model allows us to estimate the concentration of the small neutral com-
ponents, ions, and electrons in the whole auroral ionosphere E region [16]. The model is
capable of reproducing the ionospheric response to the geomagnetic storms and substorms
with sufficient accuracy, and can be used to describe the dynamics of chemical content in
the auroral oval during disturbed periods.

The 4th order implicit numerical scheme with a variable integration step is used to
solve the stiff differential continuity equations system for 10 ionospheric species. This
method significantly reduces the computational costs and, at the same time, ensures a
sufficient numerical solution accuracy. High performance of the AIM-E model allows to
calculate, in real-time, the entire auroral zone composition covering the altitude range of
90–140 km in real-time, taking into account different levels of solar ultraviolet radiation [26]
and for high variability of electron precipitation in auroral zone [16].

The OVATION-Prime model is integrated into AIM-E to provide the spatial distribu-
tion of electron precipitation parameters at high latitudes (MLAT = 50◦–90◦) on a discrete
grid (MLT ×MLAT = 0.25 h × 0.25◦). The model is based on the DMSP particle data for
two solar cycles and normalized on the OMNI solar wind (SW) parameters in the following
form [27]:

N = v4/3BT
2/3sin8/3(θ/2) (1)

where v is the SW speed; BT is the interplanetary magnetic field (IMF) tangential component,

BT =
2
√

B2
z + B2

y; θ is the IMF clock angle, θ = arctan (By/Bz).
The geomagnetic index PC was put forward as a characteristic of the polar cap mag-

netic activity [28]. The index is calculated online by data of ground-based magnetic
observations at stations Vostok in Antarctica (PCS index) and Thule in Greenland (PCN
index). The index was approved by the International Association of Geomagnetism and
Aeronomy (IAGA) as an indicator of the solar wind energy input into the Earth’s magneto-
sphere in the course of the solar wind–magnetosphere coupling (Resolution of XXII IAGA
Assembly, 2013).

The PC index is normalized to the solar wind electric field EKL [29,30] being calculated
according to [31]: EKL = v BT sin2 (θ/2). Having similar solar wind normalization, the
Newel’s N coupling function and PC index turn out to be closely related, with discrepancy
due to N distortion on the way from solar wind to magnetosphere. The correlation coeffi-
cient between the hourly averages of the Newell’s function and PC index over a ten-year
period is 0.76 (Figure 1). The comparative data analysis of PC index and the Newell’s
coupling function with the integrated auroral power of particle precipitation obtained
from the Polar satellite shows that the PC index correlates with the magnitude of auroral
power much better (the correlation coefficient RPC∼0.76−0.87, depending on the time
delay) than the Newell’s coupling function (RN∼0.46−0.82), and especially in the real-time
mode RPC = 0.76 versus RN = 0.46 [32]. Furthermore, it was shown that PC index has a
high correlation with basic indices of magnetospheric disturbances AL and Dst [24,25,33].

Based on these results, it becomes possible to use PC index instead of Newell’s function
in the OVATION-Prime precipitation model. The modified OVATION-Prime with PC
application was already successfully used to study processes in the Earth’s atmosphere
in [34], where the multi-regression formula was taken to switch from N to PC index:

N = k1·PC+ k2·∆PC5+ k3·∆PC10+ k4 (2)

where ki are regression coefficients; PC is PC index averaged between the northern and
southern hemispheres, and ∆PC5 and ∆PC10 are the changes of PC magnitude within the 5
and 10 min intervals respectively.
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Figure 1. The dependence of the Newell’s coupling function N and PC index averaged between
northern and southern hemispheres. Hourly averages over a ten-year period (2009−2019 years) are
considered. Correlation coefficient R = 0.76.

Here, we use the modified OVATION-Prime (PC) as a source of electron precipita-
tion to improve the AIM-E model accuracy when simulating disturbed periods during
geomagnetic storms and substorms.

3. Results
3.1. Comparison of the AIM-E Results with EISCAT UHF Measurements

Studying the dynamics of the auroral ionosphere during periods of storms and sub-
storms, it is necessary to have a control parameter that can describe rapidly changing
conditions in the inner magnetosphere. The use of minute values of the PC index as an
input parameter of the high-latitude E region ionosphere model makes it possible to take
into account the fast variations of electron precipitation flux during the periods with high
geomagnetic activity.

To validate the AIM-E (PC) model we compared the simulated electron density with
the incoherent scattering radar data during disturbed geomagnetic conditions on 18 January
2007, 18:30–23:00 UT, including two substorms (18:00–21:00, AE index increase to 450 nT;
21:00–23:30, AE index maximum 1000 nT (Figure 2A, red)). Variation of the geomagnetic
index PC (an average between the northern (PCN) and southern (PCS) indices) for this
event is shown in Figure 2A (blue).

The energy spectra of precipitating electrons were reconstructed from the OVATION-
Prime (PC) number flux and average energy outputs for: (1) diffuse electrons, assuming
the Maxwellian distribution of the spectrum and (2) monoenergetic electron beams, using
the normal distribution with a dispersion of a given value equal to half the difference
between the channels adjacent to the channel of maximum energy. Time variation of the
reconstructed spectrum over the EISCAT radar location, covering energies from 300 eV to
10 keV and used in AIM-E simulation, is shown in Figure 2B.
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Figure 2. (A) Variation of the geomagnetic indices PC in blue and AE in red; (B) The electron energy
spectrogram for diffuse and monoenergetic electron precipitation (300 eV—10 keV), reconstructed
from the OVATION-Prime (PC) output (particle flux and its average energy) for 18 January 2007,
18:30–23:00 UT.

According to OVATION (PC) simulation, the electron precipitation intensifies during
both substorms. For the second substorm, we observe particle flux peaks 2.5 times larger
than for the weaker first substorm.

The AIM-E (PC) calculations were done at the location point of the incoherent scatter
radar EISCAT, Tromso (69◦35′ N, 19◦13′ E), in the altitude range 96–140 km with 1 km
altitude step and 1 min time resolution (Figure 3B). It is clear that the peaks of the simulated
electron concentration are synchronized with the intensifications of electron precipitation
within the 1–5 keV energy range. This part of the spectrum has the greatest influence on
the E layer ionization.

Figure 3A shows the evolution of electron density in the 96–140 km altitude range
measured by the UHF EISCAT incoherent scatter radar [35]. The radar operated under the
ARC1 sounding program: altitude range: 96–422 km; altitude step: 0.9 km; time resolution:
0.44 s; the antenna is directed towards the magnetic zenith.



Atmosphere 2022, 13, 402 6 of 15

Figure 3. Variation of vertical distribution of electron concentration in the 96–140 km altitude range,
for the 18 January 2007, 18:30–23:00 UT event, measured by the UHF EISCAT incoherent scatter radar
(A) and calculated by AIM-E model (B) and CTIPe model (C). Panel (D) shows the integral value of the
E layer electron content (eTEC) calculated in the vertical column in altitude range 96–140 km for the
Tromso EISCAT incoherent scatter radar (blue line—1 min observation averages; blue circles—10 min
observation averages); AIM-E model (pink line—minute values; pink circles—10 min averages), and
for the CTIPe model, 15 min results (black line).

It is remarkable that the time intervals of enhanced electron concentration observed by
the radar and obtained using AIM-E (PC) coincide well. In both cases (real measurements
and model), the electron concentration increases from background values (1 × 1011 m–3) to
about 3 × 1011 m–3 during substorms.

The maximum of the simulated E layer is pronounced and located approximately
around 110–115 km altitude, while the radar data shows a wider spread of enhanced
electron concentration by altitude. The difference in the Ne altitude distribution can be
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explained by the difference in the shape of the real and reconstructed spectra of precip-
itated electrons: AIM-E simulation considers both diffuse and monoenergetic electron
precipitation flux but the real electron spectrum shape is poorly predictable and can make
a significant contribution to altitudinal distribution of ionospheric ionization.

In order to compare the model and incoherent scatter radar data, we calculate the
time variation of an integral electron content between 96 and 140 km altitude, which
can be treated as a partial TEC confined in the E layer (hereinafter, eTEC) (Figure 3D).
The correlation coefficient between the AIM-E (PC) and EISCAT minute values of the
eTEC is R1min = 0.63. Using a 10-minute averaging, the correlation coefficient rises up to
R10min = 0.78, which we consider as a good result for local calculations in the auroral zone
during active substorm interval.

Results in Figure 3D show that modeling of the ionospheric content in the auroral
region considering diffuse and monoenergetic electron precipitation by OVATION-Prime
(PC), makes it possible to estimate the “background” E layer electron content, while the
fine structure of the disturbed oval, measured by the EISCAT radar (Figure 3D), cannot be
reproduced in the “climatological” mode. Moreover, the absence of transport processes in
the model may be responsible for systematic underestimation of the electron density above
110 km.

3.2. Comparison of the AIM-E Results with CTIPe Model

To understand the capabilities of the AIM-E (PC) in comparison with other high-latitude
ionosphere models, we performed the simulation of the event described in Section 3.1
(18 January 2007 18:30–23:00 UT), using an advanced ionospheric CTIPe model which
is available at the Community Coordinated Modeling Center (CCMC) [36].

The Coupled Thermosphere Ionosphere Plasmasphere Electrodynamics Model
(CTIPe) [37] evaluates the concentration of electrons, neutrals O, O2, N2, and ions H+,
O+ in the altitude range from 140 to 2000 km, and additional O2

+, N+, N2
+ ions below

500 km. CTIPe consists of four separate blocks: (1) Global thermosphere model; (2) High-
latitude ionosphere model; (3) Ionosphere/Plasmasphere model of middle and low lati-
tudes; (4) Electrodynamic calculation of the global dynamo-electric field.

The input CTIPe parameters are the SW density, velocity, and IMF components from
the DSCOVR or ACE satellites [38] for real-time mode or OMNI data for simulation of
historical events. The ionosphere electric fields are set according to the Weimer electrody-
namics model [39]. Moreover, the input parameter of the model is a radio flux at 10.7 cm.
The CCMC version of the model has a 15-minute time resolution.

Figure 3C shows the evolution of the altitude profile of electron concentration on
18 January 2007, 18:30–23:00 UT simulated by the CTIPe model.

The CTIPe model, with a 15-minute SW input data, as well as the AIM-E (PC) model,
qualitatively and quantitatively describe ionospheric dynamics at the EISCAT location
quite well. Both models almost synchronously demonstrate an increase in the electron
concentration during the substorm periods. The CTIPe model better reproduces the vertical
structure of E region electron density for the first substorm. However, for the second
disturbed interval (after 22:00 UT), the AIM-E (PC) model better agrees with the EISCAT
data. This is also confirmed by the integral electron density variation shown in Figure 3D.
The CTIPe’s eTEC variation is in better agreement with the radar data for the first substorm
and gives underestimated values for the second one. However, we would like to note
that for the first substorm, the maximum electron density according to the CTIPe model
is observed from 20:00 to 20:45, while the EISCAT data and AIM-E model shows the Ne
increase in the time interval from 19:30 to 20:00. The better timing of AIM-E model is
provided by using the ground PC index (instead of coupling functions based on solar wind
measurements), which immediately responds to energy input into the ionosphere.



Atmosphere 2022, 13, 402 8 of 15

3.3. Application of AIM-E (PC) for Monitoring of Sporadic E layers

Sporadic E layers on the vertical sounding (VS) ionograms appear as a signal reflection
at frequencies significantly higher than the critical frequency of the regular E layer (fOE) [40].
The maximum reflection frequency of such layers can reach 10–12 MHz, shielding the
overlying ionosphere from the radio waves emitted from below. Sporadic layers are found
all over the globe and they are traditionally divided into three classes: equatorial or low-
latitude, mid-latitude, and auroral or high-latitude. Sporadic layers may also differ in
their formation mechanisms. Knowing the layer type can help to interpret the processes of
magnetosphere–ionosphere interaction and neutral atmosphere dynamics.

Depending on the VS signal reflection shape, several types of sporadic layers
are distinguished:

f—flat layer—does not show an increase in height with frequency;
r—thick layer—a reflecting signal track of this type has an increase of the effective

height at the high-frequency edge, like the regular E layer track;
a—auroral layer—has a well-pronounced flat or gradually increasing lower edge, with

delamination and diffuse reflection above it.
Appearance of a thick and auroral sporadic layer (type r and a) is associated with the

electron precipitation. Just this physical mechanism of ionization was incorporated in the
AIM-E model.

Formation of sporadic flat layers (type f) at mid-latitudes is explained by the “wind-
shear” effect: neutral wind leads to changes in horizontal drift and results in the vertical
ions movement, which leads, in the presence of a sufficient amount of metal ions (Mg+,
Fe+, etc.), to the formation of thin ionization layers [41]. To explain formation of flat layers
at high latitudes, a combination of tidal wind-shear and electric field drift theories is
usually applied [42,43]. At the same time, the signs of metal ions’ presence at high-latitude
flat layers were also detected by data of the UHF EISCAT Tromso [44,45], and using the
Sondrestrom IS [46] radar measurements.

The AIM-E model does not consider mechanisms associated with the ion transport.
However, the model can be successfully used to describe the sporadic layer, which is most
often formed in the auroral zone as a thick r-type layer. To demonstrate the ability of the
AIM-E model to predict the sporadic layers’ formation, we performed the simulation of
an isolated substorm that occurred between 23:00 UT on 19 May and 04:00 UT on 20 May
2019, and compared simulation results with VS measurements.

The moderately disturbed geomagnetic conditions have been observed during the
considered period: AE index increased up to 1000 nT, and the planetary geomagnetic index
Kp did not exceed 3+. This is an important note for the OVATION-Prime calculations since
the accuracy of the precipitation model degrades at Kp > 5 [17].

Ionosonde Data

The Ionosonde data for this study was provided by Geophysical Data Center of Arctic
and Antarctic Research Institute [47]. We used the critical frequency values (fOE) obtained
from ionograms for each 15-minute sounding session. Vertical sounding (VS) data were
received from Gorkovskaya (GRK) and Lovozero (LOZ) stations; oblique sounding (OS)
data were taken at the central point of their radio path Gorkovskaya–Lovozero (GRK–LOZ).
Geographic and corrected geomagnetic coordinates of stations are presented in Table 1
and their location is shown in the accompanying map. During the interval of interest, we
obtained 29 and 9 fOE and fOEs values from the VS ionograms, and 18 fOE values using the
oblique sounding method which is not applicable for the layer-type determination.

According to these measurements, the presence of both flat (f-type) and thick (r-type)
sporadic layers were recorded during the substorm. Examples of VS ionograms on 19 May
2019 at 23:55 UT show the presence of f-type sporadic layer at Gorkovskaya (Figure 4A),
and r-type sporadic layer at Lovozero station (Figure 4B).
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Table 1. Geographic and corrected geomagnetic coordinates of Gorkovskaya (GRK), Lovozero (LOZ)
stations, and the central point of the Gorkovskaya–Lovozero (GRK–LOZ) radio path, and a map with
measurement points.

Observation
Point

Geographic
Latitude

Geographic
Longitude

Corrected
Geomagnetic

Latitude

Corrected
Geomagnetic

Longitude

GRK 60.27◦ N 29.38◦ E 56.74◦ N 105.55◦ E

GRK–LOZ 64.16◦ N 31.81◦ E 60.86◦ N 108.62◦ E

LOZ 68.00◦ N 35.02◦ E 64.67◦ N 113.47◦ E

Figure 4. Examples of VS ionograms recorded on 19 May 2019 at 23:55 UT: (A) Sporadic flat layer at
Gorkovskaya station; (B) Thick sporadic layer at Lovozero station.

The AIM-E (PC) vertical profiles of the electron concentration in the VS/OS observation
points were calculated in the altitude range of 90–140 km with 1 km step size and 1 min
time resolution. For each profile, we calculate the E layer critical frequency as:

f oE =

√
Nemax

1.24× 1010 (3)

where fOE is the sounding critical frequency (MHz) and Nemax is the maximum value of
electron concentration in the vertical profile (m–3).

Figure 5 shows the maps of the Nemax distribution for three time moments: A—
23:10 UT (before the substorm); B—1:25 UT (substorm expansion); C—3:40 UT (after the
substorm). Geomagnetic activity during this event is shown by the AE and PC indices
in the right column of Figure 5 (red and blue lines respectively). The spatial dynamics of
Nemax during the entire substorm interval (between 23:00 UT on 19 May and 04:00 UT on
20 May 2019) is shown as a movie attached in the Supplementary Materials (Movie S1).
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Figure 5. The maps of the AIM-E (PC) electron concentration at the E layer maximum for three time
moments: (A) 23:10 UT (before the substorm); (B) 1:25 UT (substorm expansion); (C) 3:40 UT (after
the substorm). Red dots in the maps mark observation points: Gorkovskaya station (GRK), Lovozero
station (LOZ), and the central point of the radio path Gorkovskaya–Lovozero. Panels on the right
show the variation of the AE and PC indices from 23:00 UT on 19 May 2019 to 4:00 UT on 20 May
2019. Red vertical lines are the timestamps for the maps shown on the left.

According to the AIM-E model, the GRK–LOZ central observation point was inside
the auroral oval from 0:00 to 2:00 UT; LOZ—from 23:00 to 2:30 UT (Figure 6B,C, marked
with green background). For the entire observation period, the subauroral station GRK was
located outside the active precipitation zone (Figure 6A, marked with red background).
This disposition is also confirmed by the data of magnetic observations at the stations GRK
and LOZ (Figure 7). The geomagnetic disturbance in the H-component at GRK stays quiet
(<40 nT) during the entire period. At the same time, a moderate but expressed magnetic
bay with 670 nT peak value is observed at LOZ station, indirectly confirming its location
within an active precipitation zone.
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Figure 6. Comparison of the E layer critical frequencies obtained with vertical sounding method at
Gorkovskaya (A) and Lovozero (C) stations, and with oblique sounding method at the central point
of the Gorkovskaya–Lovozero radio path (B) with AIM-E simulation results (blue line) from 23:00 UT
19 May 2019 to 4:00 UT 20 May 2019. The time intervals are marked with a red background when
the observation point was outside the auroral oval and with green inside the oval. Different types of
observed layers are designated as follows: red dots—flat sporadic layer (type f), green dots—thick
sporadic layer (type r), black triangles—regular E layer (fOE); gray dots—unknown, corresponds to
oblique sounding method, which does not provide the information about the type of layer.

Figure 7. The geomagnetic field horizontal component (H) time course, measured at LOZ (blue line)
and GRK (red line) from 23:00 UT on 19 May 2019 to 4:00 UT on 20 May 2019.

The OS and VS comparison with model results is shown in Figure 6A; sporadic flat
layer (type f, red circles in Figure 6) was observed during the entire interval (partly at GRK
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and partly at LOZ station), but the measured fOEs values clearly exceed the simulated
ones. For the period until 2:30 UT, the LOZ station (Figure 6C) was within the auroral
oval and observed the thick (type r) sporadic layer critical frequencies which are in a
good agreement with the AIM-E (PC) results. Beginning from 2:30, the LOZ ionograms
allow to determine the regular layer and sporadic f-type layer simultaneously. Again, the
model failed to predict the f-type layer, but the regular layer fits perfectly to observations
(Figure 6A, 3:00–4:00 UT).

Although it is impossible to determine the type of layer using OS ionograms (Figure 6B),
we can still make some suggestions for the GRK–LOZ central point. Until midnight (outside
the oval), the OS critical frequency values significantly exceed the simulation results. Here
we can assume the formation of a flat sporadic layer which is not reproducible in AIM-E
simulations. Further, from 0:00 to 2:00, when the OS central point was inside the auroral
oval, the same r-type layer was observed simultaneously with the LOZ station. At the end
of the observation interval, from 2:00 to 4:00, it is natural to assume the presence of the
regular layer, observed simultaneously at both GRK and LOZ stations.

Since it is widely accepted that transport effects are negligible for the ionosphere in the
high-latitude E region [48] the AIM-E model in current implementation does not take into
account the particle drift effects. However, as analysis shows, for a detailed description
of the formation of sporadic layers, it is necessary to take into account the processes of
charged particle transport caused by neutral winds and electric drift. Moreover, it can
be important to include the metal ions to the high-latitude E layer model [49,50]. This is
foreseen in our plans for the further development of the AIM-E model.

4. Conclusions

The E Region Auroral Ionosphere Model (AIM-E) is a useful scientific and operational
numerical tool for various geophysical applications. It can be used to reconstruct the
large-scale dynamics of the auroral ionosphere with sufficient accuracy during disturbed
geomagnetic periods. The modified AIM-E model applying the Polar Cap index as an input
parameter, becomes the unique high-latitude ionosphere model which operates only with
the ground-based data.

The first advantage of this approach is that we can consider the actual solar wind
energy input based on the magnetic observations in the polar caps. This factor provides
more accurate timing for the auroral ionosphere dynamics, which is especially important
during geomagnetic storms and substorms.

The second advantage is that AIM-E (PC) is independent from the space observations
so the model can operate even when the solar wind data are unavailable.

While describing the high-latitude ionosphere, the AIM-E (PC) model can be success-
fully used to determine the base level of the electron concentration at auroral latitudes. At
this point, the results of the AIM-E (PC) simulation for the disturbed geomagnetic condi-
tions demonstrate a reasonable agreement with ground-based ionospheric observations,
including the EISCAT radar data and the vertical sounding data. Based on the empirical
precipitation model (not using in situ spacecraft measurements), the AIM-E (PC) model
well reproduces the background value of the electron content calculated in vertical col-
umn (90–140 km) and critical frequency of sporadic E layer (fOE) formed by precipitating
electrons. The model can be successfully used to describe the large-scale dynamics of the
auroral oval during disturbed periods.

The model can be applied to monitor both regular and sporadic precipitation-originated
layers in the E region in a real-time and in the entire high-latitude ionosphere, including
the auroral and subauroral zones. It is essential for predicting the conditions of radio wave
propagation and the space weather nowcasting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13030402/s1, Movie S1: Spatial distribution of the electron
concentration in the maximum of E layer, calculated with the numerical AIM-E (PC) model in the
course of magnetospheric substorm between 23:00 UT on 19 May and 04:00 UT on 20 May 2019.

https://www.mdpi.com/article/10.3390/atmos13030402/s1
https://www.mdpi.com/article/10.3390/atmos13030402/s1


Atmosphere 2022, 13, 402 13 of 15

Author Contributions: Conceptualization, V.N. and E.G.; methodology, V.N. and E.G.; software, E.G.
and A.N.; validation, V.N. and D.R.; formal analysis, V.N. and E.G.; investigation, V.N., E.G., and O.T.;
writing—original draft preparation, V.N. and E.G.; writing—review and editing, V.N., E.G., and O.T.;
visualization, V.N. and E.G.; funding acquisition, V.N. and E.G. All authors have read and agreed to
the published version of the manuscript.

Funding: Examination of the AIM-E (PC) model ability to reproduce the dynamics of sporadic
ionospheric layers during different magnetosphere–ionosphere interaction regimes was carried out
within the framework of RSF grant 19–77-10016. Ionosonde and EISCAT data processing for validation
of the modified AIM-E (PC) model was performed within the framework of the RI Roshydromet
research and technological working plan, p. 6.1. “Development and modernization of technologies
for the geophysical situation monitoring over the Russian Federation and the Arctic territory”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within this article.

Acknowledgments: The authors are grateful for the provided data used in this work. The dataset
of the high-latitude ionograms and magnetometer data are available on request at http://geophys.
aari.ru/ (accessed on 20 December 2021). The Polar Cap index for north and south hemispheres
is available at http://pcindex.org/archive (accessed on 20 December 2021). The AE index was
provided by WDC-C2 Kyoto (http://wdc.kugi. kyoto-u.ac.jp/wdc/cresample.html) (accessed on
20 December 2021). The F10.7 index and the solar wind parameters were provided by OMNIweb
Plus database from the site (https://omniweb.gsfc.nasa.gov/ow.html) (accessed on 20 December
2021). The EISCAT incoherent scattering radar data is available at Madrigal Database (https://portal.
eiscat.se/madrigal/) (accessed on 20 December 2021). The CTIPe simulations were executed using
Community Coordinated Modeling Center resources (https://ccmc.gsfc.nasa.gov/) (accessed on 20
December 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schwenn, R. Space weather: The solar perspective. Living Rev. Sol. Phys. 2006, 3, 2. [CrossRef]
2. Pulkkinen, T. Space weather: Terrestrial perspective. Living Rev. Sol. Phys. 2007, 4, 1. [CrossRef]
3. Pulkkinen, A.; Bernabeu, E.; Thomson, A.; Viljanen, A.; Pirjola, R.; Boteler, D.; Eichner, J.; Cilliers, P.J.; Welling, D.;

Savani, N.P.; et al. Geomagnetically induced currents: Science, engineering, and applications readiness. Space Weather 2017, 15,
828–856. [CrossRef]

4. Machol, J.L.; Green, J.C.; Redmon, R.J.; Viereck, R.A.; Newell, P.T. Evaluation of OVATION Prime as a forecast model for visible
aurorae. Space Weather 2012, 10, S03005. [CrossRef]

5. Space Weather Prediction Center of National Oceanic and Atmospheric Administration (NOAA). Available online: https:
//www.swpc.noaa.gov/ (accessed on 27 December 2021).

6. Prölss, G.W. Space weather effects in the upper atmosphere: Low and middle latitudes. In Space Weather; Springer:
Berlin/Heidelberg, Germany, 2005; pp. 193–214. [CrossRef]

7. Mironova, I.A.; Aplin, K.L.; Arnold, F.; Bazilevskaya, G.A.; Harrison, R.G.; Krivolutsky, A.A.; Nicoll, K.A.; Rozanov, E.V.;
Turunen, E.; Usoskin, I.G. Energetic Particle Influence on the Earth’s Atmosphere. Space Sci. Rev. 2015, 194, 1–96. [CrossRef]

8. Iijima, T.; Potemra, T.A. Large-scale characteristics of field-aligned currents associated with substorms. J. Geophys. Res. Space Phys.
1978, 83, 599–615. [CrossRef]

9. Xiong, C.; Stolle, C.; Alken, P.; Rauberg, J. Relationship between large-scale ionospheric field-aligned currents and electron/ion
precipitations: DMSP observations. Earth Planets Space 2020, 72, 147. [CrossRef]

10. Amm, O. Ionospheric elementary current systems in spherical coordinates and their application. J. Geomagn. Geoelectr. 1997, 49,
947–955. [CrossRef]

11. Kotikov, A.L.; Latov, Y.A.; Troshichev, O.A. Structure of auroral electrojets by the data from a meridional chain of magnetic
stations. Geophysica 1987, 23, 143–154.

12. Weygand, J.M.; Amm, O.; Viljanen, A.; Angelopoulos, V.; Murr, D.; Engebretson, M.J.; Gleisner, H.; Mann, I. Application and
validation of the spherical elementary currents systems technique for deriving ionospheric equivalent currents with the North
American and Greenland ground magnetometer arrays. J. Geophys. Res. Space Phys. 2011, 116, A03305. [CrossRef]

13. Apatenkov, S.V.; Pilipenko, V.A.; Gordeev, E.I.; Viljanen, A.; Juusola, L.; Belakhovsky, V.B.; Sakharov, Y.A.; Selivanov, V.N. Auroral
omega bands are a significant cause of large geomagnetically induced currents. Geophys. Res. Lett. 2020, 47, e2019GL086677.
[CrossRef]

http://geophys.aari.ru/
http://geophys.aari.ru/
http://pcindex.org/archive
http://wdc.kugi
https://omniweb.gsfc.nasa.gov/ow.html
https://portal.eiscat.se/madrigal/
https://portal.eiscat.se/madrigal/
https://ccmc.gsfc.nasa.gov/
http://doi.org/10.12942/lrsp-2006-2
http://doi.org/10.12942/lrsp-2007-1
http://doi.org/10.1002/2016SW001501
http://doi.org/10.1029/2011SW000746
https://www.swpc.noaa.gov/
https://www.swpc.noaa.gov/
http://doi.org/10.1007/978-3-540-31534-6_6
http://doi.org/10.1007/s11214-015-0185-4
http://doi.org/10.1029/JA083iA02p00599
http://doi.org/10.1186/s40623-020-01286-z
http://doi.org/10.5636/jgg.49.947
http://doi.org/10.1029/2010JA016177
http://doi.org/10.1029/2019GL086677


Atmosphere 2022, 13, 402 14 of 15

14. Pilipenko, V. Space weather impact on ground-based technological systems. Sol. -Terr. Phys. 2021, 7, 68–104. [CrossRef]
15. Blagoveshchensky, D.V.; Sergeeva, M.A.; Vystavnoi, V.M. Effects of substorms during HF propagation in the auroral oval.

Geomagn. Aeron. 2006, 46, 166–172. [CrossRef]
16. Nikolaeva, V.; Gordeev, E.; Sergienko, T.; Makarova, L.; Kotikov, A. AIM-E: E-Region Auroral Ionosphere Model. Atmosphere 2021,

12, 748. [CrossRef]
17. Newell, P.T.; Sotirelis, T.; Wing, S. Diffuse, monoenergetic, and broadband aurora: The global precipitation budget. J. Geophys. Res.

Space Phys. 2009, 114, A09207. [CrossRef]
18. Newell, P.T.; Sotirelis, T.; Wing, S. Seasonal variations in diffuse, monoenergetic, and broadband aurora. J. Geophys. Res. Space

Phys. 2010, 115, A03216. [CrossRef]
19. NOAA 30 Minutes Forecast of the Location and Intensity of the Aurora. Available online: https://www.swpc.noaa.gov/products/

aurora-30-min-forecast (accessed on 20 December 2021).
20. OMNI/OMNIWEB Data and Service. Available online: https://omniweb.gsfc.nasa.gov/ow.html (accessed on 27 December 2021).
21. Vokhmyanin, M.V.; Stepanov, N.A.; Sergeev, V.A. On the evaluation of data quality in the OMNI interplanetary magnetic field

database. Space Weather 2019, 17, 476–486. [CrossRef]
22. Troshichev, O.A.; Sormakov, D.A. PC index as a proxy of the solar wind energy that entered into the magnetosphere: (5)

Verification of the solar wind parameters presented at OMNI website. J. Atmos. Sol. -Terr. Phys. 2019, 196, 105147. [CrossRef]
23. Troshichev, O.; Janzhura, A. Space Weather Monitoring by Ground-Based Means: PC Index; Springer: Berlin/Heidelberg, Germany,

2012; p. 288. [CrossRef]
24. Troshichev, O.A. Polar Cap Magnetic Activity (PC Index) and Space Weather Monitoring; Editions Universitaires Europeennes:

Saarbrücken, Germany, 2017; p. 140, ISBN 978-3-8381-8012-0.
25. Troshichev, O.A.; Dolgacheva, S.A.; Stepanov, N.A.; Sormakov, D.A. The PC index variations during 23/24 solar cycles: Relation

to solar wind parameters and magnetospheric disturbances. J. Geophys. Res. Space Phys. 2021, 126, e2020JA028491. [CrossRef]
26. Nikolaeva, V.D.; Gordeev, E.I.; Rogov, D.D.; Nikolaev, A.V. Auroral ionosphere model (AIM-E) adjustment for the regular E layer.

Sol. -Terr. Phys. 2021, 7, 41–46. [CrossRef]
27. Newell, P.T.; Sotirelis, T.; Liou, K.; Meng, C.I.; Rich, F.J. A nearly universal solar wind-magnetosphere coupling function inferred

from 10 magnetospheric state variables. J. Geophys. Res. Space Phys. 2007, 112, A01206. [CrossRef]
28. Troshichev, O.A.; Andrezen, V.G.; Vennerstrom, S.; Friis-Christensen, E. Magnetic activity in the polar cap—A new index. Planet.

Space Sci. 1988, 36, 1095–1102. [CrossRef]
29. Troshichev, O.; Janzhura, A.; Stauning, P. Unified PCN and PCS indices: Method of calculation, physical sense, and dependence

on the IMF azimuthal and northward components. J. Geophys. Res. Space Phys. 2006, 111, A05208. [CrossRef]
30. Troshichev, O.A.; Sormakov, D.A. PC index as a proxy of the solar wind energy that entered into the magnetosphere: 2. Relation

to the interplanetary electric field E KL before substorm onset. Earth Planets Space 2015, 67, 170. [CrossRef]
31. Kan, J.R.; Lee, L.C. Energy coupling function and solar wind-magnetosphere dynamo. Geophys. Res. Lett. 1979, 6, 577–580.

[CrossRef]
32. Nikolaev, A.V. On the Need to Reparametrize the OVATION Prime (2010) Auroral Precipitation Model. Russ. Meteorol. Hydrol.

2021, 46, 194–199. [CrossRef]
33. Troshichev, O.A.; Sormakov, D.A. PC index as a proxy of the solar wind energy that entered into the magnetosphere: (3)

Development of magnetic storms. J. Atmos. Sol. -Terr. Phys. 2018, 180, 60–77. [CrossRef]
34. Ovodenko, V.B.; Klimenko, M.V.; Zakharenkova, I.E.; Oinats, A.V.; Kotova, D.S.; Nikolaev, A.V.; Chernyshov, A.A. Spatial and

temporal evolution of different-scale ionospheric irregularities in Central and East Siberia during the 27–28 May 2017 geomagnetic
storm. Space Weather 2020, 18, e2019SW002378. [CrossRef]

35. MADRIGAL EISCAT Database. Available online: http://portal.eiscat.se/madrigal/ (accessed on 27 December 2021).
36. Community Coordinating Modeling Center (CCMC) Service. Available online: https://ccmc.gsfc.nasa.gov/requests/requests.

php (accessed on 27 December 2021).
37. Codrescu, M.V.; Fuller-Rowell, T.J.; Munteanu, V.; Minter, C.F.; Millward, G.H. Validation of the coupled thermosphere ionosphere

plasmasphere electrodynamics model: CTIPE-mass spectrometer incoherent scatter temperature comparison. Space Weather 2008,
6, S09005. [CrossRef]

38. Real Time Solar Wind Data of Space Weather Prediction Center of National Oceanic and Atmospheric Administration (NOAA).
Available online: https://www.swpc.noaa.gov/products/real-time-solar-wind (accessed on 27 December 2021).

39. Weimer, D.R. Predicting surface geomagnetic variations using ionospheric electrodynamic models. J. Geophys. Res. Space Phys.
2005, 110, A12307. [CrossRef]

40. Piggott, W.R.; Rawer, K. URSI Handbook of Ionogram Interpretation and Reduction; U.S. Department of Commerce: Washington, DC,
USA, 1972; p. 138.

41. Whitehead, J.D. The formation of the sporadic-E layer in the temperate zones. J. Atmos. Terr. Phys. 1961, 20, 49–58. [CrossRef]
42. Kirkwood, S.; Nilsson, H. High-latitude sporadic-E and other thin layers–the role of magnetospheric electric fields. Space Sci. Rev.

2000, 91, 579–613. [CrossRef]
43. Nygren, T.; Jalonen, L.; Oksman, J.; Turunen, T. The role of electric field and neutral wind direction in the formation of sporadic

E-layers. J. Atmos. Terr. Phys. 1984, 46, 373–381. [CrossRef]

http://doi.org/10.12737/stp-73202106
http://doi.org/10.1134/S0016793206020058
http://doi.org/10.3390/atmos12060748
http://doi.org/10.1029/2009JA014326
http://doi.org/10.1029/2009JA014805
https://www.swpc.noaa.gov/products/aurora-30-min-forecast
https://www.swpc.noaa.gov/products/aurora-30-min-forecast
https://omniweb.gsfc.nasa.gov/ow.html
http://doi.org/10.1029/2018SW002113
http://doi.org/10.1016/j.jastp.2019.105147
http://doi.org/10.1007/978-3-642-16803-1
http://doi.org/10.1029/2020JA028491
http://doi.org/10.12737/stp-71202106
http://doi.org/10.1029/2006JA012015
http://doi.org/10.1016/0032-0633(88)90063-3
http://doi.org/10.1029/2005JA011402
http://doi.org/10.1186/s40623-015-0338-4
http://doi.org/10.1029/GL006i007p00577
http://doi.org/10.3103/S1068373921030080
http://doi.org/10.1016/j.jastp.2017.10.012
http://doi.org/10.1029/2019SW002378
http://portal.eiscat.se/madrigal/
https://ccmc.gsfc.nasa.gov/requests/requests.php
https://ccmc.gsfc.nasa.gov/requests/requests.php
http://doi.org/10.1029/2007SW000364
https://www.swpc.noaa.gov/products/real-time-solar-wind
http://doi.org/10.1029/2005JA011270
http://doi.org/10.1016/0021-9169(61)90097-6
http://doi.org/10.1023/A:1005241931650
http://doi.org/10.1016/0021-9169(84)90122-3


Atmosphere 2022, 13, 402 15 of 15

44. Kirkwood, S.; Collis, P.N. Gravity wave generation of simultaneous auroral sporadic-E layers and sudden neutral sodium layers.
J. Atmos. Terr. Phys. 1989, 51, 259–269. [CrossRef]

45. Kirkwood, S.; Von Zahn, U. Formation mechanisms for low-altitude Es and their relationship with neutral Fe layers: Results from
the METAL campaign. J. Geophys. Res. Space Phys. 1993, 98, 21549–21561. [CrossRef]

46. Bristow, W.A.; Watkins, B.J. Incoherent scatter observations of thin ionization layers at Sondrestrom. J. Atmos. Terr. Phys. 1993, 55,
873–894. [CrossRef]

47. Geophysical Department and Data Center of Arctic and Antarctic Research Institute. Available online: http://geophys.aari.ru
(accessed on 27 December 2021).

48. Strobel, D.F. Physics and chemistry of the E region: A review. Radio Sci. 1974, 9, 159–165. [CrossRef]
49. Cai, X.; Yuan, T.; Eccles, J.V.; Raizada, S. Investigation on the distinct nocturnal secondary sodium layer behavior above 95 km in

winter and summer over Logan, UT (41.7◦ N, 112◦ W) and Arecibo Observatory, PR (18.3◦ N, 67◦ W). J. Geophys. Res. Space Phys.
2019, 124, 9610–9625. [CrossRef]

50. Chu, X.; Yu, Z. Formation mechanisms of neutral Fe layers in the thermosphere at Antarctica studied with a thermosphere-
ionosphere Fe/Fe+(TIFe) model. J. Geophys. Res. Space Phys. 2017, 122, 6812–6848. [CrossRef]

http://doi.org/10.1016/0021-9169(89)90077-9
http://doi.org/10.1029/93JA02644
http://doi.org/10.1016/0021-9169(93)90028-W
http://geophys.aari.ru
http://doi.org/10.1029/RS009i002p00159
http://doi.org/10.1029/2019JA026746
http://doi.org/10.1002/2016JA023773

	Introduction 
	Materials and Methods 
	Results 
	Comparison of the AIM-E Results with EISCAT UHF Measurements 
	Comparison of the AIM-E Results with CTIPe Model 
	Application of AIM-E (PC) for Monitoring of Sporadic E layers 

	Conclusions 
	References

