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Chapter

Ionospheric Scintillation Modeling
Needs and Tricks
Shishir Priyadarshi

Abstract

The wavelength of the radio-wave satellite signal is of the order of the minimal
small-scale ionospheric irregularities (i.e., a few centimeters). As the satellite signal
passes through the ionosphere, its interaction with the ionospheric irregularity
structures causes refraction, reflection, and polarization in the satellite signal.
Ionospheric irregularities degrade the trans-ionospheric radio-wave signal quality,
between the satellite and the receivers, due to scintillation. The physics-based
model often fails to produce global morphology during the extreme solar events,
whereas empirical models based on the ionospheric scintillation data demonstrate
better quality to forecast the scintillation effects during extreme solar event. It is
really tricky to make a scintillation model that is sensitive to low and high solar
activities as well as extreme solar events simultaneously. In the presented book
chapter, we will discuss/review the needs and tricks of modeling ionospheric
scintillation during extreme solar events as well as all weather and latitudinal cases.
There are several aspects that influence the scintillation occurrence, its strength,
and global distribution. The latitudinal dependence, local weather, solar/geomag-
netic activity conditions, and local times are the widely accepted factors that control
and influence ionospheric scintillation most. This book chapter discusses all these
aspects and also suggests the ways to cast aside those factors that led to the wrong
measure of scintillation indices.

Keywords: ionospheric scintillation, empirical scintillation model,
GPS/GNSS scintillation modeling, global scintillation model

1. Introduction

Whenever the radio-wave signals pass through the ionospheric irregularities,
these signals feel reflection, refraction, and scintillations (i.e., sharp and rapid
carrier-phase variations and signal-to-noise ratio fading). In general it is more
typical when the carrier-phase loss of lock happens due to the sharp signal-to-noise
ratio fading ([1, 2] and references therein). As the wave propagates to the ground,
scintillation models are needed to produce global as well as local ionospheric scin-
tillation data and maps during the required solar activity condition, day, season, and
geographic locations. Generally, scintillation models are made to serve special needs
and not for all the spatial and temporal situations; due to this generally each scintil-
lation model is not fit for all the geographic and solar activity conditions.

In general, scintillation models often have two significant limitations; firstly
physics-based models often fail in producing scintillation morphology during
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extreme solar and geomagnetic events. The second limitation is there is no possibil-
ity of a correction in the model once its algorithm is derived. In the presented book
chapter, scintillation empirical modeling methods and their limitations are
discussed. Geometrical effects contaminate scintillation observations most. We
have discussed in this chapter how to overcome scintillation modeling limitations
and use some tricks that replicate the actual scintillation morphology. The presented
text in this chapter will enrich the knowledge of ionospheric modelers and make
them understand how beginners should proceed with the ionospheric scintillation
or ionospheric electron density as a model input data, if they decided to model
certain ionospheric parameters (such as spectral index, turbulence strength
parameters of the ionospheric irregularities, amplitude and phase fluctuations,
scintillation indices, etc.).

2. Scintillation modeling tricks and correction for the geometry
of propagation

As the elevation angle of the signal wave source changes, we observe the changes
in the intensity of ionospheric scintillation. Such changes are significant as they
are caused due to enhancement in the path of the radio-wave signal through the
ionospheric irregularity layer with decreasing elevation angle and vice versa [3].
The signal ray path through the ionospheric irregularity also depends on the size
and orientation of the ionospheric irregularity structure along with the height and
thickness of the ionospheric irregularity layer [1]. All these elements influence the
intensity of the ionospheric scintillation, and the effect caused by them on the trans-
ionospheric radio-wave is termed as the geometrical effect [3–5]. In this section, we
will cover the scintillation modeling tricks and method to minimize the multipath
effect and impact ways to overcome other geometrical effects such as irregularity
orientation with respect to the local geomagnetic field lines, multipath at higher
elevation angle, radio-wave signals’ extended path near the Earth’s horizon, etc.

2.1 Scintillation modeling tricks

For the empirical scintillation modeling, first, we should need to have data for all
the seasons and solar as well as geomagnetic activity situation. For instance, if we
are planning to model ionospheric scintillation during high solar activity in winter
months, we must have winter-month data collected during high solar activity
period. Similarly, for the low solar activity period and in particular month scintilla-
tion modeling, we must have alike data. An adequate empirical modeling study
expands understanding of ionospheric irregularities and can be used to better eval-
uate the impact of scintillation on different resources. The physics-based model
often fails to produce global morphology during extreme solar events, whereas
empirical models based on the ionospheric scintillation data demonstrate better
scintillation effects during extreme solar events. It is really tricky to make
a scintillation model which is sensitive to low and high solar activities as well as
extreme solar events simultaneously.

The modeler should also derive the relationship between solar activity and
provisional activity indices with the ionospheric scintillation data in order to make
the scintillation data sensitive to the solar activity condition. One should always
keep in mind that all the solar activity, geomagnetic, and provisional indices are not
equally beneficial to all the geographic locations. Therefore, one should use the
proper geo, solar, and provisional activity indices for specific geographic locations.
If the modeler is planning to develop a global ionospheric scintillation model, they
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should always keep in mind that their algorithm should be sensitive to the geo-
graphic locations, solar activity as well as local weather. This can be achieved by
having different derivation algorithm for each and every geographic location, and
the final algorithm should combine all these sub-algorithm to demonstrate the
global scintillation response.

2.2 Geometrical error correction and lower elevation multipath

It is better to have the latest data for modeling new events, but, in case of new
data unavailability, the previous data may be from the previous solar cycle [6]. The
latest data are generally close to the new solar/or geomagnetic event, and they are
from the same solar cycle activity period. Therefore, the scintillation models based
on the latest data are comparatively closer to the new observations in comparison to
the data from the previous solar cycles. The advent of scintillation effect on the
trans-ionospheric radio-wave signal lower elevation angles (≤ 20°) is being
discarded from the data to minimize the effect of multipath. Multipath can occur on
any elevation angle. To reduce the high-elevation angle, multipath scintillation
receiver’s antenna must be setup to minimize CODE and PHASE reflections
(multipath), by mounting it away from close reflecting surfaces [6]. The multipath
effect also depends on the PRN code rate (please see [7] for details). Moreover the
multipath effect can appear at higher elevation angles than 20° (please see [8] for
details). Multipath effects occurring at any elevation can be minimized by the
geometrical corrections in the data [2]. But, to do it one should be well familiar with
the other high-altitude structures (such as mountains or high-altitude building,
etc.) near the GPS/GNSS receivers’ location and filter the datasets reflected from
such structures to reduce the multipath effect. To avoid the high-altitude structures,
we have to manual check the data and avoid those elevation angles which show
unusual enhancement in the scintillation indices. Following Rino [9], ionospheric
irregularities orient themselves according to the local geomagnetic field lines. The
phase lock loss highly depends on the angle between the geomagnetic field lines and
receiver-transmitter line of sight [10, 11]. For example, at the polar ionosphere,
ionospheric irregularities often form rodlike structure and orient themselves along
the vertical geomagnetic field lines, whereas at the mid and equatorial latitudes, the
local geomagnetic field line is merely horizontal to the Earth’s surface due to which
sheet- or winglike ionospheric irregularity structures frequently appear. If the
irregularity orientations are along the geomagnetic field lines, they form a rodlike
structure; if the ionospheric irregularity orientation is across the geomagnetic field
lines, it may appear either as a wing- or as a sheetlike structure. We are addressing
both cases (rodlike structure and the high-latitude and sheet-/winglike structure at
the equatorial and mid-latitude) in this book chapter.

Following Rino [9] and Booker [12], phase and amplitude scintillations can be
expressed as follows:

< δφ2
> ¼ r2eλ

2 Lsecθð ÞGCs
q�2ϑþ1
0 Γ υ� 1

2

� �

4πΓ υþ 1
2

� � F a; bð Þ (1)

S24 ¼ r2eλ
2 Lsecθð ÞCsZ

υ�1=2 Γ 2:5�υ
2

� �

2
ffiffiffi

π
p

Γ υþ 0:5ð Þ=2ð Þ υ� 0:5ð Þℊ F a; bð Þ (2)

where re is the classical electron radius; λ is the wavelength of the signal; L is the
irregularity slab thickness; θ is the satellite zenith angle; Cs is the turbulence
strength parameter, which is a function of the fluctuation in the electron density
(ΔN/N) in the irregularity slab along the satellite signal path; G is the geometric
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factor and is a function of ionospheric irregularity elongation parameters F(a,b),
“a” is the elongation parameter of the irregularities along the filed lines and “b” is
used for elongation across the geomagnetic field lines; υ is the three-dimensional

spectral index; q0 is the inner scale constant and Z➔
λZRSecθ

4π ; ZR = ZZs/(Z + Zs) and Zs

are the distance to the source; ℊ is the common geometry and propagation factor,
which is also a function of elongation parameters a and b; and < δφ2

> is the phase
variance in the satellite signal after passing through the ionospheric irregularity.

Following the assumption of the theory of wave propagation in random
medium, it is safe to assume at the signal frequency of interest that only the phase of
the signal wave gets distorted [2] as the signal passes through the ionospheric
irregularity of slab thickness L, and GPS scintillation receivers can observe the time
series of the phase-modulated signal on the ground. Formulas (1) and (2) can be
used to simulate the amplitude and phase scintillation. Study of the power spectrum
of the ionospheric data improves the estimation of the local ionospheric irregularity
form and their orientation with respect to the local geomagnetic field. Several
ionospheric parameters such us spectral index, turbulence strength parameter, and
phase fluctuations are essential for correcting the data contaminated through the
geometrical errors.

Following Eq. (2) discussed in Rino [9], scintillation index is a function of
Fresnel filter factor F(a,b) which is a function of elongation parameters “a” and “b.”
A detailed explanation of this function is discussed in Rino [9]; as it is beyond the
scope of this book chapter therefore we are not discussing it in more details. But, for
the reader’s convenience, we are providing a summary table (please see Table 1),
which summarizes the different combinations of “a” and “b” giving rise to different
ionospheric irregularity shapes.

3. Scintillation modeling needs and discussions

Scintillation modeling provides a general scenario of the ionospheric scintilla-
tions’ global morphology and occurrence during different solar activity and space
weather conditions. It is always not possible to obtain ionospheric scintillation
observation during some space weather events, and during such situations, a real-
istic ionospheric scintillation model can be used to fill the data gaps. On the other
hand, data assimilation techniques also use scintillation model to assimilate scintil-
lation observation into the scintillation model in order to improve the forecast.

There are two aspects that influence the occurrence and strength of the iono-
spheric scintillation. First is the geometrical effect between the radio-wave-emitting
satellite and the receiver which can be at any different location, e.g., at the ground;

S. No. Elongation

parameters’ axial ratio

Ionospheric irregularity form

1 a:1 (i.e., b = 1) Field aligned rods

2 a:a (i.e., a = b) Sheets elongated both along the magnetic field and in transverse

plane coinciding with local L shell

3 a:b and a > b Like wings

4 a:b and a < b This combination is impossible, as ionospheric structures cannot

have their spread more in transverse direction of the geomagnetic

field

Table 1.
Form of the ionospheric irregularities.
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on a moving object such as vehicles, ships, or airplanes; onboard at any beacon
satellites; or on a spacecraft. The geometrical effect is highly dependent on the
elevation angle at which the receiver receives the satellite signal, azimuth angle of
the receiver, and orientation of the ionospheric irregularity structures with respect
to the local geomagnetic field. The geometrical effects also depend on the angle
between the signal ray path and the local geomagnetic field. Another important
aspect that influences the scintillation morphology and the rate is the combination
of several things such as the geographic location of our region of interest, local
season, local time, solar activity condition, during a geomagnetic quite day or a
geomagnetically disturbed day, etc. Here first we will discuss in details the geomet-
rical influence on the ionospheric scintillation using the illustrative examples and
demonstrate the influence of the geometrical correction on the satellite signal.

3.1 Influence of the geometrical effects over the scintillation estimation and the
way to remove these errors

In Eq. (1) the height of the ionospheric irregularity from the Earth’s surface Z is
a function of sec(θ). The zenith angle (θ) is a function of elevation angle (E) and
can be expressed as

θ ¼ 90� E (3)

Using the relation between satellite and zenith angle, Eq. (2) can be simplified as

S4 � sec 90� Eð Þ sec 90� Eð Þυ�1=2
h i1=2

(4)

As we mentioned earlier, υ is a three-dimensional ionospheric irregularity spec-
tral index [9]. One-dimensional spectral index (p) is related to the three-
dimensional spectral index as p = 2υ�1. If we simplify Eqs. (3) and (4), we will get
to a direct dependence relationship between scintillation indices and zenith angle.
Following Priyadarshi and Wernik [13], we can derive the spectral index p by using
the log-log relationship of the scintillation index observation and cosecant of the
satellite elevation angle [13]:

S4 � csc Eð Þ pþ2ð Þ=4 F a;bð Þ (5)

From Eq. (5) it is clear that the scintillation index is a power-law function of
cosecant of the elevation angle with the power one-dimensional ionospheric irreg-
ularity spectral index (p) [13]. In order to simplify it more and avoid the depen-
dence on the filter factor F(a,b), which is a complicated function of the ionospheric
irregularity elongation parameters and which makes the overall ionospheric irregu-
larity orientation dependence very complicated [13], we have considered the iono-
spheric radio-wave propagation environment as isotropic [9], and this turns F(a,
b) = 1. Now if we plot log-log maps for S4 and Sin (E) angle, we can calculate the
one-dimensional spectra index (p) from this relationship. Once we have spectral
index, we can correct the scintillation for the geometry of propagation between the
receiver and the transmitter using the Eq. (6):

S4_corrected ¼ S4_observed=csc Eð Þ Pþ2ð Þ=4 (6)

Figure 1 shows the non-corrected (S4_observed) Vs-corrected scintillation indices
(S4_corrected) observed from the GPS scintillation receiver GSV 4004b deployed at
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the Hornsund, Svalbard (76.9718° N, 15.7844° E). The red dots show the amplitude
scintillation index, whereas the black dots show the phase scintillation index. If we
compare these two figures, the gap between amplitude and phase scintillation
index is very less in uncorrected case (on the left). We see that the number of
amplitude and phase scintillation observations is reduced in the corrected case (on
the right). It is evident from Figure 1 that after correcting the scintillation data, we
come over the geometrical effect for the amplitude as well as phase scintillation.
After the geometrical effect correction, we observe two main things. Firstly, there is
a reduction in the numerical peak value of the scintillation indices, and secondly,
we do see the significant numerical level gap between amplitude and phase
scintillation index data after the geometrical correction.

Figure 2 shows the normalized simulated scintillation index map (scintillation
index divided by the scintillation index at 25° elevation angle). This map shows the
scintillation index simulation for a high-latitude station in Hornsund, Svalbard.

Figure 1.
Amplitude (in orange) and phase scintillation (in black) index observations for Hornsund, Svalbard
(76.9718° N, 15.7844° E), (on left) without geometrical effect correction, (on right) with geometrical effect
correction.

Figure 2.

Normalized simulated amplitude scintillation index for Hornsund, Svalbard, vs elevation angle of the
transmitter.
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Here we see the scintillation index maximizes between 15 and 20° elevation angles
as well as between 70 and 85° elevation angles. At 15–20° elevation angle, the
multipath effects are dominant due to which we observe high-value scintillations.
On the other hand, between 70 and 85° elevation, the angle orientation of the
geomagnetic field line at Hornsund is such that it forms rodlike structure along the
geomagnetic field lines. At certain combination of the elevation and azimuth angle,
the receiver looks along the geomagnetic field lines. Due to such ionospheric irreg-
ularity structure orientation, GPS/GNSS signal travels more distance through the
ionospheric irregularity; consequently, we observe the high numerical value of the
scintillation indices at this elevation angle range.

To demonstrate the simultaneous impact of the ionospheric irregularity struc-
ture and its orientation with respect to the local geomagnetic field lines, we have
simulated amplitude scintillation index for a mid-latitude regions Weihai (geo-
graphic latitude 37.53°, geographic longitude 122.05°). We have simulated a mid-
latitude region for simulating the scintillation index (please see Figure 3) using the
method discussed in Priyadarshi and Wernik [13] because at the mid-latitude ori-
entation of the geomagnetic field line is neither completely horizontal (alike the
equatorial region) nor completely vertical (as at the polar region).

Such slant orientation of the geomagnetic field with respect to the local Earth’s
surface allows the ionospheric irregularities to evolve and settle in several forms.
The orientation parameters along and across the geomagnetic field lines are shown
in Figure 3a and b. The top-left panel shows the rodlike structure, in which we see
that for lower elevation angle (≤10°), the scintillation index is very high. As the
elevation angle gradually increases, there is a reduction in the scintillation index,
and the scintillation index is minimal for higher elevation angle (≥70°). It means
that when the spread of the ionospheric irregularity is not significant neither along

a = 1; b=1 a = 1; b=10

a = 10; b=1 a = 10; b=10

Figure 3.
Simulation scintillation indices for the different combinations of the ionospheric irregularity elongation
parameters: rodlike (top-left), winglike (top-right and bottom-left), and sheetlike (bottom-right).
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nor across the geomagnetic field lines, then the strength of the scintillation solely
depends on the elevation angles. When the spread of the ionospheric structures are
more either along (bottom-left) or across (top-right) the geomagnetic field lines,
then the numerical value of the scintillation index depends on the combination of
the elevation angle and azimuth and on the orientation of the irregularities with
respect to the local geomagnetic field lines. As we can see that even for the winglike
structures, the scintillation behavior is different for the irregularity spread along
and across the geomagnetic field lines. For a = 1 and b = 10 (top-right figure), it
shows the decrease in the scintillation with increasing elevation angle, and it also
shows scintillation maximizes near two azimuth angles nearly 90° and 270°,
respectively. At these two azimuth angles, the line of sight of the observer goes close
to the vertical direction of the geomagnetic field lines; ionospheric irregularity
structure orientations are vertical and in the direction of the geomagnetic field line.
Due to such vertical irregularity orientation, we observe the sharp enhancement in
the scintillation index. The third case (a = 10 and b = 1; bottom-left) seems quite
similar to the case discussed in the figure at the top-left (a = 1 and b = 1), except
300° > azimuth<50°. In the fourth case (a = 10 and b = 10; bottom-right), there are
two spikes at the azimuth 90° and 270°; these spikes are due to the direction of the
geomagnetic field effect as well as a gradual decrease in the scintillation with
increasing elevation angle. In summary, a certain combination of azimuth and
elevation angle and orientation of the geomagnetic field allow radio-wave satellite
signal passing more through the ionospheric irregularity structure.

3.2 Limitations as well as efficacy in modeling the scintillation, due to solar
activity, local seasons, local time, and geomagnetic activity

It is very challenging to model ionospheric scintillation during different solar
activity, season, local time, and geomagnetic activity conditions. The first limitation
for empirical modeling may be due to the specific data unavailability during the
particular geomagnetic, solar, and local seasons/time conditions. The modeler
should be very careful in making the scintillation model sensitive to the several
ionospheric anomalies that appear at different geographic locations and seasons. For
example, winter anomaly causes more ionospheric scintillation production during
the winter months than the summer months in mid-latitude regions. �20° of the
magnetic equator is the equatorial anomaly region. In the equatorial anomaly
region, we observe strong ionospheric scintillation as a lot of scintillation-producing
ionospheric irregularity deposit in these regions due to the fountain effect. At the
equatorial electrojet regions which are at �3° of the magnetic equator, we also
observe severe ionospheric scintillations. Other events such as X-rays, sudden ion-
ospheric disturbances (SID); protons, polar cap absorption (PCA); and geomagnetic
storms and lightning can also produce a significant amount of scintillation-
producing ionospheric irregularities.

On the other hand, at the polar latitudes, it is widely believed that the phase
scintillation index is more sensitive to the solar/geomagnetic events than the ampli-
tude scintillation index [14–17]. Let us understand this by an illustrative example.
Following the South Pole scintillation model developed by Priyadarshi et al. [18], we
have produced modeled amplitude and phase scintillation maps for two geomag-
netic storms, which occurred in the year 2014 (please see Figures 4 and 5). This
South Pole empirical scintillation model uses two b-spline functions of degree 4,
along with the Ap index and scintillation observation recorded over South Pole
GSV4004 scintillation receiver (location, 89.99° geographic latitude; 93.77° geo-
graphic longitude; geomagnetic coordinate, 73.5°, 127.8°). Since the model uses a
single GPS receiver data, therefore, MLT time lags by 4 hours and 22 minutes to the
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universal time hours (UT). As evident from Figure 4 (between 60 and 70° MLAT),
during a weak geomagnetic storm (�30 > =Dst > = �50 nT) that occurred on 03
January 2014, the amplitude scintillation index shows quite similar fluctuations
with the phase scintillation index (please see 16–20 MLT at 60–70° S CGMLAT;
0–6 MLT at 60–70° S CGMLAT, and 10–14 MLT at 60–70° S CGMLAT). But,
overall phase scintillation values were relatively higher than the amplitude
scintillation index. However, during a strong geomagnetic storm (Dst < = � 100
nT) that occurred on 27 February 2014, we see that some part of the amplitude
scintillation index shows resemblance with the phase scintillation index map, for
instance, 0–2 MLT and 16–18 MLT at 60–70° CGMLAT, but, in the rest of the part
near the dusk regions at all the CGMLATs 60–90° S CGMLAT, phase scintillation
indices are much higher and high in occurrence than the amplitude scintillation
index. It should be noted here that it is not compulsory that S4 and σφ have similar
character of variations. In general it depends on the scale of the ionospheric turbu-
lences. In case of kilometers size, the refractive scintillations of the phase are
predominant, but amplitude scintillations are minimal. In case of hundred meter-
sized turbulence, both refractive and diffractive mechanisms are present, and,
hence S4 and σφ indices have high similarity of variations (please see [19] for
details).

Space physicist generally explains this that during such strong geomagnetic
storms, large-scale ionospheric irregularity structures often enter from the cusp
region, and following the convection cells, they pass through the deep inside the
polar cap and exit near the magnetic midnight or dusk sector of the polar region.
This explanation seems true, but, following the scintillation theory described in
Wernik et al. [1], when phase scintillation index keeps on increasing but amplitude

Figure 4.
Modeled amplitude and phase scintillation index over Antarctica during a moderate geomagnetic storm that
occurred on 03 January 2014.
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scintillation seizes to increase, then at this instance, the ionospheric irregularity
plasma waves are not more coherent, and these fluctuations cannot be considered as
real scintillation due to lack of interference between two noncoherent plasma waves
at high-phase fluctuations [1]. For this situation the modeler must optimize the
numerical scales of the observed scintillation indices such that the amplitude and
phase scintillation indices show similar fluctuation to each other. Priyadarshi et al.
[20] used an optimized numerical scale for the amplitude and phase scintillation
indices observed during a geomagnetic storm that occurred on 27 February 2014.
Ionospheric scintillation index optimization is a way in which by using different
amplitude and phase scintillation variation scale it helps us see the same trend
variation in the amplitude/phase scintillation indices. In the event discussed in
Priyadarshi et al. [20], phase scintillation index variations were optimized between
0.05 and 0.5, and amplitude scintillation index variations were optimized between
0.05 and 0.2. The dayside cusp region amplitude and phase scintillation indices
gave similar information at different numerical scales. This study also demonstrated
that the amplitude scintillation index is also a useful scintillation index if the
proper numerical scale is chosen. Large-scale ionospheric irregularities such as
storm-enhanced density (SED) and tong of ionization (TOI) were not found
necessarily producing ionospheric scintillation [20].

4. Summary

In general it is more typical when the carrier-phase loss of lock happens due to
the sharp signal-to-noise ratio fading (please look [21, 22] for more details). In this
book chapter, we have discussed some peculiar modeling tricks and tips of

Figure 5.
Modeled amplitude and phase scintillation index over Antarctica during a strong geomagnetic storm that
occurred on 27 February 2014.
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ionospheric scintillation. If taken care well, the model limitations caused due to
geometrical effects such as multipath, elevation angle dependence, and form of
ionospheric irregularities can be reduced, and the modeled results would provide an
error-free estimation of the scintillation indices. Scintillation observations are one
of the scintillation model input. By studying the log-log variation of the scintillation
index, we can derive the scintillation index correction parameters as discussed in
Section 2 [13]. These scintillation correction parameters are used to correct the
scintillation model input data. We have demonstrated the geometric corrections
between the satellite and receivers (see Figure 1) and its importance to use
corrected scintillation indices as model input for modeling the ionospheric scintil-
lation indices. Ionospheric scintillation highly depends on the orientation as well as
the spread of the ionospheric irregularities with respect to the local geomagnetic
field lines. In order to get the real and justified model’s output, we must use the
input scintillation data in our model for all available, local seasons, local time, and
solar/geomagnetic activity duration. At certain elevation angles, scintillation indices
show unusual enhancement (please see Figure 2); it is because the signal travels
long distances through the ionospheric irregularity structures at the lower elevation
angle, and at certain elevation angle, the receiver look along the vertical orientation
of the ionospheric irregularities with respect to the local geomagnetic field line. The
orientation of the ionospheric irregularities structures influences the ionospheric
scintillation intensity. We have compared the four types of combination of iono-
spheric irregularity structures using four different combinations of elongation axial
ratios “a” and “b” (please see Figure 3 and its related discussion). Figure 3 demon-
strated that at a few combinations of azimuth and elevation angles, the orientation
of the geomagnetic field allows radio-wave satellite signal passing more through the
ionospheric irregularity structure. Apparently, scintillation intensity enhances at
these locations. Through two modeled South Pole scintillation maps during the
moderate and strong geomagnetic storms (case studies related to Figures 4 and 5),
we have demonstrated that the adoption of the scintillation model provides its high
case sensitive to the latitudinal anomalies. For example, winter anomaly which
occurs at the mid-latitude ionosphere that causes more scintillation occurrence in
winter months as compared to the summer months enhanced scintillation �20° to
either side of the geomagnetic equator and EEJ effect which occurs �3° on either
side of the geomagnetic equator. For high-latitude scintillation modeling, it is
essential to consider the ionospheric ionization difference during the sunlit months
and dark months. The importance of optimizing the numerical scale of phase and
amplitude scintillation indices at the polar latitudes is also discussed. In summary,
the presented book chapter discusses all the factors that significantly influence the
ionospheric scintillation and possible methods to minimize the estimation errors
that caused them. Physics-based models are good to produce the global morphology
of the ionospheric scintillation, but, they often fail to produce the exact scintillation
index during active solar events. Therefore, empirical models are better as they use
the physics-based model as background, but they keep on using the real observa-
tions as the model input. These joint efforts work in the derivation and development
of a decent ionospheric scintillation model, which can produce equivalent scintilla-
tion indices for all the geographic latitudes, local weather, local time, and solar/
geomagnetic activity conditions.
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