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Abstract 
Critical frequency foF2 long-term trends at Dakar station (14.4˚N, 342.74˚E) 
located near the crest of the equatorial ionization anomaly EIA, are analysed 
taking into account geomagnetic activity, increasing greenhouse gases con-
centration and Earth’s magnetic field secular variation. After filtering solar 
activity effect using F10.7 as a solar activity proxy, we determined the relative 
residual trends slopes α values for three different levels of geomagnetic activ-
ity. For example, at 1200 LT, the value of α goes from −0.27%/year for very 
magnetically quiet days to −0.19%/year for magnetically quiet days and to 
−0.13%/year for all days. It appears from the slopes α obtained, that they in-
crease with the level of geomagnetic activity and their negative values are qu-
alitatively consistent with the expected decreasing trend due to the increase in 
greenhouse gases concentration but are greater than 0.003%/year which 
would result from a 20% increase in CO2 emissions which actually took place 
during the analysis period. Regarding Earth’s magnetic field magnitude, B 
secular variation and the dip equator secular movement, Dakar station is lo-
cated near the crest of the equatorial ionization anomaly, Earth’s magnetic 
field magnitude, B decreases there and the trough approaches the position of 
Dakar during the period of analysis. These two phenomena induce a decrease 
in foF2 which is in agreement with the decreasing trend observed at this sta-
tion. 
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1. Introduction 

The extreme weather phenomena increasingly observed in recent decades are for 
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many scientists rightly or wrongly linked to the increase in anthropogenic emis-
sions of greenhouse gases which influence the troposphere and the climate [1]. 
The upper atmosphere, particularly ionosphere, is also affected by these changes 
observed at low altitude. Since the pioneering study [2], investigations of 
long-term changes in the ionosphere have become an important topic in climate 
change research and many results have been published during these last thirty 
years [1] [3]-[36]. The ionosphere, in particular its F layer, plays an important 
role in radio communications (HF) and the propagation of GPS (Global Posi-
tioning System) signals, and most studies on its long-term variations use the 
critical frequency of its F2 layer (foF2) directly linked to its electronic density. 

Today, several possible mechanisms [15] [20] [30] [37] are used to explain the 
long-term trends of foF2, among others: 1) solar cycle long term variation, 2) 
long term variation in geomagnetic activity, 3) increasing greenhouse gases con-
centration and 4) secular Earth’s magnetic field variation. 

For the first mechanism, it is important to note that solar activity is the main 
source of ionization and it is always filtered from trends to focus only on the 
other mechanism’s effects. 

Thus, this first group of authors links the trends to geomagnetic activity long 
term variation [12] [13] [27] [28] [35] [36] [38] [39]; the second group links io-
nosphere trends to the increasing greenhouse gases concentration [2] [3] [4] [6] 
[7] [40] [41] [42] [43] and the last third group explains the trends by the secular 
variation of Earth’s magnetic field [10] [14] [15] [36] [36]. 

In this work, we analyse for the first time the long-term variations of foF2 
from a West African equatorial station, located near the crest of the equatorial 
ionization anomaly EIA. It should be noted that very few studies have been de-
voted to long-term variations in the area of the West African equatorial ioniza-
tion anomaly. We can cite the work of [15] and [30] who looked at long-term 
trends at Ouagadougou station, which is located near the trough of the West 
African equatorial ionization anomaly. 

[30] studied foF2 long-term diurnal, seasonal and annual trends at the Oua-
gadougou station. He came to the following conclusions: foF2 average diurnal, 
seasonal and annual trends are decreasing over the study period, negative trends 
are observed during the day and positive trends at night at 10 LT; the absolute 
values of the trends are higher at night than during the day; the absolute values 
of the trends are higher in summer than in winter; at 4 LT when the greatest 
positive trend is observed, the trend is positive from 1966 to 1981 and negative 
from 1981 to 1996, at 19 LT when the largest negative trend is observed, the 
trend is negative for the entire period of analysis from 1966 to 1996. Concerning 
Earth’s magnetic field secular variation influence, [30] estimates by a qualitative 
analysis that this can be a mechanism capable of producing some of the observed 
trends. As for the influence of geomagnetic activity, he observes that during cer-
tain hours (early in the morning and early in the evening), the variations in foF2 
are well correlated with Ap index. 
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[15] studied the effects of the increase in greenhouse gases and the displace-
ment of the magnetic dip equator on foF2 long-term trend in the same station. 
They obtained the following results: a downward trend of −0.015 MHz/year is 
obtained, i.e. a decrease of ~5% over the 33-year period considered. The 
downward trend is qualitatively consistent with an expected downward trend 
in the increase in greenhouse gas concentrations, but is not sufficient to pro-
duce the observed trend. The magnetic dip equator displacement to Ouaga-
dougou position brings it closer to the equatorial ionization anomaly’s trough. 
This factor added to that of greenhouse gases may explain the negative trend 
observed. 

The present paper goal is to analyze foF2 long-term trend of the African EIA 
sector. To contribute to the knowledge of the ionosphere in general and particu-
larly the equatorial ionization anomaly region, we analyze for the first time, foF2 
long-term trends of a station located near the equatorial ionization anomaly’s 
crest. The aim of this article is to analyze F2 layer critical frequency long-term 
trends at Dakar station, taking into account the effects of greenhouse gases, 
geomagnetic activity and Earth’s magnetic field secular variation. The main lines 
of the work are as follows: the data analysis is presented in Section 2 and in Sec-
tion 3, we present our results and their discussion as well as a conclusion in Sec-
tion 4. 

2. Data Analysis 

In this section, we will analyse the long-term annual trends of foF2 parameter 
measured at Dakar station (14.4˚N, 342.74˚E), over the period from 1964 to 
1996, ie over 3 solar cycles from minimum to minimum to decrease the effect of 
the solar cycle on all the data analysed, as [22] did. 

Regarding the high correlation coefficients between foF2 and F10.7, to filter 
out the solar activity effect, we used a linear regression between foF2 and F10.7 
(solar radio noise at λ = 10.7 cm). [44] showed that correction of solar activity 
with use of F10.7 gave more significant trends than with Rz. In addition, it is 
very well known the high correlation coefficient between foF2 and F10.7, pre-
cisely because F10.7 is an excellent proxy of solar EUV. foF2 and F10.7 data are 
available respectively on the sites: http://www.ips.gov.au/, https://www.ukssdc.ac.uk/. 
This linear regression results in the following equation:  

estfoF2 F10.7a b= +                       (1) 

a and b are real coefficients determined by using least squares method. To de-
termine foF2 trends we follow [27] by using relative deviation expression of the 
observed foF2 values Equation (2). The relative deviation expression has been 
proposed by [39] [40] and used in many publications.  

obs est

est

foF2 foF2
foF2

foF2
δ =

−
                    (2) 

with foF2obs, the observed value. 
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To take into account long-term trends in geomagnetic activity, we will com-
pare the trends of δfoF2 for three levels of geomagnetic activity: 1) magnetically 
very quiet days (δfoF2_vquiet), 2) magnetically quiet days (δfoF2_quiet) and 3) 
all days (δfoF2_all) using the criteria: aa < 20 nT: magnetically quiet days; aa < 
10 nT: magnetically very quiet days. 

Our foF2 trend is determined by using: 

foF2 Timeδ α β= +                       (3) 

with α and β real coefficients obtained by least squares method. The test of the 
significance of the linear trend parameter (the slope α) was done with Fisher’s F 
criterion with a confidence level ≥ 95%. 

( ) ( )2 22 1F r N r= − −                     (4) 

where r is the correlation coefficient between δfoF2 and year after Equation (2), 
and N is the number of pairs considered. 

Mann Kendall’s non-parametric trend test with 95% significance level was al-
so applied to the slope α. It should be noted that only the slopes obtained be-
tween 1200 LT and 1700 LT have a significance level more than 95% with this 
test and for the three levels of geomagnetic activity considered. In the following 
we only consider those hours. 

3. Discussion and Results 

Figure 1 shows the trends slopes diurnal variations of δfoF2 at Dakar station for 
three geomagnetic activity levels. Blue curve corresponds to all days, red curve to 
quiet days and green curve to very quiet days. Error indicated as vertical bars. It 
appears from Figure 1 that the hourly slopes are negative from 1200 LT to 1700 
LT for the three curves. Table 1 summarizes the slopes of trend for very quiet, 
quiet and all days. These negative trends, the weakest of which is 0.13%/year 
(δfoF2_all at 1200 LT) are qualitatively in agreement with those obtained by [30] 
and [15] at Ouagadougou station. [30] found a negative slope of 0.7%/year at 
1200 LT while [15] at the same time found a negative slope of 0.2%/year at Oua-
gadougou station, located near the trough of the equatorial ionization anomaly 
region. 
 

 
Figure 1. Diurnal variation of annual mean δfoF2 slope for three geomagnetic activity 
levels. 
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Table 1. Hourly trend slope for very quiet, quiet and all days. 

Local time (Hour) 
Trend slope α per year 

δfoF2_vquiet δfoF2_quiet δfoF2_all 

1200 −0.0027 −0.0019 −0.0013 

1300 −0.0043 −0.0033 −0.0025 

1400 −0.0046 −0.004 −0.0032 

1500 −0.0043 −0.0039 −0.0031 

1600 −0.0042 −0.0034 −0.0027 

1700 −0.0034 −0.0027 −0.002 

 
The decreasing trend observed at Dakar station is qualitatively consistent with 

an expected downward trend, due to increase in greenhouse gases concentration. 
However, the trends observed between 1200 LT and 1700 LT are greater than the 
0.003%/year which would result from a 20% increase in CO2 emissions which 
actually took place during the analysis period, extrapolating the results of [41] 
and [42] for a doubling in CO2 concentration. [15] obtained the same negative 
trend but also higher in Ouagadougou than the expected effect of greenhouse 
gases. The large negative trend in magnitude observed during this study shows 
that the effect of the increase in greenhouse gases concentration may be not 
enough to induce the observed trends.  

To analyse the effect of geomagnetic activity, instead of filtering it, we will 
compare δfoF2 trends slopes for three levels of geomagnetic activity that are 
those of very quiet, quiet and all days. [28] has shown that any type of Ap 
(monthly or annual average values) or Ap filtration by regression can only par-
tially suppress geomagnetic activity. Figure 2 shows the annual variations of 
δfoF2 at 1500 LT at Dakar. Blue curve corresponds to all days, red curve corres-
ponds to quiet days and green curve corresponds to very quiet days. It appears 
from Figure 2 that δfoF2 trend slope at 1500 LT decreases in absolute value 
when we go from very quiet days, to quiet days and then all days. Table 1 sum-
marizes the trends slopes obtained between 1200 LT and 1700 LT for the three 
levels of geomagnetic activity. It appears from Table 1 that δfoF2 trends slopes 
between 1200 LT and 1700 LT decrease in absolute value when the level of geo-
magnetic activity increases. The slope of the trend at 1500 LT for example goes 
from −0.43%/year for very quiet days to −0.39%/year on quiet days then to 
−0.31%/year for all days. It’s a 0.04%/year decrease in slope when going from 
very quiet days to quiet days. The intensification of geomagnetic activity there-
fore produces an absolute decrease in trend slope. This variation due to geo-
magnetic activity remains low in this station because the error bars in Figure 2 
indicate that curves of the three levels of geomagnetic activity are almost iden-
tical.  

The influence of Earth’s magnetic field secular variation on foF2 long-term 
variations can be classified into: 1) the long-term variation of the inclination I  
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Figure 2. Annual variation of δfoF2 at Dakar for 1500 LT. 
 
and the declination D, 2) the long-term variation of Earth’s magnetic field mag-
nitude B and 3) the displacement of dip equator. These three parameters were 
obtained from the International Geomagnetic Reference Field (IGRF). Figure 3 
shows that the factors in (I) cos (I) decreases during the period considered, as 
the inclination I (Figure 4) at Dakar station. A decrease in the factors in (I) cos 
(I) should induce an increase in foF2 during the daytime instead of the decrease 
observed between 1200 LT and 1700 LT [15] [45]. Regarding factor cos (D) cos 
(I) which is also shown in Figure 3, it increased during the study period. This 
increasing trend should also induce a positive trend of foF2, instead of the nega-
tive trend observed as shown by [36] for equatorial stations. 

Figure 4 shows Earth’s magnetic field magnitude B variations at Dakar station 
(blue line). Earth’s magnetic field magnitude B influences the vertical drift. In-
deed, in F region, the phenomenon of equatorial fountain produces on one hand 
intensification of the ionization at more or less 15˚ of latitude (crest EIA) on 
both sides of dip equator and on the other hand a decrease in ionization in the 
trough of the EIA. Thus, a decrease in B will induce a further decrease in foF2 in 
stations located on the crest and a decreasing trend will then be expected. This is 
the case with the decreasing trends obtained between 1200 LT and 1700 LT.  

Regarding the dip equator displacement, its latitudinal movement is shown in 
Figure 5 at the geographic longitude of Dakar. Dakar is located near the crest of 
the equatorial ionization anomaly EIA and one can see that dip equator ap-
proaches the latitude of Dakar during the study period. This displacement of the 
equatorial anomaly trough towards Dakar will induce foF2 variations. To show 
qualitatively this displacement impact, we determined foF2 for different latitudes 
at the geographical longitude of Dakar for three different dates with IRI-2016 
available on http://omniweb.gsfc.nasa.gov/. Figure 5 shows foF2 latitudinal pro-
file at the geographic longitude of Dakar for three years (1964, 1980 and 1996) 
under the initial conditions: January, 1500 LT with F10.7 = 150. From 1964 to 
1996, the equatorial ionization anomaly trough approached Dakar’s position and 
foF2 should decrease. The same results were obtained for other stations under 
EIA: Ouagadougou (12.4˚N, 358.5˚E), Huancayo (12.0˚S, 284.7˚E) and PhuThuy 
(21.3˚N, 106.0˚E), obtained respectively by [15] [43] [46]. 
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Figure 3. sin(I)cos(I) factor and cos(D)cos(I) factor. Inclination I and declination D ob-
tained from the International Geomagnetic Reference Field IGRF, at Dakar location 
(14.4˚N, 342.74˚E). 
 

 

Figure 4. Inclination I (red line) at 300 km height and Earth’s magnetic field magnitude B 
(blue line) obtained from the International Geomagnetic Reference Field IGRF, at Dakar 
location (14.4˚N, 342.74˚E). 
 

 
Figure 5. Latitudinal profile of foF2 at the geographic longitude of Dakar (342.74°E) ob-
tained with International Reference Ionosphere model, IRI2016, as an example for Janu-
ary, at 15 LT and solar activity level corresponding to F10.7 = 150. Dashed line indicates 
de latitude of Dakar. From 1964 to 1996 foF2 decrease at latitude of Dakar. 
 

Ouagadougou located near the trough is approaching it and a decrease in the 
trend is expected. This is the case with the trend of −0.015 MHz/year obtained 
by [15]. 
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Huancayo is in a similar geographic location to Dakar. It is an equatorial io-
nospheric station located north of the magnetic dip equator but in the southern 
hemisphere. In this case, the magnetic dip equator moves away from the station, 
so we should expect an increase in foF2. foF2 trend for this station was evaluated 
by [43] which obtained a positive value of 0.017 MHz/year, qualitatively in 
agreement with the displacement of the EIA trough. 

PhuThuy is located near the northern crest of the EIA and is approaching it, 
an increase in foF2 should be expected. [46] obtained a positive trend of 0.025 
MHz/year which is qualitatively in agreement with the expected trend. 

4. Conclusion 

The study shows that increase in greenhouse gases concentration, geomagnetic 
activity and secular variations of inclination I and declination D have a very li-
mited effect on foF2 long-term trends at Dakar station. Earth’s magnetic field 
magnitude B secular variations and dip equator displacement seem to be the 
main causes of the decreasing trends of foF2 observed at Dakar station between 
1200 LT and 1700 LT. It would be important for other studies to be able to 
quantify dip equator displacement influence and geomagnetic activity on foF2 
long-term trends in this EIA region. This quantification will allow us to deter-
mine the relative influences of greenhouse gases, geomagnetic activity and the 
variation of inclination I and declination D compared to the Earth’s magnetic 
field magnitude B variations of B and dip equator displacement.  
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