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Abstract: The FengYun-3E Global Navigation Satellite System (GNSS) occultation sounder II (FY-3E
GNOS II) was launched on 5 July 2021. For the first time, based on the new GNOS II sensor, this
mission realizes radio occultation (RO) and reflectometry observations using the navigation signals
from the third-generation BeiDou System (BDS-3), and it is hence important to assess and analyze
the BDS-3 remote sensing performances relative to other systems. Here, we assessed FY-3E GNOS II
RO atmospheric retrievals by inter-comparing with corresponding data from the NCEP FNL global
atmospheric analysis and FY-3D GNOS mission. The GNOS RO data quality and consistency of the
different FY-3 meteorological satellites, i.e., FY-3D and FY-3E, as well as different GNSS systems (GPS,
BDS-2, BDS-3) were analyzed. We find that the FY-3E GNOS II RO data exhibit better quality than
FY-3D GNOS, particularly in the number, penetration height toward surface, and global coverage by
BDS RO profiles, due to the integration of BDS-2 and BDS-3. Additionally, comparing with co-located
NCEP FNL analysis profiles, the mean difference (and standard deviation) of the FY-3E GNOS II RO
atmospheric refractivity profile retrievals is found to be smaller than 0.2% (and 1%), in the upper
troposphere and lower stratosphere, from 5 to 30 km, and remains consistent at this accuracy and
precision level with the FY-3D GNOS RO data. These features provide clear evidence for a high utility
of the new GNOS II RO data for weather and climate research and applications.

Keywords: radio occultation; refractivity; FY-3E; GNOS II; BDS

1. Introduction

The Global Navigation Satellite System (GNSS) radio occultation (RO) has become a
major remote sensing technique to study the Earth’s atmosphere, with unique properties of
high vertical resolution, high accuracy, all-weather capability, global coverage, long-term

Remote Sens. 2023, 15, 5011. https://doi.org/10.3390/rs15205011

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15205011
https://doi.org/10.3390/rs15205011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-2660-1931
https://orcid.org/0000-0002-7115-1389
https://orcid.org/0000-0002-4132-3442
https://orcid.org/0000-0002-2438-6900
https://orcid.org/0000-0002-6888-280X
https://orcid.org/0000-0001-6648-8473
https://orcid.org/0000-0001-9187-937X
https://doi.org/10.3390/rs15205011
https://www.mdpi.com/journal/remotesensing
http://www.mdpi.com/2072-4292/15/20/5011?type=check_update&version=2

Remote Sens. 2023, 15, 5011

20f16

stability, and a consistency of different RO mission observations [1-5]. Thus, GNSS RO
data products have been widely used for numerical weather prediction (NWP) [6-9] and
global climate monitoring (GCM) [5,7,10-14] applications.

With the emergence of the Global Positioning System (GPS), the GNSS RO technique
was first demonstrated by the proof-of-concept GPS/Meteorology (GPS/MET) mission
launched in 1995 [15,16]. Subsequently, many GNSS RO missions have been launched,
e.g., CHAllenging Minisatellite Payload (CHAMP) [17-19], Gravity Recovery and Climate
Experiment-A (GRACE-A) [19], and Meteorological Operational Satellite-A /-B/-C (MetOp-
A/-B/-C) [20], and the Constellation Observing System for Meteorology, lonosphere, and
Climate (COSMIC), which is the first GNSS RO constellation with six low-Earth-orbit (LEO)
satellites [10,21,22].

In recent years, with the development of GNSSs, e.g., the Chinese BeiDou Global
Navigation Satellite System (BDS) [23,24], the European Galileo navigation satellite system
(Galileo), and the Russian GLObal NAvigation Satellite System (GLONASS) [25,26], the
new GNSS RO missions are commonly equipped with multi-GNSS RO receivers, e.g., the
FengYun-3C/-3D GNSS Occultation Sounder (FY-3C/-3D GNOS) [9,27-30], the COSMIC-2
constellation [31], and the Spire weather constellation [32,33].

Meanwhile, another GNSS remote sensing technique named GNSS reflectometry
(GNSS-R) for observing the Earth’s ocean wind, ice cover, soil moisture, and some other
geophysical parameters, has been gradually demonstrated by several space-borne missions,
e.g., the UK.’s Disaster Monitoring Constellation (DMC) [34,35], TechDemoSat-1 [36,37],
and the U.S.’s CYclone Navigation Satellite System (CYGNSS) [38,39].

In China, the BDS-3 constellation was fully established in July 2020 and has since
then officially provided services for global users. So far, the BDS-2 constellation is com-
posed of 15 satellites, including five geostationary-Earth-orbit (GEO), seven inclined-
geosynchronous-orbit (IGSO), and three medium-Earth-orbit (MEO) satellites, while the
BDS-3 constellation has a total number of 30 satellites, including three GEO, three IGSO,
and 24 MEO satellites [24]. In addition, there are four BDS-3 experimental satellites (BDS-3e)
available, including two IGSO and two MEO satellites [26]. On the other hand, the FY-3E
GNOS II mission, which has both the GNSS RO and GNSS-R functions to probe the atmo-
sphere, ionosphere, and ocean wind simultaneously, was launched in July 2021 [40—44].

The FY-3E GNOS II mission provides the GPS/BDS RO data product for global users;
therefore, it is important to assess and analyze the GNOS II RO performance, especially the
performance of the new BDS-3 RO relative to the other systems.

The study is organized as follows. Section 2 briefly overviews the status and progress
of FY-3C/-3D/-3E/-3F/-3G GNOS missions. Section 3 describes the datasets and methods
used in the FY-3E GNOS II BDS radio occultation quality and coverage performance
assessment. The assessment results are described and analyzed in Section 4. The FY-3E
GNOS 11 BDS radio occultation performances are summarized, and some conclusions are
drawn in Section 5.

2. Overview of FY-3 GNOS Missions

FY-3 series satellites are the second-generation polar-orbiting meteorological satellites
in China, which include eight LEO satellites and were scheduled to be launched in three
batches [45,46]. The GNOS instruments were designed and developed for the second
batch of FY-3 satellites, i.e., FY-3C/-3D satellites [30,47-50]. FY-3C/-3D GNOS instruments
were successfully launched on 23 September 2013 and 15 November 2017, respectively, for
sounding the Earth’s neutral atmosphere and ionosphere by using both the BDS-2 and GPS
signals [27,28,48,51].

FY-3C GNOS is the first multi-GNSS (i.e., BDS-2/GPS) RO sounder in space, which
has been successfully running in orbit for more than ten years now. So far, large amounts
of FY-3C GNOS RO atmospheric measurements have been accumulated and evaluated by
different institutions. Regarding the FY-3C GNOS atmospheric product, compared with
the co-located European Centre for Medium-Range Weather Forecasts (ECMWF) analysis
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data, the mean bias/standard deviation of the atmospheric refractivity is less than 1%/2%
in the upper troposphere and lower stratosphere [45]; meanwhile, the consistency of BDS-2
and GPS RO products has been successfully validated [30].

Comparing with the FY-3C GNOS, FY-3D GNOS has more frequency channels, a
higher gain antenna and a better satellite selection algorithm; therefore, it observes more
RO events per day than that of FY-3C GNOS [52]. It has proven the utilities of the GNOS
RO data for applications in NWP, GCM, and space weather research [30].

Due to the positive performance of the FY-3C/-3D GNOS instruments, the third batch
of FY-3 satellites, i.e., FY-3E/-3F/-3R/-3G satellites, continue to carry GNOS as one of the
major payloads [30,40]. In order to integrate the capabilities of GNSS RO and GNSS-R
remote sensing techniques and to help save the satellite’s space, power, and mass, the
second-generation GNOS instrument named GNOS II has been designed and developed
for the third batch of FY-3 satellites [40—44].

The FY-3 GNOS II instrument was designed and developed based on the GNOS
instrument by enhancing its original occultation detection capability, and adding a GNSS-R
functional module [40,41]. The FY-3E/-3G/-3F GNOS II were launched on 5 July 2021,
16 April 2023 and 3 August 2023, respectively. So far, the FY-3E GNOS II has obtained a
high amount of atmosphere, ionosphere, and wind field data products by using BDS-2/-3
and GPS signals [44].

Figure 1 shows the structure [40] of the FY-3E GNOS II instrument. It involves
three main modules, each for navigation, occultation, and reflection. The navigation
module receives GNSS direct signals by a precise orbit determination (POD) antenna
installed on the zenith side of the satellite; the occultation module predicts and tracks
the ionospheric and neutral atmospheric occultation signals received from ionospheric
and neutral atmospheric antennas. There are front- and back-viewing ionospheric and
atmospheric antennas installed for observing rising and setting RO signals, respectively;
the reflection module receives GNSS reflection signals by a reflection antenna installed on
the bottom side of the satellite.
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Figure 1. FY-3E GNOS Il instrument structure, including navigation, occultation, and reflection modules.
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FY-3E GNOS II comprises a choke-ring POD antenna, a 10-element front-viewing and
a 10-element back-viewing occultation antennas, a four-element down-viewing reflection
antenna, four radio frequency toolboxes, and an electronic toolbox. Nine elements of the
10-element occultation antenna are used for receiving atmospheric occultation signals while
one element is used for receiving ionospheric occultation signals. A wide coverage of the
atmospheric occultation could be achieved by using this newly developed nine-element
array antenna. In order to increase the received signal power of atmosphere occultation
signals, the gain pattern with shaped beams at a 45° azimuth angle provides up to 10 dBi.
The reflection module generates waveform by cross-correlating signal and replica during
an integration time and uses Fast Fourier Transformation (FFT) to calculate the 2D delay
and Doppler correlation results [40,41], and the preliminary GNSS-R observation and wind
product have been validated and analyzed [44], which indicated that the FY-3E GNOS II
GNSS-R technique performs well.

This paper mainly focuses on the FY-3E GNOS II RO atmospheric product assessment
and analyses by comparing with FY-3D GNOS RO data. Table 1 shows the main parameters
of FY-3C/-3D/3E GNOS (II) instruments for navigation and occultation modules [43].

Table 1. Main parameters of FY-3C/-3D/-3E GNOS (II) instruments, for the navigation and occulta-
tion modules.

FY-3C GNOS FY-3D GNOS FY-3E GNOS II
Frequencies GPS: L1, L2C, L2P GPS: L1, L2C, L2P GPS: L1, L2C, L2P
BDS-2: B1, B2 BDS-2: B1, B2 BDS-2/-3: B1, B3
Navigation channels GPS: 8 GPS: 9 GPS: 12
BDS-2: 4 BDS-2: 6 BDS-2/-3: 12
Occultation channels GPS: 6 GPS: 8 GPS: 14
BDS-2: 4 BDS-2: 6 BDS-2/-3: 8
POD antenna Patch antenna Patch antenna Choke-ring antenna
Atmosphere antenna 4-element patch antenna 5-element patch antenna 9-element patch antenna
7.0 dBi@45° azimuth 8.5 dBi@45° azimuth 10 dBi@45° azimuth

Sampling rate

Observables

Navigation data and ionosphere occultation: 1 Hz
Atmosphere occultation: 50 Hz @close loop, 100 Hz @open loop
Pseudo-range, carrier phase, amplitude (SNR)

3. Datasets and Assessment Methods

In this study, the FY-3E GNOS II RO atmospheric product performances of occultation
event number and spatiotemporal coverage, bias and quality consistency with other GNOS
RO data, and with co-located National Centers for Environmental Prediction (NCEP) Final
(FNL) global atmospheric analysis data, will be assessed.

3.1. GNOS RO and Reference Datasets

To analyze the performance of FY-3E GNOS II RO atmospheric products, we have
selected the FY-3E GNOS II and FY-3D GNOS atmPrf RO datasets over the six months
from September 2022 to February 2023. These datasets can be downloaded from the web-
site http:/ /data.nsmc.org.cn/portalsite /default.aspx?currentculture=en-US (accessed on
21 May 2023).

In general, the quality and accuracy of GNSS RO atmospheric products are assessed
by comparing them with independent reference datasets. In this study, we have chosen
the NCEP FNL global analysis as the atmospheric reference data. The NCEP FNL global
analysis is a widely used atmospheric dataset that provides comprehensive information on
global atmospheric conditions, including temperature, humidity, air pressure, wind, and
other related variables. The NCEP FNL analysis dataset can be obtained from the website
https:/ /rda.ucar.edu/datasets/ds083.2/dataaccess/ (accessed on 21 May 2023).
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3.2. FY-3E GNOS II RO Data Assessment Methods
3.2.1. RO Event Numbers and Spatiotemporal Coverage

In this study, we aim to analyze the detection capabilities of FY-3E GNOS II Radio RO
data by comparing it with FY-3D GNOS datasets. Additionally, we compare and analyze
the detection capabilities for GPS and BDS RO measurements.

In order to visualize the GNSS RO events and assess the detection capabilities, we
employ histogram to display the daily GNSS RO event numbers, create global distribu-
tion maps to show the spatial coverage of GNSS RO measurements, overlay information
such as profile lowest penetration height to understand the vertical extent of the mea-
surements, and calculate the global coverage fraction (GCF) [53] to assess their coverage
capabilities quantitatively.

To calculate the GCF in this study, we first divide the Earth’s surface into uniform
grid cells of size 400 x 400 km?, with a reference origin at (0°, 0°). We then sequentially
allocate the recorded GNSS RO events into their corresponding grid cells using equal-area
mapping, ensures that each grid cell covers an equal spatial area. By doing so, we obtain
the GNSS RO spatiotemporal datasets, which represent the distribution and coverage of
GNSS RO measurements across different spatial grids and time intervals. Specifically, the
events” allocation procedure and GCF computation include three steps, as follows:

(1) Time normalization to the period of interest through

t = tro — to, )
where tgo is the RO event time and ¢ is the start time of the analysis period.

(2) Allocation of the RO events based on their geographic location into corresponding
equal-area grid cells, according to the description of equal-area projection in [54].
(8) Calculation of the global coverage fraction in the form of time series [53]:

GCF = (SOCC/StOt) X 1000/0, (2)

where GCF is the global coverage fraction of RO events, S, is the accumulated area of the
grid cells visited by RO events, and Sy is the total grid area, i.e., the entire Earth’s surface
area in the given case of a global coverage fraction.

By employing these grid-sampling and visualization methods and by analyzing the
GNSSS RO event locations, occultation number histograms, global distribution maps, and
the coverage through GCF graphs, we can thoroughly evaluate the FY-3E GNOS II GPS
and BDS capabilities in comparison with FY-3D GNOS datasets.

3.2.2. Refractivity Profiles Retrieval Performance

This study aims to assess the quality of FY-3E GNOS II RO data by comparing it with
the NCEP FNL global analysis dataset, specifically focusing on refractivity. Refractivity is a
crucial variable in the GNSS RO retrieval chain and is also used as an input parameter for
NWP assimilation. It is hence a good choice for a first evaluation of retrieval quality.

To estimate the FY-3E GNOS II RO refractivity mean difference and standard deviation
relative to the NCEP FNL analysis, we then proceeded as follows.

Firstly, we prepared the sets of RO refractivity profile data and co-located NCEP FNL
analysis data. Then, the refractivity difference profile AN; between each corresponding
pair of RO-observed profile and co-located NCEP FNL profile was calculated. Finally, the
statistical profiles of mean difference AN and standard deviation AN were obtained from
the ensemble of difference profiles according to Equations (3) and (4):

1 n
N = ﬁZANl-, 3)

>
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oAN = \/ % Y (AN, —BN), @)

where 7 is the total number of occultation events (difference profiles) and i is the index of
individual events. We note that, in this data processing, any gross anomalies in the RO
observations were identified and removed as outliers.

3.2.3. Evaluation of Consistency with FY-3D GNOS RO Data
The consistency between the FY-3E GNOS II RO atmospheric refractivity retrievals and

those from the previous FY-3D GNOS mission is assessed by comparing their observations
across different GNSS systems and over varying time periods.

4. Results and Analysis
4.1. RO Event Numbers and Spatiotemporal Coverage

To assess the enhancement in the RO detection capability of FY-3E GNOS II compared
to FY-3D GNOS, Figure 2 illustrates the geographical distribution of RO events over the
six-month period from 1 September 2022 to 28 February 2023. The four panels (a to d)
correspond to the global distribution of RO events detected by FY-3E GNOS II BDS, FY-3E
GNOS II GPS, FY-3D GNOS BDS, and FY-3D GNOS GPS, respectively.

Global distribution of the FY-3E GNOS Il GPS RO cvents
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Figure 2. Global distribution of FY-3E GNOS II BDS (a), FY-3E GNOS II GPS (b), FY-3D GNOS BDS
(c), and FY-3D GNOS GPS (d) RO events from 1 September 2022 to 28 February 2023. The dots
represent the RO event locations and the color of the dots indicates the lowest penetration height
toward surface observed during each event.

Comparing panel 2 (a) with (c), it is evident that the FY-3E GNOS II BDS RO events
show a significant advantage over the FY-3D GNOS BDS in terms of the number of events,
global coverage, and atmospheric penetration. This is because the FY-3E GNOS II system
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receives BDS signals from a larger number of satellites, incorporating both BDS-2 and
BDS-3 constellations, and utilizes open-loop observations in data processing. In panel 2 (c),
the coverage of BDS-IGSO RO events exhibits a quasi-global pattern, resembling the shape
of the numeral “8”. The larger oval covers areas such as South America and the Pacific
and Atlantic Oceans, while a relatively smaller oval covers the regions of Southeast Asia,
Northwestern Australia, and the Pacific and the Indian Oceans. This distribution is similar
to that observed in the FY-3C GNOS BDS RO events [29].

Comparing panel 2 (b) with (d), it becomes clear that the FY-3E GNOS II GPS RO
events exhibit similar characteristics in terms of number and global coverage to the FY-3D
GNOS BDS RO events, with slightly deeper penetration into the lower troposphere.

Comparing panel 2 (a) with (b and d), we can observe that the FY-3E GNOS II BDS RO
events demonstrate similar numbers and global coverage as the GPS RO events. Further-
more, the lowest penetration heights of the BDS RO events in the low- and middle-latitude
regions are similar to those of the GPS RO events. However, the BDS RO events show
higher penetration heights in the polar zones. Additionally, panel 2 (a, b, and d) highlights
the fact that RO events in the Qinghai-Tibet Plateau and Andes Mountain regions exhibit
notably higher penetration heights compared to other areas.

To quantitatively inspect the number of FY-3E GNOS II BDS, FY-3E GNOS II GPS, FY-
3D GNOS BDS, and FY-3D GNOS GPS RO events from 1 September 2022 to 28 February 2023,
Figure 3 presents a histogram showing the daily number of RO events.
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Figure 3. Histogram of the daily number of FY-3E GNOS II (a) and FY-3D GNOS (b) RO events from
1 September 2022 to 28 February 2023, in which the blue bars represent the number of GPS RO events
and the red bars represent the number of BDS RO events.
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It is evident from Figure 3 that there are approximately 550 FY-3E GNOS II BDS, FY-3E
GNOS II GPS, and FY-3D GNOS GPS RO events per day at the atmPrf data level. In contrast,
there are approximately 190 FY-3D GNOS BDS RO events per day. These data showcase
the notable advantage of FY-3E GNOS II BDS RO events compared to FY-3D GNOS BDS in
terms of event numbers.

To perform a quantitative analysis of the spatial and temporal distribution of FY-3E
GNOS II BDS data compared to GPS GNOS, we prepared Figure 4, which displays the
number of RO events for each grid cell during the revisit times as noted in the panels. A
5° x 5° latitudinal and longitudinal grid coordinate system is used, i.e., the map is divided
into grid cells with each cell spanning 5° x 5°.
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Figure 4. Global coverage of the RO events for FY-3E GNOS II GPS (a—c), FY-3E GNOS II BDS (d-f),
and FY-3D GNOS GPS (g-i) in 10 days (left), 20 days (middle), and 30 days (right), illustrating the
RO event numbers per 5° x 5° latitude x longitude grid cell (color bar) within these times. The GCFs
were computed using grid cell areas according to the description in Section 3.2.1.

In Figure 4, panels (a—c) depict the global coverage situation for the FY-3E/GPS RO
system, panels (d—f) for the FY-3E/BDS RO system, and panels (g-i) for the FY-3D/GPS RO
system, respectively, indicating also the corresponding GCF in each panel. It is seen that
the GCF of RO events gradually increases with the length of revisit time. Specifically, the
GCEF values of FY-3E/BDS RO events occurring in 10 days, 20 days, and 30 days are 83%,
93%, and 96%, respectively. Similarly, the GCF values of FY-3E/GPS RO events occurring
in the same time intervals are 80%, 93%, and 96%, respectively. Furthermore, the GCF
values of FY-3D/GPS RO events occurring in 10 days, 20 days, and 30 days are 85%, 95%,
and 97%, respectively.

Comparing the performance of the FY-3E/BDS RO system with the FY-3E/GPS and
FY-3D/GPS RO systems reveals that the GCFs of FY-3E/BDS RO events in 10 days, 20 days,
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and 30 days are similar to those of the FY-3E/GPS RO events, although slightly smaller
than the GCFs observed in the FY-3D/GPS RO events. This suggests that the spatial and
temporal detection capability of BDS RO events is equivalent to that of GPS RO events.

On the other hand, in panels 4 (d—f), there is also a noticeable shape resembling the
numeral “8” in each image. This shape represents the higher revisit times of the FY-3E/BDS
RO events along the “8” region compared to other regions. In fact, in the mid-latitude
zones, the number of RO event revisits for a single-grid cell can exceed 18. However, the
GPS RO events do not exhibit such performance.

In order to further inspect the geographic distribution characteristics of the BDS RO
events, Figure 5 illustrates the RO event distributions for FY-3E GNOS II BDS and FY-3D
GNOS BDS for the investigated time period for the GNSS subsystems in medium Earth
orbits (MEOs), inclined geosynchronous orbits (IGSOs), and geostationary orbits (GEOs),
respectively. For complementary information, Table 2 provides a summary of the BDS
satellite PRN numbers for the RO events shown in Figure 5.

30°8 ¥ 5% 30°S

120°W  60°W 0° ‘60°E 120°E
(a) < MFEO (74,756) e 1GSO (28,258)

30°N
3
0° Foen : 7 5 0°

30°8 X

120°W  60°W 0° 60°F l20.°E
(b) e« MEO (7,555) +  1GSO (14.023) +  GEO (9.455)

Figure 5. Global distribution of the RO events for FY-3E GNOS II BDS (a) and FY-3D GNOS BDS (b)
from 1 September 2022 to 28 February 2023, illustrating the RO event locations for the different GNSS
transmitter subsystems in GEO (red), IGSO (blue), and MEO (green), respectively.

Table 2. Summary of FY-3D GNOS and FY-3E GNOS II BDS occultation satellite PRN numbers per
transmitter subsystem.

FY-3D GNOS BDS FY-3E GNOS 11 BDS

C11,C12, C14, C16, C19, C20, C21, C22, C23, C24, C25, C26, C27, C28, C29,
MEO Cl1,C12,Cl4 C30, C32, C33, C34, C35, C36, C37, CA1, CA2, CA3, C44, C45, C46
IGSO C06, C07, C08, C09, C10, C13 C06, C07, C08, C09, C10, C13, C38, C39, C40

GEO C01, C02, C03, C04, C05 /
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As depicted in Figure 5, the GEO RO events are primarily concentrated in the polar
regions, resulting in an increased number of revisits in these areas. However, there were
very few GEO RO events observed in the middle- and low-latitude zones. The distribution
of IGSO RO events was uneven in both the latitudinal and longitudinal directions, which
forms a shape resembling the number “8”. There are more BDS IGSO RO events located
at the Asia Pacific and Oceania Indian Ocean regions, while the global distribution of
MEO RO events appeared more uniform, which also explains why GPS RO events are
evenly distributed.

Figure 6 illustrates the accumulated RO event numbers and GCFs trend of the FY-3E
GNOS II GPS, FY-3E GNOS II BDS, FY-3E GNOS II GPS + BDS, and FY-3D GNOS GPS,
FY-3D GNOS BDS, and FY-3D GNOS GPS + BDS datasets. As can be seen, the accumulated
RO event numbers increase proportionally with time for all datasets. The growth rates of
FY-3E GNOS II GPS + BDS and FY-3D GNOS GPS + BDS are approximately 1100 and 750
RO events per day, respectively. On the other hand, the growth rates of FY-3E GNOS II
BDS and FY-3D GNOS BDS are about 550 and 190 RO events per day, respectively. The
GCFs also increased with accumulation time: the 61-day cumulative RO event GCFs were
about 83% for the FY-3D GNOS BDS dataset and about 99% for the new FY-3E datasets.
This shows that the integration of BDS-2 and BDS-3 significantly enhanced the number of
RO events and the GCFs for a single-polar-orbit LEO satellite like FY-3E. Overall, these
results demonstrate the notable advantage of FY-3E GNOS II BDS RO events compared to
FY-3D GNOS BDS in terms of event numbers and GCFs.

70,000 100 SEETETTCCTTCCOOTIOTT
------ FY-3E GPS h

gooop{ ~~~ FY3EBDS A |l
_ —— FY-3E GPS+BDS I
= | e Fy3pGps 2 0 | Yae e
&8 500009 ——— Fy3DBDS
g —— FY-3D GPS+BDS

60 1
Z 40000 | X
.

=} - e
g
‘S 30,0001 8
= 40 Y3EG
= | g el \E oS e FY-3E GPS
= e FY3E
2 Sbi606 FY-3E BDS
o —— FY-3E GPS+BDS
O 09 e FY-3D GPS

10,000 4 === FY-3D BDS

—— FY-3D GPS+BDS

0 5 10 15 20 25 30 35 40 45 50 55 60
Time/d
(b)

Figure 6. The accumulated time dependence of RO event numbers (a) and GCFs (b) for the FY-3E
GNOS I GPS, FY-3E GNOS II BDS, FY-3E GNOS II GPS + BDS, and FY-3D GNOS GPS, FY-3D GNOS
BDS, FY-3D GNOS GPS + BDS (see legend for colors and line styles) during the two months from
1 September 2022 (day 1) to 31 October 2022 (day 61).

4.2. Refractivity Retrieval Performance and Evaluation of Consistency with FY-3D

Figure 7 illustrates the results of a statistical comparison between the FY-3E GNOS II
and FY-3D GNOS RO refractivity profiles, using the NCEP FNL analysis data as reference,
which did not assimilate the GNOS/GNOS II data during this period. We also note that, in
the statistical analysis at each height level, the 15% largest refractivity difference values
were dropped out as outliers, which is a quality control measure similar to what has been
performed in previous studies (e.g., [29,45]). These results clearly demonstrate a significant
improvement in the quality of BDS data from FY-3D GNOS (panel b) to FY-3E GNOS II
(panel a), both in terms of event numbers and penetration height toward the surface as
well as in terms of accuracy.
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Figure 7. Statistical comparison between RO refractivity profiles retrieved from FY-3E GNOSII (a) and
FY-3D GNOS (b) data, respectively, taking co-located NCEP FNL analysis data as reference dataset.
The ensemble of data span from 1 September 2022 to 28 February 2023 and the statistics include the
mean difference (“bias”; blue-solid GPS RO, red-solid BDS RO) and the standard deviation (“std”;
blue-dotted GPS RO, red-dotted BDS RO), respectively, also showing alongside the corresponding
occultation event numbers (“occNum”) as a function of height.

The mean refractivity difference, measured here in percentage units, is found to be
smaller than 0.2% from 5 to 30 km, indicating a strong agreement with the NCEP FNL
analysis data. This indicates that the FY-3E GNOS II and FY-3D GNOS data exhibit high
accuracy. Some more difference is noticed above 30 km and below 5 km, where it is known
that achieving such a 0.1% level of consistency and accuracy is challenging (e.g., [4,7,11,16]).

Regarding standard deviation, the highest precision is as well observed in the 5 to
30 km range, with values smaller than 1%. However, above 30 km, the standard deviation
starts to increase with height, which can be attributed partly to the analysis data and to the
RO observations themselves (e.g., [7,9,16,21]).

To visually summarize the data quality and stability of the FY-3D GNOS BDS, FY-3D
GNOS GPS, FY-3E GNOS 1II BDS, and FY-3E GNOS II GPS RO systems along the full
half-year time range of data, Figure 8 shows a six-month-series of monthly layer mean
differences and standard deviations for the 10-20 km and 20-30 km altitude layers.

From Figure 8, one can see that the monthly layer mean differences are stable over
time and remain consistent for the four RO systems in both the 10-20 km and 20-30 km
altitude layers, and are robustly smaller than 0.2%. The monthly layer mean standard
deviations are also robustly consistent for the four RO systems, with values smaller than
1% and the 20-30 km layer exhibiting slightly higher values than the 10-20 km layer.

Similarly, to visually summarize the statistical error characteristics of the FY-3D GNOS
BDS, FY-3D GNOS GPS, FY-3E GNOS II BDS, and FY-3E GNOS II GPS RO systems at
different latitudes, Figure 9 depicts six latitude bands of the six-month-mean layer mean
differences and standard deviations for the chosen altitude layers.

Figure 9 demonstrates that these differences remain stable across the six latitude
bands and are consistent for the four RO systems, both in the altitude layers of 10-20 km
and 20-30 km. These layer mean differences are consistently smaller than 0.2%, although
indicating slightly negative means in the two polar bands (90°S-60°S and 60°N-90°N).
Additionally, the six month’s standard deviations show robust consistency across the RO
systems and latitude bands, with standard deviation values lower than 1%, whereby the
20-30 km layer exhibits slightly higher values than the 10-20 km layer.
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Figure 8. Refractivity layer mean retrieval performance (20-30 km layer (a); 10-20 km layer (b)) for
the FY-3D GNOS BDS (green), FY-3D GNOS GPS (orange), FY-3E GNOS II BDS (red), and FY-3E
GNOS II GPS RO (blue)) events along the 6 months of data (left to right). Each individual “error bar”
depicts the mean difference (center dot of bar) and the standard deviation range around it (lower-
and upper-end dots of bar).
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Figure 9. Refractivity 6-month-mean layer mean retrieval performance (20-30 km layer (a); 10-20 km
layer (b)) for the FY-3D GNOS BDS (green), FY-3D GNOS GPS (orange), FY-3E GNOS II BDS (red),
and FY-3E GNOS II GPS RO (blue) events in six different latitude bands (southern polar to northern
polar; left to right). Each individual “error bar” depicts the mean difference (center dot of bar) and
the standard deviation range around it (lower- and upper-end dots of bar).

5. Summary and Conclusions

The FY-3E GNOS Il is a GPS/BDS/Galileo-capable GNSS remote sensing instrument
in space, which can monitor the neutral atmosphere, ionosphere, and wind speed by
using the GNSS RO and GNSS-R techniques. It has been operational in orbit for over
2 years. So far, a large dataset of FY-3E GNOS II GPS/BDS RO observations has been
published online (http://data.nsmc.org.cn/portalsite/default.aspx?currentculture=en-US
accessed on 21 May 2023). Here, we assessed the data quality and accuracy of the FY-3E
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GNOS II RO atmospheric data by comparing their retrieved refractivity profiles with co-
located NCEP FNL analysis data as well as against the earlier-started FY-3D GNOS RO
data. Furthermore, the quality and reliability of FY-3E GNOS II RO data in terms of RO
event numbers over time, spatiotemporal coverage, and penetration height toward the
Earth surface were analyzed by comparing with the FY-3D GNOS RO data and across
different GNSS subsystems and over varying (revisit) time periods. The main conclusions
are as follows:

(1) Comparing with co-located NCEP FNL analysis data, the mean difference (and stan-
dard deviation) of the FY-3E GNOS II RO atmospheric refractivity retrievals is smaller
than 0.2% (and 1%), in the upper troposphere and lower stratosphere, and remains
consistent at this accuracy and precision level with the FY-3D GNOS RO data.

(2) The RO event numbers and the spatiotemporal coverage of the FY-3E GNOS II GPS
RO system is similar to the FY-3D GNOS GPS RO system, showing its basic reliability
in this respect. Moreover, these characteristics are significantly enlarged and improved
for the FY-3E GNOS II BDS RO system compared to the FY-3D GNOS BDS RO system,
due to the on-top capacity to also use the BDS-3 system.

(3) The penetration height toward the surface of the FY-3E GNOS II BDS RO profiles is
deeper than that of FY-3D GNOS BDS RO profiles, due to the availability of improved
open-loop data tracking and processing.

(4) The refractivity retrieval intercomparisons also demonstrated robust stability and
accuracy along time (multi months), in different latitude bands and across all trans-
mitter subsystems (GPS, BDS) for both the FY-3E GNOS II RO and FY-3D GNOS RO
data, with mean consistencies within 0.2% and standard deviations well within 1%, in
the altitude layers of 10-20 km and 20-30 km.

Overall, the FY-3E GNOS II RO data exhibits better performance compared to FY-
3D GNOS RO, particularly in the number, penetration height toward surface, and global
coverage with BDS RO profiles, due to the integration of the BDS-2 and BDS-3 constellations.
In terms of the quality of the atmospheric profiles, both the FY-3E and FY-3D RO systems
show high accuracy and consistency, indicating the reliability of RO data across the FY-3
GNOS missions. These features provide clear evidence for the high utility of the new GNOS
II RO instrument and its retrieved data products for numerical weather prediction, climate
monitoring and research, and further atmosphere and climate applications.
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