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Highlights

What are the main findings?

• In the upper troposphere and lower stratosphere, Tianmu-1 (TM) bending angle/refractivity
biases relative to ERA5 (8–30 km), radiosonde (8–25 km), and COSMIC-2 (8–30 km) are
within ±0.19%/±0.09%, ±0.40%/±0.21%, and ±0.37%/±0.14%, respectively.

• Three-cornered hat (3CH) estimates reveal height- and latitude-dependent TM RO obser-
vation errors, with larger errors in the lower troposphere and the tropics (±30◦ latitude).

What are the implications of the main findings?

• The small biases in the 8–30 km layer indicate that TM RO bending angle and refrac-
tivity retrievals are reliable for upper-tropospheric and lower-stratospheric weather
and climate applications.

• The 3CH derived observation error estimates provide a quantitative basis for specify-
ing TM observation errors in numerical weather prediction data assimilation.

Abstract

As China’s first commercial low Earth orbit meteorological constellation, Tianmu-1
(TM) radio occultation (RO) provides high-density observations, with approximately
30,000 profiles per day globally, offering new opportunities for research in observationally
sparse regions. TM RO bending angle and refractivity retrievals from June to December
2023 are evaluated using ERA5 reanalysis, global radiosonde observations, and COSMIC-2
RO as reference datasets. TM observation errors are further estimated using the three-
cornered hat (3CH) method. The results show that, in the upper troposphere and lower
stratosphere, TM bending angle biases are within ±0.19%, ±0.40%, and ±0.37% relative
to ERA5 (8–30 km), radiosonde (8–25 km), and COSMIC-2 (8–30 km), respectively. The
corresponding refractivity biases are within ±0.09%, ±0.21%, and ±0.14%, respectively.
Both bending angle and refractivity from TM RO exhibit high accuracy and precision. The
observation errors estimated using the 3CH method show a clear latitudinal dependence.
The observation errors in the tropics (±30◦ latitude) are larger than those in the middle
and high latitudes. This study quantitatively characterizes the accuracy, precision, and
error structure of TM RO bending angle and refractivity, providing a quantitative basis for
future quality control and observation error specification in numerical weather prediction
data assimilation.
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1. Introduction
Global Navigation Satellite System (GNSS) radio occultation (RO) is an active remote

sensing and limb sounding technique. Since the successful launch of the first experimental
satellite, MicroLab1, in 1996 [1], this technique has been widely used in atmospheric
sounding. Over the past three decades, several international GNSS RO missions have
been successfully implemented. The COSMIC and COSMIC-2 missions, jointly developed
by the United States and Taiwan, China, demonstrated the value of GNSS RO for global
atmospheric sounding [2,3]. The European MetOp series (MetOp-A, -B, and -C) has
provided timely operational GNSS RO observations, contributing significantly to numerical
weather prediction [4,5]. Meanwhile, China’s FengYun-3 (FY-3) series (FY-3C, FY-3D, and
FY-3E) introduced the first GNSS RO sounder compatible with both the BeiDou Navigation
Satellite System (BDS) and the Global Positioning System (GPS) [6,7]. RO data possess
several unique characteristics, including high vertical resolution, high precision, long-term
stability, global coverage, and near all-weather capability with little influence from clouds
and precipitation [2,8]. Consequently, RO observations play an important role in climate
monitoring [9] and global and regional numerical weather prediction [10,11]. Although
many GNSS RO missions have been successfully launched in the past, the application of
RO data in meteorology is still limited by low observation density.

In recent years, with the maturation of small-satellite technology, commercial RO mis-
sions have emerged and greatly increased the volume of GNSS RO observations. Examples
include Spire from the United States [12], Yunyao-1 from China [13], and Tianmu-1 (TM)
from China [14]. These missions provide new opportunities for meteorological research.
TM is China’s first in-orbit RO meteorological sounding constellation compatible with four
major GNSSs: BeiDou, GPS, Galileo, and GLONASS. It is also the world’s first commercial
GNSS remote sensing constellation to realize integrated sensing of land surface, ocean,
atmosphere, and ionosphere. It can simultaneously achieve integrated stereo sounding
using both GNSS RO and GNSS reflectometry [15]. The constellation provides more than
30,000 RO profiles per day, making it one of the densest atmospheric RO observing systems
worldwide [14]. It provides unprecedented opportunities for atmospheric research over
data sparse regions, such as plateaus and oceans.

Before the TM RO dataset can be widely used, a rigorous quality assessment is required
to ensure its reliability and stability. In previous studies, GNSS RO data have commonly
been compared with radiosonde (RS) observations and model analyses to evaluate their
precision and accuracy [3,12]. Radiosondes provide high vertical resolution and high
accuracy, whereas model analyses provide large-scale atmospheric information. However,
radiosonde observations represent point measurements, and model analyses represent grid
point averages. In contrast, GNSS RO measurements represent the integrated atmospheric
effect along a ray path. Therefore, comparisons among these datasets are inevitably affected
by representativeness and collocation errors.

To complement these conventional comparisons, this study also introduces COSMIC-2
RO data as an RO-based reference to evaluate TM RO retrievals. The high accuracy and
precision [2,3] and long-term stability [16] of RO data from the COSMIC and COSMIC-2
missions have been confirmed by numerous studies. Stronger satellite antennas, higher
sampling rates, and advanced open-loop tracking techniques have significantly improved the
signal-to-noise ratio (SNR) and retrieval accuracy of COSMIC-2 compared with COSMIC [3,17].
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Therefore, COSMIC-2 RO data are selected to evaluate the quality of TM RO data. Because
TM and COSMIC-2 are both GNSS RO datasets, their comparison can reduce part of the
inconsistency associated with different observation types and provide an additional measure
of the consistency of TM bending angle (α) and refractivity (N) retrievals.

This study aims to evaluate the quality of TM GNSS RO bending angle and refractivity
data using the fifth-generation European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis (ERA5), radiosonde, and COSMIC-2 datasets as refer-
ences, and to estimate TM-specific observation errors using the three-cornered hat (3CH)
method for future data assimilation applications. The paper is organized as follows. Sec-
tion 2 describes the data and methods used in this study. Section 3 evaluates the accuracy
and precision of TM RO data through comparisons with ERA5 reanalysis, radiosonde ob-
servations, and COSMIC-2 RO data, and further estimates TM observation errors. Section 4
summarizes the main conclusions.

2. Data and Methods
2.1. Data

This study covers the period from June to December 2023. We use RO data from
the TM and COSMIC-2 missions. The TM RO data are provided by Aerospace Tianmu
(Chongqing) Satellite Science and Technology Co., Ltd. (Chongqing, China). The TM
constellation currently consists of 23 operational satellites. The constellation provides more
than 30,000 RO profiles per day. The COSMIC-2 RO data are provided by the COSMIC Data
Analysis and Archival Center (CDAAC) [2]. The COSMIC-2 constellation was launched on
25 June 2019. Its 24◦ orbital inclination enables dense atmospheric sounding over the tropi-
cal and subtropical regions (within ±45◦ latitude), providing more than 4000 atmospheric
profiles per day. In this study, we use the retrieved bending angle and refractivity data.
These data are obtained from the Level-2 atmPrf products, which provide atmospheric
profiles without moisture information, in the COSMIC-2 Near Real-Time dataset and the
TM RO dataset.

The Integrated Global Radiosonde Archive (IGRA) dataset used in this study is pro-
vided by the National Centers for Environmental Information (NCEI) of the National
Oceanic and Atmospheric Administration (NOAA). The dataset contains atmospheric
state observations, including pressure, temperature, and geopotential height, and other
variables, with records dating back to 1905 [18]. The model datasets used in this study
include the ERA5 dataset and the National Centers for Environmental Prediction (NCEP)
Final Operational Global Analysis (FNL) dataset.

2.2. Forward Operators for Refractivity and Bending Angle

This paper evaluates the quality of TM RO bending angle and refractivity data. There-
fore, forward observation operators are required to derive refractivity and bending angles
from radiosonde and model data. Refractivity is a function of temperature, atmospheric
pressure, and water vapor pressure, and can be calculated as follows [8]:

N = 77.6·P
T
+ 3.73·105·PW

T2 (1)

where P is the pressure (hPa), T is the temperature (K) and PW is the water vapor pressure
(hPa). A one-dimensional (1D) Abel forward observation operator is then applied to
the refractivity profiles derived from the model and radiosonde data to calculate the
corresponding ray bending angle profiles at the tangent point [19], as given below:

α1D(a) = −2a
∫ ∞

a

1
n
√

µ2 − a2

dn
dµ

dµ (2)
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where n is the refractive index, related to refractivity through n = 1 + N·10−6; µ is defined
as µ = nr, where r denotes the distance from the local center of curvature of the Earth [20];
and a is the local angular momentum evaluated at the tangent point, given by a = r0n(r0),
where r0 is the tangent point radius and n(r0) is the refractive index at the tangent point.
The local angular momentum is defined as

pθ = rn(r)sinφ (3)

where φ is the angle between the local radius vector and the tangent direction of the ray. At
the tangent point, φ = 90◦.

2.3. Quality Assessment Method

For the quality assessment of GNSS RO data, the most commonly used approach
is to compare GNSS RO data with model or radiosonde data to estimate the accuracy
and precision of the GNSS RO data. However, this approach does not account for rep-
resentativeness errors associated with the different datasets or errors introduced by the
observation operators. To reduce the impacts of these uncertainties, we incorporate an
additional comparison between TM RO and the internationally recognized, high-quality
COSMIC-2 RO data. The evaluation procedure is as follows:

(1) The mean and standard deviation of the fractional differences between COSMIC-2
RO and ERA5, as well as between TM RO and ERA5, are calculated as follows:

µERA5
COSMIC−2/TM = (

ROCOSMIC−2/TM − ERA5
ERA5

) (4)

σERA5
COSMIC−2/TM =

√√√√√√∑n
i=1

((
ROCOSMIC−2/TM − ERA5

ERA5

)
i

− µERA5
COSMIC−2/TM

)2

n
(5)

(2) The mean and standard deviation of the fractional differences between COSMIC-2
RO and radiosonde, as well as between TM RO and radiosonde, are calculated as follows:

µRS
COSMIC−2/TM = (

ROCOSMIC−2/TM − RS
RS

) (6)

σRS
COSMIC−2/TM =

√√√√√√∑n
i=1

((
ROCOSMIC−2/TM − RS

RS

)
i

− µRS
COSMIC−2/TM

)2

n
(7)

(3) The mean and standard deviation of the fractional differences between TM RO and
COSMIC-2 RO are calculated as follows:

µCOSMIC−2
TM = (

ROTM − ROCOSMIC−2

ROCOSMIC−2 ) (8)

σCOSMIC−2
TM =

√√√√√∑n
i=1

((
ROTM − ROCOSMIC−2

ROCOSMIC−2

)
i
− µCOSMIC−2

TM

)2

n
(9)

To reduce the influence of outliers on the estimation of the mean and standard devia-
tion, a biweight quality control method [21] was applied before calculating these statistics.
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2.4. Three-Cornered Hat Method

The 3CH error estimation method is based on three datasets with independent er-
rors. It estimates the error of each dataset through intercomparisons among the three
datasets [22,23]. Given three datasets, A, B, and C, the error variance of dataset A relative
to B is first calculated as

σ2
(A−B) = σ2

A + σ2
B − 2COVerr(A, B) (10)

Similarly, the error variances of dataset A relative to C and dataset B relative to C
can be calculated. Assuming that the errors of datasets A, B, and C are uncorrelated, the
cross-covariance terms can be neglected. The following system of equations can then
be derived: 

σ2
(A−B) = σ2

A + σ2
B

σ2
(A−C) = σ2

A + σ2
C

σ2
(B−C) = σ2

B + σ2
C

(11)

The error variance of dataset A can then be derived as

σ2
A =

1
2

σ2
(A−B) +

1
2

σ2
(A−C) −

1
2

σ2
(B−C) (12)

Once the σ2
(A−B), σ2

(A−C) and σ2
(B−C) are obtained, the σ2

A can be estimated by substi-
tuting them into Equation (12).

In this study, radiosonde observations, ERA5 reanalysis data, and FNL analysis data
are used in different combinations to estimate the observation error variances of bending
angle and refractivity from TM and COSMIC-2 RO. Assuming that cross-covariance terms
between datasets are negligible compared with the observation errors in a statistical sense,
and acknowledging that the datasets are not strictly independent due to shared observa-
tional inputs and assimilation constraints, a system of three simultaneous equations can be
derived based on Equation (12):

σ2
1 = 1

2 σ2
(RO−ERA5) +

1
2 σ2

(RO−RS) −
1
2 σ2

(ERA5−RS)
σ2

2 = 1
2 σ2

(RO−FNL) +
1
2 σ2

(RO−RS) −
1
2 σ2

(FNL−RS)
σ2

3 = 1
2 σ2

(RO−ERA5) +
1
2 σ2

(RO−FNL) −
1
2 σ2

(ERA5−FNL)

(13)

It should be emphasized that the datasets used in this study are not strictly indepen-
dent. Both ERA5 and FNL are products constrained by overlapping assimilated observa-
tions, including radiosonde and satellite data. The independence assumption of the 3CH
method is only approximately satisfied. The 3CH Equation (13) is applied to estimate the
error variances of the RO observations. To mitigate dependence on any single reference
dataset, multiple 3CH combinations are applied. The resulting estimates should therefore
be interpreted as effective observation error variances for collocated RO profiles, which
include contributions from measurement errors, representativeness errors, forward-model
errors, and collocation uncertainties rather than pure instrument errors.

3. Results
3.1. Comparison Between TM and ERA5

Model analyses provide spatially continuous and dynamically consistent large-scale
atmospheric fields. They have therefore been widely adopted as reference datasets for
evaluating GNSS RO retrievals from various satellite missions, including COSMIC-2 [3],
the MetOp series [5], the FY-3 series [7], and Spire [12]. However, comparisons between
RO and model data may include representativeness errors because RO measurements
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represent limb-integrated information, whereas model analyses are gridded atmospheric
fields. To compare RO with the ERA5 reanalysis, we first interpolated the ERA5 atmospheric
variables to the corresponding RO profile locations using horizontal bilinear interpolation
and vertical cubic spline interpolation. The refractivity and bending angle were then
calculated from the interpolated atmospheric variables.

Figures 1 and 2 show the vertical distributions of the mean and standard deviation
of the fractional differences between GNSS RO (COSMIC-2 and TM) and ERA5 during
1–8 June 2023, along with the corresponding data count distributions. Figure 1 presents
the results for bending angle,

(
αGNSS − αERA5)/αERA5, while Figure 2 presents those for

refractivity,
(

NGNSS − NERA5)/NERA5. In the impact height range of 8–30 km, the bending
angle biases of COSMIC-2 and TM RO relative to ERA5 reanalysis data range from −0.10%
to 0.16% and from −0.19% to 0.04%, respectively. The corresponding mean bending angle
biases are 0.01% and −0.07%. The standard deviations of

(
αCOSMIC−2 − αERA5)/αERA5

and
(
αTM − αERA5)/αERA5 range from 0.90% to 2.81% and from 1.27% to 2.00%, respec-

tively, with mean values of 1.28% and 1.44% (Figure 1a). In the geometric height range
of 8–30 km, the refractivity biases of COSMIC-2 and TM relative to ERA5 reanalysis data
range from −0.01% to 0.08% and from −0.09% to 0.07%, respectively. The corresponding
mean refractivity biases are 0.03% and −0.01%, respectively. The standard deviations of(

NCOSMIC−2 − NERA5)/NERA5 and
(

NTM − NERA5)/NERA5 range from 0.57% to 0.89%
and from 0.62% to 1.11%, respectively, with mean values of 0.72% and 0.86% (Figure 2a).
The slight increase in

(
αGNSS − αERA5)/αERA5 and

(
NGNSS − NERA5)/NERA5 between

15 and 20 km (Figures 1 and 2) is likely related to variations in tropopause height and sharp
vertical gradients near the upper troposphere–lower stratosphere transition. The distri-
butions of

(
αGNSS − αERA5)/αERA5 and

(
NGNSS − NERA5)/NERA5 for COSMIC-2 RO are

more concentrated than those for TM RO (Figure 1b,c and Figure 2b,c) in the 8–30 km
height range. These results indicate that TM RO retrievals are broadly consistent with
ERA5 in the upper troposphere and lower stratosphere, although the fractional difference
distributions of COSMIC-2 are generally more concentrated than those of TM.

Figure 1. Vertical distributions of (a) the mean (%, solid lines) and standard deviation (%, dashed
lines) of fractional differences in bending angle,

(
αGNSS − αERA5)/αERA5, for COSMIC-2 (blue) and

Tianmu-1 (TM) RO (red) relative to ERA5 reanalysis data, and (b)
(
αCOSMIC−2 − αERA5)/αERA5 and

(c)
(
αTM − αERA5)/αERA5 data counts within a 1% × 0.1 km box during 1–8 June 2023.
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Figure 2. Vertical distributions of (a) the mean (%, solid lines) and standard deviation (%, dashed
lines) of fractional differences in refractivity,

(
NGNSS − NERA5)/NERA5, for COSMIC-2 (blue)

and TM RO (red) relative to ERA5 reanalysis data, and (b)
(

NCOSMIC−2 − NERA5)/NERA5 and
(c)
(

NTM − NERA5)/NERA5 data counts within a 1% × 0.1 km box during 1–8 June 2023.

Above impact and geometric heights of 30 km, the means and standard deviations of(
αGNSS − αERA5)/αERA5 and

(
NGNSS − NERA5)/NERA5 increase with height, indicating

greater uncertainty in the upper-stratospheric retrievals. In the impact height range of
30–40 km, the maximum bending angle biases of COSMIC-2 and TM reach 0.39% and
0.43%, respectively. The maximum standard deviations of

(
αCOSMIC−2 − αERA5)/αERA5

and
(
αTM − αERA5)/αERA5 reach 2.98% and 4.14%, respectively (Figure 1a). The max-

imum refractivity biases (in terms of absolute value) of COSMIC-2 and TM reach val-
ues of −0.12% and 0.17%, respectively, while the maximum standard deviations of(

NCOSMIC−2 − NERA5)/NERA5 and
(

NTM − NERA5)/NERA5 reach 1.80% and 3.06%, re-
spectively, over the 30–40 km geometric height range (Figure 2a). The decrease in GNSS
RO measurement accuracy in the upper stratosphere is caused by residual ionospheric
effects [8], measurement noise [24], and initialization errors [25,26].

In the lower troposphere, GNSS radio signals are degraded by effects such as defo-
cusing, absorption, and scattering. Consequently, the SNR decreases to the noise level,
leading to large uncertainties in GNSS RO retrievals in the lower troposphere [27,28].
Figures 1 and 2 show that, below 8 km, the standard deviations of the fractional differences
in bending angle and refractivity from both COSMIC-2 and TM generally increase with
decreasing height. The maximum standard deviations of

(
αCOSMIC−2 − αERA5)/αERA5,(

αTM − αERA5)/αERA5,
(

NCOSMIC−2 − NERA5)/NERA5 and
(

NTM − NERA5)/NERA5 are
13.11%, 9.23%, 2.91% and 2.55%, respectively. Below the impact height of 3 km/2.8 km,
COSMIC-2/TM bending angle data exhibit significant negative biases relative to ERA5
reanalysis data, with minimum bias values reaching −1.53%/−1.57% (Figure 1a). Below
the geometric height of 2 km/1.6 km, the COSMIC-2/TM refractivity data also exhibit
significant negative biases relative to ERA5 reanalysis data, with minimum bias values
reaching −2.71%/−1.27% (Figure 2a). This is mainly associated with ducting [29,30] and
super-refraction [31,32]. However, both the bending angle and refractivity of TM RO exhibit
positive biases in the 2.9–8 km impact height range and the 1.7–8 km geometric height
range. The maximum positive biases reach 1.24% for the bending angle and 0.52% for
the refractivity. This positive bias may be associated with retrieval processing differences,
residual multipath effects [33,34], local spectral asymmetry [35], or representativeness
errors in the moist lower troposphere. Further diagnostics are required to identify the
dominant source of the bias. Because ERA5 represents gridded model fields, whereas RO
retrievals represent limb sounding observations with finite horizontal sampling scales,
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part of the RO–ERA5 differences, especially in the lower troposphere, may arise from
representativeness and collocation errors rather than RO retrieval errors alone.

3.2. Comparison Between TM and Radiosonde

Radiosonde observations provide high vertical resolution in situ measurements and
are widely used as independent reference data for validating GNSS RO retrievals [3,12].
RO–radiosonde comparisons are affected by spatial and temporal mismatch because ra-
diosondes are point measurements, whereas RO observations represent limb sounding
profiles with finite horizontal sampling scales. Figure 3 shows the spatiotemporal collo-
cation results between COSMIC-2 and TM RO data and radiosonde observations during
June–December 2023, using collocation criteria of a spatial separation of less than 200 km
and a temporal difference of less than 2 h. As shown in Figure 3, the collocated radiosonde
stations are broadly distributed over land areas, with clear regional differences in station
density and collocated profile counts.

Figure 3. Spatial distribution of the numbers of (a) COSMIC-2 and (b) TM RO profiles collocated
with radiosonde (RS) stations from June to December 2023.

Figures 4 and 5 show the same statistical diagnostics as Figures 1 and 2, but us-
ing radiosonde observations as the reference, for bending angle and refractivity over
the period June–December 2023. Following the comparison with ERA5, analyses of(
αGNSS − αRS)/αRS and

(
NGNSS − NRS)/NRS are performed using similar height ranges.

In the 8–25 km height range, COSMIC-2 and TM RO show comparable performance against
radiosonde observations. For bending angle, the biases range from −0.37% to 0.22%
(COSMIC-2) and from −0.40% to 0.21% (TM), with mean biases of −0.04% and −0.13%,
respectively. The standard deviations of the fractional differences in bending angle range
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from 1.51% to 4.83% for COSMIC-2 and from 1.88% to 2.74% for TM, with corresponding
mean values of 2.42% and 2.24% (Figure 4a). A similar pattern is observed for refractivity,
where the biases range from −0.18% to −0.01% (COSMIC-2) and from −0.21% to −0.07%
(TM), with mean values of −0.08% and −0.15%, respectively. The standard deviations of
the fractional differences in refractivity range from 0.54% to 1.22% and from 0.76% to 1.15%,
with corresponding mean values of 0.87% and 0.99% (Figure 5a). Compared with the RO–
ERA5 comparison, the RO–radiosonde standard deviations are larger, which is consistent
with the stronger influence of collocation and representativeness errors in comparisons
between limb sounding RO profiles and point-based radiosonde measurements.

Figure 4. Vertical distributions of (a) the mean (%, solid lines) and standard deviation (%, dashed
lines) of fractional differences in bending angle,

(
αGNSS − αRS)/αRS, for COSMIC-2 (blue) and TM

RO (red) relative to radiosonde data, and (b)
(
αCOSMIC−2 − αRS)/αRS and (c)

(
αTM − αRS)/αRS data

counts within a 1% × 0.1 km box during June–December 2023.

Figure 5. Vertical distributions of (a) the mean (%, solid lines) and standard deviation (%, dashed
lines) of fractional differences in refractivity,

(
NGNSS − NRS)/NRS, for COSMIC-2 (blue) and TM

RO (red) relative to radiosonde data, and (b)
(

NCOSMIC−2 − NRS)/NRS and (c)
(

NTM − NRS)/NRS

data counts within a 1% × 0.1 km box during June–December 2023.

Below an impact height of 3.2 km, COSMIC-2 exhibits negative bending angle biases
relative to radiosonde observations, with a minimum bias of −3.12%. In contrast, TM RO
exhibits positive bending angle biases between 2.4 and 8 km, with a maximum of 1.30%,
whereas negative biases occur below 2.4 km, reaching −1.57% (Figure 4a). Below the
geometric height of 8 km/2.4 km, the COSMIC-2/TM refractivity data exhibit significant
negative biases relative to radiosonde observations, with minimum negative biases reaching
−3.87%/−1.60%. Unlike COSMIC-2, TM refractivity exhibits a weak positive bias between
geometric heights of 2.5–6 km, with a maximum of 0.10%. The larger differences between
TM and radiosonde observations are larger below 8 km than at higher heights.
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3.3. Comparison Between TM and COSMIC-2

Because comparisons with ERA5 and radiosonde data may include model-related,
forward operator, and representativeness errors, COSMIC-2 RO data are further used as a
peer RO dataset for consistency evaluation, rather than as an absolute reference. Compared
with model and radiosonde references, the TM–COSMIC-2 comparison reduces part of
the inconsistency caused by differences in observation geometry and retrieval variables.
However, COSMIC-2 should not be regarded as an absolute truth, and the comparison
is also influenced by sampling differences and collocation uncertainty. The collocation
criteria between TM and COSMIC-2 RO profiles are a temporal difference of less than
30 min and a spatial distance of less than 50 km from June to December 2023. To reduce
uncertainties associated with spatiotemporal collocation, the collocated data are divided
into two groups according to the angle between the occultation planes: ≤45◦ (corresponding
to azimuth angle differences of 0–45◦ and 135–180◦) and >45◦ (corresponding to azimuth
angle differences of 45–90◦ and 90–135◦). Figure 6 presents the spatial distributions of
the collocated TM and COSMIC-2 data for the two groups. The collocated samples are
distributed uniformly in both groups, indicating that the azimuth angle classification does
not introduce noticeable spatial sampling biases.

Figure 6. Spatial distributions of collocated COSMIC-2 (blue) and TM (red) RO profiles with azimuth
angle differences of (a) 0–45◦ and 135–180◦ and (b) 45–90◦ and 90–135◦ during June–December 2023.
The 400 km length arrows indicate the ray direction at the perigee.

Figures 7 and 8 show comparisons of retrieved bending angle and refractivity between
COSMIC-2 RO and TM RO, together with the corresponding data counts, from June to
December 2023. The results show that when the azimuth angle differences are within the
ranges of 0–45◦ and 135–180◦, the fractional differences in bending angle between TM
and COSMIC-2 RO data are smaller than those observed for azimuth angle differences
of 45–90◦ and 90–135◦. The maximum bias decreases from 2.24% to 1.86%, while the
standard deviation decreases from 12.62% to 12.14% (Figure 7). A similar behavior is
observed for refractivity, with the maximum bias decreasing from 0.95% to 0.71% and
the standard deviation decreasing from 3.07% to 2.93% (Figure 8). These results indicate
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that the direction of the occultation rays should also be considered when performing the
collocation of RO profiles, in addition to conventional spatial and temporal constraints. In
the following analysis, a detailed comparison between TM and COSMIC-2 is presented for
cases with azimuth angle differences of 0–45◦ and 135–180◦.

Figure 7. Vertical distributions of (a) the mean (%) and (b) standard deviation (%, solid lines) and data
counts (dashed lines) of fractional differences in bending angle,

(
αTM − αCOSMIC−2)/αCOSMIC−2,

for collocated TM and COSMIC-2 RO profiles with azimuth angle differences of 0–45◦ and 135–180◦

(red), 45–90◦ and 90–135◦ (blue), and 0–180◦ (black) during June–December 2023.

Figure 8. Vertical distributions of (a) the mean (%) and (b) standard deviation (%, solid lines) and
data counts (dashed lines) of fractional differences in refractivity,

(
NTM − NCOSMIC−2)/NCOSMIC−2,

for collocated TM and COSMIC-2 RO profiles with azimuth angle differences of 0–45◦ and 135–180◦

(red), 45–90◦ and 90–135◦ (blue), and 0–180◦ (black) during June–December 2023.
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Within the 8–30 km impact/geometric height range, the bending angle bias of TM
relative to COSMIC-2 ranges from −0.37% to 0.20%, with a mean value of −0.20%,
while the refractivity bias ranges from −0.14% to −0.02%, with an average value of
−0.07%. The corresponding standard deviations of

(
αTM − αCOSMIC−2)/αCOSMIC−2 and(

NTM − NCOSMIC−2)/NCOSMIC−2 vary between 1.15% and 3.32% and between 0.70% and
1.17%, respectively, with corresponding mean values of 1.80% and 0.95% (Figures 7 and 8).
These results indicate that TM and COSMIC-2 have broadly consistent bending angle and
refractivity retrievals in the upper troposphere and lower stratosphere.

Above the impact/geometric height of 30 km, the maximum bending angle/refractivity
biases (in terms of absolute value) of TM relative to COSMIC-2 reach −0.24% and 0.16%,
respectively. The maximum standard deviations of

(
αTM − αCOSMIC−2)/αCOSMIC−2 and(

NTM − NCOSMIC−2)/NCOSMIC−2 reach 3.87% and 3.35%, respectively (Figures 6 and 7).
In contrast to the negative bending angle and refractivity biases found between 8 and
30 km, positive biases occur in the lower troposphere (0–8 km), suggesting that TM
measurements are generally higher than those from COSMIC-2 at these heights. The
maximum positive biases of bending angle and refractivity reach 1.86% and 0.71%, re-
spectively. The maximum standard deviations of

(
αTM − αCOSMIC−2)/αCOSMIC−2 and(

NTM − NCOSMIC−2)/NCOSMIC−2 reach 12.14% and 2.93%, respectively. Compared with
the 8–40 km height range, larger differences between TM and COSMIC-2 are observed for
both bending angle and refractivity in the lower troposphere.

3.4. Observation Error Estimates

Figures 9 and 10 show the normalized observation errors of bending angle and refrac-
tivity for COSMIC-2 and TM RO, respectively, estimated using the 3CH method. As shown
in Figure 9, within the impact height range of 3–12 km, the bending angle observation
errors for both COSMIC-2 and TM RO decrease with height, consistent with the increasing
observational uncertainty of GNSS RO measurements at lower heights [36]. The three error
estimates are in good agreement across all height levels. Their differences are slightly larger
below the impact height of 8 km than above. At impact heights of 2.9 km for COSMIC-2
and 3.5 km for TM RO, the 3CH-estimated bending angle observation errors reach their
maximum values of 12.50% and 8.54%, respectively. Below an impact height of 10 km, the
estimated bending angle errors for TM RO are smaller than those for COSMIC-2 RO. This
difference should be interpreted cautiously because the 3CH-derived estimates represent
effective observation errors for the collocated samples rather than instrument-only measure-
ment errors. They may be affected by sampling differences, lower tropospheric penetration
depth, representativeness errors, collocation errors, and residual error correlations among
the reference datasets. Smaller TM estimates below 10 km do not necessarily indicate better
intrinsic lower tropospheric performance than those of COSMIC-2. In the impact height
range of 10–15 km, the bending angle observation error estimates for both datasets reach
their minimum values, remaining at approximately 1%.

The refractivity observation errors shown in Figure 10 exhibit characteristics similar to
those of the bending angle observation errors. Refractivity observation errors decrease with
geometric height over the 2–12 km range for both COSMIC-2 and TM RO. The three error
estimates are in good agreement across all height levels, with the closest agreement occurring
between 8 and 15 km. Within this height range, the refractivity observation error of COSMIC-2
RO remains at approximately 0.5%, whereas that of TM RO is around 1%. The refractivity
observation errors for both COSMIC-2 and TM RO are larger below the geometric height of
8 km. At geometric heights of 1.1 km for COSMIC-2 and 2.1 km for TM RO, the refractivity
observation errors reach their maximum values of 2.70% and 2.42%, respectively.
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Figure 9. Vertical distributions of the three estimated observation errors (σ1, black solid line; σ2, green
solid line; and σ3, blue solid line) and their mean (red solid line) for (a) COSMIC-2 RO and (b) TM
RO bending angles, calculated using data from June to December 2023.

Figure 10. Vertical distributions of the three estimated observation errors (σ1, black solid line; σ2,
green solid line; and σ3, blue solid line) and their mean (red solid line) for (a) COSMIC-2 RO and
(b) TM RO refractivity, calculated using data from June to December 2023.

In actual assimilation systems, unnormalized observation errors are used. Therefore,
we present the meridional vertical cross sections of the unnormalized observation errors for
the COSMIC-2 and TM bending angle and refractivity data in Figure 11. For both bending
angle and refractivity, the observation errors of COSMIC-2 and TM are larger in the tropics
(±30◦ latitude) and smaller in the middle and high latitudes, showing a clear latitudinal
dependence. Below 4 km, the observation errors in bending angle and refractivity for
COSMIC-2 and TM reach their maximum values near 10◦S in the Southern Hemisphere
and 20◦N in the Northern Hemisphere. The larger errors over parts of the tropical Southern
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Hemisphere may be associated with stronger lower-tropospheric moisture variability and
the more extensive oceanic coverage in this region. Tables 1 and 2 list the specific values
of the observation errors for TM RO bending angle and refractivity, respectively. These
values are averaged within each 10◦ latitudinal band from 60◦S to 60◦N over the impact
height range of 2.1–11.1 km and the geometric height range of 0.1–9.1 km. The value 999.
in Table 1 is a flag value indicating that no valid observation error estimate is available for
that location.

Figure 11. Meridional vertical cross sections of the unnormalized observation errors for (a,b) bending
angle and (c,d) refractivity of COSMIC-2 (left) and TM (right) within a 5◦ × 0.2 km box from June to
December 2023.

Table 1. Mean observation errors (unit: 10−3 rad) of TM RO bending angle between the impact
heights of 2.1–25.1 km, averaged within each 10◦ latitudinal band from 60◦S to 60◦N.

IH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

2.1 1.25 1.33 1.17 1.26 999. 999. 999. 999. 1.21 0.87 1.38 1.37

2.3 1.46 1.69 1.99 1.71 1.89 999. 999. 3.39 2.10 1.70 1.71 1.54

2.5 1.38 1.69 2.34 2.47 2.43 2.10 3.45 2.41 2.72 2.05 1.82 1.57

2.7 1.30 1.78 2.33 2.71 2.76 3.10 1.72 2.75 2.98 2.38 1.84 1.58

2.9 1.28 1.88 2.37 2.56 2.85 3.10 2.26 2.87 2.93 2.53 1.84 1.55

3.1 1.32 1.84 2.34 2.50 2.55 2.64 2.45 2.67 2.73 2.52 1.81 1.56

3.3 1.13 1.66 2.28 2.43 2.49 2.44 2.10 2.37 2.56 2.42 1.76 1.53

3.5 1.01 1.52 2.05 2.28 2.44 2.36 2.03 2.24 2.40 2.24 1.73 1.46

3.7 0.89 1.37 1.80 2.06 2.29 2.37 1.94 2.17 2.27 2.09 1.65 1.37

3.9 0.81 1.25 1.56 1.89 2.20 2.22 1.82 2.09 2.09 1.92 1.54 1.30

4.1 0.72 1.14 1.44 1.74 2.01 2.10 1.76 1.97 1.93 1.75 1.44 1.21

4.3 0.70 0.96 1.27 1.54 1.79 2.02 1.59 1.83 1.77 1.58 1.33 1.10

4.5 0.65 0.86 1.19 1.41 1.67 1.78 1.50 1.66 1.60 1.45 1.22 1.03
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Table 1. Cont.

IH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

4.7 0.54 0.78 1.11 1.32 1.51 1.59 1.38 1.49 1.44 1.34 1.13 0.95

4.9 0.47 0.74 0.97 1.19 1.39 1.45 1.28 1.34 1.33 1.21 1.05 0.86

5.1 0.45 0.68 0.86 1.10 1.23 1.35 1.14 1.23 1.21 1.13 0.97 0.79

5.3 0.44 0.62 0.77 1.00 1.15 1.23 1.09 1.11 1.12 1.00 0.89 0.72

5.5 0.42 0.58 0.70 0.92 1.07 1.10 1.01 1.01 1.05 0.94 0.83 0.66

5.7 0.39 0.51 0.63 0.86 1.00 1.03 0.95 0.93 0.96 0.87 0.77 0.61

5.9 0.37 0.47 0.57 0.77 0.88 0.93 0.89 0.87 0.87 0.80 0.70 0.55

6.1 0.34 0.42 0.53 0.70 0.80 0.85 0.82 0.84 0.81 0.73 0.63 0.50

6.3 0.30 0.37 0.48 0.64 0.75 0.79 0.76 0.77 0.76 0.67 0.57 0.46

6.5 0.28 0.33 0.44 0.57 0.67 0.71 0.71 0.69 0.69 0.61 0.52 0.42

6.7 0.25 0.30 0.41 0.50 0.59 0.65 0.67 0.64 0.63 0.55 0.47 0.38

6.9 0.23 0.29 0.38 0.46 0.54 0.58 0.62 0.60 0.58 0.50 0.43 0.34

7.1 0.22 0.26 0.34 0.42 0.50 0.54 0.55 0.55 0.52 0.46 0.39 0.31

7.3 0.20 0.24 0.30 0.38 0.44 0.48 0.52 0.51 0.47 0.42 0.35 0.28

7.5 0.20 0.22 0.28 0.34 0.40 0.44 0.47 0.47 0.44 0.39 0.32 0.26

7.7 0.19 0.20 0.25 0.32 0.36 0.41 0.44 0.44 0.41 0.35 0.29 0.24

7.9 0.17 0.18 0.23 0.29 0.34 0.38 0.41 0.40 0.37 0.33 0.27 0.22

8.1 0.15 0.17 0.20 0.26 0.30 0.34 0.38 0.37 0.33 0.30 0.24 0.20

8.3 0.15 0.16 0.19 0.23 0.27 0.31 0.35 0.34 0.30 0.28 0.22 0.18

8.5 0.15 0.15 0.18 0.21 0.26 0.28 0.32 0.31 0.28 0.25 0.20 0.17

8.7 0.14 0.14 0.16 0.20 0.24 0.26 0.29 0.28 0.26 0.23 0.19 0.16

8.9 0.13 0.13 0.15 0.18 0.21 0.24 0.27 0.26 0.24 0.21 0.17 0.15

9.1 0.12 0.12 0.14 0.17 0.19 0.22 0.25 0.23 0.22 0.20 0.16 0.14

9.3 0.11 0.12 0.13 0.15 0.17 0.20 0.23 0.22 0.20 0.18 0.15 0.13

9.5 0.11 0.12 0.13 0.14 0.16 0.19 0.21 0.20 0.18 0.17 0.14 0.12

9.7 0.12 0.11 0.12 0.14 0.15 0.17 0.19 0.18 0.17 0.16 0.13 0.12

9.9 0.13 0.11 0.11 0.13 0.14 0.16 0.17 0.16 0.15 0.15 0.13 0.12

10.1 0.13 0.11 0.11 0.12 0.13 0.15 0.16 0.15 0.14 0.15 0.12 0.11

10.3 0.12 0.11 0.11 0.11 0.12 0.13 0.15 0.14 0.13 0.14 0.12 0.11

10.5 0.12 0.11 0.10 0.11 0.11 0.12 0.14 0.13 0.12 0.13 0.12 0.11

10.7 0.12 0.11 0.10 0.10 0.11 0.12 0.13 0.12 0.12 0.13 0.12 0.11

10.9 0.12 0.11 0.10 0.10 0.10 0.11 0.12 0.11 0.11 0.12 0.11 0.11

11.1 0.13 0.12 0.10 0.10 0.09 0.10 0.11 0.11 0.10 0.12 0.11 0.11

11.3 0.12 0.12 0.10 0.09 0.09 0.10 0.11 0.10 0.10 0.11 0.11 0.11

11.5 0.12 0.11 0.10 0.09 0.09 0.09 0.10 0.10 0.09 0.11 0.11 0.11

11.7 0.13 0.12 0.10 0.09 0.09 0.09 0.10 0.09 0.09 0.11 0.11 0.11

11.9 0.13 0.12 0.10 0.09 0.08 0.09 0.10 0.09 0.09 0.11 0.11 0.11

12.1 0.12 0.12 0.10 0.09 0.08 0.08 0.09 0.09 0.08 0.11 0.11 0.11

12.3 0.12 0.11 0.10 0.09 0.08 0.08 0.09 0.08 0.08 0.11 0.11 0.11

12.5 0.11 0.11 0.10 0.09 0.08 0.08 0.08 0.08 0.08 0.10 0.11 0.10

12.7 0.10 0.11 0.09 0.08 0.08 0.08 0.08 0.08 0.08 0.10 0.11 0.10

12.9 0.09 0.10 0.09 0.08 0.08 0.08 0.08 0.08 0.07 0.10 0.10 0.09

13.1 0.09 0.09 0.09 0.08 0.07 0.08 0.08 0.07 0.07 0.10 0.10 0.09

13.3 0.09 0.09 0.09 0.08 0.07 0.07 0.08 0.07 0.07 0.09 0.10 0.09

13.5 0.09 0.09 0.09 0.08 0.07 0.07 0.07 0.07 0.07 0.09 0.10 0.08

13.7 0.08 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.09 0.09 0.08

13.9 0.08 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.09 0.09 0.08

14.1 0.08 0.07 0.08 0.07 0.06 0.06 0.07 0.07 0.07 0.09 0.09 0.07

14.3 0.08 0.07 0.07 0.07 0.06 0.06 0.07 0.07 0.07 0.08 0.08 0.07

14.5 0.07 0.07 0.07 0.07 0.06 0.07 0.07 0.07 0.06 0.08 0.08 0.07

14.7 0.07 0.07 0.07 0.07 0.06 0.07 0.07 0.06 0.06 0.08 0.08 0.07
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Table 1. Cont.

IH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

14.9 0.07 0.07 0.07 0.07 0.06 0.06 0.07 0.06 0.06 0.08 0.08 0.06

15.1 0.07 0.07 0.07 0.07 0.06 0.07 0.07 0.06 0.06 0.08 0.07 0.06

15.3 0.06 0.07 0.06 0.07 0.06 0.07 0.07 0.06 0.06 0.07 0.07 0.06

15.5 0.07 0.07 0.06 0.07 0.06 0.07 0.08 0.07 0.06 0.07 0.07 0.06

15.7 0.07 0.06 0.07 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.07 0.06

15.9 0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.07 0.06

16.1 0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.07 0.06

16.3 0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.07 0.06

16.5 0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.06 0.05

16.7 0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.06 0.05

16.9 0.05 0.05 0.06 0.06 0.06 0.07 0.08 0.07 0.06 0.07 0.06 0.05

17.1 0.05 0.05 0.06 0.06 0.06 0.06 0.08 0.07 0.06 0.06 0.06 0.05

17.3 0.05 0.05 0.06 0.06 0.06 0.06 0.08 0.07 0.06 0.06 0.06 0.05

17.5 0.05 0.05 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.05

17.7 0.05 0.05 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.04

17.9 0.05 0.05 0.05 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.04

18.1 0.05 0.05 0.05 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.04

18.3 0.05 0.04 0.05 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.04

18.5 0.05 0.04 0.05 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.04

18.7 0.04 0.04 0.05 0.06 0.06 0.06 0.07 0.07 0.05 0.06 0.05 0.04

18.9 0.04 0.04 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.05 0.05 0.04

19.1 0.04 0.04 0.05 0.05 0.05 0.05 0.06 0.06 0.05 0.05 0.04 0.04

19.3 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04

19.5 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.03

19.7 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.03

19.9 0.03 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.03

20.1 0.03 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.03

20.3 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.03

20.5 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03

20.7 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03

20.9 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.03 0.03

21.1 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.03 0.03

21.3 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03

21.5 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03

21.7 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

21.9 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

22.1 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02

22.3 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02

22.5 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.02

22.7 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.02

22.9 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02

23.1 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02

23.3 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02

23.5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

23.7 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

23.9 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

24.1 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

24.3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

24.5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

24.7 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
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Table 1. Cont.

IH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

24.9 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

25.1 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01

Table 2. Mean observation errors (N-unit) of TM RO refractivity between the geometric heights of
0.1–25.1 km, averaged within each 10◦ latitudinal band from 60◦S to 60◦N.

GH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

0.1 2.83 6.30 6.98 9.10 7.48 10.0 6.67 7.95 7.73 6.55 12.36 8.09

0.3 3.60 5.64 6.30 6.93 7.00 9.76 7.09 5.12 7.10 7.19 7.12 5.56

0.5 3.66 5.32 6.50 7.06 6.78 8.72 5.79 4.50 6.62 7.34 6.09 5.18

0.7 3.96 5.53 7.06 7.63 8.30 8.93 6.96 6.77 7.89 8.00 5.98 5.29

0.9 4.22 5.80 7.25 7.95 9.13 8.36 7.51 7.60 8.72 8.48 6.09 5.39

1.1 4.18 5.98 7.42 8.23 9.35 8.41 7.26 7.93 8.94 8.51 6.13 5.32

1.3 4.27 5.73 7.38 7.95 9.08 8.40 7.06 7.91 8.76 8.44 6.14 5.20

1.5 4.10 5.48 7.13 7.95 8.77 8.52 6.95 8.09 8.64 8.38 6.19 5.16

1.7 3.76 5.15 6.71 7.73 8.37 8.41 6.85 7.86 8.35 8.02 6.09 5.03

1.9 3.60 5.02 6.21 7.38 8.02 8.19 6.69 7.76 8.23 7.70 6.02 4.90

2.1 3.46 4.83 5.88 7.15 8.10 8.03 6.53 7.72 8.12 7.43 5.92 4.78

2.3 3.31 4.60 5.50 6.62 7.66 7.70 6.26 7.40 7.67 7.12 5.71 4.64

2.5 3.09 4.30 5.25 6.36 7.43 7.39 6.00 7.24 7.34 6.75 5.52 4.49

2.7 2.93 3.87 4.95 6.07 7.14 7.21 5.83 7.11 6.96 6.45 5.32 4.30

2.9 2.80 3.65 4.62 5.78 6.58 6.68 5.62 6.73 6.49 6.07 5.08 4.13

3.1 2.60 3.53 4.40 5.50 6.23 6.31 5.51 6.35 6.17 5.77 4.87 3.97

3.3 2.37 3.32 4.11 5.15 5.98 5.94 5.29 5.92 5.86 5.49 4.66 3.76

3.5 2.25 3.19 3.77 4.80 5.53 5.44 4.97 5.54 5.51 5.18 4.40 3.55

3.7 2.20 3.01 3.50 4.55 5.18 5.18 4.74 5.28 5.24 4.92 4.19 3.39

3.9 2.13 2.77 3.26 4.29 4.91 4.95 4.51 4.99 5.00 4.65 3.98 3.19

4.1 2.09 2.56 3.03 4.02 4.56 4.56 4.26 4.65 4.72 4.36 3.77 2.98

4.3 1.97 2.42 2.86 3.83 4.29 4.28 4.10 4.42 4.45 4.12 3.57 2.82

4.5 1.86 2.27 2.67 3.64 4.10 4.11 3.97 4.23 4.19 3.91 3.39 2.64

4.7 1.76 2.15 2.50 3.35 3.79 3.90 3.85 4.02 3.88 3.65 3.19 2.47

4.9 1.67 1.99 2.35 3.09 3.45 3.63 3.71 3.81 3.61 3.43 2.99 2.31

5.1 1.58 1.85 2.25 2.88 3.18 3.41 3.57 3.55 3.39 3.23 2.82 2.17

5.3 1.50 1.72 2.13 2.64 3.01 3.19 3.38 3.31 3.18 3.03 2.64 2.03

5.5 1.43 1.60 2.00 2.41 2.78 2.88 3.16 3.08 2.96 2.82 2.48 1.90

5.7 1.38 1.51 1.91 2.23 2.56 2.70 2.99 2.86 2.78 2.68 2.34 1.78

5.9 1.36 1.44 1.79 2.12 2.41 2.59 2.80 2.71 2.61 2.55 2.20 1.67

6.1 1.34 1.38 1.66 1.93 2.22 2.40 2.59 2.56 2.43 2.40 2.04 1.57

6.3 1.33 1.32 1.55 1.78 2.05 2.18 2.41 2.41 2.25 2.25 1.91 1.48

6.5 1.31 1.26 1.46 1.71 1.90 2.04 2.28 2.26 2.11 2.11 1.80 1.40

6.7 1.27 1.21 1.38 1.64 1.83 1.95 2.19 2.13 1.98 1.99 1.70 1.33

6.9 1.21 1.16 1.29 1.53 1.70 1.85 2.06 2.02 1.86 1.87 1.61 1.26

7.1 1.14 1.12 1.22 1.43 1.57 1.70 1.96 1.88 1.73 1.76 1.51 1.19

7.3 1.08 1.08 1.15 1.37 1.47 1.57 1.83 1.78 1.63 1.68 1.44 1.14

7.5 1.04 1.05 1.11 1.29 1.40 1.47 1.71 1.66 1.54 1.60 1.37 1.09

7.7 0.99 1.02 1.07 1.22 1.36 1.40 1.61 1.56 1.46 1.54 1.31 1.05

7.9 0.97 0.99 1.03 1.16 1.28 1.33 1.52 1.46 1.37 1.47 1.26 1.01

8.1 0.95 0.97 0.99 1.11 1.20 1.27 1.46 1.37 1.31 1.40 1.21 0.99

8.3 0.94 0.95 0.96 1.06 1.13 1.20 1.40 1.30 1.24 1.35 1.16 0.96
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Table 2. Cont.

GH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

8.5 0.94 0.94 0.94 1.02 1.08 1.15 1.32 1.24 1.18 1.30 1.13 0.94

8.7 0.93 0.91 0.92 0.99 1.02 1.10 1.25 1.18 1.11 1.25 1.09 0.92

8.9 0.92 0.90 0.89 0.95 0.96 1.04 1.20 1.12 1.05 1.21 1.06 0.90

9.1 0.91 0.89 0.88 0.93 0.91 0.99 1.15 1.07 0.98 1.17 1.03 0.88

9.3 0.86 0.89 0.85 0.90 0.87 0.95 1.11 1.02 0.93 1.15 1.01 0.87

9.5 0.85 0.87 0.84 0.87 0.84 0.93 1.06 0.98 0.89 1.12 0.99 0.86

9.7 0.86 0.87 0.83 0.85 0.81 0.91 1.03 0.94 0.86 1.09 0.98 0.85

9.9 0.88 0.86 0.82 0.82 0.80 0.87 1.00 0.90 0.83 1.06 0.97 0.84

10.1 0.87 0.85 0.81 0.80 0.76 0.84 0.97 0.86 0.80 1.03 0.95 0.83

10.3 0.86 0.84 0.79 0.78 0.75 0.81 0.95 0.84 0.77 1.01 0.94 0.82

10.5 0.88 0.85 0.79 0.76 0.76 0.79 0.93 0.81 0.74 0.99 0.93 0.82

10.7 0.90 0.83 0.79 0.74 0.76 0.78 0.91 0.80 0.73 0.98 0.93 0.82

10.9 0.90 0.83 0.79 0.73 0.74 0.76 0.89 0.79 0.71 0.97 0.92 0.81

11.1 0.88 0.82 0.79 0.73 0.73 0.74 0.87 0.78 0.70 0.96 0.92 0.81

11.3 0.88 0.82 0.78 0.72 0.71 0.73 0.85 0.76 0.68 0.94 0.91 0.80

11.5 0.87 0.81 0.76 0.71 0.69 0.71 0.82 0.75 0.67 0.92 0.90 0.78

11.7 0.86 0.80 0.75 0.70 0.67 0.70 0.80 0.73 0.65 0.90 0.89 0.77

11.9 0.83 0.78 0.73 0.69 0.65 0.69 0.78 0.72 0.63 0.89 0.87 0.75

12.1 0.79 0.75 0.72 0.68 0.64 0.67 0.76 0.70 0.63 0.87 0.85 0.73

12.3 0.76 0.73 0.71 0.67 0.63 0.65 0.74 0.69 0.62 0.86 0.84 0.71

12.5 0.73 0.71 0.70 0.66 0.61 0.64 0.73 0.67 0.61 0.84 0.82 0.69

12.7 0.72 0.69 0.68 0.65 0.61 0.63 0.73 0.66 0.60 0.83 0.80 0.67

12.9 0.71 0.67 0.66 0.64 0.61 0.63 0.72 0.65 0.59 0.81 0.78 0.65

13.1 0.69 0.65 0.65 0.63 0.61 0.61 0.71 0.64 0.58 0.80 0.76 0.64

13.3 0.67 0.62 0.64 0.62 0.61 0.60 0.69 0.63 0.57 0.78 0.74 0.62

13.5 0.65 0.60 0.62 0.61 0.59 0.59 0.68 0.62 0.56 0.76 0.72 0.60

13.7 0.63 0.58 0.60 0.60 0.58 0.59 0.67 0.61 0.55 0.74 0.70 0.58

13.9 0.60 0.57 0.58 0.59 0.56 0.58 0.66 0.60 0.54 0.72 0.68 0.56

14.1 0.58 0.56 0.56 0.58 0.54 0.57 0.65 0.60 0.53 0.71 0.66 0.54

14.3 0.56 0.55 0.55 0.57 0.53 0.56 0.64 0.58 0.52 0.69 0.64 0.53

14.5 0.56 0.55 0.54 0.57 0.53 0.56 0.63 0.57 0.51 0.68 0.63 0.52

14.7 0.54 0.55 0.53 0.57 0.54 0.55 0.62 0.57 0.51 0.66 0.62 0.51

14.9 0.52 0.54 0.52 0.56 0.53 0.55 0.61 0.57 0.50 0.65 0.61 0.50

15.1 0.51 0.52 0.52 0.55 0.53 0.54 0.60 0.57 0.50 0.64 0.60 0.49

15.3 0.52 0.52 0.51 0.54 0.52 0.54 0.60 0.57 0.50 0.63 0.59 0.48

15.5 0.52 0.51 0.51 0.54 0.51 0.53 0.59 0.56 0.49 0.62 0.58 0.47

15.7 0.51 0.50 0.50 0.53 0.51 0.52 0.59 0.57 0.48 0.61 0.57 0.46

15.9 0.52 0.49 0.50 0.52 0.51 0.52 0.58 0.56 0.48 0.60 0.56 0.45

16.1 0.50 0.48 0.48 0.51 0.51 0.51 0.57 0.56 0.48 0.59 0.54 0.44

16.3 0.48 0.47 0.47 0.50 0.51 0.51 0.57 0.55 0.47 0.57 0.52 0.43

16.5 0.47 0.46 0.46 0.49 0.49 0.51 0.57 0.54 0.46 0.56 0.51 0.42

16.7 0.45 0.44 0.45 0.48 0.48 0.50 0.57 0.53 0.45 0.54 0.49 0.41

16.9 0.44 0.43 0.44 0.48 0.47 0.50 0.56 0.53 0.45 0.53 0.48 0.40

17.1 0.43 0.42 0.44 0.47 0.47 0.49 0.56 0.53 0.44 0.52 0.47 0.39

17.3 0.42 0.41 0.43 0.47 0.46 0.48 0.54 0.52 0.44 0.52 0.46 0.38

17.5 0.41 0.39 0.42 0.46 0.45 0.47 0.53 0.51 0.44 0.51 0.45 0.37

17.7 0.41 0.38 0.41 0.45 0.45 0.46 0.52 0.50 0.43 0.50 0.44 0.36

17.9 0.40 0.38 0.40 0.44 0.44 0.45 0.51 0.49 0.42 0.49 0.43 0.35

18.1 0.40 0.37 0.40 0.43 0.44 0.44 0.50 0.48 0.41 0.48 0.42 0.35

18.3 0.39 0.36 0.39 0.42 0.42 0.43 0.48 0.47 0.40 0.46 0.40 0.34

18.5 0.38 0.35 0.37 0.40 0.41 0.41 0.47 0.45 0.38 0.45 0.39 0.33
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Table 2. Cont.

GH
(km)\◦ 60–50◦S 50–40◦S 40–30◦S 30–20◦S 20–10◦S 10◦S–0◦ 0–10◦N 10–20◦N 20–30◦N 30–40◦N 40–50◦N 50–60◦N

18.7 0.36 0.35 0.36 0.38 0.39 0.39 0.45 0.43 0.37 0.43 0.38 0.32

18.9 0.35 0.34 0.35 0.36 0.37 0.38 0.43 0.41 0.36 0.41 0.37 0.31

19.1 0.35 0.33 0.34 0.34 0.35 0.37 0.41 0.39 0.34 0.40 0.35 0.30

19.3 0.34 0.33 0.32 0.33 0.34 0.36 0.40 0.38 0.32 0.39 0.34 0.29

19.5 0.34 0.32 0.31 0.32 0.32 0.35 0.38 0.36 0.31 0.37 0.33 0.29

19.7 0.33 0.31 0.30 0.30 0.31 0.33 0.37 0.35 0.29 0.36 0.32 0.28

19.9 0.33 0.29 0.28 0.29 0.30 0.32 0.36 0.33 0.28 0.35 0.31 0.27

20.1 0.33 0.28 0.27 0.28 0.29 0.31 0.35 0.32 0.27 0.34 0.30 0.27

20.3 0.31 0.28 0.26 0.27 0.28 0.30 0.34 0.31 0.26 0.32 0.29 0.26

20.5 0.30 0.27 0.26 0.26 0.27 0.28 0.32 0.29 0.25 0.31 0.28 0.25

20.7 0.29 0.26 0.25 0.25 0.26 0.27 0.31 0.28 0.24 0.30 0.27 0.24

20.9 0.29 0.26 0.24 0.24 0.26 0.26 0.30 0.27 0.23 0.29 0.26 0.24

21.1 0.28 0.26 0.23 0.23 0.25 0.25 0.29 0.26 0.23 0.28 0.26 0.23

21.3 0.27 0.25 0.23 0.23 0.24 0.24 0.28 0.25 0.22 0.27 0.25 0.23

21.5 0.27 0.24 0.22 0.22 0.23 0.24 0.28 0.25 0.21 0.26 0.24 0.22

21.7 0.25 0.23 0.21 0.21 0.22 0.23 0.26 0.24 0.21 0.25 0.23 0.21

21.9 0.25 0.22 0.21 0.21 0.21 0.23 0.26 0.23 0.20 0.24 0.23 0.21

22.1 0.24 0.22 0.20 0.20 0.21 0.22 0.24 0.22 0.20 0.24 0.22 0.20

22.3 0.23 0.22 0.19 0.20 0.20 0.21 0.24 0.21 0.19 0.23 0.22 0.20

22.5 0.23 0.21 0.19 0.19 0.20 0.21 0.23 0.21 0.18 0.22 0.21 0.19

22.7 0.23 0.21 0.18 0.18 0.19 0.20 0.22 0.20 0.18 0.21 0.20 0.19

22.9 0.22 0.21 0.18 0.18 0.18 0.19 0.21 0.20 0.17 0.21 0.20 0.18

23.1 0.21 0.21 0.17 0.17 0.17 0.19 0.21 0.19 0.17 0.20 0.19 0.18

23.3 0.21 0.20 0.17 0.17 0.17 0.19 0.20 0.19 0.17 0.20 0.19 0.18

23.5 0.21 0.20 0.17 0.17 0.16 0.18 0.20 0.19 0.16 0.19 0.18 0.17

23.7 0.21 0.19 0.16 0.16 0.16 0.18 0.19 0.18 0.16 0.19 0.18 0.17

23.9 0.20 0.18 0.16 0.16 0.16 0.17 0.18 0.17 0.15 0.18 0.17 0.16

24.1 0.19 0.18 0.15 0.15 0.15 0.17 0.18 0.17 0.15 0.17 0.17 0.16

24.3 0.18 0.17 0.14 0.14 0.15 0.16 0.17 0.16 0.14 0.17 0.16 0.15

24.5 0.18 0.16 0.14 0.14 0.14 0.15 0.17 0.16 0.14 0.16 0.16 0.15

24.7 0.17 0.15 0.13 0.13 0.13 0.14 0.16 0.15 0.13 0.15 0.15 0.14

24.9 0.16 0.15 0.12 0.13 0.13 0.14 0.15 0.14 0.13 0.15 0.14 0.14

25.1 0.16 0.14 0.12 0.12 0.12 0.13 0.14 0.13 0.12 0.14 0.14 0.13

4. Discussion and Conclusions
This study evaluates the quality of TM RO bending angle and refractivity retrievals

from China’s first commercial low Earth orbit meteorological constellation. In addition
to ERA5 reanalysis and global radiosonde observations, the internationally recognized,
high-quality COSMIC-2 RO dataset is used as an RO-based reference to further assess the
consistency of TM RO retrievals. Comparing TM and COSMIC-2 RO data yields a more
comprehensive assessment of TM RO data. This study also provides the first systematic
evaluation of TM RO observation errors using the 3CH method.

The results show that TM RO refractivity and bending angle retrievals are in good
agreement with the reference datasets in the upper troposphere and lower stratosphere,
demonstrating their high quality. In the 8–30 km height range, the bending angle biases of
TM relative to ERA5 and COSMIC-2 are within ±0.19% and ±0.37%, respectively, while
the bias relative to radiosonde data remains within ±0.40% over 8–25 km. For refractivity,
the biases are within ±0.09% and ±0.14% relative to ERA5 and COSMIC-2, and within
±0.21% relative to radiosonde data. These results demonstrate the potential of TM GNSS
RO data for weather forecasting and climate applications in the upper troposphere and
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lower stratosphere. However, TM data exhibit positive refractivity and bending angle
biases below 8 km relative to ERA5, radiosonde, and COSMIC-2, with maximum biases of
0.71% and 1.86%, respectively. These positive lower tropospheric biases may be related to
retrieval processing differences, residual multipath effects, local spectral asymmetry in RO
signal noise, penetration depth differences, or collocation and representativeness errors.
Further analyses are needed to identify the dominant source of these biases.

The observation errors estimated using the 3CH method show clear vertical and
latitudinal dependence for both TM bending angle and refractivity. Observation errors in
the tropics (±30◦ latitude) are generally larger than those in the middle and high latitudes.
These TM-specific observation error estimates provide a quantitative basis for specifying
observation error in future numerical weather prediction data assimilation. Because the
3CH method assumes mutually independent dataset errors, the estimated values should be
interpreted as effective observation errors rather than pure instrument measurement errors.

Previous forecast impact studies have shown that GNSS RO data make substantial
contributions to numerical weather prediction, especially in data-sparse regions and the
tropics. The emergence of commercial RO missions provides new opportunities to improve
atmospheric analyses and forecasts. The quality assessment and observation error estimates
presented in this study provide a useful basis for developing TM RO quality control proce-
dures and observation error specifications. In future work, TM RO data will be assimilated
into numerical weather prediction systems to investigate the impact of commercial RO
observations on forecasts, particularly for high-impact weather systems such as tropical cy-
clones. Further evaluations over longer time periods and different seasons are also needed
to examine the stability of TM RO data quality and observation error characteristics.
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