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Abstract

A Satellite Based Augmentation System (SBAS) is designed to improve Global Navigation Satellite System (GNSS) in
terms of integrity, accuracy, availability and continuity. Its performance depends among other factors on the conditions
of the ionosphere. SBAS system performance is usually degraded after sunset hours during magnetically quiet-time
periods in low-latitude regions. During geomagnetically disturbed periods the role of storm-time winds is important
because they modify the atmospheric composition toward low latitudes. An index of ionospheric disturbance (DVTEC),
the relative percentage of deviation of the vertical Total Electron Content (TEC) from the quiet level at each station was
evaluated to study positive and negative phases of the storms. The rate of change of TEC index (ROTI) over all the
stations was estimated to evaluate equatorial ionospheric gradients and irregularities. From the study it is observed that
the positive deviations are more frequent than negative ones. The cases of moderate and minor storms studied in this
paper showed that SBAS system performance during the disturbed periods depends on the local time in which the storm
occurs, geographic longitude and other phenomena that need further study. During the storm-time conditions considered,
three out of seven geomagnetic disturbed periods induced enhancement to SBAS system performance, three reduced the
system performance while one does not have effect on SBAS system performance. The present study also confirmed that
ROTI is a good proxy to indicate the presence and absence of irregularities in the ionosphere at low latitudes. It is also a
better parameter than geomagnetic indices for the assessment of storm-time effects on GNSS-SBAS performance.
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1. Introduction

lonosphere is a dynamic plasma region in the Earth’s upper atmosphere that varies with solar and geomagnetic activities,
geographic locations, seasons and time of the day. It has been shown that equatorial and low-latitude ionosphere is the
most complex region with higher variability, with morphology quite different from other latitudes [Kelley et al., 2006].
[Schunk and Sojka, 1996] showed that when magnetic activity changes rapidly, there is occurrence of prompt penetration
of magnetospheric electric field from high to low latitudes and the electric fields induced by the dynamo action of the
storm-generated neutral winds appear in the equatorial region. [Blanc and Richmond, 1980] indicate that when
geomagnetic activity increases, the equatorial ionosphere displays high variability in response to the prompt penetration
of transient magnetospheric electric fields into low-latitude ionosphere and electric fields generated by the ionospheric
disturbance dynamo. lonospheric electron density irregularities increase due to the injection of the high energetic
particles from the sun into the magnetosphere through the solar wind, and between the magnetosphere and the ionosphere
results into ionospheric stormness which disrupt radio-waves propagation.
[Aarons, 1991] indicate that geomagnetic storm can either increase usual equatorial post-sunset ionospheric electron
density irregularities activity or inhibit them depending on the local time of the storm occurrence. [Manisilla, 2014]
studied some ionospheric storm effects at equatorial and low latitudes regions during intense geomagnetic storms and
concluded that ionospheric storm-time effect in the Equatorial lonospheric Anomaly (EIA) region need further studies in
the case of moderate storms to gain a better knowledge of the ionospheric response to these storms.
The storm-time winds are of importance in the EIA region because of its unique characteristics and mechanisms; they
modify the fountain effect that characterizes that region, and transports upper atmosphere composition changes toward
low latitudes.
Limited work has been done on SBAS system performance during the geomagnetic storms especially in the equatorial
and low latitudes region. [Hernandez-Pajares et al., 2005] investigated EGNOS Test Bed (ESTB) ionospheric
corrections under the severe geomagnetic storms of October and November 2003 over European middle-latitudes. They
found that the ESTB performance was degraded significantly during the storms.
This paper analyse GNSS experimental data to investigate the SBAS system performance during the periods of seven
minor/weak and moderate geomagnetic storm events of July and October 2013 in the African equatorial and low-latitude
region.

2. Data and method of analysis

The data used were obtained from the ground-based GNSS receiver stations within the Northern and Southern crest of
the African Equatorial lonization Anomaly (EIA) region, for the month of July and October 2013. The details of the
coordinates of the GNSS stations used are given in Table 1. The stations were divided into two groups based on their
local time. Group A has its local time equal to coordinated universal time (LT = UT). It comprises of Ouagadougou,



Yamoussoukro, Dakar, and Sao-Tome while Group B local time is one hour ahead coordinated universal time (LT = UT
+1). It comprises of Toro, Yola, Kebbi, Enugu, Cotonou and Libreville.

The variations of Dst (disturbed storm time) index, a measure of geomagnetic activity that determine the severity of the
magnetic storm and ring current energy density in equatorial and low-latitude region, was used to analyse the
geomagnetic storm as function of local time. Following the terminology of [Sugiura and Chapman, 1960], geomagnetic
storms are classified into minor/weak with Dst between -50 nT and -30 nT; moderate storms fall within Dst -50 nT and -
100 nT; and great/intense storms are with Dst < -100 nT.

In order to illustrate the geomagnetic storm effect on the ionosphere, the transient variation of rate of change of total
electron content index (ROT) and rate of change of TEC index (ROTI) were estimated using Equations 1 and 2
respectively. These parameters measure the level of equatorial ionospheric gradient and irregularities as described by [Pi
et al., 1997]. These parameters were used by [Jiyun et al., 2006] to estimate the presence of temporal gradients. [Pi et al.,
1997] defined ROTI as a GPS-based index that characterised the severity of the fluctuations, detects the presence of
ionospheric irregularities and irregular structure of TEC spatial gradient. [Basu et al., 1999] referred to ROT as a good
proxy to estimate ionospheric scintillation. [Chandra et al., 2009] as well used ROT and ROTI to identify the signals
which suffer severely from ionospheric gradient.
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where i is the visible satellite and k is the time of epoch, TEC is the total electron content, ROT is the rate of change of
TEC and ROTI is the change of change of TEC index (five minutes standard deviation of ROT at a sampling interval of
305s).
An index of ionospheric disturbance DVTEC (Equation 3), the percentage of the relative deviation of the vertical TEC
from the quiet reference level for each station was calculated, to look for the positive and negative phases of the storms.
The monthly mean of VTEC for the 10 quietest days of each month was used as quiet reference level. The ionosphere is
assumed pierced at 350 km height for the calculation of vertical TEC from slant TEC. The increase in DVTEC values
(positive phase of the storm) correspond to increase in ionisation associated to the storm effect that limit the occurrence
or inhibit the post-sunset irregularities while decrease in DVTEC values (negative phase of the storm) correspond to the
depletion of the ionisation associated to the storm effect, this enhances the irregularities at the post sunset to midnight
periods.

vTEC, — vTEC,

vTEC,
where DVTEC is the relative percentage deviation of vertical TEC from the reference level, vTEC, is the reference level
(monthly mean of vTEC for the most 10 quietest days of the month of the storm), vTECy is the vTEC of the disturbed
day.
To illustrate the effects of the geomagnetic storm-time on SBAS system performance, availability maps according to
APV-1 level of service (Approach with Vertical Guidance level of service 1) are used. These maps represent the
percentage of epochs in a day that the horizontal and vertical Protection Levels (PLs) are below the horizontal and
vertical Alarm Limits (ALs) [HPL < 40 m and VPL < 50 m]. These parameters are defined in ICAO SARPs (Standard
Aviation Requirement Procedures) as operational rules and procedures for user to use the SBAS system for civil aviation
application. SBAS APV-1 availability maps were obtained using specific low-latitude algorithm SBAS emulator
(magicSBAS platform) developed by GMV and acquired by ICTP for TREGA project.
Three days were used for each of the storms considered: the day before the storm or the day in which the storm
commenced, the main phase of the storm and the day after the storm to study the evolution of the storm and its effect on
SBAS system performance.

DVTEC = x 100 (3)

Table 1: GNSS stations and their coordinates used.

ID Location Geo. Lat (°N) Geo. Lon (°E) Modip (°)
NG2 Toro (Nigeria) 10.12 9.12 -1.96
AF2 Ouagadougou (Burkina Faso) 12.35 -1.51 2.86
NG1 Yola (Nigeria) 9.35 12.50 -3.34
NG4 Kebbi (Nigeria) 12.47 4.23 3.50
AF5 Yamoussoukro (Cote d’Ivorie) 6.87 -5.24 -10.63
NG3 Enugu (Nigeria) 6.42 7.51 -10.89
AF3 Cotonou (Benin) 6.23 2.27 -11.83
AF1 Dakar (Senegal) 14.75 -17.49 11.86
AF6 Libreville (Gabon) 0.35 9.67 -23.90
AF4 Sao-Tome (Soa-Tome) 0.34 6.73 -24.60




3. Results and Discussion

3.1 Geomagnetic Storm of July 5-7 2013

Figs. 1(a-c) show the analysis of the moderate geomagnetic storm of July 6 2013 with the plots of Dst, DvTEC, ROTI
and SBAS APV-1 availability maps. The uppermost panel in Fig. 1a and Fig. 1b left indicate the commencement of the
storm with Dst -57 nT at 0600 LT (0700 LT) on July 6 and its maximum downward excursion of -79 nT at 1800 LT
(1900 LT) in group A (group B) for the same day.

The DVTEC values show mostly positive phase of the storm at post sunset to post-midnight and pre-sunrise periods in all
the stations with averaged 100 % vertical TEC enhancement except few stations like Toro where positive phase reached
300 % at 0600 LT (0700 LT) on July 5 (a day before the storm) at pre-sunrise hours, and recovered before 0700 LT
(0800 LT), then later increased to 200 % on the same day at post sunset hours. The pre-storm enhancement in both TEC
and critical frequency of F2-layer (foF2) was previously observed by [Danilov, 2001; Araujo-Pradere and Fuller-Rowell
2002; Kane 2005]; Last author associated this behavior to the meteorological influence. Positive phase of the storm is
also observed on the day of the storm at post mid-night and post sunset in Fig. 1b except stations like Toro, Yola and
Cotonou that show some fluctuations to negative phase which could be due to receiver’s noise that could not be filtered
out. The positive phase effect could be assumed to the prompt penetration of the magnetospheric electric field to the
ionospheric height during the magnetic disturbance as suggested by [Wolf et al., 2007; Sun et al., 2012]. However, there
is some decrease in vertical TEC on the day before and the day after the storm at some stations near or on the southern
crest of anomaly. These are pre-storm and post-storm effect associated to the reduction in O/N, ratio in the thermospheric
gas as explained by [Sun et al., 2012].

Low values of ROTI at post sunset to midnight is an indication of ionospheric irregularities inhibition while high values
of ROTI at post sunset period indicates presence of ionospheric irregularities, a normal phenomenon at equatorial and
low latitude regions. It is clear from Fig. 1b that ionospheric irregularities are inhibited in all the stations considered. The
inhibition of ionospheric irregularities during the increase geomagnetic activity was explained by [Aarons, 1991], he
associated them to a local time effect. If the height of the F-layer is disturbed during the daytime LT (0700-1800),
ionospheric irregularities are inhibited; on the contrary if disturbances are at midnight to pre sunrise (1200-0600) LT,
irregularities are generated and enhanced. Thus, in the days before and after the storm, irregularities are observed in
Yamoussoukro, Enugu, Cotonou, Libreville and Sao-Tome at the post sunset hours. These stations are located near or on
the southern crest of anomaly, indicating that the pre-storm and post-storm effects are more pronounced in southern
hemisphere than the northern hemisphere. The disturbance through the injection of magnetospheric electric field into
ionospheric height during the geomagnetic activity of July 6 could have altered the global thermospheric circulation, and
consequently altered the generation of electric fields and current at middle and low latitudes by ionospheric wind dynamo
action.

The signature of the irregularities inhibition is clearly seen in the performance of SBAS APV-1 availability maps
presented in Fig. 1¢c The SBAS APV-1 availability reached 99 % on July 6 in a larger area, indicating enhancement in the
SBAS system performance (Fig. 1¢ middle). However, the coverage area is reduced on July 5, the day before the storm
and July 7, the day after the storm to 95% and 90% availability respectively around the stations where the ionospheric
irregularities are not inhibited at the post sunset period to mid-night hours as seen in Figs. 1c left and right respectively.
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Fig 1c: SBAS APV-1 availability maps for July 5 (left), July 6 (middle) and July 7 (right) 2013

3.2 Geomagnetic Storm of July 9-11 2013

Figs. 2 (a-c) show the situation that corresponds to July 9-10 minor/weak geomagnetic storm and its impact on SBAS
system performance. The storm commenced its downward excursion on July 10 with Dst -31 nT at about 0500 LT (0600
LT) and reached minimum of -47 nT about 2100 LT (2200 LT) the same day in group A (group B) as indicated in Figs.
2a and 2b, after which it began upward recovery to the following day. It is clearly seen that the daytime (sunrise to
sunset) vertical TEC is not so much deviated from the quiet period. Little increase and decrease (positive and negative
storm effect) in vertical TEC at the pre-sunrise to pre-midnight of the day before the storm commenced and the 10" of
July, the main phase of the storm, on the stations (Yamoussoukro, Enugu, Cotonou, Libreville and Sac-Tome) near or on
the southern crest of anomaly regions.

Furthermore, in order to see the influence of the storm on the development and inhibition of equatorial ionospheric
irregularities activity, the transient variations of ROTI plots are presented in Figs. 2 (a and b) right for all the stations
used. A smooth variation of ROTI is observed in Dakar, a location towards the Northern crest of equatorial anomaly
before and during the storm of July 10. On the same days, the magnitude of ROTI during the post sunset periods of the
stations located near/on the trough of anomaly (Ouagadougou, Toro, Yola and Kebbi) is quite similar and small. But high
values of ROTI are observed on day before and during the storm at the post sunset hours at the stations near/on the
Southern crest of equatorial ionisation anomaly (Yamoussoukro, Enugu, Cotonou, Libreville and Sao-Tome). From the
Figs. 2 (a and b) right, it is observed that ionospheric irregularities decreased toward the Northern crest and increased
towards the Southern crest of the equatorial anomaly on the day before and during the storm. The recovery day of the
storm have nearly similar behaviour in all the station, the ROTI values at post sunset hours are very low. The inhibition
observed at the station in Dakar before and during the magnetospheric disturbed periods could be associated to the
longitudinal effect induced by meridional and zonal neutral winds.

The effect of the behavior of the ionospheric irregularities is seen in the SBAS APV-1 availability maps presented in
Figs. 2c. Fig. 2c left shows the SBAS APV-1 availability map for July 9, a day preceded the storm; the 99 % coverage
area is reduced at the stations located near/on the Southern crest of equatorial anomaly to 95 %. On the day of the storm,
the SBAS system performance went down to 75 % as seen in SBAS APV-1 availability map (Fig. 2c middle), this
indicates that SBAS system is more degraded during the geomagnetic storm of July 10. However, an enhancement in
SBAS system performance to 99 % availability is observed on July 11 (Fig. 2c right), a recovery day of the geomagnetic
storm when the irregularities is lowered/disappeared during the local post sunset to midnight periods except the few
stations at the edge of service area.

99.9
65 6
88

[ers

85

(S

50
20



= 0 \_—N—\/ 1 [ Ouagadougou (Burkina Faso) [
£ — ~— — —
= so- 4 05 1
= 09-July 2013 10-July 2013 11-July 2013
L p——— e — i — N 7. "RV, W
200 [ odagadougou (Burkina Faso) | | 1 =79 . — —
100 W % ‘ Yamoussoukro (Cote d'Ivorfe [
ol w_‘_,w
B L Ml S 2 05 4
_ — £ I n
E’S 200 {Yamoussoukm (Cote d'lvorie] [ y é 9 Ao W Apaniin. W‘L. parie
w 1001 7 T T T T T T
o
S N e [ Dakar (senega) |
3 %88 A . r . T R . . i Dakar (Senegal)
L3 T 0.5
200¢ p
100 M g " o Y .
0 kA M A | M
W —— — ) |
200 Sao-Tome (Soa-Tome] 4 0s |
100~ )
0 WM "“,,..n—--d"v'\\ / i
100 : : ; : : : : ; : o Y ; ; ; 2 ;
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00
LT (hrs) LT (hrs)
Fig.2a: Transient variations of Dst (red), DVTEC (blue) and ROTI (green) for group A
E 0 T T Y T T T T T T T 1 T T T : .

?7; .50 m[ 05 __oro( igeria) |
© 309 " s Y, Y "~ N PV
500 T T T T T T T 9 ‘ - . - -

i Ay ]
B : : T : T ; i :
ggg e — = aies] Non NLY S
100 1 — —
o s A 3. ]
S T T T T T T T T T =
S 200 m £ as s VN, Ash b An il
] 108 Kebbi (Nigeria) 5 9 - i ; - -
[~ :3
S : : ; ; ; : ol . : £ Ni
s || [vem [ )
. U
0 o - ? - e —
B : T ; ; ; T : . ;
T =
‘ .
B i o .
300 | [ Librevilte {abpn) | |
100 Libreville (Gabon) |« y / 0.5 1, "
0& et Mg e Pt VoMl et~ . A
109 ; : ; ; T ~ A : o o~ J
01:00 07:00 13:00 19:00 01:00 07:00 13:00 19:00 01:00 07:00 13:00 19:00 01:00 01:00 07:00 13:00 19:00 01:00 07:00 13:00 19:00 01:00 07:00 13:00 19:00 01:00
LT (hrs) LT (hrs)
Fig.2b: Transient variations of Dst (red), DvTEC (blue) and ROT]I (green) for group A
HPLvsHAL and VPLvsVAL Availability HPLvsHAL and VPLvsVAL Availability HPLvsHAL and VPLvsVAL Availability

Fig 2c: SBAS APV-1 availability maps for July 9 (left), July 10 (middle) and July 11 (right) 2013

3.3 Geomagnetic Storm of July 13-15 2013

Figs. 3(a-c) present the analyses of the moderate storm of July 13-15 and it effect on SBAS system performance. The
storm initialised its evolution on July 14 at 1300 LT (1400 LT) with Dst -38 nT and reached its maximum downward
excursion at about 2200 LT (2300 LT) the same day with Dst -72 nT, then started recovery phase at about midnight 1200
LT (0100 LT) to the following day but maintained ~ -40 nT till the post sunset of the same day (15" July) as presented in
upper panel of Fig. 3a and Fig. 3b left. The DVTEC values in Figs. 3(a and b) almost followed the same pattern of
variations in the three days in all the stations with increase and decrease in TEC values at post sunset to midnight and
post mid-night to pre-sunrise but stable during the daytime (0600-1900 LT). Pre-storm increase inTEC is not so common
here unlike July 6 moderate storm. Similar trend ~100 % (~200 %) vertical TEC enhancement is observed at
Ouagadougou (Yola) on the day before, during and after the storm between 0500LT and 0700 LT, no increase nor
decrease of TEC at post sunset to midnight hours as seen in Fig. 3a second panel. Fig. 3a fifth panel shows the DVTEC at
Sao-Tome, ~ 50 % vertical TEC increment (positive phase of the storm) is observed at post mid-night and post sunset
periods, on the following day (July 15, the recovery day) ~ -50 % vertical TEC decrease (negative phase of the storm) at
about 0300 LT and suddenly rose to 100 % TEC (positive phase) at 0500 LT and 200 % TEC (positive phase) during
post sunset to midnight. Fig. 3b seventh panel presents the DVTEC at Libreville, no deviation of TEC from its quiet
period for July 13, but TEC fluctuation is observed at the pre-sunrise (0500-0600) LT ~ £100 % TEC. On the same
station, ~ 100% TEC enhancement (positive phase) is observed at 0400 LT and suddenly changed to -100% TEC
(negative phase) at 0500 LT on July 15. The TEC measured at Sao-Tome and Libreville stations are prone to fluctuation
in TEC at post sunset to post mid-night periods due the physical mechanism of fountain effect producing the crest of
anomaly, this has been extensively studied for many decades.



Figs. 3(a and b) right present transient variations of ROTI for the moderate geomagnetic storm understudy. From the Fig.
3a (right), ROTI value is quite low on the day precede the storm’s commencement (~0.3 TECu/min), on the day of the
storm as well the recovery day (July 15) in Ouagadougou, Yamoussoukro and Dakar except Sao-Tome where there is
sudden increase in ROTI (1 TECu/min) at post sunset periods. In the same vein, Fig. 3b (right) presents ROTI of Toro,
Yola, Enugu, Cotonou and Libreville. The magnitude of ROT]I is low in all the days for all the stations except Libreville.
The fluctuations of TEC at the Southern crest of anomaly are clearly shown in the ROTI plots. The highest values are
recorded in Sao-Tome and Libreville during the post sunset hours (~0.8-1.0) TECu/min on the day before, during and
after the increased geomagnetic activity. In general, there are more irregularities on the July 14, the main phase of the
storm and July 15, the recovery phase. This is contrary to Aarons’ third criterion about non effect of the storm on the post
sunset ionospheric irregularities when the Dst maximum excursion occurs after local sunset (Aarons, 1991).

The effect of the geomagnetic storm is seen in the SBAS APV-1 availability map shown in Fig. 3c. It is clearly seen in
Fig. 3c (left) that SBAS system performance is not affected by the geomagnetic storm of July 13, but the system is
degraded to 75 % availability on the July 14 and 15, during and after the geomagnetic storm (Fig. 3c) middle and right
panel respectively.
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34 Geomagnetic Storm of October 1-3 2013
Figs. 4(a-c) show the situation that corresponds to a moderate geomagnetic storm and the corresponding SBAS system

performance analyses. The storm commenced suddenly at 0300 LT (0400 LT) for group A (group B) on October 2 (Figs.
4(a and b) left). It had its Dst maximum downward excursions of -67 nT at 0700 LT (0800 LT) for group A (group B).



The storm seems not to have effect on the VTEC on October 1, a day preceded the storm. However, the ionosphere
(vertical TEC) over group A stations responded immediately to the shock impacted by the storm, steep down to ~ -80
TEC unit (negative phase of the storm). The ionospheric system then recovered with uniform steep increased to ~100 %
TEC unit (positive phase of the storm) at the maximum downward excursion -67 nT. All the stations in group A are
observed to have enhancement in VTEC at the post sunset hours except Ouagadougou where there is ~ -50 % TEC
depletion at 2100 LT but picked up before midnight with ~ 200 % TEC to midnight. The vertical TEC of all the stations
in Group B fluctuates in a similar way except the stations at Yola and Enugu, which appear be too noisy. In general,
DvTEC plots show that positive and negative phases of the storm are mostly at the post sunset to pre sunrise periods
during and after the storm.

Figs. 4(a and b) right, present ROTI over all the stations used. The day before, during and after the increased
geomagnetic activity have the same range of behaviours of ~ 0.9 TECu/min at the post sunset to midnight periods in all
the stations except Dakar that has lower value of ROTI ~ 0.5 TECu/min on October 2, the day of the storm. There is no
increase in normal ionospheric irregularities activity as shown by ROTI before, during and after the moderate storm
indicating that the storm has neither enhancement nor inhibition on the irregularities activity.

The SBAS APV-1 availability maps presented in Fig. 4c shows SBAS system performance before, during and after the
storm event. The SBAS system performance for these days is of the same range from 75 % to 95 % availability,
indicating that the geomagnetic storm of October 1-3 has no effect on system performance due to the non-effect of the
storm on irregularities activity during those periods.
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35 Geomagnetic Storm of October 8-10 2013

Figs. 5(a-c) present the analyses of the moderate geomagnetic storm of October 8-10 and its impact on SBAS system
performance. It is shown from Figs. 5(a and b) left uppermost panel that the storm commenced on October 8 at 2200
LT (2300 LT) with Dst -30nT and reached its Dst maximum downward excursion -65 nT at 0100 LT (0200 LT) for
group A (group B) on October 9 2013. The storm began it recovery at 0800 LT (0900 LT) for group A (group B) on
the same day though maintain low values of Dst till the following day.

The DvTEC fluctuates more on the onset of the storm in response to the ring current decrease, DVvTEC exhibits both
increase and decrease (positive and negative phases) in all the stations observed. There is much increase in TEC (~
100 % positive phase) at pre sunrise hours on October 10 during the recovery phase of the storm in all the stations.
This is followed by a drastic sharp decrease in TEC (-50 % negative phase) at 0500 LT (0600 LT) on October 10
when the Dst went down again from -28 nT to -38 nT. It is as well observed that vTEC fluctuates more at the post
sunset to pre sunrise periods and relatively stable during the daytime.

The rate of change of TEC index (ROTI), during the period October 8-10 is given in Figs. 5(a and b) right. The
midnight to post mid-night period of the October 8 has low value of ROTI indicating that there is no ionospheric
irregularities at midnight. However, there occurred irregularities after sunset to post midnight and even pre sunrise
(0500 LT) in some locations. Also the magnitude of ROTI on October 9 post sunset period is high. This is in
agreement with Aarons’ second criterion about the increase in ionospheric irregularities activity when the maximum
Dst downward excursion occurs after local midnight to post mid-night (Aarons, 1991). Though the level of
irregularities are not the same, more in group A stations and less at post sunset period of the station on the equatorial
anomaly trough.

The signature of the increased irregularities is observed in the Figs 5¢ showing SBAS APV-1 availability maps. The
SBAS system performance on October 9 when there is increased in ionospheric irregularities at the pre sunrise and
post sunset due to geomagnetic storm is degraded to 50 % availability (Fig. 5¢ middle) and the SBAS system
coverage area is small in comparison to October 8 and 10 (see Figs. 5c left and right respectively).
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Fig 5¢c: SBAS APV-1 availability maps for October 8 (left), October 9 (middle) and October 10 (right) 2013

3.6 Geomagnetic Storm of October 13-15 2013

Figs. 6(a-c) show the situation that corresponds to the minor/weak geomagnetic storm and its impact on SBAS system
performance that occurred on the above mentioned periods. The magnetosphere was disturbed as shown in Figs. 6(a and
b) when the Dst jumped from 8 nT to -3 nT on October 14 at 1000 LT (1100 LT) and reached maximum downward
excursion at 0300 LT (0400 LT) in group A (group B) on October 15 the following day. There is increment in relative
TEC ~100 % (positive phase) in all the stations in group A at 0500 LT (pre sunrise) on 13 October, except
Yamoussoukro which has its own equivalent magnitude of TEC enhancement at 2100 LT (post sunset). On the same day,
~70 % TEC increased is observed at Sao-Tome at 2100 LT. On October 14, the relative TEC increased ~ 300 in all the
stations at post sunset hours except the stations on the crest of anomaly having ~ 100% increased at the post sunset to
midnight.

The influence of the night-time increase in TEC of the October 14 is seen in ROTI plots of Figs. 6 (a and b) right. The
ROTI value is uniformly low ~ 0.075 TECu/min in all the stations at post sunset to midnight, indicating that the usual
post sunset to post midnight irregularities are inhibited. This is similar to Aarons’ criterion one saying when the Dst
excursion maximises during the daytime, irregularities activity is inhibited.

The effect of the storm-induced inhibition and increased irregularities are presented in SBAS APV-1 availability maps
shown in Fig. 6¢c. The day preceded to the storm has usual post sunset irregularities; the SBAS system performance
reached 95 % availability (Fig. 6¢ left). While on the 14 of October, the irregularities are inhibited and the SBAS system
performance reached 99 % availability (see Fig 6¢. middle). But the SBAS performance reduces to 90 % availability due
to the presence of irregularities at the post sunset to midnight of October 15 (Fig. 6c¢ right).
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Fig 6¢: SBAS APV-1 availability map for October 13 (left), October 14 (middle) and October 15 (right) 2013

3.7 Geomagnetic Storm of October 29-30 2013

Figs. 7 (a-c) present the situation that corresponds to October 29-31 moderate geomagnetic storm and its impact on
SBAS system performance. From Fig. 7a and Fig. 7b left, it is observed that the storm commenced on October 30 at
0700 LT (0800 LT) when the Dst jumped from 4 nT to -5 nT and reached its maximum downward excursion -52 nT
at 2300 LT (0000 LT) for group A (group B) on October 30 2013 (October 31). Then began its upward recovery at
1100 LT (1200 LT) for group A (group B) on October 31. In the same Figs., the TEC deviation fluctuates as usual in
post sunset to post midnight and stable during the sunrise to sunset hours (daytime) but a sporadic fluctuation is
observed on October 30 in a station Sao-Tome.

In Figs. 7(a and b) right, the irregularities observed on the day preceded the storm after sunset is higher in group A
stations with an average ~0.9 TECu/min than group B average ~0.5 TECu/min. Except Libreville station with
1TECu/min, being a station on the crest of equatorial anomaly region. The pre-storm effect differences could be due
to differences in local and geographic longitude. On October 30, the ionospheric irregularities are reduced (inhibited)
in all the stations at the crest (trough) of equatorial anomaly.

The storm effect on the ionosphere is observed in the SBAS system performance presented in SBAS APV-1
availability maps (Fig. 7c¢). The SBAS system performance on October 29 could not exceed 90 % availability due to
the influence of irregularities at post sunset to post midnight periods. The performance increased to 99.6 %
availability on October 30 when the irregularities are lowered (inhibited) at the crest (trough) of equatorial anomaly.
Then the performance further degraded to 90 % on October 31 as the irregularities resurface during post sunset to
midnight.
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Fig.7c: SBAS APV-1 availability map for October 29 (left), October 30 (middle) and October 31 (right) 2013
4.0 Conclusions

This study assessed the effect of the ionosphere at African low-latitudes on SBAS system performance using real GNSS
data stations from African equatorial latitudes and a EGNOS-like algorithm during seven disturbed geomagnetic
conditions: two minor/weak with Dst > -50 nT and five moderate with -50 nT < Dst > -100 nT. Both positive (increase in
VTEC) and negative (decrease in VTEC) phases of the disturbed conditions effects are observed at African equatorial and
low-latitude region, mostly during post sunset and pre sunrise periods. Though positive phases are more frequent than
negative; positive phases are considered to be induced by the disturbance dynamo field penetration within the ionospheric
current system and the penetration of the magnetospheric electric field and current to the ionosphere, while negative phases
are assumed to be due to the decrease in O/N, ratio in the upper atmosphere. These effects modify the morphology and the
physics of the ionosphere at post sunset to post mid-night periods leading to inhibition or increase of ionospheric
irregularities. [Aarons, 1991] associated the effect to the local time in which the storm occurs (“Aaron’s criterion™). This
research shows that this criterion appears to be true in some of the disturbed periods analysed while other case do not
correspond to it. The SBAS system behaviour during an increased geomagnetic activity is quite complex and cannot be
based only to geomagnetic indices and depends on specific conditions that influence the occurrence of ionospheric
irregularities. The present study reveals that ROTI is a good proxy to indicate such occurrence also during geomagnetic
disturbed conditions showing clearly increase or inhibition of irregularities. ROTI is a good indicator of SBAS
performance: it indicates enhancements in the system performance when inhibition of usual ionospheric irregularities
activity is observed and degradations in system performance when increase of irregularities activity is observed. During the
storm-time conditions considered, three out of seven geomagnetic storm induced enhancement to SBAS system
performance, three reduced the system performance while one does not have effect on SBAS system performance.
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