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Abstract

Global Navigation Satellite System (GNSS) radio occultation (RO) is an innovative meteorological remote sensing technique for mea-
suring atmospheric parameters such as refractivity, temperature, water vapour and pressure for the improvement of numerical weather
prediction (NWP) and global climate monitoring (GCM). GNSS RO has many unique characteristics including global coverage, long-
term stability of observations, as well as high accuracy and high vertical resolution of the derived atmospheric profiles. One of the main
error sources in GNSS RO observations that significantly affect the accuracy of the derived atmospheric parameters in the stratosphere is
the ionospheric error. In order to mitigate the effect of this error, the linear ionospheric correction approach for dual-frequency GNSS
RO observations is commonly used. However, the residual ionospheric errors (RIEs) can be still significant, especially when large ion-
ospheric disturbances occur and prevail such as during the periods of active space weather. In this study, the RIEs were investigated
under different local time, propagation direction and solar activity conditions and their effects on RO bending angles are characterised
using end-to-end simulations. A three-step simulation study was designed to investigate the characteristics of the RIEs through compar-
ing the bending angles with and without the effects of the RIEs. This research forms an important step forward in improving the accuracy
of the atmospheric profiles derived from the GNSS RO technique.
© 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

GNSS RO, as a powerful and distinct atmospheric
remote sensing technique used for monitoring the Earth’s
atmosphere physical properties such as refractivity, tem-
perature, pressure and water vapour (Kursinski et al.,
1997), is gradually becoming a significant data source for
numerical weather prediction (NWP) (Kuo et al., 2000;
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Le et al., 2010) and global climate monitoring (GCM)
(Lackner et al., 2011; Steiner et al., 2011; Le et al., 2012).
Both NWP and GCM play an important role in our daily
lives and monitoring of weather/climate deterioration, to a
certain extent caused by human activities. Evidence has
shown that the average temperature of Earth’s atmosphere
rose significantly during the past century (Naidu et al.,
2011), and global warming has increasingly threatened
the Earth’s ecological system. Therefore, the capability to
observe the atmospheric temperature and identify its vari-
ation trend is significant for human beings. However,
observing and forecasting the atmospheric temperature
variation accurately and precisely remains a significant
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challenge for meteorologists due to the extreme complexity
and dynamic feature of the Earth’s atmosphere and the
limitations of current atmosphere observational instru-
ments and techniques.

Radiosonde profiling has been the most dominant
method for acquiring atmospheric profile information in
the past seventy years and a global radiosonde network
consisting of about 1900 stations has been developed
worldwide so far (Kuo et al., 2005). GPS technology is
regarded as an emerging space-borne technique for atmo-
spheric observations, in particular the ground-based GPS
technique that, for example, uses GPS continuously oper-
ating reference station (CORS) networks (Puviarasan
et al., 2011). However, the spatio-temporal resolution of
the radiosonde and ground-based GPS techniques are
low due to the limitation of suitable geographic locations
and high operational cost for global coverage.

Weather satellite remote sensing technology is also used
for atmosphere observations and it has a high horizontal
resolution and coverage but a low vertical resolution (Thies
and Bendix, 2011). Almost all these techniques are prone to
bias and drifting and complicated system calibration is usu-
ally required for global long-term climate observations
(Gobiet and Kirchengast, 2004). Therefore, each of these
techniques has its limitations when used for NWP and
GCM. Fortunately, GNSS RO can solve many of these
problems.

GNSS RO, realised so far as GPS RO, is an active satel-
lite-to-satellite limb sounding technique (Melbourne et al.,
1994; Kursinski et al., 1997; Hajj et al., 2002) where a ded-
icated GPS receiver aboard a LEO satellite is used to track
L-band signals from GPS satellites. The overall effects on
GPS signals due to the propagation path between GPS
and LEO satellites (the atmosphere) lead to both propaga-
tion delay and refractive bending of the signals received.
Fig. 1 shows the instantaneous GPS-LEO occultation
geometry and its main parameters, in particular the bend-
ing angle as a function of impact parameter which is the
focus variable of this study.

The RO principle was initially applied to planetary
atmosphere and ionosphere detection, such as in the Mar-
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Fig. 1. Radio occultation geometry (« is the bending angle,  is the impact
parameter, which is the perpendicular distance between the ray asymptotes
and the centre of refraction, r is the radius of GPS-LEO signal path
curvature).

iner 3 and 4 missions to Mars in the 1960s (Kliore et al.,
1965; Fjeldbo and Eshleman, 1968). With the rapid devel-
opment of GPS concept and system implementation in the
1970s, it became possible to observe the Earth’s atmo-
sphere using RO, and the concept was experimentally
tested by the first experimental Global Positioning Sys-
tem/Meteorology (GPS/MET) mission launched in 1995
right after the full operational capacity of GPS was
achieved. GPS/MET has demonstrated the unique proper-
ties of the GPS RO technique, such as high vertical resolu-
tion, high accuracy, all-weather capability and global
coverage (Gorbunov et al., 1996; Ware et al., 1996; Rocken
et al., 1997; Steiner et al., 1999). It was proved that RO
data have a great potential to play a significant role in
atmospheric process studies, NWP and GCM applications.

The subsequent LEO satellite missions such as the
CHAllenging Minisatellite Payload (CHAMP), the Con-
stellation Observing System for Meteorology, lonosphere
and Climate (COSMIC), the Gravity Recovery And Cli-
mate Experiment (GRACE), and the Meteorological Oper-
ational (MetOp) satellites have further affirmed the long-
term stability and remarkable consistency (e.g., <0.2—
0.5 K in temperature) of RO observations from different
RO missions (Foelsche et al., 2009, 2011). With the
advanced development of inversion and assimilation algo-
rithms, GPS RO has been widely used to enhance NWP
and GCM in many weather institutes since a great amount
of globally-distributed high-quality GPS RO data has been
accumulated at main RO data processing centre that can be
used to analyse weather and climate of the past decades.

Recent rapid development in GNSS, such as the
Russia’s GLONASS, China’s Beidou and the European
Galileo systems, has significantly enhanced the availability
and capacity of the GPS-like satellites which will make RO
even more attractive in the future. These new generation
GNSS, coupled with planned LEO missions will offer many
new transmitter platforms for RO observations. It is
believed that the robust GNSS RO method has a great
potential to deliver climate benchmark measurements
(Steiner et al., 2011), due to its unique characteristics afore-
mentioned, that are traceable to the international time
standard (e.g. self-calibration through differencing method
and dual-frequency ionospheric correction).

However, GNSS RO is affected by a variety of (small)
uncertainties or errors, such as the orbital errors, clock
bias, systematic hardware signal delays, antenna phase cen-
ter variation, cycle slips, observation noise, ionosphere
refraction, atmospheric multipath, relativistic effects (Kur-
sinski et al., 1997; Scherllin-Pirscher et al., 2011). Several
studies show that these errors and biases can be mitigated
effectively to obtain high accuracy atmospheric parameter
profiles at altitudes of about 10-35km, but the errors
increase significantly above 35km, especially at the
altitudes above 50 km (Kursinski et al., 1997; Rieder and
Kirchengast, 2001; Gobiet and Kirchengast, 2004). The
main problem is that the signal-to-noise ratio of GNSS
RO observations decreases with the increase of the height
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towards the stratopause and into the mesosphere where the
thermal noise and the residual ionospheric errors (RIEs)
become increasingly dominant (Rieder and Kirchengast,
2001; Steiner and Kirchengast, 2005). This suggests that
one of the challenging areas in GNSS RO retrieval lies in
the upper stratosphere and mesosphere.

RIEs refer to the residual ionospheric errors after an
ionospheric correction by linear combination of dual-fre-
quency GNSS RO observations is applied. RIEs are
regarded as the most dominant error in RO bending angle
retrievals at high altitudes, due to the dynamic and com-
plex nature of the ionosphere structure. Usually, RIEs
and other high-altitude errors are further mitigated by
applying a statistical optimization method, which uses a
suitable background bending angle profile to enable
improved retrievals (Syndergaard, 2000; Healy, 2001;
Gobiet and Kirchengast, 2004).

Traditionally, dual-frequency linear ionospheric correc-
tions for two types of data—excess phases and bending
angles—are used to mitigate the ionospheric errors. Studies
(Vorobev and Krasilnikova, 1994; Steiner et al., 1999;
Gobiet and Kirchengast, 2004) in RO data processing have
shown that the ionosphere combination of bending angles
performs better than that of excess phases. Hence, the RIEs
of bending angles at above 50 km altitude are the focus of
this simulation study.

In Section 2, RIEs will be first elaborated, followed by a
brief introduction of the related methodologies including
ray tracing in Section 3, simulation design and results anal-
ysis in Section 4. A summary, main conclusions and an out-
look of this study will be given in Section 5.

2. Residual ionospheric errors

The physical properties of the neutral atmosphere such
as refractivity, temperature, pressure and density retrieved
from bending angles are essential for NWP and GCM.
However, the signal’s bending is originated from both the
neutral atmosphere and the ionosphere and the atmo-
spheric parameters to be used for NWP and GCM must
be based on the effects of the neutral atmosphere only.
Thus, it is necessary to eliminate the ionospheric effects
for meteorological applications.

2.1. ITonospheric effects on wave propagation

The Earth’s ionosphere is the upper atmospheric region,
located at the altitude range of around 60-1500 km where a
large number of ionised molecules and free electrons exist
that affects electromagnetic wave propagation. Egs. (1)
and (2) below are the Appleton—Hartree formula and its
series expansion (Bissiri and Hajj, 1993; Ladreiter and
Kirchengast, 1996; Norman et al., 2013), respectively, for
the phase refractive index (n) in the ionosphere:

n”=1-XU-X)/|UU —X)—0.57*sin>

/0,25 sin 0 + 12 coszo(U_X)Z] (1)
na1-0.5X £ 0.5XY|cos 0] — 0.125X* — 0.25XY?

(14 cos? ) — 0.5iXZ (2)
szf,/wz, Y=o/0, Z=9,/0o, U=1-iZ,

w, = &’N./(mey), .= eB/m, and ¥, x exp(z/H).

where

w, is the electron angular plasma frequency,
w, 1s the electron gyro-frequency,

o 1is the propagating wave angular frequency,
0 is the angle between magnetic field and the wave
normal,

¥, 1s the electron collision frequency,

e is the elementary charge,

N, is the electron density,

m 1s the electron mass,

&g 1s the permittivity of vacuum,

B is the ambient geomagnetic field strength,
z is the altitude, and

H is the scale height.

At the GPS signal frequencies of L1 and L2
(fi = 1.57542 GHz and f, =1.22760 GHz), the order of
magnitudes of the five terms in Eq. (2) is: 1, 1074, 1077,
107°, 107 % and i10?, respectively. In GNSS RO data pro-
cessing for neutral atmosphere sounding, the last four
terms can be neglected, of which the geomagnetic term with
its 1077 order of magnitude is the relatively most important
higher-order term (Ladreiter and Kirchengast, 1996; Syn-
dergaard, 2000; Hoque and Jakowski, 2010). We per-
formed test simulations, similar to those discussed in
Section 4, where we both included and excluded this geo-
magnetic term of 2nd order and found it to have no appre-
ciable effect on the bending angle RIEs. As a result, the
ionospheric refractive index of GPS signals can be
expressed for the present purpose as:

n~1-C-N,/f, (3)

where C:ez/(8n2m80) 1s a constant, and i =1, 2 corre-
sponds to the L1 and L2 signal frequencies, respectively.
According to Eq. (3), electron density N, is the key physical
quantity of the ionosphere in RO data processing due to its
dominant effect on electromagnetic wave propagation.
For GPS L band signals, the refractive index effect of
free electrons is larger than that of the neutral gas per unit
mass. The maximum day time ionosphere refractive index
effect is at a height of around 300 km, where the combina-
tion of abundant extreme ultraviolet solar radiation inten-
sity and sufficient atmospheric density causes an ionisation
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maximum. It is comparable to the atmosphere refractive
index at a height of around 30 km. Hence an ionospheric
correction is necessary for high accuracy atmospheric
parameter retrievals, especially for climate benchmark
applications. The most common approach to initially cor-
recting the ionospheric effect is to use a linear combination
of GPS dual-frequency observations in the GNSS RO tech-
nique, which is discussed in Section 2.2.

2.2. Dual-frequency observation combinations

The ionosphere is a dispersive medium for L band sig-
nals, i.e., the ionospheric refractive index of the GNSS sig-
nals are approximately proportional to the inverse of the
square of the signal frequency (1//%), this can be seen from
the second term on the right-hand side of Eq. (3). In con-
trast, the frequency dispersion of the neutral atmosphere
is negligible at L band signals. Therefore, a linear combina-
tion of the phases or bending angles of L1 and L2 signals
can be used to eliminate most of the ionospheric effects
on them. Commonly, a classical linear combination of L1
and L2 phase observations or the linear combination of
their corresponding bending angles are used in GNSS
RO to mitigate the ionospheric errors (Gobiet and
Kirchengast, 2004), as expressed by Egs. (4) and (5),
respectively.

Le(t) = (fFLi(0) = f3La(0)) / (17 = 1), (4)

where L.(¢) is the ionosphere-corrected phase from linear
combination of L1 and L2, ¢ is the observation time,
Li(?) and Ly(¢) are the phase observations of the signals
on L1 and L2, respectively, at time ¢.

a.(a) = (flou(a) — fro0(a)) /(T = f5), (5)

where a;(a) and a,(a) are the bending angles derived from
the L1 and L2 signals at the impact parameter a, and o.(a)
is the resulting ionosphere-corrected bending angle from
dual-frequency linear combination of o;(a) and os(a).

The dual-frequency ionospheric correction of phases has
been widely used in navigation and positioning applica-
tions, and was also used in the first stage of GNSS RO data
processing. It is based on the assumption that the L1 and L2
signals share the same ray path when they pass though the
ionosphere and neutral atmosphere. In fact, the two signals
follow different ray paths due to the dispersion of the iono-
sphere, and the separation of the two paths is substantial in
RO measurement, which results in relatively large phase
RIEs. Vorobev and Krasilnikova (1994) introduced a
dual-frequency ionospheric correction of bending angles
at the same impact parameter a, as expressed by Eq. (5)).
Several theoretical (Vorobev and Krasilnikova, 1994) and
simulation studies (Gobiet and Kirchengast, 2004; Fritzer
et al., 2011) showed that this combination provides better
results than that of the phase combination by Eq. (4) since
it not only accounts for the different ray paths of the dual-
frequency signals but also considers the fact that most of the

total bending angle is accumulated near the ray perigee
(Ladreiter and Kirchengast, 1996). The two ray paths at
the same impact parameter are closer than those at the same
time, but they are still slightly different paths.

In the RO technique, the RIEs after performing those
linear ionospheric corrections are mainly caused by the sep-
aration of the L1 and L2 signal ray paths when passing
through the atmosphere. Another source of the RIEs are,
in principle, higher-order terms of the ionospheric refractive
index, which are not proportional to the inverse square of
the signal frequency (1/f%) and affected by the geomagnetic
field. As discussed above these higher-order terms can be
disregarded in the analysis, however, since the effects from
the first order term strongly dominate in the RIEs.

The RIEs of bending angle will affect the accuracy of
atmospheric profile retrievals. For high accuracy meteorol-
ogy monitoring and benchmark climate applications, more
effective algorithms or approaches for mitigating the effects
of the RIEs are needed. In this study, a simulation of high-
altitude bending angle RIEs using the ray tracing technique
was conducted to investigate the characteristics of the
bending angle RIEs in various ionospheric conditions, in
which the NeUoG (electron density university of Graz)
ionosphere model (Leitinger et al., 1996) and the MSIS90
neutral atmosphere model (Hedin, 1991) were used as the
atmospheric models.

3. Methodology
3.1. Ray tracing method

The ray tracing technique is commonly used for calcu-
lating the path of an electromagnetic signal in a medium
specified by a position-dependent refractive index, such as
the Earth’s atmosphere. It has become a significant tool
to investigate GPS signal’s propagation. Particularly, it
has been used in GNSS RO technology to study how the
ionosphere affects the accuracy of the neutral atmospheric
parameter retrievals. It has been also used to validate how
the signals’ separation contributes to the excess phase RIEs
(Syndergaard, 2000). Furthermore, Hoque and Jakowski
(2010) used this method to study the effects of higher order
ionospheric terms on the propagation of GPS RO signals
through the ionosphere. They found raypath separations
of L1 and L2 of up to about 1 km and higher-order effects
to be comparatively small. Mannucci et al. (2011) used ray
tracing to analyse the magnitude of bending angle RIEs
under ionospheric storm conditions by studying the propa-
gation of GPS signals in RO geometry. They concluded
that RO retrievals above about 25-30 km could be signifi-
cantly degraded from ionospheric storm effects.

In this study, a 3-D numerical ray tracing technique was
used to simulate the GPS signals received by LEO satellites
to obtain excess phases, subsequently leading to retrieved
bending angle profiles, as part of an end-to-end RO simu-
lation tool (Fritzer et al., 2011), and utilising it for various
ionospheric conditions.
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3.2. Atmospheric and ionospheric modelling

The focus of this study is to investigate the characteris-
tics of the RIEs in various ionospheric conditions rather
than the errors caused by the neutral atmosphere. The
MSIS-90 (Hedin, 1991) neutral atmospheric model was
adopted in the forward modelling process, since it is a sim-
ple yet representative atmospheric reference model. Fur-
thermore, in order to derive reliable bending angle RIEs
using the dual-frequency linear combination without any
gradient effects of the neutral atmosphere, a dry atmo-
sphere and local spherical symmetry atmosphere mode
was used during the simulations. In this case, the neutral
atmospheric refractivity depends essentially on the atmo-
spheric pressure P and temperature 7. Eq. (6) represents
the dry neutral atmospheric refractivity:

N = 77.6P/T. (6)

Regarding the ionosphere, the NeUoG ionospheric
model was used in this study (Ladreiter and Kirchengast,
1996; Leitinger and Kirchengast, 1997). This model repre-
sents the 3D electron density distribution as a function of
local time, season, and solar activity. It well represents real-
istic large-scale ionospheric variability but does not include
small-scale ionospheric structures. lonospheric refractivity
can be obtained from the NeUoG by the approximated
Appleton—Hartree formula according to Eq. (3). Therefore,
the simulated RIEs in this study do not consider the effects
of small-scale ionospheric structures and of higher-order
ionospheric refraction terms (which were found not rele-
vant for the present purpose as discussed in Section 2.1).

3.3. Simulation of a RO event

Fig. 2 sketches the simulation process for the RO events.
The relevant raw RO observations are the excess phase
time series of GPS signals, simulated by forward modelling,
based on which Doppler shifts can be obtained by time der-
ivation of the excess phase time series as a first step of
bending angle retrieval. Bending angle profiles as a func-
tion of impact parameter can then be derived using both
the Doppler shift time series and precise orbit arc data of
the GPS and LEO satellites (i.e., positions and velocities).
The ionospheric effects on the L1 and L2 raw bending
angles can be corrected for by the dual-frequency linear
combination of the bending angles discussed in Section 2.2
above.

In summary, as illustrated in Fig. 2, the whole process of
simulating a single RO event towards ionosphere-corrected
bending angles consists of the following five stages: (1)
satellite geometry simulation, (2) modelling of the neutral
atmosphere and ionosphere, (3) simulation of GNSS
dual-frequency signals’ propagation through the atmo-
sphere, (4) simulation of the observation system and its
influences on the signals (like attenuation due to geometri-
cal dilution, i.e., space loss, or receiver thermal noise), and
(5) retrieval of bending angles and ionospheric correction.
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[ Tx Signal Simulation |
Atmosphere Occultation
Tonosphere System System Geometry
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|
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Fig. 2. Flow chart of the RO end-to-end simulation process for bending
angles.

We note that we did not superpose any observation system
error sources such as receiver thermal noise or clock noise
in the simulations for this study in order to focus on esti-
mating the RIEs without additional error sources. The
End-to-end Generic Occultation Performance Simulation
and Processing System (EGOPS) (Fritzer et al., 2011) has
all these process steps implemented—see, e.g. Steiner and
Kirchengast (2005) as an instructive end-to-end application
example—and was used to carry out this study.

4. RIEs study procedure and preliminary results
4.1. Simulation design

The following three steps were designed to generate the
RIEs. (1) Bending angles that do not contain ionospheric
error effects are simulated first and these bending angles
are used as ‘no-error’ reference bending angles for subse-
quent research. (2) Bending angles for both GPS frequen-
cies that contain ionospheric effects are then simulated
and a dual-frequency ionosphere-corrected bending angle
is computed (so that the resulting neutral atmosphere
bending angle contains RIEs). (3) Finally, the RIEs them-
selves are estimated by differencing the bending angles with
and without the effects of the ionosphere.

In this study, 14 different RO events were simulated with
EGOPS (Fritzer et al., 2011), which represents a variety of
combinations of two different local times, two different
directions of RO planes and three intensity levels of solar
activities. All the 14 events were at 12:00 UTC (coordinated
universal time) on 15 July, 2008, and two of these 14 events
were simulated without ionosphere and used as reference
events that are free of ionosphere effects.
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Two  geographical locations ([40°N,75°W] and
[40°N, 45°E)) corresponding to the two local times of 7:00
and 15:00, respectively (see the two red triangles in Fig. 3
discussed below), were utilised to construct the other 12
RO events. The two directions of the RO occultation
planes selected were formed by setting the azimuth angles
to 0° and 90°, respectively, and the three ionisation levels
(low, medium and high solar intensities) were obtained
by setting F10.7 indices to 70, 140 and 210, respectively.
The simulation characteristics of the 12 RO events are sum-
marized in Table 1.

Fig. 3 illustrates the global distribution of vertical total
electron content (VTEC) as a function of latitude and lon-
gitude at 12:00 UTC on 15 July, 2008 calculated by using
NeUoG under the aforementioned three ionisation levels.
Table 2 presents the global maximum VTEC and the
VTECs at the two RO event locations (Locations 1 and
2) for each subpanel in Fig. 3. From Table 2 and Fig. 3
it can be seen that the VTEC values at the three ionisation
levels are ranging up to about 26, 52, and 90 total electron

90

Latitude [deg] Latitude [deg]

Latitude [deg]

-180 -150 -120 90 -60 -30

0
Longitude [deg]
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content (TEC) units (one TECU = 10'¢ electrons/m?),
respectively. Comparing the VTEC values of the two loca-
tions at the same solar intensity level (i.e., in the same sub-
panels of Fig. 3), we can see that the differences can reach
about 4, 10 and 18 TECUs, respectively.

Fig. 4 depicts longitude-height cross sections of electron
density and three representative ray paths of each RO event
in the longitudinal direction. Table 3 lists TEC along the
‘inbound’ and ‘outbound’ segments of each ray path in
Fig. 4. As demonstrated in the three subpanels of Fig. 4
and in Table 3, TEC and electron density gradients along
the ray paths increase significantly with the increase of the
F10.7 values. For example, the TEC along the lowermost
ray path above Location 1, Inbound plus Outbound,
increases from about 10 TEC units when F10.7 is 70, to
about 20 TEC units when F10.7 is 140, then to about 35
TEC units when F10.7 is 210. These values above Location
2 are from about 20-39 TEC units then to 67 TEC units.
Comparing the electron density values around the ray paths
at the two locations for each subpanel, one can see that the

(TECUs)
90

80

70

30

[

20

10

30 60 90 120 150 180

Fig. 3. Distributions of VTEC in TEC units (1 TECU = 10'® m~?) for three ionisation levels ((f70) F10.7 = 70, (f140) F10.7 = 140, (f210) F10.7 = 210)
and two RO locations: Location-1 (40°N, 75°W, L1) and Location-2 (40°N, 45°E, L2).
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Table 1

The characteristics of the 12 simulated RO events.

RO event Location Local time RO plane azimuth RO plane direction F10.7 index
Longitudinal RO events in Fig. 4 and Table 3

17a90£70 40°N 75°W 7: 00 90° East-West 70
17290140 40°N 75°W 7: 00 90° East-West 140
17290210 40°N 75°W 7: 00 90° East-West 210
115a90£70 40°N 45°E 15: 00 90° East-West 70
115a90f140 40°N 45°E 15: 00 90° East-West 140
115a90£210 40°N 45°E 15: 00 90° East-West 210
Latitudinal RO events in Fig. 5 and Table 4

17a0f70 40°N 75°W 7: 00 0° South—North 70
17a0f140 40°N 75°W 7: 00 0° South—North 140
17a0£210 40°N 75°W 7: 00 0° South—North 210
115a0f70 40°N 45°E 15: 00 0° South-North 70
115a0f140 40°N 45°E 15: 00 0° South—North 140
115a0£210 40°N 45°E 15: 00 0° South—North 210

Table 2
Global maximum VTEC values and the VTECs of Location-1 and
Location-2 (in TEC Units).

F10.7 Global maximum VTEC VTEC
VTEC (Location-1) (Location-2)
70 26.27 5.17 9.48
140 51.67 9.90 19.95
210 90.35 17.03 35.20

electron density gradients vary more drastically above
Location 2 than Location 1. On the other hand, the TECs
along the Inbound and Outbound segments of the ray paths
at Location 2 are relatively symmetrical, which are different
from the asymmetrical feature of the ray paths at Location
1. The values of the differences between the Inbound and the
Outbound TEGC:, i.e., the ‘Difference’ column of Location 1
in Table 3, also indicate this feature.

Similarly, Fig. 5 shows latitude-height cross sections of
the electron density of the other six RO events with azi-
muth along the latitudinal direction. Fig. 5 contains six
subpanels, rather than three as in Fig. 4, because the two
RO event locations are at different longitudes. Table 4 lists
the TEC along the ‘inbound’ and ‘outbound’ segments of
each ray path in Fig. 5. It can be seen that, at different solar
activity levels and at different RO locations, the iono-
spheric conditions of these RO events are significantly dif-
ferent. The features of the electron density distribution
such as gradients and symmetry are similar to the longitu-
dinal-direction events shown in Fig. 4. Comparing Fig. 5
(Table 4) with Fig. 4 (Table 3), we can find that the latitu-
dinal RO events are affected by the equatorial anomaly
more than the longitudinal events, however, especially for
the RO events at Location 2. Comparing the differences
between TECs of the Inbound and Outbound segments
of the ray paths above Location 2 in Table 3 to that in
Table 4, we can also find that the difference values of the
latitudinal ray paths are 12-36 TEC units larger than those
of the longitudinal ray paths, reflecting the strong influence
of the equatorial anomaly features.

4.2. Simulation results for ionospheric and atmospheric
bending angles

The simulated bending angles and the reference bending
angles are compared in Figs. 6 and 7. The title in each of the
panels contains parameter information of local time, the azi-
muth of the RO plane (relative to the North direction, coun-
ter-clockwise) and the solar intensity level, e.g. “17a0f70”
means the RO event’s local time of 7:00, the azimuth of the
RO plane of 0° (i.e., south-to-north) and the solar activity
intensity of 70. In these panels, the MS (mesosphere), the
US (upper stratosphere) and the LS (lower stratosphere) cor-
respond to the impact heights in the ranges of 50-80 km,
35-50 km and 15-35 km, respectively; o o, o and ordenote
the bending angles of L1 and L2, ionosphere-corrected and
the reference bending angles (with no ionosphere), respec-
tively. In Figs. 6 and 7, the upper panels are for the results over
the whole profile of the bending angles (in units mrad), and the
middle and bottom panels are enlarged graphs for the two
impact height ranges of core interest (in units prad), for a
detailed comparison of o, oy, o and orin the MS and US lay-
ers. Of the 12 events investigated, only the results of three
morning latitudinal-direction events are shown in Fig. 6,
and three afternoon longitudinal direction events in Fig. 7,
since all the other events show similar features.

From Figs. 6 and 7, comparing the three subpanels in
each row that correspond to the same height range but dif-
ferent ionisation levels, one can find that the differences
between «; and a, at the same height increase with the rise
of the solar intensity level; at the level of F10.7 = 210, the
maximum differences between o; and a, in the MS (see
115290£210-MS) and US (L15a90f210-US) can reach about
70 prad (at the height of 80 km) and about 50 urad (at the
height of 50 km), respectively. This suggests both the meso-
sphere and the upper stratosphere are significantly affected
by the ionospheric effects. Figs. 6 and 7 also show that both
o and o, curves are close. This suggests that the dual-fre-
quency linear combination of bending angles (Eq. (5)) can
mitigate most of the ionospheric effects. However, the



828 C.L. Liu et al. | Advances in Space Research 52 (2013) 821-836

GPSY |~ s
900 17a90f70
800
700
600
500
400
300
200

100

Height [km]

900 GPSY 172901140
800
700
600
500
400
300
200

100

LEOC

Height [km]

900 GPSY 172901210
800
700
600
500
400
300
200

100

Height [km]

-180 -120 -60

GPS

(EDUs)
20

60 120 180

Longitude [deg]

Fig. 4. Height-vs-longitude cross-sectional views of electron density in electron density units (1 EDU = 10'! m~3) at 40°N at three ionisation levels ((f70)
F10.7 =70, (f140) F10.7 = 140, (f210) F10.7 = 210) and the lowermost ray path (green), stratopause ray path (red) and mesopause ray path (white) of the
longitudinal-direction RO events, which are corresponding to the heights of tangent points at 10, 50 and 80 km, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

TEC values along the inbound and outbound of the ray paths (longitudinal) (in TEC Units).

F10.7 TP height [km] TEC (Location-1) TEC (Location-2)
Inbound Outbound Difference Inbound Outbound Difference

70 10 3.12 6.80 —3.68 10.12 9.65 0.47
50 3.27 6.74 —3.47 10.13 9.56 0.57
80 3.35 6.68 —3.33 10.13 9.51 0.62
140 10 6.19 13.65 —7.46 20.54 18.52 2.02
50 6.44 13.52 —7.08 20.57 18.61 1.96
80 6.57 13.39 —6.82 20.60 18.65 1.95
210 10 10.74 23.95 —13.21 35.71 31.12 4.59
50 11.13 23.71 —12.58 35.77 31.51 4.26
80 11.33 23.46 —12.13 35.83 31.71 4.12

wave-like curve of the ¢, profile, especially under high solar
activity environments, e.g., in the cases of F10.7 =210 and
the afternoon events, indicates that o, contains RIEs. As
discussed in Section 1, for the RO results the RIEs can

be the main error source in the mesosphere and the upper
stratosphere regions, particularly at high ionisation levels.
In Section 4.3, the absolute RIEs and relative RIEs will
be investigated and analysed.



C.L. Liu et al. | Advances in Space Research 52 (2013) 821-836 829

Height [km]

900
800
700
600
500
400
300
200
100

Height [km]

900
800
700
600
500
400
300
200
100

Height [km]

115a0f210

0
-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90

Latitude [deg]

Latitude [deg]

(EDUs)

0 2 4 6 8

10 12 14 16 18 20

Fig. 5. Height-vs-latitude cross-sectional views of electron density in electron density units (1 EDU = 10" m~%) at 75°W (left panels) and 45°E (right
panels) for three ionisation levels ((f70) F10.7 = 70, (f140) F10.7 = 140, (f210) F10.7 = 210) and ray paths of the latitudinal-direction RO events (the
lowest ray path (green), stratopause ray path (red), mesopause ray path (white)), which are corresponding to the heights of tangent points at 10, 50, and
80 km, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4

TEC values along the inbound and outbound of the ray paths (latitudinal) (in TEC Units).

F10.7 TP height [km] TEC (Location-1) TEC (Location-2)
Inbound Outbound Difference Inbound Outbound Difference

70 10 6.32 4.89 1.44 24.29 7.07 17.21
50 6.26 4.88 1.38 23.29 7.13 16.17
80 6.20 4.88 1.31 22.30 7.18 15.13
140 10 12.04 8.55 3.50 47.88 13.63 34.24
50 11.95 8.58 3.37 45.98 13.85 32.13
80 11.86 8.61 3.25 44.08 14.06 30.02
210 10 20.22 13.94 6.28 83.25 23.76 59.49
50 20.08 14.08 6.00 79.95 24.18 55.78
80 19.93 14.22 5.72 76.66 24.59 52.07

4.3. Simulation results for RIEs

Figs. 8 and 9 show the absolute and relative RIEs pro-
files of the simulated bending angles and indicate statistical
results (bias, standard deviation) over four atmospheric
layers, from lower stratosphere to upper mesosphere.
Fig. 10 provides a summary illustration of the bias and

standard deviation results. The absolute RIEs are the dif-
ference between the o, and o, profiles. The relative RIEs
are obtained from the absolute RIEs divided by o, and
multiplied by 100 (to be in units [%]). For both the absolute
and relative RIE profiles, the standard deviation, the bias
(layer average of the RIEs) and the 95%-confidence range
of the bias (i.e., the 2¢ standard uncertainty of the
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Fig. 6. Bending angle simulation results for the three morning latitudinal events and comparisons with their reference bending angles in the MS and US
regions. Each panel row shows the bending angles at all the three ionisation levels (70, 140, 210).

layer-averaged RIEs) were calculated for each of the four
atmospheric layers. They are shown as values in the in-
panel legends.

We note that the simulations for this study were done at
a 10 Hz sampling rate for the data. Preliminary results for a
50 Hz sampling rate — the sampling rate typically used by
real RO receivers — show somewhat smaller but similar
RIEs. The detailed magnitudes depend on forward model-
ling details and also on the noise filtering applied in the
retrieval of the bending angle from the excess phase profiles.

From Fig. 8 we can see that in the LM layer the maxi-
mum absolute RIE reaches 2.1 prad and the minimum

RIE is —1.8 prad; and in the US layer these values are
2.0 and —1.6 prad, respectively. All the 12 panels show that
the standard deviations are in the range of 0.3-1 prad and
0.3-0.7 prad in the LM and the US regions, respectively.
From the six morning events (see the top six panels), the
maximum RIE bias magnitudes are 0.059 and 0.036 prad
in the LM and US layers, respectively; and these values
in the afternoon events (the bottom six panels) are 0.091
and 0.068 urad. In terms of sign, the small RIE biases have
a clear tendency to be negative, which is in line with estima-
tions in other studies that also used real RO data (Danzer
et al., 2013). Although the values of the RIEs are small,
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Fig. 7. Bending angle simulation results for the three afternoon longitudinal events and comparisons with their reference bending angles (the layout is the

same as for Fig. 6).

they can still be the dominant residual errors in the LM and
US regions, where the values of the bending angles are also
small due to the low density of the neutral atmosphere.
Fig. 9 shows the relative RIEs profiles of the bending
angles in all the four atmospheric layers, including our
main research interest regions of UM, LM and US. Based
on the 12 cases, the following conclusion can be drawn: (1)
at the impact heights above 65 km, i.e., the upper meso-
sphere (UM), most relative RIE standard deviations reach
about 50% or more; (2) in the 50-65 km impact height

range, i.e., the lower mesosphere (LM), relative RIE stan-
dard deviations still reach about 5-15%; and (3) in the
US, the relative RIE standard deviations amount to
roughly around 1%. As expected based on Fig. 8, relative
RIEs generally increase with increasing ionisation levels.
Fig. 10 shows, as a summary, the values and the solar
activity dependence of the absolute bending angle RIE
biases and standard deviations in LM, US, and the full
30-80 km impact height region, respectively, for the 12
RO events. The RIE magnitudes of typically 0.3-0.7 urad,
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Fig. 8. Absolute RIE profiles of the simulated bending angles and their statistical results over four characteristic height layers, lower stratosphere 15—
35 km (LS), upper stratosphere 35-50 km (US), lower mesosphere 50-65 km (LM), and upper mesosphere 65-80 km (UM). —the bias u (blue solid lines),
the standard deviation o (purple lines) of the bias and the 95% uncertainty range of the bias (blue dotted lines) of each layer are indicated, and estimated
values given in the legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the typical increase of error with solar activity, and the ten-  note that the biases are generally not statistically significant
dency for negative biases, are all well visible in Fig. 10. We  given the small number of data points averaged in the
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Fig. 9. Relative RIE profiles of the simulated bending angles and their statistical results over the same four characteristic height layers as shown in Fig. 8.
—the layout is the same as in Fig. 8; the values in the legend are in units [%] here.

layers. Therefore uncertainty ranges are not graphically
shown in order to avoid confusing Fig. 10; for uncertainty
ranges see the legends in Fig. 8. More consolidated results
need statistics from large ensembles of occultation events,
which is left for future study.

The magnitude of bending angle RIEs found here can
significantly affect the subsequent refractivity and atmo-
spheric parameter retrievals and errors can be propagated
downward to lower altitudes (Steiner and Kirchengast,
2005; Danzer et al., 2013), e.g., the lower stratosphere,
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Fig. 10. Summary illustration of the values of biases (diamond symbols) and standard deviations (circle symbols) of the RIEs for the 12 RO events in the
US (red), LM (blue), and 30-80 km impact height range (green), respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

where atmospheric variable values are most important for
NWP and climate applications (Steiner et al., 2011). As
part of follow-on work we will quantitatively evaluate also
the errors in subsequent refractivity and atmospheric pro-
file retrievals. In closing this section, the effects of local
time, solar intensity and RO plane direction on the RIEs
are briefly discussed below.

4.4. The effects of local time

From Figs. 3-5, if comparing the two events at the same
solar intensity level but in the two different locations, one
can see that the VTEC (in Fig. 3) and electron density (in
Figs. 4 and 5) at Location 2 are all significantly larger than
that at Location 1. From Figs. 8 and 9, comparing the
RIEs and the standard deviations of the two events that
occurred at the same solar intensity levels and in the same
direction but in the two different locations, we can find that
most of the afternoon events had RIEs values greater than
those of the morning events. While more statistics and big-
ger ensembles of events are needed for a robust picture, it is
clear from these preliminary results already that daytime/
afternoon events which find higher and more variable ion-
isation conditions have to be expected to be more vulnera-
ble to RIEs. This is also in line with recent findings by
Danzer et al. (2013) based on real RO data.

4.5. The effects of solar intensity

F10.7 is the most commonly used factor to represent the
intensity of solar activity so it is a significant parameter in
the NeUoG model used in the simulations. From Figs. 3-5
we can see significant differences of the VTEC and electron
density between different ionisation levels due to different

solar activity intensities. Figs. 8 and 9 illustrate that most
of the RIEs were greater at higher solar intensity than
those at lower ones. This is in line with physical expecta-
tions and previous studies (Gobiet and Kirchengast,
2004); systematically higher electron densities at higher
solar activities in average need to show up in RIEs —
though also here more robust quantification based on a
bigger ensemble of events will be useful as a next future
step.

4.6. The effects of RO direction

TECs and electron density gradients along different
directional RO ray paths are different. Comparing the
results of the two ray paths at the same location and same
ionisation level but in different directions in Figs. 4 and 5,
we can see that at Location 1, the TEC and electron density
gradient along the longitudinal ray paths are asymmetrical
due to the night to day transition; at location 2, the TECs
and electron density gradients along the latitudinal ray
paths are asymmetrical due to the equatorial anomaly.
As shown in Figs. 8 and 9, at Location 1, the longitudinal
RIEs are generally larger than the latitudinal ones, but at
Location 2 the longitudinal RIEs are generally less than
the latitudinal ones. This indicates that the degree of asym-
metry increases RIEs, which is sound, though also here bet-
ter statistical quantification is needed in future.

All the above results indicate that local time and solar
intensity are vital factors affecting the VTEC and electron
density, which in turn affect the RIEs. The RO direction
is also an important factor affecting the RIEs. The simula-
tion results demonstrate that the RIEs in the afternoon
events were greater than those of the morning events; the
RIEs in higher solar activity were greater than those with
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lower ones; and the RIEs under more asymmetric condi-
tions tend to be higher.

5. Summary and conclusion

End-to-end simulations and a detailed single-event anal-
ysis of RIEs have been performed in this paper to investi-
gate the characteristics of bending angle RIEs in the
mesosphere and upper stratosphere. The results illustrate
that the bending angle RIEs are significant in the meso-
sphere and upper stratosphere and their magnitude are
affected by local time, the direction of RO planes and the
intensity of solar activity. The RIEs are one of the main
error sources of the bending angle, in MS and US, which
need to be further characterised and potentially further
mitigated for high-accuracy operational weather forecast-
ing and climate monitoring applications, particularly under
active space weather conditions.

As a next step we will look into bigger ensembles of
events as well as at distinctly disturbed conditions to fur-
ther quantify the behaviour of RIEs depending on the ion-
ospheric state and its variability. The characterisation of
the RIEs performed in this research is essential for the
potential modelling of bending angle RIEs in future, which
is expected to be highly valuable for ensuring benchmark-
quality stratospheric RO data for applications like calibra-
tion/validation of other data sources and monitoring of
climate change trends.
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