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Abstract
In situ measurements by the Low Earth Orbital (LEO) satellites, such as CHAMP, GRACE, and C/NOFS satellites have shown that
the International Reference Ionosphere (IRI) model has shortcomings in describing the solar activity variation of the topside electron
density. In particular IRI overestimates the measured densities in the topside ionosphere during the very low solar activity reached during
the last solar minimum (2008–2009). We have used Alouette and ISIS topside sounder data and CHAMP, GRACE, as well as Swarm
in situ measurements to deduce a correction term for the IRI electron density topside model that more accurately describes the variation
with solar activity. We have used a linear variation with the solar index PF10.7 and described the latitudinal and altitudinal variation of
the regression parameters A0 and A1 (intercept and slope). We ﬁnd good agreement between the regression parameters deduced from the
topside sounder and from the CHAMP and GRACE observations. Swarm results show the same latitudinal structure as the other data
sets, however, a scaling factor is needed to obtain agreement of the absolute values. The new model was evaluated with Alouette and ISIS
topside sounder, as well as LEO satellites in situ data showing a signiﬁcant improvement over the current IRI model.
Ó 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The International Reference Ionosphere (IRI) model is
the international standard for Earth’s ionosphere. It was
developed and is being updated by a Working Group of
the Committee on Space Research (COSPAR) and the
International Union of Radio Science (URSI) and is the
standard recommended by the International Standardization Organization (ISO), the European Cooperation for
Space Standardization (ECSS) and the International
Telecommunication Union (ITU) (Bilitza, 2018). As
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requested by COSPAR and URSI, IRI is an empirical
model that was developed based on many data sources
from both ground and space observations. The IRI is
improved as newer data become available and better modelling techniques are being applied and diﬀerent versions of
the IRI model have been released over the years. The latest
version is IRI-2016 (Bilitza et al. 2017). IRI performance
has been assessed in many comparisons with new data
sources and in community wide model assessment studies
(Shim et al. 2011, 2012, 2017, 2018).
Parameters provided by IRI include the electron density,
ion composition, electron temperature, and ion temperature in the altitude range from 50 km to 2000 km. Our
study is focused on improving the description of electron
density in the topside ionosphere. A number of studies
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and the development of a correction term that more accurately describes the variation of the topside proﬁle with
solar activity. This is in line with studies that have reported
a signiﬁcant contraction of the topside ionosphere during
the 2008/2009 solar minimum and a lowering of the upper
ion transition height (from O+ to light ions) by 500 km and
more (Heelis et al., 2009). Good progress has been achieved
in representing these lower transition heights in IRI
through changes in the ion composition model based on
C/NOFS-CINDI data (Truhlik et al., 2015).

had found problems with this part of the IRI model particularly during the years 2008 and 2009. Lühr and Xiong (2010)
noted a signiﬁcant overestimation (50–70%) by IRI of the
measurements taken during this time period by the CHAMP
and GRACE satellites, at 400 km and 500 km orbital altitudes, respectively. The discrepancies occur primarily during
daytime and at low/equatorial latitudes and diminish during
nighttime. Klenzing et al. (2011, 2013) conﬁrmed these
results with data from the Retarding Potential Analyzer
(RPA) of the Coupled Ion-Neutral Dynamics Investigation
(CINDI) suite of instruments that ﬂew on the Communication/Navigation Outage Forecast System (C/NOFS) satellite during this time period covering the altitude range 400–
850 km. They found that the overestimation increases with
altitude and that in the latitude range covered by the satellite
(dip latitude = 30° to 6°) the largest discrepancies are
observed near the crests of the Equatorial Ionization Anomaly (EIA). They also noted that by 2011, with increasing
solar activity, the IRI predictions had returned to agreeing
well with the CINDI measurements. Using data from a different instrument on C/NOFS, the Planar Langmuir Probe
(PLP), Bilitza et al. (2012) found similar results.
During 2008–2009 the minimum between solar cycles 23
and 24 was reached. Compared to earlier minima this one
was exceptional in that it lasted almost two years longer
than its predecessors and that it reached very low levels
of solar activity. IRI was developed with the existing data
record, therefore it is not surprising that it did not represent conditions well that were exceptional and not covered
by the prior data record. It is therefore important to use
data from the minimum time period to better represent
very low solar activity conditions in the IRI model for
the topside electron density. This is the goal of our study
as described in this paper. In addition to CHAMP,
GRACE and Swarm in situ data we have also used topside
sounder data from the Alouette 1,2 and ISIS 1,2 satellites.
However, we ﬁrst need to take a closer look at the
description of the topside electron density in IRI and investigate which speciﬁc parameters could be the cause of the
observed discrepancy. Since the proﬁle is normalized to
the F2 peak density NmF2 and height hmF2, a misrepresentation of either one of these parameters could be the
cause of the discrepancy. A decrease in either NmF2 or
hmF2 or both would lead to decreased IRI electron density
values in the topside ionosphere and therefore to a better ﬁt
with the CHAMP and GRACE data. Additionally, the
topside proﬁle shape could play an important role. A ﬂatter
proﬁle could also produce the decrease in electron density
that the measurements require. Bilitza et al. (2012) investigated the inﬂuence the very low solar activities had on
NmF2 and hmF2 with the help of ionosonde data from
several stations. They found that the change of these two
parameters is small compared to earlier solar minima and
could not produce the signiﬁcant decrease in the topside
electron density that would be required to get agreement
with the satellite observations. Therefore, the main focus
of our study will be on the IRI topside proﬁle function

2. Data used in this study
The Alouette 1,2 and ISIS 1,2 topside sounder satellites
have provided a wealth of information about the topside
ionosphere operating over almost two solar cycles from
the 1960s to the 1980s (Bilitza et al., 2003). Obtaining electron density proﬁles from the recorded ionograms, however, is a complex process that involved manual scaling
and a mathematical inversion process. This explains why
only a limited number of the topside ionograms (~10%)
had been processed at the time. Table 1 lists the time periods covered by these data and the orbit parameters of the
four satellites. The data sets were generated by diﬀerent
analysis centers and are available from NASA’s Space Physics Data Facility (SPDF) at https://spdf.gsfc.nasa.gov/
pub/data/; for Alouette 1 data sets from three diﬀerent
analysis centers are archived at SPDF and listed in Table 1.
In total there are 176,622 topside proﬁles of electron density covering the time period from late 1962 to late 1979
including the solar minima in 1964/65 and 1976/77. It is
worth noting that an ongoing data restoration eﬀort has
managed to generate more electron density proﬁles by
using the TOPIST automated scaling and conversion software (Bilitza et al., 2004; Benson and Bilitza, 2009). These
newer data are not included in the current study but will be
considered in follow-on work.
As with many older data sets it is important to ﬁrst
screen out physically unreasonable proﬁles. Verhulst and
Stankov (2013) had found quite a number of such cases
in their analysis of the Alouette/ISIS data base. We have
done this by eliminating proﬁles with very low F2 peak
heights (hmF2 < 150 km) and proﬁles with very low F2
peak densities (ln(NmF2) < 20). Unfortunately, in many
cases the proﬁles do not reach all the way down to the
F2 peak, because of the diﬃculties in scaling the topside
ionogram trace in the cusp region near the peak and then
inverting it into a density proﬁle. We have obtained the
peak values by ﬁtting a Chapman layer to the lower part
of the proﬁle. Proﬁles are only considered if they had at
least ﬁve proﬁle points in the lower topside and if they
could be ﬁtted with a standard deviation of 3% or better.
Of the 176,622 proﬁles in Table 1 a total of 120,058 proﬁles
remained after this ﬁtting and selection processes. The
cleaned Alouette/ISIS data base included altogether
1,809,103 data points covering almost two solar cycles
from 1962 to 1979. To avoid biases due to coverage limits
2
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Table 1
Characteristics of Alouette and ISIS Orbits and Data Sets.
Satellite
Alouette
Alouette
Alouette
Alouette
ISIS 1
ISIS 2

1a
1a
1a
2

Launch Date

Height Range /km

Incl./deg.

Time Period
yyddd

Number Proﬁles

Vol
MB

1962-09-29
1962-09-29
1962-09-29
1965-11-29
1969-01-03
1971-04-01

1000
1000
1000
500–3000
500–3000
1400

80
80
80
80
88
88

62273–63082
62272–66089
62323–71350
65349–72192
69033–71087
71098–79239
TOTAL:

15,706
43,614
26,452
9,301
38,953
42,596
176,622

6.7
12
5.8
2.8
8.2
8.4

in space and time (Verhulst and Stankov, 2013) we have, in
our modelling study, only used Alouette/ISIS averages
when at least 50 data points were recorded in the speciﬁc
space and time bin.
We have also used data from the more recently launched
LEO missions, e.g., CHAMP, GRACE, and Swarm satellites as listed in Table 2. The electron density data of the
Challenging Minisatellite Payload (CHAMP) satellite and
the Swarm satellites were obtained in situ with Langmuir
probes. The Gravity Recovery And Climate Experiment
(GRACE) satellite consisted of two identical spacecraft
orbiting closely together to obtain gravity measurements.
The electron density was obtained from the K-Band Ranging (KBR) system between the two spacecraft (Xiong et al.,
2010, 2015). The CHAMP and GRACE data are important for our study because they cover the 2008/9 solar minimum that reached exceptionally low solar activities and
data from the Swarm satellites cover the more recent cycle
24/25 minimum that again reached very low activity levels.
The Swarm A and C are ﬂying side-by-side at the same altitude with a longitudinal separation of about 1.4°, therefore, nearly identical in situ electron density are observed
by the two satellites. This was conﬁrmed by Xiong et al.
(2016), who have statistically compared the electron density between Swarm A and C during a two-year period,
and found that the ratios between their measured electron
densities are about 1.013, 1.010, 1.019 for three diﬀerent
seasons, indicating really consistent measurements between
the two satellites. Therefore, we only used the Swarm A
and B data within this study.
The CHAMP and GRACE data were obtained from the
Information System and Data Center (ISDC) of GFZ German Research Centre for Geosciences (https://isdc.gfzpotsdam.de/homepage/), and the Swarm data are available
at the ESA’s website ftp://swarm-diss.eo.esa.int/Level1b/
Latest_baselines/EFIx_LP/.

3. Description of topside electron density in IRI-2016
IRI-2016 (Bilitza et al., 2017) oﬀers three options for the
representation of the topside electron density proﬁle: (a)
the mathematical representation developed by Rawer
et al. (1978) commonly called IRI-2001; (b) a correction
of this formula based on the Alouette/ISIS topside sounder
data (Bilitza, 2004), commonly called IRI-2001cor; (c) the
topside proﬁle formula developed by the NeQuick team
(Radicella and Leitinger, 2001; Nava et al., 2008) denoted
IRI-2007-NeQ in the rest of the paper. Comparisons with
observations have found the IRI-2001cor and NeQuick
options superior to the older IRI-2001 formulation that
for certain conditions produces unrealistically steep, almost
vertical, topside proﬁles. Using the Alouette/ISIS data of
Table 1, Bilitza (2009) found that IRI-2001 overestimated
the data with an overall average of 165%, while IRI2001cor reduced this number to 46% and IRI-2007-NeQ
to 24%. Based on the better overall performance the
NeQuick option was adopted as the default option in
IRI-2007 and later versions. It has, however, the disadvantage that it does not correctly reproduce the electron density in the Equatorial Ionization Anomaly (EIA) region
at high altitudes. The well-known and well understood
EIA processes generate two ionization maxima on both
sides of the magnetic equator at about 15° magnetic dip latitude in the F region and these two cusps move closer to the
magnetic equator with increasing altitude until they merge
in the upper topside. Bilitza (2009) showed (in his Fig. 5)
that while IRI-2001cor produces the correct altitudinal picture of the EIA, the NeQuick option displays the EIA
camelback signature throughout the topside ionosphere.
Since all three models (and in fact most topside models)
are normalized to the F-peak density, it is expected that
the EIA camelback signature will propagate to higher altitudes if it is not actively counter-balanced by the mathe-

Table 2
Characteristics of the CHAMP, GRACE, and Swarm Satellites and Data Sets.
Satellite

Launch Date

Height

CHAMP
GRACE
Swarm A, C
Swarm B

2000-07-15
2002-03-17
2013-11-22
2013-11-22

330–450
450–520
440–470
500–530

km
km
km
km

Incl.

All LTs
cov’d

Data Period

Number of orbits

87.2
89.0
87.4
88

130
160
133
141

8/2000–2/2010
4/2002–4/2015
12/2013–12/2019
12/2013–12/2019

42,160
56,854
23,661
23,206

3

days
days
days
days
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matical formalism for the topside formula. This seems to
work well in the case of IRI-2001cor but not in the case
of the NeQuick topside option (Bilitza, 2009). Because of
this problem of the NeQuick option we decided to focus
our work on an improving the IRI-2001cor topside option.
To describe the formalism of the IRI-2001cor model we
have to ﬁrst explain the IRI-2001 topside model. It was
developed by Rawer et al. (1978) based on an analytical
representation of the tabular Bent et al. (1972) model and
a small amount of incoherent scatter radar data. The
IRI-2001 topside electron density proﬁle Ne(h) is described
as
N e ðhÞ ¼ NmF 2  expðY ðhÞÞ

2020). To account for these diﬀerences we introduce an
additional correction term as explained in the next section.
4. New formula for the IRI electron density profile in the
topside
In Figs. 1 and 2 we have plotted a few examples of the
ratio between observational data and the predictions by
IRI versus solar activity. We use the PF10.7 solar activity
index that has been successfully used for modelling the topside electron density (Richards et al., 1994) and shows a
good correlation with the solar Extreme Ultraviolet
(EUV) radiation (Liu et al., 2006). PF10.7 is deﬁned as
the average of the daily and 81-day-mean (3 solar rotations) of the solar ﬂux at 10.7 cm wavelength (F10.7)

ð1aÞ

Y ðhÞ ¼ ð1000  hmF 2Þ=700  ½b  g  EðX ; 300
 d; 394:5; bÞ þ 100  f  EðX ; 300

PF 10:7 ¼ ðF10:7 daily þ F10:7 81dayÞ=2

 d; 300; 100Þ  f  ðX  300 þ dÞ

ð1bÞ

X ¼ 700  ðh  hmF 2Þ=ð1000  hmF 2Þ þ 300  d

ð1cÞ

The IRI values are determined for the same time and
location as the observations. Diﬀerent from the standard
IRI we use the IRI-2001cor option for the topside and
the Shubin (2015) option for hmF2. As explained earlier
we use IRI-2001cor and not NeQuick (the IRI-2016
default) for the topside because of the more accurate representation of the EIA region in the upper topside. We have
used the Shubin (2015) option and not the Altadill et al.
(2013) model (the IRI-2016 default) because our comparison with Alouette and ISIS topside sounder data found
the Shubin model superior to the other two hmF2 options
(Mengist et al., 2020; Moses et al., 2021). This choice of IRI
options is indicated in all plots by the abbreviation USC
(IRI_USC on the y-axis notation) where the U stands for
URSI model for foF2, S for Shubin model for hmF2 and
C for IRI-2001cor for the topside. Following the formalism
of Eq. (2) we have plotted the logarithm of the ratio. The
examples in Figs. 1 and 2 show that a linear ﬁt is a good
ﬁrst approximation for describing the variation with solar
activity. As expected, it shows that the current IRI2001cor topside model overestimates the measurements at
low and very low solar activities and underestimates the
data at high solar activity. This holds true for all of our
data sets from Tables 1 and 2. We also ﬁnd that the variations are larger at low latitudes and high altitudes and
become smaller towards middle latitudes and lower altitudes. Assuming a linear dependence, we than get

Eðx; x0 ; xs ; dÞ ¼ lnf½1 þ expððx  xs Þ=dÞ=½1 þ expððx0  xs Þ=dÞg
ð1dÞ
where NmF2 and hmF2 are the F2 peak electron density
and peak height and the ﬁtting parameters b, f, and g are
functions of geomagnetic latitude, F2 layer critical frequency foF2, and solar radio ﬂux. X is a modiﬁed altitude
variable transforming the F2 peak height to near 300 km
with a minimized correction term d that is a function of
b, f, and g. A more detailed description of the formalism
is given by Bilitza (2004). A number of studies had found
discrepancies between this model and measurements particularly in the upper topside where under certain conditions
the formalism could produce unrealistically steep proﬁles.
This is partly due to the fact that the underlying Bent
et al. (1972) model was built with only about 40,000 Alouette 1 topside sounder proﬁles and so is relying on a rather
limited data base. To overcome this shortcoming Bilitza
(2004) introduced the correction term TCOR into Eq. (1)
N IRI2001cor
ðhÞ ¼ NmF 2  expfY ðhÞ
e
þ TCORðh; Modip; LT Þg

ð3Þ

ð2Þ

and determined the height-dependence of TCOR by ﬁtting
the new function (Eq. (2)) to the full set of available Alouette/ISIS data a total of 176,622 proﬁles (Table 1). He
found that in addition to the dependence on height, variations with modiﬁed dip latitude (Modip) and local time
(LT) needed to be also considered. The new formalism
worked well and resulted in the signiﬁcant improvement
mentioned earlier. It did, however, not correct for the
observed variation of the discrepancies with solar activity.
While at low and very low solar activities IRI overestimated topside electron density measurements (Lühr and
Xiong, 2010, Bilitza et al., 2012, Klenzing et al., 2011,
2013), several studies had reported underestimation for
high solar activity conditions at low and equatorial latitudes (Abdu et al., 2008; Ogwala et al., 2019; Wan et al.,

IRI2001cor
lnfN obs
ðhÞg ¼ SCORðPF 10:7Þ
e ðhÞ=N e

¼ A0 þ A1  PF 10:7

ð4Þ

and with NIRInew
(h) = Nobs
e
e (h) we get for the corrected IRI
topside formula
N IRInew
ðhÞ ¼ NmF 2  expfY ðhÞ
e
þ TCORðh; Modip; LT Þ þ SCORðPF 10:7Þg

ð5Þ

Next we have to study how the parameters A0 and A1
change with time and location, in order to ﬁnd a mathematical representation of these dependences.
4
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Fig. 1. a,b,c,d Logarithm of the ratio between Alouette/ISIS topside sounder data and IRI-2016 predictions vs solar activity for the height, LT, and
Modip ranges speciﬁed in the lower left corner. Also shown is a linear ﬁt (dashed line) and the ﬁtting parameters A0 and A1 (lower right corner). The total
number of points is listed in the top left corner. The data sets from Table 1 are marked with diﬀerent symbols/color: Alouette 1a (+), 1b ( ), 1c ( ),
Alouette 2 (e), ISIS-1 (D), ISIS-2 (h).

Let us now look in greater detail at the Modip dependence at the altitude ranges covered by the satellites
CHAMP, GRACE, and Swarm A, B. In Fig. 4a we have
plotted the A0 values from Alouette/ISIS for the CHAMP
altitude range centered at 400 km together with the
CHAMP A0 values and in Fig. 4b the same for the
GRACE values and Alouette/ISIS altitude range centered
at 500 km. We note the great similarity in the Modip variation of these values obtained from measurements by different satellites. They show the same distinct minima near
the cusps of the EIA and a local maximum near the magnetic equator. This, however, is not the case for Swarm
A0 values plotted in Fig. 4c together with the Alouette/
ISIS values for the Swarm A altitude range centered at
450 km. The Swarm A values show the same Modip structure but need to be shifted upward by a value of 1.4 to
reach the same values as we had found for Alouette/ISIS
in this altitude range. Fig. 4d shows that good agreement
is achieved with such a shift. For Swarm B we ﬁnd a similar
but much smaller shift (+0.5) is required to get agreement
with the Alouette/ISIS data in the Swarm B altitude range
centered at 530 km. These corrections are in the same directions but a little bit larger than the adjustment ratios

5. Description of the Modip variation of the parameters A0
and A1
In Fig. 3 we have used the Alouette/ISIS data to investigate the variation of A0 and A1 with modiﬁed dip latitude (Modip) for diﬀerent altitude ranges for daytime
(LT = 10–14) and nighttime (LT = 22–2) conditions. We
note a signiﬁcant variation with Modip during daytime
while at nighttime both parameters are close to zero at
low and middle Modip latitudes. During daytime the intercept parameter A0 (SCOR value at PF10.7 = 0) is below
zero from Modip = 50 to +50 producing the needed lowering of the IRI values for low solar activities. The slope
parameter A1 is positive in the same Modip range indicating that the SCOR values decrease from their negative A0
values at PF10.7 = 0 towards zero at medium solar activities and become positive for high solar activities. The lowest A0 values are reached at about the location of the EIA
cusps, whereas the A1 values reach a maximum near the
Modip equator. The altitude ranges with the largest values
are 775–825 km and 975–1025 km. All this agrees with the
results of the studies by Lühr and Xiong (2010) and
Klenzing et al. (2011, 2013).
5
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Fig. 2. a,b,c,d. Logarithm of the ratio between data from Table 2 and IRI-2016 predictions vs solar activity for the LT range, and Modip range speciﬁed in
the upper right corner. Upper left panel (2a): CHAMP; upper right panel (2b): GRACE; lower left panel (2c): Swarm A; upper right panel (2d): Swarm B.
Also shown is a linear ﬁt (solid line) and the linear formula with ﬁtting parameters A0 and A1 (upper left corner).

Fig. 3. a,b,c,d. Parameters A0 (left panels) and A1 (right panels) vs Modiﬁed Dip Latitude (Modip) for the Alouette/ISIS data at diﬀerent altitude ranges
(number in lower left ±25 km) for daytime (LT = 10–14; upper panels) and night time (LT = 22–2; lower panels). The total number of data points (n) is
shown in the upper right.
6
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Fig. 4. a,b,c,d. The parameter A0 vs Modip during daytime (LT = 10–14) for the CHAMP data (a, upper left), the GRACE data (b, upper right), the
Swarm A data (c, lower left), and the shifted Swarm A data (d, lower right) (symbol: blue *). Also shown is A0 obtained from the Alouette/ISIS data
(symbol: red +) for the corresponding altitude range noted in the lower left. The triangles (D) mark the ﬁx-points used for the Booker-function approach
and the solid line is the Booker function. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

with incoherent scatter radar and satellite radio occultation
measurements: 1.1067 for Swarm A and 1.0882 for
Swarm B.
How can we represent the Modip variation pattern
depicted in Figs. 3, 4, and 5? We decided to use the
Booker function approach that has been successfully
applied for modelling the IRI plasma temperatures. This
approach divides the Modip proﬁle into regions of constant gradient and combines these regions with Epstein
transition functions. We chose the ﬁx points Modip = xi =90°, 60°, 25°, 0°, +25°, +60°, +90° for i = 0–6. They
are marked by triangles in Figs. 3, 4, and 5. The constant
slopes in the 6 Modip ranges deﬁned by these 7 Modip
ﬁx-points are

reported by Lomidze et al. (2018), who had used in their
validation study incoherent scatter radar and satellite radio
occultation measurements. However, these values are for
the intercept A0 and could be changed depending on necessary corrections of the slope A1.
In Fig. 5 the slope parameter A1 is shown for all four
satellites from Table 2 and the corresponding values from
Alouette/ISIS. Again we noted the close correlation in
the Modip variation of A1 values from diﬀerent satellites.
The largest slope is found near the EIA cusps with a local
minimum at the Modip equator. Taken together with the
Modip variation of A0 values, it is clear that the largest
solar activity corrections are required at the EIA cusps.
At these locations the correction term SCOR starts out
with the lowest values at very low solar activities and then
shows the steepest increase towards medium and high solar
activities.
Again we ﬁnd that the slope values from CHAMP and
GRACE agree very well with the corresponding Alouette/ISIS data. Swarm A and B, however, show the best
ﬁt with the Alouette/ISIS data when shifted by a small
amount: 0.008 for Swarm A and 0.002 for Swarm B.
These shifts translate into multiplicative calibration factors
for electron density of 1.82/1.35 (Swarm A/B) at
PF10.7 = 100 sfu, 1.49/1.285 at PF10.7 = 125 sfu (which
is about the middle of the PF10.7 range covered by the
Swarm data in Fig. 2), and 1.22/1.22 for PF10.7 = 150
sfu (which is about the upper limit of the PF10.7 range covered by the Swarm data in Fig. 2). This comes very close to
the calibration factors that Lomidze et al. (2018) had found

mi ¼ fA0ðxi Þ  A0ðxi1 Þg=ðxi  xi1 Þ

i¼16

ð6Þ

A0(xi) is the A0 value at the ith ﬁx-point The process for
determining these A0 values will be explained further
down. The derivative of A0 with respect to Modip can then
be written as a sum or Epstein transition functions with
transition thicknesses di
dA0=dx ¼ m1 þ

6
X

ðmiþ1  mi Þ=ð1 þ exp½ðx

i¼1

 xi Þ=d i  Þ

ð7Þ

Integration from x0 to x then gives us the Bookerfunction that represents the Modip variation of A0
7
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Fig. 5. a,b,c,d. The parameter A1 vs Modip during daytime (LT = 10–14) for the CHAMP data (a, upper left), the GRACE data (b, upper right), the
shifted Swarm A data (c, lower left), and the un-shifted Swarm B data (d, lower right) (symbol: blue *). Also shown is A1 obtained from the Alouette/ISIS
data (symbol: red +) for the corresponding altitude range noted in the lower left. The triangles (D) mark the ﬁx-points used for the Booker-function
approach and the solid line is the Booker function. NOTE: For a better ﬁt we shifted the Swarm B data by 0.002 (not shown). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

A0 ¼ A0ðx0 Þ þ m1  ðx  x0 Þ þ

6
X
ðmiþ1  mi Þ  d i

similarly good results with the Booker approach for the
nighttime (LT = 22:00–2:00) A0 and A1 values. The next
step now is to represent the height variation of the A0 and
A1 values at Modip = 25°, 0°, +25° for daytime and
nighttime.

i¼1

 lnfð1 þ exp½ðx  xi Þ=d i Þ=ð1 þ exp½ðx0  xi Þ=d i Þg ð8Þ
We still need to explain how the A0 and A1 values at
the ﬁxed Modip values xi were determined. Our eﬀort is
primarily concentrated on the Modip range 60° to
+60° because of the large variability at higher Modip latitudes. For this reason, we have set A0(90°), A0(60°),
A0(+60°) and A0(+90°) to zero and thus m1 and m6
become also zero and the same was done for A1. The only
parameters varying from plot to plot are therefore the A0
and A1 values at Modip = 25°, 0°, +25°. The A0 and
A1 values at these ﬁxed Modip values were determined
by ﬁnding the combination of values that provided the
closest ﬁt to the A0 or A1 values deduced from the Alouette/ISIS and CHAMP/Grace/Swarm data. The process
was started with a ﬁrst trial set of values and these values
were then slowly modiﬁed until the optimal ﬁt (lowest
model-data diﬀerences) was reached. The ﬁx-points (triangles), slopes (dashed lines), and the ﬁnal Booker-function
(solid line) are all included in Figs. 4 and 5 highlighting
how well this approach works for the representation of
the observed Modip variation of the linear parameters
A0 and A1 during daytime (LT = 10:00–14:00). We ﬁnd

6. Description of the height variation of the parameters A0
and A1
In Fig. 6 we have plotted the variation of A0 and A1
with height at Modip = 25°, 0°, +25° for daytime conditions (LT = 10–14). Besides the values from Figs. 4 and 5
for the heights of the CHAMP, GRACE and Swarm orbits
we also include values obtained solely based on the Alouette/ISIS data from altitude ranges centered at 700, 800,
900, 1000, 1100, 1200, 1300, 1400 km (see Fig. 3). We ﬁnd
that A0 reaches a broad minimum from 700 km to 1000 km
indicating very large negative corrections in this altitude
range and thus signiﬁcantly lowering the IRI electron density for very low solar activities. The slope A1 reaches a
maximum at 700–800 km indicating a very steep slope of
the solar activity dependence at these altitudes. So even
though A0 is very low SCOR will be close to zero a medium solar activity and reach positive values at high solar
activity so it will make the right corrections to the IRI2001cor formula for the IRI topside electron density.
8
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Fig. 6. a,b,c,d,e,f. The parameter A0 vs height during daytime (LT = 10–14) for (a) Modip = 25°, (c) Modip = 0°, and (e) Modip = 25° and the
parameter A1 vs height for (b) Modip = -25°, (d) Modip = 0°, and (f) Modip = 25° (symbol: +). The red asterisks (*) mark the ﬁx-points used for the
Booker-function approach and the solid line is the Booker function. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

To represent these altitudinal variation, we again rely on
the Booker approach. As indicated in Fig. 6 we use 6 ﬁxpoints (red asterisks) in altitude (hi, i = 1–6) and we keep
the lowest ﬁx- point and the uppermost one at an altitude
of 0 km and 1700 km, respectively. We set the A0 and A1
values at the ﬁrst two ﬁx-points and the last two ﬁx-points
to zero (A0/1(hi) = 0, i = 1,2,5,6), because we do not have
measurements for these altitude regions. Next we divide the
proﬁle in sections of constant gradient and in this way
determine the intermediate ﬁx-point altitudes h2, h3, h4,
and h5 and the A0 (or A1) values at h3 and h4. The optimal
set of parameters is obtained in the same way as was done
for the Modip ﬁx-points by slowly varying these ﬁx-point
parameters and calculating the model-data diﬀerences.
Fig. 6 shows that the Booker approach works very well,
closely approximating the satellite values. Only the
Modip = -25° panels (6a,b) include a signiﬁcant outlying
value at 1100 km. This outlier is due to the fact that only
a small amount of data and PF10.7 coverage was available

for this case. We found that using the ﬁtted values
(A0 = 2.45, A1 = 0.008) gives a satisfying approximation
of this limited data case. In Fig. 7 the results are shown
for the Booker-ﬁt for the nighttime (LT = 22–2) case documenting the excellent representation achieved also during
nighttime.
The SCOR dependence on Modip, altitude and day/
night conditions is thus determined by a total of
8  3  2 = 48 parameters: the four intermediate ﬁxpoint altitudes (h2, h3, h4, h5) and the A0 and A1 values
at the two middle ﬁx-point altitudes (A0/1(h3) and A0/1
(h4)), 8 parameters in total, for the three Modip values
(-25°, 0°, +25°) for day and night conditions. For the variation with local time (LT) we assume constant behavior for
day and night with continuous transitions at sunrise and
sunset. To model this simpliﬁed variation pattern, we use
the approach that is also used for other IRI parameters
and that is based on Epstein step functions (EPST) at the
sunrise and sunset local times, LT_SR and LT_SS respec9
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Fig. 7. a,b,c,d,e,f. The parameter A0 vs height during nighttime (LT = 22–2) for (a) Modip = 25°, (c) Modip = 0°, and (e) Modip = 25° and the
parameter A1 vs height for (b) Modip = 25°, (d) Modip = 0°, and (f) Modip = 25° (symbol: +). The red asterisks (*) mark the ﬁx-points used for the
Booker-function approach and the solid line is the Booker function. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

tively. For a parameter P with daytime value PD and nighttime value PN this is achieved by

dictions with the ‘old’ IRI-2001cor topside model (left
panel) and with the new topside model presented in this
paper (we will call this option COR2 from here on) (right
panel). We are using the logarithm of the densities to cover
the full range of density values encountered during the
close to two solar cycles covered by the Alouette and ISIS
topside sounder data. The altitude range for this example is
650–750 km, the local time period is 10:00–14:00, and the
Modip domain is 20°–30°. With the IRI-2001cor option
the IRI model overestimates the satellite measurements
for low densities (low solar activities) and underestimated
the measurements for high densities (high solar activities).
The COR2 model with its newly introduced solar activity
correction factor SCOR improves the data-model agreement on both ends resulting in a much better ﬁt to the data
for low as well as high densities. This is further conﬁrmed
with similar plots prepared with the daytime data from the
four LEO satellites shown in Fig. 9. The CHAMP and
GRACE data cover the low and very low solar activity

P ¼ PN þ ðPD  PN Þ  EPSTfLT ; DSR; LT SRg
þ ðPN  PDÞ  EPSTfLT ; DSS; LT SSg

ð9Þ

with the Epstein step-function
EPSTft; Dt; t stg ¼ 1=ð1 þ expfðt  t stÞ=DtgÞ

ð10Þ

and the transition width of DSR and DSS for the steps at
sunrise and sunset. Here the parameter P is SCOR and
we chose a transition width of 1 h for DSR and DSS.
7. Evaluation of the new model
We have used the satellite data from Tables 1 and 2 to
evaluated the new model and assess the improvement over
the other IRI topside options. In Fig. 8 Alouette and ISIS
topside sounder data are compared to the IRI model pre10
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Fig. 8. a,b. Logarithm of electron density observed by the Alouette and ISIS satellites vs IRI predictions for the same conditions computed with the IRI2001cor option (a, left panel) and with our new COR2 option (b, right panel). Data are taken from the altitude, LT, and Modip range indicated in the
lower left of the plot. The total number of data points is listed in the upper left corner. The data sets from Table 1 are marked with diﬀerent symbols/color:
Alouette 1a (+), 1b ( ), 1c ( ), Alouette 2 (e), ISIS-1 (D), ISIS-2 (h).

Fig. 9. a,b,c,d. Logarithm of electron density observed by the CHAMP (o), GRACE ( ), Swarm A ( ) and B ( ) satellites vs IRI predictions for the same
conditions computed with the IRI-2001cor option (a, c, left panel) and with our new COR2 option (b, d, right panel) for daytime conditions. Data are
taken from the altitude, LT, and Modip range indicated in the lower left of the plot. The total number of data points is listed in the upper left corner.

regime of the cycle 23–24 minimum, while the Swarm data
cover the low solar activity regime of the cycle 24–25.
Therefore, our results highlight the improvement reached
with the new topside model for very low solar activity
conditions.

To look at the achieved performance improvement in
greater detail we have plotted the distribution of modeldata relative diﬀerences in Fig. 10 for the conditions listed
in the top right corner of the plots. These examples for the
lowest solar activity values (PF10.7 = 0–90 sfu) document
11
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Fig. 10. a,b. Distribution of model-data diﬀerences for the IRI-2001cor model (black + ) and the new COR2 model (red ) with the Alouette and ISIS
data from Table 1 for the conditions given in the upper right corner. The number in the upper left corner gives the total number of data points found for
these conditions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

model was almost cut in half, achieving almost a factor
of two improvement over the older model and getting a
6% better result than the NeQuick topside option which
is the current default for the topside in IRI.
Fig. 11 shows further the relative annual deviations
between the ‘old’ IRI-2001cor topside model (dashed lines)
and the new topside model (solid lines), with respect to the
in situ electron density measurements from the four LEO
satellites. We see clearly that after applying the solar activity correction factor, the diﬀerences between IRI model and
satellite measurements have reduced from over 100% to

the signiﬁcant improvement achieved with the new model.
The distribution for the old IRI2001cor model (black line
in Fig. 10) peaks close to 1 corresponding to a factor of
2 overestimation of the data, while the distribution with
the new model (red curve in Fig. 10) is perfectly centered
at zero. Taken across the whole Alouette/ISIS data set
the mean percentage data-model diﬀerence is 67% for
IRI2001cor, 36% for COR2, and 42% for NeQuick.
All three models overestimate the Alouette/ISIS topside
sounder data. With the addition of the new solar-activity
correction factor the overestimation of the IRI2001cor

Fig. 11. The annual diﬀerence between the ‘old’ IRI-2001cor topside model (dashed lines) and the new topside model (solid lines), with respect to the
in situ electron density measurements from the four LEO satellites. The solar activity index, PF10.7, is shown as the grey line in the top panel.
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occultation measurements: 1.1067 for Swarm A and 1.0882
for Swarm B.

less than 20% during low solar activity years in both 2008–
2009 and 2017–2018. Please note that here we considered
only the data during magnetic quiet periods (Kp < 3),
10–14 LT, and Modip within ± 30⁰.
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8. Summary
A number of studies had found that the IRI model overestimates topside electron densities during the recent
unusually low solar cycle minimum in 2008–2009 (Lühr
and Xiong, 2010; Klenzing et al., 2011, 2013; Bilitza
et al., 2012). Earlier studies had also noted underestimation
of topside electron densities during periods of high solar
activity. In both cases these eﬀects were most prominent
in low latitudes. Using ionosonde data Bilitza et al.
(2012) had found that the main cause of the overestimation
at low solar activities was the insuﬃcient accounting for
solar activity changes in the IRI topside proﬁle formula.
In this study we have developed a solar activity dependent
correction term for the current IRI2001cor option for the
topside electron density. The correction term assumes a linear variation with the solar activity index PF10.7, with the
linear coeﬃcients varying with modiﬁed dip latitude
(Modip), with altitude, and with time of day. In our model
these variations are described with Epstein functions using
the Booker approach which is based on dividing the
parameter space into region of constant slope. In total
the correction term is deﬁned by 48 coeﬃcients.
Our evaluation of the new topside model shows a significant improvement over the old IRI2001cor topside model
and the new COR2 model also outperforms the NeQuick
topside model that is currently the default for the representation of the topside electron density in IRI. The percentage deviation from the Alouette/ISIS data (consisting of
176,622 proﬁles) is 67% for IRI2001cor, 36% for
COR2, and 42% for NeQuick. CHAMP, GRACE, and
Swarm data conﬁrm these results ﬁnding an improved correlation with IRI when using the COR2 topside model.
However, we ﬁnd that, while the CHAMP and GRACE
data agree well with the Alouette/ISIS data in the corresponding height range, this is not the case for the Swarm
data. The A0 and A1 values deduced from Swarm A and
B data show the best ﬁt with the corresponding Alouette/
ISIS values when shifted by a small amount. For A0 this
shift is +1.4 for Swarm A and +0.5 for Swarm B and for
A1 the shift is 0.008 for Swarm A and 0.002 for Swarm
B. These shifts translate into multiplicative calibration factors for electron density of 1.82/1.35 (Swarm A/B) at
PF10.7 = 100 sfu, 1.49/1.285 at PF10.7 = 125 sfu (which
is about the middle of the PF10.7 range covered by the
Swarm data in Fig. 2), and 1.22/1.22 for PF10.7 = 150
sfu (which is about the upper limit of the PF10.7 range covered by the Swarm data in Fig. 2). These corrections are in
the same directions but a little bit larger than the adjustment ratios Lomidze et al. (2018) had found in their validation study with incoherent scatter radar and satellite radio
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