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About the cover image:
The Hunga Tonga-Hunga Ha’apai volcanic eruption in January 2022 lofted water vapor and other
emissions well into the stratosphere in the southern hemisphere. Downwind, sunsets changed color
as seen from the Maido Observatory on Réunion Island.
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Chapter 5

SCIENTIFIC SUMMARY

Since the last Assessment, new research has continued to
quantify, attribute and improve the understanding of long-term
changes in stratospheric climate. New studies are assessed that
quantify the effects of ozone-depleting substances and ozone
changes on the climate system, including atmospheric tempera-
tures and circulation, the ocean and the cryosphere. The new re-
sults support the main conclusions from the previous Assessment.

e Stratospheric Temperature: The global middle and
upper stratosphere continues to cool at a rate of ~-0.6
K decade because of growing levels of well-mixed
greenhouse gases (GHGs; primarily carbon dioxide
[CO,]) and evolving stratospheric ozone in response to
changing ozone-depleting substances (ODSs). Lower-
stratospheric temperatures have been near constant since
the late 1990s. The overall evolution is consistent with the
well-understood effects of ozone, ODSs, GHGs, stratospheric
aerosols, and solar variability. This is in agreement with previ-
ous Assessments.

Stratospheric Water Vapor: Since the last Assessment,
the understanding of processes that influence water
vapor entry into the stratosphere has strengthened.
Interannual variations in lower-stratospheric water vapor are
quantitatively consistent with observed tropical tropopause

continue to be opposite in sign from modeled
trends. However, new observationally based estimates
since the last Assessment bring observed trends closer
to modeled trends.

¢ Polar Vortex Trends and Variability: Recent extreme

polar vortex events in both hemispheres caused strong
variations of polar ozone. However, currently there is no
evidence for a systematic trend toward more frequent
polar vortex disruptions in either hemisphere.

o Two sudden stratospheric warming (SSW)?& events have
been observed in the Southern Hemisphere (SH) since
the start of comprehensive satellite records in 1979.
New model studies show that this is consistent with
model simulations, and no change in SSW frequency is
necessary to explain this occurrence rate. The delay of
the austral polar vortex breakup date, which in the past
was driven by ozone depletion, is not expected to fully
reverse by the end of the 21 century, due to the oppos-
ing effect of GHG increases under moderate and high
emission scenarios.

o In the Northern Hemisphere (NH), new studies con-
firm that changes in SSW frequency and in polar vortex
strength are not robustly detected in the historical re-
cord, and future changes are not robust across models.

temperatures, with small contributions from monsoon circu- * Quasi-Biennial Oscillation (QBO)°: Since the last

lations and overshooting convection. Models predict small
multi-decadal increases in tropopause temperature and low-
er-stratospheric water vapor as a response to GHG increases,
but these changes are still not evident within the variability of
the observational records.

¢ Brewer-Dobson Circulation’ (BDC):

o The BDC in the lower stratosphere has accelerated
in recent decades and is predicted to continue to
accelerate in the future given continued increases
in GHG abundances. This result is confirmed by mod-
els, observations, and reanalyses. New studies since
the last Assessment confirm the attribution of the BDC
acceleration by models to increases in GHGs and ODS-
induced ozone depletion over the last decades of the
20 century. Model simulations indicate that the decline
of ODSs and subsequent recovery of ozone should have
acted to reduce the rate of BDC acceleration after the
year 2000, but there is not yet sufficient analysis to deter-
mine whether this change has been detectable outside
of the natural variability in the BDC.

o Estimates of past BDC trends in the middle and
upper stratosphere based on observations

7 The global zonal mean circulation that transports mass, heat, and tracers in the stratosphere.

Assessment, there is more confidence that the ampli-
tude of the QBO will weaken in the future as a result of
acceleration of the BDC, but there is still large uncertainty
about any change in its periodicity and the associated ozone
variability.

o New model studies infer that further disruptions of the
QBO, such as occurred in 2016 and 2019, might become
more likely as a result of increasing GHGs.

Ozone and ODS Radiative Forcing (RF): New estimates
confirm previous Assessments in that the RF from ODSs,
including the indirect effect on ozone abundances, has
been positive over the second half of the 20 century,
contributing to anthropogenic GHG forcing. The newest
best estimate of stratosphere-adjusted RF over the period
1850-2011 from stratospheric ozone changes is-0.02 W m~2,
with an uncertainty of £ 0.13 W m=. The range in this RF re-
mains smaller than the RF from ODSs (0.337 W m2). However,
new studies reveal uncertainties in the estimation of radiative
forcing, due to 1) rapid adjustments arising from tropospheric
circulation changes and 2) uncertainties in modeled ozone

8 Based on an adapted SSW definition in the Southern Hemisphere; see Chapter 5, Section 5.2.6.1.

 Quasi-periodic (period ~28 months) oscillation of stratospheric equatorial winds from easterly to westerly.
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trends. Since the late 1990s, the RF from ODSs and changesin
stratospheric ozone abundances has remained approximately
constant as a consequence of the Montreal Protocol.

ODS Effects on Climate: There is new evidence since the last
Assessment that suggests that the direct radiative effects of
ODSs on climate not only contributed to global warming but
also enhanced Arctic amplification'® in the late 20" century.

Role of Stratospheric Ozone in the Climate Response to
GHG Forcing: Evidence suggests that GHG-induced ozone
changes act to dampen the GHG-induced surface tempera-
ture warming. New estimates since the last Assessment con-
firm that this climate feedback by stratospheric ozone is neg-
ative but smaller than previously estimated. In addition, there
is new evidence for an influence of stratospheric ozone on the
tropospheric and stratospheric circulation response to GHGs
via ozone-circulation coupling.

Relevance of Stratospheric Ozone-Circulation Coupling
for Trends and Interannual Variability:

o Two-way ozone-circulation coupling modulates the
effects of ozone depletion and recovery on SH strato-
spheric circulation trends, as well as stratospheric inter-
annual variability in the tropics and extratropics in both
hemispheres.

o There have been no detectable effects of long-term
ODS-driven ozone trends in the Arctic on tropospheric
and surface climate. Yet, new evidence shows that for
individual years low springtime Arctic ozone can ampli-
fy existing stratospheric circulation anomalies and their
subsequent influence on tropospheric circulation and
surface climate.

e Signature of Ozone Recovery in the Southern

Hemisphere Circulation:

o Antarctic ozone depletion led to pronounced
changes in the SH atmospheric circulation, as sum-
marized in the previous Assessments. New evidence
suggests that the recovery of Antarctic ozone is now
evident as changes in SH atmospheric circulation trends
between the ozone depletion and recovery eras (the eras
before and after roughly the year 2000, respectively).
The observed changes in circulation trends are signifi-
cant at stratospheric altitudes but on the fringe of signifi-
cance in the troposphere; model simulations support the
hypothesis that the changes in atmospheric circulation
trends are driven by the onset of ozone recovery.

o Climate simulations suggest that in the future the effects
of ozone recovery will compete with the effects of GHG
increases on SH tropospheric circulation changes, result-
ing in a poleward shift of the mid-latitude jet in all seasons

under high GHG emissions scenarios but little change or
even an equatorward shift of the jet in austral summer
under low GHG emissions scenarios.

e Ozone-Induced Impacts on the SH Ocean and

Cryosphere:

o Ocean and Sea Ice: Observed upper Southern Ocean
warming and freshening since the 1950s is driven pri-
marily by increasing GHGs. Stratospheric ozone deple-
tion plays a secondary role in the warming. In agreement
with previous Assessments, ozone trends are unlikely to
have driven the observed high-latitude sea surface tem-
perature cooling and weak sea ice changes since 1979.
Ocean eddies continue to remain a source of uncertainty
in the ocean’s response to wind changes.

o Carbon Uptake: The Southern Ocean carbon uptake
exhibits strong decadal variations. Ozone changes are
unlikely to have substantially contributed to the observed
net change in Southern Ocean carbon uptake, consistent
with the conclusion from the previous Assessment.

o Antarctic Ice Sheet: New modeling evidence suggests
that stratospheric ozone depletion could potentially
have influenced the surface mass balance of the Antarctic
ice sheet by enhancing precipitation over the continent
in the latter part of the 20" century. However, the under-
lying processes whereby stratospheric ozone depletion
influences continentwide precipitation are poorly con-
strained; further, observed Antarctic surface mass bal-
ance shows large variability.

* New evidence since the last Assessment shows that the

decline in ODS emissions due to the implementation of the
Montreal Protocol has already had an influence on SH circu-
lation trends due to the stabilization and slow recovery of the
Antarctic ozone hole, leading to a change in trends in the aus-
tral summer tropospheric circulation.

Recent modeling studies estimate that the Montreal Protocol
has already resulted in the avoidance of 0.17 £ 0.06 K global
surface warming and 0.45 £ 0.23 K of Arctic surface warming
in 2020, and will likely avoid about 0.5-1 K (0.79 £ 0.24 K) of
global surface warming by the mid-21% century compared to a
scenario with uncontrolled ODS emissions.

New evidence since the last Assessment suggests that the
Montreal Protocol has also potentially avoided an additional
0.5-1.0 K globally averaged surface warming by the end of
the 21 century by protecting the terrestrial carbon sink from
ultraviolet (UV) radiation damage, which would cause addi-
tional CO, to remain in the atmosphere.

10 Arctic amplification refers to the ratio of Arctic warming (60-90°N) to global warming over a given time period.
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5.1INTRODUCTION

A dedicated chapter on ozone-climate interactions has been
part of the Ozone Assessment reports since 2006. While the main
focus was initially on how anthropogenic climate change affects
stratospheric ozone, since 2010 the focus has broadened on two-
way interactions between stratospheric ozone and climate. The
chapter is similar in scope to Chapter 5 of the 2018 Assessment
(Karpechko, Maycock et al., 2018), assessing past and projected
future changes in stratospheric climate and the role of strato-
spheric ozone and ozone-depleting substances (ODSs) for the
climate system. The chapter builds on the chapters of previous
Assessments with similar scope, as summarized below.

Chapter 5 of the previous Assessment (Karpechko, Maycock
et al., 2018) provided a detailed assessment of our knowledge
of stratospheric temperature evolution. It was concluded that
global average temperature in the lower stratosphere (13-22 km)
cooled by about 1K between 1979 and the late 1990s but has not
changed significantly since then. In the lower stratosphere, ozone
trends were the major cause of the observed cooling between
the late 1970s and the mid-1990s. In the middle and upper strato-
sphere, long-lived greenhouse gases (GHGs) played a larger role
in the cooling trends over this period. For the upper stratosphere
(40-50 km), one-third of the observed cooling over the period
1979-2005 was due to ODSs and associated ozone changes,
while two-thirds was due to well-mixed GHGs. Chemistry-climate
model projections showed that the magnitude of future strato-
spheric temperature trends is dependent on the assumed future
GHG concentrations, with higher GHG scenarios showing more
cooling in the middle and upper stratosphere over the 215 centu-
ry. The projected increase in global stratospheric ozone during
this period (due to both decreasing ODSs and increasing GHGs)
would offset part of the stratospheric cooling due to increasing
GHGs.

The last Assessment concluded that there are indications
for the acceleration of the stratospheric overturning circulation,
the Brewer-Dobson circulation (BDC), in the lower stratosphere.
In particular, observed changes in temperature and constituents
indicate that tropical upwelling in the lower stratosphere has
strengthened over the last ~30 years, in qualitative agreement
with model simulations and reanalysis datasets. It is well under-
stood that enhanced abundances of well-mixed GHGs lead
to increased tropical upwelling in the lower stratosphere via
changes in atmospheric wave dissipation. Moreover, changes in
ODSs (and associated changes in ozone) were concluded to be a
main driver of past and future changes of the BDC. In particular,
increases in ODS concentrations between about 1980 and 2000
induced a notable increase in downwelling over the Antarctic,
with an associated increase of tropical upwelling. The reduction
of ODS concentrations after 2000 were simulated to reduce the
GHG-induced acceleration of the BDC in the future. However, ob-
servational evidence for externally forced long-term changes in
the BDC remain uncertain. The last Assessment concluded that as
a consequence of a strengthening of the stratospheric overturn-
ing circulation and stratospheric ozone recovery, a future increase
in stratosphere-troposphere exchange of ozone is projected to
occur, increasing the future global tropospheric ozone burden.

Antarctic ozone depletion was concluded to be the
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dominant driver of the changes in Southern Hemisphere tropo-
spheric circulation in austral summer during the late 20™ century,
with associated weather impacts including a trend toward the
positive polarity of the Southern Annular Mode (SAM) index and
a wider Hadley cell. The trend toward the positive phase of the
SAM index is associated with a southward shift of the mid-lati-
tude westerly jet and storm track, resulting in drier conditions at
higher latitudes of New Zealand and, as a result of the associated
expansion of the Hadley cell, wetter conditions over subtrop-
ical latitudes of eastern Australia. Surface cooling occurs over
Antarctica and warming on the peninsula. During other seasons,
the contribution from increasing well-mixed GHGs played a more
dominant role. In contrast, no robust links between stratospheric
ozone depletion and long-term changes in Northern Hemisphere
surface climate were established.

The changes in tropospheric weather patterns driven by
ozone depletion were concluded to have played a role in the ob-
served recent temperature, salinity, and circulation trends in the
Southern Ocean, but the impact on Antarctic sea ice remained
unclear. Modeling studies indicated that ozone depletion should
have contributed to a decrease in Antarctic sea ice extent; hence,
it cannot explain the observed sea ice increase between 1979
and 2015. The unprecedented rapid decline of Antarctic sea ice
in 2016 was linked with the strong negative SAM (i.e., an equa-
torward shift of the extratropical surface westerlies) and extra-
tropical sea surface temperature (SST) anomalies forced by the
tropics. It was concluded that the inability of climate models to
reproduce the observed Antarctic sea ice trends since 1979 limits
confidence in the modeled sea ice response to ozone depletion.
No robust evidence was found for a hypothesized causal link be-
tween the strength of the Southern Ocean carbon sink and ozone
depletion. A remarkable reinvigoration of the Southern Ocean
carbon sink was reported to have occurred since the early 2000s,
following the previously reported slowdown of the carbon sink
between the 1980s and early 2000s. Those results indicate that
atmospheric circulation changes (whether driven by ozone de-
pletion or not) have not had a considerable impact on the net
strength of the Southern Ocean carbon sink.

The last Assessment concluded that as a result of the
Montreal Protocol, global sea level rise of at least several centi-
meters has been avoided. This sea level rise would have occurred
due to thermal expansion of the oceans stemming from the addi-
tional global warming from unregulated ODS emissions.

The overall scope of this chapter is similar to that of Chapter
5 of the 2018 Assessment (Karpechko, Maycock et al., 2018)
and Chapter 4 of the 2014 Assessment (Arblaster, Gillett et al.,
2014). It provides an update to our knowledge of changes in
stratospheric climate and assesses the role of stratospheric ozone
changes for the climate system. Changes in stratospheric climate
including temperature, circulation, and water vapor are assessed
in Section 5.2; the changes are attributed to natural and anthro-
pogenic forcing agents. The evolution of most relevant forcing
agents is discussed elsewhere in the Assessment (Chapters 1
and 2) and therefore is only briefly summarized here (in Section
5.2.1). Section 5.3 discusses the effects of stratospheric ozone
changes on the whole climate system, from the stratosphere to
the ocean, including the effect of ODS changes on surface climate
through their direct radiative effects, for which new evidence has
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been found since the last Assessment. Since the last Assessment,
the role of two-way coupling between ozone and circulation re-
ceived much attention, motivating a section on ozone-dynamical
coupling. The last section of this chapter (Section 5.4) updates our
knowledge of the climate impacts of the Montreal Protocol. Since
we are by now well into the period of declining ODS concentra-
tions, we can report on already-realized climate impacts of the
Montreal Protocol in this section.

5.2 OBSERVED AND SIMULATED CHANGES
IN STRATOSPHERIC CLIMATE

Stratospheric climate change is influenced by a number
of anthropogenic and natural external forcings. The evolution
of most of those forcing agents is described elsewhere in the
Assessment, so we provide only a brief summary below.

The evolution of ODS concentrations to date is described
in detail in Chapter 1 and hydrofluorocarbons (HFCs) in Chapter
2. Overall, ODS concentrations and the related total chlorine
and bromine loading of the atmosphere have continued to de-
cline since the last Assessment. ODSs impact the climate system
through their important role in stratospheric ozone chemistry and
because they are potent GHGs (see Section 5.3.1).

Anthropogenic GHGs, defined here as the three most im-
portant well-mixed GHGs (carbon dioxide [CO,], methane [CH,],
and nitrous oxide [N,Q]), affect stratospheric temperatures di-
rectly, leading to cooling (see Box 5-1 in Karpechko, Maycock et
al., 2018). Further, GHG-induced tropospheric warming plays an

important role in stratospheric climate through its effect on large-
scale circulation. An update on the evolution of global abundanc-
es and growth rates of CH, and N,O is given in Section 1.5.1 and
the development of CO, abundances are covered in great detail
in the recent Intergovernmental Panel on Climate Change (IPCC)
report (IPCC, 2021). Briefly, the atmospheric abundance of all
three GHGs continued to increase at rates similar to or higher than
in previous years, and CO, reached a global average annual mean
mixing ratio of 412.45 ppm in 2020. The CH, annual mean mixing
ratio reached about 1874 ppt in 2020, and N,O reached about
333 ppt in 2020 (see Section 1.5.1). The effects of the COVID-19
pandemic on the world economy resulted in a notable reduction
of CO, emissions of about 7% compared to 2019 (Le Quéré et al.,
2021; Szopa et al., 2021). But since atmospheric CO, concen-
trations are the result of the balance of a number of source and
sink processes, the effect of those reduced emissions was not de-
tected in global abundances or in the atmospheric concentration
growth rate (Szopa et al., 2021).

The evolution of the global stratospheric ozone layer is de-
termined by atmospheric chemistry and dynamics (described in
detail in Chapter 3), but stratospheric ozone also acts as a forc-
ing agent on the atmosphere and the climate system. The global
ozone layer is beginning to recover from the effects of ODSs, with
the near-global mean (60°S-60°N) total ozone column increas-
ing by about 0.3% decade™ since the late 1990s. Therefore, the
impacts of stratospheric ozone changes on the climate system
(Section 5.3) are generally expected to reverse with ozone re-
covery, which started to appear in the late 1990s to early 2000s.
However, ozone changes over the past two decades are region-
ally dependent, and they are strongly influenced by interannual
variability (see Chapters 3 and 4), complicating the detection of
reversals of ozone-induced trends in stratospheric temperature

Box 5-1. The Hunga Tonga-Hunga Ha’apai Volcanic Eruption of January 2022

Some past major volcanic eruptions have impacted the ozone layer, the stratospheric circulation, and surface climate (see
Sections 5.2 and 6.6, and the Chapter 6 Appendix). The observed stratospheric changes from these events are particularly valuable
for understanding the Earth'’s response to volcanic eruptions, but also for testing, and improving the representation of stratospheric
aerosol microphysics, chemistry and dynamics in Earth system models. A very recent major eruption that injected a large amount
of material into the stratosphere was the Hunga Tonga-Hunga Ha’apai (20.5°S, 175.4°W; hereafter referred to as HTHH) eruption
in January 2022. HTHH produced two major phreatomagmatic (magma and seawater) eruptions on 13 and 15 January 2022. The
second eruption initially injected material to altitudes greater than 55 km, which is higher than the stratopause and into the lower me-
sosphere (Carr et al., 2022). Satellite observations showed westward transport and diffusion of the HTHH plume in the stratosphere
throughout the SH low latitudes and into the tropics in the months following the eruption.

The HTHH eruption led to significant perturbations in the stratosphere. Observations from satellite remote-sensing and bal-
loon-borne instruments show the eruption injected SO, and HCl into the stratosphere, along with large amounts of H,O. The H,O
injection was far beyond anything previously observed (Millan et al., 2022), while SO, and HCl amounts were within the emissions
range from past observed eruptions. The total SO, amount emitted into the stratosphere (eventually converted into sulfate aerosol
particles) was estimated to be 0.4-0.5 Tg. In comparison, the SO, amount injected into the stratosphere by the 1991 Mt. Pinatubo
eruption was 15-20 Tg. Measurements from the Microwave Limb Sounder on the Aura satellite and balloon profiles show perturba-
tions of stratospheric water that are unprecedented in the observational record in terms of both magnitude and altitude range. Initial
estimates indicate that HTHH added about 10% to the total stratospheric water vapor burden.

Over the next few years, the eruption impact on ozone will be determined from observations and analyzed using model simu-
lations. The injected H,O and sulfate aerosol are expected to continue to perturb the stratosphere globally and, in particular, in the
polar regions over the next years. A more complete understanding of this major and unique event will be available in the 2026 ozone
assessment.
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and circulation. In the future, stratospheric ozone is projected to
recover from the effects of ODSs and to be influenced by increas-
ing GHG concentrations, leading to considerable dependency of
the future evolution of stratospheric ozone on the GHG scenario
(see Chapter 3).

Perturbations to stratospheric aerosol concentrations can
have a substantial impact on stratospheric temperatures (see
Section 5.2.2 and Chapter 6). Sources of stratospheric aerosols
are primarily volcanic eruptions, but pyrocumulonimbus events
associated with wildfires can also inject substantial amounts of
aerosols into the stratosphere. In particular, the recent devastat-
ing bushfires that occurred in austral spring to summer 2019/20
in Australia (often referred to as Australian New Year fires) inject-
ed an unprecedented amount of aerosols from wildfire sources
into the stratosphere, estimated to be comparable to a small-
er-magnitude volcanic eruption (see Section 6A.4). While there
has been no major volcanic eruption since Mt Pinatubo in 1991,
smaller eruptions led to enhanced aerosol levels between 2005
and 2014, approximately doubling stratospheric aerosol optical
depth compared to volcanic quiescent periods (see Section 6.6).
The explosive eruption of Hunga Tonga-Hunga Ha'apai in January
2022 is expected to impact stratospheric ozone, circulation, and
potentially surface climate (see ). The origins and impacts
of stratospheric aerosol injection are further detailed in Chapter 6.

Another external natural forcing on stratospheric climate is
variability in the amount of total solar irradiance reaching the top
of Earth’s atmosphere. Particularly relevant for the understanding
of stratospheric climate trends over recent decades is the 11-year
solar cycle. While the total solar irradiance varies by less than 0.1%
(or about T W m?; Haigh, 2007) across the 11-year solar cycle, it
has a notable influence on stratospheric ozone and temperature,
as detailed in Chapter 3.

Stratospheric temperature variability and trends are key as-
pects of the climate system related to stratospheric ozone. Ozone
and temperature changes are coupled in the stratosphere, where
ozone influences temperature via radiative effects and tempera-
tures impact both ozone-photochemical reaction rates and, in the
polar regions, the frequency of occurrence of polar stratospheric
clouds (PSCs) and associated impacts on heterogeneous chemi-
cal reaction rates (Section 4.2.2.2, see also ). Quantifying
and modeling past temperature changes are key goals for attri-
bution and a requisite for confidently projecting future changes.

The 2018 Assessment highlighted improved estimates of
observed stratospheric temperature trends from reprocessed
datasets and attributed past and future temperature variability
based on chemistry-climate model simulations (see Section 5.1.1).
The major updates since 2018 involve lengthening and further
analyses of the observational record, including use of radio oc-
cultation measurements beginning in 2002 and further modeling
studies of past and future temperature evolution.

Observations of stratospheric temperature come from op-
erational and research satellite measurements, radiosondes, and
long-term lidar measurements at a limited number of stations.
Radiosonde observations extend from the surface to the lower
stratosphere (~25 km) and span the longest period (since the late
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1950s) but are influenced by discontinuities due to instrumenta-
tion changes and limited global sampling. Homogenized radio-
sonde datasets, such as RAOBCORE and RICH (Haimberger et
al., 2012), have been constructed to address the instrumentation
changes and derived trend results show reasonable agreement
with temperature trends across broad layers in the lower strato-
sphere from satellite data (e.g., Steiner et al., 2020).

Global satellite measurements of tropospheric and strato-
spheric temperatures are available from the series of operational
MSU and SSU instruments from late 1978 to 2005. These data
represent broad-layer ~10 km and ~20 km averages atmospheric
temperatures for the MSU and SSU measurements, respectively.
The MSU time series have been updated using measurements
from the series of AMSU instruments, which began in 1998.
Merged time series of MSU/AMSU have been produced by sev-
eral teams, including at the University of Alabama in Huntsville
(UAH; Spenceretal., 2017), Remote Sensing Systems (RSS; Mears
etal., 2011), and the NOAA Center for Satellite Applications and
Research (STAR; Zou and Wang, 2011), with all three taking into
account instrument calibration, satellite orbit changes, and other
influences. These different merged datasets produce reasonably
consistent time series and trend results, especially for the lower
stratosphere (Steiner et al., 2020). The SSU time series from 1978
to 2005 were separately merged by Zou et al. (2014) and Nash
and Saunders (2015), producing similar results within data uncer-
tainties (Seidel et al., 2016; Maycock et al., 2018); the Zou et al.
(2014) data exhibited more consistent vertical structure among
the different SSU channels (Seidel et al., 2016). Zou and Qian
(2016) extended the Zou et al. (2014) SSU data record beyond
2005 using AMSU measurements, and time series were inde-
pendently updated by Randel et al. (2016) using research satellite
data from Aura MLS (Livesey et al., 2022) and SABER (Remsberg
etal., 2008). The updated SSU/AMSU and SSU/MLS time series
show excellent agreement through 2018 (Steiner et al., 2020).

Time series of global average temperatures in the tropo-
sphere and stratosphere continue to develop as expected (see
, providing an update of the data in Steiner et al.,
2020), with a warming troposphere and a cooling stratosphere.
The stratospheric cooling increases with height, with a net cooling
over the period 1979-2020 of approximately 0.8, 2.2, 2.6, and
3.1 K for the lower to upper stratosphere, respectively. As noted
in the 2018 Assessment and in the recent IPCC report (Gulev et
al., 2021), the rate of decadal-scale stratospheric cooling is larger
prior to the late 1990s, with very small long-term changes in the
lower stratosphere (TLS) after this time. The long-term trends are
modulated by the well-known transient warming events in the
lower to middle stratosphere following the El Chichén (1982) and
Pinatubo (1991) volcanic eruptions, and the upper stratosphere
is further modulated by the 11-year solar cycle. The lower strato-
spheric temperature (TLS) shows a short-term (~4 months) tran-
sient warming in early 2020 following enhanced stratospheric
aerosols from the Australian New Year fires (Yu et al., 2021; Rieger
etal., 2021).

Recent stratospheric temperature trend analyses include re-
sults from high-quality radio occultation measurements, covering
an altitude range of ~10-30 km with a vertical resolution of ~1
km, with global observations after 2002 (Shangguan et al., 2019;
Steiner et al., 2020). While the data record is still relatively short
for climate variability and trends, these measurements will be-
come increasingly important as the data record lengthens in time.
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In addition to satellite and radiosonde stratospheric tem- against their use for long-term trend studies because of discon-
perature measurements, there are several meteorological reanal- tinuities introduced by the integration of different satellite data
ysis datasets covering the stratosphere provided by meteorolog- records (see also Box 3-2). There continue to be refinements in
ical services. Reanalysis products are widely used in the research reanalysis systems that improve representation of trends in the rel-
community for process studies, but developers have cautioned atively data-rich lower stratosphere (e.g., for ERA5.1; Simmons et

Box 5-2. Impact of GHG-Induced Stratospheric Cooling on Ozone Chemistry

The observed cooling of the stratosphere is driven by changes in ozone, ODSs, GHGs, stratospheric aerosols, and solar variabil-
ity. Increasing concentrations of CO, are a major contributor to this cooling (see Box 5-1 in Karpechko and Maycock et al., 2018 and
Section 5.2.2). Other GHGs modestly enhance this cooling in the middle and upper stratosphere, while in the lower stratosphere,
some GHGs (in particular halocarbons) oppose it to some extent (Ramaswamy et al., 2001). This radiatively driven decrease in strato-
spheric temperatures can be modified by dynamical processes. Climatologically, the stratospheric global overturning circulation
leads to adiabatic cooling of the tropics, and adiabatic warming in the extratropics; the projected strengthening of the overturning
circulation in response to GHG increases (see Section 5.2.4) can increase this dynamical cooling/heating. However, any forced
modifications of the circulation at polar latitudes (i.e., changes in the polar vortex and associated polar descending motion) have
been obscured by strong interannual variability in the past, and are largely model dependent for future projections, in particular in
the Arctic (Section 5.2.6.1). This masks any clear trend in winter/spring Arctic lower stratospheric temperatures (Chapter 4).

The GHG-induced changes in stratospheric temperatures alter ozone chemistry. The abundance of ozone at a particular loca-
tion in the stratosphere is governed by three processes: photochemical production, destruction by catalytic cycles, and transport
processes. The catalytic destruction cycles occur through homogeneous gas-phase chemistry. In the polar lower stratosphere, het-
erogeneous chemical processes are also essential for creating the conditions that allow gas-phase ozone loss to occur. The efficien-
cies of both homogeneous as well as heterogeneous chemical processes depend on temperature, but in different ways. Therefore,
stratospheric cooling from GHGs can have contrasting impacts on chemical ozone changes in different regions of the atmosphere,
as detailed in the following.

Homogeneous Chemistry

In the stratosphere, ozone is produced by the photolysis of molecular oxygen in a process that is independent of temperature
and maximizes in the tropical upper stratosphere. Globally this production is balanced by ozone loss through catalytic cycles involv-
ing homogeneous (gas-phase) chemical reactions. The stratospheric circulation transports ozone from regions of net production to
regions of net loss. Globally, the most important ozone loss cycles involve reactive nitrogen and hydrogen, although chlorine and
bromine play important roles in certain regions such as the polar lower stratosphere (Chapter 4) and upper stratosphere (Chapter 3).
The reaction rates of these loss cycles are temperature dependent, and generally slow down with lower temperatures, causing a net
increase in ozone. This inverse relationship between ozone and temperature changes was discovered for the upper stratosphere in
the 1970s (Barnett et al., 1975) and the mechanisms have been explored in model simulations since the early 1980s (Haigh and Pyle,
1982). Overall, the slowdown in gas-phase ozone destruction leads to an increase in ozone due to GHG-induced cooling, particular-
ly evident in the middle and upper stratosphere (see Chapter 3).

Heterogeneous Chemistry in the Polar Stratosphere

In the polar lower stratosphere, heterogeneous reactions that occur on the surface of polar stratospheric clouds (PSCs; frozen
particles and supercooled liquid aerosols) become important. These reactions are responsible for converting chlorine (and to a lesser
extent bromine) species into active, ozone-destroying forms. This leads to rapid gas-phase ozone loss once sunlit after the end of the
polar night. PSCs form at temperatures below about 195 K. The Antarctic stratosphere reaches temperatures low enough for PSC for-
mation for several weeks in winter and spring every year, but PSC occurrence is much less common and extensive in the Arctic except
during very cold winters and springs. Under these specific conditions, significant springtime Arctic ozone destruction is observed
(Chapter 4). While GHG-induced cooling is generally weak in the lower stratosphere (see Section 5.2.2), it could potentially lead to
favorable conditions for PSC formation in the Arctic lower stratosphere, and therefore increase ozone depletion. Therefore, if GHG-
induced cooling dominates Arctic lower stratosphere temperature changes in the future, we could expect enhanced springtime
ozone depletion (Chapter 4 and Section 4.5.3.3), especially while chlorine and bromine levels remain elevated.

In summary, it is well understood that global ozone, especially in the middle and upper stratosphere, increases with decreasing
temperatures as the key gas-phase ozone destruction reactions slow down. The GHG-induced cooling has contributed to the ob-
served increase in upper stratospheric ozone over the past two decades (since about year 2000), and will continue to do so in future
projections that include rising GHG abundances (see Chapter 3). At polar latitudes, there is potential for enhanced ozone depletion
due to an increased occurrence of PSCs with lower temperatures. However, it is still under debate whether GHG-forced changes
in Arctic lower stratospheric temperatures have already affected PSC formation. Since the Arctic stratosphere is highly dynamically
variable, it is also difficult to assess whether future GHG increases will lead to more favorable conditions for PSC formation (see
discussion in Chapter 4).
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Figure 5-1. Time series of global average temperature anomalies for broad-layer averages from the middle troposphere to the
upper stratosphere (bottom to top). Satellite observations are shown for 1979-2020 (see legend), updated from data described
in Steiner et al (2020). Note that results from the different observational data sets often overlap, highlighting broad-scale agree-
ment. Temperature anomalies are also shown for WACCM model simulations (green colors) for the recent past (1960-2018),
from the so-called Ref-D1 CCMI-2022 simulations incorporating known historical forcings, and including 4 separate realizations.
Simulations for 2015-2100 follow the Ref-D2 CCMI-2022 specifications, using SSP2-4.5 forcing and WMO2018 Al halogens;
the runs include an interactive ocean, and 3 realizations are shown. Anomalies from the two sets of model runs are merged for

the overlap period 2015-2018.

al., 2020; Santer et al., 2021). However, significant differences in
temperature variability and trends are evident among the current
generation of reanalyses in the middle and upper stratosphere,
where they rely primarily on satellite data (e.g., Long et al., 2017;
SPARC, 2022).

The 2018 Assessment included a review of chemistry-cli-
mate model simulations compared to observations, concluding
that the model-simulated temperatures were in agreement with
observations from the lower to the upper stratosphere for the
period 1979-2016. GHG increases are the dominant mechanism
for cooling in the middle and upper stratosphere, modulated by
ozone changes linked with evolving ODSs and temperature-de-
pendent photochemistry (Aquila et al., 2016; Maycock et al.,
2018). Ozone changes that occurred between the start of the ob-
servational record in 1979 and the mid-1990s are the dominantin-
fluence on temperature in the global lower stratosphere. Stability
of lower stratospheric ozone after the late 1990s accounts for the
relatively constant TLS temperatures after that time, extending to
2020. includes an updated comparison of observa-
tions with simulations of the recent past from one model, show-
ing quantitative agreement for a model forced by observed SSTs,
GHGs, and ODSs, along with volcanic and solar cycle effects.
Comparisons of lower stratosphere temperature trends across
the suite of CMIP6 models using historical forcings highlights

significant variability among models but consistent agreement
(within uncertainties) with homogenized radiosonde data and
ERA5.1 (Mitchell et al., 2020).

Model projections of future atmospheric temperature
changes over the 21 century show continued cooling in the mid-
dle and upper stratosphere ( ). Updated evaluations of
past and future temperature changes quantify the relative roles of
GHGs and ODSs in these trends (Garcia et al., 2019). Ozone de-
creases lead to relatively strong contributions to middle-to-upper
stratosphere cooling during the period of strongest ozone losses
(1975-1995); smaller stratospheric temperature trends have oc-
curred prior to and after this period. Modeled future middle-at-
mosphere temperature trends are dominated by GHG changes,
with simulated cooling directly related to the GHG scenario, e.g.,
stronger cooling for RCP8.5 versus RCP6.0 ( ) and re-
duced cooling trends after about 2060 for SSP2-4.5 ( ).
Stratospheric cooling is modulated by corresponding ozone
changes, with weaker cooling over the first half of the 21+ century,
driven by increases in ozone in the upper stratosphere due to de-
creasing ODSs under the Montreal Protocol.

Overall, our assessment is in agreement with the IPCC (Gulev
etal., 2021; Eyring et al., 2021; Lee et al., 2021) in all aspects re-
garding the evolution of stratospheric temperature. In summary,
observational records show continued cooling of the global mid-
dle and upper stratosphere (at a rate of about —-0.6 K decade™),
while lower-stratospheric temperatures have shown no signif-
icant trends since the late 1990s. Model projections of future
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Figure 5-2. Projected global mean temperature trend pro-
files for periods in the early (2015-2035) and late (2055-
2075) 21¢ century calculated from the WACCM chemistry—
climate model for the RCP6.0 (solid) and RCP8.5 (dashed)
emissions scenarios. The uncertainty ranges (2 standard de-
viations) are shown for 2015-2035 trends in both scenarios
and are also representative of the uncertainties for the 2055-
2075 profile. [From Garcia et al., 2019.]

atmospheric temperature changes over the 21 century show
continued cooling in the middle and upper stratosphere, with the
magnitude depending on the GHG emissions scenario. This evo-
lution is consistent with the expected effects of changes in ozone,
ODSs, and GHGs, as well as variability induced by stratospheric
aerosols and solar variability.

Stratospheric water vapor directly influences the climate
system through longwave radiative processes, wherein increased
water vapor cools the lower stratosphere and warms the tropo-
sphere (Forster and Shine, 1999; Solomon et al., 2010; Li and
Newman, 2020). Stratospheric water vapor also influences ozone
abundances through its role as a source of reactive hydrogen
(HO,) and via the formation of PSCs. The 2018 Assessment high-
lighted continuing measurements of water vapor from satellites
and balloons and their general agreement in terms of variability
and changes. The observational satellite data record of strato-
spheric water vapor, which is based on merged datasets from
the early 1990s to the present, is characterized by large decadal-
scale variability, including well-known decreases around the year
2000 (e.g., Solomon et al., 2010) and increases thereafter (Yue
et al., 2019). However, there are no significant long-term trends
in the observations over the period 1993-2020 (Yu et al., 2022).
Recent work has strengthened the observational understanding
of processes influencing water vapor entry across the tropical tro-
popause, along with improving the evaluation of updated model
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simulations and improving theoretical knowledge on water vapor
radiative effects, as discussed below.

Stratospheric water vapor is primarily controlled by the
freeze-drying of air passing through the cold tropical tropopause,
under the influence of the mean upward tropical Brewer-Dobson
circulation (BDC). Transport through monsoon circulations and
overshooting deep convection can also contribute, but these
are likely small effects (Nuetzel et al., 2019; Jensen et al., 2020;
O’Neill et al., 2021). Water vapor increases with height in the
stratosphere due to the slow oxidation of methane (CH,), and this
contribution becomes relatively important in the tropics above
~25 km, or at higher latitudes where stratospheric air is relatively
“aged” (Waugh and Hall, 2002). Observed increases in tropo-
spheric CH, (see Section 5.2.1) are estimated to contribute ~0.1
ppmv decade™ to the water vapor trend above the middle strato-
sphere, accounting for a substantial fraction of the 2002-2018
observed trends in this region from the SABER satellite (Yue et al.,
2019). High-quality satellite measurements of stratospheric water
vapor since the early 1990s (from the HALOE, SABER, and Aura
MLS satellites) provide improved understanding of processes in-
fluencing variability and trends. Comparisons of satellite data with
stratospheric balloon measurements at several locations (Hurst et
al., 2016) suggested a possible drift in MLS v4.2 water vapor re-
trievals after 2010, which has been partially corrected in updated
MLS v5.1 retrievals (Livesey et al., 2021).

Satellite observations demonstrate strong control of tropical
tropopause temperatures on interannual water vapor changes
throughout the near-global (60°S-60°N) stratosphere (Randel
and Park, 2019). Tropical lower stratosphere water vapor vari-
ations are strongly correlated with the cold point tropopause
( , left panel). The associated near-equatorial water
vapor anomalies subsequently propagate vertically in the trop-
ics and poleward in the lower stratosphere, following the BDC.
Reconstruction based on lagged regressions with tropopause
temperatures capture a majority of water vapor variability in these
regions ( , right panel). Water vapor variations in the
extratropical lowermost stratosphere (below the 380 K isentro-
pe), which are key for radiative effects, are less strongly coupled to
the tropical tropopause. The close relationship of tropical strato-
spheric water vapor and tropopause temperature also occurs
for zonal asymmetries (Suneeth and Das, 2020). Boreal summer
monsoon circulations contribute to water vapor transport into
the deep tropics (Nuetzel et al., 2019), contributing up to 14%
to the moist phase of the annual cycle (i.e., the tropical tape re-
corder). This results in somewhat weaker coupling of water vapor
with tropical tropopause temperatures in this season (Randel and
Park, 2019). While convective ice lofting associated with extreme
convection has been discussed as a possible contribution to the
stratospheric water vapor budget, enhancements above back-
ground concentrations occur infrequently in the deep tropics and
have a limited impact (Jensen et al., 2020; Plaza et al., 2020; Feng
and Huang, 2021). Observations suggest direct hydration is more
important over North America during boreal summer, with the
influence of direct water injection reaching up to approximate-
ly 1 km above the local cold point tropopause (Yu et al., 2019;
Wang et al., 2019a; Jensen et al., 2020). Over the coming years,
we expect to see perturbations in stratospheric water vapor from
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Figure 5-3. Temperature control of water vapor entry at the tropical tropopause. (left) Time series of deseasonalized anomalies
in tropical cold point tropopause (CPT) temperature from GPS radio occultation (10°S-10°N) and equatorial (5°N-5°S) 83 hPa
water vapor from Aura MLS. (right) Correlation of deseasonalized anomalies in Aura MLS water vapor over 2004-2020 versus
water vapor reconstructed from lagged regressions onto the tropical CPT. [Updated from Randel and Park (2019) using MLS v5.1

H,O retrievals (Lambert et al., 2020).]

the unprecedented eruption of the Hunga Tonga-Hunga Ha'apai
volcano (see ).

Stratospheric water vapor has been analyzed in CCMI and
CMIP6 models, showing overall consistent behavior compared
to observations and close coupling to tropical tropopause tem-
peratures within each model. However, there is a large diver-
sity among models in cold point temperatures and water vapor
amounts (Keeble et al., 2021; Garfinkel et al., 2021). Climate
change projections consistently show decadal-scale increas-
es in tropopause temperatures and stratospheric water vapor.
Detailed calculations demonstrate that water vapor exhibits a
similar response to diverse climate forcing agents (including CO,,
CH,, solar variability, and sulfate aerosol) through slow feedbacks
involving equilibration of SSTs. For forcings that directly warm the
tropical tropopause region, such as black carbon aerosols, water
vapor changes mostly represent a fast (non-SST-mediated) rather
than a slow response (Wang and Dessler, 2020).

There is improved understanding of the climate feedback
through stratospheric water vapor changes from analyses of
large perturbations in idealized CO, quadrupling experiments
within the multi-model CMIP5 effort (Banerjee et al., 2019) and
analyses from experiments in individual model studies (Li and
Newman, 2020; Huang et al., 2020). Stratospheric water vapor
increases produce a positive net climate feedback, contributing
up to ~10% of the global mean surface warming under CO, qua-
drupling. However, there is considerable intermodel variability in
these results, possibly due to both intermodel differences (e.g., in
radiative transfer codes) and differences in calculation of the feed-
back (e.g., offline radiative feedback calculations versus fixed
water vapor experiments). Results from one model suggest that
associated feedbacks from upper-tropospheric temperatures and

clouds can reduce the surface warming feedback to a few percent
(Huang et al., 2020). These differences call for improved under-
standing of the complex feedback mechanisms, and for quantify-
ing the differences in methodologies used to calculate the feed-
backs. Calculations highlight the important role of water vapor in
the extratropical lowermost stratosphere for radiative feedback.
Water vapor also impacts stratospheric temperatures and circu-
lation, including contributing ~30% of the simulated acceleration
of the BDC in one model (Li and Newman, 2020).

In summary, new studies since the last Assessment led to
improved process understanding of water vapor entry to the
stratosphere by showing that interannual changes in lower-strato-
spheric water vapor are quantitatively consistent with observed
tropical tropopause temperatures. Monsoon circulations and
overshooting convection have relatively small contributions.
Models predict small decadal-scale increases in tropopause
temperature and lower-stratospheric water vapor as a response
to GHG increases, but these changes are not evident within the
year-to-year variability of the observational records. Lastly, radia-
tive effects of stratospheric water vapor under climate change are
sizable but exhibit considerable model uncertainty.

Chapter 5 of the previous Assessment (Karpechko, Maycock
etal., 2018) showed that the discrepancy in trends in the strength
of the BDC between observations and models, first pointed out
in the 2000s (Engel et al., 2009; Waugh et al., 2009), can be rec-
onciled in the lower stratosphere but persists in the mid-to-upper
stratosphere. Specifically, models project a robust strengthening
of the BDC throughout the stratosphere in response to increasing
GHGs. The 2018 Assessment shows that while there is observa-
tional evidence to support the strengthening of the BDC in the
lower stratosphere, observations from tracer measurements
show weakening trends (albeit not significant) at upper levels
(above ~24 km).
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Since the 2018 Assessment, a number of studies have ad-
vanced knowledge on this open question by providing new es-
timates of the uncertainty in stratospheric mean age of air (AoA)
derived from tracer observations. Mean AoA is a measure of the
average transport time from a reference surface (e.g., the tropo-
pause or ground) to a certain point in the stratosphere and thus
quantifies the integrated strength of the BDC. A negative trend
in AoA would therefore be consistent with a strengthened BDC.
AoA can be estimated from long-lived tracers and compared
to models (see Box 5-2 in Karpechko, Maycock et al., 2018).
However, deriving AoA values from observations that are compa-
rable with models is not trivial, and understanding how different
factors influence the trends is key, given the small trend values rel-
ative to the large internal variability. Uncertainties are due to the
nonlinearity of tracer time series (Garcia et al., 2017; Fritsch et al.,
2020), as well as to chemical sinks, in particular of SF (sulfur hexa-
fluoride; Kouznetsov et al., 2020; Kovacs et al., 2017; Leedham-
Elvige etal., 2018; Adcock et al., 2021; Loeffel et al., 2022).

Similar to the 2018 Assessment, the best estimates of the
observed and modeled trends are of opposite sign in the north-
ern middle stratosphere. This is illustrated in , which
shows the most recent estimates of mean AoA trends at northern
mid-latitudes in the middle stratosphere in observations and
models. The model output has been subsampled to mimic the
limited sampling of the observations (following Abalos et al.,
2021). A new result is that the large observational uncertainties
in the latest estimates result in a partial overlap with the model
trends (over 50% of the simulation error bars have some overlap
with the lower bound in the latest observational estimate). This
modest step toward convergence of the modeled and observed
ranges partly results from the larger uncertainties in the model
trends when accounting for the limited spatial and temporal sam-
pling in the observations (as pointed out in Garcia et al., 2011)

Mean AoA trend 24-35 km sampled

o
&

and partly from updated parameters in the derivation of AoA from
observed tracer abundances (Fritsch et al., 2020). Additional un-
certainty that is not fully taken into account arises from the model
results being based on idealized AoA tracers and therefore not
exactly comparable with the observational estimates, which are
based on real tracers. While acknowledging these uncertainties is
a key advance since the 2018 Assessment, there remains a clear
disagreement in the sign of BDC trends between models and ob-
servations in the middle and upper stratosphere.

New evaluation of the BDC in reanalyses since the last
Assessment provides evidence that the spread in the climatology
and the trends is too large among different reanalysis products
to help constrain their values (Chabrillat et al., 2018; Ploeger et
al., 2019; Diallo et al., 2021; Chapter 5 of SPARC, 2022). Most
reanalyses feature an acceleration of the BDC (i.e., a negative AcA
trend) over the last ~30 years, consistent with models but incon-
sistent with observations, as shown in . However, this
figure also reveals the important differences in the magnitude and
spatial structure of the trends across different reanalysis datasets.
ERA-Interim is the only reanalysis showing positive AoA trends in
the NH mid-to-upper stratosphere over the period considered.
These positive trends are consistent with observations but in-
consistent with other reanalyses, including the new-generation
ECMWF reanalysis, ERA5 ( : for further details, see
Chapter 5 of SPARC, 2022).

Decadal changes in AoA over the most recent period (since
approximately 2002) obtained from satellite tracer measurements
reveal an inter-hemispheric asymmetry, with BDC strengthening
(AoA decrease) in the Southern Hemisphere and weakening
(AoA increase) in the Northern (Stiller et al., 2012; Mahieu et al.,
2014; Stiller et al., 2017; Strahan et al., 2020; Han et al., 2019).
Such asymmetry in recent decadal AoA changes is captured by
all modern reanalyses (Ploeger et al., 2019; 2021; Ploeger and

Figure 5-4. Mean AoA trends for the period
1975-2005 from observations and model simula-
tions, with model data sampled at times and loca-
tions corresponding to the observations (Engel et
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al., 2009; Fritsch et al., 2020). Specifically, AcA
is averaged over 24-35 km log-pressure altitudes
and sampled at the same latitudes and months as
the observations. Three families of model simula-
tions are shown: CCMI REF-C1, CMIP6 historical,
. and CCMI2 REF-D1. Each model is represented in
a different color, and multiple ensemble simula-
tions are included for some models, to account for
the influence of internal variability on the trends.
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The mean AoA trend derived from observations is
shown on the left (inside the gray shaded area): the
original value from Engel et al. (2009) (light gray),
and that obtained from the same data but using an
updated method to derive AoA from tracer concen-
trations, as described in Fritsch et al. (2020) (dark
gray). Error bars represent least square regression

Observations Models

286

slope uncertainty at the 95% confidence level for
the models, while for the observations they include
additional measurement error estimates. [Adapted
from Abalos et al., 2021.]
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Figure 5-5. Trends in mean AoA in four modern reanalyses over the period 1989-2015 (shading), computed using the Lagrang-
ian transport model CLaMS. Thin solid contours show the mean AoA climatology, with contour spacing of six months. The solid
thick contour shows the lapse-rate WMO tropopause. Thin dashed contours show selected isentropes with labeled values in K.
Note that the updated ERA5.1 is used for the 2000-2006 period in the ERA5 panel, as in Ploeger et al. (2021). [Adapted from

Ploeger et al., 2019, 2021.]

Garny, 2022). The mechanism proposed to explain these chang-
es consists of a southward displacement of the region of tropical
upwelling and associated changes in mixing, which in turn has
been linked to decadal variability associated with the Quasi-
Biennial Oscillation (QBO; Strahan et al., 2020). Differences in
changes in the deep and shallow residual circulation branches
have also been proposed to affect the inter-hemispheric asym-
metry (Han et al., 2019, Ploeger and Garny, 2022). These recent
studies highlight the crucial role of internal climate variability in
limiting the detection of externally forced long-term trends over
the observational period. In particular, it is important to account
for this decadal internal variability in transport in order to interpret
recent trends in lower-stratospheric ozone (see Chapter 3).

In model simulations, two main external forcings dominate
the long-term BDC trends: trends in GHGs and trends in ODSs.
The proposed mechanism for the former is that as well-mixed
GHGs warm the troposphere, the associated changes in ther-
mal wind balance in the subtropical lower stratosphere modify
wave propagation and dissipation conditions, which in turn
accelerate the residual circulation (Shepherd and Mclandress,

2011). A robust strengthening of the BDC with GHG increases
has been projected by models for decades, and new multi-model
studies provide updated confirmation of this result (Eichinger et
al., 2019; Polvani et al., 2019; Abalos et al., 2021). The global
stratospheric mean AoA is projected to decrease about -0.05
years decade™ over the 21% century under the RCP6.0 scenario
(Eichinger et al., 2019). In general, trends emerge faster in the
integrated measure of mean AoA compared to the residual cir-
culation strength and emerge faster in the lower stratosphere
(shallow branch) than in the middle stratosphere (deep branch)
(Abalos et al., 2021). While ODSs are also well-mixed GHGs,
their main impact on the BDC occurs through the dynamical
coupling with Antarctic ozone depletion (Abalos et al., 2019).
Specifically, the polar lower-stratospheric cooling due to ozone
depletion delays the polar vortex breakdown (see Section 5.2.6.1)
and leads to enhanced wave propagation in austral summer. The
key role of ODSs on the BDC trends highlighted in the previous
Assessment has been confirmed by further studies over the last
few years. Specifically, ozone depletion was the main driver of
the acceleration in austral summer polar downwelling over the
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last decades of the 20" century. Moreover, its effect extends to
the annual mean global circulation, such that more than half of the
modeled mean BDC acceleration over the last few decades of the
20% century was driven by ozone depletion (Oman et al., 2009,
Polvani etal., 2018; Li et al., 2018, Abalos et al., 2019; Polvani et
al., 2019). Simulations using RCP6.0 and A1 WMO scenarios for
well-mixed GHGs and ODSs, respectively, consistently predict
a future (2000-2080) global mean AoA trend that is about 50%
weaker than the simulated trends for the past (1980-2000) due
to ozone recovery (Polvani et al., 2019). A weakening of the trop-
ical upwelling trends after the year 2000 derived from satellite
temperature observations (Fu et al., 2019) is consistent with the
timing of ozone stabilization and recovery. However, the obser-
vationally derived trends of tropical upwelling in Fu et al. (2019)
do not feature the expected seasonality of ozone depletion and
recovery effects on the BDC, which maximizes in the December—
January—February period for SH downwelling in models.

As reviewed in Chapter 5 of the last Assessment (Karpechko,
Mayock et al., 2018), the mean transport time along the BDC,
quantified by AoA, is the space- and time-integrated effect of
two main processes: the residual circulation and two-way mixing
(Plumb, 2002). Since the last Assessment, a number of studies
highlighted the importance of those processes for the simulation
of stratospheric transport and its trends. AoA trends are driven
by a combination of an enhanced residual circulation and mix-
ing changes, and intermodel differences in the trend magnitude
relate to differences in mixing changes (Eichinger et al., 2019).
Moreover, recent studies have shown that differences in mixing
(independent of the residual circulation) are the main cause of the
large intermodel differences in the AoA climatology (Dietmdiller
et al., 2018). These results highlight the importance of both re-
solved and sub-grid-scale mixing for constraining stratospheric
transport in global models. Another important result from new
studies is that nudging the model’s meteorology to reanalysis
fields does not help constrain the BDC. On the contrary, it increas-
es the intermodel spread (Chrysanthou et al., 2019; Orbe et al.,
2020; Davis et al., 2020; Davis et al., 2022). This result cautions
against the use of nudged simulations for studies of the BDC and
underlines the need to improve nudging techniques, as nudged
simulations are often used to compare with observations.

In summary, new studies on BDC changes confirm the long-
known robust result that models simulate a BDC strengthening,

caused by both GHG increases and by ozone depletion that was
driven by ODS increases over the last four decades of the 20™
century. Future strengthening of the BDC due to increasing GHG
concentrations outweighs the effects of ozone recovery in the
RCP6.0 scenario; as a result, an acceleration (though weaker by
about 50%) is expected in the future. The longstanding discrep-
ancy between models and observational evidence of past BDC
trends in the mid-stratosphere is not yet resolved. Nevertheless,
updated calculations of observational AoA estimates marginally
overlap with the simulated strengthening of the BDC. Overall,
recent studies highlight the crucial role of observational uncer-
tainties and internal decadal variability in limiting the detection of
externally forced BDC trends.

Variations in stratosphere-troposphere exchange are im-
portant contributors to the variability of ozone concentrations,
particularly in the troposphere, where the background concen-
trations are small compared to those of the stratosphere. The
last Assessment stated that both greenhouse gas increase and
stratospheric ozone recovery will tend to increase the future
stratosphere-to-troposphere transport (STT) of ozone. This result
has recently been shown to be robust across CCMI models. This
is due to the stronger STT associated with the strengthening of
the BDC in response to increasing greenhouse gas abundances
(see Section 5.2.4), as well as to an increased ozone reservoir
in the lowermost stratosphere with ozone recovery (Abalos et
al., 2020). Consistent with the latter mechanism, stratospheric
ozone depletion has had a large impact on tropospheric ozone
trends over the period 1979-1994 in some regions (Griffiths
et al., 2020). The strong coupling between ozone STT and the
acceleration of the residual circulation in models is illustrated in

; models with a stronger acceleration of the BDC fea-
ture larger increases of stratospheric-origin ozone concentrations
in the troposphere. The stratospheric ozone tracer is the same as
ozone in the stratosphere and has chemical and depositional loss
(but no production) in the troposphere. In addition to this large-
scale mechanism, an increase in tropopause fold frequency with
climate change could contribute to local enhancements of ozone
STT in the future (Akritidis et al., 2019).

In addition to the importance of ozone STT, the evolution of
the global tropospheric ozone burden depends to a large extent
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on the evolution of tropospheric ozone precursor emissions.
This is reflected in the different evolution of tropospheric ozone
in the various SSP scenarios, with methane emissions playing a
particularly important role (Morgenstern et al., 2018; Abalos et
al., 2020). More details on the future evolution of tropospheric
ozone and the different factors affecting it can be found in Section
3.4.5and Box 3-4.

In order to best understand and model the externally forced
long-term trends in ozone STT, it is important to quantify the inter-
nal interannual variability. New studies since the last Assessment
find a significant increase in ozone STT during the positive El
Nifio-Southern Oscillation (ENSO) phase near the Pacific subtrop-
ical jet, in agreement with previous results, while the QBO effects
on STT remain more uncertain (Olsen et al., 2019). The influence
of stratospheric ozone on interannual variability in tropospheric
concentrations is particularly strong in North America (Liu et al.,
2020), due to enhanced STT mainly in spring (Breeden et al.,
2021). Nevertheless, the effects of ENSO and the QBO on the
globally integrated ozone STT are small (Olsen et al., 2019).

In summary, consistent with the previous Assessment,
increased ozone transport from the stratosphere to the tropo-
sphere is expected in a future climate, due to both strengthened
BDC and stratospheric ozone recovery.

The state of the stratospheric polar vortex in both the
Southern and Northern Hemispheres is a crucial factor in deter-
mining the possibility for heterogeneous ozone depletion (see
Chapter 4, including the definition of polar vortex in Box 4-1).
Conversely, the strength of the polar vortex can be modified by
strong polar ozone depletion through an increase of the meridio-
nal temperature gradient. The following section assesses dynami-
cal variability of the polar vortex and its long-term changes, while
Chapter 4 discusses its role for polar ozone.

In previous Assessments, it was reported that the strong SH
polar ozone depletion had led to an increase in vortex strength
in austral spring and summer, resulting in a delay of the SH polar
vortex breakdown. This trend attenuated over more recent years,
consistent with the lack of trend in polar ozone (see Chapter 4).
Ozone recovery is expected to lead to earlier vortex breakup
dates. Models project that increasing GHG concentrations will
delay recovery of the SH vortex breakup date, although the
mechanism for this delay is not entirely understood (Ceppi and
Shepherd, 2019; Mindlin et al., 2020). As a result of the two op-
posing effects of ozone recovery and GHG increase on the SH vor-
tex, the delay caused by ozone depletion is projected to not be
fully reversed by the end of the 21 century (Wilcox and Charlton-
Perez, 2013; Rao and Garfinkel, 2021a). The vortex breakup
date will rather remain constant or become delayed even further
(Mindlin et al., 2021) in both moderate- and high-emissions sce-
narios (Rao and Garfinkel, 2021a). As further detailed in Section
5.3.2, recent studies indicate that two-way coupling between
ozone and polar vortex dynamics enhanced past ozone-induced
trends in the polar vortex.

As stated in the last Assessment and in the IPCC Sixth
Assessment Report (IPCC AR6; see Section 2.3.1.4.5 of Gulev
et al., 2021), large interannual and decadal variability hinders
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the detection of long-term changes in the NH polar vortex, and
it was assessed that the vortex weakening over the last decades
is likely a result of internal variability. There are no indications for
a past influence of NH polar ozone depletion on long-term polar
vortex trends, due both to the far weaker ozone depletion in
the Northern compared to the Southern Hemisphere and to the
strong interannual variability in the NH polar vortex.

Future changes in the NH polar vortex strength are uncer-
tain, and the mechanisms for changes in the polar vortex, as well
as reasons for the large intermodel spread, are still under discus-
sion (Wu et al., 2019; Ayarzagiiena et al., 2018, 2020; Rao and
Garfinkel, 2021b). The nonlinearity of the response of the polar
vortex strength to surface warming reported by Manzini et al.
(2018) has been further supported by analysis of a multi-model
dataset (Kretschmer et al., 2020). Arctic sea ice loss trends con-
tinue to be explored as potential drivers for a future decrease of
the NH polar vortex strength (Kretschmer et al., 2020; Kim and
Kim, 2020), although some studies question this connection
(e.g., Seviour, 2017). Another suggested driver of the future
trends in the NH polar vortex are changes in vertical planetary
wave propagation conditions, driven by the warming trend in the
tropical troposphere (Karpechko and Manzini, 2017). In addition
to changes in its mean strength, studies report a possible future
shift of the position of the vortex (Matsumara et al., 2021). Under
high-emissions scenarios, it was projected that the occurrence of
low temperatures within the polar vortex will increase in the future
(von der Gathen, 2021), with potentially important impacts for
polar ozone (see Chapter 4 and ). However, the robust-
ness and mechanism for such increases in the occurrence of low
temperatures, and how they are linked to dynamical changes of
the polar vortex or to radiative effects, remain to be understood.

Recent winters have exhibited strong anomalies in both
the Arctic and Antarctic polar vortices, resulting in strong ozone
anomalies (see Chapter 4). In early 2020, the NH polar vortex was
anomalously strong, leading to a record-low ozone (Lawrence et
al., 2020; Section 4.2.4.2). In other years (e.g., 2018 and 2019),
the Arctic polar vortex experienced sudden breakdowns, so-
called sudden stratospheric warmings (SSWs; Baldwin et al.,
2027; Section 4.2.2.1). Although there is not a unique definition, a
frequently used criterion is that SSWs are classified as major if the
zonal wind at 10 hPa and around 60° latitude reverses to easterlies
(Charlton and Polvani, 2007; Baldwin et al., 2021; Butler et al.,
2015 and references therein). SSWs occur about every other year
in the Northern Hemisphere (with an average of about 6 major
SSWs every 10 years). Polar ozone abundances are strongly mod-
ulated by SSWs, both due to transport anomalies associated with
SSWs (de la Camara et al., 2018; Hong and Reichler, 2021) and
to the prevention of necessary conditions for polar ozone deple-
tion (see Chapter 4). Strong natural, internal variability, including
low-frequency decadal variability (Dimdore-Miles et al., 2021),
prevents the detection of potential small-amplitude changes in
SSW frequency, so that no consistent long-term change in SSW
frequency has been detected in the Northern Hemisphere over
the past decades. No robust future changes in the NH SSW fre-
quency are projected in long model integrations from state-of-
the-art multi-model studies (see ), irrespective of the
climate change forcing scenario (Ayarzaglena et al., 2018; Rao
and Garfinkel, 2021b). Moreover, in most recent model simula-
tions with extreme CO, concentrations imposed, several indi-
vidual models show statistically significant changes in the SSW
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Change in Sudden Stratospheric Warming Frequency
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SSWs/decade

Figure 5-7. Simulated change in the frequency of NH Sudden Stratospheric Warming (SSW) events in the future (2061-2100) rel-
ative to the 1960-1999 average in CCMI-1 model simulations (REF-C2; blue bars) and in CMIP6 model simulations under scenario
SSP3-7.0 (green bars). The SSW definition is based on the reversal of the zonal-mean zonal wind at 60°N and 10 hPa to easterlies
(see Charlton and Polvani, 2007, for the exact definition). Darker colored bars in both indicate statistically significant future-mi-
nus-past differences at the 95% confidence level. [Updated from Ayarzagliena et al., 2018.]

frequency, but there is no consensus on the sign of this change
(Ayarzagiiena et al., 2020). Overall, in agreement with IPCC ARG
(Eyring etal., 2021), we assess that there is no evidence for forced
changes in NH SSW frequency. On the other hand, recent stud-
ies have highlighted the importance of non-SSW influences of
the polar vortex on both ozone and surface climate. In particular,
shifts or stretching of the vortex may influence climate and weath-
er differently (Kretschmer et al., 2018; Lee et al., 2019; Butler and
Domeisen, 2021; Cohen et al., 2021).

In the Southern Hemisphere, only one major SSW has been
observed so far (in 2002). In September 2019, the Antarctic
polar vortex experienced its second-strongest disruption ever
observed (Section 4.2.3.2; Lim et al.; 2021). While the 2019 dis-
ruption did not meet the criterion of a major SSW, it is widely con-
sidered a SSW in terms of its dynamical characteristics. Therefore,
it was suggested that the definition of SSW be adapted for the
Southern Hemisphere based on the anomalies of the zonal wind
at 60°S and 10 hPa passing below -40 ms™ (Jucker et al., 2021),
which is met by the two events in 2002 and 2019. In contrast to
the strong disruption in 2019, the two following Antarctic spring
seasons (2020 and 2021) both featured a strong and long-lasting
polar vortex that led to a large and exceptionally persistent ozone
hole (Section 4.2.3.3). This prompts the question of whether
we can expect a future change in polar vortex variability. Given
that SSWs are very rare events in the Southern Hemisphere, their
frequency can be estimated only from long model integrations.
Two recent studies were the first to attempt this task, and while
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based on different models, they both report a similar SSW fre-
quency of about one event in 25 years (Wang et al., 2020; Jucker
et al., 2021). The observed rate of major SSWs is one event (i.e.,
the 2002 event) since the start of the comprehensive satellite re-
cord in 1979 and thus lies below the rate estimated from models.
When using the adapted definition for the Southern Hemisphere,
which includes the observed 2019 event, the observed rate of
two events in 42 years is well within the range expected from the
model studies. Therefore, current evidence suggests that the rate
of occurrence over the past decades is within expectations, and
there is no evidence for changes in SH SSW frequency.

Future changes in the SH SSW rate are addressed in a single
study, which projects a strong decrease in the yearly occurrence
probability of SSWs in the Southern Hemisphere (from 4.6% in
the present day to 0.3% in a future 4xCO, climate based on the
adapted SSW definition), linked to a general increase in polar
vortex strength under increased GHG abundances (Jucker et al.,
2021). This result by a single model is backed up by analysis of
CMIP6 models in the same study (Jucker et al., 2021), but these
results are very uncertain due to the limited simulation length
(Ayarzagliena et al., 2020) and model biases in the SH polar vor-
tex strength.

In summary, current evidence suggests that, in both moder-
ate- and high-emissions climate scenarios, a delay in the vortex
breakup date of the SH polar vortex that was driven by ozone
depletion in the past will not reverse in the future due to the op-
posing effect of increasing GHGs. Trends in the strength of the



NH polar vortex remain insignificant in the observational period,
and future trends are uncertain in sign. While recent years exhib-
ited strong polar vortex variability in both hemispheres, there is
currently no evidence for changes in the frequency of SSWs in
either hemisphere up to the present day. For the future, climate
models project inconsistent changes in NH SSW frequency, and
one recent study suggests a possible decrease in the occurrence
rate of SH SSWs in response to strong CO, forcing.

The Quasi-Biennial Oscillation (QBO) refers to the alternating
westerly and easterly zonal winds that descend in the tropical
stratosphere with a period of about 28 months. The QBO affects
stratospheric ozone (see also Section 3.2.1.1) both in the tropics
and extratropics by modulating vertical and meridional transport
and by modulating temperature that affects ozone chemistry
(primarily in the mid-to-upper equatorial stratosphere). The de-
scending easterly phase of the QBO is associated with enhanced
tropical upwelling and so results in reduced ozone in the lower
tropical stratosphere that lags the QBO-temperature anomaly
by a quarter cycle. The compensating downwelling in the extra-
tropics, primarily in the NH winter, results in enhanced extratrop-
ical stratospheric ozone. The opposite occurs during the descent
of the westerly phase of the QBO. In the upper stratosphere, the
induced ozone variation is controlled by temperature-dependent
photochemistry and is out of phase with the QBO-temperature
anomaly. Due to the decadal variation of the QBO (both inten-
sity and period; Shibata and Naoe, 2022), the QBO-induced
ozone variability has obscured detection of secular changes in
ozone, such as those expected as a result of ozone recovery (Ball
et al., 2019), and therefore effects of the QBO need to be care-
fully accounted for in assessing future secular changes in ozone.
Nonetheless, the overall impact of the QBO on hemispheric or
global mean ozone is small (Olsen et al., 2019). However, the
disruption of the descending easterly phase of the QBO in 2016,
which was unprecedented in the observational record at that
time, resulted in a sustained increase of tropical ozone and de-
crease in extratropical ozone (Diallo et al., 2018). Another disrup-
tion of the QBO occurred in 2019 (Anstey et al., 2021), raising the
possibility that the QBO and its impact on ozone may change in
the future (Anstey at al., 2021; see also Section 3.2.1.1).

Since the last Assessment, there has been considerable
progress in simulating the QBO in global climate models, with 15
out of the 30 models contributing to CMIP6 able to simulate a re-
alistic QBO (Richter etal., 2020a). There is a consensus across the
CMIP6 models that are able to depict the QBO, the QBOi mod-
els (Butchart et al., 2018), and other models (Naoe et al., 2017;
DallaSanta et al., 2021) that the QBO will weaken in the mid-to-
lower stratosphere in a warming climate. This occurs in the 2xCO,
and 4xCQO, time slice simulations with the QBOi models (Richter
et al., 2020b) and for the CMIP6 simulations using the Shared
Socioeconomic Pathways (SSP) SSP3-7.0 and SSP5-8.5 scenari-
os (Richter et al., 2020a). This is usually attributed to enhanced
equatorial upwelling associated with an acceleration of the BDC
in response to increasing GHGs (Kawatani and Hamilton, 2013),
which acts to oppose the descent of the QBO wind variations.

Progress in simulating and projecting the changes in the
QBO has been achieved by widespread adoption of non-oro-
graphic gravity-wave parameterizations that are able to drive the
alternating equatorial descending easterly and westerly QBO
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winds. A drawback of relying on non-orographic gravity-wave
parameterizations is that the projected changes in the QBO as
a result of climate change (and possibly ozone recovery) exhibit
dependencies on these parameterizations (Anstey et al., 2022).
Although the periodicity and latitudinal extent of the QBO in
circulation and temperature are well simulated in these models,
there remains a persistent underestimation of the amplitude of
the QBO that extends from the lower stratosphere down to the
tropopause (Bushell et al., 2020; Richter et al., 2019; Richter et
al., 2020a; Anstey et al., 2022). This lower stratospheric bias in
QBO amplitude means that processes that are strongly modulat-
ed by the QBO, such as troposphere-stratosphere exchange, are
unlikely to be well captured, and therefore adds uncertainty in
projections of how these processes might change in the future.
The models also commonly underestimate the remote impact
of the QBO on the NH winter vortex (Rao et al., 2020; Anstey et
al., 2022), which partly results from a misrepresentation of the
seasonal phase locking of the QBO (i.e., the tendency for phase
transition at 50 hPa to occur during April-June and for the down-
ward phase propagation to be slowest during the winter). For
both the 2xCO, and 4xCO, time slice runs with the QBOi models
(Richter et al., 2020b) and the various SSP projections with the
CMIP6 models for the end of the century (Anstey et al., 2021), the
subtropical westerlies in the lower-to-mid- stratosphere increase,
acting to shift the critical line for wave dissipation closer to the
equator. This equatorward shift of the critical line will result in an
increase in equatorward penetration of extratropical wave driv-
ing that acts to decelerate the stratospheric zonal flow. Together
with a weakening of the QBO as a result of a strengthened BDC
(see Section 5.2.4), this enhanced equatorward penetration of
extratropical wave driving in a warming climate implies that future
disruptions of the QBO, such as occurred during 2016 and 2019,
could become more common in the future (Anstey et al., 2021).
No evidence of an increased frequency of disruptions was found
in one model with interactive ozone (DallaSanta et al., 2021), but
it is difficult to draw conclusions from any single model because
the details of the projected changes in the QBO vary widely
across the models (e.g., Richter et al., 2020b).

The QBO-induced ozone variations in the lower equatorial
stratosphere are primarily governed by transport variations, while
temperature-dependent photochemical ozone variations are
dominant higher in the stratosphere (Zhang et al., 2021). This in-
dicates that inclusion of interactive ozone chemistry is required in
order to infer future changes in QBO-induced ozone variations,
but the vast majority of the models examined in CMIP6 and the
QBOi did not use interactive ozone. Furthermore, there is grow-
ing evidence that the observed QBO-induced ozone variations
are of sufficient magnitude to potentially provide feedback onto
the QBO (Kataoka et al., 2020; Pohlmann et al., 2019; Shibata,
2021). This possible feedback was inferred to be positive in two
different chemistry-climate models (Naoe et al., 2017; DallaSanta
etal., 2021), with the amplitude of the QBO-induced ozone varia-
tion also increasing. On the other hand, Shibata (2021) artificially
increased the magnitude of the ozone variation passed to the
radiation code in a CCM and found little impact on the amplitude
of the QBO but a lengthening of the QBO period. However, be-
cause there has so far been little focus on the simulation of the
QBO with interactive ozone, there is still low confidence in the
simulated impacts and especially in the positive feedback on
amplitude.
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Strengthening of the QBO-induced ozone variation despite
a projected weakening of the QBO partly derives from the ex-
pected recovery of ozone (Naoe et al., 2017; DallaSanta et al.,
2021). The simulated ozone-dynamical feedback can also act to
offset the decline in amplitude of the QBO as a result of increas-
ing greenhouse gases (DallaSanta et al., 2021), indicating that
increasing confidence in projected changes of the QBO and
its impacts on ozone variations will require the inclusion of ex-
plicit ozone-dynamical coupling (see also and Section
5.3.2.1.3).

In summary, since the last Assessment, there is more confi-
dence that the QBO will weaken in the future as a result of accel-
eration of the BDC in a warming climate. However, there remains
large uncertainty about any change in its periodicity and about
the associated impact on ozone variability. New evidence infers
that disruptions of the QBO may become more likely in a warming
climate.

5.3 EFFECTS OF CHANGES IN STRATOSPHER-
IC OZONE AND ODSs ON CLIMATE

The climate impacts of stratospheric ozone changes on tro-
pospheric and surface climate are well established and widely
documented. Ozone depletion has been deemed the key driv-
er of late—20" century austral summer atmospheric circulation
changes in the Southern Hemisphere, as well as one of the drivers
of changes in the SH cryosphere and ocean. Here, we focus on
new findings since the last Assessment. This includes new quan-
tifications of the radiative forcing from ODSs and ozone (Section
5.3.1). We also highlight an emerging body of evidence pointing
at the direct climate impacts of ODSs, independent of ozone de-
pletion, and the importance of stratospheric ozone-climate feed-
backs and ozone-circulation coupling on a range of timescales.
In particular, we highlight new evidence concerning the climate

effects of the Montreal Protocol and reveal that some of these ef-
fects may have already begun to be realized (Sections 5.3.2 and
5.4).

Changes in stratospheric ozone can affect climate in a num-
ber of ways. Aside from inducing stratospheric cooling (Section
5.2.2) and changes in the stratospheric (Sections 5.2.4 and
5.2.5) and tropospheric (Section 5.3.2) circulation, trends in
stratospheric ozone and ODS abundances introduce a radiative
forcing perturbation that is a substantial fraction of the total an-
thropogenic radiative forcing over the second half of the 20* cen-
tury (Forster et al., 2021). This section focuses on what has been
learned about radiative forcing since the last Ozone Assessment
(Section 5.3.1.7). The climate effects of stratospheric ozone and
ODSs are traditionally studied in conjunction, as they are closely
coupled via heterogeneous and homogeneous chemistry. Here,
we review new evidence on their effects in isolation, such as the
direct effects of ODSs on climate (Section 5.3.1.2) and those of
GHG-induced stratospheric ozone changes on climate (Section
5.3.1.3).

Radiative forcing is one of the key metrics for quantifying
the potential climate effects of historical ODS emissions and the
resulting ozone changes. Traditionally, the standard definition
adopted to quantify the radiative forcing of historical ozone and
ODS changes is the stratosphere-adjusted radiative forcing. In
the following, the term “radiative forcing” (RF) refers to this strato-
sphere-adjusted radiative forcing definition. Some studies have
adopted the “effective radiative forcing” (ERF) definition that was
mandated by IPCC AR5. However, as detailed below, given the
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Figure 5-8. Radiative forcing from stratospheric ozone relative to 1850 and its evolution over the 20" century, from the ozone
datasets compiled for CMIPG (solid lines) and CMIP5 (Cionni et al., 2011; dotted lines), as well as the IPCC AR5 estimate (red line)
and its uncertainty (shading), for the global mean (left panel), Northern Hemisphere (center panel), and Southern Hemisphere
(right panel). The stratosphere-adjusted RF in this figure is evaluated at the tropopause. Yellow lines denote the SW forcing, while
blue lines show the LW component in the CMIP5 and CMIP6 estimates. [Adapted from Checa-Garcia et al., 2018.]



larger uncertainty in the ERF quantification, the stratosphere-ad-
justed RF is the focus of our Assessment (see also on
radiative forcing).

Since the last Assessment, updated RF values (relative to
1850) for whole-atmosphere ozone have been derived (Checa-
Garcia et al., 2018; Skeie et al., 2020) and have recently been as-
sessed in IPCC ARG (Section 7.3.2.1 of Forster et al., 2021). These
values are listed in , along with several previously re-
ported values for reference. The 3-D ozone forcing dataset com-
piled for CMIP6 models without interactive chemistry (“CMIP6
ozone” in ) produces a whole-atmosphere (stratospher-
ic + tropospheric) ozone RF over the period 1850-2010 of 0.3
W m=2, in agreement with the value reported in IPCC AR5 (0.35
W m), and this RF is almost entirely due to tropospheric ozone
(0.33 W m™). The whole-atmosphere ozone RF in the new CMIP6
dataset is double (0.30 versus 0.15 W m™) that in its predecessor,
the CMIP5 ozone dataset (Cionni et al., 2011). Even larger values
are obtained in Skeie et al. (2020) (0.41 W m™) and in IPCC ARG
(0.47 W m; Forster et al., 2021), which is likely due to the larger
emissions of tropospheric ozone precursors used in CMIP6 mod-
els than in the two CCMI models employed in the production
of the CMIP6 ozone forcing dataset. In addition, the forcing in
Forster et al., 2021 is relative to 1750 rather than 1850.

The RF arising from stratospheric ozone changes over the
historical period has been estimated by a number of studies
since the last Assessment, based on different reanalysis or model
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Assessments, the RF due to stratospheric ozone is much smaller
than that due to tropospheric ozone, since it is the result of com-
peting effects in the longwave (LW) and shortwave (SW) radiation
( ;seealso ). The global mean RF is dominated
by the Southern Hemisphere. Since stratospheric ozone trends
are larger and more consistent across models in the Southern than
in the Northern Hemisphere, the RF estimates there are more ro-
bust across the ozone datasets than in the Northern Hemisphere
( ). New estimates of the net global mean stratospheric
ozone RF in the historical period based on multiple CCMs gen-
erally range from a small (<0.1 W m™) net positive to a small net
negative RF (see ), likely caused by the compensation of
LW and SW effects, as seen in forcing datasets depicted in

. Thereanalysis-based RF estimate over the period 1750-2010
is near zero (+0.003 = 0.20 W m2) in the global mean (Bellouin
etal., 2020; based on CAMS reanalysis data), which is well within
the range of the model-based estimates.

Compared to previous model-based estimates of global
mean stratospheric RF, newer estimates from CMIP6 are generally
slightly smaller but also span a wider range (see and

). The ozone forcing dataset produced for CMIP6
results in a slightly smaller global mean stratospheric ozone RF
over the period 1850-2010 compared to its CMIP5 predecessor
(-0.03 = 0.06 W m2 versus —0.08 W m=2; Checa-Garcia et al.,
2018; Cionnietal., 2011; see also ). In Chapter 7 of the
Working Group | contribution to IPCC ARG (Forster et al., 2021),

datasets (as summarized in ). Consistent with previous the 1850-2010 stratospheric ozone RF was suggested to be 0.02

Table 5-1. Radiative forcing from stratospheric, tropospheric, and total ozone from the studies assessed in this chapter, along
with the definition of RF method (following the forcing definitions used by IPCC AR6), the time period of the forcing, and the input
dataset for the calculations. The CMIP6 ozone dataset is constructed by averaging the output of two CCMI models (WACCM and
CMAM) driven with precursor and ODS emissions and all historical forcings over the period 1850-2014 (Checa-Garcia et al.,
2018). In CMIP5, the ozone dataset is derived from simulated tropospheric ozone, while ozone in the stratosphere it is based
on satellite observations since 1979 and statistical extrapolations before that date (Cionni et al., 2011). In studies using model
simulations as the input dataset, the RF has been calculated from each individual CCM output. In Skeie et al. (2020), a different
stratospheric ozone RF range of —-0.02 * 0.14 W m2 is obtained when excluding one outlier model (UKESM) but including all
other models with comprehensive stratospheric chemistry. The uncertainty range represents the 5-95% range, unless otherwise
noted. Some sensitivity of the RF to the tropopause definition arises when separating stratospheric and tropospheric ozone, but
this effect is only marginal (Stevenson et al., 2013).

Checa-Garcia etal., 2018 SARF 1850-2010 CMIP6 ozone -0.03+0.06 (a) 0.33£0.16 (a) 0.30£0.15 (a)
Skeie et al., 2020 SARF 1850-2010 CMIP6 models (b) 0.02+0.07 0.39+0.07 0.41+£0.12
Skeie etal., 2020* SARF 1850-2010 CMIP6 models (c) -0.02+0.14
Bellouin etal., 2020 SARF 1750-2010 (d) Re-analysis (e) 0.00+0.20 (f) 0.33+0.27 (f) 0.32+0.32 (f)
Thornhill etal., 2021 ERF 1850-2014 CMIP6 models 0.33+0.11 (g)
Michou etal., 2020 ERF 1850-2010 Single CMIP6 model -0.04
IPCC-AR6 ERF (h) 1750-2019 (i) assessed 0.47 £0.23
Cionnietal., 2011 SARF 1850-201 CMIP5 ozone -0.08 0.23 0.15
Stevenson etal., 2013 SARF 1750-2010 (i) ACCMIP models 0.41£0.14
IPCC-AR5 SARF 1750-2011 (i) assessed -0.05+0.10 (a) 0.40+0.20 (a) 0.35+0.20 (a)

*) differs from published range (see c)
) 5-95% interval using parametric formula (Myhre et al., 2013)

(e) reanalysis is based on modeling (CAMS)
(f) 5-95% interval calculated from combined structural uncertainties
b) excluding models without trop chem and model with excessive depletion (5 out of 11) (9) emission-based ERF (linear sum of individual GHGs)
) including all models with strat chem, excluding model with excessive depletion (9 out of 11) (h) ERF is taken to be equal the SARF
(

(
(a

(

(

(d) end year is average 2003-2017 i) extrapolations to extended period made adding offsets
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+ 0.07 W m?, based on CCMs participating in CMIP6 (Skeie et
al., 2020), compared to a range of —0.05 = 0.10 W m~ assessed
by IPCC AR5. The CMIP6 range was obtained by excluding mod-
els without tropospheric chemistry (but which do simulate strato-
spheric chemistry) and one model with excessive ozone depletion
(UKESM). Taking all CMIP6 models with interactive stratospheric
chemistry except UKESM into account yields a range of -0.02 +

0.14 W m~2, which is closer to previous estimates (see ;
Skeie et al., personal communication). In general, these different
estimates agree on a flattening of the global stratospheric ozone
RF since the late 1990s (Dhomse et al., 2018; ), consis-
tent with the emergence of healing of the ozone layer (Chapter 3).

Inthe future, the stratospheric ozone RF is expected to remain

Box 5-3. Radiative Forcing from Ozone and ODSs: Methods and Uncertainties

The radiative forcing (RF) metric quantifies the radiative energy flux perturbation exerted by natural and anthropogenic forcings
into the climate system. A positive forcing introduces a net radiative gain, ultimately leading to surface warming, until increased
thermal emissions to space restore the balance; a negative forcing operates in the opposite way, causing cooling (Ramaswamy et al.,
2019). Historically, RF has been defined by the change in the energy balance in the climate system when a forcing is introduced with
respect to a preindustrial climate. However, this instantaneous evaluation of the energy imbalance (termed “instantaneous radiative
forcing”) does not represent the actual climate impact of the forcing introduced, in particular regarding the surface warming, as rapid
adjustments of the temperature in the stratosphere can mute the RF, making it substantially different from the instantaneous RF (Pincus
et al., 2020). These adjustments in the stratospheric temperature are commonly estimated by the fixed dynamical heating (FDH)
method (Forster and Shine, 1997). This method involves adjusting stratospheric temperatures until a new equilibrium is reached,
assuming that the dynamical heating remains unchanged, and keeping tropospheric temperatures fixed. This is the standard method
to estimate the RF of historical ozone changes and is commonly referred to as the stratosphere-adjusted radiative forcing (see IPCC
AR5). An example of the implementation of this method in modern CCMs is given by Conley et al. (2013), and this method is used to
calculate the ozone RF here in Chapter 5. Other Chapters (Chapter 1, 2, 7) infer the RF of individual source gases by using Tabulated
Radiative Efficiency values (see the Annex), which include or neglect certain adjustments (e.g. lifetime, tropospheric adjustments),
but these adjustments only have a small (<10%) effect on the total RF of major ODS species, making their RF sufficiently close to the
SARF (e.g., Thornhill et al., 2021).

The stratosphere-adjusted RF definition reduces the sensitivity to the details of the tropopause definition. However, forcing
agents such as ozone and ODSs can also produce rapid adjustments in the troposphere, such as adjustments in temperature and
clouds, which can themselves be quantified as forcings; these are not captured by the stratosphere-adjusted RF. Incorporation of
these responses in the forcing makes it more representative of the actual climate impacts of the forcing; this is achieved using the
effective radiative forcing (ERF; Forster et al., 2016) definition. ODSs induce temperature changes in the upper troposphere / lower
stratosphere (UTLS; Forster and Joshi, 2005; MclLandress et al., 2014; Chiodo and Polvani, 2022), a large portion of which would be
missed using the FDH; this raises the question whether the stratosphere-adjusted RF is an appropriate measure of the ERF for ODSs.
However, given the considerable uncertainties associated with ERF estimates (see Section 5.3.1.1), most studies on ozone RF so far
have focused only on the stratosphere-adjusted RF.

The RF originating from stratospheric ozone trends over the 20" century is primarily due to the modulation of ozone by ODSs.
However, the division of ozone RF forcing into its components of stratospheric and tropospheric ozone does not directly attribute
ozone RF forcing to ODSs. This is because tropospheric ozone can be influenced by ODS-driven stratospheric ozone decreases,
a component deemed important in certain models (e.g., Shindell et al., 2013) but which strongly depends on stratosphere-tro-
posphere exchange processes (Banerjee et al., 2018; see also Section 5.2.5). Existing estimates of ODS-attributed ozone RF are
substantially stronger (more negative) than the stratospheric ozone RF arising from historical trends (see Section 5.3.1.1), but the net
forcing by ODSs, including associated ozone changes, is still found to be positive in current estimates (Thornhill et al., 2021).

The radiative effects of ODSs and ozone are determined by their intrinsic properties. ODSs, among which CFCs contribute
more than 85% of the RF, have a long lifetime and are relatively well mixed in the troposphere. ODSs have strong absorption bands
in the LW part of the spectrum. As such, they reduce the outgoing LW flux, and an increase in ODS atmospheric abundance leads to
a positive RF (see Chapter 1). Uncertainty in these properties has a small impact on their RF (Chiodo and Polvani, 2022). Their RF is
partly balanced by the negative RF from the associated stratospheric ozone losses (Myhre et al., 2013; see Section 5.3.1.1). Ozone
molecules have a more complex spectrum, with absorption bands in the solar shortwave (SW) and in the longwave (LW) (Goody and
Yung, 1989). The radiative effect of ozone is strongly altitude dependent, with ozone changes near the tropopause being most effec-
tive at absorbing LW and thus contributing to climate change, due to the large temperature difference between this region (where
the absorption takes place) and the Earth'’s surface (the emissions source; Lacis et al., 1990). Ozone changes at upper-stratospheric
levels have a much smaller or even slightly opposite effect on the net forcing. Further, the LW and SW effects of stratospheric ozone
changes strongly compensate each other. Depletion of stratospheric ozone leads to reduced SW absorption and thus an increase in
the incident SW flux at the tropopause (i.e., a positive forcing). Reduced SW absorption cools the stratosphere, which in turn reduces
the LW flux at the tropopause, a negative forcing. The balance between the SW and LW terms crucially depends on the season,
location, and magnitude of the ozone perturbation (Ramanathan and Dickinson, 1979). Taken together, the offsetting contributions
of LW and SW explain the small net value of stratospheric ozone RF, leading to uncertainty even in its sign.
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at a similar value as estimated for present-day or trend to slightly
more negative values by the end of the 21% century, depending
on the scenario (see , based on CMIP6 ozone forcing
datasets and calculated consistent with the approach of Checa-
Garcia et al., 2018). The small changes in future stratospheric
ozone RF are due to the opposite effects of climate change in low
and high latitudes. GHG increases lead to a decrease in ozone
in the tropical lower stratosphere due to increasing tropical up-
welling, driving a negative ozone RF in the tropics. In mid- and
high latitudes, decreased stratospheric halogen loading and an
enhanced BDC lead to an increase in ozone abundances, driving
a positive ozone RF. Low and mid-range scenarios (SSP1-2.6 and
SSP2-4.5) show small changes in stratospheric ozone RF values,
likely because RF changes due to ODS-driven ozone recovery are
compensated by RF changes due to GHG-driven tropical ozone
decreases. For high-end scenarios (SSP5-8.5), future stratospher-
ic ozone RF values decrease, likely because the RF effects of
GHG-driven tropical ozone decreases dominate.

The RF by ODSs is assessed in Chapters 1and 2, which report
RFs in 2020 of 0.337 W m™ for ODSs (defined as chlorofluoro-
carbons [CFCs] + hydrochlorofluorocarbons [HCFCs] + halons
+ solvents) and 0.04 W m=2 for HFCs. The combined effects of
ODS and stratospheric ozone trends result in a net positive RF
when taken as the sum of the two individual forcings and thus
contribute to surface warming over the 20* century (see Section
5.3.1.2). A different approach to summing up the direct ODS RF
and stratospheric ozone RF is to explicitly attribute (whole atmo-
sphere) ozone changes to ODS emissions; this emissions-based
RF of ODSs, including induced ozone changes, is likewise found
to be positive by current model studies (Thornhill et al., 2021).

Studies that used the stratosphere-adjusted RF definition are
discussed above. A few other studies have adopted ERF, the RF
definition mandated by IPCC AR5 (Forster et al., 2016; see also

). The ERF of ODSs inferred from observations, includ-
ing the indirect effects via ozone and other rapid tropospheric
adjustments, is estimated to lie between 0.03 and 0.14 W m~
(Morgenstern et al., 2021, revising Morgenstern et al., 2020 ;
see also Chapter 7). Taken at face value, the lower bound of this
estimate would imply that ODS-driven changes in stratospheric
ozone and rapid adjustments effectively cancel the direct RF of
ODSs (0.337 W m=2 by 2020; see Chapter 1), resulting in a small-
er warming influence of ODSs than considered likely in AR5 and
most climate models (see Section 5.3.1.2). However, there is con-
siderable uncertainty in those estimates arising from the methods
(e.g., uncertainty in the linear regression), the limited number of
models included in the assessment, and biases in the simulated
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ozone trends. An important but highly uncertain component of
the ERF due to ODSs are cloud changes arising from positive
(ozone-induced) trends in the Southern Annular Mode (SAM) in
the Southern Hemisphere (O’Connor et al., 2021); rapid adjust-
ments of this type introduce uncertainty in ERF estimates. Other
analyses of CMIP6 models suggest that in the global mean, rapid
adjustments to ozone and ODSs are weak (Skeie et al., 2020;
Hodnebrog et al., 2020). In line with this, the ERF of stratospheric
ozone from one model study (Michou et al., 2020, reporting a
value of —-0.04 W m) is well within the range of the stratospheric
ozone stratosphere-adjusted RF from the aforementioned stud-
ies. We thus conclude, similar to IPCC ARG (Forster et al., 2021),
that confidence in rapid adjustments is still limited, and therefore
our assessment is based on the stratosphere-adjusted RF.

Overall, we assess that the RF due to long-term stratospher-
ic ozone trends over the historical period (1850-2010) is near
zero due to the cancellation of LW and SW effects, with a large
uncertainty range, at -0.02 = 0.13 W m=, based on the uncer-
tainties provided among all studies assessed here (see

). The best estimate of ~0.02 W m~2 is the average from three
estimates—the CMIP6 ozone forcing (Checa-Garcia et al., 2018;
-0.03 W m™), the reanalysis study of Bellouin et al. (2020; 0.003
W m), and the average over all CMIP6 models with stratospheric
chemistry (Skeie et al., 2020; —-0.02 W m=)—while the uncer-
tainty range (0.13 W m™) encompasses all CMIP6 models with
stratospheric chemistry (Skeie et al., personal communication), as
well as methodological uncertainties (e.g., tropopause definition
and the preindustrial ozone climatology). For the extended peri-
od 1850-2019, the stratospheric ozone RF is in the same range
as for 1850-2010, as uncertainty outweighs any changes arising
from ozone trends over 2010-2019. Hence, the net RF by ODSs
(+0.337 W m2; see Chapter 1), including its impacts on long-term
stratospheric ozone trends, is positive and contributes to global
warming, as assessed in Section 5.3.1.2. It has become clear since
the last Assessment that rapid adjustments arising from tropo-
spheric circulation changes might play a role in determining the
climate response to ODSs at regional scales, but the magnitude
of these adjustments is highly uncertain and model dependent,
although it is unlikely to offset the global direct forcing by ODSs.

Several studies have highlighted the important role that
ODSs alone have had on climate, in addition to their impact on
climate through affecting stratospheric ozone abundances. As
outlined in the previous section, Chapter 1 of this Assessment, as
well as in IPCC ARG (see Figure 6.12a in Szopa et al., 2021, and

Table 5-2. Radiative forcing from future stratospheric ozone, calculated at the tropopause as in Checa-Garcia et al. (2018) using
the future CMIP6 ozone datasets compiled for IPCC AR6 (Checa-Garcia 2022, personal communication).

SSP126 SARF 1850-2099 CMIP6 ozone -0.03+0.06
SSP245 SARF 1850-2099 CMIP6 ozone -0.04+£0.08
SSP370 SARF 1850-2099 CMIP6 ozone -0.02+0.04
SSP460 SARF 1850-2099 CMIPG ozone -0.03+0.06
SSP585 SARF 1850-2099 CMIP6 ozone -0.09+£0.18

Uncertainty is taken using parametric formula (Myhre et al., 2013)
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Figure 5-9. Climate impact of ODSs for the period 1955-
2005. (a) Annual mean global surface-temperature change
over the period 1955-2005 for each ten-member Communi-
ty Earth System Model Version 1 (CESM-CAM5) ensemble, as
labelled on the abscissa. The boxes extend from the lower to
upper quartile of the data, with a line at the median and whis-
kers showing the entire range across each ensemble (b) As in
(a) but for Arctic temperatures, averaged (60-90°N). (c) As
in (a) but for September Arctic sea ice extent. Red circles de-
note the observed values obtained from GISTEMP27 v.3 for
surface temperature and HadISST28v.2.2.0 for sea ice. The
change over the period 1955-2005 is computed as the lin-
ear trend multiplied by the number of years (51). In each pan-
el, the means of the Fixed ODS and ozone (Fixed ODS+QO;)
(ODSs and stratospheric ozone fixed at year 1955 levels) and
Fixed ODS (ODSs fixed at year 1955 levels) ensembles are
significantly different from that of the Historical ensemble at
the 99% confidence level by two-tailed t-test. [Adapted from
Polvani etal., 2020.]

Section 7.3.2.4 and Table 7.5 of Forster et al., 2021), both the
stratosphere-adjusted RF and the ERF (i.e., even when accounting
for the RF via stratospheric ozone loss) of ODSs are likely to be
positive. Over the second half of the 20" century (1955-2005),
the RF by ODSs is second only to CO,, making ODSs an important
anthropogenic influence on climate in recent decades (Velders et
al., 2007; Polvani et al., 2020). Since the last Assessment, new
evidence from independent chemistry-climate and Earth-system
model studies have shown the important role that ODSs have
played in enhancing Arctic warming (Goyal et al., 2019; Polvani
etal., 2020; Liang et al., 2022). shows the large con-
tribution of ODSs to global and Arctic warming and sea ice loss
over the 1955-2005 period (Polvani et al., 2020). Excluding the
trend in ODSs reduces annual mean historical global warming by
approximately one-third ( ), and Arctic warming (and
September sea ice loss) by approximately half. This indicates that
ODSs appear to enhance Arctic amplification ( and

); i.e. the Arctic warmed 2.7 times more than the global mean in
the historical ensemble compared to only 2 times more in the en-
semble with fixed ODS and ozone (comparing and

). This result is supported by another study (Liang et al., 2022),
which reports that Arctic amplification caused by ODSs is 1.44
times stronger than that caused by CO, over the same time pe-
riod. The impact of stratospheric ozone loss on global and Arctic
temperature change appears negligible (comparing the Fixed
ODS+0j3and Fixed ODS ensembles in ). Although the
specific mechanism responsible for enhanced Arcticamplification
due to ODSs is not yet clear, radiative feedback analysis suggests
a key contribution from local Arctic feedbacks (Polvani et al.,
2020; Liang et al., 2022). However, the robustness of the effects
of ODSs on Arctic warming is still questionable as these studies
were all based on related models.

There is also evidence that ODSs have contributed to a
weakening of the Walker circulation (a zonal overturning cell in
the equatorial Pacific) over the 1955-2005 period due to a rapid
warming of the Eastern Tropical Pacific SSTs (Polvani and Bellomo,
2019). However, there is no consensus as to whether the observed
Walker circulation has indeed weakened since the middle of the
last century, and questions have been raised about the fidelity of
using climate models to simulate the response of Eastern Tropical
Pacific SSTs to increasing greenhouse gases (Clement et al., 1996;
Cane et al., 1997; Seager et al., 2019). Overall, evidence of the
direct ODS effects on climate continue to emerge but are not yet
robust.

The effects of stratospheric ozone changes induced by ODS
emissions on the climate system have been widely documented
across many Ozone Assessments (WMO, 2010, 2014, 2018).
Conversely, the role of stratospheric ozone in modifying the cli-
mate system’s response to GHG increases has received less atten-
tion. The response of the stratospheric ozone layer to GHG forcing
canimpactthe global mean surface temperature response to GHG
forcing, thus acting as a true climate feedback (termed “ozone-cli-
mate feedback” in the following discussion). Furthermore, the
stratospheric ozone response to GHG forcing can modify the
stratospheric and tropospheric circulation response to GHGs via
ozone-circulation coupling. The relevant processes involved in
the ozone-climate feedback and ozone-circulation coupling are
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Box 5-4. Ozone-Climate Feedbacks and Ozone-Circulation Coupling

Stratospheric ozone plays an important role in the radiative budget of the atmosphere. It not only reduces the incidence of
UV radiation at the surface but also plays a key role in determining the thermal structure of the stratosphere by heating the upper
stratosphere by more than 20 K. Ozone heating also substantially influences the temperature near the tropical tropopause layer (TTL),
thereby also influencing global stratospheric water vapor amounts (e.g., Ming et al., 2017). Ozone also acts as a greenhouse gas,
due to its absorption band near 10 um wavelength.

Previously, most research on the effects of stratospheric ozone on climate has focused on the impacts of chemical ozone deple-
tion due to ODSs (WMO, 2010, 2014, 2018), considering ozone as a “forcing”. Recently, attention has focused on the quantification
of the two-way coupling between stratospheric ozone and the climate system via radiation, dynamical, and chemical processes.
This coupling is initiated by stratospheric ozone variations that are either externally forced (e.g., due to changes in CO,) or internally
produced by climate variability on a range of timescales from sub-seasonal to multi-decadal.

Stratospheric ozone is strongly coupled with temperature via radiation and chemistry; this coupling is at the core of the mecha-
nism behind stratospheric ozone-circulation coupling, shown in Box 5-4 Figure 1. On sub-seasonal to interannual timescales, circu-
lation and temperature anomalies, such as those associated with variations in the polar vortex strength, induce ozone anomalies. This
is due not only to transport but also to temperature-dependent chemistry. Aside from homogeneous chemistry in the polar strato-
sphere, heterogeneous chemistry plays a key role when temperatures are low enough for PSC formation and sufficient abundances
of ODSs are available (Calvo et al., 2015; Chapter 4). Ozone in turn affects temperature via radiation, feeding back on the initial tem-
perature and circulation anomaly (see the light blue circle in Box 5-4 Figure 1). Thus, ozone modifies the initial stratospheric circula-
tion anomalies, and this can further influence the tropospheric circulation via stratosphere-troposphere dynamical coupling. There is
evidence that this coupling may influence the stratosphere-troposphere circulation in individual years and can influence sub-seasonal
prediction in both the Southern (Section 5.3.2.1.1) and
Northern Hemispheres (Section 5.3.2.1.2).

External Forein gl The two-way coupling between ozone and the

circulation also contributes to the response to forced
changes to the climate system. For example, when
atmospheric CO, concentrations increase, the strato-
sphere cools (as explained in Box 5-1 of Karpechko,
Maycock et al., 2018) and the troposphere and sur-
face warm. Globally, stratospheric cooling from CO,

Stratospheric
Temperature |

Radiation |

I Chemistry ) !
Dynamics leads to an increase in ozone abundances d.ue to the
Stratospherlc temperature dependence of ozone chemistry (see
Ozone Box 5-2). Tropospheric warming leads to an accel-
) eration of the BDC, driving an ozone decrease in the
Ozone- Stratospheri | ical h Th h
Stratospheri Circulatic ower tropical stratosphere. ese ozone changes
Water Vapo Clrculz?tlon radiatively warm the upper stratosphere and the polar
Coupling regions and cool the TTL, leading to a decrease in
stratospheric water vapor. These heating and cooling
—n Transport effects driven by ozone changes affects temperature
Radiative gradients, inducing an ozone-circulation coupling
Forcing

that modulates the response of the stratospheric cir-
culation to CO, forcing, as well as the tropospheric

. = o circulation response (see Section 5.3.1.3). These
Ozone-Climate roposE processes apply not only to increases in CO, but also
Feedback Circulation . g - .

to any external forcing, including ODSs (see Section
GlobalmeancuneaGia. - 5.3.2.2.1), and also CH, or N,O, although this is less

well studied.

Furthermore, the CO,-driven stratospheric
ozone changes, as well as subsequent stratospheric
water vapor changes, induce an indirect RF, potential-
ly impacting the global mean surface temperature re-
sponse to CO, forcing. The relationship of the global
mean surface temperature change to a change in the
net energy budget at the top of the atmosphere (e.g.,
resulting from CO, forcing) is commonly defined as a
climate feedback (see Box 7.1 in Forster et al., 2021).
In the recent IPCC report (IPCC, 2021), climate feed-
backs were grouped into physical feedbacks (for

Box 5-4 Figure 1. Schematic of stratospheric ozone-circulation
coupling and ozone-climate feedbacks. The stratospheric ozone-cli-
mate feedback modifies the response of global surface climate to
an external forcing such as increasing GHGs. Ozone-circulation
coupling can be induced by changes due to external forcings (e.g.,
CO,-driven stratospheric temperature and circulation changes), and
subsequent ozone changes modify the circulation response to the
forcing. Ozone-circulation coupling is also induced by internal vari-
ability (e.g., an anomalous strong and cold polar vortex), and can
modify the stratosphere-troposphere circulation in individual years.
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variability on interannual timescales (Section 5.3.2.1).

example, those associated with water vapor and surface albedo), biogeophysical and biogeochemical feedbacks, and long-term
feedbacks associated with ice sheets. Stratospheric ozone contributes to the group of biogeochemical climate feedbacks (Szopa et
al., 2021). Recent studies on quantifying this stratospheric ozone climate feedback are assessed in Section 5.3.1.3.

Models without interactive stratospheric ozone chemistry do not simulate the coupling between ozone and the circulation and
thus miss the modulation of temperature and circulation anomalies and trends, as well as the resulting climate feedback through
stratospheric ozone. The quantification of the role of those processes is the subject of ongoing research, including their impact on
the climate response to CO, (Section 5.3.1.3) and to ODSs (Section 5.3.2.2.1), as well as their role for stratospheric and tropospheric

detailed in ,and new research into the climate impacts of
stratospheric ozone changes under GHG forcing (mainly CO,) is
assessed in the following.

In the last Assessment, it was stated that stratospheric
ozone-climate feedbacks are more likely to reduce rather than in-
crease the equilibrium climate sensitivity (ECS), quantified as the
near-equilibrium global warming response to an abrupt quadru-
pling of atmospheric CO, concentrations. However, the uncer-
tainty in the feedback across models is large (0-20% in the ECS,
or—0.01t0-0.13 W m2 K in the climate feedback), contributing
to a substantial fraction (~30%) of the uncertainty in the net non-
CO, biogeochemical feedbacks under climate change (Section
6.4.5 of Szopa et al., 2021). Since the last Assessment, new
insights have been gained into possible reasons for the model
uncertainty in the ozone-climate feedback. These include incon-
sistencies between the chemical and thermal tropopause when
ozone abundances are prescribed (Nowack et al., 2018, 2015),
leading to biases such as a too-warm cold point temperature and
excessive moistening of the stratosphere (Hardiman et al., 2019;
Nowack et al., 2018). It has been shown that this effect can lead
to an overestimation of the ECS by about 10% (Hardiman et al.,
2019) in one model that previously reported a very strong ozone
feedback (20%) on ECS (e.g., Nowack et al., 2017, 2015), and this
bias can generally be expected to be large in models with suffi-
ciently high vertical resolution and high climate sensitivity.

Aside from specifications near the tropopause, the other
possible source of uncertainty in the ozone-climate feedback is
how ozone itself is affected by increasing GHGs, as it changes
quite differently across climate models (Chiodo et al., 2018). In
a simple 1-D radiative convective equilibrium model (Dacie et al.,
2019), imposing a 4xCO, forcing while keeping ozone at prein-
dustrial levels leads to cooling of the stratosphere and warming
of the troposphere ( ). Imposing ozone changes
under 4xCO, (which are prescribed from CCMs) leads to 5-10 K
less cooling in the upper stratosphere and enhanced cooling (of
2-3 K) of the lower stratosphere (compare solid blue and pink
lines in right panel of ), consistent with the sign of
the prescribed ozone change. Further, surface warming is slightly
reduced (from 6.6 to 6.3 K), consistent with the negative feed-
back on ECS reported in other studies (Dietmdiller et al., 2014;
Muthers et al., 2014; Nowack et al., 2015). The reduction in ECS
when imposing different ozone perturbations in this 1-D model
ranges between O and 10%, whereas in a more complex CCM,
imposing a range of ozone perturbations does not affect ECS at all
(Chiodo and Polvani, 2019). This suggests that the magnitude of
the stratospheric ozone feedback on ECS is likely to be model-de-
pendent but unlikely to affect ECS by more than 10%, with most of
the uncertainty originating in the interactions between ozone and
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physical feedbacks, such as with clouds or the lapse rate. Ozone
might also modulate the climate response to forcing agents other
than CO,, such as methane (Stecher et al., 2021), but this has not
yet received much attention.

In addition, there is new evidence that stratospheric
ozone-circulation coupling modifies the atmospheric circulation
response to CO,. Stratospheric ozone modulates the stratospher-
ic cooling due to CO, (Chiodo and Polvani, 2019; Dietmdiller et
al., 2014; Nowack et al., 2018, 2015; Kuilman et al., 2020) and
can subsequently affect dynamics through changes in the meridi-
onal temperature gradient. In the stratosphere, model simulations
with interactive ozone show a dampening of GHG-induced tropi-
cal upwelling increases, reducing the QBO amplitude (DallaSanta
et al., 2021). In the troposphere, interactive stratospheric ozone
reduces the poleward shift of the eddy-driven jet in response
to GHG increases (Chiodo and Polvani, 2017; Nowack et al.,
2018; Chiodo and Polvani, 2019) and damps the ENSO response
(Nowack et al., 2017). While these are individual model findings
and have not yet been tested for consistency across multiple
models, they consistently suggest that stratospheric ozone may
affect several aspects of tropospheric and surface climate beyond
the global mean surface temperature, inducing a negative feed-
back on a variety of circulation metrics and thereby counteracting
the effects of GHGs.

Taken together, we assess that stratospheric ozone—cli-
mate feedbacks are still uncertain but more likely to reduce than
increase ECS, consistent with the conclusions of the previous
Assessment (WMO, 2018) and IPCC ARG (Szopa et al., 2021).
Based on new evidence since the last Assessment, we revise the
range of ECS reduction due to the stratospheric ozone-climate
feedback to 0-10%, with reductions beyond 10% deemed un-
likely. While not yet quantified with high certainty, there is robust
evidence that stratospheric ozone affects other aspects beyond
ECS, such as the atmospheric circulation response to GHGs in
both the stratosphere and troposphere.

Stratospheric ozone is strongly coupled to the stratospheric
circulation, as its abundances are largely determined by transport,
especially in the lower stratosphere. In turn, stratospheric ozone
itself affects the circulation via changes in radiative heating and
temperature gradients (see ). In previous Assessments,
the effects of stratospheric ozone on circulation have been stud-
ied in the context of long-term depletion and recovery trends.
Updates on the impact of ozone trends on circulation, with partic-
ular emphasis on the emerging signal from the Montreal Protocol
since the early 2000s, are provided in Section 5.3.2.2.
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Figure 5-10. Stratospheric ozone feed-
back on temperature changes simulated
by a simple 1-D radiative convective equi-
librium model. Vertical profile of (left) trop-
ical mean zonal mean ozone for preindus-
trial climate (pink) and for 4xCO, (blue),
and (right) resulting temperature profiles
from the model for preindustrial climate
(pink dashed), and for 4xCO, forcing when
prescribing the preindustrial ozone profile
(pink) or the 4xCO, ozone profile (blue).
[Adapted from Dacie et al., 2019.]
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Since the last Assessment, new work has provided evidence
that interannual variations in ozone may affect stratospheric cir-
culation and its coupling to the troposphere, in much the same
way as long-term trends. While interannual variations in ozone
are largely driven by circulation variability, they are also affected
by chemistry, in particular for polar ozone when ODS abundanc-
es are high (see Chapter 4). This radiative-dynamical-chemical
coupling between ozone and circulation (see ) can lead
to ozone-induced surface impacts on sub-seasonal to interannual
timescales, as assessed in Section 5.3.2.1. When integrated over
longer timescales, the two-way ozone-circulation coupling also
alters the circulation and climate response to long-term ozone
trends, as discussed in Section 5.3.2.2.1.

Stratospheric ozone has large variations on sub-seasonal
to interannual timescales, particularly in springtime in the polar
stratosphere (Chapter 4). Recent dramatic examples of this are the
weakened springtime polar cap ozone depletion in the Antarctic
in 2019 (Wargan et al., 2020) and the large depletion in the Arctic
in 2020 (Lawrence et al., 2020). These interannual variations in
polar cap ozone may further amplify stratospheric temperature
variations and thus provide a coupling to the circulation, as de-
scribed in . Given the relatively long timescales (i.e., 1-2
months) associated with stratosphere-troposphere coupling (Lim
et al., 2018, 2019), ozone information could provide a source of
sub-seasonal to seasonal predictability for surface climate (Son
et al., 2013; Bandoro et al., 2014). However, the causality in the
link between ozone extremes and surface climate to date is un-
clear and subject to debate, as downward coupling may come
from stratospheric dynamics rather than ozone itself. In the 2018
Assessment, it was noted that interannual variations in Arctic and
Antarctic ozone may be important for surface climate, but work
remains to better quantify this connection. Here, we discuss the
newest evidence in this field for the Antarctic (Section 5.3.2.1.1),
the Arctic (Section 5.3.2.1.2), and the tropics (Section 5.3.2.1.3).

300

Temperature (K)

In previous Assessments, it was noted that there is a statis-
tical link between Antarctic polar cap ozone in springtime and
spring-to-summer surface climate, including widespread vari-
ations in precipitation and surface air temperature across the
Southern Hemisphere (Son et al., 2013; Bandoro et al., 2014).
However, interannual variations in springtime ozone are strongly
coupled with the polar vortex through ozone transport and polar
ozone depletion (see ). Variations in the polar
vortex are associated with changes in surface climate (Byrne and
Shepherd, 2018; Lim et al., 2018; Thompson et al., 2005), mak-
ing it difficult to tease apart the effect of ozone on the circulation
from that of downward coupling from the polar vortex without
such ozone effects (Karpechko, Maycock et al., 2018).

Since the last Assessment, the link between vortex variabili-
ty, ozone, and surface climate on interannual timescales has been
revisited using climate and sub-seasonal to seasonal (52S) predic-
tion models. The polar vortex weakening in spring 2019, which
may have contributed to Australian New Year fires in the following
summer (Lim etal., 2021), was also linked with the smallest ozone
hole since the early 1980s (Chapter 4), but the role of ozone in
these events is unclear. The observed surface signals following
years with extreme ozone perturbations have been reproduced
in CCMs but with mixed success. For example, one model repro-
duces the link between November ozone and Australian summer
temperatures only when observed SSTs are prescribed, but it fails
to capture the link when the ocean is coupled (Gillett et al., 2019).
This hints at the role of observed SSTs, rather than ozone, in driv-
ing the ozone/SAM and ozone/surface temperature relationship
in this model. Other CCMs reproduce the observed surface sig-
nals, even in ocean-coupled simulations (Damiani et al., 2020).
Model biases, such as the too-long-lived SH polar vortex and/or
excessive ENSO amplitudes, may hinder models’ ability to simu-
late the interannual relationship reliably. Moreover, the observed
correlation between November ozone and SH surface climate in
summer is strong over the 1979-2012 period but becomes weak
if a shorter period (1979-2004) is analyzed (Gillett et al., 2019),
raising questions about the possible role of natural variability.
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Lastly, the relative roles of ozone and dynamical downward cou-
pling from the stratosphere are unclear, as none of these studies
quantified the impact of interactive ozone on the ozone/surface
climate link.

The causal impact of stratospheric ozone variations on sur-
face climate has been quantified only for some extreme events
in the SH stratosphere (Hendon et al., 2020). The major SSW
of September 2002 was a unique event, with one of the largest
disruptions of the stratospheric vortex on record, resulting in a
strongly negative SAM (Thompson et al., 2005), and hot, dry con-
ditions over Australia in October ( ). In 2002, Antarctic
ozone abundances in September were exceptionally high, thus
offering a unique opportunity for a case study on the ozone/
surface climate connection. Seasonal model forecasts using cli-
matological ozone underpredict the SAM anomaly in October
and, as a consequence, the regional signals over Australia (CTRL
in ). Conversely, prescribing the observed ozone

a) Oct Tmax b) CTRL

anomalies of 2002 in the ACCESS forecasting model leads to en-
hanced regional signals, which come closer to observations (dif-
ference between EXPR and CTRL in ). The signature
originates from enhanced persistence of the stratospheric signal
of the SSW event due to ozone-circulation coupling, which drives
an enhanced negative SAM. This provides evidence for ozone
effects on SH surface climate but only for a specific event (2002)
and in one model. A similar sub-seasonal model prediction study
is consistent with these results for the entire 2004-2020 period
(Oh et al., 2022). Recently, it was suggested that high ozone
abundances occurring during SSWs may initially lead to a positive
tropospheric SAM in spring (a “fast response”) and subsequently
drive a negative SAM in early summer (a “slow response”; Jucker
etal., 2022). While this hypothesis explains the observed behav-
ior following the 2019 SSW event, it is inconsistent with observa-
tions for the 2002 SSW and remains to be tested for other cases
and with more realistic configurations and other models.
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Figure 5-11. Effect of stratospheric ozone anomalies on surface climate in October 2002. Panels (a) and (d) show the observed
anomaly in (a) maximum temperature (units: K) and (d) precipitation (units: mm/day) for October 2002. Panels (b) and (e) show
the simulated temperature (b) and precipitation (d) anomalies, averaged across and 11 members ensemble of model simulations
using the ACCESS forecasting model when fixed climatological ozone concentrations are used (CTRL). Panels (c) and (f) show
the ensemble-mean difference in temperature (c) and precipitation (f) between model simulations where the observed 2002
ozone anomalies were used (EXPR) and the CTRL simulations (shown in panels b and d) using a fixed climatological ozone (CTRL).
Hatching in (a) and (d) indicates where the October 2002 anomaly falls in the upper 20% and lower 20% tails, respectively, of the
observed distribution for the period 1990-2012 (excluding 2002). Stippling and hatching in (b) and (e) indicate where the pre-
dicted values fall within the 5% and 10% tails, respectively, of the distribution based on the hindcast control simulations spanning
the period 1990-2012 (excluding 2002). Stippling and hatching in (c) and (f) indicate where the null hypothesis of no difference
between EXPR and CTRL is rejected at the 5% (10%) level based on resampling of the 11 ensemble members from the CTRL and
EXPR for 2002. [Adapted from Hendon et al., 2020.]
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Taken together, we assess that interannual variations in the
severity of the Antarctic ozone hole likely affect SH surface climate
by inducing variations in the tropospheric SAM (e.g., a weaker
ozone hole and attendant weaker polar vortex result in a swing to
the negative polarity of the SAM in the summertime, reflected by
an equatorward shift of the mid-latitude westerlies). However, the
robustness and causality of the ozone-SAM-surface link on inter-
annual timescales, and thus the added value for predictability, is
still unclear, especially on regional scales (Australia), where other
modes of variability (e.g., the Indian Ocean Dipole and ENSO)
can have a more direct impact. Climate models show only limited
skill in reproducing the observed relationship, and the role of nat-
ural variability and/or model bias remains unclear.

The previous Assessment noted that studies examining the
influence of interannual variability in springtime Arctic stratospher-
ic ozone on NH tropospheric and surface climate yielded mixed
results. Some studies find no or limited influence (Cheung et al.,
2014, Karpechko et al., 2014; Smith and Polvani, 2014) and oth-
ers find a significant influence of springtime low Arctic ozone that
resembles the positive phase of the North Atlantic Oscillation/
Northern Annular Mode (NAO/NAM), but only in the presence
of high ODS concentrations and/or sufficient chemical ozone
loss (Smith and Polvani, 2014; Calvo et al., 2015; lvy et al., 2017).
The positive phase of the NAM is associated with a stronger and
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Figure 5-12. Impact of interannual Arctic ozone variations
on stratospheric temperatures and tropospheric circula-
tion. Probability distribution functions for (top) April and
(middle) May monthly mean Arctic lower stratospheric
(50 hPa) polar cap temperature for the coldest and warm-
est 20 years in perpetual year-2000 Whole Atmosphere
Community Climate Model (WACCM) integrations with
interactive chemistry (brown) and with prescribed climato-
logical zonal mean ozone (green). Solid curves indicate a
significant difference between the two integrations at the
95% level, while dashed curves indicate no significant dif-
ference. (bottom) Box plots of the Northern Annular Mode
(NAM) index at 1000 hPa following winters with extreme
ozone loss. The box plot shows the distribution of the mean
NAM Index (20 - 90°N) at 1000 hPa in the month follow-
ing the ozone minimum for the MERRA2 reanalysis (gray),
WACCM integrations with interactive middle atmosphere
chemistry (brown) and the WACCM integrations in which
ozone chemistry is decoupled from the radiation scheme,
i.e. the radiation scheme uses a prescribed climatological
year-2000 zonal mean ozone field (green). In the bottom
panel, in the WACCM integrations with prescribed ozone,
chemistry is still calculated in the background so that ozone
depletion events can be identified following the methodol-
ogy in Friedel et al. (2022). Triangles and numbers indicate
the mean NAM index in the month after the ozone minima,
averaged over the 25% most extreme winters. The upper
and lower edges of the boxes show the upper and lower
quartile, the whiskers represent the maximum and mini-
mum values of the respective distribution. [Top and middle
panels adapted from Rieder et al., 2019, and bottom panel
adapted from Friedel et al., 2022.]

poleward-shifted jet stream, anomalous surface warming over
Eurasia, anomalous surface cooling over Greenland and north-
eastern Canada, and anomalously high precipitation over north-
ern Europe. Since the previous Assessment, a number of studies
linking late—20" century Arctic springtime ozone variability and
NH surface climate have been published (Xie et al., 2018; Ma et
al., 2019; Stone et al., 2019; Ma and Xie, 2020; Maleska et al.,
2020; Stone et al., 2020; Xia et al., 2021). Yet isolating any direct
influence of ozone anomalies from that of stratospheric circula-
tion anomalies and stratosphere-troposphere coupling remains
a challenge as ozone and circulation are inherently coupled via
both transport and chemistry (see ; Fusco and Salby,
1999; Randel et al., 2002; Tegtmeier et al., 2008; Rieder et al.,
2014; de la Camara et al., 2018; Haase and Matthes, 2019; Harari
etal., 2019; Oehrlein et al., 2020; Hong and Reichler, 2021).

New modeling evidence supports a significant correlation
between Arctic springtime ozone anomalies and polar cap sur-
face air pressure, but this correlation becomes insignificant when
adjusted for stratospheric circulation anomalies (Harari et al.,
2019). Consistent with this result, another modeling study found
that the composite difference in sea level pressure between low
and high Arctic springtime ozone years during the 1985-2005
period projected almost entirely onto the NAM, underscoring the
dominant role of large-scale circulation in linking ozone extremes
to surface climate (Maleska et al., 2020).
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The above studies (Harari et al., 2019; Maleska et al., 2020),
however, do not directly isolate the contribution of potential cou-
pling between ozone and large-scale dynamics, and recent work
comparing simulations with and without interactive middle-atmo-
sphere chemistry in the presence of late—20" century ODS con-
centrations has highlighted the importance of this coupling for
both NH stratospheric and tropospheric climate (Rae et al., 2019;
Haase and Matthes, 2019; Rieder et al., 2019; Romanowsky et
al., 2019; Oehrlein et al., 2020; Friedel etal., 2022; see also

). For example, cold extremes in Arctic polar lower-strato-
spheric temperature are significantly colder in a model simulation
with interactive chemistry than in a simulation with prescribed
ozone ( top and middle panel; Rieder et al., 2019).
This suggests that ozone-circulation coupling is important for NH
stratospheric climate. Recent modeling work in which the radi-
ative effects of ozone are decoupled from ozone itself provides
evidence that ozone-circulation coupling in the stratosphere can
have a significant impact on tropospheric and surface climate via
stratosphere-troposphere coupling ( bottom panel;
Friedel et al., 2022; see also ): under year-2000 ODS
concentrations, ozone-circulation coupling leads to a significantly
more positive NAM at the surface (1000 hPa) for years with low
ozone in spring. Although there is clear evidence of this cou-
pling, the magnitude and significance of its contribution may be
sensitive to statistical sampling and the configuration of the CCM
(Haase and Matthes, 2019; Oehrlein et al., 2020; Friedel et al.,
2022). Finally, analysis of model output during the 1985-2005
period suggests that rapid adjustments in high clouds associated
with localized extreme chemical ozone loss and a decrease in up-
per-tropospheric stability may also contribute to the link between
springtime ozone and surface climate (Maleska et al., 2020; Xia
etal., 2021).

The extent to which the representation of ozone variability in
forecast models leads to improved skill is mixed. One study found
that when a new prognostic ozone scheme is interactive with radi-
ation, there is improved skill in the North Atlantic region for both

(a) Ratio of variances in T (FR/SC)

©
o
£ 50
o
3 L
(2] 1
g 150k
Q 250

500}

1000 L ' L

90°s 30°S 0° 30°N 90°N
Latitude
126 1/22 118 114 1/1 14 18 22 26

ratio

medium- and long-range hindcasts due to an improvement in the
representation of stratosphere-troposphere coupling (Monge-
Sanz etal., 2022). In contrast, another study examining forecasts
of individual extreme ozone loss years (1997, 2011, and 2020)
found that the forecasts do not consistently capture the observed
link between low ozone extremes and near-surface temperatures
in the Northern Hemisphere (Rao and Garfinkel, 2020). The 2020
extreme ozone depletion event (Lawrence et al., 2020) was an ex-
ception, however, and the subsequent Eurasian surface warming
was reasonably well predicted 2-3 weeks in advance (Rao and
Garfinkel, 2020; Rao and Garfinkel, 2021c; Xia et al., 2021).

In summary, based on substantial new research since the
previous Assessment, our determination is that although the in-
fluence of interannual variability in Arctic springtime ozone on
NH surface climate is primarily driven by the large-scale circu-
lation, there is evidence for a non-negligible contribution from
ozone-circulation coupling during the late 20" century when high
ODS concentrations contribute to chemical ozone loss (Calvo et
al., 2015; Maleska et al., 2020; Friedel et al., 2022; ).
Uncertainty remains in the quantification of the contribution of
this coupling to NH surface climate.

Since the last Assessment, a few studies have shown that
ozone-circulation coupling may affect the variability in the trop-
ical stratosphere under steady-state preindustrial conditions.
One study (Yook et al., 2020) simulated that interactive ozone
chemistry increases the variability in tropical stratospheric tem-
peratures in one global model by a factor of two ( ).
The increased variability is primarily driven by tropical upwelling
and its effects on ozone at interannual timescales; ozone in turn
feeds back onto temperature via LW and SW heating, with the
latter dominating near the TTL region. Due to the long radiative
timescales in this region, ozone not only affects the variance
but also imparts additional memory from one month to the next
( ). Most remarkably, this study shows that models
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Figure 5-13. Impact of ozone variations on temperature variability. (a) Ratio of zonal mean temperature variance between a
WACCM simulation with interactive ozone (FR) and one with specified ozone (SC), and (b) the difference in the e-folding times-
cale of temperature (in months) between the two simulations (FR-SC). [Adapted from Yook et al., 2020.]
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with prescribed ozone systematically underestimate the tem-
perature variance in this region. One caveat about this study is
that an artificial QBO is nudged in this model. This may dampen
the impact of ozone coupling on the tropical upwelling and thus
interfere with the effects of ozone on temperature variance. In a
model with an internally generated QBO, interactive ozone leads
to a slight prolongation in the QBO period (from 29 to 31 months)
and an intensification of the QBO amplitude (DallaSanta et al.,
2021; see Section 5.2.6.2). These results are consistent with the
notion of ozone-induced enhanced temperature variance in the
tropical stratosphere and are also consistent with previous work
using other models with an internally generated QBO and inter-
active ozone (Shibata and Deushi, 2005), as well as with simula-
tions with prescribed ozone (Bushell et al., 2010), although the
differences in the temperature variance are much smallerand only
marginally significant.

QOverall, there is new evidence since the last Assessment for
effects of interannual variability in ozone, not only at high latitudes
butalso in the tropical regions. However, these results remain lim-
ited to a few individual model studies and are a subject of ongo-
ing analysis.

The linkages between SH ozone depletion and tropospher-
ic circulation trends were first noted in observations in 2002
(Thompson and Solomon, 2002). The effects of stratospheric
ozone losses on surface climate were simulated in fixed sea sur-
face temperature experiments in the early 2000s (Sexton, 2007,
Kindem and Christianson, 2001), and in a coupled climate model
a few years later (Gillett and Thompson, 2003). The anticipated
linkages between ozone recovery and the surface flow were
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explored in coupled chemistry-climate models in 2008 (Son et
al., 2008). Since that time, the role of stratospheric ozone deple-
tion and recovery in tropospheric climate has been reproduced
in a large number of numerical experiments (e.g., Son et al.,
2010; Thompson et al., 2011; Seviour et al., 2017, and references
therein). Recently produced historical reconstructions of the SAM
suggest that the positive trend in the SAM during the decades
prior to 2000, which is attributed to ozone depletion, is unprece-
dented in the last millennia and thus falls well outside the range of
natural climate variability (Fogt and Marshall, 2020).

The 2010, 2014, and 2018 Assessments provided extensive
reviews of the signatures of ozone depletion and recovery in the
tropospheric circulation. As of the 2018 Assessment, the state of
our understanding was the following:

1. Observations indicate that the SH tropospheric jets shifted
poleward and the SAM shifted toward its positive polarity
over the period of large SH stratospheric ozone depletion,
from roughly 1980 to 2000.

2.The largest trends in the SH tropospheric climate occurred
during the austral summer months.

3. Climate simulations indicate that the bulk of the observed SH
trends were due to Antarctic ozone depletion.

4. Climate simulations suggest that ozone recovery will lead to
a reversal of the SH trends that arose from Antarctic ozone
depletion.

5. Antarctic ozone depletion and recovery-related trends in the
tropospheric circulation have widespread impacts on SH
surface climate.

6. There is little evidence for similarly robust linkages between
stratospheric ozone depletion and surface climate in the
Northern Hemisphere.

Figure 5-14. Observed total ozone and
Southern Hemisphere tropospheric cir-
culation. Time series of (a) EESC (note
the inverted left y axis) for polar winter
conditions and Antarctic total column
ozone (TCO; right axis) averaged over
September through November, with
the latter measured by SBUV (in DU).
(b) position of the SH mid-latitude jet
in reanalysis data in DJF, (c) the SAM in-
dex (note the inverted y axis) as derived
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and 2000-2017. [From Banerjee et al.,
2020.]
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Since the 2018 Assessment, the availability of longer data
records has permitted identification of the signature of ozone
recovery in tropospheric circulation trends. (from
Banerjee et al., 2020) summarizes the long-term behavior of SH
stratospheric ozone during the period of large ozone losses and
the onset of recovery. Antarctic stratospheric ozone concentra-
tions indicate signs of recovery since roughly 2000 (Solomon et
al., 2016; Stone et al., 2018; Chapter 4). However, from

itis also clear that identifying the trend in ozone since 2000
(dashed line) is complicated by the large interannual variability
during this period (thin black line). The SAM index exhibits trends
similar to those found in total column ozone ( ): 1) the
large decreases in ozone concentrations prior to year 2000 are
accompanied by increases in the SAM index and 2) the onset of
recovery following year 2000 is accompanied by no clear trend in
the SAM index. The changes in the SAM index are accompanied
by consistent changes in the position of the mid-latitude jet and
the edge of the Hadley cell ( and d).

The signature of ozone recovery in circulation trends is clear-
est in the changes in circulation trends between the period of
large ozone depletion and the onset of recovery (Banerjee et al.,
2020; Zambri et al., 2021). For example, shows that
the period prior to 2001 was marked by significant decreases in
polar ozone during November (panel a), polar stratospheric tem-
peratures during November and December (panel b), and polar
geopotential height during November and December (panel c;
see the caption for data sources). It was also marked by changes
in the upper-tropospheric circulation in December and January,
consistent with a trend toward the positive polarity of the SAM
(panel d). As noted in both Banerjee et al. (2020) and Zambri et
al. (2021), the period following 2001 (i.e., the onset of recovery)
was not marked by significant trends in any of those fields. The dif-
ferences in trends between the periods prior to and after 2001 are
significant at stratospheric levels and on the fringe of significance
at upper-tropospheric levels ( ; Zambri etal., 2021).

Thus, observations to date indicate that:

p—

. consistent with the anticipated effects of ozone recovery,
the observed SH springtime stratospheric circulation trends
since ~2001 are not statistically significant, but the changes

(a) O; trends (DU yr-) (b) T, trends (Kyr™")
2

in the circulation trends between the pre- and post-2001
periods are statistically significant (Banerjee et al., 2020;
Zambiri etal., 2021); and

2.the attendant changes in SH summertime tropospheric cir-
culation trends are consistent with the changes found in the
stratosphere (Banerjee et al., 2020; Zambri et al., 2021) but
are on the fringe of significance (Zambri et al., 2021).

It is worth emphasizing that the results shown in

and extend only through 2018 and thus do not include
the strong polar vortex and large ozone losses of SH spring 2020
and spring 2021.

The inferred influence of changes in ozone trends on changes
intropospheric circulation trends is supported by experiments run
on coupled chemistry-climate simulations and prescribed-ozone
climate model simulations (Banerjee et al., 2020; Zambri et al.,
2021; see Section 5.4). As noted in previous Assessments, the
influence of increasing greenhouse gases on the SAM will likely
oppose the effects of ozone recovery on the SAM during austral
summer (e.g., Arblaster and Meehl, 2006; Thompson etal., 2017,
Figure 3). The experiments in Banerjee et al. (2020) provide fur-
ther numerical support for this hypothesis.

Various dynamical and radiative mechanisms have been pro-
posed to explain how ozone-induced changes in the stratospher-
ic flow are communicated to the surface. These are summarized
inthe 2018 Assessment. As of this writing, the relative importance
of the various proposed forcing mechanisms remains unclear and
is a key focus of current research.

There is novel evidence that ozone-induced trends in the
SAM exhibit longitudinal variations that have potentially im-
portant implications for the surface impacts of ozone depletion
(Waugh et al., 2020). However, as concluded in Chapter 10 of
IPCC ARG (Doblas-Reyes et al., 2021), internal climate variability
and uncertainty is too strong at the regional scale to robustly at-
tribute past regional surface climate change to specific anthropo-
genic forcings such as stratospheric ozone depletion. Likewise,
Mindlin et al. (2021) highlight the large uncertainties in future
regional climate change that arise from the uncertainties in the
circulation response.
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Figure 5-15. Trends in Southern Hemisphere high-latitude (65-90°S) ozone and circulation. (a) November ozone (DU yr™), (b)
November—-December 70 hPa temperature (K yr™), (c) November-December 50 hPa geopotential height (m yr™), and (d) De-
cember-January 250 hPa geopotential height (m yr~") for 1979-2001 (filled circles), 2001-2018 (open circles), and the difference
(squares). Error bars represent the adjusted 95% confidence intervals of the trends. Ozone data are from the TOMS/OMI merged
ozone dataset; temperature and geopotential height are from ERA5. [From Zambri et al., 2021.]
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As was the case in the 2018 Assessment, there are no de-
tectable NH surface impacts of long-term Arctic ozone changes
over the past ~4 decades. However, for individual years with
low springtime Arctic ozone, new model evidence indicates that
the ozone anomalies induce changes to the stratospheric circu-
lation, with subsequent surface impacts (as discussed in Section
5.3.2.1.2).

Comparison with the IPCC ARG6. Since the 2018 Assessment,
the relative roles of ozone depletion and greenhouse gases in
future climate change have been quantified in CMIP6 climate
change simulations (Mindlin et al., 2021; Lee et al., 2021).
Simulations from the CMIP6 archive support conclusions from
earlier analyses (e.g., Arblaster and Meehl, 2006; Mclandress
et al., 2010; Thompson et al., 2011, Figure 3); namely, that the
anticipated influence of ozone recovery on the SH circulation
during austral summer is opposed by the anticipated influence of
increasing GHGs on the SH circulation. This opposing influence
on SH summer circulation changes is consistent with their scenar-
io dependency by the end of the century, as reported in Chapter
4 of the Working Group | contribution to IPCC ARG (Lee et al.,
2021), which stated, “there is high confidence that in high-emis-
sions scenarios (SSP3-7.0 and SSP5-8.5) the SAM becomes more
positive in all seasons, while in the lowest scenario (SSP1-1.9)
there is a robust decrease in austral summer.” This finding is
further supported by recent work (Revell et al., 2022), which in
addition highlights the dependency of changes in the summer cir-
culation jets on the evolution of stratospheric ozone in the mod-
els, in particular emphasizing the important role of consistency of
stratospheric ozone with the underlying GHG scenario.

However, the IPCC ARG report also notes that the “contribu-
tion [to the SAM] from ozone forcing evaluated with the four avail-
able models is not significant (Fig. 3.34b)” (Figure 3.34 and asso-
ciated text in Eyring et al., 2021). Taken at face value, the above
statement appears to contradict two decades of numerical evi-
dence that reaches the opposite conclusion, including evidence
derived from CMIP5 (Barnes and Polvani, 2013) and summarized
in the past three Ozone Assessments (WMO, 2010, 2014, 2018).

There are two aspects of the evidence presented in Chapter
3 of the Working Group | contribution to IPCC ARG (Eyring et al.,
2021) that contribute to the discrepancies between their results
(see Figure 3.34 of Eyring et al., 2021) and results reported here
and in the last three Assessments (WMO, 2010, 2014, 2018):

1. The SAM index used in Eyring et al. (2021) is based on the
algebraic difference between sea level pressure (SLP) at
two discrete latitudes (40°S and 65°S) that lie very close
to the nodes—not the centers of action—of the SAM in the
SLP field. Variations in the SAM are better captured by indi-
ces that account for the hemispheric-scale structure of the
pattern.

2. Eyring et al. (2021) summarizes simulated trends in the SAM
from two periods: 1979-2019 and 2000-2019. Neither
period is well positioned to isolate the signature of ozone
depletion on surface climate. The former period samples not
only the era of large stratospheric ozone depletion but also
the era of the onset of recovery. The latter period does not
sample the era of large stratospheric ozone depletion.

The summary remarks in Chapter 3 of the Working Group |
contribution to IPCC ARG (Eyring et al., 2021) align more close-
ly with the conclusions reported here. In this case, ARG states
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“"While ozone depletion contributed to the trend from the 1970s
to the 1990s (medium confidence), its influence has been small
since 2000, leading to a weaker summertime SAM trend over
2000-2019 (medium confidence)”. Our assessment agrees with
the general conclusions in the above statement but would assign
higher confidences given the evidence reviewed here and in past
WMO reports (WMO, 2010, 2014, 2018).

As discussed in Section 5.3.2.1.2 and , the nature of
how ozone and, consequently, coupling between ozone and cir-
culation are represented in climate models has been an ongoing
area of research. In many climate models, ozone concentrations
are prescribed as a monthly and zonal mean forcing, such as the
recommended IGAC/SPARC ozone fields used in the CMIP5
model runs (Eyring et al., 2013; Cionni et al., 2011). Prescribing
monthly and zonal mean ozone rather than interactively comput-
ing it neglects important aspects of ozone variability and trends,
including zonal asymmetries in ozone and high temporal frequen-
cy events, specifically the evolution of the seasonal ozone hole in
the Southern Hemisphere (Crook et al., 2008; Gillett et al., 2009;
Waugh et al., 2009; Neely et al., 2014; Haase et al., 2020), as
well as ozone-circulation couplings (Rae et al., 2019; Haase et al.,
2020; Ivanciu et al., 2021; Lin and Ming, 2021; see also Section
5.3.2.1.2). As such, the recommended ozone forcing for CMIP6
now includes zonal asymmetries (Checa-Garcia et al., 2018), al-
though many models continue to use a zonal mean ozone forcing
(Keeble etal., 2021).

In the previous Assessment, calculations comparing the
CCMI and CMIP5 multi-model ensembles suggested that the
representation of ozone (interactive in the CCMI ensemble but
largely prescribed in the CMIP5 ensemble) did not affect the
simulation of SH tropospheric circulation trends in December-
January-February (DJF, i.e., austral summer; Son et al., 2018). In
contrast, a recent analysis of CMIP6 historical DJF SAM trends
noted a greater influence of ozone depletion relative to green-
house gases in simulations with interactive ozone chemistry than
those without (Morgenstern, 2021). Large systematic model dif-
ferences, varying ensemble sizes, and differences in which ozone
forcing is used and how it is prescribed within such multi-model
ensembles contribute to the ambiguity of these results (Keeble
et al., 2021). Previous single-model studies have shown that the
representation of ozone can have a significant effect on SH circu-
lation variability and trends, particularly in the stratosphere, and
some studies also show an effect in the troposphere (Crook et al.,
2008; Gillett etal., 2009; Waugh et al., 2009; Neely et al., 2014).

Since the last Assessment, several single-model studies have
reexamined the effect of ozone-circulation coupling on summer-
time SH circulation trends. The studies compared ensembles
of CCM integrations with either fully interactive ozone or pre-
scribed ozone and found that both zonally asymmetric ozone and
ozone-circulation coupling in the interactive integrations contrib-
ute to significantly colder and stronger SH polar cap stratospheric
temperature and zonal wind trends, respectively (Haase et al.,
2020; Ivanciu et al., 2021; Lin and Ming, 2021). It was suggested
that zonal wind-induced wave dissipation and/or wave dissipa-
tion via ozone radiative damping may be playing an important
role when ozone chemistry is interactive and may be amplified
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in the presence of high concentrations of ODSs (Lin and Ming,
2021). The effect of interactive ozone on tropospheric trends,
however, was ambiguous, with one study showing no effect over
the 1969-1998 period (Haase et al., 2020) and the other using
a different climate model showing significantly larger trends in
tropospheric zonal wind over the 1958-2013 period (lvanciu et
al., 2021).

In summary, our assessment is that two-way ozone-circula-
tion coupling has a robust influence on SH stratospheric circula-
tion trends and amplifies the circulation response to ODS-forced
ozone changes. Thus, model studies using prescribed ozone
fields might underestimate those effects. Whether the amplified
stratospheric circulation response also influences the tropospher-
ic circulation trends has not yet been robustly shown.

Winds over the Southern Ocean play a fundamental role
in driving the ocean circulation. Over the period ~1980-2000,

Observations

a)

Depth (m)

summer trends in the SAM and in westerly winds have been main-
ly attributed to ozone depletion; since 2000, summer trends in
the SAM have not been significant (Section 5.3.2.2). Westerly
wind stress over the Southern Ocean drives equatorward Ekman
transport, resulting in mixed-layer divergence and upwelling at
high latitudes (on the poleward side of the westerly wind jet) and
convergence and downwelling at mid-latitudes (on the equa-
torward side of the westerly wind jet; Hall and Visbeck, 2002;
Sen Gupta and England, 2006). A positive SAM trend implies a
poleward shift and/or strengthening of the surface westerly wind
stress and thus a poleward shift and/or strengthening in the re-
gions of mixed-layer divergence and convergence. Observations
of the upper 2000 m of the Southern Ocean have shown a
broadscale warming and freshening (Karpechko, Maycock et al.,
2018; Rintoul, 2018). The last Assessment reported a substantial
role for ozone depletion, through its influence on surface wind
stress, in recent trends of the Southern Ocean circulation during
austral summer. The warming of the upper ocean at 30-60°S is,
however, mainly driven by an increasing abundance of green-
house gases, with ozone depletion playing a secondary role
(Karpechko, Maycock et al., 2018).

Figure 5-16. Observed
and simulated changes in
Southern Ocean tempera-
ture and salinity. Zonal mean
(@, ¢, e) temperature, and
(b, d, f) salinity, from (a, b)
observations, (c, d) ensem-
ble means of the CanESM2

greenhouse-gas-only  simu-
— lations, and (e, f) stratospher-
£ ic-ozone-only simulations.

e q a
3 Anomalies represent the dif-
A ference between the 2006-
: 2015 mean and the mean over
\ a 1950-1980 base period.
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e) Stl‘atospheric Ozone Only Simulations f) matological temperature and
° A IS TS R = S ] salinity. The CanESM2 fields

2 0, 1o
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Recent studies continue to show long-term broadscale
warming and freshening in the upper 2000 m of the Southern
Ocean south of 35°S since the 1950s ( ; Rintoul, 2018;
Swart et al., 2018), since the 1980s (Bronselaer et al., 2020), and
since the 1990s (Auger et al., 2021). Recent modeling evidence
suggests that poleward-intensifying winds contribute to the
broadscale warming and freshening (Bronselaer et al., 2020). A
period of rapid warming in the upper 2000 m of the Southern
Ocean was observed over the period 2003-2012, but the pace of
warming has slowed down since, with decadal variations in warm-
ing rates related to variations in the SAM and the Interdecadal
Pacific Oscillation (Wang et al., 2021). Despite the broadscale
warming of the upper 2000 m of the ocean south of ~35°S, SSTs
have cooled at higher latitudes (south of ~50°S) since the 1980s
(Armouretal., 2016; Haumann et al., 2020) and the 1990s (Auger
etal., 2027; see ). The high-latitude surface cooling
has been accompanied by a freshening and linked to increased
sea ice (Morrow and Kestenare, 2017; Fan etal., 2014).

Since the last Assessment, further evidence suggests that
increasing greenhouse gases are the primary driver of Southern
Ocean subsurface warming and freshening ( ; Swart
etal., 2018; Hobbs et al., 2021), with stratospheric ozone deple-
tion playing a secondary or lesser role in driving warming (Swart
et al., 2018; Li et al., 2021; Liu et al., 2022). Physically, surface
fluxes of heat and freshwater are found to be the primary driver
of changes, with wind-driven changes in ocean transport play-
ing a secondary role (Swart et al., 2018; Armour et al., 2016).
The proportion of Southern Ocean changes that are attributed
to stratospheric ozone depletion varies across modeling studies
(Sigmond et al., 2011; Solomon et al., 2015; Swart et al., 2018;
Hobbs et al., 2021; Li et al., 2027; Liu et al., 2022). While pre-
vious work found 30% of both temperature and salinity changes
across the Southern Ocean to be due to increasing ODSs and
the resulting ozone depletion (Solomon et al., 2015), an ozone
contribution to salinity changes was not formally detected in re-
cent studies (Swart et al., 2018; Hobbs et al., 2021). This is pos-
sibly because of the different study periods considered, because
greenhouse gas and ozone fingerprints are similar for salinity and
thus difficult to separate (Swart et al., 2018), because the salinity
response to anthropogenic forcings across the Southern Ocean
is model dependent (Hobbs et al., 2021), and/or because of dif-
ferent ozone forcing configurations across the studies. A recent
modeling study separating the combined influences of strato-
spheric ozone depletion and increased tropospheric ozone from
the influence of stratospheric ozone depletion only reports that
both contribute to the interior Southern Ocean warming over the
period 1955-2000, with increased tropospheric ozone making
a larger contribution to the overall Southern Ocean heat content
change (Liu et al., 2022). Based on the dominance of greenhouse
gas forcing over the historical period (Solomon etal., 2015; Swart
et al., 2018; Hobbs et al., 2021) and despite the projected miti-
gating effects of ozone recovery on wind-driven ocean changes
(Sigmond et al., 2011; Wang et al., 2014, Ivanciu et al., 2022),
it is expected that greenhouse gases will continue to dominate
and the Southern Ocean will continue to warm and freshen over
coming decades (Swart et al., 2018; Ivanciu et al., 2022).

In a variety of model simulations, the high-latitude Southern
Ocean exhibits a two-timescale SST response to a hypothetical
step change in the SAM such as occurs in abrupt ozone-hole
experiments (when ozone is abruptly changed from pre-ozone
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Figure 5-17. Observed and simulated evolution of high-lat-
itude SST. (a) Observed 50-70°S average SST anomaly time
series from the HadISST dataset. Anomalies are calculated
relative to the 1955-2020 mean, and the bold line shows the
20-year running mean smoothed with a Hanning window.
(b) Ensemble-mean time series of annual-mean SST anoma-
ly averaged over 50-70°S from six different climate models
simulating the climate response functions (CRFs) to abrupt
ozone-hole conditions. The idealized ozone forcing reveals
two timescales to the SST response—an initial cooling (the
fast response) followed by an eventual warming (the slow
response)—as indicated by large arrows; however, there is
a large spread in responses across models. (c) Convolution
of the anomalous SST response to abrupt ozone-hole con-
ditions in (b) with time-evolving ozone forcing, as shown in
the insert (October-mean 60-90°S column ozone from the
WACCM chemistry-climate model). The convolved SST time
series in (c) differ from the observed SST time series in (a),
suggesting ozone depletion is unlikely to have been the pri-
mary driver of the observed high-latitude SST cooling since
~1980. [Adapted from Seviour et al., 2019.]
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depletion levels to ozone-hole levels; ; Ferreira et
al., 2015; Seviour et al., 2019). The two-timescale SST response
was described in detail in the last Assessment (Karpechko,
Maycock et al., 2018). The fast SST response to strengthened
and/or poleward-shifted westerly winds occurs over months to
years and is characterized by increased northward Ekman trans-
port, causing SST cooling (negative SST anomalies in

); the slow response occurring over years to decades is
characterized by upwelling of relatively warm water from below
the mixed layer, causing an SST warming (positive SST anomalies
in : Marshall et al., 2014). Despite additional abrupt
ozone-hole simulations since the last Assessment, the timescale
of transition from initial cooling to subsequent warming remains
poorly constrained (Seviour et al., 2019), leading to continued
uncertainty in the SST response to time-evolving ozone deple-
tion ( ). Furthermore, since the last Assessment
high-resolution modeling has found that mesoscale eddies op-
pose anomalous wind-driven upwelling, preventing long-term
warming (Doddridge et al., 2019). Thus, the spread in model
behavior in the fast and slow responses to the SAM are likely re-
lated to the parameterization and/or resolution of eddies in the
different models (Seviour et al., 2019; Doddridge et al., 2019).
Even when biases in model climatology are taken into account,
the current model evidence for the expected SST response to ob-
served ozone depletion (initial cooling followed by longer-term
warming) suggests that ozone depletion is unlikely to have been
the primary driver of the observed high-latitude surface cooling
since the late 1970s (see : Seviour et al., 2019).

In summary, since the last Assessment, the Southern Ocean
(35-60°S, 0-2000 m depth) overall has continued to warm and
freshen (Rintoul, 2018; Swart et al., 2018). Two formal detection
and attribution studies have identified increasing greenhouse
gases as the primary driver of the Southern Ocean warming and
freshening (Swart etal., 2018; Hobbs etal., 2021), with the role of
ozone depletion in driving ocean warming identified as second-
ary (Swart et al., 2018). Further modeling evidence suggests that
ozone depletion has not been the primary driver of the observed
high-latitude surface cooling (Seviour et al., 2019). However, this
conclusion is based on coarse-resolution models; high-resolution
modeling suggests that mesoscale eddies could influence the
long-term temperature response to wind changes (Doddridge
et al., 2019). Overall, our confidence in the understanding and
attribution of the observed high-latitude surface cooling is low.
Simulations with eddy-resolving ocean models to examine the
response of the Southern Ocean to increased westerly winds
would be necessary to reduce this uncertainty in the response in
high-latitude ocean circulation to ozone depletion.

A number of studies summarized in previous Assessments
have investigated the influence of the ozone hole on Antarctic
sea ice trends. Over the satellite period, total Antarctic sea ice
coverage has shown a modest increasing trend; however, this
total increase masks both regional (Hobbs et al., 2015) and tem-
poral (Meehl et al., 2016; Eayrs et al., 2021) variations, and lacks
statistical significance (Gulev et al., 2021). The 2014 and 2018
Assessments reported that a variety of climate model simulations
that isolated the impact of stratospheric ozone depletion from
that of increasing greenhouse gases all simulated decreasing
Antarctic sea ice in response to ozone depletion, in contrast to
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the observed increasing trend in sea ice.

Since the last Assessment, there is further modeling ev-
idence that ozone depletion has not driven the observed long-
term changes in Antarctic sea ice. CMIP5 models capture the ob-
served relationship between the SAM and sea ice extent during
austral summer, but the SAM explains only 15% of interannual
variability in sea ice extent during austral fall—and thus that SAM
trends and ozone depletion are not the primary drivers of the ob-
served sea ice increase over the satellite era (Polvani et al., 2021).
In an assessment of the two-timescale response, Antarctic sea ice
extent is shown to decline monotonically in response to abrupt
ozone-hole conditions in five out of six models (Seviour et al.,
2019), consistent with previous modeling studies (Holland et al.,
2017), but contrasting with the weak observed sea ice changes
(Handcock and Raphael, 2020).

Confidence in modeling studies involving Antarctic sea ice
remains low because coupled models run under full historical
forcings (CMIP5 and CMIP6) simulate a decline in Antarctic sea
ice that contrasts with observed changes (as assessed in Eyring
et al., 2021). Over the period 1979-2018, Antarctic sea ice area
trends in CMIP6 models are marginally consistent with observed
trends (Roach et al., 2020). Some recent modeling evidence sug-
gests that internal variability alone could lead to a multi-decadal
increase in Antarctic sea ice similar to observed trends (Zhang et
al., 2019; Singh et al., 2019), but other lines of evidence suggest
thatinternal variability cannot account for the modeled/observed
discrepancy (Hobbs et al., 2015; Chemke and Polvani, 2020).
Evidence suggests that the stronger-than-observed decline in
Antarctic sea ice in coupled climate models is influenced by bi-
ased surface heat flux trends (Chemke and Polvani, 2020) and
biased thermodynamics (Blanchard-Wrigglesworth et al., 2021).
The Southern Ocean warm bias in CMIP models (Beadling et al.,
2020) has been linked to a cloud-based shortwave radiation bias
in CMIP5 models (Hyder et al., 2018). Overall, confidence in at-
tributing changes in Antarctic sea ice is limited because of climate
model deficiencies in capturing the observed Antarctic sea ice
trends over the satellite era (Eyring et al., 2021).

A retreat of Antarctic sea ice unprecedented in the histori-
cal satellite record was observed during austral spring and early
summer of 2016 and was discussed in the last Ozone Assessment.
This sudden retreat of sea ice has been linked to changes in the
SAM, which became strongly negative in November (Turner et
al., 2017; Schlosser et al., 2018), with easterly wind anomalies
contributing to the record low sea ice (Wang et al., 2019b; Eayrs
et al., 2021). The near-record negative SAM during November
has been linked to stratospheric polar vortex weakening and as-
sociated higher ozone (Wang et al., 2019b), tropical convective
conditions (Meehl et al., 2019), and internal variability (Stuecker
etal., 2017; Purich and England, 2019).

The last Assessment concluded that ozone-hole changes
cannot explain recent trends in Antarctic sea ice, and new studies
support this conclusion. As in the last Assessment, confidence in
the role of the ozone hole on Antarctic sea ice trends remains low,
because of the limited number of ozone-only simulations avail-
able for analysis and because the majority of climate models still
do not reproduce observed Antarctic sea ice trends since 1979
due to Southern Ocean thermal and sea ice model biases. This
lack of ability to simulate past sea ice trends inhibits the assess-
ment of the role of future ozone recovery in future sea ice trends.



The Southern Ocean accounts for about 40% of the global
oceanic uptake of anthropogenic CO, (Khatiwala et al., 2009;
Frolicher etal., 2015). As described in Section 5.3.3.1, the wester-
ly winds over the Southern Ocean influence the meridional over-
turning circulation and thus the outgassing and uptake of carbon
from and to the ocean. The westerly wind strengthening implied
by a positive SAM trend enhances both the high-latitude upwell-
ing, increasing outgassing, and the mid-latitude downwelling, in-
creasing uptake (Le Quéré et al., 2007; Lovenduski et al., 2007).
In the last Assessment, the availability of longer observational
datasets and improved analysis techniques confirmed earlier
studies showing a carbon sink slowdown between the 1980s and
early 2000s (Le Quéré et al., 2007), and also revealed a reinvigo-
ration of the carbon sink between 2002 and 2012 (Landschutzer
etal., 2015; Munro etal., 2015).

Since the last Assessment, further observation-based evi-
dence suggests that the Southern Ocean carbon sink varies sub-
stantially on decadal timescales (Gruber et al., 2019; Keppler and
Landschatzer, 2019). A weakening of the carbon uptake during
the 1990s, initially attributed to the ozone hole (Le Quéré et al.,
2007; Forster, Thompson et al., 2011), has been linked to the
positive SAM that enhanced the high-latitude upwelling of CO,
during this period (DeVries etal., 2017; Gruber et al., 2019). After
~2000, the carbon uptake rebounded, increasing the global
ocean carbon sink strength back to that expected based on at-
mospheric CO, levels (DeVries etal., 2017; Gruber etal., 2019). A
subsequent weakening of the carbon sink since ~2011 has been
observed (Gruber et al., 2019; Keppler and Landschdtzer, 2019).

In agreement with the last Assessment, there is little new ev-
idence suggesting that long-term changes in ozone are affecting
the Southern Ocean carbon sink. Evidence suggests that decadal
atmospheric circulation changes impact the net strength of the
Southern Ocean carbon sink. While the positive SAM during
the 1990s has been linked with a short-term slowdown of the
carbon sink (DeVries et al., 2017; Gruber et al., 2019), suggest-
ing a possible ozone influence during this decade, evidence
based on upscaled observations suggests that the total Southern
Ocean carbon uptake south of 35°S over 1982-2016 has not
been altered considerably by the positive SAM trend (Keppler
and Landschutzer, 2019). The observed decadal variations in
the Southern Ocean carbon sink may be due to natural variability
(Gruber et al., 2019).

The influence of the ozone hole on Antarctic ice sheets and
shelves has not been covered in detail in previous Assessments.
Observational evidence suggests that the Antarctic ice sheet has
only recently started responding to climate change (Noble et al.,
2020). Antarctic surface mass balance shows no clear trends over
the satellite era but exhibits large variability (Rignot et al., 2019),
with extreme precipitation events making a large contribution to
annual precipitation accumulation over the continent and deter-
mining the interannual variability (Turner et al., 2019). Trends in
total mass balance since 1979 have been driven by ice discharge
(Rignot et al., 2019), with recent observations over 2003-2019
showing the West Antarctic ice sheet losing mass while the East
Antarctic ice sheet exhibits large variability (Smith et al., 2020).
Overall, the Antarctic ice sheet lost mass between 1992 and 2017
(Gulev etal., 2021).
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New evidence suggests that stratospheric ozone depletion
could potentially have influenced the net balance of the Antarctic
ice sheet, but this is highly uncertain. First, modeling evidence
suggests that stratospheric ozone depletion and/or ODSs drove
increased snow accumulation over Antarctica over the late 20"
century, leading to an increase in the surface mass balance
(Previdi and Polvani, 2017; Lenaerts et al., 2018; Chemke et al.,
2020). However, observations show large variability and no clear
trends in Antarctic surface mass balance (Rignot et al., 2019).
Second, and conversely, various lines of evidence suggest that a
positive SAM (i.e., a poleward shift of the mid-latitude westerlies)
could be associated with increased transport of warm off-shelf
waters onto the Antarctic shelf at certain locations (Spence et
al., 2014; Jenkins et al., 2016), providing heat for basal melting
and increasing ice sheet mass loss (Shepherd et al., 2004; The
IMBIE Team, 2018). One study utilizing a regional ocean-ice
model forced with anthropogenic forcings and tropical Pacific
variability simulated on-shelf ocean warming and increased basal
melt in the Amundsen Sea, likely due to the westerly wind trend
over the shelf break (Naughten et al., 2022). However, there is
a lack of evidence directly linking stratospheric ozone changes
to ice shelf changes, and attributing ocean-mediated changes is
highly challenging due to both observational and modeling lim-
itations around the Antarctic margins. Our assessment concludes
that there is much uncertainty over the influence of stratospheric
ozone changes on ice sheets and shelves.

5.4 CLIMATE IMPACTS OF THE MONTREAL
PROTOCOL

The length of the observational time series over the period of
relative stabilization of global ozone concentrations (see Chapter
3) allows, for the first time, an assessment of the realized impacts
of the Montreal Protocol on climate based on observations and
an attribution of these impacts to the Montreal Protocol using
targeted model integrations. As discussed in Section 5.3.2.2, re-
cent studies of spring and summertime SH circulation trends have
detected a pause or change in sign of the trends between the
late 20™ century and the early 21¢ century (Banerjee et al., 2020,
Zambiri et al., 2021; Mindlin et al., 2021). Specifically, a pause
in the summertime trends in SH tropospheric circulation, such
as the SAM, zonal-mean zonal winds, jet position, and Hadley
cell edge, have been detected in reanalyses for the 2000-2017
period ( ; Banerjee et al., 2020). In the zonal-mean
zonal wind, the pause is attributed to a “tug-of-war” between
two climate forcings: a stabilization and recovery of Antarctic
stratospheric ozone due to the Montreal Protocol and global
warming due to greenhouse gases. This attribution is made by
comparing reanalyses ( ) to model integrations
where the ODS and stratospheric ozone signal is extracted in
a multi-model ensemble of chemistry-climate models (

) for two time periods, an ozone depletion period of
1980-2000 and an ozone recovery period of 2000-2017. The
role of greenhouse gases is diagnosed using other single-forc-
ing integrations ( ). A pause in the summer SAM
index trend is also evident in the CMIP6 models for the historical
time period, and the attribution of this pause to the reduction in
ozone-depleting substances in recent decades is supported by
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multiple linear regression models (Morgenstern, 2021; Mindlin
et al., 2021). As highlighted in Section 5.3.2.2 and in previous
Assessments, the impact of ozone depletion on the summertime
SAM and SH surface climate trends has been significant, and a
pause in these trends may have implications for near- and long-
term future SH climate change (Mindlin et al., 2021). The duration
ofthe pause in the SH tropospheric circulation trends will depend
on the tug-of-war described above, i.e., the pace and magnitude
of future global warming (Barnes et al., 2014; Mindlin et al., 2027,
Sections 4.3.3.1 and 4.5.1.6 in Lee et al., 2021) and the pace of
ozone recovery, which has the potential to be delayed by unex-
pected CFC-11 emissions (Dhomse et al., 2019; Fleming et al.,
2021), ODS emissions from natural sources (Fang et al., 2019),
nitrous oxide emissions (Fang et al., 2019), and enhanced wild-
fire smoke injection in a warming climate (Solomon et al., 2022;
Bernath etal., 2022).

As noted in previous Assessments, “world-avoided” inte-
grations have been used to evaluate the impact of the Montreal
Protocol on climate. The world-avoided scenario is an idealized
counterfactual scenario and typically assumes that uncontrolled
ODSs would have increased at a rate of 3-3.5% per year in the
absence of the Montreal Protocol based on expected growth in
gross domestic product (GDP) and market analysis (e.g., Prather
et al., 1996; Velders et al., 2007; Newman et al., 2009; Garcia
etal., 2012). While ODS emissions were growing faster than this
before the Montreal Protocol was signed (Table 2.5-1 in WMO,
1989), a sustained rate of emissions of ODSs of 3-3.5% per year
should be viewed as only one of many possible world-avoided
scenarios, which could also include scenarios with varying as-
sumptions about future GDP growth. For the purposes of this
Assessment, the world-avoided scenario allows for the exam-
ination of the sensitivity of climate to increasing ODS emissions
and the accompanying ozone loss. Comparing world-avoided
integrations to those including controls on ODS emissions, pre-
vious Assessments have reported that a steady increase in ODS
emissions would have led to approximately double the amount
of global warming by the end of the 21% century (Velders et al.,
2007, Garcia et al., 2012). Here, world-avoided integrations
are used to assess new evidence of the impact of the Montreal
Protocol on present-day climate change.

The comparison of historical and RCP scenario integrations
to world-avoided integrations provides an estimate of the impact
of the Montreal Protocol on surface climate over the past several
decades. Based on model simulations from three studies (Young
etal., 2021; Goyal etal., 2019; Virgin and Smith, 2019), we assess
that controls on ODS emissions under the Montreal Protocol have
avoided at present-day (average over years 2015-2024) approx-
imately 0.1-0.2°C global surface warming (with an ensemble
weighted mean of 0.17°C + 0.06°C?) and 0.2-0.6°C Arctic sur-
face warming (ensemble weighted mean of 0.45°C = 0.23°C).
Using additional integrations with only world-avoided changes in
stratospheric ozone included, the avoided warming is attributed
primarily to the stabilization and slight decrease in ODS concen-
trations and is offset somewhat by cooling due to stratospheric
ozone loss (Goyal et al., 2019; consistent with Section 5.3.1.1 and

).

In summary, our assessment is that the implementation of the

Montreal Protocol has had a significant effect on the climate over
the past several decades in two notable ways: the stabilization
of the Antarctic ozone hole has led to a pause in SH circulation
trends, and the rapid decline in ODS emissions has mitigated
GHG-driven global warming.

As in previous Assessments, world-avoided integrations are
also used to quantify avoided future climate change. While there
has been limited new literature on the topic since the previous
Assessment, based on three new studies (Goyal et al., 2019;
Virgin and Smith, 2019; Young et al., 2021) we assess that by the
mid-21% century (average over years 2041-2060) the Montreal
Protocol controls would result in the avoidance of approximately
0.5-1.0°C global surface warming (ensemble weighted mean
of 0.79°C % 0.24°C). The globally averaged RF from the years
2005-2065 is approximately double in world-avoided scenarios
due to uncontrolled emissions of ODSs compared to the RCP4.5
scenario (Virgin and Smith, 2019). This work supports findings
of previous studies that compared the world-avoided scenario
to the A1B and B2 SRES scenarios (Velders et al., 2007) or the
RCP4.5 scenario (Garcia et al., 2012). Avoided Arctic warming
is primarily due to reductions in ODS emissions rather than the
mitigation of stratospheric ozone loss (Goyal et al., 2019; see also
Section 5.3.1.2); however, recent work suggests that the relation-
ship between Arctic warming and polar cap-averaged radiative
forcing in the world-avoided scenario appears to be complex due
to the unique combination of high ODS concentrations and sub-
stantial stratospheric ozone loss (Virgin and Smith, 2019). Arctic
polar cap-averaged positive radiative feedbacks (i.e., long-wave
cloud feedbacks) and atmospheric heat flux convergence rather
than polar cap-averaged radiative forcing alone play a key role in
contributing to world-avoided Arctic warming (Virgin and Smith,
2019).

Recentwork also confirms thatin the absence of the Montreal
Protocol, by the mid-21% century a warmer planet would have
resulted in an enhanced hydrological cycle, with substantial in-
creases in precipitation in the polar regions and a further decline
in Arctic sea ice extent relative to the RCP8.5 scenario (Goyal et
al., 2019; Wu et al., 2013).

As reported in Chapter 5 of the previous Assessment
(Karpechko, Maycock et al., 2018), the phasedown of HFCs
under the Kigali Amendment to the Montreal Protocol will also
have an impact on global climate, as HFCs are potent GHGs. In
Chapter 2 of this Assessment, it is shown that this phasedown is
already underway due to national and regional regulations, with
HFC emissions over the 2017-2019 period being 20% lower than
the WMO (2018) HFC baseline scenario (Section 2.4.1). Under
the WMO (2018) baseline scenario, it was estimated that HFCs
would contribute 0.3-0.5 K to global mean surface warming by
2100 (Section 2.3.1 of Montzka, Velders et al. 2018). New esti-
mates based on current policies project that HFCs would con-
tribute 0.14-0.31 K by 2100, and with the additional provisions
of the Kigali Amendment this is reduced to approximately 0.04
K (Sections 2.4.2 and 2.4.3; Velders et al., 2022). Independent
modeling analysis confirms that HFCs have a significant climate

1 The uncertainty bounds include uncertainty due to natural variability and model uncertainty, based on three independent model studies with 5, 3,

and 1 ensemble member, respectively.
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Figure 5-18. Observed and simulated Southern Hemisphere zonal average zonal wind trends. The top row shows an average
of four reanalysis data products (ERA-Interim, JRA-55, MERRA2-ana, MERRA2-asm), and the middle and bottom rows show an
ensemble mean of CCMVal-2 and CCMI chemistry-climate model integrations. Latitude-altitude cross sections of zonal average
zonal wind trends (color shading) for DJF are shown for the depletion period (left column), recovery period (middle column), and
the difference between the two (right column). Fingerprints are shown for the simulations with single forcings by (d-f) ozone
(OZ) and (g-i) GHGs. For illustrative purposes, the contours show the climatologies (in m s™'; for d—i, the climatologies are for
the ALL-forcing integrations; for f and i, the climatology is over the entire change period). [Adapted from Banerjee et al., 2020.]

impact. Earth system model integrations following the RCP8.5
scenario with uncontrolled HFC emissions compared with a
world-avoided scenario in which HFCs were not introduced indi-
cate that HFC emissions contribute approximately 0.1 K to glob-
al warming from the 1970s to the 2050s (Goyal et al., 2019), in
agreement with the previous Assessment. In addition, consistent
with a previous analysis using a 2-D (latitude-pressure) interactive
chemistry, radiation, and dynamics model (Hurwitz et al., 2015),
a new 3-D chemistry-climate model study with prescribed SSTs
shows that by the end of the century, uncontrolled HFC emissions
following both the lower and upper limit of the previous scenar-
ios of Velders et al. (2014) lead to warming of the tropical upper
troposphere and lower stratosphere and a strengthening of the
Brewer-Dobson circulation (BDC) but a weakening of the Hadley

cell relative to a zero HFC concentrations scenario (Dupuy et al.,
2021).

Moving beyond the surface climate, a recent study found
that the Montreal Protocol has significantly protected the terres-
trial carbon sink by preventing a decrease in net primary produc-
tion associated with UV damage of plants (Young et al., 2021).
Using output from world-avoided simulations, it is estimated
that atmospheric carbon dioxide concentrations may have been
18-37% higher by 2100 ( ) if controls on ODS emis-
sions under the Montreal Protocol had not protected the terres-
trial biosphere from UV damage, contributing to an additional
0.5-1.0 K to globally averaged surface warming by 2100 (

). The large range of estimates reflects the uncertainty in the
plant response to UV. Protection of the terrestrial carbon sink is a
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Figure 5-19. The effect of UV-driven changes in vegetation (UV-plants) on atmospheric CO, and surface temperature. (a) Time
series of atmospheric CO, concentrations and (b) anomalies in global-mean surface air temperature for a regular future pro-
jection (World Projected, blue; approximately RCP6.0) and a World Avoided projection (World Avoided, orange), estimated
using a carbon cycle model. The dashed orange lines are results from a World Avoided projection with the ‘UV response off’,
the shading around the thick orange lines indicates the range of the responses from the simulations with 50% and 150% UV re-
sponse strength (with respect to the reference UV case) and the thin orange lines show the effect of reducing the UV response
strength to -90%. The labelled ranges in (b) indicate the World Avoided warming above the World Projected that results from
direct radiative forcing of the additional CFCs and the additional CO, from the UV-driven damage to plants and their ability to

act as a carbon store. [Adapted from Young et al., 2021.]

previously unexamined climate benefit of the Montreal Protocol.

With respect to projected ozone recovery and its impact on
climate, earlier sections of this chapter have assessed recent liter-
ature, including Section 5.2.4 onthe BDC, Section 5.2.6 on strato-
spheric winds, Section 5.3.2.2 on SH tropospheric circulation and
surface climate, and Section 5.3.3 on the Southern Ocean and
Antarctic seaice.

Since the previous Assessment, a number of studies have
examined the impact of the recent unexpected emissions of
CFC-11 from 2012 to 2018 (Section 1.2.1) on ozone recovery, and
these are assessed in Section 3.4.4 (for global ozone) and Section
4.5.3.2 (for polar ozone). With respect to the climate impacts of
these emissions, simulations with a chemistry-climate model with
prescribed sea surface temperatures show that continued CFC-11
emissions at a rate of 72.5 Gg year™ from 2017 to 2100 lead to a
significant delay in global and Antarctic ozone recovery of 1 and

33 years, respectively, compared to the WMO (2018) baseline
scenario (Fleming et al., 2021). In addition, a significant dynam-
ical response in the SH stratosphere was identified, including a
cooling of the polar lower stratosphere of 1.5 Kand a correspond-
ing acceleration of the polar vortex, with a delay in the vortex
breakdown by four days and a decrease in the age of air by 0.1
year averaged over the 2080-2100 period (Fleming et al., 2021).

Overall, our assessment confirms that the Montreal Protocol
has significantly contributed to the mitigation of anthropogenic
global warming through the controls on ODS emissions. New ev-
idence suggests an additional effect through the protection of the
terrestrial carbon sink from harmful UV radiation. Potential future
unexpected emissions of controlled ODSs and the associated
ozone loss will have a small but significant impact on stratospheric
temperature and circulation trends in the Southern Hemisphere.
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