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Abstract. The stratopause, the boundary between the stratosphere and the mesosphere, is projected to cool and
drop in response to anthropogenic greenhouse gas (GHG) emissions. A lack of long-term observations with high
vertical resolution at the stratopause has made it difficult to quantify trends in this region. We use observations
from the Optical Spectrograph and InfraRed Imager System (OSIRIS) and the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument to assess the annual and inter-annual variability
and to quantify trends in the stratopause temperature and height. The SABER and OSIRIS observations at the
stratopause are highly correlated, and both show that the stratopause cooled by ~ 0.5-1K per decade during
2005-2021. The observations also suggest that the tropical stratopause moved lower during this time period by
300—475 m per decade. The observational stratopause trends are consistent with trends from chemistry climate

models simulations.

1 Introduction

Increasing anthropogenic greenhouse gas (GHG) emissions
are altering the thermal structure of the atmosphere, result-
ing in tropospheric warming and stratospheric and meso-
spheric cooling (Manabe and Wetherald, 1967; Gulev et al.,
2021). Consequently, the thickness of each atmospheric layer
is also changing. There is observational evidence of both
tropospheric expansion (e.g., Santer et al., 2003; Seidel and
Randel, 2006; Meng et al., 2021) and mesospheric contrac-
tion (e.g., Zhao et al., 2020; Mlynczak et al., 2022; Liu
et al., 2024), and models project that stratospheric contrac-
tion should also occur (Pisoft et al., 2021). Multi-decadal
changes, or trends, in the middle and upper stratospheric tem-
perature are important to quantify as a fingerprint of anthro-
pogenic climate change, providing confidence that observed
changes in the atmospheric temperature are outside the range
of natural variability (Santer et al., 2023).

The stratopause is the boundary between the stratosphere
and the mesosphere: temperatures generally increase with
height in the stratosphere due to ozone heating and decrease
with height in the mesosphere, and the stratopause altitude
is defined by the altitude of the local temperature maxima.

The exact location of the stratopause varies with time and
latitude. Outside of high latitude winter, the stratopause is
approximately at the level of maximum heating due to the
absorption of solar UV radiation by ozone. During winter at
higher latitudes (poleward of ~ 40°) there is less incident so-
lar radiation and therefore ozone heating, so heating caused
by mesospheric downwelling due to gravity waves is im-
portant for determining the temperature balance (Hitchman
et al., 1989).

Observational studies of trends at the stratopause require
long-term measurements with high vertical resolution in
the stratopause region. The best option is to use tempera-
ture profiles retrieved from satellite limb-sounders, such as
the Halogen Occultation Experiment (HALOE, 1991-2005;
Russell et al., 1993), the Sounding of the Atmosphere Us-
ing Broadband Emission Radiometry instrument (SABER,
January 2002 to the present; Russell et al., 1999; Remsberg
et al., 2008; Esplin et al., 2023), and the Optical Spectro-
graph and InfraRed Imager System (OSIRIS, October 2001
to the present; Llewellyn et al., 2004; Zawada et al., 2024).
Each of these instruments has a vertical resolution of 4 km or
better near the stratopause, monthly or better latitudinal cov-
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erage outside of the polar regions, and a long enough record
to calculate statistically significant trends.

Several existing studies have used satellite limb obser-
vations to determine the temperature trend at or near the
stratopause. Remsberg (2019) used HALOE observations,
and found that the stratosphere cooled by around 0.5 K per
decade at 1 hPa (~50km) between 1991 and 2005. Dubé
et al. (2024) found a similar cooling rate of 0.5-1K per
decade between 2005 and 2021 at 50km in OSIRIS and
SABER observations. Zhao et al. (2021) looked more closely
at the temperature at the stratopause in SABER measure-
ments, which can vary in altitude between 45 and 55 km de-
pending on latitude and time of year. They found that the
stratopause cooled by 0.3—1 K per decade from 2002 to 2020,
with a greater cooling rate at higher latitudes, in good agree-
ment with the results from Dubé et al. (2024) for a similar
time period.

The trend in the stratopause height is also important to
consider, as changes to the stratospheric thickness can affect
the stratospheric circulation patterns in a way that is not ex-
plained solely by temperature changes (Eichinger and Sacha,
2020). A modeling study from Pisoft et al. (2021) found that
the global mean stratopause decreased by ~ 70 m per decade
between 1960 and 1999, and projected that the stratopause
will decrease at a similar rate of ~ 60 m per decade between
2000 and 2080. These trends were largely attributed to in-
creased GHG concentrations, with ozone depletion also play-
ing a small role in the historical trends.

Observational evidence of a trend in the stratopause height
is limited. Ramesh and Sridharan (2018) used SABER data
between 10 and 15° N during 2002-2015 and found a trend
in this region of ~330m per decade. Karami et al. (2023)
considered observations from the Microwave Limb Sounder
(MLS; Waters et al., 2006), and found a decrease in the
stratopause height over 2004-2021 in most latitudes and
seasons. Neither of the studies quantified the uncertainties
in the stratopause height trends. The goal of our study is
to use OSIRIS and SABER observations to determine the
stratopause height trend as a function of latitude. This was
not previously possible, as the OSIRIS temperature retrieval
was only recently developed by Zawada et al. (2024). We
also consider temperature trends from the two instruments,
and evaluate the annual and inter-annual variability of the
stratopause. Finally, the observed temperature and height
trends are compared to trends from several chemistry-climate
models.

2 Data & Methods

2.1 OSIRIS

OSIRIS has been in orbit on the Odin satellite since October
2001 (Murtagh et al., 2002; Llewellyn et al., 2004). The op-
tical spectrograph measures limb-scattered sunlight between
280 and 810 nm, with a spectral resolution of approximately
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1 nm. We use results from version 7.3 of the OSIRIS re-
trieval. OSIRIS temperature profiles are retrieved using the
signals at 310 and 350 nm to estimate the Rayleigh scattering
background number density, which is then converted to tem-
perature using the hydrostatic balance and the ideal gas law
(Zawada et al., 2024). Temperatures are retrieved between 30
and 65 km, with a vertical resolution of 3.0-3.5 km. Only the
OSIRIS descending node profiles are used as a drift in Odin’s
orbit has resulted in a loss of ascending node measurements
over the course of the mission. The descending node obser-
vations occur near a local solar time (LST) of 06:30 am. The
data are further filtered by removing scans with a solar zenith
angle greater than 85°.

The OSIRIS temperature retrieval requires an external ref-
erence temperature near 65km to initialize the hydrostatic
balance integration. Two versions of the OSIRIS tempera-
ture product were developed to quantify the effect of this
choice on the retrieved temperatures: one that uses a value
from the Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2; Gelaro et al., 2017)
interpolated to the OSIRIS profile as a reference tempera-
ture at 65 km, and one that uses climatological values from
the NRLMSISE-00 model (Picone et al., 2002) as the ref-
erence temperature. The reference temperature choice intro-
duces a bias of up to 5K at 65 km that decreases exponen-
tially with decreasing altitude, which is the main source of
uncertainty in the OSIRIS retrieval above 45km (Zawada
et al., 2024). Dubé et al. (2024) showed that this affects the
temperature trends: the difference in the temperature trends
from the two versions of the retrieval is 0.1-0.3 K per decade
in the stratopause region, around 50km. While this is im-
portant to remember when interpreting trends in the OSIRIS
temperature product, it does not mean that there is a 0.1-
0.3 K per decade error in the OSIRIS trends as the climato-
logical reference temperature artificially forces the temper-
ature trend to be 0K per decade at 65 km. The MERRA-2
version of the retrieval is more physically realistic, and so it
is the version that we use here.

2.2 SABER

SABER has been measuring infrared emissions from its plat-
form on board the Thermosphere, Ionosphere, Mesosphere
Energetics and Dynamics (TIMED) satellite since January
2002 (Esplin et al., 2023). Temperatures are retrieved from
measurements in the CO; band. The retrieved profiles extend
from 10 to 100 km, with a vertical resolution of 2 km (Rems-
berg et al., 2008). Profiles from version 2.0 of the SABER re-
trieval are used here. The SABER viewing mode is such that
continuous coverage is only available from 52°S to 52°N,
with higher latitudes observed for 60—-63 day periods that al-
ternate between the hemispheres (Remsberg et al., 2008). To
avoid any bias that this might introduce in the trends, we only
consider SABER observations from 50° S—50° N. The local
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solar time of the SABER measurements also varies consider-
ably: this is discussed further in Sect. 2.4.

2.3 Models

Chemistry-climate model results are from the 2022 Chem-
istry Climate Model Initiative (CCMI-2022). The simula-
tions that are used follow the REFD1 (historical) scenario,
which includes forcing from observed sea surface temper-
atures, greenhouse gases, ozone-depleting substances, and
volcanic aerosol (Plummer et al., 2021). Eleven models
are used: ACCESS-CM2-Chem (Dennison and Woodhouse,
2023), CCSRNIES-MIROC3.2 (Akiyoshi et al.,, 2023),
CESM2-WACCM (Gettelman et al., 2019), CMAM (Jons-
son et al., 2004; Scinocca et al., 2008), CNRM-MOCAGE
(Josse et al., 2004; Cussac et al., 2020), EMAC (Jockel et al.,
2016), GEOSCCM (Oman et al., 2013; Liu et al., 2022),
LMDz6.2-LR-REPROBUS (Marchand et al., 2012), NIWA-
UKCA2 (Morgenstern et al., 2009), SOCOL (Sukhodolov
etal., 2021), and UKESM 1-StratTrop (Archibald et al., 2020;
Sellar et al., 2019). Only one ensemble member is used for
each model to avoid biasing the results towards models that
submitted more runs. These simulations extend to the end of
2018.

2.4 Stratopause calculation

For each dataset the monthly zonal mean (MZM) tempera-
ture profiles are calculated in 10° latitude bins, centered on
latitudes from 55°S to 55°N. Months when the mean lat-
itude of the available observations is more than £2° from
the central bin latitude are removed to avoid sampling bi-
ases. For OSIRIS we further remove months with fewer than
30 measurements in a given latitude bin, which typically oc-
cur when OSIRIS resumes measuring after being in darkness
(i.e. following the winter at mid and high latitudes). For each
remaining MZM temperature profile a cubic spline interpola-
tion method is used to get a smooth profile between 35.5 and
60.5 km. The stratopause is defined as the local maximum
in this curve. MZM profiles with more than one maxima are
excluded (~ 1.8 % of MZM OSIRIS profiles and ~ 0.5 % of
MZM SABER profiles).

Standard MZM sampling is not necessarily the best op-
tion for SABER: the local time of the SABER measurements
changes continuously, and it takes SABER approximately
two months to sample the full range of local times (Huang
et al., 2008). This inconsistent sampling can impact trends
in variables that have a diurnal cycle, such as ozone above
~40km and temperature, with the greatest effect at higher
levels in the mesosphere and thermosphere. To account for
this, the SABER observations are often averaged using over-
lapping 60 d bins centered on the 15th of each month (Rezac
et al., 2018). The effect of using 60 d bins instead of regular
monthly-means on the SABER stratopause trends is assessed
in Sect. 3.
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For the model runs the monthly zonal mean tempera-
ture and geopotential height profiles were used to determine
the stratopause location in units of geopotential height. The
geopotential heights were then converted to geometric alti-
tudes using H = 9.80616 ms 2 x zR./(gR. —z) where H is
the geometric altitude in m, z is the geopotential height in m,
g is the acceleration due to gravity as a function of latitude
inms~2, and R, is the WGS84 ellipsoid radius as a function
of latitude in m.

2.5 Trends

The rate of the long-term change (the trend) in the
stratopause height and temperature can be calculated with a
multiple linear regression (MLR) model, using proxies to ac-
count for known sources of variability. Since the stratopause
location is largely determined by the location of maximum
heating due to ozone absorption we use the same regression
proxies that are typical for calculating ozone trends (e.g.,
SPARC/IO3C/GAW, 2019). The corresponding MLR equa-
tion is defined as

¥(#) =B + Birend X linear(r) + ,quoa x QBO,(?)
+ ﬂqbob x QBOy (1) + Bsolar x F10.7(z)
+ Benso X ENSO(7) + R(?), (1

where each f; defines a regression coefficient. QBO,(¥)
and QBOy(¢) are the first two principal components of the
Singapore zonal winds (https://acd-ext.gsfc.nasa.gov/Data_
services/met/qbo/QBO_Singapore_Uvals_GSFC.txt, last ac-
cess: 24 July 2025), F10.7(t) is the solar flux at
10.7cm (https://spdf.gsfc.nasa.gov/pub/data/omni/low_res_
omni/omni2_all_years.dat, last access: 24 July 2025),
ENSO(?) is the multivariate ENSO index (https://psl.noaa.
gov/enso/mei/, last access: 24 July 2025), and R(¢) is the
residual. Trends are calculated with the Long-term Ozone
Trends and Uncertainties in the Stratosphere (LOTUS) re-
gression model, version 0.8.3. Further details on this ver-
sion of the regression model the proxies are described in
Damadeo et al. (2022) and SPARC/IO3C/GAW (2019).

The regression model is applied to deseasonalized height
and temperature anomalies. We focus on trends for the pe-
riod from January 2005-December 2021. The starting point
is chosen because the OSIRIS retrieval relies on MERRA-2
reference temperatures at 65 km, which has a discontinuity
when MLS temperature observations are assimilated, begin-
ning in mid-2004 (Long et al., 2022). The end period is cho-
sen due to a bias in the OSIRIS retrieval that is caused by
issues with the aerosol retrieval following the Hunga Tonga-
Hunga Ha’apai (HTHH) volcanic eruption in January 2022.
To minimize sampling differences, any months when OSIRIS
does not have observations are also removed from SABER.
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3 Results

3.1 Stratopause Variability

We first consider the annual and inter-annual variability in
the stratopause height and temperature observations from
OSIRIS and SABER. Figure 1 shows the mean seasonal cy-
cle in stratopause temperature and height from each dataset.
In general, the mean OSIRIS and SABER seasonal cycles
are in good agreement. In the tropics and at higher latitudes
(45°N and 45°S) the stratopause heights and temperatures
are anti-correlated in all months. In the tropics the main
source of variability is the semi-annual oscillation (SAO) in
the zonal winds (Hirota, 1980; Garcia et al., 1997). Outside
of the tropics the stratopause is highest and the temperature
is coldest in the winter months, when there is less solar radi-
ation. The stratopause is also affected by mesospheric down-
welling, which is strongest over the winter pole, and leads to
a higher stratopause (Hitchman et al., 1989; Plumb, 2002).
This effect is greater in the Southern Hemisphere (SH) win-
ter, compared to the Norther Hemisphere (NH) winter. In
the NH the mean winter stratopause height is at most 50 km,
while in the SH the mean winter stratopause height reaches
~ 55 km. This is consistent with Hitchman et al. (1989), who
first observed that the downwelling is stronger and more per-
sistent in the SH. At mid-latitudes, between 20 and 40° in
each hemisphere, the stratopause temperature and height are
anti-correlated during the winter, but correlated in the sum-
mer. These seasonal patterns are consistent with earlier re-
sults from MLS (France et al., 2012).

The mean seasonal cycles in stratopause temperature and
height are subtracted from the observations for each year to
get the deseasonalized anomalies. The deseasonalized MZM
stratopause height time series for six 10° latitude bands is
shown in Fig. 2 for each of OSIRIS and SABER. The vari-
ability in the observations from the two instruments is sim-
ilar at all latitudes, and particularly in the tropics where the
correlation is at least 0.6. The gaps in the OSIRIS observa-
tions in the tropics are largely due to the data filtering, but at
higher latitudes they mainly occur in the winter, when there is
no scattered sunlight for OSIRIS to observe at the measure-
ment time. The deseasonalized SABER observations have a
large height anomaly each austral winter (June—July) in the
latitude bin centered on 45° S, as the magnitude of the win-
ter stratopause height increase is not consistent from year to
year. The corresponding deseasonalized stratopause temper-
ature observations are provided in Appendix Fig. Al. The
SABER and OSIRIS stratopause temperatures are correlated
at all latitudes, with correlations of at least 0.8 in the tropics.

3.2 Observational Trends

Long-term trends in the stratopause temperature and height
are shown in Fig. 3, as a function of latitude. Both OSIRIS
and SABER observations show that the stratopause temper-
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ature decreased during 2005-2021, but the exact magnitude
of the decrease varies with latitude. The cooling trends are
around —0.5 to —1 K per decade. In general the cooling trend
is greater in OSIRIS observations than in SABER observa-
tions, but the trends agree within the regression uncertainties
at all latitudes, consistent with the findings of Dubé et al.
(2024) for temperatures around 50 km.

The trends from both OSIRIS and SABER suggest that the
stratopause is moving lower at some latitudes (Fig. 3B). The
greatest decrease in the stratopause is at 5°S, where SABER
observed a trend of —475 4397 m per decade and OSIRIS
observed a trend of —300+395m per decade. While the
SABER trends are greatest in the tropics, and closer to zero at
higher latitudes, OSIRIS observed a more consistent change
in the stratopause height at all latitudes.

The OSIRIS temperature observations are more limited
than those from SABER, both with regards to the latitu-
dinal sampling pattern and the time period that has useful
observations for trend studies. Because of this, SABER is
used to determine (1) how the OSIRIS sampling pattern,
and particularly the lack of measurements at mid/high lati-
tudes during the winter, affects the trends, and (2) how the
choice of time period used for the trend calculation impacts
the trends. The trends in SABER, excluding months when
OSIRIS does not have observations, are compared to the
trends in SABER when all available months with SABER ob-
servations included (Fig. 4). It is clear that the OSIRIS sam-
pling pattern has some effect on the SABER height trends,
with the most obvious case being the significantly positive
stratopause height trend at 45° N. The trend at this latitude
is closer to zero when the months without OSIRIS obser-
vations are included. However, height trends in the tropics
and SH mid-latitudes are only minimally impacted by the
OSIRIS sampling pattern. The greatest effect on the temper-
ature trends is at 45 and 35° S, where the OSIRIS sampling
results in smaller cooling trends. The largest difference is
at higher latitudes because the coverage of OSIRIS depends
on the amount of sunlight, and the higher latitudes have the
fewest number of days during which OSIRIS can take mea-
surements.

Figure 4 also compares the SABER trends for 2005-2021
with the SABER trends for 2002-2024. The choice of time
period has a larger effect on the temperature trends than the
height trends: the cooling observed by SABER is greater at
all latitudes over the longer 20022024 period, with a rate
of about —0.7 K per decade. The height trends only change
noticeably in the tropics, where they decrease by about 50 %,
from —500 to —250 m per decade, but the uncertainties are
also smaller. The smaller tropical stratopause height trend
during 2002-2024 compared to 2005-2021 is mostly due to
the addition of 3 years at the end of the time period, rather
than at the beginning of the time period, however the greater
cooling rate is mainly due to the additional years at the start
of the period. The positive height trend at 45° N also becomes
closer to zero when more years are included in the analysis,
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Figure 1. Mean seasonal cycle in stratopause temperature (red) and altitude (blue) for OSIRIS (solid lines) and SABER (dashed lines) from

2005-2021 in 10° latitude bins.

suggesting that the unexpected sign is a features of the inter-
annual variability.

The effect of diurnal variations on the SABER trends was
evaluated by comparing the MZM trends to the trends from
observations sampled in overlapping 60d bins centered on
the 15th of each month (Appendix, Fig. A2). The impact on
the trend values is small, but using the 60d sampling does
affect the results slightly, mainly in the tropics. Thus the
SABER sampling pattern can explain some of the difference
with the OSIRIS trends at these latitudes.

3.3 Model Trends

It is important to be able to accurately model changes in
the stratopause for projecting the impacts of future climate
change on the middle atmosphere, so trends in results from a
set of chemistry-climate models are compared to the observa-
tional stratopause trends (Fig. 5). The comparison is limited
to 2005-2018 due to the length of the available model runs.
The median model trends fall within the uncertainty of the
observational trends at all latitudes for both the stratopause

https://doi.org/10.5194/acp-26-2161-2026

temperature and height. The greatest difference between the
modeled and observed trends occurs in the tropics, where the
observations have less cooling, but a greater height decrease.
This could be at least partly due to the limited time period
as there are large interannual variations that can impact the
trends more or less, depending on the length of the time pe-
riod. It should also be noted that since only one ensemble
member is used for each model, the large spread in the model
trends is due to both internal variability and structural differ-
ence between the models themselves.

The model trends from 1980-2018 are also assessed in
Fig. 6. Note that ACCESS-CM2-Chem trends are not in-
cluded because the geopotential height has a significant low
bias before 1990. For this much longer period there is a cool-
ing trend of 1K per decade at all latitudes. The stratopause
height also decreases at all latitudes, with the greatest de-
crease, of ~ 80 m per decade, concurring in the tropics. This
is consistent with the observations, which also suggest that
the height decrease is greatest in the tropics for the shorter
time period considered here. It is therefore likely that this
pattern will emerge more clearly in the observational record

Atmos. Chem. Phys., 26, 2161-2173, 2026
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as more years of data become available. The trends from
the CCMI-2022 models are comparable to the global trends
from Pisoft et al. (2021), who found a global decrease in the
stratopause height of ~ 60 m per decade between 1960 and
2080 in the older CCMI-1 models.
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4 Conclusions

The stratopause is projected to respond to increases in at-
mospheric GHG concentrations by cooling and moving to a
lower altitude, however observational evidence is lacking due
to a deficit of observations with high vertical resolution at
the stratopause. We present an analysis of stratopause height
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Figure 6. Distribution of trends in the stratopause temperature and height from ten CCMI-2022 models in 10° latitude bins for 1980-2018.
The whiskers cover the full range of trend values. The red lines denote the median model trends.

trends between 60° S and 60° N using observations from two
satellite instruments, OSIRIS and SABER. This is the first
comparison of the inter-annual variability in the stratopause
height and stratopause temperature and of the latitudinally-
resolved stratopause trends from these two instruments.

The stratopause temperature and height observations from
OSIRIS and SABER are very consistent: the deseasonalized
temperature anomalies have a correlation greater than 0.5 at
all latitudes, and the deseasonalized heights anomalies have a
correlation greater than 0.5 from 40° S—40° N. The lower cor-
relations at higher latitudes are likely because OSIRIS does
not measure in the winter, when the stratopause height shows
the most variability.

Both OSIRIS and SABER observed cooling at the
stratopause during 2005-2021. The cooling rate varies with
latitude, but is on the order of 0.5K per decade. The
stratopause cooling trend observed by OSIRIS is greater
than the trend in SABER, but the trends from both instru-
ments agree within the regression uncertainties at all lat-
itudes. For the longer time-period of 2002-2024 SABER
observed greater cooling, closer to 0.7 K per decade. The
SABER results are consistent with earlier findings from Zhao
et al. (2021), who found a cooling trend in SABER observa-
tions of 0.3—1 K per decade from 2002 to 2020. The OSIRIS
and SABER stratopause height trends also agree within the
regression uncertainties between 40° S—40° N, but the trends
at most latitudes are small. OSIRIS shows signs that the
stratopause is moving downwards at all latitudes, but SABER
observations most clearly show that the stratopause height
has decreased in the tropics. SABER observations show that
the tropical stratopause decreased at a rate of ~ 500 m per
decade between 2005 and 2021, and ~ 250 m per decade be-
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tween 2002 and 2024. For each variable, the trend values and
uncertainties are impacted by both the OSIRIS and SABER
sampling patterns, and the chosen time period. However,
none of these effects are large enough to prevent us from con-
cluding that so far in the 21st century the stratopause cooled
at most latitudes between 40°S and 40°N and the tropical
stratopause moved downwards. These findings are consis-
tent with the expected response of the stratosphere to ris-
ing atmospheric CO; concentrations, and in agreement with
chemistry-climate model simulations.
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Appendix A: Additional figures
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Code and data availability. - OSIRIS v7.3 temperature
profiles are available from https://doi.org/10.5281/zenodo.
8271140 (Zawada et al., 2023).

— SABER v2 temperature profiles are available at https://data.
gats-inc.com/saber/custom/Temp_0O3_H20/v2.0/ (last access:
17 January 2025)

— CCMI-2022 REFDI simulations are available by registra-
tion from the CEDA archive, https://catalogue.ceda.ac.uk/uuid/
92dddf542adc44b5898f535be4179705/ (last access: 24 July
2025)

— The LOTUS regression code and documentation are available
at https://github.com/usask-arg/lotus-regression (Damadeo
et al., 2022). Version 0.8.3 of the model was used.
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