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Abstract

In this paper, we evaluate and report the International Reference Ionosphere (IRI) model’s vertical Total Electron Content (TEC)
regional profile. Diurnal, monthly, seasonal, and storm-time characteristics of IRI estimates over the equatorial region’s ionosphere
are validated. We compared the vertical TEC derived from IRI-2020 and its predecessor, IRI-2016, with the GPS-TEC measurements.
Results show that IRI (both versions) agrees with observed TEC during solar cycle maximum periods. Exceptionally, over Turkwel sta-
tion, IRI-2020 produced double peak profiles on the March equinox, June solstice, and September equinox and overestimated with larger
discrepancies. Over the other three stations, both IRI versions reproduced the seasonal averaged observed TEC with only slight time lags
and discrepancies. During geomagnetically perturbed times, IRI-2020 better indicated positively enhanced GPS-TEC than IRI-2016.
However, during the March 17, 2015 storm, IRI-2020 underestimated the storm-enhanced TEC over Bahir Dar station at all phases
of the storm. IRI-2016 shows good performances for negative storms where lower TEC measurements are recorded.
� 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

East Africa, as a developing region, is lagging behind in
modern technology and demands more precise positioning
and communication systems. However, in recent times,
things have changing and the region is looking for better
technology and good facilities. Therefore, now, as noted
by Nigussie et al. (2013), having ionosphere specifications
for various applications in the region needs due attention.
Space weather services essentially depend on the accurate
imaging of the ionosphere. The Global Positioning System
(GPS) and the international Global Navigation Satellite
Systems (GNSS) played the main role in bistatic plasma
sensing. The information from this remote sensing enabled
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the ionospheric physics and space weather community to
have a detailed understanding of the upper atmosphere
dynamics (Galkin, 2022). Accurate characterization of the
ionosphere is a very challenging task, and for this, empiri-
cal models have provided a simplified alternative way of
getting the median characteristics of the ionosphere
(Fejer et al., 2008; Nigussie et al., 2013; Nigussie et al.,
2016; Kauristie et al., 2021). A couple of real-time and cli-
matological ionospheric models have been developed to
monitor the ionosphere. The IRI model is one of the clima-
tological models and an internationally recognized official
standard for the Earth’s ionosphere. The International
Standardization Organization, the European Cooperation
for Space Standardization, the International Union of
Radio Science, and the Committee on Space Research
accepted the model as an international reference (Bilitza
et al., 2022).
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IRI describes monthly averages of the electron density,
electron temperature, ion temperature, and ion composi-
tion globally in the altitude range from 60 to 2000 km.
Through time, additional parameters, including the equa-
torial ion drift, the occurrence probability of spread-F in
the F1 layer, auroral boundaries, and the electron content
from the bottom of the ionosphere to a user-specified alti-
tude, were added to the model. Bilitza et al. (2022) reviewed
enormous IRI validation studies based on scientific com-
munity requests, and the reader can obtain the new features
on IRI-2020. Major updates related to total electron con-
tent (TEC) and electron density profiles include: (i) a more
accurate representation of the solar activity variation of the
topside electron density that is supported by in situ obser-
vations (e.g., ISIS 1, 2, Alouette 1, 2, CHAMP, GRACE,
and Swarm) based on Bilitza and Xiong (2021). (ii) The
D-region electron density profile is updated in IRI-2020
based on the work of Friedrich et al. (2018), which is a
compilation of reliable rocket measurements and a theoret-
ical ion-chemical model. Bilitza et al. (2022) is now a good
guide for all of us (the researchers and users) interested in a
deeper understanding of the model architecture and its
mathematical formalism.

The majority of IRI input parameters and observations
are from midlatitude regions because instruments are
employed in the region more intensely than in other latitu-
dinal regions (e.g., the African equatorial sector). Investi-
gations on the validation of the model indicated that the
model either under-estimates or over-estimates TEC and
vertical drifts in equatorial and low-latitude regions (e.g.,
Scida et al., 2012; Ezquer et al., 2014; Tariku, 2015;
Marew et al., 2019; Tariku, 2015; Tariq et al., 2019 and
many more cited in these works). Large data availabilities
at midlatitudes are reported, but the data from high lati-
tudes (aurorla and polar) and low and equatorial latitudes
are very low (Arikan et al., 2019). Hemispheric imbalance
in datasets has a large effect on the accuracy of the model
(Pignalberi, Pietrella, & Pezzopane, 2021). They also added
that IRI is generally more accurate for the northern
hemisphere.

Studies have been reported on the performance of IRI-
2016 (e.g., Chen et al., 2020; Endeshaw, 2020; Moses
et al., 2021; Ogwala et al., 2021; and Ogwala et al.,
2022). For instance, Endeshaw (2020) showed that during
the high solar activity years (2012–2016), the IRI-2016
overestimated the GPS-TEC. Average peak GPS-TEC at
equatorial and low latitudes shows an equal magnitude in
the March and September equinoxes (Ogwala et al.,
2021). A related parameter with similar factors for varia-
tions is hmF2 of the F2-region ionosphere. Moses et al.
(2021) compared the hmF2 of the IRI-2016 with the
hmF2 derived from the Constellation Observing System
for Meteorology, Ionosphere, and Climate (COSMIC)
ionospheric occultation and reported that the IRI-2016
performs better during magnetically quiet conditions in
both solar active and passive cycles. They also reported
that the best predictions are made during the daytime.
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However, there are no validation works yet (to this point
in time) for the latest IRI-2020 model.

This article focuses on the validation of the latest ver-
sions of the IRI model (IRI-2016 and IRI-2020), which
are available on NASA’s Community Coordinated Model-
ing Center (CCMC) website. Evaluations have been done
for both quiet and disturbed (storm-time) geomagnetic con-
ditions. GPS-TEC (observed vertical TEC) measurements
are used for the validation. We analyzed the vertical TEC
obtained from the equatorial latitudes in East Africa and
Latin America. We analyzed one year of observations and
model estimations for the stations: Sheba, Eartiria; and
Bahir Dar, Ethiopia; Turkwel, Kenya; and Arequipa, Peru.
Details about the stations are available below. However,
measurements of magnetically disturbed days are excluded
for quiet time analysis, as will be described in the next sec-
tion. We compared the daily, averaged seasonal, and aver-
aged monthly TEC obtained from the models and GPS.
Hopefully, results will provide potential feedback to the
IRI model working group and to the scientific community
regarding regional performance, especially in the latest ver-
sion, IRI-2020 performance.

2. Data and methods

2.1. Data

Four GPS stations are selected systematically based on
their latitudinal and longitudinal location (i.e., stations
that can represent the vast area of latitudes within a specific
longitudinal sector (350 –400), East Africa; see Table 1).
And, a fourth station for longitudinal assessment from
Latin America. Thus, vertical TEC data are collected and
processed for those stations from the UNAVCO website
(https://www.unavco.org/). IRI-2016 and IRI-2020 model
estimations are driven from NASA’s CCMC website
(https://kauai.ccmc.gsfc.nasa.gov/instantrun/iri). Kp-
index data are obtained from NASA’s Space Physics Data
Facility via https://omniweb.gsfc.nasa.gov/. The British
Geological Survey (https://www.geomag.bgs.ac.uk/) geo-
magnetic coordinate calculator has been used to obtain
the corresponding geomagnetic coordinates of the GNSS/
GPS stations.

2.2. Methods of analysis

Evaluations of the capacity of the IRI models have been
done for both quiet and disturbed (storm-time) geomag-
netic conditions. GPS-TEC (observed vertical TEC) mea-
surements are used for validation. We analyzed the
vertical TEC obtained from the equatorial latitudes in East
Africa and Latin America. We analyzed one year of obser-
vations and model estimations for the stations mentioned
above. The GPS Rinex observation and navigation files
have a time resolution of 30 s. Using a GPS-TEC analysis
software, observation and navigation row data are
processed to obtain the required vertical TEC. The
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Table 1
Locations of the GNSS/GPS stations and Data used for the study.

Stations location Station
code

Geog.
Latitude

Geog.
Longitude

Mag.
Latitude

Mag.
Longitude

Data used (quiet
time)

Data used (Storm
time)

Sheba, Earitria SHEB 15.85 39.05 8.46 112.20 2012/13 2012/13 (Two
events)

Bahir Dar,
Ethiopia

BDMT 11.60 37.36 3.67 111.05 2016 2015 (Two events)

Turkwel, Kenya XTBT 3.14 35.87 �5.72 109.83 2017/18 2017/18 (Two
events)

Arequipa, Peru AREQ �16.47 �71.49 �5.61 0.50 2021 2017/18 (Two
events)
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GPS-TEC analysis software provides a vertical TEC mea-
surement with a time resolution of about one minute.
TEC has been extracted with a minimum elevation of 200.

Then, proper filtering was performed using median aver-
aging methods to remove outliers. To compare the GPS-
TEC with the IRI-2016 and IRI-2020 models, the quiet
time (Kp < 3) observation and TEC driven from the mod-
els are grouped or arranged in diurnal, monthly, and sea-
sonal classes. Also, two storm (Kp greater than 6) events
are analyzed at each station to evaluate the models’ perfor-
mance during disturbed conditions in the ionosphere. IRI
storm effect predictions do not show a significant difference
for low latitudes from the ‘‘storm off” choice (Bilitza et al.,
2022). However, they reported improvements for mid-
latitude and high-latitude predictions of the storm effects.
Even though reports indicate such conclusions, we pre-
ferred to include storm time comparisons between models
and observed values to help or confirm the results obtained
in other locations in the low latitudes. For instance, we
confirmed the results reported by Bilitza et al. (2022) over
Ramey (18.50�N, 292.40�E), a low latitude region pre-
sented in Fig. 4 of their article. Thus, we are not ‘‘only”
comparing the performance of the two IRI versions but
also observed-TEC with model-TEC. For graphics,
MATLAB programming software has been used to analyze
the data and plot the results.

3. Results

3.1. Performance of IRI over Sheba

In East Africa, the difference between local time (LT)
and universal time (UT) is 3:00 h (e.g., 0:00 UT is 0:00
UT + 3 = 3:00 LT). To test the models’ diurnal perfor-
mances, six consecutive magnetically quiet days are
selected systematically for each season of the year (March
equinox, June solstice, September equinox, and December
solstices) for better representation. A similar analysis has
been done for all four stations considered in our work
(Sheba, Bahir Dar, Turkwel, and Arequipa). Our analysis
follows comparisons of both magnitude and phase between
measurements and model predictions.

The diurnal variation of GPS-TEC (observed TEC) over
Sheba and the validation of IRI-2020 and its predecessor,
700
IRI-2016, are presented in Fig. 1. The top panel is for days
13–18/01/2013, the second panel (counting downward) for
18–23/02/2013, the third panel for 01–06/08/2012, and the
last-bottom panel for 08–13/09/2012. As shown in Fig. 1
(top panel), peak hours of observed TEC occur before
12:00 UT, and the models also show similar trends (phase).
On this panel, except on the last day, all depict very good
estimations made by both IRI-2016 and IRI-2020 from
about 03:00 to 09:00 UT. Both models and the observed
values show minimum values at nearly the same time.
However, there are significant discrepancies seen between
IRI (both versions) and the observed TEC; of course, the
error in the observed TEC itself might account for some
smaller percentage. Each panel of Fig. 1 shows a different
time of observed TEC peaks (e.g., the top panel shows
peaks earlier before 12:00 UT; the second panel (from the
top) shows peaks at about 12:00 UT; the third and fourth
panels show peaks late after 12:00 UT). These features are
also similar to the IRI models, with slight time shifts. And
this might be due to the seasonal effects on TEC variations
because the four panels represent different seasons. A more
quantitative and statistical comparison is presented in
Fig. 4 based on the monthly averaged TEC. In general,
both IRI model versions agree with the diurnal variation
of experimental TEC (over Sheba).

In Fig. 2, seasonally averaged TEC variability over
Sheba for magnetically quiet days is presented. The two
model versions do not show a discrepancy (they are in
phase), but there are overestimations in all seasons between
02:00 UT and 12:00 UT. Both models excellently agreed
with the seasonal averaged experimental TEC between
13:00 and 24:00 UT in the case of the March and Septem-
ber equinoxes. On the June and December solstices, IRI-
2020 shows a significant amount of overestimations
throughout the day, and IRI-2016 shows overestimations
during the June solstice from about 01:00 to 16:00 UT.

Fig. 3 shows the monthly mean TEC (observed, IRI-
2016 and IRI-2020 TECs) over Sheba, Eartria. The TEC
contour plots are over a universal time versus month axis.
The color bars are normalized based on the minimum (0
TECU) and maximum (60 TECU) from all three panels
in Fig. 3. 0 TECU might only be seen from either observa-
tional or model estimates. Note: 0 TECU does not indicate
the absence of electrons and ions above the station. Since 1



Fig. 1. Diurnal variation of vertical TEC using GPS, IRI-2016, and IRI-2020 for magnetic quiet days over Sheba. Each column represents consecutive
days from different seasons. The horizontal axis is univeral time (hours), and the vertical is vertical TEC (TECU). In the legend, ‘GNSS’ represents TEC
from a GPS receiver; ‘IRI20’ represents TEC from the IRI-2020 model; and ‘IRI16’ represents TEC from the IRI-2016 model.

Fig. 2. Seasonal vertical TEC variations using the average of magnetic quiet days measured and model estimates over Sheba, Eritrea. Errors are calculated
or estimated by subtracting the mean from each measured TEC, and error bars indicate that some mis-modeling might also be from the observations.
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Fig. 3. Contours of the monthly mean vertical TEC during magnetic quiet times over Sheba. The horizontal axis is universal time (hours), and the vertical
axis is months (January to December, bottom to top). Where the top panel is from a GPS receiver, the middle panel is from IRI-2020, and the bottom
panel is from IRI-2016. Side bars on the right side are normalized to [0, 60] in TECU based on the minimum and maximum values from the three contours.

Fig. 4. A histogram of quiet-time monthly mean vertical TEC differences over Sheba (e.g., ‘‘GNSS minus IRI-202000 represents the subtraction of IRI-
2020 calculated TEC from GPS observed TEC). The vertical axis represents the number of data points for a specific calculated TEC difference (e.g., �5
TECU).

H. Marew et al. Advances in Space Research 73 (2024) 698–715
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TECU = 1016el/m2 and both the TEC observed and TEC
obtained from models are two decimal places after the dec-
imal point, 0 TECU represents TEC values below 0.01
TECU. The top panel shows the monthly mean observed
TEC obtained from GPS. The middle and bottom are from
IRI-2020 and IRI-2016, respectively. The monthly aver-
aged scenario shows peak values of IRI-2020 that are ear-
lier in time than observed TEC (look at and compare the
top and middle panels). From about 09:00 to 15:00 UT
on the observed TEC, the peaks occur one to two hours
later than the IRI-2020 peaks. With slight differences in
estimation, both IRI-2020 and IRI-2016 show similar
trends (no phase shifts) in monthly variations. Here, we
would like to suggest that the phase shift between the
observed and model data should be carefully examined
and corrected.

A histogram illustration in Fig. 4 best describes the per-
formance of the IRI models and enables the reader to
understand them more statistically. This figure represents
the occurrences of under- and over-estimations by the
IRI models. IRI-2020 and IRI-2016 showed smaller than
5 TECU differences with the observed TEC for greater
than 80% of the occasions (or 231 out of 288). 288 occa-
Fig. 5. Diurnal variation of vertical TEC using GPS, IRI-2016, and IRI-2020
(the first two from the initial phase, the third day is a storm day, and the last thr
July 15, 2012, and March 17, 2013, and corresponding TEC plots are present
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sion’s in simple term are a 12 � 24 averaged data points
of models or/and observation. The results also indicate a
significant number of cases of under- and over-
estimations, some with a magnitude of about 20 TECU.

Fig. 5 is presented to show the predictions by the IRI
models over Sheba during geomagnetic storms. Six consec-
utive days (i.e., two days from the initial main storm day
and three days from the recovery phase) are selected for
testing the models. A storm that occurred on July 15,
2012, has a Kp-index value of 7.0, and another that
occurred on March 17, 2013 has a Kp-index of about
6.5. During the former storm event, both IRI-2020 and
IRI-2016 agreed to the observed TEC during the main
phase (look for the hours of days 15 and 16 of July 2012
in Fig. 5). Both versions of IRI overestimated the initial
and recovery phases. The differences are too large in the
recovery phase. In the latter storm event, both model ver-
sions estimated well in all phases of the storm; of course,
the storm is not a strong one. Comparing the magnitude
of TEC during the July 15, 2012 storm with the storm on
March 17, 2013, we noticed that whenever TEC increases,
the probability of the models predicting the effects also
increases. Because TEC on the first panel (count down-
for magnetically disturbed days over Sheba. Six consecutive days of TEC
ee days are in the recovery phase) have been analyzed. Storms occurred on
ed on the first (top) and third panels, respectively.



Fig. 6. Similar to Fig. 1, but for Bahir Dar station.
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ward) does not exceed 60 TECU, whereas on the third
panel, all the recorded measurements during all phases of
the storm are greater than 60 TECU. Thus, IRI-2020 and
IRI-2016 show the best performances, especially during
storms and seasons with enhanced TEC over Sheba. How-
ever, in most cases (hours of a day, season, or month), the
IRI-2016 estimates are slightly smaller than the IRI-2020
predictions. A more general evaluation of the IRI models
can be drawn after a look at the performances at some
more stations described below.
3.2. Performance of IRI over Bahir Dar

In Fig. 6, we presented a similar analysis to Fig. 1 for the
Bahir Dar GPS station. From the first panel (count down-
ward), we noticed that both model versions agreed with the
observed TEC from 00:00 to about 06:00 UT. From about
07:00 to 15:00 UT, IRI-2020 slightly underestimated; how-
ever, IRI-2016 shows even larger differences than IRI-2020
compared to the observed TEC. Exceptionally, on the 14th
and 16th of January 2016 (look at the 4th and 6th days
counting from left), both models showed a good fit to the
observed TEC. On the second panel, the observed TEC
peaks are much greater, and under-estimations increased
in magnitude over the peak hours. A similar comparison
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is presented on the third and fourth panels, and we will
have generalizations in the conclusion section.

From Fig. 7, it is shown that the IRI-2020 model well
agreed with the GPS observations on the March equinox
from 08:00 UT to 16:00 UT, but discrepancies of about
10 TECU are also seen at about 18:00 UT and an hour
before and after. At the September equinox and June sol-
stice, IRI-2020 overestimated the observed TEC at almost
all times of the day except from 01:00 to 04:00 UT. IRI-
2016 fitted well with the observed TEC during the night
(01:00 to 05:00 UT and 21:00 to 24:00 UT) as compared
to the estimations by IRI-2020. From these seasonally
averaged plots of TEC, it is also possible to notice that
the times of peaks are well predicted by both IRI model
versions. Seasonal analysis shows that IRI-2016 shows an
excellent fit to the GPS observations during the whole
day except between 09:00 and 15:00 UT in the case of the
September equinox and the December solstice. But larger
underestimations are seen during daytime hours at the
March equinox. We noticed excellent predictions by the
IRI-2016 for the June solstice. Though discrepancies are
evident from the seasonal analysis or plots, both models
are in a good position to inform society about the state
of the ionospheric density over Bahir Dar station. How-
ever, we suggest future modifications to the IRI-2020
TEC profile to consider adding more data from this region.



Fig. 7. Similar to Fig. 2, but for Bahir Dar station.

Fig. 8. Similar to Fig. 3, but for Bahir Dar station.
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Fig. 9. Similar to Fig. 4, but for Bahir Dar station.

Fig. 10. Similar to Fig. 5, but for Bahir Dar station.
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This is because the most probable cause of mismodeling in
the African sector is believed to be a scarcity of
observations.

In Fig. 8, the mean monthly vertical TEC profile over
Bahir Dar station is presented using GPS, IRI-2020, and
IRI-2016. If a reader notes each similar color from the
models and the GPS contour plots, the differences between
the predicted (model) values and the measured values will
be clearly seen there. Moreover, the histograms in Fig. 9
show more quantitative and statistical evaluations of the
model predictions. These histogram analyses in Fig. 9 clar-
ify how efficient the estimations of the models are for the
observed TEC. The first panel (from left) indicates a higher
frequency of values (data points) between ± 5 TECU. This
panel shows the difference between the observed and IRI-
2020 predicted TEC over Bahir Dar. However, a few of
the observed TECs are poorly estimated (i.e., differences
up to ± 15 TECU). Negative differences result from the
IRI-2020 overestimations. The reader can see a similar
comparison picture in the middle panel of Fig. 9 for
observed TEC and IRI-2016 TEC. The third panel (from
left) shows the gaps between IRI-2020 and IRI-2016
estimates.

Over Bahir Dar, storm time validations are presented in
Fig. 10. The storm on March 17, 2015, shows a higher Kp
Fig. 11. Similar to Fig. 1, b
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index value of � 8.0 (i.e., see the second panel (count
downward)). It caused a positive ionospheric storm that
enhanced TEC (i.e., from quiet time averages in
March/2015). Both IRI-2020 and IRI-2016 show excellent
agreement with the observed TEC in other hours of the day
(except peak TEC hours) during all the initial, main, and
recovery phases of the storm. Both models underestimated
the peaks, predicting 10 to 15 TECU lower than the
observed TEC.

A storm event on October 7, 2015, with Kp � 7.0, affects
the ionospheric TEC negatively (see the third and fourth
panels of Fig. 10, (count downward)). Especially during
the main phase, the smallest GPS-TEC is recorded com-
pared to the initial and recovery phases of the storm. The
observed TEC agreed with IRI-2016 estimates except for
the main phase of the storm. During the main phase,
GPS recorded a peak value that was not greater than 33
TECU; the peak of IRI-2020 was greater than 55 TECU;
and the peak of IRI-2016 was about 50 TECU.

3.3. Performance of IRI over Turkwel

The third station considered in our work is Turkwel,
Kenya. Fig. 11 shows the diurnal variation of quiet time
TEC from GPS, IRI-2020, and IRI-2016. Like what we
ut for Turkwel station.



Fig. 12. Similar to Fig. 2, but for Turkwel station.

H. Marew et al. Advances in Space Research 73 (2024) 698–715
did to the above stations (Sheba and Bahir Dar), six con-
secutive days roughly representing each of the four seasons
are presented. The top panel (19–24 February 2018) depicts
an overstimulation of the observed TEC by IRI-2020 in
almost all hours of the day. An excellent fit to the observed
TEC is seen by the IRI-2016 during all six consecutive
days. The IRI-2020 predicted TEC gets its peak value an
hour earlier than the GPS observations. The second panel
(for May 9–14, 2017) shows predictions by IRI-2020 over-
estimating in all days and hours, but with smaller differ-
ences (not greater than 5 TECU on average). GPS
receivers recorded smaller TEC values in all the panels of
Fig. 11. The average TEC recorded is 20 TECU, and the
maximum is about 25 TECU. Generally, the diurnal anal-
ysis of the model validation shows excellent fits between
IRI-2016 and observed TEC on almost all days. The dou-
ble peak estimates by both models from August 25–30,
2017 are not observed on the observed TEC.

Fig. 12 represents the seasonal variation of TEC with
models and observations. The plots indicate noticeable
overestimations by the IRI-2020 model and relatively good
performance by the IRI-2016 version. In the September
equinox, both model versions show two nearly equal peaks
at about 8:00 UT and 14:00 UT (see also diurnal patterns
in Fig. 11; 25–30/08/2017); however, the observation does
not confirm this scenario. This implies that the models need
further regional improvements to capture and predict these
low TEC profiles. In Fig. 13, the reader can easily compare
and contrast the corresponding time colors of the contours
of GPS-TEC, IRI-2020, and IRI-2016 TECs to examine
the power of the models in estimating the observed TEC.
Moreover, the differences between models and measure-
ments are presented in Fig. 14 for statistical evaluation.
For instance, from the first panel on Fig. 14, the difference
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between GPS-TEC and IRI-2020 TEC shows over-
estimations up to 15 TECU and under-estimations up to
5 TECU. However, much of the difference lies in the range
of �10 TECU and 2 TECU and is evident from the good
predictions by IRI-2020. But IRI-2016 shows better predic-
tions than IRI-2020 because much of the difference lies in
the range of �5 TECU to 5 TECU.

Fig. 15 represents geomagnetic storm effects on GPS-
TEC and TEC derived from the IRI-2020 and IRI-2016
models. Similar to the storm time validations above, two
storm events and six consecutive days for each event are
considered to assess the performance of the models. During
a storm on September 8, 2017, the peaks of the observed
TEC and IRI-2020 agreed. The double peak predictions
of IRI-2020 agreed to some extent on the initial and main
phases of the storm, but discrepancies were up to 20 TECU
on the last recovery day in our analysis (on September 11,
2017). IRI-2016 significantly underestimated the peak val-
ues. During a storm on August 26, 2018, IRI-2020 overes-
timated the observed TEC. Comparing the magnitude, the
observed TEC during the 06–11/09/2017 storm is greater
than the TEC recorded from 24 to 29/08/2018. IRI-2016
best performs when observed TEC values get lower, while
IRI-2020 performs well when the measurements are signif-
icantly greater than the quiet time average TEC (i.e., in the
same season).

3.4. Performance of IRI over Arequipa

The daily variation of TEC over Arequipa, Peru, and
the validations of the IRI models are presented in Figs. 16–
20. In Fig. 16, the top panel is for days 03–08/04/2021; the
second panel (from the top) is for days 22–27/06/2021; the
third panel is for days 08–13/09/2021, and the last-bottom



Fig. 13. Similar to Fig. 3, but for Turkwel station.
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panel is for days 16–21/12/2021. On the top panel, double
peaks estimated by IRI-2016 and IRI-2020 are not reflected
by the observed TEC. The discrepancies are high on all
days except from 09:00 to 12:00 UT. On the same panel,
IRI-2016 shows much better performance than IRI-2020.
The peak hours are similar to all models as well as the
observed TEC. On the second panel, IRI-2016 shows the
best fit to the observed TEC, and IRI-2020 performs better
compared to the days in the first panel. Both models and
the observed values show troughs at nearly the same time.
In general, except as shown on the first panel, the diurnal
variation over Arequipa shows excellent fits between the
observed and model values.

The curves in Fig. 17 are to compare the seasonal aver-
aged predictions of the IRI models with the GPS-measured
TEC. The top panel on the left (for the March equinox)
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shows an excellent fit between the observed TEC and
IRI-2016 estimates at all hours of the day. IRI-2020 agrees
with measured values from about 08:00 to 11:00 UT and
from about 16:00 to 18:00 UT. The seasonal averaged
curves exhibit greater in-phase trends (troughs and peaks
of observed and model TECs occur concurrently). Both
model versions show overestimation during the whole
day of the September equinox. Similar characteristics are
reflected in all seasons over Arequipa. But the averaged
seasonal IRI-2016 TEC agreed with the observed values
during almost all hours of the day at the March equinox
and December solstice. In Fig. 18, like the analysis we pre-
sented to the other stations, monthly averaged TEC con-
tour plots are done. Histogram on the left side of Fig. 19
shows that IRI-2020 over-estimated almost all the observed
TEC (i.e., over 50% of a 12 � 24 = 288 monthly averaged



Fig. 14. Similar to Fig. 4, but for Turkwel station.

Fig. 15. Similar to Fig. 5, but for Turkwel station.
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observed TEC is over-estimated with differences ranging
from 5 to 18 TECU (magnitude)). Relative to IRI-2020,
the IRI-2016 predictions show very good agreement with
the observed TEC. That is, over 90% of the 12 � 24 = 2
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88 averaged observed TEC data is either under- or over-
estimated, with differences only up to 5 TECU (magni-
tude). A storm-time diurnal analysis result is presented in
Fig. 20. Both models underestimated the peak of the storm



Fig. 16. Similar to Fig. 1, but for Arequipa station.

Fig. 17. Similar to Fig. 2, but for Arequipa station.
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day observed TEC (08/09/2017, which is a day of the main
storm phase). IRI-2016 underestimated, with larger dis-
crepancies from about 17:00 to 21:00 UT. The models
711
agreed with the observed TEC in the initial and recovery
phases of the storm. The observed TEC showed much
smaller amplitude during the August 26, 2018 storm. IRI



Fig. 18. Similar to Fig. 3, but for Arequipa station.
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models show good agreement with the observed TEC in all
phases of this storm.

4. Dicussion and conclusions

This study evaluated the performance of the IRI (IRI-
2016 and IRI-2020) ionospheric data-driven empirical
model in describing both quiet-time and disturbed-time
characteristics of the equatorial region ionosphere using
GPS stations in east Africa and south America. This is car-
ried out by comparing the vertical TEC from ground GPS
receivers with corresponding values computed using the
model. Different and possible types of approaches are
applied to present effective validation work. Diurnal, sea-
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sonal, monthly, and storm time analyses have been per-
formed for each station. Six consecutive quiet days are
selected from each season of a year to evaluate the diurnal
performance of IRI-2016 and IRI-2020. All available quiet-
day GPS-TECs of each season are averaged to have a sin-
gle mean TEC curve. Similarly, we did this for TEC from
IRI-2016 and IRI-2020 and compared the model estimates
with the observed TEC. Likewise, monthly averaged
observed TEC and model estimates are compared. His-
tograms for statistical quantification are also presented,
and lastly, we plotted storm time diurnal TEC and com-
pared the observed TEC over each station with the model
estimates. Two geomagnetic storm days for each station
are selected, and the analysis covers the initial, main, and



Fig. 19. Similar to Fig. 4, but for Arequipa station.

Fig. 20. Similar to Fig. 5, but for Arequipa station.
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recovery phases. The study screened out instances of best
estimations and mismodeling for further improvements.

Validations are done using the 2012 and 2013 experi-
mental TEC over Sheba and the 2015 and 2016 observed
TEC over Bahir Dar station. These years are in the period
of the solar cycle maximum (solar cycle 24). The TEC
observations used for Turkwel are from 2017 and 2018,
and for Arequipa from 2021. Years 2017, 2018, and 2021
are in the period of the solar cycle minimum (i.e., a trough
between solar cycles 24 and 25). Thus, we found it impor-
tant to discuss the results considering the solar conditions
as well. Generally, discrepancies noted between the models’
and the observed TEC tend to decrease when the observed
TEC attains a greater magnitude compared to the quiet
time average. In addition, we found IRI (both versions)
showing better agreement with the observed TEC during
the solar cycle maximum periods. Comparing the curves
in Figs. 1 and 6 with Figs. 11 and 16, it is easy to visualize
that the observed TEC shows high magnitudes during the
solar maximum. As far as this result is concerned, IRI best
reproduced/forecasted enhanced TEC measurements.

The seasonal evaluation over Turkwel shows that IRI-
2020 produces double peak profiles on the March equinox,
June solstice, and September equinox and is overestimated
with larger discrepancies. Over the other three stations,
both IRI versions reproduced the seasonal averaged
observed TEC (both the amplitude and the phase) with
only slight gaps/differences. We also quantified the discrep-
ancies using histograms, which enabled us to calculate the
percentage of larger mismodeling.

In most cases, the values of the IRI-2020 model exceed
the observational values. When we think of plasmaspheric
effects on our comparisons, Yzengaw et al. (2008) reported
that the plasmaspheric contribution exhibits a diurnal vari-
ation that depends on latitude. They also presented a per-
centage contribution indicating minimum contribution of
10% (sun-side) and a maximum contribution of 60%
(nigh-side). The contribution is high in the equatorial
region because of the long distance the GPS ray travels
through the plasmasphere. Besides, we should mention that
the solar cycle variation of the plasmaspheric contribution
has its own effect on the measured TEC as well. It is men-
tioned in Bilitza et al. (2022) that, optionally, one can
extrapolate the topside density and temperature formulas
to plasmaspheric heights to include the plasmasphere con-
tributions. Thus, if the contributions from the plasmas-
phere are added to the TEC from the IRI model, as most
of the cases indicate, IRI-2016 fits the observed TEC with
slight overestimations and agrees with the results reported
and reviewed in the introduction section. But the gaps
between IRI-2020 and observed TEC increase when this
plasmaspheric effect adds to the model.

Generally, the following concluding points can be drawn
out of this study:

� IRI-2020 overestimates the observed TEC in almost all
cases except on some occasions over Bahir Dar station.
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� Both IRI versions show better predictions over Are-
quipa, Peru, than other stations in east Africa.

� Even though all IRI versions are poor at predicting
storm effects over low latitudes, in our work, probably
by chance, during storms, IRI-2020 better inferred pos-
itively enhanced GPS-TEC than IRI-2016.

� Exceptionally, during the storm on March 17, 2015,
IRI-2020 under-estimated the storm-enhanced TEC
over Bahir Dar station at all phases of the storm.

� However, both model versions do not show the storm
effects observed on GPS-TEC.

� Including latest observations from the African and
south American regions will definately enable IRI-2020
model to perform even better.
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