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Abstract We describe a novel empirical technique for the regional, short-term (from seconds to minutes)
forecasting of both TEC (total electron content) and scintillation indices on Global Navigation Satellite System
signals. To provide TEC-forecasted values, the method exploits the continuity equation in the conservative
form, while the continuity equation with source term added is used in the case of scintillation forecasting.
The performance of the model is investigated, resulting to be satisfactory when applied at equatorial
latitudes in Brazil and during postsunset hours, when scintillation phenomena are more likely to occur. Five
days affected by strong amplitude scintillation events (S4 > 0.7) are used to test the model performance and
evaluate the model accuracy. In addition, the performance of the amplitude scintillation forecasting is
evaluated by leveraging on larger statistics. On the average, the forecasting accuracy, in terms of standard
deviation of the distributions of the differences between forecasted and actual values, is about 5% for TEC
and 15–20% for scintillation parameters.

1. Introduction

The ionosphere is the single largest contributor to the Global Navigation Satellite System (GNSS) error
budget. Although the bulk of its effect on the propagation of GNSS signals can be generally modeled to
first order using multiple frequency range measurements and special algorithms, its state can be very
unpredictable, depending on location, season, local time, and prevailing solar activity (see, e.g., Kim &
Tinin, 2011, and references therein). Such hard predictability is due to the random nature of the refractive
index fluctuations associated with electron density irregularities, driven by nonlinear processes in the
magnetosphere-ionosphere-thermosphere system (Wernik et al., 2007). More often, but not only, around
the peak of the 11-year solar cycle, the ionosphere may become so disturbed as to lead to severe satellite
signal degradation, affecting in particular real-time high accuracy carrier phase-based techniques such as
real-time kinematic (RTK), near RTK, and precise point positioning. This is due to the ionospheric scintilla-
tion, worldwide represented by two indices, S4 (for amplitude scintillation) and σφ (for phase scintillation),
that quantify the rapid fluctuations in the amplitude and phase of radio signals from GNSS satellites as they
pass through plasma density irregularities in the disturbed ionosphere (see, e.g., Kintner et al., 2001, 2009;
Wernik & Liu, 1974, and references therein).

The effects of a disturbed ionosphere are more prominent in regions at high and equatorial latitudes (see,
e.g., Basu et al., 2002; Jiao & Morton, 2015; Kintner et al., 2009). In spite of the different nature of the physical
mechanisms responsible of the polar and equatorial scintillation (see, e.g., Spogli, Alfonsi, Cilliers, et al., 2013,
and references therein), the effects on GNSS-based applications are equally disruptive. Such effects can
exacerbate under severe storm conditions, as, for example, reported by Alfonsi et al. (2006), in which the
severe degradation on 3-D positioning at high latitude is reported during the Halloween storm (30
October 2003).

Together with the scintillation indices, TEC and its sudden variation are also important indicators of the iono-
spheric morphology and dynamics. Polar cap patches at high latitudes and plasma bubbles at low-equatorial
latitudes are sudden fluctuation in TEC causing L-band ionospheric scintillation (see, e.g., Livingston et al.,
1981; Rino & Fremouw, 1977; and, more recently, Alfonsi et al., 2011; Spogli, Alfonsi, Cilliers, et al., 2013).
The TEC variability and the patterns of scintillation occurrence are strongly dependent on the season, on
the longitudinal sector, and on the time of the day. For example, the Brazilian ionosphere can be considered
as one of the most affected area where scintillation events can be severe especially at postsunset. In Brazil,
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ionospheric disturbances show a strong seasonal dependence (with equi-
noctial and summer solstice presenting stronger effects) during periods
within and beyond the peaks of the solar cycles (Akala et al., 2011;
Alfonsi et al., 2013; Cesaroni et al., 2015; Muella et al., 2013).

Current models forecasting ionospheric scintillation can be divided into
three families: analytical models, global climatological models, and
climatological models based on in situ data. Most known analytical models
suffer from the limitation of being limited to the geographical sectors
and/or frequencies (historical modeling was for Very High Frequencies
not for GNSS frequencies) for which they have been developed
(Priyadarshi, 2015). The most known and used climatological models are
the WideBand MODel (Secan et al., 1995) and the Global Ionospheric

Scintillation Model (Béniguel, 2002; Béniguel & Buonomo, 1999). Because of the climatological nature of such
models, they cannot properly account for the actual conditions but rather give an average dependence of the
propagation characteristics on geophysical conditions. As an example, the patchy character of the irregular
structure of the low-latitude ionosphere is completely absent, so they often fail in catching the detailed iono-
spheric morphology needed to feed mitigation algorithms aiming at improving accuracy on GNSS precise
positioning techniques (Priyadarshi, 2015). Most known climatological models based on in situ data are the
Basu et al. (1976) and the Wernik-Alfonsi-Materassi model (Wernik et al., 2007). Both models have the limita-
tion to be climatological and are limited in space and time by the in situ data used in its construction. By con-
sequence, their outputs cannot be used to improve real-time GNSS precise positioning accuracy.

Bearing this in mind, we developed a novel empirical technique to forecast (from seconds to minutes in
advance) ionospheric TEC and scintillation parameters. Data from Septentrio PolaRxS receivers deployed in
Brazil in the framework of FP7 CIGALA and CALIBRA projects both funded by the European Commission
(EC) in the framework of the FP7-GALILEO-2009-GSA and FP7–GALILEO–2011–GSA–1a, respectively, and
FAPESP Project Number 06/04008-2 (Bougard et al., 2011) are used as input to the model. The basic idea is
to apply the transport theory for a scalar field to the parameters of interest (S4, σΦ, and TEC), assuming that
the temporal gradient of a given parameter is a function of its spatial gradient and of the associated velocity
field (unknown of the problem). Such an attempt has been undertaken in a simplified form by Grzesiak and
Świątek (2011), focused on the study of the solar terminator-related ionosphere.

The paper is structured as follows: In section 2 the main steps of the proposed forecasting technique are
described. The performance results of the technique applied over the São Paulo state region in Brazil are
shown in section 3 for selected 5 days characterized by strong scintillation regime, including events with
S4 > 0.7. In addition, in the same section, the performance of the amplitude scintillation forecasting is
evaluated on a 145 days’ statistics. Concluding remarks are given in section 4.

2. Model Formulation

A detailed description of themodel formulation is provided in Grzesiak et al. (2016). Here we report the physical
concepts lying behind the model formulation and the main steps through which it is implemented. Being data
driven, the model is developed by using experimental data collected by seven PolaRxS receivers (Bougard
et al., 2011) located in the São Paulo state region in Brazil within the CIGALA/CALIBRA network (Table 1).

The continuity equation is applied to evolve in time TEC and scintillation parameters, considered as scalars, in
order to obtain their forecasted values. Equation (1) is the generalized form of the continuity equation used in
the novel technique for the selected scalar f, provided that the velocity field v is known:

∂
∂t

∫V dVf ¼ �∫∂V ds· fvð Þ þ ∫V dV p� lð Þ (1)

in a volume V with a boundary ∂V. The second term at the right hand is the source term where p � l is the
density of production (p) minus losses (l) rate, to be considered only in the case of scintillation forecasting
(Grzesiak et al., 2016).

First, the method requires the reconstruction of the velocity field v from TEC and scintillation measurements
and then the evolution of the associated scalar field f according to equation (1), with the desired time

Table 1
List of the CIGALA/CALIBRA Network Sites Used in to Feed the Empirical Model

Station name Station ID Latitude Longitude

PRU1 1 �22.120 �51.409
PRU2 2 �22.122 �51.407
PRU3 3 �22.119 �51.406
SJCU 4 �23.211 �45.957
SJCE 5 �23.208 �45.860
MAC2 6 �22.377 �41.791
GALH 7 �22.120 �51.409

Note. Coordinates are in WGS84.
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resolution using an appropriate numerical integration scheme. The solution of equation (1) relies on (i)
discretizing the space into Delaunay triangles, (ii) approximating TEC and scintillation parameters
piecewise linearly on the triangular grid, and (iii) considering the velocity field constant over each triangle.
An example of Delaunay triangulation of the spatial domain over the São Paulo state region in Brazil is given
in Figure 1. The triangulation strongly depends on the geometry of the receiver network and satellites, so a
good distribution of the GNSS stations is required to ensure reliable results of the model.

Once discretizing the space into Delaunay triangles, for each domain portion Δk (Figure 2) the equation (1)
can be written as

∂
∂t
∫Δk

dVf t ¼ �∫∂Δk
ds· f tvk

� �þ ∫Δk
dVπk (2)

where dV is the measure of the domain portion Δk, vk is the velocity field of
a scalar field f t (either TEC or a scintillation parameter) at time t in Δk, and
πk is the source term for the kth triangle Δk, being null if f t = TEC. The value
of f t is taken as constant over the domain portion Δk. The time derivative in
the left-hand side of equation (2) is calculated on the basis of the values of
f t in Δk. The equation (2), solved for vk and πk, which are also assumed con-
stant in Δk, for each domain portion Δk gives rise to the following compact
matrix equation system:

Ms ¼ Δf (3)

where M is a block matrix

M ¼

M1

⋮

Mn

⋮

MN

2
66666664

3
77777775

in which nth block is

Figure 1. Example of Delaunay triangulation over São Paulo state region in Brazil.

Figure 2. Sketch of adjacent Delaunay triangles geometry.
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Mn ¼

11 k 12 13
↓ ↓ ↓ ↓

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

…
1
4
f nΔτk1 euk1 … μ Δkð Þ …

1
4
f nΔτk2 euk2 ⋯

1
4
f nΔτk3 euk3

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

2
66666664

3
77777775← k

From Figure 2, l1, l2, and l3 are the triangles adjacent to the triangle Δk,

μ(Δk) is the area of the triangle Δk. The term f nΔtki is the value of scalar field
f at time step nΔt, and ki is the index indicating the ith side of the triangle;euki is the vector perpendicular to ith side of kth triangle and assumed as
positive when going out from such triangle. Vectors s andΔf in equation (3)
takes the following forms:

s ¼

⋮

vkx
vky
πk

⋮

2
6666664

3
7777775

Δf ¼
⋮

μ Δkð Þ
3Δt

Δf tk

⋮

2
664

3
775 (4)

with Δf tk ¼
3Δt

4μ Δkð Þ ∑i f
t
kieuki ·vli þ Δtπk ;

Table 2
Characterization of the Selected Days: Data Availability, Scintillation Regime,
and Geomagnetic Condition

Day
Kp
sum

Input from

PRU1 PRU2 PRU3 SJCU SJCE MAC2 GALH

269/2013 3� S S S S

271/2013 9 S S S S S

338/2013 8� S S S S

340/2013 6+ S S S S S S

021/2014 16� S S S S S

Note. An “S” in the cell indicates that the receiver measured strong scintil-
lation (S4> 0.7). The colors indicate the data availability: green = full data;
orange = 50% of data; red = few data; black = no data.

Figure 3. Example of S4 forecasting (1 min in advance) for day 340/2013. Red refers to postsunset hours, while blue to the rest of the day. (a) Difference between
actual and forecasted S4 as a function of the universal time. (b) Distribution of the difference between actual and forecasted S4. Standard deviation (SD) of each
distribution is reported in top part of the plot. (c, d) Time profiles of the actual and forecasted S4, respectively. (e) Correlation plot between actual and forecasted S4;
black dashed line represents the ideal linearity between the two.
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where vli is the velocity of the scalar field in the triangle adjacent to Δk on the ith side of Δk. πk is null in the
case of TEC. Matrix M could be factorized by singular value decomposition (SVD; Strang, 1993):

M ¼ UΣV� (5)

where * means the complex conjugate. V is a unitary cK × cKmatrix (c assumes the value of 2 or 3 in the case
of TEC or scintillation parameter, respectively), and K is the number of triangles in the domain. U is the unitary
NK × NK matrix (N is the number of time levels, Δts, of the scalar to which the velocity field and source term
[only for scintillation] are fitted), and Σ is the diagonal NK × cKmatrix of singular values σi. Using SVD, we can
apply the so-called pseudoinverse to obtain regularized solution to equation (4):

s ¼ VΣþU�Δf

Here Σ+ is a diagonal matrix with entries σ�1
i . The SVD regularization scheme replaces with 0 the small

singular values, that is, small σi, as they introduce large errors in the solution compromising the stability of
the solution.

Finally, once obtained the estimated velocity field v and source terms πk (as a function of time, i.e., keeping
them constant over forecasting horizon h), equation (4) integrated in time is used for forecasting. The algo-
rithm, also in its general form, is suitable for short-term prediction, if the values of f are forecasted based on
an acquired time series of values of f. If instead, the forecasted values are added to time series and the new
series is considered for the forecasting of a subsequent time value of f, then the forecasting can be
extended for longer term. Certainly, longer terms may lead to a significant reduction of the forecasting
performance. This is due to the high degree of variability of the ionospheric medium resulting into its

Figure 4. Example of σΦ forecasting (1 min in advance) for day 340/2013. Red refers to postsunset hours, while blue to the rest of the day. (a) Difference between
actual and forecasted σΦ as a function of the universal time. (b) Distribution of the difference between actual and forecasted σΦ; standard deviation (SD) of each
distribution is reported in top part of the plot. (c, d) Time profiles of the actual and forecasted σΦ, respectively. (e) Correlation plot between actual and forecasted σΦ;
black dashed line represents the ideal linearity between the two.
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dynamical change on a large range of timescales. However, the model has been conceived to support real-
time high-precision applications for which the forecasting horizon is usually kept at seconds to few-
minutes level.

3. Model Performance

To test the performance of the model, data from the network (Table 1). Table 1 lists the CIGALA/CALIBRA
network sites used in to feed the empirical model, which are used for 5 days between 25 November 2013
and 21 January 2014, under strong scintillation conditions (S4 > 0.7). Table 2 gives details on the data:
The color code indicates their availability for each receiver in each day and “S” indicates that the receiver
experimented strong scintillation (S4 > 0.7). In addition, the Kp sum for the selected days are shown to
characterize the geomagnetic conditions as provided by the World Data Center for Geomagnetism of
Kyoto (http://wdc.kugi.kyoto-u.ac.jp/). The quiet geomagnetic conditions ensure that the electrodynamics
of the low-latitude ionosphere is not disturbed and that the plasma bubbles regularly form in the
postsunset hours, leading to strong scattering effects on L-band signals. In case of disturbed conditions
due to solar events, dominant westward E field may penetrate from the auroral latitudes leading to an
exacerbation or to an inhibition of the scintillation occurrence (see, e.g., Alfonsi et al., 2013; Muella
et al., 2010; Tulasi Ram et al., 2016). As the conditions leading to such inhibition or enhancement are
not completely understood (Spogli et al., 2016), we selected the quiet condition, to maximize the prob-
ability that the daily postsunset strong scintillation is recorded by the receivers located in the Presidente
Prudente area (PRU1, PRU2, PRU3, and GALH), as expected (Cesaroni et al., 2015; Spogli, Alfonsi, Romano,
et al., 2013).

Figure 5. Example of TEC forecasting (15 s in advance) for day 340/2013. Red refers to postsunset hours, while blue to the rest of the day. (a) Difference between
actual and forecasted TEC as a function of the universal time. (b) Distribution of the difference between actual and forecasted TEC; standard deviation (SD) of
each distribution is reported in top part of the plot. (c, d) Time profiles of the actual and forecasted TEC, respectively. (e) Correlation plot between actual and fore-
casted TEC; black dashed line represents the ideal linearity between the two. TEC = total electron content.
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A data preprocessing is applied as follows:

1. To avoid multipath, only measurements coming from satellites with elevation angle greater than 20° are
considered.

2. Each observation is considered only if the time of the lock with the given satellite is greater than 4 min.
3. Slant TEC from geometry free combination applied on GPS L1 and L2 observables is calibrated in real time

by using a simple mathematical relationship as follows: STECCalib = STECUC + (DCBreceiver + DCBsatellite)
where DCBreceiver and DCBsatellite are the differential code biases calculated for each GPS satellite and
receiver. These satellite biases are available periodically, for example, from Bern University while the
biases for the receivers have to be estimated by using an a priori ionospheric model (see, e.g.,
Bergeot et al., 2014). Note that the most used calibration techniques described in Ciraolo et al.
(2007), Seemala and Valladares (2011), and Azpilicueta et al. (2006) are unfortunately not applicable
in real time.

4. STECCalib and scintillation parameters are then verticalized by the obliquity factor (Alfonsi et al., 2011;
Mannucci et al., 1993; Spogli et al., 2009; Spogli, Alfonsi, Romano, et al., 2013, and references therein).

5. cos ZenithIPPð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Re

Reþh cos Elvð Þ
� �2

r
where Re is the mean radius of Earth, h is the height of thin

ionospheric shell (assumed at 350 km), and Elv is the elevation angle of satellite in observation. The
issues related to the verticalization process on scintillation indices are critically detailed in (Spogli,
Alfonsi, Romano, et al., 2013). With the receiver position (in Earth-centered Earth-fixed coordinates) avail-
able from the RINEX observation file and the satellite positions estimated from RINEX navigational files,
positions of each ionospheric pierce point (IPP) have been calculated considering the ionosphere as a

Figure 6. Summary of the model performance. Red refers to postsunset hours, while blue to the rest of the day.
(a) Distribution of the difference between actual and forecasted (1 min in advance) S4 obtained by merging all the five
considered days; standard deviation (SD) of each distribution is reported in top part of the plot. (b) Correlation plot between
actual and forecasted S4; black dashed line represents the ideal linearity between the two.
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thin shell at an altitude of 350. The thin shell approximation has been chosen since it guarantees a fast
computation and a quite accurate description of the ionosphere from a positioning point of view (Park
et al., 2016, 2017).

The forecasting horizon has been set to 15 s for the TEC and to 1 min for the scintillation parameters. This
choice has been made to provide forecasting of the quantities at the same time rate at which they are pro-
vided in the CIGALA/CALIBRA network data files.

To compare the model capability during strong and weak scintillation conditions, all data sets have been
sorted in two subsamples, according to the local time of the IPP’s. In the specific, postsunset hours (high-
lighted in red in all figures) correspond to the range 19 to 01 LT, while data not referring to this range
are flagged as rest of the day (marked in blue in the figures). Such choice follows what was found by
Spogli, Alfonsi, Romano, et al. (2013), reporting the climatology of amplitude scintillation occurrence over
Brazil and indicating 22 to 04 UT (19 to 01 LT) as characterized by larger occurrence of moderate to
strong scintillation.

An example of model forecasting capability is shown in Figures 3–5 for day 340/2013 and for each quantity Q
(S4, σφ, and TEC, respectively). Such figures report the difference between actual and forecasted Q(ΔQ) as a
function of the universal time at each IPP (panel a); the distribution of (ΔQ) (panel b); the time profiles
of the actual and forecasted Q (panels c and d, respectively), and the correlation plot. As expected, the
model reliability decreases during the postsunset hours (highlighted in red), that is, when the ionospheric
behavior is more complex and the probability of formation of ionospheric irregularities triggering
scintillation increases.

Figure 7. Summary of the model performance. Red refers to postsunset hours, while blue to the rest of the day.
(a) Distribution of the difference between actual and forecasted (1 min in advance) σΦ obtained by merging all the five
considered days; standard deviation (SD) of each distribution is reported in top part of the plot. (b) Correlation plot between
actual and forecasted σΦ; black dashed line represents the ideal linearity between the two.
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This is also confirmed by the summary plots reported in Figures 6–8 for each quantity Q (S4, σφ, and TEC,
respectively). Panel a of each figure shows the distribution of ΔQ obtained by merging all the five considered
days, while correlation plots between actual and forecasted Q is reported in panel b.

The standard deviation of each distribution is summarized in Figure 9 for all the ΔQ distributions for the
different test days and sorted in postsunset hours (red), rest of the day (blue) and overall (cyan). The
standard deviation is here assumed to indicate the average performance of the model to predict TEC
and scintillation parameters but is not enough to estimate the error on the forecasted value. To the
scope, additional statistics is carried out to estimate the error (σQf) associated to a certain forecasted
value Qf.

This σQf is a function of a probability P according to

P Qm � σQf < Qf < Qm þ σQfð Þ ¼ X (6)

Here we provide the values of σQf corresponding to the following values of X: 0.68, 0.80, 0.90, 0.95, 0.99. Note
that, to enlarge the initial statistics, the ΔQs from the different test days have been grouped together.
Figure 10 shows the σQf behavior as function of P for the different quantities (S4, σΦ, and TEC).

The standard deviation (σΔQ) of each ΔQ distribution, obtained by considering Global Navigation
Satellite System data for 5 days under severe scintillation conditions, is the indicator of the average
performance of the forecasting model. Considering typical values of the parameters during strong scin-
tillation events and P = 99% in equation (6), the estimated error associated to the forecasted TEC is

Figure 8. Summary of the model performance. Red refers to postsunset hours, while blue to the rest of the day.
(a) Distribution of the difference between actual and forecasted (15 s in advance) TEC obtained by merging all the
five considered days; standard deviation (SD) of each distribution is reported in top part of the plot. (b) Correlation plot
between actual and forecasted TEC; black dashed line represents the ideal linearity between the two. TEC = total
electron content.
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less than 5% and that one associated to the scintillation parameters is about 10%–20%. TEC = total
electron content.

To provide a more complete picture of the model performance, further test of the forecasting capability has
been made by considering the full period during which the seven considered receivers were simultaneously
operating. In the specific, during the period from 1 September 2013 to 28 February 2014, the receivers were
simultaneously operating for 145 days (about 5 months). Among these, 97 were characterized by strong scin-
tillation conditions (S4 > 0.7), that is, 66.9% of the days. We concentrate on the sole S4 for two reasons: (i) the
forecasting capability of the model results into similar performances for all the considered parameters, then
the results of the statistical analysis on S4 would not differ among the different quantities; (ii) it is the most
important parameter to be forecasted for precise positioning applications (Aquino et al., 2009; Conker
et al., 2003).

Similar to panels a and e of Figure 3, Figure 11 shows the time profile of the difference between actual and
forecasted (1 min in advance) S4 (panel a) and their correlation plot (panel b). As stated above, the plot is
obtained by considering all 145 days’ statistics. The SD, reported in panel b of the figure, are in agreement
with those found for the case events presented above.

To better highlight the forecasting capability as a function of the different levels of scintillation, histograms of
the S4 difference (actual—forecasted, 1 min in advance) are reported in Figure 12. In particular, distribution of
the S4 difference obtained by considering all (panel a), weak (0.1 ≤ S4< 0.3, panel b), moderate (0.3 ≤ S4< 0.7,
panel c), and strong (S4 ≥ 0.7, panel d) scintillation regimes. Similar to other figures, red histograms refer to
postsunset hours, while blue to the rest of the day. Number of considered data (#), mean value (μ), standard
deviation (SD), and root-mean-square error (RMSE) of each distribution is reported in top part of each plot.

Figure 9. Summary of the standard deviations of the distributions of the ΔQ for all the days considered. Red dots refers to
postsunset hours, blue dots to the rest of the days, while cyan dots refer to the whole data set. TEC = total electron content.
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Such statistical values are also reported in Table 3. The distribution of all data confirms also on a statistical
basis that the model is accurate (μ = 0) in both postsunset hours and rest of the day and more precise
(smaller SD) in the latter case. For what concerns the moderate and strong scintillation regimes, the
number of data with daytime scintillations are quite few (441 for moderate scintillation in panel c and 3
for strong scintillation in panel d). This limits the possibility to asses in detail the performance under such
conditions with the available data set. While nothing can be told for strong daytime scintillation, it is
interesting to note that the moderate strong scintillation is generally underestimated. This is due to the
fact that daytime scintillation is most likely due to sporadic E irregularities, which produces isolated and
localized peaks of amplitude scintillation (see, e.g., Alfonsi et al., 2013, and references therein). Such
peculiar and quite rare cases seems to be the hardest to predict by our model, even if larger statistics is
needed for a final word about it. In the case of weak scintillation regime, the rest of the day forecasting is
less accurate than the postsunset hours one, even if more precise. This can be likely due again to the role
of weak daytime scintillation that may occur. However, the SD and RMSE reveal the good precision in both
cases, as they are compatible with the values of the noise on the S4 measurement (≤0.5).

4. Concluding Remarks

Ionospheric scintillation effects on GNSS signals are characterized by a considerable spatial and temporal
variability, which depends on factors such as the frequency, zenith angle, or angle between the raypath
and the Earth’s magnetic field. The contribution of these factors can be accurately defined based on the
scintillation theory. However, scintillation dependencies on local time, season, solar, and magnetic activity
have a stochastic character, meaning that there is no unique relationship between the strength and/or
occurrence of scintillation and the particular agent. Complexity of ionospheric electron spatial

Figure 10. Plots of σQf as function of the probability P: (a) S4 (b) σΦ, and (c) TEC. Red dots refers to postsunset hours, blue
dots to the rest of the days, while cyan dots refer to the whole data set.
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distribution and lack of detailed information on actual propagation conditions make the problem of
deriving scattered wavefield properties extremely difficult. This is the reason why it is so difficult to
forecast the occurrence of scintillations and therefore predict the impact of ionospheric disturbances on
radio communications, navigation, or positioning systems. To tackle the scintillation-related problems on
modern real-time GNSS application such as precise positioning techniques (RTK, near RTK, etc.), several
empirical and semiempirical models of ionospheric scintillation have been proposed (see, e.g., Béniguel,
2002; Béniguel & Buonomo, 1999; Secan et al., 1995). However, most of them suffer from low spatial-
temporal resolution as, being climatological models, they cannot properly account for the actual
conditions but rather give an average dependence of the propagation characteristics on helio-
geophysical conditions. Here a new approach is introduced for short-term empirical forecasting of TEC
and scintillation parameters (S4, σφ). The transport theory applied to develop the model is suitable
enough to take into account the variability of TEC and scintillation parameters in order to forecast their
values at a given IPP and under strong scintillation conditions. Tests over the Brazilian region, prone to
ionospheric harsh conditions and affected by postsunset scintillation, highlight the need to include
source terms in the continuity equation to improve the model capability in forecasting the scintillation
parameters. This is because the scintillation parameters are thought to be much more sensitive to
additional factors controlling the production or depletion of plasma than to the larger-scale dynamics of
the plasma affecting the TEC behavior. TEC data have been firstly preprocessed through a calibration
procedure to avoid the effects of the biases introduced by the receivers and the satellites. Five days
characterized by strong scintillation (S4 > 0.7) were selected to perform the model test run. These
5 days are representative of the worst scintillation conditions that can affect the São Paulo State region
and the results obtained in terms of the model accuracy are statistically significant. The overall
estimated error associated to the forecasted TEC is less than 5% and that one associated to the
scintillation parameters ranges between about 10% and 20%. This result is further confirmed by the
model performance carried out for the amplitude scintillation index, extended over 145 days of data

Figure 11. Summary of the model performance over 145 days’ statistics. Red refers to postsunset hours, while blue to the
rest of the day. (a) Time profile of the difference between actual and forecasted (1 min in advance) S4. (b) Correlation plot
between actual and forecasted S4; black dashed line represents the ideal linearity between the two.
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available from the CIGALA/CALIBRA network, evidencing, as expected, criticality when dealing with
postsunset and daytime scintillation forecasting. To overcome this limitation and taking into account the
real-time needs of the forecasted parameters for several applications, for example, precise positioning as
mentioned below, improvements of the technique are envisaged related to application of more flexible
discretization schemes that would allow for building more robust numerical velocity
reconstruction and forecast.

The proposed forecasting technique can be of interest for implementing real-time mitigation algorithms of
the ionospheric effect on GNSS precise positioning techniques, faced by mitigating scintillation. In Park
et al. (2016), an off-line application of the proposed technique has been tested in long baseline RTK position-
ing over Brazil. The investigation has shown that TECmap obtained by applying this regional empirical model
provides, on the average and under strong scintillation, an improvement of 40.4% over the GIM TEC map in
terms of positioning accuracy for the kinematic positioning performance.

Figure 12. Distribution of the difference between actual and forecasted (1 min in advance) S4 obtained by considering all (a), weak (b), moderate (c), and strong (d)
scintillation regimes. Red histograms refer to postsunset hours, while blue to the rest of the day. Number of considered data (#), mean value (μ), standard deviation
(SD) and root-mean-square error (RMSE) of each distribution is reported in top part of each plot.

Table 3
Summary of the Model Performance in Forecasting S4 1 min in Advance

Scint.
conditions

Postsunset Rest of the day

# μ SD RMSE # μ SD RMSE

All 511,166 0.000 0.036 0.036 1,246,812 0.000 0.025 0.025
Weak 74,291 0.004 0.052 0.052 45,303 0.030 0.049 0.058
Moderate 17,828 0.011 0.104 0.105 411 0.143 0.139 0.199
Strong 1,094 0.067 0.152 0.166 3 0.648 0.122 0.655

Note. RMSE = root-mean-square error; SD = standard deviation.
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In conclusion, several GNSS applications can take advantage from the proposed regional short-term forecast-
ing model as its capability to provide, in real time and with sufficient accuracy, the necessary ionospheric
parameters to feed the mitigation algorithms even under strong scintillation regime as occurring at equator-
ial latitude in Brazil and especially at postsunset.

The model has been recently patented by SpacEarth Technology, an Istituto Nazionale di Geofisica e
Vulanologia spin-off company (Grzesiak et al., 2016).
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