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ABSTRACT The F2-layer peak parameters of the International Reference Ionosphere (IRI) model are critical
to its subsequent applications because of the vital role of the peak parameters in determining other IRI
model outputs. Therefore, we analyzed the statistical deviation and ionospheric climatology of NmF2/hmF2
between themost current version of the IRImodel, namely IRI-2016, and ionospheric radio occultation (IRO)
data, including Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC) and
FengYun-3C (FY3C), during the recent solar minimum in 2017–2019. The International Union of Radio
Science (URSI) model for F2-layer peak electron density (NmF2) and the Bilitza–Sheikh–Eyfrig (BSE),
Altadill-Magdaleno–Torta–Blanch (AMTB), and SHUbin (SHU) models for maximum ionization height
(hmF2) in IRI-2016 are compared with the IRO dataset. A statistical analysis shows a systematic offset of less
than 10% in NmF2 between IRI-2016 URSI and IRO data, and the SHU option for hmF2 shows a better fit to
IRO data than BSE and AMTB. A climatology comparison shows that NmF2 estimated by IRI-2016 URSI is
consistent with that of the IRO dataset in terms of the general trend in the typical ionospheric characteristics;
except for some discrepancies in the marine area, the IRO data may provide a feasible reference for IRI
estimation in marine regions. The hmF2 options of BSE/AMTB/SHU show hemispheric asymmetry like the
IRO dataset. Moreover, hmF2 of BSE/AMTB and IRO/SHU show some discrepancies in fine structures,
such as the day–night reversal phenomenon.

INDEX TERMS Ionosphere, radio occultation, FY3C, COSMIC, IRI-2016, comparison, NmF2, hmF2.

I. INTRODUCTION
The upper atmosphere is dissociated and ionized by extreme
ultraviolet (EUV) and X-ray radiations, which is the main

The associate editor coordinating the review of this manuscript and
approving it for publication was Shunfeng Cheng.

reason for ionosphere formation. Due to the prevalence of
gravity, the ionosphere produces different horizontal layered
structures composed of varying plasma densities, such as D,
E, F1, and F2 regions [1]. The F2 layer is a region with the
most severe ionization and is most dynamic in terms of the
electron density. The maximum electron density in the F2

8920
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0003-1896-3203


W. Bai et al.: Global Comparison of F2-Layer Peak Parameters Estimated by IRI-2016

layer, NmF2 (el/m3), is closely related to the critical F2-layer
frequency, foF2 (MHz), as shown in (1):

NmF2 = 1.24× 1010(foF2)2 (1)

The height of NmF2 (hmF2) is equally significant, as it can
be used as an essential data source for constructing neutral
winds in mid-latitudes and meridional winds on a global
scale [2], [3].

A timely and effective acquisition of the ionospheric
parameters, such as foF2 (NmF2) and hmF2, is vital for
observing ionospheric behaviors. Hence, various excel-
lent ionospheric models have been developed, such as the
NeQuickmodel [4], Global Assimilation of IonosphericMea-
surements (GAIM) model [5], and International Reference
Ionosphere (IRI) model [6]. Among these, the IRI model can
provide ionospheric parameters, including but not limited to
the density of the electrons, their temperatures, and vertical
total electron density (VTEC), given the corresponding time
and geographical location. As an empirical model, the IRI
absorbs almost all available space-based and ground-based
ionospheric data including those from the global network of
ionosondes/digisondes, incoherent scattering radars (ISRs),
ionospheric topside sounders, in situ payloads, and occulta-
tion satellites [7]. With more than 20 years of refinement,
the IRI model has been internationally recognized as a stan-
dard ionospheric model by the International Standardization
Organization (ISO) [8]. The IRI model has been updated to
the 2016 version, in which foF2 has two model options to
choose from, namely the Comite Consultatif International des
Radiocommunications (CCIR) and the International Union of
Radio Science (URSI), with the CCIR developed by Jones
and Roger [9] and the URSI developed by Rush et al. [10].
Both the options are based on the 12-month running mean
of the global ionosonde (IG) index, namely the IG12 index,
which enables the mapping of ionosonde foF2 to model foF2.
The URSI utilizes a physical model for the foF2 calculation
over regions not covered by the ionosonde, instead of using
extrapolation methods such as the CCIR. As such, the CCIR
is recommended for continents, whereas the URSI is recom-
mended for oceans and is set as the default foF2 option in
IRI-2016. The hmF2 option, namely Bilitza-Sheikh-Eyfrig
(BSE)-1979 in the old version of the IRI model, is based
on the relationship between hmF2 and M(3000)F2, which
has a dependency on the 12-month running mean of the
sunspot number, R12. The IRI-2016 model adopts two new
hmF2 options. One is the Altadill–Magdaleno–Torta–Blanch
(AMTB)-2013 model [11], which works through 610 model
coefficients under two selected levels of R12 based on obser-
vation data of 26 digisondes from 1998 to 2006. Another is
the SHUbin (SHU)-2015 model developed by Shubin [12],
which works through 85824 coefficients under two selected
levels of F10.7_81(81-day running mean of the solar radio flux
at a wavelength of 10.7 cm) derived from digisonde data
and a vast amount of ionospheric radio occultation (IRO)
data including Constellation Observing System for Mete-
orology Ionosphere and Climate (COSMIC). All the three

models were developed using data averages during different
months (season) and local time (universal time) under high
and low solar activities [13].

The IRI-2016 model for the first time adopts the model
option of hmF2 based on the IRO data; this is similar to
the IRO technique in terms of the excellent performance
in retrieving the electron density profiles (EDPs) of the
ionosphere. In 1995, the success of the US Microlab-1 low
earth orbit (LEO) satellite (GPS/MET) theoretically and tech-
nically confirmed the feasibility of the Global Positioning
System (GPS) radio occultation technique for observing the
Earth’s atmosphere and ionosphere for the first time [14].
Since then, the Global Navigation Satellite System (GNSS)
IRO technique has shown advantages such as high accuracy,
global coverage, high vertical-resolution, high precision,
all-weather operation, low cost, and long-term stability
[15], [16]. Multiple occultation projects have been imple-
mented: COSMIC, German Challenging Minisatellite Pay-
load (CHAMP), Gravity Recovery and Climate Experiment
(GRACE), Communications/Navigation Outage Forecasting
System (C/NOFS), and FengYun 3C/D-GNSS Occultation
Sounder (FY3C/D-GNOS) [16]–[20]. Launched in 2006,
COSMIC is the first six microsatellite constellation with
a GPS occultation receiver onboard. It has produced more
than 7 million atmospheric/ionospheric occultation events
thus far. NmF2 and hmF2 between COSMIC IRO measure-
ments and ionosondes show standard deviations (STDs) of
8.42% and 11.46 km, respectively [21]. The continuous and
high-precision occultation observations by COSMIC provide
abundant and reasonable support for atmospheric/ionospheric
climatology research [22], [23], numerical weather predic-
tion [24], model data assimilation [25], [26], and space
weather monitoring [27]. COSMIC significantly accelerates
the operationalization of the ionospheric occultation obser-
vation; thus, it has a milestone significance in the iono-
sphere field. Inspired by COSMIC, China has also been
developing domestic operational occultation projects, such as
FY3C-GNOS, for atmosphere and ionosphere observations.
The GNOS developed by National Space Science Center
(NSSC) for the 836 km sun-synchronous orbit has obtained
a large amount of IRO data since its launch onboard the
FY3C satellite in 2013, which is the first GNOS payload
compatible with both GPS and BeiDou Navigation Satellite
System (BDS) signals in the world. It is capable of tracking
signals of 6 GPS and 4 BDS satellites simultaneously and
can receive up to 700 occultation events per day (500GPS +
200BDS) [28]. Many studies have evaluated the accuracy
of FY3C-GNOS IRO products [15], [16], [29], [30]. For
example, Mao et al. [29] found that the root-mean-square
(RMS) values of the EDPs between FY3C-GNOS GPS IRO
and COSMIC/ionosondes are 10%/7%, respectively, demon-
strating the precision consistency of the EDP among FY3C-
GNOS, COSMIC, and ionosondes. Bai et al. [30] also found
decent unbiasedness in the statistical difference and iono-
spheric climatology of NmF2/hmF2 between COSMIC and
FY3C-GNOS, which showed an overall systematic offset
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of −2.19% for NmF2 and −3.29 km for hmF2. The large
amount of FY3C-GNOS IRO data can be a great source
of ionospheric climatology, radio communication, and vital
precursor information for earthquakes and other hazards [31].

At the time of the IRI-2016 model release, Bilitza et al. [6]
observed that in the solar cycle from 1958 to 2015, hmF2 esti-
mated by AMTB is approximately 40–50 km higher than that
estimated by the BSE option in the low solar activity (LSA)
period. Solar cycle 24 has unique characteristics, such as
deeper and longer LSA periods than the past hundred years,
which has led to significant interest in the research com-
munity to evaluate the performance of the IRI-2016 model
during this period [32]. For example, Liu et al. [33] com-
pared foF2 estimations obtained using IRI-2016 with that of
ionosondes in the northern mid-latitude region during a long
timescale ranging from 2008 to 2016. The results showed that
IRI-2016 can well reproduce foF2 variations with respect to
latitude, season, and local time. Rao et al. [34] collected foF2
estimated by IRI-2016 and compared it with that of ionoson-
des in southern low-latitudes during the solar ascending phase
from 2009 to 2013. The results showed an overall foF2
consistency between IRI-2016 and ionosondes, with foF2
inconsistency reaching 5MHz under certain conditions. Sim-
ilarly, during the ascending solar phase from 2009 to 2014,
Patel et al. [32] showed that IRI-2016 can more reason-
ably predict NmF2 than ionosondes for the Indian sector.
Furthermore, during the LSA period from 2007 to 2009,
Karia et al. [35] analyzed the climatological performance of
IRI-2016, in which the nighttime winter anomaly (NWA) and
Weddell Sea anomaly (WSA) were not evidently reflected in
IRI-2016 NmF2.

The above studies have covered the comparisons of iono-
spheric F2-layer peak parameters, such as NmF2 (foF2)
and hmF2, estimated by IRI-2016 at different time scales.
Most of them were concentrated in the first solar min-
imum period and the solar ascending phase in solar
cycle 24 from 2008 to 2019, with very few comparisons dur-
ing the recent second solar minimum period at the end of solar
cycle 24.Moreover, most workswere conductedwith ground-
based ionosonde/digisonde measurements. We compared
NmF2/hmF2 estimated by IRI-2016 with high-precision IRO
data during the second LSA period from 2017 to 2019 in solar
cycle 24. As a highly recognized standard in the ionospheric
occultation observation field, COSMIC data were selected
as the comparative IRO dataset for IRI-2016. Because of
its performance degradation in obtaining occultation events
after 2014 [36], the occultation data of FY3C-GNOS, which
slightly deviate from COSMIC data, were also added to
the IRO dataset. Specifically, there are currently two foF2
model options: CCIR and URSI. Since the global climato-
logical characteristics of IRI-2016 are also included in the
comparison, we slightly favored the URSI model. Among
the three hmF2 model options (BSE, AMTB, and SHU)
of IRI-2016, the BSE and AMTB options are based on
ionosonde/digisonde data, whereas the SHU option assimi-
lates IRO data as well as digisonde observations. Since the

SHU option absorbs IRO data, including COSMIC, there is
a concern that the SHU option may be correlated with the
COSMIC data used in this study. However, the time interval
of COMSIC data assimilated by the SHU option is 2007–
2011 [12], whereas the time period of COSMIC data utilized
in this work is 2017–2019. Evidently, these intervals are
different and far apart, so we still included the SHU option
in the comparison. To better represent the uncertainty in the
three options in estimating hmF2 and explore how they differ
from each other, we carried out a statistical analysis and a
climatology comparison of hmF2 between IRO dataset and
BSE/AMTB/SHU options of IRI-2016. NmF2 between IRO
dataset and IRI-2016 was evaluated using the same method.

The rest of this paper is organized as follows. Section II
presents the screening method for the IRO data, the
acquisition of the statistical differences in NmF2/hmF2
between IRI-2016 and IRO data, and the binning method
of NmF2/hmF2 for climatology comparison. In Section III,
we present the statistical deviations in NmF2/hmF2
between IRI-2016 and IRO data. Based on the binning
method, we compared the climatological characteristics of
NmF2/hmF2 obtained using IRI-2016 and IRO data in
Section IV. In Section V, we summarize the statistical dif-
ferences and climatological characteristics, and discuss the
mechanisms behind some of the phenomena observed in this
study. Brief conclusions are given in Section VI.

II. MATERIALS AND METHODS
A. SELECTION OF THE IONOSPHERIC RADIO
OCCULTATION DATA
Solar cycle 24 (2008–2019) was the weakest period of solar
activity in nearly a century with a longer than expected
LSA duration [32], which has aroused broad interests in the
ionospheric research community. The geomagnetic and solar
activities during this period can be characterized using the
global geomagnetic activity index (Kp) and the solar radio
flux at a wavelength of 10.7 cm (F10.7), as shown in Figs. 1a
and b, respectively. The Kp and F10.7 indices can be accessed
from https://omniweb.gsfc.nasa.gov/form/dx1.html of Space
Physics Data Facility (SPDF). Generally, the period when Kp
is less than or equal to 4 corresponds to the geomagnetic
quiet period, and a period of F10.7 below 80 is typically
defined as the LSA period [37]. Fig. 1b shows that the
period from 2017 to 2018 corresponds to the second LSA
period in solar cycle 24. Fig. 1a shows that the geomagnetic
quiet period accounts for 98.22% in this period, which is
an ideal time interval for IRI-2016 comparison with the
IRO dataset. More specifically, to present the seasonal pat-
terns of the climatological characteristics of NmF2/hmF2 in
ME-month (±45 days to March equinox), JS-month (±45
days to June solstice), SE-month (±45 days to Septem-
ber equinox), and DS-month (±45 days to December sol-
stice) during the LSA period, the IRO data during 2017.035
and 2019.035 were selected as the comparative dataset
for IRI-2016. However, COSMIC, which has exceeded its
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FIGURE 1. Geomagnetic and solar activities during solar cycle 24 from 2008 to 2019. (a) Daily variation
in the geomagnetic index Kp from 2008 to 2019. The red dashed line represents a Kp value of 4,
namely the critical value of a geomagnetic storm, and the geomagnetic quiet period accounts for
98.22% during the time phase from 2017 to 2018, surrounded by the black dashed box. (b) Monthly
mean solar flux index F10.7 during solar cycle 24. The red dashed line corresponds to an F10.7 value of
80, namely the LSA period threshold, the time phase from 2017 to 2018 is similar to the first LSA period
during 2008–2009 in solar cycle 24.

working life, is currently facing severe performance degra-
dation issues. Considering the deterioration in the COSMIC
occultation data, we combined the IRO data of COSMIC
and FY3C-GNOS to expand the comparison dataset of
IRI-2016. The EDP data of COSMIC and FY3C-GNOS
can be accessed from https://cdaac-www.cosmic.ucar.edu of
COSMIC Data Analysis and Archive Center (CDAAC) and
http://satellite.nsmc.org.cn/PortalSite/Data/Satellite.aspx?
currentculture=en-US of National Satellite Meteorological
Center (NSMC), respectively.

Before comparison, the IRO dataset, including COSMIC
and FY3C-GNOS, should be quality controlled. Referring to
the methods applied in other studies [12], [15], [38], [39]
and our requirement for sample quantity in statistical and
climatological analyses, we examined the IRO dataset using
four parameters: hmF2 (200–450 km), mean deviation of the
EDP fluctuation (MD) (0–0.1), the gradient of the topside
EDP (−7 × 106 m−4 to −0.1 × 106 m−4), and noise level
factor (0–0.01). Moreover, the EDPs were discarded during
the geomagnetic storm period when Kp was greater than 4 to
avoid data distortion due to the response of NmF2/hmF2 to
geomagnetic disturbances.

Yang et al. [38] found that ionospheric irregularities can
cause EDP fluctuations and even lead to a sharp spike. There
are some EDPs in which the topside electron density does
not show a decreasing trend but positive or zero gradients.
To avoid the above EDPs from mixing in the IRO data appli-
cation, Yang et al. [38] defined the MD index and gradient
of the topside EDP to remove the unqualified IRO EDP data.
Their definitions are expressed in (2) and (3) as follows:

MD =
∑
i

|nei − nei|
Nnei

(2)

where N is the total number of electron density sampling
points in a profile. nei and n̄ei represent the inversion value

of the electron density at the i-th sampling point and nei
processed using the 9-point running average filtering method,
respectively.

Gradient =
ne(490km)− ne(420km)

70km
(3)

where ne(490 km) and ne(420 km) are the electron densities
at 490 km and 420 km, respectively.

Guo et al. [39] defined the noise level Delta to eliminate
bad-quality EDP data, and its calculation is as follows:

Delta =

√∑k
i=1 (ne(i)− ne(i))2

k(NmF2)2
(4)

where ne(i) is the electron density above 300 km, n̄e(i) rep-
resents the smoothed ne(i), and k is the number of electron
density sampling points above 300 km in a profile.

The statistics show that approximately 80% EDPs of the
COSMIC and FY3C-GNOS have hmF2, MD, and topside
gradient between 200 and 450 km, 0 and 0.1, and −7 × 106

and −0.1 × 106 m−4, respectively, and have Delta less than
0.01. Fig. 2 shows the statistical distributions of the above
four parameters of the IRO EDPs. After applying the data
screening criterion, 34290 (71.06%) of 48256 COSMIC IRO
data pairs and 55668 (70.92%) of 78492 FY3C-GNOS IRO
data pairs were screened for later NmF2/hmF2 comparisons
with the IRI-2016 model. The number of qualified IRO EDPs
of COSMIC and FY3C-GNOS are described in Fig. 3.

B. STATISTICAL DEVIATIONS OF NMF2/HMF2 BETWEEN
IRI-2016 AND IRO DATA THROUGH STATISTICAL ANALYSIS
The statistical analysis of NmF2/hmF2 between IRI-2016
and IRO dataset is performed by dividing into three peri-
ods: whole day, daytime (0600-1800LT), and nighttime
(1800-0600LT). NmF2 in the IRO dataset is compared with
the corresponding NmF2 generated by the IRI-2016 URSI
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FIGURE 2. Statistical probability distribution of hmF2 (a) MD, (b) Delta, (c) and topside gradient (d) in IRO EDP dataset, including COSMIC
and FY3C-GNOS, during the solar minimum from 2017.035 to 2019.035.

FIGURE 3. Quality controlled IRO EDPs during the solar minimum from 2017.035 to 2019.035, in which the qualified EDPs
selected from the COSMIC dataset (green bar) and FY3C-GNOS dataset (red bar) are presented.

option, whereas IRO hmF2 is compared with that estimated
by the BSE/AMTB/SHU option in IRI-2016. Considering
that the diurnal variation in NmF2 may exceed an order of
magnitude, the relative differences in NmF2 between the IRI-
2016 and IRO dataset are calculated through NmF2 analysis,
and the absolute differences are computed through hmF2
analysis. Based on these, the bias and STD of NmF2/hmF2
relative/absolute differences are calculated as the degree of
deviation between IRO and IRI-2016. The detailed derivation
method of the bias and STD can be found in the work by
Bai et al. [30].

C. BINNING METHOD OF NMF2/HMF2 OF IRI-2016 AND
IRO DATA FOR CLIMATOLOGY COMPARISON
In addition to presenting NmF2/hmF2 in four different sea-
sons asmentioned in Section II. A, we separatedNmF2/hmF2
into daytime (0800-1200 LT) and nighttime (2000-2400 LT)
sectors in each season to observe the diurnal variation in
the climatological features. To ensure that the number of
NmF2/hmF2 readings inside one grid larger than five can
occupy more than 70% of the entire grid within ±60◦ in
geographical latitudes, we adopted a 3◦×6◦ grid in this work.

Notably, NmF2/hmF2 of IRI-2016 is generated on the basis of
the position and local time of the grid center, so the number of
NmF2/hmF2 estimations is much higher than that in the IRO
dataset. Therefore, the season-averaged NmF2/hmF2 in one
grid was derived to represent its NmF2/hmF2 level, to reduce
discrepancies due to the data quantity between IRI-2016 and
IRO dataset. The ionospheric climatology of season-averaged
NmF2/hmF2 in each subset is smoothed using the method
proposed by Garcia [40].

III. STATISTICAL DIFFERENCES IN NMF2/HMF2
BETWEEN IRI-2016 AND IRO DATASET
A. STATISTICAL ANALYSIS OF IRI-2016 NMF2 WITH IRO
DATASET
Figs. 4a, b, and c show comparisons of NmF2 between
IRI-2016 URSI option and IRO dataset during the whole
day, daytime, and nighttime from 2017.035 to 2019.035,
respectively. After applying the data selection condition pre-
sented in Section II.A and the deviation acquisition method
presented in Section II.B, we can see in Fig. 4a that there
are 89387 NmF2 data pairs between IRI-2016 and IRO
dataset during the whole day, in which the correlation

8924 VOLUME 9, 2021



W. Bai et al.: Global Comparison of F2-Layer Peak Parameters Estimated by IRI-2016

FIGURE 4. Statistical differences in NmF2 between IRI-2016 and IRO
dataset from 2017.035 to 2019.035. (a, b, c) Correlations of NmF2 between
IRI-2016 and IRO dataset during the whole day, daytime (0600-1800LT),
and nighttime (1800-0600LT), respectively. The solid red line represents
the linear regression fit of NmF2 between the IRI-2016 and IRO dataset,
and the solid blue line describes the diagonal. The correlation coefficient
of NmF2 between IRI-2016 and IRO dataset, the bias and STD of NmF2
relative differences, and the number of NmF2 data pairs are labeled in
the lower right corner of each panel.

coefficients of NmF2, bias, and STD of NmF2 differences
are 0.84, 9.76%, and 34.41%, respectively. Similarly, during
daytime, the correlation coefficient, bias, STD, and number
of NmF2 estimations between IRI-2016 and IRO dataset are
0.81, 10.66%, 31.30%, and 66439, respectively. In nighttime,
the correlation coefficient, bias, STD, and number are 0.69,
7.13%, 42.04%, and 22949, respectively.

In terms of the linear fit and diagonal line of NmF2,
we can see that IRI-2016 always overestimates the IRO
NmF2. The bias varying from 7.13% to 10.66% is approx-
imately 20%–30% lower than the STD in the range of
31.30%–42.04%, indicating a relatively small significance
of the NmF2 systematic offset between IRI-2016 and IRO
dataset. Moreover, the NmF2 values of IRI-2016 and IRO are
more consistent during daytime, with the correlation coeffi-
cient being above 0.8, whereas at nighttime, the correlation
coefficient is only 0.69.

B. STATISTICAL ANALYSIS OF IRI-2016 HMF2 WITH IRO
DATASET
Figs. 5a, b, and c show the statistical analyses of hmF2
between BSE option of IRI-2016 and IRO dataset, carried out
during the whole day, daytime, and nighttime from 2017.035
to 2019.035, respectively. Likewise, the statistical analysis
of hmF2 between AMTB/SHU option of IRI-2016 and IRO
dataset is presented in Figs. 5d,e,f/g,h,i, respectively.

From the relationship between the linear fit and the diag-
onal line of hmF2, we see that IRI-2016 shows a higher
estimation than IRO observations except for the SHU option,
particularly theAMTBoption, at nighttime. The three options
of IRI-2016 show similar diurnal variations, such as in NmF2,
compared with the IRO dataset, i.e., relatively small hmF2
discrepancies between IRI-2016 and IRO dataset during day-
time and a relatively weak consistency at nighttime. Judging
by the correlation coefficient, bias, and STD, the IRO hmF2
exhibits the best agreement with the SHU option, followed
by the BSE option, and then the AMTB option. Although
the bias and STD of hmF2 between BSE/AMTB and IRO
dataset are largely the same during daytime, at nighttime,
the systematic offset of hmF2 between AMTB and IRO data

FIGURE 5. Statistical differences in hmF2 between BSE/AMTB/SHU
option of IRI-2016 and IRO dataset from 2017.035 to 2019.035. (a, b, c)
Correlations of hmF2 between the BSE option of IRI-2016 and IRO dataset
during whole day, daytime (0600-1800LT), and nighttime (1800-0600LT).
(d, e, f) Correlations of hmF2 between AMTB option of IRI-2016 and IRO
dataset during three different periods. (g, h, i) Correlations of hmF2
between SHU option of IRI-2016 and IRO dataset during three different
periods. More detailed explanations can be seen in Fig. 4.

increased significantly. Moreover, during the daytime, the
hmF2 estimations of BSE have more values scattered within
350–400 km than that of AMTB. More detailed discussions
are made in Section V.

IV. IONOSPHERIC CLIMATOLOGICAL CHARACTERISTICS
OF NMF2/HMF2 OF IRI-2016 AND IRO DATASET
A. COMPARISON OF THE GLOBAL SEASON-AVERAGED
NMF2 IN IONOSPHERIC CLIMATOLOGY
Based on the binning method described in Section II.C,
the season-averaged NmF2 of IRI-2016 and IRO dataset
at daytime and nighttime and their relative differences in
ME-month, JS-month, SE-month, and DS-month are pre-
sented in Figs. 6–9, respectively. Thus, the ionospheric cli-
matological characteristics of NmF2 of IRI-2016 and IRO
dataset can be intuitively seen as follows.

1) MIDLATITUDE SUMMER NIGHTTIME ANOMALY
The mid-latitude summer nighttime anomaly (MSNA)
reveals an abnormal increase in the electron density at night-
time in summer mid-latitude regions [41]. The diurnal NmF2
reaches its maximum during the day due to the strong pho-
tochemical control. However, an unusual enhancement in
NmF2 occurred at nighttime in the southern summer hemi-
sphere near the Weddell Sea area (52◦S, 60◦W-75◦S, 30◦W),
which is defined as the Weddell Sea Anomaly (WSA) [42].
With the development of space-based ionospheric observa-
tions, a spatial expansion of the WSA to the adjacent area
has been observed; for example, Horvath and Essex [43]
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FIGURE 6. Ionospheric climatology of the season-averaged NmF2 of
IRI-2016 and IRO dataset in March equinox (ME-month) and their relative
differences in the daytime (0800-1200LT) and nighttime (2000-2400LT).
(a, b) Ionospheric climatological characteristics of NmF2 of IRI-2016 and
IRO subset during 0800-1200LT, respectively. (c, d) Ionospheric
climatological features of NmF2 by IRI-2016 and IRO subset during
2000-2400LT, respectively. The three white curves from top to bottom in
a-d represent the contours denoted by 60◦, 0◦, and −60◦ dips,
respectively. (e, f) Relative differences in NmF2 between IRI-2016 and IRO
subset during daytime and nighttime, respectively, in which the dip
contours are the pink curves.

FIGURE 7. Ionospheric climatology of the season-averaged NmF2 of
IRI-2016 and IRO subset in June solstice (JS-month) and their relative
differences in the daytime (0800-1200LT) and nighttime (2000-2400LT).
The arrows indicate the northern MSNA in the diurnal variation in NmF2,
in which the area indicated by red arrows in c,d shows the nighttime
NmF2 enhancement in comparison to the daytime NmF2 denoted by
black arrows in a,b. Refer to Fig. 6 for additional descriptions.

reported TEC enhancement in the southeast Pacific Ocean
and the southwest Atlantic Ocean near the WSA region in
TOPEX/Poseidonmeasurements. The enhancement in NmF2
in the northern summer hemisphere has also been observed
in various types of ionospheric data; He et al. [44] reported
NmF2 increase in the mid-latitudes of the northern hemi-
sphere at summer nighttime through COSMIC IRO data.

FIGURE 8. Ionospheric climatology of the season-averaged NmF2 of
IRI-2016 and IRO subset in September equinox (SE-month) and their
relative differences in the daytime (0800-1200LT) and nighttime
(2000-2400LT). Refer to Fig. 6 for additional descriptions.

FIGURE 9. Ionospheric climatology of the season-averaged NmF2 of
IRI-2016 and IRO subset in December solstice (DS-month) and their
relative differences in the daytime (0800-1200LT) and nighttime
(2000-2400LT). The arrows indicate the southern MSNA in the diurnal
variation in NmF2. Refer to Fig. 7 for additional descriptions.

Among the above nighttime NmF2 enhancement phenomena,
the NmF2 increase in the Weddell Sea area is defined as the
special WSA, indicated by arrows in Fig. 9c-d, and the NmF2
enhancement in the other areas is called the general WSA,
indicated by arrows in Figs. 7, 9c-d [44]. Since the two types
of WSAs mostly occur at summer nighttime in mid-latitudes
(approximately ± 60◦ dip) and longitude sector where the
magnetic equator shifts farthest toward the geographic poles,
both the WSAs are MSNAs.

From Figs. 7, 9a–d, the NmF2 values of IRI-2016 and
IRO dataset both showMSNA characteristics. In the northern
summer hemisphere (Figs. 7a–d), the NmF2 nighttime
enhancement appears in the Northeast Asian sector during
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2000-2400LT, which corresponds to the longitude sector
where northernMSNA occurred as reported by He et al. [44].
Moreover, in the southern summer hemisphere (Figs. 9a–d),
we see that NmF2 values of IRI-2016 and IRO dur-
ing 2000-2400LT present southern MSNA characteristics,
including nighttime NmF2 enhancement in the Weddell Sea
region and adjacent area. The IRI-2016 and IRO data are
consistent in terms of the overall MSNA characteristics in
both summer hemispheres, though there is a discrepancy in
that the MSNA of IRI-2016 is slightly higher than that of the
IRO dataset, particularly in the December solstice.

2) ANNUAL ANOMALY
When the northern and southern hemispheres are considered
as a whole, the phenomenon of daytime/nighttime NmF2
in December solstice being more pronounced than that in
summer solstice is called the annual anomaly [45]. Taking
northern and southern hemispheres as a whole, the NmF2
values of IRI-2016 and IRO dataset are more pronounced
in winter solstice than that in summer solstice regardless of
whether it was daytime or nighttime. However, NmF2 of
IRI-2016 in winter solstice is approximately 50% higher than
that in summer solstice. This exceeds the 20%–30% propor-
tion of the typical annual anomaly characteristics [45], [46].
In winter solstice, the IRONmF2 is approximately 16%–34%
higher than that in summer solstice within daytime and night-
time sectors, consistent with the ionospheric characteristics of
the annual anomaly.

3) EQUATORIAL IONOSPHERIC ANOMALY
Equatorial ionospheric anomaly (EIA) is an ionospheric
sandwich structure of the electron density trough along the
magnetic equator surrounded by two high-value electron den-
sity crests [47].

The NmF2 values of IRI-2016 and IRO dataset both show
distinct EIA features at daytime in the four seasons but with
a different seasonal pattern. The EIAs estimated by IRI-2016
show good structural continuity in the four seasons, with a
decrease in intensity only during the summer solstice. Mean-
while, the IRO NmF2 declined in terms of the EIA struc-
tural continuity in solstices compared to that in equinoxes,
showing stronger and weaker seasonal patterns of E×B in
equinoxes and solstices, respectively. This is consistent with
the seasonal variations in the NmF2 measurements made by
ROCSAT-1 as reported by Fejer et al. [48]. However, this
seasonal pattern of the EIA is not as apparent in IRI-2016
as the IRO dataset.

4) WINTER ANOMALY
The ionospheric phenomenon, where the daytime NmF2 at
mid-latitudes in the winter hemisphere is higher than that
in the summer hemisphere, is the winter anomaly [45].
Figs. 7, 9a, b show that more pronounced NmF2 of IRI-2016
and IRO mainly appears in equatorial and low-latitude
regions in the winter hemisphere. The NmF2 enhancement
in the winter anomaly in mid-latitudes tends to subside.

Notably, in the first deep solar minimum of solar cycle
24, the same daytime NmF2 enhancements in the low and
equatorial regions occurred in the winter hemisphere during
0700-1200LT [49], which cannot be identified as a typical
mid-latitude winter anomaly either. The subsidence or even
disappearance of the winter anomaly is related to the lower
solar energy input in the LSA period, and the winter anomaly
is typically prominent at solar maximum [50].

5) SEMI-ANNUAL ANOMALY
The stronger daytime NmF2/foF2 in equinoxes than in sol-
stices is the semi-annual anomaly [45]. The IRI-2016 and
IRO dataset both produce high-value NmF2 in equinoxes
than in the summer solstice. IRO data also present relatively
low NmF2 in winter solstice than in equinoxes. Nevertheless,
NmF2 estimated by IRI-2016 in winter solstice does not show
a significant decrease compared with that in equinoxes. The
lower IRO NmF2 in solstices than in equinoxes is a typi-
cal manifestation of the ionospheric semi-annual anomaly.
IRI-2016 also presents semi-annual characteristics of NmF2,
expect in the winter solstice.

6) RELATIVE DIFFERENCES IN NMF2 BETWEEN IRI-2016
AND IRO DATASET
Figs. 6–9e, f show the global relative differences in NmF2
between the IRI-2016 and IRO dataset over four seasons
at daytime and nighttime. We can observe that NmF2 of
IRI-2016 shows a noticeable higher trend relative to that of
the IRO dataset, and most of the differences are distributed
along the magnetic equator within the ±60◦ dip, particularly
at nighttime.

During daytime, as shown in Figs. 6-9e, the magnitude of
the relative differences is slightly lower than that at nighttime
within the ±60◦ dip. However, the daytime difference is
spread worldwide, whereas at nighttime, it decreases signifi-
cantly in mid-high latitudes. Therefore, the NmF2 difference
between IRI-2016 and IRO dataset is higher in daytime in
the four seasons. Interestingly, IRI-2016 has higher daytime
NmF2 than IRO data at the longitude sector southeast of
the −60◦ dip, but shows a lower NmF2 trend at night-
time in this region. The same local-time-dependent char-
acteristics of IRI-2016 NmF2 are also shown in the high
latitude area north of the 60◦ dip, except in the summer
solstice.

IRI-2016 has higher NmF2 values in spring equinox and
winter solstice. In the daytime of equinoxes, IRI-2016 NmF2
exceeds the IRO NmF2 by approximately 30%–50% in most
areas in spring equinox, and the 10%–30% higher frac-
tion of IRI-2016 accounts for a large proportion in autumn
equinox. At nighttime, the relative difference in the spring
equinox is entirely strengthened in the equatorial region,
particularly in the Pacific, Atlantic, and the Indian Ocean
sectors, compared to autumn equinox. The relative difference
variations in the winter and summer solstices are similar to
that in spring and autumn equinoxes. The NmF2 deviation
between IRI-2016 and IRO dataset in the winter solstice is

VOLUME 9, 2021 8927



W. Bai et al.: Global Comparison of F2-Layer Peak Parameters Estimated by IRI-2016

FIGURE 10. Ionospheric climatology of the season-averaged hmF2 of
BSE/AMTB/SHU option of IRI-2016 model and IRO dataset in March
equinox (ME-month) and their absolute differences at daytime
(0800-1200LT) and nighttime (2000-2400LT). (a, b) Ionospheric
climatological characteristics of hmF2 by IRO subset during daytime and
nighttime, respectively. (c, d) Ionospheric climatological features of hmF2
estimated by the IRI-2016 BSE option during daytime and nighttime,
respectively. (e, f) Ionospheric behaviors of hmF2 estimated by the
IRI-2016 AMTB option during daytime and nighttime, respectively.
(g, h) Ionospheric climatological features of hmF2 estimated by the
IRI-2016 SHU option during daytime and nighttime, respectively. The
three white curves from top to bottom in (a)-(h) represent the contours
denoted by 60◦, 0◦, and −60◦ dip, respectively. (i, j) Absolute differences
in hmF2 between IRI-2016 BSE and IRO subset during daytime and
nighttime, respectively. (k, l) Absolute differences in hmF2 between
IRI-2016 AMTB and IRO subset at daytime and nighttime, respectively.
(m, n) Absolute differences in hmF2 between IRI-2016 SHU and IRO
subset during daytime and nighttime, respectively. The pink curves
indicate the dip contours.

significantly enhanced in terms of the magnitude and dis-
tribution regardless of whether it was daytime or nighttime
compared to the summer solstice.

B. COMPARISON OF THE GLOBAL SEASON-AVERAGED
HMF2 IN IONOSPHERIC CLIMATOLOGY
Based on the binning method provided in Section II.C,
Figs. 10-13a-f show the global distribution of hmF2 esti-
mated by IRI-2016’s BSE/AMTB/SHU option and measured
by IRO in ME-month, JS-month, SE-month, and DS-month,
respectively. Figs. 10–13i-n also show the absolute differ-
ences in hmF2 between them. Compared with NmF2, the
seasonal pattern of hmF2 is quite simple, with the annual vari-
ation in summer peaking as the main factor [23]. As shown
in the above figures, we can intuitively see the ionospheric
characteristics and absolute differences between IRI-2016
and IRO as follows.

FIGURE 11. Ionospheric climatology of the season-averaged hmF2 of
BSE/AMTB/SHU option of the IRI-2016 model and IRO subset in June
solstice (JS-month) and their absolute differences at daytime
(0800-1200LT) and nighttime (2000-2400LT). More detailed explanations
can be found in Fig. 10.

FIGURE 12. Ionospheric climatology of the season-averaged hmF2 of
BSE/AMTB/SHU option of IRI-2016 model and IRO subset in September
equinox (SE-month) and their absolute differences at daytime
(0800-1200LT) and nighttime (2000-2400LT). More detailed explanations
can be found in Fig. 10.

1) SEASONAL PATTERN OF HMF2 OF IRO DATASET AND
BSE/AMTB/SHU OPTIONS OF IRI-2016
The phenomenon that hmF2 value in the summer hemi-
sphere is higher than that in the winter hemisphere is the
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FIGURE 13. Ionospheric climatology of the season-averaged hmF2 of
BSE/AMTB/SHU option of the IRI-2016 model and IRO subset in
December solstice (DS-month) and their absolute differences at daytime
(0800-1200LT) and nighttime (2000-2400LT). More detailed explanations
can be found in Fig. 10.

ionospheric hemispheric asymmetry. The hemispheric asym-
metry of hmF2 indicates the hemispheric difference in the
neutral wind and temperature [51]. We can see that the day-
time hmF2 of the three options and daytime hmF2 of IRO
all show hemispheric asymmetry in solstices (Figs. 11, 13 a,
c, and e). The MSNA phenomenon was also reflected in the
global ionospheric hmF2 characteristics estimated by BSE/
AMTB/SHU option and measured by the IRO data. Different
from NmF2, the hmF2 MSNA also appeared in the winter
hemisphere and equinoxes, which means that special and
general WSA appear in all four seasons [44]. Nevertheless,
because of the relatively small enhancement along the −60◦

dip, the southern MSNA of nighttime hmF2 exhibited by the
AMTB option is not as pronounced as the BSE/SHU option
and IRO data.

2) DIURNAL CHARACTERISTICS OF HMF2 OF IRO DATASET
AND BSE/AMTB/SHU OPTIONS OF IRI-2016
As shown in Figs. 10–13 a, c, e, during daytime, hmF2 is
strongly dip-aligned, showing high-value hmF2 along the
magnetic equator, which is reflected in the hmF2 distribution
of BSE/AMTB/SHU option and IRO data. At nighttime,
as shown in Figs. 10–13 b, d, f, the hmF2 value has a global
increase. While in the equatorial region, the enhancement in
hmF2 is not as evident and even weakened, which makes the
diurnal variation in hmF2 more complicated. At nighttime,
the AMTB option has the highest hmF2 enhancement, fol-
lowed by BSE option and IRO data, and the SHU option is
the weakest. Interestingly, at daytime in December solstice,

we can see from hmF2 of IRO/SHU that high-value hmF2 is
concentrated in the magnetic equatorial region, but another
relatively large hmF2 extends southward from the South-
ern Indian Ocean sector. At nighttime, the higher hmF2 in
this area is occupied by lower values again. However, the
above day-night reversal phenomenon is not apparent in
BSE/AMTB hmF2 in December solstice.

3) ABSOLUTE DIFFERENCES IN HMF2 BETWEEN IRI-2016
AND IRO DATASET
Figs. 10–13i-n show the absolute differences in hmF2
between IRO data and BSE/AMTB/SHU option during day-
time and nighttime. Compared to IRO data, BSE and AMTB
options both show a higher trend for IRO hmF2 in most
regions, whereas the SHU option is generally very close
to IRO; however, the trend is lower in some areas. More-
over, the AMTB hmF2 at nighttime has stronger devia-
tions than the BSE option, and the differences in SHU are
far smaller than both BSE and AMTB. Unlike NmF2, the
hmF2 differences between BSE/AMTB/SHU and IRO are
mostly distributed outside the ±60◦ dip in the mid-high
latitudes.

In spring equinox (Figs. 10g–j), at daytime, the 10–30 km
hmF2 difference between BSE/AMTB and IRO prevails
beyond the ±60◦ dip. At nighttime, the dominant area
increases to 50–70 km outside the ± 60◦ dip. Within the
±60◦ dip, almost all the hmF2 deviations show a trend of
day–night reversal. The discrepancies in hmF2 are mainly
concentrated in the Pacific Ocean, Atlantic Ocean, and Indian
Ocean sectors. As far as the SHU option is concerned, the
−10–10 km deviation between SHU and IRO occupies most
regions, and the IRO hmF2 is evidently underestimated in the
south of the−60◦ dip from 0 and 120 ◦E. In autumn equinox
(Figs. 12i–n), the hmF2 absolute differences in BSE/AMTB
are similar to that in the spring equinox except that the day–
night reversal of hmF2 differences is not clearly observed,
while the range of the lower hmF2 area estimated by SHU is
extended.

Different from the equinoxes, within the nighttime of
the summer solstice (Figs. 11i–n), the hmF2 difference
between BSE option and IRO is significantly reduced in
the northern mid-high latitudes, with most regions being
dominated by the −10–30 km deviation. The difference in
hmF2 between AMTB and IRO at nighttime is not as severe
as that in the equinoxes either. During the winter solstice
(Figs. 13g–j), the difference in BSE hmF2 also decreases
at nighttime compared to daytime, whereas at AMTB,
it increases significantly. Compared with the equinoxes,
in solstices, the amplitude of the SHU hmF2 underestimation
is increased from −10–30 km to −30 to −50 km, whereas
the range extends from 0–120◦E to the entire longitude
section outside the ±60◦ dip. Interestingly, in the summer
solstice, the underestimation part fills the area south of the
−60◦ dip, whereas in winter, it fills the area north of the
60◦ dip.
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TABLE 1. Statistical differences in NmF2 and hmF2 between IRI-2016
estimations and IRO observations at whole day, daytime, and nighttime.

V. DISCUSSION
The statistical deviations in NmF2 and hmF2 between
IRI-2016 and IRO data are summarized in Table 1. The
NmF2 statistical analysis shows that the overall bias and
STD of NmF2 between IRI-2016 and IRO dataset are 9.76%
and 34.41%, respectively, indicating little significance of the
NmF2 systematic offset between IRI-2016 and IRO dataset.
In whole day, the correlation coefficient of hmF2, bias, and
STD of hmF2 differences are 0.77, 16.59 km, and 26.88 km
between BSE and IRO data; 0.75, 17.64 km, and 27.75 km
between AMTB and IRO data; and 0.86, 1.54 km, and
21.06 km between SHU and IRO data, respectively. In terms
of the correlation coefficient, bias, and STD, the SHU option
fits best with the IRO data, and the BSE option is very close
to the AMTB option. However, the AMTB option shows a
decrease in the correlation coefficient and an increase in the
bias at nighttime. Therefore, in summary, the SHU fits best
with the IRO, and BSE fits slightly better than AMTB.

Since the SHU option absorbs a large amount of IRO
data, it is reasonable that the SHU has the best fit with the
IRO data. The consistency between IRO and BSE is slightly
better than that between IRO and AMTB. Due to the insuf-
ficient harmonic function order (up to 4) and the uncertainty
between M(3000)F2 and hmF2 [6], hmF2 estimated by the
BSE option cannot reproduce the nighttime hmF2 peak in
equatorial regions, like the AMTB option developed from the

measured hmF2 dataset. Furthermore, the reliability of the
IRO NmF2/hmF2 data will degrade in the equatorial region
because of the assumption of the local spherical symmetry in
the inversion process, particularly at nighttime [52]. There-
fore, when IRO data are fitted with the BSE and AMTB
options, it shows a slightly higher agreement with the BSE
option, whereas the consistency between IRO and AMTB
option declines at nighttime.

The consistency of NmF2/hmF2 between them deterio-
rated at nighttime compared to daytime, which is an entirely
understandable situation. One possible explanation may be
that NmF2 is one order of magnitude lower at nighttime
than during the daytime, so a smaller absolute difference in
NmF2 between IRI-2016 and IRO data at nighttime will be
amplified to a higher relative difference, causing a relatively
poor NmF2 consistency at nighttime. Moreover, due to the
strong photochemistry control at daytime, the modulation
effect of ionospheric irregularities on the carrier phase of
the GNSS signal, namely the ionospheric scintillation, plays
a limited role in the propagation of the occultation rays.
However, at nighttime, in the absence of daytime active
photochemistry control, there is evident modulation of the
ionospheric scintillation on the carrier phases coming from
different directions [53]; thus, NmF2 estimated by IRI-2016
mainly based on the ionosonde data will deviate significantly
from NmF2 measured by the IRO technique at nighttime.

The ionospheric NmF2 climatological characteristics indi-
cate an overall higher NmF2 obtained using IRI-2016 than the
IRO measurements, and the differences are mainly within the
±60◦ dip. The NmF2 deviations between IRI-2016 and IRO
are more significant during daytime than at nighttime; more-
over, they are greater in spring equinox and winter solstice,
and smaller in summer solstice and autumn equinox. Further-
more, most of the differences are concentrated in the Pacific
Ocean, Atlantic Ocean, and IndianOcean sectors, particularly
at nighttime. Similar to the global comparison of COSMIC
NmF2 with the IRI model in the initial stage of the first LSA
period in solar cycle 24, the IRI model shows general features
of the IRO measured NmF2, like MSNA, EIA, semi-annual
anomaly, and annual anomaly, and the winter anomaly shows
signs of disappearance [23], [41], [54]. Regardless of whether
in the first or second LSA periods, the IRI model did not
show the four-wave longitudinal structures along the dip
equator at nighttime in March equinox [54]. Liu et al. [23]
also found that higher NmF2 values in middle-latitudes over
the longitude sector between 60◦W–60◦E during the March
equinox in 2008–2009. However, this was not evident in our
work, which may have been due to the particularity of the
second LSA period.

Among the ionospheric behaviors, the physical mechanism
behind EIA is strongly associated with the electrodynamics
arising from the equatorial region. The E × B drift will
lift the ionization compositions to higher altitudes in the
equatorial region during the daytime, which is the so-called
equatorial fountain effect. Thus, the ionization will spread
to higher latitudes along the magnetic field line when being
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raised to a certain height under the influences of air pres-
sure and gravity. Since the semi-annual anomaly is mainly
reflected in the equatorial region by the sandwiched struc-
ture, it can be determined that the semi-annual anomaly is
modulated by the seasonal pattern of E×B driving EIA,
in which the E×B in equinoxes is stronger than that in
solstices as mentioned in Section IV.A.3. Moreover, the
upper atmospheric temperature and the semi-annual pattern
of the neutral compositions due to the geomagnetic and
auroral activities may be factors in forming the semi-annual
anomaly [50], [55], [56]. Existing studies on annual anomaly
showed that the 7% annual variation in the sun-to-earth dis-
tance between June and December solstices plays a vital role
in the formation of the annual anomaly, but is insufficient
to support the 20%–30% annual variation in NmF2. There-
fore, factors, such as the thermosphere’s neutral composition
and the geomagnetic field configuration, were also consid-
ered [57], [58]. However, currently, there are no mechanisms
that can thoroughly explain the 20%–30% annual variation
in NmF2 between the two solstices in the ionospheric annual
anomaly [45], [46].

The hmF2 climatological analysis shows that the hmF2
differences between IRO and IRI-2016 are mainly distributed
beyond the ±60◦ dip. The hmF2 estimations made by the
BSE and AMTB options of IRI-2016 show a higher trend in
most regions, whereas that made by the SHU option is gen-
erally close to the IRO data. The hmF2 differences between
BSE/AMTB/SHU and IRO is greater at nighttime than at
daytime, and the differences in SHU are far smaller than
both BSE and AMTB. Similar to the COSMIC observation
in 2008–2009 [23], hmF2 of BSE/AMTB/SHU option and
IRO dataset can reveal the ionospheric climatological char-
acteristics like hemispheric asymmetry. The present studies
proposed that the hemispheric asymmetry of hmF2 indi-
cates hemispheric difference in the neutral wind and tem-
perature [51]. The strong equatorial wind with hemispheric
asymmetry transports the ionization components in thewinter
hemisphere to the summer hemisphere, thereby increasing the
height of NmF2 in the summer hemisphere in solstices [59].
We can also see a notable day–night reversal phenomenon in
March equinox and December solstice, as reported in a previ-
ous study [23]. The high-value daytime hmF2 east-southward
extending from the South Indian Ocean was taken over by
the low-value hmF2 at nighttime. During 2017–2019, this
feature was more prominent in December solstice and less so
in March equinox, though not apparent in BSE and AMTB in
December solstice.

Evidently, in terms of the NmF2 climatological character-
istics over the four seasons, the NmF2 inconsistency between
IRI-2016 and IRO dataset in the northern mid-latitudes is
relatively low, particularly at nighttime, which may be related
to the sufficient data sources of the IRI-2016 model in the
northern mid-latitude region and high applicability of the
general law of Abel inversion for the IRO data. The main
data sources assimilated into the IRI-2016 model to estimate
the ionospheric electron density are from the ground-based

ionosondes/digisondes [7], so the dense distribution of the
ionosondes in the northern mid-latitudes gives IRI-2016 a
relatively high estimation accuracy. The Abel formula to
invert the IRO electron densities relies on the local spherical
symmetry assumption, and the horizontal uniformity of the
electron density in the middle latitude area is comparatively
high. Under the effects of these two factors, NmF2 estimated
by IRI-2016 in the northern mid-latitude area is more agree-
able with that of the IRO dataset.

VI. CONCLUSION
The NmF2/hmF2model option performance of IRI-2016 was
compared with those of IRO data during the recent LSA
period from 2017.035 to 2019.035, in terms of the statistical
deviations and climatological characteristics. For the statis-
tical analysis, NmF2/hmF2 of IRI-2016 was compared with
that of IRO data in terms of the bias and STD in whole
day, daytime, and nighttime. For climatological comparison,
NmF2/hmF2 values estimated using IRI-2016 and IRO were
divided into 3◦×6◦ grids and presented as monthly averages
in the daytime and nighttime sectors in the four seasons,
to observe the diurnal variation in their climatological char-
acteristics.

The URSI NmF2 estimated by IRI-2016 and NmF2 mea-
sured by the IRO technique were generally in agreement,
with the systematic offset being less than 10%, and their
climatological features tending to be consistent, such as EIA,
semi-annual anomaly, annual anomaly, and MSNA. Never-
theless, the higher NmF2 estimations of IRI-2016 led to some
climatological inconsistencies in marine areas. The globally
distributed IRO data may provide a feasible reference for the
monthly-hourly medians of IRI-2016 NmF2 estimations in
marine regions. The SHU option for hmF2 estimation showed
a better fit to the IRO data compared with the BSE/AMTB
option. The BSE/AMTB/SHU option could describe the gen-
eral trend in the IRO-measured hmF2 with few exceptions.
There were some inconsistencies between IRO/SHU and
BSE/AMTB in fine hmF2 ionospheric structures, such as the
day–night reversal phenomenon, which may have been due
to the different hmF2 retrieval methods between them.

With the success of the COSMIC-2 project and the gradual
deployment of the Fengyun occultation constellation net-
work, we can assimilate or integrate more quality-controlled
IRO data into IRI model in the future, thus helping to improve
the estimations made using the IRI model, particularly in
marine areas.
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