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Abstract 19 

We develop a new gridded monthly mean climatology (MMC) in the upper troposphere and 20 

lower stratosphere (UTLS) from 2006 to 2023 using the dry temperature profiles from multiple 21 

Global Navigation Satellite System (GNSS) Radio Occultation (RO) missions processed by the 22 

GNSS RO Science and Data Center (SDC) at the NOAA Center for Satellite Applications and 23 

Research (STAR). The multiple RO missions include Formosa Satellite Mission 3/Constellation 24 

Observing System for Meteorology, Ionosphere, and Climate (COSMIC-1), Formosa Satellite 25 

Mission 7/ COSMIC-2, SPIRE, and Meteorological Operational satellite (MetOp)-A, -B, -C. The 26 

sampling error in MMC is corrected by using ERA-5 reanalysis. The robustness of the sampling 27 

error correction method is validated through three different reanalysis models. The result shows 28 

that the mission difference in MMC is significantly reduced after sampling error correction, and 29 

the uncertainty caused by using different models in the correction method can be neglected. This 30 

STAR MMC is then compared with the ROM SAF MMC and the MMC derived from ERA-5, 31 

MERRA-2, and JRA-55 reanalyses, exhibiting good agreement. Various climate signals, such as 32 

Quasi-Biennial Oscillation (QBO) and El Niño–Southern Oscillation (ENSO), can be identified 33 

from STAR MMC. The global temperature trends present a transition from a prominent warming 34 

of 0.309 ± 0.085 K/Decade in the upper troposphere to a robust cooling of -0.281 ± 0.044 35 

K/Decade in the mid-stratosphere, consistent with the well-known response of the UTLS region 36 

to long-term global warming. These results demonstrate that STAR MMC can capture climate 37 

signals and monitor long-term climate change.  38 

 39 

Plain Language Summary 40 

The detailed structure of upper-air temperature variability is vital for a better understanding 41 

climate change and its causes. Substantial efforts have been made to construct consistent and 42 

reliable climate data records from various observational systems and models. However, 43 

discrepancies remained in the upper troposphere and lower stratosphere (UTLS) region. Global 44 

Navigation Satellite System (GNSS) Radio Occultation (RO) provides new insights into the fine 45 

temperature structure in the UTLS region with high vertical resolution, accuracy, and long-term 46 

stability. In this study, we develop a new gridded monthly mean climatology (MMC) in the 47 

UTLS  using the temperature profiles from multiple GNSS RO missions processed by the GNSS 48 

RO Science and Data Center (SDC) at the NOAA Center for Satellite Applications and Research 49 
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(STAR). STAR MMC is generated by binning and averaging the RO profiles on 2D latitude-50 

height grids with a resolution of 5⁰ in latitude by 0.2 km in height. This STAR MMC is validated 51 

by comparing it with the MMC generated by another independent center and the MMC derived 52 

from various reanalysis models. The comparison exhibits good agreement between STAR MMC 53 

and other datasets. The results demonstrate that STAR MMC can capture climate signals and 54 

monitor long-term climate change. 55 

1 Introduction 56 

The atmospheric temperature in the upper troposphere and lower stratosphere (UTLS) provides a 57 

clear fingerprint of global warming signals, reflecting both natural and anthropogenic forcings 58 

(Rohli and Vega  2017). An accurate UTLS temperature trend estimate with high vertical 59 

resolution and global coverage is vital to understanding climate variation and verifying climate 60 

model simulations. However, documenting the strong vertical gradient in UTLS temperature has 61 

been challenging in both observations and models (Eyring et al., 2016; Santer et al., 2017; 62 

Ladstädter et al., 2023).   63 

In the past 40 years, spaceborne microwave (MW) radiometers and radiosonde observations 64 

(RAOBs) have been the primary data sources for upper-air temperature trend detection. 65 

However, the layer-averaged measurements from MW sounders can hardly resolve the crucial 66 

vertical detail structure around the UTLS region, while the RAOBs data is mostly limited to 67 

regions over land. In addition, evaluating long-term temperature changes from these platforms is 68 

challenging owing to the trend uncertainties caused by the instrument changes over time, 69 

changes in the observational network, and inconsistent calibration and correction approaches of 70 

the inter-satellite offsets among missions. Various reanalysis datasets were used to investigate 71 

temperature variabilities. However, their representation of temperature in the UTLS might be 72 

problematic due to the lack of high-quality and high-vertical-resolution temperature observations 73 

and the low vertical resolution of the model (Zhao and Li, 2006; Trenberth and Smith, 74 

2006,2009; Shangguan et al., 2019). Substantial efforts have been put into the homogenization 75 

and inter-calibration procedures for the construction of climate data records (Titchner et al., 76 

2009; Haimberger et al. 2008, 2012; Spencer et al. 2017; Mears and Wentz, 2017; Zou et al. 77 

2023), but discrepancies between temperature trends from various observational systems and 78 

models remained in the UTLS region (Fu et al. 2011; Mitchell et al. 2013, Ladstädter, 2023).  79 
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The consistent and detailed structure of temperature trends in UTLS is essential for climate 80 

studies. For example, there has been a considerable scientific and political dispute about the 81 

extent of temperature change in the atmosphere (Ladstädter, 2023) and a debate over ozone 82 

recovery in the lower stratosphere due to the Montreal Protocol (Ball et al., 2018). The capability 83 

of resolving the stratosphere-troposphere coupling is required to better understand the strong 84 

impact of the stratosphere on the troposphere and even surface weather and climate (Kidston et 85 

al., 2015). The temperature of the tropical tropopause layer (TTL) needs to be resolved since it 86 

plays an essential role in controlling the amount of water vapor entering the stratosphere, which 87 

can further determine climate sensitivity and feedback on the TTL (Solomon et al., 2010; Birner 88 

and Charlesworth, 2017; Charlesworth et al., 2019).   89 

As a complement to MW sounders and RAOBs, Global Navigation Satellite System (GNSS) 90 

Radio Occultation (RO) data are increasingly making essential contributions to weather 91 

forecasting (Healy et al., 2005; Cardinali and Healy, 2014), atmospheric studies (Poli et al., 92 

2010), and climate monitoring (Steiner et al.,2011; Anthes, 2011, Ho et al. 2009; Ho et al. 2019, 93 

2022). RO is an active limb-sounding technique based on the refraction of GNSS radio signals 94 

by the atmospheric refractivity field during their propagation to a receiver on a low-earth orbit 95 

satellite (ROM SAF ROPP, 2021; Dach et al., 2015). Compared to traditional observing 96 

techniques, it offers several advantages that make it well suited for climate studies, especially for 97 

UTLS temperature monitoring: i) it provides geophysical profiles with high vertical resolution 98 

and global coverage throughout the troposphere and stratosphere (Kursinski et al. 1997; Zeng et 99 

al. 2019), ii) it is insensitive to clouds and the underlying surface, and iii) it has intrinsic long-100 

term stability that allows different missions to be combined into a seamless observation record 101 

without the need for inter-calibration or temporal overlap (Leroy et al., 2006, Steiner et al. 102 

2020a).  103 

The assessments of the consistency and long-term stability of RO observations for use as climate 104 

data records (CDRs) in previous studies (Ho et al. 2009; Ho et al. 2019, 2022) concluded that RO 105 

records can be used for reliable climate trend assessments globally in the UTLS region, meeting 106 

the stringent Global Climate Observing System (GCOS) program stability requirements 107 

(Scherllin-Pirscher, 2011, Steiner et al. 2013, 2020a). Recently, GNSS RO has been widely used 108 

to estimate upper-air temperature trends, which have been verified through comparison with 109 
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various observation and model systems (Khaykin et al. 2017; Leroy et al. 2018; Steiner et al. 110 

2020b; Vergados et al. 2021; Gleisner 2020, 2022; Ladstädter et al. 2023).  111 

As Steiner et al. (2020a) pointed out, the uncertainty in RO observational records stems from 112 

different choices in processing and methodological approaches for constructing a data set from 113 

the same raw data. Therefore, multiple independent efforts should be undertaken to create 114 

climate records to quantify the true spread of possible physical solutions. The NOAA Center for 115 

Satellite Applications and Research (STAR) has recently developed capabilities as a GNSS RO 116 

science and data center (STAR RO DSC). Like other NOAA’s infrared and microwave satellite 117 

missions, we aim to establish enterprise RO processing algorithms for all RO missions.  118 

At STAR RO DSC, the Radio Occultation Processing Package (ROPP) has been reconfigured to 119 

accommodate various GNSS missions, including Global Positioning System—GPS, GALILEO, 120 

and GLObal NAvigation Satellite System—GLONASS, making it especially well-suited for the 121 

new generation of RO missions like Constellation Observing System for Meteorology, Ionosphere, 122 

and Climate-2 (COSMIC-2) and commercial CuteSats from SPIRE Inc. This STAR-reconfigured 123 

ROPP is used to consistently produce the RO bending angle, refractivity, and dry temperature 124 

profiles from multiple RO missions, including Constellation Observing System for 125 

Meteorology, Ionosphere, and Climate (COSMIC-1), COSMIC-2, SPIRE, Meteorological 126 

Operational Satellite-A (Metop-A), -B, and -C. These RO profiles compose the STAR-ROPP 127 

dataset from April 2006 to July 2023. 128 

This study aims to combine the dry temperature profiles from the STAR-ROPP post-processed 129 

dataset to construct the temperature climate data records (CDRs) at 8-30 km from 2006 to 2023. 130 

UTLS is usually defined as the region ± 5 km of the tropopause. We focus on a broader region 131 

from the upper troposphere to the mid-stratosphere because this is a core region where GNSS 132 

RO temperature data is of good quality (Ho et al. 2009; Schmidt et al. 2010; Steiner et al. 2020a). 133 

Because RO measurements from the above missions are of different temporal and spatial 134 

coverages, we must first remove the sampling errors to generate consistent monthly mean 135 

climatology (MMC). Here, we use three reanalysis datasets (i.e., fifth-generation European 136 

Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis (ERA-5), 137 

Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2), and 138 
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Japanese 55-year Reanalysis (JRA-55) to estimate the related sampling errors and the uncertainty 139 

of the sampling error correction method. Then, the STAR UTLS temperature MMCs are 140 

validated by comparing them with the MMCs produced by EUMETSAT RO Meteorology 141 

Satellite Application Facility (ROM SAF) within their overlapping period (2006-2016). In 142 

addition, to validate their climate monitoring capability, the UTLS temperature trends at different 143 

latitude zones and altitude regions are calculated from the STAR MMCs and compared with 144 

those obtained from the ERA-5, MERRA-2, and JRA-55 reanalysis datasets. 145 

Section 2 provides an overview of the STAR-ROPP post-processed data used to construct the 146 

STAR MMC and the ancillary datasets used for the sampling error correction and MMC 147 

evaluation. Section 3 describes the algorithms used to assess the consistency among multiple RO 148 

missions, to generate STAR MMC, and to correct the sampling error in MMC. Section 4 shows 149 

the results, including validating RO mission consistency, quantifying the uncertainty in the 150 

sampling error correction, comparing with ROM SAF MMC, and analyzing the consistency of 151 

climatology obtained from STAR MMC and multiple reanalysis datasets.  152 

2 Data 153 

2.1 STAR-ROPP Post-processed GNSS RO Dataset 154 

We have reconfigured the Radio Occultation Processing Package (ROPP) version 10 (ROPP user 155 

guide; see ROM SAF ROPP, 2021) to add more capabilities. The reconfigured ROPP, named 156 

STAR-ROPP, can restore the high time resolution orbit positions and signal transmission from 157 

the low time resolution data provided by the University Corporation for Atmospheric Research 158 

(UCAR) and process observations from more GNSS systems such as GLONASS, GALILEO, 159 

and BeiDou, in addition to GPS. The latter ability makes it especially well-suited for the new 160 

generation of RO sensors like COSMIC-2 and SPIRE. A post-process quality control procedure 161 

is implemented to ensure a high-quality dataset. Using STAR-ROPP, we can convert RO excess 162 

phase (level1b) data to the bending angle, refractivity, and dry temperature profiles for multiple 163 

RO missions. These dry variables approximate the corresponding physical variables throughout 164 

the UTLS region where water vapor is negligible (Gleisner et al. 2020). The details of the 165 

retrieval algorithm and the configuration parameters used in STAR-ROPP can be found in 166 

STAR-ROPP version 1.0 ATBD.  167 
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This study uses the dry temperature profiles from the STAR-ROPP processed dataset to 168 

construct the MMC in UTLS from 2006 to 2023. This dataset includes profiles from six RO 169 

missions: COSMIC-1, COSMIC-2, Metop-A/-B/-C, and SPIRE (only including the RO profiles 170 

in NOAA commercial data program (CDP) RO Data Buy). The data coverage of each mission is 171 

listed in Table 1.  172 

Table 1  173 

RO Missions and Corresponding Data Coverage 174 

RO mission Data coverage 

SPIRE Sep 2021 to Jul 2023 

COSMIC2 Oct 2019 to Jul 2023 

COSMIC1 Apr 2006 to Apr 2020 

Metop-A Oct 2007 to Nov 2021 

Metop-B Feb 2013 to Mar 2023 

Metop-C Jul 2019 to Feb 2023 

                 175 

The six RO missions include over 20 million occultations collected from April 2006 to July 176 

2023. Figure 1 shows the statistics on the valid RO profiles used to generate STAR ROPP MMC. 177 

Figure 1 (a) presents the monthly mean daily number of valid profiles for each mission and 178 

combined missions. It shows that the daily observation number peaked at well above 5,000 after 179 

2019 when COSMIC-2 data became available. Including SPIRE led to a second peak in the daily 180 

data number since 2021. Figure 1 (b) illustrates the latitude distribution of RO profiles for 181 

different missions in a specific month. The different spatial coverage among the missions is due 182 

to their distinct orbits. With relatively high inclination angles, COSMIC-1 and Metop-A have a 183 

global distribution. COSMIC-2 data covers mainly from 45⁰S to 45⁰N because of its low 184 

inclination angle. SPIRE constellation has 112 LEO-based CubeSats in a diverse set of orbits, 185 

enabling global spatial distribution. Figure 1 (c) depicts the local time distribution of RO 186 

measurements. The Sun-synchronous satellite Metop-A/-B/-C has a fixed equator crossing time 187 

of descending node (ECT) at 0930 local time, except that Metop-A gradually drifted to orbit with 188 

an ECT of 0750 since 2017. Even though the limb sounding somewhat spreads the local time 189 
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when the measurements are performed, most measurements are from around 0800-1100 and 190 

2000-2300 local times, and the entire diurnal cycle can never be resolved at low and mid-191 

latitudes. COSMIC-1/2 has six satellites with an orbit drifting rate of about -2⁰ per day, which 192 

allows them to sample the complete diurnal cycles of atmospheric temperature within one month. 193 

For the SPIRE mission, which consists of Sun-synchronous and non-Sun-synchronous satellites, 194 

the full-temperature diurnal cycle can be covered but with higher sampling weights around 195 

certain local times. Readers can obtain the STAR-ROPP post-processed GNSS RO dataset at 196 

https://gpsmet.umd.edu/star_gnssro/description.html.                 197 

2.2 Ancillary Data  198 

2.2.1 ROM SAF Monthly Mean Climatology 199 

This study compares the newly developed STAR UTLS temperature MMC with the MMC from 200 

ROM SAF CDR v1.0 during their overlapping time from 2006 to 2016. The ROM SAF CDR 201 

v1.0 includes data from four RO missions: CHAMP, GRACE, COSMIC-1, and Metop. The low-202 

level input data for the first three missions was from UCAR, while the input data for Metop was 203 

from EUMETSAT. There were version updates of COSMIC-1 and GRACE input data involving 204 

low-level processing software changes at UCAR. The input data were processed to geophysical 205 

variables using the ROM SAF GNSS Processing and Archiving Center (GPAC) v2.3.0, with the 206 

Radio Occultation Processing Package (ROPP) v8.1 as an integral part. The geophysical 207 

variables include bending angle, refractivity, dry temperature, dry pressure, dry geopotential 208 

height, temperature, specific humidity, and tropopause height. These profiles undergo an area-209 

weighted averaging to form monthly means on 2D latitude-height grids with a resolution of 5 210 

degrees in latitude by 200 meters in mean sea level (MSL) height. Sampling error is reduced 211 

from MMC by sub-sampling the ERA5 reanalysis model (Gleisner et al., 2020; ROM SAF level 212 

3 ATBD, 2021). The ROM SAF MMC was downloaded from 213 

https://preop.romsaf.org/product_archive.php. 214 

2.2.2 ERA-5  215 

ERA5 reanalysis data is used as a reference in the sampling error correction and in the evaluation 216 

of STAR-ROPP MMC, covering the entire observation time from 2006 to 2023. ERA-5 is the 217 

latest climate reanalysis produced by ECMWF, following predecessors such as the First Global 218 

Atmospheric Research Program Global Experiment, ERA-15, ERA-40, and ERA-I. ERA-5 uses 219 

https://gpsmet.umd.edu/star_gnssro/description.html
https://preop.romsaf.org/product_archive.php
https://www.ecmwf.int/en/research/climate-reanalysis
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the 4-Dimensional Variational (4D-var) data assimilation technique in the Integrated Forecasting 220 

System (IFS) Cy41r2 to reanalyze the archived observations, ensuring the best possible temporal 221 

consistency of its products (Hersbach et al. 2020). The atmospheric data has been available with 222 

multiple spatial and temporal resolutions since 1940 and continues to be extended forward. The 223 

global field of atmospheric temperature with 6-hour intervals (0000, 0600, 1200, 1800 UTC) on 224 

a regular 0.25⁰×0.25⁰ grid and 37 pressure levels is used in this study. Spanning vertically from 225 

1000 hpa to 1 hpa, the ERA-5 temperature field can fully cover the UTLS region. The daily 226 

ERA-5 reanalysis data was downloaded from 227 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview 228 

2.2.3 MERRA-2 229 

The second Modern-Era Retrospective Analysis for Research and Applications (MERRA-2) is a 230 

NASA atmospheric reanalysis that began in 1980. It replaces the original MERRA reanalysis 231 

using an upgraded version of the Goddard Earth Observing System Model, Version 5 (GEOS-5) 232 

data assimilation system and upgraded atmospheric general circulation model assimilation 233 

techniques. These techniques enable the use of observations from newer microwave sounders 234 

and hyperspectral infrared radiance instruments (Gelaro et al. 2017). The MERRA-2 products 235 

with 3-hour intervals on a regular 0.625⁰×0.625⁰ grid and 42 pressure levels from 1000 to 0.1 hpa 236 

are used in the sampling error correction and STAR MMC evaluation. The MERRA-2 data is 237 

accessible online at https://daac.gsfc.nasa.gov. 238 

2.2.4 JRA-55 239 

The Japan Meteorological Agency (JMA) conducted JRA-55, the second Japanese global 240 

atmospheric reanalysis project. It covers 55 years, extending back to 1958. Compared to its 241 

predecessor, JRA-25, JRA-55 is based on a new data assimilation and prediction system that 242 

improves many deficiencies found in the first Japanese reanalysis. These improvements have 243 

come about by implementing higher spatial resolution (TL319L60), a new radiation scheme, 244 

four-dimensional variational data assimilation (4D-Var) with Variational Bias Correction 245 

(VarBC) for satellite radiances, and the introduction of greenhouse gases with time-varying 246 

concentrations. The entire JRA-55 production was completed in 2013 and will be continued in 247 

real-time (Kobayashi et al. 2015). In this study, JRA-55 is used in sampling error correction and 248 

STAR MMC evaluation. The global atmospheric variables with 6-hour intervals (0000, 0600, 249 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://daac.gsfc.nasa.gov/
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1200, 1800 UTC) on a regular 1.25⁰×1.25⁰ latitude-longitude grid and 37 pressure levels 250 

covering 1000 ~ 1 hpa was downloaded from https://jra.kishou.go.jp/JRA-3Q/index_en.html. 251 

3 Algorithm Description 252 

This section briefly describes the process from RO retrieved geophysical profiles to the grided 253 

monthly mean data, atmospheric temperature anomaly time series, and temperature trends. The 254 

methods of assessing RO mission differences and correcting sampling errors in MMC are also 255 

presented.   256 

3.1 Validating Consistency among Missions 257 

Data consistency is an important prerequisite to building RO climatology based on a combined 258 

data record from different missions. It enables RO climatology to detect and monitor weak 259 

climate trends. To validate the consistency among STAR-ROPP processed RO missions, we 260 

combine the Metop-A, -B, and -C into a long-term dataset, Metop, and use it as a reference to 261 

validate the consistency of the COSMIC-1, COSMIC-2, and SPIRE datasets. The collocation 262 

criteria are set by a time difference of no more than 30 minutes and a horizontal spatial 263 

separation of less than 150 km at around 5 km altitude of the tangent point. If more than one 264 

profile satisfies these collocation criteria, the one closest to the related profile is chosen, and 265 

others are discarded.  266 

Figure 2 (a) shows an example of the global distribution of the collocated pairs of COSMIC-2 267 

and Metop in May 2021. Figure 2 (b) presents the monthly number of the matched profiles for 268 

the mission pairs. Of nearly 20 million profiles examined, 30312 coincident pairs were found for 269 

COSMIC-1 and Metop, 33532 pairs for COSMIC-2 and Metop, and 33495 pairs for SPIRE and 270 

Metop.  271 

The profiles are then interpolated into 8-30 km with 0.2 km intervals, and the difference of the 272 

paired profiles at each altitude level is calculated. To obtain robust statistics less sensitive to 273 

outliers caused by sharp temporal and spatial temperature variation, we use the median and the 274 

68% confidence interval 𝜎 as measures of the mean and standard deviation of the difference 275 

(Hajj et al. 2004). The 𝜎 is defined as the range centered at the median and contains 68% of the 276 

counts, equivalent to the standard deviation in Gaussian distribution. The time series of the 277 

https://jra.kishou.go.jp/JRA-3Q/index_en.html
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monthly median and 𝜎 of the mission difference will be calculated at different vertical layers and 278 

latitude zones.  279 

3.2 Generating Monthly Zonal Mean Climatology  280 

Monthly zonal mean climatology (MMC) is obtained by binning and averaging the retrieved RO 281 

profiles. For this study, MMC is constructed on 2D latitude-height grids with a resolution of 5⁰ in 282 

latitude by 0.2 km in height. All the valid RO profiles from the STAR ROPP processed dataset 283 

are interpolated onto an equidistant 0.2 km altitude grid. The valid observations that fall within a 284 

latitude bin, altitude interval, and calendar month undergo an area-weighted averaging to form 285 

the MMC for that specific altitude, latitude, and month. The weighting is done by dividing each 286 

latitude bin into two sub-bins, computing an average for each of these, and then computing the 287 

mean of the two averages weighted by the areas of the sub-bins. 288 

                                            𝑀𝑀𝐶𝑜𝑏𝑠 =
1

𝐴
∑ 𝐴𝑠 ∙ [

1

𝑀𝑠
∑ 𝑇𝑠,𝑗
𝑀𝑠
𝑗=1 ]2

𝑠=1                                                 (1) 289 

where 𝑀𝑀𝐶𝑜𝑏𝑠 denotes the MMC based on RO observations, 𝐴𝑠 is the area of the sth sub-bin, 290 

𝑀𝑠 is the number of RO temperature observations within the sth sub-bin, and 𝑇𝑠,𝑗 is the jth 291 

observation in the sth sub-bin. This sub-gridding method has been proven to better approximate 292 

area-weighted mean for irregularly distributed RO observations (Gleisner, 2011). In this study, 293 

only those latitude, height, and month bins containing more than five RO profiles are valid for 294 

the MMC calculation. The MMC for individual and combined missions is generated from April 295 

2006 to July 2023. The analysis will focus on the dry temperature MMC covering the UTLS 296 

from 8 ~ 30 km. 297 

3.3 Sampling Error Correction 298 

As shown in Figure 1, RO measurements are irregularly distributed in both spatial and temporal 299 

domains, resulting in sampling errors in RO climatology. The sampling error is regarded as an 300 

important error source in 𝑀𝑀𝐶𝑜𝑏𝑠 that needs to be handled to produce reliable MMC datasets. 301 

The sampling error can be estimated and reduced by employing a reanalysis model through the 302 

following procedure (Ho et al. 2009; Gleisner et al. 2020): 303 

(1) Interpolating the reanalysis model profiles to the times and locations of each RO profile and 304 

generating the sampled monthly mean (𝑀𝑀𝐶𝐼𝑛𝑡) following the method described in Section 305 

3.2. 𝑀𝑀𝐶𝐼𝑛𝑡 represents the MMC with sampling error. 306 
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(2) Calculating the model monthly mean (𝑀𝑀𝐶𝑔𝑟𝑖𝑑) by binning and averaging the four-307 

dimensional reanalysis model field with the weight of cosine latitude:  308 

                           𝑀𝑀𝐶𝑔𝑟𝑖𝑑 =
1

𝑛𝑡𝑛𝜑𝑛𝜆
∙

1

∑ cos𝜑𝑘
𝑛𝜑
𝑘=1

∙ ∑ ∑ ∑ 𝑇𝑡𝑘𝑙
𝑛𝜆
𝑙=1

𝑛𝜑
𝑘=1

𝑛𝑡
𝑡=1 cos𝜑𝑘                      (2) 309 

where 𝑇𝑡𝑘𝑙 and 𝜑𝑘 are the temperature and latitude at a model grid, and the summation loops 310 

over all 𝑛𝑡, 𝑛𝜑, and 𝑛𝜆 time-latitude-longitude model grid points located within the MMC 311 

grid box.  𝑀𝑀𝐶𝑔𝑟𝑖𝑑 represents the MMC without sampling error. 312 

(3) The MMC sampling error (MSE) is estimated as the difference between 𝑀𝑀𝐶𝐼𝑛𝑡 and 313 

𝑀𝑀𝐶𝑔𝑟𝑖𝑑: 314 

                                                 𝑀𝑆𝐸 = 𝑀𝑀𝐶𝐼𝑛𝑡 −𝑀𝑀𝐶𝑔𝑟𝑖𝑑                                                 (3) 315 

(4) The sampling error in 𝑀𝑀𝐶𝑜𝑏𝑠 is corrected by subtracting MSE from 𝑀𝑀𝐶𝑜𝑏𝑠: 316 

                                                 𝑀𝑀𝐶𝑐𝑟𝑟 = 𝑀𝑀𝐶𝑜𝑏𝑠 −𝑀𝑆𝐸                                                  (4) 317 

In the STAR MMC, sampling errors are estimated from the ERA-5 reanalysis model described in 318 

Section 2.2.2. Two additional reanalysis models, JRA-55 and MERRA-2, are also employed to 319 

quantify the uncertainty in the sampling error estimation. 320 

Figure 3 shows an example of sampling error correction made for the dry temperature monthly 321 

mean from COSMIC-1 in January 2009. As illustrated in Figure 3(c), the positive value of 322 

sampling error at high northern latitudes above 12 km is prominent. This is attributable to the 323 

combined effect of the wintertime polar vortex and the sparse distribution of COSMIC-1 324 

measurements at high-latitude regions (Figure 1 (b)). It demonstrates that the strong 325 

spatiotemporal temperature variability caused by the polar vortex cannot be fully sampled by RO 326 

observations, resulting in large sampling errors around the North Pole. Comparison of Figure 3 327 

(a)-(b) shows that after sampling error correction, the abrupt temperature change at high latitude 328 

in 𝑀𝑀𝐶𝑜𝑏𝑠 is largely removed, leaving a smoother temperature field in 𝑀𝑀𝐶𝑐𝑟𝑟 around the polar 329 

area.  330 

3.4 Temperature anomaly time series and trends 331 

The anomalies are defined as the deviation from a climatological seasonal cycle. The mean 332 

seasonal cycle is calculated by averaging data for the same month at each 𝑀𝑀𝐶𝑐𝑟𝑟 grid cell over 333 

multiple years. The anomalies are obtained by subtracting the seasonal cycle from 𝑀𝑀𝐶𝑐𝑟𝑟. The 334 
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anomalies are a function of latitude, altitude, and time. Averaging over latitude bins with the 335 

weight of cosine latitude gives a two-dimensional time-altitude anomaly data set, while 336 

averaging over latitude and altitude bins gives a one-dimensional anomaly time series. Trends 337 

are computed by applying a linear least square fit to the anomaly time series. The uncertainty 338 

estimates of the trends are expressed as a 95% confidence level. Trends are deemed to be 339 

significantly different from zero if the confidence interval does not contain the null hypothesis 340 

value (Steiner et al., 2020b). For a comparison of anomaly time series and trends from different 341 

datasets, the same period should be selected for the seasonal cycle calculation. In this study, only 342 

the months when all the latitude bins (90⁰S-90⁰N) and altitude bins (8-30 km) are valid are 343 

included in the temperature anomaly time series and trend calculation. 344 

4 Results 345 

4.1 Assessment of the Consistency among Missions 346 

In this section, we validate the consistency among the STAR-ROPP processed dry temperature 347 

profiles from multiple missions by applying the method described in Section 3.1. Figure 4-6 348 

present the time evolutions of the median and 68% confidence interval 𝜎 of mission difference at 349 

three vertical layers including the upper troposphere (8-12 km), the lower stratosphere including 350 

tropopause (12-20 km), and the mid-stratosphere (20-30 km), at six latitude zones including 351 

global (90⁰S to 90⁰N), southern hemisphere polar (90⁰S to 60⁰S, SHP), southern hemisphere 352 

subtropics and midlatitudes (60⁰S to 20⁰S, SHSM), tropics (20⁰S to 20⁰N, TRO), northern 353 

hemisphere subtropics and midlatitudes (20⁰N to 60⁰N, NHSM), and northern hemisphere polar 354 

(60⁰N to 90⁰N, NHP). The average of the median and 𝜎 over the overlap period are summarized 355 

in Table 2.   356 

  357 
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Table 2  358 

Mean the Median and 68% Confidence Interval 𝜎 of the Collocated Missions over a Paring 359 

Time Period 360 

 𝑀𝑒𝑑𝑖𝑎𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (K) / 𝜎(K) 

Height layers (km) COSMIC1-Metop COSMIC2-Metop SPIRE-Metop 

 90⁰S-90⁰N (45⁰S-45⁰N for COSMIC-2) 

8-12 -0.01/0.95 0.05/0.83 -0.01/0.88 

12-20 -0.02/0.98 0.03/0.94 0.02/0.97 

20-30 -0.04/1.74 0.19/1.82 0.08/1.74 

 60⁰N-90⁰N 

8-12 0.01/1.1 - 0.01/1.0 

12-20 0.00/0.95 - 0.04/1.0 

20-30 0.02/1.75 - 0.16/1.9 

 20⁰N-60⁰N (20⁰N-45⁰N for COSMIC-2) 

8-12 -0.01/0.96 0.08/0.92 -0.01/0.90 

12-20 -0.01/1.00 0.01/1.06 0.03/1.02 

20-30 -0.05/1.7 0.25/1.86 0.14/1.75 

 20⁰S-20⁰N 

8-12 -0.03/0.72 0.03/0.75 -0.01/0.67 

12-20 -0.02/0.80 0.04/0.86 -0.02/0.80 

20-30 -0.1/1.73 0.17/1.85 -0.09/1.67 

 60⁰S-20⁰S (45⁰S-20⁰S for COSMIC-2) 

8-12 -0.03/0.97 0.08/0.88 -0.02/0.88 

12-20 -0.05/1.01 0.02/0.99 0.01/0.98 

20-30 -0.07/1.69 0.17/1.76 0.04/1.63 

 90⁰S-60⁰S 

8-12 0.01/1.0 - -0.02/0.96 

12-20 0.03/1.04 - 0.02/1.03 

20-30 0.03/1.91 - 0.13/1.90 

 361 
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Figure 4 shows that in the upper troposphere, COSMIC-1, COSMIC-2, and SPIRE are consistent 362 

with Metop at all latitude zones, except COSMIC-2, exhibiting a slight positive bias in SHSM 363 

and NHSM. The average bias is below 0.08 K, and 𝜎 increases from around 0.7 K at TRO to 1 K 364 

at SHP/NHP. The slight positive bias of COSMIC-2 in the midlatitudes may be caused by the 365 

observations with a side-looking view (view angle ranging from 60⁰ to 120⁰) where the low 366 

antenna gain results in relatively small SNR. The impact of view angle on retrieval accuracy will 367 

be investigated in a separate study. All the missions agree very well with each other in 368 

tropopause and lower stratosphere (Figure 5). The average difference is below 0.05 K with 𝜎 369 

around 1 K, which reflects measurement errors and atmospheric temperature variation within the 370 

match window.  371 

The first impression in the mid-stratosphere (Figure 6) is that the variation of mission difference 372 

and 𝜎 are larger than those at the lower altitudes below. Compared to other mission pairs, 373 

COSMIC-1 is still consistent with Metop, with the average difference below 0.1 K and 𝜎 below 374 

1.9K. SPIRE has a positive bias slightly larger than 0.1 K in NHP, NHSM, and SHP regions. As 375 

for COSMIC-2, obvious positive bias relative to Metop appears at all latitude zones from 45⁰S to 376 

45⁰N. The average bias at NHSM and TRO/SHSM is 0.25 K and 0.17 K, respectively. A 377 

noteworthy feature is that the bias of COSMIC-2 at TRO and the 𝜎 of COSMIC-2 and SPIRE in 378 

TRO and mid-latitudes gradually increase with time, and the trend seems aligned with the 25
th

 379 

solar cycle. The impact of the residual ionospheric correction most likely causes the large bias 380 

and 𝜎 at this altitude region. The relatively large positive bias in COSMIC-2 indicates it might be 381 

more susceptible to ionospheric impact. This is consistent with what Mannucci et al. (2011) 382 

found in their study that LEO at lower altitudes tends to have higher residual ionospheric error 383 

due to the partial top and bottom side ionosphere cancellation and the violation of the assumption 384 

that refractive index is unity at the receiver. Additionally, since the profiles from different 385 

missions are collocated based on the latitude and longitude at the tangent point of 5 km, the 386 

paired profiles can be more than 150 km apart at higher altitudes, resulting in larger 387 

discrepancies among profiles at such heights. Overall, the mean mission differences are less than 388 

0.1 K at all latitudes and heights below 20 km and increase with altitude. 𝜎 is around or below 389 

1K below 20 km and increases to about 2K above 20 km. Such a pattern is consistent with what 390 

Hajj (2004) found when comparing CHAMP and SAC-C using a similar method. 391 
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The root cause of the relatively large positive bias in COSMIC-2 will be investigated in a 392 

separate study. The impact of the mission difference on temperature trend estimation is further 393 

examined through a sensitivity experiment in Section 5. It reveals that COSMIC-2 positive bias 394 

above 20 km can increase the temperature trend by 0.05 K/Decade, exceeding the GCOS 395 

required measurement stability. Therefore, in this study, COSMIC-2 data above 20 km are 396 

excluded from generating the multi-mission MMC.  397 

4.2  Validation of the Sampling Error Correction 398 

4.2.1 Sampling Error Features  399 

This section investigates the systematic behavior of the sampling errors of the Sun-synchronous 400 

and non-Sun-synchronous satellites. COSMIC-1 and Metop-A are taken as examples. The 401 

sampling error of these two satellites from 2009 to 2012 is first estimated by using the method 402 

described in Section 3.3 and then averaged in TRO, NHSM, and NHP to give the temporal 403 

evolution of region-average sampling errors for the entire four years. The result is presented in 404 

Figure 7.  405 

As illustrated in Figure 7 (a)-(b), the sampling error caused by local time coverage is well 406 

discernible in the tropics. With a drifting orbit that can cover the entire diurnal cycle of 407 

atmospheric temperature within one month, COSMIC-1’s sampling error is characterized by 408 

quasi-random positive and negative deviation within ±0.05 K. The bias is as low as -0.003 K. 409 

Before 2017, Metop-A has a Sun-synchronous orbit with a fixed ECT, resulting in limited local 410 

time coverage (see Figure 1 (c)). Such skew-symmetric sampling of the temperature diurnal 411 

cycle leads to a small positive bias (0.03 K on average) compared to the full local time sampling. 412 

Such systematic bias can be expected to be persistent over the lifetime of a Sun-synchronous 413 

satellite with a fixed ECT. 414 

The sampling error in the NHSM region (Figure 7 (c)-(d)) has a visible band at altitudes from 415 

about 12 to 20 km. This band persists almost during the whole observation period for both 416 

COSMIC-1 and Metop-A. Such an increase in sampling error (above 0.2 K) is caused by the 417 

comparatively larger temperature variability around the tropopause over subtropics and 418 

midlatitudes, which the limited spatiotemporal coverage RO observations cannot fully capture. 419 
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The large sampling errors around the NPH region caused by the wintertime polar vortex shown 420 

in Figure 3 (c) are also recognizable in Figure 7 (e)-(f). The highest sampling error is found in 421 

January 2010, -1.7 K for COSMIC-1 and -3.4 K for Metop-A, associated with the exceptionally 422 

cold polar vortex in mid-winter followed by a major sudden stratospheric warming occurring 423 

near the end of January (Dörnbrack et al. 2012).    424 

It is noted that the local time component of sampling error diminishes at higher latitudes. This is 425 

because temperature variability at higher latitudes is stronger than at the tropics, which exceeds 426 

the impact of local time coverage. In addition, satellite orbit geometry allows measurements to 427 

spread at a broader local time range at higher latitudes, resulting in a smaller local time 428 

component in sampling error. The sampling error features exhibited in this section are consistent 429 

with those found in previous studies (Pirscher et al. 2007; Shen et al. 2021). The evident 430 

sampling errors in 𝑀𝑀𝐶𝑜𝑏𝑠 and their distinct patterns among different missions demonstrate the 431 

necessity of sampling error correction. 432 

4.2.2 RO Mission Difference before and after Correction 433 

Figure 8 depicts the difference between COSMIC-1 and Metop-A MMC in January 2009 before 434 

and after sampling error correction. To assess the impact of reanalysis models on sampling error 435 

estimates, three models, MERRA-2, JRA-55, and ERA-5, are employed to experiment. The large 436 

MMC difference at the high northern latitude caused by the wintertime polar vortex is 437 

pronounced in 𝑀𝑀𝐶𝑜𝑏𝑠 in Figure 8 (a). The mission deviation can be as high as 6.6 K in the 438 

stratosphere of the North Pole. After sampling error correction, this negative bias is largely 439 

eliminated in 𝑀𝑀𝐶𝑐𝑟𝑟 as shown in Figure 8 (b)-(d), keeping the mission difference below 1 K.  440 

The sampling error corrected results show that the mission difference is slightly larger above 20 441 

km over the equatorial regions and high latitudes than the rest. This is because the sharp 442 

temperature change due to Quasi-Biennial Oscillation (QBO) and winter polar vortex, and the 443 

poor RO coverage at high latitudes lead to large sampling errors that cannot be completely 444 

removed by the reanalysis models with limited spatiotemporal resolution. Besides the residual 445 

sampling error, the difference in instrumental noise, signal-tracking methods, and accuracy 446 

among missions also contributes to the deviation remaining in 𝑀𝑀𝐶𝑐𝑟𝑟 (Scherllin-Pirscher et al. 447 

2011; Gleisner et al. 2020). Comparison of Figure 8 (b)-(d) shows that different reanalysis 448 
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models result in similar 𝑀𝑀𝐶𝑐𝑟𝑟. The impact of reanalysis models on sampling error correction 449 

and temperature trend estimates will be further quantified in Section 4.2.3. 450 

Figure 9 presents the monthly bias and standard deviation of the MMC mission differences 451 

during their overlap observation period. The black and red lines with the error bar represent the 452 

statistics before and after sampling error correction by ERA-5. The image shows that the 453 

correction significantly decreases the bias and standard deviation of the MMC difference 454 

between missions. Specifically, after sampling error correction, the mean/standard deviation of 455 

the MMC difference between Metop and COSMIC-1 is reduced from 0.06 K/0.46 K to 456 

0.05K/0.19 K. For Metop and SPIRE, the mean/standard deviation of the MMC difference is 457 

reduced from -0.02 K/0.5 K to -0.007 K/0.2 K. Figure 9 (a) also shows that the standard 458 

deviation of the difference between the raw Metop and COSMIC-1 data has been gradually 459 

increasing since 2015. This is caused by the continuous decline of the COSMIC-1 observation 460 

number, as shown in Figure 1 (a). This pattern is not obvious for sampling error-corrected results 461 

until the end of 2018. 462 

The experiment in this section demonstrates that different sampling errors caused by different 463 

spatiotemporal sampling characteristics among satellites are the primary cause of the mission 464 

difference in MMC. The correction method described in Section 3.3 can effectively reduce 465 

sampling errors and thus reduce the mission difference in MMC.   466 

4.2.3 Uncertainty in Sampling Error Correction 467 

To quantify the uncertainty in sampling error correction caused by reanalysis models and its 468 

impact on temperature trend estimates, three different models, ERA-5, JRA-55, and MERRA-2, 469 

are employed in sampling error correction for the MMC generated from combined missions from 470 

September 2006 to July 2023. The result is presented in Figure 10. 471 

Figure 10 (a) shows the global monthly average of the difference between 𝑀𝑀𝐶𝐼𝑛𝑡 and 𝑀𝑀𝐶𝑜𝑏𝑠 472 

calculated through Equation (1). 𝑀𝑀𝐶𝐼𝑛𝑡 is obtained by subsampling three reanalysis model 473 

fields. The difference between 𝑀𝑀𝐶𝐼𝑛𝑡 and 𝑀𝑀𝐶𝑜𝑏𝑠 and the difference among individual 474 

𝑀𝑀𝐶𝐼𝑛𝑡 are notable. The overall average deviation of 𝑀𝑀𝐶𝐼𝑛𝑡 from 𝑀𝑀𝐶𝑜𝑏𝑠 is 0.16 K, 0.12 K, 475 

and 0.20 K for ERA-5, JRA-55, and MERRA-2, respectively. This indicates that the temperature 476 

profiles provided by reanalysis models and observed by GNSS RO significantly differ.   477 
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Figure 10 (b) illustrates the global monthly average of sampling errors estimated by reanalysis 478 

models through Equation (1)-(3). It shows that the sampling errors quantified from different 479 

reanalysis models are consistent. They all exhibit obvious seasonal variations associated with 480 

seasonal cycles in atmospheric temperature. The overall averaged difference between the 481 

sampling error estimated by JRA-55 and ERA-5 is 0.003 K, and the difference between the 482 

sampling error estimated by MERRA-2 and ERA-5 is 0.002 K, much smaller than the difference 483 

in the modeled temperature fields shown in Figure 10 (a). This is consistent with what is shown 484 

in Figure 8. A slightly higher difference is found in the northern and southern hemispheres 485 

during wintertime. This is caused by the large temperature change in the polar vortex, which 486 

cannot be accurately detailed in reanalysis models with limited spatial and temporal resolution.  487 

Figure 10 (c) presents the global temperature anomalies and trends based on the 𝑀𝑀𝐶𝑐𝑟𝑟 488 

calibrated by these three models through Equation (4). Anomalies are relative to a climatological 489 

seasonal cycle of  𝑀𝑀𝐶𝑐𝑟𝑟 from January 2007 to December 2022. The temperature trends and 490 

their uncertainties with 95% confidence intervals are listed at the bottom of the panel. It shows 491 

that the temperature anomalies and trends calculated from different model calibrated 𝑀𝑀𝐶𝑐𝑟𝑟 are 492 

almost identical to each other, all pointing to a nearly zero temperature trend in UTLS. The 493 

deviation in temperature trends caused by applying different models in sampling error correction 494 

is below 0.001 K/Dec, much lower than the measurement stability required by the Global 495 

Climate Observing System (GCOS), 0.05 K/Decade (GCOS, 2016). The slight difference in 496 

sampling error does not impact temperature anomalies and trends attributable to 497 

deseasonalization.     498 

This experiment demonstrates that the inconsistency in atmospheric states among various models 499 

has little impact on sampling error estimation and, thus, the estimate of anomalies and trends. 500 

This is because the accuracy of the estimated sampling error depends on how accurately the 501 

model can capture the true atmospheric variability within the monthly latitude bins. The model 502 

state's absolute accuracy is unimportant since it has already been largely removed by the 503 

subtraction in Equation (3).  504 
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4.3 Comparison of Temperature Anomaly with ROMSAF  505 

In this section, the time-dependent temperature anomalies calculated from STAR ROPP MMC 506 

are compared to the anomalies based on ROM SAF MMC during their overlap period 507 

(September 2006-December 2016). The time series of anomaly difference (STAR ROPP minus 508 

ROM SAF) are computed at three vertical layers, including the upper troposphere (8-12 km), the 509 

lower stratosphere including tropopause (12-20 km), and the mid-stratosphere (20-30 km) at six 510 

latitude zones from Global, SHP, SHSM, TRO, NHSM, and NHP. The result is presented in 511 

Figure 11. The anomalies are calculated based on the climatological seasonal cycle from January 512 

2007 to December 2016. The mean and standard deviation of the anomaly difference for all the 513 

regions are summarized in Table 3. 514 

Table 3 515 

Means and Standard Deviations of the Time Series of Temperature Anomaly Difference between 516 

STAR ROPP and ROM SAF 517 

 

Mean (K)/Standard deviation (K) 

8-12 km 12-20 km 20-30 km 

90⁰S-90⁰N -0.001/0.02 -0.001/0.02 -0.002/0.05 

60⁰N-90⁰N 0.000/0.03 -0.001/0.06 -0.006/0.25 

20⁰N-60⁰N 0.000/0.02 0.000/0.03 0.003/0.08 

20⁰S-20⁰N -0.001/0.02 -0.001/0.03 -0.005/0.09 

20⁰S-60⁰S -0.001/0.03 -0.002/0.03 -0.001/0.08 

60⁰S-90⁰S -0.001/0.05 -0.002/0.09 -0.007/0.22 

The anomaly difference between the two datasets shows no persistent bias. The average 518 

difference at all altitude and latitude zones is below 0.007 K, close to zero. However, the inter-519 

monthly variance of anomaly difference varies dramatically among altitude layers and latitude 520 

regions. Two qualitative features can be inferred from Figure 11 and Table 3: (1) inter-monthly 521 
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variance is smallest in the upper troposphere, larger in the lower stratosphere, and further 522 

increases above, and (2) within the same altitude layer, the variance tends to be larger at high 523 

latitudes than middle and low latitudes.  524 

For example, the mid-stratosphere exhibits prominent anomaly variance (Figure 11 (a)), 525 

especially in SHP and NHP, where the standard deviation reaches 0.22 K and 0.25 K, 526 

respectively. The spikes observed in high latitude zones can be as high as 1 K in certain months 527 

and mostly coincide with the wintertime polar vortex. In altitude layers below the mid-528 

stratosphere (Figure 11 (b)-(c)), the anomaly variance drops dramatically with a standard 529 

deviation well below 0.1 K. Spikes still occasionally occur in SHP and NHP, but the magnitude 530 

is below 0.4 K. 531 

The larger anomaly deviation observed above 20 km is mostly attributable to the distinct bending 532 

angle initialization approaches implemented in the retrieval process at each GNSS RO research 533 

center. Bending angle background information is used in two parts of the RO retrieval chain. 534 

Firstly, when removing ionospheric contribution to the measured bending at an altitude above 50 535 

km, where the signal-to-ratio is low, the measured L1/L2 bending angle data must be combined 536 

with a climatological bending angle profile to obtain optimal statistical results. Secondly, when 537 

deriving refractivity from bending angle data, the climatological bending angle profiles are used 538 

in the Abel integral to extend the corrected bending angle profiles above the highest 539 

measurement impact parameter. Although the background information is applied high above the 540 

stratosphere, its impact can propagate downward to lower altitudes for other derived parameters 541 

through the Abel integral. The inconsistency declines with decreasing altitudes, as the 542 

dependency of refractivity retrieval on bending angle background information weakens at lower 543 

altitudes.  544 

The relatively larger variance appearing at high latitudes is mainly due to the residual sampling 545 

error. The strong temperature variability caused by the polar vortex and the poor RO coverage at 546 

high latitudes leads to large residual sampling errors in MMC and, thus, the large anomaly 547 

difference between the two datasets, as seen in Figure 8.  548 
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The lowest mean and standard deviation of anomaly difference is found in the tropical 549 

troposphere. Different RO mission combinations and the different configurations in the ROPP 550 

program between STAR RO DSC and ROM SAF could cause this slight anomaly deviation. 551 

Overall, the anomaly difference between STAR ROPP and ROM SAF has no obvious bias, 552 

though the standard deviation is larger in the mid-stratosphere and high-latitude region. The 553 

anomaly variance is well below 0.1K except in the mid-stratosphere of polar areas. These 554 

features are consistent with previous studies (Ho et al. 2009; Steiner et al. 2020a) where the 555 

anomalies of various atmospheric parameters produced by multiple GNSS RO research centers 556 

were intercompared.   557 

4.4 Comparison of Temperature Trend with ERA-5, MERRA-2, and JRA-55 Reanalysis 558 

In this section, we derive the temperature trends in UTLS covering a period of 2006 to 2023 559 

from the STAR-ROPP MMC and compare them with the trends generated from the ERA-5, 560 

JRA-55, and MERRA-2 reanalysis datasets to provide a better understanding of the time 561 

evolution of the STAR-ROPP MMC and its capability of monitoring climate signals. It should be 562 

noted that because of the lack of high-quality and high vertical resolution temperature 563 

observations and also the low vertical resolution of the model, the reanalysis data in the UTLS 564 

might be problematic (Zhao and Li, 2006; Trenberth and Smith, 2006, 2009; Shangguan et al. 565 

2019). Evaluating the reanalysis datasets for their representation of temperature in the UTLS has 566 

become part of the goal of the Stratosphere-troposphere Processes And their Role in Climate 567 

(SPARC) Reanalysis Intercomparison Project (S-RIP) (Shangguan et al., 2019).  568 

The MMC of the reanalysis data is constructed through Equation (2). The time series of 569 

temperature anomalies based on reanalyses and STAR-ROPP MMC are calculated for their 570 

overlap period of September 2006-April 2023 at three altitude layers and six latitude zones 571 

defined in Section 4.1. The climatological seasonal cycle used to obtain the anomalies is 572 

calculated by averaging MMC from 2007 to 2022. The temperature anomaly time series and 573 

their linear trends are presented in Figure 12-14, and the numbers are summarized in Table 4. 574 

  575 



manuscript submitted to replace this text with name of AGU journal 

 

Table 4 576 

Differences in the Temperature Trends Obtained from STAR-ROPP, ERA-5, JRA-55, and 577 

MERRA-2 for Six Latitude Zones and at Three Vertical Layers.  578 

 Trend difference (K/Decade) 

Height layers (km) STAR-ERA5 STAR-JRA STAR-MERRA 

 90⁰S-90⁰N 

8-12 -0.027* -0.015* 0.000* 

12-20 0.003* 0.008* 0.031* 

20-30 0.064* 0.104* 0.002* 

 60⁰N-90⁰N 

8-12 -0.067 0.027 -0.027 

12-20 -0.006 0.012 0.010 

20-30 0.117 0.150 0.097 

 20⁰N-60⁰N 

8-12 -0.016* -0.009* -0.012* 

12-20 -0.012 -0.005 0.015 

20-30 0.043* 0.094* 0.006* 

 20⁰S-20⁰N 

8-12 -0.035* -0.046* -0.011* 

12-20 0.032* 0.022* 0.060* 

20-30 0.105 0.157 0.002 

 60⁰S-20⁰S 

8-12 -0.002* 0.005* 0.031* 

12-20 -0.015* 0.004* 0.020* 

20-30 0.023* 0.052* -0.022* 

 90⁰S-60⁰S 

8-12 -0.084 -0.002 0.004 

12-20 -0.006 -0.005 0.002 

20-30 0.039 0.028 -0.007 

Note. The Trend Difference is Marked with an Asterisk when both Trends in Comparison are 579 

Significant at the 95% level. 580 
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Figure 12 shows the monthly temperature anomalies in the upper troposphere. STAR-ROPP 581 

exhibits good agreement with the three reanalyses in sub-seasonal variation of temperature 582 

anomalies and trends. All datasets point to significant positive trends in tropical and mid-583 

latitudes and insignificant negative trends at high latitudes. The differences between the trends 584 

estimated by STAR-ROPP and reanalyses are less than 0.05 K/Decade at most latitude zones 585 

except at high latitudes where STAR-ROPP trends are lower than ERA-5 by about 0.08 586 

K/Decade. The trend differences among reanalyses reach up to 0.09 K/Decade at high latitudes, 587 

slightly larger than the difference between STAR-ROPP and reanalyses. In the TRO (Figure 12 588 

(d)), the temperature anomalies reveal clear interannual variation related to El Niño–Southern 589 

Oscillation (ENSO). Based on the Ocean Niño Index provided by NOAA 590 

(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php), the 591 

pronounced warm anomalies found from November 2009 to February 2010 and from June 2015 592 

to April 2016 are concurrent with the extensive outbreak of El Niño, while the large negative 593 

anomalies found from October 2007 to March 2008 and from August 2010 to January 2011 594 

coincide with the strong La Niña events.   595 

Figure 13 shows the temperature anomalies in the lower stratosphere. This is a transition layer 596 

between the upper-troposphere and mid-stratosphere where temperature has a complex 597 

variability structure. Nonetheless, the STAR-ROPP and all the three reanalyses agree very well 598 

on temperature anomalies and trends. They all exhibit positive trends in tropic and mid-latitude 599 

zones and negative trends in high-latitude areas. The trend difference between STAR-ROPP and 600 

reanalyses is below 0.06 K/Decade, comparable to the trend difference among three reanalyses. 601 

The monthly zonal anomalies in the mid-stratosphere are presented in Figure 14. The strong 602 

inter-seasonal and interannual variations observed at SHP/NHP and TRO are related to polar 603 

vortex and QBO. The variation pattern of STAR-ROPP and reanalysis temperature anomalies are 604 

consistent with each other but with a relatively larger deviation in magnitude compared to 605 

altitudes below. The anomaly difference between STAR-ROPP and reanalyses can be as high as 606 

0.5 K at tropic and 1.7 K at high latitudes. All data sets exhibit negative trends at all six latitude 607 

zones. STAR-ROPP’s negative trends are weaker than ERA-5 and JRA-55 and closer to 608 

MERRA-2. The largest trend differences are found between STAR-ROPP and JRA-55 in TRO, 609 

reaching up to 0.16 K/Decade, while the trend difference between STAR-ROPP and MERRA-2 610 

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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in this area is only 0.002 K/Decade. The trend difference among the three reanalyses also reaches 611 

up to 0.16 K/Decade in TRO.  612 

The relatively larger anomaly difference observed at this altitude is caused by the same factor 613 

that leads to the STAR-ROPP and ROM SAF anomaly difference shown in Figure 11 (a). ERA-5 614 

and MERRA-2 assimilate bending angles reprocessed by UCAR and NCAR/NCEP, respectively 615 

(Hersbach et al. 2020, Gelaro et al. 2017), while JRA-55 assimilates refractivities reprocessed by 616 

UCAR (Kobayashi et al. 2015). In the GNSS-RO retrieval chain, the use of climatological 617 

bending angle profiles alleviates the ionospheric contribution in bending angles above 50 km and 618 

initializes the Abel integral above the highest impact parameter. STAR-ROPP, UCAR, and 619 

NCAR/NCEP use different strategies and climate models to provide such background 620 

information. The impact of the different background information can propagate downward to 621 

lower altitudes through the Abel integral, resulting in larger anomaly deviation between 622 

reanalyses and STAR-ROPP in the mid-stratosphere. For the relatively short period of analysis, 623 

the larger difference in temperature anomaly, in turn, renders a somewhat larger deviation in 624 

temperature trends. Among all the three reanalyses, JRA-55 shows the largest deviation from 625 

STAR-ROPP at most latitudes. This is because JRA-55 assimilates refractivity, which is further 626 

impacted by the climatological profiles used to initialize the Abel integral. Assimilating bending 627 

angles instead of the downstream product refractivities can mitigate the temperature discrepancy 628 

among the GNSS-RO and reanalysis datasets in the stratosphere. 629 

Comparison of temperature anomalies from the troposphere to stratosphere at NHP/SHP (Figure 630 

12-14 (b)/(f)) shows that the anomaly time series shares a similar pattern at those three height 631 

layers, but the magnitude decreases with decreasing altitude. This demonstrates that the polar 632 

vortex is the primary factor that causes the interannual change in temperature anomaly in high 633 

latitudes, and its impact declines from the stratosphere to the troposphere. This is consistent with 634 

Figure 3(c), where the large sampling error at NHP resulting from the polar vortex decreases 635 

with decreasing altitude.  636 

A comparison of Figures 12 (d) and 14 (d) illustrates that positive ENSO is associated with warm 637 

temperature in the tropical upper troposphere and cold temperature anomalies in the stratosphere. 638 
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STAR-ROPP and all three reanalyses share this pattern, which is consistent with previous studies 639 

(Randel and Wu, 2015; Shangguan et al., 2019).  640 

Globally, the temperature trends from STAR-ROPP show a robust cooling of -0.281 ± 0.044 641 

K/Decade in the mid-stratosphere (20-30 km), coupling with a robust warming of 0.309 ± 0.085 642 

K/Decade in the upper troposphere (8-12 km). According to a previous study (Shangguan et al. 643 

2019), the warming temperature trends in the troposphere are mostly caused by the influence of 644 

sea surface temperature (SST), while the negative temperature trends in the stratosphere are 645 

primarily related to the radiative effects from the greenhouse gases (GHGs) and ozone-depleting 646 

substances (ODSs).  647 

Figure 15 presents the vertical profiles of temperature trends with 0.2 km intervals estimated 648 

from STAR-ROPP, ERA-5, JRA-55, and MERRA-2 datasets. This overviews upper-air 649 

temperature trends from the lower troposphere to the mid-stratosphere for global and tropical 650 

coverages. As shown in Figure 15(a), STAR-ROPP shows global warming up to 0.35 K/Decade 651 

in the upper troposphere, followed by a notable decrease above 10 km. The warming trend 652 

remains constant around 0.22 K/Decade up to 16 km and then quickly changes from positive to 653 

negative (-0.34 K/Decade) around 25 km, from where it further slowly decreases to -0.43 654 

K/Decade at 30 km. The temperature trends of the three reanalyses follow a similar pattern to 655 

that of STAR-ROPP at most altitudes, except above 25 km, MERRA-2 continues to decrease 656 

sharply to -0.65 K/Decade at 30 km. For the reanalysis and STAR-ROPP data sets, the trend 657 

uncertainty at a 95% confidence level ranges from 0.05 to 0.11 K/Decade. In the lower 658 

stratosphere, including tropopause (10-20 km), where temperature has a complex variability 659 

structure, the temperature trends estimated by ERA-5 are closest to STAR-ROPP among all the 660 

reanalyses. The trend difference between ERA-5 and STAR-ROPP is less than 0.03 K/Decade in 661 

this region, whereas the difference between the other two reanalyses and STAR-ROPP is up to 662 

0.07 K/Decade for JRA-55 and 0.1 K/Decade for MERRA-2.  663 

In the TRO (Figure 15 (b)), STAR-ROPP shows the warm trend first increases from 0.26 664 

K/Decade to 0.48 K/Decade around 12 km and then gradually decreases to 0.29 K/Decade 665 

around 17 km from where it oscillates around 0.3 K/Decade till 21 km. In the mid-stratosphere, 666 

the positive trend decreases quickly into negative around 25 km and further decreases to -0.411 667 
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K/Decade at 30 km. The temperature trends from the reanalyses generally follow the STAR-668 

ROPP at all altitudes. However, the difference between STAR-ROPP and reanalyses is larger 669 

than that in the global region. Around tropopause and lower stratosphere (17-20 km), where 670 

temperature exhibits strong vertical gradients, the ERA-5 trend is still closer to STAR-ROPP 671 

than other reanalyses with a difference of less than 0.03 K/Decade. The trend uncertainty at a 672 

95% confidence level in TRO is much larger than that in the global zone. For the reanalysis and 673 

STAR-ROPP datasets, the trend uncertainty ranges from 0.11 to 0.2 K/Decade below 17 km and 674 

quickly increases from 0.2 to 0.35 K/Decade above 17 km.  675 

A notable difference between Figure 15 (a) and 15 (b) is that the tropical trend has much higher 676 

uncertainty than the global trend. This is because of the large interannual temperature variation 677 

related to QBO and ENSO. The global and tropical temperature trends also share some common 678 

features. Below 10 km, STAR-ROPP shows a warming trend slightly smaller than the 679 

reanalyses, especially in the TRO. Considering that the STAR-ROPP dry temperature is 680 

compared with the reanalysis atmospheric temperature, the relatively higher water vapor content 681 

in the tropical upper troposphere is most likely responsible for this slight increment in trend 682 

deviation. Above 20 km, the deviation among STAR-ROPP and reanalyses grows larger than the 683 

altitudes below, mainly due to the impact of the bending angle background information. Trends 684 

vary similarly in the lower stratosphere, including tropopause, among STAR-ROPP and 685 

reanalyses. However, the reanalysis trends show an obvious stepwise pattern with abrupt changes 686 

around 15, 17, 19, and 21 km in both global and TRO regions, which is caused by the limit of the 687 

low vertical resolution of the reanalysis models. Compared to reanalyses, the temperature trends 688 

from STAR-ROPP exhibit a much more continuous and smooth variation with more details. 689 

With the high vertical resolution, typically about 100m in the troposphere and tropopause and 690 

about 1 km in the stratosphere (Steiner et al. 2020a), GNSS-RO has the unique capability of 691 

detailing the intricate temperature structure in the UTLS region.  692 

The general pattern of the temperature trends showed in Figure 15 (a)-(b) is consistent with the 693 

near-global (70⁰S-70⁰N) and tropical upper-air temperature trends from 2002-2018 estimated by 694 

various data sets of GNSS RO, radiosondes, and microwave sounders in Steiner et al. (2020b). 695 

The fact that ERA-5 shows better agreement with RO observations in the UTLS region is aligned 696 

with Shangguan et al.’s study (2019), in which GNSS-RO was used as a reference to evaluate 697 
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multiple reanalysis datasets. The prominent tropospheric warming and a transition to 698 

stratospheric cooling are consistent with the well-understood response of the UTLS region to 699 

long-term global warming. 700 

The temperature trend for each latitude-altitude bin based on STAR-ROPP and reanalysis 701 

datasets is summarized in Figure 16. The lapse rate tropopause height is calculated from the 702 

MMC of the data sets following the World Meteorological Organization's (WMO) definition 703 

(WMO, 1957). The average tropopause heights throughout the analysis are marked as a gray line 704 

in Figure 16.  705 

From the STAR-ROPP dataset, positive trends of 0.2-0.4 K/Decade are significant in most areas 706 

of the upper troposphere, with stronger warming up to 0.5-0.6 K/Decade in the northern 707 

hemisphere. Meanwhile, negative trends of 0.1-0.3 K/Decade dominate the mid-stratosphere. 708 

The warming extends through tropopause into the lower stratosphere from the tropics to the 709 

southern mid-latitudes. The atmosphere is cooling above the tropopause in the northern mid-710 

latitudes, particularly in sub-tropical regions at 20 km. These features are consistent with 711 

previous studies (Shangguan et al. 2019; Gleisner et al. 2022; Ladstädter et al. 2023). 712 

Reanalyses show good agreement with the STAR-ROPP regarding the general pattern of 713 

temperature trends. However, slight differences can be found among datasets. JRA-55 has 714 

relatively warmer trends in the TRO around 12-15 km and colder trends in the NHSM above 25 715 

km. Around the tropical tropopause, where other datasets exhibit neural trends, JRA-55 shows 716 

slightly insignificant positive trends (0.1-0.2 K/Decade). The cooling trends centered in the NPH 717 

around 15 km and the south hemisphere above 25 km appear weaker in MERRA-2 than in the 718 

other datasets. Compared to STAR-ROPP, all three reanalyses show fewer details and abrupt 719 

changes in temperature trends around tropical tropopause due to their limited vertical resolution. 720 

Overall, ERA-5 shows the best agreement with STAR-ROPP with a similar pattern and 721 

comparable magnitude of temperature trends at most altitude and latitude regions. 722 

An insignificant warming signal is observed in all datasets around 20-25 km in the tropics, which 723 

has not been found in previous studies (Shangguan et al. 2019; Gleisner et al. 2022; Ladstädter et 724 

al. 2023). For a relatively short period, this warming trend is most likely related to the decadal-725 

scale variability in the QBO-associated temperature anomalies in the stratosphere (e.g., Martin et 726 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/world-meteorological-organization
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al. 2021). The multiple linear regression method was adopted to assess and limit the impact of 727 

ENSO and QBO on long-term trends in past studies (Shangguan et al. 2019; Gleisner et al. 2022; 728 

Ladstädter et al. 2023). As a preliminary work, this study will not estimate the effects from both 729 

ENSO and QBO because of the relatively short data record. However, further exploration is 730 

warranted, especially when the relatively longer data record becomes available in the future. 731 

5 Discussion 732 

Section 4.1 shows that relative to Metop, COSMIC-2 has a slight positive bias (0.08 K) outside 733 

of 20⁰S-20⁰N in the upper troposphere and 0.17-0.25 K positive bias at all latitude zones from 734 

45⁰S-45⁰N in the mid-stratosphere. In this section, a sensitive experiment is carried out to assess 735 

the impact of the COSMIC-2 bias on the temperature trend estimation. The temperature 736 

anomalies and trends are calculated based on all RO missions and all missions excluding 737 

COSMIC-2 data at altitude regions 8-12 km and 20-30 km and latitude zone from 60⁰S-60⁰N. 738 

ERA-5 temperature anomaly and trend are also listed for comparison. The results are presented 739 

in Figures 17-18.    740 

Figures 17 (b) and (d) illustrate that the slight positive bias of COSMIC-2 in midlatitudes 741 

increases the estimated temperature trend by about 0.02 K/Decade, well below the GCOS 742 

required measurement stability. Figures 17 (a) and (c) show that the difference in temperature 743 

trend caused by COSMIC-2 bias in TRO and the global zone is even smaller. Thus, the impact of 744 

COSMIC-2 slight positive bias in the upper troposphere can be neglected.  745 

Figure 18 demonstrates that since October 2019, when the COSMIC-2 mission began, the 746 

temperature anomalies estimated from all missions are higher than those estimated from the 747 

missions without COSMIC-2. By removing the COSMIC-2 data, which has a relatively large 748 

positive bias compared to other missions, the estimated temperature trend declines by around 749 

0.05 K/Decade for all latitude zones, making the trend closer to that derived from ERA-5.    750 

Data consistency among missions is essential to produce reliable RO climatology. Before finding 751 

a solution to the issue of its positive bias above 20 km, COSMIC-2 data is excluded in the 752 

construction of STAR-ROPP MMC above 20 km in this study. We will further investigate the 753 
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possible reasons and find a solution to resolve the inconsistency caused by including the 754 

COSMIC-2 data. 755 

6 Conclusions 756 

This study focuses on constructing and evaluating the temperature climate data records in the 757 

upper troposphere and lower stratosphere (UTLS) based on the dry profiles produced by the 758 

GNSS RO science and data center at NOAA STAR (STAR RO DSC). Using UCAR low-level 759 

data as an input, the Radio Occultation Processing Package (ROPP) reconfigured by STAR RO 760 

DSC consistently generates RO bending angle, refractivity, and dry temperature profiles for 761 

multiple RO missions, including COSMIC-1, COSMIC-2, Metop (Metop-A/B/C), and SPIRE, 762 

which compose the STAR-ROPP dataset. We compare the collocated profiles from multiple 763 

STAR-ROPP processed RO missions to ensure data consistency. Based on this dataset, the 764 

temperature monthly mean climatology (MMC) is constructed on 2D latitude-height grids with a 765 

resolution of 5⁰ in latitude by 0.2 km in height from 8-30 km, covering the period from April 766 

2006 to July 2023. The sampling error in MMC is corrected by using ERA-5 reanalysis. The 767 

uncertainty of the sampling error correction method is quantified through three different 768 

reanalysis models: ERA-5, MERRA-2, and JRA-55. The STAR-ROPP MMC is then evaluated 769 

by comparing it with the ROM SAF MMC and the MMC derived from the ERA-5, MERRA-2, 770 

and JRA-55 reanalysis datasets. We reach the following conclusions based on our analysis. 771 

1. The comparison of the collocated dry temperature profiles from multiple missions shows 772 

good agreement in the upper troposphere and lower stratosphere, with mission differences 773 

well below 0.1 K. In the mid-stratosphere, COSMIC-1 still exhibits good consistency with 774 

Metop. At the same time, SPIRE shows a slight positive bias up to 0.16 K in polar areas, and 775 

COSMIC-2 has a larger positive bias ranging from 0.17-0.25 K, with the evident increasing 776 

trend in the tropics seemingly coherent with the 25
th

 solar cycle. The impact of the residual 777 

ionospheric correction most likely causes a relatively large bias and standard deviation at this 778 

altitude. A sensitivity study shows that the COSMIC-2 positive bias in the mid-stratosphere 779 

can increase the temperature trend by about 0.05 K/Decade in this region. Therefore, in this 780 

study, COSMIC-2 data above 20 km has been excluded from the construction of STAR-781 

ROPP MMC. 782 
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2. The sampling error correction method can correctly identify and effectively reduce the 783 

sampling error in MMC. It reveals the distinct sampling error features of the Sun-784 

synchronous and non-Sun-synchronous satellites in the tropical region. The large sampling 785 

errors caused by the sharp temperature change at the tropopause and wintertime polar vortex 786 

at high latitudes are also identified. After applying the sampling error correction, the mission 787 

difference in MMC is largely removed: the bias and standard deviation of the MMC mission 788 

differences during their overlap period is reduced from 0.06 K/0.46 K to 0.05K/0.19 K for 789 

Metop and COSMIC-1, and from -0.02 K/0.5 K to -0.007 K /0.2 K for Metop and SPIRE. 790 

The uncertainty in the sampling error correction method is assessed by employing ERA-5, 791 

MERRA-2, and JRA-55. All three models yield similar sampling errors despite the relatively 792 

large discrepancy in their atmospheric states. The global UTLS temperature anomalies and 793 

trends derived from the MMC with sampling error corrected by the three models are almost 794 

identical. This suggests that the sampling error correction method is a robust approach 795 

unaffected by the model state's absolute accuracy.     796 

3. Comparison of the temperature anomaly time series between STAR-ROPP and ROMSAF 797 

during their overlap period (September 2006-December 2016) exhibits good agreement. The 798 

mean and standard deviation of their anomaly difference are below 0.005 K and 0.1 K at all 799 

altitude and latitude zones except in the mid-stratosphere around polar regions. A relatively 800 

larger inter-monthly variance is found in the mid-stratosphere than in the altitudes below 801 

because STAR-ROPP and ROMSAF use different bending angle background information in 802 

their retrieval chain. A relatively larger deviation between the two datasets observed at high 803 

latitudes is mainly related to the residual sampling error. The sharp temperature change 804 

during the wintertime polar vortex and the poor RO coverage at this region lead to larger 805 

sampling errors that cannot completely be removed by reanalysis models with limited 806 

spatiotemporal resolution.  807 

4. Generally, the temperature anomaly and trends estimated by STAR-ROPP agree well with 808 

those estimated from ERA-5, MERRA-2, and JRA-55 over 17 years (September 2006-April 809 

2023). The difference in the temperature trends between STAR-ROPP and reanalyses is 810 

below 0.06 K/Decade in the UTLS region (8-20 km) except in polar areas where polar vortex 811 

and poor RO coverage result in residual sampling errors. Relatively larger trend differences 812 

are found in the mid-stratosphere (20-30 km) due to the impact of different bending angle 813 
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background information used in the retrieval chain of different GNSS-RO process centers. 814 

The trend difference between STAR-ROPP and reanalyses shows a slight increase below 10 815 

km, especially in the tropics. This is due to the relatively high humidity in the tropical upper 816 

troposphere, which makes the approximation of physical temperature to dry temperature less 817 

accurate. Around tropopause, where the temperature has an intricately variable structure, 818 

ERA-5 has the best agreement with STAR-ROPP. However, all the reanalysis trends exhibit 819 

an apparent stepwise pattern due to their coarse vertical resolution. The fact that STAR-820 

ROPP trends present a much more continuous and smooth variation with altitudes suggests 821 

that it has the unique capability of detailing the intricate temperature structure in the UTLS 822 

region. 823 

5. STAR-ROPP MMC constructed in this study can identify various climate signals and 824 

monitor long-term climate change. For example, the interannual temperature variation related 825 

to Quasi-Biennial Oscillation (QBO) and El Niño–Southern Oscillation (ENSO) events are 826 

well represented by the STAR-ROPP temperature anomaly time series. The global 827 

temperature trends estimated by STAR-ROPP show a transition from a prominent warming 828 

of 0.309 ± 0.085  K/Decade in the upper troposphere (8-12 km) to a robust cooling of -0.281 829 

± 0.044 K/Decade in the mid-stratosphere (20-30 km). The warming in the troposphere 830 

extends through tropopause into the lower stratosphere from the tropics to the southern mid-831 

latitude regions. These findings are consistent with previous studies and the well-understood 832 

response of the UTLS region to long-term global warming.    833 

The larger mission difference found in the mid-stratosphere in STAR-ROPP datasets may lead to 834 

uncertainties in the temperature trend estimation in these regions. Its cause and possible solution 835 

are still under investigation. Relatively higher deviations between STAR-ROPP and other 836 

datasets, such as ROMSAF and various reanalyses, are found in the mid-stratosphere and high 837 

latitudes. Efforts are being made to reduce such deviation by implementing more accurate and 838 

consistent bending angle background information in the retrieval process and employing a high-839 

resolution reanalysis model in the sampling correction method. Additionally, to alleviate the 840 

uncertainty in the trend estimation, multiple linear regression will be applied to diminish the 841 

inter-seasonal and interannual variability caused by natural phenomena, such as QBO and 842 

ENSO.  843 
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Figure 1. Statistics on the valid RO profiles used to generate STAR ROPP MMC. (a) Monthly 845 

mean daily number of valid profiles. (b) Latitude and (c) local time distribution of RO profiles in 846 

September 2009 of COSMIC-1 and Metop-A and September 2022 of COSMIC-2 and SPIRE. 847 

Here, Metop represents all the Metop-A/-B/-C observations. 848 

Figure 2. Statistics on the collocated pairs. (a) Global distribution of COSMIC-2 (red dots) and 849 

Metop (green dots) pairs for May 2021. (b) The monthly number of COSMIC-1 (blue), 850 

COSMIC-2 (red), and SPIRE (green) profiles collocated with Metop. 851 

Figure 3. Zonally gridded monthly mean of dry temperature from COSMIC-1 in January 2009 852 

(a) before and (b) after sampling error correction. (c) sampling error estimated by ERA-5. 853 

Figure 4. Measures of consistency between COSMIC-1 and Metop (blue), COSMIC-2 and 854 

Metop (red), and SPIRE and Metop pairs (green) at 8-12 km layer for (a) the entire globe (90⁰S-855 

90⁰N), (b) NHP (60⁰N-90⁰N), (c) NHSM (20⁰N-60⁰N), (d) TRO (20⁰S-20⁰N), (e) SHSM (60⁰S-856 

20⁰S), and (f) SHP (90⁰S-60⁰S). 857 

Figure 5. Same as Figure 4, but for the 12-20km layer. 858 

Figure 6. Same as Figure 4, but for the 20-30km layer. 859 

Figure 7. Time series of monthly region-average temperature sampling error of (left) COSMIC-1 860 

and (right) Metop-A for the (a-b) 20⁰S-20⁰N zone, (c-d) 20⁰N-60⁰N zone, (e-f) 60⁰N-90⁰N zone. 861 

Figure 8. Differences of Metop-A and COSMIC-1 zonally gridded monthly mean of dry 862 

temperature in January 2009 (Metop-A minus COSMIC-1). (a) before sampling error correction 863 

and after sampling error corrected by (b) MERRA-2, (c) JRA-55, and (d) ERA-5. 864 

Figure 9. Time series of the mean and standard deviation of the MMC difference between 865 

missions. (a) MMC difference between Metop and COSMIC-1, and (b) MMC difference 866 

between Metop and SPIRE. Black and red lines with error bars represent the difference before 867 

and after sampling error correction by ERA-5. 868 

Figure 10. Time series of the monthly average of (a) 𝑀𝑀𝐶𝐼𝑛𝑡 relative to 𝑀𝑀𝐶𝑜𝑏𝑠, (b) the 869 

estimated sampling errors, and (c) temperature anomalies and trends for the global UTLS region. 870 



manuscript submitted to replace this text with name of AGU journal 

 

Different colors represent the results from different reanalysis models. The temperature trends 871 

and their uncertainties with 95% confidence intervals are listed below (c).  872 

Figure 11. Time series of the temperature anomaly difference between STAR ROPP and ROM 873 

SAF (STAR ROPP minus ROM SAF) at 20-30 km (a), 12-20 km (b), and 8-12 km (c) for six 874 

latitude zones represented by different color lines. 875 

Figure 12. Temperature anomalies (solid line) of STAR-ROPP (red), ERA-5 (black), JRA-55 876 

(blue), and MERRA-2 (green) at 8-12 km layer for (a) the entire globe (90⁰S-90⁰N), (b) NHP 877 

(60⁰N-90⁰N), (c) NHSM (20⁰N-60⁰N), (d) TRO (20⁰S-20⁰N), (e) SHSM (60⁰S-20⁰S), and (f) SHP 878 

(90⁰S-60⁰S). Overplotted are their corresponding linear trends (dashed line). The trend and its 879 

uncertainty at a 95% confidence level are listed on each panel. Trends significant at the 95% 880 

level are marked with asterisks. 881 

Figure 13. Same as Figure 12, but for the 12-20 km layer. 882 

Figure 14. Same as Figure 12, but for the 20-30 km layer. 883 

Figure 15. Vertically resolved temperature trends 2006-2023 estimated from STAR-ROPP (red), 884 

ERA-5 (black), JRA-55 (blue), and MERRA-2 (green) for (a) global (90⁰S-90⁰N) and (b) the 885 

TRO (20⁰S-20⁰N) regions. Error bars represent the trend uncertainty at the 95% confidence level.  886 

Figure 16. Altitude vs. latitude resolved temperature trends for (a) STAR-ROPP, (b) ERA-5, (c) 887 

JRA-55, and (d) MERRA-2. The gray lines mark the average tropopause height calculated with 888 

STAR-ROPP and reanalysis MMC. Areas with trends significant at the 95% confidence level are 889 

indicated with dots. 890 

Figure 17. Temperature anomalies (solid line) estimated from all missions (red) and missions 891 

excluding COSMIC-2 (green) and ERA-5 (blue) at 8-12 km layer for (a) the entire globe (90⁰S-892 

90⁰N), (b) NHSM (20⁰N-60⁰N), (d) TRO (20⁰S-20⁰N), (e) SHSM (60⁰S-20⁰S). Overplotted are 893 

their corresponding linear trends (dashed line). The trend and its uncertainty at a 95% confidence 894 

level are listed on each panel.   895 

Figure 18. The same as Figure 17 but for 20-30 km.   896 
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