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Atmospheric temperature is a key variable to detect and attribute climate change. Due to
the relative sparseness of ground-based observations and heterogeneity of satellite data,
global atmospheric reanalysis products are considered valuable datasets for studying and
monitoring the climate, since these usually ensure spatially complete and continuous
temporal coverage. Consequently, evaluating differences among the existing reanalyses is
key to identifying inconsistencies. To this aim, the current study intercompares the
climatological mean, variability, and linear trends for upper air temperature provided
from four recent atmospheric reanalysis products (ERA5, ERA-Interim, MERRA-2, and
JRA-55) The Reanalysis Multi-Model Ensemble-mean (RMME) is used as a comparator.
Radiosonde observations are included for comparison on the regional scale (tropics). The
results reveal that all evaluated reanalyses provide a consistent reproduction of the upper-
air temperature profile. Temperature differences from RMME within £0.25 K are found in
both the troposphere and lower stratosphere, except for a few specific regions. Larger
differences (>+ 1.5K) and discrepancies among the datasets are found in the upper
stratosphere. Agreement between reanalyses increased after 1998. Differences in the
temperature time series and seasonal cycle at the regional scales are smaller in the
Northern Hemisphere mid-latitudes than in the tropics and Southern Hemisphere. A robust
cooling trend in the lower stratosphere during the period of largest ozone depletion (1980-
1997) and a warming trend in the troposphere for the period 1998-2018 are clearly found,
at the global level, in all the datasets. Temperature trends and variability in the tropics are
consistent in all reanalysis datasets with the homogenized radiosonde records from the
lower to middle troposphere and in the lower stratosphere. However, large differences are
found in the upper troposphere, tropical tropopause layer (TTL), and middle stratosphere.
The well-known temperature variability in the lower stratosphere associated with Quasi-
Biennial Oscillation (QBO) is captured in both reanalyses and observational datasets.
Among the reanalyses, ERA5 shows the smallest temperature difference with respect to
homogenized upper-air radiosoundings records.

Keywords: upper-air temperature, vertical thermal structure, atmospheric reanalysis, radiosonde observations,
climatology and variability, trend
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1 INTRODUCTION

Atmospheric temperature is a state variable, crucial to
understanding and predicting the evolution of climate. It is
especially important to identify climate change signals in the
troposphere and stratosphere (Steiner et al., 2020). For example,
the rising of the tropopause, resulting from the warming of the
troposphere and the cooling of the stratosphere, has been
indicated as one of the most robust fingerprints of
anthropogenic climate change (IPCC, 2013; Pisoft et al., 2021),
along with stratospheric ozone depletion affecting the
temperature profile in the stratosphere (Polvani et al., 2011;
Ivanciu et al., 2021).

The limitations of studying upper-air temperature are mainly
due to the incompleteness and heterogeneity of satellite and
ground-based atmospheric observations (Sterin et al., 2008). A
valuable alternative solution to observational datasets is
atmospheric reanalysis data (Baatz et al, 2021), which
combines vast amounts of observations with numerical models
using data assimilation techniques to provide a globally complete
gridded and continuous temporal coverage dataset. However, the
accuracy of reanalysis products varies strongly (Dee et al., 2011)
especially for variables that are very sensitive to atmospheric
dynamics and to the main parameters of the assimilation systems,
such as the quantity and quality of the assimilated observations,
the assimilation scheme (e.g., variational, Kalman filter), and the
background forecast model, particularly the spatial and temporal
resolutions (Simmons et al., 2004; Alghamdi, 2020; Gleixner et al.,
2020). The usability of reanalyses data for long-term climate
applications, including trend estimation, is controversial as
discussed in the literature, for specific regions in previous
reanalyses generations (e.g., Thorne, 2008; Thorne and Vose,
2010). Assessing both long-term temperature variability and
trend using reanalyses proved to be challenging due to
changes in the assimilation systems and observations that can
introduce inhomogeneities, and to the documented difficulties
with the representation of low-frequency variations (Simmons
et al.,, 2017; Madonna et al., 2022).

Several intercomparison studies of upper air temperature were
performed to assess the quality of the datasets since the first
release of the reanalysis products (e.g., ERA15 & NCEP-RI:
Pawson and Fiorino 1998, 1999; ERA40 & ERA15 & NCEP-
R1: Randel et al., 2004; ERA40 & NCEP-R1 & R2: Manney et al.,
2005). Major outcomes of these assessments showed that ERA
products agree better with radiosonde observations and have
better performance in resolving the low tropopause temperatures
compared to NCEP temperatures that are more biased towards
satellite-derived values (Pawson and Fiorino, 1998). Evident
differences between datasets for temperature at specific regions
and/or levels are also documented (e.g. polar lower stratosphere,
temperatures near the tropical tropopause and the global
stratopause).

In terms of variability and trends studies (Simmons et al.,
2014), reasonable agreement is reported in the lower-middle
troposphere and lower stratosphere, while larger variations
accounted for the mid-upper stratosphere among the
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considered reanalyses (ERA-40, ERA-interim, MERRA, and
JRA-55).

Recently the “Stratosphere-troposphere Processes And their
Role in Climate (SPARC) Reanalysis Intercomparison Project
(S-RIP)” devoted a notable effort in intercomparing different
generations of reanalysis products (SPARC, 2022). Wide
enhancements for the reanalyses in terms of model
characteristics, ~ physical ~ parameterizations  employed,
assimilation schemes, and observations assimilated, have been
archived as a function of their evolution in time (Fujiwara et al.,
2017).

In this framework, particular attention was paid to
intercomparing the climatology and variability of the
atmospheric temperature and wind variables in reanalyses for
the period 1979-2014 (Long et al, 2017), pointing out major
improvements for the recent generation of reanalyses compared
to the older versions. Discontinuities due to the changing in
assimilation instrument(s) were also discussed revealing evident
improvements both in the troposphere and in the lower
stratosphere in the recent generation (e.g., ERA-Interim versus
ERA-40; MERRA2 versus MERRA, JRA-55 versus JRA-25), while
issues persist in the upper stratosphere-lower mesosphere.

SPARC project also evaluated the climatological and long-
term tropical tropopause layer (TTL) temperature and
tropopause characteristics in older and new generations of
reanalysis datasets (Tegtmeier et al, 2020), revealing larger
biases at TTL in the older reanalysis generations. The recent
reanalyses (ERA5, ERA-Interim, MERRA-2, JRA-55, and CFSR)
provide realistic representations of temperature structure within
the TTL, and the vertical resolution of the involved products
played a significant role in representing the temperature at the
cold point and lapse rate at the tropopause.

As pointed out, comprehensive inter-comparisons between
the old and new generations of reanalyses are provided in the
literature. However, among the recent generations, the products’
quality and suitability for a broad set of climate studies or
applications are still under discussion or a few discussed for
specific regions (e.g., Graham et al., 2019; Alghamdi, 2020; Keller
and Wahl, 2021; Simmons, 2022). Furthermore, ERAS5, the
newest global reanalysis product and one of the most used
reanalysis families, has not been extensively intercompared
and discussed at the current time compared to the other
products. Therefore, the main goal of this study is to
investigate the vertical structure of the atmospheric
temperature and the coherence among the most recent
reanalysis products (ERA5, ERA-Interim, MERRA-2, and JRA-
55), focusing on both global and regional scales, with particular
attention to the variability and trends. The latter can significantly
be influenced by the discontinuities associated with changing the
assimilation instruments in reanalysis systems. The reanalyses
multi-model mean (RMME) used as a comparator in this study,
assuming it is able to minimize the discrepancy with the
unknown true value, although it provides a smoother
representation of climate variability. The upper-air
homogenized observational datasets are also used as a
benchmark at a regional scale. A set of diagnostics are used,
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highlighting the strengths and weaknesses of the presented
reanalysis products.

The paper is organized as follows; the considered datasets and
methodology are described in Sections 2 and 3. Time series and
climatological differences from RMME, trend assessment, and
comparison with observations are discussed in Section 4.
Discussion and conclusions of the results are provided in
Section 5. A list of all acronyms used in this paper is provided
in the GLOSSARY section, some of the most important for the
understanding of the paper are also introduced in the text.

2 DATASETS AND METHODS

2.1 Reanalysis Datasets
The datasets considered in this study include two datasets of
European Centre for Medium-Range Weather Forecasts
(ECMWEFE) reanalyses ERA5 (Hersbach et al.,, 2020) and ERA-
Interim (Dee et al., 2011), NASA’s Modern Era Retrospective
Analysis for Research and Applications-2 (MERRA-2: Molod
et al., 2015; Gelaro et al., 2017), and Japanese 55-years Reanalysis
(JRA-55: Kobayashi et al, 2015). Climate Forecast System
Reanalysis (CFSR) dataset has been excluded as it has changed
in 2011 to CFSR-2 with higher resolution and upgrade to the
forecast model, and assimilation scheme (SPARC Reanalysis
Intercomparison ~ Project  (S-RIP), 2022), while the
intercomparison of this study focuses on the recent reanalyses
which are consistent in their system (i.e., used the same forecast
model and assimilation scheme over the entire assessed period).
Older versions of the chosen datasets have been discarded
(JRA-25, ERA-40, and MERRA), as they have been discontinued.
Nevertheless, we decided to include ERA-Interim (discontinued
in September 2019), because it is the former ECMWF reanalysis,
recently replaced by ERAS5, and it is crucial to understand the
quality of this new product with respect to the predecessor
version. It is known that reanalyses that span the whole 20th
century with global coverage, like ERA-20C or NOAA’s 20CR, are
less accurate in the upper atmosphere, as they assimilate surface
observations only (Fujiwara et al., 2017); therefore, they have
been excluded from the comparison.

2.1.1 ERA5

ERA5 (Hersbach et al., 2020) is the fifth and latest version of
atmospheric global reanalysis provided by the European Centre
for Medium-Range Weather Forecasts (ECMWFE). It is produced
using a four-dimensional variational (4D-Var) data assimilation
and model forecasts in CY41R2 of ECMWF'’s Integrated Forecast
System (IFS) 2016 release, with a TL639 (~31km) spatial
resolution, and 137 hybrid vertical levels with the top level at
0.01 hPa. The data is available in the climate data store (CDS) in
hourly temporal resolution, 0.25° x 0.25° spatial resolution, and
interpolated to 37 pressure levels ranging from 1,000 hPa to
1 hPa. In addition to the use of an updated version of IFS in
the dataset production and the higher spatial, temporal and
vertical resolutions with respect to the preceding version ERA-
interim, ERA5 assimilates a much larger number of reprocessed
observational datasets that are expected to enhance the reanalysis
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products, and it depicts a better representation in the troposphere
(Hersbach et al., 2020). ERA5 uses the data prepared for CMIP5
(van Vuuren et al., 2011; Lamarque et al., 2010) for representing
the evolution of tropospheric aerosols. Volcanic sulfates (Sato
et al., 1993) and ash (Tanré et al.,, 1984) are considered in the
stratosphere. Carbon dioxide and trace gases are also treated
based on CMIP5-recommended values (Meinshausen et al,
2011), with the extension of RCP3PD scenario after 2010
(“PD” stands for Peak and Decline).

A supplement dataset of the ERAS5, called “ERA5.1”, has been
released by ECMWF in May 2020 covering the period from
2000 to 2006 to improve the reported cold bias in the lower
stratosphere exhibited by ERA5 during the mentioned period
(Simmons et al., 2020). ERA5.1 is a rerun of ERA5 from 2000 to
2006, using the background error covariances that were used to
produce the ERA5 analyses for the years 1979-1999. It also
includes the more restrictive ensemble assimilation of Solar
Backscattered Ultra Violet (SBUV) ozone data that was
employed in the production of ERA5 from 1979 to 1999.
Therefore, in this work, the period 2000-2006 in the
ERA5 data is replaced by ERA5.1.

2.1.2 ERA-Interim

ERA-Interim (Dee et al, 2011) is a global atmospheric
reanalysis dataset covering the period from 1 January
1979 up to 31 August- 2019. The assimilation system is
based on Cy31r2 of the ECMWEF IFS model 2006 release,
which includes a 4D-Var. The assimilation includes in situ
observations of near-surface air temperature, pressure and
relative humidity, upper-air temperature, wind, specific
humidity, and rain-affected Special Sensor Microwave Imager
(SSMI) radiances. The dataset provides 3 h (forecast) or 6 h
(analysis) temporal resolution depending on the selected
variable, and a spatial resolution of 0.75° (approximately
79 km) on 60 vertical levels from the surface up to 0.1 hPa. It
uses climatological values for aerosols, carbon dioxide, trace
gases, and ozone, while it takes prognostic information from the
forecasting model for the water vapor and a suite of SST and sea
ice data from observations and NCEP.

2.1.3 MERRA-2

The Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) provides data from
1980 to present (Gelaro et al, 2017), using an updated new
version of the Goddard Earth Observing System Data
Assimilation System Version 5 (GEOS-5, Molod et al., 2015)
atmospheric general circulation model (AGCM) with a 4D-Var
data assimilation scheme. Compared to the previous generation
of MERRA reanalysis (Rienecker et al., 2011), the assimilation
system in MERRA-2 has been updated. The new assimilation
system enables the assimilation of modern hyperspectral radiance
and microwave observations, along with Global Navigation
Satellite System (GNSS) Radio Occultation (RO) datasets.
MERRA-2 is the first long-term global reanalysis that
assimilates space-based observations of aerosols and represents
their interactions with other physical processes in the climate
system (Gelaro et al., 2017).
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MERRA-2 considered carbon dioxide following the IPCC
RCP4.5 scenario, aerosol optical depths from satellites and
AERONET are assimilated into the GEOS-5 GAAS (Buchard
etal, 2015,2017; Randles et al., 2017), and the reactive trace gases
are specified according to steady-state monthly climatologies
from the Goddard two-dimensional chemistry transport model
(Rienecker et al., 2008).

The data are hourly fields produced with a horizontal
resolution of 0.625° x 0.5° and 72 sigma vertical levels up to
0.01 hPa interpolated to 42 vertical levels from 1,000 hPa to
0.1 hPa available for downloading.

2.1.4 JRA-55

Japanese 55-years Reanalysis (JRA-55) (Kobayashi et al., 2015) is
the latest reanalysis produced by the Japan Meteorological
Agency (JMA) and released in 2013. It uses a sophisticated
data assimilation system based on the operational system as of
December 2009 with a 4D-Var scheme. The analysis period
covers 55 years, starting from 1958 when regular radiosonde
observation began on a global basis. JRA-55 uses in situ
observation-based estimates of the COBE (Centennial in situ
Observation-Based Estimates)-SST data and sea ice as boundary
conditions. Daily values of carbon dioxide and reactive trace gases
are assimilated in JRA-55 by interpolating from annual mean
values. All species are treated as globally uniform, with sources
that vary in time (Kobayashi et al., 2015; Table 7). Aerosols are
represented using two aerosol profiles, one over land and one over
sea (WMO, 1986), with AOD adjusted to a 2-dimensional
monthly climatology (JMA, 2013). Interannual variations, such
as those due to volcanic eruptions, are not considered (SPARC,
2022: chapter 2). The dataset spans the period from 1958 to
present with 6-h temporal resolution, TL319 (~55km) spatial
resolution, and 60 vertical levels up to 0.1 hPa. Data interpolated
to 1.25° x 1.25° spatial resolution and 37 vertical levels from
1,000 hPa to 1hPa are available to download. Several issues
addressed in the first version (JRA-25) are fixed. It is
produced with a higher spatial resolution and a new radiation
scheme, 4D-Var with Variational Bias Correction (VarBC) for
satellite radiances, and introduction of greenhouse gases with
time-varying concentrations.

2.2 Observational Datasets

2.2.1 Homogenized Radiosonde Records

Three upper-air homogenized data records are used in this study
to better understand the performance of the reanalysis datasets:
the Radiosonde Observation Correction using Reanalyses
(RAOBCORE) (Haimberger, 2007), the Radiosonde Innovation
Composite Homogenization (RICH) (Haimberger et al., 2012),
and the Radiosounding HARMonization (RHARM)
homogenized datasets (Madonna et al, 2022). RAOBCORE
and RICH are both homogenized versions for upper air
temperatures from the global radiosonde network. The
adjustment approach of RAOBCORE/RICH is based mainly
on two steps: first to identify the existing shifts in the
radiosonde observation time series, then to estimate the size of
the shifts through comparison with suitable reference series. A
substantial difference between RAOBCORE and RICH in the
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method used for estimating the break size. RAOBCORE uses
differences between the original radiosonde observations (obs)
and background forecasts (bg) time series of an atmospheric
climate data assimilation system used for reanalyses such as, the
40-years European Centre for Medium-Range Weather Forecasts
(ECMWEF) (ERA-40), ERA-interim, and currently ERA5, for
estimating the break sizes, consequently, it is considered a not
“independent” dataset for homogenization but it is influenced by
satellite data and the assumptions made in the assimilating
model. RICH estimates the break size by comparing the
observations of a tested time series with observations of
neighboring radiosonde time series (RICH-obs) or by
comparing their background departures (RICH-t1). Although
this approach is independent of satellite data, it remains
influenced by breakpoint dates provided by RAOBCORE.

On the other hand, RHARM algorithm identifies breakpoints
and estimates adjustments using a hybrid approach based on
“reference measurements” (Thorne et al., 2017; Madonna et al.,
2022). The RHARM algorithm works on each time series
(i.e, station): data since 2004 (with starting time station-
dependent) are obtained by post-processing each single
radiosounding profile using a GRUAN-like algorithm (Dirsken
et al.,, 2014); data before 2004 are homogenized at mandatory
pressure levels using the cumulative sum test for detection of
breakpoint and regulating trends using data after 2004 as a
constraint. The approach is applied to 700 stations of
Integrated Global Radiosounding Archive (IGRA)-Version 2
(Durre et al,, 2018) and radiosoundings from ships.

The homogenized variables in RHARM are not influenced by
cross-contamination of biases across stations (Sherwood, 2007)
nor dependent on reanalysis data (Haimberger et al., 2012).

The three radiosonde datasets provide the temperature at
16 standard pressure levels (10, 20, 30, 50, 70, 100, 150, 200,
250, 300, 400, 500, 700, 850, 925, 1,000 hPa), and cover the
common period between reanalyses, 1980-2018, for performing
the inter-comparison.

3 METHODOLOGY

To inter-compare the atmospheric temperature from the global
reanalyses shown in Table 1 and quantify the consistency and
discrepancy among these reanalyses, we first use the Reanalysis
Multi-Model Ensemble-mean (RMME) as the benchmark. The
observational datasets are used for tropics to compare the
temperature  variability related to the Quasi-Biennial
Oscillation (QBO) and to study the vertical profiles of trends
at mandatory pressure levels from the lower troposphere
(850 hPa) to middle stratosphere (10 hPa).

The analysis is conducted for the longest available overlap
period among the considered reanalysis datasets (1980-2018),
and the common 34 pressure levels, ranging from the “lower”
troposphere (1000 hPa) up to the “upper” stratosphere (1 hPa),
are considered in the analysis (1,000 hPa, 975hPa, 950 hPa,
925hPa, 900hPa, 875hPa, 850hPa, 825hPa, 800 hPa,
775 hPa, 750 hPa, 700 hPa, 650 hPa, 600 hPa, 550hPa, 500 hPa,
450 hPa, 400 hPa, 350 hPa, 300 hPa, 250 hPa, 200 hPa, 150 hPa,
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TABLE 1 | Summary of the main characteristics of the selected atmospheric reanalysis datasets.
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Dataset Time Range Temporal Model Model vertical Model Data Assimilation Algorithm Main
(Institution) Resolution (h) Horizontal Resolution Reference
Resolution
ERA-5 1979 - present 1 T639 (~31 km) 137 hybrid (c-p) IFS release 4D-VAR Hersbach.,
(ECMWF) (preliminary version: Top level 41r2 et al. (2020)
1950-1978) (0.01 hPa) (2016)
ERA-Interim 1979-08/2019 6 T255 (~79 km) 60 hybrid (c—p) IFS release 4D-VAR Dee et al.
(ECMWF) Top level 31r2 (2011)
(0.1 hPa) (2006)
MERRA-2 1980—present 1 Cubed sphere 72 hybrid (c—p) GEOS 3D-VAR, with incremental update; Gelaro et al.
(NASAGMAO) grid, (~50 km) Top level 5124 Includes aerosol data assimilation, (2017)
(0.01 hPa) (2015) observation corrected precipitation
forcing for land surface, and aerosol
wet deposition
JRA-55 (JMA) 1958-present 1 T319 (~55 km) 60 hybrid (c—-p) JMA GSM  4D-VAR Kobayashi
Top level (2009) et al. (2015)
(0.1 hPa)

100 hPa, 70 hPa, 50 hPa, 30 hPa, 20 hPa, 10 hPa, 7 hPa, 5hPa,
3 hPa, 2 hPa, 1 hPa).

The monthly datasets have been bilinearly interpolated to a
common grid and downgraded to the coarsest horizontal
resolution grid resolution 1.25° x 1.25° for calculating the
RMME. For each grid-point and pressure level, the RMME is
therefore estimated as,

RMME(t) = z,% (xx (1))

where t is the time (monthly frequency), N is the number of
ensemble members (N=4) and X(t) is an individual reanalysis
product.

The global average temperature, calculated for the four
considered datasets over the period 1980-2018, and the
corresponding differences with RMME are first investigated.
Temperature variability of the reanalysis datasets is examined
through the time series and seasonal cycle differences diagnostics
at regional scales, focusing on the Northern Hemisphere (NH)
mid-latitude (25°N-60°N), Southern Hemisphere (SH) mid-
latitude (25°S-60°S), and tropics (25° N-25°S).

Temperature trends are estimated using the ordinary linear
least-squares fit to estimate the slope. The effect of the serial
correlation (lag-1 temporal autocorrelation of the residuals) of
the temperature from each dataset was removed. To determine
the robustness of the results, the probability test of error (p-val)
analysis was employed to calculate the confidence interval of the
temperature trends.

Comparison with observations is finally performed by
inspecting temperature anomalies time series from the
considered datasets, focusing on the tropical stratospheric
region where the signature of the QBO dominates in the lower
stratosphere and TTL. Monthly anomalies are calculated for all
the reanalyses and observations by first zonally averaging the
monthly temperature (on land only for reanalyses) at 6 selected
levels (100 hPa, 70 hPa, 50 hPa, 30 hPa, 20 hPa, and 10 hPa) for
the region 10°N-10°S. Then, the difference between the
temperature time series and its monthly climatology is

generated. The vertical profile of the long-term temperature
trend is also inter-compared across reanalyses at 13 standard
pressure levels from the lower troposphere (850 hPa) to the
middle stratosphere (10 hPa).

4 RESULTS

In the present section, we report the analysis of temperature
climatology at the global scale ((section 4.1), temperature time
series differences and seasonal cycle differences at two time
frames 1980-2000 and 2001-2018 at the regional scale to
highlight the main differences among the datasets and periods
(section 4.2), the trend assessment (section 4.3) at the global
scale and a regional case study (South Polar region). Finally, we
compare the reanalyses with the homogenized radiosonde
datasets (section 4.4).

4.1 Temperature Climatology
The vertical profiles of the zonal mean (latitude vs. pressure level)
temperature difference (to RMME) are shown in Figure 1. From
the lower troposphere to the middle stratosphere (10 hPa), air
temperature  climatology ~ shows  differences  ranging
within +0.25K except for a few atmospheric regions: the
equatorial - mid and upper troposphere (0.5-1.0 K, MERRA-2
and JRA-55), the southern pole middle stratosphere (0.5-1.0 K,
ERAS5) and the equatorial mid-stratosphere (—1.0 to —0.5 K, ERA-
Interim). The largest differences (more than 1.5 K) are found in
the southern pole (ERA5, ERA-Interim, JRA-55) below 700 hPa.
However, temperature values in this region are vertically
extrapolated for all considered reanalyses, except for MERRA-2.
From the middle to upper stratosphere, the datasets show
larger discrepancies in air temperature climatology. ERA5 (JRA-
55) is ~3.5K warmer (cooler) than RMME over the entire
latitudinal range at the levels within 2-7hPa, while below
these levels (7-10 hPa), this signal is reversed. This reported
strong warm (cold) tends to disappear between 1 and 2 hPa
for both datasets. ERA-interim shows a warm signal over the
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polar region between 1-2 hPa, and in the tropics between 3-7 hPa
(extending to 90° S between 5-7 hPa). The opposite is found for
MERRA-2 which shows a cooler signal at the same pressure levels
and regions.

The reported smooth biases of ERA5 and JRA-55 at all
latitudinal ranges are possibly due to the difference between
the bias correction applied to the radiance in the assimilation
model for each dataset. It is useful to highlight that only scan-
angle adjustments to SSU-3 and/or AMSU-A14 (Advanced

Microwave Sounding Unit for unit A) radiances are applied in
ERA5 while a full adjustment to all SSU and AMSU-A channels
are applied in JRA-55, as reported by Simmons et al., 2020. It is
worth mentioning that a considerable warmer signal in
ERA5 than ERA-interim has been also reported by Hersbach
et al. (2020) in the monthly time series of the global mean
increments between the reanalyses and first-guess fields, at
both 0000 and 1200 UTC in the upper stratosphere due to a
bias with respect to anchoring satellite observations that peak at
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those pressure levels, generating the evident warm signal of
ERA5 at those levels.

4.2 Regional Time-Series and Seasonal

Cycle Differences

The time series and seasonal cycle are also investigated for all the
reanalyses on the regional scale, focusing on the NH mid-latitude
(25° N-60° N), SH mid-latitude (25°S-60°S), and tropics
(25°N-25°S). Differences between the monthly temperature
time series of reanalyses and RMME for these regions are
shown in Figure 2. The agreement among reanalyses improves
after 1998 in the troposphere and lower stratosphere in all regions
due to the transition from the TIROS Operational Vertical
Sounder (TOVS) to the Advanced TIROS Operational Vertical
Sounder (ATOVS). It is worth mentioning that an improvement
in the data homogeneity at this atmospheric region in the recent
reanalysis datasets compared to their previous generation
versions, particularly after ATOV, is also reported by Long
et al. (2017). Another evident improvement across reanalyses
is found in the tropical upper troposphere after 2006, likely
related to the assimilation of GPS-RO COSMIC data. For all
considered reanalyses, the availability of the COSMIC mission
data in 2006 significantly increased the number of GNSS-RO

Intercomparison of Air Temperature from Reanalysis

profiles available for assimilation (SPARC, 2022: Figure 2.17 in
chapter 2).

Over the time-series 1980-2018, reanalyses datasets agree
better in NH mid-latitude than SH and tropics where a
smaller difference, within 0.25K, is found for all reanalyses
with respect to the RMME. In tropics, JRA-55 shows the
largest bias at 100 hPa (TTL) within 0.5 K, while the ERA5 has
the lowest bias in the same atmospheric region.

A more disagreement between reanalyses in the upper
stratosphere (above 10hPa) is found throughout the time
period. The uniform bias of ERA5 and JRA-55, reported in
section 4.1, is found in all regions and over all years. The
change between TOV and ATOV is evident in ERA-interim
dataset, causing a sudden change in the sign at 1-2hPa.
MERRA-2 also shows a substantial discontinuity around
1995 lasting until 2005 in all regions; afterward, improvement
in the data homogeneity due to the assimilation of temperatures
from Microwave Limb Sounder (MLS) is found.

Seasonal cycle (i.e., monthly climatology) differences between
reanalysis products and RMME are examined for the same
regions over two periods, 1980-2000 and 2001-2018 as
reported in Figures 3, 4 respectively. The reason for dividing
this analysis into two periods is to investigate the change in the
temperature seasonal cycle before and after the notable
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FIGURE 3 | Seasonal cycle difference (month vs. pressure level) differences (in K) between reanalyses and RMME in the (A-column) NH mid-latitude, (B- column)

improvement in the time series after the availability of ATOVS.
The results show a good agreement among all reanalyses which
improves after 2000, likely due to the consistency in the
assimilation of AMSU-A and AMSU-B radiances-so going
from TOVS (1979-2006) to ATOVS (1998 to present), all
reanalysis systems assimilate microwave and infrared radiance
from these instruments. The improvement can be also due to that
all the reanalyses, except for JRA-55, assimilate radiances
estimated from the hyperspectral infrared sounders AIRS
(2002-present), IASI (2008-present), and/or  CrIS
(2012-present). In addition, the increasing amount of
assimilated observations and, in particular of GNSS-RO, can
influence the data performance as pointed out for the tropics.
Among the examined regions, the difference in the seasonal
cycle between reanalyses is pronounced in the SH mid-latitudes for

the two periods but reduced in magnitude after 2000. In the upper
stratosphere, ERA5 shows opposite sign of ERA-Interim at
5-10 hPa. Furthermore, ERA-Interim and MERRA-2 also show
different signs in the tropics at the same atmospheric region. For
the period 2001-2018, The differences have reversed the sign at
10 hPa for ERA5, and 20-30 hPa for ERA-Interim and MERRA-2.

Discrepancies between reanalyses in the upper stratosphere
are controlled by different factors. In addition to the observations’
paucity for the assimilation in this atmospheric region, mainly
satellite data only, differences between reanalysis models and the
treatments applied in the uppermost layers can play a relevant
role in representing the temperature variability (Fujiwara et al,,
2017).

The warm (cold) year-round bias of ERA5 (JRA-55) in the
upper stratosphere found in the two periods and entire the
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FIGURE 4 | Same as Figure 3 but for the period 2001-2018.

investigated latitudinal ranges can possibly refer to the
dominating role of the radiation representation in ERA5 and
JRA-55 versus the role of representing the atmospheric
circulation, dominant in ERA-Interim and MERRA-2.

4.3 Trend Analysis

Inaccurate climate trend detections may lead to deceptive
conclusions about the current state and future evolution of
climate. Despite the uncertainties affecting their estimations,
trends are widely used to assess climate changes in both the
scientific and stakeholders” communities. Regression methods
represent a good relative diagnostic tool when different datasets
are intercompared. Inhomogeneities in climate data records are
one of the main issues affecting the reliability of the trends”
estimation. For example, obtaining robust and consistent

inferences about the long-term trend from different products
that assimilate different types of observing systems can be
challenging. Therefore, studying the coherence of trends for
the reanalyses datasets can be crucial to assess the datasets”
suitability for trend estimation.

In the next subsections, we investigate the ability of the
considered reanalyses in defining the vertical profile of the
global temperature trend; this diagnostic is considered as a
fingerprint of climate change (Santer et al, 2013). The global
zonal mean trend is also discussed along with the agreements/
discrepancies between the considered datasets at different
latitudes. Finally, we provide a case study on a regional scale
at the southern pole, where the role of stratospheric dynamics in
past changes of the Southern Hemisphere climate is evident
(Cagnazzo et al,, 2013).
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4.3.1 Vertical Profile of the Global Trend

The vertical trend profiles of global average deseasonalized
temperatures over 1980-2018, 1980-1997, and 1998-2018, are
shown in Figure 5. The two sub-periods (1980-1997 and
1998-2018) were selected to examine the weak stratospheric
cooling that occurred in 1998-2018 compared to the period
characterized by the large ozone depletion and associated
cooling in 1980-1997 (Maycock et al., 2018).

Over 1980-1997, the ozone effect is evident in the period of
maximum ozone depletion in the stratospheric layers (top-left
panel of Figure 5), with the strongest cooling signal (~-3 K/
decade) in the upper stratosphere near 1 hPa. A good agreement
among the datasets is found for this period.

After 1997, the lower stratosphere cooling is dominated by the
increase in GHGs (WMO Ozone assessment, 2018), and it
becomes less robust for pressure levels below 20 hPa. This
finding agrees with the reported stratospheric warming in the
recent decades (Philipona et al., 2018). The results are less

consistent among the datasets in the mid-upper stratosphere.
For ERA-Interim, JRA-55, and MERRA-2, a stratospheric cooling
with height up to 5hPa is found, but with a magnitude smaller
than within the preceding period (~-1.5K/decade), instead,
ERA5 shows a weakening of the cooling, and a non-robust
warming signal is found at the levels 5-7hPa. The
temperature increase in the stratosphere is likely due to
feedback related to the ozone layer recovery and to the
changes in the concentrations of stratospheric halogen gases
(WMO World Metrological Organization 2018), in analogy to
what has been discussed in Randel et al. (2016).

Over the entire time period 1980-2018, the trends show a clear
increase in the stratospheric cooling with height up to 20 hPa.
This cooling is dominated by the known effect of carbon dioxide
increase and ozone depletion on stratospheric temperatures
before 1997 (Shine et al., 2003; Aquila et al, 2016; Steiner
et al,, 2020). Those effects result in maximum cooling into the
lower stratosphere. Above 20 hPa, all datasets show a vertical
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weakening of the cooling trend, except for JRA-55 which shows a
cooling up to 1hPa. JRA-55 cooling is consistent with the
reported temperature trends in the upper stratosphere for
1979-2018 using the SSU channels (Steiner et al., 2020).

In the troposphere, temperature trends behave differently
through the considered periods. The tropospheric warming
over 1980-2018 (order of 0.25 K/decade) is dominated by the
1998-2018 warming trends. Temperature warming trends in the
upper troposphere are not robust, consistent with both large
internal variability (Sudrez-Gutiérrez et al, 2017) and with
uncertainties associated ~with upper-air data in this
atmospheric region (Dirksen et al., 2014; Madonna et al., 2020).

For 1980-2018, the warming (cooling) in the lower
troposphere (stratosphere) is a robust trend. Although the
separation in the two sub-periods has chosen to focus on
stratospheric temperature trends, this choice is in line with the
known controversy about the rate of tropospheric warming that

Intercomparison of Air Temperature from Reanalysis

was discussed since the 1990s (Spencer and Christy, 1990; Christy
and Norris, 2004): global warming trends are indistinguishable
from variability in the period 1980-1997 (for a few reanalyses
trends are even negative) but become stable, positive and robust
after 1998. In this study, the major volcanic signals are not
removed from the full-time series, therefore, Pinatubo volcanic
eruption that occurred quite late in the 1980-1997 period,
causing warming in the stratosphere and cooling in the
troposphere for several months following the event, may
partially contribute to the weakening of tropospheric warming
and stratospheric cooling during this period (Stocker et al., 2019).

4.3.2 Global Zonal Mean Trend

The global annual zonal mean of temperature trends is shown in
Figure 6. In general, there is a good agreement among the
examined reanalyses in both the warming and cooling
patterns. For all the latitudes, the warming in the troposphere
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FIGURE 6 | Global zonal mean temperature trends [K/decade] of the period (1980-2018) for five reanalyses and the RMME. Gray dots represent confidence
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and the cooling in the stratosphere are largely due to the radiative
forcing associated with the increase in GHGs and with the
decrease of stratospheric ozone (peaking in the Southern
Hemisphere). The cooling in the stratosphere, concomitant to
the warming in the troposphere, has been reported for the first
time by Manabe and Wetherald (1967) and it is considered a
typical fingerprint of increasing CO, in the extratropical regions
(Santer et al., 2013). Meanwhile, the Arctic amplification, i.e., the
large near-surface warming in the Northern Hemisphere high
latitudes, is also evident in all datasets although with some
difference in the magnitude.

In terms of differences, the southern pole warming (south of
60°S at around 20 hPa) is not reproduced in ERA5 dataset.
MERRA-2 provides the largest warming trends in the mid-
troposphere in the tropics (from 250 hPa to 300 hPa). A
warming signal is detected by ERA-interim and MERRA-2 at
the topmost stratosphere (1-3 hPa), albeit for ERA-interim is
limited to the 50°S-70°N region. In general, the agreement in the
sign of trends among the reanalyses shows a lower consistency in
the tropopause, in the stratosphere at levels above 30 hPa, and in
high southern latitudes.

4.3.3 Regional Trend: The Case of the

Southern Pole

The global annual mean trends are dominated by changes in
radiative forcing, nevertheless, trends in specific atmospheric
regions and seasons also include signals due to changes in the
atmospheric circulation and its dynamical forcing, especially in
the stratosphere. In this section, we focus on the monthly
temperature trends in the Southern Hemisphere (south of
60°S) for all the reanalysis datasets in the period 1980 to 1997.

As discussed in section 4.3.2, the observed temperature
changes in this atmospheric region are dominated by the
radiative forcing due to the increase of GHGs and the
decrease of stratospheric ozone (due to increasing the ozone-
depleting substances), but also feedback due to changes in the
large-scale circulation (Screen et al., 2018).

In agreement with past studies, over the southern polar region,
trends in the lower stratosphere peak in November, about
1 month after the maximum ozone depletion occurs in
October (e.g., Trenberth and Olson, 1989; Randel and Wu,
1999). As shown in Figure 7, the obtained results of all
reanalyses report the known seasonal evolution of
stratospheric changes, with a cooling starting in September
and lasting until March in the vertical range 30-200 hPa,
reaching maxima in November and December. The peak
cooling value is of -3.0 K/decade for all datasets. A consistent
cooling trend, in order of —2.0 to —3.0 K/decade, has been
reported by Thompson and Solomon (2002) using radiosonde
data for the period 1969-1998. Part of this difference in the
magnitude could be associated with a different dynamical
response, across reanalyses, related to the representation of
different processes in the reanalysis models (e.g., input to
radiation scheme, feedback to large-scale stratospheric
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circulation, Brewer-Dobson circulation), similar to what is
found for climate models (Cagnazzo et al., 2013; Rea et al,
2018). During the rest of the year, the stratosphere shows a
general cooling (not fully evident in Figure 7 because of the
choice of contour levels), mostly associated with the radiative
effect of increasing CO,. At and below 300 hPa, all reanalyses
show a marginally warming, in agreement with radiosonde
analysis (though for a different period, Thompson and
Solomon, 2002).

Above the large cooling, all considered reanalyses report a
warming pattern in the mid-stratosphere, in agreement with what
was reported in past studies, even if for a slightly different period
(Cagnazzo et al,, 2013; Rea et al., 2018). This warming has been
diagnosed as a manifestation of the stratospheric dynamical
response associated with changes in the residual circulation.
The obtained results indicate that all considered reanalyses are
able to capture the upper stratosphere circulation response and its
feedback on temperature, with a signal that may be different in
magnitude and in the time occurrence of peak values, although
generally well represented.

4.4 Comparison With Upper-Air Radiosonde

Observations

Comparison with observations is crucial for understanding the
performance of reanalyses products. This section compares
temperature variability and long-term trends estimated from
reanalyses and homogenized upper-air radiosoundings data.
Given the detailed characterization of the reanalysis datasets
presented above, the comparison with upper-air observations
is focused on the assessment of specific aspects of climate and
atmospheric circulation in the tropics. This analysis aims to
provide evidence of consistency among the datasets in a
region where the representativeness error is smaller than at
other latitudes.

Monthly temperature anomalies for the period 1980-2018 of
the reanalyses (ERA5, ERA-Interim, MERRA-2, and JRA-55),
RAOBCORE and RICH datasets for the region 10° N-10" S are
shown in Figure 8 at the pressure levels from 100 hPa to 10 hPa.
The results show a good agreement for all considered datasets.
The well-known variability associated with major volcanic
eruptions (El Chichon 1982; Pinatubo 1991) is evident in all
datasets, particularly between levels 20-30 hPa. Among the
considered reanalyses, ERA5 shows the lowest differences with
respect to the radiosonde data, while a notable difference in
magnitude, within the range of 4K, is found for ERA-Interim,
MERRA-2, and JRA-55. For 10hPa and 100 hPa levels, the
datasets tend to show slightly larger differences compared to
observations in a few years, within +4 K and +2 K respectively.
However, similar patterns in all datasets are produced and this
difference clearly decreases after 2000. It is worth mentioning that
this intercomparison is not fully independent due to the fact that
RAOBCORE adjustments have been used for radiosonde bias
correction in ERA-Interim, MERRA-2, and JRA-55, and RICH is
used in ERAS. Differences between reanalyses and RAOBCORE/
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RICH are possibly due to differences in the datasets’
characteristics (e.g., assimilation schemes, the model used,
datasets resolution, spatial sampling, etc.).

Moreover, it is most notably that the resulted anomaly
patterns for all considered reanalyses reflect a reliable
representation of the atmospheric circulation in the tropical
stratosphere, where the temperature is dominated by QBO
signature in this atmospheric region; positive temperature
anomalies correspond to westerlies and negative temperature

anomalies correspond to easterlies (Pascoe et al, 2005;
Yamazaki et al., 2020).

The vertical profile of the long-term trend of temperature,
estimated using the linear least-squares method, is also
intercompared for all reanalyses and observational datasets
(RAOBCORE, RICH, and RHARM) in the tropics (25°'N - 25°
S) from the lower troposphere (850hPa) to the middle
stratosphere (10 hPa). As shown in Figure 9, all datasets are
in very good agreement from the lower to middle troposphere
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FIGURE 8 | Monthly temperature anomalies at the region 10°S - 10°N of the radiosonde observations (RAOBCORE and RICH) and the four reanalysis datasets
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(250 hPa) for both the trend sign and magnitude. At and above
100 hPa, the reanalyses (except for ERA-Interim at 10 and
100 hPa) agree with observations in the sign although there
are differences in the magnitude.

At the pressure levels between 100hPa and 250 hPa,
discrepancies in the trend results are evident not only between
reanalyses and observational datasets but also among the
observational datasets. RHARM is the only dataset that shows
a cooling trend at the pressure levels 150-250 hPa, while
RAOBCORE and RICH show a slight warming trend. It is
worth mentioning that ERA5 and MERRA-2 show a warming
trend with twice the magnitude of RAOBCORE/RICH datasets at
these levels.

5 DISCUSSION AND CONCLUSION

The current study investigates and intercompares the upper air
temperature provided by the recent generation of four global
reanalyses datasets (ERA5, ERA-Interim, MERRA?2, and JRA-55)
in terms of their mean state, variability, and trends estimation.

The considered reanalyses are characterized by relatively high
spatio-temporal and vertical resolution, and no missing data in

space (except for MERRA-2 below at and below 700 hPa) and
time over 4 decades. All datasets provide consistent reproduction
of the upper air temperature although discrepancies are found,
mainly due to differences in the reanalysis systems configuration.

The zonal mean of temperature differences agrees with RMME
within +0.25K from the lower troposphere to the middle
stratosphere (10 hPa), except for a few atmospheric regions,
such as equatorial mid and wupper troposphere, upper
stratosphere south of 60°S, equatorial mid-stratosphere. Larger
differences (within +3.5 K), instead, and less consistent results are
found in the upper stratospheric levels.

Although the temperature data at the southern polar region
(Antarctic) is vertically extrapolated and provided for ERA5,
ERA-Interim, and JRA-55 below 700 hPa, the datasets largely
disagree in this atmospheric region, possibly due to different
extrapolation methods. Therefore, special care is strongly
recommended to be used for climate studies or applications in
this region.

The agreement between the considered reanalyses increased
after 1998 owing to the transition from TOVS to ATOVS and
the enhanced consistency between the data assimilation
systems. At the regional scale, the reanalyses agree better in
NH mid-latitudes than in tropics and SH mid-latitudes. The
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FIGURE 9 | Vertical profiles of temperature trends (K/decade) for tropics (25° N - 25° S) of radiosonde observations (solid lines) and the four considered reanalysis
datasets (dashed lines), spanning the period 1980-2018.

differences among the datasets largely decrease in all regions  smallest bias in the monthly anomaly, on average, in the levels
after 2000, due to the increase in the amount of assimilated  from 30 hPa to 70 hPa.
observations. The findings of our analysis, including the recent
The tropospheric warming and stratospheric cooling are =~ ERA5 reanalysis and multiple in-situ observational datasets,
evident in the long-term temperature trend for all evaluated  are generally consistent with the major outcomes provided by
datasets. However, differences in the magnitude are found.  the final S-RIP report (SPARC, 2022). The increase in the spatial,
Over the period 1980-1997, global temperature trends showed  temporal, and vertical resolutions of the new generation of
significant cooling in the lower stratosphere. The same is  reanalysis allows to resolve a larger number of processes in the
observed over the period 1998-2018 but only above 20 hPa  atmosphere, enhances performances, for example, of the trends
and for specific datasets, consistently with the reported  with the homogenized upper-air data. Nonetheless, relevant
stratospheric warming after a decade of cooling by Philipona  issues are still present for all considered reanalyses mainly in
et al. (2018). A significant warming trend is found in the  the upper atmosphere, where caution is recommended, taking
troposphere, in particular for the period 1998-2018. The  into account dataset-specific characteristics to avoid misleading
large spread among the datasets indicates that caution needs  data interpretations.
to be deserved in estimating the trends above 30 hPa and at the Researchers and reanalyses users are interested to know which
tropopause level. dataset is the most suitable for their own study or applications.
Comparisons of reanalyses and homogenized upper-air ~ Although the obtained results in this study cannot provide a
radiosounding data in the tropics reveal a reliable  general answer to this question, specific suggestions and
representation of the temperature variability and long-term  recommendations can be provided on the basis of the used
trend for all reanalyses from the lower to the middle  diagnostics:
troposphere and in the lower stratosphere. Differences
between datasets are evident in the upper troposphere, TTL, - For studies/applications that require the construction of
and middle stratosphere. Among the reanalyses, ERA5 shows the long-term climatologies in the stratosphere, it is strongly
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suggested to use data after 1998 (in all reanalyses systems
presented here).

- For analysis focused on the TTL, it is recommended to use
data from reanalyses systems with a high vertical resolution
in their original grid.

- For the trend estimation, caution must be deserved in the
mid-upper stratosphere (<30 hPa, at the global level) and in
Tropical Tropopause Layer (TTL)

- Although usage of multi-reanalyses of the same family is
suggested to reduce the wuncertainties, caution is
recommended in the interpretation of trends driven by
the assimilated data and the external forcing.

This study complements previous studies (e.g., Long et al.,
2017) by including ERA5 which is most recent but, as a
consequence, the less explored in the literature compared to
other reanalyses, thus providing additional value to the
scientific communities who are interested in using atmospheric
reanalyses for their studies and applications.
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GLOSSARY

AGCM Atmospheric General Circulation Model.

ATOVs Advanced TIROS Operational Vertical Sounder

C3S Copernicus Climate Change Service

abrCDS Climate Data Store

CFSR Climate Forecast System Reanalysis

CMIP5 Coupled Model Intercomparison Project - Phase 5
COBE Centennial in situ Observation-Based Estimates
ECMWE European Centre for Medium-Range Weather Forecasts
ECV Essential Climate Variable

ERA ECMWF Re-Analysis

GEOS-5 Goddard Earth Observing System Data Assimilation System
Version 5

GNSS Global Navigation Satellite System
GSM Global spectral mode

Intercomparison of Air Temperature from Reanalysis

IFS Integrated Forecast System

JMA Japan Meteorological Agency

MERRA Modern-Era Retrospective analysis for Research and Applications
MLS Microwave Limb Sounder

RHARM Radiosounding HARMonization

RICH Radiosonde Innovation Composite Homogenization

RMME Reanalyses multi-model ensemble

RO Radio Occultation

RAOBCORE RAdiosonde OBservation COrrection using REanalyses
S-RIP SPARC Reanalysis Intercomparison Project

SPARC Stratosphere-troposphere Processes And their Role in Climate
SSMI Special Sensor Microwave Imager

TTL tropical tropopause layer

TOV TIROS Operational Vertical Sounder

VarBC Variational Bias Correction

Frontiers in Earth Science | www.frontiersin.org

August 2022 | Volume 10 | Article 935139


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

	Intercomparison of Atmospheric Upper-Air Temperature From Recent Global Reanalysis Datasets
	1 Introduction
	2 Datasets and Methods
	2.1 Reanalysis Datasets
	2.1.1 ERA5
	2.1.2 ERA-Interim
	2.1.3 MERRA-2
	2.1.4 JRA-55

	2.2 Observational Datasets
	2.2.1 Homogenized Radiosonde Records


	3 Methodology
	4 Results
	4.1 Temperature Climatology
	4.2 Regional Time-Series and Seasonal Cycle Differences
	4.3 Trend Analysis
	4.3.1 Vertical Profile of the Global Trend
	4.3.2 Global Zonal Mean Trend
	4.3.3 Regional Trend: The Case of the Southern Pole
	4.4 Comparison With Upper-Air Radiosonde Observations

	5 Discussion and Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References
	Glossary


