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Abstract 

In this contribution, an adaptive autoregressive model is proposed and developed to predict global ionospheric 
vertical total electron content maps (VTEC). Specifically, the spherical harmonic (SH) coefficients are predicted based 
on the autoregressive model, and the order of the autoregressive model is determined adaptively using the F-test 
method. To test our method, final CODE and IGS global ionospheric map (GIM) products, as well as altimeter TEC 
data during low and mid-to-high solar activity period collected by JASON, are used to evaluate the precision of our 
forecasting products. Results indicate that the predicted products derived from the model proposed in this paper 
have good consistency with the final GIMs in low solar activity, where the annual mean of the root-mean-square value 
is approximately 1.5 TECU. However, the performance of predicted vertical TEC in periods of mid-to-high solar activity 
has less accuracy than that during low solar activity periods, especially in the equatorial ionization anomaly region 
and the Southern Hemisphere. Additionally, in comparison with forecasting products, the final IGS GIMs have the best 
consistency with altimeter TEC data. Future work is needed to investigate the performance of forecasting products 
using the proposed method in an operational environment, rather than using the SH coefficients from the final CODE 
products, to understand the real-time applicability of the method.
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Introduction
The ionosphere plays an important role in the dynam-
ics of space weather of solar–terrestrial space. The ion-
osphere is important in matters of national defense, 
aviation security, economic development, and human 
life. Ionosphere monitoring using dual-frequency meas-
urements from the Global Navigation Satellite System 
(GNSS) has been a topic for several decades (Komjathy 
1997; De Franceschi and Zolesi 1998; Mannucci et  al. 
1998; Hernández-Pajares et  al. 1999; Schaer 1999). 
GNSS provides an opportunity for long-term monitor-
ing of the ionosphere with high accuracy and tempo-
ral and spatial resolution at relatively low cost, either in 
a regional context or on a global scale. The Ionosphere 
Associate Analysis Centers (IAACs) of the International 
GNSS Service (IGS) (Dow et al. 2009) have been provid-
ing reliable global ionospheric maps (GIMs) since 1998 

(Hernández-Pajares et  al. 2009). The IGS final vertical 
total electron content (TEC) maps are used for the scien-
tific analysis of the ionosphere and practical applications. 
However, the IGS final GIM product is released with a 
time delay of approximately 2 weeks, limiting their appli-
cation in real-time scenarios, including real-time precise 
positioning (Shi et  al. 2012; Rovira-Garcia et  al. 2015) 
and space missions, such as the Soil Moisture and Ocean 
Salinity (SMOS) from the European Space Agency (ESA) 
(Silvestrin et  al. 2001; García-Rigo et  al. 2011). Rapid 
GIM products, e.g., UQRG (ftp://newg1.upc.es/upc_
ionex) and WHUD (ftp://pub.ionosphere.cn) provided by 
the Technical University of Catalonia (UPC) and Wuhan 
University (WHU), respectively, are available with one-
day latency. Meanwhile, real-time GIMs produced by 
IAACs will be available in the near future. However, the 
accuracy of real-time ionospheric products on a global 
scale might be limited by data availability, as the public 
real-time data stream is currently more concentrated in 
certain regions, i.e., North America, Europe, and Aus-
tralia. In addition, the applications might be limited by 
a latency of a few seconds needed to get the real-time 
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products of ionosphere. Thus, short-term predictions 
of global ionospheric vertical TEC (VTEC) maps are 
important for technological applications. Since real-time 
satellite orbits and clocks are available, the limiting fac-
tor in high-accuracy positioning is the ionospheric delay 
(Rovira-Garcia et al. 2015). Short-term predictions could 
be used to generate real-time global VTEC maps (Orús 
Pérez et  al. 2010). Along with many other applications, 
such as automobiles, road mapping, and location-based 
services, short-term predictions could be used to achieve 
sub-meter accuracy for mass-market single-frequency 
receivers (García-Rigo et al. 2011).

To meet the needs presented by the study of iono-
spheric physics and application in GNSS positioning, 
a few ionospheric models have been constructed, i.e., 
the Klobuchar model (Klobuchar 1987), the Interna-
tional Reference Ionosphere (IRI) model (Rawer et  al. 
1978; Bilitza and Reinisch 2008; Bilitza et  al. 2011), and 
the NeQuick model (Radicella and Leitinger 2001; Nava 
et  al. 2008). Many scholars have investigated the accu-
racy of these models for different regions of the world 
during periods of different solar and geomagnetic activi-
ties (Abdu et  al. 1996; Araujo-Pradere et  al. 2003; Ber-
toni et  al. 2006; Lee and Reinisch 2006; Bhuyan and 
Borah 2007; Mosert et  al. 2007; Adewale et  al. 2011; 
Nigussie et  al. 2013; Okoh et  al. 2013; Olwendo et  al. 
2013; Wichaipanich et al. 2013; Wang 2016). The annual 
mean of the root-mean-square (RMS) of the differences 
between IGS GIMs and IRI predictions in 2014 was 
approximately 10 total electron content units (TECU, 
1016 el/m2) (Wang et  al. 2016). Thus, these empirical 
models are suitable for use in the scientific study of iono-
sphere behavior, which can provide predictions of the 
ionosphere, but they might not be appropriate for other 
applications that require high accuracy. Additionally, 
other models are built to represent the majority of the 
variations and the temporal–spatial distribution of the 
global or regional ionospheric TEC. For instance, global 
models are constructed by using empirical orthogonal 
function analysis to reproduce the major variations in 
TEC and the ionospheric climatology (Ercha et al. 2012; 
Wan et  al. 2012; Mukhtarov et  al. 2013). Also, regional 
models are studied over many countries and regions by 
using different methods to capture more details of the 
ionosphere (Bouya et  al. 2010; Habarulema 2010; Chen 
et al. 2015; Fuller-Rowell et al. 2016; Huang et al. 2017).

It is possible to obtain better VTEC maps by forecasting 
in the short term than those derived from empirical mod-
els. Several methods have been developed for ionospheric 
forecasting in recent years, such as the autocorrelation 
method (Muhtarov and Kutiev 1999), the autoregres-
sive moving average (ARMA) method (Krankowski et al. 

2005), a method based on neural networks (Tulunay et al. 
2006), and an autoregressive model for predicting VTEC 
values (Karthik et  al. 2012). However, many predictions 
are investigated at a certain location or over a regional 
area. In terms of global ionospheric VTEC maps fore-
casting, the Center for Orbit Determination in Europe 
(CODE), an IAAC, has provided predicted ionospheric 
products (one- and two-day-ahead VTEC maps, named 
C1PG and C2PG, respectively) for public access since 
2008, via the FTP server of the Crustal Dynamics Data 
Information System (CDDIS, ftp://cddis.gsfc.nasa.gov/). 
Shortly afterward, the European Space Agency (ESA) 
and the Technical University of Catalonia (UPC) released 
their two-day-ahead VTEC maps through the FTP server 
of CDDIS, as well. Least-squares collocation (LSC) is 
used by CODE to extrapolate the coefficients of spheri-
cal harmonics (SH) for predicting VTEC maps (Schaer 
1999). UPC VTEC forecasting is based on the discrete 
cosine transform (DCT) technique (García-Rigo et  al. 
2011). Moreover, a linear regression module is used to 
forecast the DCT coefficients and predict VTEC maps. 
Unlike the two methods above, the development of adap-
tive autoregressive modeling (AARM) for the prediction 
of global ionospheric VTEC maps will be presented in 
this manuscript. The first section of the manuscript is 
devoted to a detailed explanation of the AARM for iono-
spheric forecasting. The performance of AARM forecast-
ing is investigated through a comparison between VTEC 
map predictions and IGS final products. Additionally, a 
comparison between VTEC predictions and external 
independent JASON data is conducted. Finally, conclu-
sions are summarized in the last section.

Basic methodology of ionospheric forecasting
Technical description of AARM
Autoregressive (AR) models have been widely used in 
several subject areas, such as economics (Cheng 1982), 
geophysics (Weiss et  al. 2012), and climate change (Gu 
and Jiang 2005; Lee et al. 2016). First, the basic methodol-
ogy of the autoregressive model (Hamilton 1994) is pre-
sented as follows:

where [xt] is the time series; [a1, a2, . . . , ap] is the vector 
of unknown AR coefficients, which can be estimated by 
least square estimation (LSE); p is the order of the AR 
model; and [εt] is the zero-mean white noise.

The usual strategy for one-step forecasting is per-
formed using the estimated AR coefficients, as depicted 
in the following equation:

(1)xt = a1xt−1 + a2xt−2 + · · · + apxt−p + εt

(2)xn+1 = a1xn + a2xn−2 + · · · + apxn−p + εn+1

ftp://cddis.gsfc.nasa.gov/
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where xn+1 is the forecasting parameter; n is the total 
number of the observed time series; and εn+1 is the cor-
responding noise.

The selected order determines the goodness of fit of 
the model, as well as the accuracy of the forecast. Some 
researchers have adopted multiple a priori computa-
tions of the model order, up to a predefined maximum 
order M, to select the order that gives the minimum fit-
ting error (Costa and Hengstler 2011). The predefined 
maximum order M is usually determined experimentally. 
However, the order M may not be high enough to con-
struct a model and forecast with high accuracy. On the 
other hand, if the order M is selected to be too high, a 
larger number of computations will be required. To avoid 
excessive computational cost, an adaptive approach for 
model order selection is presented. The modeling com-
putation starts with a predefined minimum order N. Sub-
sequently, modeling of the order N +  1 is also carried 
out. An F test is used to demonstrate whether there is a 
significant difference between the two models with dif-
ferent orders. The formula of F-statistics is as follows in 
Eq. (3):

where RSS is the residual sum of squares; N is the pre-
defined minimum order; and f is the degrees of freedom.

In hypothesis testing, if the F-statistic is smaller than 
the critical value Fα, there is no significant difference 
between the two models. In this case, the lower-order 
N will be selected for modeling. Otherwise, one more 
modeling computation with increased order should be 
performed until the F-statistics is smaller than the criti-
cal value. The flowchart of AARM for extrapolation of SH 
coefficients is presented in Fig. 1.

Forecasting global VTEC maps using AARM
As a reference, the spherical harmonic coefficients pro-
duced by CODE, which are available at CODE’s FTP, 
are used to forecast global VTEC maps. To investigate 
the performance of forecasts during periods of differ-
ent levels of solar activity, the SH coefficients from final 
ionospheric products are collected for forecasting VTEC 
maps in 2009 and 2015. CODE uses data from approxi-
mately 200 GNSS stations in the IGS network and other 
institutions. The VTEC is modeled in a solar–geo-
magnetic reference frame using a spherical harmonics 
expansion of up to degree and order 15. Piecewise linear 
functions are used for representation in the time domain. 
The time spacing of their vertices is 2 h, conforming with 
the epochs of the VTEC maps. (Schaer 1999). CODE 
divides all observations from a given day into 12 sessions, 
and each session contains 2 h of data. Therefore, there is 

(3)F =
(RSSN − RSSN+1)/

(

fN − fN+1

)

RSSN+1/fN+1

one group of SH coefficients on the hour of each session 
starting from 0 UTC to 22 UTC, with 2-hour intervals, 
and there is one group on the hour 0 UTC the next day 
(13 groups of coefficients), to be estimated in one-day 
ionospheric modeling. The number of sessions is changed 
to 24 in 2015, and each session contains 1 h of data. Thus, 
there are 25 groups of SH coefficients starting from 2015. 
Both the last group of SH coefficients from the current 
day and the first group of SH coefficients from the next 
day are from the same hour, 0 UTC. The unique SH 
coefficients at 0 UTC can be the average of those two 
groups of SH coefficients. Then, a dataset of time series 
of SH coefficients could be constructed for forecasting. 
Since the model order is adaptively determined through 
AARM, it is possible that the quantity of groups of coeffi-
cients in time series will not influence the results of fore-
casting. In this study, SH coefficients of 30 days are used 
to construct a dataset that has 361 (30 × 12 + 1) groups 
of coefficients in 2009 and 721 (30 × 24 + 1) groups of 
coefficients in 2015, respectively. There are 12 groups and 
24 groups of coefficients to be predicted for the one-day-
ahead forecasts in 2009 and 2015, respectively. Addition-
ally, a predefined minimum order N of AR modeling is 
set to 60, which corresponds to 5 days of time series of 
the SH coefficients in 2009 and 2.5  days of time series 
of the SH coefficients in 2015. Fisher (1925) suggested a 
probability of 0.05 as a convenient cutoff level to reject 
the null hypothesis, though he did not intend this cutoff 

Fig. 1  Flowchart of AARM for extrapolation of SH coefficients
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value to be fixed. Many authors have discussed hypoth-
esis testing and the selection of the significance level 
(Labovitz 1968; Rice 1989; Blackwell 2008; Faul et  al. 
2009; Harrell 2015). Additionally, a significance level of 
0.05 has been used in many research fields, such as neu-
roscience, genetic studies, and face recognition (Risch 
and Merikangas 1996; Storey and Tibshirani 2003; Yang 
et al. 2004; Nieuwenhuis et al. 2011). A significance level 
of 0.05 is also selected to calculate the critical value of the 
F distribution in this study. Once the F-statistic becomes 
smaller than the critical value, the order of the AR model 
is determined, and consequently, the coefficients would 
be predicted. It should be noted that 256 SH coefficients 
would be predicted independently using their own time 
series to determine their respective adaptive orders for 
AR modeling. Finally, global ionospheric VTEC maps for 
one-day-ahead forecasting could be generated using the 
predicted SH coefficients by Eq.  (4), where ϕ is the geo-
magnetic latitude of the ionospheric pierce point (IPP); � 
is the sun-fixed longitude of IPP; n and m are the degree 
and order of the model, respectively; P̃nm is the normal-
ized associated Legendre function of degree n and order 
m; and anm and bnm are the predicted SH coefficients.

Results and analysis
Test and reference data
Solar and geomagnetic activities have a strong impact 
on the ionosphere. Most common indices, including 
the sunspot number (SSN), solar radio flux at 10.7  cm 
(thereafter referred as to F10.7), and the disturbance 
storm time index (Dst) are shown in Fig. 2. At solar mini-
mum, all SSN values are less than 50; the F10.7 average 
is approximately 70 SFU, with only a few values above 
80 SFU; most Dst indices are near zero, except on day of 
year 203 and several of the following days. In 2015, both 
the SSN and F10.7 are much larger than those in 2009; 
all indices have significant fluctuations. Three Dst indi-
ces are approximately − 100 nT on day of year (DOY) 77, 
174, and 355.

The CODE final VTEC maps (named CODG) are 
used as reference data to investigate the performance of 
the forecasting VTEC maps using the AARM approach 
(named ARPG), which is described in “Basic methodol-
ogy of ionospheric forecasting” section. The assessment 
of forecast performance is performed in terms of the 
daily average (bias) and root-mean-square (RMS) of the 
differences between the forecast products and CODE 
final GIMs, as shown in Eqs.  (5) and (6), where n is the 
total number of grid points of a daily GIM product and 

(4)

VTEC(ϕ, �) =

nmax
∑

n=0

n
∑

m=0

P̃nm(sin ϕ)(anm cos (m�)

+bnm sin (m�))

VTECp and VTECf  are the predicted VTEC values in 
ARPG and final VTEC values in CODG, respectively:

Additionally, an independent source of VTEC meas-
urements observed by a dual-frequency altimeter instru-
ment on the JASON 2 satellite is used to validate the 
VTEC values of GNSS-derived VTEC maps over oceans, 
where a few GNSS receivers exist. JASON data have pre-
viously been used to validate final IGS ionospheric prod-
ucts (Hernández-Pajares et  al. 2009). However, there 
are two aspects that should be taken into account. First, 
the GNSS-derived VTEC includes the plasmaspheric 
electron content contribution, which is typically 10% 
during the daytime and as high as 60% at night (Yizen-
gaw et  al. 2008), in contrast to JASON VTEC, covering 
heights from the bottom of ionosphere to the JASON 
orbit at an altitude of approximately 1300  km. Unless 
otherwise indicated, JASON VTEC is hereafter referred 
to as J2TEC. The amount of GNSS experimental data 
available over the oceans and in southern latitudes is 
much less than that in northern latitudes. GNSS-derived 
VTEC maps over these areas might have lower accuracy. 
To a certain extent, the comparison of VTEC between 
J2TEC and GNSS-derived VTEC might allow an estima-
tion of the relative accuracy of the predicted and final 
ionospheric VTEC maps over the oceans and southern 
latitudes.

Forecast performance
Comparison of predicted VTEC maps
Global ionospheric VTEC maps are predicted using an 
adaptive autoregressive model, as described in “Basic 
methodology of ionospheric forecasting” section. The 
validation is carried out by comparing the predicted 
VTEC maps (ARPG) with the CODE final VTEC maps 
(CODG), in terms of the daily bias and RMS of the dif-
ferences. The total number of VTEC values for daily 
GIM products in 2009 and 2015 is equal to 67379 
(71 × 73 × 13) and 129575 (71 × 73 × 25), respectively. 
CODE one-day-ahead forecast products C1PG are col-
lected and compared with CODG to provide a reference 
of validation for ARPG. Figures 3 and 4 show the differ-
ences in VTEC maps between forecasting products and 
the final CODE GIMs in 2009 and 2015, respectively. The 
annual means of the daily bias values are approximately 
zero TECU both in 2009 and in 2015. This result indicates 

(5)bias =
1

n

n
∑

i=1

(

VTEC
i
p − VTEC

i
f

)

(6)
RMS =

√

√

√

√

∑n
i=1

(

VTECi
p − VTECi

f

)2

n
.
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Fig. 2  SSN, F10.7, and Dst values in 2009 and 2015 are presented by the blue and red lines, respectively. a Sunspot numbers. b Solar flux at 10.7 cm. 
c Dst index



Page 6 of 14Wang et al. Earth, Planets and Space  (2018) 70:18 

that both ARPG and C1PG have no apparent system-
atic bias compared to CODG. In addition, the narrower 
distribution range of bias is within ±  1 TECU in 2009, 
in contrast to 2015, which exhibited a range within ± 2 
TECU. The RMS values shown in Figs.  3 and 4 indi-
cate that there is better consistency between ARPG and 
CODG, especially during spring, late autumn, and winter 
in 2015. Compared to C1PG in 2009, the annual mean of 
the RMS values by the AARM solution is approximately 

0.1 TECU lower and amounts to 1.52 TECU, while in 
2015, the same value is approximately 0.5 TECU lower 
than that of C1PG. Additionally, Table  1 (unit: TECU) 
presents the minimum, maximum, and mean values of 
bias and RMS values of the differences between fore-
casting VTEC values and final CODE VTEC values in 
2009 and 2015. As shown in the RMS values presented 
in Table  1, ARPG has a slightly better forecasting per-
formance than C1PG both in 2009 and 2015. However, 

Fig. 3  Statistics of the differences in forecasting VTEC values (C1PG and ARPG) and final CODE VTEC values in 2009. The bias and RMS values of the 
differences are indicated by dots of different colors

Fig. 4  Statistics of the differences in forecasting VTEC values (C1PG and ARPG) and final CODE VTEC values in 2015. The bias and RMS values of the 
differences are indicated by dots of different colors
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it should be noted that the performance of forecast-
ing depends on the season. As presented in Figs.  3 and 
4, the dispersion in the daily bias values in summer and 
early autumn are smaller than those in spring and win-
ter. Additionally, the RMS values in summer are smaller 
than those in spring and winter, except for several days 
on which a magnetic storm occurred in 2015. The win-
ter anomaly in the high solar activity period would be the 
higher thermospheric O/N2 ratio in the winter months 
compared to that in the summer months (Bhuyan and 
Borah 2007). The O/N2 ratio will be maximized at the 
equinox, resulting in higher electron density; thus, the 
equinox TEC will be higher (Bagiya et al. 2009). The ther-
mospheric neutral composition has direct control on the 
seasonal variations of TEC. The meridional wind changes 
the neural composition and O/N2 ratio (Olwendo et  al. 
2013). These observations may explain the seasonal vari-
ation in the differences between forecasting ionospheric 
products and the final CODE GIMs. Additionally, both 
RMS values and absolute values of daily bias values in 
2015 are much larger than those in 2009. This result indi-
cates that the performance of ionospheric forecasting 
depends significantly on solar activity. Furthermore, it is 
also dependent on geomagnetic activity. Corresponding 
to the Dst indices of approximately − 100 nT, as shown 
in Fig.  2, there are three RMS values (on DOY 77, 174, 
and 355) that are obviously larger than adjacent values. 
Therefore, it is not easy to forecast ionospheric VTEC 
maps with high accuracy during geomagnetic storms.

Latitudinal behavior
The latitudinal distribution of the forecasting perfor-
mance is also investigated for ARPG as well as C1PG in 
2009 and 2015. The latitudinal behavior of forecasting 
ionospheric products is analyzed by comparing fore-
casted VTEC values with final CODG VTEC values at 
the same latitude in TECU units. In Fig. 5, the daily bias 
of the differences between ARPG as well as C1PG and 
CODG is depicted. In 2009, the bias of the differences 

between ARPG and CODG is almost zero TECU. The 
bias is also approximately zero TECU in 2015, except 
in some southern latitudes and the equatorial anomaly 
region, while the bias of the differences between C1PG 
and CODG fluctuates significantly with latitude, espe-
cially in 2015. With respect to CODG, the C1PG solution 
overestimates VTEC values below 1 TECU in northern 
latitudes and underestimates those with a maximum of 
approximately 2 TECU in southern latitudes. Figure  6 
presents the RMS values of the differences between fore-
casting products and CODG in 2009 and 2015. As seen, 
structures similar to those in TEC values in the EIA 
region appear in both 2009 and 2015. These structures 
are more pronounced in mid-to-high solar activity peri-
ods than in low solar activity periods. Therefore, it is hard 
to predict VTEC values accurately in the EIA region. 
The RMS values at solar minimum in 2009 are within 
1–2 TECU, which is much less than the 3–6 TECU 
from 2015. Additionally, most RMS values of differences 

Table 1  Minimum, maximum, and mean values of bias and RMS values of the differences between forecasting VTEC val-
ues and final CODE VTEC values in 2009 and 2015

2009 2015

Min Max Mean Min Max Mean

Bias

C1PG − 1.28 0.72 0.02 − 2.53 5.57 − 0.01

ARPG − 1.25 1.02 0.00 − 2.82 4.56 − 0.07

RMS

C1PG 1.03 3.14 1.61 1.86 10.96 3.88

ARPG 0.97 3.10 1.52 1.57 10.78 3.41

Fig. 5  Bias of the differences between forecasting products and 
the final CODG in 2009 and 2015. The magenta and red dotted lines 
depict the bias between ARPG and CODG in 2009 and 2015, respec-
tively. The green and blue dotted lines depict the bias between C1PG 
and CODG in 2009 and 2015, respectively
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between ARPG and CODG are smaller than those of dif-
ferences between C1PG and CODG, especially in south-
ern mid- and high latitudes.

Another comparison is performed to investigate the 
performance of the proposed algorithm for forecasting 
VTEC maps both in 2009 and 2015. The two solutions 
for providing ARPG with and without an F test are con-
ducted. One is based on AR modeling with a fixed order 
of 60. The order for the other solution is adaptively deter-
mined by an F test, as mentioned in “Basic methodology 
of ionospheric forecasting” section. Figure 7 presents the 
differences between ARPG with and without an F test 
and CODG, respectively. As shown in Fig.  7a, the fluc-
tuation of bias without an F test is higher than that with 
an F test in the Southern Hemisphere. Additionally, the 
bias with an F test is lower than that without an F test in 
the high latitudes of the Northern Hemisphere. The per-
formances of the two solutions seem similar with respect 
to bias in 2015, except in the mid-low latitudes and high 

Fig. 6  RMS of the differences between forecasting products and the 
final CODG in 2009 and 2015. The magenta and green dotted lines 
depict the RMS of the differences between ARPG and CODG and 
those between C1PG and CODG in 2009, respectively. Red and blue 
dotted lines depict the RMS of the differences between ARPG and 
CODG and those between C1PG and CODG in 2015, respectively

Fig. 7  Bias and RMS of the differences between forecasting products ARPG and the final CODG in 2009 and 2015. The blue and red dotted lines 
depict the differences between ARPG with and without an F test and CODG, respectively. a Bias of ARPG minus CODG in 2009. b Bias of ARPG minus 
CODG in 2015. c RMS of ARPG minus CODG in 2009. d RMS of ARPG minus CODG in 2015
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latitudes of the Southern Hemisphere. Additionally, as 
presented in Fig. 7c, the RMS values without an F test are 
larger than those with an F test in the middle and high 
latitudes of the Southern Hemisphere, as well as in the 
mid-high latitudes and high latitudes of the Northern 
Hemisphere. As the RMS shown in Fig. 7d, a similar situ-
ation is presented in 2015. In general, the performance of 
ARPG with an F test is better than that of ARPG without 
an F test.

Latitudinal and longitudinal behavior
In this section, the geographic distribution of the per-
formance of VTEC map forecasting is investigated at the 
level of a grid point. Figures  8 and 9 present the maps 
showing the bias and RMS of the differences between 
forecasting VTEC maps (including ARPG and C1PG) 
and CODG in 2009 and 2015, and the sub-figures show 
the differences between ARPG, C1PG, and CODG, 
respectively. In these figures, the units of both latitude 
and longitude are degrees, and the units of both bias and 
RMS values are TECU.

As shown in Fig. 8a, the bias in 2009 all over the world 
is approximately zero TECU. In Fig.  8b, the geographic 
distribution of bias is more uneven than that in Fig. 8a. 
Additionally, the bias is mostly positive in the North-
ern Hemisphere and negative in the middle and high 
latitudes of the Southern Hemisphere. Additionally, the 
range of bias values between forecasting products and 
CODG in 2015 is much larger than those in 2009. This 

result may be due to the higher solar activity in 2015. 
Additionally, it should be noted that the biases between 
C1PG and CODG are obviously different in the Northern 
Hemisphere and Southern Hemisphere. C1PG overesti-
mates VTEC values by more than 2 TECU in the North-
ern Hemisphere, in contrast to the underestimation of 
approximately 2 TECU that occurs in the Southern Hem-
isphere, except in some areas of both low latitude and 
low longitude. This phenomenon is also shown in Fig. 5, 
which shows the latitudinal distribution of the bias. Fig-
ure 8 indicates that C1PG-predicted VTEC maps exhibit 
apparent systematic error both in 2009 and 2015.

Figure  9 presents the differences between forecast-
ing VTEC maps and CODG in terms of RMS values in 
2009 and 2015, respectively. All sub-figures show that 
RMS values in the EIA area are higher than those in 
other areas, particularly in 2015. During the solar mini-
mum, both C1PG and ARPG have good consistency with 
the final CODG in terms of RMS values, which are less 
than 3 TECU, while in 2015, the highest RMS values are 
approximately 8 TECU in the EIA area. Furthermore, 
Fig.  9 shows that the forecast performance of ARPG is 
better than that of C1PG in the EIA area and the South-
ern Hemisphere, especially in 2015.

The globe is divided into three latitudinal bands: the 
northern band (32.5°–87.5°), the middle band (−  32.5–
32.5°), and the southern band (−  87.5° to −  32.5°), to 
investigate the specific differences between forecasting 
VTEC maps and the final CODG. The annual means of 

Fig. 8  Bias of the differences between forecasting products ARPG and C1PG, and the final CODG product in 2009 and 2015. a Bias of ARPG minus 
CODG in 2009. b Bias of C1PG minus CODG in 2009. c Bias of ARPG minus CODG in 2015. d Bias of C1PG minus CODG in 2015
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the daily bias and RMS values for the 3 bands are shown 
in Table 2 (unit: TECU). From the bias given in Table 2, 
the difference between C1PG and CODG is apparently 
larger than that between ARPG and CODG both in 2009 
and 2015. Additionally, the RMS values presented in 
Table 2 indicate that there is better consistency between 
ARPG and CODG, especially in 2015. Moreover, RMS 
values for the middle band are larger than those for the 
northern band and southern band both in 2009 and 2015. 
Figure 9 also depicts this phenomenon.

Validation with JASON data
J2TEC, as an external independent dataset mentioned in 
“Test and reference data” section, is used to evaluate the 
accuracy of the predicted ionospheric VTEC maps over 

oceans and southern latitudes. The comparison of VTEC 
values between the final GIM VTEC values (including 
CODG and IGSG) and J2TEC is also investigated to pro-
vide a reference. The numbers of available J2TEC over 
different latitudes in the year 2009 and 2015 are shown 
in Fig. 10. It depicts that there is much more JASON data 
over the Southern Hemisphere than over the Northern 
Hemisphere, because there is more land in the Northern 
Hemisphere, while the JASON data only contains obser-
vations over oceans. Figures  11 and 12 show the bias 
and RMS values between forecasting VTEC maps, final 
GIMs, and J2TEC in 2009 and 2015, respectively.

As shown in Fig. 11, the absolute values of bias in low 
latitudes are smaller than those in mid-high latitudes. 
Both forecasting VTEC maps and final GIMs are smaller 

Fig. 9  RMS values of the differences between forecasting products ARPG and C1PG, and the final CODG product in 2009 and 2015. a RMS of ARPG 
minus CODG in 2009. b RMS of C1PG minus CODG in 2009. c RMS of ARPG minus CODG in 2015. d RMS of C1PG minus CODG in 2015

Table 2  Bias and  RMS values of  the differences between  forecasting VTEC values and  final CODE VTEC values in  2009 
and 2015, in TECU

2009 2015

North Middle South North Middle South

Bias

C1PG 0.34 0.18 − 0.44 1.10 0.12 − 1.28

ARPG 0.0034 0.0020 − 0.013 0.022 − 0.093 − 0.15

RMS

C1PG 1.31 1.90 1.48 3.04 4.95 3.76

ARPG 1.32 1.79 1.37 2.80 4.44 3.14
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than JASON VTEC values, especially in mid-high lati-
tudes. Other studies also obtained the same results, in 
which JASON VTEC values are larger than the VTEC 
values derived from GNSS measurements (Mandrake 
et  al. 2005; Hernández-Pajares et  al. 2009; García-Rigo 
et  al. 2011). However, the possible reasons for this fact 
are not clear yet and should be investigated in the future. 
Additionally, Fig.  11 depicts that ARPG has almost the 
same performance as CODG. Meanwhile in 2015, GIMs 
are larger than JASON VTEC values in low and mid-low 
latitudes and smaller than those in other latitudes. ARPG 
also has a similar performance to CODG in 2015. Moreo-
ver, RMS values of the differences between forecasting Fig. 10  Number of available J2TEC over different latitudes in 2009 

and 2015

Fig. 11  Bias of the differences between forecasting VTEC maps, final GIMs, and J2TEC in 2009 and 2015. The red, blue, green, and magenta dotted 
lines depict the bias of the final IGS GIMs, the final CODE GIMs, the CODE forecasting VTEC maps, and forecasting products by proposed adaptive 
AR model, respectively, compared to VTEC values derived from JASON data. a Bias of VTEC maps minus J2TEC in 2009. b Bias of VTEC maps minus 
J2TEC in 2015

Fig. 12  RMS of the differences between forecasting VTEC maps, final GIMs, and J2TEC in 2009 and 2015. The red, blue, green, and magenta dotted 
lines depict the RMS of differences between the final IGS GIMs, the final CODE GIMs, the CODE forecasting VTEC maps, and forecasting products by 
proposed adaptive AR model, respectively, and the VTEC values derived from JASON data. a RMS of VTEC maps minus J2TEC in 2009. b RMS of VTEC 
maps minus J2TEC in 2015
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VTEC maps, final GIMs, and J2TEC in 2009 show a simi-
lar trend, as presented in Fig.  12. Compared to J2TEC, 
the final GIMs (including CODG and IGSG) show bet-
ter consistency than the forecasting VTEC maps, and this 
behavior is more obvious in the mid-high latitudes of the 
Southern Hemisphere in 2009, as well as in both the low 
latitudes of the Northern Hemisphere and the mid-high 
latitudes of the Southern Hemisphere in 2015. Therefore, 
the performance of forecasting products is not as good 
in mid-high solar activity as they are in low solar activity, 
particularly in EIA areas and the Southern Hemisphere.

Overall, the final IGS GIMs have the best consistency 
with JASON data among the forecasting VTEC maps and 
final GIMs. Since there are few GNSS measurements over 
ocean areas and the Southern Hemisphere, VTEC maps 
provided by IAACs might have low accuracy over these 
areas. From the bias presented in Fig. 11, the forecasting 
ARPG VTEC maps perform similarly as the final CODE 
GIMs. With respect to bias, it seems that C1PG has 
good performance in the Northern Hemisphere, some-
times even better than IGSG. According to the results 
in “Latitudinal behavior” and “Latitudinal and longitu-
dinal behavior” sections, which indicate that C1PG has 
apparent systematic error both in 2009 and 2015, C1PG 
provides overestimated VTEC values in the northern lati-
tudes and underestimated VTEC values in the southern 
latitudes. Therefore, there is reason to believe that it is 
just a coincidence that the performance of C1PG is bet-
ter than that of CODG in mid- and high latitudes both in 
2009 and 2015, especially even better than IGSG in the 
mid- and high latitudes in 2015. From the RMS values 
presented in Fig.  12, ARPG has similar performance to 
CODG in 2009, but not as good in 2015, especially in the 
EIA area and the Southern Hemisphere.

Discussion
From the comparative results presented above, the fore-
casting VTEC maps derived by the proposed adaptive AR 
model perform better than CODE’s forecasting product 
when comparing with final CODE GIMs. The perfor-
mance of C1PG is not as good as that of ARPG, espe-
cially during periods of mid-to-high solar activity. There 
might be two reasons for this problem. On the one hand, 
it might be inappropriate to extrapolate the SH coef-
ficients by using the least-squares collocation method. 
The periodic features of SH coefficients should be well 
known before using the LSC method. So far, the periodic 
features of VTEC are known quite well, e.g., the periods 
of 11, 1, 1/2  year, 14.77  days, and 1 solar day. SH coef-
ficients have no obvious physical significance because 
they are estimated mathematically by the least-squares 
method. Therefore, although VTEC is represented by 
the linear combination of SH coefficients, the periodic 

features of SH coefficients might not be the same as those 
of VTEC values. ARPG is derived from the extrapolated 
SH coefficients, calculated by using the proposed adap-
tive AR model. The AARM method does not involve the 
specific periodic features of SH coefficients. Rather, the 
AARM method reflects the features of SH coefficients to 
describe the relationship between current and historical 
SH coefficients, while C1PG is derived from the extrap-
olated SH coefficients considered by CODE to have the 
same periodic features of VTEC values. Additionally, the 
VTEC could present a more complex variation during 
periods of mid-to-high solar activity. It is possible that 
C1PG has even larger errors in 2015, as shown in Figs. 8 
and 9. On the other hand, the forecasting ionospheric 
products C1PG are generated in an operational environ-
ment, in contrast to ARPG, estimated by postprocess-
ing. Thus, the performance of ARPG might worsen in an 
operational environment of providing daily forecasting 
products.

Conclusions
An improved algorithm is proposed for the short-term 
prediction of global ionospheric VTEC maps. A time 
series of SH coefficients from the previous 30 days is con-
structed and used to perform autoregressive modeling to 
predict SH coefficients. Global ionospheric forecasting 
VTEC maps are generated from the predicted SH coef-
ficients. Comparisons and validations are conducted to 
assess the performance of the forecasting VTEC maps. 
Results show that the forecasting ionospheric products 
from CODE (C1PG) have an apparent systematic error 
of greater than 1 TECU, especially in areas with mid-to-
high solar activity. ARPG performs similarly as the final 
CODE GIMs (CODG), such that no apparent systematic 
error is detected. ARPG shows better consistency with 
CODG than C1PG, especially in southern mid- and high 
latitudes. Additionally, independent VTEC data from 
JASON are collected to evaluate the performance of fore-
casting products over ocean areas. A good agreement 
between the final IGS GIMs and JASON data is found, 
and the RMS of their difference is approximately 3 TECU 
and greater than 6 TECU in low solar activity and mid-
to-high solar activity, respectively.

However, the methods for forecasting products from 
CODE, ESA, and UPC, as well as ARPG, presented in this 
manuscript are actually based on mathematical fitting 
without consideration of the physical processes. “Com-
parison of predicted VTEC maps” section shows that the 
performance of forecasting ionospheric VTEC maps was 
limited during geomagnetic storms on DOY 77, 174, and 
355 in 2015. The main reason might be that the AARM 
model could not adapt to the sudden change in geomag-
netic activity. On the other hand, the accuracy of the final 
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VTEC maps might be lower during geomagnetic storms. 
Additionally, limited data availability and inhomogene-
ous distribution of GNSS stations could also impact the 
performance of forecasting. Therefore, a key priority for 
the prediction of global ionospheric VTEC maps in the 
future should be importing physical information in terms 
of solar and geomagnetic activities, such as the solar flux 
and Dst.

In general, the final CODE products of SH coeffi-
cients have been used to forecast VTEC maps in this 
study, while in an operational environment, the fore-
casting should require SH coefficients of the recent days 
in a short period of time. WHU has planned to gener-
ate ultra-rapid ionospheric products with a latency of 
2  h. By then, forecasting VTEC maps using ultra-rapid 
SH coefficients might be a valid approach to understand 
the real-time applicability of the proposed method. Like 
the final combined IGS GIMs that partially filter sys-
tematic errors with the combination process (Orús et al. 
2005; García-Rigo et al. 2011), combined IGS predicted 
products could also have improved performance in the 
future.
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