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Abstract: Global Navigation Satellite System (GNSS) Radio Occultation (RO) data play an essential
role in improving numerical weather prediction (NWP) and monitoring climate change. The NOAA
Commercial RO Purchase Program (CDP) purchased RO data provided by Spire Global Inc. To
ensure the data quality from Spire Global Inc. is consistent with other RO missions, we need to
quantify their accuracy and retrieval uncertainty carefully. In this work, Spire Wet Profile (wet
temperature profile) data from 7 September 2021 to 31 October 2022, processed by the University
Corporation for Atmospheric Research (UCAR), and COSMIC-2 (Constellation Observing System for
Meteorology, Ionosphere, and Climate-2/Formosa Satellite Mission 7) data are evaluated through
comparison with NOAA-20 Advanced Technology Microwave Sounder (ATMS) microwave sounder
measurements and collocated RS41 radiosonde measurements. Through the Community Radiative
Transfer Model (CRTM) simulation, we convert the Spire and COSMIC-2 RO retrievals to ATMS
brightness temperature (BT) at sounding channels CH07 to CH14 (temperature channels), with
weighting function peak heights from 8 km to 35 km, and CH19 to CH22 (water vapor channels), with
weighting function peak heights ranging from 3.2 km to 6.7 km, and compare the simulations with
the collocated NOAA-20 ATMS measurements over ocean. Using ATMS observations as references,
Spire and COSMIC-2 BTs agree well with ATMS within 0.07 K for CH07-14 and 0.20 K for CH19-22.
The trends between Spire and COSMIC-2 are consistent within 0.07 K/year over the oceans for ATMS
CH07-CH13 and CH19-22, indicating that Spire/COSMIC-2 wet profiles are, in general, compatible
with each other over oceans. The RO retrievals and RS41 radiosonde observation (RAOB) comparison
shows that above 0.2 km altitude, RS41 RAOB matches Spire/COSMIC-2 temperature profiles well
with a temperature difference of <0.13 K, and the trends between Spire and COSMIC-2 are consistent
within 0.08 K/year over land, indicating that Spire/COSMIC-2 wet profiles are overall compatible
with each other through RS41 RAOB measurements over land. In addition, the consistency of Spire
and COSMIC-2 based on different latitude intervals, local times, and signal-to-noise ratios (SNRs)
through ATMS was evaluated. The results show that the performance of Spire is comparable to
COSMIC-2, even though COSMIC-2 has a higher SNR. The high quality of RO profiles from Spire
is expected to improve short- and medium-range global numerical weather predictions and help
construct consistent climate temperature records.

Keywords: radio occultation; spire; COSMIC-2; NOAA-20 ATMS; radiosonde; inter-comparison

1. Introduction

Global Navigation Satellite System (GNSS) Radio Occultation (RO) is a satellite re-
mote sensing technique that uses GNSS receivers manifested on low-Earth orbit (LEO)
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satellites to sense the occulted signals between GNSS emitters and receivers. The highly
accurate and stable GNSS RO data are ideally suited for improving weather prediction,
studying atmospheric processes, and monitoring climate [1–5]. The measurements ob-
tained from the GNSS RO limb-sounding technique are free of mission-dependent and
geographical-dependent biases [1,2]. The RO observations have the advantage of near-
global coverage, all-weather capability, and high vertical resolution ranging from ~60 m
near the surface to ~1.5 km at 40 km altitude [2–6]. The precision of RO temperature can
reach ~0.1 K [7,8], and the precision of the trend of RO-derived temperature profiles is
within ±0.06 K/5 years [9,10].

The National Oceanic and Atmospheric Administration (NOAA) Center for Satellite
Applications and Research (STAR) is now processing GNSS RO data using independently
developed inversion packages [11–13]. Using proper RO inversion procedures [11], we
can convert the observed time delay to the excess phase profiles, which can be further
converted into bending angle and refractivity profiles. The refractivity profile in the neutral
atmosphere is a function of pressure, temperature, and moisture. To establish the NOAA
long-term RO program and routinely monitor the RO data quality, NESDIS STAR has be-
come an RO data processing and science center. This science center facilitates the following
functions: (i) processing RO data [11,13–15], (ii) monitoring RO data quality, (iii) using RO
data as an on-orbit reference to calibrate infrared and microwave measurements [16,17],
(iv) optimizing RO data impacts on numerical weather prediction (NWP) [18,19], and
(v) constructing climate data records (CDRs) and using RO data products to detect global
change signals [13].

Currently, NOAA includes RO data from multiple RO missions in its numerical
weather prediction (NWP) system (see Figure 1). The RO data assimilated into the current
NOAA NWP system include the NOAA backbone mission (i.e., Constellation Observing
System for Meteorology, Ionosphere, and Climate-2/Formosa Satellite Mission 7, hereafter
COSMIC-2), Sentinel-6, and partners’ missions (i.e., Challenging Minisatellite Payload
Korea Multi-Purpose Satellite-5 (KOMPSAT-5) and Meteorological Operational satellite
(MetOp) series -A/-B/-C GNSS Receiver for Atmospheric Sounding (GRAS)). While all
these RO missions provide around 9 K–11 K occultation profiles per day (see Figure 1), the
International Radio Occultation Working Group (IROWG) from the World Meteorology
Organization (WMO) recommends that the optimal occultation number is at least 20 K per
day with a uniform spatial and temporal distribution.
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Except for the nationally supported RO missions listed above, RO data can also be
provided by commercial companies. To obtain more RO data and ensure the optimal spatial
and temporal RO distribution from multiple RO missions, which best benefit the National
Centers for Environmental Prediction (NCEP) global NWP, NOAA has established the
Commercial Data Program (CDP) to facilitate RO data purchase. Spire Global Inc. and
GeoOptics Inc. are the primary vendors to submit their data for CDP data assessment. Un-
like COSMIC-2 and other nationally supported large RO satellite missions, GeoOptics and
Spire RO data are collected from CubeSats. We can expect to reduce costs and shorten the
extensive space mission/systems development procedures using CubeSat. The CubeSats
usually have a smaller antenna size (e.g., ~1 foot for Spire) than nationally supported RO
missions (e.g., 2 feet for COSMIC-2). As a result, the signal-to-noise ratio (SNR) for CubeSat
may be smaller than other RO missions (see below). Spire currently operates a constellation
of more than 110 CubeSats in LEO orbits, which collect about 20 K occultation profiles
per day. The Spire Stratos RO antenna receiver payload can track GNSS signals from
GPS, GLONASS (GLObal NAvigation Satellite System), Galileo, and QZSS (Quasi-Zenith
Satellite System). Like COSMIC-2′s TriG (Global Positioning System—GPS, GALILEO, and
GLONASS) GNSS RO Receiver System (TGRS), the GeoOptics’s Community Initiative for
Cellular Earth Remote Observation (CICERO) receiver can also track signals from GPS,
GALILEO, and GLONASS.

Using the STAR RO processing and quality assessment system, we can assess the RO
data quality purchased by the NOAA CDP. Spire Global Inc. (from now on referred to as
Spire) is a commercial company that participated in the NOAA CDP RO data evaluation
and purchasing. The company builds and operates more than 110 3U CubeSats low-Earth
multi-use receivers (LEMURs). The LEMUR CubeSats fly in several sun-synchronous orbits
at LEO satellites with altitudes ranging from 385 km to 650 km. Many publications and
reports evaluated the accuracy of its bending angle [20,21], refractivity [20,22], SNR [20],
occultation coverage [23,24], Ionospheric electron density measurements [25], and the de-
tection of the planetary boundary layer height (PBLH) [26]. Alessandro Piro [27] from the
European Space Agency evaluated one-month Spire temperature data (from 26 May 2019
to 25 June 2019) using collocated radiosonde data from the Integrated Global Radiosonde
Archive (IGRA). They found that in the core region in the lower stratosphere, Spire temper-
ature (i.e., dry temperature) data are highly consistent with those from IGRA radiosondes.
However, for a specific range of altitudes, the data are not always comparable: 0–5 km,
in particular close to 5 km (where moisture is significant); 12–13 km (Tropopause); and
35–40 km (Upper Stratosphere) [27].

Observations from GNSS RO, microwave sounders such as the Advanced Technology
Microwave Sounder (ATMS), and radiosonde are all assimilated into the NCEP’s NWP
system. They are also used for climate studies [16,28–31]. Assessing the consistency and
uncertainty among these data is critical in improving global weather predictions and
helping to build a consistent climate temperature record [16,28,30,31].

This study assesses the inter-consistency between Spire and COSMIC-2 RO tem-
perature profiles in the neutral atmosphere and those from ATMS measurements and
radiosonde data. The Spire and COSMIC-2 Wet temperature profile data from 7 September
2021 to 31 October 2022 processed by the University Corporation for Atmospheric Research
(UCAR) are used in this study. We estimated the temperature and trend differences be-
tween Spire and COSMIC-2 RO and compared them with NOAA-20 ATMS and collocated
RS41 radiosonde measurements. The consistency between Spire and COSMIC-2 through
ATMS and radiosonde are also evaluated. Through the Community Radiative Transfer
Model (CRTM) simulations with RO retrievals as input, the brightness temperature (BT)
from the NOAA-20 ATMS is compared with RO-simulated BTs for the ATMS CH07 to
CH14 and CH19 to CH22 sounding channels over the ocean. The RS41 radiosonde tem-
perature product collected from NCEP is used to evaluate the temperature and the trend
differences between ROs and radiosonde data over land, from heights of 0.2 km to 35 km
(corresponding to the weighting function peak height from the ATMS channels of interest).
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The agreement between the Spire and COSMIC-2 data through radiosonde data via the
double difference method is also estimated. In addition, we also quantify the difference
between Spire and COSMIC-2 data for different latitudes, local times, and SNR groups
through ATMS.

The paper is organized as follows. The datasets used in this work are described in
Section 2. Section 3 describes the methodology. Section 4 presents the BT/Temperature (T)
differences between two RO (i.e., Spire and COSMIC-2) products and ATMS/radiosonde
over ocean and land, respectively. Section 4 also summarizes the trend between two RO
products and ATMS over the ocean and analyzes the consistency of Spire and COSMIC-2
through the double difference method for different latitude intervals, local times, and SNRs.
Section 5 provides discussions and summaries of the study.

2. Datasets

This section introduces the datasets used in this study and their related characteristics.

2.1. Radio Occultation Data
2.1.1. Spire

Each Spire LEMUR carries a GNSS Radio Occultation meteorology payload and a
payload for ship tracking. The Spire GNSS payload is for atmosphere remote sensing
and precision orbit determination. It uses occultation measurements to determine Earth’s
atmosphere temperature, pressure, and humidity profiles for applications in operational
meteorology [32]. The Spire satellites are placed in low-Earth orbit (generally around
500 km altitude so that they naturally de-orbit) at various inclinations, including equatorial,
sun-synchronous, and inclinations in between, allowing them to cover the globe. There
are 35 satellites in the Spire constellation over the study period, and the number of satel-
lites continues to grow. Spire RO data were provided to NOAA under the Commercial
Weather Data for RO (CWD-RO) project. This work evaluates the Spire Wet Profile (wet
temperature profiles) data from 7 September 2021 to 31 October 2022 processed by UCAR
(https://data.cosmic.ucar.edu/gnss-ro/spire, accessed on 20 July 2023). The daily Spire
occultation profiles purchased by CWD gradually increased from approximately 1000 on
7 September 2021 to about 4000 and then to around 6000 per day since 16 March 2022
(Figure 2). To facilitate comparisons with the Spire data, all other data used in this paper
are from the same period.
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2.1.2. COSMIC-2

Launched on 15 April 2006, the Constellation Observing System for Meteorology, Iono-
sphere, and Climate-1/Formosa Satellite Mission 3 (COSMIC-1) has six satellites. COSMIC-
1 has provided around 2000 to 3000 occultation profiles per day via the six receivers. As of
mid-2019, COSMIC-1 still provides nearly 300 occultation profiles per day [32]. Launched

https://data.cosmic.ucar.edu/gnss-ro/spire
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on 25 June 2019, COSMIC-2 is a COSMIC-1 follow-up mission. COSMIC-2 provides at least
4000 RO soundings daily, distributed between 45◦N to 45◦S. The inclination angle of its six
identical microsatellites is 24◦.

The UCAR developed one-dimension variational (1DVAR) retrieval algorithms to
retrieve temperature and humidity profiles from COSMIC-2 and Spire RO refractivity
profiles [16]. UCAR Spire and COSMIC-2 converted a priori values from GFS forecasts to
the European Centre for Medium-Range Weather Forecasts (ECMWF) 6 h interval forecasts
on 27 October 2021 and 8 September 2021, respectively. The retrieved product, the UCAR
wetPf2 soundings generated at near real-time (NRT), was released in October 2019 and
made publicly available on the web at https://data.cosmic.ucar.edu/gnss-ro/COSMIC-2/
nrt/ (accessed on 3 June 2022). WETPf2 data provide temperature and water vapor profiles
up to 60 km altitude with a 0.05 km vertical resolution from mean sea level height up to
20 km and 0.1 km from 20 km to 60 km. As shown in Figure 2, the COSMIC-2 data profile
processed by UCAR remained stable between 4000 and 6000 per day from 7 September 2021
to 31 October 2022.

In this study, we used validated COSMIC-2 data to assess the quality of Spire data
products. The accuracy of COSMIC-2-derived temperature profiles is better than 0.5 K
from 8 km to 30 km [16,33]. The trend stability between simulated BTs using COSMIC-2
retrievals and ATMS measurements is <0.02 K/year for ATMS CH07–10. The BT trend
difference for ATMS CH19–21 is <0.06 K/year [16,34].

2.2. NOAA-20/ATMS

The Advanced Technology Microwave Sounder (ATMS) built by Northrop Grumman,
Azusa, CA, USA, is the latest operational microwave sounder series launched by the United
States to provide both temperature and water vapor soundings of the atmosphere. The first
ATMS on the Suomi National Polar-orbiting Partnership (SNPP) satellite was launched
in 2011. The second ATMS was launched in November 2017 on the Joint Polar Satellite
System-1 satellite (JPSS-1) and was renamed NOAA-20. It joins the first ATMS flight unit
aboard the SNPP satellite and older sounders—i.e., the Advanced Microwave Sounding
Units A and B (AMSU-A/B) and Microwave Humidity Sounder (MHS)—on polar-orbiting
operational weather satellites. These sounders provide critical all-weather temperature and
humidity profile information for NWP models. SNPP is in a sun-synchronous orbit [35,36],
with an altitude of 824 km and an inclination of 97.1, yielding an orbital period of 101 min,
with the ascending equatorial crossing time set at 01:30 P.M. local time. NOAA-20, whose
nominal equator crossing local time and altitude are the same as SNPP, flies about 50 min
ahead of SNPP, allowing important overlap in the observational coverage.

The ATMS has 22 channels spanning 23-183 GHz, closely following the channel set of
the legacy microwave instruments such as Microwave Sounding Unit (MSU), AMSU-A,
AMSU-B, MHS, and Humidity Sounder for Brazil (HSB). The ATMS product used in this
work is the Sensor Data Record (SDR). The SDR provides Level 1b calibrated and geolocated
radiance/BT data for measuring atmospheric temperature and moisture. NOAA-20 ATMS
SDR data in this study were obtained from the NOAA Comprehensive Large Array-Data
Stewardship System (CLASS, https://www.avl.class.noaa.gov/saa/products/welcome,
accessed on 20 July 2023).

Figure 3 shows the weighting functions for ATMS CH07-14 and CH19-22, demon-
strating the sensitivity of atmospheric absorption and radiation contribution at different
altitudes to the observed ATMS channel BTs. These ATMS channel weighting functions
were calculated using the CRTM for the U.S. standard atmosphere at the nadir and over a
water surface. It can be seen that the peak heights of the water vapor sounding CH19-22
are below 7 km and can reach as low as around 3 km for channel 19. The peak heights of
temperature sounding CH07-14 range from 8 to 35 km. Because RO retrievals may have
a larger uncertainty above 35 km and below 2 km, the ATMS soundings CH07-14 and
CH19-22 are selected in this study.

https://data.cosmic.ucar.edu/gnss-ro/COSMIC-2/nrt/
https://data.cosmic.ucar.edu/gnss-ro/COSMIC-2/nrt/
https://www.avl.class.noaa.gov/saa/products/welcome
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2.3. Radiosonde Data

While NOAA-20 ATMS was used to evaluate the temperature of RO data consistency
over the oceans, we estimated the RO temperature accuracy over land using radiosonde
data. The radiosonde network is one of the reliable data sources, providing the longest
humidity record in the troposphere and lower stratosphere. Radiosonde observations have
also been used as a benchmark to validate satellite-retrieved sounding products [37]. The ra-
diosonde profiles used in this work were extracted from the NCEP Automated Data Process-
ing (ADP) Global Upper Air Observational Weather Data (dataset ds351.0). The data include
pressure, geopotential height, air temperature, dew point temperature, wind direction, and
speed. The radiosonde data are available at up to 20 mandatory levels from 1000 millibars
to 1 millibar, plus a few significant levels. Data intervals range from hourly to 12 h. The data
format is WMO BUFR (http://rda.ucar.edu/#BUFR, accessed on 20 July 2023). We used the
NCEP BUFRLIB software version 1.0 (https://github.com/NOAA-EMC/NCEPLIBS-bufr/,
accessed on 20 July 2023) to decode BUFR messages and extract the radiosonde profiles. All
the BUFR data were downloaded from the Computational and Information Systems Labo-
ratory (CISL) Research Data Archive (http://rda.ucar.edu/datasets/ds351.0/, accessed
on 20 July 2023). Vaisala RS92 was one of the major sonde types in the global operational
upper air network but has gradually been replaced by Vaisala RS41 starting in late 2013.
The sensor technologies and state-of-the-art design and manufacturing methodologies
of the RS41, combined with its extreme ease of use, ensure reliable and highly accurate
atmospheric observations [38]. We only use RS41 measurements in this study.

2.4. ERA5

ERA5 is the fifth generation ECMWF atmospheric reanalysis of the global climate
covering the period from January 1950 to the present. ERA5 is produced by the Copernicus
Climate Change Service (C3S) at ECMWF. ERA5 provides hourly estimates for atmospheric,
ocean-wave, and land-surface quantities, with 0.25◦ × 0.25◦ horizontal resolution. The
data cover the globe and resolves the atmosphere using 137 levels from the surface up to
80 km (0.01 hPa). Atmospheric data used in this work are interpolated to 37 pressures. This

http://rda.ucar.edu/#BUFR
https://github.com/NOAA-EMC/NCEPLIBS-bufr/
http://rda.ucar.edu/datasets/ds351.0/
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paper used RO temperature, water vapor, and ERA5 surface products, including surface
temperature, wind, and ozone on pressure levels, as input to the CRTM radiative transfer
model to simulate ATMS brightness temperatures.

3. Methodology

Figure 4 summarizes the methodology and processes used in this paper to evaluate
the consistency between Spire and COSMIC-2 data. The main idea of this paper is to
use both NOAA-20 ATMS and radiosonde observations as the references and compare
them with Spire and COSMIC-2 data, and then through NOAA-20 ATMS and radiosonde
data, Spire and COSMIC-2 can be compared via the double difference method. Since the
land and ocean surface emissivity is very different, to minimize the uncertainty of the
reference data, NOAA-20 ATMS is only used as the reference data for the ocean region
in this paper. To compare with the brightness temperature data provided by NOAA-20
ATMS, a radiometric simulation using the CRTM was needed to obtain the RO-simulated
brightness temperature using RO temperature and humidity data and ERA5 atmospheric
and surface parameters as inputs. The temperature difference and its trend over the land
region were validated with radiosonde observations. The sensitivity to SNR, latitude,
and local time was further analyzed to understand the effect of the different instrumental
specifications of Spire and COSMIC-2 on the results. Detailed information on each step is
described in the following subsections.
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3.1. Latitude Limitations

The geographical coverage of RO measurements is an important feature that affects RO
performance. The spatial coverage of Spire can complement the six operational COSMIC-2
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satellites. Figure 5 shows the percentage of latitudinal distribution of occultation events
for Spire (blue) and COSMIC-2 (red) between 7 September 2021 and 31 October 2022. The
latitudinal distributions demonstrated that Spire data, characterized by various inclination
orbits (51.6◦, 83◦/85◦, and 37◦), resulted in observations concentrated more in the mid-
latitudes. On the other hand, due to the low orbital inclination of the satellite (24◦), the RO
events of COSMIC-2 cover only latitudes within ±45◦, and many events are concentrated
at low latitudes. In this work, only RO events from the same latitudinal region (45◦S to
45◦N) observed by Spire and COSMIC-2 were included in the calculation and evaluation.
The other data used in this paper also limited the latitude to ±45◦.
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3.2. Collocation, Quality Control, and Interpolation

In studying the intercomparison of RO and reference data, screening and matching the
relevant data measured by both is necessary. In this study, the collocated RO and reference
data are first collected over the area of interest, within (45◦S and 45◦N) latitude over oceans
for ATMS and over land for radiosonde. Figure 6 shows the collocation between Spire
(left)/COSMIC-2 (right) and NOAA-20 ATMS over the ocean. It can be seen that a number
of the collocations of Spire and ATMS do fall outside the 45◦S to 45◦N latitude range, so
it is necessary to limit the latitude range of the Spire-ATMS collocation. The matching
criteria were set to a time difference of no more than 2 h and a spatial distance of no more
than 150 km [16,31]. The spatial difference is defined as the difference between the perigee
point location of the RO profile and the NOAA-20 ATMS nadir. Such matching criteria
ensure that the RO and ATMS/radiosonde observed a reasonably similar atmospheric state.
Table 1 shows the number of collocated RO profiles over land and oceans. The number of
Spire profiles paired with ATMS and radiosonde was reduced by 67% and 31%, respectively,
after latitude was limited. The significant decrease in ATMS collocation is mainly due to
the large concentration of ATMS data in the north and south polar regions.

In addition, only good RO profiles, which have attribute flags “bad” = 0 and “L2P” 6= “P”,
are considered in the collocation process. The “bad” flag indicates that the COSMIC-2
retrieval results are of low quality and should be excluded from the analysis. The “L2P” flag
refers to an ascending COSMIC-2 occultation that uses a GNSS transmitter and L2P carrier
frequency. In the provisional version of COSMIC-2 data, there is a bias in the processing of
L2P data. Therefore, this analysis does not include COSMIC-2 data with the “L2P” flag.
The matching criteria are applied throughout the study period. It is important to note that
these quality control attributes are only applied to COSMIC-2 since Spire does not have
them. It can be seen from Table 1 that around 12% and 18% of COSMIC-2 collocated with
ATMS and radiosonde profiles, respectively, were screened out using QC attributes.



Remote Sens. 2023, 15, 3710 9 of 28

Remote Sens. 2023, 15, x FOR PEER REVIEW 9 of 30 
 

 

 
Figure 5. Percentage of latitudinal distribution of occultation events for Spire and COSMIC-2 be-
tween 7 September 2021 and 31 October 2022. 

3.2. Collocation, Quality Control, and Interpolation 
In studying the intercomparison of RO and reference data, screening and matching 

the relevant data measured by both is necessary. In this study, the collocated RO and ref-
erence data are first collected over the area of interest, within (45°S and 45°N) latitude 
over oceans for ATMS and over land for radiosonde. Figure 6 shows the collocation be-
tween Spire (left)/COSMIC-2 (right) and NOAA-20 ATMS over the ocean. It can be seen 
that a number of the collocations of Spire and ATMS do fall outside the 45°S to 45°N lati-
tude range, so it is necessary to limit the latitude range of the Spire-ATMS collocation. The 
matching criteria were set to a time difference of no more than 2 h and a spatial distance 
of no more than 150 km [16,31]. The spatial difference is defined as the difference between 
the perigee point location of the RO profile and the NOAA-20 ATMS nadir. Such matching 
criteria ensure that the RO and ATMS/radiosonde observed a reasonably similar atmos-
pheric state. Table 1 shows the number of collocated RO profiles over land and oceans. 
The number of Spire profiles paired with ATMS and radiosonde was reduced by 67% and 
31%, respectively, after latitude was limited. The significant decrease in ATMS collocation 
is mainly due to the large concentration of ATMS data in the north and south polar re-
gions. 

  

Figure 6. The collocation between Spire (left)/COSMIC-2 (right) and NOAA-20 ATMS. The red and 
blue dots in the left figure indicate the collocation outside and within (45°S and 45°N) latitude, re-
spectively. 

In addition, only good RO profiles, which have attribute flags “bad” = 0 and “L2P” ≠ 
“P”, are considered in the collocation process. The “bad” flag indicates that the COSMIC-
2 retrieval results are of low quality and should be excluded from the analysis. The “L2P” 
flag refers to an ascending COSMIC-2 occultation that uses a GNSS transmitter and L2P 

La
tit

ud
e 

(°
)

Figure 6. The collocation between Spire (left)/COSMIC-2 (right) and NOAA-20 ATMS. The
red and blue dots in the left figure indicate the collocation outside and within (45◦S and 45◦N)
latitude, respectively.

Table 1. The number of collocated RO profiles for each preprocessing step.

Matching Pairs
ATMS (Ocean) Radiosonde RS41 (Land)

Spire COSMIC-2 Spire COSMIC-2

Original 1,499,067 1,038,827 14,825 12,441

Latitude 445,373 1,038,827 10,190 12,441

QC 445,373 911,560 10,190 10,971

Ocean/land 346,987 691,032 6494 7237

Outlier 345,553~346,967 (CH7-14)
252,184~280,608 (CH19-22)

686,989~691,021 (CH7-14)
521,247~565,018 (CH19-22)

See
Figure 8b

See
Figure 8b

Inevitably, there will be some outliers when the two data types are compared. There-
fore, for ATMS, values with a brightness temperature difference between the observation
and the CRTM simulation greater than 5 K were considered outliers. Similarly, for the
radiosonde data, each pressure layer with a temperature difference greater than 5 K from
the RO was marked as an outlier. Table 1 shows that the number of Spire and COSMIC-2
profiles paired with ATMS was reduced by 0.05% and 0.5% for CH07-14, respectively, and
by no more than 27% and 25% for CH19-22, respectively. The outliers in channels CH19-22
are mainly from the influence of cloud cover. Since the number of the paired profiles with
radiosonde are different at each pressure level, the remaining number of paired profiles
with radiosonde is not shown in Table 1 but can be found in Figure 8b.

The datasets used in this work had different vertical resolutions. To minimize the mis-
match of vertical resolutions, RO temperature, and ECMWF atmosphere profiles were all lin-
early interpolated (in the logarithmic pressure coordinate) to the ECMWF L60 model level.
Then, they were passed to the CRTM model to calculate the ATMS brightness temperatures.

3.3. CRTM

The Community Radiative Transfer Model (CRTM) is developed by the U.S. Joint Cen-
ter for Satellite Data Assimilation (JCSDA) for rapid satellite radiance simulations and radi-
ance derivative calculations under various atmospheric and surface conditions [17,39–41].
CRTM supports many sensors covering the microwave, infrared, and visible frequency
regions, including the historical and near-future sensors from the Geostationary Opera-
tional Environmental Satellite-R (GOES-R) and JPSS. This study used CRTM (v2.1.3) for
forward modeling to simulate the BT of ATMS channels using RO temperature profiles.
To simulate the BT of ATMS channels, the temperature and water vapor profiles from RO
data were fed as inputs to the CRTM. Other inputs to the CRTM simulation include surface
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parameters such as skin temperature, wind speed, wind direction, and ozone atmosphere
profile, which were obtained from ERA5 based on six-hour increments.

4. Results

This study used the difference between simulated BT from RO soundings and observed
BT from ATMS (∆BT) and the ∆BT drift during the selected period to evaluate the RO
temperature products’ consistency and stability over the ocean. Similarly, the difference
between RO and radiosonde temperature (∆T) and its drift over time was used to evaluate
similar RO sounding fidelity over land.

4.1. Overall Evaluation of ∆BT (∆T) and Its Trends over Ocean (Land)
4.1.1. ∆BT and ∆T Evaluation

The section compares the CRTM-simulated BT data using RO wet temperature profiles
from Spire and COSMIC-2 data products over the ocean as inputs with NOAA-20/ATMS
measurements. In addition, the T profiles from Spire and COSMIC-2 data products over
the land were compared with radiosonde RS41 measurements.

Figure 7a shows the mean BT difference µ(∆BTRO_ATMS). Uncertainty (i.e., σ
(
∆BTROATMS

)
)

of the mean TB difference between the RO-simulated BT and NOAA-20/ATMS observation
over the ocean and the associated results are listed in Table 2. In this paper, uncertainty is
defined as the 1-sigma standard deviation of the data. Figure 7 (a) shows that both the mean
BT difference for Spire (µ

(
∆BTSpire_ATMS

)
) and COSMIC-2 (µ(∆BTC2_ATMS) and their cor-

responding uncertainty for Spire (i.e., σ
(
∆BTSpire_ATMS

)
and COSMIC-2 (σ(∆BTC2_ATMS)

are consistent in both the magnitude and sign for all ATMS channels of interest. In par-
ticular, the µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) are all within 0.63 K for the ATMS

channels of interest except for CH09, with which µ
(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS)

remain less than 1 K. This is consistent with previous work from Shao et al. [16]. Since the
µ
(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) for ATMS CH09 are very close, which are 0.90 K

and 0.94 K, respectively, it can be considered that the relatively significant BT difference
with ATMS CH09 is due to the uncertainty of ATMS observation or CRTM simulation.
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Table 2. (Left) The BT difference between NOAA/ATMS CRTM-simulated measurements using
RO soundings and observations taken from Figure 7 and (right) the T difference between RO and
radiosonde T taken from Figure 8.

RO vs. ATMS (K ± K) RO vs. Radiosonde (K ± K)

Channel (Peak Sounding
Height, km) Spire COSMIC-2 Spire–

COSMIC-2
Height
(km) Spire COSMIC-2 Spire–

COSMIC-2

7 (8.06) 0.11 ± 0.48 0.11 ± 0.48 0.00 0.2 0.41 ± 1.77 0.24 ± 1.68 0.17
8 (10.61) 0.60 ± 0.26 0.62 ± 0.27 −0.01 1.0 −0.02 ± 1.39 −0.13 ± 1.35 0.11
9 (13.08) 0.90 ± 0.34 0.94 ± 0.33 −0.04 2.0 −0.04 ± 1.23 −0.01 ± 1.17 −0.03

10 (17.10) 0.63 ± 0.50 0.60 ± 0.47 0.03 3.2 −0.02 ± 1.15 −0.00 ± 1.08 −0.01
11 (20.89) 0.45 ± 0.47 0.38 ± 0.45 0.07 4.2 0.05 ± 1.17 0.09 ± 1.08 −0.04
12 (25.84) 0.31 ± 0.50 0.27 ± 0.49 0.04 5.6 −0.02 ± 1.17 0.08 ± 1.12 −0.10
13 (30.87) 0.39 ± 0.69 0.40 ± 0.67 −0.01 6.6 0.03 ± 1.18 0.16 ± 1.15 −0.12
14 (35.66) 0.17 ± 0.94 0.22 ± 0.91 −0.05 8.0 0.08 ± 1.16 0.17 ± 1.10 −0.09
19 (3.18) 0.31 ± 0.91 0.19 ± 0.88 0.12 10.5 0.05 ± 1.04 0.12 ± 0.97 −0.07
20 (4.27) 0.19 ± 1.47 0.05 ± 1.40 0.14 13.0 0.01 ± 1.06 0.02 ± 0.96 −0.01
21 (5.58) 0.16 ± 1.70 −0.01 ± 1.68 0.17 17.0 0.02 ± 1.43 0.00 ± 1.44 0.02
22 (6.66) −0.16 ± 1.81 −0.36 ± 1.82 0.20 21.0 −0.01 ± 1.34 −0.05 ± 1.36 0.04

26.0 0.06 ± 1.46 −0.00 ± 1.44 0.06
30.0 −0.13 ± 1.70 −0.04 ± 1.77 −0.09
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Figure 8. (a) The temperature difference between RO and radiosonde RS41 instrument measure-
ments, (b) the sample number profile associated with the data in (a), and (c) the temperature differ-
ence between Spire and COSMIC-2 using the radiosonde data as a transfer standard in the double
difference method.

Figure 7a depicts that the magnitudes of BT difference uncertainty are comparable
between σ

(
∆BTSpire_ATMS

)
and σ(∆BTC2_ATMS). The values of σ

(
∆BTSpire_ATMS

)
and

σ(∆BTC2_ATMS) for ATMS CH07 to CH12 are within 0.50 K, but are larger than 0.66 K for
ATMS CH13 and 14, which have weighting function peak heights of 30.87 km and 35.66 km,
respectively. Since the Radio Occultation bending angle decreases exponentially with
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decreasing air density, the temperature uncertainty increases quickly above ~25 km [42,43].
This is why we found the larger BT uncertainty for ATMS CH13 and CH14. Uncertainty
values greater than 0.66 K are also found for ATMS CH19-22, where weighting function
peak heights range between 3.18 km and 6.66 km. This relatively large uncertainty in the
tropospheric water vapor sounding channels—i.e., ATMS CH19-22—is possibly due to the
large water vapor variation in the lower troposphere.

Figure 7b shows the mean BT difference between Spire and COSMIC-2 µ
(
∆BTSpire_C2

)
computed with the double difference method using ATMS data over the ocean as a transfer
reference. These results are also in Table 2. Note the magnitude of the total uncertainty

σ
(
∆BTSpire_C2

)
=

√(
σ
(
∆BTSpire_ATMS

)
)

2
+ (σ(∆BTC2_ATMS))

2 is larger than the mag-

nitude of σ
(
∆BTSpire_ATMS

)
and σ(∆BTC2_ATMS). To explicitly show the magnitude of

the mean double difference between the two RO missions, we do not include the total
uncertainty σ

(
∆BTSpire_C2

)
in Figure 7b. Figure 7b shows that Spire and COSMIC-2 CRTM-

simulated BT agree well and are within 0.07 K for ATMS CH07-14. The BT differences for
ATMS CH19-22 are relatively large but still not larger than 0.2 K. The double BT difference
between Spire and COSMIC-2 µ

(
∆BTSpire_C2

)
indicates that the performance of Spire and

COSMIC-2 temperature and water vapor retrievals are very compatible from the surface to
around 30 km altitude. The relatively large discrepancies below 7 km altitude may be due
to the larger water vapor variation in the lower troposphere.

The NCEP radiosonde temperature product is used to evaluate the temperature
consistency of Spire and COSMIC-2 over land. Since the radiosonde measures the vertical
profile of pressure, temperature, and humidity from the ground to the balloon burst height
limit of about 35 km, this paper takes advantage of its high accuracy of ground observation
by adding three additional evaluations at heights of 0.2, 1, and 2 km to fill the gap in the
accurate assessment between ATMS observations and simulations using RO retrievals. The
RO and radiosonde comparison heights close to the weighting function peak height of
ATMS channels of interest were selected to demonstrate the consistency between the two
RO data sets over land using the radiosonde dataset.

Figure 8a,b show the mean µ(∆TRO_raob) (solid lines in Figure 8a) and uncertainty
σ(∆TRO_raob) (dash lines in Figure 8a) of the temperature difference between the RO and
RS41 measurements and the sample number, at the heights of interest, respectively. Table 2
lists the results of Figure 8. In general, both the mean T difference in µ

(
∆TSpire_raob

)
and

µ(∆TC2_raob) and the temperature difference uncertainty in σ
(

∆TSpire_raob

)
and σ(∆TC2_raob)

are consistent in both the magnitude and sign for all heights of interest. In particular, the
µ
(

∆TSpire_raob

)
and µ(∆TC2_raob) are all within 0.17 K for the heights of interest except for

0.2 km altitude, with which the difference in Spire and COSMIC-2 remain within 0.41 K. As
for the temperature difference uncertainty, the magnitudes of T difference uncertainty are
very similar between σ

(
∆TSpire_raob

)
and σ(∆TC2_raob), and their values are between ~1 K

and ~2 K for all heights of interest.
The values for σ

(
∆TSpire_raob

)
and σ(∆TC2_raob) for the heights 10.5 km and 13 km are

relatively small, which is consistent with the σ
(
∆BTSpire_ATMS

)
and σ(∆BTC2_ATMS) for

the ATMS CH08 and CH09, whose peak heights are 10.61 km and 13.08 km, respectively.
In addition, similar to σ

(
∆BTSpire_ATMS

)
and σ(∆BTC2_ATMS), the larger T difference un-

certainty is larger for heights higher than 25 km due to the Radio Occultation temperature
retrieval uncertainty increasing with height above 25 km.

Figure 8c shows the mean temperature difference µ
(
∆TSpire_C2

)
between Spire and

COSMIC-2, using the radiosonde temperature as a transfer reference via the double dif-
ference method. The associated data values are given in Table 2. Similar to the BT double
difference using ATMS as a reference, the total uncertainty σ

(
∆TSpire_C2

)
is propagated

from the uncertainties of the T difference between ROs and radiosonde, i.e., σ
(

∆TSpire_raob

)
and σ(∆TC2_raob). To clearly show the magnitude of the temperature double difference
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between the two RO missions, the total uncertainty σ
(
∆TSpire_C2

)
is not shown in Figure 8c.

Figure 8c depicts that Spire and COSMIC-2 temperatures agree within 0.17 K from 0.2 km
to 30 km. The Spire temperature shows small negative differences over the height region
between 2 km to 13 km and at the height of 30 km. This is similar to the BT double difference
results using ATMS as a reference, which shows a slight negative difference in Spire at the
ATMS channel weighting function peak height of ~10–~13 km and higher than 30 km.

The above results show that Spire and COSMIC-2 agree very well at different heights.
Their BT and T differences through the double difference approach are all within 0.10 K,
except for the ATMS four water vapor channels (CH19-22) and 0.2 km and 1.0 km height of
RAOB comparison, whose BT differences are not larger than 0.20 K.

4.1.2. Trend Evaluation

Figure 9 shows the ∆BTRO_ATMS time series plots and daily BT difference trend
D(∆BTRO_ATMS) and its associated 95% confidence interval (CI) obtained from the F-
test, between Spire/COSMIC-2 and NOAA-20 ATMS measurements for ATMS CH07-14
and CH19-22. To evaluate the time series potential BT difference trend between RO and
ATMS, linear regressions of daily average BT difference vs. days were fitted to obtain lines
of best fit, and the slopes of these fitted lines were used to calculate the yearly drift. Table 3
lists the data associated with these results. The most noticeable feature in Figure 9 is the
larger scattering of the daily difference for the ATMS CH14 and CH19-22, which is consis-
tent with the BT difference uncertainties σ(∆BTRO_ATMS) for these channels (see Table 2).
Figure 9 also shows the discrepancy between ∆BTSpire_ATMS and ∆BTC2_ATMS in the first
two months of the ATMS CH12 to CH14 (weighting function peak height > 25 km). This
discrepancy in ATMS CH12-14 is mainly owing to the UCAR WETPf2 1D-Var algorithm
updates, i.e., the UCAR Spire and COSMIC-2 change to ECMWF 6 h forecasts from GFS
forecasts as a priori values around 27 October 2021 and on 8 September 2021, respectively.
Since ECMWF relies strongly on the ATMS data, the RO data show stronger agreement
with the ATMS data after the background data are updated.

Table 3. Values of the trend and associated 95% confidence interval for the differences between daily
Spire/COSMIC-2 CRTM-simulated BT (sounding T) and NOAA-20 ATMS BT (RS41 radiosonde
T) measurements from 8 September 2021 to 31 October 2022. These values are also given for the
comparison of Spire and COSMIC-2 BT (T) trends formed using the double difference method with
NOAA-20 ATMS (RS41 radiosonde) data as a transfer reference.

RO vs. ATMS (K/Year ± K/Year) RO vs. Radiosonde (K/Year ± K/Year)

Channel (Peak Sounding
Height, km) Spire COSMIC-2 Spire–

COSMIC-2
Height
(km) Spire COSMIC-2 Spire–

COSMIC-2

7 (8.06) −0.02 ± 0.02 −0.03 ± 0.01 0.01 0.2 −0.03 ± 0.53 −0.19 ± 0.43 0.16
8 (10.61) −0.01 ± 0.01 0.00 ± 0.01 −0.01 1.0 −0.03 ± 0.18 −0.19 ± 0.15 0.16
9 (13.08) −0.01 ± 0.01 0.00 ± 0.01 −0.01 2.0 0.02 ± 0.12 0.03 ± 0.10 −0.01

10 (17.10) 0.03 ± 0.02 0.01 ± 0.01 0.02 3.2 0.12 ± 0.11 −0.00 ± 0.09 0.12
11 (20.89) 0.07 ± 0.02 0.05 ± 0.01 0.02 4.2 0.06 ± 0.11 0.09 ± 0.09 −0.02
12 (25.84) 0.08 ± 0.02 0.11 ± 0.02 −0.03 5.6 0.04 ± 0.11 0.02 ± 0.09 0.02
13 (30.87) 0.03 ± 0.03 0.10 ± 0.02 −0.07 6.6 0.01 ± 0.11 0.01 ± 0.09 0.00
14 (35.66) −0.07 ± 0.04 0.05 ± 0.03 −0.12 8.0 −0.07 ± 0.11 0.04 ± 0.09 −0.11
19 (3.18) −0.00 ± 0.03 0.01 ± 0.02 −0.01 10.5 −0.02 ± 0.11 −0.01 ± 0.08 −0.01
20 (4.27) 0.07 ± 0.06 0.01 ± 0.04 0.06 13.0 0.04 ± 0.10 0.02 ± 0.08 0.02
21 (5.58) −0.01 ± 0.06 −0.00 ± 0.04 −0.01 17.0 0.08 ± 0.15 −0.00 ± 0.14 0.08
22 (6.66) −0.08 ± 0.07 −0.02 ± 0.05 −0.06 21.0 0.12 ± 0.15 −0.01 ± 0.13 0.13

26.0 −0.04 ± 0.19 −0.11 ± 0.17 0.07
30.0 −0.26 ± 0.29 −0.28 ± 0.24 0.02

For the daily BT difference trend, D(∆BTRO_ATMS), Table 3 shows that both
D
(
∆BTSpire_ATMS

)
and D(∆BTC2_ATMS) for all ATMS channels of interest are within

±0.11 K/year. As for the yearly drift difference between Spire and COSMIC-2, ∆D
(
∆BTSpire_C2

)
,

created using the double difference with ATMS data as a transfer reference, the two RO-
based CRTM-simulated BT trends agree with each other within 0.06 K/year. The ex-
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ception is ATMS CH13 and CH14, which have trends that differ by −0.07 K/year and
−0.12 K/year, respectively.
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Figure 10 shows the daily ∆TRO_raob time series plots and their trends, D(∆TRO_raob),
and associated 95% CIs, between Spire/COSMIC-2 and radiosonde temperature measure-
ments for 12 heights of interest. The results are also listed in Table 3. Given the large
uncertainty and smaller number of data points at 0.2 km and 30 km (see Table 2 and
Figure 7b), the time series and trends are not shown in Figure 10 for these two heights. Sim-
ilar to the analysis of RO performance, based on the CRTM-simulated and observed ATMS
BT difference trend comparisons, D(∆TRO_raob) for the surface heights and heights larger
than 25 km have more scattering. This is also consistent with the T difference uncertainties
σ(∆TRO_raob) for these heights.
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In terms of the daily T difference trend D(∆TRO_raob), Table 3 shows that both

D
(

∆TSpire_raob

)
and D(∆TC2_raob) are within 0.19 K/year for all heights, except for the

height of 30 km, where the yearly drift is relatively large and reaches −0.28 K/year. This
larger drift is mainly due to larger T difference uncertainties and fewer profiles at this height.
For example, Spire and COSMIC-2 have 1514 and 1542 profiles, respectively, as seen in
Figure 8b. As for the yearly drift difference between Spire and COSMIC-2 ∆D

(
∆TSpire_C2

)
,

using the double difference method with RS41 radiosonde data as a transfer reference, the
two RO temperature trends agree with each other within 0.16 K/year.

Considering the comparison with ATMS over ocean and radiosonde over land, the
Spire and COSMIC-2 daily BT and T difference trends agree very well at different heights.
Their BT and T differences through the double difference method are all within 0.16 K.

4.2. The Latitude Dependency Evaluation of BT Simulated with SPIRE and COSMIC-2 RO
Soundings Using ATMS BT as a Reference

As mentioned in Section 3.1, COSMIC-2 RO events cover only latitudes within ±45◦,
while Spire observes at all latitudes. To eliminate the influence of different latitudinal
coverages on the comparison results, only RO events from the same latitudinal region (45◦S
to 45◦N) are included in Section 4.1. However, the impact of different latitudinal coverage
on the results must also be evaluated to comprehensively analyze the performance of the
two sets of RO data. Figure 11a shows the globally distributed difference between BT
simulated using Spire and COSMIC-2 GNSS RO soundings, and BT observed for ATMS
CH12. Meanwhile, Figure 11b reveals the difference between Spire and COSMIC-2 GNSS
RO sounding T and radiosonde T at the height of 26 km. These figures are shown without
latitude limitations. The BT difference distributions in Figure 11a show more Spire-ATMS
collocations than COSMIC-2-ATMS collocations in the extensive ocean regions poleward of
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±45◦ latitude. Therefore, it is reasonable to assume that µ(∆BTRO_ATMS) with a latitude
limitation may be quite different from µ(∆BTRO_ATMS) without a latitude limitation. On the

other hand, the maps of the geographical distribution of µ
(

∆TSpire_raob

)
and µ(∆TC2_raob)

are similar (Figure 11b), mainly because there are few radiosonde stations poleward of
±45◦ latitude. Therefore, only the latitude impacts on RO-based BT simulation and ATMS
BT observation differences are evaluated.
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Table 4 lists the simulated BT differences between Spire and COSMIC-2—i.e., µ
(
∆BTSpire_C2

)
¯

computed using the double difference method and ATMS BT as a transfer reference. This
analysis is performed with and without latitude limitations. For comparison purposes, the
results of applying a limited latitude in Table 2 are also included in Table 4. From the double
difference result, µ

(
∆BTSpire_C2

)
, it is obvious that by limiting latitude, the simulated BT

differences in Spire and COSMIC-2 are more consistent with each other for most ATMS
channels of interest, except CH19, whose peak sounding height is lower than 4 km. And the
absolute BT differences in Spire and COSMIC-2 are comparable with or without latitude
limitations for the ATMS CH10 and CH14. The value of µ

(
∆BTSpire_C2

)
without a latitude

limitation reaches 0.37 K. This is much larger than the largest µ
(
∆BTSpire_C2

)
value found

after applying a latitude limitation, which is 0.20 K for ATMS CH14 with the weighting
function peak sounding height of 35.66 km.

Another important and interesting phenomenon from Figure 11a is the latitudinal
dependence of the difference between BT simulated using Spire and COSMIC-2 GNSS
RO soundings and BT observed for ATMS CH12. To study the latitude-dependent dif-
ference between CRTM-simulated BTs generated from Spire and COSMIC-2 soundings
with respect to observed ATMS BT, the µ(∆BTRO_ATMS) difference data were collected
over the following five latitude regions: Antarctic (−90◦ to −45◦ latitude); Southern Hemi-
sphere sub-tropics and mid-latitudes (−45◦ to −20◦ latitude); near-equator tropics (−20◦

to 20◦ latitude), Northern Hemisphere sub-tropics and mid-latitudes (20◦ to 45◦ latitude),
and Arctic (45◦ to 90◦ latitude). Figure 12a,b show the mean differences and uncertainties
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of ∆BTSpire_ATMS and ∆BTC2_ATMS, respectively, calculated over these five latitude regions
with the data from 8 September 2021 to 31 October 2022. Since COSMIC-2 only covers the
−45◦ to 45◦ latitude area, only three latitude regions have been plotted. Similar to Figure 7a,
both the time series mean BT difference in µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) and the

BT difference uncertainty in σ
(
∆BTSpire_ATMS

)
and σ(∆BTC2_ATMS) are consistent in both

the magnitude and sign for all ATMS channels of interest and all latitude regions.

Table 4. The simulated BT differences between Spire and COSMIC-2, with and without latitude
limitations, computed using the double difference method and ATMS BT as a transfer reference.

RO vs. ATMS (Spire-COSMIC-2, K)

Channel (Peak
Sounding Height, km)

Latitude
Limited

Latitude
Unlimited

7 (8.06) 0.00 0.14
8 (10.61) −0.01 −0.03
9 (13.08) −0.04 −0.19

10 (17.10) 0.03 −0.02
11 (20.89) 0.07 0.15
12 (25.84) 0.04 0.15
13 (30.87) −0.01 0.06
14 (35.66) −0.05 0.04
19 (3.18) 0.12 0.03
20 (4.27) 0.14 0.16
21 (5.58) 0.17 0.26
22 (6.66) 0.20 0.37
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Regarding latitude dependency, in general, the simulated BTs generated with RO
soundings are consistent with ATMS measurements over these five latitude regions within
0.4 K in µ(∆BTRO_ATMS) for all ATMS channels of interest. For ATMS CH08, CH10,
and CH19, the differences in µ

(
∆BTSpire_ATMS

)
among these five latitude regions are

within 0.10 K. However, for ATMS CH07, CH09, CH11-14, and CH20-22, the difference
in µ

(
∆BTSpire_ATMS

)
among five latitude regions is relatively larger (~0.2 K to ~0.4 K).

Such remnant latitude-dependent differences can be seen in Figure 11a for ATMS CH12.
For BTs simulated with COSMIC-2 RO soundings and observed by ATMS, the latitude
dependency comparison in Figure 12b shows a similar magnitude and tendency to the
latitude dependency comparison shown in Figure 12a for BTs simulated with Spire RO
soundings and observed by ATMS in Figure 12a. However, since only three latitude
regions need to be calculated, the BT differences among these three latitude regions are no
larger than 0.33 K, which is relatively smaller than the BT differences for µ

(
∆BTSpire_ATMS

)
among these five latitude regions. Therefore, BTs simulated using Spire and COSMIC-2 RO
soundings show similar latitude dependencies relative to BTs observed by ATMS for the
channels of interest in this study.

4.3. The Local Time Dependency Evaluation of BT Simulated with Spire and COSMIC-2 RO
Soundings Using ATMS BT as a Reference

RO data may have diurnal cycle sampling errors. For example, if the diurnal tem-
perature variation is large, local time (LT) intervals that do not account for the whole
day may not reflect the actual temperature trend. This, in turn, introduces climatolog-
ical errors [44–48]. For this reason, this paper also analyzes the local time distribution
impact on the performance of CRTM-simulated BTs generated with Spire and COSMIC-2
RO soundings.

Figure 13 shows the one-day local time and latitude distributions of Spire and COSMIC-
2 observations on 31 August 2022. COSMIC-2 occultation events have a relatively uniform
local time coverage in each geographic coverage area equatorward of ±45◦ latitudes, while
Spire exhibits a concentrated local time distribution.
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Figure 13. Local time–latitude distributions of collocated Spire/COSMIC-2 and ATMS measure-
ments on 31 August 2022. The results for Spire and COSMIC-2 are found in the upper and lower
panels, respectively.
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Due to its various inclination orbits (51.6◦, 83◦/85◦, and 37◦), Spire sensors provide
uneven local time coverage over the diurnal cycle; therefore, it is necessary to further
investigate the impact of local time on the RO product’s performance. Figure 14 shows the
local time distributions of Spire and COSMIC-2 with and without latitude limitations from
8 September 2021 to 31 October 2022. The with/without latitude limitation condition has
a very small impact on the local time coverage distribution. It can be seen that although
Spire shows somewhat of a concentrated local time distribution in Figure 13, it still covers
24 h local time for latitude bands poleward of about ±20◦ latitudes. Note that although
Figure 13a shows a gap in time coverage for Spire soundings in the tropics, the Spire
soundings are globally covered throughout the study time interval of this paper. But at
the same time, Figure 14 indicates that the local time of some Spire occultation events is
concentrated at 0900–1200 and 2100–2300. However, COSMIC-2 observations are equally
distributed at the local time around the globe and provide uniform local time coverage.
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limitations from 8 September 2021 to 31 October 2022.

Figure 15 shows the local time-dependence of the time series mean of Spire/COSMIC-2
RO CRTM-simulated BT and ATMS BT difference (µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS))

for selected ATMS channels: CH08 (peak sounding height 10.61 km), CH12 (peak sounding
height 25.84 km), and CH20 (peak sounding height 4.27 km), with limiting Spire latitude
to ±45◦. The values of µ(∆BTRO_ATMS) have been binned into 1-hour groups in the
figure. It is shown that the values of µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) as a function

of local time are stable and consistent for ATMS CH08, are relatively stable but show
some differences for ATMS CH12, and are somewhat unstable and show relatively large
differences for ATMS CH20. For other ATMS channels of interest in this work—e.g., CH7,
CH09-10, CH13-14, CH19, and CH21-22—µ(∆BTRO_ATMS) local time-dependency for Spire
and COSMIC-2 are very similar (not shown here). The results indicate that although the
local time geographical distributions of Spire and COSMIC-2 show different patterns, the
local time-based performance is comparable. Note that since there are not enough numbers
matching pairs between RO and radiosonde to be binned into different local time groups,
the values of µ(∆TRO_RAOB) are not used to investigate local time dependency.
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Figure 15. Local time-dependence of the time series mean of Spire/COSMIC-2 RO CRTM-simulated

BT and ATMS BT differences (µ
(

∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) ) for ATMS CH08, CH12, and

CH20 and Spire soundings limited to within ±45◦ latitude.

4.4. The SNR-Related Dependency Evaluation of BT Simulated with Spire and COSMIC-2 RO
Soundings Using ATMS BT as a Reference

For GNSS RO instruments, the signal-to-noise ratio (SNR) is the RO signal amplitude
divided by the noise level and is provided in the voltage-to-voltage unit (V/V). The GNSS
RO SNR includes transmitted RO signal noise contributions and GNSS LEO satellite
noise contributions—e.g., signal ray path and RO receiver noise. The SNR parameter
is crucial for assessing RO performance. Previous studies indicate that higher SNR has
advantages in studying the troposphere and the Planetary Boundary Layer (PBL) [49,
50], which is expected to improve retrieval quality. The COSMIC-2 RO receivers have
higher SNR values than any previous RO missions, owing to the advanced Tri-Global
Navigation Satellite System Radio Occultation Receiver (TGRS) and high-gain antenna [51].
As Sokolovskiy et al. [52] and Schreiner et al. [51] pointed out, high SNR is most important
for providing deep signals in the tropical troposphere. Higher SNR is also important
for detecting sharp PBL tops. Therefore, quantitative characterization of the advantages
of high SNR for RO instruments is an important issue. On this basis, we analyzed the
influence of SNR on the bending angle lapse (BAL) and penetration depth. Different
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missions significantly differ in the nominal values of SNR. The normalized values may
have a smaller difference due to different noise floors [53]. Therefore, to compare RO
missions with different SNR values, the influence of SNR on the comparison of CRTM-
simulated BT based on Spire/COMSIC-2 soundings with respect to ATMS BT products
was also analyzed.

The ability to penetrate low altitudes is one of the decisive factors linked to the effi-
ciency of RO-based inversions of important weather parameters in the lower troposphere.
For this reason, a parameter named “penetration depth” exists that defines the minimum
altitude above ground level with a valid bending angle for an occultation event. An
analysis of occultation event penetration depths as a function of altitude was performed.
Figure 16 shows the distributions of the penetration depths for all latitude-limited Spire
and COSMIC-2 data. It can be seen that the two cumulative curves do not precisely overlap.
Still, they can be considered almost identical, indicating that the two ROs have almost the
same ability to penetrate the atmosphere.
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Figure 16. Distributions of the penetration depths (minimum heights above ground level) for Spire
and COSMIC-2 soundings limited within ±45◦ latitude.

Figure 17 shows the average penetration depth versus the L1 signal-to-noise ratio for
Spire (solid blue line) and COSMIC-2 (blue dashed line) for an interval of 50 V/V, with RO
data limited to ±45◦ latitude. The COSMIC-2 L1 SNR can reach as large as 2500 V/V, and
Spire reaches ~2200 V/V. The plot comparing SNR and penetration depth demonstrates that
a higher SNR allows lower altitude penetration. It can be seen that the Spire and COSMIC-2
have similar performance in detecting low-altitude areas at SNR less than 1900 V/V. But
for SNR values greater than 1900 V/V, Spire penetration depth detection shows unstable
performance instead of having deeper penetration like COSMIC-2. The penetration depth
indicates the low-altitude penetration capability of RO systems, while BAL can be applied
by utilizing its maximum value to detect the top of the PBL [48]. Therefore, Figure 17 also
indicates Spire (solid orange line) and COSMIC-2 (dashed orange line) BAL as a function
of L1 SNR for RO data limited within ±45◦ latitude. Sharp PBL tops can be detected at
the heights of maximum BAL [54]. Higher SNR allows retrievals of bending angle profiles
with larger BAL, thus increasing the reliability of detection of sharp PBL tops. The BAL of
COSMIC-2 gradually increased with increasing SNR. The trend of Spire BAL with SNR is
almost the same as COSMIC-2, out of which the Spire BAL shows an unstable performance
when the SNR reaches about 1900 V/V. This is because when the SNR exceeds 1900 V/V,
Spire’s data volume rapidly decreases to no more than 350, while COSMIC-2’s data volume
remains around 40,000. Therefore, the performance of BAL and the penetration depth of
Spire are similar to that of COSMIC-2, with the interval of the SNR less than 1900 V/V for
RO data limited within ±45◦ latitude.
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As mentioned above, since different RO missions have different nominal SNR values,
this paper analyzes the SNR-based performance of the two RO missions by comparing
Spire/COSMIC-2-based CRTM-simulated BT with ATMS-observed BT at different SNR
levels. This was carried out in addition to the previous comparisons between the SNR of
Spire and COSMIC-2. Figure 18 shows the µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) over

three SNR levels of 0–1000 (V/V), 1000–2000 (V/V), and 2000–3000 (V/V). Note that the
Spire and ATMS collocations do not contain data points with the SNR larger than 2000 V/V,
so there is no µ

(
∆BTSpire_ATMS

)
value for the 2000~3000 V/V category plotted in Figure 18.

For µ
(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) at the available SNR categories, Figure 18

shows that there are almost no differences compared with the µ
(
∆BTSpire_ATMS

)
and

µ(∆BTC2_ATMS) values given in Figure 7a,b and Table 2. This indicates that the SNR magni-
tude does not impact µ(∆BTRO_ATMS). The main discrepancies between µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) at the three SNR levels are in ATMS CH19-22. This is most likely due
to the larger uncertainty of these channels and the sensitivity of the retrieval algorithm
to tropospheric moisture at a height below 8 km. Overall, these results demonstrate that
despite Spire having a lower SNR than that of COSMIC-2, it exhibited comparable (but not
outperforming) performance to COSMIC-2 compared with ATMS observations, indicating
that lower SNR missions, such as Spire, can also provide good inversion results. And this
conclusion is consistent with previous work presented in [55–58].
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5. Conclusions

This study evaluated the performance of the Spire RO instrument by comparing its
data with that from COSMIC-2. This was carried out to clarify the performance consistency
of its temperature products with respect to existing high-precision RO products and their
applicability to accurate numerical weather forecasting. Spire, a commercial manufacturer
of the Spire RO sensor, has continued to augment the temporal and spatial coverage
of RO data since 2021. In addition, the COSMIC-2/FORMOSAT-7 constellation with
six satellites has produced RO data since 2019. The availability of large and growing
datasets from multiple RO missions and historical data provides a unique opportunity
to establish long-term Climate Data Records (CDRs) grade global temperature, water
vapor, and derived climatology data products. By combining multi-mission RO data with
radiosonde data and microwave remote sensing data, scientists can better understand
the Earth’s atmosphere and how it changes over time. This information can be used to
improve weather forecasting, climate modeling, and our understanding of the impacts of
climate change on the Earth’s ecosystems and human populations. Consistent temperature
and water vapor data processing are essential to ensure that the resulting datasets are
high quality and suitable for climate studies. By comparing the Spire RO data with other
RO missions, microwave data, and radiosonde data, our work can help validate the RO
data’s quality and ensure it is suitable for climate studies. In addition, demonstrating the
consistency of RO data from different receivers and RO signals is an important step toward
establishing the usefulness and reliability of the RO technique for climate studies and other
applications. It also helps to ensure that the resulting datasets are International System of
Units (SI) traceable, meaning they can be traced back to the SI standards maintained by
the global network of national standards laboratories that are internationally recognized
and standardized.

To achieve this purpose, the NOAA-20 ATMS microwave brightness temperature
(BT) product and radiosonde RS41 temperature measurements were used as benchmarks
over ocean and land, respectively. The CRTM-simulated BTs and retrieved atmospheric T
profiles from Spire and COSMIC-2 RO soundings were compared separately with NOAA-
20 ATMS observed BTs and radiosonde RS41 temperature measurements, respectively,
for the period 7 September 2021 to 31 October 2022. These data were used to compute
statistics of the BT (T) differences and their trends to evaluate the stability and consistency
between Spire/COSMIC-2 RO mission data and the benchmark instrument data over ocean
and land. The inter-sensor Spire and COSMIC-2 BT (T) differences were derived with
the double difference method using the ATMS BT (radiosonde T) as a transfer reference.
The ATMS CH07-CH14 and CH19-CH22 measurements, whose peak weighting function
heights range from 3.18 km to 35.66 km and radiosonde height from 0.2 km to 30 km, were
used for the evaluation.

This study analyzed Spire measurement quality and data coverage capabilities consid-
ering the following three mission characteristics. Firstly, COSMIC-2 LEO satellite orbital
inclination is 24◦, which limits its RO sounding data over a range of 45◦N to 45◦S. Spire
sensors, on the other hand, are placed in LEO with varying inclinations, which provides
the sensor constellation with global coverage. Secondly, Spire sensors provide unevenly
distributed 24 h local time coverage, whereas COSMIC-2 sensors are equally distributed in
local time around the Earth and provide RO data with uniform local time coverage. Given
that the local time distribution impacts the climatological sampling error of RO, an analysis
of the consistency of Spire and COSMIC-2 based on local time was performed. Third, a
great advantage of COSMIC-2 is that signal-to-noise ratio values are higher than any previ-
ous RO mission, achieved by its advanced TGRS system and high-gain antenna. Previous
studies indicate that SNR impacts at least three aspects of RO performance: studying the
Planetary Boundary Layer, detecting deep signals in the tropical troposphere, and detecting
sharp atmospheric boundary layer tops. Therefore, to comprehensively understand the
performance consistency of Spire and COSMIC-2, not only the overall BT and T difference
and their trends are estimated using ATMS and radiosonde data as references, but also the
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consistency of Spire and COSMIC-2 based on different latitude intervals, different local
times, as well as SNR range categories are evaluated through ATMS.

The main conclusions are summarized as follows.

i. The time series statistics and trends of the differences in Spire/COSMIC-2 CRTM-
simulated BT (sounding profile T) and ATMS-observed BT (radiosonde profile T) over
the ocean (land).

The results show that both the time series mean difference between CRTM-simulated BT
from Spire/COSMIC-2 RO data and ATMS-observed BT over the ocean, µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS), and BT difference uncertainty, σ

(
∆BTSpire_ATMS

)
and σ(∆BTC2_ATMS), are

consistent in the magnitude for all ATMS channels of interest. The values of µ
(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) are all within 1 K. The Spire and COSMIC-2 BT difference, computed
with the double difference method using ATMS BT observations as a transfer reference,
µ
(
∆BTSpire_C2

)
, are within 0.07 K for ATMS CH07-14 with peak heights from 8–36 km and

within 0.20 K for ATMS CH19-22 with peak heights from 3–7 km. In terms of the mean
difference between Spire/COSMIC-2 RO sounding profile T and radiosonde RS41 profile T
over land, both time series mean difference, µ(∆TRO_raob), and uncertainty, σ(∆TRO_raob),
are consistent in both the magnitude and sign for all heights of interest. The values of
µ
(

∆TSpire_raob

)
and µ(∆TC2_raob) are within 0.17 K for all heights except 0.2 km, where the

difference reaches to 0.41 K and 0.24 K for Spire and COSMIC-2, respectively. For Spire
and COSMIC-2, the T difference using the radiosonde profile T as a transfer reference,
µ
(
∆TSpire_C2

)
, is within 0.17 K for all heights. Generally, Spire and COSMIC-2 show good

consistency over the ocean and land.

ii. The trend comparison of the difference in Spire/COSMIC-2 CRTM-simulated BT (sound-
ing profile T) and ATMS-observed BT (radiosonde profile T) over the ocean (land).

(1) The discrepancy of the difference trends in the first two months for ATMS CH12-14
shows that COSMIC-2 and Spire RO data captured the UCAR WetPf2 1D-Var algorithm
updates, i.e., Spire and COSMIC-2 change to ECMWF 6 h forecasts as a priori values around
27 October 2022 and on 28 September 2021, respectively, very well. The difference between
ATMS BT and CRTM-simulated BT using COSMIC-2 and Spire soundings is improved for
ATMS CH12-14 after the update.

(2) The daily BT difference yearly trends between Spire CRTM-simulated BT and
ATMS-observed BT, D

(
∆BTSpire_ATMS

)
, over the ocean, is no larger than 0.07 K/year for

all ATMS channels of interest except for ATMS CH14, which is −0.08 K/year. Similarly, the
values of D(∆BTC2_ATMS) are no larger than 0.11 K/year for all ATMS channels of interest.
The Spire and COSMIC-2 BT difference trend comparison computed using ATMS-observed
BT as a transfer reference, D

(
∆BTSpire_C2

)
, is within 0.07 K/year except for ATMS CH14,

which is −0.12 K/year. This is due to the background assimilation change in Spire data
in the first two months of the period studied in this paper, which results in a noticeable
jump in Spire data. And although COSMIC-2 also experienced a background data update
on 8 September 2021, it did not show up because its update happened to be outside of the
study period of this paper. The trend shows that in terms of sounding profile T difference,
yearly drift between RO and radiosonde, D(∆TRO_RAOB), over land, have larger scattering
and uncertainty compared with their BT counterparts. The values of D(∆TRO_RAOB) are
no larger than 0.12 K/year at all heights except D(∆TC2_RAOB) at 0.2 km, 1 km, and 30 km.
The larger drift is mainly due to much fewer data points. The drifts between Spire and
COSMIC-2 sounding profile T, using radiosonde sounding profile T as a transfer reference,
D
(
∆TSpire_C2

)
, is within 0.13 K/year except for the heights of 0.2 km and 1.0 km, which

reach 0.16 K/year. Overall, Spire and COSMIC-2 BT and the T difference yearly drift over
ocean and land show good consistency. They agree with each other within 0.16 K/year.

iii. The BT latitude dependency evaluation of Spire and COSMIC-2 through ATMS and
radiosonde over ocean and land, respectively.
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(1) We evaluated the overall BT (T) differences between Spire and COSMIC-2 with and
without latitude limitations, using the double difference method by ATMS (radiosonde).
The results show that after applying a latitude limitation, the µ

(
∆BTSpire_ATMS

)
and

µ(∆BTC2_ATMS) are more consistent with each other for most ATMS channels in gen-
eral, which is because the number of collocations between RO and ATMS accounts for a
large percentage outside ±45◦. On the other hand, µ

(
∆TSpire_raob

)
and µ(∆TC2_raob) are

comparable, with or without latitude limitations, due to the fact that a majority of the
collocation between RO and radiosonde are within ±45◦.

(2) The µ
(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) at different latitude regions over ocean

are also evaluated. Generally, the simulated Spire and COSMIC-2 BT are consistent with
ATMS measurements over all different latitude regions, indicating that Spire and COSMIC-
2 have similar temperature performance at different latitude regions, and the two RO
sensors show similar latitude dependency for ATMS CH08 and CH13-14.

iv. The BT local time dependency evaluation of Spire and COSMIC-2 through ATMS over
the ocean.

(1) Spire sensors have various inclination orbits (51.6◦, 83◦/85◦, and 37◦), and they
provide an inconsistent local time coverage over the full 24 h diurnal cycle, while COSMIC-
2 occultation events have relatively even local time coverage over the diurnal cycle within
±45◦ latitude.

(2) Local time dependence of µ
(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) for ATMS chan-

nels was evaluated by binning the local time into 1-hour groups. The results show that al-
though the difference between µ

(
∆BTSpire_ATMS

)
and µ(∆BTC2_ATMS) for different ATMS

channels may vary, the local time-based performance is stable and similar for the two RO
mission products for all ATMS channels of interest. However, as mentioned above, Spire
and COSMIC-2 RO data have different local time geographical distribution patterns.

v. The BT SNR-related dependency evaluation of Spire and COSMIC-2 through ATMS
over the ocean.

(1) SNR-related penetration depth and bending angle lapse of Spire and COSMIC-2
were evaluated. After limiting Spire latitude, the distributions of the penetration depths
for Spire and COSMIC-2 were almost identical, and the performances of BAL were similar.
However, COSMIC-2 had a higher SNR than Spire over the same latitude range.

(2) The SNR-based performance of the two RO sensors was also analyzed by com-
paring CRTM-simulated BT and ATMS-observed BT at different SNR levels. The Spire BT
difference was higher than the COSMIC-2 BT difference for ATMS CH19-CH22 overall SNR
levels. Still, no obvious dependence of BT differences as a function of SNR was identified
for COSMIC-2 and Spire from the results, indicating that the SNR-based performances of
the two RO sensors are comparable, although COSMIC-2 had a higher SNR than Spire and
more stable performance at high SNR values.

This study confirms that the Spire RO nanosatellites produce high-quality RO mea-
surements. With global coverage, Spire RO data can complement the COSMIC-2 coverage
restricted to low-latitude regions. The local time coverage evaluation results suggest that fu-
ture Spire satellite constellations would benefit by being designed to achieve a more evenly
distributed local time coverage. The analysis of the impact of SNR-related parameters on
RO performance shows that, despite Spire having lower SNR values than COSMIC-2, it
has measurements that can penetrate effectively into the lower troposphere, detect PBL
height, and retrieve high-quality temperature estimates. Our results indicate that Spire
can yield high-quality RO data comparable to the COSMIC-2 mission. Long-term environ-
mental monitoring with multi-ROs is possible if Spire data are continuously acquired and
processed consistently.
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