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This paper presents a comparison of ionospheric characteristic parameters obtained by a GPS network
and three ionosondes at Mohe (122.4◦ E, 53.5◦ N, dip angle 70.983◦ N), Zuolingzhen (114.6◦ E, 30.5◦ N, dip
angle 46.350◦ N), and Fuke (109.1◦ E, 19.5◦ N, dip angle 27.083◦ N) located in China with an IRI model in
the year 2011. Observed NmF2 and hmF2 values at the three stations are compared with IRI2007 and
IRI2012 predictions, respectively. The results show that there are clear linear correlations between the
observed values and the IRI model predicted values. The IRI model gives overestimations at the three
stations mostly in 2011. For the NmF2 and hmF2 values, most of the results show that the IRI2012
predicted values are closer to the observed values compared with those of IRI2007. Additionally, the
GPS TEC values derived from the Crustal Movement Observation Network of China (CMONOC) are
compared with the IRI2012 predictions. From the results, it is evident that the IRI2012 model predictions
follow the normal trend of diurnal variation of GPS measured TEC monthly means but do not reproduce
the measured data well. The IRI2012 model overestimates electron density in the latter part of spring as
well as the ﬁrst half of autumn and winter and underestimates electron density in early spring and the
latter part of autumn. Referring to GPS TEC, the precision of the IRI2012 model predicted TEC values
is ∼5 TECU over China. It may also be noted that there are two discontinuities of IRI-TEC monthly
means appearing in November and December of the year 2011. This brings a bias of ∼3 TECU of TEC
values between two adjacent months.

1. Introduction
The ionosphere is an important part of the Earth’s
upper atmosphere. It is ionized by solar radiation and inﬂuences radio propagation (Dungey
1955). Ionospheric sounding is signiﬁcant for studying the ionosphere. Some characteristic parameters can be obtained by traditional equipment
such as an ionosonde, sounding rocket and radar,
as well as GPS (Huang and Reinisch 2001; Ma

and Maruyama 2003; Sobral et al. 2003; Brunini
et al. 2004; Lei et al. 2005; Mosert et al. 2007; Liu
et al. 2009). To meet the needs of application
in satellite positioning and the study of ionospheric physics, a few models of the ionosphere
have been built, such as the Klobuchar model
(Klobuchar 1987), the International Reference
Ionosphere (IRI) model (Bilitza 2001; Bilitza and
Reinisch 2008; Bilitza et al. 2011), and the NeQuick
model (Dudeney 1978). These models are suited

Keywords. TEC; NmF2; hmF2; GPS; IRI model; IRI2012.
J. Earth Syst. Sci., DOI 10.1007/s12040-016-0694-x, 125, No. 4, June 2016, pp. 745–759
c Indian Academy of Sciences


745

746

Cheng Wang

for scientiﬁc analysis of the general trend of the
ionosphere. Additionally, global ionosphere maps
(GIM) have been generated for over a decade by
the IGS Ionosphere Associate Analysis Centers
(IAACs) (Hernández-Pajares et al. 2009).
The IRI model is an international project
sponsored by the Committee on Space Research
(COSPAR) and the International Union of Radio
Science (URSI). The IRI model can provide
monthly averages of the electron density, electron temperature, ion temperature, and ion composition (Bilitza 2001). Several improved editions of the IRI model have been released from
the 1960s. The latest version of the model is
IRI2012. The major update is that new neural network-based global models for the F2 peak
parameters are developed and evaluated (Bilitza
et al. 2011). Many authors have reported evaluations of the IRI model using some ionospheric
characteristic parameters over many areas of
the world during quiet or active space weather,
such as IRI predicted NmF2 and hmF2 values (Adeniyi et al. 2003; Araujo-Pradere et al.
2003; Bilitza et al. 2004; Lee and Reinisch 2006;
Oyeyemi et al. 2013; Wichaipanich et al. 2013;
Ikubanni et al. 2014), and IRI predicted TEC
(Bhuyan and Borah 2007; Adewale et al. 2011;
Kenpankho et al. 2013; Okoh et al. 2013; Olwendo
et al. 2013). They have shown the abilities and
improvements of the IRI model to predict ionospheric parameters in recent years.
In this paper, we use data from three ionosondes from the Meridian Space Weather Monitoring Project and ∼260 GPS receivers from the
Crustal Movement Observation Network of China
(CMONOC) in the year 2011. The ionospheric
parameters, including NmF2 and hmF2, observed
by ionosondes and GPS TEC derived from satellite measurements are compared with IRI predictions. In calculations of IRI predictions, we use
URSI coeﬃcients for the foF2 values and turn on
STORM model as well as E-storm model.

locations of the three ionosondes. The red points
show all GPS receivers used in this work, and there
are also 999 blue points selected for comparison of
GPS TEC with IRI-TEC prediction over China. In
addition, the grey lines are the ionospheric pierce
points (IPP) during 24 hrs. The temporal distribution of available data at the three ionosondes is
shown in ﬁgure 2. The blank portion indicates that
there is no data available at the three ionosondes,
and NmF2 and hmF2 observed by each station are
depicted in ﬁgure 3. The black points in ﬁgure 3
show the available values of NmF2 and hmF2
observed by the three ionosondes respectively. The
red lines through the black points are the 9th order
polynomial ﬁt of these values respectively.

Figure 1. Geographical locations of the ionosondes and GPS
receivers used in this work (red dots show the locations of
the GPS receivers and blue dots depict the locations that
are selected for comparison of GPS TEC with IRI-TEC
prediction over China).

2. Data and methodology
The ionosonde data used in this work are collected
at three ionosonde stations in China, namely Mohe
(122.4◦ E, 53.5◦ N, dip angle 70.983◦ N, hereafter
referred to as MH), Zuolingzhen (114.6◦ E, 30.5◦ N,
dip angle 46.350◦ N, hereafter referred to as ZLZ),
and Fuke (109.1◦ E, 19.5◦ N, dip angle 27.083◦ N,
hereafter referred to as FK). The GPS TEC values
estimated by using GPS measurements with 30-sec
intervals from CMONOC. The geographical locations of all stations including the three ionosondes
and GPS receivers used in this study are shown
in ﬁgure 1. The three black triangles depict the

Figure 2. Temporal distribution of available data at the
three stations in the year 2011.
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(a) NmF2 at MH in 2011

(b) hmF2 at MH in 2011

(c) NmF2 at ZLZ in 2011

(d) hmF2 at ZLZ in 2011

(e) NmF2 at FK in 2011

(d) hmF2 at FK in 2011

747

Figure 3. Observed NmF2 and hmF2 values at MH, ZLZ, and FK stations.

The vertical TEC (VTEC) values can be calculated from the carrier phase-smoothed code measurements of two frequencies L1 and L2 as well
as the diﬀerential code bias of the satellites and
receivers by equation (1) (Blewitt 1990; Miyazaki
et al. 1997; Ma and Maruyama 2003).
P1 − P2 =

40.3 (f22 − f12 )
∗ mf (z) ∗ VTEC
f12 f22
(1)
+ c (DCBr + DCBs )

In equation (1), P1 and P2 are the carrier phasesmoothed code measurements, f1 and f2 are the
carrier frequencies of the L1 and L2 signals,

respectively, c is the speed of light, mf is the ionospheric mapping function depending on the zenith
distance z at the station, VTEC is the vertical
TEC at the IPP, DCB r and DCB s are the differential code biases of the receiver and satellite,
respectively.
A polynomial function is used to build a regional
TEC model over China, as shown by equation (2)
(Coster et al. 1992),
VTEC =

m
n 


i

j

Eij (ϕ − ϕ0 ) (s − s0 ) ,

i=0 j=0

s − s0 = (λ − λ0 ) + (t − t0 ) ∗

π
12

(2)
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where n and m are the polynomial degree and order
of the model, respectively, Eij are the polynomial
term coeﬃcients, ϕ and λ are the latitude and longitude of the IPP, respectively, ϕ0 , λ0 are the latitude and longitude of the expansion point, which is
typically the central location in the local area, t is
the observation time in hours, and t0 is the central
time of the model interval.
To quantitatively evaluate the degree of agreement between the observed values and the IRI
predicted values, we use several criteria including mean diﬀerence (hereafter referred to as MD),
root mean square error (RMSE) (Ikubanni et al.
2014), and relative deviation module mean
(RDMM) (Bertoni et al. 2006; Oyeyemi et al.
2013). They are calculated according to the following expressions:
1
(XOBS − XIRI )
n i=1
n

MD =


 n
1 
2
(XOBS − XIRI )
RMSE = 
n i=1
1  |XOBS − XIRI |
n i=1
XOBS

(3)

(4)

n

RDMM =

(5)

where n is the number of data points and XOBS
and XIRI are the observed and IRI predicted values,
respectively.
3. Results and discussion
3.1 Comparison of NmF2 and hmF2
In this work, the ionograms derived from ionosondes are updated every 15 min. The NmF2 values
are converted from the obtained F2-layer critical
frequency (foF2) according to equation (6):
NmF2 =

1
(foF2)2 ∗ 106
81

(6)

where foF2 is the F2-layer critical frequency in
MHz and NmF2 is in el/cm3 .
Comparison of the observed NmF2 and hmF2 at
the three ionosondes with IRI models (IRI2007 and
IRI2012) predictions are investigated. Figures 4
and 5 show a correlation between the observed
NmF2 and hmF2 values and IRI predicted values, respectively. The red lines in the ﬁgures show
the ﬁtting equations estimated by least square
estimation. In ﬁgure 4, the red curves show the
ﬁtting equations by 9th order polynomial ﬁt of
observed NmF2 values and IRI predictions. And

the goodness-of-ﬁt is presented in each subﬁgure
by the index ‘R2 ’. In ﬁgure 5, the equations of the
red lines are shown in the bottom right corner of
each subﬁgure in the form ‘y=ax+b’, and ‘a’ is the
slope of linear equation. The results of comparison
are tabulated in tables 1 and 2, which quantitatively show the agreements between the observed
values and IRI predictions.
As ﬁgure 4 demonstrates above, there are certain
linear correlations between the observed NmF2 values at the three stations with the IRI model predicted values, especially at the ZLZ station that
is located in the mid-latitude region. In contrast,
the NmF2 values obtained from the FK station,
which is located at 19.5◦ N (dip angle 27.083◦ N)
near the equatorial anomaly region of the ionosphere, are not in signiﬁcant agreement with the
IRI predictions. This less correlation could be
inﬂuenced by solar activity. Another factor that
would be, strength of the equatorial electrojet
(EEJ) which aﬀects the ionization in the equatorial anomaly region. Although FK station is not
very close to equatorial ionization anomaly (EIA),
the eﬀect of EEJ may extend to latitudes beyond
the EIA crest on strong EEJ days (Sethia et al.
1980). From the perspective of correlation coefﬁcients, the precision of the NmF2 values predicted by IRI2012 is signiﬁcantly improved compared with that of IRI2007. Table 1 shows the
diﬀerence between the observed NmF2 values and
the IRI model predictions by MD, RMSE, and
RDMM. From these statistic variables, IRI2012 has
greater agreement with the observed values than
IRI2007. The MD values between the observed values at the three stations and IRI2007 predictions
are negative, which indicates that IRI2007 overestimates the NmF2 values. IRI2012 has strong
improvement because the absolute MD values
become smaller, especially the ZLZ-MD value,
3
which is just 0.20 ∗ 105 el/cm . Additionally, the
RMSE values by IRI2012 nearly reduce by 50%
compared with IRI2007. The RMDD values for the
three stations also decreased remarkably, especially
at the FK station.
As depicted in ﬁgure 5, there are signiﬁcant linear correlations between the observed hmF2 values
at the three stations and the IRI model predictions. All of the linear correlation coeﬃcients are
nearly 1. The degree of correlation between the
observed hmF2 values and the IRI2012 predicted
values is slightly higher compared to IRI2007.
Table 2 shows the diﬀerence between the observed
hmF2 values and the IRI model predictions by
MD, RMSE, and RDMM. From the MD values
in table 2, the IRI2007 model overestimates hmF2
at the three stations. The IRI2012 model overestimates the hmF2 values at the MH and FK stations
and underestimates the hmF2 values at the ZLZ
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(a) NmF2 at MH compared with IRI2007

(b) NmF2 at MH compared with IRI2012

(c) NmF2 at ZLZ compared with IRI2007

(d) NmF2 at ZLZ compared with IRI2012

(e) NmF2 at FK compared with IRI2007

(d) NmF2 at FK compared with IRI2012
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Figure 4. Comparison of observed NmF2 values at the three stations with IRI model.

station, which is located in the middle latitude
region. The RMSE values are ∼30 km at the
MH station and ZLZ station and 50 km at the
FK station. At the same time, RDMM values by
IRI2012 are reduced by ∼1–3% compared with
IRI2007. Thus, the degree of agreement between
the observed values and IRI2012 predictions is
higher than that of IRI2007. This obvious improvement of IRI2012 model probably beneﬁt from new
global models for the F2 peak parameters. Neural
network (NN) technique is used for development
of the F2 peak parameters (Bilitza et al. 2011). It
can make full use of the history data and predict
non-linear relationships. Development and evaluation of the NN model will be tested and compared

to ensure the predictions to a greater accuracy. For
detailed information on the NN model and testing
of foF2 values, the reader is referred to these former
works (Haykin 1994; Oyeyemi et al. 2005). Along
with time, more and more data will be added to NN
re-trained. So we believe that the F2 peak parameters from IRI model and observed values will have
great consistency in the future.
3.2 Comparison of TEC over China
In this section, we compare TEC values at the
999 locations (blue points) as shown in ﬁgure 1
between GPS TEC and IRI2012 model predictions.
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(a) hmF2 at MH compared with IRI2007

(b) hmF2 at MH compared with IRI2012

(c) hmF2 at ZLZ compared with IRI2007

(d) hmF2 at ZLZ compared with IRI2012

(e) hmF2 at FK compared with IRI2007

(f) hmF2 at FK compared with IRI2012

Figure 5. Comparison of the observed hmF2 values at the three stations with IRI model.
Table 1. Comparison of observed NmF2 at the MH, ZLZ,
and FK with IRI2007 and IRI2012.
Station
MH
ZLZ
FK

IRI model

MD
(105 el/cm3 )

RMSE
(105 el/cm3 )

RDMM
(%)

IRI2007
IRI2012
IRI2007
IRI2012
IRI2007
IRI2012

−1.70
0.75
−4.45
0.20
−7.17
−1.41

2.46
1.65
5.29
2.36
9.33
5.12

51.05
24.90
86.92
25.64
207.44
83.71

The GPS TEC values are estimated by a polynomial model (equation 2) with 6th degree and 6th
order. The IRI-TEC values are calculated by the

Table 2. Comparison of the observed hmF2 at MH, ZLZ,
and FK with IRI2007 and IRI2012.
Station
MH
ZLZ
FK

IRI model

MD
(km)

RMSE
(km)

RDMM
(%)

IRI2007
IRI2012
IRI2007
IRI2012
IRI2007
IRI2012

−19
−7
−4
5
−33
−23

35
27
35
34
54
48

10.64
7.62
7.70
6.99
16.60
14.11

integration of the electron density proﬁle of the
IRI2012 model. It is known that the IRI model
only provides a proﬁle of up to 2000 km altitude,

Comparison of ionospheric characteristic parameters with IRI model over China

751

while there is an additional 10∼20% TEC beyond
the 2000 km altitude (Makela et al. 2000). Therefore, we extended the proﬁles to ∼20,000 km, the
orbit height of the GPS satellites, using an exponential decay function to ﬁt the topside (Matteo
and Morton 2010):

Figure 6. Kp indices, Dst indices and SSN in 2011.

(b) Dst indices

where f (h) is the electron density at h km altitude, yi is the electron density at hi km altitude, e
is the base number of natural logarithm, and k is
the decay factor to be estimated. In this study, we
use 100 samples of electron density under the
2000 km with 1 km step size to ﬁt the topside by
least square estimation. When the decay factor k is
estimated, electron densities beyond 2000 km can
be extrapolated by equation (7).
Solar and geomagnetic activities signiﬁcantly
inﬂuence the TEC values of ionosphere. Some
indices including Kp index, Dst index and Sunspot
number (SSN) in the year 2011 are shown in
ﬁgure 4. The solar data (SSN) and Kp indices
have been obtained from Space Weather Prediction
Center of NOAA (website: http://www.swpc.noaa.
gov). The Dst indices are obtained from the website
of World Data Center for Geomagnetism, Kyoto,
Japan (http://wdc.kugi.kyoto-u.ac.jp). The black
lines in ﬁgure 6 show the daily mean values of
Kp indices, Dst indices and SSN respectively. The
red lines are the 9th order polynomial ﬁt of these
indices respectively. Most of Kp indices are ∼2 in
year 2011 except for few days beyond 5. Dst indices
are relatively steady, approximately –10 nT. Only
a few days of that are lower than –50 nT. While,
sunspot numbers are <100 through the whole year
2011. From these indices in 2011, we know that the
year 2011 is in a low solar activity period.
The GPS TEC values and IRI-TEC values at
the 999 points are calculated day-by-day at 2-hr
intervals for the year 2011 (number of each group
samples: 999 ∗ (24/2) ∗ 365 = 4375620). The diﬀerences between them are depicted by MD, RMSE,
and RDMM values as shown in ﬁgures 7, 8, and
9. The red line through the black points is the 9th
order polynomial ﬁt.
According to the results presented in ﬁgure 7,
the variation of MD values is dependent on seasons. It has to be noted that we use the dates
of the equinoxes and solstices to mark the beginning and end of the seasons in a year. Most of
the MD values in early spring are positive, which
means the IRI2012 model gives an underestimation of the electron density in early spring. Subsequently, the IRI2012 model overestimates the
electron density in later spring. On the other hand,
the IRI2012 model overestimates the electron density in summer. The MD values are negative for
almost the entire summer. In autumn, the negative

(c) Sun spot number

(7)

(a) Kp indices

f (h) = yi ek(h−hi )
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Figure 7. MD between GPS TEC and IRI-TEC in 2011 over
China.

Figure 8. RMSE between GPS TEC and IRI-TEC in 2011
over China.

and positive values are 50:50. The MD values in
winter are mostly negative. The maximum MD values, ∼7 TECU, occur in spring and autumn. The
minimum MD values, near −7 TECU, appear in
summer. Likewise, the absolute values of the MD
values in winter are apparently smaller than those
in other seasons.
There is no signiﬁcant correlation between
RMSE values variation with the seasons as shown
in ﬁgure 8. Most of the RMSE values are ∼5
TECU, except some values that are beyond 10
TECU in spring and autumn. The minimum
RMSE values are ∼2 TECU and occur in spring
and summer. The maximum RMSE values are near
12 TECU and occur on some days in spring and
autumn. Obviously, lots of RMSE values in autumn
are larger than that in other seasons. In other
words, the degree of agreement between GPS TEC
and IRI-TEC in autumn is lower compared with
other seasons.
It is clear that the RDMM values are diﬀerent
in each season as shown in ﬁgure 9. Compared
with other seasons, RDMM values in spring
are smaller. The minimum RDMM is ∼10%. In
autumn, the RDMM values are relatively stable
at ∼30%. However, the RDMM values are bigger
in summer and winter. Some values are greater
than 60%, especially in summer with a maximum
of ∼80%.
In general, the results of the calculation by
MD, RMSE, and RDMM show a good agreement
between GPS TEC and IRI-TEC in 2011 over
China. The diﬀerence between the GPS TEC and
IRI2012 model predictions is quite dependent on
seasons. The IRI2012 model underestimates electron density in spring and the latter part of autumn
and overestimates electron density in the ﬁrst half
of autumn and winter. Referring to GPS TEC, the
precision of IRI-TEC can be expressed by RMSE
values. The precision of the IRI2012 model predictions is ∼5 TECU mostly in the year 2011 except
some days beyond 10 TECU in spring and autumn.
Although RDMM values do not show precision of
the IRI model directly, the relative deviations are
helpful to correct the IRI predictions in the future.
3.3 Comparison of TEC at the MH, ZLZ,
and FK stations

Figure 9. RDMM between GPS TEC and IRI-TEC in 2011
over China.

In this part of our work, we compare the monthly
mean values between the GPS TEC and IRI2012
predicted values at the MH, ZLZ, and FK stations.
Figure 10 shows the IRI-TEC monthly means in
2011 at the three stations. In addition, there are
two obvious discontinuities of IRI-TEC as depicted
in ﬁgure 11.
As ﬁgure 10 shows above, the IRI-TEC monthly
means varied largely at the MH, ZLZ, and FK
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Figure 10. IRI-TEC monthly means at the MH, ZLZ, and
FK stations in 2011.

stations that are located in middle-high, middle-low,
and low latitudes, respectively. The TEC values at
the FK station are nearly twice of those at the ZLZ
station and a few times greater than those at the
MH station, mostly during 24 hrs in each month.
All of the maximum TEC values at the three
stations appear in October or November, and the
minimum values appear in January. The maximum values of TEC at the three stations in summer are smaller than those in spring and autumn.
On the contrary, the minimum values of TEC in
summer are larger than those in other seasons.
Night-time enhancements apparently occur in January, February, March, October, November, and
December at the MH and ZLZ stations. The noon
bite-out phenomenon is clearly shown in May,
June, July, and August at The MH station. The
IRI-TEC depicts a double peak in diurnal values
at the MH station, a feature which is not observed
at the ZLZ and FK stations.
From the comparison of the IRI-TEC monthly
means, we found two discontinuities occurring at
the beginning of November and December from the
year 2000 to 2015 as depicted in ﬁgure 11. The
ﬁrst discontinuity between October and November
happens in every year at ZLZ station and FK
station. While at the MH station, the discontinuity happens in solar minimum, and does not happen in solar maximum. The other discontinuity
between November and December obviously happens in every year. The ﬁrst moment appeared in
November, which caused a bias of 3 TECU between
October and November in 2011 at the MH and
ZLZ station, which is not apparent at the FK station. The second moment of discontinuity of IRITEC appeared in December, which caused a bias
of 3 TECU between November and December at
the MH and ZLZ stations and a bias of 2 TECU
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at the FK station. The determination of these discontinuities in IRI-TEC monthly means is further
used to update the IRI model.
In addition, GPS TEC values at the MH, ZLZ,
and FK stations in 2011 are estimated and compared with the IRI2012 model predicted values
as shown in ﬁgures 12–14. The IRI2012 model
overestimates the electron density at the MH station mostly in 2011, especially in the summer. As
has been shown in the comparison of TEC values
from January to September, the IRI model does
not necessarily present the actual variation of the
TEC values. However, the variations of the TEC
values in October, November and December are
represented relatively correctly by the IRI model,
although some diﬀerences between them are relatively large. A possible explanation is that there are
not enough IPP distributions over the MH station.
As a result, some GPS TEC values estimated by
the polynomial model are negative. The percentage of occurred negative TEC values and the minimum values in each month as well as monthly mean
of these values are shown in ﬁgures 15 and 16,
respectively. According to ﬁgure 15, it has an obvious higher probability of appearing negative GPS
derived TEC values in later – autumn and winter than those in spring and summer, especially in
January and February; while, the minimum TEC
value is approximately –13 TECU in November as
shown in ﬁgure 16. In that case, we reﬁned the
GPS-TEC values at MH station as depicted in
ﬁgure 17 by keeping the monthly minimum values
to zero and raising the other by the same amount.
At the ZLZ station, there is strong agreement
between GPS TEC and IRI-TEC. The IRI-TEC
and GPS TEC are very close in the entire year
2011. The maximum diﬀerence is ∼5 TECU. At
the FK station, the IRI2012 model also represents a familiar trend of TEC values except some
underestimation in daytime in spring and winter.
The biggest diﬀerence is ∼30 TECU, which would
be caused by an equatorial ionization anomaly.
In order to investigate further, the diﬀerences
between IRI-TEC and GPS-TEC are calculated, as
well as the standard deviation of monthly mean of
GPS derived TEC at the three stations as shown
in ﬁgures 18–20. In these ﬁgures, the green lines
depict the diﬀerence between IRI-TEC and GPSTEC, and the blue and red lines describe the three
standard deviations. Also, the annual mean values
of the three standard deviations are presented by
grey dot-dash lines. It should be noted that the
standard deviations of GPS derived TEC are 2.68,
3.19 and 5.97 TECU at MH, ZLZ and FK stations,
respectively. From ﬁgures 18–20, it is known that
most diﬀerent values lie within three standard
deviations of GPS-TEC. The proportions of the
diﬀerent values beyond three standard deviations
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Figure 11. Discontinuities of IRI-TEC monthly means among October, November, and December from 2000 to 2015.

are 19.38%, 7.08% and 3.82% at MH, ZLZ and FK
stations, respectively. Thus we consider IRI2012
model could give proper predictions within the
actual TEC variations.
3.4 Discussion
We have compared NmF2, hmF2, and TEC values
obtained by GPS measurements and ionosondes at

MH, ZLZ, and FK stations with IRI model, respectively. Some common features could be known
from the comparison. The monthly mean diurnal
TEC values are higher in equinoctial months than
that in solstice. Olwendo et al. (2013) mentioned
that thermospheric neutral composition has direct
contr’ol on the seasonal variations of TEC. The
meridional wind changes the neural composition
and O/N2 ratio. Bhuyan and Borah (2007) found
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Figure 11. (Continued.)

winter anomaly in the high solar activity period
of 2011–2012 would be the higher thermospheric
O/N2 ratio in winter months as compared to that
in summer months. O/N2 ratio will be maximum
in equinox, then result in higher electron density
and thus equinox TEC will be higher (Bagiya et al.
2009).
McNamara (1984) tested IRI model for low, middle,
and high latitude in the Northern Hemisphere and

found that the model is capable of representing the
observed TEC well in middle and high latitudes but
not well at low latitudes. Abdu et al. (1996) investigated the IRI model in Brazilian sector and got a
similar result. In this work, we also found the same
situation over China. The diurnal hourly variation
of TEC values is higher at low latitude and lower
at high latitude as shown by standard deviations in
ﬁgures 18–20. Kenpankho et al. (2013) compared
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Figure 15. Percentage of negative TEC values (derived from
GPS) in each month at the MH station.
Figure 12. Comparison of GPS TEC and IRI-TEC at the
MH station.

Figure 16. The minimum TEC value, monthly mean of the
negative values in each month at MH station.
Figure 13. Comparison of GPS TEC and IRI-TEC at the
ZLZ station.

Figure 14. Comparison of GPS TEC and IRI-TEC at the
FK station.

Figure 17. Comparison of reﬁned GPS TEC and IRI-TEC
at the MH station.
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Figure 18. Diﬀerence between IRI-TEC and GPS-TEC at
MH station.

757

values at FK station and IRI model predictions
is ∼30 TECU in an ascending phase of the solar
cycle (2011). Bhuyan and Borah (2007) pointed
out that TEC values are also signiﬁcantly inﬂuenced by the strength of the equatorial electrojet
(EEJ, an indicator of the electric ﬁeld) which
directly aﬀects the ionization in the equatorial
anomaly region. The changes of electric ﬁeld would
change the E × B drift. A number of researchers
reported the positive correlation of TEC/NmF2
and EEJ earlier (Rastogi et al. 1979; Sethia
et al. 1980; Dabas et al. 1984; Bhuyan et al. 2003).
Also, Nigussie et al. (2013) observed that the
discrepancy between IRI model predictions and
observed TEC values is mainly due to the errors
associated to the slab thickness by the model.
However,the diﬀerences between IRI-TEC and
GPS-TEC are mostly within three standard deviations of GPS derived TEC values as shown in
ﬁgures 18–20.

4. Conclusion

Figure 19. Diﬀerence between IRI-TEC and GPS-TEC at
ZLZ station.

Figure 20. Diﬀerence between IRI-TEC and GPS-TEC at
FK station.

observed TEC values and IRI2007 predictions in
a declining phase of the solar cycle (2004–2006).
The maximum diﬀerence of about 15 TECU during daytime was indicated. It is acceptable that
the highest diﬀerence between observed TEC

This paper presented a comparison of NmF2,
hmF2, and TEC values obtained by GPS and
ionosonde with an IRI model over China. It
was tested by using indices of MD, RMSE, and
RDMM. From the results of comparison between
the observed values and the IRI model predictions,
IRI2012 has higher precision of NmF2 and hmF2
values compared with IRI2007. However, it is possible to improve RDMM of NmF2, especially at
low latitudes. The degree of agreement between
GPS TEC and IRI-TEC in 2011 over China was
investigated. The IRI2012 model overestimates
TEC in the ﬁrst half of autumn and winter and
underestimates electron density in spring and the
latter part of autumn. Additionally, TEC monthly
means obtained by GPS and the IRI2012 model
at the MH, ZLZ, and FK stations were compared.
They have a good consistency at the ZLZ station.
The IRI2012 model is not good at reproducing the
variation of TEC values at the MH station. Meanwhile, IRI2012 underestimates TEC at the FK station in spring and winter. The highest diﬀerence
between the observed GPS TEC and IRI2012 predicted TEC is ∼30 TECU. This work is mainly
about the validation of the IRI model over China.
The precision of IRI2012 predicted TEC values
over China is ∼5 TECU. Nevertheless, two discontinuities in the IRI-TEC monthly means have
been observed in November and December, which
brought about bias in several TECU of TEC values
between two adjacent months. The results and discussion of comparison in this work would be helpful
to improve the IRI model in the future.
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