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Abstract 

In this paper, we analyzed the variations of TEC along a latitudinal East 

Euro-African chain, during the storm of April 5, 2010. We observed a 

large asymmetry between the two hemispheres. We detected the presence 

of a TID in the Northern hemisphere on April 5 .The propagation time of 

the TID from high to low latitudes and the speed of the TID was  
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determined. On April 5, 6 and 7, we observed a decrease of the TEC and 

changes of the NO+ in the Northern hemisphere. This depletion is caused 

by the large-scale thermospheric wind disturbances due to  Joule heating 

dissipation in the  auroral zone. 

___________________________________________________________ 

Key words. Ionosphere (equatorial ionosphere, ionosphere thermosphere 

interaction) GPS-TEC; TID; wind; Coronal hole;  geomagnetic storm. 

 

 

Introduction 

In this paper, we contribute to study the geomagnetic storm 05 April 2010 

and analyze the signatures of this storm at low and middle latitudes on the 

Total Electron Content (TEC) and the ionospheric composition.  This 

event was first studied by Möstl et al. (2010) who described the fast 

interplanetary coronal mass ejection (ICME) which was` observed by 

STEREO/HI for the full Sun–Earth line and was associated with a 

magnetic cloud (MC) and a geomagnetic storm at Earth. For the same 

event, Connors et al. (2011) observed a significant magnetic earthward 

flux transfer suggested by electric fields using THEMIS spacecraft. The 

magnetic earthward component of flux transfer manifested in the inner 

magnetosphere as “over di polarization” signatures at GOES 11 in the 

midnight sector. Prikryl et al. (2011) focused on the high-latitude 
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ionospheric effects including GPS phase scintillation and rapid variations 

in TEC. They found strong asymmetries of the ionospheric response in 

the Northern and Southern auroral zones.  Wilder et al. (2012) used the 

thermosphere-ionosphere-mesosphere electrodynamics coupling general 

circulation model to interpret the intense levels of Joule heating on the 

dayside and the resulting anomalous thermospheric density enhancements 

and traveling disturbances. Shimeis et al. (2012) studied the ionospheric–

magnetic disturbance of the magnetic storm 05 April 2010 near the crest 

of the equatorial anomaly and detected the quick arrival of the prompt 

penetration of the magnetospheric electric field (Vasyliunas, 1970) and 

the delayed effect of the ionospheric disturbance dynamo (Blanc and 

Richmond 1980). 

Finally, Fathy et al. (2014) analyzed the signature of the planetary 

ionospheric disturbance dynamo associated to the dissipation of currents 

that cause the Joule heating during the storm 05 April, 2010. They found 

the existence of an anti-Sq cell during three days 06-08 April 2010. 

The TEC data can be used to determine Traveling Ionospheric 

Disturbances (TIDs).Katamziand Habarulema, (2013) use two receiver 

arrays over the South African region, which were along two distinct 

longitudinal sectors of about 18°-20° and 27°-28°. Amplitude and 

dominant periods of these structures varied between 0.08-2.16TECU, and 

1.07-2.13 h respectively. The wave structures were observed to propagate 
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towards the equator with velocities between 587.04 and 1635.09 m/s. The 

first investigation of traveling ionospheric disturbances (TIDs) over mid-

latitude South Africa during the 15 May 2005 severe geomagnetic storm 

on the South African observed by Ngwira et al., (2012). Borries et al. 

(2009), made the first statistical analysis of large- scale traveling 

ionospheric disturbances (LSTID) over Europe TEC data derived from 

Global Navigation Satellite System GNSS measurements. Equatorward 

propagating storm-induced wave packets have been identified during 

several geomagnetic storms. Characteristic parameters such as velocity, 

wavelength and direction were estimated from perturbation TEC maps. 

Borries et al. (2009) got  a mean wavelength of 2000 km, a mean period 

of 59 min, and a phase speed of 684 ms−1. The comparison to LSTID 

observed over Japan shows a similar wavelength but a considerably faster 

phase speed. This is due to the differences in the distance to the auroral 

region or inclination/ declination of the geomagnetic field lines. 

In this paper, we analyze the variation of the vTEC along the Euro-

African chain of GNSS receivers during the geomagnetic storm 05 April 

2010. We identify TID from GNSS derived TEC and analyze the 

variation of NO+ at middle and low latitudes. The data sets and data 

processing will be then presented. Results, discussion, and conclusion 

will be then shown for this study. 
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2. Data set and Data processing 

The study is performed for tracking the variation of TEC along the 

latitudinal chain of GNSS stations during the different phases of the 

geomagnetic storm from 03 to 10 April 2010. Figure 1 shows the location 

of the stations used in the study. Table 1 gives the geographic latitude and 

longitude. The daily mean vTEC values are derived from the available 

GPS data (http://igscb.jpl.nasa.gov/network/list.html and 

http://www.unavco.org/data/data.html ).  

The fundamental GPS frequency is f0 = 10.23 MHz from 

which f1 and f 2 arederived(

 and ), defined the group delay as: 
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The TEC between the satellite and the user depends on the satellite 

elevation angle; this measurement is called Slant TEC (sTEC).  The TEC 

varies temporally and spatially, and depends on the solar activity, user 

location, and the satellite elevation angle. This measurement is named 

http://igscb.jpl.nasa.gov/network/list.html
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vertical TEC (vTEC). To convert sTEC to vTEC, we used the following 

equation: 
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sB and uB  are the instrumental biases of satellites and receivers 

respectively; eR =6371 km is the mean radius of the Earth; "is the 

elevation angle of the satellite (Titheridge, 1972). 

 

We used the X-component of solar wind speed Vx with a time resolution 

of 1 min and the Bz component of the interplanetary magnetic field IMF 

with a time resolution of 5 min. These solar wind parameters were 

recorded by the ACE satellite 

(http://www.srl.caltech.edu/ACE/ASC/browse/view_browse_data.html) 

 

We also used the magnetic indices Dst, AU and AL with a time resolution 

of 1min (http://isgi.latmos.ipsl.fr/lesdonne.htm /), see Shimeis et al. 

(2012) for more details. 

In order to characterize the phases of the ionospheric storm, we calculate 

the rate of change of the vTEC as follows: 

 

Where: 

)1(vTEC ->vTEC< = vTEC day stormquiet 

http://www.srl.caltech.edu/ACE/ASC/browse/view_browse_data.html
http://isgi.latmos.ipsl.fr/lesdonne.htm
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<vTECquiet>:  The mean arithmetic value of vTEC of the most magnetic 

quietest days of April 2010 see table 2 (Shimeis et al., 

2012). 

 day stormvTEC  The vTEC observed each day from 03 to 10 April 2010   

 

TID amplitudes have been estimated from the GNSS data, recorded at the 

above mentioned GNSS stations, according to the procedure described in 

Borries et al. (2009). Mapping of the TID amplitude data into a regular 

grid has been skipped because of the lower number of receivers.  

 

In order to characterize the change of composition, we use the data of the 

SABER observations, which is the NO+(v) volume emission rate (VER). 

The SABER (Sounding of the Atmosphere using Broadband Emission 

Radiometry)  instrument supports the TIMED ( Thermosphere Ionosphere 

Mesosphere Energetics and Dynamics)mission objectives to determine 

the followings: 

• Spatial and temporal variations in the density and temperature 

structure of the mesosphere and lower thermosphere 

• Relative importance of various atmospheric heating and cooling 

mechanisms  
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• Roles played by key chemically and energetically important 

chemical species. 

SABER measures the vertical distributions of molecular constituents that 

are important for their direct role in solar photon energy absorption and 

their indirect role in chemical reactions involving energetically important 

chemical species Yee et al., (2013). 

 

3. Results  

Figure 2   illustrates the time variation of the solar wind speed Vx (panel 

a), the component Bz of the interplanetary magnetic field (panel b) and 

geomagnetic indices Dst  (panel c) , AU and AL (panel d)  during the 

selected period 03-10 April 2010. On 5 April, Vx (Figure 2a) increased 

from 500 km/s to 700 km/sec at the time of the SSC and reached the 

maximum value at 800 km/sec on 13:00 UT. It remained at 600 km/sec 

(on the average) from 6 to 8 April 2010. Vx started to decrease around 

18:00 UT on 8 April 2010, to reach 450 km/s on 9 April around 12:00UT 

and increased again up to 500 km/s at around 00:00 UT on 10 April 2010.  

The IMF Bz (Figure 2b) turned southward with value of ~-12 nT at 08:26 

UT on 5 April and reached the maximum value of ~19 nT. It remained 

negative for several hours until 10:30UT on 5 April 2010, except for 

several northward excursions until 11:00 UT on 5 April 2010. IMF Bz 

turned southward again around 11:00 UT and remained negative for one 



 

9 

 

day (long time duration) on 6 April 2010, except a round 13:00UT: it 

exhibits a northward peak. IMF Bz returned to its quiet values at 

03:00UT on 7 April 2010. The Dst index (Figure 2c) increased strongly 

from ~ -10 nT to 35 nT at the time of SSC. Then it decreased and had two 

negative peaks excursions of the same amplitude ~ -50 nT around 11:00 

and at14:00 UT during the main phase of the storm on 5 April 2010. The 

Dst reached the minimum value of ~100 nT around 12:00 UT on 6 April 

2010. Dst returned to its normal values on 10 April 2010 around 

03.00UT. AU and AL indices (Figure 2d) exhibited three main maximum 

values, on 5 April 2010 at around 08:26 UT (350 nT for AL and 2000 nT 

for AU), on 6 April around 01:26 UT (350 nT for AL and 1000 nT for 

AU) and on 7 April 2010 around 17.30 UT (350 nT for AL and 1500 nT 

for AU). At the SSC time, the increase of the solar wind component Vx 

from 500 km/s to 800 km/s (Figure 2a) is combined with the southward 

amplitude of IMF Bz component (-12) (Figure 2b). At the SSC time, we 

also can observe the increase of Dst amplitude which reached ~35 nT, 

followed by a decrease to ~ -50 nT (Figure 2c) and increases of AL and 

AU indices.  All these observations are the effects associated with the 

coronal mass ejection of 3 April 2010, which reached the Earth on 5 April 

2010 Möstl et al., (2010). 
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Figure 3 shows the time variation of the vTEC component from April 3 

to April 09 2010 along a latitudinal chain of GPS stations. The vTEC 

observations (red lines) are superimposed to the magnetic quiet time 

reference < vTECquiet> (blue lines). On magnetic quiet days 03 and 09 

April, the measured vTEC and the < vTECquiet> were matched very well 

in all stations, except in the equatorial regions and the Southern 

hemisphere. The measured vTEC is 10 % more than the < vTECquiet > in 

these stations.   

During the initial phase, on 5 April, the recorded vTEC had the maximum 

value of 50 TECU around 12.00 UT at equatorial latitude (station : 

NAZR ;8.6º). The  vTEC  had a maximum value of ~15TECU at ~10:30 

UT at high latitudes, ~35 TECU at ~11:30UT at mid-latitudes, and ~50 

TECU  at ~12.30 UT at low-latitudes. 

During the recovery phase 6 to 7 April, the vTEC appeared 25% less than 

< vTECquiet> in all stations, except in the equatorial regions and the 

Southern hemisphere stations, where the vTEC is 20 % more than the < 

vTECquiet>.   

 

Figure 4 represents the latitudinal variation ∆vTEC along the Euro-

African chain of GPS stations during the geomagnetic storm 03-10 April. 

We observe a TEC enhancement (positive storm effect) at all stations 

post the SSC time and during the main phase of the storm on 05 April 
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2010. At auroral stations, the positive storm effect is ~10% of the < 

vTECquiet>. At mid-latitudes, the positive storm enhancement is  ~100 % 

of < vTECquiet >and  at low latitudes and equatorial regions the increase of 

TEC is ~ 200 %of the < vTECquiet>. Negative storm effects, i.e. ionization 

depletions, occurred at all stations after the enhancements. Transient TEC 

depletions with a maximum depletion of 10% of the <vTECquiet>occurred 

during the main phase at 16:30 UT on 05 April at station (SODA; 67.4). 

It then extended to mid-low latitude stations. The start time of the effect 

was tracked along the latitudinal chain of stations and is marked by 

downward directed arrows in Fig. 4. During the recovery phase 6–7 

April, the negative ∆ vTEC effects persisted for 2 days at all the stations 

except in the equatorial regions and the Southern hemisphere 

stations.Figure 4 illustrates the amplitude of∆vTEC. ∆vTEC increases 

from high to low latitudesThe increase of ∆vTEC is ~10% of 

<vTECquiet> at high latitudes, 100% at middle latitudes and 200% at low 

latitudes.  

Figure 5 shows the hourly variation of vTEC for selected stations along 

Euro-African chain of GPS on 5 April 2010. The black vertical line 

indicates the SSC and the red arrow represents the positive phase of the 

ionospheric storm in each station.The positive phase of the ionospheric 

storm occurred at 10.26 UT at CNIV(first red line) and at 12.35 UT at 
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HELW (second red line). This is equivalent to the time delay between 

CNIV and HELW is ~02:09 hours.  As the longitudinal distance is about 

3300km, the speed in North-South direction is approximately 310 m/s. 

The time delay between SMLA and HELW is about 60 minutes, resulting 

in a speed of 610m/s. The time delay between MIKL and HELW is about 

30 minutes resulting in a speed of 1038 m/s and the time delay between 

NICO and HELW is about 15 minutes resulting in 610 m/s. Therefore, 

the mean propagation speed is 642 m/s with a large standard deviation. 

 

Figure 6 shows the TID amplitudes estimated from the vTEC on 05 April 

2010. Blue color indicates a negative TID amplitude and red color 

positive amplitude. The black line marks the passing TID. The slope of 

this line gives the speed of the TID. The speed of the TID during this 

storm is 500 m/s. 

 

Figure 7 shows the SABER observations of the NO
+
(v) volume emission 

rate (VER)  along the geographical latitude on x-axis with altitude (y-

axes) for some days around the geomagnetic storm of 05 April 2010 

measured by SABER. The days 04, 08 and 09 April are quiet days in 

which NO
+
 has a normal distribution. The figures do not show any 

disturbance nor high values for NO
+
 at all latitudes. The days 05, 06 and 
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07 April are most disturbed and the distribution change of NO
+
 is 

observed. There is an increase of NO
+
 at high and low latitudes.  

We represent in figure 7 the variation of the NO
+(

v), related to auroral 

electric fields which influence low latitudes. At the altitudes from 110 km 

and 160 km, the auroral electric fields significantly influence densities, 

temperatures, and composition in the ionosphere (e.g. Rodger et al. 

(1992)). These electric fields drive the ionospheric plasma through the 

neutral atmosphere and cause intense ion frictional heating.  The resulting 

high ion temperatures can drastically modify ion chemical reaction rates 

and generally favor conversion of O
+
 to NO

+
 (McFarland et al. (1973); 

Torr et al. (1977); St.-Maurice and Torr (1978); and St.-Maurice and 

Laneville(1998)) 

through the reaction:  

 

This acts to raise the molecular to atomic ion transition altitude (where 

the plasma is composed of 50% O+ and 50% molecular ions) above its 

quiescent value. These changes of the NO
+
 are due to auroral electric 

fields starts at high latitude and extend to low latitude. Such a rapid 

expansion may then cause a significant upwelling of the neutral 

atmosphere (i.e. the motion of air through constant pressure surfaces), 

causing the depletion of the atom-to-molecule ratio as air of different 

composition is raised to higher altitudes. This change in  the chemical 

)17.4(  N+NON+O +

2

+ 
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composition causes an increased recombination in the ionosphere and a 

reduction in the ionization concentration. Rapid heating and expansion of 

the atmosphere at high latitudes result in pressure gradients, which, in 

turn, modify the global thermospheric circulation, producing enhanced 

equatorward winds (Richmond and Matshusita (1975); and Richmond 

and Roble (1979)). The storm-induced equatorward wind in turn transport 

the composition changes to middle latitudes, again causing a reduction in 

the level of ionization (E. Yizengaw et al. (2005)). These effects are 

shown in figures 3, 4 and 7. 

 

Discussion  

 

Figure 2 illustrates the general geophysical context of this event. A CME 

hits the Earth on April 05 2010 producing the starting point of a storm 

SSC. High speed solar wind streams due to a coronal hole reach the Earth 

on 06 and 07 April. We analyzed the effects of this event on the TEC 

variations along a latitudinal chain of GPS stationsstations between 20 

and 40-degree longitudes, from Northern to Southern high latitudes.  

An increase of the TEC (positive storm) on 05 April 2010 is observed in 

figure 3 for all stations. A decrease of the TEC (negative storm) is 

observed only in the Northern hemisphere during two days 06-07 April 

2010. There is no negative variation of TEC in the equatorial and 
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Southern stations. This fact illustrates the strong hemispheric asymmetry 

of this storm at equinox  related to several factors to 1) Solar activity, 2) 

Atmospheric dynamo, and 3) Difference between the geographic and 

geomagnetic axis, previously found by Prikryl et al. (2011).  The 

precipitating particle energy or Joule heating at the auroral regions give 

rise to TID (Millward et al. (1993)), which propagates equatorward. 

Balthazor and Moffett (1997) have studied in details the propagation of 

TIDs to equatorial latitudes. The equatorward propagation of such TIDs 

is clearly visible on GPS TEC data recorded during the magnetic storm 

on 05 April 2010 as shown in figures 3, 4, 5, 6 and 7.  The time of 

appearance of the TEC disturbance varies with latitudes (as shown in 

figures 3, 4,and5). The time delay between high and low latitudes is 

~2:09h (figure 5). Such delay can be explained by the TID propagation as 

mentioned in Borries et al. (2009).The mean speed of 642 ms
-1

 is 

comparable to TID speed. Blanc and Richmond (1980) showed that 

another process the ionospheric disturbance dynamo can be invoked to 

explain the TEC variations. This process can affect low latitudes after 2 

or 3 hours.  Mazaudier and Bernard (1985) analyzed the time arrival of 

the atmospheric wind disturbance at middle latitude for several storms 

and found a time delay of several hours. Fejer et al, 1983 measured the 

equatorial disturbance dynamo electric fields with the Jicamarca radar. 
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Sastri, 1988showed the decrease of the F2 layer associated to the 

ionospheric disturbance dynamo during several days. Shimeis et al. 

(2012) and Fathy et al. (2014) analyzed the impact of the ionospheric 

disturbance dynamo associated to the storm 05 April 2010 on magnetic 

observations. They found a time delay between the impact of the CME 

and the effects of ionospheric disturbance dynamo at low latitudes of 

several hours.  This process, which can last several days, clearly appears 

in figure 4 with a gray shadow. As the speed of the southward extension 

of vTEC enhancement agrees roughly with the estimated speed of the 

TID in figure 6, this enhancement seems to be caused by the TID.  

 

4. Conclusion 

In this study, we use a latitudinal chain of GPS stations in order to 

analyze the TEC variations during the 05 April storm. The following 

results were found: 

1- On 05April 2010, the vTEC increases from high to low latitudes. 

Its amplitude is  ~15 TECU at ~10:30 UT, at high latitudes ,  ~35 

TECU at ~11:30UT at mid-latitudes , and ~50 TECU  at ~12:30 

UT at low-latitudes. 

2-  The positive storm is observed at all stations after the SSC. At 

auroral stations, the positive storm effect is ~10% of the 

          . At mid-latitudes, the positive storm enhancement is 

~100 % of             and at low latitudes and equatorial regions 
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the increase of ∆ vTEC is ~ 200% of the           . Negative 

storm effects, i.e. ionization depletions, occurred at all stations 

after the enhancements, except at the equator and in the Southern 

hemisphere.  

3- The negative ∆ vTEC effects persisted for 2 days at all the stations 

except in the equatorial regions and the south hemisphere stations. 

The decrease of the TEC during 2 days is explained by the effect of 

the ionospheric disturbance dynamo process which is acting during 

several days after the SSC (Fathy et al. (2014)). 

4- The time lag for the propagation of the TID from high to low 

latitude is ~02:09 hours.  

5- The speed of a TID observed during this storm is estimated with 

500 ms
-1

.  

 

6- The changes of the NO
+
 distribution are related to auroral electric 

fields which influence low latitudes.   

Our TEC data shows the strong asymmetry between the two hemispheres, 

with a propagation of a TID in the Northern hemisphere and the existence 

of the ionospheric disturbance dynamo effect during several days in the 

Northern hemisphere. 

The next work will be the modeling of this case study. 
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Table Captions 

 

Table 1 Latitude and Longitude  Station Chain 

Table 2 List of the most magnetic quiet days of April 2010 determined 

with the Am indices 
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Figure Captions 

 

Figure 1 Euro-African Chain GPS stations applied for data acquisition 

 

Figure2The solar wind parameters and geomagnetic indices for strong 

storm from 3 to 10 April 2010: (a) the Vx component of the solar wind 

speed, (b) the Bz component of the interplanetary magnetic field, (c and 

d) the Dst index and the AU and AL indices.(Shimeis et al. 2012). 

 

Figure3Daily variations of vertical total electron content (vTEC) for the 

Euro-African latitudinal chain of GPS stations. Right side panel contents 

the stations from SODA to NICO. Left side panel shows the station from 

HELW to SYOG. The blue line corresponds to the magnetic quiet time 

variation and the red line to the geomagnetic stormed interval days. 

 

Figure 4 Latitudinal variation of ∆vTEC along the Euro-African chain of 

GPS stations during the geomagnetic storm. The red line indicate to the 

Storm Sudden Commencement SSC. 

 

Figure 5 the hourly variation of vTEC of selected stations along Euro-

African chain of GPS during the stormed day 5 April 2010. The blackline 
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indicates the SSC and the red arrow represents the positive phase of the 

ionospheric storm in each station.  

 

Figure 6 the latitudinal variation of vTEC of Euro-African chain of GPS 

stations during the geomagnetic storm . The sold black line represents the 

Traveling  ionosphric disturbance (TID). 

 

Figure7 shows the NO+(v) volume emission rate (VER)  along the 

geographical latitude on x-axis with altitude (y-axes) for each day of the 

geomagnetic storm of 05 April 2010 measured by SABER. 
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Table 1 

 Longitude 

(°) 

Latitute 

(°) 

D 

(°) 

I 

(°) 

SODA 26.39 67.42 10.528 77.281 

SVTL 29.781 60.533 9.586 73.767 

MOBN 36.57 55.115 9.569 70.775 

CNIV 31.31 51.52 7.146 67.975 

POLV 34.54 49.6 7.247 66.696 

SMLA 31.87 49.2 6.651 66.223 

MIKL 31.97 46.97 6.14 64.384 

EVPA 33.16 45.22 5.934 62.92 

KTVL 33.97 44.39 5.863 62.214 

TUBI 29.451 40.787 4.699 58.251 

ANKR 32.76 39.89 4.917 57.567 

NICO 33.37 35.17 4.33 51.978 

ALX2 29.9109 31.197 3.726 45.899 
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RAMO 34.7631 30.5978 3.907 45.703 

HELW 31.33 29.85 3.708 44.006 

ALWJ 36.37 26 3.516 38.4 

JEDD 39.63 21.36 2.996 30.304 

NAMA 42.04 19.21 2.581 26.401 

JIZN 42.1 16.69 2.336 20.974 

ASMA 38.91 15.33 2.551 17.1 

NAZR 39.29 8.57 1.809 0.857 

MAL2 40.194 -2.996 -0.828 -26.893 

TANZ 39.2 -6.76 -2.13 -35.257 

TUKC 33.75 -9.33 -2.271 -42.224 

SYOG 39.584 -69.007 -49.649 -63.578 

 

http://www.geomag.nrcan.gc.ca/calc/mfcal-eng.php   
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Table 2: 

Quiet 

days 

i=1 

April 

13 

i=2 

April 

16 

i=3 

April 

18 

i=4 

April 

25 

i=5 

April 

26 

i=6 

April 

28 

i=7 

April 

30 

Daily 

<Am > 

4 4 2 3 2 4 4 
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Figure 6 
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Figure 7 
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