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Abstract:
This paper presents the variability of the total electron content, VTEC, the ROTI index (proxy
of the scintillation index) and the transient variations of the Earth's magnetic field associated
to the impacts of solar events during October 2013. The observations are from middle and
low latitudes in European African longitude sector. During October 2013, there are four solar
events reaching the Earth. The two first events, on October 2 and October 8 are CME, the
third event on October 14, is a jet of fast solar wind flowing from a solar coronal hole, and
the last event on October 30 is a slow solar wind with southward excursions of the Bz
component of the Interplanetary magnetic field, associated to CME passing near the Earth.
For the four events, the variation of VTEC at middle latitudes is the same and presents an
increase of VTEC at the time of the impact followed by a decrease of VTEC, lasting one or
several days. At low latitudes, no clear common pattern for all the events appears. For the
four events the variation of the ROTI index over Africa is different showing the asymmetry
between West and East Africa. For the first event, on October 2, the scintillations are not
inhibited, for the second and the fourth events on October 8 and 30, the scintillations are
inhibited on East Africa and for the third event (high speed solar wind stream), on October
14, the scintillations are inhibited over the whole Africa. The available data allow the full
explanation of the observations of October 14, indeed, on this day, there is no post sunset
increase of the virtual height h’F2 at Ascension Island. There is no Pre Reversal Enhancement
(PRE) of the eastward electric field; it is this electric field which moves up the F layer, the
necessary condition for the existence of scintillation. The analysis of the variations of the
Earth’s magnetic field at low latitudes highlights the presence of the ionospheric disturbance
dynamo on October 14, which produces a decrease of the Equatorial Electrojet, several hours
after the impact of the high speed solar wind. The disturbance dynamo electric field (DDEF)
is westward during the day and till after sunset and turns eastward around 22.30LT. So, on
October 14, the westward DDEF inhibits the eastward regular electric field.
Key words: Ionosphere - GPS_TEC - GPS_ROTI- CME- solar wind- coronal holegeomagnetic storm
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1. Introduction
In this paper we present the behavior of VTEC, ROTI index, virtual height h’ of the F2 layer
and transient variations of the Earth’s magnetic field observed at middle and low latitudes
during various solar events (CME, high speed solar wind or event with southward excursion
of the Bz component of the Interplanetary magnetic field, IMF). The data used were recorded
in Europe Africa longitude sector.
The equatorial ionosphere presents some morphological particularities: 1) the existence of
the equatorial ionization anomaly, EIA (Namba and Maeda, 1939; Appleton, 1946), 2) the
existence of an ionospheric electric current flowing along the magnetic equator, the
equatorial electrojet (EEJ) (Chapman, 1951) and 3) the existence of irregularities of plasma
(Basu and Basu, 1981) which disturb the propagation of the electromagnetic signals and as a
consequence disturb the GNSS signals. The electric field is the main parameter of the
dynamics of the equatorial region and it strongly influences the development of the EIA as
well as the Equatorial electrojet and plasma irregularities.
During quiet magnetic periods, the EEJ flows along the magnetic equator. The EEJ is an
eastward ionospheric electric current, in the E region, created by the ionospheric dynamo
process (Stewart, 1882; Chapman and Bartels, 1940). Its amplitude is 2 times higher than the
amplitude of the regular ionospheric currents at middle latitudes (Mazaudier and Blanc,
1982) which generates the Sq variation. The stronger amplitude of the EEJ is due to the
existence of a reinforced conductivity at the equator, the conductivity of Cowling. The
Cowling conductivity is the combination of Hall and Pedersen conductivities, but the EEJ is
mainly an Eastward Hall current (Forbes, 1981; Onwumechili, 1997).
Also, during magnetic quiet periods the regular electric field is generated by the ionospheric
dynamo. During the daytime the east–west electric field and the north–south geomagnetic
field produce the lift of plasma in E ionospheric region by vertical E X B drift. At higher
altitudes in F region, the plasma diffuses downward along the geomagnetic field lines into
both hemispheres under the influence of gravity and pressure gradients, this produces the
EIA which is characterized by an electron density trough at the magnetic equator, and two
crests of enhanced electron density at about ±15 degrees magnetic latitudes.
Another important phenomenon of the equatorial ionosphere is the existence of an increase
in the zonal electric field post sunset, the prereversal enhancement (PRE) which causes a
strong upward vertical drift (Vz), and a rapid rise up of the F layer. This fact leads to the
creation of irregularities in the plasma density (Kelley et al., 2009). The first observations of
this large upward vertical drift were made by Woodman (1970) with the incoherent scatter
sounder of Jicamarca. Depending on the scale size irregularities, different observations are
made, “the meter scale size irregularities producing plumes in the VHF backscatter radar maps, the
decameter sizes that give rise to the spread F echoes in the ionograms, and the hectometer to kilometer
sizes produce VHF and UHF radio wave scintillation (Abdu et al., 1983)”. Recently, Chatterjee and
Chakraborty (2013) and Chatterjee et al. (2014) studied the scintillations near the crest of the
EIA in India, during quiet magnetic days; in their work, they connected EIA, EEJ and
scintillations. They found that a post sunset enhancement of the TEC and afternoon
enhancement in EEJ are good precursors for postsunset occurrence of scintillation.
During magnetic disturbed periods, the equatorial ionosphere is strongly influenced by
auroral phenomena and as a consequence the equatorial electric field is disturbed. Two main
disturbance processes are well known 1) the prompt penetration of the magnetospheric
electric field, PPEF (Vasyliunas, 1970; Fejer, 1983; Mazaudier et al., 1984; Mazaudier,1985)
and 2) the disturbance dynamo electric field, DDEF (Blanc and Richmond , 1980; Fejer, 1983;
Sastri, 1988; Mazaudier and Venkateswaran, 1990), related mainly to the Joule heating
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produced by auroral electrojets (Testud et al., 1975). The PPEF and DDEF disturb the
ionospheric electric currents systems and as a consequence produce magnetic disturbance
observed with ground magnetometers. The magnetic disturbance associated to the PPEF is
the DP2 ( Nishida et al., 1996; Nishida, 1968) and the one associated to the DDEF is the
Ionospheric disturbance Dynamo, Ddyn (Mayaud, 1980 ; Fambitakoye et al., 1990; Le Huy and
Amory Mazaudier 2005). The main features of the magnetic disturbance associated to the
DDEF are an anti Sq circulation at low latitude and a reverse electrojet at equatorial latitudes.
Theoretical studies of Ddyn (Blanc and Richmond, 1980; Fang et al., 2008; Zaka et al., 2011a
and 2011b) reproduced the anti Sq circulation and a reverse EEJ.
In this paper we analyzed the crucial parameters necessary to understand the impact of solar
events on Equatorial ionosphere, VTEC, the ROTI index as a proxy of scintillation, the virtual
height h’ of the F2 in order to know the existence or non existence of PRE of the vertical drift,
and the transient variations of the Earth’s magnetic field in order to know the presence or not
of the PPEF and DDEF.
The second part of the paper is devoted to the data sample and data processing, the third
part presents the results, and then there are the discussion and the conclusion.

2. Data Sources and Data processing
2.1 Data sources
We analyze the signature of solar events on ionospheric ionization and Earth’s magnetic field
during October 2013.
The satellite data from SOHO are used to determine the existence of CME and coronal hole
recorded at the surface of the sun www.nasa.gov/mission_pages/soho/, and some informations
from the space weather website http://spaceweather.com to determine the solar events
reaching the Earth. The solar wind speed and Bz component of the Interplanetary magnetic
field (IMF) recorded on board the satellite ACE (http://omniweb.gsfc.nasa.gov /) are used to
characterize of the solar wind.
The magnetic indices SSC, Hsym, AU, AL, AE, Kp and Am/Km are extracted from Data
Analysis
International Union of Geodesy and Geophysics (IUGG) website
(http://www.iugg.org/IAGA/). The Storm Sudden Commencement (SSC) indicates the time of
arrival of the shock of the CME on the magnetosphere. The Hsym index allows to know the
magnetospheric electric currents. The AU and AL indices give the amplitude of the eastward
and westward auroral electrojets and the AE index gives an estimation of the energy of the
storm. The Am magnetic indices are used to select magnetic quiet days [Mayaud, 1980;
Menvielle et al., 2011]. We select for this study very quiet days with all the Km < 2- . We used
also the polar cap index which is proxy of the merging electric field EM=VSW BT sin2(θ/2),
where VSW is solar wind velocity and BT (BT =(BY2+BZ2)1/2) the transverse component of the
interplanetary magnetic field (IMF) in the solar wind. The field direction is represented by the
polar angle θof the transverse component of the IMF with respect to the direction of the Zaxis in a “Geocentric Solar Magnetospheric” (GSM) coordinate system (i.e., tan(θ)=|BY|/BZ,
0≤θ≤π), (Stauning, 2012).
The ionogram and virtual height recorded at Ascension Island are from the website
http://car.uml.edu/common/DIDBFastStationList, and the raw data of the Total Electron
Content from the 46 GNSS stations over Africa, middle East and Europe are used to
approach VTEC values and GPS Scintillations. The observatories from AMBER (Yigenzaw et
al., 2009 ) and INTERMAGNET networks provide the variations of the Earth’s magnetic field
3

in various geomagnetic locations. Table 1 gives the geographic and geomagnetic
coordinates of the GPS stations magnetic observatories, ionosonde of Ascension Island and
magnetometers. Figure 1 is the map of all the observatories.
2.2 Data processing
2.2.1 Data processing of GPS to obtain VTEC and ROTI
We used a standard procedure for processing GPS measurements (Hoffmann-Wellenhof et
al . 1992, Schaer, 1999).
The pseudo-range between a GPS satellite and a receiver is the sum of many contributions
(1) as follows:

Prs ( f ) = ρ rs + c.br ( f ) − c.b s ( f ) + Trs + I rs ( f ) + α rs ( f )

(1)

where

ρ rs is the slant geometric distance,
c.br is the sum of the receiver and clock offset,

c.b s is the sum of satellite bias and clock offset,
Trs is the tropospheric delay,
I rs is the Ionospheric delay,

α rs is other contributions (relativistic effect, multipaths, …).
On the first order, the ionospheric path delay depends of the slant TEC and of the reciprocal
square of the frequency.

I rs ( f ) =

a.STEC
f2

(2)

For dual frequency pseudo-range, we can make the difference between the two
measurements which eliminate the geometric and tropospheric terms

Prs ( f1 ) − Prs ( f 2 ) = ∆br − ∆b s + Ci .STEC + ε

(3)

The last term ε of the equation is assumed to be negligible for elevation above 10°.
∆b s is the differential code bias (DCB) of the satellite. We use the monthly values published
by the University of Bern.
∆br is the differential code bias of the receiver. This receiver bias is a real number known if
the receiving station is in a network (IGS, EUREF). The receiver bias is in the files DCB given
by CODG. If the receiver is not in a network as DKHL, the receiver bias is unknown and we
have to compute it. To remain as easy as possible in its determination, we calculate the STEC
with the ionospheric values of CODE/ CODG (Centre for Orbit Determination in Europe
ftp.code.com/aiub/CODE) for all Pierce points above an elevation angle cutoff of 30° to
eliminate gradients effects. The mean daily difference of the two series of STEC gives the
receiver bias (Komjathy et al., 2005).
For the conversion of slant TEC to vertical TEC, we use the single layer mapping function
[Schaer,1999]

4

STEC = VTEC 1 − [

RT
cos( E )]2 (4)
RT + hm

where RT is the earth radius, hm is the reference altitude taken at 400 km and E the elevation
angle.
At each time, we smooth all the VTEC points with a reciprocal square of the elevation angle
to give a single value.
The relative STEC is calculated over 30s interval by the combination of phase measurements.
We computed the ROT index in units of TECU/min as follows:

ROT =

STEC k +1 − STEC k
* 60 (5)
timek +1 − timek

ROTI index is then computed each 30s, by taking the standard deviation of ROT (Pi et al.,
1997) over a period of 10-min and with a minimum of 10 points, i.e.

ROTI = 〈 ROT 2 〉 − 〈 ROT 〉 2 (6)
The ROTI is use to get information of irregularities in the F-region.
The mean averaged quiet TEC : <TEC> computed as the mean arithmetic value of quiet
magnetic days of October 2013.

1
<VTECquiet> =
n

n

∑ (VTECquiet )i

(7)

i =1

where i equal 1,…13, there are 13 quiet days in October 2013.
2.2.2

Data processing of magnetometers data

The mean averaged quiet ∆H component of the Earth’s magnetic field is computed following
the same equation of (7) :

1
<∆Hquiet> =
n

n

∑ (∆Ηquiet)i

(8)

i =1

where i equal 1…13.
Table 2 gives the Am value of the quiet days of October selected to establish the magnetic
quiet time level.
The magnetic disturbance due to ionospheric electric currents is computed by the following
expression given by Le Huy and Amory-Mazaudier (2005):
Diono = ∆H – Hsym.cosλ- <∆Hquiet> (9)
H is the component of the magnetic field recorded in one station
Hsym is an estimation of the ring current
λ is the geomagnetic latitude
Diono= DP2 + Ddyn (10)
DP2 is the magnetic disturbance related to the prompt penetration of magnetospheric electric
field ( Nishida, 1968; Vasyliunas, 1970)
Ddyn is the magnetic disturbance related to the ionospheric disturbance dynamo (Blanc and
Richmond, 1980; Mazaudier and Venkateswaran, 1990; Le Huy and Amory-Mazaudier, 2005)
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To separate the effect of the DP2 signal from the disturbance dynamo (Ddyn) signal, we used
the method develop by Fathy et al., 2014 . Fathy et al., 2014 remove the DP2 signal by taking
the average value of 4 h with sliding of 1 h, and MATLAB programs (interpolation, average,
and mean).
3. Results
3.1 The four events of October 2013
We analyze the month of October 2013, SOHO (SOlar and Heliospheric Observatory) solar
data shows that several CME are ejected during this period. Three CME hits the Earth during
October 2013. The SSC data give the time of the shock of the CME
(http://www.iugg.org/IAGA/). The first CME hits the Earth in the early morning on October
2 (SSC : “Sudden Storm Commencement” at 01.55 UT), the second one on October 8 in the
evening (SSC at 20.22UT) and the third one on October 15 at 10.00UT, for this last event there
is no detectable SSC. Several other CME swept the Earth on October 29 and 30. During this
same period there is also the arrival of high speed solar wind associated to a solar coronal
hole on October 14 around 08.00UT. Figure 2 gives a global view of the month of October
with 4 events. From the top to the bottom the plots correspond to the solar wind speed, the
Bz component of the Interplanetary Magnetic Field (IMF), Hsym and the AU and AL
magnetic indices. The start of each event is indicated by a red line on the Hsym curve.
Figures 3a, 3b, 3c and 3d are similar to figure 2 and give a zoom of each event.
On the top panel of figure 3a, the solar wind speed increases on October 2 at 02.00UT from
400km/s to 600km/ at the time of the SSC (01.55UT). It is the time of the shock of the CME on
the magnetosphere. At the same time, on the second panel, a strong oscillation of the Bz
component of the IMF occurs. The IMF Bz becomes several times negative ,-10nT at 01.55,20nT at 02.30UT ,- 12 at 03.00 and -35nT at 04.10UT. The third panel shows the variation of
the magnetic index Hsym, the blue line indicates the SSC. The Hsym increases to + 50 nT
when the CME hits the Earth, and then decreases to -35 nT around 03.00UT, increases again
and decreases to the value of -79nT around 05.50UT. The last panel reproduces the AU and
AL magnetic indices, we observe on October 2, 2 two large increases of AU and AL indices
associated the Hsym decreases, at 01.55UT AU decreases to -1000 nT and AL increases to
600nT, at 03.00 UT AU decrease to -1500 nT and AL increases to 850 nT and finally around
06.00UT AU decreases to -1400 nT and AL increases to 500nT. We can notice that during the
night from October 2 - 3, the auroral activity is very weak.
The second case is rather similar to the first one. On the top panel of figure 2b, the solar wind
increases on October 8th at the end of the day from 300km/s to 700km/s, when there is the
impact of a CME at 20.22UT. The solar wind speed increases in several steps and reaches its
maximum value 700km/s on October 9 around 08.00UT. On the second panel, there is the Bz
component of the IMF associated to this event, which becomes negative at 20.20UT (Bz= 10nT), 21.30UT (Bz= -34nT) and 23.00UT (Bz= -12nT). The third panel shows the variation of
the magnetic index Hsym, the blue line indicates the SSC. The Hsym decreases to -70 nT
when the CME hits the Earth, then increases and decreases again to reach the minimum
value -75nT at 00.30UT on October 9th.
The last panel reproduces the AU and AL magnetic indices; AU reaches a maximum value
around 1000 nT around 22.30UT . For this case during the night Octobre 8-9, the auroral
activity is not negligible, the AU index maximum is around 500 nT.
On the top panel of figure 3c the solar wind speed increases on October 14 around 08.00UT,
from 300 km/s to 550km/s .This increase is related to the arrival of high speed solar wind
6

stream associated to a coronal hole. A second disturbance arrives on October 15th at 10.00UT
associated to CME hitting the Earth with no SSC. On the second panel the Bz component of
the IMF oscillates, this is a common feature of solar wind stream associated to coronal hole;
there is no strong oscillation as for the 2 previous events. The third panel of figure 3c shows
the variation of the magnetic index Hsym. Hsym decreases slowly and reached the
minimum value -50nT around midnight. The last panel reproduces the AU and AL magnetic
indices; we observe that there is an increase of AU and AL indices associated to coronal hole.
There is no strong burst of the AU index as for the 2 previous cases. The AU is ~ – 500nT
during the whole October 14 and during the morning on October 15, with some peaks of
800nT to 1000 nT.
For the fourth event, there is no major disruption. On the top panel of figure 3d, the solar
wind is slow below 400km/s during the whole period except on October 31. On the second
panel the Bz component of the interplanetary magnetic field is negative during large periods
on October 29 and 30 associated with a CME passing near the Earth. On October 30 Hsym
decreases in 2 steps and reaches the minimum value of 50nT around midnight. On the last
panel, the AU and AL indices show a disturbance starting in the morning on October 30 and
lasting until midnight the same day.
3.2 Along the West-African Europe sector
Figure 4a is composed of five panels corresponding to the VTEC variations observed during
October 2013 at different locations of middle and low latitudes. On each panel the red curve
represents the regular mean variation based on magnetic quiet days and computed following
the equation 7 and the blue curve the variations of the VTEC observed.
The 2 first panels at the top, corresponding to middle latitudes stations of VIGO and LAGO
exhibit the same pattern: the VTEC increases at the arrival of the disturbance (CME, high
speed solar wind streams, or glance of CME) and decreases on the days after. Shimeis et al.
(2012) observed the same pattern at Helwan in Egypt for a CME hitting the Earth on April 5,
2010. The depletion of VTEC is observed during several days. For the first event, the
depletion of VTEC is observed on October 3, 4, 5 and 6. For the second event the depletion is
observed on October 9 and 10. For the third event the depletion is observed on October 15
and 16. Finally for the fourth event there is a decrease on October 31.
We have to notice here that for the second event the increase of VTEC is not significant due
to the fact that there is a strong disturbance before.
For the first and second event [October 2, October 8], at MAS1 and DKHL (panels 3 and 4
from the top) there is no significant increase of the VTEC at the beginning of the disturbance
and no decrease on the days after. On the contrary we observe an increase of VTEC on the
days after the events, on October 4 and October 10, 11 and 12. For the third and fourth events
[October 14 and October 30], we observe the same pattern than at VIGO and LAGO: an
increase of VTEC on the starting day [October 14, October 31] and a decrease on the day after
[October 15 and October 31], but the amplitudes of the variations of VTEC is smaller than
those observed at Vigo and Lago. At MAS1 and DKHL, there are strong VTEC on October
22, 23, 24 and 25.
Finally on the bottom panel of figure 4a at the station DAKR at low latitudes there is no
significant variations of VTEC associated to these 4 events.
Figure 4b illustrates the variations of the VTEC in relation with the median VTEC, for the
stations presented in figure 4a. For each time, we calculate the difference between the daily
VTEC and the VTEC median, and then we compute the average value of each day. The
average value thus reflects the daily average deviation from the median. The vertical lines
7

represent the standard deviation (rms) of this variation. For a given day the vertical line
lenght gives the difference between the VTEC of the day and the median VTEC. At LAGO
and VIGO (top panels), we clearly see the increases and depletions of VTEC for all the
events. At the other stations MAS1, DKHL and DAKR, the signatures of the events are not
clear and the error bars are greater.
Figure 5 shows the maps of ROTI for the 4 selected events, these maps are made by using the
algorithm described in equations 5 and 6. The ROTI index was calculated for 46 GPS stations
and 46 geographic positions between the longitudes 30 W and 60 E. On the background coast
mapping, we plotted these indices following the coordinates of Pierce points with two color
codes: 1) thin waist, gray when the value of ROTI is less than 1.5tecu/min and 2) red square,
of greater dimension, when the ROTI index exceeds 1.5tecu/min.
All daily points were keeping when the elevation angle is greater than 15 ° to eliminate the
possible effect of multipath at low angles. The magnetic dip equator is calculated from the
IGRF coefficients for the month of October 2013 and is plotted on the graphs by the solid line
in cyan. The choice of maximum stations can cover three major areas in the West, Centre and
East Africa over several tens of degrees of latitude. Unfortunately, the lack of measures in
some large regions not ensures the spatial continuity of representation.
In Figure 5, the 2 top panels correspond to the first event [October 2-3], we observe the same
pattern of scintillations for October 2 and 3. The arrival of the CME on October 2 at 01.55UT
does not change the pattern of scintillations during the 2 days.
On the contrary, the 2 following panels corresponding to the second event [October 8-9]
show that on October 9 the day after the arrival of the CME, scintillations disappear on East
Africa.
The 2 following panels, devoted to the third event [October 14 -15], highlight the
disappearance of the scintillation on October 14, over all Africa. On October 15 the
scintillations are again observed across Africa.
The 2 bottom panels concerning the fourth event [October 30-31] show that scintillation
disappears only on East Africa during the 2 days.
From the 31 daily graphs (not shown here), we can make the following observations:
- Strong ROTI indices are mainly positioned at 15 ° magnetic latitudes, on each side of the
magnetic dip equator. Their spatial extension is about 8-12 degrees of latitude,
- Maximum red points (ROTI index exceeding 1.5tecu/min) occur on October, 8,
- In East Africa, between 09-14 October and on October 30, an almost total disappearance of
strong values of ROTI index is observed,
- In West and Central Africa, disappearance of strong values of ROTI only takes place only
one day, on October 14.
Figure 6 is composed like the figure 4a by 6 panels corresponding respectively from top to
bottom to the stations VIGO, LAGO, MAS1, DKHL, DAKR and NKLG. All the stations are
located in West Africa. On each panel are superimposed the Kp index (red line) and the
ROTI in green color, for the whole month of October.
At VIGO there is no scintillation and at LAGO a very low level of scintillations is observed
during very few days. This fact is explained by the location of these stations at middle
latitudes. At the stations MAS1, DKHL, DAKR and NKLG, strong scintillations are observed
all the days except on October 14. We observe a decrease of the amplitude of scintillations on
October 30 at DAKR and NKLG.
Figure 7 presents ionograms recorded at Ascension Island during the four events. All the
ionograms are recorded at 22.45UT. The top left corresponds to October 2, the top right
8

panel to October 8, the bottom left panel to October 14 and the bottom right panel to October
30.
On October 2 and 30 we observe a moderate spread F, on October 8, a very strong spread F
and on October 14 no spread F.
Figure 8 illustrates for the four events the variation of the virtual height of the F2 layer at
4MHz recorded at Ascension Island. On each panel the black line is the median. The
common behavior for all the days is an increase of the virtual height from 15.00UT to
17.30UT to a value of 260km. Then the virtual height decreases until 19.00UT and increases
again to reach a maximum value between 260km and 300 km around 20.00UT or 21.00UT
depending on the day.
There is only one day, October 14, which exhibit another pattern, indeed the virtual height is
always at the same altitude from 17.00UT to 21.00UT around 240 km height.
Another particularity is observed on October 2nd the virtual height oscillates and presents 3
maxima [ 270 km at 17.15UT, 260km at 20h00 UT and 260 km at 23h30 UT], this behavior
reveals the existence of a gravity wave (Testud et al., 1975).
Figure 9 illustrates the Earth’s magnetic variations from October 13 to October 17. From the
top to the bottom there are successively the PC index, the AE index and the variations of the
Earth’s magnetic field along a latitudinal magnetic chain of six magnetometers. Four
magnetometers are from the INTERMAGNET network ( UPS, CLF, TAM and MBO) and two
magnetometers are from the AMBER network (CNKY, CMRN). At the observatories UPS,
CLF, TAM, MBO and CMRN, the regular variation of the Earth’s magnetic field computed
by using the equation 7 (red curve) is superimposed the observations recorded (blue curve).
At the observatory of Conakry we used to estimate the regular variation the observation
made on the October 13, the magnetic quiet day preceding the event, as there are many gaps
in the data during magnetic quiet days of the month.
Around 08.00UT when the solar wind increases (see figure 2), the PC and AE indices
simultaneously increase, revealing the transfer of energy and momentum from the solar
wind to the magnetosphere. These two magnetic indices present also many oscillations. At
Uppsala and Chambon La Foret, we observe the same pattern with an increase of the H
component, around 08.00UT, related to the increase of the solar wind speed. Several hours
after the H component decreases, we notice also the presence of strong oscillations. These
oscillations are the signature of the DP2 current system (Nishida et al., 1966 ; Nishida, 1968)
related to the prompt penetration of magnetospheric convection electric field, PPEF.
The observatories of TAM, MBO, CNKY and CMRN exhibit the same behavior. During the
morning the H component follows the regular variation and presents oscillations. Then the
H component decreases and remains smaller than the regular variations on October 15.
We computed the magnetic disturbance related to the ionospheric electric current
disturbance Diono, [DP2 + Ddyn ] by using equation 9. This disturbance is presented by the
red curve on the figure 10. The blue curve on figure 10 is an estimation of the magnetic
signature, Ddyn of the electric current disturbance due the sole ionospheric disturbance
dynamo, DDEF (Fathy et al., 2014). This signature is reversed to the normal diurnal Sq
current system related the solar radiation (Chapman, 1940). From the figure 10 we can
conclude that the ionospheric disturbance dynamo (blue line) is acting on October 14, its
9

amplitude around – 28 nT is significant. On October 15 and 16, its amplitude is smaller
around – 10 nT.

3.3 Along the East-African-Europe/Middle East sector
Figure 11 is similar to figure 6 and corresponds to East Africa. On the top panel, at the station
RAMO, there are few scintillations. The amplitude of scintillations is greater than 3, on
October 3, 15 and 18; October 3 and 15 are the days after the first and the third event.
At NAMA, ARMI, DODM and MZUZ, the scintillations disappear from October 9 to October
14. At ARMI, the scintillations are weaker than at NAMA, DODM and MZUZ. We can also
observe the disappearance of the scintillations at NAMA, DODM and MZUZ on October 30
and 31. Finally at ZOMB, there are no large scintillations, except on October 21.
The comparison of figures 6 and 11 highlights the asymmetry in scintillation behavior
between East and West Africa during October 2013.
In East and Middle East Africa, it was not possible to develop the same analysis than in West
Africa due to the fact that there are no ionosonde data and no AMBER and INTERMAGNET
magnetometers data available during this event.

4

Discussion

In this paper we analyze crucial parameters of the middle and low latitudes during 4
different solar events. Unfortunately due to the lack of data over East Africa we will
concentrate our study on West Africa.
In figures 2 and 3 devoted to the solar wind parameters and the magnetic indices Hsym, AU
and AL, we see that the 2 first events are rather similar. The first event is a CME impacting
the Earth in the early morning on October 2nd at 01.55UT, and the second event, a CME
impacting the Earth in the evening on October 8 at 20.55UT. At middle latitudes, the two
CME produce the same perturbation of VTEC (figures 4a and 4b): an increase of the VTEC
during the impact and after a decrease of VTEC which can last one day or more.
The two other events are different. The third event is the impact of high speed solar wind on
October 14 at 08.00UT and the fourth event is related to a slow solar wind with southward
Bz on October 30. They produce also the same signature at middle latitudes. These results
are similar to those obtained by Shimeis et al. (2012) and can be explained by the successive
action of PPEF at the beginning of the event and DDEF several hours later.
At low latitudes there is not a clear common signature for all the events.
Figure 5 shows the maps of the ROTI index, a proxy of scintillation. The signature is different
from one case to another. The impact of the first CME does not produce any change in the
scintillation pattern on October 2nd and 3rd (top panels, Figure 5) .The impact of the second
CME produces the disappearance of scintillations on East Africa (second panels from the top,
Figure 5). On October 14, the day of arrival of the high speed solar wind stream (third panels
from the top, Figure 5); the scintillations disappear over all Africa. Finally for the last event,
CME passing near the Earth (bottom panel, Figure 5); the scintillations disappear on East
Africa.
Figures 6 and 11 show the variations of the ROTI index for several stations in West Africa
(figure 6) and East Africa (figure 11). There is an asymmetry between West and East Africa
depending of the event. Indeed for the events of October 2nd and October 14 the whole
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Africa exhibits the same pattern for scintillation, i.e no inhibition of scintillation on October
2nd and inhibition of scintillation on October 14. On the contrary for the second and third
events, October 8 and October 30, the scintillations disappear only over East Africa. We must
also notice that during the second event, over East Africa, the disappearance of scintillations
lasts several days from October 9 to October 13.
The fact the scintillation pattern is different from one site to another for the same magnetic
event was found previously by several authors. Santos et al. (2012) found strong longitudinal
difference in ionospheric responses over Fortaleza (Brazil) and Jicamarca (Peru) during the
January 2005 magnetic storm. They found the total suppression of the PRE over Fortaleza
with no simultaneous effect over Jicamarca. Jicamarca and Fortaleza locations are separated
by only 2 hours in local time. Chatterjee and Chakraborty (2013) noticed that the locations of
observing stations with respect to the post-sunset resurgence peak of EIA seem to play
dominant role in dictating the severity of scintillation activity.
Over West Africa we have the possibility to interpret the observations with the ionosonde of
Ascension Island. In figure 7 are presented the ionograms obtained for the four events, and
in Figure 8 the variations of the virtual height h’F2 at 4Mhz. In figure 8, among the 15 days
presented, only one day October 14 exhibits a different pattern, i.e the F layer does not
present the PRE signature which is an increase of the h’ height post sunset. This fact
explained the absence of scintillation on October 14.
We know that the lift up of the F layer is related to the existence of the PRE of the eastward
electric field. The observations suggest that during the event of October 14 a disturbed
electric field inhibits the regular eastward electric field. Two physical processes 1) the
Prompt penetration of magnetospheric convection and 2) the ionospheric disturbance
dynamo, produce disturbed electric fields. The electric field which penetrates to low
latitudes before the shielding becomes effective (undershielding PPEF). This field has the
polarity of the dawndusk convection electric field (eastward during the day until 21.00 LT
and westward in night sector). The over-shielding electric field ( Kelley et al., 1979; Kobea et
al., 2000) is related to the decline of the convection electric field. This electric field is
westward in the day side and eastward in the night side (PPEF).
Finally the disturbance dynamo electric field, DDEF (Blanc and Richmond, 1980; Sastri, 1988)
which is westward during the day, turns eastward around 22.30LT and remains eastward
until the end of the night (Huang et al. 2005).
In Figure 9, at low latitudes, the variations of the H component (TAM, MBO, CNKY and
CMRN) show before noon strong oscillations, which are the signature of the DP2 current
system related to PPEF ( under or over shielding). After noon we observe a decay of the H
component of the Earth’s magnetic field. This decay occurs several hours after the beginning
of the disturbance; it is the signature of the Ddyn current system related to DDEF. By using the
method of Fathy et al. ( 2014), we estimated the Diono and Ddyn disturbances. Figure 10
illustrates their variations. On October 14, there is the existence of the ionospheric
disturbance process which generates a westward electric field during the day until the
evening. This electric field inhibits the regular eastward electric field, and as a consequence
there is no scintillation.
From October 9 to 13 the scintillations are inhibited over East Africa and not on West Africa.
The H component observed at the station CMRN on these days (not shown here) exhibits an
afternoon secondary maximum, which is the precursor of scintillation following Chatterjee et
al. (2014), and scintillations are observed. Ngwira et al., 2013, studied scintillations in 4
African GPS stations from West to East Africa. During the storm event of September 13 2004,
they observed scintillations in all the stations and interpreted this fact as a consequence of
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the prompt penetration of an Eastward electric field (PPEF). On the day after the storm,
September 14, the scintillations disappeared in 2 stations and they observed a decrease of H
component as we observed on October 14, 2013.

5

Conclusion

In this paper we analyzed the impacts on the ionosphere of 4 four different solar events
(2two CME, a high speed solar wind flowing from a coronal hole and a slow solar wind
associated to large southward excursions of the BZ). We analyzed VTEC data, ROTI index,
ionosonde and magnetic data and found the following results:
- At middle latitude for all the events the behavior is similar, an increase of the VTEC at the
time of the impact followed by a decrease of the VTEC during one or more days. These
observations are explained by the electric field disturbance PPEF (prompt penetration
electric field) at the beginning and several hours later by the electric field disturbance
DDEF (Disturbance dynamo electric field). Such observations were made recently by
Shimeis et al. (2012)
- At low latitudes there is no a clear common signature for all the events.
- The ROTI index which is a proxy of the scintillation index showed that concerning the
scintillations, there is an asymmetry between East and West Africa. Indeed, sometimes the
scintillations are inhibited only on East Africa (October 9-13 and October 30), sometimes
the scintillations are inhibited over the whole Africa (October 14) and there are cases
where there is no inhibition of scintillation everywhere in Africa (October 2). Such results
were found in the American longitude sector by Santos et al., (2012), and explained by the
longitudinal variation of the disturbances PPEF as well as DDEF.
The analysis of the the virtual height h’F2 at 4MHz, recorded by the ionosonde of
Ascension Island (West Africa), on October 14 (the day of inhibition of scintillation of whole
Africa) showed that there is no uplift of the layer post sunset on October 14, i.e there is no
PRE of the eastward electric field and therefore no scintillation.
The analysis of the ground magnetic variations of the H component at low latitudes,
on October 14, showed the existence of PPEF and DDEF electric field disturbances. During
the event of inhibition of the scintillation it is a westward DDEF field opposite to the PRE
eastward electric field which stopped the uplift of the F layer.
Due to the lack of data, we can fully interpret only the case of inhibition of scintillation over
West Africa on October, 14 2013. Indeed, during October 2013, the magnetometers of the 2
networks AMBER and INTERMAGNET, located in East equatorial latitudes, were not
working, and there is no ionosonde data available on East Africa. It is important, if we want
to develop Space Weather studies in Africa, to increase the number of scientific instruments.
An equatorial chain of ionosondes as well as an incoherent scatter sounder would be very
useful to understand the longitudinal asymmetry of scintillations.
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Table captions

Table 1 Geographic and Geomagnetic coordinates of the GPS stations, magnetometers and
ionosonde.
Model IGRF 2013 “International Geomagnetic Reference Field “ (http://wdc.kugi.kyotou.ac.jp/igrf/gggm/index.html )
Table 2: Am values of the magnetic quiet days used to determine the magnetic quiet
reference level
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Figure captions

Figure 1: map of the GPS, the magnetometers and the ionosonde of Ascension Island
Figure 2: The solar wind parameters and geomagnetic indices for October 2013: (a) Vp the
speed of the solar wind in km/s, (b) the Bz component of the interplanetary magnetic field,
(c) the Hsym index and (d) the AU and AL indices.
Figure 3: The solar wind parameters and geomagnetic indices for the 4 Periods of October.
Figure 4a: VTEC along the West-African Europe sector during October 2013
Figure 4b: Daily average deviation of VTEC from the median VTEC.
Figure 5: Maps of Tracks of GNSS satellites, around the observing stations for the events of
October 2013. Pseudorandom noise (PRN) codes of the satellites and scintillation timing of
the corresponding L1 band scintillation are provided for each track (read color).
Figure 6: ROTI and Kp indices, along the West-African Europe sector during October 2013
Figure 7 : Ionogram of Ascension Island for 02,08,14 and 30 October 2013, at 15h and 20h (UT
+1)
Figure 8 : Variations of the virtual height h’F2 layer during October 2013, between 15h and
24h, every 15 minutes at 4 MHz in Ascension Island (UT +1). Each panel corresponds to an
event.

Figure 9: PC, AE magnetic indices and H component of the Earth’s magnetic field along a
latitudinal magnetic chain.
Figure 10 : Disturbances of Ionospheric currents Diono and Ddyn at M’BOUR observatory ,
Senegal
Figure 11 : ROTI and Kp indices, along the East-African-Europe/Middle East sector, during
October 2013

18

Table 1 Geographic and Geomagnetic coordinates of the GPS stations, magnetometers and
ionosonde.
Model IGRF 2013 “International Geomagnetic Reference Field “ (http://wdc.kugi.kyotou.ac.jp/igrf/gggm/index.html )
Geographic (decimal degrees)

GPS Stations

Magnetometers

Ionosonde

Geomagnetic (decimal degrees)

Id

City

Location

ARMI

Arba Minch

Ethiopia

37.56 E

6.06 N

110.72

2.61 N

DAKR

DAKAR

Senegal

17.46 W

14.68 N

57.54 E

20.05 N

Longitude
(negative for west)

Latitude
(negative for south)

Longitude
(E)

Latitude
(N/S)

DKHL

Dakhla

Morocco

15.94 W

23.68 N

30.63 E

28.67 N

DODM

Dodoma

Tanzania

35.73 E

6,17 S

106.94 E

9.09 S

LAGO

Lagos

Portugal

8.66 W

37.09 N

71.09 E

40.68 N

Spain

15.63 W

27.76 N

61.73 E

32.63 N

MAS1

Maspalomas

Gran Canaria

MZUZ

Mzuzu

MalawI

34.00 E

11.42 S

104.33 E

13.95 S

NAMA

Namas

Saoudi Arabia

42.04 E

19.21 N

117.19 E

14.81 N

NKLG

Libreville

Gabon

9.67 E

0.35 N

RAMO

Mitzpe Ramon

Israel

34.76 E

30.59 N

1.68 N
17.09 N
45.68 N

VIGO

Vigo

Spain

8.81W

42.18 N

82.30 E
112.30 E
72.40 E

ZOMB

Zomba

Malawi

35.33E

15.38S

105.17E

18.05S

UPS

Uppsala

Sweden

17.35 E

59.09 N

105.60 E

57.58 N

CLF

Chambon la
Foret

France

2.27 E

48.02 N

85.75 E

49.50 N

TAM

Tamanrasset

Algeria

5.53 E

22.79 N

82.20 E

24.34 N

MBO

Mbour

Senegal

16.97 W

14.39 N

58.00 E

19.68 N

CRMN

Cameroon

Cameroon

11.52 E

3.87 N

84.71 E

4.81 N

CNKY

Conakry

Guinea

13.66 W

9.58 N

60.59 E

14.48 N

ASC

Ascension

Ascension

14.5 W

7.95 S

57.63 E

2.69 S
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Table 2: Am values of the magnetic quiet days used to determine the magnetic quiet
reference level

Day

3/10

4/10

5/10

13/10

19/10

20/10

21/10

23/10

24/10

25/10

26/10

27/10

28/10

i=

1

2

3

4

5

6

7

8

9

10

11

12

13

Am

1

0

2

2

1

2

2

6

3

5

3

5

4
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Figure 1: map of the GPS, the magnetometers and the ionosonde of Ascension Island
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Figure 2 : The solar wind parameters and geomagnetic indices for October 2013: (a) Vp the speed of
the solar wind in km/s , (b) the Bz component of the interplanetary magnetic field, (c) the Hsym
index and (d) the AU and AL indices.

22

Figure 3 : The solar wind parameters and geomagnetic indices for the 4 selected periods.
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Figure 4a: VTEC along the West-African Europe sector during October 2013
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Figure 4b : Daily average deviation of VTEC from the median VTEC
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Figure 5 : maps of ROTI index
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Figure 6: ROTI and Kp indices, along the West-African Europe sector during October 2013
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Figure 7 : Ionogram of Ascension Island for 02,08,14 and 30 October 2013, at 22h45 (UT
+1)
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Figure 8 : the variation of the virtual height of the F layer for October 2013, between 15h and
24h, every 15 minutes at 4 MHz in Ascension Island station (UT +1)
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Figure 9: PC and AE indices and H component of the Earth’s magnetic field along a
latitudinal magnetic chain.
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Figure 10 : Disturbances of Ionospheric currents Diono and Ddyn at M’BOUR observatory ,
Senegal
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Figure 11 : ROTI and Kp indices, along the East-African-Europe/Middle East sector, during
October 2013
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