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Abstract

We use GPS networks to measure the vertical Total Electron Content (VTEC) variations at low latitude, in
three longitude sectors: America, Europe-Africa and Asia, collected during the period 2013 — 2017. This
period corresponds to the increasing phase of the solar cycle 24 (SC#24) observed around 2013-2014 as well
as the decreasing phase around 2014-2017. Our results discussed a morphological analysis of regular
variations in ionization during different phases of solar activity: daytime variations, seasonal and semi-
annual variations and variations based on the solar cycle 24 in three longitude sectors. In all longitude
sectors, the highest VTEC values are displayed during the two months of the spring, located after sunrise and
before sunset. The lowest values are found during the summer and winter seasons. We found that the winter
anomaly and the presence of equinoxial peaks are the most pronounced effects in VTECs in the increasing
and decreasing phase of the SC#24. A strong asymmetry is detected between equinoxial peaks and the
location of peaks occurring in March/April and October/November at maximum in the solar flux variations
during the increase phase. We show that the daily VTEC maximum values were registered between 14:00
and 16:00 LT and the minimum values between 4:00 and 6:00 LT. Double ionization peak in the morning
and evening is observed in VTEC annual variations, due to the proximity of the equatorial fountain stations.
From the statistical analysis part, we observed practically the same distribution of the different classes of
VTEC (two peaks, bell-shaped and plateau-shaped) variations in the three sectors of longitude. These
observations indicate longitudinal variation in the presence of the winter anomaly in the Equatorial lonized
Anomaly (EIA) region. Additionally, we can note a longitudinal variation of the spring-autumn VTEC
asymmetry in the EIA region during the five years 2013-2017. We observe also that the occurrence of
nocturnal peak recorded around 19 local time (LT) shows the same characteristics as the vertical drift E x B
(B: magnetic field is perpendicular to E: electric field.) with respect to solar cycle, season and longitude.
Three essential characteristics we noted: 1) the occurrence of the nocturnal peak generally follows the solar
cycle. 2) The occurrence of the nocturnal peak is generally stronger at the equinoxes than at the solstices. 3)
The occurrence of the nocturnal peak is stronger in the Europe-Africa and America sectors than in the Asia
sector. As a result, nocturnal peak occurrence is well related to the PRE at the origin of the GNSS signal
scintillations.

Keywords: lonosphere at low latitude, GPS, TEC, ionization.

1. Introduction

The ionosphere is the ionized layer of the Earth's atmosphere between (50-1000) km initiated by ultraviolet
(UV), extreme ultraviolet (EUV) and X-rays solar radiations. The lonosphere is extremely variable
according to altitude, latitude, longitude, local time, season, sunspot cycle, and magnetic activity. The
characteristic phenomenon of the equatorial zone is the Equatorial Fountain creating the Equatorial
lonization Anomaly (EIA). The equatorial fountain EIA, first discovered by (Namba and Maeda, 1939;
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Appleton, 1946) is due to the fact that the magnetic field is horizontal at the equator. And, as a consequence,
the E x B drift due to an eastward electric field (Lorentz force) is vertical and drives the plasma upward
during the daytime. At low altitudes, the Lorentz force is the dominant force and the plasma move up. At
highest altitudes, where the pressure gradient and the gravity forces become significant the plasma is driven
by the ambipolar diffusion through the magnetic field lines and there is the creation of the EIA. A trough of
density at the equator and two peaks of density in the geomagnetic latitudes around 15°/20° N and 15°/20° S
compose the EIA. The eastward electric field, causing E x B during the day, increases strongly just before
sunset and becomes westward. This phenomenon is called PRE: Pre Reversal Enhancement. The westward E
x B moves down the plasma. The existence of equatorial plasma irregularities (EPB) is attributed to the
Generalized Rayleigh-Taylor (RT) plasma instability related to the PRE (Fejer et al., 1999; Kelley, 2009).
The PRE was first observed at Jicamarca by Woodman (1970). Another characteristic of the equatorial
region is the existence of the Equatorial Electrojet (EEJ).The EEJ is an electric current flowing in the E-
region of the ionosphere (~110km), along the magnetic equator, between 3°N and 3°S geomagnetic latitude
(Chapman, 1951; Amory-Mazaudier et al., 1993). The EIA is the main phenomena affecting equatorial
latitudes. The EIA is controlled by the electric field, neutral wind and magnetic declination between the
magnetic and geographical equator. The effect of EIA on the variation of the TEC depends on the seasons,
local time, and the most important parameter is magnetic latitude. Recent studies (Le et al., 2013; Bilitza et
al., 2017; Fang et al., 2018) indicate that there are ionospheric effects strongly due to seasonal variation and
variation with longitude (local time) . The recent satellite produced detailed information on the morphology
of the low latitude ionosphere (Fejer et al., 1995; Immel et al., 2006; Fejer et al., 2008; Jin et al., 2017; Olsen
et al., 2016). A number of studies have been conducted at low latitude in the African sector on the variation
in the critical frequency of foF2 (Adohi et al., 2008; Oladipo et al., 2008; Ouattara et al., 2009; Ouattara &
Amory-Mazaudier, 2012; Thiam et al., 2012). In this article, we focus on diurnal, seasonal and solar
variations in VTEC activity during five years of study (2013-2017) at low latitude in three longitude sectors,
which corresponds to the increasing phase of the solar cycle 24 observed around 2013-2014 and the
decreasing phase around 2014-2017. Section 2 describes of the database, data processing and the
characteristics of our data sample. Section 3 presents the solar cycle, seasonal and diurnal VTEC variations
at low latitude. Section 4 is devoted to statistical analysis on the shape of the VTEC, the amplitude of VTEC
as a function of the season and the night-time enhancement of VTEC related to the PRE and we finally finish
by a conclusion.

2. GPS data and GPS data processing

We analyzed the VTEC derived from 19 GPS receivers at low latitude (+40°, -40° geographic), located in
the three longitude sectors America: 4 stations, Europe-Africa: 7 stations and Asia : 8 stations, during the
period from 2013 to 2017. The stations were selected on the basis of the number of measurements available over the
period studied 2013-2017. Figure 1 shows the distribution of the GPS stations around the magnetic equator.
Table 1 gives the geographic and geomagnetic coordinates of the stations.
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Fig 1. Geographic and geomagnetic coordinates of 21GPS stations.
Table 1. Geographic and geomagnetic coordinates (°) of the 19 GPS station
Site Country Geographic Geographic Modif Dipole UT/LT
Latitude Longitude
American Sector
BRAZ Brazil -15,95 -47,88 -10.35 -3
GLPS Equateur -0,74 -90,3 9.84 -6
RIOP Ecuador -1,65 -78,65 10.38 )
KOUR French Guyana 5.25 -52.51 10.60 -3
Europe-African Sector
ADIS Ethiopia 9,04 38,77 0.70 2
BJCO Benin 6,38 2,45 -5.64 0
MAL?2 Kenya -3 40,19 -14.07 2
MOIU Kenya 0,29 35,29 -10.70 2
NKLG Gabon 0,35 9,67 -13.40 0
BECH Algeria 33 3 25.17 0
OGLA Algeria 29 7 25.86 0
Asian Sector
COCO Australia -12,19 96,83 -25.51 6
Cusv Thailand 13,74 100,53 6.49 6
GUUG USA 13,43 1448 5.88 9
11SC India 13,02 77,57 5.94 5
JOG2 Indonesia -7,764 110,37 -18.74 7
PIMO Philippines 14,64 121,08 7.72 8
PNGM Papua Guiney -2,04 147,37 -10.20 9
TUVA Tuvalu -8,53 179,2 -11.89 1




2.1 Processing
The GPS satellites circling the Earth at high altitude 20,200 km over the Earth's surface will provide data
(pseudorange and carrier phase) to compute TEC which is the total number of electrons integrated in the

path from the receiver to each GPS satellite. The Slant TEC is expressed by:
S

STEC =f N.(s) ds
R

Where Ne: electron density, R: receiver altitude and S: satellite altitude. By (Klobuchar, 1996), it is
impracticable to have the absolute value of the TEC, but on the other hand we can estimate an accurate
estimate of the value of the TEC. GPS receivers provide both L-carrier phase delays and pseudo-P ranges of
dual frequencies. We have two methods to calculate the relative phase delay between the two carrier
frequencies: the (1st) pseudo-distance method gives an absolute scale of TEC with less precision, and the
2nd differential phase method, which increases the accuracy of the measurement but does not allow to know
the number of phase cycles (Klobuchar, 1996). We follow Sardon et al.(1994) by removing differential
instrumental biases because satellites and receivers for observable GPS are biased towards instrumental
delays (Ya’acob et al., 2009). The Differential Code Bias (DCB) satellite biases used in this paper have been
published daily by the international bodies of the Analysis Centre’s (AC) dealing with positioning: Centre
for the Determination of the European Orbit (CODE) (ftp:/ftp.unibe.ch/aiub/CODE/). The fundamental GPS
frequency is f1 and f2, defined as group delay:
TEC = (Pl _P2)< f12f22 >
40.3 2= f2

The pseudo-ranges for f1=1575.42 MHz and f2=1227.60 MHz are P1 and P2 as follows respectively. The
group delay equation is obtained: The variation of the TEC between the satellite and the receiver depends
mainly on the elevation angle of the satellite, called this oblique TEC variation (STEC). For the calculation
of the VTEC it is assumed that the ionosphere is a thin film model with a constant reference altitude of the
ionosphere (h) whose interval from 350 km to 400 km (Klobuchar, 1996). For our modeling (Amory-
Mazaudier et al., 2017), we assume that h=400 km and from the DCB of the satellite and the receiver, we
can estimate the value of the TEC absolute. The VTEC varies in time and space and depends on solar
activity, receiver position and satellite elevation angle. We used the following equation to convert STEC in
VTEC:

2
cos 0)

T
Ry +h
Rt = 6371 km is the average radius of the earth, 0: the elevation angle of the satellite (Titheridge, 1972).

STEC = VTEC \/1 — (

2.2 Auxiliary data and characterization of the data sample

To characterize the global context we used the solar index F10.7 cm as an indicator of solar activity
(Tapping, 2013).

Figure 2 illustrates the variation of the F10.7 cm solar flux index during the SC#24. Red curve corresponds
to the smoothing and blue curves to the monthly mean value of the F10.7 cm solar flux respectively.
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Fig 2. Solar flux variation during the sunspot cycle 24.

3. VTEC Variations: Results and discussion

3.1 Annual VTEC variations

Figures 3, 4, 5 illustrate the VTEC annual variations at low latitude from 2013 to 2017 in American sector
(fig.3), Europe-African sector (fig.4) and Asian sector (fig.5). Each map is built by using all the data
provided by each station for each year of the study period. Thus, for the 19 stations, 95 annual maps are
obtained. On the 3D maps generated, the abscissa axis represents the month of the year, the ordinate axis
displays 24 local hours. The color scale represents the VTEC values in TEC units. In this study, the year will
be divided into geomagnetic seasons (Lloyd, 1871). The summer includes the months of May, June, July and
August; the winter includes the months of November, December, January and February. The spring is
composed of the months of March-April and the autumn of September and October All maps show that the
daily VTEC values during the study period are significantly higher during the days than during the nights.
The maximum VTEC values are recorded during the spring periods, followed by those recorded during the
fall. Rishbeth et al., (2000) found the same results. Figures 3, 4 and 5 highlight that VTEC increases during
day and decreases slowly during the night. VTEC goes through a minimum before sunrise, and then grows
fast enough to reach a maximum around 15.00 LT. The curves show that the decline in the afternoon of the
VTEC is faster than the growth in the morning. At sunrise, the term production, i.e. the creation of free
electrons under the action of EUV, UV and X-ray radiation, is fast. The time of the daytime maximum is
shifted by about 2 hours from the maximum position of the sun, which causes a slight effect of sunset during
the VTEC decay period. After sunset, the term of production disappears but ionization is maintained by
movement, with time constants governing the disappearance of ionization by recombination or attachment
for a long time (Rishbeth, 1971). The observations in Figures 3, 4 and 5 of our study confirm the
observations made in Africa by (Shimeis et al., 2014) for Rabat, Libreville and Alexandria. We noted an
asymmetry between equinoxes and solstices, observed for all stations and all years during the 2013-2017
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periods. The physical mechanisms responsible for semi-annual variation have been among the main
scientific objectives in the (Rishbeth and Muller-Wodarg, 2006) ionospheric studies. The main conclusions
are as follows: 1) the axial hypothesis (Cortie, 1912): solar wind speed is highest near the equinoxes and
lowest at the solstices, 2) the Russell Mac Pherron effect (RM)(Russell and McPherron, 1973): The
probability of magnetic reconnection between the interplanetary magnetic field and the terrestrial field lines
at the nose of the magnetopause is highest at the equinoxes and lowest at the solstices. 3) The equinox
hypothesis (Bartels, 1932; Mclntosh, 1959): Kelvin-Helmholtz instability on the sides of the magnetosphere
predicts maximum instability at the equinoxes and minimum instability at the solstices. The winter anomaly
is due to (1) seasonal change in the O / N2 ratio (Rishbeth and Setty, 1961; Rishbeth and Muller-Wodarg,
2006), (2) the Earth-Sun distance, equinox hypothesis (Yonezawa, 1959; Rishbeth et al., 2000), and (3)
waves and tides transmitted from below the thermosphere (Zou et al., 2000). Under study are the distinct
mechanisms of formation of the NmF2 winter anomaly (Pavlov and Pavlova, 2005).

Variations in the VTEC during 2013 are stronger during the autumn than during the spring, this is explained
by the increase of solar flux during this year (see figure 2). The year 2014 is the year with the maximums of
VTEC variation recorded. VTEC exceeds 110 tecu during the spring and autumn. For the years 2015, 2016
and 2017, the maximum VTEC values are recorded during the spring periods, followed by those recorded
during the autumn but with a gradual decrease in VTEC values compared to 2014. 2017 is the quietest year,
with low VTEC values throughout the year, not exceeding 50 tecu in the spring period. The VTEC values
decrease as they approach the magnetic equator in the three sectors of longitude, which is the minimum
density of the equatorial fountain. Figures 3, 4 and 5 show that the lowest values of VTEC are for the
stations located at latitudes of + 5° (examples: BRAZ, NKLG and CUSV). The stations furthest from the
magnetic equator (examples: OGLA and COCO) have higher densities. This fact this is explained by the
equatorial fountain, which consists of two peaks ionization at geomagnetic latitudes +/- 15/20° and a trough
of ionization around the geomagnetic equator (Henderson et al., 2005).

Figure 3, 4 and 5 show that the VTEC variation during the spring is higher compared to the autumn in the
southern hemisphere (SH) at BRAZ stations in American sector (-170°,-40°):, NKLG and BJCO stations in
Europe-African sector (0°, + 40°) : and COCO, TUVA and PNGM stations in Asia sector (+70°, +180°). On
the other hand, the VTEC variation during the spring is lower compared to the autumn in northern
hemisphere (NH) at KOUR stations in American sector: ADIS and OGLA stations in Europe-African sector
and CUSV, IISC and PIMO stations in Asia sector.
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Fig 3. Showing the year-to-year VTEC variations at low latitude from 2013 to 2017 in the American
sector. Each map is constructed using all the data provided by each station for each year of the study
period. Thus, for the 4 stations: BRAZ, GLPS, RIOP and KOUR, 20 annual maps are obtained. On
the generated 3D maps, the x-axis represents the month of the year, the y-axis displays 24 local
hours. The color scale represents VTEC values in TEC units.
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Fig 4. Showing the year-to-year VTEC variations at low latitude from 2013 to 2017 in the Europe-
Africa sector. Each map is constructed using all the data provided by each station for each year of
the study period. Thus, for the 7 stations: ADIS, BJCO, MAL2, MOIU, NKLG, BECH and OGLA,
35 annual maps are obtained. On the generated 3D maps, the x-axis represents the month of the
year, the y-axis displays 24 local hours. The color scale represents the VTEC values in TEC units.
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3.2 VTEC Seasonal variations

Figure 6a shows the seasonal variations of the VTEC in the three longitude sectors: America, Europe-Africa
and Asia (respectively), from 2013 to 2017 study periods, at the 19 GPS stations. On each panel, the abscissa
axis represents 24 LT hours. The y-axis displays the VTEC median values (tecu) with different color curves
indicating the different seasons given by Lloyd's seasons, (1861). The black color is for winter, the green
color for the spring. The summer is plotted in red color and the autumnal in blue color. All curves (Fig. 6a)
show that the maximum VTEC values are mainly recorded during the spring, followed by those recorded
during the autumnal. The VTEC values during the winter months are higher than those of the summer
months in the three sectors of longitude. It is a winter anomaly (Rishbeth and Setty, 1961). Several studies
(Zou et al., 2000; Akala et al., 2013) have shown that changes in oxygen and molecular nitrogen
concentration were the main cause of seasonal variations and ionospheric parameters. The VTEC seasonal
variations in this study describe the six-monthly variations with the equinox maximum and solstice
minimum. D’ujanga & Taabu, 2017 reported that, from the sun passing through the equator to the equinox,
the March and September undergo the same solar radiation. It is also a well-established fact that March 20
and September 23 are the only times of the year when the solar terminator is perpendicular to the equator,
resulting in the maximum equinox. The half-yearly variation was attributed to the effect of the solar zenith
angle and the geometry of the magnetic field (Rao et al., 2006; Wu et al., 2008). Another important
characteristic of ionospheric parameters (known as equinox asymmetry) is reported in the work of (Bolaji et
al., 2012; Akala et al., 2013; D’ujanga and Taabu, 2017). Equinox asymmetry is an important phenomenon
at low latitudes; the comparison between African and American equatorial stations carried out during the
minimum and upward phases of the SC#24 shows the seasonal values of maximum and minimum VTEC
during the March and June, respectively. In the same figure, the seasonal variation of the VTEC is minimal
at the December, but maximum at the June. For the three longitudes sectors America, Europe-Africa and
Asia, Figure 6a shows that the VTEC variations in the NH are greater compared to the observations of the
VTEC in the SH. During the spring in the NH, stations near the magnetic equator have VTEC values in the
American sector slightly higher than those observed in the Asian and Europe-African sectors. In the summer
period, VTEC values in the Asian sector are slightly higher than those in the American and Europe-African
sectors. SH stations near the magnetic equator show that VTEC values in the Asian sector are significantly
higher than those in the American and Europe-African sectors during the spring. The VTEC values during
the night are slightly higher in the American sector than in Asian and Europe-African. The effect of the
equatorial anomaly is visible on the peaks (time range from 12:00 to 16:00 in TL). During this time period,
the electron density increases under the effect of the equatorial fountain is visible by the increase in the slope
of the VTEC variations, meaning the increase in its values.
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Fig 6a. shows the seasonal variations of the VTEC in the three longitude sectors: America (BRAZ, GLPS), Europe-
Africa (ADIS, NKLG) and Asia (COCO, PIMO) (respectively), from 2013 to 2017 study periods, at the 19 GPS
stations. On each panel, the abscissa axis represents 24 LT hours. The y-axis displays the VTEC median values
(tecu) with different color curves indicating the different seasons given by Lloyd's seasons, (1861).
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The figure 6b shows the data dispersion for two stations NKLG and BRAZ located at the southern crest of
the EIA, calculated by standard deviation over the five years 2013-2017.

Our conclusion on the variability of the standard deviation (Fig.6b) is as follows:

- Low values at night, between 0 and 5 tecu.

- More daylight values at the spring of 2014 and 2015.

- The standard deviation is approximately 16 tecu between 12 and 22 TL.

- In 2015, the peak is lower at the BRAZ.

- The maximum at the fall in 2014 is more limited in time (~14 TL at NKLG, ~21 TL at the BRAZ). The one
in 2015 is significantly lower.

- The diurnal standard deviation declines sharply after mid-2016 to night values.

Variations in the standard deviation strongly follow the TEC levels.

Standard deviation 1-BRAZ and 2-NKLG
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Fig 6b. Data dispersion for two stations BRAZ and NKLG located at the southern
crest of the EIA, calculated by standard deviation over the five years 2013-2017.

4. Statistical analysis

4.1 Shape of the VTEC curves
The VTEC seasonal variation curves (Fig 7) reveal three types of morphologies which can be defined as
follow: 1) two maximum peaks, 2) bell-shaped curves representing a single peak and 3) plateau-shaped
variations.
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There are many studies describing the physics of different shapes of TEC curves in the EIA sector in Africa.
They can be recorded at the strength, presence or absence of electric currents in the equatorial ionosphere
(equatorial electrojet and equatorial counter-electrojet), by reference to the daily variation of electric current
over time under calm weather conditions (Vassal, 1982a, 1982b). The three different curves: The 2 Max
curve called the noon bite profile, which expresses the signature of a strong electrojet, and the Bell curve
called the dome profile and the plateau curve. These two profiles characterize the absence of electrojet
(Zoundi et al., 2012; Gyébré et al., 2018).

Studies were conducted on the diurnal behavior of NmF2, using databases of several solar cycles (20,21,22)
at Ouagadougou/ Burkina Faso, near the magnetic equator (Ouattara et al., 2009; Ouattara and Amory-
Mazaudier, 2012) and at Phu Thuy /Vietnam at the northern crest of the equatorial fountain in Vietnam
(Pham Thi Thu et al., 2011).

These statistical studies have shown that near the magnetic equator statistically we find the shape of the 2
max, and at the crest we statistically find the bell shape.

The geomagnetic activity strongly modifies the diurnal behavior of the ionosphere (VTEC or NmF2).

In our case we have averaged all the days together and therefore we do not analyze the effect of magnetic
activity. Pham et al (2011) showed that the diurnal variation averaged over all days (magnetic calm and
magnetic disturbed) is similar to that averaged over magnetically calm days. In fact, more than 2/3 of the
days are calm days (Legrand and Simon, 1989) and the disturbances are distributed randomly during the day.
Our observations are made during a weak solar cycle and therefore with a weak equatorial electrojet this
explains that the bell shape dominates (see figure 7) In order to better visualize the morphology of the VTEC
seasonal variations, we present a statistical analysis based on the VTEC median variations. Figure 7
presents the occurrence of different types of curves shape for the three longitude sectors. Blue color
represents the bell curves, which are the most frequent in all the longitude sectors. Green color corresponds
to the curves with a double peak, which are slightly more important in the America sector. The plateau
curves are in red and show the same occurrence in three longitude sectors. Finally, we observe practically
the same distribution of the different classes of VTEC variations in the three sectors of longitude.

80
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Fig 7. Characteristic of the nature of the variation of VTECs. We select three different curves:
Curve 2 Max called the Midday Bite Profile, which expresses the signature of a strong electrojet,
and Bell's curve called the Dome Profile and Plateau Curve. These two profiles characterize the
absence of electrojet.
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4.2 Comparative amplitude of the seasonal VTEC

The VTEC median variations are used to assess the statistical occurrence of comparative VTEC seasonal
variations from 2013 to 2017 in the three longitude sectors.

We illustrate in figure 8, the different seasons noted as follows: VTEC amplitude in spring = Sp, VTEC
amplitude in autumnal = Au, VTEC amplitude in winter = Wi, VTEC amplitude in summer = Su. The
statistical study reveals several classes:

Class 1, in blue (Sp > Au > Wi > Su) shows that the America sector has the highest VTEC values compared
to the Asia and Europe-Africa sectors. The highest class 1 in all sectors shows that the spring weighting
VTEC values are higher compared to the autumn (between 30% and 55%).

For class 2, in dark green (Sp > Wi > Au > Su), the highest VTEC values are found in the America sector,
followed by an equivalence of VTEC values between the two sectors Europe-Africa and Asia. This shows
that the VTEC values are higher in spring than in winter.

Class 3 in yellow (Au > Sp > Wi > Su), indicates a very high intensity at the VTEC values in the Europe-
Africa sector, which are reduced by about half in the America and Asia sectors. This behavior shows that the
value of the VTEC weighting autumn is higher compared to Spring.

The two classes 4 in red (Sp > Au > Su > Wi) and 5 in green (Au > Wi > Sp > Su) display that VTEC values
are highest in the Asia sector, followed by a sharp decrease in the Europe-Africa sector and disappear
completely in the America sector. Class 4 shows that the spring weighting VTEC values are higher than the
autumn values, compared to the class preceding the winter weighting VTEC values. Class 5 shows that the
Fall VTEC values are higher than the Winter VTEC values.

Class 6 in brown (Wi > Sp > Au > Su) shows that the VTEC values are quite close with higher values in the
Asian sector, which gradually decrease in the American and Europe-Africa sectors. It shows that the winter
weighted VTEC values are higher compared to spring.

Class 7 in grey (Wi > Au > Sp > Su) shows that the VTEC values are fairly close with higher values in the
American sector, which are gradually decreasing in the American and Europe-Africa sectors. It specifies that
the VTEC values are higher in the winter weighting compared to autumn.

All classes, except class 4 show a higher value of VTEC in winter than in summer that corresponds to the
winter anomaly (Rishbeth and Muller-Wodarg, 2006).

The class 4 groups together cases for which the winter anomaly does not exist: the winter anomaly is still
present in the America sector since class 4 is zero. The winter anomaly is less present in the Asia sector
(class 4 > 10%) than in Europe Africa sector (class 4 < 5%)

The sum of classes 1+2+3+5+6+7, concerning the occurrence of the winter anomaly, is 100% for America
sector, 95 % for Europe Africa sector ad 89 % for Asia sector. These results show the longitudinal variation
in the presence of the winter anomaly in the EIA region.

Classes 1, 2, 4 and 6 bring together the cases for which VTEC at the spring is stronger than VTEC at the
autumn. The sum of the occurrences in the four classes, in the America sector is in 84% of cases that the
VTEC spring is stronger than VTEC Autumn. In the Europe Africa sector, this is true in 66% of the cases,
and in the Asian sector for 83% of the cases. These results show a longitudinal variation in the Spring-
Autumn VTEC asymmetry in the EIA region.
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Fig 8. Characteristics of the variations according to the seasons: Sp=spring, Au=Autumn,
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Figure 9 shows a difference between the spring and autumn VTEC maximums for the years 2013 to 2017.
The dashed black curve in each panel represents the difference in solar flux between spring and autumn.

- During the years 2013 and 2014 (ascending and maximum phase) the difference between spring and
autumn (SA) is not explained by the difference in solar flux.

- During the year 2015 the high difference SA is pretty well explained by the solar flux difference.

- During the decreasing phase of the 2016-2017 Solar Flux the asymmetry SA is explained by the solar flux
at the equator and on the southern crest (except at BRAZ station). On the northern crest contrast, the SA
asymmetry is not explained by the Solar Flux. There is more dispersion on the north crest.

For the right-hand panels concerning the longitude sectors

- In 2013 and 2014 the SA asymmetry is not explained by the solar flux whatever the sector of longitude.

- In 2016 and 2017, the SA asymmetry is well explained by the solar flux in the Europe-Africa sector and in
the Asia sector (except for the COCO station).

- For the America sector there is more dispersion and the SA asymmetry is not fully explained by the solar
flux.
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Fig 9. Differences between the spring and Autumn VTEC maximums for the years 2013 to 2017. The dashed
black curve in each panel represents the difference in solar flux between spring and autumn. The right-hand
panels are for longitude sectors and the left-hand panels for the two crests and the equator

4.3 Night-time VTEC enhancements

Recall that a third ionization peak is observed on almost all figures (3-5), marked by an increase in the
VTEC value around 19:00 LT.

Figure 10 describes in detail the occurrence of this increase in the nocturnal VTEC value during the study
period from 2013 to 2017. Three panels make up this figure: 1) the latitudinal occurrence of the nocturnal
peak (northern and southern crests and equator), 2) the longitudinal occurrence of the nocturnal peak
(American, European-African and Asian longitude sectors) and 3) the seasonal occurrence of the nocturnal
peak (winter, spring, summer and autumn).

1) The occurrence of nighttime VTEC peaks for North Crest stations is greater in 2014 and 2016 than in
other years. For stations closest to the equator the occurrence is highest in 2013 and 2015. For stations on the
southern ridge the maximum occurrence is observed in 2017.

2) The longitudinal nocturnal peak occurrence of the VTEC is more important in the Europe-Africa and
America sectors during the 5 years (2013-2017), with an occurrence equal to (~75%) in 2014. During the
year 2017, the nocturnal peak of VTEC is most frequently observed in the Europe-Africa (~30% of cases),
America (~25% of cases) and Asia (~7% of cases) sectors. In the year 2015, we observe an asymmetrical
appearance of the VTEC nocturnal peak (~50%) in the three longitude sectors.

16




3) The seasonal occurrence of the nocturnal VTEC peak is greater during the spring and autumn compared to
the winter and summer from 2013 to 2017. The occurrence of the nocturnal VTEC peak during the summer
remains relatively constant over 4 years (2013-2016), which is followed by a completely absent occurrence
in 2017. In comparison, the occurrence of the VTEC nocturnal peak during the winter is decreasing over the
5 years of the study. It was also noted that the nocturnal maximum of the VTEC is generally higher in the
autumn or equal to the nocturnal maximum of the VTEC in the spring. In 2013 and 2017, the maximum
occurrence of the nocturnal peak is observed during the winter. The occurrence of the nocturnal peak in all
seasons is in the 0-60% range, but the year 2017 differs significantly from the trend of previous years.

In Figure 10, we have added the monthly solar flux variation of SC24# as a dashed line. We noted 3
essential characteristics: the occurrence of the nocturnal peak follows globally the solar cycle. The
occurrence of the nocturnal peak is generally strongest at the equinoxes than at the solstices. The occurrence
of the nocturnal peak is stronger in the Europe-Africa and America sectors than in the Asia sector.

Although increases in nocturnal VTEC have been observed previously, there is no general agreement on
their origin (Horvath and Essex, 2000). These increases in VTEC have a common source, the westward
directed electric field.(Horvath and Essex, 2003; Chen et al., 2008) found that the VTEC provided additional
information on the formation of nocturnal peaks: VTEC enhancement occurs mainly in the region of the
equatorial anomaly, most often in spring and autumn, but rarely in summer. The occurrence of VTEC
strengthening is not significantly dependent on the geomagnetic state.

In our study, this VTEC peak occurs around 19 LT, i.e. just after the PRE, we use the study by (Fejer et al.,
2008) that corresponds to this local time.

Fejer et al (2008) characterized the vertical drift of the plasma (E x B) measured by the ROCSAT satellite:
1) E x B varies with the solar cycle (figure 7 of (Fejer et al., 2008)), 2) E x B is more important for the
equinoxes than for the solstices (figure 6 of (Fejer et al., 2008)) and 3) E x B varies with longitude is
stronger during the equinoxes in the Europe-Africa and America sectors than the Asia sector (Figure 8 of
(Fejer et al., 2008)).

The occurrence of the nocturnal peak observed around 19 LT has the same characteristics as the vertical drift
E x B with regard to the solar cycle, season and longitude. Thus, it seems that the occurrence of the
nocturnal peak is well related to the PRE at the origin of the scintillations of the GNSS signal.
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5. Conclusion

This study includes a morphological analysis of regular variations in ionization during solar activities:
daytime variations, seasonal variations and variations based on the 24th solar cycle, obtained by processing
GPS data from stations in the Americas, Europe-Africa and Asia sectors. Our analysis focused on the
diurnal, seasonal and solar cycle variations of VTECs under local ionospheric conditions during the different
phases of the solar cycle 24. Our results highlight that:

- The daily VTEC maximum values were registered between 14:00 and 16:00 LT and the minimum values
between 4:00 and 6:00 LT. Double ionization peak in the morning and evening is observed in VTEC annual
variations (Fig. 3, 4 and 5), due to the proximity of the stations of the equatorial fountain. As expected, the
diurnal variation amplitude of the VTEC depends on the phase of the solar cycle. This is well known the fact
that total ionization depends on the solar radiation related to the phases of the solar cycle. We have analyzed
the variability of the VTEC during increasing phase of the solar cycle 24 observed around 2013-2014 as well
as the decreasing phase around 2014-2017. We found that the winter anomaly and the presence of
equinoctial peaks are the most pronounced effects in VTECs in the increasing and decreasing phase. A
strong asymmetry is detected between equinoxial peaks and the location of peaks occurring in March/April
and October/November at maximum in the solar flux variations during the increase phase.
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- In all longitude sectors, the highest VTEC values are displayed during the two months of the spring,
located after sunrise and before sunset. The lowest values are found during the summer and winter seasons.

- The statistical analysis reveals practically the same distribution of the different classes of VTEC (two
peaks, bell-shaped and plateau-shaped) variations in the three sectors of longitude. These observations
indicate longitudinal variation in the presence of the winter anomaly in the EIA region. Additionally, we can
note a longitudinal variation of the spring-autumn VTEC asymmetry in the EIA region.

- The occurrence of the nocturnal peak observed around 19 LT has the same characteristics as the vertical
drift E x B with regard to the solar cycle, season and longitude. Thus, it seems that the occurrence of the
nocturnal peak is well related to the PRE at the origin of the scintillations of the GNSS signal. We noted
three essential characteristics: (1) the occurrence of the nocturnal peak follows globally the solar cycle. (2)
The occurrence of the nocturnal peak is generally strongest at the equinoxes than at the solstices. (3) The
occurrence of the nocturnal peak is stronger in the Europe-Africa and America sectors than in the Asia
sector.
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