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This paper presents the results obtained by a MNewthth research network. This network was constit@eind structured within
the framework of international projects based oe tleployment of measurement instruments in nonppedi countries and
particularly in Africa. A first part A is devote® some aspects of the Sun Earth’s system usefuiderstand the results concerning
the solar terrestrial physics and the space wealts second part B presents the recent advancksriaspheric, Solar-Terrestrial
Physics and Space Weather.

It consists of 4 sections. The first section britegether results on climate and atmospheric segrio particular the monsoon
in West Africa and Vietnam/Asia, lightning in theRQ, hydrology in the RC and upper atmospheric windslémocco. For each
study discussed in the climate and atmospherinsegesection, we recall previous work so that éaeler understands the scope of
the results.The second section presents resultdyn@incerning the solar wind, geomagnetism anddhesphere of low latitudes.
The third section is devoted to space weather andskes on the impacts of solar events (Solar Fi@wepnal Mass Ejection and
High Speed Solar Wind) on variations in ionizatard changes in the Earth's magnetic field. Thetlicgection presents the societal
interests of our studies, in particular those camiog GNSS and the perspectives.

*+ - &$/. &%

Atmospheric Observations and their interpretati@\eery dependent on latitude, longitude, altituade] time at different scales.
During years, some places over the world, like fnicA, Asia... were lacking from observations andestists were obliged to
imagine or interpolate what happen in those ameasiry out modelling. The first important eventitmospheric science to fill this
gap was the International Geophysical Year (IGY)L857 by carrying observations all over the woldilding a large data base
published into books, disseminating knowledge amdlifating inter-exchange among teams. Since, na@hgr topical years like
EEY, EGY, IHY, AMMA... provide other opportunities fsursue observations all over the world, and studie the large databases
such created. The examples, given below, are celaith to climatic phenomena based on the studgrgé databases in relation to
solar data (Spain and Burkina Faso), as well asdimnal phenomena such as the monsoon in Vietrdargravity waves related to
the African monsoon in West Africa, the lightnimgthe DRC, the hydrology of the Congo River and theeaatmospheric winds in
Morocco. It looks like a patchwork of individualusties; not so as a matter of fact they are wellexdbd into local, regional and
international frameworks and then African, Asianiestists are becoming major actors of the knowledgeelopment about
atmospheric phenomena and climatology, essentidiféan their countries.

The Sun’s impact on our planet’s climate has rdgdigen a hotly debated topic in the context ahelie change. De Wit et al.
(2015) summarized what we know nowadays about #gehemisms by which solar variability may impadteite variability. None
of these mechanisms can adequately explain gloaahing observed since the 1950s. However, sevéthakem do impact climate
variability, in particular on a regional level.

Clouds are one of the most difficult climate compuseto ,
parameterize, and a source of large uncertaimiggobal climate _| = ==~ Sunshine )
model predictions. Clouds have two simultaneous @apposite Inverse of cloudiness
effects on the radiative balance of the planet. @barage, the
cooling effect of clouds dominates over the warmingt the net
radiative effect strongly depends on the type dtitu@e of the
clouds, with thin high cloud types having an overaarming
effect. In addition to poor understanding of théerof clouds,
there is also the lack of accurate long-term dhbtathis sense,
synoptic cloud observations taken from ground olzeries, are
our only probes of cloud changes on time scaleseutturies.
Sunshine is a basic parameter used to evaluatarttwaint of
sunlight delivered at the top of the atmospheréithable to reach
the ground. Sunshine records could be used asg fooclouds. — |

Sunshine and synoptic cloud observations, extendivey 1800 1920 1940 1960 1980 2000 2020
almost a century, are available from the Ebro Qlaery and
were studied by Curto et al. (2009c¢). They foundreng decadal
variability in the duration of bright sunshine hswince 1910 and

Inverse of cloudiness/Sunshine
1
et = 1
=

Time (years)
*$( ,

a monotonic increase in synoptic cloud amount sthee1920s. c: oS UM * 3
They interpreted these results as a change in ¢cigadfrequency. . *

Both series after being detrended and normalizegi@sented in

Figure 1 The year-to-year variability in both time serigsighly Do *
correlated and is highly statistically significarihdicating a GVv"-8. WO99XH *
closely matched inter-annual variability (’;) * o 1
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Zerbo et al. (2013a) reviewed on the close linkveen the solar activity indices and the climaticapaeters (temperature and
rain fall) over more than three solar cycles. Amestigation during the period 1970-2012 shows angaziorrelation according
which the highest level of rain fall is correlateith the lowest sunspot number. Solar cycle minimsroharacterized by important
precipitation and decrease in temperature. LikeWighest temperature level is recorded during #erehsing phase of solar cycle
with significant decrease of rain fall. We can assuthat active solar is associated with weak imtidesmic ray consequently with
low cloudiness which brings warming. Likewise, qusmlar is associated with important cloud coved @onsequently bring
important precipitations and chills terrestrial asphere.

) ' +

In the tropics, monsoon corresponds to seasonabelsan
atmospheric < +& +& 1 2 $2( > 15 T T
circulation and precipitation associated with thsyrametric
heating of land and sea. One important point idetermine
the actual date of the monsoon onset because thfeza are
precipitations during several days during the etgu@eriod
and they stop. The actual onset dates are impoffiant
agriculture.

According to the point of view of the climatologistthe
wet season over southern Vietnam takes place fraay
October, while the dry season occurs from Noventbekpril
(Pham and Phan, 1993; Pham Xuan T. et al., 2008re 2
presents the 5-day running climatology of the regicaainfall
index for the 26-year study period as a black thimd. Jointly,
the climatology of the daily zonal wind above theuth
Vietnam (grid point located at 10-12.5°N, 105-107.5°E) is 0
provided as a thin gray line. This diagram showat tthe
transition from the dry to the wet season from AmiMay is
characterized by (1) a sudden increase of the dailyfall
from 3 mm.day'in April to about 7 mm.daytin May, and (2)
changes in the zonal wind component from negative
(easterlies) to positive (westerlies) values.

—
[an]

Rain {(mm/day)
11 rmdsh

o

* |

I"#l $ %
&

) ) The date of monsoon onset has been defined inusarays.
’ ’ Holland (1986) defined the onset of the AustraBammer monsoon

through changes of the prevailing winds. Some othghors have
defined the onset by focusing on precipitation orflying some
threshold values of precipitation rate (Tao and rChd987;
Matsumoto, 1997; Wang and Ho, 2002; Zhang et &Q22 The
combination of wind and precipitation or convectagtivity data has
also been used (Lau and Yang, 1997; Qian and 1G&9); Ding and
Yanju, 2001). Recently, the reversal of the meridlomperature
gradient in the upper troposphere (200-500hPapbas shown as an
interesting signal of the monsoon onset (Li and arah996; Mao et
al., 2004).

In this paper Pham Xuan T. et al., (2010) the oda## is defined
for the 26 available years of the reference pegdeen that the
following conditions are verified:

1)  The daily amount of our rainfall index exceeds 5 .oy
and these conditions persist for at least 5 days.

2)  The daily mean of our zonal wind index exceedsn¥&

These 2 conditions allow determination of the fiosturrence of monsoon rains within the monsoow flegime and are
sufficient for depicting correctly the onset. Thaddion of a persistence criterion such as “ Witttie consecutive 20 days, the
number of the days with rainfall greater than 5 dag exceeds 10 days” used by Zhang et al. (2002y dot change the onset dates
except in 1989.

The onset dates as defined above are displayeshfiir year of the study periodTable 1 The earliest onset occurred in 1979
(April, the 19th) and the latest one in 1993 (Juhe,9th). The mean date is the 12 of May withamdard deviation of 11.6 days.
This is consistent with previous results obtainacthie Indochina region: 1-15 May (Qian and Le€)®06-10 May (Wang and Ho,
2002), and 9 May (Zhang et al., 2002).



In the equatorial and tropical regions, deep cotiweds an important source of atmospheric grawwes (GWs). They ensure
the coupling of the atmosphere circulation from theposphere to the upper atmosphere and interdhbt the Quasi Biennal
Oscillation (QBO), the tropical and equatorial sismtheric feature (Fritts and Alexander, 2003). &ltijh much progress has been
done in numerical weather prediction and global e®diuring this last decade, the representatiomoaftorographic GW sources
such as tropical multi-scale convection still remsaiinresolved today. In the framework of the Sgslteric Processes and their Role
in Climate (SPARC) (Allen and Vincent, 1995), initilgiand of GW representation into models, Kafandal.e2008; 2015) carry
out climatology of GWSs in the lower stratospher8)lat heights of 19-23 km over West Africa. Thesoaiake advantage of datasets
gathered by théAfrican Monsoon Multidisciplinary Analyses (AMMA) (Redelsperger et al., 2006roject based on
multiscale observations in order improve our knowledge and understanding of thest\frican Monsoon (WAM). Spectral
characteristics of stratospheric GWs are derivethfhigh vertical resolution profiles of radiosondising 2006. Radiosondes (RS)
were launched at six stations in a latitude rarejevéen 4°N and 17°N and a longitude range betwé&wand 10°E.

The annual variations of wave energy densities alibg 6 selected stations are correlated with thgrpssion of the rain belt
and the convection over West Africa from the Guiadf to the Sahel and their return back to GuiGedf. Over the equatorial
coastal zone, high values of wave activity are nkegb during March-June corresponding to quasi-dgrmbpagating mesoscale
wave, a mixture of equatorial and inertia-GWSs. Lowalues are observed in September-October withechexistics of inertia-GWs.
Over the tropical West Africa, the WAM is installddring July and August. Wave spectral parameteirst put that the major wave
contribution is inertia-GWs with vertical and harizal scales of 1.4-2.2 km and 450-1100 km respygtiln the range of short
vertical wavelengths, the major contributor of toal wave energy is the kinetic energy density, Which is revealed to be a good
proxy of inertia-GWs over West Africa; PE presemtssignificant variation in the presence of thoswes.

The climatology of wave energy densities is detagdiover 9 years, from January 2001 to Decembed a0Biamey, a tropical
station and at Douala, an equatorial station. Tdtasit is extracted from the Wyoming upper-airlukzga. Above Niamey (13.47°N;
2.16°E), the inter-annual variation exhibits a dieayear modulation of total energy density maxich&ing the WAM period
correlated to the phase change of the QBO. A compaitern with higher peak observed in July-Augustirduthe W-phase
(descending westerly winds) and no common pattetretyatic contribution during the monsoon peridthvemall values during the
QBO E-phase (descending easterly wind) i.e. the svaveing filtered or dampediqure 3. For the equatorial coastal area, such a
quasi-2 year modulation is not observed. This diagy shows a QBO-like variation with an impactthe wave energy into the
LS.

Today remote sensing technology revolutionizes gtience of meteorology and climatology by produchigh-resolution
vertical profiles of dynamical parameters on a glatale.

MONTHLY MERN Et IN LS (19-23km) FOR NIAMEY (1200 UTC)
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Lightning is a process of electric discharge spetif thunderstorm systems (MacGorman and Rust,)199&ises from a series
of processes that occur within the thundercloud iarths effects in broad areas, either naturaletated to human activities. It
produces electromagnetic radiation in a wide ramiggrequencies that can be exploited for its dédecand location in order to
monitor thunderstorm development, frequency, movemeand climatology. During the 1990s, ground badetkction systems
allowed to determine these informations at coustgle (Orville, 1994). More recentlthe global climatology of lightning
activity developed bihristianet al. (2003) and based on data recorded durirgyiears (May 1995-March 2000) by
the Optical Transient Detector (OTD) loaded on Hahe satellite MicroLab-Ispace observations have shown that the



highest concentrations of lightning on the Earth mostly in Central Africa. The Lightning Imagingr&or (LIS) on
board the Tropical Rainfall Measuring Mission (TRNIhtellite provided a lightning climatology in estricted area
of the Earth between 38°S and 38°N by detectintgttigg flashes for seventeen years (1997-2014hEumore, these
data allowed establishing specific features of tarstorm activity and relationships with environitarconditions
(Burgesser et al., 2012; Collier and Hughes, 208lbrecht et al. (2016by using a very high resolution (0.1°) could
localize most of the larger hotspots of lightningthe territory of the Democratic Republic of Con@iRC) and show
thata large area of DRC is concerned by a lightning iignarger than 50 fl kid yr’. Soula et al. (2016) performed a
detailed analysis of the lightning activity in tesraf space and time distribution within a largeioagof Congo Basin
(15°S-10°N in latitude and 10°E-35°E in longitudeith a high resolution and by using data provitgdthe World Wide
Lightning Location NetworKWWLLN) from 2005 to 2013.

WWLLN 2005-2013 fl km2 yr-
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$'( $ 5 + Such low values of DE have to be interpreted astivel to LIS detections that take

into account both cloud-to-ground and intraclowsifiles and the flash density obtained can stilhré&sage values, as for example in
2013 with a maximum of 12.86 flashes kmt a resolution of 0.1° in eastern DRC. The numbatamy days reaches 189 days at
this resolution and in the same regidiigure 4 displays the distribution of lightning flash degsat a resolution of 0.05° and
averaged over the whole 9-year period and the apbgyr at two scales, for the whole area (a and H)fanthe region of the
maximum of activity (c and d). Due to the low DEtla¢ beginning of the period, the average annghtiing density reaches only
about 4.5 flashes ki which is lower than the values for 2013 (15.3&lles krd at this resolution). The maximum is located in a
region along and part of a mountain range (Viruragagltitudes that can exceed 3000 meters (Figuend 4d), $

$ $ The presence of these mountains plays a role iththelerstorm development along
the year. The estimation of this local maximumted tightning density by taking into account the Dd¥gds to a value consistent
+ $ 6778 5 $ @ +



9 * the lightning activity seems to follow the sun désment above the study area. However, the disivib of the flashes is
not symmetrical on both sides of the equator agated by the plot of the lightning density (Figdi@), and a proportion of 66.67 %
is located in the southern hemisphere while onlg®%6f the areais. $ &

*$ @ ;&A 6))B(C B 8* ;& D5 6>B(C B8*;&"' & 6>/B(C /B 8 1 $
& + 5 $
1 $ * 5 $ 9 @ + 77 -77 E'*
$ The lightning activity exhibits an annual cycle kv period of 6 months (October to March)

during which about 10 % of the total lightning fi@s are produced in average each month, a peri8drainths (June to August)
with about 4.5 % of the total flashes produced eaohth.
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Io"#$ % & The Congo River Basin is the second largest riveteays
" % based upon freshwater discharge (~41,00GH) and total

( drainage basin size (~3.7 x 106 %mand hosts the Earth's

second largest tropical rainforest, vast areasawhrsnah and

) ¥+ extensive regions of swamp forest and wetlands romyeat

, - least>65,000 km2 that undergo permanent and sdasona

)- inundation. In common with the majority of troplicagions, the

Congo Basin is facing ever increasing regional anoball

challenges associated with climate change (e.greasing

)+ temperatures and altered precipitation patterrssjyell as local

, - land use changes such as deforestation and major da

). construction.

In Republic of Congo (RC), since 1978 until now, many

4. studies have been carried on the Congo River and série

)* tributaries by means of different international andtional

- programs. Long time series have been important ravige

) survey of the river water quality and variabilityuel to

anthropogenic and climate changes. Regular sampleééferent depths are carried out in several ot the Congo and a few
tributaries in Republic of Congo. The materials eatrby the main stream and tributaries provide thgodunity to study the
composition and concentration of various chemiqacges and suspended matter according to the @vatonment and, their
variability as a function of the season and timed &nd changes (Laraque et al., 2009; Moukolol.et1890 & 1993; Molinier,
1979).

Many recent studies have been focussed mainly ®eatbon

under different species- dissolved organic card®©OC), 80| a Land cover
dissolved inorganic carbon (DIC) and particulateboa (POC), W savannah
on the dissolved organic matter (DOM), on the digsbnitrogen BlForest
(DON) and other parameters like pH and TA (tot&lahhity) [CISwamp
(Mann et al., 2014; Spencer et al., 2016; Zhaokuil.e 2013). 60 —

The DOC concentration quality in streams and rianoss the
Congo Basin can be significantly influenced and ciletd by

land cover type and hydrologic conditiofiBable 2, Figure b

Higher DOC concentrations in swamp and wetland walering
intermediate to high flow conditions demonstratat tincreased
precipitation and run off can act as a mechanismrdteasing
greater proportions of C in these regions. The CoRper is "
estimated to be the second largest exporter of DDB& Ocean . T

40 —

DOC (mg CLY)

after the Amazon river. From natural sources, the, CH 20
concentration is higher in wet season for all laoder types
with highest values in swamp and tropical forestievthere is no * .
significant difference for BD (Upstill-Goddard et al., 2016). = .
Talbot et al., (2014) investigated and documentes derobic 0 L
methane oxidation over 1.2Myrs from Congo fan sedie Low Intermedlate ngh
Measurements and other studies in complement optbeious  « o' @ GH5C) * *

ones have been carried out. *

G H-
2 . : @ *
3 '@ 10 70
At the end of 2013, within the framework of theeimtational : & o G+ - I'$H

Space Weather Initiative, the RENOIR (Remote Equdtoria

Nighttime Observatory of lonospheric Region) experitnhas

been deployed at Oukaimeden observatory (31N08.866W, 22.84N magnetic) in Morocco under collaboration betwdlea
University Cadi Ayyad at Marrakech and the Universif lllinois at Urbana-Champaign. As part of thiject, a Fabry—Pérot



interferometer (FPI) and a wide-angle ionosphemading camera were deployed to the observatory) thieé goal of making
measurements used to characterize the couplingebatvthe thermosphere and the ionosphere in thecaffrisector. This
instrumentation provides critical measurementhefrmospheric dynamics and ionospheric structurienes in a region previously
lacking comprehensive, long-term, ground-based ureasents (Yizengaw et al., 2013). In addition, ¢h@seasurements will
contribute to a global understanding of space weratsince similar instruments are deployed in othents of the world (e.g.,
Meriwether et al., 2011; Brum et al., 2012; Fisheale 2015).

Below, two years of good quality measurements oRRe(from January 2014 to February 2016 accourftingn average of 24
observable nights per a month) have been used itd btlimatology of the thermospheric winds. The eb®d climatology is
compared to the one provided by the recently updeit@rizontal Wind Model HWM14 (Drob et al., 201%) validate that model’'s

predictions of the thermospheric wind patterns akiereastern portion of Africa.

Meridional wind vs HWM
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Figure 6 exhibitehe monthly averages of the meridional
(top) and zonal (buttom) winds along with a comgami with
the model results from HWM14 (green). Positive ealare
northward for meridional winds and eastward foraoones.
Comparison between data and model has been conducted
using the airglow-weighted thermospheric winds freliWM
after considering the altitudinal dependence of ehtting
layer using standard climatological models (IRI Rditet al.,
2014, and MSIS Picone et al., 2002).

During local winter (November February)
meridional winds are poleward during the early évgrwith
typical speed of 50 m/s. They reverse to the eqwatal

the

1 direction around 21.00 LT, with typical maximum speof 25

to 50 m/s after midnight. They reverse again topgbkeward
direction shortly before dawn. The zonal winds eastward
during the entire night with typical speeds aros@ m/s
during the early evening hours, 75 to 100 m/s adoh LT
and almost zero before dawn. During local springt{March
- May), the meridional winds remain equatorwardilugawn
and the zonal winds reverse to the westward daecsome
hours before dawn. In local summertime (June - Atiguhe
meridional winds are equator-ward during the entirght
with typical speeds, of several meters per secamthgl the
early evening hours, 100m/s after midnight and %€ mefore
dawn. The zonal winds are eastward with typicabdpeof 50
m/s in the early evening hours, 100 m/s around ightrand

decrease towards zero before dawn. During locainanit the
meridional winds start reversing to poleward durihg early
evening hours and abates before dawn and the zdnds
reverse to westward before dawn. The zonal wirghsward
at the beginning of the night in all seasons araghak in
equatorward flow shifts throughout the year from PB
3 during the spring equinox, to 02 LT during the aoru
| equinox.

In general, HWM14 correctly captures the trenddath
the meridional and zonal wind pattern. However, som
disagreements between the observations and HWM&4 ar
noticeable. In April and May, the magnitude of thaximum
equatorward ow of HWM14 s underestimated by

, - approximately 30m/s. Conversely, in September thioug

November, HWM14 overestimates the magnitude of the

maximum equatorward ow by approximately 40m/s. @so
see disagreement in the early evening hours oftbubgh September, during which the increase énetuatorial wind magnitude
occurs earlier in the evening in HWM14 than it doethe observations. From September through FepraBVM14 disagrees with
the observations immediately before sunrise, ptiediovestward winds that are about 50m/s stronlen those observed. From
June through August, there appears to be a signtfishase shift between the observed maximum iralsevard wind magnitude
and that predicted by HWM14.This phase shift israpipately 4 hours, with the peak seen at arour@DRU in the model and
close to midnight in the observations. Notwithstagdthis phase shift, the generally good agreentmtiveen HWM14 and
observations serve as an independent validatiotheofnew empirical model given that the observati(arsd, indeed, very few
ground-based observations in the African regiomewesed in construction of HWM14.

Kaab et al. (2017) further investigated the longat@ariations in the thermospheric winds and tkeimparisons to the airglow
weighted HWM14 neutral winds, an analysis has h@enformed to extract the annual, semiannual, arahteial variations in the
observations by looking at three local times: pidmight (2000LT+15min), midnight (2400LT+15min), drpost-midnight
(0400LT£15min). In general, the annual variationd@minant, except in the zonal wind at local midnjgn which all three
variations have similar amplitudes. A similar asédyof the HWM14 model shows similar results, alifio slight differences in
amplitudes (up to ~20 m/s) and phasing (up to 3@)dare seen at times.
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Kaab et al. (2017) also performed a comparison aka®neden data with several other midlatitude sitbe Pisgah
Astronomical Research Institute in the United StdB8RI; 35.2N, 2.85W, 47.63N magnetic), Arecibo Observatory in Puerto
Rico (18.35N, 66.75W, 31.10N magnetic; Brum et al., 2012) and Xinglong statiorcentral China (40.N, 117.4E, 35.57N
magnetic; Yuan et al., 2013). Good agreement wasddetween the general trend of both the meridiand zonal winds over
PARI, Arecibo, and Oukaimeden. However, some diffees emerged between the three sites, owing tdiffieeences in magnetic
latitudes. This study pointed to the competitiotwisen geographically and geomagnetically orderedgsses contributing to the
overall thermospheric neutral wind patterns.

This North-South cooperation, in a first step, gagn knowledge, skills, instruments...to researcliens Africa and Asia. The
scientists defended PhDs, reached high positiodscesated teams of research. Nowadays many of #renmature enough in
atmospheric science to manage by themselves tebrasearch and participate as partners in intaynatiprogrammes; the North-
South cooperation becoming North-South collabonatibhis North-South cooperation and collaborationstncontinue for the
benefit of research in the North and South cousitrie
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This part deals with the Solar Terrestrial phys&g] mainly presents results concerning the lorergphnd geomagnetism based
on ionosonde data, GNSS and magnetic data. Weihtreeluced in a first section the data, methods models commonly used.
Before the studies on the ionosphere and geomagnetie present results on the sun, the solar wirtdthe auroral activity in
connection with geomagnetism (section 2.2). Thesalts are based on the use of broad databasesibte®n the web. In sections
2.3 and 2.4 we present the variations of the iohesp ionization (regular in section 2.3 and irrdegun section 2.4). The section 2.5
concerns the geomagnetism, Sq and EEJ. We will gnesent the various electrodynamics parametersttaelectrodynamics
coupling between the auroral and Equatorial reginrgections 2.6 and 2.7. Finally sections 2.8 28dare devoted respectively to
the electromagnetic induction and the variatiohdensity of O + measured by the satellite DEMETER.
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The ionosonde is one of the first instruments tseoke and [ P
characterize the ionosphere from the ground. la isadar that [ S e it
transmits vertically either pulses or pseudo-randseguences. | P
When the carrier frequency of the signal is eqoathie plasma 'y | e
frequency f§ of the medium, the signal is reflected Lt & _t ¢ 11 ¥ B |
[(f,=8.96 x 1 ~ ), where Ne is the electronic densiy in el per ' '
cn]. The ionosonde then measures the round-trip tame N
translates it into virtual height of reflection tre assumption that R *

the propagation velocity is that of light. Frequgnscanning .
between 2 and 30 MHz makes it possible to explbeelower I'\hx ““M._\ o
profile of the electronic density. The ionogramaisepresentation | k
of the different echoes received in the reflectivequency /

altitude mark. The main characteristic parametecsitiqal
frequencies and altitudes) of layers E and F candéduced
(Figure 7 top pangl
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The geodetic receivers measure the propagation tifme 5 i W, " i
signal emitted by a GNSS satellite over at leastfrequencies f1 ; - a1 ]
and f2. Assuming propagation at the speed of ligh¢udo-range N iy 6, VL T
measurements are calculated at the sampling rafs (8 ' \
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recommended). However, the ionosphere is a frequeispersive !
medium: By limiting itself to the first order, threfractive index is

inversely proportional to the square of the frequyeiThe 2 group * 7 ( ( o
path lengths can be broken down into 2 terms: >

4% G 1l $978 H
A second term proportional to the integral of thectonic C 3D
density over the entire oblique path: it is the aldElectronic
Content (STEC).
We have

T T

N N
Py =L+a=} GS$ H P,=L+a-~L G$:H

1 i
The variable a is a constant equal to 40.3 - joissible to combine these two equations eithezabgulating the corrected true
geometric path of the ionosphere



2 2 this approach is used in GNSS satellite orbitogyapid receiver
_ ..in Pgl - j': Pgl PP &

=2 = ~- = (2) positioning software, - or either to calculate 8IEEC
A=A
1 2 .7 This relationship illustrates the value of GNSS aazll
Ny=-— fl f: [Pl—Pw) 3) Navigation Satellite System) measurements for teaipo

N a’fz —fﬂ monitoring of the evolution of the ionosphere amirdduces
! - numerous studies of variability and modeling.
7
Magnetometers measure the Earth’s magnetic fiefte Gomponents of the earth's magnetic field are figere 7 bottom
panre):

H: Horizontal component
D: declination, the angle between the horizontahwhe geographical

tanJ] = — o
H meridian
v=HcosD (4) I: Magnetic inclination, the angle of the vectomigh the horizontal. It is
] positive at the North pole and negative at the [Spote.
yv=HsinD
-= Fcosl The total force of the magnetic field F and the ponents x, y, z in a
Cartesian coordinate system are given by equatijns (
8
We used the Biot and Savart’s law: in a given statiiee variation of the horizontal component H is:
H=%+D (5a)

Where [ is the daily regular variation of the Earth’s Matjn Field (Mayaud, 1965), and D the disturbedatam. Cole (1966)
and Kamide and Fukushima (1972) estimated the ristLivariation D as the sum of different magnetespghand ionospheric
current systems (in the magnetosphere: DCF: Chapmaarb current, DR: Ring current and DT: tail curfemtd in the ionosphere
DP polar disturbance currents):

D=DCF+ DT+ DR +DP &b)

Le Huy and Amory-Mazaudier (2005) extracted the Ddjsturbance related to the lonospheric disturbatymamo (Blanc and
Richmond, 1980), and as a consequente disturbed ionospheric electric currents mustnb@ considered by the following
expression:

Diono =DP + Diyn (5C)

The DP current system are composed of differenarpadisturbances named DP1, DP2, DP3, DP4 (Troshidm Janzhura,
2012). Only the DP2 perturbation (Nishida et a8868) extends to low latitudes during periods of n&ig disturbance and thus at
low latitudes:

Diono = DPZ + Ddyn (5d)

Diono =DH - S? _Dmag (Se)
We can roughly estimate the magnetospheric curipigby SYM-H and we can estimate the daily regulaiatem S from

magnetic quiet days. We can separate &Rl Dy, for simple cases for which one of this currentstem is nil at the equator, and in
general case when RBNnd Oy, coexist, we use wavelet analysis.
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GIM (Global lonospheric Model) maps are producedydby orbit centers such as CODE, JPL, ESA, UPCJOINEX
(IONosphere map Exchange) format. They are dedfrosd the GNSS measurements of the IGS network. reyide VTEC
values at different points in a regular global dffd points in latitude, 73 points in longitude)tta rate of one map every 2 hours.
Since October 2015, the cards are all round hours.

Referencehttp://aiuws.unibe.ch/ionosphere/
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It is a model of many parameters of the ionospkelectron density, electron and ionic temperatutesyposition of O +, H +,
He *, NO *, O," ions) as a function of altitude for any point betglobe. It uses analytical functions and many etodf the
parameters characteristic of the ionosphere medidwyevertical ionosondes. It is in the form of Fart software controlled by
NASA and requires the selection of many optionsah be run online at http://iri.gsfc.nasa.govheéw version is proposed every 5
years, the current version being IRI-2012. The waltiTEC is calculated by integrating the profile. &ehce:
https://iri.gsfc.nasa.gov/  http://irimodel.org/(See references inside)

3: "

NeQuick is a vertical electron density profile mbdspresented by 5 layers with Epstein functiortse €haracteristic parameters
of these layers are independent models derived fremical measurements and adopted by the IUT. Hreyparameterized by a
slippery solar index and ensure global coverage iftegration of the profile also gives VTEC. ThertFan software (v2) is
available from the ICTP in Triestattp://t-ict4d.ictp.it/nequickP Referencehttp://t-ict4d.ictp.it/nequick2
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The National Center for Atmospheric Research (NCAR)ermosphere-lonosphere-Electrodynamics General |@ticn

Model (TIE-GCM) includes various physical procesed are involved in the general circulations @& thpper atmosphere, between
about 90 km and 500 km altitude (Richmond et al92)9lt is particularly well designed for the cdktions of the coupled energetic,
chemistry, dynamics and electrodynamics of the glabermosphere-ionosphere system. As input pammehe TIE-GCM uses
among other things, (1) the solar ultraviolet réidia flux density, (2) the upward propagating atpiweyic tides at the lower
boundary and (3) the geomagnetic main field. Thxesameters respectively account for the level tfrsactivity through the F10.7
index, for the perturbations of the upward propaggatides at the lower boundary of the thermospliereugh the Global Scale
Wave Model (GSWM) of Hagan and Forbes (2002, 2088, for the ambient geomagnetic field intensitg direction through a
realistic geomagnetic field model. Specificallye tiilIE-GCM calculates the electric fields and curseintthe ionosphere, and the
associated magnetic perturbations on ground amgwaEarth-orbit altitudes, under various seasomal solar activity conditions,
www.hao.ucar.edu/modeling/tgcm/
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Accurate detection and classification of sunspogsfandamental for the elaboration of solar agtivitdices such as the Wolf
number. However, irregularities in the shape ofghaspots and their variable intensity and contnatét the surroundings, make
their automated detection from digital images difff. Curto et al. (2008) developed morphologicall¢othat allowed them to
construct a simple and automatic procedure to tlagtal photographs obtained from a solar telesc@nd to extract the main
features of sunspots. Sunspots and Sunspots gesapsseful measures to assess solar activity. Gatak (2014) analysed the
evolution of several parameters: maximum area, tir@md decay times, as well as the evolution famitilong the cycle 23. This
allowed them to predict the future behaviour ofraug from its historical evolution. The asymmetmtween the ascending and
descending phases of the solar cycle in termseofa@Huction in the maximum area found by the agtias interpreted as another
strong argument supporting the Sun has switcheal new regime and that the change is scale-depentleist scale-dependent
change also provides support to dynamo modelsvyimglthe co-existence of a deep and a superfigiahoho.
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Zerbo et al., (2012a) reviewed and extended thesifieation made by Legrand and Simon (1989) bysieg the fluctuating
activity. For memory, the geomagnetic activity'sadification proposed by Legrand and Simon (1989%he first one which
investigated aa index and fixed the limit of soldnd conditions linked to geomagnetic activity. Bhwaa < 20 nT lead to quiet
magnetic condition (quiet activity with solar wirgpheed v < 450 km) and aa >= 20 nT which charaeerihe three disturbed
magnetic conditions (shock activity, recurrent\dtti and fluctuating activity) revisited and extexd by Zerbo et al., (20128)he
extraction of two homogenous classes (co rotatindarate activity and cloud shock activity showrrigure 8)allowed to lower aa
minimum from 40 to 20 for shock activity and re@nt activity. This revisited scheme helps to clealhssify about 80% of
geomagnetic activityTaking a look to aa index long-term variability (Be et al., 2012b) we reported on a morphologieatire of
solar cycle which lead to gradual increasing ilaisactivity with some exceptional years during st solar cycle 23 (2003 most
active year and 2009 with the lest geomagnetientsy.

Aurorae borealis observed at low-latitude sites\angy rare and are clearly associated with strommngagnetic storms. These
observations provide valuable information aboutléhel of solar activity especially at those tinvelsere direct solar observations
were rather scarce. Analyzing two ignored auromak7i70 and 1789, Vazquez et al., (2006) could tatedhe variation over time in
Tenerife and Mexico City for that time.

Corotating Moderate Activity

Recurrent Activity

AanT)

100

Shock Activity Cloud Shock Activity Quiet Activity
8 @ * *@ S R HGR :
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Zerbo et al., (2013b, 2013c), Zerbo and Richard204%) analyzed the solar wind data from the lagt §iolar cycles. The solar
wind in the current solar cycle has very differaraiues of magnetic field strength and speed. Thedees have remained
anomalously low on the current cycle (Zerbo and Ridkon, 2015). However the distribution of solandvparameters (magnetic
field strength, speed, and density) does not ch&noge previous minima or maxima. A long term review solar wind since 1964
(Figure 9 shows that lowest values are recorded duringpmainsycle minimum and the highest around the degiphase of the
cycle characterized by flow from coronal hole (Zegt al. 2012b) . With this investigation, solacley23 seems to be the one during
which the terrestrial atmosphere was under theénite of very important Joule heating. The yeaB26@n example of a year with

)



very active solar activity due mainly to the existe of High speed solar winds flowing in the directof the Earth from equatorial
coronal holes.Figure 10presents the pixel diagrams of the daily meaneshf the solar wind for the years 2003 and 200033s
the year the most magnetically disturbed sincebiggnning of the record of the magnetic index aa868. The year 2009 the most
magnetically quiet year since 1901. This very intior high solar wind stream let us think deeplyestigate the correlation
between solar activity and climate variability fmrr coming soon works.
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Numerous studies have been made in our networkimmad seasonal and solar cycle variations of iatim, either using
ancient large databases of ionosondes or usingrdataGPS receivers. For ionosonde data it isstbdy of the critical frequencies
of the ionosphere which was developed and for GR@&s the study of VTEC.
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At the Equator, Quattara et al., (20@®)alyzed the variations of the critical frequies and virtual heights for all the layers (
F1, E and Es). Ouattara et al., (2062)nd that the profile of the critical frequencyF® at Ouagadougou/Burkina Faso (Lat: 1:
N; Long: 358.5°E) is @oon bite out profile with asymmetric peaks. Durminimum, increasing and decreasing sunspot phase
morning peak is greater than evening one. Duringirmam sunspot phase the evening peak is greatemttoening oneThe virtual
height hF2 has a parabolic profile during minimum, incregsand decresing sunspot phases and a complex structures dilmd
sunspot maximum. Pham Thi Thu et §2011a) made the same study at Phu Thuy/Vietnain03°N, 105.96°). Phu Thuy is
located on the northern crest of thguatorialanomaly, the profile of the foF2 is differefithe diurnal variation of the critici
frequencyfoF2 shows minima at 05:00 LT and maxima around 14:0. Le Huy et al., (2014studied the diurnal variation
VTEC along a latitudinal chain of GPS statioThe data shows that the shapehs# diurnal variation of the VTEC depends on
latitude: a plateau is observed at the stationstheaequator and a Gaussian at the station distantthe equatol

Ayorinde et al.(2016) studied the Int-Houly Variability (IHV) of VTEC in 7 GPS stations digeria, during magnetic qui
days (Ap<4) of the year 2013. They found the IHV maximiaggquinox and minimizes at solstic

Oladipo et al.(2008) studied the variabili of the equatorial ionosphere at fixed heights lothan peak F2 during the minimu
and maximum sunspot solar activities. The studyiged on an altitude range of 100 km to the tofhefR2 layer using a 1km
increase in actual pitch. Oladipo et alD@8’ defined a variability index as the ratio of thenstard deviation to the mean value of
month. They found that the variability changes éngentage and develops in different ranges ofidkitdepending on thetivity of
the sun and day and night.

GIM (Global lonospheric Model) maps are producedyday orbit ceners such as CODE, JPL, ESA, U ... in the IONEX
format. They provide VTEC values at various poimsiregular global grid at the rate of one mape2ehours and 1 houince
October 2015. Ouattara et al., (20)LRaed these maps determine the receiver bias of nl#BS stations and thus to have abso
time series of VTECFigure 11illustrates the diurnal evolution of VTEC from COD#&hd the processing of Rinex files
Koudougou(Burkina Faso), respectively. The CODG VTEC is venysth (13 pts / d¢). The VTEC from the Rinex allows
observe local variations (December 10, 2008) armvshthat the daytime maximum of CODG on DecembeR(8 is no
positioned at the right time.
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The TEC RINEX shows Bype profiles (noon bite out: two pes with a trough) with predominance of peak Mornimgevening
and peaks of nights. Zoundi et al. (201@®)nd that The TEC CODG highlights typical profilegd@me), and R (reversed: even
peak).The TEC CODG does not reveal a peak of night at deedinates of KoudougauThis comparison shows that the measi
TEC observes a more complex diurnal variation tie teflected by the CODG TEC. The appearance obwellor holes in th
shape of the TEC expresses the effects of the abdidt EXB in equatorial F region and the night peaks coincide it reversa
processes of the electric field E. With the TEC COB@se phenomena are igno

One of the conclusions is that it is necessaryHerlGS network to become denser in certain regamusn particular in Africa
in order to better reflect the measures obse
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Gnabahou and Ouattara (2013)died the ionosphere variability at Djibouti, frol957 to 1981. Comparative studies of
FoF2 critical frequencyariations of two African station Dakar and Ougaglow stations were carried out by Ouattara , (2012b)
and Ouattara et al., (2015).

Ouattara et al., (2009) madkmatology of the ionospheric parameters for theoisonde of Ougadougou in Burkina Faso loc
at the magnetic equator. Pham Thi ®Biwa., (2011a) made the same work for the Phu Tibngsonde locateat the northern crest
of the Equatorial Anomaly in Vietnanand Thiam et ¢, (2012) for theilonosonde of Dakar located the northern crest of the
Equatorial anomaly in African sector. All thesediés concerned the sunspot cycles 20, 21 ar

The correlation coefficients between the criticequency fOF2 of the F2 regi@md the number of sunspots Rz are differen
the two equatorial crests. In Africa the coeffiteaie 0.950 (SC 20), 0.883 (SC 2dnd 0.990 (SC 22). In Asia, the coefficients
lower than in Africa, 0.836 (SC20), 0.847 (1) and 0.842(SC 22). It is at the magnetic equdiat the coefficients of corretion
are in average the high&sB77 (SC 20), 0.973 (SC 21) and 0.948 (SC 22). Bunwst notice that for sunspot cycle 22, the hig
level of correlation is found at Dakar.

)/
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Figure 12.from Shimeis et al., (2014) showed the variatioh¥ TEC in two stations in Africa, the Librevilleaton in Gabon
NKLG and the Rabat station in Morocco RABT for theipér2002-2012. NKLG is located on the southerntcoéthe equatorial
anomaly, where the ionization is strongest. Rabdbdéated towards the middle latitudes and has afownization than that
observed at NKLG. This figure illustrates all tlesults obtained with ionosondes and presented abdeean observe the seasonal
and solar cycle variations. We find the well knovariation of VTEC due to solar cycle, with maximuf\IrEC at the maximum
of the solar cycle. For period 2002-2012, Shimeialg (2014) found a coefficient of correlationtween VTEC and the sunspot
number Rz of 0.90. A similar study was developethaAsian sector in Vietnam by Le Huy et al., (20%38ong a latitudinal chain
of GPS receivers from 2006 to 2011. Le Huy et(aD,13) found a coefficient of correlation betwd€REC and the sunspot number
Rz of 0.88 at the two crests of ionization in tharthern and Southern hemisphere.

Adohi et al., (2008) studied equatorial F layerdabr during night by using quarter-hourly ionogsaat Korhogo/lvory Coast
(9.2 N, 5° W, dip lat. 2.4% during March—April 1995, declining solar flux ped. The height and thickness of the F-layer atméb
to vary intensely with time and from one day to thext. At the end of March there is a net changéhefnightly height-time
variation observed, it is the equinoctial transitiBefore March 22, a single height peak was obseier March 30 three main F-
layer height phases are observed, each assoaatedaminant mechanism. The first phase is idewtifo the post-sunset ExB pulse,
the second phase associated to a change in theciudation phenomenon and the third one attridbutepre-sunrise
phenomena.
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Tanoh et al., (2015) developed a statistical stoiythe nighttime F layer patterns for the solanimum period 1995-1997.
Their study revealed that there are two main Frldggght patterns each characteristic of a spesd@son. The one with the post-
sunset height peak was associated with the northignter period, whereas the other, with the midhigbight peak, characterized
the northern summer period. The transition prodess one pattern to the other took place during éfjginox periods and was
found to last only a few weeks.
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Studies have investigated the performance of idmersp models based on the comparison between ceahparameters and the
observed ones. Obrou et al., (2009) have studiegénformance of IRl model to represent the Totat&Edbn Content (TEC) at an
equatorial station. TEC derived from ionosonde detarded at the station of Korhogo (Lat = 9.33 Nng. = 5.43W, Dip = 0.67 S)
are compared to the IRl model predicted TEC for Hit#09) and low (1994) solar activity conditions.eTresults show that the
model represents the diurnal variation of the TE@elfas a solar activity and seasonal dependence.

Figure 13presents the diurnal variation of the TEC at lowdjaand high (e—h) solar activity for solstice aginox. It clearly
appears that at low solar activity the TEC obtainsithg the IRl model overestimates the observed Tig&rdéess the season at low
solar activity. At high solar activity a good agment is observed between the IRI derived TEC analiserved TEC.

Low solar activity (1994) High solar activity (1993)
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Zoundi et al., (2012) presented the seasonal \lityabf VTEC at the IGS station of Ouagadougou S data. TEC time
variations are compared to those of TEC derived fiG® GPS network maps. The TEC map model prediclisdata TEC during
equinoctial months and fairly well during solstivenths. The best prediction is obtained duringgpand the worst during winter
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Azzouzi (2016) presented several examples of viadidaof the NeQuick model in relation to geograplaititude and different
levels of solar activity. Solar cycles 23 and 24evstudied and analyzed. We present here an exavhpleesult for NKLG station
(Libreville in Gabon) for a weak solar activity @8), sunspot number R12 less than Ere 143 and a strong solar activity
(2001), sunspot number R12 between 80 and EiBu(e 14h. The NKLG station is located at the southerntooéshe EIA. In 2008,
the values of VTEC are low, between few tecu at thagtd 40 tecu during the day; the NeQuick moda good representation of
diurnal and seasonal variation. In 2001, the Neluiodel restores observation over night time betws@ and 40 tecu. On the
contrary the correspondence is very bad duringigltyhours. The model minimizes observation by lye€a®% during the equinox
months, while the winter months are well modeledir€@zdion of the NeQuick model should therefore tate account the relations
and coefficients corresponding only to the equisoxé&hout changing those of the other months.
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Shimeis (2015) compared the VTEC data of the HEL¥®¥iat to the NeQuick model, for the years 2001,2@D10, 2011.
Shimeis (2015) found that NeQuick in general unstarates the VTEC. The worst comparisons are durigly solar activity 2001
and during equinoxes. During 2001, the comparisetwwden the model and the data are good in Janwdmuéry and July. For the
years 2010 and 2011, the solar activity is weaket the differences between model and data are eedumut the model still
underestimates the data.

The processing of long daily Rinex measurementseamsed to calculate monthly medians reflectingséaesonal effects at the
vertical of the station. Mahrous et al., (2014) paned the calculated monthly medians with thoseatsaldlby NeQuickFigure 15
shows an example of a result for the Helwan (Eggtadion for the year 2011 during the ascendingetwd the solar cycle 24. A
good agreement is observed on the 2 maxima atohi@@x and on the ratio of the VTEC daily valuesamsn summer and winter.
However, the values of NeQuick are lower than trasgerved (~ 5 tecu).
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Pham Thi Thuet al., (2011a) found a long term variation of fof2Phu Thuy/Vietham and they used the TIE-GCM model
(Pham et al., 2014) to evaluate the ability of thiedel to reproduce the major features of the foHE-GCM simulates the
influences of migrating and non migrating diurnatiasemi diurnal tides at the lower thermospherd,@dranges of the geomagnetic
activity on the long-term variations of foF2. TIE=2®1 was used in the same solar conditions than thesyE964 and 1996 for the
March and September equinoxes and June and Decsuoibtices. The diurnal and seasonal variatiotkefoF2 simulated by TIE-
GCM with the solar activity of the year 1964 reproesi well the observations of Phu Thuy. On the eoptthe TIE-GCM does not
reproduce the amplitude observed at Phu Thuy ir6189the next section on the long term variatiansther method was used
successfully to reproduce the observations of FiuyT

Nanema and Ouattara (2013) studied hmF2 variatubigerved with the ionosonde of Ouagadougou duriagnetic quiet time
during sunspot cycle minimum (year 1985) and maxinyear 1990). The hmF2 have been estimated by srefalR1-2012 and
TIE-GCM. The authors found that the amplitude of dagtime peak is always greater than the amplibfdgghttime peak, during
solar minimum for both models. During solar maximuhe nighttime peak is always higher for TIEGCM dailly the same for
IRI-2012 for all seasons except for June where thes reverse. The height of the F2 layer maximuniarfor is higher solar
maximum than for solar minimum. Equinoctial asynuyés observed during all sunspot cycle phases.preeoost sunrise peak is
only observed in TIEGCM predictions. The annual aalyms only seen during solar maximum for the twodels. Finally
TIEGCM reproduces better the observations than IRRZ0r this African EIA sector station

Ouattara and Nanema (2014) compared FoF2 dataGneexyadougou (Lat: 12.4° N; Long: 358.5°E, dip: IN)3and theoretical
values carried out from TIEGCM and IRI-2012 duringhimum and maximum phases of sunspot cycle 22 ndumagnetic quiet
days (Aa <20nT) of each season. The diurnal profilEOF2 is composed by a noon trough and mornimtadternoon peaks. The
peaks are more or less pronounced at equinox anel pnonounced during maximum sunspot than duringmim sunspot. During
solstice the FoF2 profile is a dome or plateau.f@usolar minimum, both models present more or tleesafternoon peak with more
or less deep trough between 1000 LT and 1400 LTingQusolar maximum, in general, TIE-GCM shows aftan peak and IRI-
2012 present plateau profile. These values shdterbprediction for IRI-2012 except in September fmth solar cycle phases
involved. The worst predictions of TIE-GCM are ohset in December during sunspot minimum and in Jdwmeéng sunspot
maximum. Models predictions are better during safaximum than during solar minimum and stronglyefefent on pre-sunrise
and post sunset periods.

--4

Trends in the upper atmosphere has become a majecssince the beginning of the 1990’s as a cam=ace of the increasing
interest in global changes and the effects of emirgy greenhouse gases concentration (see Lastogtlal., (2012)for a
comprehensive review and references therein). Antloegatural possible sources of these trendise¢bular change of the Earth’s
magnetic field (Foppiano et al., 1999; Elias andeAd2006; Cnossen and Richmond, 2008; Yue et @82Elias, 2009; Gnabahou
et al., 2013; Cnossen et al., 2012; Pham Thi Ttal. €2016).

The works by Gnabahou et al., (2013) and Pham Tbiét al., (2016) are the results on this topia ofose collaboration of this
North-South network of scientists, particularlyrfrdurkina Faso and Argentina for the first one, &oeh Vietnam, France and

)>



Argentina, for the second. In these works long-téremds of two stations under the equatorial idmeraanomaly (EIA) were
analyzed: Ouagadougou (12.4°N, 358.5°E) locatatbuthe EIA trough in West Africa, close to the meiic equator, and Phu
Thuy (21.03°N, 105.96°E) under the Asian sectahefEIA northern crest.

Using experimental data, a decreasing foF2 trerabiained
at Ouagadougou (Gnabahou et al., 2013) in quaitatgreement
with the expected decrease due to greenhouse gasessing
concentration, but of magnitude much larger thapeeted.
While in the case of Phu Thuy (Pham Thi Thu et 2016) a
positive foF2 trend is observed not consistent wlih expected
decrease. Both cases are explained by the displatenfighe
EIA trough and crests that follows the magnetic diguator
secular movement, which is migrating with differeditections
and speed in different regions. This implies treimdémF2 and
foF2 in the EIA region linked to the secular vadatof the dip
equatorFigure 16shows this effect as an example for the case of

foF2 [MHz]

20 10 0 o 20 a0 Ouagadougou were the latitudinal foF2 profile eatid for a
Geographic Latitude [degrees] given initial condition was moved in latitude acdioig to the

* $#( = poxx displacement of the magnetic dip equator.
* C* % G.O8-OM3H : At Ouagadougou the approach of the dip equatongdutie
2@ 6 2$| _ 227 period analyzed would add its foF2 decreasing effeahat of
. $"-7V$b" G He ol the greenhouse gases increase, possibly expldamihg way the
* . trend value observed. In the case of Phu Thuyappoach of
> cC* * * @& H- the EIA northern crest should induce a foF2 inczeadso
C * * consistent with the observed trend. Further workeisded now to
G1: - I"$.H quantify the effect of the secular displacementhef dip equator

over ionospheric stations under the EIA.
/ 8

/

Ouattara and Amory-Mazaudier (2012) made a steisthodel of the variations of the foF2 functiontioé sunspot cycle phase,
the season and the geomagnetic activity classifidldwing the method of Legrand and Simon (1989ua@ara and Amory-
Mazaudier (2012) identified the influence of théasavind speed and shock activity on the diurndtgra of the F layer. They found
that the shock and recurrent activities tend toaeohk or diminish the morning or afternoon maximuirthe F2 layer critical
frequency. They found also a difference of themilifoF2 variation during the increasing and desirgpphases of the sunspot solar
cycle. This fact was explained by different solandvregimes. The slow solar wind dominates durimg increasing phase of the
sunspot cycle and the fluctuating solar wind dotsisauring the decreasing phase of the sunspat cycl
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Ouattara and Zerbo (2011) analyzed the F2 layeanpeters (foF2 and h’F2), at Ouagadougou, from 1866998, during
periods of severe solar wind and with geomagnatiex aa> 100 nT. Recurrent solar winds are not tigagsd in this work. Severe
shock produces a March peak and fluctuating wingsea an October peak in foF2 profile. Shock agtigdntributes to summer
maximum and is responsible for October equinottialgh in h’F2 profile. Fluctuating activity cortttites to summer maximum and
is responsible for March equinoctial trough. Thegant results constitute the first step towardatraysis of the impact of each class
of disturb activity (shock activity, recurrent agty and fluctuating activity) in foF2 asymmetry carequinoctial through in h'F2
profile.

/

Work has been carried out on the validation oflRie2001 model to represent the monthly median &2fat low latitudes. The
article by Ouattara and Fleury (2011) presents wamele of results compared to the measurementsheflanosonde of
Ouagadougou during the IHY campaign in March-A@@08 (very low solar activity). The magnetic adivivas separated
according to the method of Legrand and Simon (1988ure 17shows the comparison according to the magneticityotlass. The
choice of the CCIR or URSI coefficients in IRI modifieary little the values of foF2. IRl modeling is lmtduring the magnetic
quiet period (panel a) and recurrent period (pajeTlhe worst situation is shown during shock peifoanel b). For this period, the
bad modeling can be seen before sunset.
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Anad et al., (2016) studied the regular diurnal ieéions (Sq) during the magnetically calm days fra609 to2011. They
analyzed the geographic North (SgX) and East (Spgp¢magnetic field components recorded at the Métiden in Algeria, a new
station of the AMBER project (Yizengaw and Moldwir(®). The location of Médéa is near the focus efdbrrent system Sq of
the Northern Hemisphere. This fact allows the asialpf the different behaviors of this system ofrents. Anad et al., (2016)
observed changes in the forms and amplitudes ofdilmnal variations SgX and SqY in 2009, 2010 a®d12 These results,
presented ofigure 18 were interpreted in terms of the morphologicaiataon of the current vortex Sq and changes inpthsition
of the focus of the current system. Anad et alD1@) have been able to show the change in the ratogh of the vortex of the
current system Sq and the fluctuation of its foasis function of the seasons and the solar activity

Depending on the season, the northern vortex héeratit configurations that deviate from the id&aj current model. In
addition, we found that the focus of the currerstegn moves, relative to the latitude of Médéa, fidomth to South and vice versa,
depending on the months of the year. In the Asifit@n and American sector, Pham Thi Thu et aD1{b) showed the existence
of asymmetries in latitudes, longitudes and hengsgh According to Pham Thi Thu et al. (2011b), $wefocus is at a lower
latitude in Asia. This explains the maximum of #raplitude of the equatorial electrojet observethVietnamese sector, although
the internal magnetic field is strong. The fact tha intensity of the main magnetic field is sganust give rise to a low intensity of
the EEJ. Indeed, Doumbia and Oswald (2017) shohetttihe EEJ is inversely proportional to the intignsf the main geomagnetic
field. Moreover, Doumbia and Oswald (2017) showat the longitudinal variation of the EEJ is th@sequence of the combined
effect of the longitudinal structures of the maeomagnetic field and the tides. While the seaswaahbility of the longitudinal
profiles does not depend on the main geomagnaetid, fthey are associated and controlled by theoseadehavior of the wind
systems in the thermosphere. According to Yigeneaal., (2013), the ULF magnetospheric wave, dueatiations in solar wind
pressure, can penetrate the equatorial ionospherenadulate equatorial electrodynamics. As a rethdt ULF waves modulate the
magnetic field and consequently the electric feehd the vertical drift EXB which is proportionalttee EEJ.

In the Southern Hemisphere, Torta et al., (201@)yaed characteristics of the regular daily vaoiatiincluding seasonal and
solar cycle variabilities. They found a clear degamce of the Sq amplitude on solar activity, altffothe Sq amplitude maximum
occurs about 2 years later than the sunspot maxirey tracked the focus position: focus latitudes higher during the summer
and at equinoxes than during the winter. Tortal.ef{2009) studied the long-term behaviour of taege of the daily geomagnetic
field variation using real and modelled dada frasmprehensive models. Trends in X, Y and Z geomagjeetnponents as a result
of changes in the ionospheric current systems amatysed.
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Le Truong et al., (2010, 2011) used the CHAMP madgritid data to study the magnetic signature ef HEJ. They used the
method of Doumouya and Cohen (2003), that they rieatjifn order to isolate the EEJ. They studiedpéeod from 2002 to 2007.
They calculated the current density at the cenfte¢he EEJ and its temporal variation. Le Truonglet(2010, 2011) found that in
summer and equinox the EEJ current density has xnmaalong the magnetic equator (at #5F, 9CW and 186wW) and 4
minima (45E, 140E, 4C0W And 135W). In winter, on average, there are only 3 max{@@6’w, 10°W and 110E) and 3 minima
(75°W, 45°E and 160E). It seems that the maxima in the southeast fodgizone are the strongest. These results arastmithose
of Alken and Maus (2007).

Figure 19 from Doumbia et al., (2007), shows the TIE-GCM wimtions of the horizontal component)(of the equatorial
electrojet magnetic effects at different longitudBisese simulations were performed for the equifigx June (J) and December (D)
solstices of the Lloyd seasons, under moderate aotévity conditions with ( ), and
quiet time geomagnetic activity conditions. Theegrated hemispheric power of auroral electrons seago and the cross
polar cap potential at (See Doumbia et al., 2007 for more details). Timpldude of is higher in equinox than in solstices at
all longitude. Depending on the longitude sectoe, amplitude of is either more important in one solstice thandtrer. Counter-
electrojet (CEJ) occurs in the morning, with ampléuwchanges according to the longitudes. The lamyeglitudes of the CEJ are
located between ° and ° geographic longitude, which covers South Amerite Atlantic Ocean and Africa, with the
strongest amplitudes in South America. In the afien there are no apparent reversals correspondi@iJ. Using the standard
model input parameters that include the migratidgs, the TIE-GCM simulations of the EEJ were evi@ddy comparison with
ground-based magnetic observations in West Afiica993, and with CHAMP satellite magnetic observation 2001 and 2002,
under approximately similar solar activity conditio

March

In Figure 20 (Doumbia et al., 2007)the diurnal and semi- _'150 ,'1?{) : 'BP : U : 5.0 : 1;.30 : 1889
diurnal migrating tidal effects simulated on groumdd at EOf SR @ oW 8o
430km altitude are examined and compared with CHAMI
satellite observed EEJ longitudinal variation iniegx. From i s e e ol U
this figure, it appears that the simulated tiddees well KoL R LR b b b b RS
support the wave structure of three maxima white ghtellite 2 £ : ;
observation exhibits a wave-four structure of th&JE
longitudinal variation. The TIE-GCM well produces shamf
the EEJ features as observed from ground-basedatetlite
magnetic data. Qualitatively, TIE-GCM accounts foe tocal
time, latitude, longitude, and seasonal dependehtiee EEJ. A :
From the TIE-GCM simulations, it appears that thgrating O A I
diurnal and semi-diurnal tides play an importanerin the b i VR e i s
wave structure of the EEJ longitudinal variatiorvéver, the ;i . . Tidaleffecton ground .
TIE-GCM simulations strongly underestimate the atogk of e
the EEJ magnetic effects. In addition, the TIE-GCdésl not RN S
reproduce well the wave-four structure of the Ehbltudinal -180 -120 -60 0 60 120 180
variation. The discrepancies between the TIE-GCMN.
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Figure 21shows the Sq system variation during a stratogplearming event (Bolagi et al., 2016). Interestingh the SSW
peak phase highér in the northern hemisphere compared to southemispdere contrasts the work of Yamazaki et al.1220
In associated with this, significant reductionstliire! . magnitudes over the latitudes in all of the staionvestigated were
confirmed during the SSW peak phase compared t&r gihases. These decreases are also confirmedheedip equator of South
America (Huancanyo), Central Asia (Trivandrum) aratific Ocean (Pohnpei) during SSW peak phase. Theshections in SSW
during the peak phase are strongly linked withdbeeleration stratospheric zonal mean wind dutirgSSW ascending phase that
initiate significant upward propagation of the westd propagating gravity and planetary waves (qu#siday wave) as it
approaches zero level.

The intensity of the upward westward propagatirayiy and planetary waves increases when the sphtic zonal mean wind
gets to zero level, which coincides with the SS\ilkoghase when the stratospheric air temperaturiglgest. This signi es that the
upward propagation of these waves module the tdahponents (diurnal and semidiurnal) in lower mha@sphere either by
enhancement (Sridharan et al., 2002) or reducheyér, 1999) of the dynamo electric elds. Henceygling of the ionosphere that
reduced the magnitude bf during the SSW peak phase is attributed to redoaif upward propagating tides from the middle
atmosphere to the ionosphere.



Cacrmnagretic Latide (degrea}

1 a 12 18 1] i iz 1B o B iz ] 1 ] 12 18 1] i 2 1B ] B i 1] M

* O 1$( N * "9

From the movement equations for ions and electionshe dynamo region of the ionosphere, the Pedeessd Hall
conductivities $p andsy) could be obtained by the formulas (Richmond 1995):

N u-W. U W where I\L is electron dens_ityuin and uen are th.e collision
Sp=—=2 2'" L+ ze” & * frequencies between the ions and electrons with rteetral
B u;+ VV,2 Ui t \Ni particles W andW; are gyrofrequencies of the ions and electrons,
6-8 B is geomagnetic field intensity in the station.
N WA W2 From (7) we can see that to calculate PerdersenHaiid
S, =—= 5 e - — ! conductivities, we first have to calculate the theight electron
B ui.+ \Ni u, + \/\/,2 density profiles inverted from ionograms using pesg POLAN

(Titheridge, 1985), then calculate the collisioaduencies of the
ions and electrons with neutral particles.

The neutral particles density, ion temperaturected@ temperature and neutral particles temperstare calculated by MSIS 90
atmospheric model (Hedin, 1991). Then, we datermine the collisions frequencies of electrothwieutral particles (O, NO,)
and the collision frequencies of ions'(MIO*, O",) with neutral particles in the E-layer and the ésivF-layer (Richmond, 1995).

Pham et al., (2012) analyzed the ionograms at Pluy ©bservatory during the 1996-2004 period fothdges of solar activity:
minimum (1996), ascending (1997-1999), maximum (2R002) and descending (2003-2004). For each yeagujet days (am<20)
corresponding to 4 different seasomalfle 3)are selected in order to estimate seasonal wvamgtFor each day, Pham Thi Téial.,
(2012) calculated the true-height electron denpityfile at 10.00LT, 12.00LT and 15.00LT. The Pesder and Hall densities
profiles are calculated for these observation epdohthe height range from 80 km to 160 km of itn@osphere. We analyze the
diurnal, seasonal and sunspot cycle variationsradspheric conductivity during magnetically quiays during the period of interest.
The results showR{gure 23 that the Perdersen and Hall densities profilegehone maximum in this height range and these
maximum values at 1200LT are greater than at 100@hd at 1500LT. The maximum altitudes of the cotidities profiles are
nearly stable in time. The average values of thgimam altitudes of Perdersen and Hall conductigitige 127.40.8 Km and
107.30.5 Km, respectively. Maximum amplitude of Hall ductivity was greater than the one of Pedersen wdivity. Both
conductivities varied clearly with the season drelamplitude of these maximums was greater in surtime in other seasons. The
Hall and Pedersen conductivities peaks dependlglearthe sunspot numbeFifure 23. The correlation coefficients between the
Hall and Perdersen conductivities peaks with thresgat number are of 0.78 and 0.83 respectively.
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Adebesin et al., (2015) investigated the nighttimerphology of vertical plasma drift¥y inferred from ground-based
measurements of the F-layer height at Ouagadout#’il, 358.6E) in the trough of the African Equatorial lonizati Anomaly
(EIA) over sunspot cycles (SCs) 20, 21, and 22 (1P8#). The peak magnitudes\4f during the Pre-reversal enhancement (PRE)
(at about 18.00 LT) and minimum reversal periodsitgk the 11-year sunspot cycle evolution with #war sunspot numbeR#.
The work reported a semi-annual asymmetry in théatian of V4 during all cycles of the PRE event with peaks inréhaand
September/OctobeFigure 23from Adebesin et al., (2015) clearly indicatecemarkable consistent pre-sunrise enhancementdor th
years in SCs 20 and 21 (i.e. 1966 — 1986) aroungrirasunrise hour of 05 LT followed by a downwaxrdw@sion. This pre-sunrise
enhancement characteristic, which is not a redgaekaiure of plasma drift in the morning local timtloe equatorial ionosphere, is
observed to be driven by zonal electric field eedads a consequence of the polarization field whebelops from the actions of
thermospheric wind and steep conductivity gradienthe E-region (Nayar et al., 2009). Near locairsse, the electric field initially
builds for a short period thereby increasing thee@ion conductivity. This in effect creates vertiealocity pattern as a result of the
additional interacting effect of both the E- andbffers; which can only be present near the locatisel terminator, creating related
abnormal characteristic in the drift pattern (Righbeth, 1971).

The rate of inhibition of the scintillation effentaximises during the solstices and increases vetitedising phase of sunspot
activity. The years 20-22 had earlier been classifity Ouattara et al., (2009), using Zurich sunspohber (Rz), into minimum,
maximum, descending, and ascending sunspot cyelseghcharacterised by Rz < 20, Rz > 100, 1& 20, and 20 Rz 100
respectively. Adebesin et al., (2015) thus repotied the rate of inhibition of scintillation maximes at sunspot minima, increases
during sunspot cycle descending phase, decreasieg dunspot ascending phase, and minimizes dstingpot maxima for all SCs.
This observation is in agreement with the resuliaivied by de Paula et al., (2003) in which the sepdf scintillation effect
maximizes at sunspot maxima at stations in theriéton. The work further showd, among other restiitat the phase of a sunspot
cycle has great impact on the PRE and minimum savg@eak magnitudes.
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In the work of Grodgi et al., (2017), some charastie
parameters of the equatorial electrojet were egtichan the
basis of the IPS-42 ionosonde data that were redomt

1998

1996
1984

1992

1880 Korhogo during 1993 and 1994. The study consistéd o
Gaka o s determining the zonal electric field through arireate of the
plasma vertical drift velocity. The daytime plasmertical
1986 (= drift velocity was estimated from the time ratescbfinge of
1984 {10 the F-layer virtual height variations and a cori@cterm that
@ takes into account the ionization production and
?} ings recombination effectsQrodji et al., 2017 and references
1980 1° thereir). This method resulted in an improved verticalftdri
— velocity, which was found to be comparable to thsutts of
y previous studies. The estimated vertical drift e#o was
1976 o used in a semi-empirical approach which involved tRI-
1974 [ 2012 model for the Pedersen and Hall conductivities the
P i IGRF-10 model for the geomagnetic main field intgnsi
Thus the zonal and polarization electric fields a@re hand,
1970 and the eastward Pedersen, Hall and the equatdeetrojet
1968 -10 current densities on the other hand, were estimated
fis C Furthermore the integrated peak current densitthatEEJ
OO 1748 48 20 51 25 5506 01, 00 B3 0& 85 0 center was estimated from ionosonde observationd an
Local Time (he compared with that inferred from magnetometer datse
L) * : integrated EEJ peak current densities obtained flwth
* cx* = * experiments were found to be in the same order thait
$omrUS97 G - I"SOH seasonal variations exhititie same trends as well.
& ?
& 5 5
Nishida et al., (1966) found fluctuations in theréstrial T} B S e e s e e e e e e ——

magnetic field with a period of less than a few fisatlnat were - .
synchronous at all latitudes. Nishida et al., ()968med this 9 E

phenomenon DP2. Vasyliunas (1970, 1972) producedirtst - 4+ HUALT=UT=5} -
model of prompt penetration of the magnetospheiosection 8 MARE(LT=UT+2) |
electric field (PPEF) to explain the DFRanc and Richmond - O GUAILT=UT--10) |

(1980) defined the lonospheric Disturbance Dynaffioey
modelled the disturbance of the ionospheric eledteids and
currents created by a disturbed thermospheric alewtind
generated by auroral Joule heating during magrsttoms.
The signature of this physical process (DDEF) whaseoved
by Fambitakoye et al., (199@nd extracted from the data for
the first time by Le Huy and Mazaudier (2005) anelytnamed
this magnetic disturbance Ddyn, see the sectiond 18
tutorial.

& 5

Mene et al., (2011) carried out a statistical stodythe
DP2 using the ground magnetometer data at diffdomations
from polar cap to dip-equator over the African, asiand
American sectors. To perform the study of the DR&ng
Mene at al., (2011) used only data recorded dutfiregfirst a ' B 12 16 50 24
hour of a disturbance, to be sure that the DPZotigystem at Local time (Hours)
the equator is not polluted by the disturbance chmaurrent
system. Indeed the disturbance dynamo Ddyn needsate . (s 5
hours to reach the Equator (Blanc and Richmond 1980). *  $998 >

Mene et al.,, (2011) established an enhancement rati GL: H G 3H G1; H-
showing a daily variation with a maximum value ardu2:00 G+ I"$H
LT. This ratio is correlated with the regular véioa of the
geomagnetic H-component. The longitudinal variatadrthe
enhancement ratio of the DP2 exhibits high values the American sector compared to Asian sectdrAdrican sector which have
lowest values. This longitudinal dependence islainto that of the equatorial electrojet magneffe. Figure 24from Mene et al.,
(2011) illustrates this result.

Three phases must be considered as regards thetgwenetration of the magnetospheric convection:

Enhancement ratia of DP2
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In his PhD, Mene (2013) has established for the daraasset observatory an empirical relation conogrtiie over shielding
phase, linking the observed perturbation DP2 teethetric field Ey = Vx.Bz, with a factor of corréiien r = 0.896.
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PPEF and DDEF mechanisms generate significant
disturbances of electric fields and currents resjta for the
geomagnetic field disturbance with different scalesing and
after the magnetic storms. The energy input to {egkude
ionosphere generates westward and equatorward aheutr
disturbance which modifies the quiet time ionosghdynamo
electric field. After the storm commencement a feours are
required for the disturbance winds and disturbadgeamo
electric field to set up, and once set up, they parsist for
many hours.

On a quiet day after a storm, during the recoverssp,
when the magnetic disturbance related to the dpeoetration
of the electric field (DP2) be neglected, we cansider that
the Earth’'s magnetic field integrates mainly thfe&s of the
regular electric current related to global windivein by solar
heating &, and of the disturbance ionospheric dynamg,D
related to the disturbance winds driven by higittlde heating
and ion drag. So we can obtain the magnetic sigaaifithe
disturbance dynamo in the H component of geomagfietd

by a simple formulaD, =DH - S, - Dg.cosf ,

where IQ; is the ring current index anfd is the geomagnetic
latitude of the station. Using this criterium for rbagnetic
storms in 2000 and 2001, we (Le Huy and Amory-Malkey
2005) observed the diminutions of the magnetic Zumtial
component around the local noon of the equatoriadmatic
stations on the first day of the recovery phasecivhéepresent
the ionospheric disturbance dynamo effect. Amorgyahove
selected cases, 25 November 2001 was the sole ftlayaa
storm to exhibit the same equatorial signature bé t
ionospheric  disturbance dynamo in three (American,
European-African and Asian) longitude sectors ands w
analyzed more detaily (Le Huy and Amory-Mazaudi£08).
Using the magnetic data of 67 magnetic observaaner the
world, the equivalent current systemyp related to the
ionospheric disturbance dynamo process is estimated
Assuming the E region can be assimilated to a layigr a
very broad horizontal area and a modest verticaledsion
(Mazaudier, 1982), the components of the Earth’gmatic
field related to the lonospheric horizontal electiurrents are

1
determined byDH ~J,, DD ~-J, /sinl whereDH

and DD are the disturbances of the horizontal comporent of the declination of the Earth’s magneticdfjdl is the inclination.
Maps of the magnetic signature of the ionospheistuthance dynamo on 25 November 2001 at 04.30W@ytirde in the Asian
sector, at 12.30UT, daytime in the European-Afrisantor, and at 1930UT, daytime in the Americariagdtave been established

and showed inFigure 25

In Figures 25 a-ave can clearly identify the strong westward eql@intcurrent at the equator, reversed from the lysatdern
and the anti-SqjfScirculation at mid-latitudes. IRigure 25awe cannot identify a main cell because of th& #cdata in this sector,
but in Figures 25b and, ave can clearly indentify a main anti-Sq cell, tiadarly in Figure 45 b, the anti-Sq cell is vewgll difined
in the European sector where there are many maguiesiervatories.

Using the same criteria used by Le Huy and AmoryMalier (2005, 2008) for 2 magnetic storms in 1883the magnetic
stations in the Europe-Africa, American and Asiactsers from equator to high latitude in both hemees, Zaka et al., (2009)
studied the latitudinal profile of ionospheric didiance dynamo magnetic signature. Their resultsvshat at low latitudes and
magnetic equator, they[3 disturbance is southward and associated with awsed disturbance of the equatorial electrojet entrr
and the [y, is maximal at the magnetic equator probably du@ecdaytime significant Cowling conductivity. At dnliatitudes in the



Northern hemisphere, the latitudinal profile of fdisturbance shows the circulation of an of anveast current at 45for a severe
magnetic storm in agreement with the model of Bland Richmond (1980), whereas it is establishedrat@@N for a moderate
magnetic storm. Both currents close via the lowudg and the equator through an anti-Sq cell. Tagnatic signature of they[
disturbance in the Northern Hemisphere is oftefeciht (in term of extension) from that of the Swmrh Hemisphere, the [}
signature exhibits a dissymmetry with respect te thagnetic equator. Zaka et al., (2010) used TIE-GGMnvestigate the
ionospheric disturbance dynamo signature in geoetagmariations. The model qualitatively reproduties observed diurnal and
latitude variations of the geomagnetic horizontéémnsity and declination for the reference quist idamidlatitude and lowatitude
regions but underestimates their amplitudes. Theewe of the disturbance dynamo signature anddtgce “antiSq” current
system are well reproduced in the Northern Hemismhelowever, the model significantly underestimaties amplitude of
disturbance dynamo effects when compared with @aiens. The discrepancies suggest that the askhigh latitude storm time
energy inputs in the model were not quantitatiagurate for this storm.

Later Fathy et al., (2014) analyzed the magneti@atians observed during a magnetic storm generayeithe shock of a CME
on April 5, 2010 (Shimeis et al., 2012). This CMEswallowed by a High Speed Solar Wind flow durireysral days after the
shock. Fathy et al., (2014), by treatment of sighak isolated the Ddyn disturbance for a genexrsé,ci.e when DP2 and Ddyn
coexisting Figure 26presents the result. The variations are observétkei three observatories Phu Thuy (Asia), Aswan¢a) and
San Juan (America). The behavior of Ddyn, at laudes, predicted by Blanc and Richmond (1980) wigimhsists of and anti Sq
variation is observed. Figure 46 illustrates thffedint responses of ionospheric disturbance dynamime different longitude
sectors with the strongest response in the Afregaior under the influence of a high speed strehmiag four days and southward
IMF during a very long period. During recovery pbasf the storm the maximum decrease of ionosplusitirbance dynamo is
observed at ASW (-90 nT), PHU (-70 nT) and SJG &) but not at the same phase where the firstorespis at PHU then at
ASW after that at SJG. Th disturbance dynamo istaithance in Local time contrary to the DP2 disturce
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Existing observations reveal that the ionosphenermosphere response to solar wind drivers of fhithe@ magnetosphere-
ionosphere (MI) system shows asymmetries betweerNtirthern Hemisphere (NH) and the Southern HereispliISH). At first,
asymmetries of the MI system were initially cortethwith interplanetary magnetic field (IMF) oriatibn, season and ionospheric
conductivity in the upper atmosphere. High-latitudedeling e orts (Richmond and Roble 1987; Benkevihal., 2000) support
that the hemispheric asymmetry is caused by inteidmgheric eld-aligned currents (FACs). Numerousdéts of both ground and
satellite observations demonstrate that the dynamithe upper atmosphere shows asymmetrical featiuregeomagnetic and
ionospheric activity (Costest al,2006; Laundaét al, 2010; Jstgaardt al.,2012; Kimet al, 2013; Prikrylet al.,2011; Prikrylet
al., 2015), caused by large seasonal differences keatwiee two hemispheres. Indeed the summer hemisplesponds more
promptly to changes in magnetospheric convectiam the winter hemisphere (Mayaud, 1970).In additmmmerical simulations
(Cnossen and Richmond, 2012) show that hemisphemiorastry behavior can be explained by asymmetrigsérEarth’s magnetic
field.

Zaourar et al., (2017) studied the hemispheric asgtries in the magnetic signature, Vertical TotllcEon Content (VTEC)
and scintillation activity in response to the higeed solar wind stream of 24-28 August 2010 ugmipus latitude geomagnetic
conjugated observatories and GPS conjugated ssatPolar cap conjugated points map remarkable agymnm geomagnetic
response and scintillation activity to HSS everthva long lasting diurnal and short times periatisplaying greater amplitudes in
the Southern Hemisphere (SH) than in the Northeemidphere (NH). At middle latitude conjugated paive note a hemispheric
asymmetry in the ionospheric disturbance dynameigged by the Ddyn disturbance, with a longer domain the SH than in the
NH. In this longitude sector signi cant asymmetrysaciated to ionospheric VTEC is observed betweerNtH and SHFigure 27
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Electromagnetic induction studies use as sourddsfithe magnetic fields generated by the electigents in the ionized
environment of the Earth. At equatorial latitudd® equatorial electrojet exercises when presensiderable over the transient
electromagnetic field at the Earth’s surface and simould consider separately daytime and night timen solving the induction
problem . At night time, the plane wave approximatholds, and the well-known magnetotelluric (MTéthrod can be used; during
daytime, on the contrary, because of the limit¢itidinal extent of the equatorial electrojet hoeewhe plane wave approximation
no longer holds, and the actual distribution ofdigheric currents must be taken into account.

The variation of the E-W current density with latie has been studied for decades and various mbae¢sbeen proposed.
Vassal et al., (1998) showed that they do not difgnificantly from each other, and used the sofubf the induction problem for
Gaussian distribution of currents proposed by &e#thd Hermance (1971).

In his thesis, Luu Viet2011) used such a Gaussian distribution of elgttourrents to model the induction by the eleetr,cpnd
characterize the source effect associated withyitomparing the computed response of 1-D modetsowt (using MT plane wave
assumption) and with electrojet. He thus showed tthe period range for which this source effechégligible depends on the
electrical structure of the Earth; the electrojtrent geometry, and the distance between the rcefitee equatorial electrojet and

the position examined.



This approach was used to analyze electromagnaticid two regions located in the vicinity of thagnetic equator for which
electromagnetic data were available: South VietaathWest Africa.

In West Africa, the data were those recorded inftame of the AIEE, with a 60 seconds sampling.riieng (2011) showed
that during daytime a significant source effegbissent over the whole studied period range (T>s)2Daytime data were therefore
not used to determine the electrical structurehef ¢rust and the upper mantle. The 2-D inversiomighittime data shows the

presence of a relatively conductive subverticalcttire which separates the highly resistant Wesicdd Craton from the lands
under the Senegal River Basin.
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In Southern Vietnam, Luu Viet et al., (2014a) amaty data (period range: 0.001 s to 1000 s) recaatl8 stations along the Cu
Chi - Ben Cat profile, across the Saigon River falfstly, a station with one-dimensional (1-D) MT laefor was selected, and 1-D
MT inversion of the data of this station is perfeshn The so-obtained three-layer geoelectric stracitas then used to characterize
the source effect of the equatorial electrojehatstations of the profile. It was found that thenp wave hypothesis holds in the area
below the EEJ, for periods smaller than 0.7s; MiT aecordingly be used there for this period rakggeoelectric cross-section of
the studied area was thus obtained, down to 10r&km fwo-dimensional inversion apparent resistid@ga in this range of period at
all stations of the profile. It consists in a 3d¢aymedium, with an intermediate resistive layemieein two conductive layers; two
low resistivity regions which may be related to themajor faults of the area can be seen in the rappst conductive layer
(Figure 28.

In the Red River Delta, Luu Viet et al., (2014b) guatl data recorded along an about 32 km long proftersecting the major
faults of the Red River fault system. They showed tha plane wave approximation holds for periodsilgmnthan 1 s. A cross-
section of electrical resistivity for the first & kilometers was then obtained through 2-D MT inversion of tla¢adn this period
range. Together with the electrical resistivity sseection, a density cross-section obtained byetimggdthe gravity data acquired
along the same profile, as well as information\d=tifrom boreholes carried out in the vicinity bétprofile were used to propose a
geological section of the studied region.

% C) PE 5;;:9
Ngyuen (2015) analyzed the structures in the iomsite [O *] observed along the nighttime half orbits of thENDETER

satellite from 2005 to 2010 at aftitudes between 650 and 715 km and in the tgitange (60°N - 60°S),. He classified the events
according to 5 morphological categories (A, B, C,H),that correspond to different physical phenomtirzd affect the latitude
profile of the major ion species'Ctypes C have been identified as signatures oflatitlide MSTID, types E correspond equatorial
plasma bubbles and types D appear as plateau dd'tensity. In the top panel of Figure 29 below, aetfpB8 event is shown,
typical of the dynamics of the nocturnal equatadipabsphere and featuring a plateau in the eledtimand O densities. The bottom
panel represents the number distribution of suemesvas a function of longitude. 4 maxima are ofeskcorresponding, from left to
right respectively to the African, Asian, PacifisceAmerican longitude sectors. Such a number 4 \gaweture has already been
observed by Sagawa (2005) and Henderson (2005)tfreranalysis of UV emissions of the OI135.6 nre limeasured onboard the
IMAGE and TIMED satellites. A detailed analysistbése events was presented by Nguyen (2015).
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This section has presented numerous results cangettre low latitude ionosphere in Africa and Aslae studies were carried
out on the large ionospheric databases previousjyieed for ionospheric forecasts, which have neerbused for research, as well
as on new data acquired with the GNSS techniquayMesults were found:

The diurnal, seasonal and solar cycle variatioriersation were characterized in new points okierworld

The Long-term variations of the ionosphere in Buakitaso and Vietnam were observed

-The correlation between the critical frequencyhaf FOF2 layer and the sunspot number is highAfrina than in Asia
The focus of the Sq system is lower in Asia thaAfiica

A stratospheric warming event can produce the gisarance of the Sq current .

The longitudinal behavior of the Equatorial Ele@tand its induction effect were characterized

The interhemispheric asymmetry in ionization angynadic field due to a High Speed Solar wind wasattarized
etc...

Our studies leaded to the separation the magniécte due to the prompt penetration of magnetosplwnvection electric
field (DP2) from that of the ionospheric disturtiythamo electric field (Ddyn).

We were also able to develop models of ionospleencluctivities in Vietham and ExB drift in Burkif@so.

The new data obtained allowed new comparisons thithexisting models, and for all the models (CODE, NeQuick and
TIEGCM) improvements are needed.

All these studies have been done by students asptreir PhD and are currently being pursued @t @f the research teams
trained in the various projects.
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Space Weather is a relatively recent discipling doembines the study of the physical processesi@fSun-Earth system and
their effects on new technologies such as GNSS. demoyment of GNSS receiver networks on the glbas given access to
research to many countries of the South. All sdienvorks are focused on fundamental researchappdied applications. In a first
section, we introduce the observed disturbancebeotlectromagnetic signals: the F spread andnitieds (ROTI and S4) which
can be calculated to characterize the perturbatiorthe GNSS signal.

Then, we will present the detection of Sudden Conueerent (SC) by the Ebre Observatory for the entilengific community
(section 3.2) and the magnetic effects of solaefigSfe) (section 3.3) with an answer to theofeihg question: when a Solar flare
such as that observed by Carrington in 1859 is ssifte to happen? Sections 3.4, 3.5 and 3.6 d¢lalggomagnetic storms, their
impacts on GNSS and the geoelectric phenomenaiassbevith the magnetic storms. Finally, we presergection 3.7, the spread
F and the scintillations which are perturbationghaf electromagnetic waves crossing the ionospfédrese disturbances are very
important in the equatorial zone. They can be oleskrevery day as they are related to ionosphedsnmh instabilities in the
equatorial zone which are very frequent.

-5 +

- #

The term "spread F" is used for observations spm#din frequency or in altitude, recorded on tbeogram.Figure 30
illustrates such an event measured by the ionostif842 at Dakar on 02.February 1991 at 05.00 UTe dbmber of echoes
recorded in the F2 region, above 200 km (betweand?5.6 MHz) does not allow to identify the expddtmospheric layers and it is
therefore impossible to estimate the virtual peoéik it is possible on figure 27a of the Solaetgrial part

When a radio wave encounters irregularities initimesphere, it is diffused and each diffused signerferes with the others
according to a complex mechanism. On the groundplserve a spreading of the return signal. lonogratiow to identify the
complexity of the environment at the time of thesetvation but do not allow access to any otheiistizdl parameter of the
environment.

At low latitudes, the phenomenon is observed indfeatorial zone, ie 25 degrees on both sidesefithgnetic equator. It
occurs at night after sunset (21.00-01.00 local$)owhen area F2 begins to rise. A seasonal effasthighlighted with a maximum
at the equinoxes and in winter. During years afrggrsolar activity, the phenomenon is practicatlgsgnt every night.
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The STEC measurements calculated from the phaseurseasnts on the 2 GNSS frequencies may be usedpasameter

showing the existence of scintillation. The contgradient called 'Rate of TEC' is expressed in TEGImit and is obtained by the

relation

STEC, ., — STEC,

ROT (k) = e e 60 (9a) where k is the number for a given satellite.
k+1 ™ ke
{ - - The ROTI is the quadratic value of changes in ROT aviixed
= . 2 - 2
ROTI = < ROT? > —< ROT > ©0)  eriot



In practice, it is possible to use Rinex files ev&@s. The ROTI index is then calculated on 20 pofots 10 points)
corresponding to a period of 10 minutes (or fivaunes).

'@ $ @

sd = Jw 6> 8
<I>* wherel is the intensity of the signal and <> is the mean.
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The Ebro Observatory (Spain) is a centennial olagery devoted to Solar-Terrestrial Physics sinsddtindation. In particular,
it belongs to the global network of observatoriest tcontinuously monitor the Earth's magnetic fidldt also patrols the Sun, the
Earth ionosphere and Earth atmosphere studyinghisical processes in the system Sun-Earth to mepooir understanding of our
Near Earth space environment in what we call Siydeather. Ebro Observatory hold the International/i8e of Rapid Magnetic
Variation, which was endorsed by IAGA to elaborabe official lists of Rapid Variations, essentiallgudden (Storm)
Commencements and Solar Flare Effects.

Sudden (Storm) Commencements are abrupt enhancemehéshorizontal component of the magnetic figldt often precede
the beginning of episodes of magnetic activity. Bwelution of both, the concept and the operativethmds of detection were
reviewed by Curto et al. (2007). They proposed antifigation in the threshold values of the SC parmrgefor an event to be
included in the official lists. For Space weathelis a necessity to have continuous measuremerttstas necessary to develop
observatories all over the world.

--#

Curto and Gaya-Piqué (2009a) studied the geoeffautiss of 50 —
Solar Flares in Sfe production. It depends on thectsal band in |
which we observe them but not on the position om gblar disk S
where they are produced. Curto and Gaya-Piqué {H0@so 40 |
analysed how the disturbances in the geomagnetid ficting as
natural noise and the irregular distribution of thmagnetic
observatories limit the efficiency in the detectafrSfe.

Human society is more and more dependent on space-tand
terrestrial infrastructures which are vulnerable Space Weather
effects. Blanch et al., (2013) performed an int@igi;ary study of
the effects of solar activity on the Earth’s enwiment for a moderate
solar activity event (24-25 October 2011) focusimgthe effects on
the ionosphere (disturbances in foF2 and hmF2)tleedeomagnetic 10 |
field (solar flare effect, storm commencement, Ri@omagnetically
induced currents). They established a practicat&p¥eather global-
to-local observational procedure. o mm— : - LT

Big flare is a topic of major interest to Space \keatfor their 1" 11.25 1.5 11.75 e
implications in technological systems. Curto et @Q016) established Time (hours)
an empirical relationship between the variatiothia radiation and its .
effect on the Earth magnetism. Then, using thergevéunction, they $ (G @ ) . $

: $808 *) - GI"$#H
could estimate the energy flux of the two largémtels ever observed A @ o7z |
the Carrington event (18p8figure 31)and the Halloween event $$($0-G) - IS#H
(2003). They found that both flares can actualllassified as being
larger than X45. Using occurrence statistics fer pleriod where data
from satellites are available, they also calculdtedlreturn period for a Carrington-like flare esting thereturn period to be 90
years.

-/6 (+ +

The internal mechanism of geomagnetic fluctuatiansompanying the development of geomagnetic stasms complex
nonlinear system. Some previous works have denaipsdtithe statistical self-affinity properties olvegl in the geomagnetic times
series (Chang, 1999; Sitnov et al., 2001; Uritskplet2001, 2006; Kovacs et al., 2001; Lui, 2002anfiss, 2005; Balasis et al.,
2006; Wanliss and Dobias, 2007). The transitioa tnore ordered state, as the magnetic storm pgakaghes, results in a higher-
scaling exponent, indicating a higher organizat@rpwer entropy, of the Earth’s magnetosphergéesysiuring magnetic storms

Zaourar et al., (2009) and Zaourar et al., (20E3a)mined the fluctuations of the horizontal compared the Earth’s magnetic
field to identify scaling behavior of the tempovalriability. They used the raw datasets recordesvatmid-latitude observatories,
Chambon-La-Forét (CLF, France) and Hermanus (HER hS&inica) during the solar cycle 23 (years 199@605).

Zaourar et al.,, (2013b) used the magnetogram raguléor six intense magnetic storms, including tBadden storm
commencements (SSCs) of 14 July 2000, 29-31 Octaer20-21 November 2003. Their findings point toeardent relatively
sudden change related to the emergence of persystéthe fractal power exponent fluctuations pdssean intense magnetic storm.
These first results could be useful as an indicatoforecasting magnetic activity.

-0 63

Numerous studies have been done on magnetic storthe past, but in general the physicists of tr@sphere considered the
magnetic storm taking into account the parametémhe solar wind Bz and IMF and the magnetic indest. [Dne of the great
novelties brought by the space weather has beenrtsider a study from the Sun to the Earth by diffdating the type of solar
event that generates the magnetic storm (Shimeik,e2012; Azzouzi et al., 2015; Azzouzi et aD18; Nava et al., 2016; Migoya-
Orue et al., 2016; Rodriguez-Zulaga et al., 20¥5Hly et al., 2016).
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We chose to present the impact of two solar evdtiis.first event is a CME followed by a high speelhswind in April 2010.
The second event is a succession of CME in OctdbES.2
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During the beginning of sunspot solar cycle 24, aEC#jected from the sun off 3\pril 2010 reaches the Earth on 5 April 2010.
The image of SOHO Extreme UV Telescope, Space wedttleb site predicted that “a solar wind streamifra coronal hole could
reach the Earth on 6-7 April”. The SSC associatetthé¢ CME was detected at 08.25 on ApriFfgure 32a $himeis et al., 2012)
presents the parameters of the solar wind speedn ¥r/s and the component Bz of the interplanetaagnetic field in nT. This
figure illustrates the impact of the CME at thedinf the SSC, with an increase in the solar win@édé 500 km/s to more than 700
km/s associated with a negative component of Bzarerthan -10 nT, The Bz turned rapidly north, themed south and remained
south for more than 30 hours. We also see thergigoii the arrival of the CME on the Dst and the aalrindications AU and AL
presented on the 2 lower panels. On April 6, tHarseind speed decreased to 500 km/s and this thilrrival of the fast solar
wind. At that time, the speed of the solar wind@ased further and remained stable around 600skdufing the two days following
the 7th and 8th of April.



Figure 32bpresents on the two top panels the variation oE&€Tneasured with the SCINDA station and the variatiohthe
Earth’s magnetic field measured with the MAGDAS metpmeter. We must remember that the SCINDA and MAGDetworks
were deployed during the IHY projecOn each of the top panels the dotted curves remtréise regular variations and the solid
curves the observations. On the top panel, bef@airival of the CME the observed values agree wi#i the regular values. We
observe a sharp increase in VTEC at the arrivahef@GME followed by a decrease in VTEC the followiraysl On the second
panel from the top the variations of the Earth’gmetic field illustrate also the impact of CME ardthspeed solar wind.

The variations of VTEC become close to the reguéaration on April 8th whereas for the variationtbé magnetic field the
return to normal is observed only on April 10th.eTthird panel from the top of the figure shows tkiation of the Diono
perturbation (Diono DH-Sq-SYM-H, Sq: regular variation of the Earth’sgnatic field during magnetic quiet days). We observ
an anti-Sq circulation on the 6th, 7th and 8th pfilA Finally, the bottom panel presents the inkemgtary electric field Ey (Ey = -
Vx.Bz), which shows a strong disturbance at the tiinhe impact of the CME on 5th April at 08.25, aedains eastwards during
the 5th and 6th of April.For this same event Fathy et al. (2014) have estafrom Diono the Ddyn perturbation due to the
ionospheric disturbance dynamo (Blanc and Richmd@®0). This result is presented in the section rStderestrial physics.
Shimeis et al. (2015), also for this same eventehavidenced the propagation of an ionosphericetliag disturbance in the
northern hemisphere starting from a latitudinalictod GPS stations.
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In October 2013, SOHO (Solar and Heliospheric Olzgery) solar data shows that several CME are ejedteing this period.
Three CME hits the Earth during October 2013. TheCS8ata give the time of the shock of the CME
(http://www.iugg.org/ IAGA/). The first CME hits the Earth in the early mornimg October 2 (SSC: “Sudden Storm
Commencement” at 01.55 UT), the second one on Oc®lire the evening (SSC at 20.22UT) and the third on October 15 at
10.00UT, for this last event there is no detect&8¢€. Several other CME swept the Earth on Octo®emn? 30. During this same
period there is also the arrival of high speedrsglad associated to a solar coronal hole on OctdBearound 08.00UT

Figure 33afrom Azzouzi et al., (2015presents the parameters of the solar wind (spegd@anas well as the magnetic indices
SYM-H and AU-AL for the month of October 2013. TBSCs and the start of the disturbances without S8@arked with a red
bar. Figure 33bfrom Azzouzi et al., (2015 presents maps of the ROTI index which indicate tresgnce of scintillations. This
figure shows differences between west and eastfra¢@Aand studies still need to be done to expiiliVhat interested us in this

-0

I



figure is the absence of variations of the ROTI dth10October over all Africa. Observing the Ascensionosonde data we found
that on the 14th October the layer F does notujsafter sunset as usualVe have explained this observation by the existerfice
westward electric field inhibiting the normal Baard electric field. It is this eastward electfield which lifts up the layer and
allows the development of the instability of RaykeiGaylor at the origin of scintillations in GPS is&. By using magnetic data, it
was shown that this westward electric field oppogitthe normal electric field was created by tireospheric disturbance dynamo,
DDEF, related to the high speed solar wind arriahthe Earth on 14th October 2013. This resduit agreement with the prediction
of the model of Fejer et al., (2008) concerningefiect of the ionospheric disturbance dynamo.

These two examples clearly show the importanceuafying long periods to truly understand the impaaftsolar events on the
ionosphere and develop Space Weather.
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A similar event was studied by Azzouzi et al., @Dand Migoya-Orue et al., (2016). They showed thatimpact of a high
solar wind could be regional and in their case Hingh speed solar wind affected Africa and East Acae More recently Rodriguez-
Zugala et al., (2016) compared the different impech CME and a high speed solar wind on the Nomtleeest of the Equatorial
Anomaly. They found that the response of the Iotittlde ionosphere to solar phenomena is largelgrdeéhed through the
oscillation frequency of the IMF Bz by affecting tbeneration of the two mechanism of coupling betweigh and low latitudes
PPEF and DDEF differently. This is seen as an efiébiow the energy from the solar wind is transdrinto the magnetosphere-
ionosphere system.

-26 '/ $ %%-

The induced effects of space weather related ggoet disturbances in the EEJ influence areaamimed through the geo-
electric field variations in West Africa by Doumtsaal., (2017) [238] . In that purpose, variatiofishe North-South £ ) and East-
West ($ ) components of telluric electric field were analgiz along with that of the three componerfis & and' ) of geomagnetic
field during the geomagnetic storm of 17 FebruaB893) and the solar flare observed on 04 April 1688 Doumbia et al., 2017
and references therein).

The geo-electric field responses to tffe that occurred around 14:30 LT on 4 April, 1993 alearly observed at different
stations(Figure 34).At LAM the crest to crest amplitude of the geoetilie field components associated with tife are #

) and $ ) . Note that the( impact on the geo-electric field variations decesawith the increasing
distance of the stations from the sub-solar paifiich is located at about 5.13°N on 4 April. Thisnd does not reflect the
increasing amplitude near the dip-equator due itte Gowling conductivity in the EEJ belt.
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These observations demonstrate that intense speathev events are potential sources of electriaatichs within the Earth at
low latitudes. The effectiveness of the inductiffects of these geomagnetic field variations at latitude is clearly shown through
the geo-electric field observations. Accordinghe bbservations shown is this work, the most ingrdrinduction effects during the
geomagnetic storm of 17 February 1993 and the flalar of 04 April 1993 are associated with stoudden commencement*()
and solar flare effect () which are intense and rapid geomagnetic fieldatians.
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Using the vertical ionospheric sounding data obegiat Phu Thuy observatory (21.689105.958E), Vietnam in local night-
time from 1800LT to 0645LT for the 1962-1979 peritite occurrence characteristics of Spread-F wadiesl by Tran Thi Lan and
Dao The Cuong (2013). During this period, the 15ut@rfilm ionograms are obtained by the IRX (Hungayiand AIC (Rusian)
vertical ionospheric sounding systems. The statiskiservations show that the most common typegas-F observed at Phu
Thuy are the range spread type (Fs_Q) and thedreyuone (Fs_F). This result is different with tmee of Hoang Thai Lan and
Nguyen Thu Trang (2009using the ionosonde data from Ho Chi Minh city obatry, South Vietham, where the spurs spread F
type (Fs_P) is observed more frequently. The spFeadcurrence frequency is calculated by the foemul

f(%)= LA *100 (10) where T is the ionogram number with spread-,iF ionograms lost
T- T2 by technical errors, T is total ionograms duringhtitime for the
studied period(Figure SW6).

The statistical result shows that the maximum spfeaccurrence frequency of both types (Fs-Q arB)Rsccurs after midnight
at about 01 LT. In 1962-1979 period, the solarvégtis devided into three levels: maximum (19697@ and 1979 years), moderate
(1962, 1963, 1966, 1971-1974) and minimum (19646519975-1977). The seasonal variation of Fs oeoee showed peaks at
equinox months during the maximum solar phasejrbattmmer during the moderate and minimum solavigc{ Figure 35. This
result is similar to the one of Rastogi and Kulkgi969)using the data from Ahmedabad observatory in ladid of Hoang Thai
Lan and Nguyen Thu Trang (2009) for Ho Chi Minly @bservatory in South Vietnam. The range spreaddtrs mainly before
midnight on the equinox months and on the maximolargphase. Meanwhite the frequency spread-F ogoaisly after midnight
on summer and on the moderate and minimum solatgct

.

a’? i al I
- [ |
@
s [ |
204t -t by
& B
g : '[“,51
| | |
i e i |
E : i ! |I | |
E W= =19 |
5 i | i I B
o | B |
a lig )| ] e |
o . !
0 Lk g ) [ i

3
»3
o

Oceurrence frequency (%)

g c), |,
a_ | I
.g | |
RETT
s [UdlELELE
o 1 2 3 &
* 0+ > H @ H H
-G 5 "$.H

/>



-& + F

In the framework of the IHY project, 2 GPS statimishe SCINDA network have been installed in the DR@g of them in
Kinshasa.Figure 36(Kahindo et al., 2017) shows the S4 index (se¢icsex 3.1) measured in 2012. The development dfi hig
amplitude scintillations (S4 > 1.0) is observeakaft8UT (19.00 LT) just after the Pre Reversal Eckarent of the Electric Field
(se tutorial section 1.8) and a maximum effect isasved during the equinoxes but the scintillatilmes not disappear during
solstices. The interest of these observationsaistttey are obtained towards the southern ridgheoéquatorial anomaly in a region
where there are very few measureme8tsellite observations show ionospheric irreguksitn the West African continent is more
prolific event and occurs more frequently in Africampared to other longitudinal sectors (Yigenzawale 2014). It is important to
develop networks of GNSS measurements in Africa
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The effects of Space Weather are global so for ®@R@s a community dealing with geophysics, it imast to devote efforts to
improve the knowledge of the interactions betweba $un and The Earth., to deepen the subject pbesrseilt Knipp (2011)and
Lilensten and Blelly (1999).

In this section, we have presented and comment&aINSIS results obtained near the northern cresteoEfjuatorial Anomaly in
the eastern and northern Africa (Shimeis et all22Azzouzi et al., 2015, Azzouzi et al., 2016), isid (Tran Thi Lan and Dao The
Cuong, 2013) in America (Rodriguez-Zuluaga,2016),a&ed near the southern crest of the equatoriainalty in Africa (Kahindo
et al., 2017). All the studies related to Africarev@ossible thanks to the IHY and ISWI projectsahhénabled the deployment of
GPS network in Africa.

In this section, we have shown the impact of colramass ejections or fast winds on the total electrontent (TEC), the Earth’s
magnetic field and the existence of scintillatioihés therefore essential to understand the Spéeather to develop systemic studies
of the Sun-Earth system. It is also very importanhave continuous measurements, ie observateriesder to realize the day-to-
day effects.

0 "-"$&* 1%&# &12"! $&*"# I #-+I*

All the results obtained and presented in sectigizsand 3 were mainly obtained by PhD or poststadents. In the majority of
cases new studies were introduced in the courdfite students, and students obtained positionrigérsities of their countries. In
this section we will first present the internatibframework, then we will describe the curriculustablished during these different
projects and we will finish by the development aodietal interests (SBAS).

/ G

The United Nations Basic Space Science InitiativB3SI) was a long-term effort for the developmenastftonomy and space
science through regional and international coopmralt covered an active transfer of technologg &nowledge, and the role of
education on a worldwide basis. To address thessiaft astronomy, a series of workshops on basicespeience was held from
1994 to 2004. In line with one of the major recomaetions emanating from these workshops, the ésttalént of astronomical
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facilities in developing nations for research addation programmes at the university level wasat@d. From 2004, the initiative
continued through a series of annual workshopscdéesti to to the International Heliophysical Yea007 (IHY). IHY’s legacy is

the operation of 16 worldwide instrument arrayshwitore than 1000 instruments recording data on-¢eteestrial interaction from
coronal mass ejections to variations of the tdidteon content in the ionosphere. The Internati@mace Weather Initiative (ISWI)
is a follow-up activity to IHY, focusing exclusiwebn space weather.

The International Committee on Global Navigatiorte8ite Systems (ICG), established in 2005, promoteoperation on
matters related to civil satellite-based positignimavigation, timing, and value-added servicese TBG works to enhance
coordination among providers of global navigatiatelite systems (GNSS), regional systems, and aatations in order to ensure
greater compatibility, interoperability, and tramasgncy, and to promote the introduction and utiieaof these services and their
future enhancements with the integration into theastructures. Within the framework of the ICGniyglan, GNSS applications in
low-cost worldwide ground-based instrument arrays dxploring atmospheric phenomena related to spaather have been
considered in the ICG working group information disgnation and capacity-building. As the body legdine working group, the
United Nations Office for Outer Space Affairs, thgh its programme on GNSS applications, each yeawrganizes and co-
sponsors a wide range of seminars, training cowasésworkshops. Those activities usually bring tbgea large number of experts,
including specialists from developing countriesdiscuss the GNSS applications in various fieldhefworld economy.

Additionally, a series of activities are undertalegrihe regional centres for space science ancéodally education, affiliated to
the United Nations, also acting as the ICG infororatientres. These activities emphasize the deveppand enhancement of the
knowledge and skills of university educators arsbegch and application scientists in both the mlysind natural sciences as well
as in analytical disciplines.

/

In the course of the IHY project, the necessityapproach the Sun Earth system in an integrated apagared essential to
progress in the knowledge. The ISWI project on Spaeather with the deployment of GNSS and magneagmstations led to the
development of training on the processing and aimatyf GNSS and magnetic data.

/ M

This course was taught at a school with profesfsors all disciplines and with teachings on the Suagnetosphere, ionosphere,
atmosphere and terrestrial magnetic field.

SCOSTERP lttp://www.yorku.ca/scostepthe regional Center of United Nations, CRASTE-Lftd://www.crastelf.org.my/
and our network organized many schools reportediiffarent websites http://ihy2007.0rg, http://www.iswi-secretariat.org
http://wwwoosa.unvienna.org

/ 63

This  training was developed by ICTP https://www.ictp.i), Boston  University Http://www.bu.edw/
and the National French school of TelecommunicatiohBrest (Amory-Mazaudier and Fleury, 2012). la GIRGEA network the
training on GNSS was mainly assumed by the Natiénahch school of Telecommunications. The coursRalfand Fleury is on
the websitéttp://wwwoosa.unvienna.or¢Amory-Mazaudier et al., 2017a, 2017b).

The training was developed by the Kyushu Universitps://www.kyushu-u.ac.jp/eiivi charge of the network of magnetometer
MAGDAS. In our network we developed a training oagnetic data based on the dynamos and their atsa@bectric currents
system in the Sun-Earth system (Amory-Mazaudied920

Finally, all the schools now include courses on3lodar Terrestrial physics with a training on tliéedent data available on the
web. In the framework of the French Egyptian yea,teached on the Sun Earth system and GNSS apipliall the disciplines:
geodesy, atmospheric physics and ionospheric gh{Biame et al., 2010).

/- 63 59

There are many GNSS stations in Africa, developegart of several projects. Some have been sebufedtonics (mainly
along the East African rift (EAR), from Djibouti drEthiopia to Malawi), others for meteorologicaldies, others for the study of
the ionosphere. These GNSS stations have beentasigdfine the large-scale tectonics of the ared,specially the movements of
the plates Nubia (west of the EAR) and Somalia (eaishe EAR) (Stamps et al. (2008), Deprez et aL80Saria et al. (2014).
These networks have heterogeneous coverage, wiasied the Democratic Republic of Congo (DRC) relatipelgrly covered.
That's why we decided to set up new stations inDRE (Figure 37. These stations have 3 scientific objectivesliniprove the
overall coverage of the Nubia plate (Africa Westled East African rift) and the calculation of thele of rotation of this plate. 2-
Improve the kinematics at a regional scale betwkerDRC and Tanzania for a better understandingeofuthction of the rift at this
place. 3- Characterize the deformations of the Cdyagpin, which are certainly weak but perhaps nat.ze
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Satellite-Based Augmentation System (SBAS) refers $gstem offering corrections to improve the accyaf positioning on a
regional coverage. It covers WAAS (USA + Canada)NES (Europe), MSAS (Japan), GAGAN (India).

Like the GPS system, it is composed of 3 segments:

Land component:
a network of reference stations operating in reakt equipped with very precise clocks and whicbords the raw
measurements (pseudo-distances and phases)
a treatment center (s), which makes the corrections
navigation ground stations (NLES) which transmittte corrections to the space component
Spatial component includes geostationary satellietransmitting corrections on the GNSS L1 (fmeblic service)
frequency and on the L5 frequency (aviation-spekth the user component
User component consisting of specific receivers piek up GPS signals and, in addition, the geimstaty signal and which
contain specific software to make corrections on eirth specific position
Errors are identified according to their origin ahdrefore individualized in specific messages
- The ionospheric error restored on a fixed geomgtid (see figure 38)
- drift of GPS clocks
- Corrections to improve the orbit of GPS satellites
+ The integrity of the system.
Objectives:
- 3-4 m error for 95% of the time for public access
- Less than 1 m for civil aviation.

EGNOS is operational and covers Europe to the Maditean coast in Africa. The challenge for theingmears is to extend it
more towards the equator. The network of groundosts already includes Agadir (Morocco), the Cankslgnds, Nouakchott
(Mauritania), Djerba (Tunisia), Alexandria (Egypt)d Tamanrasset (Algeria) and Abu Simbel (Egyptotme up).

However, regarding the ionosphere, they are awfateecspecific problem of low latitudes:

The strong gradients of TEC lower than their mesthefgrid, presented in figure 58, and thus notcted by their network
of reference stations. In our opinion, their ggdhbt thin enough for the lower latitudes, it wasde by an administrative and
not by a physicist.
Scintillation  which  distorts the phase measurementand therefore  degrades the  positioning,
- EPBs, which are associated with local gradientssaintillation,
+& $ 1% * 5 &% @
$

In the GIRGEA network, the collective work in thafework of international cooperation has produteahy results; During
the last decade [ 2006-May 2017], 29 PhD wererdisd in the following countries: Algeria, DRC, Egyptirkina Faso, Cote
d'lvoire, Morocco, Senegal, Vietnam, and all theshts obtained positions in their countries.

We have been able to develop new courses whichaavepart of university curricula in countries.

With the deployement of GNSS receivers all over wueld, GNSS has become one of the most powerfistto develop
lonosphere studies with a very large number ofrimsénts, which, however, remains very inadequatéfiica. It is therefore
necessary to develop the GNSS network in Africaabse GNSS allows scientific studies in many digogs (atmosphere,
ionosphere, geodesy, etc.) and many applicatiayrec(dture, navigation, etc...).

Space weather is essential for understanding thadta of solar events on new technologies andriicpiar on GNSS.

L% 1$#% & !

The works presented in this article is only partrad results obtained during the last decade irfrimeework of the IHY and
ISWI projects, those of our GIRGEA network. It iffidult to re-read all the results which are getigrgiven in concluding remarks
at the end of each part. Most importantly, during kast ten years, the scientific studies in Afriéaia and in the countries of the
South, in the fields presented have increased shand this thanks to scientific associations #relUnited Nations. An important
transfer of knowledge and working methods has niaplessible to have teams with whom we can fullptomue cooperation on an
equal footing.

B4 # 2+ 1*
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