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Abstract. Global Navigation Satellite System (GNSS) Ra-
dio Occultation (RO) is a vital technique in atmospheric
remote sensing, providing all-weather, high-resolution ver-
tical observations that support numerical weather predic-
tion (NWP) and atmospheric research. To enhance under-
standing of GNSS RO processing uncertainties and inter-
algorithm consistency, NOAA/STAR developed an indepen-
dent RO inversion algorithm based on the Full Spectrum In-
version (FSI) technique to derive bending angle and refrac-
tivity profiles from excess phase data. As part of the interna-
tional Radio Occultation Modeling Experiment (ROMEX),
endorsed by the International Radio Occultation Working
Group (IROWG), STAR’s FSI results were systematically
compared with outputs from the community standard Ra-
dio Occultation Processing Package (ROPP) and EUMET-
SAT datasets. Leveraging multi-GNSS RO observations from
both commercial and government-funded missions, the study
evaluates consistency across processing approaches using
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) Reanalysis v5 (ERAS) as the reference
and structural differences against the three-dataset mean for
the ROMEX period. Results reveal high overall agreement,
while identifying variations linked to the signal-to-noise ra-
tio (SNR) and mission characteristics, providing critical in-
sights for interpreting ROMEX forecast impact studies and
improving GNSS RO data assimilation systems.

1 Introduction

Global Navigation Satellite System (GNSS) Radio Occulta-
tion (RO) has become a cornerstone of atmospheric remote
sensing, offering high vertical resolution, global coverage,
long-term stability, and minimal bias (Kursinski et al., 1997;
Anthes et al., 2008; Ho et al., 2020). By measuring the bend-
ing of GNSS signals as they pass through the atmosphere,
RO enables retrievals of refractivity, temperature, pressure,
and humidity profiles. As a limb-sounding technique, it is
largely unaffected by clouds and precipitation, providing an
all-weather observing capability essential for weather fore-
casting and climate monitoring (Cucurull et al., 2007; Healy,
2008; Steiner et al., 2020).

Over the past two decades, the expansion of GNSS
constellations (e.g., GPS, GLONASS, Galileo, BeiDou)
and the increasing availability of RO missions, including
government-funded programs (e.g., COSMIC-1/2, Metop-
A/B/C, Sentinel-6) and commercial ventures (e.g., Spire,
GeoOptics, PlanetiQ), have significantly increased the vol-
ume of RO observations (Anthes, 2011; Schreiner et al.,
2020; Ho et al., 2023). Today, global RO data counts exceed
3500040000 profiles per day, with substantial contribu-
tions from commercial providers through initiatives such as
NOAA'’s Commercial Data Purchase (CDP) program. While
this growth enhances the value of RO for numerical weather
prediction (NWP) and climate applications, it also introduces
challenges due to differences in instrument design, tracking
strategies, sampling patterns, and processing methodologies.

RO retrievals involve several steps: (i) deriving clock-
synchronized excess phase and signal-to-noise ratio (SNR)
data, (ii) inverting excess phase to bending angle (BA) pro-
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files, and (iii) retrieving refractivity from BA via Abel or
statistical methods (Gorbunov, 2002a, b). In the lower tro-
posphere, strong gradients and multipath propagation com-
plicate retrievals, motivating advanced inversion techniques
such as Full Spectrum Inversion (FSI) (Jensen et al., 2003;
Adhikari et al., 2016, 2021), Canonical Transform Type 2
(CT2) (Gorbunov et al., 2005), and Phase Matching (PM)
(Jensen et al., 2004; Sokolovskiy et al., 2010). FSI relies
on explicit signal localization to enhance vertical resolution
and mitigate multipath by reducing spectral mixing, whereas
CT2 achieves an implicit, physics-based localization in im-
pact parameter space, enabling more robust separation of
multipath contributions. While FSI is designed to leverage
full-spectrum information for potentially enhanced sensitiv-
ity to fine-scale atmospheric structures, it is also generally
more noise-sensitive. CT2, in contrast, provides more stable
retrievals in strong multipath conditions, sometimes at the
expense of reduced small-scale resolution. Consequently, the
effective vertical resolution of both methods is highly depen-
dent on specific implementation and tuning choices, such as
filter settings and truncation strategies.

The international RO community is currently un-
dertaking a coordinated effort to evaluate the impact
of large volumes of RO data on NWP. This initia-
tive, known as the Radio Occultation Modeling Experi-
ment (ROMEX), is endorsed by the International Radio
Occultation Working Group (IROWG) (https://irowg.org/
ro-modeling-experiment-romex/, last access: 27 May 2026)
and provides a collaborative platform for data providers and
processing centers to assess RO retrievals under a standard-
ized framework (Anthes et al., 2024). GNSS RO observa-
tions from a broad range of government-funded and commer-
cial missions were submitted to EUMETSAT for centralized
processing, and the resulting products were distributed via
the Radio Occultation Meteorology Satellite Application Fa-
cility (ROM SAF). ROMEX provides a standardized frame-
work for assessing inter-mission and inter-algorithm differ-
ences. Central questions include whether assimilating larger
RO volumes improves forecasts, and how variations in data
quality and inversion methods affect the outcome.

In support of ROMEX, the NOAA Center for Satellite
Applications and Research (STAR) contributed independent
datasets processed using the FSI algorithm (RFSI), which
was integrated into version 10.0 of the Radio Occultation
Processing Package (ROPP) (Culverwell, 2020). This cus-
tomized system, hereafter referred to as STAR ROPP, retains
compliance with ROPP standards while incorporating STAR-
developed retrieval capability, including both the CT2 and
FSI methods for bending angle retrieval. Here, STAR RFSI
denotes the STAR implementation of the FSI-based bending
angle retrieval, while STAR ROPP refers to the customized
ROPP v10.0 framework developed at STAR that supports
both CT2 and FSI processing. This system is distinct from
the official ROM SAF ROPP, which serves as the commu-
nity standard. In this study, the community-standard dataset
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refers specifically to data generated using the STAR ROPP
CT2 method. Maintaining this distinction is essential, as it
enables an independent assessment of algorithmic effects on
RO data quality.

FSI offers a specific approach for resolving fine-scale at-
mospheric structures and handling multipath in the lower tro-
posphere (Jensen et al., 2003; Adhikari et al., 2021), a key
source of uncertainty for NWP. The use of the STAR RFSI
algorithm within ROMEX is therefore to quantify the struc-
tural uncertainty associated with this alternative retrieval ap-
proach, which is sensitive to small-scale features, relative to
community-standard methods, thereby providing critical in-
sight for optimizing multi-mission data assimilation strate-
gies.

This study evaluates the STAR FSI-based processing
system within the ROMEX framework. Retrievals from
RFSI are compared against those from the STAR ROPP
with the CT2 method and the EUMETSAT-processed
ROMEX dataset (with COSMIC-2 data provided by UCAR).
The analysis focuses on November 2022 and utilizes the
European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis v5 (ERAS5) (Hersbach et al., 2023) as
a reference to evaluate algorithmic performance across var-
ious missions. The STAR RFSI dataset for ROMEX is one
of the three RO datasets, along with those from EUMET-
SAT and UCAR, that were released to ROMEX participants
through ROM-SAF (Shao and Folsche, 2024).

Intercomparisons included statistical evaluations (mean
biases, standard deviations) and inter-algorithm consistency.
This design helps isolate processing-related uncertainties
(e.g., structural uncertainty; Ho et al., 2012) and ensures that
differences in NWP impact can be attributed to data quality
and processing methodology rather than uncontrolled input
or evaluation effects.

The paper is organized as follows: Sect. 2 describes the
GNSS RO observations and datasets used in this study. Sec-
tion 3 presents the FSI algorithm in detail. Section 4 provides
inter-algorithm and inter-mission comparison results using
ROMEX RO data. Conclusions are summarized in Sect. 5.

2 GNSS RO Observations and Data Used in this Study
2.1 GNSS RO Observations

Modern satellite missions, including COSMIC-2, Spire, and
PlanetiQ, have significantly increased the volume of GNSS
radio occultation data. These missions track signals from
multiple constellations, including GPS, GLONASS, Galileo,
and BeiDou, thereby improving global spatial and temporal
coverage for atmospheric profiling.

LEO satellite receivers track GNSS signals using two pri-
mary methods: Closed Loop (CL) and Open Loop (OL). CL
tracking ensures stable signal acquisition in the upper atmo-
sphere but may fail under rapidly varying conditions in the
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Table 1. RO Missions are included in ROMEX.

RO mission RO profiles/day  Excess phase provider =~ STAR ROPP/RFSI EUMETSAT
Metop B, C (GRAS) 1200 EUMETSAT J

COSMIC-2 6000 UCAR Vv a
SPIRE 17000  Spire W Vi
PlanetiQ 3300  PlanetiQ W Vi
GeoOptics 300 GeoOptics X i
KOMPSAT-5 300 UCAR J J
PAZ 200 UCAR J J
TerraSAR-X 100 UCAR J J
TanDEM-X 100 UCAR J J
Sentinel-6 800 EUMETSAT X i
FY3-C, D, E (GNOS) 2100 CMA/NSMC X i
Yunyao 6200  Yunyao X Vv
Tianmu 300 CAS/NSSC X i
ROMEX total 37900

* UCAR provided both bending angle and refractivity in the EUMETSAT ROMEX dataset. b No refractivity available in the EUMETSAT

dataset for PlanetiQ and Spire, only bending angle.

lower troposphere. OL tracking, by contrast, is specifically
designed to capture multipath-affected signals in the lower
atmosphere. The combination use of CL and OL tracking was
traditionally adopted to ensure reliable performance across
the full vertical extent of the atmosphere. However, recent
GNSS radio occultation missions, including COSMIC-2,
Spire, and PlanetiQ, primarily employ OL tracking through-
out the occultation in order to maximize tracking robustness
and data continuity across all atmospheric layers.

The raw data, consisting of signal phase and amplitude
measurements, are processed to calculate bending angle and
refractivity profiles. A critical step in this process is cor-
recting ionospheric effects. This is achieved by using dual-
frequency signals (e.g., L1 and L2), which allow separation
of the frequency-dependent ionospheric interference from
the non-dispersive signal of the neutral atmosphere. This iso-
lation is essential for accurate atmospheric retrievals.

2.2 RO Data Used in this Study

This study utilizes Level 1b atmospheric excess phase
data (in conPhs/atmPhs format) from the ROMEX cam-
paign. The dataset includes contributions from commercial
providers, such as PlanetiQ, Spire, and GeoOptics, as well
as government-funded missions, including Metop-B/C and
COSMIC-2. A summary of mission-specific data coverage
for the period 1 September to 30 November 2022 is pro-
vided in Table 1. These excess phase datasets, delivered in
NetCDF format and available exclusively to ROMEX partic-
ipants, serve as the primary input for deriving neutral atmo-
spheric bending angle and refractivity profiles. On average,
the dataset comprises approximately 37 900 profiles per day.

The high scientific value and cost-effectiveness of GNSS
RO technology have driven increased private-sector partici-
pation in recent years. US companies Spire Global, PlanetiQ,
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and GeoOptics, along with Yunyao Aerospace in China, have
deployed RO receivers on commercial satellites to supply
high-quality data to the scientific community. Among them,
Spire Global Inc. contributes approximately 17 000 profiles
per day to ROMEX, followed by Yunyao Aerospace with
about 6200, PlanetiQ with about 3300, and GeoOptics with
roughly 300.

Several government-funded RO satellite missions were
routinely processed by the UCAR COSMIC Data Analysis
and Archive Center (CDAAC) and made available to both the
research and operational communities during the ROMEX
period. These missions include COSMIC-2 (~ 6000 pro-
files/day), KOMPSAT-5 (~300), PAZ (~200), and both
TerraSAR-X and TanDEM-X (~ 100 each). RO data from
Metop-B/C and Sentinel-6 were provided by EUMETSAT,
delivering approximately 1200 and 800 profiles per day, re-
spectively. RO profiles from FY-3C/D/E and Tianmu were
supplied by the National Satellite Meteorological Cen-
ter (NSMC) of the Chinese Meteorological Administration
(CMA) and the National Space Science Center (NSSC) of
the Chinese Academy of Sciences (CAS), respectively, with
average daily counts of approximately 2100 and 300.

For this study, we processed RO data from all ROMEX
missions except Sentinel-6 and GeoOptics, as well as from
the Chinese government or Chinese companies (e.g., FY-
3, Yunyao, and Tianmu). For each processed mission, we
generated bending angle and refractivity profiles using both
the STAR RFSI and STAR ROPP (CT2) algorithms. These
datasets were submitted to EUMETSAT and distributed to
ROMEX participants through the ROM SAF. By processing
multiple missions with independent algorithms, we ensured
consistent inputs across platforms. We enabled a direct as-
sessment of algorithm-dependent uncertainties, thereby clar-
ifying how data processing influences the interpretation of
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Table 2. Signal-to-Noise Ratio (SNR)* characteristics of GNSS re-
ceivers across different missions.

RO mission GPS GLONASS Galileo BeiDou
Metop B 730.2

Metop C 789.3

COSMIC-2 1295.1 1181.4

SPIRE 387.9 707.2 316.4

PlanetiQ 1440.5 1580.6 1124.8 1335.7
KOMPSAT-5 617.2

PAZ 503.9

TerraSAR-X 622.4
TanDEM-X 549.3

* Mean SNR between altitudes 60 and 80 km, with unit (volt/volt).

ROMEX NWP impact experiments. Table 2 summarizes the
typical SNR characteristics of GNSS receivers across differ-
ent missions, supporting the discussion of mission-dependent
performance and structural uncertainties.

3 Full Spectrum Inversion Algorithm and Processing
Chain

The core FSI algorithm remains consistent with that de-
scribed in Adhikari et al. (2021). The novelty of the present
work is not in the invention of the FSI algorithm, but in
the successful development and systematic application of the
complete STAR RFSI end-to-end processing framework and
its subsequent inclusion in the ROMEX intercomparison as
an independent data source.

The scientific contribution is distinct from previous FSI
work in three key ways. (1) Systematic Multi-Mission Ap-
plication: This study provides the first comprehensive, cross-
mission validation of the STAR RFSI system using a large
and diverse ROMEX dataset (including commercial and
government-funded missions) against other major commu-
nity processing centers (such as EUMETSAT and UCAR).
(2) Quantification of Structural Uncertainty: The primary ob-
jective and scientific value of this study is the quantification
of the structural uncertainty among different processing ap-
proaches, FSI, STAR CT2, and the EUMETSAT ROM SAF
ROPP CT2, under a ROMEX framework. This analysis pro-
vides critical metrics for interpreting ROMEX forecast im-
pact studies. (3) Operational Documentation: The manuscript
documents the complete STAR RFSI processing chain (in-
cluding data preprocessing, quality control, and statistical
optimization), which is essential for transparency and future
operational use within NOAA STAR. The STAR RFSI algo-
rithm provides a robust framework for generating bending-
angle and refractivity profiles from GNSS RO measurements,
particularly in the presence of lower-tropospheric multipath.
As described by Chen et al. (2024), the STAR RFSI al-
gorithm has been integrated into ROPP version 10.0 cus-
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tomized at NOAA STAR. RFSI processes dual-frequency ex-
cess phase and SNR data along with satellite position and
timing information. It supports a wide range of satellite mis-
sions and tracking configurations.

The STAR RFSI end-to-end process involves four main
steps (see Fig. 1):

1. data input and pre-processing: RO data, including satel-
lite geometry, excess phase, and SNR measurements,
are ingested and prepared for further processing. Satel-
lite coordinates, if provided at lower frequencies, are
interpolated to align with the sampling time using
clock bias-corrected transmitter and receiver times (see
Sect. 3.1).

2. bending angle calculation: excess phase data are con-
verted to bending angles, with ionospheric correc-
tions applied using dual-frequency measurements (see
Sect. 3.2).

3. inversion to refractivity and dry temperature: bending
angles are inverted using Abel integration to derive re-
fractivity profiles, which can subsequently be used to
compute dry atmospheric temperature (see Sect. 3.3).

4. quality control (QC): a comprehensive quality assess-
ment is conducted by applying quality flags based on
threshold criteria for bending angle differences, deter-
mined through comparisons with ERAS simulations.
This process ensures that only high-quality profiles are
retained as valid (see Sect. 3.4). Additionally, we have
developed an internal quality control system designed
explicitly for near-real-time processing. This internal
check was not included in the ROMEX data when it was
generated.

Figure 1 illustrates the complete RO data processing work-
flow implemented in the STAR FSI system, highlighting the
transition from raw signal acquisition to the generation of
quality-controlled atmospheric profiles (bending angle and
refractivity).

3.1 Data Input and Pre-processing

The STAR RFSI system ingests Level 1b dual-frequency ex-
cess phase and SNR data, along with satellite position and
time information, to generate high-resolution atmospheric
profiles. The geometry files typically contain satellite posi-
tion vectors at a lower sampling rate (e.g., 1 Hz), whereas
the excess phase and SNR are sampled at higher rates (e.g.,
50-100 Hz). To align these data, satellite coordinates are in-
terpolated to the excess-phase sampling times using clock-
bias-corrected receiver and transmitter times. Satellite ge-
ometry and excess phase/SNR time series are interpolated
into a common sampling rate. Given start time (#5), sam-
pling time (#), and clock bias-corrected receiver time (Zop)
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Figure 1. Flow chart depicting the steps used in the FSI RO data processing of the geometry and phase data.

and transmitter time (fixm), the interpolated receiver coor-
dinates (rjeo), transmitter time (fixmygr), and GNSS coordi-
nates (rgns) can be calculated using cubic spline interpolation
as:

Fleo = interpolate(rieoLR, forb, ! + s, /cubic_spline) €))]
I;xmHR = interpolate (fixm, forb, ¢ + 15) 2)
T'gns = interpolate(rgnsLR, fixm, fixmHR » /cubic_spline) 3)

where rieoL R and rgpsLRr are the original coordinates.

The time series of satellite positions is initially provided
in the Earth-Centered Inertial (ECI) J2000 frame. These po-
sitions are converted to Earth-Centered Earth-Fixed (ECEF)
coordinates according to the IERS 2010 conventions, which
include corrections for polar motion and Earth rotation (Ad-
hikari et al., 2021; Petit and Luzum, 2010; Luzum and Petit,
2012). This transformation enables geolocation of the occul-
tation tangent point at each time step.

To satisfy the assumption of local spherical symmetry dur-
ing inversion, occultation geometry is reprojected to the local
center of curvature. The tangent point location on the ref-
erence ellipsoid (WGS84) is determined where the straight
line between the transmitter and receiver touches the ellip-
soid. The latitude, longitude, local radius of curvature, and
the center of curvature are computed at this reference tangent
point and used to shift both GNSS and LEO positions into a
local spherical coordinate system. This step ensures accurate
mapping of impact parameters and tangent altitudes for each
ray path.

RO signals acquired using OL tracking may contain low-
SNR regions near the surface due to signal fading or track-
ing loss (see Fig. 5 in Adhikari et al., 2021). An appropriate
cut-off height is essential to ensure the accuracy and reliabil-
ity of tropospheric information retrieved from GNSS signals
in OL tracking mode (Sokolovskiy et al., 2009, 2010; Ad-
hikari et al., 2021; Paolella et al., 2025). To prevent the prop-
agation of noise-contaminated signals through the inversion
chain, a systematic signal truncation method is employed us-
ing SNR-based thresholds in this study. The truncation pro-
cedure includes the following steps: (1) initial cut-off impact
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height: the initial threshold of impact height is set based on
the LEO satellite’s altitude, as it influences the signal’s pene-
tration depth and the quality of retrieved atmospheric pro-
files; (2) dynamic background SNR calculation: the back-
ground SNR is estimated for each time series using the low-
est 10s of the smoothed data. A 3's moving average is ap-
plied to the time series to smooth out high-frequency fluctu-
ations; (3) initial SNR threshold determination: starting from
the lowest point in the time series, the first point where the
SNR exceeds three times the calculated background SNR in
step (2) is identified as a preliminary threshold. (4) final cut-
off point selection: moving backward from the uppermost
point identified in step (3), the cut-off point is determined
as the first point where the SNR drops below 1.5 times the
background SNR, and the associated impact height is higher
than the threshold established in step (1).

This filtering removes anomalous low-level SNR spikes,
which can occur due to OL tracking artifacts, particularly
in tropical and high-humidity conditions. Improper trunca-
tion can degrade the quality of bending angle measurements:
truncating too high removes real signals, introducing a neg-
ative bias, while truncating too low retains noise, leading to
oscillations in the retrieved profiles. The chosen thresholds
aim to maximize vertical coverage without sacrificing data
quality.

3.2 Computation of Bending Angles using Full
Spectrum Inversion

Bending angle retrieval is performed in two steps: (1) com-
putation of the model phase and correction of navigation bit
jumps, and (2) inversion of observed signals using FSI to re-
trieve bending angles as a function of impact parameter.

3.2.1 Calculation of model phase

The model phase is derived from a reference refractivity pro-
file computed using the MSIS-90 climatology (Hedin, 1991),
assuming 90 % relative humidity below 15km. Refractiv-
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ity (N) is calculated as

P 5 €
N = 77.67 +3.73 x 10 72 @

where P s pressure, T is temperature, and e is water vapor.
The model impact parameter (a) at altitude z is calculated as

a=n(R+z)=nr 5)

where,n =1+ N x 107°R is the local radius of curvature of
the Earth, and r = R + z.

The bending angle («) profile is derived from » and a us-
ing Abel integration

—> v a dln(n)d 6

rl

The impact parameter and bending angle profiles, along
with occultation time (¢), satellite positions, and velocities,
are then used to derive the Doppler shift associated with the
atmospheric refractivity n(z). The model phase, computed
from occultation time and the Doppler shift, provides a ref-
erence for identifying navigation bit jumps.

In most RO data, navigation bits embedded in the excess
phase and coordinate time series can introduce discontinu-
ities of &= 7. These phase jumps are identified by comparing
the measured excess phase with the model phase, especially
at high sampling rates (> 50Hz). Once detected, the navi-
gation bit pattern is applied to correct discontinuities in the
measured phase, ensuring continuity and accuracy in the pro-
cessed phase time series. Although the MSIS model is used
to calculate the reference phase for these corrections, it in-
troduces a known source of uncertainty in the lower tropo-
sphere. This uncertainty highlights the critical need for an
external navigation bit stream, since standard navigation-bit-
free cycle slip correction routines (such as those in ROPP)
often struggle with atmospheric multipath in this region. To
mitigate this issue, processing is often terminated above a
7-10km impact height. However, this challenge can be cir-
cumvented by using pilot signals (Galileo E1C and ESBQ,
GPS L2C, and BeiDou BICP and B2AP), which are not
modulated with navigation bits and can therefore yield re-
liable results in the lower troposphere even without external
bit stream data (Jonathan Brandmeyer, personal communica-
tion, June 2025).

3.2.2 Full Spectrum Inversion

To retrieve bending angles from RO signals, it is essential
to reduce high-frequency noise in the excess phase. This is
typically achieved using low-pass or radio-holographic fil-
ters (Gorbunov et al., 2005). In the current RFSI inversion
system, a 0.5s low-pass Fourier filter is applied to the ex-
cess Doppler signal (the time derivative of excess phase). The
filtered Doppler is then reintegrated to recover a smoothed
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excess phase. The 0.5 s window approximately matches the
vertical resolution of RO observations, corresponding to the
first Fresnel zone (Kursinski et al., 1997). To better resolve
fine-scale refractivity structures in the lower atmosphere,
a shorter, height-dependent smoothing window is used be-
low 10km: 0.05s for 100 Hz data and 0.1s for 50 Hz, en-
abling noise reduction while preserving small-scale features.
The choice of these parameters is based on systematic tun-
ing experiments in which multiple configurations were eval-
uated. The selected values showed here provide the most
consistent statistical agreement with model outputs, such as
ERAS, yielding reduced bending angle bias and standard de-
viation compared with other tested configurations.

Bending angles are computed using geometric optics (GO)
above 25 km and the full spectrum inversion method below
this altitude. In FSI, the received signal is expressed as a sum
of narrowband sub-signals in the open-angle domain 6:

u(®) = ZpA,,(G)ei‘Pp(e) (7

where, A, and ¢, are the amplitude and phase of the pth sub-
signal, respectively. The Fourier transform of Eq. (7) is:

0>
F(d)) = Z[) / AP(Q/)ei(W;J_é)/)de/ 8)
01

where 01 and 6, represent the open angles at the start and end
of the occultation, respectively.

Applying the method of stationary phase (MSP) (Born and
Wolf, 1999; Jensen et al., 2003), the transform simplifies to:

F(&) ~ Be!Wa=%t) ©)

where B is an approximately constant amplitude, and the
pseudo frequency @q satisfies

T

Wg = lo=6, (10)

The stationary points 6 is then given by:

4

Oy = —
s dé

where Y = g — @g0s (11)

The derivative of the phase (¢q) with respect to 6, account-
ing for the signal path from the GNSS to LEO satellite, is:

d dR 2
L

0
L3R [ (@ ’ (12)
do Rg

where k is the wavenumber of the carrier signal, Ry and
Rg are the distances from the GNSS and LEO satellites to
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Figure 2. Projection of a non-circular orbit relative to the local center of curvature to a circular orbit.

the local center of curvature, respectively, and a is the im-
pact parameter.

Assuming circular orbits, the derivatives of R, and Rg
vanish, reducing Eq. (11) to:

deq
Ak 13
g ke 13)
Differentiating with respect to @ gives:
1.
da = Eda) (14)

The spectral resolution of the Fourier transform phase, do,
is given by (Adhikari et al. 2016):
. 2
do = —, where A0 =6, — 6, (15)
AB

Finally, with the impact parameter a and the open angle 6,
the bending angle is computed as:

o(a) = 0 + arcsin <R1L> + arcsin <R1G> — 7.

3.2.3 Correction for non-spherical trajectory

(16)

The assumption underlying Eq. (14) is invalid in realistic
occultation scenarios due to the Earth’s oblateness and the
non-coplanar nature of GNSS and LEO satellite orbits. To
account for these effects, a correction must be applied to the
observed phase to project the signal path onto circular, copla-
nar trajectories. As illustrated in Fig. 2, the actual GNSS
satellite orbit is represented by arc Cp, with each point along
the trajectory projected onto a circular orbit, C;. Notably, the
impact parameter (a) remains unchanged during this projec-
tion. In this process, the GNSS position is shifted from P;
on arc Cy to Py on arc C;. This projection alters the open
angle (0), the signal ray (¢g), and the phase of the signal.
Although Fig. 2 focuses on the GNSS orbit, the same projec-
tion method is also applied to the LEO receiver orbit. Given
the known positions of the GNSS and LEO satellites, the re-
sulting changes in phase and open angles can be determined
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geometrically. Note that the radius and center of curvature
are treated as fixed for a given RO event and are not dynam-
ically reprojected. The projection is performed with respect
to the precomputed local center of curvature, ensuring a con-
sistent coordinate system throughout the inversion process.

After calculating bending angles for the L1 and L2 fre-
quencies separately, the profiles are truncated using the FSI
amplitude. This step is necessary because the FSI method
produces bending angle and impact parameter pairs over an
infinite range of impact parameters. Determining the lowest
impact parameter and its corresponding bending angle is crit-
ical. In the current STAR FSI inversion approach, the pair
with the lowest impact parameter and bending angle is identi-
fied based on the amplitude of the Fourier transform. The am-
plitude is first normalized using the signal’s mean amplitude
within the 10-50 km range. The lowest point is defined as the
altitude at which the normalized amplitude drops below 0.35.
This threshold is empirically determined based on extensive
testing within the STAR FSI system. It represents an optimal
balance between maximizing vertical penetration depth and
minimizing noise-induced artifacts into the retrieved bending
angle profile.

3.2.4 Bending Angle Uncertainty Calculation

The uncertainty in the bending angle is estimated using a
sliding spectrogram with a 500 m window. First, a smoothed
bending angle profile is generated to identify the central com-
ponent. Then, the bending angle from the unsmoothed sig-
nal is calculated at 1 m impact height resolution. With each
spectral window, deviations from the central component are
used to construct a local power spectrum of the shifted bend-
ing angle, computed using a finite bending angle increment
(8 =0.0005 rad). The shifted bending angle (o), is defined
as the instantaneous bending angle minus the central compo-
nent. The spectral width (As) is determined as the mean of
the absolute value of the shifted bending angle weighted by
the spectral power (p) of each component, as follows (which
is similar to Liu et al., 2018):

Atmos. Meas. Tech., 19, 3781-3800, 2026
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Figure 3. (a) Spectrogram of the RO signal, power spectrum at (b) 3 km, and (c¢) 7.5 km impact heights.
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Figure 3a presents a representative bending angle profile at
1 m resolution as a function of the impact height (black dots),
along with its central component (red line). Figure 3b and ¢
show the corresponding normalized power spectrum (black
line) and accumulated power spectrum (red line) at impact
heights of 3 and 7 km, respectively. As illustrated, the spec-
tral range at 3 km is broader than at 7 km, indicating greater
atmospheric variability at lower altitudes. The bending angle
uncertainty is quantified as half the spectral width, calculated
using Eq. (15).

As = (17)

3.3 Bending angle Inversion
3.3.1 Tonospheric Correction and Optimization

To remove first-order ionospheric effects, and as an approx-
imation for the neutral atmosphere bending angle, a linear
combination of L1 and L2 bending angles (o1 (a) and oz (a))
is computed (Vorob’ev and Krasil'nikova, 1994):

a1(a) ff — (@) f3
=1
where f1 and f> are the RO frequencies.

This is followed by statistical optimization (Gorbunov,
2002c¢):

arc(a) = (18)

S
@) = api + 5 (@nc(@) ~ ano(@ (19)

where, o5 and oN are the covariances of the neutral atmo-
spheric signal and residual noise, respectively, and e (a) is
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the background bending angle from a climatological model
(MSIS-90 model).

Covariance matrices are estimated from the devia-
tion (Aw) of L1 and L2 bending angles from the background
model (cty 1,12 — om). For ionospheric signal and noise, de-
viations in the impact heights (impact parameter minus local
center of curvature) of 50-70km are used; for neutral atmo-
spheric signal, the 12-35 km range is used. In the lower tro-
posphere, near the surface, where the L2 signals weaken, a
constant correction is applied based on the lowest valid L2 al-
titude.

3.3.2 Abel Inversion

Refractivity is retrieved from ionosphere-corrected bending
angles using the Abel transform (Fjeldbo et al., 1971). The
bending angle profile is extended up to 150 km using clima-
tological data (MSIS-90 model) to stabilize the upper bound-
ary condition. Tangent point locations are recovered by in-
terpolating the occultation time and satellite positions. Since
time information is lost during the Fourier transform of the
RO signal, the occultation time is reconstructed from the
bending angle-impact parameter profile and used to infer the
latitude and longitude of each tangent point.

3.4 Quality control

Due to the lack of effective internal quality control in the
ROPP v10 package, we rely on external quality control pro-
cedures to identify bad profiles. The fractional difference be-
tween the observed (O) and simulated (B) bending angles,
calculated from ERAS forecast fields, is used to assess the
quality of the RO data at each altitude level:

- B
B

o0
BAgifr = (20)
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Figure 4. Comparison of height-dependent fractional bending angle between RO observations and ERAS simulations (O — B) among different
RO missions. BA mean biases (left), standard deviations (middle) in terms of fractional BA difference (%), and (right) penetration depth

below 8 km for RFSI over November 2022.

The annual mean standard deviation (Oyear) from 2020 is
used as a benchmark. A profile is flagged as “bad” if the
bending angle difference exceeds 7oye,r at any altitude level
between 10 and 40km, where RO data quality is highest
and model-observation agreement is strongest. A sensitivity
study confirmed that using a 70 year threshold provides an
optimal balance between data retention and data quality.

In addition, profiles are also flagged as “bad” under any
of the following conditions: (1) The fractional BA differ-
ence exceeds 7oyeqr; (2) The top height of the profile is be-
low 20 km; (3) The bottom height is above 20 km; and (4) A
negative bending angle is detected below 50 km. The QC re-
jection rate for the ROMEX dataset depends on the mis-
sion. For example, the QC pass rates are 85.7 %, 94.8 %,
and 93.9% for COSMIC-2, Spire, and PlanetiQ, respec-
tively. These values are comparable to those from CDAAC-
processed data: 87.6 %, 95.7 %, and 90.6 %, respectively.
Note that quality control is not applied to PlanetiQ and Spire
data processed by EUMETSAT. To ensure a consistent com-
parison in this study (Sect. 4), we applied our standard qual-
ity control procedure to the EUMETSAT dataset where qual-
ity control was absent.

It is important to note that this quality control proce-
dure applies only to bending angles within a specific height
range (1040 km). In rare cases, even when the bending angle
passes QC, anomalies in refractivity or dry temperature may
still occur due to limitations in the Abel inversion. Future
updates to the QC procedures will address such issues. This
process ensures that only high-quality profiles are retained
as valid. An internal quality control system tailored for near-
real-time processing is under development; however, it was
not incorporated into the ROMEX data when that dataset was
produced.

https://doi.org/10.5194/amt-19-3781-2026

4 Comparison Results

4.1 Bending angle comparison with STAR RFSI, STAR
ROPP, and EUMETSAT

Figure 4 shows the height-dependent fractional bending an-
gle differences between RO observations and ERAS5 back-
ground fields (O — B) for multiple satellite missions pro-
cessed using the RFSI algorithm during November 2022.
The selected missions include COSMIC-2, Spire, Plane-
tiQ, Metop-B, Metop-C, Kompsat5, PAZ, TerraSAR-X, and
TanDEM-X. The comparison serves as a proxy for evaluating
the quality and inter-mission consistency of RFSI-processed
RO data relative to a widely used global reanalysis.

In the middle and upper troposphere through the lower
stratosphere (8—35 km), all missions exhibit excellent agree-
ment with ERAS. Mean O — B differences are generally
within 0.2 %, and standard deviations remain below 3 %,
indicating high internal consistency among the RO datasets
and strong alignment with ERAS in this well-observed atmo-
spheric region.

In the lower troposphere (below 8 km), larger biases and
variability are evident, especially near the surface. Spire and
TerraSAR-X show mean biases up to 1 %—2 % at 2km, with
standard deviations exceeding 10 %. COMSIC-2 exhibits the
highest variability in this region, with standard deviations ap-
proaching 20 % at approximately 1 km. These discrepancies
are likely attributed to increased atmospheric variability in
the lower troposphere, limitations in signal tracking during
multipath propagation at tropical/subtropical regions where
high water vapor variability makes OL tracking difficult,
and the sensitivity of bending angle retrievals to SNR cut-
off thresholds. In contrast, PlanetiQ, Metop-B, and Metop-C
demonstrate smaller near-surface biases (typically < 0.5 %)
and reduced variability, suggesting robust signal tracking
and/or more effective pre-processing of low-altitude data.

Above 35km, mean biases increase to approxi-
mately 0.6 %, and standard deviations increase with
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Figure 5. Same as Fig. 4, but for RO data generated from the ROPP package using the CT2 method.

height and can exceed 5% at 40km. These deviations are
primarily due to limitations in ionospheric correction at
higher altitudes, where residual ionospheric effects are
more challenging to remove completely. The ionospheric
conditions during September-November 2022 were gener-
ally moderate and typical for the ascending phase of Solar
Cycle 25, but intermittently disturbed (including several
geomagnetic storms and enhanced irregularities). They are
not representative of worst-case conditions, but also not
purely quiet-average; they are better described as moderately
active with episodic disturbances.

Among the evaluated missions, PlanetiQ consistently
shows low mean biases and standard deviations across nearly
the entire vertical range, indicating strong data stability and
processing robustness. Metop-B and Metop-C also exhibit
excellent performance, likely due to mature sensor platforms
and the use of well-established pre-processing procedures
in the ROPP system. Spire data, while reliable in the mid-
to upper troposphere, shows elevated near-surface variabil-
ity, likely due to its higher sensitivity to excess phase pre-
processing (e.g., cycle-slip removal and parameter tuning).

COSMIC-2 displays distinct behavior relative to other
missions, with positive biases of 8—35 km and increased vari-
ability near the tropopause. These features are likely influ-
enced by its low-inclination orbit and limited latitudinal cov-
erage (£45°), which concentrates observations in tropical
and subtropical regions with higher atmospheric variability.
Similar features and their impact on data assimilation per-
formance have been discussed in previous studies (Ho et al.,
2023; Miller et al., 2025).

The penetration depth is defined as the minimum height
above ground level where a valid (i.e., not filled or miss-
ing) bending angle or refractivity is obtained for a given RO
event. Smaller penetration depths indicate that the RO sig-
nal reaches closer to the Earth’s surface. Penetration depth
depends on the signal cutoff criteria applied during process-
ing (see Sects. 3.1 and 3.2.3); therefore, comparisons among
different missions should be made using the same processing
center and algorithm. The right panel of Fig. 4 shows the pen-
etration depth profile below 8 km, expressed as the percent-
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age of profiles reaching different altitudes relative to 8 km,
for the FSI method. As discussed by Gorbunov et al. (2022a,
b), higher SNR generally improves tropospheric penetration.
Consistent with Table 2, COSMIC-2 and PlanetiQ exhibit the
greatest penetration depth among the missions. Most mis-
sions achieve more than 80 % of occultations reaching 2 km
or lower, and more than 50 % reaching 1km or lower. The
penetration depths are noticeably higher for Metop-B and
Metop-C (green line), while Spire, despite having the low-
est SNR, achieves a slight better penetration than Metop.

Figure 5 shows O — B bending angle differences for the
same missions and period, but with data processed using the
STAR ROPP-CT2 method. The vertical structure of mean bi-
ases and variability is broadly similar to that in the RFSI re-
sults, reflecting consistent retrieval behavior between the two
approaches. In the 8-35 km range, both methods yield small
biases (within 0.2 %) and standard deviations below 3 %,
confirming the reliability of both retrievals in the core atmo-
spheric region. One exception is KOMPSAT-5, which shows
a slight negative bias (~ —0.2 %) between 17 and 23 km.

Standard deviations increase above 35 km and below 8 km
in both datasets, highlighting common challenges in the up-
per and lower atmospheric regions, including multipath ef-
fects, signal noise, and uncertainty in ionospheric correc-
tions. However, the CT2 retrievals generally exhibit larger
near-surface biases than those of RFSI. For all missions ex-
cept Metop-B and Metop-C, the CT2-processed profiles ex-
hibit biases of 1 %-2 % near the surface, likely due to the
more conservative use of signals and stronger smoothing.

In contrast to Fig. 4, the penetration depth profiles among
missions are much narrower below 1 km, indicating that CT2
is less sensitive to SNR. Consistent with Fig. 4, COSMIC-2
and PlanetiQ show the deepest penetration depth among the
missions. The penetration depths are noticeably higher for
Metop-B and Metop-C than for Spire.

Figure 6 displays ERAS5 O — B differences for RO pro-
files processed by EUMETSAT, covering the same mis-
sions and period. The EUMETSAT-processed data (exclud-
ing COSMIC-2) utilized ROM SAF ROPP as the internal
processing system, employing the CT2 method in the tro-
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Figure 6. Same as Fig. 4, but for RO data provided from EUMETSAT.

posphere. Consistent with the other two datasets, EUMET-
SAT results show high consistency in the 8-35km range,
with mean biases within & 0.2 % and standard deviations be-
low 3 %. COSMIC-2 again stands out, showing a positive
bias of ~0.2 %, while most other missions exhibit slightly
negative biases, suggesting a systematic offset in COSMIC-
2 data relative to the ensemble.

In the lower troposphere, EUMETSAT retrievals exhibit
the smallest mean biases (< 1 % at 2km) among the three
datasets, suggesting more effective mitigation of noise and
multipath effects near the surface. By comparison, RFSI-
processed profiles for Spire and TerraSAR-X show near-
surface biases of up to ~2 %, while STAR ROPP CT2 re-
trievals yield 1 %-2 % biases for most missions. COSMIC-2
exhibits high variability below 8 km across all three datasets,
although the CT2 method appears to reduce it slightly. Note
that while STAR ROPP and EUMETSAT ROPP both use
CT2 method in the troposphere, their specific configuration
parameters may differ.

Above 35 km, the bending angle uncertainty increases in
all datasets. However, EUMETSAT results exhibit more uni-
form performance across missions, with mean biases gen-
erally below 0.5% and smaller inter-mission variability.
Metop-B and Metop-C show the lowest standard deviations
across all datasets in this altitude range, indicating highly sta-
ble performance at high altitudes.

The penetration depth from TanDEM-X is noticeably
higher than that of other missions in the EUMETSAT-
processed data. For Metop-B and Metop-C, penetration
depths are substantially improved compared with STAR FSI
and STAR ROPP CT2, and approach those of COSMIC-2
and PlanetiQ below 1.5 km.

The comparatively shallower penetration depths observed
for Metop (in Fig. 5) and TanDEM-X (in Fig. 6) relative to
missions like COSMIC-2 and PlanetiQ are linked to a combi-
nation of mission-specific characteristics (specifically SNR)
and the data truncation strategies employed by the process-
ing algorithm: (1) Impact of lower SNR: Penetration depth
is fundamentally dependent on the signal cutoff criteria ap-
plied during processing, and higher SNR is known to im-
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prove tropospheric penetration. Metop-B/C and TanDEM-
X exhibit lower mean SNRs (e.g., Metop-B GPS SNR is
730.2, TanDEM-X is 549.3) compared to the missions with
the deepest penetration (COSMIC-2 at 1295.1 and PlanetiQ
at 1440.5). This lower SNR makes them more susceptible to
noise and multipath effects in the lower troposphere, leading
to a shallower signal cutoff. (2) Truncation strategy: The sys-
tematic signal truncation used in the STAR RFSI method is
based on SNR thresholds to prevent noise-contaminated sig-
nals from propagating. For lower-SNR missions like Metop
and TanDEM-X, these thresholds are reached at higher alti-
tudes, resulting in shallower penetration. (3) Processing al-
gorithm variation: The choice of processing algorithm also
contributes to variation. The CT2 method, used in both ROPP
systems (STAR ROPP and ROM SAF ROPP), is less sensi-
tive to SNR and resulted in generally narrower penetration
depth profiles below 1km compared to RFSI. This is fur-
ther reflected by the fact that Metop-B/C penetration is sub-
stantially improved when processed by EUMETSAT’s CT2
compared to STAR’s algorithms, suggesting differences in
the specific configuration parameters used by the processing
centers.

Together, these intercomparisons highlight key trade-offs
among the different retrieval approaches. The RFSI method
leverages the full frequency content of the RO signal, offer-
ing enhanced sensitivity to fine-scale atmospheric features.
However, it is also more sensitive to noise, particularly near
the surface. In contrast, the STAR ROPP CT2 method em-
ploys a canonical transformation that simplifies retrieval but
is more conservative in its use of signal data, resulting in
smoother profiles and slightly larger near-surface biases. EU-
METSAT’s processing strikes a balance between these ex-
tremes, achieving consistent results across the full vertical
range while effectively suppressing noise in the lower tropo-
sphere and upper stratosphere.

Atmos. Meas. Tech., 19, 3781-3800, 2026
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Figure 7. Comparison of height-dependent fractional refractivity
between RO observations and ERAS simulations (O — B) among
different RO missions. Refractivity mean biases (left) and standard
deviations (right) in terms of fractional difference (%) for RFSI over
November 2022.

4.2 Refractivity comparison with STAR RFSI, STAR
ROPP, and EUMETSAT

Figure 7 presents the fractional refractivity differences be-
tween RO observations processed using the RFSI algorithm
and ERAS background fields for November 2022. The ver-
tical structures of refractivity O — B statistics largely mirror
those of the bending angle differences shown in Fig. 4, re-
flecting the propagation of bending angle quality into the re-
fractivity retrieval. In the well-constrained 8-30 km region,
all missions show excellent agreement with ERA5. Mean
biases remain within 4 0.15 %, and standard deviations are
typically below 1 %, indicating that refractivity retrievals in
this core region retain the stability and consistency of the un-
derlying bending angle data.

In the lower troposphere (below ~ 8 km), refractivity dif-
ferences exhibit a significantly larger inter-mission spread,
consistent with Fig. 4, although both biases and standard de-
viations are generally reduced. Spire and TerraSAR-X ex-
hibit the most pronounced positive biases, reaching ~ 0.7 %—
0.8 % near 2 km, along with elevated standard deviations ex-
ceeding 3 %. COSMIC-2 again exhibits high variability be-
low 5km, with standard deviations peaking at over 3.5 %
near 1km. However, its mean refractivity bias remains rel-
atively small compared to those from Spire or TerraSAR-X,
suggesting increased random error rather than systematic off-
set.

In the upper atmosphere (above ~ 35km), where refrac-
tivity is less sensitive to the RO signal due to the expo-
nential decrease in atmospheric density, the mean biases
for all missions begin to increase negatively, reaching val-
ues of ~—0.2 % to —0.4 % near 40 km. Standard deviations
also rise, ranging from ~2 % to 5 %, consistent with the
increased variability observed in the bending angle differ-
ences shown in Fig. 4. These errors are primarily attributed
to residual ionospheric correction uncertainties and the influ-
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Figure 8. Same as Fig. 7, but for RO refractivity processed using
the ROPP package with the CT2 method.

ence of high-altitude extrapolation assumptions in the RFSI
algorithm. The use of climatological models in the upper at-
mosphere also introduces additional variability, as refractiv-
ity becomes more sensitive to model inaccuracies in this re-
gion.

Figure 8 shows the refractivity O — B differences derived
from RO data processed with the ROPP CT2 method. Be-
tween 8 and 15km, CT2 results exhibit improved inter-
mission consistency in mean bias compared to RFSI, al-
though the standard deviations are generally larger. In the
lower troposphere (below ~ 8km), CT?2 retrievals produce
larger positive biases, typically around 0.5 %—1 % near 2 km
(except for Metop-B, Metop-C, and TerraSAR-X), with the
largest bias observed for COSMIC-2 (~1%). These bi-
ases are notably larger than those from RFSI, which re-
main below 0.3 % for most missions, except for Spire and
TerraSAR-X. Between 15-25km, the CT2 results show a
greater inter-mission spread in both mean bias and standard
deviation compared to RFSI. Above 25km, CT2 and RFSI
show broadly similar behavior, with rising uncertainty con-
sistent with bending angle trends. Note that both RFSI and
CT?2 used geometric optics method above 25 km.

Figure 9 presents the refractivity O — B differences from
the EUMETSAT dataset. Note that refractivity profiles are
not available for PlanetiQ and Spire in this dataset. Simi-
lar to bending angle results, COSMIC-2 exhibits a distinct
positive bias in the 4-30km region, along with a notably
larger inter-missions spread in the 8—40 km range compared
to CT2 (Fig. 8) and RFSI (Fig. 7) results. In contrast, in
the lower troposphere (below ~ 8 km), the EUMETSAT re-
trievals show the smallest near-surface mean biases, gener-
ally within +0.2 % above 2.5km, and the lowest standard
deviation across all available missions. These results suggest
that the refractivity data from EUMETSAT are particularly
effective at mitigating noise and multipath effects near the
surface.

Taken together, the comparisons between Figs. 4 and 7,
Figs. 5 and 8, and Figs. 6 and 9 reveal that many mission-
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Figure 9. Same as Fig. 7, but for RO data provided from EUMET-
SAT. Note that refractivity data is not available in the EUMETSAT
dataset for PlanetiQ and Spire.

specific features observed in bending angle retrievals persist
in the refractivity domain. This reinforces the importance of
bending angle quality, particularly near the surface and in
the upper atmosphere, for achieving accurate refractivity re-
trievals. The heightened sensitivity of refractivity to small-
scale errors at the profile boundaries also underscores the
need for robust quality control, optimized signal tracking,
and careful algorithm design in future RO missions and pro-
cessing systems.

4.3 Structural Uncertainty among Different Processing
Methods

Figure 10-14 illustrate the structural bending angle uncer-
tainty associated with the ROPP (CT2), RFSI, and EUMET-
SAT processing algorithms for five representative GNSS
RO missions: COSMIC-2, Spire, PlanetiQ, Metop-B, and
Metop-C. For each mission, the figure shows the height-
dependent relative mean differences and standard deviations
of bending angles with respect to the three-dataset mean,
along with the number of common profiles processed for
each algorithm.

Several important structural differences emerge from these
comparisons:

For COSMIC-2 (Fig. 10), the three processing methods
demonstrate strong consistency in the middle and upper
troposphere and stratosphere (above ~ 10km), where both
the relative differences and standard deviations of bend-
ing angles remain below approximately 0.1 % and 1 %, re-
spectively, indicating minimal structural uncertainty. Be-
low 10 km, method-dependent differences become more pro-
nounced. The largest deviations are observed near the sur-
face, with relative differences of approximately 1.5 % for
ROPP, —1.0 % for EUMETSAT, and —0.5 % for RFSI. Ad-
ditionally, the ROPP algorithm exhibits higher bending angle
standard deviations in the lowest 10km, indicating greater
sensitivity to retrieval ambiguities under conditions of mul-
tipath propagation. In contrast, above 25 km, ROPP shows
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slightly lower standard deviations than RFSI and EUMET-
SAT. Despite these lower-tropospheric differences, the over-
all structural agreement among the three COSMIC-2 pro-
cessing methods is robust. Although the number of available
profiles (right panel) decreases significantly near the surface,
sufficient observations are present throughout the vertical do-
main to enable meaningful statistical comparisons.

For Spire (Fig. 11), a similar pattern of agreement is
observed. Above approximately 10km, the relative bend-
ing angle differences across the three methods are gener-
ally within £0.1 %, and the standard deviations remain be-
low 1% up to approximately 35km, indicating good con-
sistency in the upper atmosphere. However, RFSI exhibits
a distinct pattern in the 8-25 km range, with a relative pos-
itive difference in the 19-25km region and a negative dif-
ference in the 8—19 km region, compared to the nearly iden-
tical ROPP and EUMETSAT solutions. As with COSMIC-
2, larger discrepancies emerge below 10km. Notably, the
ROPP and RFSI solutions show small positive differences
near the surface (up to ~0.7 % and ~ 0.3 %, respectively),
whereas the EUMETSAT solution exhibits a negative devia-
tion of up to —1.0 %. The bending angle standard deviations
in the lower troposphere are higher for RFSI and EUMET-
SAT, reaching ~ 4 %, while ROPP shows slightly lower vari-
ability (below 3 %) near the surface. Above 25km, ROPP
again yields lower standard deviations compared to the other
two methods, consistent with the COSMIC-2 results.

For PlanetiQ (Fig. 12), a higher level of consistency is ob-
served among the three processing methods across the ver-
tical profile compared to those from COSMIC-2 and Spire.
Above ~ 10km, the solutions are nearly identical, except
for a slight positive deviation in the 19-25 km region from
the RFSI solution. Relative bending angle differences remain
within 4 0.05 %, and standard deviations are below 1% up
to ~ 38 km, indicating excellent agreement in the middle and
upper atmosphere. Below 10km, small but systematic dif-
ferences become evident. The ROPP solution shows a mod-
est positive bias, peaking at approximately +0.4 % near a
3 km impact height, while the RFSI solution exhibits a slight
negative bias of similar magnitude. The EUMETSAT data re-
main close to zero throughout this region. As with COSMIC-
2, the standard deviations increase toward the surface, with
ROPP exhibiting greater variability below 10 km than RFSI
and EUMETSAT. However, for PlanetiQ, the overall vari-
ability is lower, reaching a standard deviation of ~ 3 % near
the surface. This improved consistency suggests enhanced
robustness in PlanetiQ’s onboard processing, a more sta-
ble tracking geometry and antenna design, and higher SNR,
which may reduce sensitivity to differences among retrieval
algorithms.

Metop-B (Fig. 13) and Metop-C (Fig. 14), both long-
operational polar-orbiting satellites with mature and well-
characterized instrumentation, exhibit nearly identical inter-
method structural uncertainties. For brevity, the discussion
here focuses on Metop-B. Below an impact height of ~ 8 km,
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Figure 10. Structural bending angle uncertainty among different processing methods for COSMIC-2. Note that the bending angle profiles
from the EUMETSAT dataset are processed by the UCAR CDAAC using the phase-matching method.
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Figure 11. Same as Fig. 10, but for Spire.

the standard deviation profiles from all three algorithms con-
verge closely, indicating similar variability near the surface.
Relative bending angle differences show a maximum posi-
tive deviation of approximately 4-0.2 % for the EUMETSAT
solution and a negative deviation of about —0.2 % for RFSI
near 5 km.

In contrast, the ROPP solution remains close to zero. A
slight negative bias is also observed in the RFSI solution be-
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low ~13km (~ —0.1 %). In the upper stratosphere, above
25km, a clear separation in variability emerges: RFSI ex-
hibits the largest standard deviations, followed by ROPP,
with EUMETSAT showing the lowest variability. This diver-
gence in STD differences near 25 km for Metop-B/C, com-
pared to COSMIC-2, PlanetiQ, and Spire, suggests that the
upper-atmospheric retrievals for Metop-B/C are more sensi-
tive to processing methodology. This is supported by the data
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Relative BA STD (%)

Profile Number . 194

40 T T 40 T . 40
ROPP
RFSI
35+ B 35¢ METOPB b 35 EUMETSAT |+
30 4 30+ 30+
£25 £25 =25
=2 =2 =3
= = e
=2 =2 =
220 r 220 220
Iz} k=) =
@ @ ®
[=1 =1 o
E 151 E 15 " E 15+
10 10 10+
5 5 5r
0 L i I 0 1 1 0 1 i
-1 0 1 0 2 4 & 0 5000 10 000

Relative BA Difference (%)

Figure 13. Same as Fig. 10, but for Metop-B.

showing that in the upper stratosphere (above 25km), the
EUMETSAT algorithm exhibits the lowest variability. Given
that Metop-B/C are EUMETSAT missions and their data are
routinely processed by EUMETSAT, this superior perfor-
mance suggests that the EUMETSAT processing methodol-
ogy is likely fine-tuned and highly stable for their mature sen-
sor platforms, enabling effective mitigation of noise and un-
certainties at high altitudes, and resulting in the lowest vari-
ability observed across all datasets.
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Relative BA STD (%)
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Except for COSMIC-2, RFSI shows a small positive bias
(< 0.1 %) at 20-25 km for Spire, PlanetiQ, and Metop-B/C
relative to STAR ROPP and EUMETSAT. Possible causes
include spectral windowing and filtering choices, as RFSI
applies a sliding polynomial filter below 25km and an op-
timal estimation filter above 25 km, potentially introducing
systematic offsets. Degraded L2 signals and reduced GNSS
SNR at ~20-25 km further amplify noise, and because FSI
is more noise-sensitive than geometric optics or canonical
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Figure 14. Same as Fig. 10, but for Metop-C.

transform methods, incomplete noise suppression may yield
small positive biases. The exact causes are under active in-
vestigation to further mitigate this effect.

These results highlight that structural uncertainty is both
algorithm- and mission-dependent, influenced by signal
quality, onboard processing, antenna design, and orbit char-
acteristics. The findings highlight the crucial role of process-
ing methodology in ensuring consistency and accuracy in re-
trieving RO bending angle data, particularly when data from
diverse missions are used in operational weather forecasting
systems. Future efforts in GNSS RO should focus on de-
veloping harmonized processing standards and conducting
inter-comparison studies to quantify and mitigate structural
uncertainty in bending angle datasets.

5 Discussions and Summary

This study presents the first comprehensive cross-mission in-
tercomparison of the STAR-developed Full Spectrum Inver-
sion algorithm with the community-standard ROPP CT2 and
EUMETSAT dataset within the framework of ROMEX. Us-
ing bending angle and refractivity profiles from key GNSS
RO missions (e.g., COSMIC-2, Spire, PlanetiQ, Metop-B/C)
during the ROMEX period (September—November 2022), we
assessed inter-algorithm consistency against ERAS reanaly-
sis and structural uncertainty against the three-dataset mean.

A significant finding is the excellent agreement among
all three processing methods in the middle and upper tro-
posphere and lower stratosphere (8—35km). In this region,
the mean bending angle differences remained within £ 0.2 %
and the standard deviations were below 3 %, demonstrating
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the maturity and robust internal coherence of RO observa-
tions across diverse missions. Similarly, refractivity retrievals
in this core region exhibited high stability, with mean biases
within £ 0.15 % and standard deviations typically below 1 %.

Anthes et al. (2025) reported that the UCAR-processed
COSMIC-2 bending angles included in ROMEX exhibit
a positive bias of approximately 0.1 %—0.15 % relative to
ERAS in the lower stratosphere, larger than the biases
seen for Spire and other ROMEX datasets. Similar lower-
stratospheric positive biases for UCAR COSMIC-2 have also
been documented by Ho et al. (2024, 2025). This difference
is predominantly a representativeness effect associated with
orbit-dependent sampling over a non-spherical Earth (the az-
imuth effect), rather than a true systematic bias, and therefore
does not significantly impact data assimilation. The remain-
ing small component (less than 0.05 %) is attributed to the
sideways displacement of the occultation plane and can be
mitigated by impact height correction during RO processing
(Anthes et al., 2025). Figure 15 provides a zoomed-in com-
parison of the height-dependent fractional O — B bending-
angle differences for the COSMIC-2, Spire, and PlanetiQ
missions, between the EUMETSAT/UCAR processing and
the STAR RFSI processing. In Fig. 15a, the COSMIC-2 data
are from UCAR, while the Spire and PlanetiQ datasets are
processed by EUMETSAT; in Fig. 15b, all three missions are
processed consistently by STAR RFSI.

While the UCAR-provided COSMIC-2 ROMEX datasets
show a small positive O — B bias compared to EUMETSAT-
processed Spire and PlanetiQ data in the lower stratosphere
(Fig. 15a), the STAR RFSI-processed COSMIC-2 bending
angles exhibit improved consistency with the Spire and Plan-
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Figure 15. Zoomed-in height-dependent fractional bending-angle
differences (O — B) between RO observations and ERAS simula-
tions are shown for COSMIC-2, Spire, and PlanetiQ. Panels (a)
and (b) display the mean bending-angle biases (left) and standard
deviations (right) for RO data processed by EUMETSAT and by
STAR RFSI, respectively.

etiQ results (Fig. 15b). One contributing factor may be the
treatment of horizontal tangent-point sliding within the RFSI
framework. While a consistent occultation point definition is
applied across missions in this study, differences in occulta-
tion point definitions (or georeferencing) among processing
centers can affect the magnitude of the sliding-related correc-
tion. As noted in Anthes et al. (2025), UCAR defines the oc-
cultation point as the location where the L1 excess phase ex-
ceeds 500 m, typically in the lower troposphere. In contrast,
RFSI defines it as the location where the straight-line tan-
gent altitude equals zero, typically in the upper troposphere-
lower stratosphere (UTLS). This sideways sliding effect can
introduce a positive bias in COSMIC-2 bending angles of up
to ~0.05 %. The underlying cause of the subtle differences
in the lower-stratospheric O — B bending-angle among the
processing centers (STAR, EUMETSAT, UCAR) will be ex-
amined further in future work.

Conversely, larger discrepancies and heightened variabil-
ity emerged in the lower troposphere (below ~ 8km) and
upper atmosphere (above ~ 35 km). These regions are chal-
lenged by multipath effects, increased tracking noise, and
varying SNR. The FSI method, designed to resolve fine-scale
atmospheric structures by leveraging full-spectrum signal in-
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formation, demonstrated improved sensitivity in the lower at-
mosphere (Adhikari et al., 2021), particularly for missions
such as PlanetiQ and Metop-B/C. However, it also showed
increased variability and greater dependence on SNR cut-
off and quality control thresholds, as seen with Spire and
TerraSAR-X near the surface. In contrast, the CT2 method,
while generally yielding smoother profiles with reduced
noise, sometimes showed larger near-surface biases (e.g.,
CT2 for COSMIC-2 and Spire), suggesting a more conserva-
tive approach that might underestimate bending in complex
conditions. EUMETSAT’s dataset, in particular, achieved the
smallest near-surface bending angle and refractivity biases
across missions, indicating effective mitigation of noise and
multipath.

A crucial finding of this study is that structural uncertainty
depends on both the processing algorithm and the satel-
lite mission. A greater inter-method spread was observed
across all missions below 8 km, likely due to their distinct
approaches to handling multipath, noise, and signal trunca-
tion. This structural uncertainty complicates the consistent
use of multi-mission RO data. For instance, COSMIC-2 data
processed by ROPP CT2 showed higher near-surface vari-
ability than those processed by RFSI and EUMETSAT. In
contrast, missions like Metop-B/C exhibited stronger con-
sistency across all three methods, while PlanetiQ demon-
strated the highest inter-method consistency throughout the
profile. These mission-specific patterns, clearly illustrated
in Figs. 10-14, underscore the critical need to characterize
and account for algorithmic effects when assimilating multi-
mission RO data into operational weather forecasting sys-
tems. The explicit comparison of the total O — B standard de-
viation (Figs. 4-6) with the structural uncertainty (Figs. 10—
14) quantifies the contribution of retrieval algorithm differ-
ences to the total error budget, demonstrating that structural
differences account for approximately one-fourth of the total
O — B standard deviation over all the altitudes, providing a
critical metric for interpreting ROMEX forecast impact stud-
ies and refining GNSS RO data assimilation systems.

The ROMEX results unequivocally highlight the impor-
tance of quantifying algorithm-related structural uncertainty
for data assimilation applications. To ensure a consistent
and optimal representation of RO data in numerical weather
prediction systems, it may be necessary to harmonize re-
trieval strategies across different processing centers or to ap-
ply mission- and algorithm-specific bias corrections.

The successful integration of STAR’s FSI algorithm into
ROPP version 10.0 represents a significant advancement,
providing users with a robust and flexible alternative to ex-
isting algorithms. This enhancement facilitates consistent
RO data processing across both government-funded and
commercial missions, offering customizable settings to meet
specific scientific and operational requirements.

In summary, this study demonstrates the critical influence
of algorithm choice, particularly in the lower troposphere;
confirms strong consistency among processors in the mid-
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to-upper atmosphere; identifies distinct mission-dependent
structural uncertainties; and recommends applying bias cor-
rection or ensemble strategies to improve data assimilation.
The findings strongly support continued efforts to harmo-
nize across agencies through collaborative initiatives, such
as ROMEX. As the volume and diversity of GNSS RO data
continue to expand, these insights underscore the paramount
need for robust algorithm development, thorough uncertainty
quantification, and coordinated processing strategies to fully
leverage RO observations and advance weather forecasting
and climate monitoring capabilities.

Code and data availability. The ROMEX data processed by EU-
METSAT are available free of charge through ROM SAF, subject to
the ROMEX terms and conditions. Further information is available
at https://irowg.org/ro-modeling-experiment-romex/. The ROMEX
data processed by NOAA/STAR are available from STAR under
the ROMEX terms and conditions. ERAS data are available from
the ECMWF data catalogue at https://www.ecmwf.int/en/forecasts/
datasets/browse-reanalysis-datasets (last access: 27 May 2026).
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