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1. Introduction

Studies of the signature of solar events on the ionosphere have shown that this
layer of the Earth’s upper atmosphere responds as a function of sunspot cycle
activity, season and time of day [1] [2] [3] [4]. To predict the responses of io-
nospheric parameters, models have been developed [5] [6] [7] and the results of
the studies have shown the need to improve the response of some models [8] [9]
[10]. The response of the IRI (International Reference Ionosphere) model has
been analyzed at low latitudes, not only to study the temporal variability of the
main ionospheric parameters [11], but also to compare the prediction of differ-
ent versions of the model evolution to the data observed in the different stations
of the equatorial region of the African sector and this for different solar phases
and cycles [12]. The objective of this work is to analyze during the minimum
phase of solar cycle 22, the response of the two subroutines URSI and CCIR of
the latest version of the IRI model, through the temporal variations of foF2 dur-
ing the quiet geomagnetic activity. We compare the predictions of the URSI and
CCIR subroutines with ionosonde data from the Ouagadougou station (latitude
12.4°N and longitude 358.5°E). This paper is a continuation of the work of the
authors [13], who showed the need to improve the response of the IRI-2012 model
by studying the variability of foF2 in quiet periods, and allows us to see if this
version has corrected the problems observed in previous versions and to assess
the response of the two main subroutines of IRI-2016 in periods of quiet geo-

magnetic activity at low latitudes.

2. Materials and Methods
2.1. Data Used

We use data from the ionosonde of the Ouagadougou station (latitude 12.4°N
and longitude 358.5°E) which operated from 1966-1998 and was provided by
Brest Telecom of Bretagne. We consider the characteristic year of the phase
<20

[14]. The ionospheric parameter studied is the critical frequency of the F2 layer

minimum of the solar cycle 22 determined by the sunspot number Rz,
in the equinox (March and September) and solstice (June and December) months.
We use the quiet days of the month characteristic of the season. The monthly foF2
value is the arithmetic mean of the foF2 values of the five quietest days of the

month. It is important to note a lack of data observed at certain times (Table 1).

2.2. Conditions of Use of IRI

The IRI model is a standard reference model which is used to design experi-

mental measurements, to estimate the ionospheric environment and its effects,
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Table 1. Observed values of foF2 during the four seasons of the phase minimum.

Hours (h) 0 2 4 6 8 10 12 14 16 18 20 22 24

foF2 (MHz)
- 7 322 254 7.1 798 7.72 814 94 898 8.1 6.7 -
March
foF2 (MHz)
] 3.5 2.75 1.93 4.55 7.04 7.68 7.36 7.22 7.84 8.3 7.12 4.46 4.25
une
foF2 (MHz)
4.43 3.77 1.725 3.7 7 683 6.7 723 85 835 787 7 -
September
foF2 (MHz)
6.17 498 293 24 7.08 7.78 7.56 8.18 796 7.74 6.2 7.1 -
December

to validate the hypotheses of the various theories... [15]. There are several ver-
sions of the IRI model and its latest version is 2016. The predicted hourly values
of foF2 for calm days are obtained by running the two subroutines URSI and
CCIR of IRI-2016 for the Ouagadougou station.

In this work, the model is executable through the site:
https://ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php, under URSI

and CCIR under the following conditions:
- Years: 1985.
- Month (to be defined: March, June, September, December).
- Day (to be defined: calm day), Hour = 1.5.
- Time_type = Local or Universal (because for Ouagadougou UT = LT).
- Coordinate_type = Geographic (Latitude = 12.5, Longitude = 358.5, Height =
350.)
- Prof.parameters: Start = 0. Stop = 24. Step = 1.
It generates the averages of the main ionospheric parameters as a function of
time, date, at an altitude varying between 50 and 2000 km.

2.3. Methods

In this study, we use the calm days determined by the index Aa < 20 nT [16]
[17]. The season is characterized by its characteristic month namely: March for
spring, June for summer, September for autumn and December for winter [18].
The phases of the solar cycle are determined by the annual average Ziirich suns-
pot number (Rz). For the minimum phase average Rz, < 20, the ascending
and descending phase 20 < Rz, < 100 and the maximum phase average
Rz, > 100 [19]. The study of the variation of ionospheric mean values [20] is
performed using the arithmetic mean of the five calmest days to describe the
whole season at the Ouagadougou station determined by the geographical coor-
dinates: latitude 12.5°N and longitude 358.5°E. The IRI model is run to deter-
mine the hourly mean values of foF2 considering the solar cycle 22.

Our working method focuses on qualitative analysis based on purely visual
observation of the results of the IRI-2016 model temporal profiles and the ion-
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probe data. We will use the quantitative analysis which will consist of determin-
ing the average modulus of relative deviation (A) and the percentage of deviation
between the results of the two subprograms of the IRI-2016 model and the io-
nosonde data respectively by Equations (1) and (2).

foF 21 — foF 2;*
A= % :‘ ;: F 2ion0 : (1)
Y i
foF 21" — foF 2™
O = foF 2 100 (2)

With foF2°™ and foF2 as the values provided by the ionosonde and
modeled by IRI-2016, respectively, and /N the number of terms. For (A) < 0.06
then the agreement between model and experiment goes from reasonable to
good in the opposite case the agreement goes from reasonable to bad [10]. For
O <0, the model overestimates the observed values, and the model underes-
>0 [21].

timates the observed values when, o,

3. Results and Discussion

Running the IRI model under the above conditions allows us to determine the
hourly averages of the critical frequency (predicted data) of the five calmest days
of each season. The observed data are provided by the ionosonde of the Ouaga-
dougou station. All data are then exported to an Excel file for the determination
of the daily mean value foF2 which represents the whole season and the plotting
of the graphs. Finally, we determine the average relative deviation modulus and
the percentage deviation between the results of the two subroutines of the
IRI-2016 model and the ionosonde data.

Figure 1 shows the comparative temporal evaluation of the arithmetic mean
foF2 of the five quietest days during spring (Figure 1(a)), summer (Figure 1(b)),
autumn (Figure 1(c)), and winter (Figure 1(d)) for the minimum phase of solar
cycle 22 at the Ouagadougou station. The continuous curves in blue represent
the average variations of foF2 given by the ionosonde, the curves in red dashes
show the evolution of the average variations of foF2 given by the URSI subpro-
gram and those in green dashes concern the CCIR. The error bars on the tem-
poral profiles of the observed data are standard deviations that allow us to ap-
preciate the response of the IRI model.

Figure 2 represents the comparative temporal assessment of the percentage
deviation of the URSI and CCIR subprograms of IRI-2016 from the arithmetic
mean of the foF2 of the five quietest days in spring (Figure 2(a)), summer
(Figure 2(b)), autumn (Figure 2(c)) and winter (Figure 2(d)) for the phase
minimum of solar cycle 22 at the Ouagadougou station.

Figure 1(a) shows a plateau-like profile for URSI and a double peak with an
inflection located at 1200 LT for CCIR and the observed data. The afternoon
peak of the measurement data has higher amplitude than the morning peak. The
URSI curve has a night peak at 2300 LT which is not observed on the CCIR curve.
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Figure 1. Comparative temporal evaluation of average foF2 of quiet periods during the
phase minimum of solar cycle 22 at the Ouagadougou station. (a) Comparative time
evaluation of foF2 in spring; (b) Comparative temporal evaluation of foF2 in summer; (c)
Comparative temporal evaluation of foF2 from fall; (d) Comparative temporal evaluation
of foF2 from winter.

The curve of the measurement data is lower than that of URSI and CCIR during
the whole day. The maximum and minimum value of the critical frequency of
the measurement data in spring are observed respectively at 1600 LT (9.4 MHz)
and at 0600 LT (2.54 MHz). Between 0000 LT - 0500 LT and from 1700 LT -
2400 LT, the CCIR curve is higher than the URSI curve. The minimum value of
foF2 is observed at 0400 TL (5.76 MHz) for URSI and at 0600 TL (6.36 MHz) for
CCIR. The curve of URSI shows its maximum value at 1400 LT (12.43 MHz) and
that of CCIR at 1000 LT (11.99 MHz).

Figure 2(a) shows an overestimation (o, <0) of foF2 by URSI and CCIR.
The maximum overestimation value is obtained at 0600 TL ( o, =—65.62% ) for
URSI and at 0500 LT (o, =-63.65%) for CCIR. The best overestimation
(0,4 <—20% ) is observed at 0200 LT and between 1700 TL - 2000 TL for URSI
and between 1700 TL - 2000 TL for CCIR. Calculation of the average modulus of
the relative deviation yields 0.58 for URSI and CCIR. This result is greater than
0.06 so the agreement between the model responses and the observed results

ranges from reasonable to poor.
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Figure 2. Comparative temporal evaluation of the percentage deviation of the URSI and
CCIR subprograms of IRI-2016 from calm days during the phase minimum of solar cycle
22 at the Ouagadougou station. (a) Comparative temporal assessment of the percentage
of deviation of URSI and CCIR during spring; (b) Comparative temporal assessment of
the percentage deviation of URSI and CCIR over the summer; (c¢) Comparative temporal
assessment of the percentage deviation of URSI and CCIR during the fall; (d) Compara-
tive temporal evaluation of the percentage deviation of URSI and CCIR over the winter.

Figure 1(b) shows that in summer, a plateau-like profile is observed for URSI
and a double peak with a trough at 1200 LT for CCIR and the observed data. The
afternoon peak in the measurement data has a higher amplitude than the morn-
ing peak, which is still lower than that observed in spring. Unlike spring, the
summer URSI profile does not show a nighttime peak. The curve of the mea-
surement data is lower than that of the predicted data all day. The maximum
and minimum value of the critical frequency the summer measurement data are
observed at 1800 LT (8.3 MHz) and 0400 LT (1.93 MHz) respectively. Between
0000 LT - 0500 LT and from 1900 LT - 2400 LT, the URSI curve is lower than
that of CCIR. The minimum value of foF2 is observed at 0400 LT (4.42 MHz) for
URSI and 0400 LT (5.03 MHz) for CCIR. The URSI curve has its maximum val-
ue at 1500 LT - 1600 LT (11.23 MHz) and that of CCIR at 1600 LT (10.46 MHz).
The profiles of the observed data, URSI and CCIR in summer are lower than
those observed in spring respectively.

Figure 2(b) also shows an overestimation (o, <0) of foF2 by URSI and

rel
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CCIR. The maximum value of overestimation is obtained at 0500 LT (—63.33%)
for URSI and at 0300 LT (-67.08%) for CCIR. The best overestimation is ob-
served at 1900 LT (o, =-17.71%) for URSI and (o, =-18.47%) for CCIR.
The average modulus of the relative deviation gives 0.61 and 0.66 for URSI and
CCIR, respectively. These results are greater than 0.06 thus, the agreement be-
tween the sub-program responses and the observed results ranges from reasona-
ble to poor. The best match state response is obtained in summer with the URSI
subprogram.

Figure 1(c) is devoted to the profiles of measurement data and predicted data
in autumn. The same type of profile as in spring is observed, namely a plateau
for URSI and a double peak with a less marked inflection for CCIR compared to
the measurement data. The nighttime peak in spring is not observed in the URSI
profile. As in the previous two seasons, both curves of the predicted data are
higher than that of the measurement data for the whole day. For this season, the
maximum and minimum values of the critical frequency of the measurement
data are observed respectively at 1800 LT (9.35 MHz) and 0400 LT (1.72 MHz).
Between 0400 LT - 1800 LT, the URSI curve is higher than that of CCIR. The
minimum value of foF2 is observed at 0400 LT (5.35 MHz) for URSI and CCIR.
The curve of CCIR presents its maximum value at 1600 LT (11.36 MHz) and
that of CCIR at 1400 LT (11.92 MHz).

Figure 2(c) shows identical overestimation in spring and summer namely
(0,4 <0). The maximum overestimation value is obtained at 0400 LT
(0, =—68.29% for URSI and o, =—67.77% for CCIR). The best overesti-
mation is observed between 1800 LT - 2100 LT (o, <—20% ) for URSI and
CCIR. The average modulus of the relative deviation gives 0.72 and 0.65 for

rel

URSI and CCIR, respectively. The agreement between the subprogram responses
and the observed results ranges from reasonable to poor. The best fit state re-
sponse is obtained in the fall with the CCIR subprogram.

Figure 1(d) shows a double peak centered at 1200 LT for the three profiles
studied. The amplitude of the afternoon peak in the measurement data is smaller
than that observed for the other three seasons. The three curves show a night
peak around 2200 LT in winter, which is more pronounced for the measurement
data. As for the last three seasons, the curve of the measurement data is lower
than that of URSI and CCIR during all the day. The maximum and minimum
value of the critical frequency of the measurement data in spring are observed
respectively at 1400 LT (8.18 MHz) and at 0600 LT (2.4 MHz). Between 0500 LT
- 1700 LT, the CCIR curve is slightly lower than the URSI curve. The minimum
value of foF2 is observed at 0400 LT (6.07 MHz) for URSI and at 0600 LT (5.86
MHz) for CCIR. The curve of URSI presents its maximum value at 1400 LT
(11.86 MHz) and that of CCIR at 1000 LT (11.51 MHz).

Figure 2(d) shows an overestimation at the other three seasons. The maxi-
o =—03.90% for URSI
=-59.10% for CCIR). The best overestimation is observed between

rel =

mum overestimation value is obtained at 0600 TL (o

and o

DOI: 10.4236/jamp.2022.1012236

3568 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2022.1012236

M. Konaté et al.

1800 LT - 1900 LT and between 2100 LT - 2400 LT (o, <—30% ). The average
modulus of the relative deviation gives 0.56 and 0.52 for URSI and CCIR, re-
spectively. The agreement between the subprogram responses and the observed
results ranges from reasonable to poor. The best fit state response is obtained in
winter with the CCIR subprogram.

Analysis of Figure 1 shows that: 1) the URSI and CCIR predicted profiles
have the same variability as the ionosonde data for each of the four seasons of
the phase minimum; 2) the temporal profiles of the predicted values are higher
than those of the predicted data throughout the day for all four seasons; 3) the
good response is obtained between 0700 TL and 2400 TL for all seasons; 4) the
URSI curve is higher than the CCIR curve between 0500 TL and 1700 TL for all
four seasons; and 5) the error bar analysis indicates a better response in winter.

The analysis in Figure 2 shows an almost homogeneous overestimation of
foF2 by URSI and CCIR for all seasons of the minimum. The best overestima-
tion is obtained between 1600 TL - 2400 TL ( o, <—-30% ), and the worst be-
tween 0200 TL - 0600 TL ( o,.,, > —40% ) for all seasons. The calculation of the
average modulus of the relative deviation gives for URSI and CCIR respectively:
0.58 and 0.59 in March, 0.61 and 0.66 in June, 0.72 and 0.65 in September and
0.56 and 0.52 in December. The results obtained show that they are greater than

rel

rel

0.06. The agreement between the model responses and the observed results is
between reasonable and poor for the whole cycle phase studied. The best re-
sponse of the concordance state is obtained in winter with the CCIR subroutine
(0.52) and the bad one in September with URSI (0.72).

These results are in agreement with the authors [22] who showed during quiet
geomagnetic activity, that CCIR outperforms URSI after sunset in the equatorial

ionization anomaly (EIA) region over China.

4. Conclusion

In this paper, we make a comparative study of the temporal variation of foF2
with the response of the URSI and CCIR subroutines of the IRI-2016 model for
the different seasons of the solar cycle 22 phase minimum at the Ouagadougou
station. This study shows that, in general, the two subroutines of the IRI-2016
model are able to reproduce the variability of the critical frequency of the F2
layer of the ionosphere quite well and that there is no great difference in perfor-
mance between URSI and CCIR at low latitudes during the studied phase. In all
cases, the model exhibits a near-homogeneous overestimation of foF2 during all
four seasons. The best response is observed between 1700 LT and 2400 LT for
the available data. The match between the subroutine responses and the ob-
served results is between reasonable and poor for all seasons of the phase mini-
mum. The best matching state response is obtained in winter with the CCIR
subroutine and the worst in September with URSI. These results show that there
is a need to improve the CCIR and URSI subroutines of the IRI model in the low

latitudes of the African region.
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