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Preface

The ionosphere is a layer of the Earth’s atmosphere that extends from about 50 km 
to 1000 km above the Earth’s surface. It is called the ionosphere because it is ionized 
by solar radiation, which creates ions and free electrons in the upper atmosphere. 
These ions and electrons reflect radio waves back to the Earth’s surface, allowing 
long-distance radio communication and absorption of harmful solar radiation, thus 
protecting life on Earth.

One of the primary effects of solar wind on the ionosphere is the enhancement of 
the ionospheric plasma density. When solar wind interacts with the Earth’s magneto-
sphere, it compresses the magnetosphere and creates a region of increased ionization 
in the ionosphere. This region is known as the plasmasphere and can extend up to six 
Earth radii from the Earth’s surface. The plasmasphere is composed of cold, dense 
plasma that can absorb and reflect radio waves, leading to communication blackouts 
and loss of navigational satellite signals.

Solar wind can also cause the ionosphere to expand, particularly during periods of 
high solar activity, such as solar flares and coronal mass ejections. The enhanced 
ionization in the ionosphere can increase the drag on low-Earth orbiting satellites and 
cause them to decay faster. The expansion of the ionosphere can also affect radio wave 
propagation, leading to signal delay and distortion. Therefore, the ionosphere must be 
continuously monitored to predict and mitigate the effects of ionospheric storms.

Ionospheric weather

There are different types of ionospheric weather conditions, each of which has its own 
characteristics and impact on satellite communications. The most common ones include:

1. Space radiation: light from the solar and lunar sources that is absorbed by the 
ionosphere, modifying its transparency.

2. Space radiation noise: a type of noise that is emitted by the ionosphere and is 
caused by a variety of sources, including sunlight, radiation from the ground, 
and noise in power lines.

3. Space vicinity weather conditions: conditions that occur in the ionosphere sur-
rounding the orbiter or space vehicle. Charged particles from the satellite collide 
with the space environment, which can result in ionization or modification of 
the platform’s signals.

4. Drifter conditions: these are due to the movement of sand particles and dust in 
the ionosphere. Drifters are used in satellite navigation systems to control the 
location of a satellite over long distances.



Ionospheric conductivity monitoring assesses the state of the ionosphere and 
improves the accuracy of satellite communications. It is used in ground-based com-
munications systems to allow for remote monitoring of communications.

Composing layers of the ionosphere

The D-layer is the lowest layer of the ionosphere, located between 60 km and 90 
km above the Earth’s surface. It is formed by the absorption of high-frequency radio 
waves by free electrons in the ionosphere. It is also known as the daytime absorp-
tive layer because it is most effective during daylight hours. It can have a signifi-
cant impact on high-frequency radio communication systems, as it absorbs radio 
waves with frequencies less than 10 MHz, making long-distance communication 
challenging.

The E-layer is the second lowest layer of the ionosphere, located between 90 km 
and 150 km above the Earth’s surface. The E-layer is formed by the ionization of 
neutral atoms in the Earth’s atmosphere by solar radiation. The E-layer is also known 
as the Heaviside layer after Oliver Heaviside, who first proposed the existence of a 
reflecting layer in the atmosphere. The E-layer has a significant impact on medium-
frequency radio communication systems, as it reflects radio waves in the 3 to 30 MHz 
range. The E-layer is strongest during the daytime and is affected by the solar cycle, 
with its maximum height and electron density occurring during periods of high solar 
activity.

The F-layer is the highest layer of the ionosphere, located between 150 km and 1000 
km above the Earth’s surface. The F-layer is composed of two sub-layers, F1 and F2, 
which are separated by a region of minimum electron density known as the F-region 
trough. The F1-layer is located between 150 km and 200 km above the Earth’s 
surface and is formed by the ionization of neutral atoms in the Earth’s atmosphere 
by solar radiation. The F1-layer has a significant impact on very high-frequency 
radio communication systems, as it reflects radio waves in the 30 to 50 MHz range. 
The F1-layer is strongest during the daytime and is affected by the solar cycle, with 
its maximum height and electron density occurring during periods of high solar 
activity.

The F2-layer is located between 200 km and 1000 km above the Earth’s surface and is 
formed by the ionization of neutral atoms in the Earth’s atmosphere by solar radia-
tion. The F2-layer is the strongest and most important layer of the ionosphere, as it 
has the highest electron density and reflects radio waves in the very high-frequency 
(VHF) and ultra-high frequency (UHF) range. The F2-layer has a significant impact 
on communication and navigation systems, such as satellite communication and GPS 
systems. The F2-layer is also affected by the solar cycle, with its maximum height and 
electron density occurring during periods of high solar activity.

This book provides a comprehensive overview of the ionosphere in two sections. The 
first section examines the influence and impact of transient or orbiting humanmade 

IV
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ing of the temporal evolution of the ionosphere, leading to a better understanding 
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Chapter 1

Entry Dynamics of Space Shuttle
in the Earth Atmosphere
Omar A. Fadhil

Abstract

There are two entry methods that control the design of vehicles to return to the
atmosphere from outer space: ballistic entry and lifting entry. In this chapter, we will
study the process of entering the space shuttle into the Earth's atmosphere. In the case of
ballistic entry without lift at sufficiently large angle of inclination, both the gravity force
and centrifugal force are neglected. The term ballistic entry is applied to the relatively
steep atmosphere entry of non-lifting bodies, which involves linear paths through the
atmosphere during the major deceleration, with assumptions: (1) A constant path angle.
(2) A constant drag coefficient. (3) Gravitational force small compared to drag force.
Program was designed by the author to calculate variation of velocity with altitude for
various values of drag-weight parameter, variation of deceleration with altitude for vari-
ous values of drag-weight parameter, variation of velocity with altitude for various values
of initial angle of inclination, variation of deceleration with altitude for various values of
initial angle of inclination, variation of velocity with altitude for various values of initial
velocity and variation of deceleration with altitude for various values of initial velocity.

Keywords: atomspheric drag, entry flight path angle, space shuttle entry, inclination,
deceleration

1. Introduction

Atmospheric entry is the movement of an object coming from space into the
atmosphere of a particular planet. The process of entry is divided into two types, namely
regular entry, as in spacecraft, and irregular entry, as in exploding meteorites, etc..

Objects that enter the atmosphere are subjected to a drag process due to the particles
that make up the atmosphere, which causes a loss of mass for the entering body or may
cause an explosion to some objects that cannot withstand high pressure. This depends
on the entry speed and entry angle, as well as the density of the atmosphere [1].

There are two types of re-entry process from space to earth atmosphere:

a. Ballistic entry: This type of entry depends on the parameter ballistic coefficient
β and can be calculated from equation below [2]:

β ¼ W
CDA

(1)
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where W: the vehicle weight; CD: the drag coefficient; A: the reference area
used in the definition of the drag coefficient.

If the value of β is low, this means that heating and deceleration are less than
for a high β value. Early Inter-Continental Ballistic Missiles (ICBM) is one of
the types of ballistic missiles that need to leave the atmosphere, then go to the
desired target, and then re-enter the atmosphere for a second.

How is the launch process? Upon takeoff, the ICBM enters the launch phase.
During that stage, the auxiliary missiles that push the ICBM into the
atmosphere are carried upwards, for a period of 2–5 min, until it reaches
space. He adds that the ICBM can have up to three stages of auxiliary missiles.
Each stage is disposed of after it burns; in other words, after the first stage
stops burning, the auxiliary rocket No. 2 takes its turn, and so on. Moreover,
these auxiliary missiles can have liquid or solid fuel. Liquid propellants
continue to burn longer in the launch phase than solid propellant auxiliary
rockets. In contrast, solid fuels “save their energy in a shorter time and
burn faster”.

b. Lifting entry

A lifting entry show in Figure 1 is one in which the primary force being
generated is perpendicular to the flight path, that is, a “lift” force. Although
drag is present throughout the entry, the resulting flight path can be adjusted
continuously to change both vertical motion and flight direction, while the
velocity is slowing. The gliding flight of a sailplane is an example of “lifting”
entry without high velocities and heating. The primary design parameter for
lifting entry is the lift to drag ratio, or L/DA lifting entry is one in which the
primary force being generated is perpendicular to the flight path, that is, a
“lift” force. Although drag is present throughout the entry, the resulting flight
path can be adjusted continuously to change both vertical motion and flight
direction while the velocity is slowing. The gliding flight of a sailplane is an
example of “lifting” entry without high velocities and heating. The primary
design parameter for lifting entry is the lift to drag ratio, or L/D

L=D ¼ Lift=Drag ¼ CL=CD

Low L/D values result in low mobility, moderate heating levels, and moderate g
loads. High L/D values result in very low g loads but extremely long-lasting entry
with continual heating. As an illustration, consider the space shuttle’s re-entry,
which took around 25 min overall and had an L/D value of about unity [3]. Although a
lifting entrance’s peak temperatures are lower than a ballistic entry’s peak tempera-
tures, the overall heat load that must be absorbed throughout the entry is larger. As
the L/D increases, lateral mobility during entry (often referred to as “cross-range
capability”) grows significantly.

2. Dynamics and vehicle description

The 3-DOF point mass dynamics of the reentry vehicle over a spherical, rotating
Earth, is described as follows:

4
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_r ¼ V sin γ, (2)

_θ ¼ V cos γ sinψ
r cosφ

(3)

_φ ¼ V cos γ cosψ
r

(4)

_V ¼ �D
m

� g sin γ þ ω2r cosφ sin γ cosφ� cos γ sinφ cosψð Þ (5)

_γ ¼ 1
V

L cos δ
m

þ V2

r
� g

� �
cos γ þ 2ωV cosφ sinψ

 

þω2r cosφ cos γ cosφþ sin γ sinφ cosψð Þ
!
,

(6)

_ψ ¼ 1
V

L sin δ
m

þ V2

r
cos γ sinψ tanφ� 2ωV cosφ tan γ cosψ � sinφð Þ þ ω2r

cos γ
sinφ cosφ sinψ

� �
,

�

(7)

where r is the earth radius (the distance from center of earth to vehicle), h is
latitude, the earth radius is 6378 m, and θ and φ are the longitude and latitude,
respectively.

V is earth relative velocity, γ is the flight path angle of the earth relative velocity, ψ
is the azimuth angle of the earth relative velocity, and m is the mass of vehicle [4].

Figure 1.
Lifting entry.
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3. System implications

The re-entry system designer can consider three main variables:

1.Ballistic coefficient β.

2.L/D for lift to drag.

3.Entry flight path angle.

Which regulate the re-entry system’s flight performance. We will now provide an
illustration of how these criteria can be applied to the design of both ballistic and
maneuverable warhead delivery systems. Slender sphere–cone geometries with
several warheads on a single delivery bus are frequently used in modern ballistic
trajectory nuclear weapon system delivery vehicles. The re-entry vehicle base
diameter and vehicle length are chosen by the designer for a particular warhead and
accompanying arming system, thus determining the cone half-angle [5]. Figure 2
shows the impacts of nose bluntness ratio on sphere–cone drag coefficient CD for a
family of sphere-cone half-angles on classical Newtonian theory, and the nose
bluntness ratio is then chosen based on drag and heat transfer concerns [6].

The combined weight of the warhead, arming device, and re-entry vehicle serves
as the vehicle’s fixed weight. A designer can now evaluate the ballistic trajectory
performance of the design in relation to mission criteria, such as deceleration g loads,
range, and flight time, since the ballistic coefficient β has been thoroughly deter-
mined. These mission requirements actually determine the entry flight path angle.

Figure 2.
Classical Newtonian drag coefficient for a sphere-cone.
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Before all of the mission requirements are fully met, this process may need to be
iterated on numerous times [7].

4. Results and discussion

4.1 Introduction

Trajectory analysis of re-entry vehicles has been modeled in two.
The dynamic equations of motion in 2DOF were solved numerically by adopting

the fourth order Runge-Kutta method. Different values of lift-drag ratio were taken
(positive, zero, and negative values). And different angles of inclination were taken
(small, median, and large values), as well as different weight-area ratios and density–
altitude. Further, the dynamic equations of motion in 2DOF were solved analytically.
There are four cases for analytical solution.

4.2 Ballistic entry (L/D = 0) at large angles of inclination

In the case of ballistic entry without lift at sufficiently large angle of inclination,
both the gravity force and centrifugal force are neglected.

The term ballistic entry is applied to the relatively steep atmosphere entry of non-
lifting bodies, which involves linear paths through the atmosphere during the major
deceleration, with assumptions:

1.A constant path angle.

2.A constant drag coefficient.

3.Gravitational force small compared to drag force.

The variation of velocity and deceleration with altitude is shown in Figures 3 and 4
for various values drag–weight parameter. In each case, it is seen that similar curves
result with relative displacements for various values of this parameter.

One interesting facet of these results is that the major deceleration of a body during
atmospheric entry takes place in a stratum of the atmosphere of a constant thickness.
The level of this stratum in the atmosphere is, however, dependent on the value of the
parameter drag-weight ratio. Large values of this parameter because high deceleration
in the atmosphere, while smaller values delay deceleration until the lower atmosphere
is reached.

Because the decrease velocity during ballistic entry into the Earth’s atmosphere is
greater than increase density, therefore, the maximum deceleration occurs. The max-
imum deceleration during entry is independent of drag–weight characteristics of the
body.

It is dependent only on the initial angle of inclination, initial entry velocity, and on
the density distribution in the Earth’s atmosphere; however, the altitude or altitude
density at which the maximum deceleration occurs is dependent upon the weight-
drag characteristics of the body. Figures 5 and 6 illustrate the effect of entry angle on
the variation of velocity and deceleration during penetration of the Earth’s atmosphere
from space by a body having the weight-drag characteristics.

7
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The initial angle of inclination has no effect on the shape of the curve velocity, but
on the altitude at which the decrease velocity occurs.

The small values for initial angle of inclination cause decrease in the velocity in
higher atmosphere, while the large values cause decrease in the velocity in lower
atmosphere. This effect is shown in Figure 5.

Figure 6 illustrates variation of deceleration with altitude for various values of the
initial angle of inclination. The smaller initial angle of inclination is seen to result in a
deceleration higher in the atmosphere and a smaller peak deceleration.

Figure 7 illustrates the variation velocity with altitude for ballistic entry into
the Earth’s atmosphere with various values of initial entry velocity. We note from
this figure that the initial entry velocity has no effects on the shape of the velocity curves.

The initial entry velocity effects the maximum deceleration for the large values for
initial entry velocity generate high peak deceleration, while the small values generate
low peak deceleration. These effects are shown in Figure 8.

Figure 3.
Variation of velocity with altitude for various values of drag-weight parameter.

Figure 4.
Variation of deceleration with altitude for various values of drag-weight parameter.

8
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It is interesting to note that these entry solutions are valid not only for relatively
steep atmospheric entries from space at escape velocity or near orbital velocity but
also for re-entry phase of long-range ballistic trajectories. In this case, the angle of
inclination is also relatively constant over the critical parts of the re-entry portion of
the trajectory.

5. Conclusion

When anybody enters the atmosphere, a friction process occurs with the particles
that make up the atmosphere, and this depends on the cross-sectional area of the
body, as the pressure is inversely proportional to the cross-sectional area. The larger

Figure 5.
Variation of velocity with altitude for various values of initial angle of inclination.

Figure 6.
Variation of deceleration with altitude for various values of initial angle of inclination.
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the cross-sectional area, the greater the pressure, and vice versa. When the pressure
increases, the process of friction with the particles of the atmosphere will increase,
and thus, high heat will be generated, which can cause damage to the inner body. This
also depends on the angle of entry, as well as the speed of entry and the density of the
atmosphere, as the friction process decreases at entry, because the density is low, and
when reaching low altitudes, friction increases due to the high density of particles that
make up the atmosphere.

Figure 7.
Variation of velocity with altitude for various values of initial velocity.

Figure 8.
Variation of deceleration with altitude for various values of initial velocity.
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Chapter 2

Method for GPS-Monitoring of
Small-Scale Fluctuations of the
Total Electron Content of the
Ionosphere for Predicting the Noise
Immunity of Satellite
Communications
Vladimir Pashintsev, Mark Peskov, Dmitry Mikhailov,
Mikhail Senokosov and Dmitry Solomonov

Abstract

The chapter is devoted to the development of a method for monitoring small-scale
fluctuations in the total electronic content of the ionosphere using signals from global
navigation satellite systems GPS/GLONASS and for evaluating the characteristics of
such fluctuations in the interests of analyzing the noise immunity of satellite commu-
nication systems. The proposed method is based on digital processing of measurement
results obtained using the advanced capabilities of the NovAtel GPStation-6 receiver
and allows to estimate the root mean square of small-scale fluctuations in the total
electron content of the ionosphere, the ionospheric scintillation index and to predict
the changes in the noise immunity of satellite communication systems.

Keywords: satellite communication systems, global navigation satellite systems, noise
immunity, total electron content, small-scale fluctuations, scintillation, digital filter

1. Introduction

It is known [1–9] that the propagation of radio waves in satellite systems under
conditions of the formation of intense small-scale irregularities in the Earth’s iono-
sphere is accompanied by the appearance of ionospheric scintillation (fading) of
received signals. These effects can lead to a significant decrease in the noise immunity
of satellite communication systems (SCS) because of the occurrence of errors when
receiving messages. Therefore it is necessary to monitor small-scale irregularities of
the ionosphere and to predict changes in the noise immunity of SCS during
ionospheric disturbances.
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To measure the characteristics of large-scale irregularities of the ionosphere, GPS
monitoring methods are most widely used. GPS monitoring is based on measuring the
total electron content (TEC) in a radio line of global navigation satellite systems
(GNSS) using a dual-frequency receiver. However, ionospheric scintillation is gener-
ated not by large-scale fluctuations of the ionospheric TEC, but by its small-scale
fluctuations, which are not currently measured by a dual-frequency GNSS receiver.
Therefore, the task of modifying a dual-frequency GNSS receiver in the direction of
separating (filtering) small-scale TEC fluctuations from fluctuations of larger scales
and subsequent determination of their statistical characteristics is very actual.

The aim of the work is to develop a method for GPS monitoring of small-scale
fluctuations of ionospheric TEC and their use for predicting changes in the noise
immunity of SCS during ionospheric disturbances.

2. Analysis of the effect of small-scale ionospheric irregularities on the
noise immunity of satellite communication system

It is known [2–5, 8–12] that the Earth’s ionosphere is constantly exposed to natural
(solar activity, hurricanes, earthquakes, etc.) disturbing factors that cause change in
its electron concentration N h, ρð Þ (m�3) in height (h) and space (ρ ¼ x, y). This
change manifests itself in the formation of vast (up to several hundred and thousands
of kilometers) regions (Figure 1), in which the electron concentration N ρ, hð Þ ¼
N hð Þ þ ΔN ρ, hð Þ differs from the average value N hð Þ due to the formation of irregu-
larities ΔN ρ, hð Þ of various spatial scales (from hundreds of kilometers to tens of
meters).

The cause of ionospheric scintillation is small-scale irregularities of electron con-
centration ΔN ρ, hð Þ, which are characterized by sizes ls ≈ 10:::1000 m. The magnitude
of relative fluctuations (ΔN=N) of the electron concentration in small-scale

Figure 1.
A model of the ionosphere with small-scale irregularities (a) and trans-ionospheric radio wave propagation (b).
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irregularities at any height (h) is practically constant [2, 5, 6, 10]:
ΔN=N ≈ΔN ρ, hð Þ=N hð Þ≈ 10�3. Therefore, the greatest fluctuations of the electron
concentration will be observed (Figure 1) at the heights of the maximum ionized layer
F (hmax ≈ 250:::350 km) of the ionosphere: ΔN ρ, hmaxð Þ≈ 10�3N hmaxð Þ. With natural
and artificial disturbances of the ionosphere, these fluctuations can increase by 1–2
orders of magnitude [2–4, 8, 10] up to ΔN ρ, hmaxð Þ≈ 10�2:::10�1� �

N hmaxð Þ. This
makes it possible to represent a set of small-scale irregularities of the ionosphere on
the path of propagation of radio waves from the satellite to the receiver in the form of
a thin layer (phase screen), which is described by spatial small-scale TEC fluctuations
[2, 8]

ΔNT ρð Þ ¼
ð∞

0

ΔN ρ, hð Þdh (1)

relative to its average value NT ¼ Ð
∞

0
N hð Þdh (m�2). According to Eq. (1), with

ionospheric disturbances, small-scale TEC fluctuations can increase by 1–2 orders of
magnitude.

According to [2, 7, 8], the process of radio wave propagation (Figure 1) with a
carrier frequency f 0 from the SCS satellite to the receiver through an ionospheric layer
with small-scale irregularities (phase screen) is accompanied by distortions (fluctua-
tions) of its phase front within the region of space ρ bounded by the diameter of the
first Fresnel zone (lF ≈ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
chmax=f 0

p
≥ ls):

Δφ ρð Þ ¼ �80, 8πΔNT ρð Þ=сf 0, rad, (2)

where с – the speed of light (m=s); 80,8 – coefficient having dimension m3=s2.
The interference of individual sections (ρ) of the phase front of the wave

Eq. (2) behind the phase screen causes a redistribution of the amplitude A ρ, hð Þ
along the wave front (illustrated in Figure 1 in the form of a change in its
thickness). These diffraction processes determine the instantaneous value of the
signal power Pr ¼ A2 at the receiver input. Therefore, a change in the spatial TEC
fluctuations ΔNT ρð Þ along the wave propagation path due to the drift of small-
scale irregularities and the motion of the satellite leads to a random change in the
power of received signal carrier (Pr)—fading or scintillation. It leads to change in
the ratio Pr=N0 � C=N0 of signal power to the spectral power density of noise
(N0) at the receiver input (carrier-to-noise ratio). To assess the degree of mani-
festation of this scintillation, the value of the scintillation index is traditionally
used [1–4, 9, 13]

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P2
r

� �� Prh i2
� �

= Prh i2
r

, (3)

where xh i—designation of statistical averaging of random values x.
As an illustration, Figure 2 shows the changes in the carrier-to-noise ratio (C=N0)

and the scintillation index (S4) of the GNSS GLONASS signal in the L1 frequency
range obtained using the NovAtel GPStation-6 receiver, which is located at the North-
Caucasus Federal University (Stavropol, Russia).

15

Method for GPS-Monitoring of Small-Scale Fluctuations of the Total Electron Content…
DOI: http://dx.doi.org/10.5772/intechopen.1001096



Analysis of Figure 2 shows that ionospheric scintillation is manifested around
12:56:40 local time (UTC + 3) by a sharp decrease in the carrier-to-noise ratio by
2… 3 dB for about 20 seconds. This leads to a short-term increase in the scintillation
index by almost 2 times (from S4 ≈0:1 to S4 ≈0:17). According to [1–4, 8, 9, 14] in
natural conditions, such short-term scintillation with relatively low intensity
(S4 ¼ 0:01:::0:15) is characteristic of mid-latitude regions. In the polar regions, the
scintillation is more intense (S4 ¼ 0:45:::0:7) and lasts from a few seconds to several
minutes. In the equatorial regions, scintillation can last from several minutes to sev-
eral hours and the scintillation index can reach S4 ¼ 0:9:::1. It is obvious that such
significant differences in the intensity and duration of scintillation depend on the
degree of local changes in the ionosphere electron concentration and the causes of
their occurrence.

In the absence of small-scale fluctuations of the ionosphere electron concentration
and TEC (ΔNT ρð Þ � ΔN ρ, hð Þ ! 0) phase fluctuations in the wave front at the output
of the ionosphere Eq. (2) will be absent (Δφ ρð Þ � ΔNT ρð Þ ! 0). It causes the absence
of diffraction effects and scintillation of the received signals (S4 ! 0). As the small-
scale TEC fluctuations (ΔNT ρð Þ) increase or carrier frequency (f 0) decrease, the
phase fluctuations in the wave front Δφ ρð Þ � ΔNT ρð Þ=f 0 will increase proportionally.
It follows that the ionospheric scintillation index (S4 � σφ) will increase with increas-

ing root mean square (RMS) σφ ¼ Δφ2 ρð Þ� �1=2 of the phase front fluctuations at the
ionospheric output (phase screen).

For the case when the fluctuations of the phase front Δφ ρð Þ at the output of the
phase screen are described by a Gaussian probability distribution with zero mathe-
matical expectation and dispersion σ2φ, the dependence S4 ¼ ψ σφ

� �
has the form [13]

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� exp �2σ2φ

� �r
: (4)

Taking into account Eq. (2) the RMS of the fluctuations of the phase front at the
ionosphere output (σφ) is determined by the RMS of small-scale TEC fluctuations

σΔNT ¼ ΔN2
T ρð Þ� �1=2

and the carrier frequency f 0 [2, 8]:

Figure 2.
Changes in the carrier-to-noise ratio (top panel) and the scintillation index (bottom panel) of the GNSS
GLONASS signal in the L1 frequency range.
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σφ ¼ 80, 8πσΔNT=сf 0: (5)

Thus, in accordance with Eqs. (4) and (5), the following dependence S4 ¼ ψ σΔNTð Þ
of the ionospheric scintillation index on the small-scale TEC fluctuations takes place [9]:

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� exp �2 80, 8πσΔNT=сf 0

� �2� �r
: (6)

The analysis showed that, in accordance with Eqs. (3)–(6), as the small-scale TEC
fluctuations (σΔNT) and the phase front fluctuations of the output wave
(σφ � σΔNT=f 0) increase, the ionospheric scintillation index (S4 � σφ � σΔNT=f 0)
increases. Under these conditions, the quality of SCS functioning can significantly
decrease due to the occurrence of errors when receiving messages. Signals with offset
binary phase shift keying (OBPSK) are most commonly used to transmit messages in
SCS. The probability of error (Perr) when receiving such signals with a constant
average signal-to-noise energy ratio at the receiver input ( h2

� �
) under conditions of

ionospheric scintillation (characterized by Nakagami distribution) is determined by
the expression [15]:

Perr ¼ 1
2

m
mþ h2

� �
 !m

¼ 1
2

S4�2

S4�2 þ h2
� �

 !S4�2

, (7)

where m ¼ 1=S24—Nakagami distribution parameter.
The analysis of Eq. (7) taking into account Eqs. (3)–(6) allows us to conclude that

as the small-scale TEC fluctuations (σΔNT) increase, the ionospheric scintillation index
(S4 � σΔNT=f 0) and the probability of error (Perr � 1=m � S4) when receiving signals
that correspond to the elementary symbols of the transmitted message increase.
Therefore, the prediction of its changes during ionospheric disturbances is an actual
problem.

It is possible to solve this problem in two ways based on the results of monitoring
the scintillation index (S4):

1. in accordance with Eqs. (3) and (7) based on the results of measuring
fluctuations of the received signal power (Pr) in GNSS;

2. in accordance with Eqs. (6) and (7) based on the results of the measurement of
small-scale TEC fluctuations (σΔNT).

Evaluation of the scintillation index S4 is currently carried out using specialized
dual-frequency GNSS receivers of the GISTM class (GNSS Ionospheric Scintillation
and TEC Monitor) [11, 16, 17]. However, it is impractical to use them (including
GPStation-6) to estimate the ionospheric scintillation index in the interests of noise
immunity prediction for three reasons.

Firstly, the calculation of the scintillation index (S4) in these receivers is carried
out according to Eq. (3) based on the measurement of fluctuations of the received
signal power (Pr). At low elevation angles of the GNSS satellite (α< 5°:::15°), scintil-
lation can be caused not only by small-scale ionospheric irregularities but also by
multiple reflection of radio waves from a variety of objects surrounding the receiving
antenna. Therefore, the reliability of the calculation of the scintillation index, in this
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case, will be lower than on the basis of the estimation of small-scale fluctuations of the
ionospheric TEC (Eq. (6)).

Secondly, the sampling interval of the results of calculating the scintillation index
(S4) in modern receivers usually does not exceed 1 minute. This means that its current
value does not allow detection of short-term (lasting up to several seconds) occur-
rence of scintillation and reliably assess their intensity. This is confirmed by Figure 2.

Thirdly, the carrier frequency (f 0) in SCS may differ significantly from the carrier
frequency of GNSS, so the scintillation indices (S4 � σΔNT=f 0) in different systems
will also differ.

On the other hand, it is not possible to carry out an assessment of the RMS of

small-scale fluctuations (σΔNT ¼ ΔN2
T ρð Þ� �1=2

) based on the results of measuring the
ionospheric TEC (NT) using the GPStation-6 receiver for a number of reasons related
to the complexity of separating (filtering) of small-scale TEC fluctuations (ΔNT) with
dimensions ρ≈ ls ¼ 10:::1000 m from large- and medium-scale TEC fluctuations with
dimensions ρ> ls ¼ 1000 m.

Therefore, the aim of the work is to develop a method for GPS monitoring of
small-scale fluctuations of ionospheric TEC (ΔNT) and their use for predicting
changes in the noise immunity of SCS (Perr � S4 � σΔNT=f 0) during ionospheric dis-
turbances. To achieve it first of all it is necessary to modify the GISTM-receiver for
measuring small-scale TEC fluctuations (ΔNT). Further, on this basis, it is possible to
obtain estimates of the RMS of small-scale TEC fluctuations (σΔNT), the ionospheric
scintillation index in the SCS (S4 � σΔNT=f 0) according to Eq. (6) and to predict the
changes in the noise immunity of the SCS (Perr ¼ ψ S4, h2

� �� �
) according to Eq. (7).

3. Modification of the GPStation-6 receiver for measuring small-scale
fluctuations of the total electron content of the ionosphere

It is known [11] that the method of GPS monitoring of the ionosphere based on the
transmission of signals from the GNSS satellite at two carrier frequencies (f 1 and f 2)
and the use of dual-frequency GNSS receivers allows to measure the values of the
parameters of the received signals with high accuracy and on their basis to calculate
not only the scintillation index (S4) but also the ionospheric TEC (NT).

Figure 3 shows a simplified structure for the construction of a dual-frequency
receiver GPStation-6 for code measurements of ionospheric TEC (TECc) and its
modification for the evaluation of small-scale TEC fluctuations (ΔNT). The receiver
GPStation-6 consists of 2 main parts [17, 18]:

1. the hardware part includes a signal reception unit that performs analog-to-digital
conversion, decoding of GNSS signals, and measurement of their main
parameters: pseudo-ranges (R0

1, R
0
2) to satellite and pseudo-phases (φ0

1, φ
0
2);

2. the software part implementing a digital processing unit in which the calculation
of radio navigation parameters, receiver coordinates, scintillation index (S4),
ionospheric TEC (TECc), etc., is carried out.

In order to estimate small-scale fluctuations of the ionospheric TEC (ΔNT) based
on the results of measuring the ionospheric TEC (NT) using a dual-frequency receiver
GPStation-6, it is necessary to modify its software (Figure 3).
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The need for such a modification of the GPStation-6 receiver software is due to the
following reasons. The principle of operation of the GISTM receiver is based on the
results of measurements of the pseudo-range R0

i � Rþ 40, 4NT=f
2
i to each of the

navigation satellite (otherwise, code measurements). In addition to the true range R,
they contain an ionospheric component that depends on the ionospheric TEC (NT) on
the route from the satellite to the receiver and the carrier frequency (f i) [11, 16, 17].
Since the transmission of navigation signals in the GNSS is carried out simultaneously
at two carrier frequencies (f 1 ≈ 1, 6 GHz and f 2 ≈ 1, 2 GHz), it is possible to calculate
the ionospheric TEC at each moment of time based on a linear combination (differ-
ence) of the measured pseudo-ranges (R0

1 � RþNT=f
2
1 and R0

2 � RþNT=f
2
2) [11, 19]:

TECc ¼ 1
40, 4

f 21f
2
2

f 21 � f 22

 !
R0
2 � R0

1

� �

¼ 1
40, 4

f 21f
2
2

f 21 � f 22

 !
R2 � R1ð Þ þ δd þ δn ¼ NT þ δd þ δn:

(8)

According to Eq. (8), the results of the code measurements of the ionospheric TEC
(TECc) differ from its true value (NT) by the amount of systematic error δd due to

Figure 3.
The structure of the construction of the GPStation-6 dual-frequency receiver for code measurements of ionospheric
TEC (TECc) and its modification for the evaluation of small-scale TEC fluctuations (ΔNT).
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differential signal delays in transmitting and receiving radio paths, and random error
δn due to the influence of internal receiver noise.

Code measurements of the TEC (TECc) are made in the GPStation-6 receiver with
a sampling interval τd ¼ 1 s. Therefore, as discrete values accumulate, a time series is
formed

TECc tð Þ ¼ NT tð Þ þ δd þ δn: (9)

In the general case of slant propagation of radio waves (at an angle α relative to the
horizontal) through the ionosphere with electron concentration irregularities
N ρ, hð Þ ¼ N hð Þ þ ΔN ρ, hð Þ, the measured TEC, taking into account Eq. (1), is
described as the sum of the regular (average) and fluctuation components:

NT ρð Þ ¼
ð∞

0

N ρ, hð Þdz ¼
ð∞

0

N hð Þdzþ
ð∞

0

ΔN ρ, hð Þdz ¼ NT þ ΔNT ρð Þ, (10)

where dz≈ dh cosec α—an elementary section of the slant path of radio waves
propagation.

In this case, the results of code measurements of the TEC of the inhomogeneous
ionosphere (Eq. (10)) will be described by the equation

TECc tð Þ ¼ NT tð Þ þ δd þ δn ≈NT tð Þ þ ΔNT tð Þ þ δd þ δn: (11)

The value of the systematic error δd ¼ δSDCB þ δRDCB consists of the differential
signal delays in the transmitting (δSDCB) and receiving (δRDCB) radio paths. In this
case, the value of δRDCB can be obtained from ISMCALIBRATIONSTATUS logs at the
output of the GPStation-6 receiver as a result of performing the automatic calibration
procedure [18]. The values of δSDCB are published daily on the web portal ftp://ftp.
unibe.ch/aiub/CODE. Therefore, the value of systematic error δd ¼ δSDCB þ δRDCB can
be calculated and excluded from the measurement results (δd ≈0).

The magnitude of the relative fluctuations of the electron concentration in the
small-scale irregularities of the ionosphere is ΔN=N ≈ΔN ρ, hð Þ=N hð Þ≈ 10�3, there-
fore, the relative small-scale TEC fluctuations have the same order: ΔNТ=NТ ≈ 10�3 or
ΔNТ ≈ 10�3NТ . The value of the random (noise) error of the code measurements of
the ionospheric TEC can reach 50% of its average value: δn ≈0, 5NТ [11]. Therefore,
when using such measurements, a ratio ΔNT tð Þ< < δn is carried out that indicates the
“noise” of the results of the assessment of small-scale TEC fluctuations. Then Eq. (11)
takes the form TECc tð Þ≈NT tð Þ þ δn.

To eliminate “noise”, it is necessary to modify the software of the GPStation-6
receiver by replacing code measurements with a combination of code and phase
measurements [11, 19]. To do this, the software (Figure 2) includes a unit for calcu-
lating the TEC by code-phase measurements. When implementing combined (code-
phase) measurements of the TEC, its value at each moment of time is calculated based
on the results of pseudo-ranges (R0

1, R
0
2) and pseudo-phases (φ0

1, φ
0
2) measurement

according to the eq. [11, 19]

TECcomb ¼ 1
40, 4

f 21f
2
2

f 21 � f 22

 !
λ2φ

0
2 � λ1φ

0
1

� �� δa, (12)
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where λi ¼ c=f i—the wavelength at the appropriate frequency (f 1, f 2);
δa ¼ ψ f 1, f 2,R

0
1,R

0
2,φ

0
1,φ

0
2, α

� �
—correction to resolve the ambiguity of phase

measurements (characterizes the average offset of the results of the TEC calculation
based on ambiguous phase measurements TECp relative to its true value:
δa ¼ NT � TECp).

In this case, the noise error of measuring the ionospheric TEC is practically elimi-
nated (δn ≈0) and the results of combined measurements of the TEC at the output of
the TEC calculation unit for code-phase measurements will be described by the sum
TECcomb tð Þ≈NT tð Þ þ ΔNT tð Þ of the average value of the ionospheric TEC and its
small-scale fluctuations.

4. Estimation of small-scale fluctuations of the total electron content of
the ionosphere

4.1 Characteristics of small-scale fluctuations of the total electron content of the
ionosphere

It should be noted that the average value of the ionospheric TEC generally includes
medium-scale (ΔNT medð Þ ρð Þ) and large-scale (ΔNT lrgð Þ ρð Þ) TEC fluctuations (varia-
tions) relative to the background (NT0) value:
NT ρð Þ ¼ NT0 þ ΔNT medð Þ ρð Þ þ ΔNT lrgð Þ ρð Þ. According to [11], medium-scale fluctua-
tions of TEC (ΔNT medð Þ ρð Þ) have dimensions ρ ¼ 50:::300 km, large-scale TEC
fluctuations have dimensions ρ> 1000 km, and they do not cause ionospheric scintil-
lation. Taking into account the irregularities of different scales, the ionospheric TEC
(Eq. (10)) will be described by an equation of the general form

NT ρð Þ ¼ NT0 þ ΔNT medð Þ ρð Þ þ ΔNT lrgð Þ ρð Þ þ ΔNT ρð Þ, (13)

according to which a time series will be formed at the output of the TEC calcula-
tion unit based on code-phase measurements

TECcomb ¼ NT tð Þ þ ΔNT tð Þ ¼ NT0 þ ΔNT medð Þ tð Þ þ ΔNT lrgð Þ tð Þ þ ΔNT tð Þ: (14)

In order to isolate (filter) small-scale fluctuations ΔNT tð Þ from the time series of
TEC by code-phase measurements (Eq. (14)) and preliminary substantiation of the
parameters of the digital filter (Figure 3), it is necessary first of all to establish the
dependence TECcomb on the spatial position of the irregularities ΔN ρ, hð Þ of the elec-
tron concentration of the ionosphere with scales ρ≈ 10:::1000 m. Figure 4 shows a
method for estimating the time characteristics of small-scale fluctuations of the iono-
spheric TEC using a GPStation-6 receiver based on results of TEC calculation at time t1
and t2.

At the moment t1 the radio wave propagation path from the satellite to the receiver
intersects the starting point ρ1, hð Þ of a small-scale irregularity of the ionosphere with
an electron concentration N ρ1, hð Þ ¼ N hð Þ þ ΔN ρ1, hð Þ and an average size ls. In
accordance with Eq. (10), Eq. (13) and Figure 4, this value of the electron
concentration corresponds to the TEC
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NT ρ1ð Þ ¼
ð∞

0

N hð Þdzþ
ð∞

0

ΔN ρ1, hð Þdz ¼ NT þ ΔNT ρ1ð Þ: (15)

Therefore, at a time close to t1, at the output of the receiver and the TEC calcula-
tion unit for code-phase measurements, the result of measuring the TEC will be
formed as TECcomb t1ð Þ≈NT t1ð Þ þ ΔNT t1ð Þ.

The usual [3] drift velocity of small-scale irregularities in the ionosphere layer F
(vd ≈ 100:::150 m=s) is much less than the velocity of the satellite (vsatellite ≈ 7, 9 km=s)
and its projection to the height of the ionosphere layer F (hmax ≈ 250:::350 км). In [3] it
is called the effective scanning velocity and is defined as

vs ¼ 2π REarth þ hmaxð Þ=Tsatellite ≈ 1000 m=s≫ vd, (16)

Figure 4.
A method for measuring the time characteristics of small-scale fluctuations of the ionospheric TEC using the
GPStation-6 receiver.
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where REarth ¼ 6371 km—the radius of the Earth; Tsatellite ≈40 000 s—the aver-
age nodal period of the GNSS GPS/GLONASS satellite. Therefore, it can be assumed
that the irregularity of the electron concentration will not change its position
(Figure 3) during the time Δt ¼ t2 � t1 of movement of the radio wave propagation
path at a distance ls to the endpoint ρ2, hð Þ of the small-scale irregularity with the
electron concentration N ρ2, hð Þ ¼ N hð Þ þ ΔN ρ2, hð Þ. In accordance with Eq. (10),
Eq. (13) and Figure 4, this electron concentration value corresponds to the TEC
NT ρ2ð Þ ¼ NT þ ΔNT ρ2ð Þ on the route from the satellite to the receiver and at a time
close to t2 the TEC measurement result TECcomb t2ð Þ≈NT t2ð Þ þ ΔNT t2ð Þ will be gener-
ated at the output of the TEC calculation unit. Since the average (background) value
of the electron concentration in the ionosphere is assumed to be unchanged
(N hð Þ ¼ const), the average value of the TEC at t1 and t2 does not change:
NT t1ð Þ ¼ NT t2ð Þ. Therefore, small-scale TEC deviations (fluctuations) at the output of
the receiver and the TEC calculation unit by code-phase measurements

TECcomb tð Þ � ΔNT tð Þ � ΔNT ρð Þ � ΔN ρ, hð Þ (17)

will be observed at a time interval τfl ¼ Δt ¼ t2 � t1 that corresponds to the dis-
placement of the intersection area of the radio wave propagation path at a distance
Δρ ¼ ρ2 � ρ1 ¼ ls equal to the average size of small-scale irregularity at a velocity of vs.

The influence of the spatial characteristics (average size ls) of small-scale iono-
spheric irregularities on the time characteristics of measured small-scale TEC fluctua-
tions ΔNT tð Þ is described by an equation for estimating the period of these fluctuations:

τfl ¼ Δt ¼ ls=vs: (18)

The specified characteristic of the TEC fluctuations should more accurately be
called the average value of the TEC fluctuations period, since it is determined by the
average (characteristic) size ls of the irregularities. However, the range of changes in
small-scale irregularities that cause the appearance of fading (scintillation) of received
signals extends from the lowest values (lsmin < ls) to the maximum corresponding to
the diameter of the Fresnel zone lsmax ¼ lF ≈ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
chmaxсosecα=f 0

p
≥ ls. Therefore, the

period of small-scale TEC fluctuations with the largest dimensions ls ¼ lsmax ¼ lF is
defined (by analogy with the average period τfl ¼ Δt ¼ ls=vs) as

τfl max ¼ lF=vс: (19)

The smallest sizes of small-scale ionospheric irregularities (lsmin < ls) can be tens of
meters [2]. However, the smallest sizes of small-scale irregularities that can be mea-
sured using the GPStation-6 receiver depend on the data sampling period (τs).
According to the Nyquist relation, the minimum period of fluctuations (τfl min ) that
can be recorded with the data sampling period τs is 2τs. It is assumed that the oscilla-
tion has a sinusoidal (wave) character. According to [12], in practice, it is not enough
to register fluctuations of two samples for a period, since in pure form harmonic
disturbances in the ionosphere are not realized. The experience of ionospheric
measurements has shown that for the effective measurement of TEC fluctuations
from 5 to 10 measurements per period (5τs:::10τs) are required. Therefore, the period
of small-scale TEC fluctuations with the smallest dimensions ls ¼ lsmin ¼ 5τsνs is
defined as
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τfl min ¼ ls min =vs ¼ 5τs: (20)

Thus, in order to evaluate the statistical characteristics of small-scale TEC
fluctuations (ΔNT) it is necessary to modify the software of the GPStation-6 receiver
(Figure 3) in the direction of replacing the code measurements of the TEC (Eq. (11))
with code-phase measurements (Eq. (12)), which eliminates their “noise”. Then it is
necessary to filter out small-scale fluctuations from the time series of TEC (Eq. (14))
on the basis of estimation (Figure 4) of the maximum τfl max ¼ lF=vс and minimum
τfl min ¼ ls min =vs ¼ 5τs periods of small-scale TEC fluctuations.

4.2 Digital filter parameters

The expressions obtained above for estimating the minimum and maximum
periods of small-scale TEC fluctuations ΔNT tð Þ allow us to determine the main
parameters of the digital filter (Figure 3).

The maximum size of small-scale ionospheric irregularities corresponding
to the diameter of the Fresnel zone lsmax ¼ lF ≈ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
chmaxсosecα=f 0

p
on SCS routes

(at typical values hmax ≈ 250:::350 km, α ¼ 15°:::90° and f ≈ 1, 6 GHz) is
lsmax ¼ lF ≈ 550:::1000 m. Therefore, with lsmax ≈ 1000 m and vs ≈ 1000 м=с we will
have τfl max ¼ 1 s. This value determines the minimum frequency of small-scale TEC
fluctuations: f fl min ¼ 1=τfl max ¼ 1 Hz.

In the GPStation-6 receiver, the measurement of the TEC (TECc) is carried out
with a sampling period τs ¼ 1 s [18]. The minimum period of fluctuations (τfl min )
that can be recorded with such data sampling period is τfl min ¼ 5τs ¼ 5 s. It follows
from this that the capabilities of the GPStation-6 receiver are limited to measuring the
irregularities with sizes ls min ¼ 5τsvs ≈ 5000 m or more (medium- and large-scale
irregularities exceeding the size of the Fresnel zone lF ≈ 1000 м). However, it is
known [12] that in order to study the fine (small-scale) structure of the ionosphere, it
is necessary to measure the TEC with a sampling frequency of at least f s ¼ 1=τs ¼
50 Hz (with an interval τs ¼ 1=f s ¼ 0:02 s).

The analysis of [20] allows us to conclude that the GPStation-6 receiver is capable
of measuring the parameters of GPS/GLONASS navigation signals (contained in
RANGE log) with a minimum sampling interval τs ¼ 0:02 s (frequency f д ¼ 50 Гц).
The obtained data can be used to calculate the ionospheric TEC by code-phase mea-
surements in accordance with Eq. (12). It follows from this that the capabilities of the
GPStation-6 receiver make it possible to measure the TEC fluctuations with a mini-
mum period τfl min ¼ 5τs ¼ 0:1 s. This value determines the maximum frequency of
small-scale TEC fluctuations: f fl max ¼ 1=τfl min ¼ 10 Hz.

The results of the analysis have shown the possibilities and ways to improve the
GPStation-6 receiver software in the direction of measuring small-scale TEC fluctua-
tions (ΔNT). The obtained value of the highest realizable sampling frequency
(f s ¼ 50 Hz) and the values of the minimum (f fl min ¼ 1 Hz) and maximum
(f fl max ¼ 10 Hz) frequencies of small-scale TEC fluctuations make it possible to
evaluate (isolate) it based on the use of a discrete digital filter in the modified
GPStation-6 receiver software (Figure 3). On the one hand, it should have the mag-
nitude–frequency response close to ideal (in particular, as smooth as possible at
transmission frequencies corresponding to the range from f fl min to f fl max ). On the
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other hand, it should not introduce a large delay (τdelay) when processing (filtering)
measurement results.

The first condition is satisfied by a digital Butterworth filter with attenuation of
3 dB at the cutoff frequencies corresponding to f fl min ¼ 1 Hz and f fl max ¼ 10 Hz,
in which the magnitude–frequency response has the form shown in Figure 5 and
depends on the order (p) of the digital filter [21]. To satisfy the second condition, it is
necessary to analyze the dependencies (Figure 6) of the group delay (τdelay) of the
measurement results in the specified filter on the frequency.

The output samples of the considered digital Butterworth filter are determined by
a general Eq. (21)

Figure 5.
Magnitude-frequency response of digital Butterworth filters of various orders.

Figure 6.
Dependence of the group delay of digital Butterworth filters of various orders on frequency.
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yi ¼
1
a0

Xp

k¼0

bkxi�k �
Xp

k¼1

akyi�k

" #
, (21)

where the number and values of the coefficients ak and bk depend on the sampling
frequency (f s) of the input data (xi), the filter bandwidth range (limited to values
f fl min and f fl max ) and filter order, which is given by an even integer p. In the case of
using this filter to process the results of measuring the ionospheric TEC (TECcomb) in
order to evaluate its small-scale fluctuations (ΔNT), Eq. (21) can be represented as

ΔNTi ¼ 1
a0

Xp

k¼0

bkTECcomb i�k �
Xp

k¼1

akΔNTi�k

" #
: (22)

To justify the choice of the filter order (p) for measuring small-scale TEC fluctua-
tions, it should be recalled that, on the one hand, it should have the magnitude–
frequency response close to ideal, and on the other hand, it should not introduce a
large group delay (τdelay) when processing measurement results.

It is known [21] that as the order of the digital Butterworth filter increases, its
magnitude-frequency response (Figure 5) approaches the ideal (rectangular) simul-
taneously with the increase in the group delay (Figure 6). Let us analyze in more
detail the dependencies of the group delay (τdelay) on the frequency in the range from
1 Hz to 5 Hz (Figure 7).

On the additional vertical axis in Figure 7—the values of the filter delay τdelay in
seconds, on the additional horizontal axis – the period of fluctuations τfl in seconds. As
a criterion for the permissible delay introduced by the filter during the processing of
measurement results, we will take a value not exceeding half the period of small-scale
TEC fluctuations: τdelay ≤0, 5τfl. In Figure 7, the area of acceptable filter delays is
under the dotted curve.

Figure 7.
Dependence of the group delay of digital Butterworth filters of various orders on the frequency in the range from
1 Hz to 5 Hz.

26

Ionosphere - New Perspectives



The analysis of Figure 7 shows that the selected criterion for ensuring an accept-
able delay in measurement results (τdelay ≤0, 5τfl) corresponds to a digital Butterworth
filter with the order p ¼ 4 and p ¼ 6. Filter with p ¼ 6, according to Figure 5, has a
magnitude–frequency response closer to the ideal, which determines the choice of a
digital Butterworth filter with an order p ¼ 6for estimating small-scale TEC fluctua-
tions. The values of its coefficients (ak, bk) calculated using the digital filter design
and analysis software Filter Designer [22] are given in Table 1, and the equation
describing this filter can be written as

ΔNTi ¼
X6

k¼0

bkTECcomb i�k �
X6

k¼1

akΔNTi�k: (23)

Figure 8 shows the results of the evaluation of small-scale TEC fluctuations (ΔNT)
in accordance with Eq. (23), expressed in TECU ¼ 1016 m�2 units. These results were
obtained at the North-Caucasus Federal University (Stavropol, Russia) using the
advanced capabilities of the GPStation-6 receiver.

Thus, to evaluate (isolate) the small-scale TEC fluctuations (ΔNT), it is advisable
to use a 6th-order Butterworth digital filter, the output samples of which are formed
according to the obtained Eq. (23). Digital filter, with values of minimum and maxi-
mum transmission frequencies f fl min ¼ 1 Hz and f fl max ¼ 10 Hz and sampling
frequency f s ¼ 50 Hz, provides a magnitude–frequency response close to ideal
(Figure 5) with an acceptable value (τdelay ≤0, 5τfl) of the delay introduced by it
(Figure 7). To implement a digital Butterworth filter with the specified parameters its

k ak bk

0 1 0.076745906902313671

1 �3.4767608600037727 0

2 5.0801848641096203 �0.23023772070694101

3 �4.2310052826910152 0

4 2.2392861745041328 0.23023772070694101

5 �0.69437337677433475 0

6 0.084273573849621822 �0.076745906902313671

Table 1.
Coefficients of the 6th order Butterworth digital filter with a bandwidth from 1 Hz to 10 Hz and a sampling rate
of 50 Hz.

Figure 8.
Small-scale TEC fluctuations at the output of the digital filter.
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coefficients (ak and bk) are calculated using the digital filter design and analysis tool
(Filter Designer) and are shown in Table 1.

5. Use of results of GPS monitoring of small-scale fluctuations of the total
electronic content of the ionosphere for prediction of the noise
immunity of the satellite communication system

Figure 9 shows the simplest case of using the results of GPS monitoring of small-
scale TEC fluctuations to predict the noise immunity of the SCS, when the trans-
ionospheric radio wave propagation from the GNSS satellite (with carrier frequencies
f 1 and f 2) and from the SCS satellite (with carrier frequency f 0) to the GPStation-6
receiver occurs at the same elevation angle (α≥ 30∘).

In order to estimate the noise immunity of SCS based on small-scale TEC fluctua-
tions (ΔNT) it is necessary to modify software of GPStation-6 receiver (Figure 3) by
adding three units (Figure 9): RMS (σΔNT) calculation unit, scintillation index
(S4 � σΔNT=f 0) calculation unit, and error probability (Perr � S4) calculation unit.

Small-scale TEC fluctuations (Figure 8) at the output of the digital filter (Eq. (23))
can be characterized by zero mathematical expectation ΔNT ¼ 0 and the RMS

σΔNT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

ΔNTi � ΔNTh ið Þ2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

ΔN2
Ti

s
: (24)

on the measurement interval τRMS ¼ tn � t1 ¼ 1 s, during which the average
(background) value of the TEC (NT) can be considered unchanged. The specified
measurement interval τRMS ¼ τsn ¼ 1 s corresponds to n ¼ 50 samples with a sam-
pling interval τs ¼ 0:02 s (sampling frequency f s ¼ 1=τs ¼ 50 Hz).

The results of the calculation in accordance with Eq. (24) of the RMS (σΔNT) of the
small-scale TEC fluctuations (ΔNT) obtained at the output of the digital filter
(Figure 8) are shown in Figure 10.

The analysis of Figures 8 and 10 shows that at about 12:56:40 local time (UTC + 3)
there was a sharp short-term increase in small-scale TEC fluctuations (with RMS up to

Figure 9.
The structure of the construction of the modified GPStation-6 receiver for the evaluation of the RMS of small-scale
TEC fluctuations (σΔNT ), scintillation index (S4), and the error probability (Perr) when receiving SCS signals.
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σΔNT ≈0:05 TECU). It coincides with the moment when the received GLONASS
signals scintillation occurs (Figure 2). This generally confirms the dependence of the
ionospheric scintillation index (S4 � σΔNT) on the RMS (σΔNT) of small-scale TEC
fluctuations. In the considered interval, it is σΔNT ≈0:02 TECU on average, which is
consistent with the known [5, 6, 8, 10] data on the magnitude of relative TEC fluctu-
ations of the mid-latitude ionosphere at typical values of the average TEC
NT ≈ 10 TECU: σΔNT=NT � σΔN=Nm < 10�3:::10�2. This confirms the reliability of the
obtained results of filtration of small-scale TEC fluctuations.

Figure 11 shows calculation results of the scintillation index (S4) of the received
signal in the typical SCS (with carrier frequency f 0 ¼ 1:6 GHz) in accordance with
Eq. (6) based on the results of the evaluation of the RMS (σΔNT) of small-scale TEC
fluctuations (Figure 10).

The results of the scintillation index calculating in accordance with Eq. (6) shown
in Figure 11 are corresponding to the results shown in Figure 2 (bottom panel). This
allows us to conclude that the dependence (Eq. (6)) is reliable. However, unlike the
results of calculating the scintillation index by the built-in GPStation-6 receiver soft-
ware (bottom panel in Figure 2), the results shown in Figure 11 have two advantages:

1) as initial data for the calculation of the scintillation index S4 (Eq. (6)), the
results of the evaluation of the RMS (σΔNT) of small-scale TEC fluctuations are used. It
characterizes the cause of the scintillation - small-scale ionospheric irregularities.
Multiple reflection of radio waves from objects surrounding the receiving antenna has
no effect on the results of calculating the scintillation index;

2) the results of the evaluation of the RMS (σΔNT) of small-scale TEC fluctuations
and the results of the scintillation index S4 (Eq. (6)) calculation are formed with a
sampling interval τs ¼ 1 s. This makes it possible to register an increase in the scintil-
lation index when short-term (units of seconds) ionospheric scintillation occur.

Figure 10.
RMS of the small-scale TEC fluctuations.

Figure 11.
Scintillation index of received SCS signals with carrier frequency f 0 ¼ 1:6 GHz.
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The monitoring data of the RMS (σΔNT) of small-scale TEC fluctuations allow us to
predict changes in the noise immunity of SCS based on Eq. (6) S4 � σΔNT=f 0 and
Eq. (7) Perr ¼ ψ S4, h2

� �� �
. The results of calculating the probability of error (Perr)

when receiving SCS signals with an average signal-to-noise energy ratio h2
� � ¼ 12 dB

at the receiver input are shown in Figure 12.
The analysis of Figure 12 shows that in the conditions of an undisturbed mid-

latitude ionosphere, high noise immunity of the typical SCS is provided. It is charac-
terized by the magnitude of the error probability when receiving signals Perr ≈ 10�6. At
the moment of the occurrence of weak ionospheric scintillation value of the error
probability briefly increased up to Perr ≈ 10�5:::10�4 (by 1–2 order of magnitude). This
confirms, that under conditions of natural disturbances of the ionosphere in polar and
equatorial regions, the error probability may significantly increase and exceed the
permissible value (its traditional value is Perr ≤ 10�5 according to [8]).

The experimental data obtained (Figures 10–12) confirm the dependence of the
error probability (Perr � S4 � σΔNT=f 0) when receiving elementary symbols of mes-
sages in SCS on the RMS (σΔNT) of small-scale TEC fluctuations and the choice of
carrier frequency (f 0). Ionospheric disturbances accompanied by the formation of
small-scale irregularities (and an increase in small-scale TEC fluctuations σΔNT) can
lead to an increase in the error probability (Perr � S4 � σΔNT=f 0) in SCS using the low-
frequency range (f 0 ¼ 0:2:::0:4 GHz) by more than 2 orders of magnitude (up to
Perr ¼ 10�3:::10�1).

6. Conclusion

A method has been developed for GPS monitoring of small-scale fluctuations of
the ionospheric TEC and their use for predicting changes in the noise immunity of SCS
during ionospheric disturbances. It is based on digital filtering of small-scale fluctua-
tions of the TEC of the ionosphere and evaluation of their RMS.

The software of the GPStation-6 receiver has been modified (Figure 3) in the
direction of replacing the TEC code measurements with combined (code-phase)
measurements, which eliminates noise component of measurement error.

To isolate small-scale TEC fluctuations, it is proposed to use a 6th-order digital
Butterworth filter, which at reasonable extremes of the transmission frequency range
(1 Hz, 10 Hz) and sampling frequency (50 Hz), provides magnitude–frequency
response close to ideal (Figure 5) and introduces a delay that does not exceed the
permissible level (Figure 7). It is described by Eq. (23) and Table 1.

Figure 12.
Probability of error when receiving SCS signals.
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The obtained results of the evaluation of small-scale TEC fluctuations at the output
of the digital filter (Figure 8) allow (in accordance with Eq. (24), Eq. (6), and Eq. (7))
to consistently obtain an estimate of the RMS of these fluctuations (Figure 10), the
ionospheric scintillation index (Figure 11) and the probability of error when receiving
elementary symbols of SCS messages (Figure 12).
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Chapter 3

Nongravitational Accelerations:
A Study on the Accelerometers
of GRACE and GRACE-FO
Myrto Tzamali and Spiros Pagiatakis

Abstract

The nongravitational accelerations measured onboard spacecraft for the purpose of
modeling the Earth’s gravitational field but also for the investigation of the upper
atmosphere are crucial. This study is focused on two LEO satellites, GRACE and
GRACE–FO, which carry an accelerometer that measures the nongravitational accel-
erations, with the most dominant being the drag and the solar radiation pressure. This
study presents the physical models of the nongravitational accelerations presented in
the literature for the two missions and investigates how the nongravitational acceler-
ation measurements are affected during different time periods of the solar cycle. In
addition, the effect of the penumbra transitions in the three axes of the accelerometers
which present as jumps in the measurements are presented. Lastly, the response of the
accelerometers is investigated during minor and major geomagnetic storms that
appeared during the last two solar cycles, the 24th and the 25th.

Keywords: GRACE, GRACE-FO, nongravitational accelerations, solar radiation
pressure, solar cycle

1. Introduction

The Gravity Recovery and Climate Experiment missions (GRACE and GRACE
Follow–On) are two missions whose objective is the mapping of the gravitational field
of the Earth. GRACE mission launched on 17 March 2002, and for more than 15 years
it was monitoring the changes of the gravity field of the Earth. GRACE-FO mission
launched in 2018 is dedicated to continuing GRACE’s legacy. From the measurements
of these two satellite gravity missions, apart from the mapping of the gravitational
field, we are able to monitor the distribution and redistribution of the Earth’s mass and
enhance our knowledge of terrestrial water storage changes, sea level changes, ice
sheet and glacier mass balance, and ocean circulations [1, 2].

GRACE and GRACE-FO mission consists of a pair of satellites, named GRACE A
and GRACE B for GRACE mission and GRACE C and GRACE D for GRACE-FO
mission, at an altitude of � 500 km, on the same near-polar orbit, at a 89:5° inclina-
tion, with a 220-km distance separation between them. As they cross different areas of
the Earth, they sense gravitational changes that are expressed as distance changes
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between the two spacecraft. These distance changes are measured by a microwave
ranging system (K-Band) at a micrometer level of accuracy. This configuration is also
referred to as a low-low satellite-to-satellite tracking (SST). Each satellite carries in
addition to the microwave ranging system, a Global Positioning System (GPS) [3] that
provides the absolute positions of the satellite, a high-precision accelerometer that
measures the nongravitational accelerations and attitude sensors that provide mea-
surements of the inertial orientation of the spacecraft [4].

For the accurate determination of the static global gravity field, as well as its time
variability, the measurements of nongravitational accelerations are crucial [5]. From
the total accelerations calculated from the second derivative of the satellites’ position
measured by GPS, the nongravitational measurements are subtracted to derive the
pure gravitational accelerations. Therefore, both missions carry the SuperSTAR accel-
erometer.

The electrostatic SuperSTAR accelerometers in both missions were manufactured
by ONERA in Paris, France, and measure the nongravitational accelerations acting on
each satellite such as the solar radiation pressure (SRP), the drag, the Earth radiation
pressure (ERP), and the thermal radiation pressure (TRP). Its principle is that there is
a proof mass fixed to center of the mass of the satellite which needs to be centered. In
order to always keep the proof mass centered, voltages are applied. This control
voltage defines the nongravitational forces acting on the satellite. To ensure that the
accelerometer measures purely the nongravitational accelerations, its proof mass is
precisely placed in the center of the mass of each satellite and the resolution is
10�10 m/s2

ffiffiffiffiffiffi
Hz

p
[6].

GRACE-FO accelerometers are similar to those of GRACE with some improve-
ments to avoid temperature variation effects induced in the measurements [7]. They
measure the linear and the angular nongravitational accelerations along three axes in
the accelerometer reference frame (ARF) with the ZARF defined in the along-track
direction pointing toward the other satellite, YARF nadir-pointing and the XARF com-
pleting the right-handed coordinate system.

The raw acceleration measurements are obtained with a sampling rate of 10 Hz
(Level 1A). For the users’ convenience, the raw accelerations are filtered with a low-
pass filter of 35 mHz corner frequency, time corrected, and under sampled to 1 Hz [8].
The 1-Hz accelerometer data along with most of the processed measurements are
given in a dataset called Level 1b in the science reference frame (SRF), whose XSRF is
pointing toward the other satellite, ZSRF is nadir-pointing, and YSRF completes the
right-handed triad [1, 4–5]. More details on the satellite frames can be found in [9].
The satellite body-fixed reference frames are shown in Figure 1. All the original
measurements that are used and will be presented in this study are derived from Level
1b data (1 Hz), of GRACE A (GRACE mission) and GRACE C (GRACE-FO mission),
since GRACE A data are of a better quality than GRACE B and GRACE D accelerom-
eter, after 1 month in orbit, presented a high signal-to-noise ratio and since then is
underperforming. As a result to this malfunction, a method called transplant method
is used to predict the accelerations for GRACE D, using the data of GRACE C. For
more information about this method, the readers can be referred to [10, 11].

As mentioned, the nongravitational accelerations acting on the satellites are the
SRP, the ERP, the TRP, and the drag, with the most dominant in both missions being
the SRP and the drag. Their magnitude is highly correlated with the solar cycle
variations due to the solar irradiance which heats the upper atmosphere and alter the
drag acting on the satellites [12]. The solar activity varies with an 11-year cycle which
is defined from the cycle minima and maxima, corresponding to the increase and
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decrease of the sunspots [13]. GRACE mission was monitoring the Earth from 2002
until 2017, flying during the mid of solar cycle 23 and most of solar cycle 24 while
GRACE-FO monitors the Earth since 2018, during the end of solar cycle 24 and the
beginning of solar cycle 25. Solar cycle 23 lasted from January 1996 to December 2008
and was magnetically weak [14]. Solar cycle 24 started in December 2008 and ended
in December 2019 and had an extended period of a very low sun activity. In fact, solar
cycle 24 has been the weakest cycle of the past century, contrastingly to the pre-
dictions [15]. The current solar cycle 25 is believed to be similar to the 24 based on
observations and predictions [16]. The contribution of the solar cycle effects in the
modeling of the nongravitational accelerations will be examined in Section 2.

The modeling of the nongravitational accelerations is crucial for the prediction of a
satellite’s lifetime, the thermospheric density determination, and the calibration of the
accelerometer because the instrument cannot be calibrated on the ground due to
strong gravitational signal. For the study of the ionosphere, the accelerometer mea-
surements can be used in the modeling process, to determine the accuracy of the
physical models but also to derive the thermospheric densities in the upper atmo-
sphere [17, 18]. Many researchers have proposed different physical models which will
be presented in Section 2, with the drag model being the one with the highest uncer-
tainty due to its sensitivity, among others to the solar activity level.

In addition to the physical models that have been proposed for the two missions,
an alternative approach to the modeling of the sum of the nongravitational accelera-
tions is presented in this chapter. This new approach is based on the least squares
spectral analysis (LSSA), and it can be used for the modeling of the sum of the SRP
and the drag acting on the satellite since both forces have a period very close to the
period of the satellite. After the modeling of the SRP and the drag, the residual series
will be investigated for four severe geomagnetic storms during the operational years
of the two missions. The investigation of the residual series of the accelerometer
measurements during these storms could enhance our knowledge on how the acceler-
ometer response changes during a geomagnetic storm, the time that the satellite
measures the disturbances and their latitudinal signatures. These disturbances on the

Figure 1.
The satellite body-fixed reference frames in relation to the satellite body.
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accelerometer measurements could be used in further studies as an indicator, concur-
rently with other magnetic and electric field measurements, of how a satellite is
affected during a geomagnetic event.

2. Study of the nongravitational accelerations of GRACE and GRACE-FO

In this section, the accelerometer Level 1B data for GRACE A (GRACE mission)
and GRACE C (GRACE-FO mission) satellites are presented and compared. Further-
more, the modeling of the sum of the nongravitational accelerations using the least
squares spectral analysis is presented, and the residuals series during five severe
geomagnetic storms are investigated.

In Figure 2, the solar cycle variations are displayed with respect to the sunspot
number and the operational years of the two missions. The solar cycle variations are
helpful to understand the behavior of the accelerometers but also for the accuracy of
the proposed physical models that have been presented for the two missions [19].

2.1 Solar radiation pressure

The SRP accelerations are derived by the nonconservative force acting on the
satellite which is produced by the impact of sunlight photons on the surface of the
spacecraft. Its modeling is very important because it is one of the two dominant
nongravitational forces acting on a satellite. Its magnitude depends on the reflectivity
properties of the surface of the satellite, the area of the illuminated surface, the Sun-
to-satellite direction, and the mass of the satellite [20]. The SRP effect on actual
satellites was calculated for the first time by Parkinson, Jones, and Sapiro in 1960.
Ferraz Mello [21] introduced the shadow function ψ which is actually an on-off
“switch,” and it equals 1 when the satellite is illuminated by the Sun and equals 0

Figure 2.
Sunspot number during the operational years of GRACE and GRACE-FO mission. GRACE mission covered the
declining phase of the solar cycle 23 and most of the solar cycle 24, while GRACE-FO mission was launched in the
declining phase of the solar cycle 24 and is expected to cover the increasing activity of the solar cycle 25. The plotted
data are available from the National Oceanic and Atmospheric Administration (NOAA).
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when the satellite is in the shadow. Sehnal [22] addressed the physical and mathemat-
ical difficulties in the modeling of the radiation pressure and introduced a special
shadow function to describe the effects when the satellite enters and exits the Earth’s
shadow. In the updated shadow models, the light diffusion due to the refraction, the
atmospheric absorption, the effect of ozone, the relative position of the Sun, Earth,
and the satellite, and the shape of the conical shadow surface have been considered.

The most commonly used SRP model is the cannonball model which assumes that
the satellite’s orientation is constant with respect to the Sun. For GRACE mission, a
state-of-the-art panel model has been developed that uses the optical properties of the
surfaces [23].

2.2 Atmospheric drag

The atmospheric drag force is co-linear to the satellite velocity but in the opposite
direction. It arises from the collisions between the satellite and the neutral and
charged particles and is the main cause of the deceleration of the satellites and the
decrease of their lifetime. The first scientists presented how collisions with neutral and
charged particles affect the satellite orbit were Jastrow and Pearse [24]. The modulus
of the atmospheric drag is commonly represented with the formula:

adrag ¼ � 1
2
ρ
cDA
m

υ2rel
υrel
υrelj j , (1)

where m is the mass of the satellite, A is the area of the satellite, cD is the drag
coefficient, ρ is the atmospheric density, and υrel is the satellite’s velocity relative to the
rotating atmosphere. The atmospheric density due to uncertainties caused by differ-
ent solar activities and the disturbance in the magnetosphere is very difficult to model
precisely. Also, the drag coefficient approximation is accurate only when the density
and the velocity do not vary much along the satellite’s orbit. Lastly, one of the most
important variables in the drag determination is the relative velocity which is accurate
only during the assumption that the lower part of the atmosphere rotates with the
Earth—an assumption that is not truly accurate with the presence of the neutral
winds, which can have high velocity and affect dramatically the drag estimation.

For the drag modeling and for the understanding of the solar activity, indices such
as F10:7, Ap,Kp are used. One excellent indicator of solar activity is the F10:7 radio flux,
is measured in solar flux units, and can be measured on a daily basis from the Earth’s
surface. The Ap index provides a daily average level of the geomagnetic activity from
eight daily values [25], while Kp is a 3-hour average quasi-logarithmic index derived
from the maximum fluctuations of the horizontal components of Earth’s magnetic
field. Some of the assumptions made by the scientists to create an atmospheric drag
model are the following: the use of the F10:7 is a suitable approximation for the
atmospheric models and very important in the heating of the upper atmosphere; the
lower atmosphere rotates with the Earth; the temperature profiles are based on basic
models; the drag coefficient is correct; and all the interpolated variables and indices
such as the Ap,Kp do not introduce errors in the models [26].

For the models of the aerodynamic coefficients (dimensionless quantities which
characterize the aerodynamic force and moment acting on the satellite), the velocity,
the temperature, and the chemical and physical conditions of the satellite surface are
taken into consideration. For satellites with complex shapes, the aerodynamic
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coefficients are calculated by dividing the body of the satellite into segments of
simpler shapes and adding them together.

2.3 Earth radiation pressure

Earth radiation pressure contains the Earth’s reflected and emitted radiation. The
reflected sunlight acts on the satellites and causes ERP accelerations Earth radiation
models are calculated based on three main assumptions: The Earth behaves like a
Lambertian sphere; the radiation is reflected or emitted; and there is global conserva-
tion of energy [27]. The Earth’s irradiance (Earth radiation power per unit area)
reaches the satellite primarily in the radial direction. The amount of reflected energy
that affects the satellite is influenced by local changes in the atmospheric and surface
properties of the Earth. The Earth radiation pressure should not be confused with the
albedo term, since albedo and emission models are extensively used for the derivation
of the ERP. A strict definition of the albedo is that albedo is called the radiative flux
that includes the shortwave variations, and it is a measurement of electromagnetic
radiation in the visible and near-infrared spectrum [28]. Studies have shown that the
Northern and Southern Hemispheres show the same amount of irradiance. Also, there
is a seasonal cycle of the surface albedo which attains a maximum in boreal springtime
due to the increased reflectivity of the land surfaces been covered by snow between
30°N and 60°N. The maximum of the annual cycles of the irradiance is in March, the
second maximum is in October, and the minimum is between June and July [29].

A very detailed study on the modeling of the SRP and ERP for Low Earth Orbit
satellites, with an application on GRACE A data, has been published by Vielberg and
Kusche [30].

2.4 Review of the physical models proposed for GRACE mission

Many physical models have been proposed for the modeling of the nongravi-
tational accelerations for GRACE mission that can been used for the studies of the
upper atmosphere but also for the calibration of the instrument which is impossible to
be calibrated before the launch of the satellite due to strong gravitational signal on the
ground. The SRP models presented for GRACE are of high precision and almost
uncorrelated with the solar activity, since the SRP is unaffected during different solar
activity levels contrastingly to the drag models which increase due to the increase of
the atmospheric density [31].

One common method for the modeling of the nongravitational accelerations is the
satellite acceleration approach [32]. The main idea of this approach is to derive the total
accelerations acting on the satellite by double numerical differentiation of the positions
estimated from the GPS measurements. This approach, even though it increases the
noise of the calculated total accelerations due to the double differentiation, is very
accurate as the position of the satellite can be determined with a few centimeter
accuracy. Subsequently, modeled gravitational accelerations are subtracted from the
total accelerations to estimate the nongravitational accelerations. Bezděk proposed a
physical model using the neutral thermospheric density model DTM-2000 and the
zonal and seasonal models of the ERPand the shape and physical properties of the
satellite. In his work, the modeled nongravitational accelerations are shown during one
orbit of GRACE A (� 91minutes) on 11 August 2003 (high solar activity), and it is
observed that the modeled drag is the force that affects the most the satellite in the
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along-track direction (� 90 nm=s2 magnitude), the SRP affects the cross-track direction
the most (� 30 nm=s2Þ, and the SRP and the albedo are dominant in the radial direction
(� 50 and � 10 nm=s2, respectively) with the drag acceleration being almost 0.

Another high-precision model has been presented for GRACE mission that is used
for the calibration of the instrument [19]. In this model, the researchers implemented
their model using a tool named XHPS, developed at ZARM institude, and they based
their proposed model on a detailed finite element of the satellite. A finite element model
is used for the calculation of the thermal radiation pressure. The physical models for
nongravitational accelerations have been presented during high (March 2003) and low
(February 2009) solar activity. During high solar activity, the drag in the along-track
direction is � 100 nm=s2, while the SRP is � 40 nm=s2 and similar to the SRP during
low solar activity contranstingly to the drag which is one order of magnitude smaller.

Along the cross-track direction, the drag is � 10 and � 1 nm=s2 for high and low
solar activity, respectively. The SRP is � 30 nm=s2. In the radial direction, the SRP is
� 40 nm=s2, the albedo � 10 nm=s2, and the thermal radiation � 5 nm=s2. There are no
significant changes in the radial direction between the high and the low activity.

All the proposed physical models are based on the satellite’s geometry and surface
and material properties which are given in the GRACE Product Specification Docu-
ment [33]. The atmospheric drag models are either based on the DTM2013 [34] or the
JB2008 [35], and the albedo model is based on CERES [36].

2.5 GRACE A data from 2004 to 2009

As mentioned in Section 1, all the data used in this study are the Level 1B data from
GRACE A and GRACE D which are available for both missions at https://podaac-tools.
jpl.nasa.gov/drive.

The period 2004–2009 has been chosen to depict the nongravitational accelera-
tions as measured by GRACE-A satellite as they change during the transition from the
maximum phase of the solar cycle 23 to its minimum and then to the beginning of
cycle 24 (January 2009). In Figure 3, the measurements in the three axes of the
Science Reference Frame (SRF) are presented.

The dominant nongravitational accelerations in the XSRF are the drag and the SRP. It
is clear that the amplitude of the accelerations is highly correlated with the phase of the
solar cycle as it is � 10 nm=s2 larger when the sunspot number is � 100, and it
decreases when the sunspot number approaches zero. This is due to the fact that during
high solar activity, the drag acting on the satellite increases. In 2004 and 2005, the
measurements show high disturbances compared to the years after 2006 due to the
higher solar activity but also due to the presence of severe geomagnetic storms of a
Kp index ¼ 8. There is a strong periodicity of � 161 days, which is more visible after
2006 because of the less disturbed signal. This periodicity in the accelerations is because
the accelerometer is strongly correlated with the β0 angle which is the angle between the
satellite’s orbital plane and the geocentric position vector of the sun. This angle defines
the time that the satellite spends in direct sunlight, and as it is close toþ90°or �90° the
satellite is in a full sun orbit meaning that it does not enter the Earth’s shadow.

The dominant accelerations in the YSRF are the SRP and the thermal radiation
pressure (TRP) with the drag and the ERP being close to zero (less than 1 nm/s2). The
cross-track axis are the least sensitive axis, but also the noisiest due to thruster
activations, especially in the equatorial region and the poles. In this axis instead of the
161-day periodicity due to the β0 angle, there is a 90-day periodicity because the
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minimum amplitude of the accelerations is during the full sun orbit and when the sun
is along the radial direction, meaning that the accelerations in the cross-track direction
are zero when the accelerations in the radial direction are maximum.

The dominant accelerations in the ZSRF are the SRP, the thermal radiation pressure,
and the ERP. Similarly, to the other two axes, there is the strong periodicity correlated
with the β0 angle.

Figure 3.
Total nongravitational accelerations along the three axes of the SRF as measured by GRACE-A in the period
2004–2009. In blue are the accelerations in the along-track direction (XSRF), in yellow are the accelerations in the
cross-track direction (YSRF), and in green are the accelerations in the radial direction (ZSRF).

Figure 4.
The nongravitational accelerations as measured by GRACE C from July 2018 to July 2020 in the along-track
direction(red), the cross-track direction(yellow), and the radial direction (purple). The periods where the satellite
is in a full sun orbit are shown with red lines.
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When the satellite is in a full sun orbit, the SRP is the minimum; therefore, the
magnitude of the accelerations is the lowest. During the full sun orbit, the satellite
does not enter and exit the Earth’s shadow; therefore, the characteristic jumps in the
measurements called penumbra transitions are not present.

For GRACE-FO mission, GRACE C measurements are shown for the period July
2018 to July 2020. GRACE C data have been selected since the accelerometer of
GRACE D is not working properly. In Figure 4, the nongravitational accelerations
along the three axes are shown. GRACE C enters a full sun orbit every � 158 days
compared to GRACE A which enters a full sun orbit every � 161 days. The perfor-
mance of the accelerometer in GRACE C is significantly better in the XSRF than
GRACE A, but the other two axes present spurious accelerations due to thruster
activations.

2.6 Penumbra transitions

All satellites that carry an accelerometer on board show in their measurements
perturbative effects that are caused by the penumbra transitions during their passages
through the Earth’s shadow. Both GRACE and GRACE-FO accelerometer measure-
ments are affected by the penumbra transitions on all three axes, and these measured
disturbances are very useful, because they can be used to identify the passage of the
satellite into the Earth’s shadow and its exit from it. This separation is very important
due to the different nongravitational forces acting on the satellite during the sun
segment of the orbit and the shadow segment (umbra). The importance of the eclipse
transitions and their modeling was recognized by many authors that studied the
effects of SRP on the motion of satellites [37–40].

The accurate modeling of penumbra transitions is very challenging because it depends
on the different characteristics of the satellite mission studied. Different missions due to
different orbit inclination, attitude, and spacecraft shape experience different transitions,
and this could cause errors in the SRP models. Therefore, misalignments in the SRP

Figure 5.
Accelerometer data of GRACE-A for two orbital revolutions on 1 March 2005(left) and on 1 January 2009
(right). The penumbra transitions appear as jumps in the measurements (indicated in red) when the satellite
enters and exits the Earth’s shadow.
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models and the estimation of the penumbra transitions between the models and the real
measurements could introduce error in the calibration process of the accelerometer
instrument and consequently in the extraction of gravity field models or thermospheric
winds [18, 30, 41, 42]. The appearance of the transitions is correlated with the β0 angle,
and the existing theoretical models present the largest deviations from the real measure-
ments during periods of β0 angle being close to zero. During these periods, the satellite is
exposed to direct sunlight for approximately half of its full orbit, and the rest of the time it
passes through the Earth’s shadow, causing large temperature differences [43].

In Figure 5, the accelerometer data for GRACE A are shown. For GRACE, the
penumbra transitions in the XSRF are only visible during low solar activity since the
drag acting in the along-track direction is smaller than the SRP. In the other two axes,
the penumbra transitions are visible throughout all the operational years.

2.7 Modeling the total radiation pressure using least squares spectral analysis (LSSA)

The drag and the radiation pressure have dominant frequencies close to the orbital
period (1 cycle per revolution) and to the semi-period (2cpr) of the satellite [4]. This
allows for the modeling of the dominant nongravitational accelerations using the LSSA in
the frequency domain. It is very important to note here that this analysis is based only on
the measurements from the satellite, without the use of any physical model. To the best of
our knowledge, this is the first study presented that models the nongravitational acceler-
ations using the spectral characteristics of the measurements. The LSSA is used in this
study to analyze both equally and unequally spaced time series contrastingly to Fourier
analysis which can be used only when a time series is equally spaced and stationary
[44, 45]. The software used for this analysis is in MATLAB code called LSWAVE [46]
which can analyze any equally or unequally spaced time series, nonstationary or station-
ary. This analysis is based on the least square spectrum which provides the best measure
of the power contributed by the different frequencies to the variance of the data [47]. In
each trial, the least squares spectrum is calculated simultaneously for the amplitudes of all
the known constituents that have been used as an input in the software. The inputs in the
software are the datum shift, the linear trend, the starting time index of the penumbra
transitions, the orbital frequency, and its four harmonics, and they are summarized in
Table 1. After each trial, the amplitude and the phase of the sin wave of the frequencies
are computed. The result after suppressing the five dominant frequencies, the datum
shift, the linear trend, and the correction of the jumps in the data due to the penumbra
transitions is a residual series that contains shorter drag and ERP variations.

Datum shift (refers to the mean = 0)

Linear trend

Starting time of the penumbra transitions as an index

Frequency 1 (orbital period) 0.1760 mHz

Frequency 2 (1st harmonic) 0.3525 mHz

Frequency 3 (2nd harmonic) 0.5287 mHz

Frequency 4 (3rd harmonic) 0.7004 mHz

Frequency 5 (4th harmonic) 0.8810 mHz

Table 1.
The known constituents as an input in the LSSA.
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Since the modeling is based on the low-frequency components, for shorter drag
variations in the along-track direction, the variations in the frequency band (0.176–
0.900 mHz] have been added to the model derived from the LSSA. As it is shown in
Figure 6, the residuals in the XSRF are the largest due to residual drag variations and in
the YSRF are the smallest and close to zero (the spikes in the YSRF and ZSRF refer to the
thruster activations for the attitude correction, measured by the accelerometer).

2.8 Geomagnetic storms as observed by GRACE and GRACE-FO

After the modeling of the total nongravitational accelerations using the LSSA, the
scope of this study is to investigate the behavior of the accelerometer on both missions
during four severe geomagnetic storms. After the suppression of the dominant
frequencies due to the drag and SRP, the residual series contain higher frequency
disturbances that show the time that the satellite is affected by the geomagnetic storm,
the latitudinal behavior of the disturbances, and some signature signals that could be
explained as the response of the instrument due to electromagnetic disturbances. Only
the disturbances in the XSRF are presented since it is the most disturbed axis during a
geomagnetic storm because of the high drag variations.

Geomagnetic storms are one of the most important components for the study of the
upper atmosphere and the space weather effects on Earth. They were discovered about
200 years ago, but data for their study are available the last 50 years due to satellite
observations. Their investigation is very important since they can cause damage on the
satellites, system failures, and navigational problems [48, 49]. Geomagnetic storms
occur due to the ionization of the Earth’s atmosphere from the solar flares. The energetic
particles interact with the Earth’s upper atmosphere and increase the temperature, and
as a result the heating increase the drag acting on the satellites. The accelerometer data
from both GRACE missions have been used for the investigation and the extraction of
the thermospheric densities [50–53]. Densities are used to study the response of the
atmosphere to the geomagnetic activity and investigate variations in the interplanetary
magnetic field (IMF), high- and low-latitude responses, hemispheric asymmetries, and

Figure 6.
Top: The original measurements from the accelerometer (Level 1b) on 1 November 2009 for the three axes (blue,
yellow, and green) as measured by GRACE-A and the modeled sum of the nongravitational accelerations (red).
Bottom: The residual series of the three axes.

45

Nongravitational Accelerations: A Study on the Accelerometers of GRACE and GRACE-FO
DOI: http://dx.doi.org/10.5772/intechopen.1001087



variations in the solar wind pressure. In this section, the response of the accelerometer
in the XSRF will be presented during four severe geomagnetic storms for GRACE and
GRACE-FO. Geomagnetic Storms 8–10 November 2004.

2.8.1 Geomagnetic Storms 8-10 November 2004

Two geomagnetic storms occurred during 8 November and 10 November 2004
due to multiple interacting coronal mass ejections (CMEs), which is something
unusual during the declining phase of the 23rd solar cycle. The Dst reached �373 nT
during 7–8 November and �289 nT during 9–10 November. During both storms, the
Kp index was 9–. The first event starts occurring on 7 November around 1400–1600
UT, which reached lower latitudes at about 2300UT on the same day. The second
major storm occurred after 1900 UT on 9 November and reached a peak after 0200
UT on 10 November [54, 55].

The disturbances on the accelerometer started on 7 November at 1442 UT at 70°N
with a magnitude of � 28 nm=s2, and the maximum disturbance occurred on 8
November at 0500 UT at 70°N reaching a maximum magnitude of � 300 nm=s2.
During the first event, the residual show disturbances at low latitudes at 35°N and at
mid-latitudes at 55°S.

Between the two events, the disturbances become smaller but on 9 November 2018
around 1000 UT at 70°N, they start become significantly larger until they reach a
maximum peak at 2000 UT of� 270 nm=s2 at 82°N. The second storm lasted more than
the first and the disturbances on the accelerometer until 10 November at 2100 UT.

In Figure 7, the Level 1B measurements, the modeled nongravitational accelera-
tions, and the residuals, with their histograms, are shown. The two events can be
easily distinguished in both the original measurements and the residual series.

Figure 7.
Top left: The nongravitational accelerations as measured from GRACE A from 6 November to 12 November 2004
(blue) and the modeled accelerations (red). Top right: The histogram of the original measurements of GRACE A.
Bottom left: The residual series resulted from the subtraction of the modeled accelerations from the accelerations of
GRACE A. Bottom right: The histogram of the residual series.
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2.8.2 Geomagnetic storm of 21–22 January 2005

On 20 January 2005, an outstanding solar flare occurred and released a coronal
mass ejection creating a geomagnetic storm of a Kp index of 8. The minimum Dst ¼
�105 nT was reached at 0600 UT on 22 January. A strong interplanetary shock
created a sudden impulse (SI) at 1712 UT, causing a significant compression of the
magnetosphere [56, 57].

In Figure 8, the nongravitational accelerations as measured by GRACE A during
20 January to 22 January, the modeled accelerations from the LSSA and the residuals
series are displayed along with their histograms. From the measurements of the
accelerometer, it is shown that the disturbances in the measurements due to the
geomagnetic storm start on 21 January at 1742 UT. The higher disturbances last until
21 January at 2248 UT but are clearly from the residuals that the disturbances are also
present on 22 January.

2.8.3 Geomagnetic storm of 25–26 August 2018

GRACE-FO mission is launched in 2018 at the deep minimum of a rather weak
solar cycle 24. On 25–26 August 2018, a G3 class storm occurred with a Kp index of 7.
The CME event arrived at Earth on 25 August at 0200 UT and caused a compression
on the magnetosphere at 1200 UT. At 1600 UT, a negative direction of BZ component
triggered the main phase of the storm. The minimum Dst ¼ �175 nT was reached at
0600 UT on 26 August [58, 59]. From July 2018 to December 2020, this is the only
storm that reached a Kp index of 7. On the residual series, in Figure 9, the distur-
bances started on 25 August at 2100 UTC and reached a peak of � 21 nm=s2 at 0800
UT on 26 August. Disturbances are also shown on 27 August, during the recovery
phase of the storm. Comparing the residual series from GRACE-FO and GRACE, it
can be observed that residual series on GRACE-F reach a magnitude of � 21 nm=s2,

Figure 8.
Top left: Nongravitational accelerations as measured by GRACE A from 20 January 2005 to 22 January 2005
(blue) and the modeled accelerations (red). Top right: The histogram of the original nongravitational
accelerations. Bottom left: The residual series after the subtraction of the modeled accelerations from the original
measurements of GRACE A.

47

Nongravitational Accelerations: A Study on the Accelerometers of GRACE and GRACE-FO
DOI: http://dx.doi.org/10.5772/intechopen.1001087



while for GRACE their magnitude could reach � 300 nm=s2. This can be attributed in
the declining phase of the solar cycle 24 since as it was mentioned in Section 2.1, and
the magnitude of nongravitational accelerations is highly correlated with the solar
cycle variations.

The accelerometer response in both missions during a geomagnetic storm is
immediate. Disturbances are visible even after the main phase of the geomagnetic
storm due to minor decrease in the BZ component. The geomagnetic storm in January
2005 was the only case in our analysis where the higher disturbances were present on
the Southern Hemisphere instead of the Northern Hemisphere, probably because it
was the only storm triggered by a northward direction of the BZ.

3. Conclusions

The purpose of this study was the analysis of the accelerometer measurements of
two very important LEO missions, GRACE and GRACE-FO. The correlation between
the magnitudes of the measurements with solar activity variations is presented and
showed that the measurements are very sensitive to solar activity variations, as
expected since they measure, among other components, the atmospheric drag which
is highly sensitive to these variations. GRACE-FO measurements are of a better qual-
ity in the along-track direction than GRACE mission and of much smaller magnitude,
but this could be attributed not only to the instrument performance but also to the
operational years that GRACE-FO monitors the Earth (low solar activity).

A literature review of the different models that have been proposed in the model-
ing of nongravitational accelerations is implemented, showing that the SRP and ERP
models present higher accuracy than the atmospheric drag models, which is a rather
challenging task due to the complexity of the particle interactions in the upper atmo-
sphere. An alternative method of modeling the sum of the drag and the Radiation

Figure 9.
Top left: Nongravitational accelerations as measured by GRACE C (blue) and the total modeled nongravitational
accelerations (red). Top right: The histogram of the original measurements of GRACE C. Bottom left: The residual
series after the subtraction of the modeled accelerations from the measured accelerations. Bottom right: The
histogram of the residual series.
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Pressure acting on the satellite using a least squares approach is presented, which is
based on the frequency domain. This method can be used for the modeling of the
dominant drag and RP accelerations, since the accelerations produced by these two
forces show a strong periodicity very close to the orbital period of the satellite. Shorter
variations in the frequency band (0.176–0.900 mHz) are attributed to the drag in the
along-track axis, since they are very close to the orbital period and its four harmonics.
The residual series in the cross-track direction are almost zero, while in the radial
direction show structured signals that could be attributed to ERP variations. The
along-track direction presents the largest residuals due to remaining drag accelera-
tions in the signal.

The accelerometer response during four geomagnetic storms is investigated. Three
severe storms are analyzed during GRACE mission and only one for GRACE-FO, as
until December 2020 there was only one severe magnetic event. There is an immedi-
ate response in the accelerations even during the initial phase of the storm. The
disturbances in the residual series last until the recovery phase, something that could
be explained due to the slow recovery of the atmosphere after a severe magnetic
event. During the main phase of the storms, disturbances can reach low latitudes in
both hemispheres, but the highest are present in the Northern Hemisphere, except
from the storm in January 2005. Please note that this study does not claim that
accelerometer could measure a direct effect of a geomagnetic event on the satellite.
These disturbances could have been caused due to an electrostatic coupling or because
the accelerometer detects a mechanical excitation as the satellite flies in a very dis-
turbed and hostile environment which affect its instrumentation.

This study aims to enhance the knowledge of the reader about an instrument very
crucial for the studies of the upper atmosphere. Numerous studies have used the
accelerometer data for the extraction of the thermospheric densities, and this is
beyond the scope of this study. From a preliminary investigation of the residual series
of the accelerometer during minor or severe geomagnetic storms, useful time and
spatial information of the disturbances are derived and if used together with other
electromagnetic field measurements could lead to a better understanding on the
numerous interactions that take place in the upper atmosphere.
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Chapter 4

Improving the Accuracy of the
Global Navigation Satellite System
Nouf Abd Elmunim

Abstract

The ionosphere influences satellite navigation and communication significantly
because it behaves like a dispersive medium. As the density of free electrons increases,
so does the influence, and vice versa. The concentration of the electron density in the
ionospheric layer causes delays that affect the accuracy and reliability of Global
Navigation Satellite Systems. Therefore, studying the ionospheric characteristics, var-
iations of the electron density in certain regions, and ionospheric models are crucial
when assessing the quality of ionospheric models. These are useful in determining the
suitability of the models to improve the accuracy of the global navigation system.

Keywords: GNSS, delay error, ionosphere, models, accuracy of the GNSS

1. Introduction

Global navigation satellite signals are heavily influenced by the environment in
space and the Earth’s atmosphere because they emanate from satellites at an elevation
of around 20,000 km from the Earth to receiving satellites on the surface [1]. The
ionosphere extends from approximately 60–1500 km above the surface of the Earth,
making it the upper layer of the atmosphere at the edge of space that affects radio
communication satellite systems. Within the ionosphere, some solar radiation fre-
quencies are absorbed, resulting in the separation of neutral gas atoms or molecules
into free electrons and ions [2], a process known as ionization. The extent to which
ionization occurs depends mainly on solar activity and the geomagnetic field. The free
electrons and ions from the process interact with microwaves, such as Global Naviga-
tion Satellite Systems (GNSS) signals, affecting their propagation velocity and causing
a delay of up to several meters in the zenith direction. This process depends on the
latitudinal and longitudinal coordinates of the sun-fixed coordinate system, making
ionospheric delay important when considering the accuracy of GNSS signals.

GNSS uses one or more frequencies to transmit various signals and navigation
data. These signals vary in their availability and dependability. GNSS single-frequency
receivers collect satellite radio signals on one frequency and are the most common
type of receiver, making them cost-effective but unable to estimate ionospheric delay.
Conversely, dual-, triple-, and multi-frequency receivers can collect radio signals from
GNSS at a minimum of two frequencies, respectively. Multi-frequency GNSS
receivers can estimate ionospheric delays and remove their effects; however, they are
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used in specialized research areas. Generally, single-frequency is significantly better
than dual-frequency in terms of accuracy and cost, a single-frequency receiver may
give you decimeters of accuracy within minutes while a dual-frequency receiver may
take as long as 20–40 min to reach centimeters of accuracy. Additionally, the single-
frequency receiver can outperform the dual-frequency receiver in areas known to
have a frequent loss of lock in the signals [3].

2. Global navigation satellite system

GNSS is a satellite constellation revolving around the earth, broadcasting radio
signals from within space to GNSS receivers, carrying data for timing and positioning.
The system allows receivers to discover their positions within a few meters employing
time signals transmitted with satellite radio signals in a linear path. This allows the
system to provide global coverage. It comprises three components: the space compo-
nent (including the constellation of satellites and their movement in space), the
control component (which aims to manage the system and owner), and the user
component (which consists of the GNSS receivers and user interfaces).

GNSS is classified into two groups: GNSS-1 and GNSS-2. The former is known as
first-generation systems that combine the Ground-Based Augmentation (GBA) Sys-
tem or the Satellite-Based Augmentation System (SBAS) with the current satellite
navigation system (GLONASS and GPS). Some real-world applications are in the
Multi-Functional Satellite Augmentation System (MSAS) used in Japan, the Wide
Area Augmentation System (WAAS), a component that is satellite-based in the US,
and the European Geostationary Navigation Overlay System (EGNOS) in Europe. On
the other hand, GNSS-2, of which the European GALILEO positioning system is an
example of a second-generation system that provides a total civilian satellite naviga-
tion system. These systems provide the integrity monitoring and accuracy needed for
civil navigation. GNSS is the collective consultation of the Global Navigation Satellite
System (GLONASS) created by Russia, the Navigation System with Timing and
Ranging (NAVSTAR) Global Positioning System (GPS) created in the United States,
the Quasi-Zenith Satellite System (QZSS) created in Japan, the Galileo created by the
European Union, and the BeiDou developed by China.

GPS is an example of an Intermediate Circular Orbit (ICO) satellite navigation
system. The US government’s Department of Defense (DoD) developed it in 1973 to
assist the military. It is the oldest and most accurate GNSS in the world [4]. The
system operates in an L-Band frequency having a radio spectrum between 1 and
2 GHz. The most recent GPS satellite generations employ rubidium clocks with an
accuracy of �5 parts in 1011. More precise ground-based cesium clocks are used to
synchronize the rubidium clocks.

3. GNSS/GPS signal structure

Precise cesium or rubidium atomic clocks that oscillate at a fundamental frequency
of 10.23 MHz are used to produce the GNSS/GPS satellite signal. The satellites trans-
mit signals on two L-band carrier frequencies, L1 = 1575 MHz and L2 = 1227.60 MHz.
The L1 carrier is modulated with two codes: the coarse-acquisition code (C/A) at
1.023 MHz and the precise code (P) at 10.23 MHz. On the other hand, Figure 1 shows
the L2 carrier having only one modulated code, the P-code at 10.23 MHz.
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The two types of GNSS position determination codes consist of pseudo-random
noise (PRN). This noise plays a significant role in the position-determination tech-
nique. When modulated on the L1 and L2 carriers, it produces a jam-resistant spread-
spectrum signal. Once the anti-spoofing (AS) operation mode is enabled, the P-code
may be encrypted into a Y-code. The P-code repeats weekly, beginning at the start of
the GPS week, while the C/A code repeats every millisecond. There is also the navi-
gation message, which is modulated with the L1 and L2 carriers at a chip rate of
50 bps. It contains data on ionospheric parameters, perturbations in orbit, satellite
orbits, GPS time, satellite clocks, and messages about the system’s status. [6]. The
quadrature phase-shift keying (QPSK) scheme is used to modulate L1 with P-code,
C/A-code, and navigation messages.

To extend the capability of the GNSS, particularly the GPS, it was modernized to give
added benefits to the civilian signal. Three new civilian signals, L2C, L5, and L1C, were
introduced into the new military signal (M) on the L1 and L2 frequencies. In a dual-
frequency receiver, the concurrent use of the L1 C/A (first civilian) and L2C (second
civilian) enables ionospheric correction, and enhancing its accuracy in comparison to the
military signal. The receivers will increase in complexity in the coming years to support
tracking of the new civil code on L2 and the encrypted P on L2 (A-S). L5 has a frequency
of 1176.45 MHz and a chipping rate of 10.23 MHz. The L5 code’s high chipping rate will
provide high-performance ranging capacities as well as better code measurements than
L1 C/A code measurements [7]. However, both old and new civil and military codes
require improved modulation to better share current frequency allocations with all
signals by raising spectral separation and thereby conserving the spectrum. The binary
offset carrier (BOC) can then be used to modulate military codes [8].

4. GNSS/GPS observables

There are two fundamental signals in GNSS/GPS observables: carrier phase and
pseudorange (code). Pseudoranges are used in high-precision positioning and naviga-
tion, where the carrier phase is preferred. Phase observation has the advantage of
lower noise but has at least one extra unknown parameter for each satellite, meaning

Figure 1.
GPS satellite signals. Source: Khan et al. [5].
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the integer’s ambiguity has to be introduced. The difference between the phase of
the carrier signal produced by the receiver at the time of signal reception and the
phase of the satellite signal produced at the time of signal transmission is known as
the ambiguous range or the carrier phase. The initial observation only involves the
fractional part of the phase difference. As tracking continues without a cycle slip, the
receiver keeps track of the fractional part and the number of cycles. Ambiguity occurs
because the measurement does not include the initial number. The carrier phase is
typically determined in cycles and can be converted to length units by multiplying it
by the wavelength at operational frequencies. Thus, Eq. (1) defines the carrier-phase
equation in length units. The pseudorange is the distance between the satellite and the
receiver at the start of the code’s transmission and reception. It is scaled using a
vacuum’s nominal speed of light. Timing errors and delays with the GNSS time in the
receiver and satellite clocks will differentiate the measured pseudoranges from the
LOS, which corresponds to the beginning of transmission and reception. Eq. (2)
shows the pseudorange’s mathematical expression, and Table 1 depicts the main
characteristics of the carrier phase and the code.

ϕs
r ¼ ρsr þ c δtr � δtsð Þ � I þ T þ λNs

r þmpþ ε (1)

Ps
r ¼ c tr � tsð Þ ¼ cτsr ¼ ρsr þ c δtr � δtsð Þ þ I þ T þmpþ ε (2)

where ϕs
r is the phase measurement in units of length. Ps

r is the pseudorange
measured at the receiver. c is the speed of light in a vacuum. δtr ∧ δts are the satellite
and receiver clock errors due to the difference in system time. I is the ionospheric-
induced error. T is the tropospheric-induced error. Ns

r is integer ambiguity between
the satellite and receiver. λ is the wavelength. mp is the multipath error. ε is the noise
or random error, tr is the reception time of the signal measured by the clock of
receivers r, ts is the transmission time of signal measured by the time frame of satellite
s, and τsr is the signal traveling time.

Noise or error sources that might be included in the observables are orbital errors,
antenna phase center offsets, and receiver noise, which should be considered for mea-
surement accuracy. When the geomagnetic field effect and path bending are ignored,
the phase advance is identical to the ionospheric-induced group delay’s magnitude.
Although they contain ambiguities, the phase observations are two to three orders of
magnitude more accurate compared to the pseudorange code. The LOS range between
satellite coordinates (Xs, Ys, Zs) and receiver coordinates (xr, yr, zr) is provided as:

ρsr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xs � xrð Þ2 þ Ys � yr

� �2 þ Zs � zrð Þ2
q

(3)

Carrier Code

Propagation effects ambiguity Ambiguous Unambiguous

Wavelength 20 cm P-code 30 m
C/A-code 293 m

Observation noise 2 mm P-code 30 cm
C/A-code 3 m

Accuracy High accuracy Low accuracy

Table 1.
The carrier phases and code characteristics.
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5. Doppler shift

The Doppler shift of a GNSS signal is the carrier phase’s derivative of time. It is
primarily given by the antenna’s relative velocity at the satellite and receiver, and the
common offset, which is proportional to the error in the receiver clock’s frequency. In
order to receive and accept the signals, the GNSS receiver has to estimate the Doppler
shift of the signals.

6. GNSS observable errors

Errors and noise caused by the propagation of a signal through atmospheric layers
and noise measurements have an impact on phase and code measurements. These
errors are classified into three types: satellite-based errors (including satellite clock
biases and ephemeris), receiver-based errors (including receiver clock errors, inter-
channel biases, and receiver noise), and propagation errors (including tropospheric
and ionospheric delays, multipath signals, and other interferences). The main GNSS
observable errors are described as follows:

6.1 The satellite-based error

The clock’s errors are caused by time differences between the satellite clock and the
real GNSS. The transmitted navigation message from the satellite includes some
corrections for clock drifts, resulting in positional errors. Satellite clock errors are
typically less than 1 msec, which equates to a 300 km error in pseudorange that can be
removed by the difference between two receivers based on their respective satellites.
Errors in the receiver clocks are significantly bigger than those in satellite atomic
clocks because they use inexpensive crystal clocks with reduced precision. Depending
on the firmware of the receiver, the size of the receiver clock error will range between
200 ns and some milliseconds. The clock’s errors can be eliminated with the difference
between the same receiver of two satellites [9]. It is possible to model this using the
navigation message carrying a reference time and containing the polynomial coeffi-
cients transmitted.

The errors in satellite ephemeris are caused by inaccurate satellite position pre-
dictions that are transmitted in a navigation message to users. The satellite’s position is
dynamic and depends on the solar pressure and gravitational field. The calculation of
position by a ground master control station is susceptible to error because of the
monitoring station’s clock drifts and delays. Errors in estimating the position of the
satellite result in pseudorange errors, which must be corrected at the level of the user.

6.2 The receiver-based error

A receiver clock’s error occurs because non-precise clocks are used, causing an
offset between it and the GNSS reference time. These errors are regarded as
unknowns in the pseudorange calculations. However, the double difference equation
can be used to remove them, as shown in the following section [6].

The interchange bias is the correlated error that is caused by the internal GNSS
receiver processes. It cannot be measured with live data because large errors in the
GNSS measurements make the bias impossible to measure because it is much smaller.
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The only way it can be measured is to zero out all other channels of error. This can be
done using a GNSS simulator [10]. In addition, the biases in GNSS positioning occur
because of physical limitations and inadequacies in the hardware of the GNSS. They
are caused by little delays between actions that should be run concurrently when
signals are transmitted via satellite or acquired using a receiver [11]. Furthermore,
receiver noise, also known as random measurement noise, influence carrier-phase
measurements and code delay. This noise is unrelated to the signal. Noise is produced
by the cables, amplifiers, antennae, and the receiver itself. The random measurement
noise includes interference from other GNSS signals. Even though the error contrib-
utes only a minor portion of overall positioning, it has been improved with modern
GNSS receiver technology.

6.3 Propagation error

Multipath occurs when the satellite or receiver gets multiple signal reflections
because of the numerous paths the signal takes to reach its destination. The multipath
effect depends on the satellite’s geometry, the reflecting surfaces surrounding the
receiving antenna, and the antenna’s position. Signals received from higher-altitude
satellites are less susceptible to the multipath effect than those received from low-
angle ones. Multipath errors affect the pseudorange measurement much more than
they do the carrier phase because of frequency dependency. To reduce multipath
errors, a site far from any reflective surfaces (trees, buildings, mounting, and cars)
should be selected. Multipath errors, on the other hand, can reach 1 m and can be
removed with antennas that use signal polarization to their advantage. The tropo-
sphere is the lowest region in the atmosphere where all weather phenomena take
place. The GNSS signals are affected by tropospheric attenuation. The tropospheric
layer triggers a delay in carrier and code observations that the dual-frequency receiver
cannot remove. However, the tropospheric delay can be modeled successfully. Tro-
pospheric models rely on empirical models that take temperature, relative humidity,
mapping function, and pressure values into account [12].

The ionosphere is the uppermost layer of the atmosphere, and it contains a large
amount of free ions and electrons. GNSS signals are refracted and dispersed
nonlinearly in the ionosphere by free electrons. The ionosphere’s dispersive nature
causes the delays to become dependent on frequency. The number of free electrons
passing through the path of the signal ray is proportional to the total ionospheric
delay, which varies depending on the time of day, year, solar cycle, and geographic
location on and above the Earth’s surface [13]. For the GNSS signal frequency
receiver, the Klobuchar model can only remove about 50 to 60% of the ionospheric
errors. Additionally, users of single-frequency GNSS can use empirical ionospheric
models or the regional network via communication links using real-time correction.
Ionospheric errors on signals received from GNSS satellite signals play the greatest
role in positioning errors when using single-frequency GNSS receivers. These phe-
nomena become obvious during severe solar activity, such as geomagnetic storms. For
any radiometric space method, like those using the GNSS system, it is imperative to
give an account of the propagation delay that emanates from the neutral atmosphere.
As the ionosphere is the primary error source in GNSS single-frequency measure-
ments, understanding its variations and properties, as well as identifying accurate
ionospheric delay approaches, is critical to improving its accuracy. However, iono-
spheric errors can be partially eliminated using the linear combination of dual or
multiple frequencies [14].
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7. Ionospheric total electron content

The total electron content (TEC) is defined by the integral of the electron density
in a TEC unit (TECU), where one TECU is equal to 1016 electrons per square meter
along the signal transmission path to the receiver. The TEC significantly affects
electromagnetic waves that propagate through the ionosphere. TEC is measured using
dual-frequency GNSS receivers, which is a popular method for investigating the
dynamics of the ionosphere [15]. As a result, the study of the TEC gained a new
impetus with GPS-based ground and navigation positioning that makes use of trans-
ionospheric communication. As the TEC depends significantly on the state of the
ionosphere, it has a large effect on GNSS-based communications. The ionospheric
delay varies substantially with the geographical location (equatorial, low-latitude,
mid-latitude, and high-latitude regions). However, due to the unique geometry of the
magnetic field, the ionospheric delay is obvious in low-latitude and equatorial regions.
In such regions, the plasma density in the ionosphere shows significant variations.
These variations are influenced by the solar cycle, geomagnetical activities, time of
day, seasons, and geographical location [16].

8. Ionospheric regions

The ionosphere is classified into three major regions: the equatorial/low-latitude,
mid-latitude, and high-latitude regions. In high-latitude regions, the electron density
is significantly lower than in low-latitude regions because solar radiation hits the
atmosphere more aggressively there. In mid-latitude regions, ionization occurs due to
solar photon radiation, with the electron density not being subject to any particle
radiation. In equatorial or low-latitude regions, there is a high electron density con-
centration because of the high radiation from the sun coupled with the electric and
magnetic fields of the earth. Hence, the results of the accumulated electrons in this
region influence radio wave propagation, which significantly affects satellite commu-
nication systems.

9. Major ionospheric variations

The ionospheric variability is influenced by solar radiation because of photoioni-
zation from the sun. Photoionization is caused by the increase in electron density in
the ionosphere. The TEC is affected by the activity of the sun, reaching its maximum
value when there is high solar activity and decreasing during low solar activity. The
sunspot number is one of the indicators commonly employed to determine solar
activity. Additionally, the electron density is expected to be higher than that in other
locations because of the change in latitude away from the equator and the oblique
angle at which solar radiation arrives in the atmosphere. This results in the reduction
of ionospheric densities. Geographical locations with low zenith angles are exposed to
more solar radiation, hence the higher electron densities. Moreover, maximum elec-
tron density occurs during the day and becomes lower at night since there is no
photoionization because of the absence of solar radiation. In general, when photoion-
ization stops, recombination significantly reduces the electron density at night, but
some free electrons remain until dawn. This variation can appear clearly in equatorial
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regions. Emunim et al. [16] investigated the daily variation of ionospheric delay at
different stations in equatorial regions (UUMK with geographic coordinates at 4.62°
N–103.21°E, MUKH with geographic coordinates at 6.46°N to 100.50°E, and TGPG
with geographic coordinates at 1.36°N–104.10°E) during a typically quiet day (Kp ≤ 1)
on 7 March 2013. As shown in Figure 2, the hourly median local time (Malaysia local
time = universal time + eight hours) was charted with the Vertical TEC (VTEC)
represented on the horizontal and vertical axes, respectively. The daily pattern of
ionospheric delay was observed as a single peak. The general ionospheric delay over all
the stations showed that the smallest delay was observed at sunrise, from 4:00 to 6:00
LT. From 13:00 to 17:00 LT, it increased gradually to a maximum. Variations in the
solar EUV caused a steady increase in delay, where increased EUV led to increased
ionization, which in turn increased the delay and vice versa.

Additionally, looking at seasonal variations, during the equinox months, the elec-
tron densities increased, because the sun was directly overhead at the equator during
solar maximum and minimum activities, leading to an increase in electron density
compared to other seasons. Direct sunlight in equatorial regions in equinoctial months
causes the most ionization in the ionosphere. The summer had the shortest iono-
spheric delay, which could be due to uneven heating of the two hemispheres caused
by transporting neutral substances from the summer to the winter hemisphere (hot to
cold). This reduces the rate of recombination during the winter in comparison to the
summer, resulting in a significant rise in the concentration of electrons during the
winter. Another possible cause of this phenomenon is a shift in the path of the neutral
wind. As it blows in reverse to the plasma diffusion process that begins at the equator,
the meridional component of the neutral wind blows from the summer to the winter
hemisphere, lowering the ionization crest value in the summer solstice. This results in
the equinox meridional winds originating at the equator blowing toward the poles,
causing the ionization crest value to be high [17]. An example of the seasonal variation
in equatorial regions is discussed in Ref. [18], where Langkawi station was used at
geographic coordinates 6.19°N, 99.51°E in 2014. The variabilities of the ionospheric
delay (VTEC) during winter (January, February, November, and December),
summer (May, June, July, and August), and equinox (March, April, September, and

Figure 2.
The diurnal hourly variation of the ionospheric delay. Source Elmunim et al. [16].
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October) are described in Figure 3, where the maximum variation in all the seasons
was observed from 9:00 to 19:00 LT. The peak was obtained during the equinox,
followed by winter, and finally summer.

Furthermore, during geomagnetic storms, the ionospheric delay affects GNSS
signals because of energy input into the polar ionosphere, changing a few of the
thermosphere’s parameters, such as composition, temperature, and circulation. This
change in composition influences the concentration of electrons in the F2 region
directly, followed by the TEC as the heated gas is spread to lower latitudes through
circulation [19]. During severe geomagnetic storms, currents in the dusk-to-dawn
direction that are associated with inner magnetospheric electric fields are no longer
able to shield the equatorial and mid-latitudes from the electric fields of high latitude.
This causes electric fields to penetrate the ionosphere from high latitudes to the
equatorial and middle ionosphere in an instant. So, the transportation of the particles
and the instantaneous penetration of the high-latitude electric field toward the
equator at high velocities can increase the ionospheric delay and the TEC value [20].

However, this complex nature of the equatorial ionosphere has been of great
concern due to the large errors that are peculiar to the GNSS applications [20]. The
delay errors are attributed to the free electrons in the signal path. The variations in the
value of the TEC need to be considered in the equatorial region so that the accuracy of
the GNSS can be improved. Studying the variations in the TEC at different geograph-
ical locations under various geophysical conditions like geomagnetic storms is also
crucial. Therefore, it is essential to develop a suitable ionospheric model to minimize
GPS positioning errors.

Research has been done on different low-latitude and equatorial regions of
the world using GNSS. Researchers have documented concerns in the analysis of
GPS-TEC variations in a particular ionospheric region at a specific time. For instance,
as discovered by Bagiya et al. [21], semiannual variations with maximum values
were recorded between March and April and again between September and October.
Furthermore, they reported that seasonal variations in the TEC at night show a
semiannual periodicity, with high background levels during the equinoctial months
and low background levels during the solstices. Tariku [22] discovered that the
lowest and highest monthly values of ionospheric delay were seen during the June
solstice and the equinoctial months, respectively, from 2009 to 2011 over the Kenyan
region.

Figure 3.
The seasonal variation of the ionospheric delay.
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Shimeis et al. [23] studied the temporary variations of the ionospheric delay at
some stations in Africa from 2002 to 2012. They observed that the ionospheric delay’s
daily variation gave multiple maxima in the summer equinox between 2006 and 2012
and during the equinox months from 2005 to 2008. Based on their report, increasing
nighttime VTEC and winter irregularities were observed during the study period.
They also reported that, during the time of a deep solar minimum (2006–2009),
during a quiet period of geomagnetic activity in the equatorial latitudes, a similar
diurnal variation of the ionospheric delay was observed over Alexandria (Egypt).
Akala et al. [23] compared equatorial GPS-TEC data from an American and an African
station during the ascending and descending phases of the solar cycle 24. The study
revealed that the minimum and maximum seasonal values of the ionospheric delay
were reported during the solstices and the March equinox, in the solar minimum
phases of both stations. Meanwhile, during the ascending phase of solar activity, the
June solstice had the lowest values and the December solstice had the highest values.
Huy et al. [24] investigated the time variations of the ionospheric delay in Southeast
Asian equatorial ionization anomalies from 2006 to 2011. Their findings also revealed
that crest amplitude ionization was significantly reduced in a few months during the
winter and summer during the deep solar minimum from 2008 to 2009. Based on
their report, the two crests substantially move toward the equator in the winter,
unlike in other seasons. It is also possible for the two crests to appear earlier in
the winter and later in the summer. Furthermore, the study [25] revealed that the
daytime seasonal variations of the TEC showed a semiannual periodicity and a
minimum value during the winter in the Indian regions. Moreover, at a low-latitude
Singaporean station [26], the GPS-TEC values decreased between 15:00 and 16:30
local time (LT) and started to increase between 16:30 and 21:30 LT in 2011. They
also reported that the highest TEC values were recorded during the equinoctial
months of 2010. Interestingly, similar findings were obtained using various satellites
and techniques [16, 19, 27–30].

10. Ionospheric correction models

There are two types of ionospheric correction models: empirical models and time
series models. The previous uses long-term data and represents typical patterns of
variations, whereas the following is fitted with mathematical functions and uses actual
measured ionospheric delay for a specific area over a period.

10.1 Empirical models

The empirical models can provide three-dimensional ionospheric electron profiles
and the TEC along the ray’s path of GNSS electromagnetic waves. However, because
they are derived from monthly median parameters, they only describe the long-term
averaged condition of the ionosphere [31]. On the other hand, the grid ionospheric
vertical delays broadcasted by the Satellite-Based Augmentation System (SBAS) can
provide ionospheric correction with higher accuracy [32]. The broadcast ionospheric
models have a few parameters that are easy and widely used for ionospheric delay
correction for single-frequency GNSS users, such as the Klobuchar model [33], the
developed Klobuchar model [34], the NeQuick model [35], the NTCM model and its
modification MNTCM-BC [36, 37], or the BDS broadcast model and its
improvements [38].
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The GIM presumes that the ionosphere is made up of a thin spherical layer located
450 km from the Earth’s surface [39]. It gives VTEC at specific grid points around
the world. When reconstructed from measurements of the predicted and actual
datasets, it is possible to use them for real-time and post-processed applications,
respectively. However, currently, its accuracy is slightly worse than that of the
1-day-predicted GIM, the International GNSS Service (IGS), and the latest GIM
(IGSG) [40], because of the limitations of using two-dimensional ionospheric
models [41].

The Broadcast Klobuchar ionospheric model was created at the Air Force Geo-
physics Laboratory by John Klobuchar. The model rectifies ionospheric delays by
broadcasting ephemerides, with the benefits of a simple structure and convenient
calculations [3]. Having set the parameters and reflecting on the varying characteris-
tics of the ionosphere, the model takes into account the daily periodic and amplitude
ionospheric variations to ensure the reliability of large-scale ionospheric forecasts. It
assumes an ideal smooth behavior of the ionosphere; thus, daily substantial alterations
could not be modeled properly. However, the computational memory and capacity of
the model are limited. Hence, the model can only remove around 50–60% of the
ionospheric delay errors [42]. As a result, even for absolute positioning, its accuracy is
only marginal, especially as solar activity increases [43]. The model has proven to be
useful in mid-latitude regions; however, its accuracy in the correction of ionospheric
delay is limited.

The International Reference Ionosphere (IRI) model, which was posited for
application internationally by the Committee on Space Research (COSPAR) and the
International Union of Radio Science, is one of the most widely used models (URSI).
Its primary function is the specification of ionospheric parameters [44]. The IRI
defines averages once a month of electron density, ion temperature, electron temper-
ature, ion composition, and ion drift at heights ranging between 60 km and 1500 km
for given times, dates, and locations. The development of this model is still in pro-
gress. The IRI’s capacity for determining and predicting ionospheric behavior is con-
tinuously updated by the scientific community. The current version of the IRI is the
IRI-2016 model, which was released with several modifications [45]. The IRI-2016
model has three topside electron density options, namely IRI-2001, IRI01-corr, and
NeQuick. Various topside electron density options are expressed by various mathe-
matical functions. The electron density profile with the NeQuick and IRI01-corr
topside options decreases with altitude more swiftly than that with the IRI-2001
topside option [46]. Many researchers worldwide have compared these different
topside electron density options to identify the best option and tested the latest IRI
version in certain regions [47–49]. The performance of the latest IRI-2016 model
using three topside options was compared to the IRI-2012 model at different stations
on the equator. They observed that the IRI-2016 model showed some improvements
in comparison with the IRI-2012 model and the IRI01-corr; however, Elmunim et al.
[16] displayed a minimum error compared to the IRI-2001 and NeQuick topside
options. Figure 4 depicts the hourly variation on a quiet day (7 March 2013) in an
equatorial region over the UUMK, MUKH, and TGPG stations. The first row shows
the variation by the hour at the UUMK, MUKH, and TGPG stations. The vertical axis
represents the VTEC values (TECU), while the horizontal axis displays the hours. The
topside options of the IRI-2016 are represented by a solid line, while the topside
options of the IRI-2012 are represented by dotted lines, showing the IRI-2001, which
is in green, IRI01-corr in black, and the NeQuick in pink. When compared to IRI-2016
and IRI-2012, the IRI01-corr and NeQuick offered better predictive ability during the
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day, except for the afternoon, when the IRI-2001 model provided a better result
prediction. In comparison to the IRI-2001 and NeQuick options, the IRI-2016 and IRI-
2012 models of the IRI01-corr option produced smaller percentage deviation values.
The IRI-2016 outperformed the IRI-2012 in the IRI01-corr and NeQuick options in the
majority of the daily disturbed and quiet periods.

10.2 Time series models

The time series statistical models have been developed to estimate and correct the
ionospheric delay and for ionospheric forecasting. A time series is a collection of
observations with equal time spacing that are measured sequentially. The observation
of GNSS data, in this case, the double difference in the ionosphere between a refer-
ence and a roving satellite on a specific baseline, is a strong example of such a series.
Time series are analyzed as tools for understanding the primary structure and func-
tion that created the data. Based on the understanding of these mechanisms, a time
series can be mathematically modeled to forecast future observations. Therefore,
some researchers have successfully developed a series of high-precision ionospheric
prediction models, such as the time series models of Refs. [50–53]. Among these
models, the time series model has several advantages over other modeling techniques.
It uses less sampling data, includes a complete modeling theory, has a relatively simple
calculation process, has good extensionality, and delivers high-precision short-term
ionospheric predictions [53].

In addition, the Autoregressive-Integrated Moving Average (ARIMA) method is a
time series technique that was created by Box and Jenkins in 1976. This technique
allows the production of a set of weighted coefficients that describe the ionosphere’s
behavior or rate of change during the sample period. These coefficients can then be
used to forecast future observations. Serval researchers used the model to correct the
ionospheric delay in different equatorial regions [30, 54].

Additionally, the Holt-Winter approach is a statistical time series approach used to
forecast future data values to generate repeated trends and a seasonal pattern time
series [55]. The exponential smoothing function method is applied to reduce varia-
tions in the time series data to provide a clearer viewpoint [56]. The model has
additive and multiplicative options. The multiplicative options showed better results
with high accuracy compared to the additive option [57]. The model was developed
toward forecasting ionospheric delays and thus enhances positional accuracy by up to
95% in equatorial regions [19].

Figure 4.
The diurnal hourly variation of IRI-2016 and IRI-2012 topside options. IRI-2016 (IRI-2001, IRI01-corr,
and NeQuick) are plotted in solid lines, while IRI-2012 (IRI-2001, IRI01-corr, and NeQuick) are plotted in
dotted lines.
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Elmunim et al. [18] compared the empirical IRI model using IRI01-corr, IRI-2001,
and NeQuick topside options with the time series statical model Holt-Winter over the
Langkawi, Malaysia, station in an equatorial region. Malaysia’s geographic coordinates
in daily, monthly, and seasonal variation, as well as during the geomagnetically dis-
turbed period over the equatorial region are 6.19°N and 99.51°E. In comparison to the
IRI01-corr, NeQuick, and Holt-Winter methods, the IRI-2001 had the greatest per-
centage deviation. Therefore, as shown in Figure 5, the model’s accuracy was discov-
ered to be about 95% for the Holt-Winter method, 75% for the IRI01-corr, 73% for the
NeQuick, and 66% for the IRI-2001 model.

The Holt-Winter method performed better and estimated the TECmore accurately
than the IRI01-corr and NeQuick, whereas the IRI-2001 performed poorly in the
equatorial region over Malaysia. The comparative study helps to understand the
model to further improve the accuracy of the GNSS. These studies are highly benefi-
cial in correcting ionospheric delays and providing GNSS data correction, hence
assisting in future accuracy improvements of the GNSS.

11. Conclusion

The GNSS satellites transmit signals propagate through the ionosphere. Iono-
spheric delay is one of the main sources of error that disrupts the accuracy of the
GNSS signals as it changes the propagated signal’s velocity. This delay can range from
a few meters to tens of meters. Understanding the characteristics of the ionosphere
and the estimation of the ionospheric delay are important when investigating the
ionospheric delay and identifying an accurate model in a specific region. The model’s
accuracy depends on the complexity of the ionospheric structure and the propagating
frequency of the radio waves. In equatorial regions, the time series model has given
highly efficient results compared to empirical models. It is important to determine the
most effective model to reduce GNSS errors and improve the accuracy of the GNSS.

Figure 5.
The accuracy of the ionospheric models in equatorial station.
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Chapter 5

Seasonal Characteristics of the Rate 
of Ionospheric TEC Index in China 
Based on BDSGAS from 2019 to 
2022
Chengli She

Abstract

The ionosphere total electron content (TEC) has always been one of the important 
error sources in satellite-based navigation and positioning applications. Besides TEC, 
the rate of TEC index (ROTI) which is derived from TEC, is also served as a signifi-
cant parameter in monitoring the status of the ionosphere. Based on more than 2,800 
GNSS stations in China, as part of the Beidou Satellite Ground Augmentation System 
(BDSGAS), the ROTI maps were constructed from 2019 to 2022, with the temporal 
resolution of 300 seconds and the spatial resolution of 0.5°and 0.25° along longitude 
and latitude, respectively. In order to analyze the seasonal characteristics of ROTI 
maps during those years, the geomagnetic quiet days in each season are chosen based 
on hourly geomagnetic Dst index. Among those ROTI maps, the seasonal charac-
teristics are obvious and differ along latitude, in the low latitude the strongest ROTI 
occurring and related to the scintillations in both spring and autumn, in the middle 
latitude ROTI active only in summer, and in the high latitude ROTI displaying no 
activity during each winter.

Keywords: Total Electron Content (TEC), Rate of TEC Index (ROTI), scintillation, 
Beidou Satellite Ground Augmentation System (BDSGAS), ionosphere

1. Introduction

In recent years, the pattern of global satellite navigation systems is undergoing 
great changes. China’s self-developed Beidou Satellite Navigation and Positioning 
System (BDS), officially opened on July 3, 2020, becomes the third mature satellite 
navigation system after GPS and GLONASS. The comprehensive completion of BDS 
indicates that China has an independent voice and provides an opportunity in the 
field of satellite navigation. At the same time, relevant researches and applications 
could also be accelerated and upgraded.

At present, people’s needs for navigation and positioning are becoming more and 
more diversified, generating various application scenarios such as automatic driving, 
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UAV operation, safety monitoring, etc. Among those applications, GNSS satellite 
signal is an indispensable signal source. However, the ionosphere, as the medium for 
the radio-wave transmitting from GNSS satellite to ground equipment, can never be 
ignored due to its refraction, scattering, and reflection upon radio signals. Therefore, 
to investigate the ionospheric influences based on the GNSS signals becomes an 
important problem to be solved. Traditionally, the ionospheric total electron content 
(TEC) can be inversed from double-frequency GNSS signals by integrating the iono-
spheric electron density along the propagation path, which is not only an important 
parameter in ionospheric physics research, but also an important error source to be 
eliminated in navigation and positioning applications.

Besides TEC, the TEC Rate of Change Index (ROTI) derived from TEC, is also 
frequently adopted to monitor the ionospheric state. Meanwhile, TEC and ROTI 
maps are favored by researchers and engineers in order to display the difference 
of overall regions. TEC maps are much more popular and widely-used than ROTI 
maps. So far, there are several research institutions regularly releasing their global 
ionospheric maps (GIM), such as Center for Orbit Determination in Europe (CODE, 
Switzerland), Jet Propulsion Laboratory (JPL, USA), European Space Agency (ESA, 
Germany), and Universitat Politècnica de Catalunya (UPC, Spain), Chinese Academy 
of Sciences (CAS, China) [1–4]. Those GIMs are submitted to International GNSS 
Service (IGS) to generate the combined version [5].

Particularly, in the Arctic and Antarctic, low latitudes and equatorial regions, 
where the ionosphere tends to change intensely, ROTI map is often used to locate 
the position of the active area of the ionosphere. As early as 1997, Pi et al. [6] 
obtained the global ROTI map in the form of scattered points with the help of global 
GPS data, and used it to analyze the global distribution of ionospheric irregulari-
ties. In Europe, due to the influence of aurora, Cherniak et al. [7] used more than 
700 GNSS stations in the middle and high latitudes of the Northern Hemisphere 
to develop the Northern Hemisphere high latitude ROTI map in the geomagnetic 
coordinate system (the geomagnetic latitude is above 50°), whose resolutions along 
the magnetic latitude and magnetic local time are 2° and 8 minutes, respectively, 
which can easily indicate the regions with active TEC changes under the influence 
of the aurora. In India, Harsha et al. [8] utilized 26 Indian GNSS stations to build 
TEC and ROTI maps to monitor the status of the ionosphere in the equator and low 
latitude regions.

In China, especially before the Beidou system was fully built, TEC estimations 
generally rely on GPS and GLONASS signals, and the number of GNSS stations used 
for ionospheric monitoring is not as dense as it is now. In low latitude of southern 
China, the lack of observation often leads to inaccurate estimation of the ionospheric 
TEC, then resulting inaccurate TEC maps. Meanwhile, the researches about ROTI are 
mainly focus on two aspects, one is the conventional observations of ROTI in the low 
latitude area of southern China, and the other is the case studies on the ionospheric 
ROTI response under the condition of geomagnetic activities. The ROTI maps have 
not been regularly released and studied, whose climatological characteristics are still 
not clear on the overall scope of China. It is urgent to fill the gap.

In this chapter, based on the GNSS observations from over 2800 Beidou 
Satellite Ground Augmentation System (BDSGAS) stations in China, a set of 
ionospheric ROTI maps will be constructed from 2019 to 2022, and only the ones 
under geomagnetic quiet condition will be adopted to statistically analyze its 
characteristics, including the features along each season and the low, middle, and 
high latitudes.



77

Seasonal Characteristics of the Rate of Ionospheric TEC Index in China Based on BDSGAS…
DOI: http://dx.doi.org/10.5772/intechopen.1001138

2. Data and method

The GNSS observations used in this chapter are from the reference stations of 
BDSGAS [9]. The system adopts advanced system architecture, data processing sys-
tem, software and multiple broadcasting means to enhance the positioning accuracy 
by multi-GNSS and multi-modes. The enhanced data products can be broadcasted by 
multiple means with various precisions such as meter, decimeter, and centimeter level 
for real-time service and even millimeter level for the post-processing positioning 
service. The acceptance of the system was completed in 2019. Currently, this system is 
operated by Qianxun Spatial Intelligence Co., Ltd., established jointly by China North 
Industries Group Corporation Limited and Alibaba Group in August 2015. As success-
ful business cases, a group of customized products and services for specific applica-
tion scenarios has been launched, such as dangerous building detection, precision 
agriculture, and autonomous vehicles.

Up to now, the system has established more than 3000 GNSS reference stations 
in China, covering all provinces, cities, and major counties. Each station is equipped 
with multi-GNSS receiver which fully supports BDS, GPS, Galileo, and GLONASS 
signals, with the sampling rate as high as 1Hz. Those stations can provide sufficient 
GNSS data for the construction of the ROTI map in this chapter.

In order to measure the level of the geomagnetic disturbance, the geomagnetic Dst 
index is chosen from the World Data Center (WDC) in Tokyo, Japan. According to the 
trend of the Dst index, the geomagnetic quiet days are selected from every month, acting 
as the reference for the geomagnetic disturbances. When analyzing the seasonal climato-
logical characteristics of ROTI, only the geomagnetic quiet days during the equinox/sol-
stice months are considered for simplicity, i.e. March, June, September, and December, 
respectively. The time span covers from spring 2019 to winter 2022, nearly four years 
long. Table 1 lists each selected geomagnetic quiet day and the daily minimum of hourly 
Dst index. The minimum hourly Dst of those quiet days is no less than −10 nT.

The process of ROTI map construction can be divided into three steps. At first, 
ionospheric slant TEC along the ray paths from each GNSS station to satellites is 
inversed. The algorithm about TEC inversion is very mature, and the method based on 
local spherical symmetry and thin layer model assumption in literature [10] is chosen. 
The ionospheric puncture point (IPP) is 450 km above the Earth surface. Secondly, Rate 
of TEC (ROT) and ROTI for each station is obtained with the common method [7]. It 
should be noted that, the cut-off limit of ground elevation is set as 30°, in order to avoid 
the impact of multipath effects caused by low elevation and obtain the most reliable ROT 
and ROTI information. At last, all the ROTI data are gridded into a two-dimensional 
map divided by longitude and latitude [11], with the longitude and latitude resolution 
of 0.5° and 0.25°, respectively, and the temporal resolution is 300 seconds. The value of 
ROTI in a grid is the averaged ROTI of all the valid ROTI data from the ground-satellite 
ray paths crossing through the grid, without any additional interpolation applied.

After the above three steps, the ROTI map is completed by the form of grid. Due to 
the uneven distribution of GNSS stations, there are some empty grids in the map. In 
fact, the ROTI map is only a partially filled grid map.

3. Seasonal characteristics

On the one hand, according to the geographic latitude, the whole China and 
nearby region can be divided into three parts: (a) the low latitude region, located 
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below 25°N, mainly including Hainan, Guangdong, Guangxi, and Yunnan; (b) the 
middle latitude district, between 25°N and 45°N, such as Sichuan, Hubei, Henan, 
Shandong, and Hebei; (c) the high latitude area, above 45°N, mainly including 
Heilongjiang, Jilin, northern Xinjiang, and northern Inner Mongolia. On the other 
hand, due to the fact that ROTI is more active during night than that in white day, 
only the ROTI maps at nighttime (18:00–03:00 LT) are considered. Then, the night-
time ROTI maps are compared by each season and each region, in order to discuss the 
seasonal characteristics of ROTI maps from 2019 to 2022.

3.1 Spring

Ionospheric scintillation in low latitude areas is common phenomenon in spring. For 
example, Li Guozhu confirmed that ionospheric scintillation is more likely to occur in 
spring and autumn but less likely to happen in winter and summer by using the iono-
spheric GPS amplitude scintillation data of Sanya station in Hainan from 2004 to 2006 
[12]. Liu K. utilized the GPS data from Sanya in China from 2004 to 2012 and found 
that the scintillations have a maximum occurrence during equinox of solar maximum 
[13]. Considering the close relationship between scintillation and ROTI, the value of 
ROTI in spring tends to be higher in low latitude than that in middle and high latitudes.

As a group of typical examples listed in Table 1, the geomagnetic quiet days in 
spring from 2019 to 2022 are March 22, 2019, March 11, 2020, March 11, 2021, and 
March 22, 2022, respectively, with the hourly Dst index no less than −1 nT. The cor-
responding nighttime ROTI maps for each day are shown in Figure 1. It can be seen 
that ROTI is less than 0.1 TECU/min in most of the area from 2019 to 2022, expect in 

season Date of the geomagnetic day Minimum of hourly Dst (nT)

Spring 2019-03-22 −1

2020-03-11 4

2021-03-11 6

2022-03-22 −1

Summer 2019-06-12 −1

2020-06-15 −6

2021-06-14 −7

2022-06-13 −4

Autumn 2019-09-19 −8

2020-09-10 −3

2021-09-12 −7

2022-09-18 −7

Winter 2019-12-17 −8

2020-12-14 −6

2021-12-15 −10

2022-12-18 −1

Table 1. 
Geomagnetic quiet days and daily minimum of hourly Dst indices during 2019 to 2022.
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the low latitude of Hainan and nearby region, where the geographic latitude is less 
than 20°N. Since the value of ROTI acts as the sign of scintillations to some extent, 
the higher the ROTI is, the stronger the scintillation is. The case of ROTI less than 
0.1 TECU/min can be marked as “blank” without any scintillation. Therefore, there 
is nearly no scintillation in 2019 spring, the quietest spring among those years. In 
2020 spring, scintillations were obvious only in Hainan and around during 22:00 LT 
to 02:00 LT, below 20°N. In 2021 spring, scintillations are observed only far south of 
Hainan around 23:00 LT, also below 20°N but with much smaller size than those in 

Figure 1. 
The nighttime ROTI maps in spring.
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2020 spring. In 2022 spring, the scintillations occurred below 20°N from 22:00 LT to 
04:00 LT, lasting longer than other years.

The strength of scintillation in each year is also different. To measure the strength, 
a group of ROTI thresholds are considered. The strength can be compared by counting 
the total number and calculating the average of ROTI among the grids exceeding the 
thresholds. For simplicity, the thresholds chosen in this chapter are 0.1 TECU/min and 
0.5 TECU/min, referring to no scintillation and moderate scintillation, respectively. 
Three LTs are selected to evaluate the temporal difference, i.e.: 19:00 LT, 21:00 LT, and 
23:00 LT. The results are shown in Table 2. It can be clearly seen that, 2022 spring is 
the strongest among those years, with the most number and the largest average of grid 
exceeds 0.5 TECU/min, while 2019 spring is the weakest. In 2020 and 2021 spring, 
scintillations are almost equivalent in strength. The difference of such strength from 
2019 to 2022 may be related to the different level of solar activity, increasing from solar 
minimum to growing phase.

LT Thresholds 
(TECU/min)

Number Average  
(TECU/min)

2019 19:00 0.1 156 0.193

0.5 4 2.902

21:00 0.1 108 0.328

0.5 6 3.764

23:00 0.1 212 0.287

0.5 13 2.850

2020 19:00 0.1 94 0.142

0.5 2 1.177

21:00 0.1 137 0.140

0.5 2 1.117

23:00 0.1 364 0.230

0.5 22 0.909

2021 19:00 0.1 66 0.143

0.5 2 0.712

21:00 0.1 102 0.175

0.5 4 1.023

23:00 0.1 177 0.330

0.5 38 0.838

2022 19:00 0.1 91 0.323

0.5 10 1.823

21:00 0.1 81 0.342

0.5 8 2.064

23:00 0.1 225 0.757

0.5 70 2.01

Table 2. 
Number and ROTI average of grids for ROTI exceeding the thresholds in spring.
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3.2 Summer

Different from the ionospheric scintillation mainly in the low latitude region 
in spring, the ionospheric nighttime activities in summer often correspond to the 
ionospheric electron density depletions caused by the mid latitude ionospheric trough 
(MIT) phenomenon [14]. For example, in the middle latitude of East Asia, He Youwen 
and Long Qili analyzed the seasonal characteristics of the ionospheric scintillation 

Figure 2. 
The nighttime ROTI maps in summer.
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from the scintillation observations of four stations, and found that the occurrence 
rate of scintillation is highest in summer, followed by autumn and weakest in winter 
[15]. However, due to the restriction of observation conditions, there are few reports 
using ROTI maps to study this phenomenon.

June 12, 2019, June 15, 2020, June 14, 2021, and June 13, 2022 are chosen as the 
geomagnetic quiet days in the summer of each year, as listed in Table 1 all the hourly 
Dst indices in summer greater than −9 nT. The nighttime ROTI maps are shown 
in Figure 2. It can be seen from the figure that, in the night of each summer, ROTI 
greater than 0.1 TECU/min is widespread in mid latitude regions during 21:00 LT 
to 02:00 LT, but rarely occurs in low and high latitudes, with the size of active ROTI 
much wider than that in spring. Meanwhile, as time goes on, the active region of ROTI 
larger than 0.1TECU/min in the map moves from east to west, which is mainly related 
to the Earth’s rotation resulting in the movement of direct solar radiation point from 
east to west.

LT Thresholds  
(TECU/min)

Number Average (TECU/min)

2019 19:00 0.1 479 0.189

0.5 10 3.269

21:00 0.1 1002 0.138

0.5 3 1.919

23:00 0.1 1575 0.142

0.5 9 2.768

2020 19:00 0.1 70 0.129

0.5 1 0.555

21:00 0.1 109 0.165

0.5 2 2.398

23:00 0.1 377 0.123

0.5 0 —

2021 19:00 0.1 109 0.216

0.5 3 3.267

21:00 0.1 581 0.127

0.5 2 0.952

23:00 0.1 1603 0.124

0.5 0 —

2022 19:00 0.1 144 0.183

0.5 6 1.214

21:00 0.1 743 0.134

0.5 4 0.989

23:00 0.1 2023 0.153

0.5 10 1.472

Table 3. 
Number and ROTI average of grids for ROTI exceeding the thresholds in summer.
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As the same ROTI thresholds used in spring, the total number and the average 
of ROTI among the grids exceeding the thresholds are listed in Table 3. Since the 
number of grids exceeding 0.5 TECU/min is too small, such grids can be considered 
as gross error to be ignored. The situation in summer is quite different from that in 
spring. In summer nighttime, the number of grids exceeding 0.1 TECU/min can reach 
2023 around 23:00 LT in year 2022, but in spring only 364 grids are captured, much 
more than that in spring, spreading much more widely in summer. The averages of 
ROTI for grids over 0.1 TECU/min in summer are generally from 0.123 TECU/min to 
0.216 TECU/min, but the same averages in spring are from 0.142 TECU/min to 0.757 
TECU/min, less in summer than that in spring. From 2019 to 2022, the number of 
grids exceeding 0.1 TECU/min is smallest in 2020, and largest in 2022, also following 
different pattern of activity other than that in spring. Even though the solar activity 
reached its minimum during 2019–2020, much less active than in 2021, the nighttime 
ROTI map in summer is still as strong as in 2021, nearly uninfluenced by the level of 
solar activities.

3.3 Autumn

Similar to spring, autumn is also another season with high occurrence of iono-
spheric scintillations in low latitudes. Zhang Hongbo et al. [10] used the ionospheric 
scintillation data of Haikou Station in China’s low latitude region from 2010 to 2017 to 
analyze the statistical occurrence of ionospheric scintillation in spring and autumn, 
found that both the occurrence and the intensity of ionospheric scintillation were 
generally higher in spring equinox than those in autumn equinox, and attributed the 
inconsistency between spring and autumn to the asymmetry of the equinox in the 
ionospheric background.

As listed in Table 1, the geomagnetic quiet days in each autumn from 2019 to 2022 
are September 19, 2019, September 10, 2020, September 12, 2021, and September 18, 
2022, respectively, with the hourly Dst index no less than −8 nT. The nighttime ROTI 
maps are shown in Figure 3. Seen from Figure 3, the scintillations were almost blank 
both in 2019 and 2020 autumn, occurred only in a tiny small area of the southeast 
region in 2021 autumn from 22:00 LT to 00:00 LT, and extended to larger area in 2022 
autumn than those in 2021 from 21:00 LT to 03:00 LT. The intensity of scintillations in 
each autumn can also be clearly revealed, the strongest in 2022, followed by 2021, and 
the weakest in 2020.

The total number and the average of grids exceeding the ROTI thresholds of 
0.1 TECU/min and 0.5 TECU/min are listed in Table 4. As the strongest autumn 
in 2022 among those years, around 23:00 LT in 2022, the number and the ROTI 
average of grids over 0.5 TECU/min is 140 and 1.398 TECU/min, respectively, 
while the number of grids over 0.5 TECU/min in other years is no more than 11. 
The ROTI average of grids over 0.1 TECU/min is a little larger in 2021 than those 
in both 2019 and 2020. When comparing spring and autumn of the same year, the 
number of grids over the thresholds is usually larger in spring than that in autumn 
except in 2022 and 19:00–21:00LT in 2019, while the ROTI average is also larger 
in spring than that in autumn except the gross error with only several scattering 
grids over 0.5 TECU/min. Generally, both the range and amplitude of scintil-
lations are weaker in autumn than those in spring. Therefore, the difference of 
scintillations in spring and autumn in each year is consistent with the performance 
of ionospheric scintillation stronger in spring than autumn as mentioned in the 
literature [16].
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3.4 Winter

In winter, the direct sunlight point moves to the southern hemisphere, thus the 
ionosphere changes in the northern hemisphere are relatively stable and without 
scintillation at night. The geomagnetic quiet days for each winter from 2019 to 2022 
are December 17, 2019, December 14, 2020, December 15, 2021, and December 18, 
2022, respectively, with the minimal value of hourly Dst index no less than −10 nT.

Figure 3. 
The nighttime ROTI maps in autumn.
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The corresponding nighttime ROTI maps are shown in Figure 4. Different from 
all the ROTI maps in other seasons, the nighttime ROTI maps always keep in very 
low level in each winter, without any active area. Therefore, there is no scintilla-
tion in winter. Then, the analysis about the ROTI thresholds is also omitted in this 
subsection.

4. Conclusions

Under geomagnetic quiet conditions, the nighttime ROTI maps for each season 
from 2019 to 2022 in China is constructed, and its seasonal characteristics are ana-
lyzed in this chapter. The following conclusions can be drawn: (1) In spring and 
autumn, ROTI is mainly active only in the low latitude areas in southern China. The 

LT Thresholds  
(TECU/min)

Number Average  
(TECU/min)

2019 19:00 0.1 175 0.155

0.5 4 1.527

21:00 0.1 153 0.216

0.5 11 1.396

23:00 0.1 155 0.140

0.5 3 1.185

2020 19:00 0.1 159 0.120

0.5 0 —

21:00 0.1 89 0.137

0.5 1 1.887

23:00 0.1 33 0.174

0.5 1 1.757

2021 19:00 0.1 87 0.167

0.5 1 3.992

21:00 0.1 109 0.240

0.5 5 2.208

23:00 0.1 170 0.166

0.5 2 0.689

2022 19:00 0.1 94 0.183

0.5 6 0.765

21:00 0.1 248 0.494

0.5 48 1.909

23:00 0.1 346 0.686

0.5 140 1.398

Table 4. 
Number and ROTI average of grids for ROTI exceeding the thresholds in autumn.
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value of ROTI in active areas is larger than that in other seasons, which is also related 
to ionospheric scintillations; (2) In summer, ROTI is active only in the middle latitude 
of central China, with the amplitude of ROTI less than that in Equinox. The size of 
active ROTI area is much wider than that in spring and autumn. It is generally related 
to the ionospheric nighttime trough in summer; (3) In winter, the ionosphere is 
generally quiet, without any active ROTI area.

In addition to the ROTI map mentioned in this chapter, the ionospheric scintilla-
tion S4 index is also often used for ionospheric state monitoring. In the future, more 

Figure 4. 
The nighttime ROTI maps in winter.
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Chapter 6

Ionospheric Scintillation Models:
An Inter-Comparison Study Using
GNSS Data
Adriano Camps, Carlos Molina, Guillermo González-Casado,
José Miguel Juan, Joël Lemorton, Vincent Fabbro,
Aymeric Mainvis, José Barbosa and Raúl Orús-Pérez

Abstract

Existing climatological ionosphere models, for example, GISM, SCIONAV,
WBMOD, and STIPEE, have known limitations that prevent their wide use. In the
framework of ESA study “Radio Climatology Models of the Ionosphere: Status and
Way Forward” their performance was assessed using experimental observations of
ionospheric scintillation collected over the past years to evaluate their ability to prop-
erly support future missions, and eventually indicate their weaknesses for future
improvements. Model limitations are more important in terms of the intensity scin-
tillation parameter (S4). To improve them, the COSMIC model has been fit (scaling
factor and offset) to the measured data, and it became the one better predicting the
intensity scintillation in a statistical sense.

Keywords: ionosphere, scintillation, intensity, phase, GNSS, climatology, modeling

1. Introduction

Ionospheric scintillations are the random intensity (I) and phase (σϕ) fluctuations
suffered by electromagnetic waves traversing the ionosphere due to irregularities of
the electron content density, mostly originated by the solar activity and plasma irreg-
ularity processes. They are characterized by the amplitude (actually intensity, i.e.,
power) scintillation parameter (S4) and the phase scintillation parameter (σϕ):

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2
� �� Ih i2

Ih i2

s
, (1)

σϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2� �� ϕh i2

q
, (2)

where I is the intensity of the signal (i.e., power), ϕ is the detrended phase of the
signal, and :h i denotes the time average.
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Ionospheric scintillation impacts satellite communications, global navigation satel-
lite systems (GNSS), and remote sensors (e.g., UHF Synthetic Aperture Radars—
SAR–, radar sounders, GNSS-Reflectometry, and GNSS-Radio Occultations). Iono-
spheric scintillation mostly occurs in equatorial and high-latitude regions, and their
behavior is significantly different. The complexity of the physical processes occurring
in the Earth’s ionosphere-thermosphere-mesosphere system is summarized in
Figure 1a, while Figure 1b shows the main ionospheric layers and the electron density
profiles during day and night.

Figure 1.
(a) Indication of the complexity of the ionosphere-thermosphere-mesosphere (ITM) system of planet Earth and the
range of physical processes operating. Credits: NASA’s Goddard Space Flight Center/Mary Pat Hrybyk-Keith
[https://svs.gsfc.nasa.gov/12960].(b) Typical electron density profile in the ionosphere and ionospheric layers
during day/night (from https://sidstation.loudet.org/ionosphere-en.xhtml).
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A summary of the main scintillation models is given in the excellent review
presented in [1]:

Equatorial scintillations occur around �20° of latitude of the magnetic equator,
after sunset and before midnight. They are caused by small-scale structures,
from tens of meters to tens of km [2], in convective plasma processes
surrounding depleted ionization volumes driven through the F region, which can
extend well through the F-layer peak. Irregularities with this range of scales are
not independent from larger-scale plasma structures and are also related to
smaller-scale irregularities.

Mid-latitude scintillations occur as an extension of phenomena occurring at
equatorial and auroral latitudes. They can also be due to an intense sporadic E
layer during daytime. High-latitude scintillations occur from the high-latitude
edge of the Van Allen outer belt into the polar region. The greater scintillation
occurrence is during the dark months, rather than during the months of
continuous Sun illumination, at all local times.

Auroral zones are observed during the nighttime period. Scintillation at high
latitudes is mostly refractive, and its impact in GNSS signals shows a well-
known proportionality between different signal frequencies (e.g., [3]).
Moreover, at high latitudes, the ionospheric disturbances mostly produce phase
fluctuations, but little impact in the signal amplitude/intensity [4]. This is not
the case for the low-latitude scintillation, where scintillation produces diffractive
effects on the signals, and the proportionality of the effects with the signal
frequency is broken and, moreover, the signal amplitude/intensity is affected
(e.g., [4, 5]).

Empirical methods, such as the Basu et al. Equatorial scintillation model [6], Basu
High-Latitude Scintillation Model [7], or the WAM Model [8] are restricted to geo-
graphical areas, periods of time, frequency bands in which they were derived. Ana-
lytical methods such as the Fremouw and Rino Model, the first analytical model of
VHF/UHF scintillations [9], the Aarons Model [10], the Franke and Liu Model [11],
the Iyer et al. Model [12], or the Retterer Model [13] assume that the ionosphere is a
layer of free electrons at a given height and with a given thickness that, under the
presence of the magnetic field of the Earth, disturbs the propagation of the electro-
magnetic waves. More recently, Liu et al. [14] and Chen et al. [15] derived an empir-
ical model to estimate S4 from FormoSat-3/COSMIC observations, and Kepkar et al.
[16] use FormoSat-3/COSMIC data to characterize equatorial plasma bubbles.

Climatological models, include Global Climatological Models such as the WBMOD
(WideBand MODel), the STIPEE, the GISM (Global Ionospheric Scintillation Model),
and the SCIONAV model.1

• WBMOD [17–19] is a climatological model for ionospheric turbulence that
includes the global distribution of the electron density irregularities and the phase
screen propagation model by Rino [20, 21] to calculate the effects that density
irregularities produce in the propagation of electromagnetic waves. WBMOD

1 WBMOD software is not open, although ONERA owns a license. STIPEE is a proprietary software of

ONERA. GISM is open and it is the one adopted by the International Telecommunications Union. An online

tool of GISM exists at [http://www.ieea.fr/en/gism-web-interface.html]. SCIONAV was developed for ESA

and it is open under request.
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provides modeling of the integrated strength of inhomogeneity (CkL), the
medium velocity, the anisotropy, the slope (p), and the outer scale of turbulence.
Its outputs are the phase scintillation spectrum spectral index, the spectral
strength parameter (at 1 Hz) T, the intensity scintillation index S4 (Eq. (1)), and
the rms of detrended phases σϕ [in radians] (Eq. (2)). Assuming that the power
spectral density of the phase fluctuations is isotropic, it can be approximated by:

γϕ kð Þ ¼ Cs

k2 þ q20
� �p=2 , (3)

where CS characterizes the turbulence strength, k is the wave number, q0 = 2π/L0
being L0 the outer scale of the inhomogeneities, and p is the spectrum slope (the
spectrum is linear in log–log scale).

WBMOD gives the probability distribution of the scintillation levels for any posi-
tion at any time: at high latitudes, a single Gaussian probability density function
(PDF) describes the log(CkL), at low latitudes, a bimodal representation of the PDF is
proposed, corresponding to the occurrence of plumes, and specific models for polar
regions are included for the auroral oval and medium velocity.

Its main limitations are that the predicted scintillation activity is much lower than
that observed and this disagreement increases for stronger scintillation, that the scin-
tillation activity predicted by WBMOD ceases approximately 2 h earlier than the
observations show, and that the patchy character of the equatorial scintillations is not
reflected in the model [22]. Also, the spectrum slope (p) is fixed to 2.5 or 2.7, which
prevents the parametrization of the ionospheric turbulence spectrum in polar regions
(see Figure 2a and b in Section 3.3). Additionally, WBMOD was obtained from a large
set of low-frequency beacon measurements (Wideband, HiLat, and Polar BEAR sat-
ellite experiments, USAF Phillips Laboratory equatorial scintillation monitoring net-
work), therefore its validity at the GNSS frequency bands that will be used for
validation purposes can be questioned, although it seems reasonable. WBMOD cannot
provide time series of perturbed signals.

• GISM [23–25] consists of the NeQuick [26] ionosphere model plus the
multiple phase screen (MPS) propagation models to calculate the effects that
density irregularities produce in the propagation of electromagnetic waves. It
can produce complex time series, and it has been used for most studies
assessing ionospheric impact on EGNOS and GALILEO missions [27–30]. GISM
is a very powerful model handling arbitrary transmitter and receiver locations, so
the incidence angle with respect to the ionosphere layers and to the magnetic
field vector orientation can be arbitrary, it can either cross the whole ionosphere
or just a part of it. GISM’s outputs are the mean effects (total electron content
(TEC), distance, phase, angular bend, and Faraday rotation), and the
fluctuations characterized by the scintillation parameters (S4, σϕ, p).

Its main limitations lie in the fact that the scintillation intensity directly depends
on the variance of the electron density at any point and any time in space, which is
defined by a constant ratio with respect to the ionosphere electron density mean value
provided by NeQuick 2, and that only a mean scintillation level is estimated, without
statistical variability. GISM is 2D model, and it does not take into account anisotropies.
It is a reliable model for equatorial regions, but it is not usable at high latitudes, as the
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sensitivity to the magnetic activity (e.g., the geomagnetic Kp index
2) is not accounted

for (only in the TEC values from NeQuick), and its forecasting performances are
limited as it is driven only by the solar flux number F10.7, which is a daily parameter.

• STIPEE [31] proposes a 2D or 3D formulation of the propagation modeling, based
on the parabolic wave equation associated with multiple phase screen model
(PWE-MPS) or on the Rytov approximation. The medium is described by the
Shkarofsky spectrum [32], then anisotropy and medium drift velocity are taken
into account. It is reliable for polar and equatorial regions, and it is valid from

Figure 2.
(a) Measured PDF of the phase spectra slope (p) measured at KIR1 receiver (Kiruna, Sweeden) for different levels
of scintillation (σϕ: [0, 0.3], (0.3, 0.5], (0.5, 0.7], (0.7, 0.9], (0.9, ∞), legend indicates central value of the
interval). (b) Map of q from WBMOD (p ≈ q + 1). In GISM p = 3.

2 The geomagnetic Kp index can be obtained, for example, from https://kp.gfz-potsdam.de/en/.
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weak up to strong scintillation if PWE-MPS resolution is used. STIPEE can be
used in conjunction with WBMOD (providing CkL, drift velocity, slope, and
anisotropy) to produce time series, or input parameters can be given by the user
(electron density variance and ionospheric spectrum parameters, such as drift
velocity, slope and anisotropy). At present, a new prediction model has been
derived called HAPEE (high latitude scintillation positioning error estimator) and
validated [33]. A merger of STIPEE and HAPEE is under construction within a
CNES project.

• SCIONAV [34] is a generic model to evaluate the impact of ionospheric
disturbances at low and high latitudes, based on physically-based models for
low- and high-frequency fluctuations. SCIONAV uses the total electron
content (TEC) parametric model from IRI 2016 [35] or NeQuick [23] as a
climatologic background, plus a stochastic variability term computed as a mean
value plus a uniform random variable computed from LUTs (Look Up Tables) as
a function of the year, month, local time, and latitude. These LUTs have been
derived by the UPC/gAGE research group [36] after a comprehensive analysis of
the VTEC Global Ionospheric Maps (“Final Products”), published by the
International GNSS Service (IGS), from 2001 to 2015 (both included) over a
20° � 20° grid. On top of the background and stochastic TEC, based on the
statistics of the equatorial plasma bubbles or EPBs observed during the years
2002–2014, an analytical model developed by the Observatori de l’Ebre [37]
accounts for the slowly moving ionospheric depletions and bubbles (EPBs) in
equatorial regions (low-frequency TEC fluctuations).

The high-frequency fluctuations are modeled at high latitudes (σϕ 6¼ 0, S4 ≈ 0)
using a model developed by the UPC/gAGE research group in which the phase scin-
tillation is proportional to the ROTI (Rate Of TEC Index) parameter computed using
1 Hz data [38, 39], and the mapping function (M):

σϕ ¼ α �M � ROTI: (4)

The proportionality constant is α = 0.0555 rad, and the ROTI is sum of three terms:

ROTI ¼ ROTI0 þ ΔROTI þ ROTIoff (5)

where ROTI0 is proportional to the AATR (Along Arc TEC Rate) [40], ΔROTI is a
uniform random variable, and ROTIoff ≈ 0.4 TECUs/min, is an offset term.

At equatorial regions, GISM is used to obtain S4 and σϕ, and the scintillation
enhancement due the presence of EPBs is modeled as an increase of the effective S4
parameter by a factor 1 + C�|ΔSTECEPBs(t)|), where ΔSTECEPBs is the change in the
Slant TEC due to the EPB. Finally, the Cornell Model [41] is used to generate the time
series associated to the fast diffractive scintillation.

To summarize, on one side, WBMOD and GISM are both theoretical models
calibrated with data on the global morphology of scintillation activity derived from
combining measurement data from the VHF and L-band links, but not GNSS data.
STIPEE and SCIONAV, being based on WBMOD and GISM inherit the same
intrinsic limitations. On the other side, the S4 model derived from the GNSS radio
occultation data from the FormoSat-3/COSMIC mission [14, 15] is a promising
empirical model because it includes homogeneous data obtained at global scale, but—
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to the authors’ knowledge—it still needs to be validated and calibrated using ground-
based GPS S4.

In this study, the goodness of these models is assessed by comparing their outputs
to the scintillation parameters measured from a network of GNSS monitoring ground
stations. Additionally, these measurements have been used to fine-tune the FormoSat-
3/COSMIC S4 empirical model (or simply COSMIC model in what follows), which can
then be used to improve other models in which intensity scintillation is not properly
modeled.

2. Methodology and data sets

Performing a validation/verification in the sense of matching model results with
experimental data is a necessary proof that the models are correctly developed and
implemented, although it might still not be a sufficient proof because experimental
data may not be fully representative or suffer from systematic or random errors that
would make the model not according to reality, but only according to the reference
empirical data set used for model validation. In order to avoid this problem, several
steps will be followed, from the simplest case and easier-to-test conditions to
increasingly challenging iterations.

Data sets are selected to be as representative as possible according to the following
procedure. First, the data will be gathered into four representative regions: Polar caps or
PLC (magnetic latitudes greater than 80°), high latitudes or HLT (magnetic latitudes
between 70° and 80°), Europe or EUR (excluding the high-latitude regions), and Low/
equatorial latitudes or LEQ (�30° around magnetic equator). Second, for each region
the data are further divided into severity levels of the observed ionospheric activity:
Type 1 corresponding to very high/extreme activity, Type 2 corresponding to moderate
to high activity, and Type 3 corresponding to undisturbed ionosphere to low activity. In
order to select data for Type 1 scenarios, the events producing the largest AATR values
during a full solar cycle period from 2006 to 2016 have been selected. To this end,
AATR values were calculated by UPC/gAGE for a network of more than 100 permanent
ground stations worldwide distributed. For Type 2 and 3 scenarios, the AATR values
were considered for time periods around maximum and minimum solar activity within
the interval 2006–2016. In particular, for maximum solar activity, we have focused on
the months with average solar flux index F10.7 greater than nearly 150 sfu (solar flux
units), which correspond to the periods from November 2013 to April 2014 and from
September to December 2014. For minimum solar activity, we have focused on the
months with average solar flux index F10.7 smaller than 80 sfu, which are found from
February 2007 to December 2009.

Data are provided by different types of ground receivers belonging to two differ-
ent networks: IGS high-rate geodetic receivers operating at 1-Hz sampling frequency
(measurements at intervals of 1 second) and ionospheric scintillation monitor
receivers (ISMR) from ESA-MONITOR network [42] providing measurements at 50-
Hz sampling frequency (intervals of 0.02 seconds). Part of the data collected from
ISMR has been used to verify the reliability of data from 1-Hz geodetic receivers, and
another part has been used for model validation, particularly for p-slope (slope of the
phase scintillation spectrum) and for S4 in the equatorial region in South America.
Details of which type of data is provided by receivers from the different networks can
be found in [38, 39]. Finally, the list of proposed scenarios for model validation based
on GNSS data is presented in Table 1.
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ID label of
the scenario

Time period Scenario description

Year Day of
the Year

LT (h)
interval

UT (h)
interval

Solar
activity

Comments

Type 1 Scenarios

Polar Cap and High-Latitude Regions

GNSS-Typ1-HLT-1 2015 76 — [15, 19] High St. Patrick’s storm

GNSS- Typ1-HLT-2 2014 58 — [19, 24] High near
maximum

Minor storm but frequent high
AATR

GNSS-Typ1-HLT-3 2015 250 — [15, 24] High G2 geomag. Storm

GNSS-Typ1-HLT-4 2015 252 — [02, 08]
&

[13, 16]

High G2 geomag. Storm

Europe Region

GNSS- Typ1-EUR-1 2015 76 — [15, 19] High St. Patrick’s storm

GNSS- Typ1-EUR-2 2014 58 — [12, 17] High near
maximum

Minor storm but frequent high
AATR

Low-Equatorial Regions

GNSS- Typ1-LEQ-1 2014 351 [19, 23] — High Highest AATR in current solar
cycle

GNSS- Typ1-LEQ-2 2014 314 [19, 24] — High Activity most equatorial
stations

GNSS-Typ1-LEQ-3 2015 298–299 [19, 24] — High Highest activity in days of Set 2

Type 2 Scenarios

Polar Cap and High-Latitude Regions

GNSS- Typ2-HLT-1 2015 291 — [06, 19] High Minor storm. High activity
most stations

GNSS- Typ2-HLT-2 2014 62 — [04, 13] Near
Maximum

High Ionospheric activity

GNSS- Typ2-HLT-3 2007 91 — [02, 09] Low near
Minimum

Minor storm.

Europe Region

GNSS- Typ2-EUR-1 2014 87 — [12, 17] Near
Maximum

High Ionospheric activity

GNSS- Typ2-EUR-2 2007 155 [16, 20] — Low near
Minimum

Moderate Ionospheric activity

GNSS-Typ2-EUR-3 2015 116 [09, 20] — High Highest activity in the region
for days of Set 2

GNSS-Typ2-EUR-4 2015 291 [09, 16] — High Minor storm effects in the
region

Low-Equatorial Regions

GNSS- Typ2-LEQ-1 2014 87 [19, 24] — Near
Maximum

High Ionospheric activity

GNSS- Typ2-LEQ-2 2007 80 [19, 24] — Low near
Minimum

High Ionospheric activity
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In the case of the SCIONAVmodel, a different data set has been used to extract the
parameters needed to properly tune the model. Then, these parameters have been
organized in different look-up tables (LUTs) by date, latitude, and any other variable
that can potentially influence the value of the corresponding parameter (e.g., solar
activity). Subsequently, in order to test the model performance, the data set described
in Table 1 has been chosen approximately at the same locations and times as the data
set used to tune the parameters of the SCIONAV model. Specifically, the GNSS test
scenarios in Table 1 are within a range of similar conditions as the data used for model
parameter tuning, that is, similar pierce-point locations (elevation angle, magnetic
latitude, azimuth direction with regard to solar zenith angle, and magnetic field lines),
and similar geomagnetic activity, time-of-day (day/night, close to sunset or not), or
conditions depending both of local time and season of the year. In this way, the
observed scintillation parameters (S4, σϕ, ROTI and power spectra slope), and the

ID label of
the scenario

Time period Scenario description

Year Day of
the Year

LT (h)
interval

UT (h)
interval

Solar
activity

Comments

GNSS-Typ2-LEQ-3 2015 291 [19, 24] — High Only stations in South America
& Canary Island

GNSS-Typ2-LEQ-3 2015 115 [19, 24] — High Stations: mal2, dgar, pimo,
LOM2, DAK2

Type 3 Scenarios

Polar Cap and High-Latitude Regions

GNSS- Typ3-HLT-1 2014 257 — [15, 21] Near
Maximum

Low Ionospheric activity

GNSS- Typ3-HLT-2 2007 181 — [10, 15] Near
Maximum

Low Ionospheric activity

GNSS-Typ3-HLT-3 2015 299 — [05, 20] High Low/Quiet ionospheric activity

Europe Region

GNSS- Typ3-EUR-1 2015 252 [00,09]
& [19,
24]

— High Quiet Ionosphere nearly all day

GNSS- Typ3-EUR-2 2014 20 [01, 05] — Near
Maximum

Quiet Ionosphere

GNSS- Typ3-EUR-3 2007 181 — [10, 15] Near
Maximum

Low Ionospheric activity

Low-Equatorial Regions

GNSS- Typ3-LEQ-1 2015 250–251 [01, 09] — High Quiet Ionosphere, scintillation
activity very scarce, the lowest

for days in Set 2

GNSS- Typ3-LEQ-2 2014 20 [01, 05] — Near
Maximum

Quiet Ionosphere

GNSS- Typ3-LEQ-3 2007 181 — [10, 15] Near
Maximum

Low Ionospheric activity

Table 1.
Consolidated list of GNSS test scenarios.
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ionospheric activity index (AATR) can be consistently compared to the scintillation
parameters predicted by the original models in similar ionospheric conditions. Note
that, the AATR is a widely used indicator of ionospheric activity linked to the local
TEC fluctuations observed from GNSS measurements taken by permanent ground
receivers. For this reason, it has been used to select the different types of scenarios
proposed in the present study according to the level of activity derived by using the
AATR thresholds established by [40] for the regions with different ionospheric activ-
ity that essentially correspond to the different regions considered in the present work.
The AATR has been demonstrated to be correlated with space weather conditions and
can be used to monitor planetary storm conditions [43].

Finally, the list of proposed scenarios for model validation based on GNSS data is
presented in Table 1.

Note that, for every region, the data are provided by different ground stations at
different locations. When the ionospheric activity occurs at a planetary scale, as in the
case of some space weather events or geomagnetic storms, the universal time is used
to define the data set of the given scenario. Instead, when the ionospheric activity is
linked to local times, as in the case of low-latitude scintillation, the scenario is better
defined using the local time range, which is relevant at all low-latitude locations.

3. Results

In the next set of plots, the general behavior of the models is compared against the
data. Although the plots are divided into geographical regions, they are not subdivided
into scintillation categories. Large differences between different low-latitude regions
(e.g., between America and Asia/Africa) were not observed in the reference data sets
used for model testing, nor in the corresponding model predictions. Therefore, all data
from low-latitude regions have been joined in a single set to perform the model
analysis.

3.1 S4 results

The S4 model results are only available for GISM and WBMOD, as the SCIONAV
model uses the same S4 as GISM. Results are summarized in Figures 3–5. Figure 3
shows the S4 PDF in percentage (%) from the ground measurements, from the GISM
model, and from the WBMOD + STIPEE model, and per region: equatorial low lati-
tudes, Europe, high latitudes, and polar caps. In the LEQ region, S4 values have low
probability, but they exist, although the scale of the figure does not help to appreciate
that. Instead, at PLC and HLT large values of S4 are not expected since scintillation is
mostly refractive and affects the carrier phase but not the signal intensity. Similarly,
Figure 4 shows the density plots of S4 vs. the ROTI, and Figure 5 shows the density
plots of S4 vs. the local time (LT). Note that, in the case of ISMR receivers operating at
50 Hz, the values of σϕ and p are directly outputs of the receivers, while the ROTI is
straightforwardly derived from the TEC variations output by the receivers. In the case
of geodetic receivers from the IGS network, operating at 1 Hz sampling frequency, the
parameters were calculated after processing the carrier phase measurements from the
receivers following the Geodetic Detrending methodology as described in Refs.
[38, 39].

It has been observed in real data that S4 is correlated with ROTI at low latitudes
[44, 45]. However, in Figure 3 model predictions cannot probably reproduce the S4
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data with sufficient accuracy, which is probably responsible of the bad results
concerning the S4-ROTI correlation. As it can be seen, S4 PDFs from WBMOD
+STIPEE are clearly better than those from GISM. However, the dependence with
respect to ROTI and LT seems to be better captured by GISM, notably at equatorial
regions, not so good at mid-latitudes, and —as expected— not at all at polar regions
since it is known that GISM is not modeling properly S4 at high latitudes.

Figure 4.
Density plots of: (first row) S4 vs. ROTI from the ground measurements, (second row) from the GISM model
(SCIONAV has the same output), and (third row) from the WBMOD + STIPEE model, per region. Colorbar
indicates percentage.

Figure 3.
PDF [in %] of: (first row) S4 from the ground measurements (scale normalized to maximum value because of large
variations between regions and models), (second row) from the GISM model (SCIONAV has the same output),
and (third row) from the WBMOD + STIPEE model, per region.
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3.2 σϕ results

The σϕ model results are available for all models, as SCIONAV includes a specific
model for the phase scintillation [G. Gonzalez-Casado and J.M. Juan-Zornoza, internal
communication, 2016].

Figure 6 shows the σϕ [in radians] PDF in percentage (%) from the ground
measurements, from the GISM model, from the SCIONAV model, and from the
WBMOD + STIPEE model, and per region: equatorial low latitudes, Europe, high
latitudes, and polar caps. Similarly, Figure 7 shows the density plots of σϕ vs. the
ROTI, and Figure 8 shows the density plots of σϕ vs. the local time (LT).

As it can be seen, σϕ PDFs from SCIONAV are qualitatively better than the other
models, WBMOD+STIPEE model being slightly worse than SCIONAV model, as it is a
bit wider (i.e., predicts slightly larger σϕ values), and GISM clearly overestimates σϕ,
notably at equatorial low latitudes and Europe regions. The dependence with respect
to ROTI and LT seems better captured by the SCIONAV model at all latitudes,
although some improvements may still be needed at high latitudes to increase the
correlation. For WBMOD+STIPEE the correlation is too high, and the dynamic range
is too small.

3.3 p-slope results

The p-slope model results are available for SCIONAV and WBMOD+STIPEE
models. GISM assumes a constant value of p = 3 [24]. During the analysis of this data,
it became apparent that there may be some discrepancies in the definition of the p-
slope. On one hand, WBMOD values agree with Beniguel et al. findings [42]. On the
other hand, the LUTs used for the p-slope by the SCIONAV model were calculated
using values delivered by 50 Hz ISMR from the MONITOR network. In Figure 2a
typical p-slope distributions depending on scintillation severity are shown. Figure 2b

Figure 5.
Density plots of: (first row) S4 vs. LT from the ground measurements, (second row) from the GISM model
(SCIONAV has the same output), and (third row) from the WBMOD + STIPEE model, per region. Colorbar
indicates percentage.
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Figure 7.
Density plots of: (first row) σϕ vs. ROTI from the ground measurements, (second row) from the GISM model,
(third row) from the SCIONAV model, and (fourth row) from the WBMOD + STIPEE model, per region.
Colorbar indicates percentage.

Figure 6.
PDF [in %] of: (first row) σϕ PDF [in %] from the ground measurements (scale normalized to maximum value
because of large variations between regions and models), (second row) from the GISM model, (third row) from the
SCIONAV model, and (fourth row) from the WBMOD + STIPEE model, per region.
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shows the maps of the q-slope obtained from WBMOD (WBMOD outputs q, being
p � q + 1) [22]. As it can be seen, it basically has two values: q = 1.5 at equatorial low-
latitude regions and q = 1.7 at mid-to-polar latitudes with a narrow transition zone.
Values of p between p = 2.5 and p = 2.7 should then be expected according to
WBMOD, but even for high scintillation events, the p-slope values rarely go above 2.5.
ISMR observations used to build the distributions shown in Figure 2a show that the
probability of p > 2.5 is just around 15–20% for periods of scintillation activity
(σϕ > 0.3).

Figure 9 shows the p-slope PDF in percentage from the ground measurements,
from the GISM model, from SCIONAV, and from the WBMOD + STIPEE model, and
per region: equatorial low latitudes, Europe, high latitudes, and polar caps. Similarly,
Figure 10 shows the density plots of p-slope vs. the ROTI, and Figure 11 shows the
density plots of p-slope vs. the LT.

Neither GISM (constant p-value equal to 3, not shown), nor WBMOD (fixed value
depending on latitude q � p-1 � 1.5 or 1.7, with narrow transition, Figure 2b), nor
SCIONAV exhibit the natural variability, and the variability has to be increased in
SCIONAV. When looking at Figures 10 and 11, it can be observed that the p - slope
values from SCIONAV exhibit an artificial binomial behavior, which can be attributed
to the way the scenarios were selected: groups of low-phase scintillation p � 1.7, and
others of high phase scintillation p � 2.3 (see Figure 2a). Apart from that, the
SCIONAV model exhibits the correct dependence with ROTI, including the dynamic
range and so with LT, which does not seem to be the case of WBMOD+STIPEE.

Figure 8.
Density plots of: (first row) σϕ vs. LT from the ground measurements, (second row) from the GISM model, (third
row) from the SCIONAV model, and (fourth row) from the WBMOD + STIPEE model, per region. Colorbar
indicates percentage.

104

Ionosphere - New Perspectives



3.4 Model performance summary

Quantitative results of the previous sections are summarized in Tables 2–4 in
terms of the mean and unbiased root mean squared error (uRMSE). A word of caution
is given to Table 4 because of the difference in one unit in the definition of the slope
(p in all models, and q in WBMOD).

Figure 10.
Density plots of: (first row) p-slope vs. ROTI from the ground measurements, (second row) from the SCIONAV
model, and (third row) from the WBMOD + STIPEE model, per region. Colorbar indicates percentage.

Figure 9.
PDF [in %] of: (first row) p-slope PDF from the ground measurements, (second row) from the SCIONAV model,
and (third row) from the WBMOD + STIPEE model, per region.
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The following conclusions on the models were drawn:

• S4 modeling analysis:

◦ GISM does not seem to have a good S4 model when compared against the
data or against WBMOD. It provides artificially high values of S4, and it is
also known to lack a proper model at high latitudes (results in purple in
Table 2). It is the same for SCIONAV, which is based on GISM.

Figure 11.
Density plots of: (first row) p-slope vs. LT from the ground measurements, (second row) from the SCIONAV
model, and (third row) from the WBMOD + STIPEE model, per region. Colorbar indicates percentage.

SCIONAV GISM WBMOD + STIPEE

Mean uRMS Mean uRMS Mean uRMS

Low/equatorial
latitudes
(LEQ)

All types 0.1744 0.2166 0.1744 0.2166 �0.0922 0.0783

Type 1 0.1510 0.2023 0.1510 0.2023 �0.0691 0.0983

Type 2 0.1957 0.2380 0.1957 0.2380 �0.1771 0.1079

Type 3 0.2333 0.2237 0.2333 0.2237 �0.0209 0.0230

Europe
(EUR)

All types �0.0679 0.0553 �0.0679 0.0553 �0.0385 0.0136

Type 1 — — — — — —

Type 2 �0.0681 0.0557 �0.0681 0.0557 �0.0385 0.0136

Type 3 — — — — — —

High latitudes (HLT) All types �0.0575 0.0516 �0.0575 0.0516 �0.0210 0.0263

Type 1 �0.0585 0.0531 �0.0585 0.0531 �0.0193 0.0269

Type 2 — — — — — —

Type 3 �0.0557 0.0507 �0.0557 0.0507 �0.0234 0.0251
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SCIONAV GISM WBMOD + STIPEE

Mean uRMS Mean uRMS Mean uRMS

Polar caps (PLC) All types �0.0502 0.0634 �0.0502 0.0634 �0.0922 0.0412

Type 1 �0.0659 0.0637 �0.0659 0.0637 �0.0246 0.0446

Type 2 — — — — — —

Type 3 �0.0726 0.0732 �0.0726 0.0732 �0.0283 0.0402

Bold type: All types of scenarios; green color: Best results, purple color: Model not applicable

Table 2.
Mean (left) and uRMSE (right) error for S4. Note: GISM results at high latitudes and polar caps are not
meaningful.

SCIONAV GISM WBMOD + STIPEE

Mean uRMS Mean uRMS Mean uRMS

Low/equatorial latitudes (LEQ) All types 0.0182 0.1356 0.2133 0.3410 �0.0724 0.0653

Type 1 0.0484 0.2190 0.1623 0.2437 �0.0434 0.0862

Type 2 0.0133 0.1085 0.4540 0.5875 �0.1345 0.1051

Type 3 0.0076 0.0808 0.2907 0.4184 �0.0333 0.0198

Europe (EUR) All types �0.0055 0.0629 �0.0541 0.0394 �0.0479 0.0280

Type 1 — — — — — —

Type 2 �0.0033 0.0610 �0.0522 0.0375 �0.0479 0.0280

Type 3 — — — — — —

High latitudes (HLT) All types 0.0206 0.1392 �0.0625 0.0643 0.0378 0.1196

Type 1 0.0563 0.2857 �0.0937 0.1164 0.0730 0.1418

Type 2 — — — — — —

Type 3 0.0082 0.0663 �0.0502 0.0316 �0.0145 0.0330

Polar caps (PLC) All types 0.0402 0.1798 �0.0686 0.0542 0.0107 0.0876

Type 1 0.0599 0.2274 �0.0791 0.0742 0.0458 0.1024

Type 2 — — — — — —

Type 3 0.0284 0.1151 �0.0650 0.0287 �0.0244 0.0201

Bold type: All types of scenarios; green color: Best results, purple color: Model not applicable.

Table 3.
Mean (left) and uRMSE (right) error for σϕ.

SCIONAV WBMOD + STIPEE

Mean uRMS Mean uRMS

Low/equatorial latitudes (LEQ) All types 0.4936 0.4538 0.9817 0.3364

Type 1 0.5188 0.3690 0.9776 0.2787

Type 2 0.4907 0.3922 0.9620 0.2778

Type 3 0.4394 0.5271 0.9912 0.386
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◦ WBMOD+STIPEE has a more realistic distribution, even if it produces
values slightly lower than reality.

◦ While it has been observed in real data that S4 is correlated with ROTI at low
latitudes [40, 42], this correlation is not captured by any model. This is a
motivation to investigate the performance of the COSMIC model in order to
improve the S4 modeling.

◦ GISM and WBMOD models account properly for the dependence with LT.

◦ In this study, SCIONAV model has the bubbles and depletions code
deactivated, so the estimated S4 values would be slightly higher.

• σϕ modeling analysis:

◦ GISM models artificially high values of σϕ.

◦ SCIONAV model exhibits a very good agreement with data in terms of mean
and standard deviation, for all regions, types of events, and LT.

◦ WBMOD model is very good, but in some cases, it does not reproduce
so well the dispersion with LT, and it has lower error dispersion across
regions.

• p-slope modeling analysis:

◦ GISM uses a default value of p = 3.

SCIONAV WBMOD + STIPEE

Mean uRMS Mean uRMS

Europe (EUR) All types 0.2662 0.6361 1.1162 0.4270

Type 1 — — — —

Type 2 0.2904 0.5937 1.1162 0.4270

Type 3 — — — —

High latitudes (HLT) All types 0.3639 0.5773 1.0521 0.4992

Type 1 0.2482 0.5685 0.9713 0.5386

Type 2 — — — —

Type 3 0.4257 0.4494 1.1721 0.4054

Polar caps (PLC) All types 0.5507 0.4285 1.239 0.2985

Type 1 0.6402 0.4071 1.202 0.3432

Type 2 — — — —

Type 3 0.6884 0.3245 1.315 0.2517

Bold type: all types of scenarios; green color: best results.

Table 4.
Mean (left) and uRMSE (right) error for p-slope.
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◦ WBMOD uses a fixed value depending on latitude (q = 1.5 at equatorial low
latitudes, or q = 1.7 at mid-to-polar latitudes; so p � q + 1 = 2.5–2.7).

◦ SCIONAV modeled p-slope PDF depends on σϕ (Figure 2a). The bimodality
presented could be caused by the simplicity of the modeling based on the
PDFs presented in Figure 2a, and/or by the selection of the data in extreme
cases.

◦ Additionally, estimated values of p from real data are biased towards lower
values because of the limitations of the IGS 1 Hz data, which does not sample
the full spectra of phase fluctuations.

◦ The p-slope is not the best-suited parameter to assess the performance
analysis of the models considered in the present study.

4. Discussion and way forward

4.1 Summary of the experimental results

So far, the assessment of model performance was done using GNSS data (i.e., L-
band). A fundamental point to keep in mind is the difference modeling philosophy in
the four models.

Whereas GISM and SCIONAV are providing a mean level of scintillation along
each link, WBMOD and STIPEE are considering the statistics of occurrence of an
event, or a scintillation index value for a given percentile. In order to compare the
different models, WBMOD/STIPEE results have been estimated at a percentile 50.

One additional important point is that the models’ inputs are different. Along Arc TEC
Rate (AATR) scintillation index is used as input for SCIONAV to characterize the phase
scintillation, whereas WBMOD is using the Kp index, which is not a scintillation index, it
is a geomagnetic index derived from the standardized K-index of 13 magnetic observato-
ries, and it is designed to measure the solar particle radiation by its magnetic effects. In
this way the approaches of the models are different, WBMOD being a blind model
considering ionosphere scintillation input but considering magnetic conditions instead.

GISM results have been assumed as a mean level of scintillation. This assumption
has been taken to compare the model with measurements, but it can be discussed. The
problem remains in the definition, and in the derivation of the climatologic part of the
models that have not been well described by the models. WBMOD is based on a
statistical approach, considering that for a given ionospheric conditions (date, local
time, solar exposure, latitude, and magnetic conditions) the scintillation intensity may
change with time. An illustration is displayed in Figure 12, representing ISMR S4 data
measured in Parepare, Indonesia, and the corresponding WBMOD prediction at the
ninetieth percentile. Four consecutive days have been chosen in September 1999.
These plots demonstrate the “patchy” nature of scintillation in contrast to WBMOD,
which produces smooth predictions of scintillation for a given percentile. WBMOD,
such as all other models proposed in this study, is not able to reproduce the night-to-
night variability of scintillation activity. This variable behavior of the measurements
indicates that a statistical approach seems to be required to model scintillation.

Medium anisotropy influence is of high importance for SAR modeling, and it has
also an impact on GNSS links. WBMOD is proposing a parametrization of anisotropy
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in terms of the along-field: (a) across field and (b) axial ratios, with values from
�10–50 and � 1–4, respectively. These variables exhibit a smooth evolution with the
local solar time (LST) and Kp, but no dependence with the Day of the Year (DoY), the
twelve-month smoothed relative sunspot number (R12), or the percentile. However,
this remains hard to validate.

In a conclusion, as it has been shown, while the phase scintillations are reasonably
well characterized by both SCIONAV and WBMOD+STIPEE models (see Table 3),
large errors occur in S4 in GISM and SCIONAV, which is based on GISM for S4 (see
Table 2). Hence, any potential model improvement in S4 predictions should be very
relevant and will help to improve the overall accuracy.

4.2 S4 model improvement

In the following paragraphs, an attempt to improve the S4 modeling is described
using the semiempirical model developed in [14, 15] to convert the 3D FORMOSAT-3/
COSMIC or F3/C S4, max (maximum value on each profile) into a 2D latitude and
longitude S4-index map on the ground has been used (hereafter called S4-index).

The scintillation model can be subdivided into low-latitude and high-latitude parts,
which are connected/overlapped between �45° and � 65° dip. The model combines a
constant low-latitude weight, between �45° and 45° dip latitudes, and a constant
high- latitude weight, below �65° and above 65° dip latitude, with linear transitions
between those two regions in the middle latitudes in both hemispheres. For each
region, the model is composed of the product of four terms [15], the Diurnal one,
SDiur, the annual one, SAn, the one that models the latitudinal (dip) variations, SDip,
and the one that depends on the solar flux, SPF10:7, as shown below:

S4 ¼ SDiur LTð Þ � SAn DoY, lonð Þ � SDip Dipð Þ � SPF10:7 YY,DoY,PF10:7ð Þ � kþ S4,bias:

(6)

In (Eq. (6)) the term YY, DoY, and LT are the Year, Day of the Year and local
time, is the PF107 = (F10.7+ F10.7A)/2, being F10.7 the solar flux daily value, and
F10.7A the 81-day running mean value of the solar radio flux at 10.7 cm wavelength,
respectively.

Originally, the model used k = 0.78125 and S4,bias = 0.07. However, to achieve
consistency with the ground GNSS data set used for model testing (Table 1); in the
present study, two of the parameters of the model, the calibration constant k and the

Figure 12.
Comparison between ISMR S4 (solid line) data and WBMOD predictions at 90 percentile (dotted line) on five
separate days in September 1999 for GPS satellite Pseudo-Random code Number (PRN) 1 observed at Parepare,
Indonesia (adapted from [19]).
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bias term S4,bias have been adjusted to minimize the rms error to the values shown in
Table 5. The remaining parameters and functionalities introduced in [15] have not been
modified. Note that biases are negligible, but values of k are much larger than in [15].

Figure 13 shows the performance of the COSMIC model in terms of the S4 PDF, S4
error PDF, the density plots of S4 vs. ROTI, and the density plots of S4 vs. LT, per
region. Clearly, COSMIC S4 PDFs seem better than from GISM/SCIONAV, with a
noticeable improvement at equatorial regions. ROTI dependence seems also better
behaved with COSMIC S4, except at high latitudes. Finally, LT dependence seems also
better behaved with COSMIC, at all latitudes. Additionally, the error histograms
(second row) are more symmetric and Gaussian-like than for other models (not
shown), despite the rms is slightly larger —except in LEQ region—, which is an
indication that the model is properly modeling the nature of the statistics of the
ionospheric intensity scintillations.

LEQ EUR HLT PLC

K 7.9902 25.6787 8.9855 9.5047

S4,bias �0.0058 �0.0000 �0.0000 �0.0000

Values obtained by minimized rms error between experimental data (Table 1) and COSMIC model.

Table 5.
Optimum values of k and S4,bias for each region: equatorial and low latitudes (LEQ), Europe (EUR), high
latitudes (HLT), and polar caps (PLC).

Figure 13.
Performance of COSMIC model: (first row) S4 PDF, (second row) S4 error PDF, (third row) S4 vs. ROTI, and
(fourth row) S4 vs. LT, per region. Colorbar indicates percentage.
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5. Conclusions

This chapter has summarized the outcomes of an ESA study to analyze the perfor-
mance of several ionospheric scintillation models and to provide recommendations for
future improvements. The models analyzed are GISM, SCIONAV, WBMOD, STIPEE,
and COSMIC. The analysis has been performed using S4, σϕ, and p for the first four
and, only S4 for COSMIC, derived from GNSS data from ground stations. Data have
been binned by regions: equatorial and low latitudes, Europe and mid-latitudes, high
latitudes, and polar caps.

Table 6 summarizes the main parameters of S4 for all regions, types of scintilla-
tion, and models. The GISM model (and SCIONAV, as it uses GISM inside to compute
S4) is not appropriate for high latitudes and polar regions, in terms of S4. The best
results are obtained with a tuned COSMIC model (bias and gain factor) for all regions,
except for high latitudes where the WBMOD+STIPEE model outperforms. This is
possibly due to the lower data sampling used to derive the COSMIC model.

In terms of σϕ, the best results are obtained by SCIONAV’s phase scintillation
model, except for polar caps, where WBMOD slightly outperforms. WBMOD out-
performs always in terms of the uRMSE.

Finally, in terms of p, SCIONAV model outperforms in terms of the average error,
but WBMOD+STIPEE in terms of the uRMSE. Improved modeling of p is still
required.

Tuning of the COSMIC S4 empirical model to the data collected (Table 1) has led
to the lowest average errors (except for WBMOD at high latitudes). It could be used in
conjunction with the SCIONAV σϕ model to better model the ionospheric scintillation
behavior.

Future work must be conducted to improve/update the characterization of the
patchy behavior of the ionosphere, assess the validity of some approximations of the
models, such as the constant slope and the anisotropy… and implement a 4D
(3D + time) simulator of the ionospheric scintillation, including ionospheric drifts.
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Chapter 7

Modeling of the Gradient-Drift
Instability in the Earth’s Equatorial
Ionosphere
Sergey Matsievsky

Abstract

The used mathematical and numerical models of the gradient-drift instability are
based on mathematical and numerical models of the Rayleigh-Taylor instability in the
Earth’s equatorial ionosphere. These models are constructed as systems of electrody-
namically matched multidimensional nonlinear equations described equatorial F-layer
of the Earth’s equatorial ionosphere. These instabilities can generate Earth’s plasma
irregularities with space-and-time scales that are characteristic of equatorial F-spread.
First, the space-and-time model of the developed equatorial plasma bubble is obtained
by a two-dimensional numerical simulation of the Rayleigh-Taylor instability. Second,
the growth rates of the plasma gradient-drift instability are obtained from the disper-
sion equation based on physical parameters of the developed equatorial plasma bub-
ble. The results of numerical experiments confirm the possibility of generating the
gradient-drift instability of Earth’s equatorial ionospheric plasma.

Keywords: gradient-drift instability, Earth’s equatorial ionosphere, mathematical
modeling, numerical modeling, growth rate, Rayleigh-Taylor instability

1. Introduction

Depleted concentration zones in the Earth’s equatorial ionosphere F-layer (named
equatorial plasma bubbles, EPBs) are very irregular and nonstationary 3D complex
structures. It is of great importance that EPBs have a very scattered range of 3D objects
from huge to very little [1–5]. Under favorable conditions in the Earth’s equatorial
ionospheric plasma for the Rayleigh-Taylor instability (RTI), medium-sized initial
irregularities develop in a hyperbolic growth into huge EPBs [6–8]. It should be partic-
ularly noted that in this ionospheric process, small irregularities of small sizes do not
begin to develop immediately. These small-sized irregularities can develop exclusively
on the basis of sufficiently developed EPB and under favorable conditions for a variety
of gradient instabilities, for example, the gradient-drift instability.

EPB groups are constantly observed from the outside of the Earth’s ionosphere.
EPB in these groups differs greatly in size, as well as in the degree of development.
Such measurements are also carried out within the framework of the Defense Meteoro-
logical Satellite Program (DMSP) [9]. Artificial Earth satellites DMSP provides cloud
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cover imagery from polar orbits that are Sun-synchronous at a nominal altitude of 830 km
(Figure 1). The DMSP satellite performs valuable EPB observations, although the
satellites on their trajectory are over the Earth’s equator for a short time.

In this work, the problem of the real feasibility of the occurrence and further
deepening of secondary small-sized plasma irregularities fueled by the gradient-drift
instability (GDI) [10, 11] at the EPB boundaries is investigated. The existence of such a
cascade mechanism is made possible because:

• Huge differences in ionic density at neighboring longitudes occur at the
boundaries of deep EPBs.

• Huge differences in ionic density at neighboring heights occur at the boundaries
of deep EPBs.

It is difficult to study two instabilities of different scales at once: RTI and GDI.
Therefore, the following cascade mechanism was used in this work:

• The plasma density as the basis of the ongoing processes is calculated on a two-
dimensional simulation, which is satisfactory due to the condition that the EPB is
strongly elongated along the Earth’s magnetic field [6, 12].

Figure 1.
DPMS orbits. (https://en.wikipedia.org/wiki/File:Operational_polar_satellites.jpg).
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• The real possibility of the emergence and further deepening of GDI is determined
by the growth rate (GR) of GDI.

2. 3D mathematic model of the Earth’s ionosphere

2.1 3D basic eqs

1.The atmosphere of Earth is the layer of gases, and the ionosphere is the ionized
part of the upper atmosphere. The gas dynamics can be described in the most
detail in the following three ways [12]:

• The most detailed known description of gas motion consists of the precise
determination of the instantaneous positions and velocities of all the
molecules that make up the gas.

• In practice, a molecular distribution function is introduced that satisfies the
integrodifferential Boltzmann equation, by which this function is
fundamentally determined by its given initial value. However, the
description of the distribution function is too detailed.

• Therefore, in reality, the equations of thermodynamics are used for
calculations. In these equations, the parameters of the state are the velocity
of the macroscopic mass flow, density, and temperature. In the derivation of
these equations, methods dating back to Grad [13] are used.

Note that in the equilibrium state, there is no difference between these three
approximations.

Plasma, formed at ionospheric heights, is commonly called thermal, thereby
emphasizing that the distributions of electrons and ions are the Maxwell-
Boltzmann distribution and can be characterized by their temperatures

The mean free path of thermal plasma particles is usually significantly less than
the characteristic spatial scales of changes in its parameters. Therefore, the
thermal plasma in the ionosphere is considered as a continuous medium and is
used for its modeling by the equations of magnetic hydrodynamics.

The mathematical base of the three-dimensional numerical ionospheric model of
the RTI, denoted by MI3, is the system of equations of plasma gas dynamics
containing the following scalar equations for (N: 1) ion types and electrons [14–16]

2.N scalar equations of ions and electrons continuity under the assumption of the
quasi-neutrality of the ionospheric plasma (MI3/1):

∂nj
∂t

þ ∇ njVj
� � ¼ Qj � Ljnj; (1)

3.N scalar equations of ions and electrons motion (MI3/2):

∂Vj

∂t
þVj∇Vj ¼

ej
mj

EþVj � B
� �� ∇pj

njmj
þ g � νjn Vj �Vn

� ��
X
j6¼k

νjk Vj �Vk
� �

; (2)
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4.N scalar equations of ions and electrons thermal conductivity (MI3/3):

3
2
njk

dTj

dt
þ Vj∇
� �

Tj

� �
þ pj∇Vj þ ∇qj ¼ Gj � Pj; (3)

5.Three scalar equations of electric field potentiality (MI3/4):

∇� E ¼ 0; (4)

6.Three scalar equations of electric current continuity (MI3/5):

∇J � ∇
X

ejnjVj ¼ 0, (5)

where j is ion and electron type, (N – 1) ions; Qj and Lj are ion and electron addition
and loss rates, respectively; Vj, nj, mj, ej, and pj are drift velocity, density, mass, charge,
and gas pressure of ions and electrons, respectively; νjn and νjk are ions and electrons
collision frequency with neutrals and with each other, respectively; Tj are ion and electron
temperature; Gj and Pj are heating and cooling rates, respectively; qj is heat flux density;
the subscripts indicate the ion and electron types; k is Boltzmann’s constant; E is electric
field strength; and J is electric current density.

2.2 Dipole coordinate system

1.In the study area, which is in the altitudinal range from 150 to 950 km, it is
possible to make the following assumptions about the transport processes due to
the strong magnetization of the ionospheric plasma:

• Transport processes are determined by collisions along the magnetic field.

• Transport processes are determined by the drift motion of the plasma across
the field.

Due to the strong anisotropy caused by the Earth’s magnetic field, the processes of
diffusion transfer and thermal conductivity in region F of the equatorial
ionosphere occur mainly along the lines of force of the geomagnetic field. With a
successful choice of the coordinate system, the cumbersome equations and
boundary conditions in general will be simplified.

2.Let us choose a dipole coordinate system for the reason that the Earth’s magnetic
field is approximated by the dipole approximation [17]. The coordinate
components (α, φ, and β) of a curved orthogonal dipolar system are defined in
terms of the spherical coordinates of the central dipole as follows:

α ¼ r
sin 2θ

, β ¼ cos θ
r2

,φ ¼ φ, (6)

where r is the distance to the center of the Earth, θ is the latitude, and φ is the
longitude (Figure 2).

3.Now let eα, eβ, and eφ be the coordinate orts in the dipolar system, and ort eβ
coincides with the direction of the geomagnetic field, ort eφ is directed from west
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to east, and ort eα is chosen so that it is directed upwards at the magnetic equator.
Then, we have the left-handed coordinate system:

eα � eφ ¼ eβ, eβ � eα ¼ eφ, eφ � eβ ¼ eα: (7)

Lame coefficients:

Hα ¼ sin 3θffiffiffi
δ

p ,Hφ ¼ r sin θ,Hβ ¼ r3ffiffiffi
δ

p , (8)

where δ ¼ 1þ 3 cos 2θ ¼ 1þ 3β2r4 and Hβ ¼ α2HαHφ. We also denote the product
of the Lame coefficients by H ¼ HαHβHφ.

2.3 Reducing the number of differential eqs

1.Simplify the system of equations by reducing the number of differential
equations and the number of unknown functions, respectively [16]. For this
purpose, the following conditions of the diffusion approximation are used:

dVj

dt
� ∂Vj

∂t
þVj∇Vj ¼ 0: (9)

Then

Vj ¼ υ̂j Eþ B
aj
Aj

� �
, (10)

where υ̂j ¼
υjp �υjh 0
υjh υjp 0
0 0 υj0

0
@

1
A is the tensor of integral mobility; υj0 ¼ a0j

B;

υjp ¼ a0j

B 1þa0j
2

� �; and υjh ¼ � a0j
2

B 1þa0j
2

� � are longitudinal, Pedersen, and Hall

Figure 2.
Dipole coordinate system.
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components, respectively; B ¼ Bj j; aj ¼ ej B
mjνjn

; a0j ¼ aj
νjn
νjn
; νjn ¼ νjn þ νt;

Aj ¼ � ∇pj
njmjνjn

þ g
νjn

þVn.

Similarly, it obtains that

j ¼ σ̂EþA, (11)

where σ̂ ¼P ejnjυ̂j �
σp �σh 0

σh σp 0

0 0 σ0

0
B@

1
CA is the tensor of integral conductivity

across the magnetic field; A ¼ B
P

ejnjυ̂j
Aj

aj
.

2.The following simplification is related to the rearrangement of the electron
density in the ionosphere. Estimates [18] show that the neutrality of ionospheric
plasma is maintained with high accuracy. This is enough to accept the condition
of neutrality in the equations of motion and continuity of densities. Therefore

X
ejnj ¼ 0, (12)

moreover, the process of establishing a quasi-neutral state does not need to be
investigated.

In addition, the magnetic field is assumed to be constant in time

B ¼ const (13)

and dipole. This is possible because the variations of the geomagnetic field
created by electric currents in the irregularity and in the ionosphere as a whole
are negligible compared to the geomagnetic field [18].

3.Due to the condition of electrostatics

∇� E ¼ 0, (14)

the electric field is potentially (MI3/6):

E ¼ ‐∇Φ, (15)

Φ is the electrical potential.

The dipole model geomagnetic field will not change during calculations, which
makes it possible to go from 3D MI3/5 to 2D MI3/7 by integrating the electric
current continuity equation:

∇⊥ σ̂∇⊥Φð Þ ¼ ∇⊥A, (16)

∇⊥ acts perpendicular to the force lines.

Since the electric current density, as well as the velocities of charged particles, can
be calculated based on algebraic expressions, they are also not included in the final
system.
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The result is 2 N three-dimensional nonstationary nonlinear equations with 2 N
unknowns n2, … , nN, T1, … , TN, Φ:

∂ni
∂t

þ ∇ niVið Þ ¼ Qi � Li, i ¼ 2, N,

3
2
njk

dTj

dt
þ pj∇Vj þ ∇qj ¼ Gj � Pj,

j ¼ 1, N,

∇⊥ σ̂∇⊥Φð Þ ¼ ∇⊥A:

8>>>>>>><
>>>>>>>:

(17)

2.4 3D final eqs

1.The resulting system of nonlinear three-dimensional strongly coupled
multicomponent hydrodynamic equations with nonlocal properties allows for
further simplification. The greatest difficulties to solve are the three-dimensional
inhomogeneous asymmetric elliptic equation for the electric field potential
obtained from the electric current continuity equation. Therefore, this equation
will be simplified.

First, let us take advantage of the fact that there is a dedicated direction in the
ionospheric plasma—the direction of the geomagnetic field. The plasma along it
at the heights of the equatorial region F is a highly conductive medium due to a
large amount of longitudinal conductivity σ0. Therefore, let the geomagnetic
field lines be equipotential, then the electric potential will be independent of the
direction of the geomagnetic field

Φ ¼ Φ α, φð Þ: (18)

2.Finally, the dimension of the three-dimensional equation for the potential is
reduced by integrating it along the lines of force. At the same time, the
integration region should take into account the parameters of the E-region: its
lines of force should begin under the E-region in the southern hemisphere, pass
through the geomagnetic equator, and end under the E-region in the northern
hemisphere (see Figure 2).

Then, at the ends of the power lines, natural boundary conditions can be
set, consisting of the impermeability of the lower boundary of the E-region
to the electric current. As a result, the integral of the derivative in the
direction of the geomagnetic field turns to zero, and only the following integral
remains:

ð

EþF

H∇⊥jdβ ¼ 0, (19)

where E and F are E- and F-regions.

3.So, a three-dimensional model MI3 suitable for numerical solution is
constructed
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∂ni
∂t

þ ∇ niVið Þ ¼ Qi � Li, i ¼ 1,N,

3
2
njk

dTj

dt
þ pj∇Vj þ ∇qj ¼ Gj � Pj, j ¼ e, i,

∂

ð

EþF

σp
H
H2

α

dβ � ∂Φ
∂α

0
B@

1
CA

∂α
þ

∂

ð

EþF

σp
H
H2

φ

dβ � ∂Φ
∂φ

0
B@

1
CA

∂φ
þ

∂

ð

EþF

σhHβdβ

∂α
� ∂Φ
∂φ

�
∂

ð

EþF

σhHβdβ

∂φ
� ∂Φ
∂α

¼
ð

EþF

∇⊥Adβ:

8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>:

(20)

The well-known global empirical model MSIS was required to determine the
characteristics of the uncharged component of the Earth’s ionosphere [19, 20].

Before starting calculations of the development of irregularities, the model was
established by running a background simulation of ionospheric plasma until it
reached a periodic solution with a period of a day.

This 3D MI3 model has been successfully used (e.g., [21]).

3. 2D mathematic models of the Earth’s ionosphere

1.The following simplification is related to the following property of the majority
of sufficiently developed medium-scale equatorial irregularities obtained from
observational data and numerical three-dimensional experiments on the previous
three-dimensional model. Irregularities are strongly elongated along the lines of
force and remain so during their movement. Let the irregularities be two-
dimensional, then their dynamics are described in the plane of the geomagnetic
equator by two-dimensional equations.

By discarding the terms with longitudinal components in the equations of the
three-dimensional model and translating all variables to the coordinates α and φ,
a two-dimensional model MI2 of developed irregularities is obtained, suitable
for numerical solution:

∂ni
∂t

þ ∇⊥ niVið Þ ¼ Qi � Li, i ¼ 1,N,

3
2
njk

dTj

dt
þ pj∇⊥Vj þ ∇⊥qj ¼ Gj � Pj,

j ¼ e, i,

∇⊥ σ̂∇⊥Φð Þ ¼ ∇⊥A:

8>>>>>>><
>>>>>>>:

(21)

This 2D MI2 model has been successfully used (e.g., [6]).

2.The last significant simplification is based on observational data and numerical
experiments on previous models, which show that sufficiently developed
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irregularities are strongly elongated in height. But this circumstance is used only
in the equation for the potential, where only the zonal gradient is taken into
account:

∂jφ
∂φ

¼ 0: (22)

In addition, let N ¼ 1, considering only one positive ion, which usually does not
lead to incorrect conclusions in the dynamics of irregularities [14].3. Because
due to the magnetization of the plasma of the F-layer

a1 ¼ e1
B

m1ν1n
, (23)

then

∂jφ
∂φ

¼ ∂ σpEφ þ Aφ

� �
∂φ

¼ 0, σpEφ þ Aφ ¼ const αð Þ ¼ j0φ αð Þ, (24)

and

Eφ ¼ j0φ αð Þ � Aφ

σp
, (25)

where j0φ αð Þ is the longitude component of the background electric current
j0 ¼ A, which must depend on the height only.4. In the simplest case

j0φ ¼ Aφ ffi n10m1
g
B
, (26)

where n10 αð Þ is the background altitude profile of the ion concentration. Now
the zonal component of the electric field Eφ can be found from the algebraic
expression.

The following four equations with four unknowns n1, T1, Te, Eα form an
express model MI0 of developed irregularities, suitable for both numerical and
analytical solutions:

∂n1
∂t

þ ∇⊥ n1V1ð Þ ¼ Q1 � L1,

3
2
njk

dTj

dt
þ pj∇⊥Vj þ ∇⊥qj ¼ Gj � Pj, j ¼ e, i,

∂Eα

∂φ
¼ ∂Eφ

∂α
:

8>>>>>><
>>>>>>:

(27)

This 2D MI0 model has been successfully used (e.g., [22]).

An analytical solution of the 2D MI0 model was obtained [23].
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4. Gradient-drift instability model

4.1 Mathematic model

1.The two-dimensional model MI2 is used.

When a deep EPB is formed, very large density differences of charged plasma
particles occur on the entire contour of this EPB over the Earth’s magnetic field:

• Longitude very large density differences of charged plasma particles.

• Altitude very large density differences of charged plasma particles.

These huge differences in plasma density favor the emergence and
intensification of drift waves growing in the hyperbolic growth regime, when the
linear increment is sufficiently large. Figure 3 shows schematic drawing of the
strongly deep EPB structure in the plane of the Earth‘s equator with numbers:

Figure 3.
Schematic structure of the developed EPB.
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• he horizontal straight line across EPB indicates the maximum of the
background F-layer of the Earth’s ionosphere.

• “1” is located at the place of the greatest drop in plasma density.

• “2,” “3,” and “4” are in place of the lateral, upper, and lower boundaries
with huge drops in plasma density, respectively.

2.To be able to work with the GDI, two equations are added. First, the following
notations are introduced: N0 is the unperturbed electron concentration; Φ0 is the
unperturbed potential of the electric field, made dimensionless by dividing by
the induction of the magnetic field B; V0φ and V0α are the undisturbed drift
speeds; and νr is the recombination rate of electrons. The perturbed values are
also denoted but without index 0 [24].

Then for the perturbed values N and Φ taking into account the fact that the
conditions ∇⊥ Vφ

� � ¼ 0 and ∇⊥ Vαð Þ ¼ 0 for the ionospheric plasma are satisfied,
two equations are added:

∂N
∂t

þ V0φ
∂N
∂φ

þ V0α
∂N
∂α

þ νrN þ ∂Φ
∂φ

∂N0

∂α
� ∂Φ

∂α

∂N0

∂φ
þ ∂Φ

∂φ

∂N
∂α

� ∂Φ
∂α

∂N
∂φ

¼ 0,

ΔΦþ V0φ

N0

∂N
∂α

þ V0α

N0

∂N
∂φ

¼ 0: (28)

The system of two differential equations is nonlinear since the first equation is
nonlinear. The system of these two differential equations can be solved using
only the first two harmonics of variation:

N ¼ N1 exp �iωtþ ikφφþ ikαα
� �þN2 exp �2iωtþ ikφφþ ikαα

� �þ
N3 exp �iωtþ 2ikφφþ 2ikαα

� �
,

Φ ¼ Φ1 exp �iωtþ ikφφþ ikαα
� �þΦ2 exp �2iωtþ ikφφþ ikαα

� �þ
Φ3 exp �iωtþ 2ikφφþ 2ikαα

� �
:

(29)

3.In accordance with refs. [10, 11], under the condition kφ < < kα, the instability
increment obtained from this system of two equations has the form

γg ¼
V0φ

Lφ
� k2α
k2φ þ k2α

� νr, Lφ ¼ ∂ lnN0

∂φ

� ��1

: (30)

Such a nonlinear increment of increase can be used in the case when an
irregularity of the plasma density occurs at the lateral boundaries of the deep EPB.
The frequencies of plasma waves in the presented mathematical simulation should not
be less than the frequencies corresponding to ionospheric irregularities at the bound-
aries of which they exist. Also, these frequencies do not rise above the wave
frequencies of the charged components of the ionosphere. In this case, we have wave
sizes of 10–1000 m.
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4.2 Numerical model

1.The computational simulation occupied the plane of the magnetic equator not
lower than 100 km and not higher than 1700 km. In width, the two-dimensional
simulation space occupied approximately 400 km. A relatively large two-
dimensional simulation space serves to exclude the impact of processes at the
edges on the results of simulation of the development of irregularities. Numerical
simulation was carried out at medium F10:7 ¼ 150 and small kp ¼ 3 [24].

The boundary values of the electric potential are obtained from the undisturbed
electric potential:

• On the right, the model’s undisturbed electric potential was only 0.001 V/m.
This value sets the movement from the bottom up with a model speed of
40 m/s.

• At the bottom of the simulation area, the density of charged particles
corresponds to the chemical equilibrium of the processes, and the heating of
charged particles is equivalent to the heating of neutral plasma particles.

• The model value of 0 is taken from above and on the sides for the plasma
particle flow rates.

The model seed EPB is given by the following equation:

ni ¼ ni0 1þ an � 1ð Þ exp � φ� φ0

l

� �2
� α� α0

l

� �2� �� �
, (31)

where ni0 is the background concentration of ions; an is the ratio of the
concentration at the center of the irregularity to the background value of the
concentration at this height (an ¼ 0:5 for the simulation); φ0, α0ð Þ are the
model seed EPB center coordinates; and l is the model seed EPB radius (l ¼ 5 km
for the simulation).

2.The system of differential equations of the mathematical model was
approximately solved by approximating derivatives with finite difference on quasi-
uniform grids, grinding to the middle of the two-dimensional simulation space to
the size of 1.5 km. The solution of the equations of motion has been simplified by
the fact that they are algebraic. The solution of the equation for the electric
potential was difficult, because it is not just elliptical, but also:

• It is not self-adjoint due to the presence of Hall conductivity components in
the equation.

• It significantly depends on the ion density of the ionosphere.

Due to the complexity of solving finite-difference equations, it was necessary to
develop approximate second-order equations of accuracy. On the other hand,
the use of only two-dimensional simulation of processes in the ionosphere
allowed the use of small finite-difference grids, which made it possible to
satisfactorily calculate the little scale of some parts of the EPB.

128

Ionosphere - New Perspectives



Numerical solution of mathematical models of Rayleigh-Taylor instability has
some difficulties that not all authors manage to overcome [25]:

• Computational finite-difference schemes for solving transfer equations in
numerical experiments with RTI simulation should have satisfactory
accuracy (second order).

• The traditional erroneous way, practiced by some authors for more than half
a century, is to neglect the fact that RTI develops in a mode with
aggravation. Such a development of events with a poor choice of finite-
difference schemes is the reason for a critical increase in the errors of
approximate calculations, which is the reason for the nonphysical results of
numerical experiments.

3.The finite-difference transfer equations included in the numerical model are
solved as follows

• Nonlinear 2D equations are solved according to the so-called splitting scheme,
and this scheme is symmetric, as a result of which the scheme has the second
order of accuracy.

• The 1D equation is solved by a specially developed monotonic method with
nonlinear correction of flows for which the minmod limiter was chosen [26, 27].

The electric potential equation included in the numerical model is solved using the
multigrid method with the specially developed W-scheme.

According to numerous calculations by various authors, the deep EPB has the
following characteristics:

• The width of the “leg” of the mushroom-shaped EPB is approximately
Lφ ≈ 1 km.

• The width of the “cap” of the mushroom-shaped EPB is approximately
Lφ ≈ 10� 100 km.

A numerical experiment to simulate the development of RTI made possible that both
the charged particles drift velocity and the background irregularities sizes are obtained.

4.3 Results of numerical experiments

1.The finite-difference simulation MI2 of the RTI development constructed above
was the first step necessary to determine the values of the simulated deep EPB
parameters of the Earth ionosphere and their differences, which, in turn, are
necessary to calculate the values of the GDI development rate. Figure 4 presents
the calculated contours of the ionospheric components with the following
characteristics:

• The numerical experiment was carried out on a rectangle with a width of
100 km (longitude) and a height of 800 km (from 150 to 950 km).
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• The process snapshots are shown for the times 2500, 2800, 3100, 3400,
and 3700 s, respectively, since the launch of RTI by creating the model
seed EPB [24].

2.Figure 5 represents the values of the following parameters, which were obtained
during a computational experiment using mathematical-numerical simulation of
MI2, varying in time, which is counted since the launch of RTI by creating the
model seed EPB

• Figure 5(a) represents the calculated maxima of the GDI growth increment
1000γg (1/s).

Figure 4.
Distribution of electron concentration at different times from the beginning of initialization in the plane of the
magnetic equator. The marks on the left at the boundaries of the zones are equal to the decimal logarithm of the
electron concentration.
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• Figure 5(b) represents the calculated height of the maximal value of the
GDI growth increment γg (km).

3.In accordance with Figure 5, which shows the results of a numerical experiment,
the calculated linear growth rate of GDI can rise to values of 0.006 1/s, or the
characteristic linear development time of GDI can be 170 s. It is obvious that the
obtained values of the linear increment of GDI may well be the reason for the
rather rapid growth of irregularities of small size, which, in fact, are the main
factor in the development of F-spread in the equatorial latitudes of the Earth at
ionospheric heights.

5. Conclusions

Using the MI2 model for numerical calculations on a personal computer leads to
the following conclusions about the nature of F-spread:

1.Density differences of charged particles of equatorial ionospheric plasma across
the Earth’s magnetic field at the lateral boundaries of the cap of a deep
mushroom-like EPB can most likely be the initial link of the cascade mechanism
from density differences to GDI.

2.The linear growth rate of secondary GDI may well rise to values of 1 /(170 s) and
higher, being the trigger for the appearance and deepening of irregularities of
small size.

3.The constructed mathematical and numerical simulation is designed to simulate
irregularities of tens of meters in size, so the numerical experiment showed that
GDI could well provoke equatorial F-spread.

Figure 5.
The values calculated by model MI2 and depending on time from the moment of initialization of RTI: (a)
maximum value of the GDI growth increment 1000γg 1/s and (b) the height of the maximum value γg km.
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Chapter 8

Narrowband Stimulated Radiation
during Ionospheric Heating
Experiments: Recent Observations,
Theory, and Modeling
Wayne Scales and Augustine Yellu

Abstract

Ground-based transmission of high-power high frequency (HF) radio waves into
the Earth’s ionosphere produces a plethora of physical phenomena that result from
complex nonlinear processes. This field has commonly been referred to as ionospheric
heating or ionospheric modification in pertinent literature, and it has a long, rich
history dating back at least to the 1960s. The phenomenon induced by the interaction
of a radio wave and ionospheric plasma may serve as a laboratory for investigating
fundamental phenomena as well as facilitate ionospheric diagnostics. This chapter will
concentrate on a specific phenomenon which is stimulated secondary radiation that
exists in the frequency band typically within about 1 KHz of the transmit frequency.
This narrowband stimulated radiation has been studied extensively over the past
decade or so at the High Frequency Active Auroral Research Program (HAARP)
Facility in Gakona, Alaska. HAARP’s unprecedented capabilities in terms of maximum
power, transmit beam and frequency agility, have resulted in discovery of several new
nonlinear ionospheric phenomena that may be leveraged for new diagnostics by using
the narrowband stimulated radiation spectrum. This chapter will provide a synopsis of
the most recent observations, theory, and advanced computational modeling and
provide a future outlook on possibilities for future avenues of investigation.

Keywords: stimulated electromagnetic emissions, second harmonic generation,
parametric instabilities, stimulated Brillouin scatter, electrostatic ion cyclotron wave,
ion-Bernstein waves, ionospheric diagnostics, ionospheric modification, ionospheric
heating

1. Introduction

When a high-power high frequency (HF) radio wave, also typically referred to a
pump wave, is injected into, and interacts with the Earth’s ionosphere, experiments
commonly referred to as ionospheric heating experiments, a plethora of physical
processes occur [1]. One of these processes is secondary radiation, produced in the
ionosphere, called Stimulated Electromagnetic Emissions (SEEs) which are observed
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by ground-based receivers typically within 100 km of the ground-based high power
ionospheric heating facility. The possibility of generating SEEs during ionospheric
heating experiments was theoretically proposed in the late 1970’s and SEEs were first
observed using the heater at the facility now called the European Incoherent Scatter
Radar (EISCAT) heating facility as reported in the early 1980’s [2]. Since then, SEEs
have been developed into a useful diagnostic for ionospheric parameters as well as the
nonlinear processes produced during heating by using the spectral line characteristics
and their temporal evolution [3]. SEEs along with other diagnostics probing the
heated region such as optics, coherent and incoherent radar scatter, GPS scintillation
measurements, and in situ satellite measurements can form an even more effective
diagnostic suite for analyzing the ionosphere during these experiments. The spectrum
of physical processes occurring during ionospheric heating include electron accelera-
tion, airglow, production of a relatively broad spatial scale of ionospheric irregularities
as well as secondary radiation, that is, SEEs. SEEs spectral lines studied in the past
occur within a frequency bandwidth of approximately �100 kHz around the pump
wave frequency ω0 which typically ranges from 2 to 8 MHz. An effective radiated
power (ERP) of 100’s of MW to 1 GW is usually available from the pump wave. The
ionospheric interaction typically occurs in the altitude range of 150–250 km. The
interaction of the pump wave with the ionosphere may occur strongly at the reflection
altitude where the pump frequency is near the local electron plasma frequency
ω0 ≈ωpe or the upper hybrid (UH) layer where the pump frequency is near the plasma

upper hybrid resonance frequency ω0 ≈ωuh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
pe þ Ω2

ce

q
where Ωce ≈ 1:4 MHz is the

electron gyrofrequency. The upper hybrid layer is roughly 5 km or so below the
reflection altitude. Many heating facilities such as EISCAT are in polar regions where
the geomagnetic field B0 is nearly vertical which implies that there are very prominent
and important SEEs spectral lines produced at the upper hybrid layer. As will be
discussed later, this is related to the orientation of the pump wave electric field being
nearly perpendicular to B0 at the upper hybrid layer and nearly parallel to B0 near the
reflection height. Also, it is well known that there are important changes to the
spectral lines when ω0 is swept through harmonics of the electron gyrofrequency nΩce
where for the observations discussed in detail in Section 2, n ¼ 2, 3 [3].

Since 2010, a host of newly discovered phenomena associated with SEEs have been
observed and studied at the High Frequency Active Auroral Research Program
(HAARP) facility in Gakona, Alaska [4, 5] which is the focus of this chapter. HAARP
is arguably the most powerful and versatile ionospheric heating facility presently. Its
higher effective radiated power (ERP), more agile frequency and antenna array beam
sweeping capabilities have opened new doors for experimental investigation of SEEs.
Most of the investigations conducted at HAARP since 2010 have concentrated on SEEs
within �1 kHz of the pump wave frequency ω0, and often this radiation is observed
within 100 Hz and even 10 Hz of ω0. Several authors have termed the SEEs within
�100 kHz of ω0 wideband SEEs (WSEEs) and the more recent observations within
�1 kHz of ω0, narrowband SEEs (NSEEs). This later terminology will be used in the
discussions here. Recent work at HAARP has also focused on the generation of SEEs
near twice the pump frequency, that is, 2ω0, a process known as second harmonic
generation (SHG). The motivation behind these SHG investigations is two-fold. The
first is to leverage the longstanding and validated techniques and theory from studies
of Laser Plasma Interactions (LPI) to derive diagnostics of ionospheric plasma and the
second is the presentation of an avenue to study SHG in magnetized plasmas on
timescales possibly not available in LPI. Since the concentration of this chapter is on
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narrowband SEEs near ω0 and 2ω0, the former is referred to as PW-NSEEs and the
latter SH-NSEEs, for clarity of distinction. “PW” and “SH” are respectively abbrevia-
tions for pump wave and second harmonic [6].

The nonlinear physical processes believed to initiate the generation of SEEs are
parametric instabilities involving coupling of the pump electromagnetic wave into
ionospheric plasma waves that can be either electromagnetic or electrostatic [7]. One
of the simplest forms of a parametric instability relevant to SEEs is the three-wave
parametric decay in which the pump wave decays into two downshifted sideband
waves. These three waves are related by frequency and wavenumber matching con-
ditions in which the pump wave frequency and wavenumber (ω0, k0Þ is equal to the
sum of the frequency and wavenumber of the high frequency (ω1, k1Þ and low
frequency (ω2, k2Þ decay sidebands (often an electrostatic wave), i.e.

ω0 ¼ ω1 þ ω2 (1)

k0 ¼ k1 þ k2 (2)

The frequency shift between the pump frequency and the downshifted high fre-
quency sideband, Δω ¼ ω0 � ω1 ¼ ω2, can be shown, through parametric instability
theory, to depend on properties of the heated ionospheric plasma and therefore form
the basis for diagnostic information. The temporal evolution of the high frequency
sideband can also be used for diagnostic information. This evolution typically results
from more strongly nonlinear processes, and comparison with nonlinear plasma sim-
ulation models can provide further possibilities for diagnostic information.

It is particularly important that the electric field vector of the pump wave on the
ray path is nearly perpendicular to the geomagnetic field at the UH layer and nearly
parallel near the reflection altitude for the experiments to be discussed. The pump
electric field vector direction determines which wave modes participate in the para-
metric instability. For instance, at the UH layer, ionospheric plasma wave modes that
propagate perpendicular to the geomagnetic field are expected to be involved in the
parametric decay. High frequency decay modes in this case may be upper hybrid
(UH) and electron Bernstein (EB) modes and low frequency wave modes may include
lower hybrid (LH), ion Bernstein (IB), and highly oblique ion acoustic (IA). Interac-
tions at the reflection altitude may include high frequency Langmuir waves (LW), a.k.
a. electron plasma waves, and low frequency ion acoustic (IA) and oblique electro-
static ion cyclotron (EIC) waves since all these waves propagate with significant wave
vector component along B0. Knowledge of these wave modes will be important for
interpreting the observations as well as utilizing the spectral line frequency shifts for
diagnostic purposes using parametric instability theory. Since there are other
nonlinear processes associated with the parametric instability such as strong turbu-
lence development and electron heating, computational plasma modeling can be
important for interpreting temporal evolution of the frequency sidebands and their
association with various nonlinear ionospheric irregularity development. Therefore,
the two tools, theory and modeling are critical for development of NSEE into a viable
ionospheric diagnostic.

The organization of this chapter is as follows. First, recent observations of NSEE
spectral lines at the HAARP facility will be discussed as well as some ancillary diag-
nostics. Next theoretical plasma physics concepts to explain the new SEE spectral lines
will be discussed. This will largely be consideration of parametric decay instability
theory. Growth rates and frequency shifts Δω will be discussed and their dependence
on ionospheric parameters that may provide diagnostic information. This will be
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followed by a discussion of nonlinear plasma simulations to provide deeper insight for
linking specific NSEE spectral lines to nonlinear processes in the ionosphere such as
electron acceleration and strong turbulence development. Finally, a summary and
future outlook and opportunities will be provided.

2. Observations

All the observations discussed in this section were made using transmissions from
the High Frequency Active Auroral Research Program (HAARP) facility in Gakona,
Alaska, with location site (62.39° N, 145.15° W). The observations here were reported
during the period roughly between 2010 and 2021. The maximum HAARP ERP used
was 1 GW with the pump power variation depending on the experiment and O-mode
polarization was used. The HAARP transmitter has approximately a 30 dB gain. The
SEE signals were typically received with a 30 m folded dipole antenna located roughly
10 km from the transmitter site at the Riverview Inn. The antennas were connected to
high sensitivity wideband software defined radio reviewers. The receiver shifts the
frequency of the acquired signal by the transmit (pump) frequency ω0 by mixing, and
sampling it at 250 kHz. The acquired in-phase and quadrature-phase (I and Q) data
are post-processed by utilizing Blackman windowing and then fast Fourier
transformed (FFT) to obtain spectrograms of the received signal. The frequency
resolution of the spectra was in the range of approximately 1–4 Hz depending on the
experiment. The magnetic zenith direction is 140, that is, near vertical, with the
HAARP antenna beam pointed at or near magnetic zenith with azimuth near 2000

which was shown to provide good NSEE observations for most experiments. The
HAARP transmitter frequency ω0 was typically frequency stepped within approxi-
mately �100 kHz of 2Ωce ≈ 2.8 MHz and 3Ωce ≈ 4.2 MHz to provide strong interac-
tions at the upper hybrid layer as well as interaction at the reflection altitude. The
receivers measured the NSEE signals near ω0 and also near 2 ω0 for considering
second harmonic generation. Figure 1 shows a diagram of a typical experimental
set up.

2.1 Stimulated Brillouin scatter

The first key discovery in NSEE was Stimulated Brillouin Scatter (SBS). The first
observations were reported by Norin et al. [8] and soon after by [9, 10]. The latter
work provided more detailed theoretical analysis that was in relatively good agree-
ment with the behavior during the experiments. Although SBS had been studied
relatively extensively within the Laser Plasma Interaction (LPI) community for sev-
eral decades, a key difference was the importance of the geomagnetic field B0 during
the ionospheric heating experiments which produced new spectral lines. Also since
there were pump wave interactions at both the upper hybrid and reflection altitudes,
there were spectral lines believed to be associated with both interaction altitudes. The
primary spectral lines observed during ionospheric heating experiments are associated
with ion acoustic (IA) and electrostatic ion cyclotron (EIC) low frequency decay wave
modes. The former is more prominent and produces a sideband typically shifted
below ω0 by roughly 10 Hz for interaction at the reflection altitude [10]. Sidebands
shifted below the pump by several 10’s of Hz can be argued to result from interaction
at the upper hybrid layer by consideration of wave matching conditions. Upshifted
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sidebands could also be accounted for by wave mixing of the upwards and downwards
going waves. Since the shift of the IA sideband below the pump is related to the ion
acoustic frequency, which depends on temperature, it was proposed that SBS could be
used as an important temperature diagnostic and there has been recent progress in this
area by using comparisons with temperature measurements using Incoherent Scatter
Radar (ISR) [11]. The SBS IA spectral line has also been replicated at the European
Incoherent Scatter Radar (EISCAT) facility near Tromso Norway [12]. Another
important feature of the IA decay line is that it can often be comparable or even larger
than the pump spectral line as was noticed in the early reports. Nonlinear computer
simulations show that this is consistent with the behavior of nonlinear development of
the SBS parametric decay instability. Several related characteristics and phenomena
are discussed in Section 4.1.

The second important SBS line was discovered by Bernhardt et al. [9] guided by
the early theoretical calculations. The EIC spectral line shift is near the Oþ cyclotron
(or gyro) frequency ΩcO ≈ 50 Hz. Note Oþ is the dominant ion species in the interac-
tion region. In general, obliquely propagating EIC waves only exist in a magnetized
plasma at frequencies slightly above the ion gyrofrequency Ωci and therefore the
presence of this spectral line has resulted in SBS in the ionospheric plasma being
referred to Magnetized SBS (MSBS). Since in general, Ωci depends on the ion mass,
i.e., Ωci ¼ eB=mi where e and mi are the unit electron charge and ion mass, the
importance of this spectral line to ionospheric mass spectrometry measurements was
recognized. Further details will be discussed in Section 2.2.

The EIC spectral line was observed to be present when the HAARP transmit
antenna beam angle was at least a few degrees off the magnetic zenith angle of 140

which allows the pump electric field vector to couple more effectively to the obliquely
propagating EIC waves. This will be discussed in more detail in Section 3.1. Also, the
EIC line requires a much higher pump power to excite. Typically, this spectral line is

Figure 1.
A typical experimental set up to measure NSEE using transmissions from the HAARP facility. The transmitted
signal produces nonlinear processes in the ionosphere between the upper hybrid layer and reflection altitude. These
nonlinear processes produce secondary radiation (NSEE) observed on the ground with frequency sidebands near
ω0 and 2ω0 that may be used for diagnostic information on the heated ionosphere.
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observed only when the pump power is above several 100 MW ERP which is consid-
erably more than the IA spectral line which may be observed for a pump power of less
than 100 MW ERP.

Figure 2 shows observations of SBS proposed to be produced near the reflection
height by using ray tracing calculations [13]. The left panel shows variation of the
HAARP beam angle from magnetic zenith to 7° and 14° off magnetic zenith using 1
GW ERP. The IA spectral line can be seen to be shifted by roughly 10 Hz below the
pump frequency of 4.1 MHz (≈ 3ΩceÞ and is consistent with generation at the reflec-
tion altitude. As the beam angle is increased off magnetic zenith by 14°, the EIC
spectral line can be seen to appear albeit at a much lower amplitude than the IA line.
The frequency shift is near ΩcO ≈ 50 Hz. An upshifted IA spectral line can also be
observed and is explained due to mixing of upwards and downward propagating wave
modes [13]. The right panel shows SBS observations with varying pump power from
520 through 800 MW, to 1 GW with the HAARP antenna beam angle being 14° off
magnetic zenith. It can be seen that considerably more pump power is necessary to
excite the EIC spectral line, relative to the IA line, which begins to be observed above
800 MW power for these observations.

Increasing the pump power of course produces more strongly nonlinear processes
in the ionosphere. Therefore, it is helpful to consider the impact of increasing pump
power on the NSEE spectral line characteristics. Variation i n spectral lines between
low and high pump power may potentially provide useful diagnostic information. A
study of the IA spectral line characteristic variation with pump power has been made
by Yellu et al. [14]. Figure 3 shows NSEE spectra for a relatively low (�150 MW)
transmit power and high (�280 MW) transmit power. The antenna beam angle was
along magnetic zenith and ω0 ≈ 3Ωce ≈ 4.32 MHz. The lower power case shows a
relatively distinct SBS IA line shifted below ω0 by roughly 9 Hz and the spectral
bandwidth is roughly 5 Hz. This is consistent with the observations shown earlier in
Figure 2. Along with a considerably larger sideband spectral power, the higher power
case shows a broadened line which, upon careful examination, can be described as a
cascade of individual SBS IA lines. The bandwidth in the high-power case is roughly
14 Hz. Yellu et al. [14] suggests that this behavior for high power results from
development of strong ion acoustic turbulence in which the backscattered EM wave

Figure 2.
Frequency spectra of stimulated Brillouin scatter (SBS) observed during ionospheric heating experiments. Two
primary spectral lines exist, the ion acoustic (IA) and the electrostatic ion cyclotron (EIC). The EIC has a higher
power threshold and is present for high pump powers and/or off magnetic zenith pumping. Adapted from [13].
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decay product of an SBS instability acts as a pump to initiate a successive SBS insta-
bility. Such strongly turbulent processes can be studied in detail using nonlinear
plasma simulations as will be discussed in Section 4.1.

2.2 Ion gyroharmonic spectral lines

As was discussed in the previous section, a prominent SBS line is the EIC line
which is shifted from ω0 by the Oþ gyrofrequency ΩcO. As the pump frequency is
swept very near a multiple of the electron gyrofrequency ω0 ≈ nΩce another class of
NSEE spectral lines shifted by multiples of ΩcO, that is, Δω≈ nΩcO, are observed.
These were originally reported by Bernhardt et al. [15] with considerable observa-
tions, theory, and computer plasma modeling to follow [16–19]. This section will
provide a brief summary of these NSEE spectral line observations. These NSEE spec-
tral lines are proposed to be produced near the upper hybrid layer since it has been
known that a strong pump interaction exists for ω0 ≈ nΩce which may produce iono-
spheric Artificial Field Aligned Irregularities (AFAIs) which are important for pro-
duction of SEE spectral lines [3]. Also Fu et al. [19] has observed the transition from
SBS in the previous section to these ion gyroharmonic spectral lines when ω0 is
stepped within a few 10’s of kHz of 2Ωce. These NSEE spectral lines involve ion
Bernstein (IB) low frequency decay wave modes. IB modes propagate nearly perpen-
dicular to the magnetic field as so-called plasma flute mode waves [7]. They are
harmonically ordered by Ωci in a hot plasma. The EIC wave can be considered as a
specific type of IB wave that propagates considerably more obliquely to the magnetic
field. These NSEE spectral lines were originally termed Stimulated Ion Bernstein
Emissions (SIBE) [15] and later Stimulated Ion Bernstein Scatter (SIBS) due to the
possible connection to SBS as demonstrated by Fu et al. [19]. For consistency with the
later works, the term SIBS will be used here as necessary. These spectral line shifts of
course depend on ion mass and therefore information is available on the ion species
present in the heating interaction region as will be discussed.

Figure 3.
Variation of IA SBS spectral line with pump power. Lower 150 MW transmit power (left) and higher 280 MW
transmit power (right). Higher power produces a broader bandwidth spectral line which is expected to be linked to
strong IA turbulence. Adapted from [14].
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2.2.1 Oxygen spectral lines

Since the dominant ion species at the pump interaction altitude is atomic oxygen,
Oþ, it is expected that the most common ion gyroharmonic spectral lines observed
will be associated with Oþ and this is the case. An example of these spectral lines are
observed in the left panel of Figure 4. These observations are at a pump power of 1
GW ERP and ω0 ≈ 2Ωce ≈ 2:8 MHz. The HAARP antenna beam is pointed along the
magnetic zenith 14°. It can be observed that unlike the SBS EIC line which just
exhibits a single spectral line shifted below ω0 by ΩcO ≈ 50 Hz, there are many har-
monics shifted below ordered by nΩcO with some harmonics shifted above ω0 as well.
These observations show 9 or so harmonics, however, other observations have shown
20 to 30 harmonics or more. The larger the number of harmonics has been shown to
be linked to strong bulk heating of electrons across the magnetic field as will be
discussed in Section 4.2. Also, the downshifted harmonics for n> 1 are shifted roughly
near half harmonics, i.e. nþ 1=2ð ÞΩcO: It has been shown that the relative amplitude of
the individual spectral lines can be linked to the proximity of ω0 to 2Ωce with the lower
harmonics having a larger amplitude for ω0 very close to nΩce in general [16] as
observed in Figure 4.

It is observed that with increasing pump amplitude or a pump electric field vector
more oblique to B0, possibly indicating an interaction altitude further above the upper
hybrid layer and closer to the reflection altitude, the line spectrum shown on the left
of Figure 4 transitions to a broadband continuous spectrum similar to the right of
Figure 4. This transition can be replicated with theory as discussed in Section 3.2. The
low frequency decay wave mode in this case is an oblique ion acoustic wave propa-
gating 10° or so off perpendicular to B0 near the upper hybrid layer. Such an oblique
ion acoustic wave mode has linkage to the dispersion characteristics of IB wave modes
and this provides insight into the nature of this transition. Also, this broad continuous
spectrum can be observed on occasion with absorption lines ordered by ΩcO. It can be
shown that such a broad continuous spectral line indicates development of strong
turbulence and electron acceleration along the magnetic field at the upper hybrid layer
as will be discussed in Section 4.2.

Figure 4.
HAARP observations of NSEE spectral lines shifted from ωO by the Oþ gyrofrequency, ΩcO ≈50 Hz, for ωO ≈
2Ωce ≈ 2:8MHz (left). A typical continuous broader band spectrum (right) resulting from higher pump power
and/or pump electric field vector more off perpendicular to B0 relative to pump parameters that produce the
spectrum on the left. Oblique ion acoustic decay waves propagating near the upper hybrid layer are believed to be
associated with this broader band spectral line. Adapted from [16].
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2.2.2 Hydrogen spectral lines

Atomic hydrogen ions Hþ, or protons, are expected to be a minor ion species, with
density typically less than 1%, at the interaction altitude during ionospheric heating
experiments. However, during geomagnetic activity there are possibilities of proton
precipitation [20, 21]. In line with the possibly of utilizing the ion gyroharmonic
spectral lines as a mass spectrometer, observations of NSEE spectral lines ordered by
the proton gyrofrequency will be discussed. Figure 5 (left) shows a frequency spec-
trum observation taken during disturbed geomagnetic conditions as described in [20].
Spectral lines both above and below ω0 ¼ 2:9 MHz≈ 2Ωce ordered by the proton
gyrofrequency, ΩcH ≈ 800 Hz, are observed. The first downshifted spectral line shift
below ω0 has a shift that is less than ΩcH. It should be noted that the frequency shifts
are greater than ΩcH for the higher harmonics n> 1. The n ¼ 1 harmonic will be
considered in detail to consider its diagnostic possibilities in Section 3.2. Figure 5
(center) shows an expanded frequency view near the n ¼ 1 spectral line. It can be seen
that the shift is roughly 100 Hz less than ΩcH, i.e., Δω≈ 700 Hz. Also, the oblique ion
acoustic spectral lines as observed in Figure 4 (right) are also observed near 300 Hz
shifts. It was proposed in [20, 21] that due to the low proton density, the low fre-
quency decay wave mode associated with this spectral line is the Hþ �Oþ hybrid
wave which has a frequency shift slightly less than ΩcH, for low proton density, as will
be discussed in Section 3.2. The proximity of this spectral line to ΩcH can be used to
determine the proton density. Information on the relative Hþ and Oþ temperature
could possibly be obtained as well. The low frequency decay modes associated with
the n> 1 proton spectral lines are proposed to be hydrogen ion Bernstein waves with
frequency shift slightly larger than ΩcH. These are similar to the oxygen gyroharmonic
spectral lines shifted above ΩcO as discussed in Section 2.2a. These proton
gyroharmonic spectral lines may also provide diagnostic information. It should be
noted that on occasion, however, the n ¼ 1 proton spectral line shift has been
observed to be larger than ΩcH as shown in Figure 5 (right). The low frequency decay
mode in this case is proposed to be a hydrogen EIC wave. It is interesting to note that
the SBS oxygen EIC spectral line is observed along with this proton EIC line in
Figure 5 (right). The theory for these wave modes and possibilities for diagnostics will
be discussed in more detail in Section 3.2.

Figure 5.
NSEE spectral lines with shifts below and above the pump frequency (ω0 = 2.9 MHz) ordered by the proton
gyrofrequency ΩcH ≈ 800 Hz (left). An expanded frequency view showing the n ¼ 1 harmonic which has a shift
below ω0 that is less than ΩcH. This shift is proposed to be a diagnostic for determining the density of the minority
species protons in the heated region near the upper hybrid layer (center). Another expanded view showing a
spectral line shifted above ΩcH believed to depend on electron and proton temperature (right). Adapted from [21].
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2.2.3 Heavy metallic ion spectral lines

The previous section considered detection of light ion species, that is, protons,
using NSEE spectra that exhibit spectral line shifts ordered by the ion gyrofrequency
near ω0. This section will consider the alternative of heavy metallic ions that can
possibly be detected with this mass spectrometry capability. These observations were
made during ionosonde detection of a sporadic E layer between 100 and 130 km
during a HAARP heating campaign detailed in [22]. Although these observations are
for SBS EIC lines as described in Section 2.1, there are advantages to comparing this
mass spectrometry capability for heavy (relative to Oþ) ions alongside that of the light
ion detection in the previous section. Figure 6 (left) shows a time-frequency spectro-
gram during heating where ω0 is swept near 3Ωce. The frequencies shown are 4.15,
4.16, 4.17, 4.19, 4.22, 4.24, 4.29, and 4.34 MHz. There is a 30 second heating cycle
shown for each of these eight frequencies.

At the altitude of 120 km, which is near the center of the observed sporadic E layer,
metallic ion species expected to exist along with their gyrofrequencies are sodium
(Nþ

a Þ, ΩcNa ≈ 37 Hz, magnesium (Mþ
g Þ, ΩcMg ≈ 34 Hz, calcium (Cþ

a Þ, ΩcCa ≈ 20 Hz, and
iron (Fþ

e Þ, ΩcFe ≈ 14 Hz. Again, this compares to the Oþ gyrofrequency at this altitude
ΩcO ≈ 49 Hz. The observations show several important effects of stepping ω0 near
3Ωce. First there is a weakening of the Oþ SBS EIC spectral line when ω0 ! 3Ωce ≈
4.2 MHz for the frequencies shown in the range 4.17 MHz <ω0 < 4.22 MHz. As noted
earlier, similar behavior has been observed by Fu et al. [19]. As the dominant Oþ EIC
line becomes weakened, this allows another spectral line to be observed shifted below
ω0 by approximately 36 Hz as pointed out in the spectrogram. Figure 6 (right) shows
a spectrum when ω0 = 4.17 MHz. The NSEE spectral line can again be observed more
clearly downshifted by approximately 36 Hz and this has been identified as a Nþ

a EIC
line and of course provides a detection of sodium ions in the sporadic E layer. It was
proposed by [22] that the Nþ

a EIC line was of course generated by the interaction of
the pump wave with the sporadic E layer near 120 km while the Oþ EIC line was
produced near the reflection altitude interaction which was predicted by ray tracing
calculations to be near 270 km. Although these observations show promise for the

Figure 6.
Spectrogram showing SBS EIC spectral line behavior upon stepping ω0 near 3Ωce ≈ 4.2 MHz (left). The
corresponding power spectrum for the case when ω0 = 4.17 MHz which reveals an EIC spectral line shifted below
ω0 by 36 Hz is shown on the right. This spectral line has been interpreted as detection of sodium ions (Nþ

a Þ inside a
sporadic E layer near 120 km altitude. Adapted from [22].
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NSEE ion gyrofrequency lines to be used for detection of metallic ion species, further
experiments and modeling are required. Also, the NSEE from the reflection altitude
(IA and EIC spectral lines) can possibly obscure the metallic ion associated spectral
lines at lower altitudes as can be seen from Figure 6. As was shown by the observa-
tions, stepping the pump frequency close to the nΩce weakens the Oþ EIC line reveal-
ing the heavier metallic ion spectral lines which may be developed into a useful
diagnostic. Behavior of the SHG spectral lines as ω0 is stepped through nΩce will be
discussed in more detail in Section 2.3.

2.3 Pump second harmonic emission lines

As noted earlier, there has been recent interest in second harmonic generation
(SHG) during ionospheric heating given the potential of obtaining ionospheric
plasma diagnostics, for example, hydrodynamic evolution, density scale lengths,
determination of interaction regions etc., as has been done in LPI, and the facility it
offers to study SHG in magnetized plasmas in general. Although SHG observations
had been reported in the early days of SEE research at EISCAT [3]. There were early
EISCAT reports of NSEEs ordered by ΩcO above and below 2ω0. However, the impor-
tant advantage of the SHG observations presented in this chapter is the systematic
investigation of the effects of the pump wave conditioning, for example, frequency
(ω0), power, offset from nΩce and offset of the transmit antenna beam from the
magnetic zenith which is essential in investigating magnetic field effects. Also the
SHG observations here are juxtaposed with NSEE within a narrowband of ω0, that is,
PW-NSEEs. This juxtaposition is important in order to properly gain insight into the
wave-mixing processes underlying SHG and possibly the regions in the ionospheric
plasma where the dominant interactions initiating SHG emanate from. Results from
three experiments conducted at HAARP to investigate SHG are presented in this
section.

The intent of the first series of experiments was to determine the power threshold
for generation of SH-NSEE by varying pump power. The pump beam was pointed at a
zenith angle (ZA) = 14o i.e., in the direction of the local geomagnetic field at HAARP,
and an azimuth angle (AZ) of 198°. Inference from the ionogram yielded a reflection
altitude of 190 km and using the International Geomagnetic Reference Field (IGRF)
model yielded 3Ωce ≈ 4:324 MHz. ω0 was stepped near 3Ωce from 4.20 to 4.36 MHz,
and at each ω0 the power was ramped from a corresponding ERP≈ 28 MW to
ERP≈ 783 MW over a 45 s ON cycle. Figure 7 shows PW-NSEEs (top row) and SH-
NSEEs (bottom row) for progressive (left to right) sections of the pumping cycle. An
SH-NSEE, labeled SH decay line, downshifted from 2ω0 by � 2Δω is seen (bottom
row) where Δω is the downshift of its corresponding SBS PW-NSEE line from ω0.
The PW-NSEE and SH-NSEE are observed above the noise level roughly at the
same time (implying similar power thresholds) and grow progressively as the ERP
increases. As previously noted in the observations of Section 2.1 and the theory that
will be discussed in Section 3, Δω is expected to be associated with the growth of ion
acoustic waves.

The second set of experiments were designed to consider the impact of stepping ω0
through nΩce on SHG. Prior to providing the details of the observations, it is
important to briefly note an important physical process that occurs in general as ω0 !
nΩce which impacts the SEE spectrum in general. The formation of Artificial Field
Aligned Irregularities (AFAIs), which are regions of deficit plasma density aligned
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along the geomagnetic field in the UH layer, produced during ionospheric heating is
known to lead to a greatly attenuated pump wave or even possibly pump wave cut-off
at the reflection altitude [3]. This diminishes the possibility of occurrence of SEEs in
general. This was expected to likely be true for SHG proposed to be generated near the
reflection altitude and was the motivation for the experiments. Therefore, the
second set of experiments compared the characteristics of SH-NSEEs vis-à-vis same of
PW-NSEEs for a linear power ramp from ERP ≈ 28 MW to maximum of
ERP ≈ 783 MW for a 45 s pumping cycle, and for a constant maximum of ERP ≈ 783
for a similar duration pumping cycle. As usual, the WSEE was monitored as a proxy
for AFAIs [6]. Although experimentation was done for ω0 in the 2Ωce and
3Ωce regimes, the trends for the different regimes are similar and hence only results
for the latter frequency regime are shown. Figure 8 shows the suppression of the
SH line and SH decay line as well as the SBS decay line upon frequency sweeping
through 3Ωce ≈ 4:3 MHz with ω0 ¼ 4.26, 4.28, and 4.32 MHz shown. This is in line
with the suppression of the SBS Oþ EIC line by frequency sweeping through 3Ωce in
Figure 6. Although not shown here, the SH-NSEE is frequency is broadened as is
its corresponding PW-NSEE line for a constant high ERP pumping as shown in
Figure 3.

The final set of observations are from an experiment that was conducted to more
directly investigate the impact of the geomagnetic field, B0, on SHG. The assessment
of the impact during experimentation involved varying the pump antenna beam tilt
direction relative the B0 direction, that is, magnetic zenith (MZ), that is,

Figure 7.
SHG results showing similar power thresholds for the SH decay SH-NSEE line (lower row) to its corresponding
SBS PW-NSEE line (upper row) when the pump antenna beam is along magnetic zenith. Pump ERP is ramped
left to right. Adapted from [6].
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MZ = ZA = 14o, and stepping the pump wave frequency ω0 in the neighborhood of
an electron gyrofrequency harmonic, specifically 2Ωce ≈ 2:803 MHz. The results in
Figure 9 show ΩcO ordered SH-NSEEs coincident with ΩcO ordered PW-NSEEs

Figure 8.
SHG results showing simultaneous suppression SH decay SH-NSEE line (lower row) to its corresponding SBS PW-
NSEE line (upper row) for ω0 ≈3Ωce ≈ 4:324 MHz (rightmost column). Adapted from [6].

Figure 9.
SHG results showing ΩcO ordered SH-NSEEs (lower row) coincident with similarly ordered PW-NSEEs (upper
row) for ω0 variation near 2Ωce ≈ 2:80MHz and varying pump beam tilt (ZA). Adapted from [23].
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similar to those in Section 2.2a for ω0 ¼ 2:803 MHz≈ 2Ωce or for ω0 6¼ 2Ωce only when
pump beam is titled away from MZ, but not beyond a certain relative pump beam tilt
angle [23]. In summary, these experiments indicate that proximity of ω0 to nΩce and
antenna beam angle are two critical parameters determining the magnetic field impact
on both the SH-NSEE spectrum as well as the PW-NSEE spectrum. These results also
further underscore the connection of the SH-NSEE and PW-NSEE spectra that will
motive and guide a qualitative theory in the next section.

3. Theory

This section will consider some basic results from plasma parametric decay insta-
bility theory to provide guidance for interpreting the observations in the previous
section. This theory can provide important information on the physical processes that
produce the spectral lines that are observed. Also the frequency shifts can be related to
physical parameters in the ionosphere such as which species are present, density,
temperature, plasma flow speed, etc. Key results such as the spectral line frequency
shifts and parametric instability growth rates will be primarily summarized here with
references to the details of the treatments provided. In the following discussion, it will
be assumed that the frequency of the low frequency decay mode can be written as
ω2 ¼ Δωþ iγ where the real part of the frequency Δω is equal to the frequency shift
from ω0 and γ is the growth rate of the sidebands.

3.1 Stimulated Brillouin scatter

For ionospheric Stimulated Brillouin Scatter SBS, it is assumed the pump electro-
magnetic wave decays into a scattered electromagnetic wave and either an ion acous-
tic (IA) or electrostatic ion cyclotron (EIC) wave [7]. The frequency shift of the SBS
IA sideband below ω0, as shown in Figure 2, can be determined by using a ray tracing
model and considering the frequency and wavenumber matching conditions at the
upper hybrid ω0 ≈ωuh and resonance ω0 ≈ωpe altitude layers for ion acoustic waves
[9, 10, 13, 19]. The ion acoustic wave frequency is the frequency shift below ω0 and
depends on the angle θ (off-perpendicular to B0) and the ion acoustic wavenumber
kIA determined from frequency and wave number matching on the ray path. There-
fore, the shift of the IA sideband is given by

Δω2
IA ≈

k2IAc
2
ia cos

2θ

1þ k2IAc
2
ia

Ω2
cO

� � (3)

where cia ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γeTe þ γiTiÞ=mi
�q

is the ion acoustic (or sound) speed where Te and

Ti are respectively the electron and ion temperatures and γe ¼ 1 and γi ¼ 3. From the
matching conditions kIA ≈ 2k0, where k0 is the pump wavenumber, and θ can be
determined from the ray path. Since θ at the upper hybrid layer is relatively close to 0,
the SBS ion acoustic associated sidebands generated nearer the upper hybrid layer
have larger frequency shifts which is in line with interpretations of the experimental
observations. Frequency shifts for the sideband generated just below the resonance
altitude can be calculated from this method to be of the order of 10 Hz which is what
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is typically measured during experiments. The frequency shift of the EIC sideband,
which is slightly above the Oþ gyrofrequency ΩcO ≈ 50 Hz is given by

Δω2
EIC ≈Ω2

cO þ k2IAc
2
ia cos

2θ

1þ k2IAc
2
ia

Ω2
cO

� � (4)

Note the second term in Eq. (4) is assumed very small in comparison to ΩcO.
It can be observed from Figure 2 that the SBS IA spectral line has a much larger

amplitude than the SBS EIC spectral line. Also the growth threshold of the SBS IA
spectral line is much lower than the EIC spectral line. These characteristics can be
understood at least to some degree by first considering their growth rates. Approximate
analytical expressions have been provided by Shukla and Stenflo [24] and are given by

γIA ≈
k∥voscωpO

2 1þ bOð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω0ΔωIA

p (5)

γEIC ≈
k⊥voscωpOffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω0ΩcO
p 1þ bOk

2
∥

k2⊥ 1þ bOð Þ

" #1=2
(6)

where bO ¼ k2c2ia=Ω
2
cO and ωpO is the Oþ plasma frequency. vosc ¼ eE0=meω0 is the

electron oscillation velocity in the pump field where E0, me, e are the pump electric
field strength, electron mass and unit charge. Finally, k∥, k⊥, k are the parallel and
perpendicular components and the magnitude of the wavevector. Bernhardt et al. [10]
provided a useful simplified expression for the ratio of these two growth rates
γEIC=γIA ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔωIA=ΩcO

p
tan θ (note cosθ ¼ k∥=k). This expression implies that the IA

sideband should be dominant when the pump wavevector is along magnetic zenith (i.e.,
along themagnetic field). However, the EIC SBS line requires that the pump wave vector
be off magnetic zenith as has been observed in experiments described in Section 2.1.

Another important approach to interpreting the lower threshold of the IA sideband
relative to the EIC sideband is calculation of the threshold pump electric field E0. At
this time, there has been relatively little theoretical work in this area. However, a
simplified approach was presented by Mahmoudian et al. [13] which follows the
concepts in [25]. The threshold field E0 may be roughly estimated from the expression

γIA,EIC ≈
ffiffiffiffiffiffiffiffiffiffi
γCγL

p
(7)

where for the IA sideband γC ≈ νenω2
pe=2ω

2
0 and γL ≈ ΔωIA

ffiffiffiffiffiffiffiffi
π=8

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mi

p
are the

collisional and ion Landau damping rates, respectively, which are the two primary
dissipative mechanisms prohibiting sideband growth. Note νen is the electron neutral
collision frequency. Since the sideband growth rates are directly proportional to E0,
this threshold field can in principle be determined from Eq. (7). Mahmoudian et al.
[13] considered a computation of Eq. (7) and determined a threshold field of order
1 V/m for the experiments under consideration, however, estimating the actual
HAARP field amplitude in the interaction region for growth was of order 10 V/m. At
this time, there are limited comparisons between observation and theory for calcula-
tion of the threshold field so this is an important future area of investigation.

The dispersion relation and growth rate expressions for IA and EIC NSEE side-
bands just described in this section are valid under the cold plasma assumption. The
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following Section 3.2 will require plasma kinetic theory corrections to consider the
dispersive characteristics of the IA and IB low frequency decay wave modes. This is
necessitated by close proximity of ω0 to nΩce which enhances kinetic effects for
interaction near the upper hybrid layer.

3.2 Ion gyroharmonic spectral lines

From Section 2.2, NSEE ion gyroharmonic spectral lines have been observed
shifted from ω0 near multiples of the Oþ, Hþ and heavy metallic ion gyrofrequencies.
Therefore, the parametric instability model used here is a general electrostatic model
used for a multi-ion component plasma [26, 27]. The model considers a dipole (long-
wavelength k0 ¼ 0) pump approximation to represent the pump electromagnetic
wave. This three-wave decay model considers decay of the pump into high frequency
upper hybrid/electron Bernstein modes and low frequency decay modes which are
primarily ion Bernstein modes in this case. Since the model is electrostatic, the
assumption is that the high frequency decay sideband modes mix with ion density
fluctuations (i.e., AFAIs) to produce beat currents that ultimately result in the elec-
tromagnetic radiation observed on the ground shifted below the pump by multiples of
the ion gyrofrequency [16]. Upshifted sidebands may also be produced by this mixing
process.

As before, the frequency and wavenumber matching conditions are described as
ω0 ¼ ω1 þ ω2; k0 ¼ 0 ¼ k1 þ k2 where the subscripts ‘0’,‘1’, and ‘2’ denote the pump,
high frequency decay mode, and low frequency ion decay mode, respectively. The
parametric decay instability model of Ono et al. [27] can be stated as follows:

ϵ ω2ð Þ þ β2e
4
χσ ω2ð Þ ϵe ω2ð Þ

ϵe �ω ∗
1

� �� 2

( )
¼ 0 (8)

where ω2ð Þ ¼ 1þ χe ω2ð Þ þ χσ ω2ð Þ ¼ 1þ χe ω2ð Þ þP
i
χi ω2ð Þ, ϵe ω2ð Þ ¼ 1þ χe ω2ð Þ and

ϵe �ω ∗
1

� � ¼ 1þ χe �ω ∗
1

� �
with * denoting complex conjugate. Note the summation is

over all the plasma ion species to provide the contribution χσ ωsð Þ. The general plasma
susceptibility for species j is given by

χj ωð Þ ¼ 1

k2λ2Dj
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Pn¼∞

n¼�∞Γn bj
� �

Z ςjn
� �
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:
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� � ¼ In bj

� �
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� �
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� �
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2
j , In bj

� �
is the modi-

fied Bessel function of first order and Z ςjn
� �

is the Fried Conte function. Also, k, k⊥, k∥
is the magnitude, perpendicular and parallel component of the wavenumber, respec-
tively, Ωj, vtj, νj, and λDj are the gyrofrequency, thermal velocity, collision frequency,
and Debye length of plasma species j, respectively. The coupling coefficient propor-
tional to the pump field E0 is
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where e, me, are the unit charge and electron mass, E0∥, E0⊥, E0x, E0y, kx, ky are the
parallel, perpendicular, x and y, components of the pump electric field vector and
wavenumber, respectively. Note the magnetic field E0 is assumed in the z direction.
Due to the complexity of the ion Bernstein mode structure, a Newton Raphson tech-
nique must be used to solve Eq. (8) numerically. The solution provides the real and
imaginary parts of the frequency ω2 which are equal to the frequency shift Δω of the
high frequency decay mode below the pump frequency ω0 and the growth rate of this
mode γ, respectively. However, an approximate analytical expression can be derived
from Eq. (8) for the neutralized Oþ Bernstein harmonic wave frequency [16].

ΔωnIB ≈ nΩcO 1þ Te

TO
Γn bOð Þ

� �
(11)

Note the n ¼ 1 case describes the classic cold plasma EIC wave in Eq. (4) in the
long wavelength limit b ! 0. Also, Eq. (11) assumes propagation very close to per-
pendicular to B0 (k∥=k≲ 0.1). An rough expression for the wavenumber of the nth

mode is k⊥ρ0 � n where ρO is the Oþ gyroradius
Figure 10 (center and right) shows calculations using Eq. (8) to characterize the

transition from the discrete Oþ gyroharmonic spectral lines into a broadband
oblique ion acoustic associated spectral line for increasing angle of the pump
electric field vector off perpendicular to the magnetic field [16]. Again, this change in
pump electric field vector orientation may be attributed to the interaction altitude
being further above the upper hybrid layer and closer to the reflection altitude. The
frequency shift is similar to Eq. (3) assuming the long wavelength limit and
propagation near perpendicular to B0 (i.e. θ !0) which implies ΔωIA ≈ kIAcia. The
growth rate γ of the sidebands is shown versus frequency shift Δω. The pump fre-
quency is assumed to be near the second harmonic of the electron gyrofrequency,
that is, ω0 ≈ 2Ωe, as in the experiments of Section 2.2. The theoretical spectral line
structure is in relatively good agreement with past observations as shown in Figure 4.
The threshold electric field calculation using Eq. (8) is not shown here but has been
estimated by Samimi et al. [16] to be in the range between 1 and 10 V/m. As will be
noted in the following section, the broader bandwidth oblique ion acoustic spectral
line can be associated with strong turbulence processes in the ionospheric upper
hybrid layer including intense electron acceleration and density caviton collapse by
using nonlinear plasma simulations. Therefore, observance of this NSEE spectral line
may provide a very useful diagnostic for characterizing the turbulent state of the
ionospheric plasma [17].

Figure 10.
Growth rate calculations using Eq. (8) for Oþ gyroharmonic spectral lines similar to those observed in Figure 4
(left). Note transition of the discrete line spectrum into a continuous broadband spectrum as the pump electric field
vector moves further off perpendicular to the magnetic field (center and right). The continuous spectrum is in line
with Figure 4 (right). Adapted from [16].
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Figure 11 (left) shows the calculations using Eq. (8) to characterize Hþ

(proton) gyroharmonic spectral lines produced during ionospheric heating under the
circumstances of geomagnetic activity in which proton precipitation was expected to
exist [20, 21]. As noted by [20, 21] the low frequency ion decay mode in this case is
the Hþ �Oþ hybrid wave mode that exists in the frequency band between the Hþ and
Oþ gyrofrequencies. The frequency approaches the Hþ gyrofrequency as the Hþ

density decreases. An approximate analytical expression (derivable from Eq. (8)) for
the frequency shift of this sideband is

ΔωH�O ¼ ΩcH 1� Δð Þ;Δ≈
ω2
pHP
iω

2
pi

 !
Γ1 bHð Þ=bH (12)

Assuming long wavelengths (bH <<1) and only two ion species, namely Hþ and
Oþ, then Δ≈0:5ω2

pH=ω
2
pO ¼ 0:5 nHmOð Þ= nOmHð Þ. Therefore, the shift Δ below ΩcH as

observed in Figure 5, is directly proportional to nH and therefore this spectral line can
be used as a diagnostic for nH. Typically, the concentration of protons is expected to be
considerably less than 1% at the heating interaction altitude, however, enhancements in
proton density could be detected using the frequency shift of the relatively strong Hþ

NSEE spectral line shift below ΩcH, i.e. Δ≈0:5 nHmOð Þ= nOmHð Þ ≈ 100 Hz [20]. There-
fore, this NSEE spectral line may provide diagnostics of a minority light ion species,
namely Hþ as well as an appraisal of geomagnetic activity. In the case of the observa-
tions during this experiment, the shift of the NSEE spectral line predicts a percentage of
Hþ to be 10% or so. The Hþ density is also observed to be very transient (bursty) and
only exists for periods of 10’s of seconds at a time during the heating cycle [20, 21].

It should be noted again that Hþ spectral lines have also been observed to have
frequency shifts from ω0 slightly larger than ΩcH as shown in Figure 5 (right) [21].
This positive shift can also be described by Eq. (8) [21]. The low frequency ion decay
wave is the neutralized Hþ Bernstein wave, which has a dispersive characteristic
similar to Eq. (11), that has the approximate shift

ΔωnIB ≈ nΩcH 1þ Te

TH
Γn bHð Þ

� �
(13)

Figure 11.
Growth rate calculations for NSEE Hþ spectral lines such as those shown in Figure 5 (left). Note the shift less than
ΩcH can be used to estimate the Hþ density from Eq. (12). Growth of Hþ spectral lines with shift larger than ΩcH
are also possible (right). These may provide information on Hþ temperature. Adapted from [21].
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Also, for n ¼ 1, in the long wavelength and oblique propagation regime this mode
becomes a hydrogen EIC wave and implies a shift of the form similar to Eq. (4) with
the substitutions ΩcO ! ΩcH and TO ! TH. This wave mode is easier to drive unstable
when the pump electric field vector is further off perpendicular to the magnetic field
relative to the Hþ �Oþ hybrid wave mode responsible for spectral lines shifted less
than ΩcH. An example growth rate calculation for shifts larger than ΩcH is shown in
Figure 11 (right). The growth rate threshold has been estimated by [21] to be between
1 V/m and 10 V/m. When there is no Hþ, then only Oþ gyroharmonic associated
NSEE spectral lines should be observed as in Figure 10 (left). A small percentage of
Hþ, 5% in the case of the calculation, introduces Hþ gyroharmonic lines (aka hydro-
gen EIC for n ¼ 1) with shifts larger than ΩcH and amplitudes larger than the Oþ

gyroharmonic spectral lines. This is consistent with observations reported by [21].
From Eq. (13), it can be seen that the shift is related to the relative Hþ temperature.
Therefore, there are diagnostic possibilities for characterizing the Hþ temperature
using the upshifted lines. As a final note, Eq. (8) can also be used for growth rate and
threshold calculations involving the heavy ion spectral lines described in Section 2.2c.
This has not been done currently and there is opportunity for future investigations.

3.3 Pump second harmonic emissions

Second harmonic generation (SHG) has been an active area of research in the Laser
Plasma Interaction (LPI) community since the early 1970’s [28]. Significant theoretical
understanding in this community has led to the development of SHG into a useful
diagnostic of the heated plasma. Using concepts from [29], the Second Harmonic (SH)
line shown in Figure 7 is taken to be generated by coalescence of the pump wave with
a Langmuir wave (LW) produced by direct conversion of the pump. The mixing of
these two waves of frequency ω0 produces the observed line at 2ω0. Diagnostic
information can be obtained from observations of very small frequency shifts of this
line from 2ω0. For instance, the SH line may be used to determine the relative plasma
density to the critical density ratio ns=ncr and also the bulk plasma flow speed u in the
interaction region by using the small shift ΔωSH of the SH line from 2ω0, Approximate
analytical expressions for this shift are given by Basov et al. [29].

ΔωSH ≈4
ω0u
c

;ΔωSH ≈ 1� ns
ncr

(14)

where c is the speed of light. Yellu et al. [14] used these expressions to estimate u
and ns in recent HAARP experiments.

SHG concepts from LPI can also be leveraged to interpret the observations shown
in Section 2.3 for the Second Harmonic Decay lines (SHD). Observations were shown
in Figure 7 simultaneously for NSEE near ω0 and NSEE near 2ω0, SH-NSEE. An
important observation is the SBS IA decay line which implies narrowband ion acoustic
waves are present in the ionospheric plasma. An explanation of the SHD line obser-
vations can be made in line with LPI SHG, assuming for the moment that the magnetic
field effects can be neglected when the pump wave antenna beam angle is along B0

(i.e. along the magnetic zenith direction) and ω0 is not too close to nΩce. In this case,
the SHD line may be produced by a process in which the pump field decays into a LW
and an IA wave. This results in a LW with frequency ω0 � ΔωIA. The coalescence of
two of these LWs produces a sideband shifted below 2ω0 by 2ΔωIA as observed in
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Figure 7. It should be noted the possibility exists for coalescence of the downshifted
LW with the original pump wave which would result in a SHD line with frequency
ω0 � ΔωIA. Basov et al. [29] shows that this is possible but much less likely. This
appears to be consistent with HAARP observations since the shift ΔωIA is only
observed during a small minority of experiments and these cases are under investiga-
tion. In summary, the SHD line shift can be written as

ΔωSHD ≈ 2ΔωIA or ΔωSHD ≈ΔωIA (15)

with the former being the more likely to be observed.
Figure 9 also shows Oþ gyroharmic spectral lines may be produced near 2ω0. It

was shown for the antenna beam angle off magnetic zenith (MZ) that these lines
begin to appear just as they do around the ω0. Also, when the ω0 is in close proximity
to nΩce these spectral lines also appear as well. An explanation of these lines near 2ω0
can possibly be interpreted by leveraging the work of Tyagi et al. [30] for LPI. It is
known that the Oþ Bernstein modes are produced by the three-wave parametric
instability such as shown in Figure 9. That is, the pump wave decays into the EB/UH
waves and IB waves. From [30], the pump wave with frequency and wavenumber
(ω0, k0Þ exerts a nonlinear ponderomotive force of frequency and wavenumber
(2ω0, 2k0) which in turn causes the electrons to oscillate at velocity v with frequency
and wavenumber (2ω0, 2k0). From Eq. (11), the density fluctuations of the IB modes
are described with approximate frequency and wavenumber (ΔωnIB, n=ρO). These
density fluctuations beat with this velocity to produce current density J with frequen-
cies characterized by 2ω0 � ΔωnIB which produce the observed radiation on the
ground. Therefore, in summary, frequency shifts for these SHD lines as observed in
Figure 9 are

ΔωSHD ≈ � ΔωnIB (16)

It should be noted that the theory presented here is very qualitative but builds on
past work in LPI. Again, the magnetic field obviously plays a critical role in the SH-
NSEE. There has been limited theoretical work on SHG for the ionosphere so there is
much room for future investigations in theory, modeling, and also observations.

4. Modeling

Ionospheric heating with high power radio waves is an inherently nonlinear plasma
process, therefore nonlinear plasma simulations are a powerful tool to interpret many
of the important physical processes. The NSEE spectral lines are often observed to be
highly transient during the heating cycle and exhibit increase or decrease in spectral
amplitude and broadening in frequency bandwidth due to nonlinear processes. The
spectral lines may also be directly related to evolution of specific nonlinear processes.
The previous section considered small wave amplitude parametric decay instability
theory which can be used to initially interpret observations. However, the steady state
NSEE spectra will be more accurately described by nonlinear plasma simulations after
saturation has occurred. The plasma simulation models discussed in this section use
both the electrostatic and electromagnetic Particle-in-Cell methods with Monte Carlo
collisions. These models allow the full kinetic plasma description of the nonlinear
evolution of the parametric decay instabilities just discussed. Such simulation tools
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have long been used to investigate interaction of high power electromagnetic waves
with plasmas. They will be used here to provide insight into basic nonlinear processes
associated with the NSEE spectral lines.

4.1 Simulation studies of stimulated Brillouin scatter

A recent advance has been the use of computer modeling, specifically Particle-In-
Cell (PIC) simulations, to investigate PW-NSEEs observed during ionospheric heating
experiments. In PIC simulations, the plasma ions and electrons are modeled as simu-
lation particles and are subject to the electric and magnetic field forces. The plasma
particles, which exist within a spatially gridded domain, are moved using the field
forces and weighted onto grid points. Similarly, the electromagnetic (EM) and elec-
trostatic (ES) fields are computed using Maxwell’s equations and projected to grid
point values and evolve with time.

The goal of these initial simulation studies is to investigate the differences in
characteristics of PW-NSEEs produced during two pump power regimes as noted in
the observations described in Section 3.1. A simplified PIC simulation which approx-
imates the essential physics for the HAARP experiments in which the observations,
that is, broadband and narrowband SBS PW-NSEEs, respectively, for high and low
pump power regimes, was adopted. The PIC [31] simulation model is a one space and
three velocity (1D3V) dimension electromagnetic PIC simulation with Monte Carlo
collisions as described in Birdsall et al. [32]. The model has plasma of uniform density
in a single spatial extent in the x-direction, and is 3-dimensional for particle velocities,
wave electric field and magnetic field vectors. The model is shown in Figure 12.
Although this simulation model does not include a background magnetic field to
simulate the effects of the geomagnetic field, the current model aligns with O-mode
experiments at HAARP where the pump field is injected into a ZA = MZ = 14°. In this
case, the nonlinear interactions that initiate PW-NSEE generation occur near the
plasma resonance altitude as with the HAARP SBS PW-NSEEs observations discussed
in Section 3.1. The PIC simulation model includes vacuum (moat) regions separating
the plasma region from the edges of the simulation space to reduce boundary effects.

Figure 12.
PIC simulation model with a 1-D spatial extent Lð Þ of 8192 grid cells, a plasma domain Lp

� �
of 4096 grid cells

and left and right moat (vacuum) regions 2048 grid cells used for investigating NSEE stimulated Brillouin scatter
(SBS) near the reflection altitude. Ei,Bi, kið Þ and Er,Br, krð Þ are the pump and reflected ELECTROMAGNETIC
(EM) waves, respectively. Ex∥kxð Þ represents the ELECTROSTATIC (ES) low frequency ion decay waves in the
plasma. Adapted from [31].
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The EM pump (incident) wave Ei,Bi, kið Þ polarized in the y-direction in the adopted
coordinate system is injected into the moat on the left from the left boundary. A
reflected EM pump wave ErBrkrð Þ propagates back into the left moat region where its
frequency spectrum is calculated and assessed for sidebands shifted from the pump
frequency ω0≲ωpe. Since the simulation space as shown has aperiodic boundaries
(drop-off from plasma region to plasma deficit moat regions), that is, particles that
propagate outside the plasma region are not injected back, the charge densities at the
boundaries are set to 0 in order to enforce periodicity and thus be able to exploit
Fourier methods to compute the electrostatic (ES) field (Ex∥kx), which exists only in
the plasma.

The pump electric field amplitude∣Ei∣was chosen so that the ratio of the electron
oscillatory velocity in the pump electric field to the electron thermal velocity, that is,
~vosc ¼ e Eij j= meω0vteð Þ, is reasonably consistent with a 1100 K electron temperature in
the interaction region. An artifice, that is, reduced ion-electron mass ratio, commonly
adopted in PIC simulations was used for the simulations to increase computational
efficiency, increase resolution, but appropriately delineate the timescales of the ions
and electrons involved in the wave interaction processes that produce the PW-NSEEs.
Figure 13 shows results for the low pump power case in the top two panels and the
high pump power case in the bottom two panels. The ratio of the low power to high
power pump electric field was taken to be 0.125. The total EM field Ei þ Erð Þ time
series is captured and averaged over a small region in the left moat. The frequency
spectrum of this time series is used to be representative of the PW-NSEE observed
during experiments and assess the sideband frequencies relative to the pump field.
These spectra are shown in the top left and bottom left panels of Figure 13. The ES
field time series is captured and averaged over a small region in the plasma. The
spectrum of this time series is used to assess characteristics of the low frequency ion

Figure 13.
PIC simulation results showing the EM field spectra (left column) and ES field spectra (right column) for low
pump power (upper row) and high pump power (lower row). Frequency is normalized to ω0. The high power case
shows broadening of the spectra which is in line with the power stepping observations shown in Figure 3. The ES
waves are presupposed to be ion acoustic. Adapted from [31].
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decay mode. These spectra are shown in the top right and bottom right panels of
Figure 13.

The PIC simulation results in Figure 11 show that as with the observations from
actual ionospheric heating experiments shown in Figure 3, the SBS PW-NSEE for the
low power case (Figure 13a) is a distinct, narrow bandwidth spectral line whilst for
high power (Figure 13c), it is relatively broadband. An essence of PIC simulations is
the ability to probe directly the ES waves in the plasma which allows a direct means of
determining the ES low frequency decay waves and therefore the specific parametric
decay processes. This probe reveals corresponding narrow (Figure 13b) and wider
bandwidth ES waves (Figure 13d) herein noted by virtue of proposed SBS decay
causation as ion acoustic (IA) waves for the low and high-power pump regimes,
respectively. The IA waves for the high-power case have a semblance of a cascade
process in which initial EM waves produced in the initial parametric decay of the
pump wave act as pumps to initiate subsequent parametric decays.

To investigate further the causation for the difference in PW-NSEEs spectral
characteristics for the two power regimes, the ES wave Exð Þ and the EM wave Ey

� �
in

the plasma region, the ion density nið Þ and electron temperature Teð Þ as determined
for the high-power simulation are presented in Figure 14. The power in the waves,
and the ion density are normalized, respectively, by the pump wave amplitude E0ð Þ
and the ion density n0ð Þ at the start of the simulation. The results show that for higher
power, unlike the low-power case, cavities develop in ni in which Te and Ey are

Figure 14.
ES wave (a), EM wave (b), electron temperature (c) and ion density (d) for high-power PIC simulations showing
development of cavities in ion density containing high temperature electrons and enhanced EM wave amplitudes
suggestive of strong ion acoustic turbulence. Adapted from [31].
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significantly increased, whereas for the ES field Ex, there is not a significant correlated
increase in all the cavities. Regions of particularly substantial enhancement are noted
with dashed boxes in the Figure 14. The ES waves in the cavities are proposed to lose
energy via Landau damping to heat up the plasma, thus are short-lived. The long-
lived, high-power EM waves in the cavities are proposed to be indicative of strong
plasma turbulence which is the causation of the broadband SBS PW-NSEEs structur-
ing observed for high-power ionospheric heating experiments [31]. These strong EM
fields trapped in the cavities imply high reflectivity and result in the amplitude of the
scattered sideband having comparable or even larger amplitude to the pump as
observed in heating experiments.

4.2 Simulation studies of oxygen Gyroharmonic spectral lines

Figure 15 shows the configuration of an electrostatic two-dimensional PIC model
(2D3V) using Monte Carlo collisions to investigate nonlinear processes associated
with NSEE Oþ gyroharmonic spectral lines near the upper hybrid layer as discussed in
Section 2.2a [17]. In this case ω0 ≈ 2Ωce ¼ ωuh. The model uses a dipole pump approx-
imation (i.e., k0 ≈0, as does the theory in Section 3.2). Therefore, the pump electric
field is applied as a uniform driver across the entire simulation domain and is of the
time-varying form E ¼ E0 cos ω0tð Þ. The constant background magnetic field B0 is
applied in the ẑ direction as shown. The electric field vector is varied at an angle that is
off perpendicular to the magnetic field θE. Within this electrostatic model framework,
the current density in the simulation domain would be assumed to produce the SEE
observed on the ground. The first set of simulations to be discussed investigated the
Oþ gyroharmonic spectral lines. Therefore, the neutralized Oþ Bernstein waves are
the low frequency ion decay mode. In this case θE≳

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mO

p
. The destabilized waves

propagate near the direction of the pump electric field vector. All the simulations are
run to nonlinear saturation in which the field and plasma particle thermal energies
have reached a nonlinear saturated state which occurs on the order of 10 growth
periods.

Figure 16 (top right) shows the temporal growth of the electric field energy in the
y direction, which is nearly perpendicular to B0, for the parametric instability involv-
ing low frequency neutralized Oþ Bernstein decay waves. It can be seen that early in

Figure 15.
Schematic diagram of 2-dimensional electrostatic PIC simulation model used to investigate generation of
parametric decay instabilities that produce NSEE near the upper hybrid layer. Adapted from [17].
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the simulation, the electric field energy grows linearly which is in line with small
amplitude growth predicted by Eq. 8. After linear growth, the field energy eventually
reaches saturation. Figure 16 (top left) shows a frequency power spectrum of the
electric field time series after the simulation reaches a saturated state. It can be seen
that there are roughly 10 Oþ gyroharmonic spectral lines shifted below the pump
frequency which is similar to the observation spectrum shown in Figure 4. The results
in Figure 16 (top left) are also in line with the theoretical predictions of Eq. (8) in
Figure 10. A closer examination of the dispersive properties of these waves is pro-
vided in Figure 14 (bottom left) by using a ky � kz wavenumber spectrum. This
wavenumber spectrum indicates the expected characteristic wavenumber kyρci � n, n
the harmonic number, which validates the production of neutralized ion Bernstein
waves. It is observed in Figure 16 (bottom right) that significant bulk heating of the
electrons across the magnetic field occurs. The electron kinetic energy across the
magnetic field is shown and it can be seen that this electron kinetic energy grows
eventually reaching nonlinear saturation near time ΩcOt≈ 7 as does the electric field
energy. It was observed that the number of harmonic lines observed in the simulations
is related to the degree of electron heating across the field [17]. The number of
harmonics, of course, increases with increasing pump power.

Figure 16.
Power spectrum of simulation waves showing existence of spectral lines shifted below ω0, ordered by nΩcO, after
nonlinear saturation (top left) similar to Figure 4 (left). Wavenumber spectrum showing characteristic
neutralized ion Bernstein modes (bottom left). Growth of electric field energy associated with the parametric
instability involving neutralized ion Bernstein waves (top right). Electron kinetic energy showing bulk heating
of electrons across the magnetic field associated with Oþ gyroharmonic spectral lines (bottom right). Adapted
from [17].
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The second set of simulations performed with this model consider the generation
of the broadband continuous NSEE spectral lines associated with the ion acoustic
waves near the upper hybrid layer as shown in Figure 4. Again, rather than IB low
frequency decay wave modes as in the previous simulations, the low frequency decay
modes in this case are IA. This implies that the pump electric field vector must be
further off perpendicular to B0 so that θE ≫

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mO

p
. This range of θE allows coupling

into the IA waves which propagate at a more oblique angle off perpendicular to B0

than the IB waves that result in a discrete line spectrum. Figure 17 shows results from
simulations to consider the NSEE line shown in Figure 4 (right) and theoretically
predicted in Figure 10 (right). Figure 17 (top left) shows an electric field power
spectrum in the simulation after nonlinear saturation. A spectral line can be seen that
is downshifted from the pump frequency. The spectral line has a broad bandwidth
relative to the Oþ gyroharmonic lines observed in the simulations of Figure 14. A
sideband upshifted by approximately the same frequency can be seen as well that has
a smaller amplitude. This is in line with the observations of Figure 4. Figure 15 (top
right) shows the evolution of the electron velocity distribution along B0 during the
simulation. Strong tail heating of the electron velocity distribution occurs. Figure 17
bottom shows the electric field on the spatial grid during the simulation. The red areas
show intense electric fields that are associated with cavities in the density similar to
Figure 12. These intense electric fields in the cavities are responsible for the accelera-
tion of the electrons along the magnetic field. The density structures (not shown)
show caviton collapse behavior in which the cavities (and electric fields within the
cavities) intensify and then collapse, transferring energy to the electrons through

Figure 17.
Power spectrum of simulation waves showing development of a spectral line associated with ion acoustic decay
waves at the upper hybrid layer (top left). This spectrum is in line with observations in Figure 4. Electron
acceleration and development of intense electric fields inside density cavities associated with the spectral line (top
right and bottom). Adapted from [17].
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acceleration along the magnetic field. This is similar to elevation of the electron
temperature in the cavities shown in Figure 14. Therefore the observation of this
NSEE spectral line is a diagnostic for intense acceleration of the electrons along B0 and
development of cavities containing intense electric fields in the upper hybrid layer.

5. Conclusions

Significant progress has been made during the past decade in beginning to develop
pump wave NSEE (PW-NSEE) into a useful diagnostic for the ionosphere during
heating experiments. Of particular note is the possibility for investigating various
plasma species during the heating experiments in terms of species mass, density, and
temperature although further work must be done for development into a more robust
technique in comparison to other diagnostics such as Incoherent Scatter Radar (ISR),
e.g. [11]. Even with the current state of knowledge that has been surveyed here, PW-
NSEE is clearly an important diagnostic that should be utilized with other mainstay
diagnostics during heating experiments. At this time, investigation of heavy ions at
lower altitudes, that is, Section 2.2.3, is a particularly attractive possibility due to the
difficulty of making such measurements, however, considerably more observations
are necessary. Also, at this time, little if any theoretical and modeling development has
been performed to quantify the parametric instabilities that are at play for heavy ions,
however, the framework discussed in Sections 3.1 and 3.2 could be leveraged as a
starting point. Possible assessment of geomagnetic activity with PW-NSEE as noted in
Section 2.2.2 requires further observational investigation as well, however, a useful
theoretical framework has been provided in Section 3.1 and 3.2 that imply a useful
diagnostic technique.

Although there has not been elaboration on AFAIs given the scope of this chapter,
AFAIs play an important role in the generation, evolution and possibly the quenching
or attenuation of PW-NSEEs and SH-NSEEs. Past experimental observations have
shown enhancement of AFAIs for ω0 ≈ 2Ωe heating and suppression of AFAIs for
ω0 ≈nΩe, for n > 2, e.g. [33]. For PW-NSEEs which are proposed to originate from a
parametric decay in which the high frequency decay mode is electrostatic or for SHG
processes proposed to be due to the mixing of initially generated electrostatic modes,
the mode or “mixed” mode must scatter from gradients in AFAIs into an EM wave in
order to be observable on the ground as PW-NSEEs or SH-NSEEs, respectively. AFAIs
are known to be formed near the UH altitude, and thus may inhibit SEEs proposed to
be generated at the reflection altitude. The foregoing can thus be used to design
heating experiments, for example, pumping ω0 ≈nΩe in different gyroharmonic
regimes with high resolution frequency stepping, and observing the development and
evolution of the SEE spectral lines and AFAIs. This may enable the distinction of
generation altitudes and, also possibly yield confirmation of wave decay modes
involved in the underlying nonlinear interaction processes.

Use of PW-NSEE as a diagnostic for nonlinear evolution and strong turbulence
during heating experiments has been greatly aided by utilization of plasma simulation
models, however, considerable work remains in this area as well. Spectral line char-
acteristics and temporal evolution have been shown to be linked to specific strongly
nonlinear signatures such as density cavity development, density cavity collapse,
electron heating, electron velocity distribution tail acceleration, and trapping of both
EM and ES waves in density cavities. These phenomena all provide insight into the
heating process and nature of the interaction between the high power radiowave and
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ionospheric plasma. Although progress has been made, future modeling investigations
are necessary. Of particular importance is the extension of the model described in
Section 4.1 to include magnetic field effects which would enable more careful study of
the SBS EIC spectral line. This line has been shown through observations to be
particularly important as a mass spectrometer, however, observations also show
important temporal evolution that are likely of great importance, e.g. [17]. At this
time specific nonlinear physics associated with this spectral line are not well known so
there are significant opportunities for contributions in this area. Finally, the change in
PW-NSEE spectral characteristics and associated physics upon stepping ω0 through
nΩce have been studied through observations, for example, Sections 2.2.3, 2.3, but
more careful modeling work is required.

The last critical area that would benefit from considerable more investigation,
observations, theory, and modeling, is Second Harmonic Generation SHG during
ionospheric heating experiments, described in this chapter as Second Harmonic NSEE
(SH-NSEE). Although a number of successful experiments producing useful observa-
tions have been performed over the past 5 years or so, little work has been done on
theory and modeling. It is clear from the LPI community that SHG is capable of
providing important diagnostic information and the same should be true for iono-
spheric heating. Only a qualitative theoretical model has been provided in this chapter
that is based on concepts from LPIs. An extension of the model of Section 4.1 would be
a plausible starting point.

In summary, the outlook for continued development of NSEE into a useful iono-
spheric heating diagnostic is promising. A coordinated approach of observations,
theory, and modeling is critical to exploit the full potential of this interesting new area
of investigation in ionospheric research.

Acronyms and abbreviations

SEEs Stimulated Electromagnetic Emissions
NSEEs Narrowband Stimulated Electromagnetic Emissions
PW-NSEEs Pump Wave NSEEs
SH-NSEEs Second Harmonic NSEEs
SHG Second Harmonic Generation
HAARP High Frequency Active Auroral Research Program
EISCAT European Incoherent Scatter Radar
SBS Stimulated Brillouin Scatter
MSBS Magnetized Stimulated Brillouin Scatter
IA Ion Acoustic
EIC Electrostatic Ion Cyclotron
ES Electrostatic
LH Lower Hybrid
UH Upper Hybrid
LW Langmuir Wave
IB Ion Bernstein
EB Electron Bernstein

162

Ionosphere - New Perspectives



Author details

Wayne Scales1* and Augustine Yellu2

1 Bradley Department of Electrical and Computer Engineering, Virginia Tech,
Blacksburg, Virginia, USA

2 Avionics Engineering Center, Ohio University, Athens, Ohio, USA

*Address all correspondence to: wscales@vt.edu

©2023TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

163

Narrowband Stimulated Radiation during Ionospheric Heating Experiments: Recent…
DOI: http://dx.doi.org/10.5772/intechopen.1001815



References

[1] Gurevich A. Nonlinear effects in the
ionosphere. Physics – Uspekhi. 2007;
50(11):1091-1121. DOI: 10.3367/
UFNr.0177.200711a.1145

[2] Thide B, Kopka H, Stubbe P.
Observations of stimulated scattering of
a strong high frequency radio wave in
the ionosphere. Physical Review Letters.
1982;49:1561-1564. DOI: 10.1103/
PhysRevLett.49.1561

[3] Leyser T. Stimulated electromagnetic
emissions by high-frequency
electromagnetic pumping of the
ionospheric plasma. Space Science
Reviews. 2001;98:223-328. DOI: 10.1023/
A:1013875603938

[4] Scales W. Recent advances in
stimulated radiation studies during
radiowave heating the near earth space
environment. Radiation Effects and
Defects in Solids. 2016;171(1–2):
2-12. DOI: 10.1080/10420150.2016.
1155586

[5] Scales W. Recent advances in
ionospheric stimulated electromagnetic
emission investigations. In: 2018 12th
International Symposium on Antennas,
Propagation and EM Theory (ISAPE).
Hangzhou, China: IEEE; 2018. pp. 1-4

[6] Yellu A, Scales W, Mahmoudian A,
Bernhardt P, Siefring C, McCarrick M.
First observations of narrowband
stimulated electromagnetic emissions at
the pump frequency second harmonic
during ionosphere interaction
experiments. Geophysical Research
Letters. 2018;45:8690-8697.
DOI: 10.1029/2018GL078924

[7] Chen F. Introduction to plasma
physics and controlled fusion. In: Plasma
Physics. 2nd ed. Vol. 1. New York:
Springer; 1984

[8] Norin L, Leyser T, Nordblad E,
Thide B, McCarrick M. Unprecedentedly
strong and narrow electromagnetic
emissions stimulated by high-frequency
radio waves in the ionosphere. Physical
Review Letters. 2009;102:065003.
DOI: 10.1103/PhysRevLett102.065003

[9] Bernhardt P, Selcher C, Lehmberg R,
Rodriguez P, Thomason J, Groves K,
et al. Stimulated Brillouin scatter in a
magnetized ionospheric plasma. Physical
Review Letters. 2010;104(16):165004.
DOI: 10.1103/PhysRevLett.104.165004

[10] Bernhardt P, Selcher C, Lehmberg R,
Rodriguez P, Thomason J, McCarrick M,
et al. Determination of the electron
temperature in the modified ionosphere
over HAARP using the HF pumped
stimulated Brillouin scatter (SBS)
emission lines. Annales de Geophysique.
2009;27:4409-4427. DOI: 10.5194/
angeo-27-4409-2009

[11] Fu H, Jiang M, Vierinen J,
Haggstrom I, Rietveld M, Varberg E,
et al. A stimulated emission diagnostic
technique for the high power radio wave
modified ionosphere. Geophysical
Research Letters. 2022;49:
e2022GL099390. DOI: 10.1029/
2022GL099390

[12] Fu H, Scales W, Bernhardt P,
Briczinski S, Kosch M, Senior A, et al.
Stimulated Brillouin scattering during
electron gyro-harmonic heating at
EISCAT. Annales Geophysicae. 2015;33:
983-990. DOI: 10.5194/angeo-33-983-
2015

[13] Mahmoudian A, Scales W,
Bernhardt P, Fu H, Briczinski S,
McCarrick M. Investigation of
ionospheric stimulated Brillouin scatter
generated at pump frequencies near
electron gyroharmonics. Radio Science.

164

Ionosphere - New Perspectives



2013;48:685-697. DOI: 10.1002/
2013RS005189

[14] Yellu A, Scales W, Mahmoudian A,
Bernhardt P, Siefring C, Briczinski S,
et al. Pump power effects on second
harmonic stimulated electromagnetic
emissions during ionosphere heating.
Journal of Geophysical Research: Space
Physics. 2019;124:9739-9754.
DOI: 10.1029/2019JA027282

[15] Bernhardt P, Selcher C, Kowtha S.
Electron and ion Bernstein waves excited
in the ionosphere by high power EM
waves at the second harmonic of the
electron cyclotron frequency.
Geophysical Research Letters. 2013;38
(L19107). DOI: 10.1029/2011GL049390

[16] Samimi A, Scales W, Fu H,
Bernhardt P, Briczinski S, McCarrick M.
Ion gyroharmonic structures in
stimulated radiation during second
electron gyroharmonic heating: 1.
Theory. Journal of Geophysical Research:
Space Physics. 2013;118:502-514.
DOI: 10.1029/2012JA018146

[17] Samimi A, Scales W, Bernhardt P,
Briczinski S, McCarrick M. Ion
gyroharmonic structures in stimulated
radiation during second electron
gyroharmonic heating: 2. Simulations.
Journal of Geophysical Research: Space
Physics. 2014;119:462-478.
DOI: 10.1002/2013JA019341

[18] Mahmoudian A, Scales W,
Bernhardt P, Samimi A, Kendall E,
Ruohoniemi J, et al. Ion gyro-harmonic
structuring in the stimulated radiation
spectrum and optical emissions during
electron gyro harmonic heating. Journal
of Geophysical Research: Space Physics.
2013;118:1270-1287. DOI: 10.1002/
jgra.50167

[19] Fu H, Scales W, Bernhardt P,
Samimi A, Mahmoudian A, Briczinski S,

et al. Stimulated Brillouin scatter and
stimulated ion Bernstein scatter during
electron gyroharmonic heating
experiments. Radio Science. 2013;48:
607-616. DOI: 10.1002/2013RS005262

[20] Bordikar M, Scales W, Samimi A,
Bernhardt P, Brizcinski S, McCarrick M.
First observations of minority ion (H+)
structuring in stimulated radiation
during second electron gyroharmonic
heating experiments. Geophysical
Research Letters. 2013;40:1479-1483.
DOI: 10.1002/grl.50327

[21] Bordikar M, Scales W,
Mahmoudian A, Kim H, Bernhardt P,
Redmon R, et al. Impact of active
geomagnetic conditions on stimulated
radiation during ionospheric second
electron gyroharmonic heating. Journal
of Geophysical Research: Space Physics.
2014;119:548-565. DOI: 10.1002/
2013JA019367

[22] Mahmoudian A, Scales W,
Bernhardt P, Isham B, Kendall E,
Briczinski S, et al. Electron
gyroharmonic effects on ionospheric
stimulated Brillouin scatter. Geophysical
Research Letters. 2014;41:5710-5716.
DOI: 10.1002/2014GL061050

[23] Yellu A, Scales W, Bernhardt P,
Siefring C, Briczinski S, Nossa E, et al.
Geomagnetic field impacts on second
harmonic generation during high power
radio wave-ionosphere interaction.
Physics of Plasmas. 2021;28:062901.
DOI: 10.1063/5.0031588

[24] Shukla P, Stenflo L. Stimulated
Brillouin scattering of electromagnetic
waves in magnetized plasmas. Journal of
Plasma Physics. 2010;76:853-855

[25] Kruer W. The Physics of Laser
Plasma Interactions. New York:
Addison-Wesley; 1988

165

Narrowband Stimulated Radiation during Ionospheric Heating Experiments: Recent…
DOI: http://dx.doi.org/10.5772/intechopen.1001815



[26] Porkolab M. Theory of parametric
instability near the lower-hybrid
frequency. Physics of Fluids. 1974;17:
1432-1442. DOI: 10.1063/1.1694910

[27] Ono M, Porkolab M, Chang R.
Parametric decay into ion cyclotron
waves and drift waves in multi-ion
species plasma. Physics of Fluids. 1980;
23:1656. DOI: 10.1063/1.863185

[28] Caruso A, DeAngelis A, Gatti G,
Gratton R, Martellucci S. Second-
harmonic generation in laser produced
plasmas. Physics Letters A. 1970;33(1):
29-30

[29] Basov N, Bychenkov V, Krokhin O,
Osipov M, Rupasov A, Silin V, et al.
Second harmonic generation in a laser
plasma. Soviet Journal of Quantum
Electronics. 1979;9:1081

[30] Tyagi Y, Tripathi D, Walia K. Laser
second harmonic generation in a
magnetoplasma assisted by an
electrostatic wave. Physics of Plasmas.
2017;24:043104

[31] Yellu A, Frazier J, Scales W.
Simulation studies of strongly turbulent
stimulated Brillouin backscattering
during ionospheric heating. Radiation
Effects and Defects in Solids. 2020;175
(1–2):141-149. DOI: 10.1080/
10420150.2020.1718139

[32] Birdsall C, Langdon A. Plasma
Physics Via Computer Simulation. New
York: Institute of Physics; 1991

[33] Djuth FT, Pedersen TR, Gerken EA,
Bernhardt PA, Selcher CA, Bristow WA,
et al. Ionospheric modification at twice
the electron cyclotron frequency.
Physical Review Letters. 2005;94(12):
125001

166

Ionosphere - New Perspectives





Ionosphere 
New Perspectives

Edited by Yann-Henri H. Chemin

Edited by Yann-Henri H. Chemin

The ionosphere is a layer of the Earth’s atmosphere that extends from about 50 km to 
1000 km above the Earth’s surface. It is ionized by solar radiation, which creates ions 

and free electrons in the upper atmosphere. These ions and electrons reflect radio waves 
back to the Earth’s surface, allowing long-distance radio communication as well as 

absorption of harmful solar radiation. Ionospheric conductivity monitoring assesses 
the state of the ionosphere and improves the accuracy of satellite communications. 

This book is organized into two sections on the influence and impact of transient or 
orbiting humanmade objects into the ionosphere and the monitoring and modeling of 

the temporal evolution of the ionosphere. The information presented will lead to a better 
understanding and forecasting of the ionosphere’s dynamic.

Published in London, UK 

©  2023 IntechOpen 
©  Biletskiy_Evgeniy / iStock

ISBN 978-1-83769-538-6

Ionosphere - N
ew

 Perspectives

ISBN 978-1-83769-539-3


	Ionosphere - New Perspectives
	Contents
	Preface
	Section 1
Ionospheric Interactions with Man-Made Orbiters
	Chapter1
Entry Dynamics of Space Shuttle in the Earth Atmosphere
	Chapter2
Method for GPS-Monitoring of Small-Scale Fluctuations of theTotal Electron Content of the Ionosphere for Predicting the Noise Immunity of Satellite Communications
	Chapter3
Nongravitational Accelerations: A Study on the Accelerometers of GRACE and GRACE-FO
	Chapter4
Improving the Accuracy of the Global Navigation Satellite System

	Section 2
Modeling Ionosphere
	Chapter5
Seasonal Characteristics of the Rate of IonosphericTEC Index in China Based on BDSGAS from 2019 to 2022
	Chapter6
Ionospheric Scintillation Models: An Inter-Comparison Study Using GNSS Data
	Chapter7
Modeling of the Gradient-Drift Instability in the Earth’s Equatorial Ionosphere
	Chapter8
Narrowband Stimulated Radiation during Ionospheric Heating Experiments: Recent Observations, Theory, and Modeling




