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Abstract

The IRI-2020 model predicts the presence of intense counter-electrojet at the
Niamey equatorial station during periods of quiet geomagnetic activity, across
different solar cycle phases and seasons. Generally, Total Electron Content
(TEC) variability exhibits a trough at dawn and a rapid increase after sunrise,
reaching a peak in the afternoon. This is explained by the decrease in pho-
toionization during the night and an increase in recombination. After sunrise,
the intensification of solar radiation increases photoionization, causing a rapid
increase in the TEC until the local afternoon peak. After sunset, the TEC de-
creases due to the reduction in photoionization and the strengthening of re-
combination. The IRI model indicates, as expected, that ionization increases
with sunspot activity. Indeed, the TEC is maximal during the maximum phase
and minimal during the minimum phase. Since the variation in the number
of sunspots is positive during the ascending phase and negative during the
descending phase, TEC values are higher during the ascending phase than
during the descending phase. The seasonal variation of the TEC shows a semi-
annual anomaly, meaning greater ionization at the equinoxes than at the sol-
stices. Autumn values are higher than spring values, and winter values are
higher than summer values. The IRI-2020 prediction indicates a nighttime
winter anomaly from 2100 LT until dawn. The comparative study between the
predictions of the NeQuick2 model and the reference IRI model shows con-
siderable discrepancies during the day. However, at night, the two models pre-
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sent similar estimates.
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1. Introduction

Total Electron Content (TEC) is an important ionospheric parameter used to
monitor possible space weather impacts on satellite to ground communication
and satellite navigation system [1]. Studying the variability of this parameter is
therefore crucial. TEC measurements from ionospheric observatories are often
scarce in some regions, making modeling projects highly beneficial. Both IRI and
NeQuick models are classical empirical ionospheric models, which are widely
used for ionospheric variability characterization and assessment, and provide ef-
fective alternatives for areas with limited ionospheric observatories [2]. The IRI
project, sponsored by the Committee on Space Research (COSPAR) and the In-
ternational Union of Radio Science (URSI), was launched in 1968. It produced an
empirical climatological ionospheric model based on both ground-based and
space-based observations of the ionosphere collected over the past decades on a
global basis. Since April 2014, IRI has been recognized as the official standard for
the ionosphere by the International Standardization Organization (ISO) [3]. Ne-
Quick2 is the latest version of the NeQuick ionosphere electron density model
developed at the Aeronomy and Radiopropagation Laboratory (now T/ICT4D La-
boratory) of the Abdus Salam International Centre for Theoretical Physics (ICTP)-
Trieste, Italy with the collaboration of the Institute for Geophysics, Astrophysics
and Meteorology of the University of Graz, Austria [4].

In this study, we investigated the TEC variability at the Niamey station in Niger
(Geo Lat 13°28'45.3"N; Geo Long: 02°10'59.5"E). Lacking ground-based measure-
ments, we used the latest versions of the IRI and NeQuick models, namely IRI-
2020 and NeQuick2, to analyse their predictions. Our research station is located
at the trough of the equatorial ionization anomaly (EIA). The formation of the
EIA can influence the diurnal and seasonal variability of the TEC. Its variability is
also linked to 11-year solar cycle [5]-[9]. To address this, we focused on modeling
the diurnal variability of the TEC by solar phase and by season.

In the second section of our work, we present the data and methodology used.
The third section deals with the results, followed by a discussion, and the fourth

section is devoted to the synthesis of the document.

2. Data and Methodology

In this section we will present the data used for this work as well as the method-

ology used.
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2.1.Data

In this study, we used the TEC parameter estimated at the Niamey Station (Geo
Lat 13°28'45.3"N; Geo Long: 02°10'59.5"E) by the IRI-2020 and NeQuick 2 models
for the period from 2008 to 2018, covering solar cycle 24. The IRI-2020 and Ne-

Quick 2 models are available at https://kauai.ccmc.gsfc.nasa.gov/instantrun/iri/

and https://t-ict4d.ictp.it, respectively.

Solar and geomagnetic activity are two major factors affecting ionospheric den-
sity. To account for these activities, we also used data such as the sunspots number
Rz and the average Aa values of the geomagnetic index aa available at websites

http://omniweb.gsfc.nasa.gov/form/dx1.html and

http://www.isgi.unistra,fr/indices aa.php respectively.

2.2. Methodology Used

e Determination of solar cycle phases
We used the cutting proposed by [10]. Table 1 shows the periods of the differ-
ent phases of the solar cycle 24.

Table 1. Distribution of years in cycle 24 by solar phase.

Solar cycle phase Years
Minimum 2008-2009
Ascending 2010-2011
Maximum 2012-2014

Descending 2015-2018

¢ Distribution of the seasons
Table 2 shows the cutting of the seasons by month.

Table 2. Cutting of the seasons

Seasons Months
Winter December-January-February
spring March-April-May
Summer June-July-August
Autumn September-October-November

¢ Selection of quiet days

According to the classification of [11] revised by [12] which we used, days of
quiet geomagnetic activity correspond to days where the daily mean values of Aa
are less than 20 nT. Table 3 gives the number of quiet days per year.
e Method for analyzing the variability of the TEC

Based on the modeled TEC values, we plotted hourly profiles according to solar

phases and seasons. TEC is expressed in units of tecu (1 tecu = 10' electrons per
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Table 3. Number of quiet days for each year of cycle 24.

Years 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Number of
. 271 345 305 278 259 273 270 199 212 230 276
quiet days

square meter). The IRI-2020 model was first used for seasonal and phase predic-
tions. Then, we simultaneously plotted the predictions of IRI-2020 and NeQuick2
for a comparative study of the variabilities proposed by the two models. It should
be noted that Local Time (LT) is one hour ahead of Universal Time (UT). From a
morphological perspective, the profiles are analyzed based on the profile types of
[13] in the equatorial region.

For a quantitative analysis, we used the following quantities:

1) the relative gap between the TEC values of the equinox months (spring and

autumn)
(TEC)spring - (TEC)autumn . ’
O = x100.If (J,,|>10% we have an equinoxial asym-
(TEC)spring
metry.

2) the relative gap between the TEC values of solstice months (winter and sum-

mer)

TEC) .. —(TEC
ol = ( )Wlnter ( )Summer Xloo . If 550|
(TEC)

>10% , we have a winter anomaly.

hiver
3) the relative gap between the IRI-2020 and NeQuick2 predictions
(TEC)IRI-ZOZO B (TEC

)N i
5 _ eQuick2 100
IRI-NeQ (TEC)|R|_2020 )

If Ojgineq >10% , IRI-2020 overestimates the TEC compared to NeQuick2.
If Ojgineg <10% , IRI-2020 underestimates the TEC compared to NeQuick2.

For |5,R|_NeQ <10%, Both models make almost the same prediction of the TEC.

3. Results and Discussion

This section presents the results of the IRI-2020 modeling of the TEC as a function
of solar phases and seasons. A comparative study is also conducted between the
predictions of IRI-2020 and NeQuick2. These results are followed by a discussion.

3.1. Diurnal Variation of the TEC by Solar Phase

The IRI-2020 modeling of the TEC yields “reversed” profiles during all phases
(Figure 1). Indeed, a minimum TEC value is observed at 0500LT, followed by a
rapid increase until 1600LT, where maximum values are observed. Table 4 shows
the TEC extrema for each solar phase. After 1600LT, the TEC decreases until
nightfall. Later in the night, the TEC continues to decrease until morning at

0500LT. Higher ionization is recorded at solar maximum and lower ionization at
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Figure 1. IRI-2020 prediction of the hourly variation of the TEC by solar phase.

Table 4. TEC extrema by solar phase.

TEC pick value TEC minimum value
Phase
Value (tecu) Time (LT) Value (tecu) Time (LT)
Minimum 25.67 16:00 1.08 05:00
Ascending 33.49 16:00 2.90 05:00
Maximum 44.63 16:00 6.09 05:00
Descending 30.71 16:00 2.31 05:00

solar minimum, such that: TEC,,,, > TEC,, > TEC,, > TEC,,, . Ionization in-
creases with the intensity of solar activity. During the phase maximum (2012-
2014), the number of sunspots is at its highest, thus implying an increase in the
TEC during this period. The number of sunspots varies positively during the as-
cending phase, while it shows a negative variation during the descending phase.
This explains the relatively higher TEC values during the ascending phase com-
pared to the descending phase. The “Reversed” type profile, according to [14],
indicates the presence of an intense counter-electrojet. Given the position of our
study station (the EIA trough), we could expect the signature of the ExB vertical
drift that is to say, a “noon bite out” profile. However, [15] showed that the TEC
profiles during quiet periods at this station do not highlight the effect of ExB drift
at local noon. [16] used the CODG TEC from IGS (International GNSS Service)
database to study TEC variability at the Niamey station. They showed that the
TEC exhibits a minimum at 05:00 LT and a rapid increase with sunrise, reaching
a maximum in the local afternoon. They argue that the trough observed at dawn
reflects a decrease in nighttime photoionization and an increase in recombination
phenomenon during quiet periods. [17] cited by [16] showed that in the northern
ridge of the Indian equatorial ionization anomaly, a trough appears between
05:00LT and 06:00LT, and the TEC increases at sunrise, reaching a peak in the
afternoon between 13:00LT and 16:00LT, followed by a gradual decrease after sun-
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set. The rapid increase after sunrise is related to Extreme UltraViolet (EUV) radi-
ation and the upward vertical drift ExB [17] [18].

3.2. Seasonal Variation of the TEC

Figure 2 provides a seasonal prediction of the TEC using the IRI-2020 model.
Panel (a) shows the variation of the TEC according to the different seasons, and
panel (b) shows the variation of the mean TEC values during the equinox and
solstice seasons.

The seasonal profiles are of the reversed type. From sunrise (05:00 LT) until
16:00 LT, ionization is higher in autumn (maximum TEC value: 38.26 tecu) and
lower in summer (maximum TEC value: 30.66 tecu). The order of the TEC values
is: TEC,, > TECg,;,, > TECy,, > TEC
generally show higher ionization at the equinoxes than at the solstices. Indeed,
according to panel (a), from sunrise (05:00LT) until 21:00LT, the TEC values in

spring and autumn are higher than those in winter and summer. Compared to

<um - The seasonal variations of the TEC

other seasons, a notable decrease in TEC is observed in summer, from 21:00LT
(14.36 tecu) until dawn at 04:00LT (2.44 tecu). During this season, the maximum
value occurs later, at 17:00 LT, with 30.66 tecu. Panel (b) clearly shows that the
TEC at the equinoxes is always higher than the solstice values

(TEC >TEC
the equinoxes and minimum ionization at the solstices. This type of TEC variation

). The IRI-2020 model predicts maximum ionization at

Equinoxe Solstice

is well known as the semi-annual anomaly [19]-[24]. This anomaly could be ex-
plained by an increase in the thermospheric atom-to-molecule ratio [O/N2], re-
sulting in a higher electron density. The high relative ionization during the equi-
noxes can be explained by the fact that during this period the sun is overhead the
equator [25]. During the solstices, the tilt of the Earth’s rotational axis moves the

equatorial zone away from the sun, promoting a decrease in ionization.

50 50
b
o | @ 40 (b)
30 = 30
Q
= 250
g 20 O
= =
2 10 10
'—
O O
LT (hours) LT ( hours)

Solstice

Equinox

Autumn

Winter

Spring Summer

Figure 2. IRI-2020 prediction of the seasonal variation of the TEC.

Figure 3 represents the IRI-2020 prediction of the hourly variation of the TEC
at the equinoxes and solstices. Panel (a) shows the variation of the TEC in spring
(March-April) and autumn (December-January), as well as the relative difference

( Oy ) between the values for these equinox seasons. Panel (b) shows the variation
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Figure 3. Modeling the diurnal variation of the TEC at equinoxes and solstices using IR-2020.

The TEC values are practically identical in spring (March-April) and autumn
(September-October), with |J,,|<10% at all hours except 19:00 LT and 20:00
LT, with relative differences of 11.67% and 12.13%, respectively. The IRT model

shows almost no equinoctial asymmetry during the quiet activity. In the equatorial

region, between 19:00 LT and 20:00 LT, the pre-reversal phenomenon occurs,
causing nighttime peaks in TEC variation [26]-[28]. IRI does not predict this phe-
nomenon but indicates a significant gap between spring and autumn values. Re-
garding the solstice variation, during the night from 21:00LT until dawn (05:00LT),
the TEC values during winter are higher than those during summer, with the rel-
ative difference o, between 22.16% and 34.27%. This reflects a nocturnal win-

ter anomaly. The seasonal variation in the neutral thermospheric composition has

been suggested as the main source of this winter anomaly [29]-[31].

3.3. Comparison of the IRI-2020 and the NeQuick2 Model

The IRI model The IRI model has become the official standard for the ionosphere
by the International Standardization Organization (ISO) [3], in this section, we
propose to use another model (NeQuick2) to compare its predictions.
e Predictions of both models based on solar phases

Figure 4 shows, for each phase, the hourly TEC profiles predicted by both
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Figure 4. Diurnal variations of the TEC by IRI-2020 and NeQuick2 as a function of solar phases.

models, as well as the relative difference Oz, between the two predictions.
From a morphological point of view, the two models have the same trend in all
phases of the solar cycle, with a “reversed” profile. They therefore predict the same

electrodynamic behavior of the ionosphere, notably the intense counter-electro-
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ject [14].

At solar minimum, IRI-2020 overestimates the TEC compared to NeQuick2
between 05:00LT and 18:00LT with Jg, yeo >10% . A maximum value is recorded
at 06:00LT with a 55.10% relative difference. After nightfall, the two models have
approximately the same prediction from 19:00LT to 23:00LT and from 01:00LT
to 04:00LT. A brief underestimation of IRI is noted at 00:00LT with a —24.06% rel-
ative difference. During the ascending phase, IRI-2020 overestimates the TEC in the
morning from 05:00LT to 08:00LT and from 11:00LT to 15:00LT. After 16:00LT
until 22:00LT, the two models give essentially the same TEC predictions. From
00:00LT to 05:00LT, an underestimation of IRI is noted. Particularly at 04:00LT, the
relative discrepancy is —42.21%. At the maximum phase, IRI-2020 overestimates the
TEC during the day from 06:00LT to 17:00LT, with a maximum &g o Vvalue of
37.19% at 07:00LT. After 18:00LT until 05:00LT, |5|R,_NEQ <10% ; the two models

present almost identical estimates during the night. During the descending phase,

IRI-2020 overestimates from 06:00LT to 17:00LT, with a maximum discrepancy
of 32.09 % at 06:00LT. In the evening, from 18:00LT to 20:00LT, the predictions
are almost identical for both models. Between 21:00LT and 04:00LT, the IRI model
underestimated NeQuick2, with the largest gap of —38.17% at 04:00LT.

From a quantitative perspective, IRI-2020 generally overestimates the TEC dur-
ing the day compared to NeQuick2. Both models present similar predictions dur-
ing the night, except during the descending phase starting at 21:00LT. Except dur-
ing the descending phase, modeling is more satisfactory at night than during the
day throughout all solar phases. The modeling difficulties during the day are likely
related to the significant variability of ionization. Furthermore, the models exhibit
considerable prediction discrepancies at dawn, when photoionization is rapidly
triggered by the first solar radiation.
¢ Predictions of both models based on the seasons

Figure 5 shows the seasonal variations of the TEC predicted by the two models,
as well as the relative difference g, between the two predictions.

Both models exhibit the same morphological trends in all seasons, with a re-
versed profile. They therefore predict the same electrodynamic behavior of the
ionosphere, notably the intense counter-electroject [14].

In winter, quantitative analysis shows an overestimation of IRI-2020 at all times
except from 18:00 to 20:00, when the two models have almost identical TEC
predictions. The maximum value of g e is 42.30%, recorded at 07:00. In
spring, IRI overestimates the TEC at the beginning of the day between 06:00 LT
and 08:00 LT, with a maximum relative difference of 29.41% at 07:00 LT. From
09:00LT onwards, the two models predict similar values until nightfall at 23:00 LT.
From 00:00 LT until 05:00 LT, IRI-2020 underestimates the TEC, with a large gap
of —71.08% at 04:00 LT. In summer, IRI-2020 overestimates the TEC during the day
from 05:00 LT to 18:00 LT, with a maximum discrepancy of 43.19% at 06:00 LT.
During the night from 19:00 LT until dawn, IRI underestimates the TEC compared
to NeQuick, with a maximum discrepancy of —50.04% at 00:00 LT. In autumn, the
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Figure 5. Seasonal diurnal variations of TEC by IRI-2020 and NeQuick2 according to the seasons.

predictions of the two models are similar during the night from 19:00 LT to 02:00
LT. From 03:00 LT to 18:00 LT, IRI-2020 overestimates the TEC compared to Ne-
Quick’s predictions, with a maximum discrepancy of 62.27% at 06:00 LT.

4. Conclusion

This work presents predictions of TEC variability at the Niamey station using the
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IRI reference ionospheric model and compares these predictions with those of the
NeQuick2 model. IRI-2020 modeling of TEC reveals the presence of intense coun-
ter-electrojet activity during the different solar phases and seasons. TEC variabil-
ity is characterized by a trough at dawn at 05:00 LT followed by a rapid increase
to a peak in the afternoon at 16:00 LT. After 16:00 LT, the TEC gradually decreases
throughout the night. The trough observed at dawn is explained by a decrease in
nocturnal photoionization and an increase in recombination. The rapid increase in
the TEC after sunrise is linked to the increase in photoionization from solar radia-
tion. Quantitatively, ionization increases with sunspot activity. IRI predicts the max-
imum TEC values at maximum phase and law values at minimum phase. The sun-
spots number variation during the ascending and descending phases is positive and
negative, respectively. The TEC during the ascending phase is higher than during
the descending phase. We have: TEC,,, >TEC,, >TEC, >TEC,, . Regard-
ing seasonal variability, IRI predicts higher ionization in autumn and lower ioni-
spring > 1ECyin > TEC Further-

more, TEC values are higher at the equinoxes than at the solstices, indicating a

Desc

zation in summer. We have: TEC,, > TEC sum -
semi-annual anomaly. IRI’s modeling also predicts a nighttime winter anomaly
from 21:00 LT until dawn. The comparative study of the NeQuick2 model versus
IRI-2020 generally shows considerable discrepancies during the day and similari-
ties during the night. Indeed, both models predict similar nighttime TEC values
in almost all solar phases and seasons. However, during the day, IRI-2020 overes-
timates the TEC compared to NeQuick2. Referring to IRI, it is important to im-
prove the NeQuick model by incorporating experimental data from African equa-
torial stations. It should be noted that the evaluation of its ionospheric models
would become more reliable by using, for example, GPS measurements or satellite
data. The lack of experimental data constitutes an objective limitation of this
study. We plan to evaluate the daytime performance of the IRI and NeQuick mod-
els using data measured by the SWARM satellite at the Niamey station location.
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