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Abstract. Temperature trends in the upper stratosphere, particularly above ~ 45km, are difficult to quantify
due to a lack of observational data with high vertical resolution in this region that span multiple decades. The re-
cent v7.3 upper-stratospheric (35-60 km) temperature data product from the Optical Spectrograph and InfraRed
Imager System (OSIRIS) includes over 22 years of observations that can be used to estimate temperature trends.
The trends in OSIRIS temperatures over 2005-2021 are compared to those from two other satellite limb instru-
ments: Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) and Microwave Limb
Sounder (MLS). We find that the upper stratosphere cooled by ~ 0.5 to 1 K per decade during this period. Re-
sults from the three instruments are generally in agreement. By merging the OSIRIS observations with those
from channel 3 of the Stratospheric Sounding Unit (SSU), we find that the stratosphere cooled at a rate of ap-
proximately —0.6 K per decade between 1979 and 2021 near 45 km, in agreement with earlier results based
on SSU and MLS. The similarity between OSIRIS temperature trends and those from other records improves

confidence in observed upper-stratospheric temperature changes over the last several decades.

1 Introduction

A consequence of increasing anthropogenic greenhouse gas
emissions is an altered thermal structure in the atmosphere,
consisting of tropospheric warming and stratospheric cool-
ing (e.g. Manabe and Wetherald, 1967; Gulev et al., 2021).
Temperatures in the troposphere and lower stratosphere (be-
low ~35km) have been monitored for several decades
by radiosondes (Haimberger et al., 2012) and satellites
(Khaykin et al., 2017; Mears and Wentz, 2017), and tem-
perature changes in this region are well defined (Ladstidter
et al., 2023; Gulev et al., 2021). At higher altitudes, above
~ 35 km, temperature observations are more limited, so there
is uncertainty in the magnitude of the middle- and upper-
stratospheric cooling rate (Gulev et al., 2021). New and

updated temperature observations in the middle and upper
stratosphere are necessary for better understanding the mul-
tidecadal cooling rate (cooling trend) and to more accurately
quantify the impact of humanity on the climate. Consider-
ing middle- and upper-stratospheric cooling rather than just
tropospheric warming increases the confidence that observed
atmospheric temperatures are a direct result of human activ-
ities and not due to natural variability (Santer et al., 2023).
Most knowledge about temperatures above ~35km
comes from a series of nadir sounders that have operated
on various National Oceanic and Atmospheric Administra-
tion (NOAA) satellites since late 1978 (Reale et al., 2008;
Randel et al., 2009). Measurements are taken by three differ-
ent instruments: the Stratospheric Sounding Unit (SSU), the
Microwave Sounding Unit (MSU), and the Advanced Mi-
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crowave Sounding Unit (AMSU-A). These instruments all
have limited vertical resolution as temperatures are measured
in different channels covering altitude ranges determined by
their weighting functions (Randel et al., 2009). Channels 2
and 3 of SSU and channels 13 and 14 of AMSU-A cover
the range between ~ 35 and ~ 45 km, while MSU only has
tropospheric and lower-stratospheric channels. Each individ-
ual SSU and AMSU-A data record is quite short, and it is
necessary to merge measurements from multiple instruments
before calculating multidecadal trends (Zou et al., 2014). It
is also necessary to merge the SSU observations with those
from AMSU-A (or another instrument) when considering
temperature trends over the full 4 decades from 1979 to the
present: the last SSU instrument ceased operations in 2006,
and the first AMSU-A instrument began operating in 1998
(Zou and Qian, 2016).

Satellite limb instruments are the best option available for
retrieving temperature profiles that have a high (1-4 km) ver-
tical resolution and extend into the upper stratosphere. Limb
observations have been available since the end of the 20th
century from an assortment of instruments. Datasets from a
single instrument that extend for multiple decades, such as
the Atmospheric Chemistry Experiment — Fourier transform
spectrometer (ACE-FTS, Feb 2004—ongoing; Bernath et al.,
2005; Boone et al., 2020), the Microwave Limb Sounder
(MLS, Aug 2004-ongoing; Waters et al., 2006; Schwartz et
al., 2008), and the Sounding of the Atmosphere using Broad-
band Emission Radiometry instrument (SABER, Sept 2002—
ongoing; Russell et al., 1999; Remsberg et al., 2008), are best
when considering atmospheric trends. Randel et al. (2016)
also created a merged SSU+MLS data record covering 1979
to the present; however its vertical resolution is limited to
that of the three SSU channels.

Global mean temperature trends in merged SSU+AMSU-
A and SSU+MLS datasets for the ozone recovery period (af-
ter ~ 1998) range from —0.19 to —0.5K per decade (SSU
channel 2) and from —0.28 to —0.6 K per decade (SSU chan-
nel 3) (Randel et al., 2016, 2017; Maycock et al., 2018;
Steiner et al., 2020). The disparate time periods and latitude
regions that were used make it difficult to compare the cool-
ing rates from different studies directly, but in general the
cooling rate is greater at higher altitudes, and including more
recent years in the analysis (e.g. Steiner et al., 2020) results in
a greater stratospheric temperature decrease per decade com-
pared to older studies (e.g. Randel et al., 2017).

Here we focus on results from a new temperature retrieval
in the middle and upper stratosphere (35-60 km) that was re-
cently developed for the Optical Spectrograph and InfraRed
Imaged System (OSIRIS; Llewellyn et al., 2004; Zawada et
al., 2024). OSIRIS has been in orbit on Odin since 2001, and
the more than 22-year data record provides an excellent op-
portunity to study long-term cooling in the middle and upper
stratosphere. In the first part of this work, OSIRIS temper-
ature trends are compared to those from SABER and MLS.
The observation-based temperature trends are also compared
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to temperature trends from several reanalyses and a climate
model in order to assess the ability of models and data as-
similation products to represent upper-stratospheric cooling.
The second main goal of this work is to create a merged
SSU+OSIRIS temperature product to complement the exist-
ing SSU+MLS and SSU+AMSU-A datasets (Randel et al.,
2016; Zou and Qian, 2016). By merging more recent obser-
vations with those from SSU, which operated from 1979 to
2006, it is possible to look at changes in stratospheric tem-
peratures over more than 4 decades. Considering each of
the OSIRIS, MLS, and AMSU-A observations for the last
20 years of the record provides increased confidence in ob-
served temperature trends during the 21st century.

2 Data and models

2.1 Satellite observations
2.1.1 OSIRIS

The optical spectrograph component of OSIRIS measures
limb-scattered sunlight between 280 and 810nm, with a
spectral resolution of approximately 1 nm. Each scan takes
about 90, and there are 15 orbits per day, resulting in 100—
400 vertical solar radiance profile measurements each day,
depending on the time of year and the scanning mode.

Temperature profiles are retrieved in a multi-stage fash-
ion where the signals at 310 and 350 nm are used to estimate
the Rayleigh scattering background number density, which
can then be converted to temperature using hydrostatic bal-
ance and the ideal gas law. Similar techniques have been ap-
plied to measurements from the Global Ozone Monitoring
by Occultation of Stars (GOMOS) instrument (Hauchecorne
et al., 2019) and from the Ozone Mapping and Profiler Suite
— Limb Profiler (OMPS-LP) (Chen et al., 2023), among oth-
ers. Limb scatter measurements can offer high signal levels
with good vertical resolution; however the temperature in-
version is subject to several biases partially from complexi-
ties in modelling the scattered signal. A detailed discussion
of the technique, specifics of the OSIRIS v7.3 temperature
data product, and expected biases are given in Zawada et al.
(2024). The vertical resolution of the temperature profiles is
3.0-3.5 km, and the retrieval precision is 14 K.

One notable source of bias in the OSIRIS temperature
retrieval is stratospheric aerosol contamination of the mea-
sured radiances, limiting the useful range of the retrieved
data product to ~ 35 km and higher. A second source of bias
is the need of an external reference temperature near 65 km to
initialize the hydrostatic balance integration. Two versions of
the OSIRIS temperature product were developed in order to
quantify this second source of bias: one that uses a value from
the Modern-Era Retrospective analysis for Research and Ap-
plications, Version 2 (MERRA-2; Gelaro et al., 2017), in-
terpolated to the OSIRIS profile as a reference temperature
at 65km, and one that uses climatological values from the
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NRLMSISE-00 model (Picone et al., 2002) as the reference
temperature. The choice of reference temperature introduces
a bias of up to 5 K at 65 km that decreases exponentially with
decreasing altitude. This is the main source of uncertainty in
the OSIRIS retrieval above 45 km (Zawada et al., 2024). The
MERRA-2 version of the retrieval is more physically real-
istic as the climatology forces a trend of 0K per decade at
65 km, so the MERRA-2-based OSIRIS retrieval is used as
the default. The effect of the reference temperature choice on
the OSIRIS temperature trends is discussed further in Sect. 4.
Only the OSIRIS descending node profiles are used due
to a drift in Odin’s orbit that has resulted in a loss of as-
cending node measurements over the course of the mission.
The descending node observations occur near a local solar
time (LST) of 06:30. The data are further filtered by re-
moving scans with a solar zenith angle greater than 85°.
Monthly zonal means are then calculated for months with
more than 15 measurements in a given 10° latitude and 1 km
altitude bin. Months with fewer profiles typically occur when
OSIRIS resumes taking measurements after being in dark-
ness (i.e. following the winter at mid- and high latitudes).

21.2 MLS

MLS has been operating from the Aura satellite since Au-
gust 2004 (Waters et al., 2006). MLS observes microwave
limb emissions, measuring ~ 3500 vertical profiles each day.
Temperatures are retrieved near the O, spectral lines at 118
and 239 GHz (Livesey et al., 2022). The vertical resolution
of the temperature profiles is 3 km at 30 hPa (~ 25 km), and
it decreases to 9km at 0.1 hPa (~ 65 km) (Schwartz et al.,
2008). Temperatures from version 5 of the MLS retrieval are
used here. All profiles are filtered per the guidelines provided
in Livesey et al. (2022). As MLS is retrieved on a native pres-
sure grid, the profiles must be converted to a vertical altitude
grid before comparison with OSIRIS. This is done using the
geopotential height (GPH) profiles that are retrieved along
with each MLS temperature profile to calculate the geomet-
ric height of each pressure level and then interpolating to the
1 km OSIRIS altitude grid.

2.1.3 SABER

SABER measures infrared CO, emissions from its platform
on board the Thermosphere, Ionosphere, Mesosphere Ener-
getics and Dynamics (TIMED) satellite. It has been in orbit
since December 2001. Temperatures are retrieved between
10 and 100 km, with a vertical resolution of 2 km (Remsberg
et al., 2008). Profiles from version 2.0 of the SABER retrieval
are used here. The SABER viewing mode is such that con-
tinuous coverage is only available from 52° S to 52° N, with
higher latitudes observed for 60—63 d periods that alternate
between the hemispheres (Remsberg et al., 2008). To avoid
any bias that this might introduce in the trends, we only use
SABER observations from 50° S-50° N.
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Due to the sampling pattern, the SABER measurement
time changes with each scan rather than observing near a
fixed LST like OSIRIS and MLS. It takes approximately 60 d
for SABER to observe the full 24 h cycle. This could intro-
duce a bias when considering monthly mean temperatures as
only half of the LSTs will be sampled. We tried accounting
for this by using 30d on either side of the 15th day of each
month to calculate the monthly zonal means such that the full
range of LSTs was included in the mean, as suggested by
Zhao et al. (2021). It was found that the temperature trends
were nearly the same whether regular monthly means (aver-
aging from the first to last day of a month) or this more com-
plicated technique was used, so only results for the regular
monthly means are shown in Sect. 4.

2.1.4 SSU and AMSU-A

The SSU and AMSU-A instruments were designed to be
used for weather forecasting, but the global coverage and ex-
tensive length of the data record allows their observations
to be used for climate-length trend studies. SSU is a three-
channel radiometer that measures infrared CO, emissions
(Miller et al., 1980). The weighting functions of the chan-
nels peak near 30, 39, and 45 km and have vertical resolu-
tions (calculated as the full width at half maximum) of 19, 17,
and 15 km, respectively. SSU instruments were flown on nu-
merous NOAA satellites between November 1978 and April
2006. We use the NOAA version 2 SSU temperature dataset
developed by Zou et al. (2014). This version of the data
uses reprocessed temperatures retrieved from recalibrated ra-
diances, which improved agreement between SSU observa-
tions taken from different spacecraft.

AMSU-A measures molecular oxygen emissions between
50 and 58 GHz (Zou and Qian, 2016). AMSU-A has higher
vertical resolution than SSU. There are 15 channels, with
channels 9-14 dedicated to measuring temperatures at ap-
proximately 18, 20, 25, 30, 35, and 40km. Channels 13
and 14 each have a vertical resolution of around 12 km. Var-
ious iterations of AMSU-A have flown on NOAA, NASA,
and MetOp spacecrafts since 1998. The process for combin-
ing these observations into a single record is described in
Wang and Zou (2014).

We also consider two merged stratospheric temperature
datasets that use the SSU measurements. The SSU+AMSU-
A dataset created by Zou and Qian (2016) uses a merging
process that combines information from multiple AMSU-A
channels to weight the higher-resolution AMSU-A observa-
tions such that they match the three SSU channels. Randel
et al. (2016) combined the SSU temperature observations
with temperature retrieved from MLS. The much higher ver-
tical resolution of MLS compared to SSU means that the
MLS profiles can simply be weighted with the SSU weight-
ing functions before using the overlap period to combine
the datasets. Randel et al. (2016) and Steiner et al. (2020)
found that trends in the SSU+MLS record agreed with trends
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in SSU+AMSU-A temperatures within the regression uncer-
tainties.

2.2 Reanalyses and climate model

The observed temperature trends are compared to reanaly-
sis and model results to evaluate the ability of these systems
to accurately represent changes in upper-stratospheric tem-
peratures. The lack of temperature observations above 45 km
(prior to ~2004) makes it particularly difficult to evaluate
model simulations in this region.

The three most up-to-date reanalyses are considered:
MERRA-2, ERAS, and the Japanese 55-year Reanalysis
(JRA-55). MERRA-2 is the latest reanalysis from the NASA
Global Modelling and Assimilation Office (GMAOQO), based
on the Goddard Earth Observing System (GEOS) model
(Gelaro et al., 2017). JRA-55 is produced by the Japan Me-
teorological Agency (JMA) (Kobayashi et al., 2015). ERAS
is the fifth generation reanalysis from the European Centre
for Medium Range Weather Forecasting (ECMWF) (Hers-
bach et al., 2020). ERAS, JRA-55, and MERRA-2 all as-
similate radiances from SSU, MSU, and AMSU, as well
as bending angles from GNSS-RO instruments (Gelaro et
al., 2017; Hersbach et al., 2020; Kobayashi et al., 2015).
MERRA-2 also assimilates MLS temperatures, which are
included above 5hPa beginning in August 2004 (Gelaro et
al., 2017). It should be noted that despite including many of
the same observations, each reanalysis deals with the transi-
tions between satellites and instruments in a different way.
These transitions, along with changes in the reanalysis pro-
duction streams, can create discontinuities that occur at dif-
ferent times in each reanalysis (Long et al., 2017; Fujiwara
et al., 2017).

A cold bias in the stratosphere exists in ERAS between
2000 and 2006 (Simmons et al., 2020). This motivated the
development of a corrected reanalysis for those years, called
ERAS.1. For simplicity, when we refer to ERAS, we are actu-
ally referring to the combined ERAS5 and ERAS.1 dataset. It
should be noted that while ERAS.1 is generally an improve-
ment, Simmons et al. (2020) found that the combination of
ERAS5 and ERAS.1 does not perform as well as the previous
generation reanalysis, ERA-Interim, with regards to upper-
stratospheric temperatures for years prior to ~2010.

The OSIRIS temperatures are retrieved on an altitude grid
with 1km spacing, so the reanalysis results must be con-
verted to this same grid before doing any comparisons. First,
reanalysis temperatures are interpolated to the latitude, lon-
gitude, and time of each OSIRIS profile. In the case of
MERRA-2 we start with the 3-hourly temperature profiles
on pressure levels and use the corresponding geopotential
height to compute the geometric altitude corresponding to
each pressure level for each profile. This relationship is then
used to interpolate the temperature profiles to the OSIRIS al-
titude grid. For ERAS we start with the hourly model-level
results and calculate the geopotential height of each model
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level from the surface pressure, before computing the geo-
metric altitude of each level and interpolating to the OSIRIS
grid. For JRA-55 we use 6-hourly model-level results. The
geopotential height on each model level is provided, so we
only have to calculate the geometric altitude and interpolate
to the OSIRIS profiles’ locations and times. The same pro-
cess is repeated for ERAS, JRA-55, and MERRA-2 but in-
terpolated to the MLS profile locations and times so that we
can determine the impact of the OSIRIS sampling on the re-
sulting trends.

In addition to the three reanalyses, we also consider tem-
perature trends from simulations using the Whole Atmo-
sphere Community Climate Model (WACCM) version 6
(Gettelman et al., 2019). WACCM version 6 has 70 verti-
cal levels extending from the surface to 140km and a hor-
izontal resolution of 0.95° latitude by 1.25° longitude. We
consider four ensemble members from the free-running ver-
sion of the model, covering the period 1960-2018 and fol-
lowing the REFD1 scenario. This scenario includes forcing
from observed sea surface temperatures, greenhouse gases,
ozone-depleting substances, and volcanic aerosol (Plummer
et al., 2021). The quasi-biennial oscillation (QBO; Wallace
et al., 1993) was nudged to match observations.

3 Regression analysis

A multiple linear regression (MLR) model is applied to
monthly zonal mean observations in 10° latitude and 1km
altitude bins to study the long-term trends and variability in
upper-stratospheric temperatures. The MLR model is defined
as

T(t) = B + Puena % linear(t) + Bipn, x QBO, (1)

+ Bieny X QBO(1) + Bootar X Fioa()+R(), (1)

where each B; defines a regression coefficient. The super-
scripts in Eq. (1) define the highest-order seasonal harmonic
included for a term. Thus, the coefficient for the QBO,(¢)
term is

2
2 0
ﬂqboA = ﬁqboA + Z
k=1

2 21
2k—1 : 2k
(’quOA Sin 36525kt +18qb0ACOS 36525kt> . (2)

ﬂc(ﬁ)B is also expanded in the same way. There are 13 regres-
sion coefficients in total: three corresponding to the constant,
trend, and Fig 7(¢) terms in Eq. (1) and five coefficients from
each of the QBO,(¢) and QBOy(¢) terms. The data are de-
seasonalized prior to applying the regression model, so there
is no need to include regression terms for annual oscillations.
The deseasonalization is done to monthly zonal mean data by
subtracting the mean temperature of a given month from all
values for that month for a specified latitude and altitude bin.
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Seasonal harmonics are nonetheless included for the QBO
predictors, QBO,(#) and QBO,(¢), to account for coupling
between the QBO and the seasonal cycle. It was found by
Dubé et al. (2020) that the MLR does not capture the full
QBO signal in the mid-stratosphere when the seasonal har-
monics are not included, even if the data have been deseason-
alized, because the extratropical QBO signal is modulated by
the annual cycle (e.g. Gray and Dunkerton, 1990; Randel et
al., 1999).

In Eq. (1), Birend is the temperature trend in units of kelvin
per decade, and Fo7(¢) is the solar flux at 10.7 cm. QBO,(¢)
and QBOy(¢) are the first two principal components of the
monthly mean zonal winds between 300 and 10 hPa mea-
sured in Singapore. The MLR was also tested with terms rep-
resenting the El Nifio—Southern Oscillation and the aerosol
optical depth; however these were found to play a negligible
role in explaining the temperature variability between 35 and
60 km. Further details on the regression model, as well as the
proxy data sources, are described in Damadeo et al. (2022).

We only consider temperatures to the end of 2021 when
calculating trends to avoid the influence of the Hunga Tonga—
Hunga Ha’apai (HTHH) volcanic eruption, which signifi-
cantly altered stratospheric temperatures throughout 2022
(Wang et al., 2023; Yu et al., 2023). As this occurred near the
end of our dataset, it could skew the trend values by altering
the end point. Including an aerosol optical depth proxy in the
MLR is not adequate to account for the effects of HTHH as
water vapour played a significant role in altering the dynam-
ics and composition of the stratosphere following the erup-
tion.

OSIRIS measures limb-scattered sunlight, so there are
only observations available during daylight. This means that
there are no data available when the measurement time of the
descending node (local time of approximately 06:30) occurs
during the night, i.e. at higher latitudes in the winter. In more
recent years there are also some gaps in the monthly mean
observations because the aging OSIRIS instrument does not
have power for as much of each orbit as it used to. These
months without OSIRIS measurements, which are different
for each latitude bin, are removed from the MLS and SABER
observations before applying the MLR in order to most di-
rectly compare trends in all three datasets. The effect on the
trends of removing these points, as well as of the overall
OSIRIS sampling pattern, is discussed in Sect. 4.

4 Results

4.1 Vertically resolved temperature trends

An initial validation of the OSIRIS temperature observations
is provided in Zawada et al. (2024). MLS and OSIRIS tem-
peratures were shown to agree within +5 K between 35 and
55 km, with some of the bias caused by differences in the
measurement time of day. The OSIRIS and MLS time series
also agree very well: Fig. 1 shows the deseasonalized tem-
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perature anomalies for OSIRIS, MLS, and SABER in four
example latitude and altitude bins. The variability is similar
across all three datasets, and the correlations are greater than
0.5 in all bins and greater than 0.8 in most bins below 45 km
(Appendix A, Fig. Al). MLS and SABER are more similar to
one another than either is to OSIRIS: much of this difference
is likely due to the sparser OSIRIS sampling pattern.

In the tropics the largest source of variability up to
~45km is the QBO (Fig. 1b). At latitudes greater than £40°
the magnitude of the temperature anomalies peaks in the win-
ter and lasts to the spring. Only the tail ends of these peaks,
in September, are visible in Fig. 1c due to the lack of OSIRIS
observations in the winter at 50° S. At this time of year there
is significant interannual variability in the temperatures that
does not get removed when deseasonalizing the data.

The MLR described in Sect. 3 is used to determine tem-
perature trends over 2005-2021 (2005 is the first full year
when all three instruments were operating). Trends are cal-
culated independently at each altitude (every 1km from
34.5 to 59.5 km). The trends are shown in Fig. 2. Observa-
tions from each of MLS, SABER, and OSIRIS show strato-
spheric cooling during 2005-2021, ranging from about —0.5
to —1.5K per decade. OSIRIS observations have the great-
est cooling in the Southern Hemisphere (SH) and tropics,
while SABER observations show the greatest cooling in
the Northern Hemisphere (NH). Despite this difference, the
OSIRIS and SABER temperature trend profiles (Fig. 2d to h)
have a similar vertical structure, particularly in the tropics
(Fig. 2f). When considering the larger latitude bins, OSIRIS
and SABER temperature trends agree within the regression
uncertainty everywhere except at 50 km and above 56 km in
the 30-10° S bin.

The MLS temperature trends agree with those from
OSIRIS and SABER in the tropics, but at higher latitudes
the MLS trends oscillate in altitude (Fig. 2d and h): at the
stratopause (48-50km) the MLS cooling rate is ~—1.5K
per decade, but the trend quickly drops to nearly 0K per
decade at 45 km before going back to ~ —1 K per decade at
40km. The effect is more pronounced in the SH compared
to the NH. The OSIRIS and SABER trends change very lit-
tle between 40 and 50 km in either hemisphere. More work
is required to determine if the vertical structure in the MLS
trends is physical.

The MLR used to compute the temperature trends also in-
cludes terms for the QBO and the solar cycle. The regres-
sion coefficients corresponding to these terms for OSIRIS,
SABER, and MLS are provided in Fig. A2 in Appendix A.
The QBO coefficients that are shown are the zeroth-order
terms, ﬂgbo A and :ngoB' The coefficients are very similar
for all three datasets. The solar cycle, represented by the
F107 solar flux proxy, has a positive impact on the tem-
perature throughout the upper stratosphere as expected, as
higher levels of solar irradiance lead to greater warming. The
high values for the QBO coefficients in the SH are caused
by the OSIRIS sampling pattern and not by a real physical
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instruments in 20° latitude bins. The shaded regions denote the 20" uncertainty in the MLR.
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phenomenon. OSIRIS only measures at higher latitudes in
the SH for a few months of the year. When months with-
out OSIRIS observations are not removed from MLS and
SABER, the SH QBO coefficients for these two datasets look
more similar to their NH counterparts (not shown here)

There are two main factors that introduce uncertainties
into the OSIRIS temperature trends: the choice of the ref-
erence temperature used in the retrieval and the spatial and
temporal sampling pattern. We quantify how the choice of
reference temperature influences the trends by comparing the
trends in OSIRIS temperatures retrieved using MERRA-2
to the trends in temperatures retrieved using NRLMSISE-
00 reference temperatures. NRLMSISE-00 is a climatology,
and there is no trend (0K per decade trend) in the temper-
atures at the reference altitude of 65km, even after inter-
polating to the OSIRIS profiles locations and times. There-
fore the difference in the trends for the two OSIRIS retrieval
versions shows how much MERRA-2 is contributing to the
resulting OSIRIS temperature trend at each latitude and al-
titude (Fig. 3). The influence of the reference temperature
on the retrieved temperatures decreases exponentially down-
ward in altitude, becoming small below ~ 45 km (Zawada et
al., 2024). Similarly, the effect of the reference temperature
on the temperature trends is greatest at 60 km and negligi-
ble below ~ 45 km. The reference temperature does not have
the same impact on the OSIRIS trends at all latitudes. This
is because the trend in MERRA-2 at the reference altitude
is more negative in the SH compared to the NH, resulting in
an OSIRIS trend that is further away from the climatological
0K per decade trend in the SH. Overall, the effect of the ref-
erence temperature on the trends is less than 0.3 K per decade
below 50km in the NH and tropics and at almost all levels
in the SH. It is important to note that the effect of the ref-
erence temperature trend does not correspond directly to an
error in the retrieved OSIRIS trends: MERRA-2 assimilates
MLS observations, so the temperatures are more physically
realistic than those from a climatology. Comparing the tem-
perature trends from the two versions of the OSIRIS retrieval
only tells us how much of an effect the reference temperature
choice can have on the trends.

To evaluate the impact of the OSIRIS sampling pattern
on the temperature trends, we compare trends in reanaly-
sis temperatures that are sampled like OSIRIS and that are
sampled like MLS. The OSIRIS temperature trends and the
trends in each of MERRA-2, ERAS, and JRA-55 sampled
to the OSIRIS profiles are shown in the top row of Fig. 4.
The middle row of the figure shows the MLS temperature
trends and trends in the same three reanalyses but sampled
like MLS. The MLS trends are slightly different from those
in Fig. 2, as months when OSIRIS does not have any observa-
tions were removed from MLS before calculating the trends
in Fig. 2. The differences in the reanalysis trends with MLS
sampling compared to OSIRIS sampling are in the bottom
row of Fig. 4. This direct comparison shows that the effect
of the OSIRIS sampling pattern on the trends is largest at
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Figure 3. The difference between temperature trends from OSIRIS
retrieved with a MERRA-2 reference temperature and OSIRIS re-
trieved with a climatological (NRLMSISE-00) reference tempera-
ture. Trends are calculated over 2005-2021.

latitudes greater than £30°. The effect of sampling is also
slightly greater in the SH compared to the NH. As OSIRIS
can only measure the sunlit portion of the atmosphere, there
are regularly gaps in the data record at middle-high latitudes,
depending on the season, so it is logical for the sampling pat-
tern to affect the trends more at these latitudes. The OSIRIS
orbit is also such that there are more observations in the NH
compared to the SH, resulting in the greater impact of sam-
pling on the SH trends. As with the reference temperature, it
is not possible to relate these sampling biases directly to an
error in the OSIRIS trends, and we can only conclude that
caution should be taken when considering latitudes greater
than £30°, particularly above 50 km.

In addition to their use for discussing the OSIRIS sam-
pling issues, the reanalysis temperature trends are also worth
considering on their own. Reanalyses are often taken to be
the best measure of the truth when validating and tuning
climate models, but they are limited by the data that are
assimilated and often have discontinuities whenever there
are changes in the observational records that are assimilated
(Long et al., 2017). MERRA-2 is the only reanalysis that
assimilates temperatures above ~ 45km, corresponding to
the upper limit of SSU and AMSU-A observations. MLS
temperatures are assimilated above ~30km, and the result
is that the MERRA-2 temperature trends are similar to the
MLS temperature trends. The ERAS temperature trends look
similar to those in OSIRIS and MLS in the tropics below
45 km where there are data assimilated, but the cooling rate
at higher altitudes is more than twice what is seen in observa-
tions. JRA-55 also does not assimilate MLS, but the JRA-55
temperature trends above 45 km are nonetheless more simi-
lar to MERRA-2 and the observations than they are to ERAS.
This suggests that the problem with ERAS is not solely be-
cause of the lack of assimilated observations at higher al-
titudes. There are discontinuities in the ERAS temperature
time series at the higher altitudes that contribute to the more
negative trends. Further work is needed to determine the ori-
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Figure 4. Temperature trends for 2005-2021. Trends are shown for (a) OSIRIS and (e) MLS, along with MERRA-2, ERAS, and JRA-55
sampled like OSIRIS (b, ¢, d) and sampled like MLS (f, g, h). Panels (i), (j), and (k) show the difference between trends with the two types
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gin of these discontinuities in ERAS as they are not obviously
related to changes in the processing or in the assimilated ob-

servations.

Finally, we consider temperature trends in four ensemble
members from the WACCM REFD1 scenario (Appendix A,
Fig. A3). The WACCM results are only available to the end
of 2018, so these trends cannot be compared directly with the
results from observations and reanalyses. The key point here
is rather that the temperature trends from each WACCM en-
semble member have substantial variability — up to 2K per
decade in some latitude and pressure bins. Since the emis-
sions and radiative calculations are identical in each ensem-
ble member, this suggests that upper-stratospheric tempera-

ture trends are significantly affected by internal variability

(over the relatively short period of 2005-2021).

4.2 Merging with SSU and trends in SSU channel 3

It is necessary to combine observations from multiple instru-
ments to study upper-stratospheric temperature trends prior
to the 21st century. The most consistent data source avail-
able to use is SSU, which operated from 1979 to 2006. As
discussed in Sect. 2, SSU temperatures have been previously
merged with those from MLS and AMSU-A. We now create

a third merged dataset using OSIRIS temperatures.

Before they can be merged with SSU temperatures, it is
necessary to weight the OSIRIS temperature profiles using
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Figure 5. Weighting functions for SSU channels 2 and 3 and

AMSU-A channels 13 and 14. The yellow shaded region denotes
the altitude range of the OSIRIS temperature product.

the SSU weighting functions. We only consider SSU chan-
nel 3, as it is the channel that best matches the OSIRIS al-
titude range: 82 % of the channel 3 weighting function falls
between 35 and 60 km (Fig. 5). As another point of compar-
ison, we also weight the OSIRIS temperature profiles using
the narrower AMSU-A channel 14 weighting function, 92 %

of which falls within the OSIRIS altitude range.

Each OSIRIS profile is individually weighted by the
weighting functions before calculating the monthly zonal
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Figure 6. (a) Bias between OSIRIS and SSU and OSIRIS and AMSU-A temperature for the overlap periods. OSIRIS is weighted separately
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temperatures and OSIRIS temperature weighted like SSU Ch. 3 for

bars are the standard deviation of the mean bias. (b, ¢, d) SSU Ch. 3
three latitude bands. (e, f, g0 AMSU-A Ch. 14 temperatures and OSIRIS

temperature weighted like AMSU-A Ch. 14 for three latitude bands.

means. Figure 6a shows the mean bias between monthly
zonal mean temperatures from SSU channel 3 with OSIRIS
and between temperatures from AMSU-A channel 14 and
OSIRIS. In both cases the bias is slightly higher in the tropics
compared to other latitudes. OSIRIS and SSU agree within
6-7 K, while OSIRIS and AMSU-A agree within 1-2 K. Fig-
ure 6b—d compare the OSIRIS and SSU time series at north-
ern and southern mid-latitudes and in the tropics. While the
monthly variability is similar, OSIRIS is consistently biased
high. Figure 6e—g show the same comparison for AMSU-A
and OSIRIS. The datasets are extremely similar, and there are
no changes in the bias with time, which provides confidence
that the various AMSU-A datasets were merged correctly. It
is likely that OSIRIS agrees better with AMSU-A than with

https://doi.org/10.5194/acp-24-12925-2024

SSU because AMSU-A has narrower weighting functions,
and AMSU-A channel 14 aligns better with the OSIRIS re-
trieval range than SSU channel 3. While AMSU-A is not par-
ticularly useful for extending the OSIRIS observations as the
measurement periods are nearly the same, the similarity be-
tween OSIRIS and AMSU-A provides further confidence in
the accuracy of the OSIRIS temperature retrieval, at least be-
low 45 km.

After weighting the OSIRIS profiles with the SSU chan-
nel 3 weighting function, the merging process is the same as
the one used to merge OSIRIS O3 and NO, with observa-
tions from the Stratospheric Aerosol and Gas Experiment II
(Bourassa et al., 2014; Dubé et al., 2020). First, the bias be-
tween the OSIRIS and SSU temperatures is removed by sub-

Atmos. Chem. Phys., 24, 12925-12941, 2024
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Figure 7. Merged SSU+AMSU-A, SSU+MLS, and SSU+OSIRIS temperature anomalies for five latitude bands. All datasets are weighted

like SSU Ch. 3.

tracting the bias from OSIRIS in each latitude bin. The bias is
calculated by grouping the observations by month and find-
ing the mean difference for each month when both instru-
ments have observations and then taking the average of these
monthly values. Then the datasets are deseasonalized indi-
vidually to account for differences in their sampling patterns
that could affect the seasonal cycle. Finally, the OSIRIS and
SSU temperatures are merged by taking the mean in months
when both instruments have observations. The resulting time
series, for several 10° latitude bins, are shown in Fig. 7.
While the OSIRIS sampling affects the results somewhat, the
SSU+OSIRIS temperatures are extremely similar to both the
SSU+MLS and SSU+AMSU-A temperatures at all latitudes.

Trends in each of the merged datasets are calculated us-
ing the MLR described in Sect. 3. Figure 8a shows the
temperature trends as a function of latitude between 1979
and 2021. The trends from all three merged datasets are
nearly identical. At this level, near 45 km, the stratosphere
cooled by ~0.6K per decade during the 42 years consid-
ered. The cooling rate is slightly greater in the NH than in
the SH. For just the OSIRIS period, from 2002-2021, the

Atmos. Chem. Phys., 24, 12925-12941, 2024

merged temperature records are mainly based on the other
instrument, rather than SSU, so we are comparing MLS,
AMSU-A, and OSIRIS trends only. These temperature trends
agree within the regression error at all latitudes (Fig. 8b).
At all latitudes the cooling rate is about 0.5 K per decade.
The SSU+OSIRIS temperature trends are more variable than
those from SSU+AMSU-A and SSU+MLS because of the
less regular OSIRIS sampling pattern.

5 Conclusions

Upper-stratospheric temperature trends have historically
been difficult to quantify due to a deficit of observations with
high vertical resolution above 35 km. Using the new OSIRIS
v7.3 temperature product, we find that the upper stratosphere,
between 35 and 60 km, cooled by 0.5-1 K per decade dur-
ing 2005-2021. The two main sources of uncertainty in the
OSIRIS temperature trends are due to sampling biases and
the choice of the reference temperatures used in the OSIRIS
retrieval. These factors somewhat limit our confidence in the
OSIRIS temperature trends at latitudes greater than £30° and
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at altitudes above 50 km. Despite this, the OSIRIS tempera-
ture trends agree with trends from SABER and MLS within
the regression uncertainties at most latitudes and altitudes be-
tween +50° and 35-60 km. By having a third temperature
record in the upper stratosphere, where previously there were
only MLS and SABER, we increase confidence in the strato-
spheric cooling rate. We are also able to observe a possible
issue with MLS temperatures at latitudes outside +30°. At
these latitudes the MLS temperature trends oscillate in alti-
tude, with trends becoming significantly more negative than
those from SABER and OSIRIS near 50 km.

We also compared the OSIRIS and MLS temperature
trends to temperature trends from reanalyses and a climate
model. The modelled temperature trends from four WACCM
ensemble members are generally within the range of those
from the observational datasets, but internal variability alters
the trends by up to 2 K per decade, highlighting trend uncer-
tainties in short data records. The reanalysis trends agree rea-
sonably well with the observations below 45 km, where SSU
and AMSU-A observations are assimilated, but are highly
variable at higher altitudes. MERRA-2 is the only reanaly-
sis that assimilates temperatures (from MLS) above 45 km,
and it is clear from the large trend differences with ERAS
and JRA-55 that this constraint is important. However, this is
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not the only factor affecting the reanalysis temperature trends
above 45 km. JRA-55 trends are at most ~1 K per decade
too low, while ERAS trends in some bins are more than 3 K
per decade lower than the trends in observations. This sug-
gests that there is some issue with the ERAS temperatures
at these altitudes, apart from the lack of assimilated observa-
tions. The ERAS temperature time series has discontinuities
above ~ 54 km that contribute to the more negative trends.
Further work is needed to understand these discontinuities as
they cannot be clearly attributed to changes in the production
stream or to changes in the input observations.

For the comparison of OSIRIS temperature observations
to those from the nadir sounders SSU and AMSU-A, the
OSIRIS profiles were weighted to match either channel 3 of
SSU or channel 14 of AMSU-A. OSIRIS and AMSU-A tem-
peratures agree extremely well, with OSIRIS biased high by
at most 2 K. The bias between OSIRIS and SSU channel 3 is
greater: OSIRIS is warmer by 6-7 K.

By merging the OSIRIS observations with SSU we de-
termined temperature trends over the 42 years from 1979—
2021. The cooling rate for this extended period is about
0.6K per decade. This is in agreement with the cooling
rate in temperatures from SSU merged with MLS and from
SSU merged with AMSU-A. The temperature trends in the

Atmos. Chem. Phys., 24, 12925-12941, 2024
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merged SSU+OSIRIS, SSU+MLS, and SSU+AMSU-A also
all agree for 2002-2021. During this period the trends are
mainly based on the data records that are merged with SSU,
as SSU ceased operations in 2006.

In summary, our results show that the upper stratosphere,
from 35-60 km, cooled at a rate of 0.5-1K per decade be-
tween 1979 and 2021. The consistent trends across all ob-
servations from OSIRIS, MLS, SABER, SSU, and AMSU-
A provide confidence that these cooling trends are accurate.
Initial comparisons with reanalysis and model trends high-
light the need for further model development in order to ac-
curately represent upper-stratospheric temperature changes.
The significant stratospheric cooling rate is yet another sign
that anthropogenic activities are altering the climate, and it is
necessary to model this cooling correctly in order to under-
stand the effects of climate change on the whole atmosphere.

Appendix A: Extra figures
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Figure A1. Correlation coefficient for deseasonalized monthly mean anomalies during 2005-2021 in 10° latitude and 1 km altitude bins.
Only months when OSIRIS has observations are considered.
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Code and data availability. - OSIRIS v7.3 temperature pro-
files are available at https://doi.org/10.5281/zenodo.8271140
(Zawada et al., 2023).

— MLS v5 temperature profiles are available at https://doi.org/10.
5067/Aura/MLS/DATA2520 (Schwartz et al., 2020b).

— MLS v5 geopotential heights are available at https://doi.org/
10.5067/Aura/MLS/DATA2507 (Schwartz et al., 2020a).

— SABER v2 temperature profiles are available at
https://data.gats-inc.com/saber/custom/Temp_0O3_H20/v2.0/
(SABER Science Team, 2023).

— The SSU v2 temperatures and weighting functions, the
AMSU-A v2 temperatures and weighting functions, and the
merged v3 SSU+AMSU-A temperatures are all available at
https://www.star.nesdis.noaa.gov/smcd/emb/mscat/products.
php (NOAA/STAR, 2023).

— SSU+MLS temperatures are available upon request from
William Randel (randel@ucar.edu) (https://doi.org/10.1175/
JCLI-D-15-0629.1; Randel et al., 2016).

— MERRA-2 temperatures are available at https://doi.org/10.
5067/WWQSXQ8IVFWS (Global Modeling and Assimilation
Office (GMAO), 2023).

— ERAS temperatures are available at https://doi.org/10.24381/
cds.adbb2d47 (Hersbach et al., 2023).

— JRA-55 temperatures are available at https://doi.org/10.5065/
D6HH6H41 (Japan Meteorological Agency, 2013).

— The WACCM results are available at ftp://odin-osiris.usask.ca/
Models (OSIRIS team, 2022). Instructions for downloading the
WACCM files are at https://research-groups.usask.ca/osiris/
data-products.php#Download (last access: 20 August 2022).

— The LOTUS regression code and documentation are available
at https://github.com/usask-arg/lotus-regression (Damadeo et
al., 2022).
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