
Atmos. Meas. Tech., 11, 2427–2440, 2018
https://doi.org/10.5194/amt-11-2427-2018
© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Analysis of ionospheric structure influences on residual
ionospheric errors in GNSS radio occultation bending
angles based on ray tracing simulations
Congliang Liu1,3, Gottfried Kirchengast2,3,1,5, Yueqiang Sun1,3,4, Kefei Zhang5,6, Robert Norman5, Marc Schwaerz2,3,
Weihua Bai1,3,4, Qifei Du1,3, and Ying Li7
1Beijing Key Laboratory of Space Environment Exploration, National Space Science Center,
Chinese Academy of Sciences (NSSC/CAS), Beijing, China
2Wegener Center for Climate and Global Change (WEGC) and Institute for Geophysics, Astrophysics,
and Meteorology/Institute of Physics, University of Graz, Graz, Austria
3Joint Laboratory on Occultations for Atmosphere and Climate (JLOAC) of NSSC/CAS, Beijing, China,
and University of Graz, Graz, Austria
4University of Chinese Academy of Sciences, Beijing, China
5SPACE Research Centre, RMIT University, Melbourne, VIC, Australia
6School of Environment of Science and Spatial Informatics, China University of Mining and Technology, Xuzhou, China
7Institute of Geodesy and Geophysics (IGG), Chinese Academy of Sciences, Wuhan, China

Correspondence: Congliang Liu (liucongliang1985@gmail.com)

Received: 16 July 2017 – Discussion started: 31 August 2017
Revised: 28 February 2018 – Accepted: 9 March 2018 – Published: 26 April 2018

Abstract. The Global Navigation Satellite System (GNSS)
radio occultation (RO) technique is widely used to observe
the atmosphere for applications such as numerical weather
prediction and global climate monitoring. The ionosphere
is a major error source to RO at upper stratospheric alti-
tudes, and a linear dual-frequency bending angle correction
is commonly used to remove the first-order ionospheric ef-
fect. However, the higher-order residual ionospheric error
(RIE) can still be significant, so it needs to be further mit-
igated for high-accuracy applications, especially from 35 km
altitude upward, where the RIE is most relevant compared to
the decreasing magnitude of the atmospheric bending angle.
In a previous study we quantified RIEs using an ensemble
of about 700 quasi-realistic end-to-end simulated RO events,
finding typical RIEs at the 0.1 to 0.5 µrad noise level, but
were left with 26 exceptional events with anomalous RIEs
at the 1 to 10 µrad level that remained unexplained. In this
study, we focused on investigating the causes of the high
RIE of these exceptional events, employing detailed along-
ray-path analyses of atmospheric and ionospheric refractivi-
ties, impact parameter changes, and bending angles and RIEs
under asymmetric and symmetric ionospheric structures. We

found that the main causes of the high RIEs are a combi-
nation of physics-based effects – where asymmetric iono-
spheric conditions play the primary role, more than the ion-
ization level driven by solar activity – and technical ray tracer
effects due to occasions of imperfect smoothness in iono-
spheric refractivity model derivatives. We also found that
along-ray impact parameter variations of more than 10 to
20 m are possible due to ionospheric asymmetries and, de-
pending on prevailing horizontal refractivity gradients, are
positive or negative relative to the initial impact parameter
at the GNSS transmitter. Furthermore, mesospheric RIEs are
found generally higher than upper-stratospheric ones, likely
due to being closer in tangent point heights to the iono-
spheric E layer peaking near 105 km, which increases RIE
vulnerability. In the future we will further improve the along-
ray modeling system to fully isolate technical from physics-
based effects and to use it beyond this work for additional
GNSS RO signal propagation studies.
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1 Introduction

Global Navigation Satellite System (GNSS) radio occulta-
tion (RO; Melbourne et al., 1994; Kursinski et al., 1997; Hajj
et al., 2002) is a relatively new atmospheric sounding tech-
nique. It can deliver data traceable to the international stan-
dard of time (the SI second) and has a demonstrated capacity
for monitoring decadal-scale climate change in the free at-
mosphere (Steiner et al., 2009, 2011, 2013; Anthes, 2011;
Foelsche et al., 2011; Lackner et al., 2011; Ho et al., 2012;
Angerer et al., 2017). This capacity rests on RO’s unique
combination of characteristics such as high vertical resolu-
tion, high accuracy, long-term stability, and global coverage
(Kursinski et al., 1997; Scherllin-Pirscher et al., 2011; An-
thes, 2011; Steiner et al., 2011). Figure 1 illustrates the GNSS
RO geometry that constitutes the basis of the RO technique.
The focus is to schematically show essential aspects rele-
vant to this study on along-ray ionospheric influences on RO
bending angles, which deepens insight on top of our recent
Liu et al. (2015) study.

Ionospheric error is significant in GNSS RO observations
(e.g., Kursinski et al., 1997; Mannucci et al., 2011; Liu et
al., 2013), and a dual-frequency linear combination of RO
bending angles is usually implemented to correct for the first-
order ionospheric effect (Vorob’ev and Krasil’nikova, 1994;
Ladreiter and Kirchengast, 1996). However, the higher-order
residual ionospheric error (RIE) after this correction is still
not negligible for high-accuracy applications such as RO-
based climate change monitoring (Steiner et al., 2011, 2013).
This applies especially above about 35 km altitude, where the
RIE becomes increasingly relevant compared to the exponen-
tially decreasing magnitude of the neutral atmospheric bend-
ing angle (Syndergaard, 2000; Mannucci et al., 2011; Danzer
et al., 2013, 2015; Liu et al., 2013, 2015; Healy and Culver-
well, 2015).

Moreover, the RIE can propagate downwards into the
lower-stratospheric retrievals of refractivity and tempera-
ture through the Abel integral and the hydrostatic inte-
gral (Kursinski et al., 1997; Gobiet and Kirchengast, 2004;
Steiner and Kirchengast, 2005; Gobiet et al., 2007). It is
therefore essential to better understand and further mitigate
the RIE in order to enable benchmark-quality stratospheric
RO retrievals.

A wide array of studies related to a better understand-
ing of higher-order ionospheric errors in GNSS RO data
have been conducted already by a range of scientists (Bassiri
and Hajj, 1993; Vorob’ev and Krasil’nikova, 1994; Ladre-
iter and Kirchengast, 1996; Syndergaard, 2000; Gorbunov,
2002; Hoque and Jakowski, 2010, 2011; Mannucci et al.,
2011; Danzer et al., 2013, 2015; Healy and Culverwell, 2015;
Coleman and Forte, 2017). A few of these also suggested
ways of correcting higher-order RIEs in RO bending angles
(Syndergaard, 2000; Danzer et al., 2013; Healy and Cul-
verwell, 2015), which may be applied on top of the stan-

Figure 1. Radio occultation geometry between GNSS transmitter
and low Earth orbit (LEO) receiver satellites, schematically illus-
trating the separate L1 and L2 signal ray paths and the ionosphere-
corrected (Lc) ray path through the atmosphere–ionosphere system.
Key quantities additionally indicated are the (total accumulated)
bending angle α, the (spherically symmetric) ray impact parame-
ter a, and the radius r from the Earth’s center of curvature to the
tangent point of the Lc signal path (modified from Liu et al., 2015).

dard dual-frequency correction introduced by Vorob’ev and
Krasil’nikova (1994).

The convenient formulation introduced by Healy and Cul-
verwell (2015), which adds a fairly simple higher-order
squared-bending-angle difference term to the standard cor-
rection, is meanwhile applied in operational processing of the
data from the European MetOp (Meteorological Operational
Satellites) RO mission (Luntama et al., 2008; Christian Mar-
quardt, EUMETSAT Darmstadt, personal communications,
2017). Recently, Angling et al. (2018) further improved the
empirical modeling of the “kappa coefficient” in this formu-
lation, by accounting for solar zenith angle, solar flux (F10.7
index), and altitude dependencies.

In our work over the recent years we have assessed the
variation of bending angle RIEs (biases and standard devia-
tions) with solar activity, with latitudinal region, and with or
without the assumption of ionospheric spherical symmetry
and of co-existing RO observing system errors, using end-to-
end simulations for single RO events (Liu et al., 2013) and a
full-day ensemble of RO events (Liu et al., 2015). As shown
in these explanatory simulation studies, in overall agreement
with the empirical study of Danzer et al. (2013), the RIE bi-
ases have a clear negative tendency and a bias magnitude in-
creasing with solar activity, as well as being affected by de-
viations from ionospheric spherical symmetry (Mannucci et
al., 2010) where increasing asymmetries also tend to increase
the biases.

What remained unexplored in our Liu et al. (2015) study
and had also not yet been explored elsewhere – but is criti-
cal to be understood for further improvement of the existing
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RIE corrections that apply spherical symmetry (Syndergaard,
2000; Healy and Culvervell, 2015; Angling et al., 2018) – is
the influences of the three-dimensional and asymmetric iono-
spheric structures along the GNSS-to-LEO (low Earth orbit)
signal paths on the RIE, in particular the conditions that may
lead to anomalously high RIEs.

A first step in this direction, though not focusing on bend-
ing angle RIEs, was the study by Mannucci et al. (2011),
which found that under ionospheric storm conditions anoma-
lous effects can be significant. Recently also Coleman and
Forte (2017) reported RIE investigations for asymmetry con-
ditions, including on the effect of traveling ionospheric dis-
turbances upon the RIE. Another step was the somewhat
puzzling side result in our Liu et al. (2015) study that
the end-to-end simulations of an ensemble of about 700
RO events produced about two dozen RIE outlier profiles.
The basis was 3-D ray tracing simulations, where the iono-
spheric model NeUoG (University of Graz electron density
model; Leitinger and Kirchengast, 1997) was used as a quasi-
realistic model for large-scale 3-D ionospheric structures, to-
gether with the atmospheric model MSIS-90 (Mass Spec-
trometer and Incoherent Scatter neutral atmosphere model
1990; Hedin, 1991) for simple but representative neutral at-
mosphere reference conditions. More precisely, the RIE stan-
dard deviation of 26 profiles from the simulations exceeded
a threshold value of 7 µrad within the upper stratosphere and
mesosphere. These were therefore rejected from the ensem-
ble statistics results reported by Liu et al. (2015).

In this study we now place focus on these 26 excep-
tional profiles and, by way of detailed along-ray analyses of
ray tracing simulations, aim to shed light on the causes of
anomalously high RIEs, with the additional goal of deepen-
ing quantitative insight into how RIEs accumulate during sig-
nal propagation, along with accumulation of the total (atmo-
spheric) bending angles that are the desired RO observables.
In Sect. 2, the exceptional RO events and the simulation setup
for exploring their bending angle RIEs are introduced. Sec-
tion 3 provides the results, which we mainly discuss through
detailed inspection of example events. A summary and con-
clusions are finally given in Sect. 4.

2 Exceptional RO events and investigation
methodology

2.1 Exceptional RO events

The ensemble of RO events used by Liu et al. (2015) was
simulated for 15 July 2008, adopting the European MetOp
RO mission as an example low Earth orbiter (Edwards and
Pawlak, 2000), specifically thinking of MetOp-A, which was
launched as the first of the MetOp series in late 2006 (Lun-
tama et al., 2008). Each MetOp satellite is a sun-synchronous
LEO satellite at about 820 km with the Global Positioning
System (GPS) Receiver for Atmospheric Sounding (GRAS)

on board (Loiselet et al., 2000), which acquires about 700
RO events per day (Luntama et al., 2008).

Using, as summarized above, simple spherically symmet-
ric neutral atmospheric modeling (by MSIS-90) combined
with 3-D ionospheric modeling (by NeUoG), we simulated
in that study the ensemble of daily RO events for 14 dif-
ferent end-to-end simulation cases. These included without-
ionosphere (wi) cases as well as spherical symmetry (ss)
and non-spherical-symmetry (ns) ionospheric cases for low,
medium, and high solar activity levels, under the assump-
tion of either perfect observing system (op) with no errors or
realistic observing system (or) with MetOp-type errors; for
details see Liu et al. (2015), Table 2 and Sect. 2.3 therein.
The total number of the simulated RO events found for the
day was 723, of which 26 exceptionally noisy ones were
classified as outliers (estimated bending angle RIE exceed-
ing 7 µrad somewhere within 30 to 80 km). These 26 events
are investigated closer in this study.

Figure 2a shows the global distribution of mean tangent
point (TP) locations of all 723 events (as small triangles)
and highlights the locations of the 26 exceptional events (as
red triangles). The majority of the latter (18 of the 26) ap-
pear to cluster over the European–Asian and Indian Ocean
regions (EAC and IOC, highlighted as boxes); the remaining
eight events are distributed more diversely in other extratrop-
ical locations, mainly in the Northern Hemisphere. Figure 2b
and c depict the RIE bias and standard deviation, defined in
the same way as by Liu et al. (2013), which are estimated for
the upper stratosphere and mesosphere (30–80 km) for the 26
events, for the non-spherical-symmetry (“opns”) and spheri-
cal symmetry (“opss”) ionospheric conditions, respectively.
Intercomparing Fig. 2b and c shows that the main driver
of anomalously high RIEs is asymmetric ionospheric con-
ditions and possibly residual error effects from ray tracing
through the 3-D ionosphere, since only few events (6 of the
26) exhibit large RIE standard deviations (exceeding 1 µrad)
even in the case of symmetric ionospheric conditions.

Related to the clusters, one can see that, in the opss case,
almost all noisy exceptional events occurred in the IOC,
while in the opns case the noisiest ones occurred in both the
EAC and IOC. Related to solar activity, one can see that in
both the opss and opns cases higher ionization (F10.7) levels
generally lead to increased RIEs, compared to lowest ion-
ization (F10.7= 70), but the picture is ambiguous, and often
medium solar activity also leads to higher RIEs than high
solar activity.

These overall characteristics revealed by Fig. 2 point, in
particular, to two facts that shall guide our detailed investiga-
tion for better understanding of anomalous RIEs: (1) asym-
metric ionospheric conditions play a key role, more than ion-
ization levels and possible geographic location dependencies
(e.g., via solar or geomagnetic influences), and so inspec-
tion of the along-ray signal dynamics is essential; (2) the
several exceptions from the overall characteristics, and some
geographic clustering that has no obvious physics-based ex-
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Figure 2. Distribution of the mean tangent point locations of the 723 RO events simulated by Liu et al. (2015) for 15 July 2008 (a),
including 697 events with standard RIE (small-white triangles) and 26 events with exceptional RIE (red triangles; upward-pointing, rising
events; downward-pointing, setting events). The latter 26 events mainly reside in the European–Asian cluster (EAC; magenta box) and Indian
Ocean cluster (IOC; green box). The background color map illustrates the vertically integrated total electron content (vTEC) of the NeUoG
ionospheric model for medium solar activity (for 12:00 UTC of 15 July; F10.7= 140; shown in TEC units, 1 TECU= 1016 electrons m−2).
The bottom panels depict the RIEs for a perfect observing system (op) with no observational errors and non-spherical (opns) (b) as well
as spherically symmetric (opss) (c) ionospheric conditions. They show the bending angle RIE bias (symbols) and standard deviation (error
bars) estimates for the 30–80 km range for low (F10.7= 70, green), medium (F10.7= 140, blue), and high (F10.7= 210, red) solar activity,
for each of the 26 exceptional events (ordered by clusters, with those not falling into EAC and IOC marked as OTHERS), with each one
identified by its chronological RO event number of the day.

planation, indicate that there is no single clear cause for the
anomalous RIEs and that some perturbations also come in
from the technical challenge of smooth ray tracing at milli-
metric excess-phase accuracy through 3-D ionospheric mod-
els like NeUoG.

We inspected the bending angle RIE profiles of the 26
events over the 20 to 80 km height range, including also their
underlying excess-phase RIE profiles, and chose three repre-
sentative events that we will explore in detail below for im-
proving RIE insight: an extremely noisy event (Occ.530 from
the EAC) and a medium noisy event (Occ.20 from the IOC)

from the 26 exceptional events, both used at medium solar
activity, and a reference event from the 697 standard events,
with low-noise RIE (Occ.25). Table 1 summarizes the main
parameters for these three events, and Fig. 3 illustrates them
in terms of excess phases, bending angles, and the associated
RIEs.

Figure 3a shows the behavior of the excess phases of the
three events. The L1 and L2 excess phases are around−11 to
−15 and−18 to−25 m, respectively, typical for medium so-
lar activity (Liu et al., 2013). After the standard ionospheric
correction, the ionosphere-corrected (Lc) excess phases are
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Figure 3. Illustration of the three example events chosen for detailed inspection (Occ.530, red; Occ.20, green; Occ.25, blue), showing their
excess-phase profiles (a), excess-phase RIE profiles (b), bending angle profiles (c), and bending angle RIE profiles (d) over the impact
height range 40 to 80 km for medium solar activity (F10.7= 140) and non-spherical-symmetry (ns) ionosphere conditions. The excess-phase
and bending angle profiles are shown for both GPS frequencies L1 (dashed) and L2 (dashed-dotted) as well as after standard first-order
ionospheric correction (subscript c; solid).

Table 1. Parameters of the three representative RO events used for detailed inspection. Azimuth of the RO event plane is defined relative to
north, counting over west.

Event ID Latitude Longitude Azimuth Local time Solar activity

Occ.530 55.8◦ S 61.8◦ E 167.2◦ 21:38 LT F10.7= 140
Occ.20 43.3◦ N 36.5◦W 154.1◦ 22:34 LT F10.7= 140
Occ.25 81.1◦ N 5.4◦W 94.1◦ 01:09 LT F10.7= 140

found near 0 m as should be the case. The excess-phase RIE
profiles (Fig. 3b) exhibit some spiky behavior for the two
exceptional events, on top of comparatively low-noise RIEs
otherwise. This points to unphysical values at the spiky im-
pact height levels, given that the large-scale 3-D ionospheric
structure of the NeUoG model should be physically unable
to induce such sharp changes. It hence indicates that the ray
tracing is technically challenged along the signal propagation
paths pertaining to these levels by slight ionospheric model

discontinuities, which render millimetric excess-phase accu-
racy unattainable for these ray paths.

As Leitinger and Kirchengast (1997) describe, substantial
empirical modeling effort went into strict smoothness of the
NeUoG electron density field and its 3-D derivatives that are
key for high-accuracy ray tracing; nevertheless some slight
discontinuities have likely remained in some rare locations of
the modeling space spanned by altitude, latitude, longitude,
(universal) time, month, and solar activity. It will therefore be
important to separate such technical modeling effects from
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the physical effects on the propagating signals that cause high
RIEs.

Figure 3c shows that, for all three events, the difference
between α1 and α2 somewhat increases with increasing im-
pact height, a feature already visible in the Liu et al. (2013)
results. It is caused by the increasing ionospheric influence
when tangent point heights gradually approach ionospheric
E layer heights around 105 km from below. These overall
differences between α1 and α2 amount to about 15 to 20 µrad
near 80 km and are effectively eliminated by the standard
ionospheric correction, bringing the αc profile to near zero as
should be the case. Nevertheless, substantial waveform-like
perturbations remain on αc for the two exceptional events
Occ.530 and Occ.20, which even more clearly show up in
the bending angle RIE profile (Fig. 3d).

Intercomparing Fig. 3d with b suggests that these
waveform-like perturbations in the bending angle RIE are
mainly induced by propagating the spiky excess-phase per-
turbations through the bending angle retrieval, which in-
volves filtering and a derivative operation from excess phase
to Doppler shift (Schwarz et al., 2017). One main cause that
has driven many of the exceptional events into the outlier
range (i.e., into exceeding 7 µrad somewhere within 30 to
80 km) is thus evidently the technical effects from the ray
tracing through the NeUoG ionosphere, which is not per-
fectly smooth everywhere in its electron density and hence
refractivity field derivatives. It is thus important to more
closely explore the along-ray signal dynamics in order to
understand how such technical effects may occur along ray
paths and in particular in order to better understand the phys-
ical effects that drive high RIEs. Our related along-ray anal-
ysis methodology is introduced next.

2.2 Investigation methodology

2.2.1 Ray tracing method

The ray tracing technique is commonly used for calculat-
ing propagation paths of an electromagnetic signal in a
medium specified by a position-dependent refractive index
field. It has become a significant tool for investigating sig-
nal propagation in RO technology. For example, Ladreiter
and Kirchengast (1996), Syndergaard (2000), Gobiet and
Kirchengast (2004), Steiner and Kirchengast (2005), Hoque
and Jakowski (2010), Mannucci et al. (2011), Danzer et
al. (2013, 2015), and Liu et al. (2013, 2015) have employed
this method inter alia or with a main topical focus to investi-
gate the ionospheric effects on GNSS RO signals. Danzer et
al. (2015) noted that their analysis was somewhat limited by
high noise of the simulated bending angle profiles at mid- to
high latitudes, which partly reflected the degrading impact of
technical ray tracer effects that we also encounter and more
explicitly address in this study.

We employ the 3-D numerical ray tracing technique in-
tegrated in the End-to-end GNSS Occultation Performance

Simulation and Processing System version 5.6 (EGOPS 5.6;
Fritzer et al., 2013) in the same way as used by Liu et
al. (2013, 2015) for simulating the GPS-to-LEO signal prop-
agation through the atmosphere–ionosphere system; for a
detailed description of the end-to-end simulation setup the
reader is therefore referred to these recent studies. Here we
specifically refined and enhanced this setup in the 3-D ray
tracing part by adding the co-computation and result extrac-
tion for a range of key variables along the propagation paths,
instead of only providing the final observational variables of
an RO event at the LEO receiver position.

2.2.2 Investigated variables

We implemented detailed along-ray diagnostic capabilities
into the 3-D ray tracer of the EGOPS 5.6 software (Fritzer
et al., 2013), which is an extensively proven high-accuracy
ray tracer originally developed in the 1990s (Syndergaard,
1998, 1999). In particular, we computed the following key
diagnostic variables for all individual numerical steps along
the ray paths simulated for the GPS L1 and L2 frequen-
cies as well as for a reference case without ionosphere (Lr),
with each ray path starting at the GPS transmitter position
and ending at the LEO receiver position: 3-D position in the
WGS84-based Earth-centered, Earth-fixed (ECEF) system,
storing both the cartesian (X, Y , Z) and geodetic (height, lat-
itude, longitude) coordinates; along-ray distance relative to
the TP, the latter evaluated as the ray’s point of closest ap-
proach to the WGS84 ellipsoidal surface (parabolic vertex fit
to the three along-ray positions closest to the surface); atmo-
spheric refractivity; L1 and L2 ionospheric refractivity; L1
and L2 impact parameter and impact parameter difference
to the initial impact parameter at the GPS transmitter posi-
tion (termed “delta impact parameter”, induced along the ray
in the case of non-spherical-symmetry conditions); accumu-
lated L1, L2, and ionosphere-corrected (Lc) bending angle
(bending angle accrued from the GPS transmitter position to
the along-ray position); and RIE of the Lc bending angle,
estimated relative to the Lr bending angle obtained from a
simulation case without ionosphere (Liu et al., 2013).

These along-ray variables are computed for all available
ray paths from 80 to 20 km impact height, which are pro-
duced at 50 Hz sampling rate for any RO event investigated.
This leads to a dense sampling by roughly 1500 ray paths in
this altitude range (i.e., typical average scan velocities of RO
events are near 2 km s−1 in this domain). Likewise the ray
tracer provides fairly dense along-ray stepping, employing
an adaptive step size concept with finest steps at highest local
refractive index changes (for details see, e.g., Syndergaard,
1999; Fritzer et al., 2013). Together these features enable in-
specting the propagation characteristics of RO events through
the atmosphere–ionosphere system at very high resolution in
a convenient 2-D along-ray distance vs. impact height coor-
dinate system that accurately represents the real 3-D-warped
occultation event plane between the GPS and LEO orbit arcs.
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We will inspect the results for the three representative
RO events chosen (Occ.530, Occ.20, Occ.25; see Sect. 2.1
above) in this along-ray distance vs. impact height coordinate
system. Before turning to this, we briefly summarize here the
equations for the along-ray computation of those key vari-
ables that we will inspect closely. This aims to facilitate an
appropriate understanding and interpretation of the results.

On the basis of Snell’s law, when the Earth’s atmo-
sphere and ionosphere are assumed spherically symmetric,
Bouguer’s rule can be used to describe the refraction of a ray
path in terms of a constant impact parameter (e.g., Budden,
1985),

a = nr sin8= constant, (1)

where a is the impact parameter; r is the radial distance from
the center of the curvature of the refracted ray to any point of
the ray path; n is the refractive index (at radial distance r),
which is related to refractivity N via n= 1+ 10−6N ; and 8
is the local angle between the radial position vector and the
ray direction at any point of the ray.

Equation (1) implies that, at each point along the ray path,
the impact parameter a is equal to its initial value at the GPS
transmitter position in the case of spherical symmetry, which
leads to

ai = niri sin8i = (1+ 10−6Ni)

∣∣∣−→R i × r̂ i

∣∣∣
=

∣∣∣−→R G

∣∣∣sin8G, (2)

where index i counts the (numerical 3-D ray tracer) points
along the ray path starting at the GPS transmitter position
−→
R G and ending at LEO;

−→
R i and r̂ i are the radial position

vector and unit vector along the ray direction at point i, re-
spectively; and8G is the local angle between position vector
and (initial) ray direction at the GPS transmitter, where we
can furthermore assume that the refractivity is zero.

In reality non-spherical-symmetry conditions of apprecia-
ble size will frequently occur, in particular between the iono-
spheric signal propagation inbound from the GPS and (after
propagating through the atmosphere at tangent heights below
80 km) the one outbound to LEO (cf. Fig. 1); see, for exam-
ple, the RO events discussed by Liu et al. (2013). In order
to inspect the impact parameter changes along the ray path
in these cases where ai computed according to the second
right-hand-side term of Eq. (2) will vary along the ray path,
we co-compute the delta impact parameter 1ai as the differ-
ence of the impact parameter at points i of the ray path and
the impact parameter aG at the GPS location:

1ai = ai − aG =
(

1+ 10−6Ni

)∣∣∣−→R i × r̂ i

∣∣∣− ∣∣∣−→R G

∣∣∣sin8G. (3)

Complementary to the geometrical parameters available
from the ray tracing, the refractivity N comprises atmo-
spheric and ionospheric terms, which are formulated based

on standard equations as (e.g., Liu et al., 2015; Eqs. 1 and 4
therein)

N =Natm+Nion = Catm ·p/T −Cion ·Ne/f
2, (4)

where Catm = 77.60 K hPa−1 and Cion = 40.31× 106 m3 s−2

are the classical refractivity coefficients, p [hPa] and T

[K] are atmospheric pressure and temperature (modeled by
MSIS-90), Ne [m−3] is the ionospheric electron density
(modeled by NeUoG), and f [Hz] is the GPS signal fre-
quency (fL1 = 1.57542 GHz; fL2 = 1.22760 GHz).

In addition, the accumulated bending angle αi , which ac-
crues from the GPS position to any point i along the ray path,
can be readily computed as the angle between the initial ray
direction (unit vector r̂G) and the ray direction at point i (unit
vector r̂ i):

αi = arccos
(
r̂G · r̂ i

)
. (5)

The total bending angle along the entire ray is hence obtained
by finally computing the angle between initial direction at
GPS and terminal direction at LEO (subscript L):

αtotal = arccos
(
r̂G · r̂L

)
. (6)

Furthermore and importantly, the accumulated bending an-
gle RIE, δαRIE, can be estimated (after linearly interpolat-
ing in the along-ray distance coordinate to the ray points i
of the reference bending angle obtained without the iono-
sphere) by subtracting the reference bending angle αr from
the ionosphere-corrected bending angle αc (with the latter
obtained by the standard dual-frequency correction of bend-
ing angles; e.g., Liu et al., 2015; Eq. 3 therein):

δαRIE(i) = αc(i)−αr(i). (7)

As a complement to these along-ray accumulated quantities,
the local bending angles and bending angle RIEs caused by
individual ray tracer steps can also be readily co-computed,
by differencing the values between adjacent points i+1 and
i:

α
step
i = αi+1−αi, (8)

δα
step
RIE(i) = δαRIE(i+1)− δαRIE(i). (9)

3 Results and discussion

Figures 4 to 7 sequentially illustrate for the three repre-
sentative RO events (Occ.25, Occ.20, Occ.530) the along-
ray behavior of the key variables atmospheric and iono-
spheric refractivity (Eq. 4), L1 and L2 delta impact param-
eter (Eq. 3), L1 and L2 accumulated bending angle (Eq. 5),
and ionosphere-corrected Lc bending angle and bending an-
gle RIE (Eq. 7). This is done in the form of imaging these
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Figure 4. Images of the atmospheric and ionospheric refractivity (Eq. 4) in the along-ray distance (relative to tangent point) vs. impact
height coordinate system for non-spherical-symmetry (a) and spherical symmetry (b) ionospheric conditions, for medium solar activity
(F10.7= 140) and for the GPS frequencies L1 (left sub-panels), and L2 (right sub-panels) for the three representative events (Occ.25, top
sub-panels; Occ.20, middle sub-panels, Occ.530, bottom sub-panels). The narrow black stripe visible in the images near the right margin
(3500 km along-ray distance) is space above the LEO height (reached at around 3250 km). The two bottom rows depict the corresponding
along-ray behavior of the atmospheric (c, d) and ionospheric (e, f) refractivities at three representative impact heights (red, 80 km; green,
50 km; blue, 30 km) for non-spherical (left; c and e) and spherical (right; d and f) ionospheric conditions, for the Occ.20 (left sub-panel in
c–f) and Occ.530 (right sub-panel in c–f) event. The sub-panel titles (green in a–b panels, black on top of c–f panels) identify the individual
cases by a concise acronym; the physical units used are refractivity (N) units (1 NU= 106

× (n− 1)).

variables for the three RO events in the along-ray distance vs.
impact height coordinate system (panels a and b of Figs. 4–7;
±3500 km along-ray distance about ray tangent points; im-
pact height range: 20 to 80 km) and in the form of depicting
the along-ray behavior of the two exceptional events along

representative impact heights (80, 50, 30 km; panels c–f in
Fig. 4 and panels c–d in Figs. 5–7).

In order to enable close inspection of the critical role of
ionospheric symmetries, each of the Figs. 4–7 directly in-
tercompares the non-spherical and spherical symmetry con-
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Figure 5. Images of the delta impact parameter (Eq. 3) in the along-ray distance (relative to tangent point) vs. impact height coordinate
system for non-spherical-symmetry (a) and spherical symmetry (b) ionospheric conditions, for medium solar activity (F10.7= 140) and
for the GPS frequencies L1 (left sub-panels) and L2 (right sub-panels) for the three representative events (Occ.25, top sub-panels; Occ.20,
middle sub-panels, Occ.530, bottom sub-panels). The narrow black stripe visible in the images near the right margin (3500 km along-ray
distance) is space above the LEO height (reached at around 3250 km). The bottom row depicts the corresponding along-ray behavior of the
delta impact parameter at three representative impact heights (red, 80 km; green, 50 km; blue, 30 km) for non-spherical (c) and spherical (d)
ionospheric conditions, for the Occ.20 (left sub-panels) and Occ.530 (right sub-panels) event. The sub-panel titles (red in a and b, black on
top of c and d) identify the individual cases by a concise acronym.

ditions. In terms of solar activity only the results for the
medium solar activity level (F10.7= 140) are illustrated,
since we found that the influence of solar activity (which
mainly drives the ionization level in the NeUoG model) is
primarily to steer the magnitude of the effects (see Liu et
al., 2013, 2015). The typical along-ray characteristics are
therefore reasonably well represented by just illustrating the
medium-solar-activity case.

Figure 4 shows the atmospheric and ionospheric refrac-
tivities and underpins that the along-ray differences of in-
bound ionosphere (from the GPS) and outbound ionosphere
(towards LEO) refractivities can be substantial. For example,
in the case of the Occ.20 event these refractivities differ by
more than a factor of 2 near the ionospheric F layer max-
imum, where the refractivities are largest (e.g., L2 inbound

refractivity near 10 NU; L2 outbound refractivity reaching
more than 20 NU). As expected, the atmospheric refractivity
starts to exceed 1 NU only below about 35 km, and of course
it exhibits no frequency dependence. It is thus essential to
have a reliable first-order and higher-order ionospheric cor-
rection to strongly mitigate the ionospheric effects that ap-
pear prominent down to the lower stratosphere.

Figure 5 shows the L1 and L2 delta impact parameters,
which first of all verifies the reliability of the numerical
ray tracing estimates, since the spherically symmetric iono-
sphere conditions indeed lead to along-ray impact parameter
changes of within 1 m only. This confirms that under such
spherical symmetry conditions the bending angle retrievals
(e.g., Schwarz et al., 2017) will be highly accurate, including
for the impact height that is decisive for enabling accurate
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Figure 6. Images of the accumulated bending angle (Eq. 5) in the along-ray distance vs. impact height coordinate system for non-spherical-
symmetry (a) and spherical symmetry (b) ionospheric conditions, and the corresponding along-ray behavior at three selected impact
heights (c, d). All panels are shown in the same format as for the delta impact parameter in Fig. 5 (see that caption for more details).
Here the physical units are microradians (µrad).

vertical geolocation (Scherllin-Pirscher et al., 2017). Under
non-spherical-symmetry ionosphere conditions, the Occ.20
event with the largest asymmetry of the example events
shows that along-ray L1 and L2 impact parameter variations
of more than 10 to 20 m are possible and are generally found
to be negative (relative to the initial impact parameter at the
GPS transmitter). Lc bending angle retrievals with their in-
trinsic spherical symmetry assumption should thus receive
higher-order ionospheric correction to mitigate such possible
impacts.

Figure 6 depicts the accumulated L1 and L2 bending an-
gles, which highlight the significant along-ray modulations
that the bending angle receives due to the ionospheric influ-
ences relative to the atmospheric bending angle, in particular
above about 35 km in the upper stratosphere and mesosphere,
where the neutral atmospheric bending angle is rather small.
Below 35 km the dominating influence of the atmosphere in
the vicinity of the tangent point location becomes promi-

nently visible, in line with the exponential increase of at-
mospheric refractivity (Fig. 4) and hence atmospheric bend-
ing down into the lower stratosphere. Nevertheless even at
30 km the ionospheric contribution is still visible, which un-
derscores that an accurate ionospheric correction with mini-
mized residual error will be vital.

Figure 7a shows the ionosphere-corrected Lc bending an-
gle and indicates, compared to Figs. 6a and b, that the stan-
dard linear dual-frequency correction of bending angles basi-
cally does a very effective job in eliminating the ionospheric
bending angle contributions. The Lc bending angle images
look visually very clean and are highly dominated by just
the atmospheric accumulated bending angle accruing at all
heights around the tangent point location. Directly inspect-
ing the bending angle RIE, finally, shows that the along-ray
behavior and accumulated magnitude of the higher-order RIE
left by the linear correction significantly depend in particu-
lar on asymmetry conditions. Technical ray tracer effects are
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Figure 7. Images of the accumulated ionosphere-corrected Lc bending angle (µrad) (a) and bending angle RIE (µrad) (b) (Eq. 7) in the
along-ray distance vs. impact height coordinate system for non-spherical-symmetry (left sub-panels) and spherical symmetry (right sub-
panels) ionospheric conditions, for medium solar activity (F10.7= 140) and the same three representative events also shown in Figs. 4–6.
The bottom row (c, d) depicts the corresponding along-ray behavior of the accumulated bending angle RIE at three representative impact
heights (red, 80 km; green, 50 km; blue, 30 km) in the same format as in Figs. 4–6. Since the raw RIE estimates (light lines in c and d,
with intermittent spiky behavior) are noisy due to technical ray tracing effects from limited smoothness of the NeUoG model (Sect. 2.1), the
essential behavior (heavy lines in c and d, with smooth behavior) is shown with the RIE data smoothed along-ray by a first-median-then-mean
filter (using ±350 km moving median filter width and then ±150 km moving average filter width).

also visible as intermittent spiky behavior, since the RIEs are
at the sub-microradian to microradian magnitude level only,
which is a challenge for the ionospheric model smoothness
as discussed in Sect. 2.1.

The Occ.530 event under non-spherical-symmetry appears
to accumulate the highest RIEs of near 2 to 4 µrad at LEO,
while the spherical symmetry cases both accumulate RIEs up
to around 0.5 to 1 µrad or less only. This is in line with Fig. 2,
which shows for the majority of the 26 exceptional events
the dominance of asymmetry and 3-D ray tracing effects in
driving the RIE magnitude. Also, as shown by Fig. 7c and d
(and found for other RO events inspected but not separately
shown), the mesospheric RIEs above about 50 km generally
appear to be higher than the upper-stratospheric ones from
50 km downwards. This is in line with findings of Synder-
gaard (2000) and likely driven by the increased closeness of
the tangent point height to the ionospheric E layer peaking

near 105 km, which makes the Lc bending angle more vul-
nerable to higher-order RIEs.

Figure 7c and d (and along-ray results for further ex-
ceptional events not separately shown) also clearly indicate
the mixing-in of technical ray tracer effects in our simula-
tions. These render it more difficult to rigorously quantify
the (smooth) physical RIE effects from the large-scale iono-
spheric model structure since, despite the reasonable smooth-
ing applied, the spiky components may somewhat perturb the
smooth accumulated results as well. In the future we will
therefore aim to further improve the simulation setup to fully
isolate the technical from the physics-based propagation ef-
fects. For now we have found clear evidence, nevertheless,
that currently both technical effects and cases with physi-
cally high RIEs from ionospheric asymmetries play impor-
tant roles in explaining the anomalous behavior of the excep-
tional RO events.
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4 Summary and conclusions

Previous theoretical and simulation studies as well as empir-
ical studies that we surveyed in the Introduction have char-
acterized and quantified higher-order residual ionospheric
errors (RIEs) in bending angles by analyses of individual
events as well as ensembles of events. The statistical results
showed that the mean bending angle RIE biases are predom-
inantly negative, typically at the 0.03 to 0.1 µrad level, and
these biases may lead to systematic errors in stratospheric
climatologies built from retrieved profiles. The RIE standard
deviations are typically at the 0.1 to 0.5 µrad level, and they
have a clear tendency to increase with increasing solar activ-
ity, i.e., with increasing ionization level (electron density) in
the ionosphere.

In our previous Liu et al. (2015) study we had contributed
to these findings but were left with 26 exceptional RO events
with very high RIEs, at the 1 to 10 µrad standard deviation
level, in the context of about 700 standard events with low-
noise RIEs within 0.5 µrad standard deviation. In this study
we therefore placed focus on these 26 exceptional events and,
by way of detailed along-ray analyses of ray tracing simu-
lations over the stratosphere and mesosphere, inspected the
causes of anomalously high RIEs. The goal at the same time
was to deepen quantitative insight into how RIEs accumu-
late during signal propagation, along with accumulation of
the total atmospheric bending angles that are the desired RO
observables.

From the results of these analyses we conclude with the
following main findings on the causes of the exceptional RO
events:

1. Strengthening previous results by Mannucci et
al. (2010, 2011), we find that asymmetric ionospheric
conditions play an important role for anomalously
high RIEs, more than ionization levels driven by solar
activity and possible geographic location dependencies
that seemed to be present from salient geographic
clustering of the majority of exceptional RO events in
two regions (European–Asian region and Indian Ocean
region).

2. The fact that no obvious physics-based explanation was
found for the geographic clustering and the intermittent
spiky behavior found in simulated RIEs indicates that a
portion of the anomalous RIEs of the exceptional RO
events were caused by the technical challenge of ray
tracing at millimetric excess-phase accuracy through the
3-D ionospheric model NeUoG, which is not perfectly
smooth everywhere in its electron density field deriva-
tives.

3. The detailed along-ray analyses of atmospheric and
ionospheric refractivities, impact parameter changes,
bending angles, and RIEs also revealed that along-ray
L1 and L2 impact parameter variations of more than

10 to 20 m are possible due to ionospheric asymmetries
and are generally found to be negative (relative to the
initial impact parameter at the GPS transmitter). Stan-
dard bending angle retrievals with their intrinsic spher-
ical symmetry assumption should thus receive higher-
order ionospheric correction to mitigate such impacts.

4. The mesospheric RIEs above about 50 km generally
appear to be higher than the upper-stratospheric ones
from 50 km downwards. This is in line with findings of
Syndergaard (2000) and likely driven by the increased
closeness of the tangent point height to the ionospheric
E layer peaking near 105 km, which makes the stan-
dard ionosphere-corrected bending angles more vulner-
able to higher-order RIEs.

Overall this study of exceptional RO events with anomalous
RIEs in our end-to-end simulations indicated that the main
causes are a combination of physics-based effects, in partic-
ular ionospheric asymmetries, and of technical ray tracer ef-
fects due to occasionally imperfect smoothness of modeling
ionospheric refractivity field derivatives. This makes it more
difficult to rigorously quantify the physics-based RIE effects
from the large-scale ionospheric model structure since the in-
termittent spiky nature of the technical effects may somewhat
perturb the smooth accumulated results as well.

In the future we will therefore aim to further improve
our along-ray simulation and analysis system to fully iso-
late the technical from the physics-based propagation effects.
For now we have found clear evidence, nevertheless, that
currently both technical effects and cases with physically
high RIEs from ionospheric asymmetries play major roles
in explaining the anomalous behavior of the exceptional RO
events. The detailed along-ray modeling system will also be
valuable beyond this work for additional GNSS RO signal
propagation studies.

Code availability. The ECMWF (Reading, UK) is thanked for ac-
cess to their archived analysis and forecast data (more information
available at http://www.ecmwf.int/en/ forecasts/datasets). The soft-
ware code used for this study does not belong to the public domain
and cannot be distributed. To access the relevant result files of this
study, please contact the corresponding author.

Competing interests. The authors declare that they have no conflict
of interest.

Special issue statement. This article is part of the special issue
“Observing Atmosphere and Climate with Occultation Techniques
– Results from the OPAC-IROWG 2016 Workshop”. It is a result
of the International Workshop on Occultations for Probing Atmo-
sphere and Climate, Leibnitz, Austria, 8–14 September 2016.

Atmos. Meas. Tech., 11, 2427–2440, 2018 www.atmos-meas-tech.net/11/2427/2018/

http://www.ecmwf.int/en/


C. Liu et al.: Analysis of ionospheric structure influences 2439

Acknowledgements. This research was partially supported by
the National Natural Science Foundation of China (grant nos.
41405039, 41775034, 41405040, 41505030, 41606206, and
41730109) and the FengYun-3 (FY-3) Global Navigation Satellite
System Occultation Sounder (GNOS) development and manufac-
ture project led by NSSC, CAS. The research at WEGC/University
of Graz was supported by the European Space Agency (ESA)
projects OPSGRAS and MMValRO and the Austrian Research
Promotion Agency (FFG) project OPSCLIMPROP (ASAP-9
project no. 840070). We acknowledge Johannes Fritzer (WEGC)
for his support in EGOPS software developments valuable to
this study. The research at SPACE/RMIT University was sup-
ported by the Australian Research Council (ARC) (LP0883288),
the Australian Antarctic Division (project no. 4159), and the
CAS/SAFEA International Partnership Program for Creative
Research Teams (grant no. KZZD-EW-TZ-05). The support
from the Jiangsu dual creative talents and Jiangsu dual creative
team program projects awarded to CUMT in 2017 is acknowledged.

Edited by: Sean Healy
Reviewed by: two anonymous referees

References

Angerer, B., Ladstädter, F., Scherllin-Pirscher, B., Schwärz, M.,
Steiner, A. K., Foelsche, U., and Kirchengast, G.: Quality as-
pects of the Wegener Center multi-satellite GPS radio occul-
tation record OPSv5.6, Atmos. Meas. Tech., 10, 4845–4863,
https://doi.org/10.5194/amt-10-4845-2017, 2017.

Angling, M. J., Elvidge, S., and Healy, S. B.: Improved model for
correcting the ionospheric impact on bending angle in radio oc-
cultation measurements, Atmos. Meas. Tech., 11, 2213–2224,
https://doi.org/10.5194/amt-11-2213-2018, 2018.

Anthes, R. A.: Exploring Earth’s atmosphere with radio occulta-
tion: contributions to weather, climate and space weather, Atmos.
Meas. Tech., 4, 1077–1103, https://doi.org/10.5194/amt-4-1077-
2011, 2011.

Bassiri, S. and Hajj, G. A.: Higher-order ionospheric effects on the
GPS observables and means of modeling them, Manuscr. Geo-
daet., 18, 280–289, 1993.

Budden, K. G.: The propagation of radio waves: the theory of ra-
dio waves of low power in the ionosphere and magnetosphere,
Cambridge University Press, Cambridge, 1985.

Coleman, C. J. and Forte, B.: On the residual ionospheric error
in radio occultation measurements, Radio Sci., 52, 918–937,
https://doi.org/10.1002/2016RS006239, 2017.

Danzer, J., Scherllin-Pirscher, B., and Foelsche, U.: Systematic
residual ionospheric errors in radio occultation data and a poten-
tial way to minimize them, Atmos. Meas. Tech., 6, 2169–2179,
https://doi.org/10.5194/amt-6-2169-2013, 2013.

Danzer, J., Healy, S. B., and Culverwell, I. D.: A simulation study
with a new residual ionospheric error model for GPS radio
occultation climatologies, Atmos. Meas. Tech., 8, 3395–3404,
https://doi.org/10.5194/amt-8-3395-2015, 2015.

Edwards, P. G. and Pawlak, D.: Metop: The space segment for Eu-
metsat’s Polar System, ESA Bull., 102, 6–18, 2000.

Foelsche, U., Scherllin-Pirscher, B., Ladstädter, F., Steiner, A.
K., and Kirchengast, G.: Refractivity and temperature cli-

mate records from multiple radio occultation satellites con-
sistent within 0.05 %, Atmos. Meas. Tech., 4, 2007–2018,
https://doi.org/10.5194/amt-4-2007-2011, 2011.

Fritzer, J., Kirchengast, G., and Pock, M.: End-to-End Generic Oc-
cultation Performance Simulation and Processing System ver-
sion 5.6 (EGOPS 5.6) Software User Manual, Tech. Rep. ESA-
ESTEC WEGC-EGOPS-2013-TR01, Wegener Center and Inst.
for Geophys., Astrophys., and Meteorol., Univ. of Graz, Austria,
2013.

Gobiet, A. and Kirchengast, G.: Advancements of Global Navi-
gation Satellite System radio occultation retrieval in the upper
stratosphere for optimal climate monitoring utility, J. Geophys.
Res., 109, D24110, https://doi.org/10.1029/2004jd005117, 2004.

Gobiet, A., Kirchengast, G., Manney, G. L., Borsche, M., Retscher,
C., and Stiller, G.: Retrieval of temperature profiles from
CHAMP for climate monitoring: intercomparison with Envisat
MIPAS and GOMOS and different atmospheric analyses, Atmos.
Chem. Phys., 7, 3519–3536, https://doi.org/10.5194/acp-7-3519-
2007, 2007.

Gorbunov, M. E.: Ionospheric correction and statistical opti-
mization of radio occultation data, Radio Sci., 37, 1084,
https://doi.org/10.1029/2000rs002370, 2002.

Hajj, G. A., Kursinski, E. R., Romans, L. J., Bertiger, W. I., and
Leroy, S. S.: A technical description of atmospheric sounding
by GPS occultation, J. Atmos. Sol.-Terr. Phy., 64, 451–469,
https://doi.org/10.1016/S1364-6826(01)00114-6, 2002.

Healy, S. B. and Culverwell, I. D.: A modification to the standard
ionospheric correction method used in GPS radio occultation,
Atmos. Meas. Tech., 8, 3385–3393, https://doi.org/10.5194/amt-
8-3385-2015, 2015.

Hedin, A. E.: Extension of the MSIS thermosphere model into the
middle and lower atmosphere, J. Geophys. Res., 96, 1159–1172,
https://doi.org/10.1029/90JA02125, 1991.

Ho, S.-P., Hunt, D., Steiner, A. K., Mannucci, A. J., Kirchen-
gast, G., Gleisner, H., Heise, S., von Engeln, A., Mar-
quardt, C., Sokolovskiy, S., Schreiner, W., Scherllin-Pirscher,
B., Ao, C., Wickert, J., Syndergaard, S., Lauritsen, K.
B., Leroy, S., Kursinski, E. R., Kuo, Y-H., Foelsche, U.,
Schmidt, T., and Gorbunov, M.: Reproducibility of GPS ra-
dio occultation data for climate monitoring: Profile-to-profile
inter-comparison of CHAMP climate records 2002 to 2008
from six data centers, J. Geophys. Res., 117, D18111,
https://doi.org/10.1029/2012JD017665, 2012.

Hoque, M. M. and Jakowski, N.: Higher order ionospheric propa-
gation effects on GPS radio occultation signals, Adv. Space Res.,
46, 162–173, https://doi.org/10.1016/j.asr.2010.02.013, 2010.

Hoque, M. M. and Jakowski, N.: Ionospheric bending correction
for GNSS radio occultation signals, Radio Sci., 46, RS0D06,
https://doi.org/10.1029/2010rs004583, 2011.

Kursinski, E. R., Hajj, G. A., Schofield, J. T., Linfield,
R. P., and Hardy, K. R.: Observing Earth’s atmosphere
with radio occultation measurements using the Global Po-
sitioning System, J. Geophys. Res., 102, 23429–23465,
https://doi.org/10.1029/97jd01569, 1997.

Lackner, B. C., Steiner, A. K., Hegerl, G. C., and Kirchengast,
G.: Atmospheric climate change detection by radio occultation
data using a fingerprinting method, J. Climate, 24, 5275–5291,
https://doi.org/10.1175/2011JCLI3966.1, 2011.

www.atmos-meas-tech.net/11/2427/2018/ Atmos. Meas. Tech., 11, 2427–2440, 2018

https://doi.org/10.5194/amt-10-4845-2017
https://doi.org/10.5194/amt-11-2213-2018
https://doi.org/10.5194/amt-4-1077-2011
https://doi.org/10.5194/amt-4-1077-2011
https://doi.org/10.1002/2016RS006239
https://doi.org/10.5194/amt-6-2169-2013
https://doi.org/10.5194/amt-8-3395-2015
https://doi.org/10.5194/amt-4-2007-2011
https://doi.org/10.1029/2004jd005117
https://doi.org/10.5194/acp-7-3519-2007
https://doi.org/10.5194/acp-7-3519-2007
https://doi.org/10.1029/2000rs002370
https://doi.org/10.1016/S1364-6826(01)00114-6
https://doi.org/10.5194/amt-8-3385-2015
https://doi.org/10.5194/amt-8-3385-2015
https://doi.org/10.1029/90JA02125
https://doi.org/10.1029/2012JD017665
https://doi.org/10.1016/j.asr.2010.02.013
https://doi.org/10.1029/2010rs004583
https://doi.org/10.1029/97jd01569
https://doi.org/10.1175/2011JCLI3966.1


2440 C. Liu et al.: Analysis of ionospheric structure influences

Ladreiter, H. P. and Kirchengast, G.: GPS/GLONASS sens-
ing of the neutral atmosphere: Model-independent correc-
tion of ionospheric influences, Radio Sci., 31, 877–891,
https://doi.org/10.1029/96rs01094, 1996.

Leitinger, R. and Kirchengast, G.: Easy to use global and
regional ionospheric models – A report on approaches
used in Graz, Acta Geod. Geophys. Hu., 32, 329–342,
https://doi.org/10.1007/BF03325504, 1997.

Liu, C. L., Kirchengast, G., Zhang, K. F., Norman, R., Li,
Y., Zhang, S. C., Carter, B., Fritzer, J., Schwaerz, M.,
Choy, S. L., Wu, S. Q., and Tan, Z. X.: Characterisation
of residual ionospheric errors in bending angles using GNSS
RO end-to-end simulations, Adv. Space Res., 52, 821–836,
https://doi.org/10.1016/j.asr.2013.05.021, 2013.

Liu, C. L., Kirchengast, G., Zhang, K., Norman, R., Li, Y., Zhang,
S. C., Fritzer, J., Schwaerz, M., Wu, S. Q., and Tan, Z. X.:
Quantifying residual ionospheric errors in GNSS radio occul-
tation bending angles based on ensembles of profiles from
end-to-end simulations, Atmos. Meas. Tech., 8, 2999–3019,
https://doi.org/10.5194/amt-8-2999-2015, 2015.

Loiselet, M., Stricker, N., Menard, Y., and Luntama, J.-P.: GRAS –
Metop’s GPS-based atmospheric sounder, ESA Bull., 102, 38–
44, 2000.

Luntama, J.-P., Kirchengast, G., Borsche, M., Foelsche, U., Steiner,
A., Healy, S., von Engeln, A., O’Clerigh, E., and Marquardt,
C.: Prospects of the EPS GRAS mission for operational atmo-
spheric applications, B. Am. Meteorol. Soc., 89, 1863–1875,
https://doi.org/10.1175/2008BAMS2399.1, 2008.

Mannucci, A. J., Ao, C. O., Pi, X., and Iijima, B. A.:
Impact of the ionosphere on GNSS radio occultation re-
trievals, Presentation at the OPAC-GRASSAF-IROWG Interna-
tional Workshop September 6–11, 2010, Graz Austria, avail-
able at: http://wegcwww.uni-graz.at/opac2010/pdf_presentation/
opac_2010_mannucci_anthony_presentation71.pdf (last access:
23 March 2018), 2010.

Mannucci, A. J., Ao, C. O., Pi, X., and Iijima, B. A.: The impact of
large scale ionospheric structure on radio occultation retrievals,
Atmos. Meas. Tech., 4, 2837–2850, https://doi.org/10.5194/amt-
4-2837-2011, 2011.

Melbourne, W. G., Davis, E. S., Duncan, C. B., Hajj, G. A., Hardy,
K. R., Kursinski, E. R., Meehan, T. K., Yong, L. E., and Yunck,
T. P.: The application of spaceborne GPS to atmospheric limb
sounding and global change monitoring, JPL Publication 94-18,
Jet Propulsion Lab., Cal. Tech., Pasadena, CA, 1994.

Scherllin-Pirscher, B., Kirchengast, G., Steiner, A. K., Kuo,
Y.-H., and Foelsche, U.: Quantifying uncertainty in clima-
tological fields from GPS radio occultation: an empirical-
analytical error model, Atmos. Meas. Tech., 4, 2019–2034,
https://doi.org/10.5194/amt-4-2019-2011, 2011.

Scherllin-Pirscher, B., Steiner, A. K., Kirchengast, G.,
Schwaerz, M., and Leroy, S. S.: The power of vertical
geolocation of atmospheric profiles from GNSS radio
occultation, J. Geophys. Res. Atmos., 122, 1595–1616,
https://doi.org/10.1002/2016JD025902, 2017.

Schwarz, J., Kirchengast, G., and Schwaerz, M.: Integrating uncer-
tainty propagation in GNSS radio occultation retrieval: from ex-
cess phase to atmospheric bending angle profiles, Atmos. Meas.
Tech. Discuss., https://doi.org/10.5194/amt-2017-159, in review,
2017.

Steiner, A. K. and Kirchengast, G.: Error analysis for GNSS
radio occultation data based on ensembles of profiles
from end-to-end simulations, J. Geophys. Res., 110, 1–21,
https://doi.org/10.1029/2004JD005251, 2005.

Steiner, A. K., Kirchengast, G., Lackner, B. C., Pirscher, B.,
Borsche, M., and Foelsche, U.: Atmospheric temperature change
detection with GPS radio occultation 1995 to 2008, Geophys.
Res. Lett., 36, L18702, https://doi.org/10.1029/2009GL039777,
2009.

Steiner, A. K., Lackner, B. C., Ladstädter, F., Scherllin-Pirscher, B.,
Foelsche, U., and Kirchengast, G.: GPS radio occultation for cli-
mate monitoring and change detection, Radio Sci., 46, RS0D24,
https://doi.org/10.1029/2010RS004614, 2011.

Steiner, A. K., Hunt, D., Ho, S.-P., Kirchengast, G., Mannucci,
A. J., Scherllin-Pirscher, B., Gleisner, H., von Engeln, A.,
Schmidt, T., Ao, C., Leroy, S. S., Kursinski, E. R., Foelsche,
U., Gorbunov, M., Heise, S., Kuo, Y.-H., Lauritsen, K. B., Mar-
quardt, C., Rocken, C., Schreiner, W., Sokolovskiy, S., Synder-
gaard, S., and Wickert, J.: Quantification of structural uncer-
tainty in climate data records from GPS radio occultation, At-
mos. Chem. Phys., 13, 1469–1484, https://doi.org/10.5194/acp-
13-1469-2013, 2013.

Syndergaard, S.: Modeling the impact of the Earth’s oblate-
ness on the retrieval of temperature and pressure profiles
from limb sounding, J. Atmos. Sol.-Terr. Phys., 60, 171–180,
https://doi.org/10.1016/S1364-6826(97)00056-4, 1998.

Syndergaard, S.: Retrieval analysis and methodologies in atmo-
spheric limb sounding using the GNSS radio occultation tech-
nique, DMI Sci. Rep. 99-6, Danish Meteorol. Inst., Copenhagen,
Denmark, 1999.

Syndergaard, S.: On the ionosphere calibration in GPS ra-
dio occultation measurements, Radio Sci., 35, 865–883,
https://doi.org/10.1029/1999rs002199, 2000.

Vorob’ev, V. V. and Krasil’nikova, T. G.: Estimation of the accu-
racy of the atmospheric refractive index recovery from Doppler
shift measurements at frequencies used in the NAVSTAR system,
Phys. Atmos. Ocean, 29, 602–609, 1994.

Atmos. Meas. Tech., 11, 2427–2440, 2018 www.atmos-meas-tech.net/11/2427/2018/

https://doi.org/10.1029/96rs01094
https://doi.org/10.1007/BF03325504
https://doi.org/10.1016/j.asr.2013.05.021
https://doi.org/10.5194/amt-8-2999-2015
https://doi.org/10.1175/2008BAMS2399.1
http://wegcwww.uni-graz.at/opac2010/pdf_presentation/opac_2010_mannucci_anthony_presentation71.pdf
http://wegcwww.uni-graz.at/opac2010/pdf_presentation/opac_2010_mannucci_anthony_presentation71.pdf
https://doi.org/10.5194/amt-4-2837-2011
https://doi.org/10.5194/amt-4-2837-2011
https://doi.org/10.5194/amt-4-2019-2011
https://doi.org/10.1002/2016JD025902
https://doi.org/10.5194/amt-2017-159
https://doi.org/10.1029/2004JD005251
https://doi.org/10.1029/2009GL039777
https://doi.org/10.1029/2010RS004614
https://doi.org/10.5194/acp-13-1469-2013
https://doi.org/10.5194/acp-13-1469-2013
https://doi.org/10.1016/S1364-6826(97)00056-4
https://doi.org/10.1029/1999rs002199

	Abstract
	Introduction
	Exceptional RO events and investigation methodology
	Exceptional RO events
	Investigation methodology
	Ray tracing method
	Investigated variables


	Results and discussion
	Summary and conclusions
	Code availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

