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Abstract—Precise ionospheric total electron content (TEC) is
critical for many aerospace applications, and forecasting iono-
spheric TEC is of great significance to it. Besides, short-term pre-
diction of TEC values fills the gap between the TEC product latency
and the precision. The machine learning-based approaches are
promising in solving the nonlinear prediction issues, particularly
suitable for short-term global positioning system TEC forecasting
due to its complex temporal and spatial variation. In this arti-
cle, four different machine learning models, i.e., artificial neural
network, long short-term memory networks, adaptive neuro-fuzzy
inference system based on subtractive clustering, and gradient
boosting decision tree (GBDT) are applied for forecasting
ionospheric TEC in three IGS GNSS monitoring stations at the low-
latitude region (16°S to 10°S). The performance of these approaches
in extreme conditions is investigated, including the high solar
activity and magnetic storm, which are the most challenging sce-
nario for TEC prediction. The results show that the machine learn-
ing algorithms outperform the global ionospheric map prediction
model. The prediction accuracy during the high solar activity
period was improved from 37.93% to 49.28%. During the magnetic
storm period, the prediction accuracy was improved from 28.16%
to 67.39%. Among the machine learning algorithms, the GBDT
model outperforms the rest three algorithms in ionosphere predic-
tion scenarios, which improves the prediction accuracy by 5.6%
and 12.7% than the rest three approaches on average during high
solar activity (2012–2015) and magnetic storm periods respectively.

Index Terms—Gradient boosting decision tree (GBDT),
ionosphere prediction, machine learning, neural network (NN),
total electron content (TEC).

I. INTRODUCTION

CONTINUOUS monitoring of the ionosphere layer has
been carried out using many geodesy techniques due to

significant effects on both communications and global naviga-
tion satellite systems (GNSSs) [1]–[4]. The ionosphere changes
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fast and complex over different times and places, which limited
the precise ionosphere acquisition capacity. The ionosphere
working group of the International GNSS Service (IGS) has been
continuously providing reliable global ionospheric maps (GIMs)
since 1998 [5]. The nominal precision for the final product is
about 2-8 TECU, while it comes with about 3-day latency [6].
The Center for Orbit Determination in Europe (CODE) also
published the prediction product C1PG and C2PG for real-time
applications [7]. However, its prediction accuracy largely de-
pends on solar activity. During the high solar activity period,
the ionosphere prediction is still challenging and the C1PG
accuracy is about 4-16 TECU [8]. In addition, International
Reference Ionosphere 2016 (IRI-2016) model is a standard
empirical model, whose goal is to develop and improve inter-
national standards for the parameters of the Earth’s ionosphere
[9]. In low-latitudes, the accuracy of IRI-2016 model is about
7-15 TECU during high solar activity period, when compared
to IGS GIM [10]. Thus, precise TEC prediction in the extreme
conditions is a big new challenge to deal with.

The ionosphere prediction is an important way to obtain the
real-time ionosphere TEC and there have been a few researches
on this topic using the classical time-series analysis approaches,
such as the auto-regressive moving average (ARMA) model
and auto-regressive integrated moving average (ARIMA) model
are widely applied for short-term TEC forecasting in different
latitudes [11]–[13]. The machine learning algorithms can auto-
matically learn the implicit nonlinear relationship between the
TEC value and the external indicators, which helps to improve
the prediction performance in extreme environments. A few
machine learning approaches have been used in the ionosphere
prediction, such as the standard neural network (NN) approach
[14]–[16], long short-term memory (LSTM) [17]–[19], adaptive
neuro-fuzzy inference system (ANFIS) [20], etc. Their perfor-
mance has been evaluated and has been compared with the GIM
and IRI-2016 models and the results show that these machine
learning algorithms outperform the existing models. However,
the performance between different machine-learning algorithms
has not been evaluated so far, and the optimal machine learning
algorithms have not been identified.

In this study, a new machine learning algorithm named gradi-
ent boosting decision tree (GBDT) was introduced for the iono-
sphere prediction problem. Four machine learning algorithms
are selected, such as the NN approach, the LSTM approach, the
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ANFIS approach, and the GBDT approach, to compare their
performances in extreme conditions, which aim to find the best
machine learning algorithm during the high solar activity and
magnetic storm period. Three monitoring stations from the IGS
network at low-latitude regions were selected, and four-year
data (2012–2015) during the high solar activity and magnetic
storm period (46 d) are used in this study. Then, many accuracy
indicators to compare their overall performance are chosen in
detail.

The rest of this article is organized as follows. Section II
describes the vertical TEC (VTEC) values calculation, and the
models used in the TEC prediction are presented in Section III. In
Section IV, experiment setups are presented. The comparisons
of the nonlinear models and results with related researches are
discussed in Section V. Finally, Section VI concludes this article.

II. VTEC EXTRACTION FROM GNSS OBSERVATIONS

To accurately forecast the TEC time series, the TEC values
need to be extracted from dual-frequency GNSS receivers. The
code and phase of the carrier wave observations are provided by
the dual-frequency global positioning system (GPS) receivers in
the L band at frequencies of L1 (1575.42 MHz) and L2 (1227.60
MHz), and these observations are most used to estimate the slant
TEC (STEC). The ionosphere time delays can be extracted from
pseudoranges and carrier phase observations, respectively. The
GNSS observations can be expressed as follows:

Pi = D + T + Ii+bsi + br,i + c(Δts −Δtr)+εP

ϕi =
fi
c
(Ds + T s − Isi +Bs

i +Br,i + c(Δts −Δtr))

+Ni+εφ (1)

where denotes pseudorange between receiver r and satellite s at
the ith frequency; Dis the geometric distance between the satel-
lite and receiver; T, Irepresents the tropospheric path delay and
the ionospheric delay; Δts and Δtr are the P s

r satellite-specified
and receiver-specified clock biases; bsi and br,i are the satellite-
specified and receiver-specified code biases for ith frequency;
Bs

i and Br,i are the satellite-specified and receiver-specified
uncalibrated initial fractional carrier phase biases.ϕis the carrier
phase observations expressed in the cycle; N is the carrier phase
ambiguity bias. fi and c are the frequency of the observation and
the light speed, respectively.

The ionospheric delay in GNSS observations is frequency-
dependent due to ionospheric dispersive nature; hence, the total
GPS ionosphere delay can be estimated with dual-frequency
GNSS observations. The STEC can be derived according to
the total ionosphere delay. GPS STEC can be estimated with
either the phase smoothing pseudorange method or the precise
point positioning (PPP) method [21], [22]. The phase smoothing
pseudorange method is the most widely used method, which is
also used to generate the global ionospheric map product; hence,
we adopt this method to estimate the STEC. This STEC can be
derived from the following equation:

P4 = P1 − P2

L4 = λ1φ1 − λ2φ2

STEC =
f2
1 f

2
2

40.3 (f2
2 − f2

1 )
(P4 − c ·DCBr − c ·DCBs) (2)

where P4 and L4 are the geometry-free code and carrier phase
combination, respectively, which canceled all the frequency-
independent terms in (1). The remaining frequency-dependent
terms can be further decomposed into three parts: the STEC,
the satellite-specified, and receiver-specified differential code
biases (DCB). DCB is the interfrequency code biases. For dual-
frequency case, DCB can be defined as DCBr = br,1 − br,2,
DCBs = bs1 − bs2. In order to mitigate the pseudorange noise
impact in STEC estimation, a carrier phase smoothed pseudor-
ange observations is adopted, given as follows:

P̃ k
4 = Lk

4 − 1

n

n∑
k=1

(Lk
4+P k

4 ) (3)

where P̃4 is the carrier phase smoothed pseudorange observa-
tions, n is the number of epochs. According to the ionosphere
thin shell model, the STEC can be converted to VTEC at the
ionosphere pierce point (IPP). Finally, the TEC in the zenith
direction can be calculated as follows:

VTEC=cos(Z ′)×STECwith sin(Z ′)=
R

R+H
sinZ (4)

where R is the mean Earth radius, Z ′ and Z are the zenith angles
of the satellite at the receiver and at the ionospheric pierce point,
respectively. The estimated VTEC of 1 h resolution is considered
as the dataset for machine learning models, which are separated
into training and testing datasets. The three low-latitude IGS
stations are selected for this study. Besides, a training dataset
is used to train models and the k-fold validation method is also
applied [23]. This step can estimate the generalization ability of
the machine learning models, and can be used to identify whether
the network is overfitting and underfitting. The testing dataset is
used to evaluate the predicting capacity of these models.

III. MACHINE LEARNING MODELS FOR TEC PREDICTION

In this section, the four machine learning methods and their
usage are presented.

A. Artificial NNs

Artificial NNs are well known as a powerful and elegant
technique to approximate a complex nonlinear function as a
composition of elementary nonlinear functions [24]. This model
has been successfully applied in TEC modeling and forecasting.
The NN establishes the nonlinear relationship between the inputs
and the outputs by adjusting the weight between the nodes of
the network. A trained network contains the implicit nonlinear
relationship between the input and the output, and can be used
for the ionosphere prediction with only input features. Taking X
as the input vector in the NN, the output of the network can be
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Fig. 1. NN structure with one hidden layer.

expressed as follows:

y = k

⎛
⎝

n∑
j=1

(wjxj + b)

⎞
⎠ (5)

where k() is the activation function; wdenotes the weight of
each neuron, and bis the bias; xis the input feature. Particularly,
activation function determines the relationship between inputs
and outputs of a NN, which introduces a certain degree of
nonlinearity. In this study, rectified linear unit (ReLU) is used
as activation function [25]. An illustration of the NN structure
is presented in Fig. 1.

In TEC forecasting, X is the input features related to VTEC
value, and y is the predicted TEC value. The backpropagation
algorithm is chosen in this study to construct the NN model [26].

B. LSTM Networks

The single station VTEC prediction can be taken as the time
series prediction problem. The LSTM network is a specially
designed network for sequential data processing [27]. LSTM
has the capacity of learning the long-term dependency and the
short-term dependency at the same time. With new input data
accumulated, the network is evolutionary, while the long-term
dependency was preserved with the hidden state vector, so that
the predicted data can benefit from both historical and the latest
input data. The flowchart of LSTM is shown in Fig. 2.

The output of LSTM is presented as follows [28]:

ht = ot tanh(ct) (6)

where ht represents the hidden state vector as well as the output
vector of the LSTM unit; ot is the activation vector of output
gate, and ct is the cell state vector. VAR1 and VAR2 are the input

Fig. 2. Architecture of the LSTM model.

Fig. 3. ANFIS structure with two inputs.

features related to VTEC value in the LSTM model, which uses
the sequential data to predict 1 h ahead TEC values. See [17]
and [27] for details about algorithms and their usage.

C. Adaptive Neuro-Fuzzy Inference System

ANFIS is a combination of NNs and the fuzzy inference
system (FIS), which gains their advantages of using numerical
and linguistic power [29]. Since it introduces fuzziness into the
NN, the combination of this model can increase the accuracy of
results. Existing research reveals that the ANFIS shows better
performance than the classical NN in TEC modeling at the low
solar activity [30]. Thus, this model is most likely to be used
in TEC forecasting under severe weather conditions in terms of
its fuzziness characteristic. The simple structure of an ANFIS
network is shown in Fig. 3.

Like the NN, ANFIS consists of at least five layers. In the first
layer, the two crisp inputs are put in this system, and they are
fuzzified into values by a fuzzy set described as neurons, which
has its membership function with adjustable premise parameters.
In the rule layer, each node in this layer receives signals from
the fuzzification layer, while the degree of activation of the
premises is calculated. Each node of this layer represents the
firing strength of a fuzzy rule. The normalization is done in
this rule firing layer. In the next layer, the adjusted consequent
parameters are contained in each neuron. Lastly, the summation
of received signals of previous nodes is calculated in this layer
as the final output value of the ANFIS system.

According to the number of input variables, the ANFIS
can be established using different methods, which include grid
partitioning and clustering techniques [31]. Regarding the grid
partitioning method, as the number of input variables increases,
the number of fuzzy rules increases exponentially. Therefore,
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Fig. 4. Illustration of the GBDT model structure.

large fuzzy rules pose a threat to the application of ANFIS, and
this method is suitable for datasets with a small number of input
variables (e.g., less than 6) [32]. However, the inputs in this work
are more than six, and so this grid method is not considered. To
enable this system to be able to solve the multi-input problem, the
clustering technique is applied as an effective tool to classify the
inputs to reduce the fuzzy rules, while the number of clusters is
equal to the fuzzy rules. So, in this study, the ANFIS subtractive
clustering (ANFIS-SC) network is used to establish forecasting
model.

D. Gradient Boosting Decision Tree (GBDT)

The GBDT approach combines regression trees with a gradi-
ent boosting technique, which has been widely used to solve
regression and classification problems such as soil moisture
estimation [33], GNSS positioning accuracy improvement [34],
and GPS signal reception classification [35]. It achieves the best
performance when comparing with the other classic machine
learning techniques [35], [36]. The GBDT approach is high
efficiency and has an excellent capacity to automatically detect
nonlinear interactions, which is quite promising for accurately
forecast TEC time series under severe weather conditions.

The detail of this algorithm is described as follows. In this
algorithm, each sample is represented as xi (i = 1, 2, 3, . . . , N ),
and N is the number of samples. The training set can be
expressed as T = {(x1, y1)(x2, y2), . . . , (xN , yN )}, while y is
the TEC predicted value of each sample. The GBDT mini-
mizes the value of some specified loss function to obtain the
optimal model, and loss function is used to obtain residuals
at each iteration [37]. The most used function is the square
function and absolute error. In this study, the square loss function
L(yi, f(xi)) =

1
2 (yi − f(xi))

2 is used, and the GBDT model
structure is shown in Fig. 4.

The main steps of the method are as follows [35], [37]:

IV. EXPERIMENTS SETUP

To evaluate the forecasting performance of these models,
several experiments are to be performed. In this section, the

Algorithm
1) For the training set, initialize a weak learner f0(x):

f0(x) = argminγ
∑N

i=1 L(yi, γ)
f0(x) is a regression tree, and according to the square
loss function, f0(x) becomes:
f0(x) = y

2) For m = 1 to M :
a) Compute the negative gradient

rmi = −[∂L(yi,f(xi))
∂f(xi)

]f=fm−1

b) Replace yi of the training dataset with rmi to obtain a
new dataset {(x1, rm1)(x2, rm2), . . . , (xN , rmN )}.
fm(x)is the new regression tree, and Rmj is its areas of
leaf nodes, where j = 1, 2, 3 . . . , J . Jdenotes the
number of leaves in a given regression tree, and
calculate the optimal fitting values:
γmj = argminγ

∑
xi∈Rmj

L(yi, fm−1(xi) + γ)

c) Update the strong learner:
fm(x) = fm−1(x) + ρ

∑Jm

j=1 γmjI(x ∈ Rmj)
where ρis the learning rate to prevent overfitting issues.
3) When the iteration is terminated, the final output

becomes:
fM (x) = f0(x) + ρ

∑M
m=1

∑Jm

j=1 γmjI(x ∈ Tmj)

Fig. 5. Distribution of the IGS stations and the ionosphere variation range.

description of the experiment setup, which includes the descrip-
tion of the datasets, evaluation metrics and parameters setting
are introduced.

A. Datasets

In order to capture the ionosphere variation characteristics,
the dataset used in this study is carefully selected. At first, three
continuous monitoring stations from IGS network are selected.
As known, the ionosphere changes the most dramatically in
the low latitude belt region around the magnetic equator. We
checked the mean daily variation of the global TEC using the
GIM products from CODE and then three IGS stations at the
low magnetic latitude was selected as the target. Th mean daily
TEC variation and selected IGS stations are presented in Fig. 5.
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TABLE I
TEC AND FEATURE CHARACTERISTICS IN 2012–2015

Fig. 6. F10.7 value time series for the recent 12 years.

In the temporal dimension, the solar activity has a period of
about 11 years and its activity can be reflected with the F10.7
index. We checked the F10.7 index time series for the recent 12
years and selected the period 2012 to 2015 as the target since
this period has the highest solar activity in the recent 12 years,
which is shown in Fig. 6. In practice, the data from 2012 to 2014
are used for model training and the data from 2015 are used to
testing the ionosphere prediction performance.

For the machine learning-based algorithm, the selection of the
features is quite critical. The variation of TEC is associated with
the season, day, hour, geomagnetic activity, and solar activity.
The solar zenith angle (SZA) contains characteristics of season,
day, and hour. In addition, the geomagnetic activity and solar
activity can be characterized by the Dst, Kp, and F10.7 index
[38], [39]. In this study, five features are considered, namely,
SZA, F10.7, Dst, Kp, and TEC value. The detailed statistical
characteristics of these datasets are listed in Table I. It should
be mentioned that the variation and range of the SZA dataset
is periodically variation in the interval [−90, 90], and so its
statistical data is no need to be presented. The TEC variation in
the selected period is up to 120 TECU for the three IGS stations,
which can be considered as a typical high solar activity period.
The time series for the selected features over the four years are
presented in Fig. 7. The figure gives an overall description of
the data. The VTEC value time series on the three stations is
presented in the figure.

It indicates that the VTEC has certain periodical patterns, and
two peaks are observed each year at this station. F10.7 index is a

Fig. 7. TEC and feature time series in 2012–2015.

measure of the noise level generated by the sun at a wavelength
of 10.7 cm at the earth’s orbit. A higher F10.7 value means more
active ionosphere activity [40], [41]. The Kp and Dst indexes are
used as indicators of the geomagnetic activity. Kp index presents
the index of 3-h range in magnetic activity relative to a quiet
day. Thus, a higher Kp index means the geomagnetic is more
active. Generally, Kp ≥ 4 means high geomagnetic activity. The
Dst index smaller −50 nT can be considered as the moderate
storms.
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TABLE II
DEFINITION OF THE PERFORMANCE METRICS

B. Performance Metrics

To evaluate the performance of these machine-learning-based
models, different performance metrics are considered in this
study. The prediction quality of a model is generally examined
with two aspects of the prediction residuals. 1) Bias, which is
the deviation from the true value distribution. 2) Variance, which
reflects the stability and the robustness of the model prediction
capacity.

It should be noticed that single criteria cannot fully measure
the performance of these forecasting models. Hence, a compre-
hensive evaluation system should compose of more performance
indices, which includes the root mean square error (RMSE), the
mean absolute error (MAE), the mean absolute percentage error
(MAPE), the Theil inequality coefficient (TIC), the correlation
coefficient (CC), and forecasting error variance (VAR) is used
in this article.

Based on the forecasting and actual value, the RMSE, MAE,
MAPE, and TIC are calculated to assess the forecasting accu-
racy. The RMSE can efficiently evaluate the forecasting accu-
racy. In addition, since the forecasting error can be positive
and negative, the MAE is the average of the absolute error,
which can better reflect the actual situation of the predicting
value error, and MAPE is applied to measure the relative error
between the average test value and the actual value. The TIC is
calculated using forecasting error, while the lower the TIC, the
better forecasting performance. Besides, R2 indicates the degree
of linear correlation between forecast value and actual value.
The VAR is applied to evaluate the nonlinear model stability.
Definitions of these metrics are listed in Table II.

C. Configuration of the Machine Learning-Based Models

The performance of the machine learning-based models de-
pends on the configurations of the models. Typical machine
learning procedures involve a training procedure and a testing
procedure. The training procedure extracts the implicit rela-
tionship using the input features and the “true” TEC values.
Then the trained network is used to predict the TEC value
with given input features. The quality of the training process
is measured by the RMSE of the fitting residuals. However,

the smallest RMSE of the fitting residuals does not necessarily
imply better prediction accuracy due to the overfitting issue.
In this study, 75% of the training dataset is used for training
the models and the rest 25% are used for testing the model. In
the training process, a five-fold validation method is used to
avoid the overfitting problem [42]. The training set is randomly
divided into five groups equally. Four groups are involved in the
training and the rest group is used for the validation procedure
in each round and five rounds of the training process are carried
out until all groups are used as the validation group to find the
optimal intrinsic parameters. Then, the rest 25% testing dataset
is used to further evaluate the predicting performance of these
models. Since the testing dataset was not involved in the training
procedure, it is reasonable to evaluate the performance of the
machine learning-based approach with the testing dataset.

The parameter setting for these models is described as follows.
In NN and LSTM models, the number of neurons is between 1
and 100, and the learning rate is within 0.005 and 0.05. Their
hidden layers are set to 1, while the iterations are set to 1000.
For ANFIS-SC models, the range of influence is between 0.4
and 0.6, and iteration is set to 100. Finally, for GBDT models,
the learning rate is between 0.01 and 0.1, and the number of
estimators is between 500 and 1500. The number of depths is
between 3 and 9. All parameter definitions for each machine
learning model are summarized in Table III.

V. PERFORMANCE EVALUATION

A. Optimal Window Length Determination

In the machine learning-based approaches, the VTEC for the
next hour is modeled as a function of the features in the past
few hours, which is also known as the window length of the
ionosphere prediction. In this study, number of hours ahead
prediction of ionospheric TEC is one hour, and window length
represents the data of the previous few hours.

The window length has an impact on the prediction precision,
so how to optimally determine the window length should be
investigated first. We use the MAPE indicator as the prediction
performance measure and compared different window lengths
using the four machine learning algorithms with the data from
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TABLE III
INTRINSIC PARAMETERS USED IN EACH MACHINE LEARNING-BASED MODELS

Fig. 8. MAPE values for different window length in AREQ station.

the AREQ station, and the results are presented in Fig. 8. The
results indicate that different machine learning algorithms have
different window length dependencies and the LSTM presents
the strongest window length dependency. It also shows that as
the window length increases, the MAPE becomes smaller in all
models. Generally, longer window length implies better predic-
tion accuracy, while the improvement of window length longer
than 3 h becomes negligible. In order to balance the prediction
precision and the computation complexity, 3 h window length
is used in this study for the ionosphere prediction.

B. Performance Comparison Evaluation in High Solar
Activity Period

In order to evaluate the prediction performance of machine
learning-based approaches in the high solar activity period, we
tested their performance with the TEC time series derived from
the three stations (AREQ, DARW, and XMIS) with 1 h temporal
resolution from 2012–2015.

In this study, the data in 2012–2014 is used for model training
and the data in 2015 is used as the testing dataset. As stated,
this period is the highest solar activity period in recent 12
years. The ionosphere prediction results of these models are
listed in Table IV. For the AREQ station, the MAPE values
vary from 8.4% to 8.7% for the four machine learning models,
and vary from 13.6% to 28.7%, which is shown in Table IV.

Fig. 9. Monthly MAPE values of the four machine learning-based models.

The prediction accuracy of the four machine learning-based
approaches is about 8%, while the rest two global models are
higher than 10%. The table also indicates that the GIM model
achieves better accuracy than the IRI-2016 model in the highest
solar activity period. The four machine learning-based models
outperform the GIM and IRI-2016 models in terms of other
performance indicators as well.

In addition, the GBDT model also outperforms the other
models in all stations in terms of the rest performance indicators.
Particularly, the smallest VAR indicator indicates that the GBDT
also achieves the most stable prediction performance over the
high solar activity period. In terms of the RMSE, the prediction
accuracy of the GBDT model is better than the rest three models
by 5.6% on average. Thus, it can be concluded that the GBDT
model outperforms the rest three machine learning-based models
in the high solar activity period, although some researchers have
achieved fairly good ionosphere prediction accuracy in relatively
low solar activity period [17]. The LSTM may not be the best
choice for ionosphere prediction in the high solar activity period.

Even in the high solar activity period, the ionosphere ac-
tivity also varies with the season. In order to investigate the
impact of season on the machine learning-based approaches,
we analyzed the monthly mean MAPE of the four approaches
and the results are presented in Fig. 9. The figure shows that
the MAPE of the four approaches has different characteristics.
Generally, the four approaches perform similarly from October
to next February, while the discrepancy increases from March to
September. The performance of the different approaches is also
station specified, but the GBDT achieves the smallest MAPE
in most cases. Although the station DRAW and XMIS are
geographically close to each other, their prediction error did
not present similar behavior. The largest discrepancy between
the four models presents in June for all three stations and the
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TABLE IV
OVERALL PERFORMANCE OF THE FOUR MACHINE LEARNING-BASED ALGORITHMS DURING THE TESTING PERIOD

Fig. 10. Correlation between observed GPS TEC and predicted TEC value
using the four machine learning-based models during the 2016 period.

GBDT approach did not perform well in September for both
AREQ and DRAW. Generally, the ANFIS and NN perform not
as good as the LSTM and GBDT. Although the LSTM performs
well, GBDT still slightly outperforms, especially in the middle
of the year.

The correlation between the predicted VTEC value and the
observations for all six approaches is also examined and the
results are presented in Fig. 10. The figure shows the four

Fig. 11. Relationship between the absolute |dTEC| prediction error and the
season/local time in the AREQ station.

machine learning-based approaches can perfectly capture the
variation of the ionosphere VTEC and the R2 values of the four
models are generally higher than 0.97. The GIM model also
presents perfect correlation, but its precision is still not as good
as the machine learning-based approach. The IRI-2016 model
presents certain biases in the ionosphere VTEC computation and
also presents the poorest correlation. The figure also indicates
that the ionosphere VTEC predicted with the IRI-2016 model
presents a strong bias in high VTEC scenarios, which indicates
the model still can be improved to cope with the high solar
activity scenarios.

The ionosphere activity is also related to the SZA, and hence
we further investigated the relationship between local time and
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Fig. 12. Ionosphere prediction accuracy comparison of the four machine learning-based algorithms in magnetic peace (left) and storm (right) period during
days 75–77.

the ionosphere prediction error. The |dTEC| distribution for the
AREQ station in 2015 is presented in Fig. 11.

This figure shows the prediction error is related to the local
time and the season for all six approaches. The ionosphere
prediction error is smallest from June to September and the pre-
diction error achieves the maximum during February to May. In
the first half-year, there are two prediction error peaks presented
in each day, while the prediction error is more homogeneous
in the second half-year. Generally, all these approaches achieve
the smallest prediction error in the night (Local time 0–6 h) due
to relatively peaceful ionosphere activity. The prediction error
for the four machine learning-based approaches are very similar,
which indicates the ionosphere VTEC can be quite unpredictable
at some times.

C. Performance Evaluation in the Geomagnetic Storm Period

A more extreme weather condition for the ionosphere pre-
diction is the geomagnetic storm. The ionosphere activity is
strongly correlated to the magnetic disturbance, which may be
affected by many external factors. The magnetic storm may
cause power outages, satellite communication failure, and satel-
lite damages, and so it is taken as hazardous space weather [43],
[44]. In this study, we also introduce two magnetic disturbance
indices to help predict the ionosphere VTEC in the model
training phase. The geomagnetic storm is empirically defined
as Dst < = −50 nT and Kp > = 4 in this study [45]. Different
from solar activities, a geomagnetic storm is a short-term event,
which typically lasts a few hours to several days. To investigate
the performance of the machine learning-based algorithms in
the magnetic storm, we selected 46 d in 2015, which meet the
magnetic storm criteria.

We compared the impact of the magnetic storm on the iono-
sphere prediction and the results are presented in Fig. 12. The
figure compared the VTEC value and the prediction error in the
magnetic peace and storm period. The magnetic storm happened
on the day-of-year (DOY) 077, 2015 and the right panel shows

the maximum VTEC reaches 100 TECU in the storm. The left
panel shows the VTEC and prediction error at the same time
as the previous day. Although the magnetic storm has not been
started, the maximum VTEC also reaches about 70 TECU. The
figure indicates the magnetic storm has a significant impact on
ionosphere prediction. The prediction error increases from a
few TECU to about 20 TECU during the magnetic storm. In
the magnetic peace period, all the machine learning approaches
perform quite similarly, but in the storm, the ionosphere becomes
quite unpredictable. Within the four approaches, the LSTM and
the ANFIS approaches are more apt to affect by the storm.
The NN and GBDT perform slightly better than the other two
approaches.

We further investigated the impact of the magnetic storm
on the ionosphere TEC prediction residuals and the results on
AREQ are presented in Fig. 13. The figure shows that the impact
of the magnetic storm is obvious. The storm leads to larger
prediction residuals for all six approaches and the RMSE of
the prediction residuals is increased by 2–4 TECU. The RMSE,
MAE, and R2 values in the storm time are all larger than those
in nonstorm time. Particularly, the magnetic storm increases the
probability of large prediction residuals, which makes the iono-
sphere prediction in the magnetic storm less reliable. Comparing
the four machine learning-based approaches, it concludes that
the GBDT outperforms the rest three approaches in terms of R2,
MAE, and RMSE during the magnetic storm period. While the
superiority becomes less significant in the nonmagnetic storm
period, it also performs well.

The overall performance of the six approaches during the
geomagnetic storm is compared and the results are listed in
Table V. The table shows that the prediction accuracy of all six
models is lower than that of the whole high solar activity period.
The main reason for this difference may be that the TEC variation
becomes more complex and unpredicted during the geomagnetic
storm period. Specifically, the MAPE values of four machine
learning models for forecasting GPS TEC time series are all
smaller than GIM and IRI-2016 models. The GBDT and NN
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Fig. 13. TEC prediction residuals comparison during the magnetic storm and nonstorm period.

TABLE V
OVERALL PERFORMANCE OF THE IONOSPHERE PREDICTION MODELS DURING THE GEOMAGNETIC STORM PERIOD

models obtain slightly better prediction accuracy. For prediction
stability, the four proposed models are generally more stable
than GIM and IRI-2016 models, while the VAR values of GBDT
and NN models are better than that of the other models, which
shows the good prediction stability of the two models in the three
IGS stations. In the magnetic storm period, the proposed GBDT
still achieves about 12.7% RMSE improvement on average
comparing to the rest three machine learning-based approaches.

VI. CONCLUSION

Real-time precise ionosphere TEC monitoring is critical for
many aerospace applications, while the classical prediction
methods based on time series analysis cannot meet the re-
quirement. The machine learning-based approach can learn the
implicit relationship between the ionosphere TEC value and
the external features, which can be used to improve the pre-
cision of short-term ionosphere TEC prediction. A few machine
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learning-based approaches have been proposed, while how to
optimally select the machine learning approach has not been
addressed, especially in severe space weather conditions.

In this article, three existing machine learning-based models,
namely NN, LSTM, ANFIS, and a new model namely the GBDT,
are adopted to predict the GPS VTEC time series. Three stations
from the low geomagnetic latitude are selected and 4 years of
data in the highest solar activity period are used to evaluate the
performance of the machine learning-based models. The TEC
prediction accuracy and stability are evaluated by six different
indicators, and the performance of these models under extreme
space weather conditions is assessed. The numerical results indi-
cate that the ionosphere prediction accuracy in high solar activity
is not as good as in the low solar activity period, but the ma-
chine learning-based approaches still significantly outperform
the GIM and IRI-2016 models. The machine learning-based ap-
proach achieves about 2.9–4.7 TECU prediction accuracy during
the high solar activity period and the newly introduced GBDT
approach achieves the best performance out of the four models.
The mean prediction accuracy improvement of GBDT subject to
the rest three models is about 5.6%. The ionosphere prediction
accuracy presents dependency on the season and the local time.
The performance of the machine learning-based approach in
the magnetic storm is also evaluated. The results indicate that
the magnetic storm further deteriorates the ionosphere VTEC
prediction accuracy by about 2 TECU. The magnetic storm
makes the ionosphere prediction less reliable. However, the
GBDT approach still achieves the best performance in the mag-
netic storm and the mean RMSE improvement reaches 12.7%
comparing to the rest three models. In addition to the prediction
accuracy, the variance of the prediction error of the four machine
learning-based models presents better stability than GIM and
IRI-2016. Overall, in the challenging space weather scenario,
machine learning-based methods outperform the existing GIM
and IRI-2016 models, and the GBDT models perform better than
the other models in terms of prediction accuracy and stability
under severe space weather conditions.
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