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In this paper, we aim to employ the least squares support vector regression
(LS-SVR) for the spatio-temporal modeling of the ionospheric total
electron content (TEC). This model utilizes simple linear equations to
solve the system of equations, thereby reducing the computational
complexity and enhancing both the speed of convergence and the accuracy
of the results. We utilized observations from 15 GPS stations in north-
western Iran from day 193 to day 228 in 2012. The results of the LS-SVR
model were compared with those of support vector regression (SVR),
artificial neural networks (ANN), adaptive neuro-fuzzy inference system
(ANFIS), Kriging model, global ionospheric maps (GIM), and the
International Reference lonosphere 2016 (IR12016) as well as TEC values
obtained from GPS. The accuracy of all models was evaluated and
interpreted at interior and exterior control stations. The analyses indicate
that the average root mean square error (RMSE) for the ANN, ANFIS,
SVR, LS-SVR, Kriging, GIM, and IR12016 models at two interior control
stations are 3.91, 2.73, 1.27, 1.04, 2.70, 3.02, and 6.93 TECU, respectively.
Furthermore, the average relative errors of these models at the same control
stations were calculated as 15.98%, 9.39%, 7.85%, 6.09%, 11.60%,
12.54%, and 26.56%, respectively. Analysis of the precise point
positioning (PPP) method demonstrated an improvement of 50 mm in the
coordinate components using the LS-SVR model. The results of this study
demonstrate that the LS-SVR model can serve as a viable alternative to
global and empirical models of the ionosphere in the studied area. The LS-
SVR model provides a high-precision local ionosphere model.
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Table 1. RMSE (TECU) values, correlation coefficients, and
convergence time (in seconds) in the training phase of ANN,
ANFIS, SVR, and LS-SVR models.

RMSE Training | Convergence
Models Error Correlation Time
(TECU) Coefficient | (in seconds)
Model ANN 1.82 0.93 88
Model
ANFIS 1.52 0.95 342
Model SVR 1.28 0.97 79
Model LS-
SVR 0.67 0.98 19
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Introduce input and
output variables to
machine learning and
Kriging models for
training

Step:
Model
Training

Calculate the objective function value (18)
If the objective function converges in two
consecutive iterations with the smallest value,
the training phase is complete.

Otherwise, the training is repeated to achieve
a smaller objective function value

Step:
Model
Testing

Calculation Momparison of
model error values in internal
and external control stations and
interpretation of model results
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Fig. 2. Flowchart of how to use ANN, ANFIS, SVR, LS-SVR
and Kriging models to estimate TEC value and evaluate their
accuracy.
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Fig. 3. Comparison of average RMSE error (TECU), correlation
coefficient and relative error (in percent) in indoor control
stations TABZ and KLBR for ANN, ANFIS, SVR, LS-SVR,
Kriging, GIM and IR12016 models in the test stage.
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Fig. 4. Comparison of average RMSE (in terms of TECU) in the
36 days investigated for ANN, ANFIS, SVR, Kriging, LS-SVR,
GIM and IR12016 models in two external control stations in the
mode of using the observations of these stations in the training
phase (Figure A) and Not using observations in the training phase
(Figure B).
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a) and day 202 (Figure b).
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Fig. 10. Difference of VTEC from GPS with VTEC from LS-
SVR model (Figure a) and VTEC from IRI model (Figure b)
at indoor control station KLBR, horizontal axis represents

day of year (DOY) and vertical axis is Universal Time (UT))
is showing.
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Fig. 9. Comparison of GPS-VTEC (Figure A), LSSVR-VTEC
(Figure B) and IRI-VTEC (Figure C) at the indoor control
station KLBR. The horizontal axis represents the day of the year
(DOY) and the vertical axis represents the time in Universal
Time (UT).
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Fig. 11. Absolute value of difference between GPS-VTEC and
VTEC of LS-SVR, GIM and IR12016 models at TABZ indoor
control station for day 228.
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