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Abstract The nighttimemorphology of vertical plasma drift (Vd) inferred fromground-basedmeasurements of
the F layer height at Ouagadougou (12.4°N, 358.6°E) in the African Equatorial Ionization Anomaly trough was
investigated. The observation covers four seasons, four sunspot cycle phases, annual, and 11year sunspot cycle
(SC) variations of the SCs 20–22 spanning 1966–1998 and a first attempt of such study. The annual mean peak
magnitudes of Vd during the prereversal enhancement (PRE) and minimum reversal periods exhibit the 11year
sunspot cycle evolution with the sunspot number (Rz). The PRE peak/Rz and reversal peak/Rz relationships are
98.7% and 84.8%, respectively. PRE peak in June solstice appears 1h later than for other seasons and is attributed
to a decrease in the equatorial zonal wind/conductivity gradient. The highest PRE magnitude and downward
perturbation drifts near dusk appear during the equinoxes and lowest in June solstice for all cycles. There is
semiannual asymmetry in the variation of Vd during all cycles of the PRE event with peaks in March and
September/October. A remarkable feature is the consistent local presunrise drift enhancement for two SCs 20
and 21, which is not a regular feature of the equatorial ionosphere. The rate of inhibition of scintillation effect
increases with decreasing phase of sunspot activity and maximizes during the solstices. Both the PRE and
minimum reversal peak magnitudes are influenced by the phase of sunspot cycle. Ouagadougou data in this
study had shown reliable drift characteristics and can be integrated into the African regional empirical
drift model.

1. Introduction

Vertical plasma drift (Vd) is considered as the fundamental factor responsible for the dynamics of the iono-
spheric F2 layer [Fejer and Scherliess, 1997]. The drift is the motion of ionized particles at certain altitudes per
time, and often involves contributions from neutral atmosphere as well as particle forcing emanating from
the actions of gravity, electric, and magnetic fields and gradients. In the equatorial ionosphere, Vd is mainly
produced by the activities of zonal electric field with the plasma in the presence of the horizontal magnetic
field E × B. At nighttime, the zonal electric field is directed westward (downward reversal), after it must have
undergone height intensification (known as the prereversal enhancement, PRE) around the sunset hours.
Different driving forces of variability that may emanate from the action of the drift during the evening time
PRE had been presented by Santos et al. [2013]. Prompt penetration electric field arising from the action of
the solar wind magnetosphere and electric field from disturbance wind dynamo had been found to be
responsible for the vertical drift variability during the disturbed periods [Rabiu et al., 2007; Abdu et al., 2009;
Santos et al., 2012; Adekoya and Adebesin, 2015]. Gravity waves and coupling processes arising from upward
propagating planetary waves are dominant during quiet conditions [Abdu et al., 2006]. However, during epi-
sodes of the combined magnetically quiet and disturbed conditions, the major source of ionospheric vertical
drift variability is the solar flux variations [e.g., Abdu et al., 2010], which has been noted as a key factor in the
long-term variation of the ionosphere around the magnetic equator [Ikubanni and Adeniyi, 2013].

Relative to the combined (quiet and disturbed) condition, this paper presents the evening/nighttime
morphology of vertical plasma drifts at Ouagadougou, an equatorial station in the African sector during
different phases and seasons of the sunspot cycles 20–22, spanning 1966–1998 data sets, with particular
emphasis on the PRE peak period and the minimum reversal peak period. These two periods are significant
during the nighttime vertical drift investigation [e.g., Adebesin et al., 2013a; Adeniyi et al., 2014a].
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PRE essentially accounts for the large F2 layer uplift and the evening time resurgence of the Equatorial
Ionization Anomaly (EIA) and also serves as an indicator/seeding mechanism for the commencement of
equatorial spread-F (ESF) or/and scintillation. The effect of the PRE is so strong on the height rise of the eve-
ning equatorial F layer by generating steep vertical gradients in the plasma density profile and consequently
in the manifestation of ESF occurrence [Sreeja et al., 2009]. Fejer and Scherliess [1997] as well as Martinis et al.
[2005] had pointed out a strong relationship between the incidence of ESF and the PRE magnitude. Lee et al.
[2005] had established a direct linear relationship in themagnitude of the PRE and the occurrence probability
of ESF. In this paper, the concept of sunspot cycle had been used instead of solar cycle because the solar cycle
is more than one sunspot cycle due to the poloidal field reversal.

Several works had been performed at Ouagadougou using the entire three sunspot cycles 20–22 data sets
[e.g., Quattara et al., 2009; Quattara and Amory-Mazaudier, 2012; Gnabahou et al., 2013], but not for drift
investigations. Some other works done, though not with the entire three sunspot cycles data usage include
Adeniyi and Radicella [1998]; Adeniyi and Adimula [1995], and Bilitza et al. [2004]. However, the present work
is the first detailed study of the variations in plasma drift velocities at this station and in the African sector
during three complete sunspot cycles. Ouagadougou is the only African ionosonde station with data set
covering three sunspot cycles, hence its choice for the present study. The presentation of this study is
divided into four sections. Section 1 introduces the plasma drift and its various drivers during different
geomagnetic conditions. Section 2 presents the data and methodology employed. Section 3 is devoted
to results and discussions. This composes of investigations into the annual, sunspot cycle (SC) phase,
seasonal, 11 year sunspot cycle evolution, validation of Ouagadougou data, and the observation rate of
inhibition of scintillation as a function of ionospheric altitude for the entire sunspot cycles 20–22. The last
section includes the summary and recommendations, from where our major findings, contribution to
knowledge, and final remarks were highlighted.

2. Data and Methodology

Owing to the nonavailability of direct vertical plasma drift measurements in the African sector, most drift
observations are inferred using ground-based measurements obtained either from the height of the peak
electron density of the F2 layer, hmF2 [e.g., Liu et al., 2004; Adebesin et al., 2013b], the virtual height of the F
layer, h’F [e.g., Sreeja et al., 2009; Adebesin et al., 2015], or by employing the real height at some fixed frequen-
cies and using the means at such selected frequencies [e.g., Abdu et al., 2004]. Bittencourt and Abdu [1981]
and Bertoni et al. [2006] had validated the use of inferred drift from ground-based height measurements as
near accurate in the absence of direct measurements.

For the purpose of this work, h’F data obtained from Ouagadougou (geographic latitude 12.4°N, longitude
358.6°E, magnetic dip: +1.45) was used to infer the drift, Vd. Adeniyi et al. [2014a] and Adebesin et al. [2015]
had highlighted some physical limitations associated with the accuracy of inferred vertical plasma drifts dur-
ing the daytime using h’F. For this reason, the observations of the present work are limited to the
evening/nighttime periods (16–06 LT). The data used span June 1966–February 1998, covering sunspot activ-
ity cycles 20–22. The data are made available by the Ecole Nationale Supérieure de Télécommunications de
Bretagne (Bretagne) database. The hourly monthly mean of h’F for each nighttime hour (16–06 LT) were com-
puted from the daily values. From these monthly hourly mean values, vertical plasma drift velocities were
determined by measuring the time rate of change of h’F (e.g., Vd= d(h’F)/dt). Ouagadougou is in the trough
of the Equatorial Ionization Anomaly (EIA). The ionosonde at this station is an analogue vertical sounder
known as the Ionospheric Prediction Service 42, and composes of a transmitter, receiver, processing, and sto-
rage units. For the investigation of the rate of inhibition of scintillation for the entire sunspot cycles 20–22 in
section 3.7, daily h’F values around the postsunset period are used. The daily values allow for a better cover-
age of the event (which is a daily occurrence) rather than the monthly averages.

The Ilorin data (which is used to validate the linear PRE peak/Rz relationship for regional modeling purpose, as
shall be seen later in section 3.5) were obtained from the ground-based DPS-4.2 version Digisonde erected at
the Equatorial Ionospheric Observatory of the University of Ilorin, Nigeria. For this station, the drift was
inferred from the time rate of change of the height of the peak electron density (Vd= d(hmF2)/dt) The
Calculated Average Representative Profile program developed by Huang and Reinisch [1996] was used for
the inversion through which hmF2 was obtained. For more details about the methodology involved in
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obtaining F region vertical drift velocities from height profile over Ilorin ionosphere see ,for example, Adebesin
et al. [2013a] and Adeniyi et al. [2014b]. The validation of drift inferred using h’F at Ouagadougou with that of
Ilorin inferred from hmF2 observations is made possible because Adebesin et al. [2015] had established a similar
pattern in the drift obtained from both h’F and hmF2 observations at a single station at nighttime. In essence, it
is not so important whether one uses h’F or hmF2 to infer the drift at nighttime since both yield similar trend.
Figure 1 presents the geographic coordinates of Ouagadougou and Ilorin ionosondes (dashed black circles).

From this point forward, all analyses are based on Ouagadougou data set, except otherwise stated. The sea-
sonal, yearly, sunspot cycle phases, and 11 year sunspot cycle morphology of Vd are analyzed. Based on
Lloyd’s seasonal classification [e.g., Bilitza et al., 2004; Rabiu et al., 2007, 2012; Liu et al., 2010], the months
of the year were distributed into three major seasons relative to the position of the subsolar point between
the Sun and the Earth, since seasons are actually caused by the tilting of the earth on its axis by about 23.5°.
These seasons are June solstice/J-season (May, June, July, and August), December solstice/D-season
(November, December, January, and February), and Equinox/E-season (March, April, September, and
October). Owning to the significant variations in the equinoxmonths [e.g., Rabiu et al., 2007, 2012], the season
is further categorized into March equinox (March and April) and September equinox (September and
October). These are the four seasons considered. The sunspot cycle phases and the corresponding years
are listed according to the classification by Quattara et al. [2009]. The minimum, maximum, descending,
and ascending sunspot cycle phases were characterized by Rz< 20, Rz> 100, 100 ≥ Rz ≥ 20, and
20 ≤ Rz ≤ 100, respectively. Rz is the Zurich sunspot number. For the descending/ascending phases, Rz must
be less than/greater than the previous year’s value. The years (from 1966–1996) that fall into these different
categories and with h’F data availability are listed in Table 1. Data from 1997 and 1998 are not listed in the
table because both years do not fall within the sunspot cycles 20–23, but their values are used elsewhere

Figure 1. Map showing geographic coordinates of Ilorin and Ouagadougou in the West-African sector—dotted circles
(original figure courtesy Obrou [2008]).

Table 1. Years of Different Sunspot Cycle Phases

Solar cycle phase Minimum (Rz< 20) Maximum (Rz> 100) Descending (100 ≥ Rz ≥ 20) Ascending (20 ≤ Rz ≤ 100)

20 a 1968–1970 1971–1976 1966–1967
21 1976 1979–1981 1983–1986 1976–1978
22 1986 1989–1991 1992–1996 1986–1988

aSC 20 minimum phase year (1964) is not covered by data.
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in this paper for other analysis. Further, the minimum phase year, 1964, for the sunspot cycle 20 is not
covered by the data under investigation.

Data for the annual Zurich sunspot number, Rz (now the international) is obtained from the National
Geophysical Data Centre (NGDC) website at www.ngdc.noaa.gov/stp/spaceweather/solar indices/sunspot
numbers. These data are used for the observation of the 11 year sunspot cycle variations during the SC
20–22 relative to the response of Vd during the PRE and minimum reversal peak periods. The international
sunspot number substitutes for the Zurich sunspot number in 1981 [e.g., Klenzing et al., 2013].

Figure 2. Nighttime annual variation of ground-based inferred vertical plasma drift velocities over Ouagadougou covering
1966–1997. The vertical line across each plot indicates the respective observations at 18 LT (the observation for 1998 is not
shown because data were available for only 2months).

Journal of Geophysical Research: Space Physics 10.1002/2015JA021737

ADEBESIN ET AL. MORPHOLOGY OF PLASMA DRIFT VARIATIONS 10,023

http://http://www.ngdc.noaa.gov/stp/spaceweather/solar


The following arithmetic developments were carried out:

1. Monthly mean value is the arithmetic hourly daily mean value for a month.
2. Annual mean value (as in Figures 2–7) is the arithmetic hourly monthly mean value for a year.
3. Seasonal mean value is the arithmetic hourly monthly mean value of the months constituting a particular

season in a year.
4. Sunspot cycle seasonal mean value (as in Figure 5) is the arithmetic hourly monthly mean values

for months constituting a particular season covering the entire years (11 years) that made up the
sunspot cycle.

5. The 11 year cycle monthly PRE/minimum reversal peak mean values (as in Figure 6) is the arithmetic hourly
monthly mean value for similar months present in all 11 years that constitute a sunspot cycle during the
PRE/minimum reversal periods. For instance, for the month of January during SC 20, the mean is the
monthly mean values of all data sets during the PRE/minimum reversal periods in January 1966–January
1976, same for February, March, and so on.

6. The sunspot cycle phase mean value (as in Figure 10) is the arithmetic hourly mean values of the years
that constitute a particular cycle phase per sunspot cycle event (as listed in Table 1).

7. The minimum reversal peak magnitude is the maximum negative value of the plasma drift.

3. Results and Discussion

In this section, we initially investigate the annual nighttime pattern of plasma drift over Ouagadougou
ionosphere and see its effect on the height profile. Then, we examine the seasonal, 11 year sunspot
cycle evolution trend, and variations for different solar cycle phases. Next is the validation of the linear
PRE peak/Rz relationship using the data obtained from Ilorin ground-based measurement. Finally,
we report the statistical variation of the inhibiting characteristics of the drift to scintillation effects
using h’F.

Figure 3. Contour map for all nighttime plasma drift plots in Figure 2.
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3.1. Annual Nighttime Drift Pattern Over Ouagadougou

The hourly annual nighttime variation of the inferred plasma drift velocities (Vd) for the entire years (1966–1997)
over Ouagadougou are presented in Figure 2. Each activity year is characterized by an evening time enhance-
ment (PRE) and immediately followed by a reversal. The emergence of the PRE (the influx of a postsunset peak
in upward plasma drift) is a pointer to sudden faster electron depletion from the equatorial ionosphere. It is
worth mentioning that the apparent upward movement of the equatorial F layer is a consequence of the
actions of both the eastward electric field and the recombination effects of molecular species at the F layer

Figure 4. Nighttime annual profile of h’F over Ouagadougou ionosphere for sunspot cycles 20 (first panel), 21 (second panel),
and 22 (third panel).
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bottom side (or height of reflection), whereas the electric field action controls the downwardmovement during
the postsunset hours. Detailed physical explanation on the nighttime plasma drift morphology can be obtained
from one of our previous works [see Adebesin et al., 2013b].

Generally, PRE peaked around 18 LT except for some few years, for example, 1975–1977, 1985–1987, and
1995–1996. Some other fascinating features were also observed.

1. The first feature is the normal nighttime morphology of drift during a successive combination of a year
before and after the maximum phase period during all sunspot cycle activities (e.g., 1967–1971 for the

Figure 5. Nighttime average seasonal variation of drift pattern for sunspot cycles 20–22. March equinox is repre-
sented by open diamond, June solstice by black circle, September equinox by open triangle, and December sol-
stice by open cross. The red colored dashed line on each plot is the average sunspot cycle variation for each
corresponding cycle).
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sunspot cycle 20, 1978–1982 for cycle 21, and 1988–1992 for cycle 22). Under this condition, theminimum
reversal peak magnitude was reached immediately after the PRE period.

2. The second is a successive yearly increase in the drift velocity at 22 LT during some of the years that con-
stitute part of the descending phase for each of the sunspot cycle event (e.g., 1973–1976, 1984–1986, and
1993–1996 respectively for SCs 20–22). It is worth mentioning that during these (descending) phases,
there are more activities related to high-speed solar wind speed flowing from the coronal holes [Zerbo
et al., 2012] and therefore the reason for the increase in the drift magnitude as observed.

3. For other years in SCs 20 and 21 (i.e., 1966–1986), there is an enhancement in the drift pattern around the
presunrise hour (~05 LT) followed by a downward excursion.

4. The fourth feature is an insignificant/marginal drift pattern between 1987 and 1996 (except 1989) of the
SC 22 spreading around the postmidnight hours of 01–06 LT. The different patterns exhibited in 1989 dur-
ing this period may be connected with the high geomagnetic activity that characterized the year—these
are the severe geomagnetic activities of 14 March, 19 September, and 21 October 1989 with respective
magnetic index (Dst) minimum peak magnitudes of�589 nT,�255 nT, and�268 nT [e.g., Adebesin, 2008].

Further, theoretical investigations have shown that during geomagnetic activity, the disturbance winds have
a tendency to positively charge the nighttime equatorial ionosphere and consequently producing the largest
electrodynamic effects in the post-midnight sector [Richmond et al., 2003; Fejer et al., 2008].

The presunrise enhancement characteristic in the third feature above is not a regular feature of plasma drift in
the morning local time of the equatorial ionosphere. This feature is observed to be driven by zonal electric field
created as a consequence of the polarization field which develops from the actions of thermospheric wind and

Figure 6. Average monthly variation of vertical plasma drift for SC 20–22 during (top) maximum PRE and (bottom)
minimum reversal peak periods.
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steep conductivity gradients in the E region [Nayar et al., 2009]. Around the sunrise period, the electric field
initially builds for a short period and consequently increases the conductivity rate in the E region. This effect
creates vertical velocity pattern as a result of the additional interacting effect of both the E and F layers, which
can only be present near the local sunrise terminator, creating related abnormal characteristic in the drift
pattern [e.g., Rishbeth, 1971]. Nayar et al. [2009] had reported similar feature using the HF Doppler radar and
Digisonde to characterize plasma drift at Trivandrum (8.33°N, 77°E, and dip 0.4°N) in the Indian sector.

The observations in Figure 2 are further processed for clarity by using the contour map in Figure 3. PRE peak
magnitudes (around 18 LT) andminimum reversal magnitudes (between 20 and 01 LT) were observed during
the maximum phase periods of the SCs 20–22 with that of SC 20 lower than others. The presunrise enhance-
ment (around 05 LT) was clearly shown for SCs 20 and 21, but absent during SC 22.

3.2. Ionospheric Height Profile at Ouagadougou

The nighttime annual profiles of h’F over Ouagadougou ionosphere for the three sunspot cycles are high-
lighted in Figure 4. On the average, h’F altitudes are relatively high during SCs 21 and 22 compared to SC
20. Height increase was observed during the postsunset period attaining maximum around 19 LT. This shows
that the plasma drift which peaked about an hour before (from Figure 2) around 18 LT is actually responsible
for the heightening of the F layer altitude. For the high-solar activity years in the three SCs considered, the
increase of the F layer height was observed above the 300 km threshold value [see Adebesin et al., 2013a] dur-
ing the evening time observations. Even for the lower altitudes of the h’F profile during minimum-/low-solar
activity conditions, the brisk transformation in h’F pattern generally points toward the effects of electric field
perturbation. The presunrise enhancement characteristic is also visible here, though smaller in magnitude
compared to the evening time observation. An interesting feature here is that the presunrise enhancement
starts about an hour earlier (i.e., 04 LT) for two of the sunspot minimum years considered (1986 and 1996).
At any sunspot cycle, there is height increase with increasing sunspot activity [e.g., Adebesin et al., 2014].

It is worth mentioning here that though some earlier works [e.g., Bittencourt and Abdu, 1981; Sreeja et al.,
2009] had stipulated the 300 km threshold value for ionospheric F layer altitude as a condition for the vertical
drift velocities obtained from Digisonde measurements to be equitable/match the vertical E × B drift, as
determined by direct Incoherent Scatter Radar (ISR) measurements. It was however observed that most of
such works were considered for sunspot maxima periods. On the contrary, the derived drift observations

Figure 7. Nighttime yearly average variation of solar sunspot number Rz (solid line) with vertical drift pattern for the entire
sunspot cycles 20–22 during (a) peak PRE (dotted line, right) and (b) minimumpeak reversal (dotted line, right) periods. The
linear equations and correlation coefficients are shown on the pane of each figure on the right-hand side.
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of November 2007–October 2008 (a period of sunspot minima) by Uemoto et al. [2010] showed that the virtual
height (h’F) profile used for their drift derivation was often less than the 300km and yet a good comparable result.
Abdu et al. [1981a] had also inferred drifts from h’F observation for themonths of June, September, and December
1978, as well as April and June, 1979 at Fortaleza with h’F altitude values well below the 300kmmagnitude espe-
cially between the evening/nighttime periods of 15–18:30 LT and 23–06LT with well-established results.

Additionally, Rishbeth [1981] and Adebesin et al. [2013a] had submitted that the lifting of the ionospheric F
layer above the 300 km altitude may not be sufficient enough a condition to trigger the Rayleigh-Taylor
instability mechanism, though necessary. It can therefore be suggested that the drift velocity inferred from
the ionosonde measurements for any height magnitude below 300 km (just as is seen occasionally in the
h’F plots of Figure 4) can be regarded as a virtual representative of the real vertical E × B measurement in
the absence of any chemical correction (since direct measurements are not available). For this reason, the
use of the nighttime h’F data at Ouagadougou F region is justified.

The only likely limitation to the method of obtaining drift velocity from F layer height magnitude less than
300 km is the underestimation of the real E × B drift magnitude [e.g., Bittencourt and Abdu, 1981].

3.3. Seasonal Drift Pattern Over Ouagadougou for SCs 20–22.

Figure 5 depicts the average seasonal observations of plasma drift for each of the solar cycle events, with the
average response indicated by the red dashed line for each set of observation. Four distinct remarks are notice-
able. (1) There is an equinoctial maximum and solsticial minimum in the PRE peak magnitude for all SC events.
This is because the conjugate pointmapping ismost effective in equinoxes and thereforemaximizes during this
period [e.g., Adeniyi et al., 2014b]. (2) The peak PRE magnitude during June solstice (which is also the smallest)
peaked an hour after, relative to other seasons for all SC activities. (3) The minimum reversal peak value for all
seasons peaked between 20 and 21 LT, except during June solstice, in which this peak was identify around
03 LT, especially during SCs 20 and 21. (4) There is a disappearance in the bulge that was created around the
presunrise (05 LT) period as one moves away from SC 20 toward SC 22, and (5) For all seasons except June sol-
stice, there are appearance of larger downward drifts near dusk immediately after the PRE period.

The real phenomena responsible for the appearance of the smallest PRE peak magnitude in June solstice
(in the second remark), for each of the sunspot cycle event, are to some extent an open question, and the
major physical rationale for it is yet to be fully understood. Despite this, the characteristic can be attributed
to the slow growth rate of the Rayleigh-Taylor (R-T) instability mechanism during the season (June solstice). It
is well known that both the thermospheric zonal wind and the longitudinal/local time in the Pederson Hall
conductivity across the terminator control the magnitude and time of commencement of PRE [e.g., Su
et al., 2009]. However, PRE magnitude will be largest when the magnetic meridian and the sunset terminator
are almost aligned at a given longitude [Adebesin et al., 2013a, and the references therein]. The magnetic
declination angle is a major parameter that determines this alignment [Abdu et al., 1981b]. Consequently,
for the negative magnetic declination angle over Ouagadougou longitude, it is expected that the minimum
alignment condition will be in June solstice, leading to a delay in the F layer altitude. It is worth mentioning
that the average magnetic declination angle over Ouagadougou for the cycles 20–22 are �7.38°E, �6.18°E,
and �4.11°E, respectively, changing by 0.10, 0.13, and 0.11°E per year in similar order (see www.ngdc.noaa.
gov/geomag-web/ for the magnetic calculator).

The maximum PRE magnitude which peaked 1 h later in June solstice than for other seasons for all sunspot
activity cycles (20–22) is as a result of decrease in the equatorial zonal wind and conductivity gradient. The
decrease causes delay in the zonal drift reversal, and as such the PRE peak during this season is dragged
further into additional time. Further, the delayed peak can still be considered as a residue of the actual PRE
which is supposed to be present around the 18 LT that other seasons peaked, but failed to activate due to
higher conductivities (like the blanketing Sporadic-E) in the conjugate E regions that peaked around the
same time that PRE magnitude should have maximized.

Another likely factor for the discrepancies observed during June solstice is the plasma density irregularities in
the F region equatorial ionosphere, which starts around the dusk and midnight hours of June solstice
[Oyekola, 2011, and the reference therein]. Li et al. [2011] had reported high-equatorial F region irregularities
(EFIs) during the postmidnight hours of June solstice for high solar activity period in the African sector. This
postmidnight EFIs were suggested to be a spillover effect of the postsunset EFIs.
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Figure 6 presents the average
monthly variation of the drift for SCs
20–22 during maximum PRE and
minimum reversal peak periods.
Semiannual asymmetry was observed
in the monthly variation of the drift
for the three sunspot cycle events
during the PRE period (Figure 5, first
panel) with first peak in March and

the second in September/October. This observation is consistent with the monthly evolution pattern of
foF2 over Ouagadougou using similar time span (1966–1998) presented by Quattara et al. [2009], as well as
the drift pattern presented by Adebesin et al. [2013b] using the 2010 ground-based ionosonde data at
Ilorin. The major causes of the semiannual anomaly as suggested by Rishbeth et al. [2000, and the reference
therein] are the neutral air composition changes evolving from the large scale thermospheric dynamics,
changes in atmospheric turbulence, inputs from atmospheric waves, and variations in geomagnetic activities.
The difference in the drift pattern is more pronounced during SC 21 and least in SC 20, especially from
September through January. Further, the PRE drift magnitude during the solstices is higher in December
solstice (November–January) than in June solstice (May–July) for SCs 21 and 22, while the reverse is the case
for SC 20. It is worth noting that the difference in the drift magnitude between December solstice (higher)
and June solstice (lower) as a consequence of the redistribution of plasma between the two seasons is what
gives rise to the December/winter anomaly—see Rishbeth and Garriott [1969].

For the minimum reversal peak magnitude (second panel), the asymmetry is not so distinct, though charac-
terized by comparable pattern with varying magnitudes during the three cycles. The difference in the
observed magnitudes is attributed to the differing time of attaining minimum peak value during the reversal
period, which ranges between 00 and 03 LT for the entire months. For this reversal event, the highest mini-
mum peak magnitude occurred during SCs 21 and 22, while the lowest occurred during SC 20.

3.4. 11 year Sunspot Cycle Evolution

A principal characteristic of the Sun is the 11 year periodicity cycle/variations. These variations are the exact
outcome of varying strengths of solar discharges. Fejer [2002] had highlighted various modulating factors of
the low-latitude evening prompt penetration electric fields and submitted that both the response time of
initialization and the steady state leakage of high-latitude electric fields into the ionospheric evening time
low latitude is solar cycle determined. In this section, the 11 year solar activity progression is compared with
the drift pattern. Presented in Figure 7 are the respective superimposed yearly vertical drift observations and
the corresponding yearly solar sunspot number (Rz) evolution during the PRE peak period (Figure 7a, right)
and theminimum reversal peak (Figure 7b, right) period. To the right of each plot are the corresponding plots
of the linear equations and correlation coefficients between the observed parameters.

The annual averages of each of the evening time PRE and minimum reversal peak magnitudes of the drift cor-
respond reasonably well with the solar sunspot number Rz. The correlation coefficient r for the entire three
11 year SCs evolution is 0.987 and 0.848 for the PRE peak versus Rz and reversal peak versus Rz observations,
respectively. The linear equations are as shownon each pane of the figures. We observe higher-slopemagnitude
for the PRE peak/Rz relationship (0.158) than for the minimum reversal peak/Rz connection (0.030). Further,
Table 2 highlights the correlations between the same set of observations for each of the three SC periods.
There is no significant difference in r for the Rz/PRE peak observations for SCs 20–22. However, the Rz/reversal
peak relationship exhibits the highest/lowest during SC 22/21. This implies a better relationship between the
solar sunspot number and the minimum reversal peak magnitude during SC 22 than for other cycles.

The higher-correlationmagnitudes observed for the plasma drift/sunspot number relationship (for PRE and rever-
sal periods) are in a way attributable to the source through which the drift is inferred, which is the F layer base
height (h’F). This is consistent with the average correlation value for the h’F/Rz which is higher than that of the
h’F2/Rz correlation observation for the same set of data (1966–1998) reported by Quattara et al. [2009].
Quattara et al. [2009] had attributed the single dependence of the virtual height (h’F) to only the toroidal solar
magnetic field component as the major reason for the higher correlation they observed, whereas h’F2 depends
on both the toroidal solar magnetic field components (UV/EUV sources) and the poloidal components. While the

Table 2. Correlation Coefficient for the Variation Between Sunspot Cycle
Index and Plasma Drift Observations

Sunspot cycle Rz versus PRE peak Rz versus Reversal peak

20 0.992 0.849
21 0.994 0.757
22 0.993 0.989
All 0.987 0.848
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toroidal solar magnetic field controls the sun-
spot behavior, the poloidal solar magnetic field
controls the solar wind behavior [Simon and
Legrand, 1989]. Both the PRE and minimum
reversal magnitudes increase with solar cycle.
Further, while the poloidal field which are
high-speed solar wind streams flowing from
coronal holes constitute about 91.5% of geo-
magnetic activities, toroidal field on the other
hand, which are shock events from coronal
mass ejections presents only about 8.5% of
geomagnetic activity.

The observation is further buttressed with the
bar chart in Figure 8. The figure highlights the
average yearly response per sunspot cycle

event during the PRE and minimum reversal peak observation periods. Insets are the yearly average magni-
tudes for each activity. In Figure 8a, the mean PRE peak magnitude for SC 20 is 11.2m/s and increases during
SCs 21 (13.6m/s) and 22 (13.3m/s). The average yearly response during the reversal period (Figure 8b) on the
other hand recorded approximately equal values (�4.4m/s) for each of the sunspot cycle event. In addition,
while the average PRE peak time is 18 LT for all sunspot cycles, the minimum reversal on the average peaked
at 01 LT, 01–02 LT, and 00 LT for the SCs 20–22, respectively. Further, the continuous thick curve covering each
of the bar charts is a representative of the highest regression magnitude one can obtain for each set of years
comprising corresponding sunspot cycles. For each of the SC activity period in Figures 8a and 8b, the
pattern/trend of variability between the years of each activity is best represented by the fourth-order polyno-
mial equation (except for the minimum downward peak value during SC 20 whose highest regression fit was
the fifth order polynomial) with regression values greater than 0.80. Recall that there is a better correlation fit
for both the PRE peak/Rz and reversal peak/Rz relationships. It can therefore be suggested that the 11 year
sunspot cycle for SCs 20–22 are of the fourth-order polynomial pattern. The implication/relevance of the pat-
tern of the fourth-order polynomial in Figure 8 is that the pattern can be used as an indicator for modeling
the trend of plasma drift during the PRE and reversal peak periods. This is left open for further studies, especially
for those in modeling ionospheric parameters.

3.5. Validation of Ouagadougou Data Using the Annual Mean Magnitude During PRE Period

The result from the annual mean magnitude of the plasma drift for each of the years under investigation at
Ouagadougou (Figure 7a) was validated for accuracy in modeling purposes, by comparing with the ground-
based inferred drift over Ilorin F2 ionosphere for the sunspot minimum year 2010 with solar radio flux index,
F10.7 = 81 solar flux unit. Ilorin (latitude 8.50°N, longitude 4.68°E) is another equatorial station in the African
sector whose drift characteristics/patterns were recently studied by Adebesin et al. [2013a, 2013b] and Adeniyi
et al. [2014a, 2014b], and F layer/electrojet characteristics by Adebesin et al. [2013c]. The validation for
Ouagadougou drift data is achieved by comparing the values obtained from the summation of the monthly
mean values of Vd during PRE peak period over Ilorin for the year 2010 (which is not presented in the present
work) with that of the linear equation obtained from the peak PRE/solar sunspot (Vd/Rz) relationship over
Ouagadougou (Figure 7a correlation plot). Table 3 presents the monthly mean PRE peak values over Ilorin
for March–December 2010. Data were not available for January and February.

At Ilorin, the summation of the PRE peak values for all months divided by the total number of months denotes
the annual PRE peak magnitude.

This implies that annualIlorinPRE peak ¼ 4:2 m=s (1)

Using the PRE peak/Rz linear equation obtained from Figure 7a at Ouagadougou,

peak PRE ¼ 0:158Rzþ 1:495: (2)

In 2010, annual Rz is 16.5;

hence; peak PRE ¼ 0:158 16:5ð Þ þ 1:495 ¼ 4:1 m=s (3)

Table 3. Monthly Mean PRE Peak Magnitude of Plasma Drift
Velocities Obtained Over Ilorin F2 Ionosphere for a Low Solar
Activity (LSA) Year 2010 Covering March–December (Data
Obtained From Adebesin et al. [2013a])

Month PRE peak magnitude (m/s)

March 10.2
April 4.2
May �1.1
June 3.1
July �1.0
August 2.6
September 5.1
October 3.5
November 7.8
December 8.0
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In this sense, both values from equations (1) and (3) are very similar. It therefore follows that the linear drift
expression obtained for Ouagadougou for the peak PRE/Rz relationship in equation (2) can be used to predict
the annual PRE peak magnitude for stations along the EIA trough in the African sector (see Figure 1) provided
the corresponding annual solar sunspot number for that year is known.

3.6. Drift Observations During Different Phases of SC 20–22.

In this section, the consideration of the four sunspot cycle phases (i.e., maximum, ascending, descending, and
minimum) implies that the influence of the sunspot cycle is taken into account. Figure 9 presents the nighttime
hourly mean magnitudes of Vd for the different phases of SCs 20–22. Figure 9a is for the maximum phase or high
sunspot activity (HSA) period. Figure 9d is for the minimum phase or low sunspot activity (LSA), while Figures 9b
and 9c respectively represent the observations for the ascending and descending phases or together as the mod-
erate sunspot activity (MSA) condition. The entire four sunspot phases with corresponding years are as listed in
Table 1. From the entire Figure 9, the following characteristics were apparent: (1) both the PRE peak magnitude
and the minimum reversal peak magnitude decreases as the solar sunspot activity phase decreases for the entire
three SCs, (2) the drift magnitude between 21 and 22LT is highest at sunspot maxima, being obvious during SCs
21 and 22 than SC 20, (3) a depletion in the variation was observed around the presunrise (05 LT) period as the
sunspot activity phases decreases from maximum through minimum, (4) during the maximum phase, SCs 21
and 22 recorded higher PREmagnitudes than the SC 20, (5) similar pattern was observed for the entire SCs during
the ascending and descending phases, probably because both phases are in theMSA period, and (6) the PREmag-
nitude relative to other hours is almost insignificant during the minimum phase period (the observation for SC 20
is not shown as the Rz for the years in SC 20 used in this work exceeds our classification for sunspot minimum).

The PREmagnitude (in observation 6) which is almost insignificant/low during the minimum phase period of the
entire sunspot cycles 20–22 is as a consequence of the corresponding reduction in the equatorial zonal wind and
conductivity gradient [Adebesin et al., 2013a, and the reference therein] and subsequently results in the decrease
of F region heights. The last statement is consistent with the height profile observation in Figure 4, in which case
the altitude is lower than the 300 km height level during the low sunspot activity years for each of the SCs.

It therefore follows from these observations that the sunspot cycle phase is a factor to be considered in
characterizing the magnitude of the PRE and minimum reversal peaks. The higher the sunspot cycle phase,
the higher the magnitudes of the resultant plasma drifts, and vice versa. A striking feature is the local time
presunrise (05 LT) plasma drift enhancement, as explained earlier in section 3.1, and its magnitude is sunspot
cycle phase dependent, just as the evening-time PRE. Observations from the Incoherent Scatter Radar (ISR)
data had indicated that the evening-time upward and nighttime downward drift decrease from solar sunspot
maximum through minimum [Fejer, 2002], whose variability is local time and solar cycle dependent.

Figure 9. Hourly mean values of vertical plasma drift observations during (a) maximum, (b) ascending, (c) descending, and
(d) minimum phase periods of the sunspot cycles 20–22.
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3.7. Inhibition of the Likelihood of
Scintillation Effect as a Function of
Ionospheric Altitude During the Entire
Sunspot Cycles 20–22

The irregular structures in the ionospheric
plasma distribution often regarded as
scintillation can have a profound effect
on the signals of radio frequency if not
properly monitored. However, scintilla-
tion effect occurs more rapidly around
the magnetic equator owning to plasma
instability mechanisms (R-T mechanism).
Here the inhibition of the likely occurrence
of scintillation (or/and spread-F) based on
the heightening of the ionospheric F layer

height profile (h’F) is considered. As earlier mentioned in section 1, the evening-time PRE of the eastward
electric field is responsible for the increase in the ionospheric F layer height around the postsunset period.
This height increase subsequently serves as a seeding mechanism for the evolution of spread-F and hence
scintillation [e.g., Fejer and Scherliess, 1997; Martinis et al., 2005; Lee et al., 2005]. However, during certain
occasions in the low-latitude ionosphere, the dynamo electric field caused a drift away from the F layer,
thereby instigating the plasma drift to decrease. Under this condition, the F layer height will not increase
appropriately, and in turn the production/appearance of scintillation will be inhibited. In essence, the
postsunset increase/decrease in h’F has been observed to be an indirect measure of the seeding/inhibiting
characteristics to the existence of scintillation effect in the ionospheric region [Mazaudier and Blanc, 1982;
Mazaudier et al., 1984; Kelley et al., 2009].

As mentioned in the methodology, daily h’F values for each month of the years 1966–1998 around the post-
sunset period are used for this analysis. The daily values allow for better coverage and interpretation of the
phenomena. To allow for uniformity in the entire data, the percentage rate was calculated. This is achieved by
finding the number of days for which there is no increase in the response of h’Fwith effect from around 19 LT
up till the midnight hours in a particular month divided by the total number of days of continuous hourly data
availability in that same month and finding the percentage. For instance,

% monthly rate of inhibition ¼

days with decrease in h’F around 19 LT through the midnight hours in a month
¯

total number of days with h’F data availability for the same month

Also,

% annual rate of inhibition ¼
days with decrease in h’F around 19 LT through midnight hours in an entire Year
¯

total number of days with h’F data availability for the same year

and

% SC rate of inhibition ¼

days with decrease in h’F around 19 LT through the midnight hours in an entire SC
¯

total number of days with h’F data availability for the same SC

The data are manually traced out such that it satisfy the conditions of the h’F response of fourth and eighth of
December, 1996 as shown in Figure 10. It is worth mentioning that not all days have complete data set.
Hence, days with too much gaps in the data set are not considered. Months constituting years with more
of scanty data are also avoided (e.g., 1969 and 1970). Year 1998 had data available for only 2months, so
the annual averages cannot be computed. As a condition for scintillation seeding mechanism, the height
profile h’F is expected to continue to rise beyond 18 LT (which is the average period for which the PRE peak

Figure 10. Two samples of condition/pattern for determining the inhibition
characteristics from the height profile (h’F).
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was observed in this work), since the drift
(PRE) around this period pushes
the F layer height up. At this time, the
bottom-side gradient region of the
increasing height becomes less stable
and is subsequently unable to seed
perturbations, leading to the appearance
of scintillation effects by the Rayleigh-
Taylor (R-T) instability mechanism [de
Lima et al., 2015]. Any pattern in the F
layer altitude that does not support
this increase beyond the 18 LT like
those shown in Figure 10 indicates
the condition for characterizing the
inhibition of scintillation effect.

Figures 11 and 12 depict the respective percentage annual mean averages and the monthly mean averages for
each sunspot cycle characterizing the inhibiting condition. Further, Table 4 summarizes the seasonal inhibiting
rate for each sunspot activity period. The following deductions were made from both figures and the table:

1. The inhibition rate maximizes at sunspot minima, increases during sunspot cycle descending phase,
decreases during sunspot ascending phase, and minimizes during sunspot maxima for all SCs. This
observation is in agreement with the result obtained by de Paula et al. [2003] in which the seeding of
scintillation effect maximizes at sunspot maxima at stations in the EIA region.

2. The rate of inhibition is highest during SC 20 and reduces through SC 22.
3. The rate of inhibition of the scintillation effect is higher during the solstices than for the equinox seasons

for all SCs. This result is consistent with the observations of some previous works which had earlier
reported that scintillation or ESF occurrence is higher in equinox than during solstice. Some of these
include Satri et al. [1979], Abdu et al. [1992], Lee et al. [2005], and Sreeja et al. [2009].

4. Summary and Recommendations

The nighttime ionospheric variation in the vertical plasma drift (Vd) was investigated in Ouagadougou in the
trough of the EIA region. The data span June 1966–February 1998 extending through three sunspot cycles
(SC) 20–22 for different phases and seasons. The annual and 11 year sunspot activity progressions were also
considered. Owning to the unavailability of direct measured procedures for obtaining drift velocity in the
African sector, the drift was inferred from the time rate of change of the F layer height of reflection. The ana-
lysis revolved around the two peaks that characterize the drift morphology at nighttime—the evening-time
PRE, and the minimum reversal periods.

Observations show that the mean
annual peak magnitudes of Vd during
the PRE and minimum reversal periods
exhibit the 11 year sunspot cycle evolu-
tion with the solar sunspot number
(Rz). The correlation coefficients for the
PRE peak/Rz and reversal peak/Rz obser-
vations are 0.987 and 0.848, respec-
tively. The PRE peak magnitude, for the
11 year sunspot cycle seasonal observa-
tion, in June solstice (also the lowest)
appeared 1 h later when compared with
other seasons and found its explanation
in the slow growth rate of the Rayleigh-
Taylor (R-T) instability mechanism.

Figure 11. Annual mean magnitudes of the rate of inhibition (measured
in percentage) obtained from the response of the height profile.

Figure 12. Same as in Figure 11, but for themonthly averages across each
sunspot cycle.
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PRE has been found to be related to the ionospheric dynamo system which in turn is connected to neutral
wind; since the neutral wind variation is seasonal dependent, it is expected that the same characteristics will
be exhibited during the PRE period. PRE magnitude and downward perturbation drifts near dusk were
highest/lowest during the equinoctial/solsticial periods. Both the PRE and reversal peak magnitudes exhibit
direct sunspot activity dependency. The drift pattern also reveals monthly semiannual asymmetry for all
cycles during the PRE event with peaks in March and September/October. One of the remarkable features
of this work is the local time presunrise (05 LT) plasma drift enhancement, which is dependent on the phase
of sunspot cycle.

Different quantitative magnitudes of the drift were observed for different seasons and activities. Table 5
summarizes the peak magnitudes for the different activity periods and conditions, which are consistent,
in parts, with some previous drift results [e.g., Batista et al., 1986; Fejer, 1997; Fejer et al., 1999, 2008;
Woodman et al., 2006].

The pattern between different years constituting a sunspot activity period during either the PRE peak event or
the postmidnight minimum drift excursion is best described by a fourth-order polynomial equation. Further,
the rate of inhibition of the likely appearance of scintillation effect was observed to maximize at sunspot
minima and minimize during sunspot maxima for all SCs. The linear drift equation obtained for
Ouagadougou for the peak PRE/Rz relationship can be used to predict the annual PRE peak magnitude for sta-
tions along the EIA trough in the African sector provided the corresponding annual solar sunspot number is
available. It is therefore encouraged that the drift data at this station be integrated into the African regional
modeling and consequently in the design of the International Reference Ionosphere drift model.

It is hopeful that the newly installed ground-based All Sky Camera for Night Airglow (OI 630 nm emission)
at the National Space Research and Development Agency (NASRDA) centre in Abuja, Nigeria, and the
continuous increasing number of GPS stations in the African sector will assist a long way in the direct
probing/measurement of scintillation effects in the African sector. The All Sky Camera was installed in
May, 2015, and it is the first in Africa.

Table 4. Average Percentage Rate of Inhibition for the Appearance of Scintillation Effect

Season

Rate of inhibition (%)

SC 20 SC 21 SC 22

March equinox 4.70 3.35 1.45
June solstice 14.20 6.35 5.05
September equinox 5.20 5.10 3.40
December solstice 12.13 6.33 3.75

Table 5. Peak Magnitudes of Plasma Drift for Different Activities and Conditions

Activity/Condition

Plasma Drift (m/s)

Peak PRE Maximum Presunrise Minimum Downward Excursion

Sunspot Cycle
SC 20 18.6 5.2 �7.5
SC 21 25.9 5.0 �11.4
SC 22 26.1 0.5 �8.3

Solar Activity Phase
Maximum/HSA 25.0 5.6 �9.7
Ascending/MSA 13.3 3.0 �4.3
Descending/MSA 9.0 2.1 �4.3
Minimum/LSA 4.5 0.6 �3.9

Seasonal Activity
March equinox 18.1 4.0 �7.8
June solstice 12.0 1.4 �10.9
September equinox 15.7 2.9 �6.6
December solstice 12.8 3.8 �8.5
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