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Radio Occultation (RO) is a remote sensing tech-
nique which uses Global Navigation Satellite System 
(GNSS) signals tracked by a Low-Earth Orbit (LEO) 
satellite to sound the earth’s atmosphere both in 
low (troposphere, stratosphere) and high (iono-
sphere) altitudes. GNSS-RO provides global cover-
age and SI traceable measurements of atmospheric 
data with high-vertical resolution. Refractivity, dry 
temperature, pressure and water vapour profiles 
retrieved from RO measurements have a relevant 
contribution in Numerical Weather Prediction 
(NWP) systems and in climate-monitoring.

Due to the partial propagation through the iono-
sphere, a systematic bias is added to the lower at-
mospheric data product. Most of this contribution 
is removed by a linear combination of data for two 
frequencies. In climatology studies, one can apply a 
second-order correction – so called κ-correction 
– which relies on a priori information on the con-
ditions in the ionosphere. However, both approach-
es do not remove high-order terms in the error 
due to horizontal gradient and earth’s geomagnet-
ic fields. The remaining residual ionospheric error 
(RIE) and its systematic bias in RO atmospheric 
data is a well-known issue and its mitigation is an 
open research topic. 

In this licentiate dissertation, the residual ion-
ospheric error after the standard correction is 
evaluated with computational simulations using 
a wave optics propagator (WOP). Multiple Phase 
Screen (MPS) method is used to simulate occulta-
tion events in different ionospheric scenarios, e.g. 

quiet and disturbed conditions. Electron density 
profiles (EDP) assumed in simulations are either 
defined by analytical equations or measurements. 
The disturbed cases are modelled as small-scale ir-
regularities within F-region in two different ways: as 
sinusoidal fluctuations; and by using a more com-
plex approach, where the irregularities follow a sin-
gle-slope power-law that yields moderate to strong 
scintillation in the signal amplitude. Possible errors 
in MPS simulations assuming long segment of orbit 
and ionosphere are also evaluated.

The results obtained with the sinusoidal disturbanc-
es show minor influence in the RIE after the stand-
ard correction, with the major part of the error due 
to the F-region peak. The implementation of the 
single-slope power-law is validated and the fluctua-
tions obtained in simulation show good agreement 
to the ones observed in RO measurements. Finally, 
an alternative to overcome limitations in MPS simu-
lations considering occultations with long segment 
of orbit and ionosphere is introduced and validated.

The small-scale irregularities modelled in F-region 
with the power-law can be added in simulations of a 
large dataset subjected to κ-correction, in order to 
evaluate the RIE bending angle and the consequenc-
es in atmospheric parameters, e.g. temperature.
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Abstract

Radio Occultation (RO) is a remote sensing technique which uses Global
Navigation Satellite System (GNSS) signals tracked by a Low-Earth Or-
bit (LEO) satellite to sound the earth’s atmosphere both in low (tropo-
sphere, stratosphere) and high (ionosphere) altitudes. GNSS-RO provides
global coverage and SI traceable measurements of atmospheric data with
high-vertical resolution. Refractivity, dry temperature, pressure and water
vapour profiles retrieved from RO measurements have a relevant contri-
bution in Numerical Weather Prediction (NWP) systems and in climate-
monitoring.

Due to the partial propagation through the ionosphere, a systematic bias
is added to the lower atmospheric data product. Most of this contribution is
removed by a linear combination of data for two frequencies. In climatology
studies, one can apply a second-order correction - so called κ-correction -
which relies on a priori information on the conditions in the ionosphere.
However, both approaches do not remove high-order terms in the error
due to horizontal gradient and earth’s geomagnetic fields. The remaining
residual ionospheric error (RIE) and its systematic bias in RO atmospheric
data is a well-known issue and its mitigation is an open research topic.

In this licentiate dissertation, the residual ionospheric error after the
standard correction is evaluated with computational simulations using a
wave optics propagator (WOP). Multiple Phase Screen (MPS) method is
used to simulate occultation events in different ionospheric scenarios, e.g.
quiet and disturbed conditions. Electron density profiles (EDP) assumed
in simulations are either defined by analytical equations or measurements.
The disturbed cases are modelled as small-scale irregularities within F-
region in two different ways: as sinusoidal fluctuations; and by using a more
complex approach, where the irregularities follow a single-slope power-law
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vi Abstract

that yields moderate to strong scintillation in the signal amplitude. Possible
errors in MPS simulations assuming long segment of orbit and ionosphere
are also evaluated.

The results obtained with the sinusoidal disturbances show minor in-
fluence in the RIE after the standard correction, with the major part of
the error due to the F-region peak. The implementation of the single-
slope power-law is validated and the fluctuations obtained in simulation
show good agreement to the ones observed in RO measurements. Finally,
an alternative to overcome limitations in MPS simulations considering oc-
cultations with long segment of orbit and ionosphere is introduced and
validated.

The small-scale irregularities modelled in F-region with the power-law
can be added in simulations of a large dataset subjected to κ-correction,
in order to evaluate the RIE bending angle and the consequences in atmo-
spheric parameters, e.g. temperature.



Preface

This licentiate dissertation summarizes the work within the field of GNSS
Radio Occultation, with a focus on Ionosphere (small-scale irregularities
and residual ionospheric error). The work has been developed at the De-
partment of Mathematics and Natural Sciences, System Engineering at
Blekinge Institute of Technology (BTH). The document is divided in two
parts: the first features an overview of the research field and the second
is composed of the scientific publications produced during the licentiate
period.
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Introduction 3

1 Motivation

The Global Navigation Satellite System (GNSS) has been of significant
importance to society. Initially applied for military purposes, GNSS’ today
provide services for civilians, such as navigation, emergency aid, telephony,
cartography, etc.

In the early days of GNSS operation, the delay observed in signals
at ground-based stations owing to the conditions in the atmosphere (e.g.,
water vapour) indicated the opportunity for another feasible application of
GNSS’: sounding atmospheric properties to support atmospheric chemistry
research, weather forecasting and global climate-change monitoring [1]. The
application could potentially provide global coverage using a network of
Low-Earth Orbit (LEO) satellites as receivers. The technique could also
contribute to the investigation of the outer layer of the atmosphere, the
ionosphere, as propagation through this region also contributes to signal
delay [2].

After almost three decades, GNSS Radio Occultation (GNSS-RO) is
a well-established remote sensing technique. It has all-weather operation
capabilities and the measurement of different RO missions provides about
2000 measurements per day globally with high vertical resolution. GNSS-
RO data has been ranked as one of the most relevant satellite-based tech-
niques to reduce short-range weather forecasting error as it has been assim-
ilated in Numerical Weather Prediction (NWP) systems. With long-term
data availability, climate-change monitoring and reanalyses of global cli-
mate models also benefit from GNSS-RO.

Further, different missions have provided global electron density profiles
(EDP) and different ionospheric products. GNSS-RO is also an important
technique for better understanding ionospheric dynamics, enhancing space
weather forecasting while also improving the monitoring of scintillations
based on equatorial plasma bubbles (EPBs) and sporadic E clouds. How-
ever, the ionosphere also introduces challenges to the assimilation of RO
data in NWP applications and climate monitoring. The ionospheric refrac-
tivity and its dependency on frequency are responsible for additional ray
bending in the troposphere and stratosphere. Standard ionospheric cor-
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rection is performed in order to remove the first-order error, but the RIE
persists, at significant levels, above 40 km.

The objective of this work is to evaluate the RIE after standard cor-
rection under different ionospheric conditions. The studies are based on
simulations of occultation events using a Wave Optics Propagator (WOP)
simulator and taking into account small-scale irregularities in the F-layer
region. Overall, the results show the contribution of small-scale irregulari-
ties to RIE is not alarming in single-bending angle profiles. The simulation
tool and the ionospheric irregularities model can be used to evaluate other
correction approaches, such as κ-correction, and future method proposals.

This dissertation is structured in two parts: Part I presents an intro-
duction to the RO technique and ionosphere, and Part II is composed of
the publications developed during the licentiate period. The first part is
organized as follows: Section 2 introduces the RO technique, geometric
optics (GO) inversion and relevant applications. Section 3 discusses the
ionosphere, the RO technique’s contribution to its characterization and the
two main topics covered in the dissertation: standard correction and RIE,
and scintillations. Section 4 describes the Multiple Phase Screen (MPS)
method for simulating occultation events. Finally, Section 5 summarizes
the contributions achieved through the publications and Section 6 suggests
possible research topics to be investigated in future works.

2 Remotely Sensing the Earth’s Atmosphere:
Radio Occultation Technique

Besides receivers on the ground, e.g., personal gadgets, vehicles and ground-
based stations, GNSS signals can be tracked by LEO satellite instruments.

The signal recorded by the receiver is not an actual copy of the original
signal transmitted by the GNSS satellite (transmitter). The signal on the
other end suffers from noise and power attenuation during transmission.
The former can be simplified and explained by the thermal noise in the
transmitter and receiver. The latter is predicted as the earth’s atmosphere
is not vacuum and there is a very long distance between both nodes.
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Assuming the orbit of the GNSS satellite to be about 22000 km, the
LEO satellite (200-2000 km) has a shorter period of rotation around the
earth. When in setting orientation, the rotation of the LEO satellite even-
tually places the earth between the transmitter and receiver. The earth
and its atmosphere will gradually attenuate the power of the tracked signal
until it fades into the noise level. This event, hereafter referred to as an
occultation event, is repeated many times during one day, both when the
LEO satellite is on setting direction or with the LEO satellite rising from
the earth’s limb (rising occultation). This technique, described here with
simplifications, is GNSS-RO. It is a remote sensing approach to measure
and characterize the earth’s atmosphere based on the changes observed
in the GNSS signal during an occultation event. Figure 2.1 provides an
overview of an occultation event and its geometry.

Occultation events consist of information about the earth’s atmospheric
conditions, which affect the amplitude and phase components of the GNSS
signal along the propagation owing to refraction, diffraction, absorption
and scatter. One possible representation of the atmosphere is given via [3]:

Ni = 77.6
P

T
+ 3.73× 105Pw

T 2
− 40.3× 106Ne

f2
i

, (2.1)

where N is the refractivity, T is temperature in Kelvin, P and Pw are total
pressure and partial water vapor pressure in mbar, Ne is the electron density
(el/m3) and fi is the carrier frequency of the GNSS signal, commonly
i = 1, 2 given L1 = 1575.42 MHz and L2 = 1227.60 MHz. The terms
involving temperature and pressure are mainly related to the layers in lower
atmosphere whereas the electron density term is related to the ionosphere
(upper atmosphere). The conversion between refractivity and refractive
index is given as

ni = 1 +Ni × 10−6. (2.2)

All aforementioned parameters are functions of height or radius with respect
to the earth’s surface (r).

The refractive index is related to the angle difference between the GNSS
and LEO satellites asymptotes and the refracted ray path (thick black line
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Figure 2.1: GNSS Radio Occultation (GNSS-RO) geometry: Setting (1-2)
and rising (2-1) directions.

in Figure 2.1), the so-called bending angle (α) and given in radians. The
bending angle is computed by the forward Abel transform [4],

αi(a) = −2a

∫ ∞
rt

dni/dr

ni
√

(ni r)2 − a2
dr, (2.3)

where i = 1, 2 subscript represents the bending angle in L1 or L2 band,
a is the impact parameter, r is the radius from the earth’s surface and
rt is the tangent height. The impact parameter is the distance between
the asymptote of one ray and the earth’s center of mass (see Figure 2.1).
Given the Bouguer’s rule, the occultation geometry and assuming spherical
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symmetric atmosphere, the impact parameter is defined as [5],

constant = a = n(r)r sinφ, (2.4)

where r is the radius from the earth’s center of mass, φ is the angle between
the ray tangent and the vector r between satellite and earth’s center. The
Bouguer’s rule defines, under conditions where GO concepts are applica-
ble, that one impact parameter describes the path of a single ray between
satellites. The impact parameter is commonly presented as impact height,
i.e., a−Re in which Re is the earth’s radius of curvature (≈ 6371 km). For
the rays propagated through the atmosphere without touching the earth’s
surface, eventually, φ = π/2 and (2.4) becomes

a = n(rt)rt, (2.5)

where the tangent radius (rt) is the point of shortest distance between the
earth’s center and the ray path.

However, the atmospheric refractivity is an unknown parameter during
an occultation event. The excess path along the propagation, i.e., the
difference between the GNSS-LEO range distance and the optical path
length, is an important piece of information.

2.1 Doppler Shift to Bending Angle: Geometric Optics

The excess path and its representation in frequency, i.e., Doppler shift, are
related as

fd =
S′ + ∆S′

λ
, (2.6)

where S′ is time derivative of the straight-line distance (given in meters)
between satellites, ∆S′ is the time derivative of the smoothed excess optical
path and λ is the GNSS signal wavelength [6]. Alternatively, the Doppler
frequency shift can be also obtained given the positions (velocities) of the
GNSS and LEO satellites [5],

fd =
f

c
(VT · êT + VR · êR) , (2.7)
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where f is the GNSS carrier frequency, c is the speed of light propagation
in vacuum, VT,R are velocity vectors and êT,R are unit vectors representing
the direction of the ray path at the transmitter and receiver. Considering
the spherical coordinate system, (2.7) can be rewritten as

fd = −f
c

(
Vr
T cosφT + Vθ

T sinφT + Vr
R cosφR −Vθ

R sinφR

)
, (2.8)

where the velocities vectors are described by their radial (Vr) and tangen-
tial (Vθ) components. Using Bouguer’s rule and trigonometry identities,
one can rewrite (2.8) in the following form [5]:

fd = −f
c

(
Vr
T

√
1−

( a
rT

)2
+ Vr

R

√
1−

( a
rR

)2
+ a

∂θ

∂t

)
, (2.9)

where θ is the separation angle between vectors rT,R, i.e.,

θ = arccos
rT · rR
rT rR

. (2.10)

Equation (2.9) can be solved numerically employing the Newton-Raphson
method for different impact parameters. The bending angles are retrieved
by replacing Bouguer’s rule in

α = φT + φR + θ − π,
= arcsin

rT
a

+ arcsin
rR
a

+ θ − π, (2.11)

assuming that the satellites have their orbit in vacuum, i.e., n(rT,R) = 1.
This solution applies for an occultation scenario where both satellites are in
motion and their orbits are not necessarily circular. When assuming that
the GNSS satellite is virtually stationary (V r

T = V t
T = 0) as well as the LEO

having a circular orbit (V r
R = 0), Equation (2.9) is reduced to

fd = −f
c

(
a
∂θ

∂t

)
, (2.12)
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and the impact parameters obtained in (2.12) are replaced in (2.11). Once
the bending angle is obtained from the RO measurements, the refractiv-
ity (unknown parameter during the occultation) can be computed by the
inverse Abel transform,

n(rt) = exp

(
1

π

∫ ∞
a

α(x)√
x2 − a2

dx

)
, (2.13)

with the refractive index given as a function of the tangent height, as in
(2.5), and then converted to refractivity, following (2.2) [4, 7]. The inver-
sion of Doppler shift into bending angle by GO relies on the conditions of
single rays, i.e., a ray is described exclusively by one impact parameter,
and spherical symmetry. The resolution of the retrieved bending angle fol-
lows the scale of the first Fresnel zone, being a few hundred meters in the
lower troposphere and increasing exponentially up to roughly 2 km in the
stratosphere [5]. In some cases, sharp gradients in the bottom region of
the atmosphere owing to water vapour can violate the single ray condition
and trigger multi-path propagation [8]. Under this condition, wave optics
(WO) methods are the alternative to GO, with resolution as high as 60 m
(sub-Fresnel scale) [9, 10, 11].

Additionally, the Abel transform and Bouguer’s rule are valid under the
assumption that the atmosphere sounded during the occultation is spherical
symmetric [5]. The concept, also known as stratified medium, defines that
the refractivity varies exclusively with the altitude within the region covered
by one occultation event. However, the assumption of spherical symmetry
is violated eventually in some RO measurements, both in the lower and
upper atmosphere, by horizontal gradients in refractivity [12, 13].

In the lower part, violation can cause error on the order of hundreds of
meters in the retrieved impact parameter at the tangent height. As a conse-
quence, this error is transformed into bending angle and can reach roughly
10% within 2 km from the surface. Eventually, the RO measurements af-
fected by asymmetry cannot be used in the retrieval of other atmospheric
parameters.

In the upper part (ionosphere), the symmetry assumption can be vi-
olated for instance when RO measurements cover areas in the transition
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from night to day time following the variability in the ionospheric refrac-
tivity based on local time and solar radiation. Further, special conditions
such as geomagnetic storms and EPBs can intensify the disturbance in the
ionosphere [14]. The irregularities in ionospheric refractivity has a contri-
bution, usually negligible, to the systematic error observed in bending angle
profiles and further atmospheric parameters obtained from the refractivity.

The systematic ionospheric bias in RO measurement and the effect of
small-scale irregularities are further discussed in Section 3 and in the studies
composing this licentiate dissertation.

2.2 Applications

GNSS-RO systems have all-weather operation capabilities providing global
coverage, even in remote areas. Figure 2.2 summarizes one occultation
event and the atmospheric parameters retrieved from the Doppler shift
measurement.

RO data has high vertical resolution, varying within 0.1 and 1.4 km [15],
and has been assimilated in NWP systems as a complement of other remote
sensing techniques by providing temperature, pressure and water vapour
profiles in the upper troposphere and lower stratosphere range [16]. In this
application, RO has been ranked as one of most important techniques based
on satellite sounding to contribute to reducing short-range forecast (24h)
error [17].

Thanks to the long time-span operation of different RO missions, from
the early days with GPS/MET [18] up to COSMIC-2 and future MetOp sec-
ond generation [19, 20], RO data has been included in reanalysis of climate
models, e.g., ERA-interim. The reprocessing of past weather observations
helps improve climate models [21].

Another frequent application is climate monitoring. RO data is consis-
tent and presents robust stability, e.g., data from different missions have
shown an agreement of 0.2 K in dry temperature profiles up to 35 km
[22]. Further, RO measurements are SI-traceable because of precise atomic
clocks. These features permit the combination of different RO missions to
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GNSS satellite

GNSS
signal

Atmosphere

Refraction Diffraction Scattering Reflection

LEO satellite

Doppler shift

Retrieval

Bending angle
(Refractivity)

PressureTemperature
Water
Vapour

...

Figure 2.2: GNSS Radio Occultation (GNSS-RO) overview: atmospheric
product.

create extensive climate records, over a 10–13-year period, that can be used
in the detection and monitoring of climate variability and trends [23, 24].

Further, RO global coverage has provided measurements that support
the analysis of severe weather events, thanks to the sensitivity of RO data
regarding temperature and water vapour content. Some examples of such
applications are detecting and tracking of volcanic clouds and their altitudes
after eruptions [25], detecting and quantifying rain rate during heavy rain-
fall events and monitoring thermal structure of tropical cyclones [26, 27].
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Besides the low atmosphere applications, RO has an important role in the
ionosphere and space weather. These applications are discussed in the fol-
lowing sections.

3 Ionosphere

The upper layer of the Earth’s atmosphere can be split into thermosphere,
ionosphere and magnetosphere. The ionosphere is composed of free elec-
trons and ionized particles, and based on these features, it is a conductive
layer. The ionosphere extends from approximately 60 km up to 1000 km
and is usually described by three different regions known as D (60–90 km),
E (90–120 km) and F (120–1000 km). The F-layer is commonly divided into
two sub-regions, where F1 denotes the lower and F2 the upper part. Figure
3.1 presents some examples of EDP, which characterizes the distribution of
electrons along different altitudes.

Among the three regions, the highest density of electrons lies in the F-
layer and, therefore, is the most critical region regarding wave propagation.
Electron density varies with location, time, season, level of solar activity and
radiation [28], and parameters such as electron density peak in the F-layer,
NmF2, and its height, hmF2, are commonly utilised to define ionospheric
conditions. The electron density peak usually appears between 200-500 km
and it can reach up to 1013 el/m3 [29].

The ionosphere reflects signals up to roughly 30 MHz depending on the
electron density peak. The plasma frequency is defined as

fp ≈ 8.98
√
Ne(h) (3.1)

and defines the “cut-off” frequency in which a wave vertical incident is
reflected by the ionosphere at a given altitude [30].

The ionosphere can also be characterized by a scalar value, total electron
content (TEC), which is computed by the integration of the electron density
in a vertical column between a receiver (LEO) and transmitter (GNSS
satellite),

TEC =

∫
l
Ne dl. (3.2)
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Figure 3.1: Electron density in the different height along E and F region.
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where l is the ray path between satellites and TEC is given in TEC units
(TECU = 1016 el/m2) [31]. The ratio between TEC and NmF2 defines the
slab thickness,

τ =
TEC

NmF2
. (3.3)

Hence, the slab thickness characterizes the width and variability of the
vertical EDP in the F-region [29].

3.1 Ionosphere and GNSS Radio Occultation

Besides the main applications, i.e., NWP and climate monitoring, RO mis-
sions provide quality data to investigate the ionosphere. GNSS signals in-
tercepted by LEO satellites travel partly through the ionosphere. This fact
gives the opportunity to occultation measurements to sound the ionosphere.
RO measurements fill the gaps in time, space and altitude from different
systems, such as ionosondes, GPS ground-base stations and (in)coherent
scatter radars [32].

RO missions, like GPS/MET, CHAMP, GRACE and COSMIC-I, have
been providing EDPs as part of their data product. RO EDPs are highly
relevant when it comes to characterisation of the ionosphere throughout
the extension of one occultation event regarding NmF2, hmF2 and scale
height. EDPs obtained through RO measurements have been validated for
different missions in comparison with ionosondes [33].

RO measurements support the estimation of slant TEC (sTEC) and,
consequently, vertical TEC. The Precise Orbit Determination (POD) sys-
tem in MetOp satellites have been used to compute the sTEC and, subse-
quently, the rate of TEC (ROT) during the occultation,

ROT =
sTECk − sTECk−1

tk − tk−1
(3.4)

where tk is an epoch time and RO is given in TECU/min. Alternatively,
ROT index is defined by the standard deviation of ROT,

ROTI =
√
< ROT 2 > − < ROT >2, (3.5)
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where <> stands for a moving window operation. ROT index can be used
to compute and monitor ionospheric irregularities primarily modifying the
signal phase [34].

The long period of global operation of RO missions allows for evalua-
tion of the ionosphere under different conditions, e.g., geomagnetic storms
and/or plasma bubbles, and during different stages of a solar cycle. The
consistency of ionospheric parameters can be compared and validated with
ionosonde measurements at different geolocations and time with remark-
able quality in equatorial and mid-latitude regions and the advantage of
more global data availability [33].

In the near future, new RO constellations will provide in situ mea-
surements of the ionosphere beside conventional RO soundings. With a
near-equatorial satellite orbit, RO data will be highly valuable to perform
investigations of the ionosphere in low-latitude regions [35]. Further, the
second generation of MetOp satellites will have the GRAS-2 receiver on
board, with altitude coverage up to 500 km compared to 85 km with the
current instrument [20]. This feature will benefit the ionospheric commu-
nity as measurements will extend up to the top part of the F-region.

Despite the benefits to the ionospheric community, there are a number
of challenges in the application of RO data, of which the main focus is the
bottom portion of the atmosphere. The following sections describe the two
main topics addressed in the studies comprising this dissertation: a well-
known approach to cancel the phase delay added to the propagation in the
ionosphere; and ionospheric irregularities and their effects in GNSS signals.

3.2 Standard Ionospheric Correction

Inevitably, the wave is modified by the ionospheric propagation. The con-
ditions in the lower atmosphere, i.e., troposphere, stratosphere and meso-
sphere, are the most relevant factor regarding weather and its forecasting.
Given the geometry, RO measurements contain an additional phase delay
in the lower atmosphere based on the propagation through the ionosphere.
The phase delay has a cumulative feature, which is described in the forward
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Abel transform,

αi(a) = −2a

∫ ∞
rt

dni/dr

ni
√

(nir)2 − a2
dr,

i.e., the bending angle at a specific impact parameter integrates the ray
path (and the gradient in the refractive index) from the tangent height
upwards (theoretically to infinity).

As introduced in (2.1), the refractivity in the atmosphere has a contri-
bution from electron density. Additionally, this contribution has an inverse
quadratic relation to the carrier frequency of the signal involved in the
trans-ionospheric propagation,

N = 1 +Nn × 10−6 − 40.3
Ne

f2
1,2

(3.6)

where Nn gathers the contribution based on the lower atmosphere. This
aspect demonstrates explicitly that the signals with different frequencies
face slightly different refractivities, propagation paths and, finally, phase
delays.

The multi-frequency measurements of GNSS signals in the L1, L2 and
L5 bands tracked by LEO satellites offer a chance to remove the undesirable
ionospheric contribution. Under the assumption of spherical symmetry,
a linear combination between the bending angle in L1 and in a second
frequency (either L2 or L5) can remove the additional bending [36]:

αc(a) = C1αL1(a)− CjαLj(a), (3.7)

where C1 = f2
1 /(f

2
1 − f2

j ) and Cj = f2
j /(f

2
1 − f2

j ) with j = 2, 5. The
correction considers the same impact height for both bands, which is not
the case as the wave in different carriers have slightly different propagation
paths. The approach, known as standard ionospheric correction, is a default
step in RO-measurement processing. However, the correction does not
completely eliminate the effects of the propagation within the ionosphere.
In fact, the correction performed by (3.7) is effective for the first-order term
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error, which corresponds to the major part of the RIE. Here, RIE is defined
by

RIE = ∆α = αc − αref (3.8)

where αref is the reference bending angle, which can be based on Abel
transform inversion of the neutral atmosphere refractivity or some meteo-
rological/climatological models. Figure 3.2 depicts the actual difference in
bending angle for signals in different carrier frequencies and the respective
RIE.

RIE increases with electron density peak in the F-region as presented
in Part I, more specifically as a function of the electron density squared
[36]. Further, RIE has been shown to be related to the solar cycle, i.e.,
indicated by the index monitoring the intensity of solar radiation (F10.7)
[37]. As the correction relies on the assumption of spherical symmetry, the
RIE high-order terms owing to horizontal gradient and the earth’s magnetic
field are not corrected with (3.7), even though there is the assumption of
not having a significant contribution in the NWP application [13]. The
characterization of the RIE under non-spherical symmetry, because of the
direction of the occultation event and its location, was performed through
end-to-end simulations and yielded in generally higher RIEs [38].

For climatology studies, the systematic bias in averaged profiles is a
more problematic issue, where 0.05 µrad bias in bending angle yields a
0.5 K bias in temperature at approximately 25–30 km [39]. An alternative,
known as κ-correction, was proposed in [40] where a second term is included
in (3.7). Unlike the standard correction, this approach requires a priori
information from the ionosphere scale height (related to slab thickness)
and the height of the F-region peak.

Within the scope of this licentiate dissertation, the evaluation of the RIE
is limited to the standard ionospheric correction as the studies considered
single RO measurements rather than averaged profiles, e.g., over the period
of a month.
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Figure 3.2: Residual Ionospheric Error (RIE). (Left panel) Bending angle
for signal propagated in the L1 (red) L2 (blue) bands and the bending
angle owing to the neutral atmosphere (black). (Right panel) RIE after the
standard correction.

3.3 Ionospheric Scintillation

Besides the inherent ionospheric bias in RO measurements, the propaga-
tion through this layer eventually leads to another troublesome feature
with connection to space weather. Figure 3.3 illustrates the dynamics of
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Figure 3.3: Space weather overview (European Space Agency/Science Office
CC BY-SA 3.0 IGO).

the earth’s atmosphere regarding solar activity and its effects on the space
weather. The space weather corresponds to the environmental conditions
above the outer-most layers of the earth’s atmosphere, which is affected by
phenomena that include cosmic rays, solar flare radiation and coronal mass
ejections. The magnetic coupling and flow of particles from space to the
earth affect different layers of the atmosphere, where satellites and their in-
strumentation suffer early consequences, e.g., higher likelihood of radiation
damage and degradation of parts. In terms of society, the consequences
of adverse conditions in the space weather are observed as disruption of
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navigation services, including different sorts of transportation, telecommu-
nication systems and induced current in power lines [41].

The ionosphere is highly influenced by the intensity of solar radiation
ionospheric plasma, which is composed of free electron and ions. The effects
of solar bursts and geomagnetic storms create additional disturbances in the
plasma, which produce small-scale irregularities in the electron distribution.
The result is disturbances in the reception of GNSS signals, both in ground-
based stations as much as in other satellites in orbit.

In addition to phase delay introduced by the propagation in the iono-
sphere (and subsequently the RIE), GNSS-RO measurements are also af-
fected by the disturbed content in ionosphere [32]. Thus, GNSS-RO data
can be used to gain knowledge on such phenomena and perform assessments
of the effect in the retrieval of atmospheric products during disturbed and
quiet days, i.e., influenced or not by the occurrence of geomagnetic storms,
respectively [39]. Further, the measurements support the detection, moni-
toring and prediction of such phenomena by providing reliable data to be
assimilated by ionospheric models [42, 34].

Ionospheric measurements (including GNSS-RO) indicate that most in-
tense irregularities are often observed in the equatorial and polar regions;
and during night time. EDPs retrieved from RO measurements have shown
the effect of a disturbed ionosphere, with a rise in irregularities both in the
bottom and top regions and, in certain cases, with plasma depletion taking
place [43]. Depending on the gradient in electron density (subsequently in
refractivity), signals travelling through such regions present abrupt fluctua-
tions in phase and amplitude, known as scintillation [44]. Figure 3.4 depicts
two examples of RO measurements with and without scintillation observed
in the signal amplitude.

One cause of ionospheric scintillation in GNSS signals in low altitudes
is the existence of EPBs, which are regions of depletion in electron density
with extension up to few hundred kilometers. EPBs are commonly trans-
verse to the geomagnetic field and occur mostly during night time, lasting
up to a few hours [45]. Depending on the turbulence within the region and
intersectional plane, the wave can suffer from weak to strong scattering
[46, 47].
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Figure 3.4: Scintillation in Radio Occultation (RO) measurements: Occul-
tation without (top) and with strong scintillation (bottom) in the first 20s
of an occultation.

COSMIC is the only mission to provide data related to ionospheric scin-
tillation. Specifically, the scintillation index (S4 index) quantifies the level
of disturbance in the signal amplitude owing to ionospheric irregularities
[48, 49]. The S4 index can be described as the standard deviation of the
signal intensity (or squared SNR) normalized by the averaged signal inten-
sity,

S4 =

√
< (I −< I >)2 >

< I >
, (3.9)

where <> is a moving average (usually 1-s long) and I is the 6th-order
Butterworth-filtered version of the signal intensity. The scintillation index
commonly assumes values from 0 up to 1, even though S4 can reach values
greater than 1 in extreme cases. The estimation of the scintillation can also
be performed based on the phase fluctuation (or phase cross-correlation)
[50]. However, it was not considered in the studies composing this disser-
tation.

The S4 index has been applied in Part III and served to categorize
RO measurements with moderate to strong scintillation while validating
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the results obtained in simulations. The study presented in Part III has
considered measurements in low latitude and in the vicinity of one of the
largest geomagnetic storms in the 24th solar cycle [51]. It has been observed
that the occurrence of geomagnetic storms elevates the presence of plasma
irregularities in altitudes within the F-region [34].

Figure 3.5 features the comparison between EDPs with and without
small-scale irregularities assumed in Part III.

Figure 3.5: Electron density profile (EDP) along the propagation axis (a)
without and (b) with small-scale irregularities. EDP parameters: NmF2 =
2 × 1012 el/m3 km, HmF2 = 288.5 km and ∆Ne = 30% (within 220-600
km).

The small-scale irregularities have not been a main concern in the as-
similation of data for climatological models and climate-change monitoring.
It has been claimed that the bias added by the irregularities are negligible
after the bending angle profiles are averaged [40, 52]. However, investiga-
tions for confirming this assumption have not been carried out yet. Further,
it has been suggested that ionospheric indices should be monitored in order
to detect and remove periods with extreme events in space weather from
climatological models and reanalyses. Overall, these events are extraordi-
nary and should have a minor influence based on their short duration and
low frequency of occurrence [39].



Introduction 23

4 Simulation of Occultation Events: Multiple
Phase Screen (MPS)

The propagation path, considering the GNSS and LEO satellite positions,
and the effects encoutered by the GNSS signal, because of the refractivity
of the neutral atmosphere and ionosphere, can be reproduced by numerical
methods. Multiple Phase Screen (MPS), also known as the Fourier split-
step technique, has been considered in the studies presented in Part I–III.
MPS is a WOP technique where the earth’s atmosphere is modelled as a set
of vertically parallel screens [53]. The principle underlying the technique is
the solution of the scalar Helmholtz equation for each phase screen when
assuming the medium (atmosphere) to be linear [7]:

∂2u

∂y2
+
∂2u

∂x2
+ 2ik2

0

∂u

∂x
+ k2

0(n− 1)u = 0, (4.1)

where u is the electromagnetic wave, k0 is wave number in vacuum and n
is the refractive index. Figure 4.1 shows a sketch of the setup assumed in
simulations of an occultation event using MPS.

Figure 4.1: Multiple Phase Screen (MPS) overview: arrows show the direc-
tion of the propagation and different stages of the simulation.

For simplification of the description, the method is condensed into three
main stages:
Stage 1: Initialization of the wave. The GNSS satellite is considered a
static point source, given it is more distant from the earth’s surface than
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the LEO satellite. The GNSS signal is represented by a cylindrical wave
and propagated to the first screen (s1),

u(r) =
exp(ik0r)√

r
(4.2)

where r is the radial distance between GNSS satellite position and each
point in s1. With the first screen, the resultant complex wave is nearly
planar and the amplitude is attenuated by the factor, 1/

√
r;

Stage 2: The wave is propagated assuming roughly constant refractive
index between phase screen (∆x) whereas the effect of its gradient in the
signal is computed at every screen. This procedure is repeated until the
last screen is reached (s2, . . . , sn). The computation of these steps involves
the spatial Fourier transform of the complex signal along the vertical axis
(y),

ũ(xj+1, q) = exp

(
−ik0

(√
1− q2

k2
0

)
∆x

)
F (u(xj , u)) , (4.3)

u(xj+1, y) = exp (ik0(n− 1)∆x)F−1(ũ(xj+1, q)). (4.4)

Owing to the Fourier operator, a window function must be applied to the
Fourier transform of the signal amplitude at this stage in order to avoid
spectral leakage.
Stage 3: The resultant complex wave of the last phase screen is propa-
gated to the LEO orbit. The simulation extends until the point where the
atmospheric refractivity is roughly zero within the range of altitudes of the
phase screen. Under this circumstance, a diffraction integral is computed
to estimate the complex wave at each sample point of the LEO orbit

v(pn) =

√
k0

2π

∫
u(x, y)

xd√
x2
d + y2

d

φ(xd, yd) dy, (4.5)

where v is the complex wave of the nth sample in the LEO orbit, xd and yd
are the horizontal and vertical distances, respectively, between the samples
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in the phase screen and the nth point in orbit and

φ(xd, yd) =
exp

(
ik
√
x2
d + y2

d − iπ/4
)

(
x2
d + y2

d

)1/4 . (4.6)

Once the estimate complex wave is obtained in orbit, the phase compo-
nent is unwrapped and the excess phase is determined by subtracting the
range model between the GNSS and LEO satellites. Finally, the bending
angle profile can be calculated by GO (as described in Section 2.1 or by
any other inversion methods.

The definition of the simulation setup regarding the placement and size
of the simulation box, and further practical details in the implementation
of the simulator used in the studies, are found in Part II. Moreover, the
theoretical background of MPS is described thoroughly in a technical report
by Rasch [7].

For simulations including the ionosphere, the box dimensions should be
chosen accordingly so that the ionospheric refractivity at the last phase
screen is ideally negligible. In fact, considering the ionosphere in simula-
tions can create, in some cases, restrictions for Stage 3 as the assumption
of propagation in vacuum required in (4.5) might not be fulfilled.

Figure 4.2 shows two different scenarios of occultation: a RO mea-
surement (black dashed line) extending within 100 km and -100 km SLTA
(similar to current RO missions) with altitude range above the neutral at-
mosphere at the last screen. However, the ionosphere might still have some
contribution in terms of refractivity. Secondly, a measurement ranging be-
tween 500 km and -300 km SLTA, according to the specifications of future
RO missions [20]. In this case, the simulation box eventually ends with
significant neutral refractivity and ionosphere at the last phase screen, be-
cause of limitations in the diffraction integral. This scenario particularly
compromises Stage 3. The influence of the ionosphere in simulations as-
suming both scenarios is addressed in Part II.
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Figure 4.2: Simulations assuming short and long segments of orbit: (a)
Simulation box avoids the neutral atmosphere, even though the ionospheric
refractivity might not be negligible. Neutral refractivity profile (blue curve)
and electron density profile (EDP; red curve). (b) Longer segment of or-
bit forces the simulation box to end at a point where both neutral and
ionospheric refractivity may still be relevant.

5 Contributions

The small-scale irregularities in the F-region and the RIE observed in the
corrected bending angle profiles of RO measurements and simulations are
investigated during the studies.

In Part I, an investigation of the influence of F-region small-scale irregu-
larities in RIE was presented. A simple approach using a sinusoidal function
was employed to model the irregularities and the effect in RIE bending an-
gle in comparison to disturbed EDPs, part of an evaluation dataset. The
results obtained in the study indicate that the small-scale irregularities in
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EDPs do not have a significant contribution to RIE. Most of the changes
in RIE were based on the increase in electron density in the F-region. The
EDPs and the level of irregularities assumed in this study did not yield an
RIE greater than the noise floor in RO receivers, e.g., GRAS [54], for most
of the cases.

Part II consists of an investigation of the error introduced in simula-
tions when the ionosphere is considered in MPS propagation. Convention-
ally, part of the wave propagation in the simulations is assumed to take
place in vacuum and, therefore, calculated by a diffraction integral. When
neglecting the ionosphere, the diffraction propagation is applicable from
the point neutral refractivity is negligible (at roughly 60 km). The results
obtained in simulations show that for the occultations equivalent to cur-
rent RO missions, the diffraction propagation is reliable even for the cases
where the ionosphere is included. However, the approach is problematic
when an occultation event is long, i.e., going deeper into the earth’s limb
(−300 km) and extending to higher SLTAs (500 km). This study showed
that MPS propagation can be extended to include and sample the complex
signal during the LEO orbit path, accounting completely for the ionospheric
contribution during the propagation.

In Part III, a more complex model of irregularities than that used in
Part I was assumed in the simulations. The model of irregularities de-
scribed in [14] has been applied in an attempt to yield equivalent iono-
spheric signatures in RO measurements (amplitude), a consequence of the
wave propagation through EPBs. MetOp-B data in low latitudes have been
selected and the parameters of the model have been tweaked in order to
achieve comparable effects in the simulations. Scintillation amplitude in-
dex (S4), decorrelation time and bending angle standard deviation were
utilised in the evaluation. The comparison between simulations and RO
measurements applied spectra analysis. The results obtained in the simu-
lations exhibited comparable features to the measurements and verified the
model and implementation of MPS. This type of study has the potential
to provide a better understanding of the upper atmosphere and support
the design of RO instruments. However, the implementation is limited to
ionospheric irregularities following the single-spectra power-law.
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6 Future Work

As mentioned in [40] and [52], the small-scale irregularities in the ionosphere
are not a great threat to monthly and seasonal climatological analysis and
models. The common assumption in this application is that the higher-
order terms of RIE, connected to horizontal gradient and earth’s magnetic
field, are negligible after the bending angle profiles are averaged.

This assumption has not been properly verified with studies yet. A
potential sequel for the work presented in this licentiate dissertation is to
evaluate the difference, if any, in RIE when a large set of measurements
with and without small-scale irregularities are compared. The model of
ionospheric irregularities implemented in Part III can be employed to add
the small-scale contribution in electron density at different intensities. The
outcome may support the discussion of how significant small-scale irregular-
ities are in the bias observed from a climatology perspective. Additionally,
the work developed up to this point has concentrated on RIE analysis re-
garding bending angle. Likewise, the same sort of study can be conducted
to evaluate the effects on atmospheric parameters, e.g., temperature.
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and D. Dettmering, “Long-term comparison of the ionospheric F2
layer electron density peak derived from ionosonde data and Formosat-
3/COSMIC occultations,” Journal of Space Weather and Space Cli-
mate, vol. 5, p. A21, 2015.



BIBLIOGRAPHY 33

[34] I. Zakharenkova and I. Cherniak, “Underutilized Spaceborne GPS Ob-
servations for Space Weather Monitoring,” Space Weather, vol. 16,
no. 4, pp. 345–362, 2018.

[35] X. Yue, W. S. Schreiner, N. Pedatella, R. A. Anthes, A. J. Mannucci,
P. R. Straus, and J.-Y. Liu, “Space Weather Observations by GNSS
Radio Occultation: From FORMOSAT-3/COSMIC to FORMOSAT-
7/COSMIC-2,” Space Weather, vol. 12, no. 11, pp. 616–621, 2014.

[36] V. V. Vorob’ev and T. G. Krasil’nikova, “Estimation of the accuracy
of the atmospheric refractive index recovery from doppler shift mea-
surements at frequencies used in the NAVSTAR system,” USSR Phys.
Atmos. Ocean, Engl. Transl., vol. 29, no. 5, pp. 602–609, 1994.

[37] J. Danzer, B. Scherllin-Pirscher, and U. Foelsche, “Systematic residual
ionospheric errors in radio occultation data and a potential way to
minimize them,” Atmospheric Measurement Techniques, vol. 6, no. 8,
pp. 2169–2179, 2013.

[38] C. Liu, G. Kirchengast, K. Zhang, R. Norman, Y. Li, S. Zhang,
B. Carter, J. Fritzer, M. Schwaerz, S. Choy, S. Wu, and Z. Tan,
“Characterisation of residual ionospheric errors in bending angles us-
ing GNSS RO end-to-end simulations,” Advances in Space Research,
vol. 52, no. 5, pp. 821–836, 2013.

[39] A. J. Mannucci, C. O. Ao, X. Pi, and B. A. Iijima, “The impact
of large scale ionospheric structure on radio occultation retrievals,”
Atmospheric Measurement Techniques, vol. 4, no. 12, pp. 2837–2850,
2011.

[40] S. B. Healy and I. D. Culverwell, “A modification to the standard
ionospheric correction method used in GPS radio occultation,” Atmo-
spheric Measurement Techniques, vol. 8, no. 8, pp. 3385–3393, 2015.

[41] H. J. Opgenoorth, R. F. Wimmer-Schweingruber, A. Belehaki,
D. Berghmans, M. Hapgood, M. Hesse, K. Kauristie, M. Lester,



34 BIBLIOGRAPHY

J. Lilensten, M. Messerotti, and M. Temmer, “Assessment and recom-
mendations for a consolidated European approach to space weather –
as part of a global space weather effort,” Journal of Space Weather
and Space Climate, vol. 9, p. A37, 2019.

[42] N. Jakowski, V. Wilken, and C. Mayer, “Space weather monitoring by
GPS measurements on board CHAMP,” Space Weather, vol. 5, no. 8,
2007.

[43] I. Cherniak, I. Zakharenkova, and S. Sokolovsky, “Multi-Instrumental
Observation of Storm-Induced Ionospheric Plasma Bubbles at Equa-
torial and Middle Latitudes,” Journal of Geophysical Research: Space
Physics, vol. 124, no. 3, pp. 1491–1508, 2019.

[44] R. Crane, “Ionospheric scintillation,” Proceedings of the IEEE, vol. 65,
no. 2, pp. 180–199, 1977.

[45] J. Aarons, “Global Morphology of Ionospheric Scintillations,” Proceed-
ings of the IEEE, vol. 70, no. 4, pp. 360–378, 1982.

[46] C. L. Rino, “A power law phase screen model for ionospheric scintil-
lation: 1. Weak scatter,” Radio Science, vol. 14, no. 6, pp. 1135–1145,
1979.

[47] C. L. Rino, “A power law phase screen model for ionospheric scintilla-
tion: 2. Strong scatter,” Radio Science, vol. 14, no. 6, pp. 1147–1155,
1979.

[48] S. Syndergaard, COSMIC S4 data. UCAR/CDAAC, Boulder, CO,
2006.

[49] K. Hocke, H. Liu, N. Pedatella, and G. Ma, “Global sounding of F re-
gion irregularities by COSMIC during a geomagnetic storm,” Annales
Geophysicae, vol. 37, no. 2, pp. 235–242, 2019.



BIBLIOGRAPHY 35

[50] C. S. Carrano, K. M. Groves, and R. G. Caton, “The effect of phase
scintillations on the accuracy of phase screen simulation using deter-
ministic screens derived from GPS and ALTAIR measurements,” Radio
Science, vol. 47, no. 4, pp. 1–16, 2012.

[51] E. Astafyeva, I. Zakharenkova, and M. Förster, “Ionospheric response
to the 2015 St. Patrick’s Day storm: A global multi-instrumental
overview,” Journal of Geophysical Research: Space Physics, vol. 120,
no. 10, pp. 9023–9037, 2015.

[52] J. Danzer, S. B. Healy, and I. D. Culverwell, “A simulation study
with a new residual ionospheric error model for GPS radio occultation
climatologies,” Atmospheric Measurement Techniques, vol. 8, no. 8,
pp. 3395–3404, 2015.

[53] D. Knepp, “Multiple phase-screen calculation of the temporal behavior
of stochastic waves,” Proceedings of the IEEE, vol. 71, no. 6, pp. 722–
737, 1983.

[54] M. Bonnedal, J. Christensen, A. Carlström, and A. Berg, “Metop-
GRAS in-orbit instrument performance,” GPS Solutions, vol. 14, no. 1,
pp. 109–120, 2010.





Part II

Publications





Part II-A

A Simulation Study of the Effect of Ionospheric

Vertical Gradients on the Neutral Bending Angle

Error for GNSS Radio Occultation



40 Part II-A

Part II-A is published as:

V. L. Barbosa, J. Rasch, A. Carlström, M. I. Pettersson, and V. T. Vu, “A
simulation study of the effect of ionospheric vertical gradients on the neutral
bending angle error for GNSS radio occultation,” in 2017 Progress in Elec-
tromagnetics Research Symposium (PIERS-FALL), pp. 1540–1545, Singa-
pore, Nov. 2017, ©2017 IEEE. doi: 10.1109/PIERS-FALL.2017.8293377;



41

1 Introduction

Radio Occultation (RO) is a remote sensing technique, firstly applied to
investigate planetary atmospheres in the Solar System. RO became a fea-
sible source of measurements of the Earth’s atmosphere since the Global
Positioning System (GPS) turned into a reliable service in the 90’s[1]. The
technique relies on Global Navigation Satellite Systems (GNSS) signals in-
tercepted by a Low-Earth Orbit (LEO) satellite. The fundamental signal
measurement on the LEO satellite is the Doppler shift, which allows the
derivation of the very basic product of the GNSS RO. The retrieved bend-
ing angle (α) is a record of the atmospheric characteristics. It describes the
effect of refraction throughout the propagation of the signal between the
GNSS and LEO satellites. The dynamics of the transmitter and receiver
yields a scanning motion from the upper part of atmosphere (LEO orbit)
down to the Earth limb.

Consequently, the scanning capability of different atmospheric layers is
related mainly to the orbit of the LEO satellite and the purpose of each
radio occultation mission. For instance, the Constellation Observing Sys-
tem for Meteorology Ionosphere and Climate (COSMIC) is composed by
LEO satellites orbiting around 700 and 800 km, intended to investigate not
exclusively the neutral atmosphere (stratosphere and troposphere) but also
the upper-part (ionosphere) [2].

The RO data product has been mostly applied in Numerical Weather
Prediction (NWP) [3]. Regarding the weather on Earth, the stratospheric
and tropospheric conditions are of major interest, as well as the accuracy of
these measurements. However, the bending angle (BA) on the lower-part of
the atmosphere holds signatures of the bending added in the ionosphere and
therefore may differ for different signal trajectories and different satellite
altitudes (i.e. different atmospheric layers included). This fact implies the
bending associated to the ionosphere must be removed to such application.

Different methods have been proposed in order to cancel out the iono-
spheric effect. The dispersion method [4] is the most known and usually
named as standard ionospheric correction. Its main advantage is simple
implementation and no prior information required about the ionospheric



42 Part II-A

conditions. However, the dispersion method removes only the first order
term of the ionospheric contribution. Lately, a modification of the stan-
dard correction has been proposed in order to remove the second order
term, which is only feasible once the features of the ionosphere are known
a priori. The kappa method is aimed to climatology or climate changing
monitoring and, therefore, applicable on monthly-average bending angle
measurements. It is dependent either on ionospheric measurements [5] or
on geophysical parameters such as solar zenith angle, solar flux and altitude
[6].

Despite the method chosen to perform the ionospheric correction, small
and large-scale structures present on the Ionosphere are related to the resid-
ual ionospheric error (RIE). Moreover, it is known that the level of pertur-
bation observed yields different levels of RIE [7, 8, 9, 10].

In this paper, small-scale structures are modelled on the ionosphere as
sinusoidal perturbations. The vertical gradient and their influence on the
RIE after the standard ionospheric correction are evaluated. The analysis
also takes into account the influence of the electron density peak on the F-
layer range. This paper is divided in six sections. Section 2 and 3 describe
the standard ionospheric correction and how different ionospheric scenarios
have been modelled for the present analysis, respectively. Section 4 presents
an overview of the selected conditions to be evaluated. Finally, Section 5
and 6 present the results of the simulations and final remarks.

2 Standard Ionospheric Correction

Conventionally, RO data processing is performed on the measurements of
GNSS signals in L1 (1575.42 MHz) and L2 (1227.60 MHz) bands. According
to the dispersion method [4], the corrected bending angle (αc) can be cal-
culated from the retrieved αL1,L2 as a function of a common impact height
(a),

αc(a) =
αL1(a) fL1

2 − αL2(a) fL2
2

fL1
2 − fL2

2 . (2.1)
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Based on the corrected bending angle, tropospheric parameters such as
pressure, temperature and humidity are retrieved. Despite the advantages,
i.e. low complexity and no prior knowledge of the ionospheric conditions,
the dispersion method relies on the fact GNSS signals are propagated in
the same trajectory, regardless of their frequency. In fact, this fundamental
condition is not totally satisfied. Ray tracing simulations [11, 12, 13] have
shown the difference between the ray path of L1 and L2 signals can reach
the order of kilometers depending on the distribution of electrons in the
ionosphere. As a consequence, the retrieved bending angles do not have
the same impact height [14]. Thus, Equation 2.1 includes an inherent error
on the corrected bending angle. The residual ionospheric error is the source
of the bias present in any atmospheric parameter derived from the corrected
bending angle. For instance, the temperature error derived from RO data
can reach approximately 0.3 K at 30 km altitude [15]. The RIE is denoted
as

∆α = αc − αn, (2.2)

where αn stands for the bending angle after propagation in the neutral
atmosphere.

3 Ionospheric Model

In order to analyse the influence of different ionospheric scenarios on the
neutral bending angle error, the ionosphere has been modeled by the asym-
metric Chapman layer function [16], which is defined as

ρ(r) = ρmax exp

(
1

2
(1− u− e−u)

)
,

u = (r − r0)/H,

(3.1)

where ρmax is the F-layer electron density peak at r0 (km), r is the radius
(km) from the Earth center and H stands for scale height (km).

Equation 3.1 is used to model E and F-layer separately. Consequently,
the electron density profile outcome is defined by two electron density peaks
(ρmaxE,F ), heights (r0E,F ) and scale heights (HE,F ),
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ρ iono(r) = ρE(r) + ρF (r), (3.2)

in which ρE shapes essentially the distribution of electron within 80 and
150 km and ρF from 150 up to 650 km.

Equation 3.2 can be easily adapted in order to add a perturbation to
either E or F term, as an artifact to model vertical gradients along the
ionosphere. For the analysis presented in this paper, the sinusoidal per-
turbation was combined to the F term. Then, Equation 3.2 is rewritten
as

ρ iono(r) = ρE(r) + δ ρF (r),

δ = 1 + β sin(2πr/L0),
(3.3)

where β is the amplitude of the sinusoidal perturbation, given in percentage,
and L0 is the oscillation period (km). The electron density profile is con-
verted to refractivity and combined to the exponential neutral atmosphere
as [17]

nionoL1,L2(r) =
40.3 ρ(r)

f2
L1,L2

,

NL1,L2(r) = Nneutral(r)−
[nionoL1,L2(r)− 1]

1 · 10−6
,

Nneutral(r) = N0 exp(−r/H0),

(3.4)

where N0 is refractivity at the ground (350 )km and H0 the scale height
(8 km) for the refractivity.

4 Simulation

The F-layer electron density peak varies during day and night-time, mostly
related to low or high solar activity periods. Therefore, the sinusoidal per-
turbations have been combined to such a range of peak values. Regarding
the vertical gradients, cases assuming β = (0, 0.01, 0.03, 0.10) have been
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considered. In this context, case β = 0 represents a scenario without per-
turbation, called in this paper as clean. All the cases considering some level
of oscillation are referred as disturbed. The oscillation period L0 = 5 km
has been assumed for every case. Figure 4.1(a) depicts the electron density
profiles (clean cases) given by Equation 3.2 and Figure 4.1(b) presents in
detail a profile considering additional wave structures described by Equa-
tion 3.3.
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Figure 4.1: Electron density profile presented in (a) using HE = 10 km,
HF = 50 km, r0E = 105 km, r0F = 300 km, ρmaxE = 2 · 1011 and ρmaxF =
(1 · 1011, 4 · 1011, 1 · 1012, 4 · 1012, 1 · 1013) el/m3. ©2017 IEEE

For comparison with more realistic conditions, some cases have been
selected from a dataset of an empirical model for the ionospheric electron
density [18]. The dataset gathers ionospheric profiles inverted from raw
COSMIC measurements. In [18], the authors also proposed a scintillation
index, or Occultation Scintillation Index Proxy (OSPI), as metric to catego-
rize electron density profiles regarding the presence of disturbances. OSPI
is defined as the standard deviation normalized by ρF of the difference be-
tween consecutive samples points on the electron density profile within rmin
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and rmax height range,

OSPI =
σ∆ρ(rmin, rmax)

ρF
(4.1)

For the index calculation, the distance considered between consecutive
points was 1 km. The standard deviation was calculated within 550 km
(rmin) and 650 km (rmax). Assuming clean profiles as the ones withOSPI <
0.001 and disturbed as OSPI > 0.031, 10 clean and 10 disturbed profiles
have been selected including the minimum and maximum F-layer electron
density peaks profiles observed in the dataset. Figure 4.2 presents the se-
lected electron density profiles.
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Figure 4.2: Set of realistic (a) clean and (b) disturbed electron density
profiles. ©2017 IEEE

A wave optics propagator assuming Multiple Phase Screen technique
[19, 20] has been implemented to simulate the propagation of the GNSS
signals through the Earth’s atmosphere. Our simulations considered expo-
nential neutral refractivity for both analytic and realistic cases. The refer-
ence bending angle (αn), required to performed the standard ionospheric
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correction and given by Equation 2.1, is retrieved from Abel Transform and
assumes an neutral atmosphere with exponential refractivity as well.

5 Results

The neutral bending angle error, the difference between the corrected bend-
ing angle (αc) and the one neglecting ionosphere, have been calculated
within the impact height range of 20 km and 40 km. Figure 5.1 depicts the
maximum bending angle error for every simulated scenario as a function of
the electron density peak in F-layer.
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Figure 5.1: Residual Ionospheric Error comparison between analytic model
and realistic cases (Clean and Disturbed). ©2017 IEEE

The dependence of the residual ionospheric error regarding the iono-
spheric conditions is clearly stressed on the curves. The RIE increases
mainly due to the influence of the F-layer electron density peak. The solid
curves are roughly equal, which means presence of disturbance on the an-
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alytic electron density profiles produced a small contribution on the RIE.
The same trend is observed between clean (blue circles) and disturbed (red
circles) dataset profiles. Overall, analytic and dataset profiles presented
good agreement regarding RIE. A better fitting would be possible if pa-
rameters such as scale height (HE,F ), electron density peaks and height
(ρmax, r0) would be adjusted. Further, RIE for cases with ρF < 2 · 1011 are
mostly limited to the numerical noise floor in our MPS implementation.

6 Conclusion

The residual ionospheric error affects significantly the accuracy of radio oc-
cultation measurements. This work presented an analysis of the residual
ionospheric error on the corrected bending angle in lower altitudes (strato-
sphere). Parameters such as small-scale vertical structures and F-layer
electron density peak had their influence evaluated. The results depict a
good agreement between analytic and dataset profiles regarding the RIE.
However, this may on the other hand be the result of the limited dataset
used on this study. For instance, the maximum F-layer electron density for
disturbed cases is not as great as observed in clean cases.

The influence of F-layer electron density peak, and consequently the
total electron content (TEC) and the gradient caused by the F-layer bulge,
has a major contribution on the RIE, whereas small-scale vertical structures
on the electron density profiles presented a minor influence.

Further investigation must be performed in order to fully gauge the
effect of electron density perturbations on the RIE assuming a larger sta-
tistical survey of measured ionospheric profiles.
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1 Introduction

Radio Occultation (RO) is a remote sensing technique for scanning the limb
of the Earth’s atmosphere with a transmitter, Global Navigation Satellite
System (GNSS), and an on-board receiver in a Low-Earth Orbit (LEO)
satellite. It has an advantage over radiosondes and ground-based stations
since satellites can easily provide global coverage despite remoteness [1].

RO data has been applied in numerical weather prediction (NWP) and
global climate monitoring systems. For weather forecast applications, the
atmospheric layers closest to the Earth’s surface are the ones with most
relevance. For the purpose of climate monitoring in neutral atmosphere,
RO data mainly corresponding to upper troposphere and lower stratosphere
has been assimilated into NWP [2, 3].

During an occultation event, the ray path is refracted and accumulates
a bending angle (BA) in comparison to the straight path between GNSS-
LEO due to the refractivity of neutral atmosphere and ionosphere. Single
frequency RO measurements in layers close to the surface have an inher-
ent bias caused by ionospheric refractivity. The first-order contribution is
removed by a linear combination of BA in L1 and L2 band, called stan-
dard ionospheric correction [4]. The level of the residual ionospheric error
(RIE) due to the remaining higher-order terms is dependent on geographic
location, day time, solar activity level (F10.7) and inhomogeneities (plasma
bubbles) in the ionosphere [5, 6, 7]. Approaches to mitigate the residual
ionospheric bias, up around 80 km, have been proposed for application in
climatology studies [8, 9].

Different simulation methods have been implemented to model occulta-
tion events and reproduce the received signals. Ray tracing has been used
to investigate the error present on retrieved bending angles due to RO ge-
ometry [10], to evaluate new approaches to mitigate RIE and to quantify
high-order ionospheric error in RO measurements [11, 12, 13].

Alternatively, Multiple Phase Screen (MPS) has been used for similar
purposes [14, 15, 16] with the advantage of incorporating multipath and
diffraction phenomena due to abrupt refractivity gradients in moist layers.
Further, MPS has been shown to be a better choice to model the com-
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plex signal in orbit whereas ray tracing is preferable to model single ray
propagation [17].

MPS implementation splits the atmosphere under evaluation in a se-
ries of parallel screens, which are used to model refractivity. A diffraction
integral is commonly combined to MPS, under the assumption of vacuum
propagation, to simulate the GNSS signal in LEO orbit and to thoroughly
model a GNSS-RO event[18].

MPS set-up in simulations including ionosphere can be a challenging
aspect [19]. Since the ionospheric refractivity has maximum around 300 km
and decays roughly as an exponential function upwards, the set of screens
must be spanned carefully to an extent where the ionospheric contribution
on the last screen is negligible. At this point diffraction integral has one
more limitation, since a minimal distance should be kept between the last
phase screen and the first orbit point to avoid aliasing. Therefore, there is
a need for an approach that can overcome such limitations, especially for
simulations of occultation events where the GNSS signal is sampled within
a long segment of orbit.

This study evaluates an alternative to MPS combined with diffraction
propagation which applies Multiple Phase Screen to sample the amplitude
and phase of GNSS signal in LEO orbit, named MPS Orbit Sampling (MPS-
OS). Test scenarios included an occultation event between 100 km to -100
km straight line tangent point (SLTA), namely short segment of orbit, com-
bined with different atmospheric conditions with and without ionosphere.
An occultation event between 500 km and -300 km SLTA, referred as long
segment of orbit, has been evaluated as well. Results confirm MPS-OS is a
reliable approach to perform simulations including ionosphere, despite the
trajectory of the LEO satellite.

The rest of this paper is organised as follows: Section 2 describes Multi-
ple Phase Screen implementation, Section 3 describes MPS-OS and Section
3 defines the set of scenarios used to validate MPS-OS. Finally, Sections 4
and 5 present the results and final remarks.
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2 Multiple Phase Screen

Wave optics propagators (WOP) have been used in radio occultation to re-
produce the effects of Earth’s atmosphere on radio signal in a GNSS-LEO
scenario [16, 15]. MPS consists of a series of parallel screens oriented in
y-axis and distributed along x-axis to model the refractivity throughout
the atmosphere. The basic assumption of the WOP simulator is that po-
larization effects can be neglected, and that the atmospheric medium is
linear, i.e. each frequency component of the GNSS signal can be simulated
separately by considering the propagation of a scalar complex wave. Con-
sidering the GNSS satellite stationary during one occultation event, the
2-D wave propagation of the plane wave (u) at the leftmost screen can be
achieved by the repetition of the following steps:

• Vacuum wave propagation between successive screens by increment-
ing the phase component as a function of the distance between screens
(∆x),

ũ(xj+1, q) = exp

(
− ik

(√
1− q2

k2

)
∆x

)
F(u(xj , y)); (2.1)

• Incorporating the atmospheric effect on the wave corresponding to
the next screen,

u(xj+1, y) = exp (ik(n− 1)∆x)F−1 (ũ(xj+1, q)) , (2.2)

in which q stands for the angular spatial frequency, k is the wave number
and n is the refractive index. A tapered cosine window (Tukey) is applied
after the second step to avoid aliasing caused by the Fourier operator, with
top and bottom 20 km-segment following a phase-shifted cosine function.

At the last screen, the scalar complex wave is propagated to the LEO
orbit by solving

v(pn) =

√
k

2π

∫
u(x, y)

xd√
x2
d + y2

d

φ(xd, yd) dy, (2.3)
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Figure 2.1: MPS geometry: Grey box represents the series of parallel
screens modelling the atmosphere. (a) sketches an occultation event of a
short segment of orbit with diffraction integral, (b) shows the same scenario
with MPS-OS, including the LEO orbit inside the box (∆Lx) and (c) com-
pares the MPS set-up to MPS-OS in a long segment of orbit. Parameters
given in kilometres. ©2019 IEEE
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in which v is the complex signal in the n-th point in orbit, d index refers
to the horizontal and vertical distance between a point in screen and in
orbit. The diffraction integral defined in (2.3) is based on Huygens-Fresnel
diffraction and it is valid for propagation in vacuum [18]. A discrete version
of the integral is implemented as

v(pn) =

√
k

2π

M−1∑
m=1

u(x, ym)
xd√
x2
d + y2

d

φ(xd, yd) ∆y, (2.4)

in which M stands for the number of points in the last screen and φ(xd, yd)
is given by

φ(xd, yd) =
exp(ik

√
x2
d + y2

d − iπ/4)

(x2
d + y2

d)
1/4

. (2.5)

2.1 MPS set-up

In order to establish the simulation environment of an occultation event,
some MPS parameters must be defined. Considering the center of the Earth
at the origin of the xy-coordinate system, the GNSS satellite placement is
given by xt =

√
R2
t − y2

t , where yt = Re is the Earth’s radius.
The separation distance between screens (∆x) is bound up with the

refractive index. The distance between successive phase screens should
avoid adjacent grid points to differ more than π radians after one propaga-
tion step. Similarly, the vertical distance between points in a screen (∆y)
should be less than half wavelength (λ/2) in order to solve regions with
large refractive index gradient. A fine resolution of sampling points per
phase screen, e.g. 220 points, and ∆x = 3 km should not be an issue for
modern computers.

Regarding the calculation of the diffraction integral in (2.3), the distance
Dx between the last phase screen and the closest point in LEO orbit is given
by

(∆y/λ) f(u) < π, (2.6)
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where f(u) is a dimensionless factor, given by u = Ly/Dx, and calculated
as

f(u) =
u√

u2 + 1
, 0 ≤ f(u) ≤ 1, (2.7)

which defines that the screen resolution must be comparable to the wave-
length if the distance between LEO and the last screen becomes smaller
than or close to the screen height. Thus, large screens require large number
of screen points and, consequently, higher computational demands.

3 Sampling orbit using MPS

The application of the diffraction integral to obtain the radio signal in orbit
is suitable for scenarios under the assumption of propagation in vacuum.
The position of the last phase screen must be such that the height range
in the last screen has zero refractivity. However, the ionosphere yields a
significant refractivity around 300 km, due to the peak of electron density
in F-layer. Thus, the simulation box must be extended to a point where the
height range at the last phase screen has negligible ionospheric refractivity.
Unfortunately, this approach is not feasible in the simulation of every oc-
cultation event. For instance, an occultation event with long observation
time requires a taller screen and consequently a farther distance between
the last phase screen and the closest LEO orbit point (p1), as indicated
in (2.6) and (2.7). Such set-up does not fulfil the fundamental vacuum
criterion necessary to apply the diffraction propagation.

This work proposes to use phase screens at each orbit point to sample
the complex signal instead of using diffraction integral. As sketched in Fig.
2.1(b), the simulation box must be extended to fully include the LEO orbit.
Phase screens covers the first part of the simulation with fixed inter-distance
until the first LEO orbit point, p1. The remaining part of the propagation
takes place from the first to the last point in orbit with inter-distance
between screens defined by an consistent sampling rate. Interpolation of
the complex signal is performed at p(xi, yi) for every phase screen.

MPS-OS suits the simulations of segments of orbits which limitations
are addressed in (2.6) and (2.7). Scenarios as sketched in Fig. 2.1(c) are the
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main focus and rationale of such proposal. The evaluation and validation
of MPS-OS in this context is a novelty.

Methodology

Some atmospheric scenarios have been simulated under the assumption of
spherical symmetry in order to evaluate MPS-OS implementation. The
validation set is composed of

I. an exponential neutral atmosphere model neglecting ionosphere;

II. a realistic neutral atmosphere profile neglecting ionosphere;

III. an exponential neutral atmosphere with ionosphere (analytical model)
and

IV. a realistic neutral atmosphere and ionosphere.

Scenarios I and III have an exponential refractivity defined as

N = N0 exp (− (h−Re) /Hs) , (3.1)

in which the refractivity at ground level is N0 = 350, h stands for height
and scale height is given by Hs = 8 km. Scenario II assumed refractivity
profile 31 in [20]. The electron density in scenario III was modelled by
α-Chapman function,

ρ = ρm exp

(
1

2

(
1− u− e−u

))
, (3.2)

u =
h− (hm +Re)

HF
, (3.3)

given the electron density peak in F-layer ρm = 12 ·1011 el/m3, the electron
density peak at hm = 288.5 km and the F-layer scale height HF = 31 km.
The ionospheric contribution is combined to the neutral atmosphere refrac-
tive index, viz

n = 1 +N · 10−6 − 40.3 ρ

f2
. (3.4)
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Scenario IV is part of a dataset for processor and instrument testing of
European Organization for Exploitation of Meteorological Satellites (EU-
METSAT) Polar System Second Generation (EPS-SG). Profile 3 (summer,
scenario 2) includes small-scale oscillations in the electron density profile
[21].

3.1 Short segment of orbit

Every scenario has been simulated assuming an occultation event in which
the receiver on board of the LEO satellite samples the GNSS signal within
100 and −100 km SLTA. Retrieved bending angles have been compared to
forward Abel transform BA without ionosphere (reference). Standard iono-
spheric correction [4] has been applied to simulations including ionosphere
in order to remove the first-order ionospheric contribution. The corrected
bending angle,

αc(a) =
αL1(a) f2

L1 − αL2(a) f2
L2

f2
L1 − f2

L2

[rad], (3.5)

is a linear combination of the bending angles in L1 (f1 = 1575.42 MHz)
and L2 band (f2 = 1227.60 MHz) as a function of a common impact height
(a). The residual ionospheric error is the difference between the corrected
bending angle and the BA reference (αref ).

3.2 Long segment of orbit

A simulation with segment of orbit between 500 and −300 km SLTA has
been performed assuming scenarios III and IV. This orbit spanning follows
the specification of the second generation of MetOp satellites (MetOp-SG)
[21] and requires a suitable set-up of the simulation box, i.e. tall phase
screens. Given (2.6) and (2.7), larger screens (Ly) requires greater Dx to
avoid aliasing in the diffraction integral solution. However, such set-up
could result in a short span of phase screens so the placement of the last
phase screen would not satisfy the vacuum requirement, as sketched in Fig.
2.1(c).
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For long segment of orbit, the conventional MPS with diffraction inte-
gral can not be used for comparison in such a case. The residual ionospheric
error given by MPS-OS is instead validated by comparison to the results
obtained from (3.5) when L1 and L2 BAs are given by the forward Abel
transform of the respective refractivity profiles.

4 Results

A sampling rate of 50 Hz was considered to define the phase screen place-
ment in the second stage of MPS-OS simulations, in agreement with the
sampling rate in which the RO data product is available at COSMIC Data
Analysis and Archive Center (CDAAC). Bending angles in simulations were
inverted using the occultation geometry and Full Spectrum Inversion (FSI)
method [1, 22].

4.1 Short segment of orbit

Comparisons between MPS and MPS-OS bending angles for scenarios with-
out ionosphere have been performed up to 40 km (troposphere and strato-
sphere), since this is the standard altitude range for assimilation of radio
occultation data in NWP algorithms.

Fig. 4.1 depicts the equivalence of both approaches regarding BA dif-
ference in L1 band for scenarios I and II, i.e. ∆α = αWOP − αref . The
equivalence of both approaches were expected since the simulation box is
long enough to reach vacuum region in order to apply properly the diffrac-
tion integral. The deviation increasing monotonically below 15 km in Fig.
4.1(a) for single frequency measurements is a common feature in WOP im-
plementations [16]. The difference is negligible compared to BA reference
in the bottom of the atmosphere.

Fig. 4.2 and 4.3 present results for scenario III and IV. MPS set-up has
lowest height around 650 km on the last phase screen (see point B in Fig.
2.1). The ionospheric refractivity is practically irrelevant at such altitude
for these scenarios, fact confirmed by the similarity between RIE observed
in MPS and MPS-OS simulations. Regarding simulation time, scenarios
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Figure 4.1: L1 bending angle difference to forward Abel transform for sce-
narios I (a), II (b) and the difference between MPS and MPS-OS (c), which
is negligible. The noise in scenario II originates from interpolation effects
in the realistic refractivity profile. ©2019 IEEE

including ionosphere and assuming diffraction propagation were performed
in 9 minutes whereas orbit sampling took around 25 minutes. Simulations
have been performed in Matlab with Intel Xeon Processor E5-1620 v4 and
16 GB of memory RAM.
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Figure 4.2: Residual ionospheric error within stratosphere and mesosphere
(a) and difference between approaches (b): scenario III. (a) RIE slightly
increases with impact height as consequence of rays crossing longer sectors
with ionosphere; (b) difference between approaches is not at a significant
level. ©2019 IEEE

4.2 Long segment of orbit

This occultation event has the highest SLTA point at p(x1, y1) = (1985,
540) km. The screen at p(x1) has height extending from 877 km (see point
C in Fig. 2.1) down to the Earth’s surface and, consequently, violates the
criterion to apply the diffraction integral. Fig. 4.4 shows the comparison
between RIE given in MPS-OS simulation and RIE given by forward Abel
transform for scenarios III and IV. The result of the proposed method shows
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Figure 4.3: Residual ionospheric error within stratosphere and mesosphere
(a) and difference between approaches (b): scenario IV. Realistic electron
density profile shows evidence of the error added by the ionosphere and
accounted by MPS-OS. ©2019 IEEE

good agreement with the reference. The maximum RIE level observed
within 200 and 300 km is due to the electron density gradient around F-
layer. Computational time increased drastically for the long orbit segment,
around 190 minutes. Sampling from 500 to -300 km SLTA requires a larger
number of phase screens and interpolation steps. Additionally, a larger
number of points per screen (221 compared to 220 for short segment) also
contributes for the longer processing time.
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Figure 4.4: Residual ionospheric yielded by MPS-OS simulations of sce-
nario III (a) and IV (b) compared to RIE reference, given by forward Abel
transform. The higher noise in scenario IV is explained by small-scale un-
dulations resulting from interpolation of the realistic refractivity profile.
©2019 IEEE

5 Conclusion

MPS combined to the diffraction propagation has been used to model
GNSS-RO events and to simulate the GNSS signal in an orbit either parallel
to the last phase screen (straight line) or oblique (circular or non-circular)
[14, 15, 16]. In this context, implementation of a MPS in which the phase
screens are used to sample the complex signal in a circular orbit is a novelty.
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MPS-OS has been evaluated in short and long LEO orbit segments and
under different atmospheric conditions. Among the short segment simula-
tions, MPS and MPS-OS have shown to be equivalent. The screen height
and the distance between the last phase screen and the closest point in orbit,
assuming a setting occultation, are key aspects for MPS set-up. The ma-
jor advantage of the MPS-OS is its capability to model occultation events
including ionosphere during a long segment of orbit. Such scenarios are rel-
evant for testing and validation of future RO missions. The approach was
validated for long segments by comparison to the forward Abel transform
of the refractivity profiles (including ionosphere) at individual frequencies.
Additionally, the approach suits simulations with different LEO orbit height
as long as the orbit segment is included in the simulation box.

The downside for MPS-OS is the requirement of using extra phase
screens (and interpolations), increasing significantly the processing time.
Further research should be conducted in order to improve this aspect.
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1 Introduction

Most of the satellite links providing telecommunication, navigation services
or even remotely sensing the Earth’s atmosphere have their operations af-
fected by the conditions in different atmospheric layers. In some applica-
tions, part of the signal propagation takes place in the ionosphere, which is
composed of highly dynamic plasma of ionized particles [1]. The ionization
is influenced by the solar radiation and, therefore, related to the solar cycle
(number of sunspots), magnetic storms, seasons, geographical location and
day/night-time [2]. The regions of depletion, i.e. abrupt gradients in the
electron density, are the results of ionospheric plasma redistribution.

The propagation of radio signals, e.g. global navigation satellite system
(GNSS) signals, is especially critical when passing through such regions,
also known as electron plasma bubbles (EPB). The gradient in electron
density and its contribution in refractivity add random variation in the
signal phase, hereafter scintillation, with potentially destructive and con-
structive effects in the signal. Eventually, clear signatures are also observed
in the signal amplitude [3].

In the context of remote sensing technique based on GNSS satellites,
GNSS Radio Occultation (GNSS-RO) scans the Earth’s atmosphere from
the ionosphere down to the troposphere in setting and rising directions de-
fined by the trajectory of the Low-Earth Orbit (LEO) satellite [4]. Since
occultations rely on trans-ionospheric propagation, GNSS-RO neutral at-
mosphere bending angles are susceptible to the conditions in the ionosphere,
e.g. bias in the atmospheric data retrieved from RO measurements [5, 6]
and scintillations due to ionospheric disturbances [7].

GNSS-RO system provides larger coverage of ionospheric events than
ground stations, especially in remote areas, such as in oceans. Conse-
quently, it is a relevant source of ionospheric data for application in space
weather, supporting the detection and monitoring the regions of irregular-
ities. For example, the fluctuation in total electron content (TEC) within
the F-region in September 2008 (solar minimum) is found to be weaker
than the one in September 2013 (solar maximum) [8].

Some simulation work has been done using wave optics propagator
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(WOP) in order to provide better understanding of ionospheric scintilla-
tion due to EPBs during occultation events. Random irregularities were
modelled to validate the detection of ionospheric scintillation in GPS/MET
radio occultation data [9]. Forward- and back-propagation simulations were
performed to estimate the distance between LEO and the region with irreg-
ularities. The model confirmed the feasibility of detection and localization
of irregularities in the F-region. Sporadic clouds of ionized particles in E-
layer have also been investigated [10]. The U-shape signatures in the signal
amplitude due to irregularities in E-layer were replicated and compared to
data of Constellation Observing System for Meteorology, Ionosphere and
Climate (COSMIC) mission.

In [11], a model for ionospheric scintillation in the F-region was in-
troduced in a scenario of RO propagation. A region of irregularities was
integrated with the Multiple Phase Screen (MPS) method in order to repli-
cate the wave propagation and the scintillation observed in the amplitude
of Global Positioning System (GPS) signal [12]. A measurement performed
by C/NOFS satellite system, featuring weak scattering, was evaluated. The
data from an incoherent scatter radar and a GPS ground-station collocated
to C/NOFS satellite were combined in order to estimate the parameters of
the single slope power-law model. Simulated SNR, amplitude scintillation
index (S4) and power spectra density (PSD) of the normalized intensity
around the altitude of the plasma bubble were used to validate the results
obtained in the simulator.

In this paper, the single slope model for ionospheric scintillation in F-
region was assumed. MPS simulation was used to evaluate the influence
of such region of irregularities throughout the wave propagation in a RO
scenario. Two measurements in low latitude performed by Meteorological
Operational Satellite Program (MetOp) constellation in the early hours of
DOY 76, 2015 [13] have been considered in the investigation. In this simpli-
fied model, parameter such as spectral slope, outer scale and RMS level of
fluctuation have been adjusted in simulations. S4 index, standard deviation
(STDV) of the retrieved neutral bending angle (BA), power density spectra
response and autocorrelation interval have been used to evaluate the agree-
ment between MetOp measurements and the model. Simulations included
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neutral atmosphere refractivity and bending angles were inverted using ge-
ometric optics [4]. This analysis aims to provide a better understanding of
the influence of ionospheric scintillation in F-region on the quality of the
bending angle measurement and potentially generate quality flags based on
the signal amplitude.

This paper is structured as follows: Section 2 describes the character-
ization of the ionosphere required in the analysis and an overview of the
scintillation model integrated with MPS. Section 3 introduces the RO mea-
surement assumed in this study and Section 4 provides details about our
implementation. Section 5 presents the results obtained with simulations
and Section 6 concludes the analysis with final remarks.

2 Characterization and Modelling of Ionosphere

Given the geometry of an occultation and due to the accumulative charac-
teristics of the excess phase, amplitude and phase recorded in LEO satellites
are affected by the gradient in the density of ionized particles in the iono-
sphere. The contributions of solar and magnetic activity, season, local time
and geographic coordinates are observed in measurements and they vary
between observations [14, 15].

Electron density profiles (EDP) and TEC provide a local characteriza-
tion of the ionosphere. EDPs represent the electron density as functions of
altitude. An EDP and its representation in the form of refractivity are com-
monly applied to simulations involving trans-ionospheric propagation and
can be described by different analytic functions [16, 17]. The relationship
between electron density and refractivity is defined by

niono = 40.3
ρ

f2
, (2.1)

n = nneutral − niono, (2.2)

N = (n− 1)× 106, (2.3)

where N is the refractivity, n is the refractive index, ρ is the electron density
in the ionosphere (el/m3) and f is the carrier frequency; nneutral is the neu-
tral atmosphere contribution due to pressure, temperature, water vapour
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and scattering in this layer [4]. The ionospheric refractive index (niono) is
a function of frequency as shown in (2.1). Therefore, signals carried by dif-
ferent frequencies are refracted and propagated in slightly different paths.
The availability of multi-carrier signals in GNSS allows a linear combination
between RO measurements in different carrier frequencies in order to mit-
igate the ionospheric contribution in excess phase. The approach, known
as standard ionospheric correction, typically involves L1 and either L2 or
L5 bending angles as function of the same impact heights. The ionospheric
correction is a common practice at different data processing centers to re-
move the first-order term of the ionospheric contribution and to obtain the
so called ionosphere corrected bending angle [18, 17, 5].

Besides the aforementioned issue, radio signals propagated through the
ionosphere can be affected by amplitude and phase scintillation. One way
of characterizing these disturbances is to calculate the normalized standard
deviation of the signal intensity, i.e.

S4 =

√〈
(I − 〈I〉)2

〉
〈I〉

, (2.4)

where I is L1 SNR squared or normalized signal intensity. The expectation
operator providing the average value is denoted by 〈 〉 and in this study
represents the average taken over one second [19]. Further, 〈I〉 denotes a
filtered version of the average signal intensity used as reference in the cal-
culation. Commonly, a sixth-order low-pass Butterworth filter is applied to
create the intensity reference with cut-off frequency at 0.1 Hz [20]. Scintil-
lations are commonly categorized as weak for (S4 < 0.3) [21] and moderate
to strong within (0.3 < S4 < 1). This categorization can be defined with
slightly different limits.

Correlation interval or decorrelation time is a complement parameter
to the scintillation index. The decorrelation time takes into account the
fluctuation rate observed in the signal scintillation rather than the ampli-
tude of the fluctuation. It is defined by the interval of 50% decay in the
autocorrelation function of the normalized detrended signal intensity [22].
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Particularly to RO measurements, the computation of the standard de-
viation of the difference between the ionosphere corrected bending angle and
an reference model is used operationally to account, among other sources
of random error, small-scale fluctuation in the ionosphere [23]. The param-
eter, hereafter referred as bending angle STDV, is computed within 60 km
and 80 km impact height.

2.1 Ionospheric Scintillation in F-region

[11] introduced an approach to model scintillation in radio occultation sys-
tems in the F-region. The region of random irregularities is modulated to
an electron density profile as,

ρ(y, z) = ρr [1 + ∆ρ(y, z)σ∆ρ/ρB(y, z)] , (2.5)

where ρr is the reference electron density profile and ∆ρ is the 2-D random
realization defined by

∆ρ(y, z) = F−1{Φ∆ρ Ñ0}, (2.6)

in which Ñ0 is the white Gaussian noise in wave number domain. The
random realization in (2.6) is limited by the spectral density function (SDF)

Φ∆ρ(ky, kz) = 4πk
(2ν−2)
0

Γ(ν)

Γ(ν − 1)

1

(k2
0 + k2

y + k2
z)
ν
. (2.7)

In (2.7), L0 is the outer scale, k0 = 2π/L0 is the outer scale wave number,
ky and kz are the wave numbers in y− and z−direction, ν is the spectral
slope and Γ denotes the Euler’s gamma function.

The small-scale irregularities defined in (2.5) are limited by the maxi-
mum RMS fluctuation level (σ∆ρ/ρ) which is given by the ratio of the stan-
dard deviation of electron density fluctuation (σ∆ρ) to the electron density
peak in the F-region (ρF ),

σ∆ρ/ρ =
σ∆ρ

ρF
, (2.8)
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and B, which defines the region of irregularities.
The spectral density function in (2.7) corresponds to an one-component

inverse power-law determined by an outer scale (L0) and a spectral slope
(ν). The value of the outer scale is obtained ideally by in situ measurements
but its typical range of values is within few kilometers up to 100 km [24],
which is significantly larger than Fresnel scale defining the irregularities
size.

The spectral slope is given by the relation p = 2ν, where p is the phase
spectral index. Under condition of weak scattering, normalized intensity
and phase power density spectral have approximately equal spectral index
[3]. The PSD analysis is applied to the characterization of ionospheric
scintillation in GPS signals. It supports the categorization of scintillation
between weak and strong scattering [25, 26] and it allows to estimate the
spectral slope by applying linear regression within the roll-off of the spectral
density function in the log-log domain. The PSD analysis of the detrended
normalized intensity affected by ionospheric scintillation presented in this
study were computed with Welch’s method, assuming a Hamming window
with 50% overlap [27].

3 Evaluation Cases

Figure 3.1 shows the measured SNR in low-latitude on DOY 76, 2015 [13].
The labels in the figure indicate the calculated S4 index, decorrelation time
and standard deviation of neutral bending angle (STDV). The grey region
corresponds to the ”plateau” in the measured SNR, where most of the
irregularities are signatures of the propagation through the ionosphere. The
calculation of S4 index and decorrelation time has been based on these SNR
segments.

The measurements in Figure 3.1(d, f, g, h) are categorized as strong
scintillations (S4> 0.6) whereas the other cases are medium scintillations
(0.3 <S4< 0.6). Figure 3.1(d) shows an unreasonably high bending angle
STDV level which may not be related to the random noise added by the
ionosphere and accounted by this parameter. In [23], the measurements
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Figure 3.1: Measured C/A L1 SNR of occultations in low-latitude during
DOY 76, 2015.

with STDV > 10µrad have been classified as outliers and are more likely
to be consequence of tracking errors.

The decorrelation time (τI) based on the autocorrelation function (ACF)
of the detrended normalized intensity is short in the measurements with
high fluctuation rate in the SNR, such as in Figure 3.1(c, h), whereas it is
long in measurements given in Figure 3.1(e, f, j). The power spectral den-



82 Part II-C

sity analysis of the grey regions is presented in Figure 3.2 with the estimated
spectral index (p). The PSD in Figures 3.2(c-e, f, j) are characteristic for
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Figure 3.2: Power spectral density (PSD) of the normalized intensity during
DOY 76, 2015.

one-component inverse power-law spectra, the same type defined by (2.7)
and related to weak scattering [25]. Figure 3.2(d) also presents a single
slope PSD even though the scintillation observed in the measurement is
categorized as strong scintillation by the S4 index. Generally, strong scin-
tillation leads to a two-component inverse power-law spectrum as observed
in Figure 3.2(g) and Figure 3.2(h) [28, 26]. In some cases, the normalized
intensity PSD does not clearly represent any of the patterns, e.g. in Figures
3.2(a, i).

The following two measurements from MetOp constellation have been
considered during the investigation:
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1. Measurement (c), MTPB.2015.076.02.51.G11;

2. Measurement (f), MTPB.2015.076.04.51.G09;

Both cases are distinct regarding S4 index, bending angle STDV and fluc-
tuation rate (decorrelation time). Additionally, the investigation validates
the implementation under moderate to strong scintillations.

4 Implementation

The capability of the single spectral slope power-law to replicate ionospheric
scintillation observed in RO measurements was evaluated by simulation us-
ing the MPS method to model the wave propagation. Besides the validation
of the model regarding the calculated S4 index and normalized intensity
PSD in simulations [11], this study also presents a comparison between
the bending angle STDV obtained in our simulations and MetOp measure-
ments.

4.1 Defining the ionospheric irregularity

The ionospheric scintillation created with the power-law described in (2.7) is
dependent on three main parameters, namely the spectral index (spectral
slope), outer scale and RMS level of fluctuation. Also, the dimension of
the region of irregularities and its distance to the receiver are related to
scintillation observed in measurements.

From the measured SNR, the spectral index (spectral slope) are esti-
mated by spectral analysis. The spectral index (p) is inferred by the linear
regression in log-log domain between the break frequency (roll-off point)
and noise floor of the PSD curve. Assuming that the relation p = 2ν is
valid for the selected measurements, the spectral slope is finally determined.

Since no complementary data collocated to the RO measurement was
considered in this work, the approach to define the region of irregularities
was simplified. The fluctuations were delimited to a layer within the F-
region, specifically between 220 and 600 km. A tapered cosine window was
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applied in order to create a smooth transition in the lower and upper-edges.
The transition region was set to 5 km. This assumption defined B in (2.5).

The resultant 2-D random realization was modulated by (2.5) to the
International Reference Ionosphere model, version 2016 (IRI-2016) [29],
used to define the EDP in simulations. Occultation attributes such as
latitude, longitude, year, month, date and time were used as inputs to
extract the EDPs depicted in Figure 4.1.
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Figure 4.1: IRI-2016 electron density profiles for occultation #1 (left) and
#2 (right). Labels indicate height (hmF ) and respective value of the elec-
tron density peak in F-region (ρF ).



85

Further, the resultant EDP was converted to refractivity and combined
to neutral refractivity profiles available in RO measurement files by apply-
ing (2.1)-(2.3). Based on these definitions, the outer scale and the RMS
level of fluctuation remained as free variables in the model.

4.2 Simulating the propagation

The MPS method was used to simulate the propagation through the region
of irregularities. The setup consisted of phase screens parallel to y-axis and
with inter-distance of 3 km along z−axis. Each screen had a total of 220

sampling points (separated by 2λL1). Part of the Earth was considered
inside of the simulation box in our implementation. Figure 4.2 shows the
dimension of the simulation box and the placement of the Earth, with its
center aligned to z = 0. Additionally, the region of irregularities defined in
simulations is depicted by the red dashed lines.

Figure 4.3 shows a comparison of the electron density without irreg-
ularities and simulation varying spectral index with constant outer scale
(L0 = 10) km and RMS level of fluctuation.

4.3 Evaluating the scintillation

Different values for spectral slope and outer scale were evaluated in order to
reach comparable PSD response, S4 index, decorrelation time and bending
angle STDV. At the last phase screen, the complex signal was sampled in
the LEO orbit by the computation of a diffraction integral. Instrument
noise was added to sampled signal. The thermal noise was defined as,

Pn = Ps 10−SNR/10, (4.1)

where Pn is the noise power, Ps is the received signal power, both in Watts.
According to the signal-to-noise power density budget (C/N0) for GRAS
instrument, L1 and L2 P-code is 47.5 dB Hz [30]. Consequently,

SNR = C/(N0B), (4.2)
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where B is the bandwidth of the sampling frequency used to record the
signal. Assuming the received signal power to be unity in simulations and
the sampling frequency in closed-loop (fs = 50 Hz), the factor scaling the
Gaussian complex noise added to the sampled signal in LEO orbit is

An =

√(
Pn
Ps

)/
2 = 0.0149. (4.3)

Finally, the resultant signal amplitude was used in the calculation of
the S4 index and PSD analysis within the same range of SLTA adopted for
measurements. The resultant excess phase was considered in the inversion
of the bending angles and computation of STDV. Since the bending angle
in low atmospheric layers (troposphere) is not required in procedure, the
inversion of bending angles involved exclusively the excess phase and the

Figure 4.2: Overview of dimensions and the normalized electron density
inside the simulation box. Refractivity considered in every screen is inter-
polated by radius according to y, z-coordinates (height: 400 km, length: ≈
6600 km). The layer of irregularities in the F-region has borders tapered
by a Tukey window (5 km transition). From the right-most screen, the
complex signal is propagated to LEO orbit by computation of a diffraction
integral. The white region corresponds to Earth included in the simulations
box and the region of irregularities is delimited by the red dashed lines.
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Figure 4.3: Normalized electron density. Slice from Figure 4.2 with no fluc-
tuation and different spectral slope. The size of the irregularities decreases
with smaller spectral slope.

geometry of the occultation [4]. The same filtering approach was used to
solve the excess phase derivative in measurement and simulated BA in-
version. The inversion based on the measured excess phase was needed
since the bending angles processed by CDAAC are only available up to 60
km impact height. The standard ionospheric correction was performed by
computing a linear combination of the L1 and L2 BA profiles [18]. The
difference between the corrected BA with 100-meter resolution and Com-
mittee on Space Research International Reference Atmosphere (CIRA-86)
climatology model BA [31, 32] was used in the calculation of the BA STDV.
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5 Results

Figure 5.1 shows the measured SNR, its respective PSD response for occul-
tation #1 and MPS results. Simulations assumed a spectral slope ν = 1.3
(p = 2.6). The dotted curve in PSD figures represents the measurement
curve and is used as reference to the simulation PSD (red curve).
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Figure 5.1: SNR and normalized intensity PSD for occultation #1. Panel
(a) shows the measured C/A L1 SNR and its PSD. Panels (b-e) show the
simulation results for different outer scale values with RMS fluctuation level
5%.

The results confirm that decreasing the outer scale simultaneously de-
creases the decorrelation time (increases fluctuation rate) and shifts the
roll-off (frequency break) point. Figure 5.1(e) shows the closest agreement
for frequencies above 1 Hz, assuming L0 = 1 km and σ∆ρ/ρ = 5%. The
calculated S4 index presented in Figure 5.2 indicates equivalent maximum
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values for the same set of parameters, even though the average level is
slightly higher in comparison to the measurement. Overall, the decreasing
outer scale increases the amplitude, the rate of fluctuation and, conse-
quently, the S4 index and decorrelation time. This outcome was expected
since the outer scale influences the roll-off frequency and amplitude defined
in (2.7).
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Figure 5.2: S4 index comparison for occultation #1. Panel (a) shows the
S4 index based on the measured C/A L1 SNR followed by (b-e) simulation
results.

Figure 5.3 presents the difference between the corrected BA and the cli-
matology model BA. The grey region shows the segment of BA difference
assumed in the calculation of BA STDV. The calculated value is slightly
smaller than the one obtained in the measurement. The difference lies
mostly in the large peaks within 60 and 70 km impact height, that can be
also observed in the S4 index plot (see panel (a)). Different random realiza-
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tions of the fluctuation could potentially create a slightly smaller/greater
difference between measurement and simulation.

Figure 5.3: Bending angle difference for occultation #1. (a) difference
between corrected bending angle and climatology model for MetOp mea-
surement and (b-e) simulation results.

Figure 5.4 shows the comparison between measured SNR, PSD for oc-
cultation #2 and the results obtained in simulations assuming ν = 1.4
(p = 2.8).

The results considering L0 = 2 km and σ∆ρ/ρ = 15% presented in panel
(b) overestimated the fluctuation in the SNR. The shifted roll-off frequency
observed in simulation PSD confirms higher fluctuation rate. Therefore, the
values of the outer scale and the RMS level of fluctuations were increased in
the simulation. The results in Figure 5.4(c-e) show gradual improvement in
SNR and PSD curves obtained in simulations. The closest fitting between
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Figure 5.4: SNR and normalized intensity PSD for occultation #2. Panel
(a) shows the measured C/A L1 SNR and its power spectral density. Panels
(b-e) show the simulation results for different values of outer and RMS
fluctuation level.

measurement and simulation PSD, also in terms of the decorrelation time,
was obtained with L0 = 6 km and σ∆ρ/ρ = 45%. Figure 5.5 shows the
calculated S4 index where the maximum S4 index obtained in simulation
yielded equivalent result to the measurement in panel (e).

Figure 5.6 presents the difference between measured and simulated BAs
and the climatology model. The calculated BA STDV in Figure 5.6(e) is
equivalent to the one observed in the simulation, even though the curves
are not quite similar. The level obtained in the measurement represents
mostly an effect of the difference increasing monotonically above 60 km
impact height (see panel (a)).
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Figure 5.5: S4 index comparison for occultation #2. Panel (a) shows the
S4 index based on C/A L1 SNR followed by (b-e) simulation results.

6 Conclusions

In this study, a model of ionospheric scintillations in the F-region was in-
tegrated with the MPS method. The simulator was used to evaluate two
radio occultation measurements recorded by MetOp constellation with sig-
natures of ionospheric scintillation in the signal amplitude. The RO mea-
surements were selected based on scintillation index, bending angle STDV
and the one-component inverse power-law observed in the power spectra
density (PSD) analysis. The single slope pattern suits the spectral density
function (SDF) considered in the model.

The modelling procedure was based on estimation of the spectral slope,
obtained by linear regression of the roll-off density observed in the mea-
surement PSD analysis, followed by simulations assuming different values
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Figure 5.6: Bending angle difference for occultation #2. (a) difference
between corrected bending angle and climatology model for MetOp mea-
surement and (b-e) simulation results. Grey area corresponds to region
used in the calculation of bending angle STDV.

of outer scale and RMS level of fluctuation. In this context, the outer scale
holds an inverse relation with the frequency break point observed in the
PSD curve, also with the decorrelation time (fluctuation rate). The RMS
level of fluctuation has to be adjusted according to the electron density
profile considered in the simulation in order to achieve an equivalent PSD
response. Finally, a reasonable fitting between measurement and simulation
PSD resulted in a comparable level of S4 index and decorrelation time.

Therefore, simulation results validated this methodology and supported
the hypothesis that the measurements were indeed affected by ionospheric
irregularities and the result are not merely coincidence. The simulation
also yielded similar values of bending angle STDV in comparison to the
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one calculated for the two measurements. However, the parameter can
sometimes accounts random errors not exclusively related to small-scale
fluctuation in the ionosphere.

Since no complementary data from other remote sensing systems rather
than MetOp satellites was used in this implementation, the region of ir-
regularities was defined as a layer within F-region. This assumption sim-
plified the implementation and it might have reduced the likelihood that
the parameters assumed in the model represent the real condition of the
ionosphere during the occultation. Nevertheless, the results obtained with
this implementation are likely to emulate a similar total integrated phase
variance, such as the one experienced by the radio signals during the oc-
cultation events.
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Radio Occultation (RO) is a remote sensing tech-
nique which uses Global Navigation Satellite System 
(GNSS) signals tracked by a Low-Earth Orbit (LEO) 
satellite to sound the earth’s atmosphere both in 
low (troposphere, stratosphere) and high (iono-
sphere) altitudes. GNSS-RO provides global cover-
age and SI traceable measurements of atmospheric 
data with high-vertical resolution. Refractivity, dry 
temperature, pressure and water vapour profiles 
retrieved from RO measurements have a relevant 
contribution in Numerical Weather Prediction 
(NWP) systems and in climate-monitoring.

Due to the partial propagation through the iono-
sphere, a systematic bias is added to the lower at-
mospheric data product. Most of this contribution 
is removed by a linear combination of data for two 
frequencies. In climatology studies, one can apply a 
second-order correction – so called κ-correction 
– which relies on a priori information on the con-
ditions in the ionosphere. However, both approach-
es do not remove high-order terms in the error 
due to horizontal gradient and earth’s geomagnet-
ic fields. The remaining residual ionospheric error 
(RIE) and its systematic bias in RO atmospheric 
data is a well-known issue and its mitigation is an 
open research topic. 

In this licentiate dissertation, the residual ion-
ospheric error after the standard correction is 
evaluated with computational simulations using 
a wave optics propagator (WOP). Multiple Phase 
Screen (MPS) method is used to simulate occulta-
tion events in different ionospheric scenarios, e.g. 

quiet and disturbed conditions. Electron density 
profiles (EDP) assumed in simulations are either 
defined by analytical equations or measurements. 
The disturbed cases are modelled as small-scale ir-
regularities within F-region in two different ways: as 
sinusoidal fluctuations; and by using a more com-
plex approach, where the irregularities follow a sin-
gle-slope power-law that yields moderate to strong 
scintillation in the signal amplitude. Possible errors 
in MPS simulations assuming long segment of orbit 
and ionosphere are also evaluated.

The results obtained with the sinusoidal disturbanc-
es show minor influence in the RIE after the stand-
ard correction, with the major part of the error due 
to the F-region peak. The implementation of the 
single-slope power-law is validated and the fluctua-
tions obtained in simulation show good agreement 
to the ones observed in RO measurements. Finally, 
an alternative to overcome limitations in MPS simu-
lations considering occultations with long segment 
of orbit and ionosphere is introduced and validated.

The small-scale irregularities modelled in F-region 
with the power-law can be added in simulations of a 
large dataset subjected to κ-correction, in order to 
evaluate the RIE bending angle and the consequenc-
es in atmospheric parameters, e.g. temperature.
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