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Errata (February 2023)

Chapter 3, Appendix 3A, Table 3A-3:
• The entry for SBUV NASA (MOD) was corrected from S-NPP OMPS NP NOAA v2.8 to S-NPP OMPS NP NASA v2.8.
• The entry for SBUV NOAA (COH) was corrected from S-NPP OMPS NP NASA v2.6 to S-NPP OMPS NP NOAA v3r2.
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SCIENTIFIC SUMMARY

This chapter presents our current understanding of global 
ozone outside of the polar regions. The increase of ozone-deplet-
ing substance (ODS) concentrations caused the large ozone de-
cline observed from the early satellite era (circa 1980) to the mid-
1990s. Since the late 1990s, concentrations of ODSs have been 
declining due to the successful implementation of the Montreal 
Protocol and its Amendments and adjustments. Since the last 
Assessment, the longer observational records show a small in-
crease in near-global total column ozone (TCO) with reduced un-
certainty, but this trend is not yet statistically significant. A small 
increase in TCO is seen in the Southern Hemisphere (SH) mid-lat-
itudes but not yet in the Northern Hemisphere (NH) mid-latitudes 
or tropics. Different processes operating at different altitudes 
complicate the attribution of the overall total column trend. 
However, a significant increase in upper-stratospheric ozone 
noted in the previous Assessment continues, driven by declines in 
ozone-depleting substances and increases in greenhouse gases 
(GHGs). Model simulations support our overall understanding of 
these trends.

Over this century, we expect an increase in global strato-
spheric ozone as the concentrations of ODSs decline. The future 
evolution for different latitudes and vertical levels depends on 
the future concentrations of GHGs and precursors of tropospher-
ic ozone. These other influences may lead to TCO levels that 
remain below 1980 values in some regions, even after concen-
trations of ODSs have declined to pre-1980 levels. 

Changes to date in total column ozone
• Aggregated ground- and space-based observations 

indicate an increase of 0.3% decade–1 (with a 2-sigma 
uncertainty of at least ±0.3% decade–1) in near-global 
(60°S–60°N) TCO over the 1996–2020 period. This trend 
is consistent with model simulations and our scientific under-
standing of the processes controlling ozone.

• Over the same 1996–2020 period, the TCO trends in broad 
latitude bands are as follows: 

 º SH mid-latitude (60–35°S) TCO has increased (0.8 ± 
0.7% decade–1).

 º NH mid-latitude (35–60°N) TCO trends are negligible 
(0.0 ± 0.7% decade–1).

 º Tropical (20°S–20°N) TCO shows no clear trend (0.2 ± 
0.3% decade–1), likely because stratospheric ozone is 
decreasing while tropospheric ozone is increasing, both 
unrelated to changes in ODSs. 

The latitudinal pattern of these TCO trends is largely consis-
tent with our scientific understanding and is reproduced in the 
latest set of chemistry-climate models (CCMs).

• Present-day (2017–2020) TCO as measured from space-
based and ground-based observations remains lower than 
the 1964–1980 average by

 º about 2% for the near-global average (60°S–60°N),

 º about 4% in the NH mid-latitudes (35–60°N), 

 º about 5% in the SH mid-latitudes (35–60°S), and

 º about 1% in the tropics (20°S–20°N).

Within uncertainties associated with natural variability and in-
strumental accuracy, these values are essentially the same as 
given in the previous Assessment for the 2014–2017 average.

Changes to date in vertically resolved ozone
Vertically resolved trends are very similar to those given in 

the last Assessment. However, with longer records and updated 
merged datasets, recovery trends are now statistically signifi-
cant in more locations. 

• Measurements show unambiguous increases in up-
per-stratospheric ozone for 2000–2020. Positive trends 
have a range of ~1.5–2.2% decade–1 at mid-latitudes in both 
the Northern and Southern Hemispheres and ~1–1.5% de-
cade–1 in the tropics.

• Upper stratospheric ozone increases are due to a com-
bination of decreases in ODSs and decreases in strato-
spheric temperature driven by increases in carbon diox-
ide (CO2). New CCM simulations affirm this finding from the 
last Assessment.

• There are multiple lines of evidence from both observa-
tions and models for a small though uncertain decrease 
(1–2% decade–1, with uncertainty up to ±5% decade–1) 
in tropical lower stratospheric ozone over 2000–2020. 
This decrease is consistent with climate change–driven accel-
eration of the large-scale circulation and has a small impact on 
TCO. Chemical ozone loss from chlorine and bromine is com-
paratively minor in the tropical lower stratosphere. 

• Observations suggest small decreases in lower strato-
spheric ozone in the mid-latitudes of both hemispheres 
for 2000–2020, while chemistry-climate model simula-
tions suggest small increases. Ozone in mid-latitudes has 
large year-to-year variability; thus, trends have large uncer-
tainties, and they are not robust across all datasets and mod-
els. The observed decrease is more evident in the Northern 
Hemisphere.

• Attribution of TCO trends during the period of slow ODS 
decline requires knowledge of changes in ozone in both 
the troposphere and stratosphere. For instance, there is 
evidence that the lack of a change in TCO in the tropics re-
flects an increase in tropospheric ozone that compensates for 
the ozone decrease in the tropical lower stratosphere. This 
decrease, due to a climate change–driven acceleration of the 
large-scale circulation, is expected based on modeling stud-
ies. Depletion due to ODSs, on the other hand, is very minor 
in the tropical lower stratosphere. Nevertheless, analyses of 
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these changes using different observational datasets indicate 
significant remaining uncertainty. 

Future ozone changes
Projections of future stratospheric ozone are available 

from new model simulations that follow new emissions scenar-
ios: the shared socioeconomic pathways (SSPs). These scenar-
ios all assume compliance with the Montreal Protocol and its 
Amendments and adjustments for ODSs but span a wider range 
in future GHG and pollutant emissions pathways than the sce-
narios used in the previous Assessment, although there are fewer 
models from which to draw results. As in the last Assessment, the 
key drivers of future stratospheric ozone levels continue to be 
declining ODS concentrations coupled with CO2-driven cooling 
in the upper stratosphere and a strengthening of the Brewer-
Dobson circulation. TCO will also be affected by changes in the 
tropospheric ozone burden.

• New estimates for the year of return of near-global TCO 
to its 1980 value are broadly consistent with the last 
Assessment. Also similar to the last Assessment, these 
modeled return dates vary considerably depending on 
the assumed future scenario. TCO returns to its 1980 value 
sooner for scenarios that assume larger emissions of GHGs 
than scenarios with smaller GHG emissions. The return dates 
for a middle-of-the-road (SSP2-4.5) scenario are:

 º around 2040 for near global mean (60°S–60°N) annually 
averaged column ozone;

 º around 2045 for SH (60–35°S) annually averaged col-
umn ozone; and

 º around 2035 for NH (35–60°N) annually averaged col-
umn ozone.

• For scenarios that assume strong reductions in the 
emission of tropospheric ozone precursors, the result-
ing reductions in tropospheric ozone can be important 
for TCO trends. Under such scenarios, TCO in the tropics is 
projected to remain below the 1980 values until at least 2100. 

As discussed in the last Assessment, tropical TCO under high 
GHG scenarios will be below 1980 values at 2100 due to cir-
culation-driven changes affecting lower stratospheric ozone.

• Future ozone recovery and the expected strengthen-
ing of the Brewer–Dobson circulation will most likely 
increase the proportion of ozone of stratospheric origin 
in the troposphere. A new analysis has quantified the con-
tribution of stratosphere-to-troposphere transport of ozone in 
models under scenarios with limited GHG mitigation (RCP6.0 
and RCP8.5). While stratosphere-to-troposphere transport 
remains highly variable between models and is strongly sce-
nario-dependent, the projected increase is robust, suggest-
ing increases of stratospheric ozone in the troposphere of 
10–50% over the 21st century, depending on the model and 
scenario. Nonetheless, in situ chemistry involving air pollut-
ants remains the largest production term for the simulated 
tropospheric ozone budget. 

• The unreported production of CFC-11 over 2012–2019 (see 
Chapter 1) is estimated to delay global TCO recovery to 1980 
levels by ~1 year.

Emerging Issues
• Exceptional events can temporarily perturb chemi-

cal and dynamical processes that affect stratospheric 
ozone amounts. Since the last Assessment, these include 
the 2019/2020 wildfires in Australia, the eruption of the 
Hunga Tonga-Hunga Ha’apai volcano, and disruptions to the 
quasi-biennial oscillation of the tropical winds. In particular, 
intense wildfires have become more frequent. Their potential 
impacts on the stratosphere are not yet well quantified and 
are a subject of active research.

• The impending loss of vertically resolved, global space-
borne measurements of ozone-related atmospheric 
constituents (e.g., reactive chlorine, water vapor, and 
long-lived transport tracers) will impede the ability to 
monitor and explain changes in the stratospheric ozone 
layer in the future
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3.1 INTRODUCTION

This chapter assesses our current knowledge and under-
standing of past and potential future changes in near-global 
(60°S–60°N) ozone, updating the corresponding chapter from 
the previous Assessment (Braesicke, Neu et al., 2018). Our current 
state of knowledge regarding past-to-present ozone changes and 
trends is assessed, including attribution, confidence, and uncer-
tainty regarding the drivers of the changes and trends, both from 
statistical modeling approaches and comprehensive chemistry- 
climate models (CCMs). The chapter also describes how ozone 
is expected to change in the future, given scenarios for emissions 
of greenhouse gases (GHGs), air pollutants and ozone-depleting 
substances (ODSs), which will affect the composition, chemistry, 
and climate of the atmosphere. As in past assessments, the key 
benchmark is ozone’s return to its mean value at the reference 
time of 1980, near the beginning of observed ozone loss.

3.1.1 Summary of Findings from the Previous 
Ozone Assessment 

The 2018 Assessment (Braesicke, Neu et al., 2018) examined 
the evidence for ozone recovery, drawing on updated statistical 
methods with more rigorous treatment of uncertainties. Evidence 
for significant ozone increases of 1–3% decade–1 was reported for 
the upper stratosphere (35–45 km), with the most robust trends 
in the Northern Hemisphere mid-latitudes. Simulations from 
CCMs attributed approximately half of this trend to the reduc-
tions in emissions of ODSs under the Montreal Protocol, with the 
other half coming from slowing of gas-phase chemistry caused 
by GHG-induced cooling. A reported decrease in lower-strato-
spheric ozone, particularly in the tropics, was found to be sensi-
tive to the ozone dataset analyzed and the start and end years of 
the analyzed period. CCM simulations supported the hypothesis 
that any apparent trend was linked to dynamical variability. Small 
increases (0.3–1.2% decade–1) in the near-global total ozone 
column were reported, although these were not statistically 
significant, given the uncertainties in the data and the large year-
to-year dynamical variability (up to 5%). The importance of accu-
rately quantifying tropospheric ozone changes was highlighted 
because they can be important for the total column ozone (TCO) 
trend and they are necessary to establish consistency between 
total column and profile data.

CCM projections of ozone recovery showed that for a base-
line scenario with weak climate change mitigation (RCP6.0), 
global and Southern Hemisphere (SH) mid-latitude ozone 
should recover by the middle of the century, while the Northern 
Hemisphere (NH) mid-latitude ozone would do so by around 
2035. With negligible halogen-driven ozone destruction, future 
projections of the ozone layer were found to be most sensitive 
to the greenhouse gas scenario: elevated GHG concentrations 
strengthen the stratospheric overturning circulation and impact 
ozone chemical loss through stratospheric cooling (see Chapter 
5). Furthermore, the projected strengthening of the circulation 
results in scenario-dependent stratospheric ozone decreases in 
the tropics, while the overall column change also depends on the 
tropospheric ozone trends. Outside of long-term trends, the last 
Assessment also described how the slow decline of ODSs means 
that stratospheric injection of sulfate aerosols (e.g., from a large 
volcanic eruption) could still result in substantial near-term ozone 
losses.

3.1.2 Major New Developments Since 2018
As with past Assessments, an extended observational record 

facilitates revisiting the evidence for positive ozone trends, as 
well as their attribution to declining levels of halogenated ODSs 
controlled by the Montreal Protocol. In addition to the extended 
records, several merged, vertically resolved datasets have been 
updated and/or improved, and new ones developed (Section 
3.1.3 and Appendix 3A). Moreover, new statistical approaches 
have been developed and new model simulations have been 
conducted, both of which provide new insight on the drivers of 
recent trends. 

The Long-term Ozone Trends and Uncertainties in the 
Stratosphere (LOTUS) initiative (SPARC/IO3C/GAW, 2019) has 
left a legacy of robust methods for trend detection and uncertain-
ty calculation, from which this chapter draws heavily. New devel-
opments since the last Assessment include extending the meth-
odology to diagnose trends by season, as well as demonstrating 
the utility of dynamic linear models (DLMs) in detecting trends 
and quantifying uncertainties. The growing use of advanced 
data science techniques, such as DLMs, is surveyed in Box 3-1. 
Moreover, new longitudinally resolved datasets of total column 
and vertically resolved ozone trends facilitate new comparisons 
and validations of ground-based and remotely sensed measure-
ment data.

New simulations and analyses of CCMs have proceeded 
along two fronts: 1) coordinated multi-model experiments for 
hindcasts and future projections and 2) detailed investigations 
of specific issues, often with a single model. For the former, this 
chapter mostly makes use of simulations from Phase 6 of the 
Coupled Model Intercomparison Project (CMIP6; Eyring et al., 
2016), covering 1850 –2100 and including several future sce-
narios. However, compared to the Chemistry-Climate Model 
Initiative Phase 1 (CCMI-1) simulations (Morgenstern et al., 2017) 
used in the previous Assessment, the CMIP6 experiment does 
not mandate archiving the same degree of ozone-relevant model 
output and, moreover, includes fewer models that have a sophis-
ticated treatment of atmospheric chemistry processes. For the 
more detailed studies, this chapter particularly benefits from new 
investigations into ozone trends in the upper troposphere and 
lower stratosphere, which, together with extended observations, 
enable better understanding of the drivers of the trends in this 
important region. Finally, several models have performed simu-
lations targeted at quantifying the impact of recent unregulated 
CFC-11 emissions on the current state and future recovery of the 
ozone layer (WMO, 2021). 

3.1.3 Data Sources, Quality, and Methods
The analyses and results presented in this Assessment rely on 

essentially the same ground-based and satellite ozone datasets as 
were used for the 2018 Assessment. The data records have been 
extended, and some of them have been partly or fully revised or 
reprocessed. An overview of the different data sources with more 
details about specific updates and revision efforts are given in 
Appendix 3A. Since the last Assessment, two new space-based 
instruments that measure ozone have been deployed, both 
launched in 2017: SAGE III on the International Space Station 
(ISS) and TROPOMI on the Sentinel 5 Precursor. SAGE III/ISS pro-
vides vertically resolved profiles using solar and lunar occultation 
(Szatkowski et al., 1999; Cisewski et al., 2014), while TROPOMI is 
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Box 3-1. Emerging Data Science Methods for Stratospheric Ozone Analysis

“Data science” is a broad term applied to the “principled extraction of information and knowledge from data” (Provost and 
Fawcett, 2013) and is a phrase whose use in the environmental sciences has been growing in recent years (e.g., Blair et al., 2019). 
While data science could be a label to describe statistical methods that have long been a staple for ozone analysis, the term is also 
used more particularly to refer to the adoption and development of more advanced approaches, including artificial intelligence (AI) 
and machine learning (ML). These have only recently been exploited in this field, thanks to increasing computational power and the 
wider availability of codes from the statistical and computer science research communities. 

Many of the new approaches employ Bayesian inference. In contrast to frequentist approaches, where probabilities are de-
rived from long-run frequency distributions, Bayesian approaches start with a prior hypothesis, such as for model parameters, whose 
probabilities are updated as additional information becomes available. This forms the basis of, for instance, dynamic linear modeling 
(DLM) methods, which have been used to understand ozone trends (Section 3.2.2). Bayesian approaches are well suited to da-
ta-sparse situations, although as data volume increases, inferences from frequentist and Bayesian analyses tend to converge (Figure 
3-5). 

This box briefly highlights some relevant emerging data science advances in three key areas: 1) creating new merged datasets, 
2) emulating complex models, and 3) making better use of model output. 

The Bayesian neural network assimilates model predictions with observations and prior knowledge by optimally 
weighting models and learning a bias correction. It also provides principled uncertainty predictions, which are a 
combination of observational uncertainty and the uncertainty within the BNN. Several tests demonstrate that it can 
provide an excellent prediction of historic zonally averaged ozone - see below. 

Sparse observations

Predictions from multiple 
nudged chemistry climate 
models

Bayesian 
neural 

network

Ozone prediction Uncertainty

Prior system knowledge

BNN prediction w/ 1, 2 & 3σ uncertainty

Random testing observations
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Extrapolation testing observations
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nt
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Infilled zonal mean ozone timeseries at 12.5N and 50.4 hPa

Box 3.1 Figure 1. Schematic of the Bayesian neural network (BNN). [Based on Sengupta et al., 2020.]
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Creating New Datasets: Model-Measurement Fusion

Statistical techniques have long been employed to join different instrumental records into a complete time series, as well as 
to spatially and temporally infill sparse datasets, often using multiple linear regression (MLR)-based approaches (e.g., Bodeker et 
al., 2013; Davis et al., 2016), and now also with more advanced techniques (Loyola and Coldewey-Egbers, 2012; Ball et al., 2017; 
Bodeker et al., 2020; Dhomse et al., 2021). One different approach is the Bayesian neural network (BNN), which can be used to 
fuse data from chemistry-climate models (CCMs) and observations (Sengupta et al., 2020). A BNN can learn which weighted com-
bination of CCM data is appropriate to use for a given location and time (rather than using fixed weights) and provide a principled 
treatment of uncertainty. A schematic of the BNN is given in the Box 3.1 Figure 1.

Complex Model Emulation

CCMs are computationally expensive and time consuming to run, which places practical limits on the number of simulations that 
can be completed. This limits both our exploration of model uncertainty, such as through alternative parameter choices to simulate 
chemical and physical processes, and the investigation of a wider range of possible future scenarios. One way to address this is to 
emulate the complex model with a sophisticated but computationally cheaper statistical approach. Approaches include building an 
emulator by fitting Gaussian processes to a set of carefully chosen calibration simulations, which can then be exploited to explore 
what would be simulated by the complex model across a multidimensional parameter space (e.g., Revell et al., 2018; Wild et al., 
2020). Other studies have emulated CCM output using a variety of ML approaches, which have been used to explore a wide range 
of future scenarios (Keeble et al., 2021b), or they have proposed the adoption of ML-based algorithms within a CCM to replace 
more computationally expensive chemistry solvers (Nowack et al., 2018). Nevertheless, application of these newer approaches to 
stratospheric ozone research is still in its infancy, and CCMs in their current form remain our best tools for analyzing past ozone trends 
and generating future projections.

Approaches to Make Better Use of Model Output

Given the same input scenarios for greenhouse gases and ozone-depleting substances, different CCMs simulate a wide range 
of outputs. While some of this model spread represents irreducible uncertainty due to the chaotic nature of the climate system (which 
can be approximated as “weather noise”), different models will have varying levels of skill in reproducing reality. Moreover, this varia-
tion in simulation skill will likely be a function of, e.g., geographical region and season, atmospheric composition, and the prevailing 
climate. Different models are also seldom independent (e.g., Knutti et al., 2013). This varying model skill and intermodel common-
ality means that the commonly used multi-model mean does not provide the best estimate of the past, current, or future state of the 
atmosphere. Recent approaches have sought to improve on this by providing weighted multi-model means, where model weighting 
is based on a measure of model independence and the performance of the model when compared to observations (Amos et al., 
2020; Sengupta et al., 2020). In the broader climate literature, other studies have developed and exploited “causal networks” for 
a novel process-based model evaluation (Runge et al., 2019; Nowack et al., 2020). This is a sophisticated data science approach to 
identify causal links through spatiotemporal correlations in observational data. These can then be examined to produce metrics to 
evaluate models and understand model-observation and model-model differences.

a nadir sounder that provides total and tropospheric column in-
formation as well as vertical profiles (Veefkind et al., 2012). Early 
validation efforts for both SAGE III/ISS (Wang et al., 2020) and 
TROPOMI (Hubert et al., 2021; Mettig et al., 2021) suggest the 
data are well suited to provide valuable information about long-
term changes, and these data are already being incorporated into 
commonly used merged datasets. 

Several currently operational spaceborne instruments are 
well beyond their design lifetimes, and some are scheduled to 
be decommissioned in the next few years. Instruments whose 
data have been used as part of this Assessment (see Tables 3A-3 
and 3A-4) or previous Assessments (see Table 3A-1 of WMO 
(2014)) that will likely cease operations by the end of the 2026 
Ozone Assessment process include the Aura Microwave Limb 
Sounder (MLS), the SciSat Atmospheric Chemistry Experiment 
Fourier Transform Spectrometer (ACE-FTS), the Odin Optical 
Spectrograph and Infrared Imager System (OSIRIS), and the 
Odin Sub-Millimetre Radiometer (SMR). With the loss of current 
limb-viewing capabilities, vertically resolved global measure-
ments of many trace gases relevant for stratospheric chemistry 

and dynamics will no longer be available. These trace gases in-
clude reactive (chlorine monoxide, ClO) and reservoir (hydrochlo-
ric acid, HCl; chlorine nitrate, ClONO2) chlorine species, water 
vapor, nitric acid (HNO3), and long-lived transport tracers (e.g., 
nitrous oxide, N2O; methane, CH4; carbon monoxide, CO; meth-
yl chloride, CH3Cl). The recent Report of the Ozone Research 
Managers of the Parties to the Vienna Convention (ORM, 2021) 
identifies the need to “continue limb emission and infrared solar 
occultation observations from space” that are “necessary for 
global vertical profiles of many ozone- and climate-related trace 
gases” as one of the “key systematic observations recommenda-
tions.” Indeed, the impending cessation of these measurements, 
many of which have been taken continuously over the last several 
decades, will hamper the ability to reduce key uncertainties that 
remain in understanding stratospheric ozone depletion, includ-
ing the lack of emergence of a clear signature of recovery in the 
Arctic, the potential influence of volcanic and wildfire emissions, 
the role of very short-lived substances (VSLSs), and the impact of 
strengthening of the Brewer-Dobson circulation, among others.

In addition to the multiple merged datasets that were the 
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basis for most of the long-term, zonally averaged variability and 
trends discussed in the last Assessment, an additional dataset 
was created recently: SAGE II-SCIAMACHY-OMPS (Arosio et al., 
2019). This includes a slightly different combination of satellite 
measurements than in previous merged datasets; however, since 
different merged datasets share underlying data sources, trends 
calculated using these datasets are not independent. Also, since 
the last Assessment the community has created new (gridded) lat-
itudinally, longitudinally, and vertically resolved ozone datasets: 
an expanded version of the SAGE II-SCIAMACHY-OMPS dataset 
(Arosio et al., 2019) and MEGRIDOP (Sofieva et al., 2021). So 
far, only a few merged datasets provide gridded ozone profiles, 
which allow more detailed analyses of spatially and vertically re-
solved trends.

Data quality remains one of the key drivers of trend uncer-
tainties, and specific topics, such as instrument drifts, biases, 
and sampling, were discussed in detail in the last Assessment. 
Considerable effort has since been made to improve individual 
instrument records as well as merged datasets. For example, 
ground-based vertical profile records were improved through 
homogenization of ozone soundings in the framework of the 
Tropospheric Ozone Assessment Report Phase 2 (TOAR II) proj-
ect, homogenization of Umkehr and lidar records, and repro-
cessing of Dobson, Brewer, and FTIR records (see Appendix 3A). 
Satellite measurements have been improved by updating retriev-
al algorithms and by enhancing the consistency and stability be-
tween individual datasets. These advances in data quality, and the 
additional four years of data, have led to a more consistent picture 
of trends derived from ground-based and satellite measurements 
since the last Assessment. In addition to data quality, the method-
ology used to determine trends can also affect the resulting un-
certainties. Not much has changed with respect to the most com-
monly applied multi-linear regression models for trend detection 
since the last Assessment, but alternative statistical models (e.g., 
dynamic linear models) are seeing greater use by the community 
and provide a robust alternative method of trend detection. 

With the publication of the SPARC Reanalysis Intercomparison 
Project Report (SPARC, 2022), a comprehensive evaluation and 

intercomparison of meteorological reanalyses is now available, 
complete with recommendations on how to best use reanalysis 
data for long-term trend and variability analyses. For this reason, 
Box 3-2 provides a discussion about the usability of reanalyses 
to calculate reliable ozone trends. However, the recommended 
practices have not yet been widely adopted by the community, 
and therefore trend studies based on reanalysis data are again not 
highlighted in this Assessment.

3.2 NATURAL VARIATION AND TREND 
MODELS

Ozone varies on seasonal, interannual, and decadal times-
cales as a result of both natural and anthropogenic forcing. Careful 
determination of long-term trends requires accurately attributing 
the other major sources of variability. The most common method 
of quantifying the trends is through statistical techniques involv-
ing linear regression (WMO, 2018; SPARC/IO3C/GAW, 2019, 
and references therein). Various regression techniques adopt 
different statistical approaches to evaluate trends and their uncer-
tainties. Two common approaches in ozone analysis are multiple 
linear regression (MLR) and dynamic linear models (DLMs). The 
application of these linear regression techniques assumes that 
ozone is linearly dependent on predictor time series (or proxies) 
that dictate how it varies with time. The following sections present 
the different sources of variability and their proxies (Section 3.2.1), 
the different methodologies applied to calculate long-term ozone 
trends (Section 3.2.2), and (briefly) how significance is assigned 
to the calculated trends (Section 3.2.3). 

3.2.1 Natural Variability
The primary influences on the global distribution of ozone 

are sunlight, chemistry, and transport of either ozone itself or any 
reactive species important for ozone chemistry. The proxies that 
describe these sources of variability are often empirical, rather 
than having a simple functional form, and are often not complete-
ly independent, as the processes can interact with each other or 
simply have similarities in their temporal dependence. This lack of 

Figure 3-1.  Maximum contribution of different sources 
of natural variability (as proxies) in a multiple linear re-
gression analysis applied to the median of five TCO data-
sets as a function of latitude (Weber et al., 2022). Each 
colored line shows the response (i.e., deviation in Dob-
son units, or DU) of ozone resulting from a different proxy 
in the regression (see legend), with the sign indicating 
whether the ozone response is positively or negatively 
correlated with the proxy. A solid line indicates that the 
response to a given proxy is significant at the 5% level, 
whereas a dashed line indicates that it is not significant at 
the 5% level. [Adapted from Weber et al., 2022.]
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Box 3-2. Can Reanalyses Be Used to Calculate Robust Ozone Trends?

Diverse methods are used to create ozone datasets from different sources or to fill gaps in existing datasets, including merging 
observations with simulated data. One of the goals is to provide ozone datasets suitable for trend analyses. Merging techniques are 
updated and further developed. Lately, machine learning techniques have also been applied to datasets with sporadic coverage (see 
Box 3-1). Reanalysis, which integrates physics-based prognostic meteorological models with observational data in an iterative way, 
is another approach. Both one-directional coupling (meteorology modifying prognostic ozone fields) and bi-directional coupling 
(ozone fields also modifying meteorological fields via radiation) are applied in reanalyses. As such, ozone estimates from reanalyses 
depend on both continued high-quality observations and the skill and accuracy of the underlying forecasting model.

In almost all current reanalysis systems, ozone is included as a prognostic variable. How well the ozone fields and their variability 
are represented in the different reanalyses depends on the assimilated observations and the chemical and microphysical model 
parametrizations. Primarily, total column ozone observations or measurements of broad vertically weighted averages are assimilat-
ed, but more recent reanalyses also assimilate observations with a higher vertical resolution (Davis et al., 2017). Problems for ozone 
trend analyses based on reanalysis data occur when the different assimilated data contain internal drifts or steplike changes (Wargan 
et al., 2020) and/or biases between the datasets (Wargan et al., 2018). Approaches to account for internal drifts and biases exist 
(van der A et al., 2010, 2015) but have so far not been widely applied. Additionally, assimilation of radiances and other parameters 
might introduce step changes in stratospheric temperatures and wind fields that directly influence the estimated ozone distribution 
(Stauffer et al., 2019), and inhomogeneities and discontinuities can be introduced by a changing number of assimilated datasets over 
time (Sterl, 2004; Simmons et al., 2014; Shangguan et al., 2019). 

For these reasons, there has been reluctance to use ozone from reanalysis datasets for trend studies despite successful use in 
ozone-related process studies (e.g., Banerjee et al., 2020; Orr et al., 2021). Recent developments in data assimilation methodology 
do seek to address the continuity issues outlined above. Some reanalyses currently include bias correction or ozone data homogeni-
zation algorithms (van der A et al., 2010, 2015; Hersbach et al., 2020; Wargan et al., 2020). Additionally, several recently developed 
reanalysis products focus specifically on atmospheric composition and use sophisticated chemistry models that help correctly prop-
agate observational data in space and time by providing stable priors for data assimilation (Flemming et al., 2017; Errera et al., 2019; 
Inness et al., 2019a, 2019b; Huijnen et al., 2020).

There is, therefore, a tension between some clear advantages that reanalyses provide for studies of long-term trends and vari-
ability, and current limitations. The SPARC Reanalysis Intercomparison Project (S-RIP) has made substantial progress in providing 
advice to users and feedback to reanalysis centers. The S-RIP report (SPARC, 2022) provides a comprehensive evaluation and in-
tercomparison of 12 major meteorological reanalyses with a focus on the representation of stratospheric processes and assimilated 
fields, including ozone. An overview of the skill level demonstrated in different reanalysis datasets for different metrics of ozone 
trends and variability, as analyzed with S-RIP, is shown in Box 3-2 Figure 1. Several recommendations emerged from this evaluation: 
1) trends from reanalyses should be treated with caution; 2) an understanding of the reanalysis systems is necessary for interpretation; 
3) studies should use multiple reanalyses and, where possible, other data to help assess result robustness and estimate uncertainties; 
and 4) the use of several specific, now-outdated reanalyses is discouraged.

Box 3.2 Figure 1. Overview of analyzed ozone diagnostics with a variety of recent and commonly used meteorological 
reanalysis data, with recommendations on where the data can be used most appropriately. [Adapted from Davis, Hegglin et 
al., 2021, in SPARC, 2022.]
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orthogonality between the proxies can sometimes make it difficult 
to attribute variability in ozone directly to one source or another. 
Furthermore, since the 2018 Assessment, new behavior has been 
observed that raises questions about the suitability of some of the 
proxies that are typically used, with concerns regarding how well 
they represent the actual variability of ozone. Table 3A-1 lists the 
sources of data for different proxies, while Figure 3-1 illustrates a 
comparison of the relative impact that some of the different sourc-
es of variability described here have on total column ozone (TCO) 
as a function of latitude.

3.2.1.1 The Quasi-Biennial Oscillation (QBO)
The Quasi-Biennial Oscillation (QBO) is a pattern of alter-

nating zonal winds in the tropical stratosphere that affects ozone 
through transport and chemistry. It is characterized by an oscil-
lating pattern of easterly and westerly winds in the stratosphere, 
with a variable (24–32 month) period over which it progressively 
descends through the stratosphere (Figure 3-2a). These oscillat-
ing wind shear patterns induce oscillating vertical motions in both 
the tropics and extratropics that are opposite in direction to each 
other along with corresponding meridional transport in between 
(Baldwin et al., 2001). The response of ozone to the QBO is stron-
gest in the tropical lower stratosphere, with secondary maxima 
in the middle stratosphere in both the tropics and low-latitude 
(<40°) extratropics (Zawodny and McCormick, 1991).

The QBO is the dominant source of variability of stratospher-
ic ozone in the tropics, particularly in the lower stratosphere, 
and it is a modulator of variability at higher latitudes (Anstey and 
Shepherd, 2014). It is vital that its influence be accurately repre-
sented in trend analyses. The vertical and meridional transport 
and chemical influence of the QBO on ozone are represented 
using tropical zonal wind data as a proxy. This usually takes one 
of two forms: a pair of time series of zonal wind measurements 
from two different pressure levels that are roughly out of phase 
from each other, or the leading two empirical orthogonal func-
tions (EOFs) derived from this data (Wallace et al., 1993; Randel 
and Wu, 1996). The latter is preferable since EOFs are explicitly 
constructed to better represent the variability present in all of 
the source data. The proxies typically represent over 90% of the 
QBO’s variability but are limited in their ability to fully represent 
the effect of the QBO on ozone. For example, the seasonal cycle 
modulates the QBO at higher latitudes (Tung and Yang, 1994), 
creating a nonlinear effect that must be adequately captured in 
regression analyses, such as by using seasonal cross-terms in the 
regression (Randel and Wu, 1996; Damadeo et al., 2014). Not 
accounting for this can make trend analyses particularly sensitive 
to the endpoints (Ball et al., 2019a).

The typical pattern of the QBO has been fairly stable and re-
peatable over the first six decades of observations of tropical zonal 
winds, which started in the early 1950s. The last Assessment high-
lighted the first-ever disruption to the QBO in 2015/16 (Newman 
et al., 2016; Osprey et al., 2016; Tweedy et al., 2017), and since 
then another disruption happened in 2019/20 (Saunders et al., 
2020; Anstey et al., 2021), as illustrated in Figure 3-2a. In both 
cases, large horizontal momentum fluxes originating from the ex-
tratropics propagated to the tropics, where they interfered with 
the normal momentum transfer associated with the QBO (Coy et 
al., 2017; Lin et al., 2019; Saunders et al., 2020; Anstey et al., 
2021). This resulted in the introduction of westward winds at 
around 40 hPa (~35 km) during the eastward phase and lifting of 

the eastward winds. The changing wind shear patterns associated 
with these disruptions drove correlated changes in stratospheric 
ozone resulting from changes in upwelling. While the impacts 
were similar in the two cases, the origin of each disruption was 
different. The 2015/16 disruption was caused by the coincidence 
of a particularly strong El Niño event in the Northern Hemisphere 
(Coy et al., 2017; Lin et al., 2019), while the 2019/20 event was 
the result of strong wave forcing from the Southern Hemisphere 
in the absence of any El Niño event (Saunders et al., 2020; Anstey 
et al., 2021). 

These disruptions present an additional challenge as to 
the representativeness of the QBO proxies used in regression 
analyses. During such disruptions, the amount of QBO variance 
explained by the two leading EOFs is substantially reduced and 
higher-order EOFs are necessary to fully capture the variability 
(Figure 3-2b). It has not yet been determined if these high-
er-order EOFs can adequately capture the correlated variability 
in ozone during the disruptions. In addition, while these were 
unprecedented in the observational record, they may not be 
isolated incidents. Accounting for QBO disruptions may become 
necessary for both current and future trend analyses.

3.2.1.2 El Niño-Southern Oscillation (ENSO)
The El Niño-Southern Oscillation (ENSO) is a pattern of al-

ternating warm and cold sea surface temperatures (SSTs) of the 
tropical eastern and western Pacific Ocean, which influence tro-
pospheric circulation and stratosphere-troposphere exchange. 
Warmer El Niño phases increase tropical upwelling, resulting in 
negative ozone anomalies in the tropical upper troposphere/
lower stratosphere (UTLS), whereas colder La Niña phases de-
crease tropical upwelling and result in positive ozone anomalies 
(Domeisen et al., 2019); ozone anomalies also occur at mid-lati-
tudes, which may differ separately by hemisphere with the ENSO 
phase (Ziemke et al., 2010; Oman et al., 2013). Ultimately, ENSO 
can substantially affect stratospheric circulation as a whole by 
influencing other transport mechanisms such as the QBO or the 
Brewer-Dobson circulation (BDC; Domeisen et al., 2019, and 
references therein). For example, the QBO propagates down-
ward more rapidly during an El Niño phase, and El Niño leads to 
a strengthened BDC associated with tropical stratospheric cool-
ing, warmer poles (Randel et al., 2009), and weaker stratospheric 
polar vortex (Ermakova et al., 2019). These interconnections 
make ENSO an important process controlling the interannual 
variations of stratospheric ozone but complicate any regression 
analyses that assume all proxies are orthogonal to each other.

The ENSO-related proxies used for long-term trend analyses 
are computed as an index that is derived from a number of pos-
sible oceanic and/or atmospheric parameters (Domeisen et al., 
2019). Among them are the Niño 3.4 Index, which derives direct-
ly from a time series of Pacific SST anomalies over a region in the 
tropical Pacific (Huang et al., 2017), and the multivariate ENSO 
index (MEI), computed from a principal component analysis of 
SSTs, surface air temperatures, sea level pressures, surface winds, 
and radiation over the tropical Pacific (Wolter and Timlin, 1998). 
These simple indices may capture the general ENSO pattern that 
correlates with ozone variability but do not account for the more 
subtle impacts of ENSO on circulation patterns. Stratospheric 
ozone anomalies and large SST anomalies are found not only 
during El Niño and La Niña but also during the transition phases 
(Lin and Qian, 2019). However, sometimes SST anomalies are not 
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Figure 3-2. (a) Zonal winds observed from radiosondes at Singapore (blue to gold shading) and the lapse-rate tropopause (black 
line). Disruptions in the zonal winds are noticeable by the ascending gold shading above 40 hPa in 2016 and 2020 that breaks 
the descending blue shading. (b) Amount of variance explained over time by the first two EOFs (light orange shading), the third 
EOF (dark orange), and the fourth EOF (blue), computed from the Singapore wind data excluding the two disruptions. Typically, 
80% or more of the QBO variability can be represented by the leading two EOFs, but the disruptions illustrate that additional 
EOFs are required to adequately capture the variability during these time periods. The two vertical red lines bracket September 
2019. [Adapted from Anstey et al., 2021.]

accompanied by corresponding atmospheric anomalies; these 
events are called uncoupled El Niño warming (Hu et al., 2020).

The potential disconnect between an ENSO proxy and ozone 
anomalies exists in part because ENSO’s influence is the by-prod-
uct of the propagation of highly regionalized effects to the rest 
of the atmosphere. Moreover, the remote impacts depend on 
the location and intensity of ENSO events. The SST anomalies are 
not always simply warm or cold in the eastern Pacific (“canonical 
ENSO”) but are sometimes warm in the Central Pacific (“ENSO 
Modoki”; Ashok et al., 2007) or even double-peaked with warm 
centers in both regions (Shin et al., 2021). These subtle differenc-
es can result in noticeable changes in stratospheric ozone. For 
example, the warm phase of canonical ENSO has been found 

to be associated with negative ozone anomalies in the SH lower 
stratosphere and positive ozone anomalies in the NH lower 
stratosphere, while the warm phase of ENSO Modoki results in 
the opposite (Lu et al., 2019).

Both the simplicity of the ENSO proxy and the way it is imple-
mented can affect long-term trend analyses. ENSO indices are a 
single time series, meaning they cannot alone account for any lag 
in the response. The response of stratospheric ozone to the phase 
of an ENSO index derived from tropospheric data is often delayed 
by several months, with the strongest anomaly appearing in the 
NH winter one year after El Niño (Lin and Qian, 2019). Another 
aspect of trend analysis implementation is the spatial coordinate 
system of the ozone data. For instance, when ozone is gridded 
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with respect to the location of the subtropical jet, its variability in 
the UTLS shows a stronger correlation with ENSO variability than 
if it was analyzed in the usual latitude/longitude/altitude coor-
dinate system, although this is still an active area of study (Olsen 
et al., 2019). Including the QBO in the analysis shows that ENSO 
generally dominates ozone variability around the subtropical jet, 
while the magnitudes of the QBO and ENSO impacts are more 
comparable at mid-latitudes.

3.2.1.3 Aerosols
The term “aerosols,” which is strictly defined as fine particles 

suspended in a gas, is essentially a catch-all term for everything 
in the atmosphere that is not a gas or cloud, although the focus is 
generally on the particle component. Aerosols exhibit many dif-
ferent compositions and originate from a variety of natural and an-
thropogenic sources (Kremser et al., 2016, and references there-
in), but the most common form of aerosol in the stratosphere is an 
aqueous suspension of sulfuric acid (Junge et al., 1961). The last 
Assessment went into detail regarding the sources and impacts 
of aerosols on ozone. In brief, aerosols affect ozone through two 
main mechanisms. The first is by offering a surface for heteroge-
neous chemistry that leads to denitrification and primarily leads 
to ozone destruction/enhancement in the presence/absence of 
chlorine. The second is by cooling the Earth’s surface and heat-
ing the stratosphere, which both alters chemical reaction rates 
and modifies circulation. The first mechanism is influential at the 
location of the aerosol, while the second mechanism can have im-
pacts beyond that. (See Chapter 6 for the potential ozone impacts 
of stratospheric aerosol from climate interventions.)

Stratospheric aerosol proxies for use with long-term ozone 
trend analyses are derived from long-term aerosol data records 
(e.g., Chouza et al., 2020; Kovilakam et al., 2020), which are 
composed of individual satellite- and ground-based measure-
ments. Since the last Assessment, several of these instrument re-
cords have been improved, including OMPS (Chen et al., 2018), 
OSIRIS (Rieger et al., 2019), and CALIPSO (Kar et al., 2019); a new 
instrument, SAGE III/ISS (Chen et al., 2020; Wang et al., 2020), 
has also been deployed, as mentioned in Section 3.1.3. These 
updated and new datasets have been used to generate a more 
consistent long-term multi-instrument stratospheric aerosol re-
cord with version 2.0 of the GloSSAC (Kovilakam et al., 2020). As 
an improvement over version 1.0 (Thomason et al., 2018), version 
2.0 uses the new SAGE III/ISS data to recalibrate the bias correc-
tion of OSIRIS and CALIPSO data so that they better align with the 
native aerosol extinction measurement of SAGE II and SAGE III/
ISS for a more consistent multi-decadal record.

While sulfate makes up the majority of stratospheric aero-
sol, and volcanic eruptions are the primary source, some other 
sources of stratospheric aerosol include black and brown/organ-
ic carbon components, which will impact the properties of the 
injected aerosol. Normally, carbonaceous aerosols do not make 
it into the stratosphere in appreciable levels, but the time since 
the last Assessment has seen the two largest fire-fueled thunder-
storms (pyroCbs; see also Chapter 6) ever recorded, and both 
resulted in smoke injection into the stratosphere. These fires were 
in Canada in 2017 (Bourassa et al., 2019; Kloss et al., 2019; Yu et 
al., 2019) and Australia in 2020 (Kablick et al., 2020; Khaykin et 
al., 2020; Schwartz et al., 2020; Yu et al., 2021). Smoke aerosols 
are typically larger than stratospheric sulfate particles, so they 
have more surface area to facilitate chemical processes. They also 

heat the stratosphere more efficiently, particularly black carbon, 
through absorption of both outgoing infrared and incoming solar 
radiation. The 2020 Australian wildfires resulted in denoxification 
typically seen with volcanic eruptions (Solomon et al., 2022) and 
unprecedented chlorine partitioning (Santee et al., 2022) that 
cannot be explained by existing sulfate aerosol-based modelling 
(Strahan et al., 2022), as well as the first major impact to global 
lower-stratospheric temperature (>0.5 °C) since the 1991 Mount 
Pinatubo eruption (Rieger et al., 2021; see Chapters 5 and 6). At 
the same time, stratospheric ozone was reduced by 0.1– 0.2 ppm 
throughout the SH mid-latitudes starting several months after the 
fires, an amount comparable to the impact of the 2015 Calbuco 
eruption (Figure 3-3). However, as a relatively recent occurrence 
with few published studies, there is still some debate as to how 
much of this observed low ozone was a result of the smoke in-
jected into the stratosphere (Rieger et al., 2021; Solomon et al., 
2022; Bernath et al., 2022) versus expected as a result of trans-
port from unperturbed natural variability (Santee et al., 2022; 
Strahan et al., 2022). 

Differences in the type of aerosol contributing to strato-
spheric aerosol perturbations can have implications for the nature 
of the aerosol proxy that is used and how it relates to changes in 
ozone. For example, aerosol surface area density would correlate 
quite well to chemistry, but smoke aerosol and sulfate aerosol 
of the same size would have substantially different radiative im-
pacts. Similarly, smoke and sulfate aerosol can have appreciably 
different particle size distributions and thus similar aerosol optical 
depth at one wavelength but very different at another. For ozone 
trend analyses across periods where smoke aerosol becomes 
the dominant aerosol influence, this may pose a problem for the 
usefulness of aerosol proxies that assume stratospheric aerosol is 
dominated by sulfate. However, the different impact of wildfires 
may be a problem only when an aerosol proxy is applied to data 
after the mid- to late 1990s, as the large ozone response to the 
Mount Pinatubo eruption in late 1991 will dominate any potential 
erroneous response to much smaller stratospheric aerosol injec-
tions that occurred after the early 2000s.

Another example of an atypical stratospheric aerosol injec-
tion event are the January 2022 eruptions of the Hunga Tonga-
Hunga Ha’apai volcano. These eruptions injected large amounts 
of water vapor into the stratosphere and are a topic of ongoing 
research but are expected to have some impact on stratospheric 
ozone, perhaps unlike that of previous eruptions of similar size 
(see Box 5-1).

3.2.1.4 Solar Radiation
Variations in the sun’s irradiance affect ozone through pho-

tochemical processes in the upper and middle stratosphere, as 
well as through possible associated dynamical feedbacks (Haigh, 
1994; Hood and Soukharev, 2003). Solar fluxes as a function of 
wavelength (spectral solar irradiance [SSI]) are needed to de-
scribe this forcing. Ultraviolet (UV) wavelengths shorter than 242 
nm are particularly important as they drive the primary production 
of ozone from oxygen photolysis. However, direct, stable, long-
term UV observations are not available due to the short lifetime 
of observing satellites and in-flight instrument degradation, mak-
ing an accurate representation of solar UV changes on decadal 
timescales a challenge. Solar UV variability is highly correlated 
with solar radio fluxes in the 10.7 and 30 cm ranges. While both 
are used, recent analyses indicate that in the context of attribution 
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Figure 3-3. (a) Ratio of OMPS-LP lower-stratospheric aerosol extinction at 745 nm to molecular scattering, an indicator of the 
presence of aerosols. Major sources of stratospheric aerosol during 2015–2020 are indicated. (b) Deseasonalized lower-strato-
spheric ozone anomaly from OMPS-LP. [Adapted from Rieger et al., 2021.]
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studies, the 30 cm radio flux is a better representative of solar 
UV variability than the 10.7 cm flux (Dudok de Wit et al., 2014; 
Dudok de Wit and Bruinsma, 2017). Solar energetic particles are 
also important for stratospheric ozone, and these are discussed 
in Chapter 4.

In the last Assessment, consistency in the estimated effects 
of solar forcing on ozone over the past decade was low. This was 
due to different derived responses of ozone to solar variability be-
tween different ozone datasets, as well as surprising observations 
of the 11-year solar cycle, which indicated much larger variability 
for some UV wavelengths compared to previous observations. 
Progress has been made in these areas. 

Since the previous Assessment, new analyses and corrected 
ozone datasets have led to closer agreement on the magnitude 
and location of the ozone response to the solar cycle. The last 
Assessment reported that the observed ozone/solar cycle re-
sponse had reduced to ~1% in the upper stratosphere (Dhomse 
et al., 2016; Maycock et al., 2016), with estimates from SBUV 
MOD v8.6 mixing ratio data showing a smaller signal than the 
SAGE II v7.0 number density data. While it was further noted that 
estimates from number density data (Figure 3-4a) were more ro-
bust (Ball et al., 2019b), unexplained differences remained. More 
recent studies now suggest the smaller solar-ozone response 
from SBUV data is likely a result of a satellite drift (Li et al., 2016; 
Ball et al., 2019b). Accounting for this, new SBUV and SAGE 

II-based composites agree that the magnitude of the maximum 
solar response in the tropics is ~2% (2σ uncertainty of 1%) and 
occurs at ~7 hPa (35 km; Figure 3-4b), although the peak is verti-
cally broad (5–10 hPa or ~32–38 km). This is a lower altitude than 
in some earlier studies (Soukharev and Hood, 2006; Dhomse et 
al., 2016; Figure 3-4a). 

While these results include data from the Aura MLS satellite 
(operational since 2004), they are also in broad agreement with 
a recent study that used Aura MLS data alone (Dhomse et al., 
2022), factoring in the magnitude of the solar cycle and associat-
ed uncertainties. This recent study covers a period (2005–2020) 
of monotonic changes in equivalent effective stratospheric chlo-
rine (EESC) and few volcanic eruptions that could substantially 
influence the stratosphere (see Section 3.2.1.3). It found an ozone 
response of ~3% with a single broad peak at ~5 hPa (~38 km) in 
the tropical stratosphere. A secondary ozone peak in the tropical 
lower stratosphere, discussed in the previous Assessment and 
thought to be a dynamical response to the solar cycle, was found 
to be notably smaller than in previous estimates when consider-
ing Aura MLS data alone (Dhomse et al., 2022). These results are 
robust across several multiple linear regression approaches (see 
Section 3.2.2).

The previous Assessment also reported that, at the time, the 
latest measurements showed much larger variability across solar 
cycles for some UV wavelengths than previous observations. 
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Figure 3-4. The response in upper-stratospheric tropical (25°S–25°N) ozone due to solar cycle forcing (solar maximum mi-
nus solar minimum) for different datasets and time periods. (a) Analyses performed over different periods (between 1979 and 
2007) by Maycock et al. (2018) (“MEA18”; dashed), using ozone data from Bodeker Scientific (“Bodeker”; Bodeker et al., 2013); 
Soukharev and Hood (2006) (“SH06”), using ozone data from SBUV (black circles), SAGE-II (dark gray squares), and HALOE 
(light-gray triangles); and sensitivity analyses for periods that end in 2003 using the SBUV NASA (MOD) data only (orange, solid/
dashed) and using different versions of the BASIC dataset (Ball et al., 2017, 2019b; light blue, blue, red, pink). (b) Analyses per-
formed with the SBUV and BASIC ozone datasets for the full analysis period, 1985–2016 (colors in legend represent the same 
datasets as in the legend in [a]). [Adapted from Ball et al., 2019b.]
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However, observed and reconstructed SSI datasets driven by 
analysis of new SSI observations from the SORCE satellite mission 
are now converging, reducing uncertainties in the attribution of 
ozone variability to SSI variability. Variability in UV fluxes in cycle 
24 (1996–2008) reported early in the SORCE mission was larger 
than previous estimates (Harder et al., 2009) and has been reg-
ularly revised down. In cycle 25 (2008–2019), SORCE observa-
tions showed relatively lower variability, in better agreement with 
that of the two main SSI reconstructions (Krivova et al., 2010; Yeo 
et al., 2014; Coddington et al., 2016). These reconstructions 
have been merged to form the climate model forcing data for the 
latest generation of multi-model experiments (e.g., CMIP6; see 
Box 3-4; Matthes et al., 2017). Moreover, retrievals from TSIS, 
SORCE’s successor, also display similar behavior to these solar 
irradiance reconstructions, albeit only within uncertainties and for 
a short overlap period (Mauceri et al., 2020). 

Finally, since the previous Assessment, there have been 
additional chemistry-climate model (CCM) simulations of the 

solar-ozone response in the tropical lower stratosphere. The 
response in ozone was as high as 6% in earlier analyses (Austin 
et al., 2008); in the new simulations, the response is smaller, 
~2%, and more consistent across CCMs (Maycock et al., 2018). 
However, some differences in the solar response remain in CCMs, 
attributable to remaining uncertainties in solar cycle SSI changes 
and structural uncertainty in the models (Kunze et al., 2020). 

3.2.1.5 Other Dynamical Influence Factors
Patterns of atmospheric circulation and transport have a 

marked effect on the distribution of ozone around the globe. In 
addition to sources of transport already discussed as part of other 
natural variability proxies, some of the largest influences on ozone 
variability are the BDC, atmospheric jets and waves, and the di-
rect exchange of air between the lower stratosphere and upper 
troposphere. Some of the more influential examples of these dif-
ferent mechanisms are discussed here. 
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The BDC describes the global-scale meridional circulation 
in the stratosphere. It largely dictates the distribution of strato-
spheric ozone through transport and chemistry and is driven by 
atmospheric waves originating in the troposphere (e.g., Butchart, 
2014). While long-term trends in the BDC (Chapter 5) will impact 
long-term ozone trends, variability at shorter timescales is also im-
portant. For example, ozone trends calculated in BDC-sensitive 
locations (such as the tropics at ~35 km) vary considerably de-
pending on the time period analyzed, and this has been attribut-
ed to sub-decadal variation in the strength of the BDC (Arosio et 
al., 2019; Galytska et al., 2019). At multi-decadal timescales, BDC 
strength may be coupled to the Interdecadal Pacific Oscillation 
(IPO; e.g., Henley et al., 2015). Model simulations suggest that 
the IPO could explain up to 50% of the decadal variability in tropi-
cal mid-stratosphere ozone (Iglesias-Suarez et al., 2021).

Year-to-year variability of the polar vortex strength also in-
fluences the ozone distribution not only in polar regions but also 
at mid-latitudes. This is especially important for the Northern 
Hemisphere, where the polar vortex is often disturbed by plan-
etary wave activity. In particular, the anticipated ozone recovery 
in late winter has been shown to be sensitive not only to ODS de-
cline but also to the polar vortex changes, and late-winter ozone 
recovery could be substantially delayed in some regions of the 
NH extratropics due to trends in the polar vortex driven by climate 
change (Zhang et al., 2018; von der Gathen et al., 2021; see also 
Chapter 4).

Another source of ozone variability in the lower stratosphere 
are intrusions of tropospheric air. The uplift of tropospheric air 
occurs along the ascending warm conveyor belt of the cyclon-
ic structure (Stohl, 2001). Most tropospheric intrusions do not 
reach high altitudes, predominantly staying within the UTLS layer, 
where their impact on ozone concentrations is comparatively 
small. However, deep intrusions can even lead to the formation 
of intermittent ozone “mini-holes” (Reutter et al., 2015; Sofiev 
et al., 2020). A recent example of tropospheric influence is the 
persistent smoke-charged vortex generated by the 2019/20 
Australian wildfires, which caused an ozone mini-hole (Khaykin et 
al., 2020). Currently, tropospheric intrusions do not have a no-
ticeable impact on ozone trends, but the impact could increase if 
such events became more frequent in the future (see also Section 
3.2.1.3). 

The previous Assessment detailed dynamical proxies that 
can be used in the ozone trend analysis-eddy heat flux (EHF), tro-
popause pressure, the Arctic Oscillation (AO), the North Atlantic 
Oscillation (NAO), the Antarctic Oscillation (AAO), and an index 
for the upper branch of the BDC (UBDC)—with more recent 

studies also using proxies related to the Indian Ocean Dipole 
(Krzyścin, 2017; Thompson et al., 2021; Table 3A-1). Using dy-
namical proxies can improve the regression fit in some regions, 
but they can only partly explain the complicated and intermittent 
structure of dynamical variability. Moreover, since changes in 
dynamics can also be a response to a long-term driver, the use 
of these proxies requires care in interpreting what is driving and 
what is responding to long-term perturbations. However, at least 
for the middle and upper stratosphere, zonally averaged ozone 
trends outside of the polar regions are not very sensitive to the 
inclusion of EHF, NAO/AO, and AAO indices. (SPARC/IO3C/
GAW, 2019; see also Section 3.2.2).

3.2.2 Long-Term Trends and Trend Models
In addition to proxies for natural variability, regression model 

approaches for understanding changes in ozone also include 
a long-term trend component (Laine et al., 2014; Weber et al., 
2018; SPARC/IO3C/GAW, 2019). This component does not nec-
essarily have a well-defined form or cause. Obvious candidates 
are long-term changes in ODSs or temperature, but any long-term 
changes in transport mechanisms or concentrations of non-halide 
species involved in regular ozone chemistry can play a role. 

The statistical approach to modeling ozone determines how 
the long-term changes are captured. In multiple linear regression 
(MLR; e.g., see WMO, 2018), the form of long-term changes is 
prescribed, usually being either linear or chemistry based. Linear 
forms, such as the piecewise linear trend (PWLT; Newchurch et 
al., 2003) and independent linear trend (ILT; WMO, 2014; Weber 
et al., 2018; SPARC/IO3C/GAW, 2019), allow for the possibility 
of a turnaround in the trend but will not follow the curvature of 
ODS-related changes. Chemistry based forms, such as the EESC 
proxy (Newman et al., 2007) or EOFs based on it (Damadeo et al., 
2014), assume a turnaround in the long-term trend related to the 
mean age-of-air, which itself may be variable over time (Li et al., 
2018). However, these will be ineffective (single proxy) or less ef-
fective (2 x EOF proxy) in representing monotonic trends. On the 
other hand, dynamic linear model (DLM; Laine et al., 2014; Ball et 
al., 2018; Alsing, 2019) or ensemble empirical model decompo-
sition (EEMD; Bai et al., 2017; Boleti et al., 2020) approaches can 
estimate a smoothly varying background trend without assuming 
its shape. These trend models allow the freedom to accurately 
represent the nonlinearity of long-term changes, whether they 
have a turnaround or are monotonic. However, the curvature near 
the beginning or end of the analysis period is less constrained and 
subject to larger influence from interannual variability, especially 
when this is not well represented by the proxies, although such 

PWLT ILT EESC EESC EOFs DLM

Allows for a variable turnaround date No Yes No Yes Yes

Allows for monotonic trends Yes Yes No Yes Yes

Can follow nonlinearity of chemical 
changes

No No Yes Yes / Not as well when 
monotonic

Yes

Local trend affected by end data (rela-
tive comparison between methods) 

Middle Middle Smallest High Highest

Comparative computational cost Low Low Low Low High

Table 3-1. Comparison of five different trend models for ozone. Abbreviations are defined as follows (see also Section 3.2.2): 
piecewise linear trend (PWLT), independent linear trend (ILT), effective equivalent stratospheric chlorine (EESC), EESC empirical 
orthogonal functions (EESC EOFs), and dynamic linear model (DLM). 



Chapter 3

172

Figure 3-5. Example comparison between differ-
ent trend models fitted to annual mean TCO at Ho-
henpeißenberg. Observations (solid black circles) 
are fitted with an MLR regression model including 
a PWLT and proxies for the QBO, solar cycle, Arctic 
Oscillation, and stratospheric aerosol with chlorine 
weighting (open gray circles). Also shown are differ-
ent trends: an MLR-based trend result using a PWLT 
(red line), a single EESC-based trend (orange line), 
and a DLM-based trend (blue line) with its 1σ-un-
certainties (blue shading). Despite differences over 
shorter timescales in the representation of the non-
linearity of changes in the data, the overall trends are 
similar among the three trend models. [Adapted and 
updated from Steinbrecht et al., 2011.] 
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influence is encompassed by larger uncertainties during these 
periods. The pros and cons of the different trend models are out-
lined in Table 3-1, but it is important to note that when applied to 
decades of data, trends are usually well represented by all of the 
models (Figure 3-5), with varying levels of uncertainty.

While the choice of trend model is important, the method-
ology of the applied analysis is equally, if not more, important. 
Trend analyses rely on widely accepted statistical regression 
techniques that are becoming increasingly sophisticated (e.g., 
more aspects of variability, more detailed uncertainty analysis). 
The most commonly applied technique is MLR, but DLM-like 
techniques have become increasingly popular, especially with 
the availability of pre-written code (Alsing, 2019), and are being 
explored in community-wide efforts like LOTUS (SPARC/IO3C/
GAW, 2019). Current implementations of both MLR and DLMs 
are similar in their underlying construction and assumption of a 
linear dependence of the regressed data on proxies. However, 
they differ fundamentally in their underlying statistical principles 
(Bayesian versus frequentist; see Box 3-1) and in how they model 
the time evolution of the data. 

DLMs are underpinned by a Kalman filter framework and 
have advantages over traditional MLR approaches (Alsing, 2019): 
they allow 1) a flexible, time-varying background trend, 2) season-
al and regressor variables to modulate in time, 3) a better treat-
ment of auto-regressive processes, and 4) a better treatment of 
time-varying errors. While many of these can be incorporated into 
ever-more complex MLR models, it is the smoothly varying trend, 
with no assumption of when or how many inflection points might 
occur, that has the most obvious advantage over MLR (Figure 
3-5). For this reason, DLM approaches are more flexible and 
provide more information about how ozone evolves over time, 
particularly for the seasonal and trend components.

Ultimately, both techniques are useful for long-term trend 
analyses, with each having its own benefits and caveats. Although 
increasing the complexity of statistical models comes at the cost 
of a substantial increase in the required computing power (espe-
cially for DLMs or similar), these more complex models can be 
applied to gain more insightful and robust results.

3.2.3 Trend Significance
No value carries substantial meaning without an associated 

uncertainty. It is important to know whether the result is different 

from zero by greater than some margin of uncertainty (known as 
statistical significance). Statistical significance offers a convenient 
way to display in a single figure both the magnitude of trends 
and their “importance.” The most commonly used metric of sig-
nificance is the 95% confidence interval, assuming a Gaussian 
distribution (2σ for most statistical applications), but the choice 
is somewhat arbitrary. Results that are significant at the 90% (or 
lower) confidence interval, for instance, may still be valid and 
worthy of discussion. Moreover, multiple significance tests (e.g., 
trends at different grid points) alter the calculation of significance 
(Wilks, 2006). Note that studies that take a Bayesian perspective 
on data analysis will quote “credible intervals”; while these re-
quire a slightly different interpretation, they can be regarded in a 
similar way (Box 3-1). 

For the sake of comparison with previous Assessments, un-
certainties shown throughout this chapter are the 2σ uncertain-
ties, unless otherwise stated. However, it is important to note that 
trend results displayed where uncertainties encompass zero may 
still be indicative of meaningful change and may be worth dis-
cussing. Finally, unless otherwise stated, uncertainties reported 
here are random statistical uncertainties and do not consider the 
potential influence of data quality complications (e.g., sampling 
biases or instrumental drifts; see Section 3.1) as these are general-
ly not included or quantified in the referenced studies.

3.3 PAST OZONE

Investigating past changes in ozone in observations and 
in models is critical to both understanding the impacts of natu-
ral and anthropogenic forces on ozone in Earth’s atmosphere 
and evaluating the efficacy of the Montreal Protocol. Analysis of 
past ozone is performed on two representations of ozone: total 
column ozone (TCO) and vertical profiles. Total column measure-
ments encompass all ozone from the surface to the top of the at-
mosphere and are useful because they best represent changes in 
how much damaging solar UV radiation reaches Earth’s surface. 
To fully understand why these changes occur requires knowledge 
of the vertical distribution of ozone, provided by vertical profile 
measurements or partial columns. Analysis of profile observations 
is focused primarily on the stratosphere, where the ozone layer 
is located and where global satellite observations are of highest 
quality.
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Analyses of long-term stratospheric ozone trends have tradi-
tionally been broken down into two periods: before and after the 
late-1990s/early-2000s. As reported in previous Assessments, 
ozone exhibits a noticeable decrease in the stratosphere at al-
most every altitude and latitude from the time when global obser-
vations started in the late 1970s until the late 1990s, after which it 
appears to flatten out or even increase (see also Section 3.3.2.1). 
While the magnitude of the pre-1990s decrease varies by loca-
tion, the primary contributor to the decrease was the increase of 
ozone-depleting substances (ODSs) in the stratosphere, the con-
centration of which peaked in the late 1990s (Chapter 1). The re-
sults of trend analyses on this “pre-turnaround” period have been 
extensively discussed in prior Assessments and have not changed 
appreciably, even with the addition of new analysis techniques. 
As such, the discussion here mainly focuses on the period after 
the peak of ODSs in the stratosphere.

This section assesses changes in TCO (Section 3.3.1) and the 
vertical distribution of ozone (Section 3.3.2). In addition, spe-
cial focus is given to the upper troposphere/lower stratosphere 
(UTLS) region, where a large fraction of atmospheric ozone 
resides, where the dynamical variability is largest, and where 
there has been considerable uncertainty in the ozone trends 
and discrepancies with models (Section 3.3.3). Finally, attention 
is also given to model simulations of past ozone changes and 
their use in attributing different drivers of ozone trends (Section 
3.3.4). Information on the measurement datasets can be found in 
Appendix 3A and the associated tables (Tables 3A-2 to 3A-5).

3.3.1 Changes in Total Column Ozone

3.3.1.1 Interannual Variability
Since the mid-1990s, there has been only a small long-

term trend in TCO, with substantial year-to-year variability. The 
time series of annual mean TCO are shown in Figure 3-6 for the 
near-global average (60°S–60°N) and three selected broad-lat-
itude bands (35–60°N, 20°S–20°N, 60–35°S; Weber et al., 

Figure 3-6. Time series of annual mean TCO (in DU), for 1979–
2020, and linear trends, for 1979–1995 and 1996–2020, in four 
zonal bands: near global (60°S–60°N), NH mid-latitudes (35–
60°N), tropics (20°S–20°N), and SH mid-latitudes (60 –35°S). 
Data are from WOUDC ground-based measurements combining 
Brewer, Dobson, SAOZ, and filter spectrometer (orange); the 
BUV/SBUV/SBUV2 v8.7/OMPS merged products from NASA 
(MOD v8.7, dark blue) and NOAA (COH, light blue); the GOME/
SCIAMACHY/GOME-2 products from University of Bremen 
(GSG; dark green); and the GOME/SCIAMACHY/GOME-2/OMI 
products from ESA/DLR (GTO; light green). See Appendix 3A for 
the references associated with these datasets. All five datasets 
have been bias-corrected by subtracting averages for the refer-
ence period 1998–2008 and adding back the mean of these av-
erages. The dashed lines in each panel show the average ozone 
level for 1964–1980 calculated from the WOUDC data. The thick 
red lines show the median of MLR models. The black dashed lines 
are the linear trend as calculated with an MLR trend model using 
typical proxies, whereas the solid black lines are the linear trends 
as calculated with an MLR with additional dynamical proxies (see 
Section 3.3.1.2). [Adapted from Weber et al., 2022.]

(a) 60°S – 60°N

(b) 35°N – 60°N

(c) 20°S –20°N

(d) 60°S –35°S

To
ta

l o
zo

ne
 [D

U
]

310

300

290

280

270

360

350

340

330

320

310

280

270

260

250

240

330

320

310

300

290

280
1980 1990 2000 2010 2020

Year

WOUDC 1964–1980

Datasets Models

Linear trend
Typical proxies
Additional proxies

SBUV NASA (MOD)
SBUV NOAA (COH)
GOME/SCIA GSG
GOME/SCIA/OMI GTO

WOUDC MLR (median)
CCMI (median)



Chapter 3

174

2022). On average, the current (2017–2020) TCO is about 2.3% 
below the 1964–1980 mean (reference mean) in the near-global 
average, about 1.1% below the reference mean in the tropics, and 
about 3.6% and about 4.7% below the reference mean in the NH 
and SH mid-latitudes, respectively (Figure 3-6). 

Most of the anomaly pattern in the annually averaged ozone 
in years since the previous Assessment is well understood and can 
be explained with varying combinations of dynamical influences 
(Matthes et al., 2010; Domeisen et al., 2019; Coldewey-Egbers et 
al., 2020; Section 3.2). For example, the influence of the Quasi-
Biennial Oscillation (QBO) on ozone can be seen in the 2018 
anomalies. Compared to the annual means observed in the last 
decade, NH and SH mid-latitude TCO values were high and the 
tropical values were low, all associated with the easterly phase 
of the QBO at 50 hPa. Moreover, an assessment of the impact of 
major sources of natural variability on recent ozone interannual 
variability is consistent with established correlations in ozone 
anomalies with the QBO at 30 hPa, El Niño-Southern Oscillation 
(ENSO), and solar cycle signals (Coldewey-Egbers et al., 2020).

In 2019, the SH mid-latitude TCO anomalies remained high. 
A persistent, weak polar vortex (perturbed by a SH stratospheric 
warming event; Chapter 4) associated with a strong hemispher-
ic Brewer-Dobson circulation (BDC) led to more ozone being 
transported into SH mid-latitudes (Weber et al., 2020). The 2020 

annual near-global mean and the annual mid-latitude mean in 
both hemispheres are below the decadal average of 1998–2008 
(Weber et al., 2022). This negative anomaly, which is still within 
the variability observed in recent years, is due to a combination 
of very low polar ozone during the Arctic winter/spring (Weber 
et al., 2022), a large and stable Antarctic ozone hole during that 
year (see Chapter 4), and potentially the impact of the Australian 
wildfires on the stratosphere (Section 3.2.1.3). 

The disruption of the downward propagation of the QBO 
westerly phase in 2019/20 is similar in many aspects to the one 
observed in 2016 (WMO, 2018; SPARC/IO3C/GAW, 2019, and 
references therein) but was initiated by horizontal momentum 
transport from the Southern Hemisphere (see Section 3.2.1.1). 
Some influence of this event might have contributed to the ob-
served 2020 TCO anomalies, which are similar to 2016 and are 
consistent with our understanding of QBO-induced air mass 
transport (Weber et al., 2022). Overall, with four more years of 
data, our understanding of interannual TCO variability remains 
robust and unchanged compared to the previous Assessment.

3.3.1.2 Trends
The TCO trend estimates for the time series shown in Figure 

3-6 are based on a multiple linear regression (MLR) method (fit 
shown as black lines) that uses the typical proxies (see Section 3.2.1 
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Figure 3-7. TCO linear trend in % decade–1 as a function of latitude for 1979–1995 (blue) and 1996–2020 (red), estimated using 
SBUV NASA (MOD), SBUV NOAA (COH), GTO, GSG, and WOUDC datasets, with (a) an MLR model that includes typical proxies 
and (b) an MLR model that includes additional dynamical proxies (see Section 3.3.1.2). Trends shown are the linear trend (% 
decade–1) of the ensemble median (thick blue and red lines), as well as the 2σ uncertainty (blue and red shading) from the regres-
sion. Overlayed thin lines show trends from individual datasets without their uncertainties. Also shown (dashed green line) is the 
expected trend from changes in ODSs alone. This is derived from the 1979–1995 ODS trend, as represented by EESC, and by 
applying a scaling to account for the rate of change in EESC post-1996 relative to pre-1996 (i.e., “EESC-related 1:3 ratio”). [From 
Weber et al., 2022.]
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and Table 3A-1) and the independent linear trend (ILT) model 
(Table 3-1) (Weber et al., 2022). Trend estimates are derived for 
the near-global (60°S–60°N) annual mean and for annual mean 
zonal-mean data in the same three latitude bands considered for 
the TCO year-to-year variability. Near-global 1996–2020 trends 
are on the verge of a significant increase (+0.3 ± 0.3% decade–1; 
Weber et al., 2022), whereas trends in different latitude bands 
do not show a uniform picture. In the SH mid-latitudes, the trend 
is significant at the 2σ level (+0.8 ± 0.7% decade–1), while the 
trend in NH mid-latitudes is negligible and not significant (+0.0 
± 0.7% decade–1), and there is only a small non-significant trend 
after 1996 in the tropics (+0.2 ± 0.3% decade–1). Similar trend val-
ues were reported in the last Assessment (see also SPARC/IO3C/
GAW, 2019), although with four more years of data and an updat-
ed trend model, the near-global mean and SH mid-latitude trend 
become significant. The apparent discrepancy in the significance 
of near-global and latitudinally resolved trends is a result of dif-
ferent causes for variability in the three latitude bands, which can 
compensate for each other when aggregated globally (see also 
Coldewey-Egbers et al., 2014; Steinbrecht et al., 2018; Weber et 
al., 2018). 

Latitude-dependent TCO trends are shown in Figure 3-7a 
in 5° latitude bins for the 1979–1995 and 1996–2020 periods. 
The pre-1996 decreases, which have been discussed extensively 
in previous Assessments, show a latitudinal dependence, with 
values ranging from nearly zero in the tropics to statistically sig-
nificant negative trends at mid-latitudes in both hemispheres. The 
latitude-dependent trends after 1996 are largely consistent with 
the results for the broader zonal bands and with those given in the 
last Assessment (see also Weber et al., 2018), even with an addi-
tional four years of data. There are small (<1% decade–1), mostly 
positive trends in the SH mid-latitudes and near zero (<0.5% de-
cade–1) trends in the tropics and NH mid-latitudes. Almost all the 
trends are statistically insignificant.

While computing trends in TCO is important, understanding 
what causes these trends is equally so. An attempt at isolating 
trends from ODS-induced changes only is shown in Figure 3-7b. 
The trends shown in Figure 3-7 are derived from nearly identical 
MLR analyses (Weber et al., 2022), with both incorporating ex-
planatory variables for natural variability (i.e., QBO, ENSO, solar, 
and aerosol) and ILT-proxy trends, but differing in that Figure 3-7b 
also includes AO (Arctic Oscillation), AAO (Antarctic Oscillation), 
and BDC proxies (Table 3A-1). These additional dynamical prox-
ies have a trend themselves, meaning the resulting trend from the 
regression is no longer representative of all long-term changes in 
TCO. An independent estimate of the “expected” ODS-related 
post-1996 changes, which is based on equivalent effective strato-
spheric chlorine (EESC), is shown as dashed green lines in Figure 
3-7. ODS concentrations, as represented by EESC, are expected 
to decrease at about one-third of the rate they increased before 
the 1990s (Dhomse et al., 2006; Weber et al., 2018), and so the 
magenta lines are simply the pre-1996 trends multiplied by –⅓, 
illustrating what the post-1996 trends would look like assuming 
they were purely driven by ODS changes. The derived post-1996 
trends in both the Northern and Southern Hemisphere are in 
much better, though not complete, agreement with the estimat-
ed ODS-based trends when the additional explanatory variables 
(Figure 3-7b) are used in the regression. This suggests that the 
linear trends from Figures 3-6 and 3-7b are to a large part at-
tributable to ODS changes only, demonstrating the success of 

the Montreal Protocol and its Amendments and adjustments at 
protecting stratospheric ozone. It also implies that the additional 
proxies are useful in capturing important components of dynam-
ical variability, including how possible trends in dynamics impact 
long-term changes in ozone. The difference between the derived 
post-1996 trends in Figures 3-7a and 3-7b suggests that the 
long-term changes in dynamics, as captured by the AO, AAO, 
and BDC proxies, are contributing to negative trends of up to 
0.5% decade–1 in TCO, offsetting the positive ODS related trends, 
particularly in NH mid-latitudes.

When the MLR, including the additional dynamical proxies, 
is applied to the data for the broad-latitude bands (Figure 3-6, 
black solid line), trends and significance for the latitude bands 
change compared to the results of the MLR without these prox-
ies. Trends for the near-global (+0.4 ± 0.2% decade–1) and SH 
mid-latitude (+0.7 ± 0.6% decade–1) TCO are significant (Weber 
et al., 2022), and the NH mid-latitude trends are on the verge of 
significance (+0.5 ± 0.5% decade–1), but the tropical trends are 
still not significant, even with the additional proxies considered.

Besides the differences in latitudinally resolved trends, TCO 
trends, derived from the period 1997–2020, also show a longi-
tudinal dependence. Trends derived from a recently updated 
dataset based on GOME-type (GTO) satellite measurements 
(Coldewey-Egbers et al., 2022), with a MLR trend model where 
dynamical proxies for the AO and AAO are included, are positive 
in most parts of the globe (Figure 3-8) and statistically non-signif-
icant (at 0.3 ± 0.6% decade–1) in the tropics but significant (at 1.0 
± 0.9 % decade–1) for some regions of the SH mid-latitudes. The 
largest positive trends of about 1.5% ± 1.0% decade–1 are found 
in in the NH in the northwestern part of Europe and in the North 
Atlantic region and in the SH higher latitudes (up to 2.8 ± 2.6 % 
decade–1) in the region of the Southern Ocean, while non-signifi-
cant trends are estimated above Eurasia (–1.0 ± 1.0 % decade–1). 
GTO-derived trends are consistent with the latitude band picture 
given by WOUDC and SBUV datasets (see Figure 3-7), where 
TCO trends during the recovery period are only significant in the 
SH mid-latitudes (Coldewey-Egbers et al., 2022).

In a different study, zonally asymmetric TCO trends estimat-
ed using principal component analysis on a dataset combining 
TOMS, GOME, SBUV, and OMI for the 1997–2015 period are re-
ported as negative and significant over the North Pacific and pos-
itive and significant over northwestern North America in February 
(Zhang et al., 2019). This asymmetric behavior is attributable to 
a polar vortex shift, which causes not only interannual variability 
of regional TCO but also a significant reduction of TCO over the 
central Eurasian continent (Figure 3-8). This effect is opposite 
to the expected increase in ozone due to reduced atmospheric 
ODS concentrations and is an example of how dynamical chang-
es could affect the timing of TCO recovery in different regions 
(Zhang et al., 2018).

Ground-based FTIR measurements provide total column 
ozone and ozone partial columns for the period 2000 –2020. 
Post-2000 TCO trends estimated from five different FTIR measure-
ment sites are consistent, within their uncertainties, with trends 
estimated from the WOUDC and SBUV datasets as determined 
by MLR with the typical proxies (see Figure 3-7). TCO trends over 
2000 –2020 at FTIR stations within the NH mid-latitudes and in 
the tropics are slightly negative but non-significant, while the 
trend at a station in the SH mid-latitudes is positive and significant 
at 1.1 ± 0.9% decade–1 (updated from Vigouroux et al., 2015).
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Seasonally resolved post-1997 TCO trends have also been 
derived from the GTO 5° × 5° gridded dataset. The seasonality in 
the trend is not very pronounced, and most of the regions show 
trends that are not significant at the 95% confidence level. In the 
Northern Hemisphere, a strong trend over the North Atlantic is 
significant and positive for all seasons and varies in intensity, 
and a negative trend over Eurasia is significant except in winter 
(December to February). In the Southern Hemisphere, regions 
of significant positive trends are reported throughout the year 
in the extratropics but are stronger between March and May in 
the mid-latitudes (the Pacific region, south of Africa, and south of 
Australia; Coldewey-Egbers et al., 2022).

3.3.2 Changes in the Vertical Distribution of 
Ozone

3.3.2.1 Time Series
The ozone decline in the 1980s and 1990s, caused by in-

creasing atmospheric concentrations of ODSs, has now transi-
tioned to a slow ozone increase in both hemispheres (SPARC/
IO3C/GAW, 2019). This is consistent among the ground- and 
satellite-based measurements and model simulations from the 
Chemistry-Climate Model Initiative (CCMI-1; REF-C2 experiment: 
see Morgenstern et al., 2017) for all latitude bands and in the 
middle and upper stratosphere, despite the larger variability of 
the ground-based measurements. This is apparent in the evo-
lution of observed and modeled annual mean deseasonalized 
ozone anomalies, relative to the 1998–2008 climatology of each 
individual plotted dataset, in the upper stratosphere (42 km or 
2 hPa) and in the lower stratosphere (19 km or 70 hPa), as shown 
in Figure 3-9. A direct comparison of individual years between 
the CCMI-1 output and measured anomalies is not possible as 
natural forcings and variability in the REF-C2 simulations used in 
this comparison are either absent or are not as observed (e.g., 
volcanoes, QBO). 

Ozone anomalies over 2017–2020 in the upper stratosphere 
from most datasets are positive relative to the 1998–2008 aver-
age, consistent with expectations from the CCMI-1 simulations. 
This is true for the NH and SH mid-latitudes and to a lesser extent 
for the tropics. In contrast, lower-stratospheric ozone anomalies 
over 2017–2020 continue to be about the same as for the 1998–
2008 average. In 2019 and 2020, stratospheric ozone values 

were lower than in previous years and below the level expected 
from model simulations (Weber et al., 2020). The particularly low 
2020 annual mean is the result of a very weak BDC and a large and 
stable Antarctic ozone hole (Klekociuk et al., 2021; Weber et al., 
2021). Such large variability, driven by variations in meteorology 
and transport (Chipperfield et al., 2018), is typical for the lower 
stratosphere and impedes drawing definite conclusions about 
long-term trends, especially for the mid-latitudes (30°–60°) in 
both hemispheres (see Section 3.3.3).

3.3.2.2 Trends as a Function of Latitude
Estimates of vertically resolved trends as a function of lati-

tude are possible from seven merged satellite ozone datasets, 
which include the six datasets used in the last Assessment and 
by LOTUS (SPARC/IO3C/GAW, 2019) alongside the new SAGE 
II-SCIAMACHY-OMPS dataset (Godin-Beekmann et al., 2022). 
Altitude-latitude cross sections of ozone trends for 2000 –2020 
(Figure 3-10) are similar to those reported in the last Assessment, 
with the new SAGE II-SCIAMACHY-OMPS dataset yielding results 
that are similar to those from the other SAGE-containing datasets. 
All the datasets show positive and statistically significant trends 
for the post-2000 period in the upper stratosphere, in the range 
of about 2–7% decade–1, with more pronounced trends at mid-lat-
itudes than in the tropics in both hemispheres. Except for SBUV 
MOD, all results indicate positive tropical trends in the upper 
stratosphere (above ~40 km), although the trends are somewhat 
smaller and not always statistically significant. Trends in the mid-
dle stratosphere (25 – 40 km) are slightly positive (0 –3% decade–1) 
in most datasets at SH mid-latitudes and slightly negative (−2– 0% 
decade–1) at NH mid-latitudes and in the tropics, although these 
are typically not statistically significant. Estimated trends in the 
lower stratosphere (tropopause to 25 km) are mostly negative but 
are also rarely statistically significant. The trends were determined 
using the ILT regression model (Section 3.2.2), which was applied 
to the full available observational period (1984–2020). 

Profiles of ozone trends in broad-latitude bands for the same 
seven datasets (Figure 3-11) all show significant positive ozone 
trends in the upper stratosphere at mid-latitudes in both hemi-
spheres (60 –35°S and 35–60°N), in the range of 1–3% decade–1 
(mean ~1.9% decade–1 in the Southern Hemisphere and ~2.2% 
decade–1 in the Northern Hemisphere) for the post-2000 peri-
od. In the tropical (20°S–20°N) upper stratosphere, the trends 

60°N

30°N

0°

30°S

60°S

Ozone trend (1997–2020) [% decade–1]
–2 –1 0 1 2

Figure 3-8. Latitude- and longitude-dependent TCO 
trends (5° × 5° resolution) derived using MLR (including 
AAO/AO but not the BDC) for the 1997–2020 period, in 
% decade–1. Trends are from GOME-type satellites (GTO), 
which include measurements from GOME, SCIAMACHY, 
OMI, and TROPOMI. Gray dots denote locations where 
the trends are not significant at the 95% confidence lev-
el. [Figure from Coldewey-Egbers et al., 2022].
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Figure 3-9. Annual mean anomalies of ozone in (a) the lower stratosphere, near 19 km altitude (70 hPa pressure) and (b) the up-
per stratosphere, near 42 km (2 hPa), for four latitude bands: 60°S–60°N, 35–60°N, 20°S–20°N (tropics), and 60 –35°S. Anom-
alies are referenced to a 1998–2008 baseline. Colored lines are long-term records obtained by merging data from different nadir 
(SBUV NASA (MOD) and SBUV NOAA (COH)) or limb-viewing (GOZCARDS, SWOOSH, SAGE-CCI-OMPS, SAGE-OSIRIS-OMPS, 
SAGE-SCIAMACHY-OMPS) satellite instruments. Dashed colored lines are long-term records from ground-based observations 
(Umkehr, lidar, microwave, FTIR and ozonesondes); see Steinbrecht et al. (2017), WMO (2018), and Arosio et al. (2018) for details 
on the various datasets. The gray shaded areas show the range (10th and 90th percentiles) of 16 CCM simulations performed as 
part of the CCMI-1 REF-C2 experiment (see Morgenstern et al., 2017) with the black line indicating the median. [Adapted from 
SPARC/IO3/GAW, 2019, and updated from the last Assessment.]
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Figure 3-10. Ozone trends (% decade–1) for the period 2000 –2020 estimated from seven merged satellite data records using an 
independent linear trend model. Trends are shown for the (a) SBUV NASA (MOD), (b) SBUV NOAA (COH), (c) SWOOSH, (d) GOZ-
CARDS, (e) SAGE-CCI-OMPS, (f) SAGE-SCIAMACHY-OMPS, and (g) SAGE-OSIRIS-OMPS datasets. Gray stippling denotes results 
that are not significant at the 2σ level. Data are presented on the vertical coordinates (lefthand axis; square brackets in title) and 
latitudinal grid associated with each dataset. [Adapted from Godin-Beekmann et al., 2022.] 
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are also positive but smaller (~1–2% decade–1; mean ~1.5% 
decade–1) and are statistically significant for all merged datasets 
except SBUV MOD. Most datasets indicate negative trends in the 
lower stratosphere, but all trend estimates, either from individual 
merged datasets or combined trends, have large uncertainties 
and therefore are not statistically significant. The estimated trends 
in these profiles from individual merged satellite datasets agree 
better with each other than reported in the previous Assessment, 
resulting in a more robust assessment of vertically resolved 
trends. Note that the mean trend shown in Figure 3-11 is a com-
bination of the individually derived satellite trends and is shown 
with its 2σ uncertainty, estimated in the same way as reported 
in the last Assessment (see SPARC/IO3C/GAW, 2019). In brief, 
these uncertainties include both a simple error propagation, 
which captures uncertainties associated with trend estimates 
from individual merged datasets, and the standard error of the 
mean, which captures the spread of trend estimates due to sys-
tematic uncertainties, such as those induced by possible drift in 
some datasets used in the combined products (see Section 3A.3).

Comparing the 2000 –2020 trend profiles with the 2000 –
2016 trends from the previous Assessment (from SPARC/IO3C/
GAW, 2019), the overall trends are almost identical (Figure 3-12). 
The uncertainties of the mean trend estimates, however, are now 
smaller at most altitudes. This reduction is mainly due to the addi-
tional four years of data available from observations and the fact 
that the trend estimates from individual merged datasets are now 

more consistent, as noted above. In addition, the updated trend 
is based on trends from seven, rather than six, merged satellite 
data products (Godin-Beekmann et al., 2022).

Multi-model mean trends estimated from the CCMI-1 simu-
lations are very similar to the satellite mean ozone trends in the 
upper stratosphere (Figure 3-12). In the lower stratosphere, the 
models and observations agree on negative ozone trends in the 
tropics; in the mid-latitudes, however, the multi-model mean sug-
gests positive ozone trends, whereas the satellite observations 
indicate negative trends (Figure 3-12). However, none of the 
trends in the lower stratosphere are statistically significant. For 
more details on the ozone trends in the UTLS, see Section 3.3.3. 
Note that individual model trends are estimated using the ILT re-
gression method and using the same approach as for the satellite 
data, with the necessary proxies either being calculated directly 
from the individual model simulations (e.g., QBO, ENSO) or taken 
from the external forcings provided to the models before they are 
combined into a multi-model mean. 

3.3.2.3 Regional and Longitudinally Resolved 
Trends

Since the last Assessment, a new development has been 
to investigate ozone trends at finer spatial and temporal resolu-
tions. In particular, two studies have focused on longitude- and 
latitude-dependent trends in ozone profiles to obtain a finer 
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Figure 3-11. Ozone profile trends with 2σ uncertainties for the period 2000 –2020 for latitude bands 35–60°S (left panel), 
20°S–20°N (center panel), and 35–60°N (right panel). Colored lines are the trend estimates from seven individual merged data-
sets on their original vertical grid (SBUV NASA (MOD), SBUV NOAA (COH), GOZCARDS, SWOOSH, SAGE-OSIRIS-OMPS, SAGE-
CCI-OMPS, and SAGE-SCIAMACHY-OMPS). Black lines represent the mean (combined) trends and gray shading indicates the 
2σ uncertainty intervals for the combined trends, estimated using the method for combining trends from different observational 
datasets outlined in SPARC/IO3C/GAW (2019). [Adapted from Godin-Beekmann et al., 2022.]
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Figure 3-12. Comparison of simulated and observed post-2000 ozone trend profiles for the latitude bands 35–60°S (left pan-
el), 20°S–20°N (center panel), and 35–60°N (right panel). Observed trends from the last Assessment (the period 2000 –2016) 
are shown in blue, and results for the updated period 2000 –2020 are shown in red, with the trend values based on combining 
different merged satellite datasets and their 2σ uncertainties, all estimated using the method outlined by SPARC/IO3C/GAW 
(2019) and as also shown in Figure 3-11. The black line is the multi-model mean trend calculated from 16 CCMI-1 REF-C2 simu-
lations (Morgenstern et al., 2017), with the spread of the individual model trends (±2 standard deviations) indicated by the gray 
shading. [Adapted from Godin-Beekmann et al., 2022.]

regional perspective. These studies used the longitudinally re-
solved merged datasets SAGE II-SCIAMACHY-OMPS (Arosio et 
al., 2019) and MEGRIDOP (Sofieva et al., 2021) and evaluated 
the trends using the MLR method for the period 2003–2018. 
Both studies consistently show a strong longitudinal depen-
dence to ozone trends at high and mid-latitudes in the Northern 
Hemisphere, with a dipole pattern of increasing trends over 
Scandinavia and decreasing trends over Siberia below 40 km 
and stronger increasing trends over Scandinavia at 40 and 45 
km (Figure 3-13). This spatial feature is thought to be related to 
changes in dynamical processes that are associated with the BDC 
(see Arosio et al., 2019, and references therein), but this hypothe-
sis has yet to be fully confirmed. 

When longitudinally resolved trends are derived from grid-
ded satellite datasets, their magnitude and significance vary with 
longitude and differ spatially compared to latitude band trends 
derived from the same datasets (Arosio et al., 2019; Sofieva et al., 
2021). This fact calls into question the common practice of using 
latitude band data to estimate the agreement between vertical-
ly resolved trends from satellite data and ground-based records 
(SPARC/IO3C/GAW, 2019). When compared to their corre-
sponding SBUV zonal means, lidar monthly mean data at different 
stations show correlations of 0.1 to 0.6 (Zerefos et al., 2018). The 
trends estimated at individual ground-based stations may not be 
representative of their respective large latitude bands and may be 
relevant only on a regional, longitudinally resolved scale in the 
mid- and lower stratosphere.

Different ground-based observation methods vary in their 
measurement record length, vertical and temporal sampling, and 
the spatial distribution of station locations. Trends estimated from 
these different ground-based records may be more sensitive to re-
gional atmospheric conditions (SPARC/IO3C/GAW, 2019). This 
can lead to a high variability in trends from ground-based mea-
surements. Disagreements between the trends estimated from 
collocated measurements can be used to reveal the presence of 
uncorrected drift in the ground-based records. Consideration of 
data uncertainties and inhomogeneities in the regression model 
can affect the resulting trends and improve their consistency, as 
has been demonstrated for collocated lidar and microwave radi-
ometer measurements (Bernet et al., 2020). If the measurement 
times are at regular intervals, temporal sampling can be excluded 
from the factors responsible for trend discrepancies, as has been 
demonstrated with microwave radiometers (Maillard Barras et al., 
2020).

Post-2000 trend profiles derived using MLR (SPARC/
IO3C/GAW, 2019) at three selected Network for the Detection 
of Atmospheric Composition Change (NDACC) locations from 
different latitude regions are shown in Figure 3-14. The select-
ed locations provide measurements from several ground-based 
instruments at the same station or multiple measurements at 
nearby stations (Godin-Beekmann et al., 2022). The European 
“site” combines measurements from the Alpine stations Haute 
Provence (France; OHP, 43.9°N, 5.7°E), Hohenpeißenberg 
(Germany; HOH, 47.8°N, 11.0°E), and Arosa (Switzerland; ARO, 
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Figure 3-13. Latitude- and longitude-dependent ozone trends (% decade–1) derived for the period 2003–2018 for six different 
altitude levels, based on the MEGRIDOP dataset (Sofieva et al., 2021). Gray stars indicate regions where the trends are not statis-
tically significant at the 2σ level. [Adapted from Sofieva et al., 2021.]
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46.8°N, 6.9°E). All three stations are located within a single grid 
cell in the MEGRIDOP, SBUV MOD, and SWOOSH satellite-based 
datasets. Mauna Loa (Hawai‘i, USA; 19.5°N, 155.6°W) and 
Lauder (New Zealand; 45.0°S, 169.7°E) are single-station sites 
located in the tropics and the SH mid-latitudes, respectively. For 

the three locations, the agreement with trends estimated from 
the gridded satellite datasets is good, taking into account that the 
SBUV MOD and SWOOSH cells are larger (in longitude) than the 
MEGRIDOP cells. 
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Figure 3-14. Ozone trend profiles (% decade–1) for 2000 –
2020 at selected NDACC locations: (a) a European “site” 
that combines measurements from the Alpine stations 
Haute Provence (France), Hohenpeißenberg and Zugspi-
tze (Germany), and Jungfraujoch, Payerne and Arosa (Swit-
zerland); (b) a site that combines Mauna Loa (Hawaii, USA; 
MLO) and Hilo (Japan; just ozonesonde data); and (c) Laud-
er (New Zealand). Trend profiles are shown for Dobson 
Umkehrs (light blue), ground-based lidars (medium blue), 
microwave radiometers (dark blue), FTIR (dark green), and 
ozonesondes (light green), although not all measurements 
appear at all locations. Also shown are trend profiles es-
timated from the SWOOSH (red), SBUV NASA (MOD) (or-
ange), and MEGRIDOP (yellow) gridded satellite products, 
using the nearest grid boxes. Error bars represent the 95% 
confidence intervals. [Adapted from Godin-Beekmann et 
al., 2022.]

The ground-based trend profiles are in general agreement 
with the gridded satellite trends, within their respective uncertain-
ties (Figure 3-14). Disagreements likely reflect inhomogeneities 
in the different measurement time series that are not properly con-
sidered or the need for data curation, which is currently in process. 
Significant positive trends are found in the upper stratosphere for 
nearly all datasets, except for four that show negative and non-sig-
nificant trends. The lower-stratospheric picture is not as clear but 
is representative of the actual state of our knowledge within that 
vertical range (see Section 3.3.3). Since the last Assessment, the 
European ozonesondes have been homogenized under the 
framework of the Tropospheric Ozone Assessment Report Phase 
2 (TOAR II) project (Section 3A.2), and, within uncertainties, their 
trends show agreement with the trend of the gridded satellites 
and the collocated ground-based instruments (Figure 3-14). 
Although the comparison of ground-based trends at the three 
selected NDACC locations and longitudinally resolved satellite 
trends is made at a more appropriate spatial resolution than with 
broad zonal-mean bands derived from satellite data, the overall 
conclusion is the same for both comparisons: trend profiles from 
ground-based measurements and satellite data agree within the 
limits given by the different spatial representations and the homo-
geneity problems of the datasets.

The seasonal dependence of ozone trends in the strato-
sphere has been examined in a new study using four long-term 
merged satellite datasets in three broad-latitude bands (60 –30°S, 
10°S –10°N, 30 –60°N; Szeląg et al., 2020). All four datasets 
show qualitatively similar trends, although there are some minor 
differences, mostly in trend magnitude (Figure 3-15). In the 
upper stratosphere, the 2000 –2018 trends are positive through-
out all seasons and most latitudes. The largest upper-stratospher-
ic ozone trends are observed in the mid-latitudes during local 
winter in the Northern Hemisphere (up to 6% decade–1) and at the 
equinoxes in the Southern Hemisphere (up to 3% decade–1). In the 
equatorial region, there is a very strong seasonal dependence of 
ozone trends at all altitudes: the trends are negative in the upper 
stratosphere during boreal winter (−1 to −2% decade–1) and in the 
lower stratosphere during boreal spring (−2 to −4% decade–1), 
while the mid-stratosphere (30 –35 km) has positive trends in 
boreal spring (2 to 3% decade–1) and negative trends (–0.5 to 
–2% decade–1) in boreal fall. The tropical trends below 25 km are 
negative and maximize during summer (up to −2% decade–1) and 
spring (up to −3% decade–1). There is a hemispheric asymmetry in 
the mid-latitude lower stratosphere (Szeląg et al., 2020): during 
local summers and equinoxes, positive trends are observed in the 
Southern Hemisphere (1–2% decade–1), while negative trends are 
observed in the Northern Hemisphere (–1% to –2% decade–1). 
A comparison of the seasonally dependent ozone trends with 
available analyses of the seasonally dependent stratospheric tem-
perature trends reveals a positive correlation (trends in the same 
direction) in the dynamically controlled lower stratosphere and 
negative correlation (trends in opposite directions) above 30 km, 
where photochemical processes dominate.

3.3.2.4 Consistency of Total Column Ozone 
Trends and Partial Column Trends 

In past Assessments, trends in TCO have been a gauge of the 
efficacy of the Montreal Protocol in halting stratospheric ozone 
layer losses. Since 1998–2000, the previous rapid decline in TCO, 
which had been primarily driven by stratospheric ozone losses, 
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has halted. However, it is only now that significant increases in 
TCO are being detected, and only at some latitudes (Section 3.3.1 
and Figure 3-6). Since the last Assessment, there have been 
further investigations into the contribution of different vertical re-
gions to TCO trends, particularly the contribution of tropospheric 
changes (see Box 3-3). Overall, these findings raise questions 
about whether TCO is the best metric for determining ozone re-
covery in the context of the Montreal Protocol. 

Stratospheric ozone represents ~90% of the total column, 
but it may no longer reflect the bulk of the long-term changes. 
Although analyses of some satellite datasets indicate a decline in 
tropospheric ozone since the early 2000s (e.g., some analyses 
shown by Gaudel et al., 2018), several estimates of tropospher-
ic ozone changes conservatively suggest increases of ~1.5 DU 

decade–1 (~5% of the tropospheric column) globally since the 
early 2000s (Ball et al., 2018; Ziemke et al., 2019; Gaudel et al., 
2018, 2020), and this is supported by modeling studies (Zhang et 
al., 2016, 2021). Where TCO changes match or are smaller than 
the tropospheric ozone trends (Section 3.3.1), post-2000 strato-
spheric column ozone changes may be zero or even negative. For 
example, focusing on observations at Irene, South Africa (~26°S), 
one recent study found that local TCO increases may be driven 
by tropospheric increases (Bencherif et al., 2020). Separating 
stratospheric ozone trends into partial column components iso-
lates stratospheric trends. Such analyses indicate that the magni-
tude and significance of post-2000 ozone increases in the upper 
stratosphere (above 32 km) are strengthening with additional 
years (Ball et al., 2019a; Sections 3.3.2.2 and 3.3.2.3). 

-0.5

0.5

0.5
0.5

0.5 0.5

0.50.5

1 1
1

1
1

1 1 1 12

2

DJF MAM JJA SON

25

30

35

40

45

al
tit

ud
e 

[k
m

]

0.50.5

0.5 0.5

0.5

11

1 1

1

1
12

2 2
2

2 23
33

DJF MAM JJA SON

25

30

35

40

45

al
tit

ud
e 

[k
m

]

0.5 0.5

0.50.5

0.5

0.5

1 1

111

1

1
1

1

2

2

2

DJF MAM JJA SON

1

3

10

30p
re

ss
ur

e 
[h

Pa
]

-1

0.5
0.5

0.5

0.50.5

1 1

11
1 1

1

1

1
2 2

2

2

2

3

DJF MAM JJA SON

1

3

10

30p
re

ss
ur

e 
[h

Pa
]

-2

-2

-2

-2

-1
-1

-1

-1

-1

-1

-1

-0.5
-0.5

-0
.5

-0.5
-0.5

-0.5

0.5 0.5

0.5

0.5

0.5

0.5

0.
5

0.5

1 1

1

1

1

1
1

2

2

2

DJF MAM JJA SON

-2

-2

-1

-1

-0.5
-0.5

-0.
5

-0.5

0.5

0.5
0.5

0.5

0.5

0.
5

0.5

1 1

1

1
1

1

2

2

2

2

3

DJF MAM JJA SON

-3
-2

-2

-2

-1

-1
-1

-1

-1

-0.5

-0.5

-0.5

-0.5

-0.5

-0.5

0.5 0.5

0.5

0.5
0.5

0.5

0.5

1 1
1

1
1

1

1

1
2

2 2

2

DJF MAM JJA SON

-3-2 -1

-1

-1

-1

-1

-1

-0.5

-0.5
-0.5

-0
.5

-0
.5

-0.5

0.5

0.5

0.5
0.5

0.5

1

1

1
1

1

1

2

2
2

2
3 3

3

DJF MAM JJA SON

-0.5

-0.5
0.5 0.5

0.50.5

0.5 0.5

1
1

11

1

2

2

3

3

DJF MAM JJA SON

-1

-1
-1

-0.5

-0.5

-0
.5

0.5

0.5 0.5

1
1

1

1 1
2

2

22
3

3

4
4

DJF MAM JJA SON
-2

-1

-1

-1
-1

-1

-0.5 -0.5-0
.5

-0.5

-0.5

-0.5
0.5

0.5
0.5

0.50.5

0.
5

1 1

1
12

2

3
3

DJF MAM JJA SON

-1

-1 -1

-0
.5

-0.5

-0.5

-0.5

-0
.5

0.5

0.5

0.5

0.5

0.5

1 1

1 1

11

1

2

2

3
3

DJF MAM JJA SON

C
C

I
SO

O
G

O
ZC

A
RD

S
SW

O
O

SH

60°S – 30°S 10°S – 10°N 30°N – 60°N

25

30

35

40

45

al
tit

ud
e 

[k
m

]

25

30

35

40

45

al
tit

ud
e 

[k
m

]

1

3

10

30 p
re

ss
ur

e 
[h

Pa
]

1

3

10

30 p
re

ss
ur

e 
[h

Pa
]

months (season)

1050–10 –5

Ozone trend [% decade–1]

Figure 3-15. Altitude-season variation of linear trends for four merged ozone datasets (top to bottom, SAGE II-CCI-OMPS [CCI], 
SAGE II-OSIRIS-OMPS [SOO], GOZCARDS, and SWOOSH) calculated over the period 2000 –2018 for three selected latitudinal 
bands (left to right, 60 –30°S, 10°S–10°N, and 30 –60°N). Data are presented on their natural vertical coordinate: altitude grid 
for CCI and SOO and pressure grid for GOZCARDS and SWOOSH. The colored shading denotes where the trends are significant 
at the 95% confidence level. [From Szeląg et al., 2020.]
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Box 3-3. The Importance of the Troposphere for Total Column Ozone

A key conclusion of this Assessment is that it is more difficult than in the past to interpret total column ozone (TCO) changes due 
to the different trends and processes that contribute to the overall column. In particular, the contribution from tropospheric ozone 
changes is highlighted for both current (Section 3.3.2.4) and future (Section 3.4.3) total column trends, despite the modest contribu-
tion (~10%) of the tropospheric column to the total amount of ozone in the column. 

Production of ozone in the stratosphere results from the photolysis of molecular oxygen (O2) and subsequent reaction of atom-
ic oxygen with O2. In contrast, tropospheric ozone is produced from photochemical reactions involving its precursors, nitrogen 
oxides (NO and NO2; NOx), carbon monoxide (CO), and volatile organic compounds, with an additional source from net strato-
sphere-to-troposphere transport. It is lost through additional chemical reactions as well as through deposition at the surface (e.g., 
Monks et al., 2015). Tropospheric ozone levels depend on highly temporally and spatially variable natural and anthropogenic precur-
sor emissions, different local surfaces that impact dry deposition rates, and tropospheric weather. There are substantial challenges in 
fully understanding its distribution and changes using both measurements (Gaudel et al., 2018; Tarasick et al., 2019) and simulations 
(Young et al., 2018). Community efforts such as the Tropospheric Ozone Assessment Report (TOAR) are improving our understand-
ing, while also making previously unpublished measurements available (Schultz et al., 2017). Community modeling efforts (e.g., 
CCMI; Morgenstern et al., 2017) also seek to evaluate models and better characterize and understand their deficiencies.

Despite these difficulties, models demonstrate skill in comparisons against observations, reproducing the tropospheric ozone 
burden, distribution, and trends (e.g., Young et al., 2018; Box 3-3 Figure 1). Model studies of the historical period (1850 –pres-
ent) find that increases in anthropogenic precursors have dominated the simulated ~30 –35% increase in tropospheric ozone (e.g., 
Young et al., 2013; Griffiths et al., 2021), which is consistent with the 40% change inferred from ice core–based constraints (Yeung et 
al., 2019). Between 1980 and 2000, the same simulations suggest a ~5% increase in tropospheric ozone, broadly in agreement with 
observational constraints (Gaudel et al., 2018) and occurring at the same time as the most notable ODS-driven stratospheric ozone 
depletion. Since 2000, there have been spatially heterogeneous trends in precursor emissions and, consequently, tropospheric 
ozone (Zhang et al., 2016; Gaudel et al., 2018, 2020; Zhang et al., 2021). This complicates our understanding and interpretation of 
both the overall tropospheric trends and those of TCO. 

Projected future changes in tropospheric ozone strongly depend on the future scenario of precursor emissions and, to a lesser 
degree, on the projected state of stratospheric ozone and climate (see Box 3-1 Figure 1; Stevenson et al., 2013; Young et al., 2013; 
Griffiths et al., 2021; see also Section 3.4.3). Because current and future tropospheric ozone changes may contribute substantially to 
TCO changes, or offset stratospheric ozone changes (Ball et al., 2018; Bencherif et al., 2020), they must be considered as an integral 
part of this Assessment. 
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Box 3-3 Figure 1. The evolution of the global tropospheric ozone burden in simulations (1980 –2100) and observations 
(1980 –2014), showing (a) a comparison of the CMIP6 models (black; see Box 3-4) against observational estimates (colored 
lines) for 1980 –2014, (b) a comparison of the 1997–2014 average tropospheric ozone burden in observations (green and 
blue boxes) and simulations (orange, yellow and red; with different definitions of the tropopause), and (c) the projected 
tropospheric ozone burden from the ACCMIP simulations (Lamarque et al., 2013) for 2030 and 2100 time slices for four dif-
ferent future climate scenarios (the Representative Concentration Pathways [RCPs]). [Adapted from Young et al., 2013 and 
Griffiths et al., 2021; see those references for further details.] 
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Partial column trends do not always show strong agreement 
with those derived from highly resolved vertical profiles, especial-
ly in terms of significance. This is primarily due to the poorly char-
acterized small-scale and/or short-term variability in regression 
analyses (Section 3.2) that contribute to larger trend uncertainties. 
These issues become more pronounced for trends derived at 
higher vertical resolutions since vertical integration averages out 
some variability (Section 3.3.3), particularly if the partial columns 
are chosen for that purpose. On the other hand, if the vertical in-
tegration is performed over the entire column, a significant detec-
tion at some finer-resolution vertical levels may be averaged out if 
trends of opposite sign are present within the column integration. 
There can also be complications in integrating resolved data into 
partial columns (such as how data gaps are dealt with). There are 
few analyses investigating the consistency of TCO with respect to 
its partial column components in a holistic way.

3.3.3 Understanding Trends in the UTLS 
Region

Since the previous Assessment, additional observations and 
new CCM simulations have furthered our understanding of trends 
in the upper troposphere / lower stratosphere (UTLS) region, with 
a focus on the tropics (30°S–30°N) and SH and NH mid-latitudes 
(30– 60°). The overall conclusion, discussed in detail below, 
is that ozone is decreasing in the tropical UTLS, consistent with 
understood changes in the stratospheric circulation. At mid-lat-
itudes, the picture is more complex. Ozone is decreasing in the 
mid-latitudes, but 1) this trend has a magnitude and significance 
that is not consistent across different datasets and time periods, 
2) the trend is not generally captured in chemistry-climate model 
(CCM) simulations, and 3) there is no clear consensus as to what 
might be driving it. Trends in the UTLS are difficult to assess due 
to high variability and the fact that there are only two decades of 
data available. Additionally, the quality of satellite-based observa-
tions is usually substantially reduced in the UTLS region compared 
to the middle and upper stratosphere, while ground-based ob-
servations, which do have good data in this region, provide only 
sparse coverage. 

Findings and trends for the tropical lower stratosphere 
remain consistent with the previous Assessment. This region 
consistently displays significant, or near-significant, negative 
trends between the start years of ~1995–2000 and end years 
of 2013–2019 (Dietmüller et al., 2021; see also Figure 3-16). 
Modeling studies indicate these negative trends are to be expect-
ed, as tropical upwelling in the BDC strengthens in response to 
increasing greenhouse gases (Eyring et al., 2010; Dhomse et al., 
2018; see also Section 3.4 and Chapter 5), as reported in previous 
Assessments. This finding is further supported by a recent analy-
sis of ozonesonde data, which found that ozone trends became 
insignificant after accounting for changes in tropopause height, 
suggesting that chemical ozone loss is not a driving factor in long-
term changes in this region (Thompson et al., 2021). Separately, a 
recent model study of the 2016 Indonesian wildfires suggests that 
tropical UTLS ozone reductions can result from such events due 
to the gas-phase chemistry of reactive volatile organic compound 
emissions, although the magnitude of the effect is dependent on 
model assumptions (Rosanka et al., 2021). Trends and variability 
in the tropical UTLS are particularly important since this region is a 
large contributor to quasi-global (60°S–60°N) lower-stratospher-
ic ozone changes.

The mid-latitude lower-stratospheric ozone declines over 
1998–2016 reported in the last Assessment (Ball et al., 2017, 
2018; Wargan et al., 2018) persist with additional years of data 
(Figure 3-16), both for analyses that are spatially resolved and 
for partial columns (Dietmüller et al., 2021). While temperature 
trends, which are expected to change alongside ozone, support 
this tendency of the ozone trends (Ball et al., 2020; Szeląg et al., 
2020), the lower stratosphere is subject to large, dynamically 
driven interannual variability, and it remains difficult to make ro-
bust conclusions. Indeed, earlier studies using fewer data and 
with end years prior to 2017 also show a decline of ozone in this 
region, although in those cases the trend is not statistically signifi-
cant (Bourassa et al., 2014, 2018; Sofieva et al., 2017; Steinbrecht 
et al., 2017). Trends are sensitive to large variability in the ana-
lyzed data, especially near the end of short time series, although 
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Figure 3-16. Zonal-mean ozone trends using the BASIC dataset (which is based on the GOZCARDS and SWOOSH datasets) 
starting in 1998 and finishing in years ranging from 2013 to 2020, moving from (a) to (h). Red regions indicate an ozone increase, 
while blue regions indicate a decrease. Confidence levels in the trends are indicated by solid (80%), dashed (90%), and dotted 
(95%) lines. [Updated from Ball et al., 2019a.]
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the negative trends across the lower stratosphere are persistent 
even when the end years (Figure 3-16) and start years (Dietmüller 
et al., 2021) are varied. For instance, the large year-on-year ozone 
increase between 2016 and 2017 in the mid-latitude SH UTLS 
has been found to fully (Chipperfield et al., 2018) or partially (Ball 
et al., 2019a) offset the negative ozone trend over 1998–2016. 
Extended into 2018, the ozone changes in the SH lower strato-
sphere remain negative but become statistically insignificant (Ball 
et al., 2019a). Besides large short-term dynamical variability, nat-
ural variability (e.g., related to sea surface temperatures) can inter-
fere on interannual (Rosanka et al., 2021) and decadal (Garfinkel 
et al., 2013; Ball et al., 2020; Iglesias-Suarez et al., 2021) times-
cales. Both timescales are relevant to understanding the limited 
observational period and future projections. 

Since the previous Assessment, new studies of multiple 
ozone datasets (Ball et al., 2019a) and CCM simulations (Orbe et 
al., 2020) have explored the hemispheric pattern in the mid-lati-
tude UTLS ozone trends in more detail. These have demonstrated 
that lower-stratospheric ozone in the Southern Hemisphere ap-
pears to display larger interannual variability than in the Northern 
Hemisphere, which is partly why trend significance there re-
mains low. Negative changes in the Northern Hemisphere are 
both more persistent and have smaller uncertainties than in the 
Southern Hemisphere, although they are still statistically non-sig-
nificant. The relative contributions of changes in mixing versus 
circulation to NH lower-stratospheric ozone changes remain an 
open question. While a model-based tracer budget analysis (over 
1998–2018) found that decreases in NH ozone are primarily 
associated with changes in the meridional transport (poleward 
expansion of tropical upwelling and reduced downwelling in the 
northern subtropical region; Orbe et al., 2020), changes in me-
ridional mixing are also important (Wargan et al., 2018; Ball et al., 
2020; Orbe et al., 2020). However, it is worth noting that even 
recent studies that have made use of historical CCM runs with 
accurate real-world (e.g., sea surface temperature) variability only 
cover up to 2010 or 2014 (e.g., Orbe et al., 2020), which means 
comparisons of models with observations beyond this year are 
problematic. 

A different approach to using CCM output is to examine the 
distribution of trends across an ensemble of free-running simula-
tions, i.e., those where the long-term drivers of ODSs and green-
house gases are the same but are unconstrained by observed 
interannual variability. However, statistical analysis of mid-latitude 
UTLS ozone trends across 31 such CCMI-1 simulations demon-
strates that the observed trends represent an extreme value of the 
CCM probability distribution, indicating that it is between ~75% 
and 96% probable that the models are not capturing the mid-lati-
tude lower-stratospheric changes (Figure 3-17; Dietmüller et al., 
2021). Similarly, negative trends were found in both the tropics 
and mid-latitudes up to present day in only 2 out of 13 models 
that contributed to the older CCMVal-2 report (Ball et al., 2020). 
Moreover, simulated mid-latitude lower stratosphere trends re-
main positive even after accounting for variations in the start and 
end years (Dietmüller et al., 2021). There is a possibility that the 
lack of negative mid-latitude lower-stratospheric trends in the 
models is related to weaker-than-observed tropical BDC trends 
in climate models (Ball et al., 2020; Orbe et al., 2020; see also 
Stone et al., 2018).

Finally, we note that there is a spread among the UTLS ozone 
trends calculated for the available datasets. Most of the results

discussed here have relied on observational data from SWOOSH 
and GOZCARDS, which are constructed using similar underlying 
satellite data, or on the BASIC dataset, which integrates both of 
these (Ball et al., 2017, 2018; Chipperfield et al., 2018; Wargan et 
al., 2018; Ball et al., 2020; Dietmüller et al., 2021; Section 3A.3). 
However, there is not consistency between trends from partial 
columns with those calculated from resolved profiles, particular-
ly with respect to uncertainties, which are larger in the resolved 
profiles (SPARC/IO3C/GAW, 2019; Weber et al., 2020; Figures 
3-11 and 3-12; Section 3.3.2.4). It should be emphasized that as 
data are ever more resolved (vertically, spatially, and/or tempo-
rally), higher uncertainties are expected (see Section 3.3.2.4), 
and confidence and consistency with more spatially and tempo-
rally smoothed partial columns will decrease (Figures 3-11 and 
3-12; Bourassa et al., 2018; Arosio et al., 2019; SPARC/IO3C/
GAW, 2019; Szeląg et al., 2020; Sofieva et al., 2021; Weber et 
al., 2021).

3.3.4 Past Ozone in Models and Trend 
Attribution

Since the previous Assessment, the latest generation of cli-
mate models (including some CCMs) have performed new sim-
ulations as part of the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) experiment (Eyring et al., 2016), conducted 
in support of the Intergovernmental Panel on Climate Change. 
CMIP6 defines some simulations that are aimed at either identify-
ing the drivers of past changes or exploring future changes under 
different emissions scenarios (see Box 3-4 and Section 3.4.1). 
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Figure 3-17. Scatter plot of lower stratosphere ozone col-
umn trends for the NH mid-latitudes (30 –50°N; 150 –30 
hPa) against the tropics (20°S–20°N, 100 –30 hPa) calcu-
lated over the period 1998–2018 for observations from 
the BASICSG dataset (star; Ball et al., 2018) and 31 CCMI 
REF-C2 simulations (circles; Morgenstern et al., 2017). All 
ensemble members of a particular model are shown in the 
same color, whereas simulations with only one ensemble 
member are shown in gray. Also shown is the correlation 
between the tropical and NH mid-latitude trends in the 
simulations. [Adapted from Dietmüller et al., 2021.] 
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Figure 3-18. CMIP6 multi-model mean, annual mean TCO 
projections for the historical simulation (black line) and 
different shared socioeconomic pathways (SSPs; colored 
lines; see Box 3-4) for different latitude bands: near glob-
al (60°S – 60°N), NH mid-latitudes (30 –60°N), tropics 
(15°S–15°N), and SH mid-latitudes (60 –30°S). The light 
gray envelope indicates the 95% confidence interval for 
the multi-model mean for the historical simulations. Sim-
ulated TCO values for the 1850, 1960, and 1980 annual 
means are given by the dotted, dashed, and solid hori-
zontal gray lines, respectively. The number of models per-
forming each simulation is provided in parentheses in the 
legend. Many of the models provided ozone output for a 
core set of SSPs (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-
8.5), while a smaller number provided data for other SSPs 
(SSP1-1.9, SSP4-3.4, and SSP4-6.0). [Adapted from Keeble 
et al., 2021a.]
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3.3.4.1 Past Ozone in Models
The individual CMIP6 models span a range of model com-

plexity, from models using interactive chemistry schemes to 
calculate ozone changes within the model (i.e., in response 
to changing chemical and physical conditions) to those using 
a time-evolving ozone field from a pre-prepared dataset (i.e., 
where the ozone does not interact with the simulation). While the 
prescribed ozone field is from the same source for all models in 
the latter category, it is not implemented consistently, with the 
result that different models have different TCO values (Keeble et 
al., 2021a). 

In contrast to the CCMI-1 simulations (Dhomse et al., 2018) 
discussed in the last Assessment, which started in 1960, the CMIP6 
simulations extend back to 1850. This allows additional explora-
tion of several decades preceding ozone depletion, which can 
be used to benchmark simulated future changes. In terms of long-
term changes in TCO, the simulated near-global (60°S–60°N), 
annual multi-model mean increases by ~2% between 1850 and 
1960 (Keeble et al., 2021a) before rapidly declining through the 
1980s and 1990s due to emissions of halogenated ODSs (Figure 
3-18). TCO reaches a minimum in the late 1990s before increas-
ing again as ODS levels decrease. 

Simulated TCO changes for different latitude bands are simi-
lar to those for the near-global mean (Figure 3-18), although the 
1850 –1960 ozone increase (not shown) is larger in the Northern 
Hemisphere and tropics and less prominent in the Southern 
Hemisphere. This difference is driven by simulated increases in 
NH tropospheric ozone between the preindustrial period (1850) 
and present day, as seen in the changes in zonal-mean ozone 
mixing ratios (Figure 3-19; see also Section 3.3.4.3 and Box 3-3; 
Griffiths et al., 2021; Keeble et al., 2021a). While stratospheric 
ozone levels have decreased between the preindustrial and pres-
ent day, particularly in the upper stratosphere and Antarctic polar 
lower stratosphere due to changes in chlorine-catalyzed ozone 
depletion, tropospheric ozone has significantly increased during 
this same period (Figure 3-19; Tarasick et al., 2019; Yeung et 
al., 2019). The impact of these combined changes is that despite 
stratospheric ozone depletion linked to ODS emissions, the simu-
lated NH mid-latitude TCO is higher in the 1990s than in the pre-
industrial period (Figure 3-18). Although the simulated increase 
remains to be validated against (the very limited) available obser-
vations (e.g., Rieder et al., 2010), this nonetheless highlights the 
problem of using TCO as a metric for stratospheric ozone changes 
(see Box 3-3 and Sections 3.3.2.4 and 3.4.2). 

TCO over 1980 –2014 is ~10 DU higher in the CMIP6 
multi-model mean compared to observations when all models 
are included (Keeble et al., 2021a). Using only those models that 
explicitly simulate chemical processes, bias-correcting their TCO 
(to the 1964–1980 average) and then smoothing it using an 11-
point boxcar filter (as per Dhomse et al., 2018), the observed TCO 
trend (Figure 3-20) is well captured by the multi-model mean 
in the 60°S–60°N region and in the mid-latitudes. It is less well 
captured in the tropics (see also Section 3.3.3). Good agreement 
has also been shown for TCO trends over the period 1979–2000 
between the multi-model mean of CMIP6 models that use in-
teractive chemistry schemes and observations at most latitudes 
(Morgenstern et al., 2020). However, for some locations, there is 
a large spread in the simulated ozone trends between individual 
models, and our understanding of the reasons behind this is cur-
rently lacking (see also the discussion in Section 3.4.1).
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Box 3-4. Models and Scenarios: CMIP6 and SSPs

Coordinated model intercomparison projects are a key method for bringing information from multiple model simulations and 
research groups into climate and ozone assessments. This Assessment makes use of the Coupled Model Intercomparison Project 
Phase 6 (CMIP6), an international activity that consists of a suite of climate model experiments designed to explore the impacts of 
past and future emissions changes on the long-term evolution of the Earth system (Eyring et al., 2016). 

Of particular interest to this Assessment are the CMIP6 historical simulations, as well as sensitivity simulations performed for 
the Aerosol Chemistry Model Intercomparison Project (AerChemMIP; Collins et al., 2017) and the projections performed for the 
Scenario Model Intercomparison Project (ScenarioMIP; O’Neill et al., 2016). The ScenarioMIP simulations use a new set of future cli-
mate scenarios, the Shared Socioeconomic Pathways (SSPs; Riahi et al., 2017). SSPs replace Representative Concentration Pathways 
(RCPs) explored in the previous Assessment but serve the same purpose: to provide a range of future emissions scenarios that assume 
different socioeconomic trajectories and different levels of climate change mitigation. SSP5-3.4-OS is slightly different from the oth-
ers in that it is an “overshoot” scenario, following the SSP5-8.5 (high climate forcing) scenario until 2040, with aggressive mitigation 
thereafter. This scenario informs the Assessment in Chapter 6. 

Compared to the RCPs, the SSPs explore a much wider range of possible future emissions pathways for well-mixed greenhouse 
gases, such as CO2 (carbon dioxide), N2O (nitrous oxide), and CH4 (methane), in addition to changes to the emissions of near-term 
climate forcers (NTCFs), which include tropospheric ozone precursors and aerosols (Gidden et al., 2019). For long-lived halogenated 
ozone-depleting substances (ODSs), all SSPs assume compliance with the Montreal Protocol and its Amendments and adjustments. 
However, as models are run with surface mixing ratios as input, rather than emissions, the levels of ODSs do differ marginally between 
SSPs due to the impacts of different climate trajectories on their lifetime (see also Chapter 4). Finally, hydrofluorocarbons (HFCs; 
Chapter 2) differ more markedly between SSPs than do controlled ODSs, as each scenario has different compliance rates with the 
Kigali Amendment (Meinshausen et al., 2020).

Simulation Name(s) Type Purpose Features

historical Hindcast simulation of the period 
1850 –2014

To produce realistic simulations of the 
past atmospheric state 

GHGs, ODSs, volcanic aerosol, solar variability, 
ozone, and aerosol precursors are prescribed 

from observations. Uses a coupled ocean model 
for SSTs and SICs 

histSST Historical atmosphere-only 
transient simulation of the period 

1850 –2014

Control experiment for AerChemMIP 
historical perturbation experiments

As “historical,” but with SSTs and SICs pre-
scribed from the “historical” experiment rather 

than using a coupled ocean model. 

histSST-piNTCF
histSST-piCH4
histSST-piN2O
histSST-1950HC

Series of historical atmosphere-on-
ly transient perturbation simula-
tions of the period 1850–2014 

based on histSST

To assess the impact of NTCFs, CH4, N2O, 
and halocarbon (HC) emissions on the 

past evolution of atmospheric composi-
tion and climate change

As histSST, but with either NTCF, CH4, or N2O 
emissions held at their preindustrial (“pi”) levels, 

or with HCs held at their 1950 levels, while all 
other emissions evolve as in “historical”

SSP1-1.9
SSP1-2.6
SSP2-4.5
SSP3-7.0
SSP4-3.4
SSP4-6.0
SSP5-8.5
SSP5-3.4-OS

Future simulations of the period 
2015–2100

To produce estimates of future atmo-
spheric composition and climate changes 

given specific emissions assumptions. 
Named for the radiative forcing level by 

2100 (1.9 Wm–2, 2.6 Wm–2, etc.)

GHGs, ODSs, volcanic aerosol, ozone, and 
aerosol precursors are prescribed following 

the named SSP scenario (SSP1-1.9, etc.); uses 
coupled ocean model for SSTs and SICs 

Box 3-4 Table 1. Description of the relevant CMIP6 simulations discussed in this Assessment report (GHGs = greenhouse 
gases, ODSs = ozone-depleting substances, NTCFs = near-term climate forcers, SSTs = sea surface temperatures, SICs = sea 
ice concentrations). 

The CMIP6 models span a range of complexity, particularly with regard to the simulation of atmospheric chemistry. In contrast 
to phase 1 of the Chemistry Climate Model Initiative (CCMI-1; Morgenstern et al., 2017), which was used extensively in the last 
Assessment and includes exclusively those models with interactive chemistry schemes, CMIP6 includes both models with interactive 
chemistry and those that prescribe ozone fields from a shared dataset. As a result, there is a smaller number of CMIP6 models suitable 
for exploration of ozone return dates (Section 3.4.1) than have been shown in previous Assessments. However, these models have 
performed simulations following a larger number of potential future emissions pathways.

All of the relevant CMIP6 simulations are described in detail in Box 3-4 Table 1, coupled with Box 3-4 Figure 1 showing the 
evolution of surface concentrations for selected long-lived greenhouse gases for different SSPs. 
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Box 3-4 Figure 1. Evolution of the surface mixing ratios of (a) carbon dioxide (CO2; in parts per million, ppm), (b) nitrous 
oxide (N2O; in parts per billion, ppb), (c) methane (CH4; in parts per billion, ppb), and (d) the ODSs CFC-11 and CFC-12 (in 
parts per trillion, ppt) from 1850 –2100 for the historical period (black lines) and within different SSPs (colored lines). CFC-11 
and CFC-12 surface mixing ratios differ between scenarios but only marginally. See Box 3-4 Table 1 for more information.

Figure 3-19. Simulated changes in ozone from the preindustrial (1850 –1864 average) to present day (2000 –2014 average) 
for the CMIP6 multi-model mean. Color fills show (a) the change in annual and zonal-mean ozone mixing ratios (%) and (b) the 
change in monthly and zonal-mean TCO (DU). Black contour lines in each panel show the present-day climatology as (a) mixing 
ratio (ppm) and (b) DU. [Adapted from Keeble et al., 2021.]

(a) Zonal mean (b) Total column

Pr
es

su
re

 [h
Pa

]

La
tit

ud
e

60°N

30°N

30°S

60°S

0°

Latitude

60°N30°N30°S60°S 0°

Month

1000
AprFebJan Mar

100

10

1

AugJunMay Jul DecOctSep Nov

Ozone change [%] Ozone change [DU]
100–20–30 –10 3020 300–60–90 –30 9060–120 120



Chapter 3

190

3.3.4.2 Simulated Impacts of Very Short-Lived 
Substances 

Chlorine and bromine from very short-lived substances 
(VSLSs; halogenated ozone-depleting substances with lifetimes 
shorter than six months) contribute to ozone depletion, particu-
larly in the lower stratosphere, where their present-day contribu-
tion may be up to half as large as that from long-lived ODSs (e.g., 
Hossaini et al., 2015; see also Chapter 1). Overall, while model 
sensitivity experiments show that the contribution of past trends 
in short-lived chlorine species to recent ozone changes is small 
(e.g., Chipperfield et al., 2018; see also Section 3.3.3), the long-
term impact of continued VSLS increases on stratospheric ozone 
recovery remains to be quantified (see also Barrera et al., 2020).

Although VSLSs are not routinely included in all CCMs, the 
previous Assessment reported how simulations of recent ozone 
changes can be improved by the inclusion of VSLSs. Since the last 
Assessment, model studies have sought to quantify the amount 
of chlorine and bromine from VSLSs in the stratosphere, including 
highlighting the important role of transport to the stratosphere in 
the Asian summer monsoon (Adcock et al., 2021). One modeling 
study estimated that the total amount of stratospheric chlorine 
from VSLSs has increased from 69 ± 14 ppt in 2000 to 111 ± 22 
ppt in 2017 (Hossaini et al., 2019). Due to decreases in long-lived 
ODSs over the same period, the increase in chlorine from VSLSs 
has led to their relative contribution to total stratospheric chlorine, 
increasing from ~2% in 2000 to ~3.4% in 2017. Another CCM 
study (Barrera et al., 2020) found that brominated VSLSs account 
for 8 DU (3 %), 2.5 DU (1%), and 5.5 DU (2 %) additional ozone 
loss for the SH mid-latitudes, tropics, and NH mid-latitudes, re-
spectively. The same study also noted that the inclusion of 5 ppt 
biogenic bromine results in a realistic stratospheric bromine load-
ing and improves the agreement between the modeled and ob-
served mid-latitude TCO over the period 1980 –2015, consistent 
with previous findings (Sinnhuber and Meul, 2015). 

3.3.4.3 Attributing Drivers of Past Ozone 
Changes

New sensitivity simulations from the Aerosol and Chemistry 
Model Intercomparison Project (AerChemMIP; Collins et al., 
2017), part of CMIP6 (Box 3-4), can be used to attribute past 
ozone changes to a broader range of individual drivers than was 
possible using the CCMI-1 models in the last Assessment. These 
drivers include emissions of non-methane near-term climate 
forcers (NTCFs; precursors of tropospheric ozone and aerosol; 
lifetimes <10 years), methane (CH4), nitrous oxide (N2O), and ha-
logenated ODSs. AerChemMIP also includes simulations over a 
longer historical time period (1850 –2014 versus 1960 –2014). The 
individual roles of changes in NTCFs, CH4, N2O, and halogenated 
ODSs on historical ozone column changes can be determined 
by contrasting the AerChemMIP sensitivity simulations (with indi-
vidual forcing agents held at their preindustrial levels) against an 
“all-forcing” simulation, where all forcings evolve (histSST; Box 
3-4; Zeng et al., 2022). In contrast to the seven CCMI-1 models 
in the previous Assessment, there are only between three and five 
AerChemMIP models with suitable output to assess the contribu-
tions of the different drivers. 

In close agreement with the CMIP6 simulations (Figure 
3-18), the all-forcing multi-model mean of the four AerChemMIP 
models with interactive stratospheric and tropospheric chemistry 

Figure 3-20. TCO for the CMIP6 multi-model mean from 
1950 to 2022 (historical to 2014 in black and then extend-
ed with SSP2-4.5 in white; see Box 3-4) and the five indi-
vidual observational datasets from Figure 3-6 (thin purple 
lines) and their mean (thick purple line) from 1964–2020. 
Data shown are annual mean values for four different lat-
itude bands: near global (60°S–60°N), NH mid-latitudes 
(35–60°N), tropics (20°S–20°N), and SH mid-latitudes 
(60 –35°S). The CMIP6 multi-model mean is calculated as 
an unweighted mean of the five CMIP6 models available 
that include interactive chemistry schemes. Each model 
is first bias corrected to the observations averaged over 
the period 1964–1980, before being smoothed with an 
11-point boxcar smoothing. The gray and light blue en-
velopes show the spread between the individual models 
that make up the CMIP6 multi-model mean and are calcu-
lated as the ±1 standard deviation of the bias-corrected, 
smoothed model values, averaged 1850 –2100 excluding 
the years 1954–1990, during which time the model vari-
ance becomes artificially low due to the bias correction 
step. [Adapted from Keeble et al., 2021a.]
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shows a gradual increase of near-global mean TCO during ~1900 –
1970, mainly due to the increase in tropospheric ozone (Figure 
3-21). TCO decreases rapidly after the 1970s until the late 1990s, 
when stratospheric ozone depletion dominates its decrease in 
all regions. The largest decrease occurs in the SH mid-latitudes. 
However, in the NH mid-latitudes and the tropics, the continu-
ous increase of the tropospheric ozone column from the 1950s 
contributes to long-term TCO changes, offsetting the reduction 
in stratospheric ozone in these regions. The model spread is par-
ticularly large in the stratospheric ozone changes that contribute 
to the uncertainty in TCO changes, particularly in mid-latitudes.

 As in previous Assessments, the sensitivity simulations—
where individual forcing agents are turned off—can be used to 
quantify the roles of individual drivers in ozone trends. These runs 
reveal the dominant role of ODS-induced stratospheric ozone 
depletion for the global TCO decrease from the 1970s to the late 
1990s (Figure 3-22). During this ozone depletion period, indi-
vidual models differ substantially in simulating the stratospheric 
ozone response to ODS increases; this is the main cause of large 
intermodel differences in the simulated TCO trend. In contrast, 
tropospheric column ozone increases can be attributed to the 
monotonic increases in NTCFs and CH4 (Box 3-4 Figure 1), par-
ticularly from the 1950s to the late 1990s. NTCFs contribute to 
TCO increases largely through increased tropospheric columns 
(Box 3-3), particularly in the tropics and the NH mid-latitudes. 
Methane contributes to total column increases both through the 
tropospheric column (as a tropospheric ozone precursor) and the 
stratospheric column (through its reaction with chlorine, which 
reduces ozone depletion from ODSs), particularly in the mid-lat-
itudes over 1970 –2000. The impact of increased N2O is to de-
crease TCO through its role as an ODS in the stratosphere, even 
though it increases ozone in the tropical lower stratosphere (due 
to “self-healing,” arising from increased UV fluxes as a result from 
a depleted ozone layer aloft), consistent with the CCMI-1 models 
(Morgenstern et al., 2018; Figure 3-22). Note, this impact is es-
timated based on only three AerChemMIP models, as the other 
two did not perform the relevant simulations, and there is a large 
model spread and large interannual variation. 

No simulations directly targeted the impact of carbon di-
oxide (CO2) increases on ozone, but this can be estimated from 
the residual of the other effects, i.e., the difference between the 
impact from all forcings (histSST) and the combined impact from 
the other single-forcing perturbations (NTCFs, CH4, halogenated 
ODSs, and N2O), although only for the three models with the re-
quired simulations. The impact of CO2 on simulated TCO is dom-
inated by changes in the stratospheric partial columns (Figure 
3-22). This includes a slight increase in stratospheric column 
ozone prior to the 1970s due to CO2-induced stratospheric cool-
ing (Chapter 5), which reduces stratospheric ozone loss, mainly in 
the NH mid-latitudes, and a sharp decrease after the late 1970s, 
when ODSs increase and stratospheric cooling leads to en-
hanced ODS-driven ozone depletion. However, this approach of 
deriving the impact of CO2 is associated with large uncertainties, 
as it involves several simulations and cannot account for couplings 
between forcing agents.

These sensitivity simulations can also be used to attribute 
the drivers of vertically resolved ozone trends (Figure 3-23). 
In agreement with previous Assessments, the simulated neg-
ative trend in stratospheric ozone is predominantly driven by 
ODSs during the depletion period (1979–1999). Both the trend 

Figure 3-21. Annual multi-model mean TCO (black) and 
the stratospheric (red) and tropospheric (blue) partial col-
umn ozone anomalies (relative to 1850 –1900 base peri-
od) for 1850 to 2014 from the AerChemMIP histSST sim-
ulation (Box 3-4), for the near-global mean (60°S–60°N), 
NH mid-latitudes (35–60°N), the tropics (20°S–20°N), 
and the SH mid-latitudes (60 –35°S). Four models 
(CESM2-WACCM, GFDL-EM4, MRI-ESM2-0, and UKESM1-
0-LL) are included in the ensemble, and the shaded areas 
are the mean absolute deviation from the multi-model 
mean. The annual means are smoothed using a 20-year 
boxcar filter. For the partial columns, the tropopause is de-
fined using the WMO lapse rate definition in each model. 
[Adapted from Zeng et al., 2022.]
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Figure 3-22. Attribution of total column (black), stratospheric column (red), and tropospheric column (blue) ozone changes to 
(top to bottom) halogenated ODSs, near-term climate forcers (NTCFs), methane (CH4), nitrous oxide (N2O), and carbon dioxide 
(CO2), shown (left to right) for the near-global (60°S–60°N), SH mid-latitude (60 –35°S), tropical (20°S–20°N), and NH mid-lat-
itude (35–60°N) means. Time series are the smoothed annual mean (20-year boxcar filter) AerChemMIP multi-model mean de-
viation of ozone columns from their preindustrial values (1850 –1900). Except for CO2, the impact of each forcing (X) on ozone 
is calculated by subtracting a simulation with a forcing held fixed at the preindustrial level (histX) from one where all forcings 
evolve (histSST – histX; Box 3-4). The impact of CO2 is derived from subtracting the sum of all single-forcing perturbations (i.e., 
ODSs, NTCF, CH4, and N2O) from the all-forcing (histSST) simulation. Shaded areas are the mean absolute deviations from the 
multi-model mean. The tropopause is defined by the WMO lapse rate definition. [Adapted from Zeng et al., 2022.] 
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in ozone and its attribution to ODSs are significant at the 95% 
confidence level throughout the SH mid-latitudes, a large part of 
the NH mid-latitudes, and above 20 hPa in the tropics. Methane 
(CH4) plays a significant role in driving the positive ozone trend 
in the mid-latitude middle to upper stratosphere and in the trop-
ical upper stratosphere. The combined impact of N2O and CO2 
on ozone is predominantly negative and is significant (at the 
95% confidence level) in the middle stratosphere over the NH 
mid-latitudes and the upper tropical stratosphere. The net impact 
of greenhouse gases (GHGs) on stratospheric ozone during that 
period is largely insignificant (at the 95% confidence level) due to 
the opposing effects of CH4 versus that of CO2 and N2O. 

Between 2000 and 2014, the ozone trends from the 

all-forcing simulation are largely positive and significant in the 
upper stratosphere, due mainly to the decline in ODSs. The in-
dividual forcings do not result in any significant trends in strato-
spheric ozone due to the brevity of the simulation period and a 
large model uncertainty. The increase in GHGs as well as declining 
ODSs drive the positive ozone trend in the middle to upper strato-
sphere (Figure 3-23), in agreement with the last Assessment. 
The trend in ozone in the middle and upper stratosphere due to 
CH4 increases is negative during this period (although generally 
not significant at the 95% confidence level), reflecting a coupling 
with now decreasing ODSs. 

In the lower stratosphere, the ozone trends due to all forc-
ings and individual forcings are masked by large dynamical 

Figure 3-23. Attribution of stratospheric ozone trends along a vertical profile as a function of pressure as simulated by the Aer-
ChemMIP models, for (left to right) SH mid-latitudes (60 –35°S), tropics (20°S–20°N), and NH mid-latitudes (35–60°N), calculat-
ed over the periods (top panels) 1979–1999 and (bottom panels) 2000 –2014. The black lines show the vertically resolved trends 
in the multi-model mean ozone from the histSST simulation (Box 3-4), which includes all forcings, with the 2σ uncertainty range 
shaded in gray (accounting for statistical and model uncertainty). Colored lines show the contributions to the trends from ODSs 
(red), the combined greenhouse gases (CO2, N2O, and CH4; dark blue), NTCFs (yellow), CH4 (orange), and combined N2O and 
CO2 (green). The 2σ uncertainty ranges are indicated for ODSs and combined greenhouse gases as error bars. The impact from 
the combined greenhouse gases is derived by subtracting the impact from ODSs and NTCFs from the all-forcing histSST simula-
tion. Numbers in parentheses next to the labels are the number of the models included in the ensemble. [Adapted from Zeng et 
al., 2022.]
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variability, as was shown for the CCMI-based results presented in 
the last Assessment. Although the ozone trend due to all forcings 
here is small and insignificant, contributions from individual forc-
ings are much larger, but there is some offsetting and cancellation 
between them. The increase in CO2 drives a strengthening of the 
BDC (Sections 3.3.3 and 3.4; see also Chapter 5), which leads to 
an ozone reduction in the tropical lower stratosphere. Meanwhile, 
the increases in NTCFs, CH4, and N2O lead to lower-stratospheric 
ozone increases mainly through chemical processes, although 
this is outweighed overall by the impact of CO2 on the circulation. 
Significant trends in ozone occur only in the lowermost tropical 
stratosphere, driven by NTCF increases over this period.

3.4 PROJECTED OZONE CHANGES 

While past changes in ozone can be evaluated using a 
combination of observations and models, detailed projections 
of ozone rely on simulations performed using chemistry–climate 
models (CCMs). This section discusses future ozone recovery, 
including its impacts on the troposphere, using new simulations 
that have become available since the last Assessment. The ozone 
impact of potential future supersonic and hypersonic transport is 
discussed in Section 4.3.5.3, as this issue is most relevant for polar 
ozone. 

3.4.1 Model Projections and Their 
Uncertainty

CCMs provide projections of ozone recovery under differ-
ent future emissions scenarios, often as part of a coordinated, 
multi-model activity where the different models follow the same 
protocols to perform a comparable set of simulations (Box 3-4). 
As in the previous Assessment, three types of uncertainty for 
these future ozone projections can be considered: internal vari-
ability of the climate system (sometimes called “weather noise”); 
structural uncertainty from the way the models are built, with 
the result that different models may not respond consistently to 
identical inputs; and scenario uncertainty, which is the spread in 
simulated atmospheric composition and climate from following 
different scenarios. The relative importance of these uncertainties 
varies at different spatial and temporal scales and for different 
variables (Hawkins and Sutton, 2009, 2010). Analysis from an ear-
lier model intercomparison project (Charlton-Perez et al., 2010) 
indicates that, compared to scenario uncertainty, internal variabil-
ity and structural uncertainty are larger drivers of uncertainty in 
global ozone projections over the first two-thirds of this century. 
Typically, the spread in model results from these two uncertain-
ties is reduced by simple averaging across ensemble members to 
form a multi-model mean. While this potentially reduces the un-
certainty from internal variability (assuming there is no bias in that 
quantity), a simple unweighted mean does not account for known 
differences in model skill across the ensemble (e.g., Dhomse et 
al., 2018). Statistical methods have been demonstrated to ac-
count for variable model skill in projections of stratospheric ozone 
(Amos et al., 2020), but these methods have not been assessed 
outside the polar regions, and additional evidence is required to 
evaluate best practices (see also Box 3-1). 

Scenario uncertainty is outside the control of the models and 
arises from the ultimately unknowable future trajectories of green-
house gas (GHG) and pollutant emissions and the societal chang-
es that underpin them (although there is considerable debate as 

to what futures are “likely”; e.g., Hausfather and Peters, 2020). 
Since the last Assessment, CMIP6 model simulations following a 
new set of future emissions scenarios, the Shared Socioeconomic 
Pathways (SSPs), have been run (see Box 3-4). All these scenari-
os assume future compliance with the Montreal Protocol and its 
Amendments and adjustments, meaning that the future emissions 
of controlled ozone-depleting substances (ODSs) are the same 
across the SSPs. At the same time, the SSPs cover a range of fu-
ture changes in well-mixed GHGs (such as CO2, N2O, and CH4) 
and near-term climate forcers (NTCFs, which include precursors 
to tropospheric ozone and aerosols; Gidden et al., 2019). It is 
well known that projections of total column ozone (TCO) are sen-
sitive to the emissions of these species (e.g., Dhomse et al., 2018; 
Morgenstern et al., 2018). However, the SSPs necessarily repre-
sent only a limited number of trajectories, excluding, for instance, 
future unregulated emissions of ODSs banned by the Montreal 
Protocol (Section 3.4.4), future very short-lived substance (VSLS) 
emissions (Section 3.3.3.2), volcanic eruptions (Section 3.2.1.3), 
hydrogen emissions from a future where hydrogen plays a large 
role as an energy source (Chapter 1), future supersonic and hy-
personic transport (Chapter 4), and the impacts of stratospheric 
climate interventions (Chapter 6). 

Finally, there are no standard simulations targeted at under-
standing and characterizing the response of CCMs to idealized 
ODS emissions, allowing comparison between different models 
and between different multi-model experiments (cf. the 2×CO2 
simulations that form part of the so-called DECK experiments in 
CMIP; Meehl et al., 2014). This hampers our ability to compare 
projected ozone and ozone recovery metrics across different as-
sessments, as the scenarios are refined or changed.

3.4.2 Total Column Ozone and Expected 
Return to 1980 Levels

The simulated evolution of 21st-century annual mean TCO 
strongly depends on the SSP scenario and latitude band con-
sidered (Figure 3-18; Keeble et al., 2021a). For scenarios with 
stabilizing or slightly declining GHG levels (SSP2-4.5, SSP4-3.4, 
and SSP4-6.0), near-global mean (60°S–60°N) TCO is projected 
to return to mid/late-20th century levels by the middle of the 21st 
century and remain at those levels until 2100. For scenarios with 
continued GHG increases (SSP3-7.0 and SSP5-8.5), near-global 
TCO is projected to return to mid/late-20th century levels soon-
er and significantly exceed these levels throughout the latter 
half of the 21st century. In contrast, despite the assumption that 
halogenated ODSs will continue to decline throughout this cen-
tury, near-global TCO is not projected to return to mid/late-20th 
century levels under scenarios with the strongest GHG and NTCF 
mitigation (SSP1-1.9 and SSP1-2.6) due to the NTCF-driven reduc-
tions in tropospheric ozone.

A long-standing milestone on the road to ozone recovery is 
the year at which TCO is projected to return to 1980 values. Only 
the five CMIP6 models that include interactive chemistry schemes 
are used for the calculation of the TCO return dates discussed 
here, since their ozone fields are consistent with both the future 
emissions scenario and internal model dynamical fields. This is a 
relatively small number of models compared to that used in the 
previous Assessment, which drew on the projections from 19 
models, meaning that here structural uncertainty is under sam-
pled. On the other hand, this Assessment presents return dates 
for four scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) 
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as opposed to the one from the last Assessment (RCP6.0). Each 
scenario assumes the same future emissions of species regulated 
under the Montreal Protocol and its subsequent amendments, 
and so any difference in return dates between scenarios is due to 
the impacts of other emitted species, such as GHGs and tropo-
spheric ozone precursors.

TCO return dates are calculated following the approach used 
in the previous Assessment (and described in detail by Dhomse 
et al., 2018). In brief, the individual CMIP6 models are first bi-
as-corrected to match the observations (in this case the NIWA-
BS dataset; Bodeker et al., 2020) averaged over 1980 –1984. 
They are then smoothed with an 11-point boxcar filter to reduce 

internal variability. The bias-corrected, smoothed time series 
for each of the five models are then averaged together to give a 
single multi-model mean time series for each SSP scenario. The 
return date is defined as the first time this multi-model mean TCO 
reaches an annual mean value equal to or higher than the 1980 
TCO value. Uncertainty estimates for the return dates are given 
by the first and last times at which the ±1 standard deviation en-
velope (calculated from the individual model time series) crosses 
the 1980 TCO value. The process is illustrated in Figure 3-24a, 
which shows two hypothetical TCO projections: one where TCO 
recovers rapidly and exceeds the 1980 value by the end of the 
century (FastRecovery), and another where TCO recovers slowly 
and only slightly exceeds the 1980 value (SlowRecovery). Both 

Figure 3-24. Year at which TCO recovers to its 1980 value. (a) Recovery date and error bar calculation for two different idealized 
scenarios of ozone recovery: FastRecovery (yellow) and SlowRecovery (green). The recovery date is when the multi-model mean 
(thick lines) meets the 1980 value (arrows with solid lines; 1980 value indicated by dashed black line), with the upper and lower 
bounds of its uncertainty corresponding to when, respectively, the top and bottom of the 1 standard deviation envelope (from 
the spread of the individual means; indicated by shading) also meet the 1980 value (arrows with dotted lines). (b) TCO recovery 
dates for different latitude bands and for four SSPs, calculated using five CMIP6 models (thicker lines, solid circles; uncertainty 
indicated by bars calculated as per panel [a]), as well as models from the CCMVal2 (SPARC, 2010) and CCMI-1 (Morgenstern et 
al., 2017) experiments (thinner lines, unfilled circles; error bars for CCMI-1 as per SSPs, whereas CCMVal-2 are the 95% confi-
dence interval based on the individual model simulations), as shown in the previous Assessment and documented by Dhomse 
et al. (2018). The multi-model mean TCO does not return to its 1980 value by 2100 for the global, tropics, and NH mid-latitudes 
for SSP1-2.6, and for the tropics for SSP2-4.5. Global return dates are calculated using data averaged from 60°S–60°N for the 
CCMI-1 and SSP simulations and from 90°S–90°N for CCMVal2.
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have the same variance. The FastRecovery scenario clearly recov-
ers to the 1980 value sooner than SlowRecovery and so has an 
earlier return date. There is also a much smaller uncertainty asso-
ciated with the FastRecovery return date, despite the identical 
variances, since the lower bound on the projected TCO remains 
above the 1980 value from the late 2040s onward. In contrast, 
the lower bound for TCO remains below the 1980 value beyond 
2100 for the SlowRecovery scenario. TCO projections that only 
slightly exceed the 1980 TCO value therefore have large uncer-
tainty ranges in their return dates.

Generally, TCO return dates from CMIP6 models using the 
SSPs are consistent with those from previous modeling activities 
(Figure 3-24b). Under the SSP2-4.5 scenario, which assumes 
more modest increases in GHGs, near-global mean (60°S–60°N) 
TCO is projected to return to 1980s values before the middle of 
the century (around 2040). In contrast, under scenarios with the 
least mitigation for GHGs and NTCFs (SSP3-7.0 and SSP5-8.5), 
near-global mean TCO is projected to return to 1980 values earli-
er (around 2030). However, as noted above, for the scenario with 
the strongest mitigation (SSP1-2.6), the total column is not pro-
jected to return to 1980 values before 2100. Recovery happens 
for all analyzed SSPs in the SH mid-latitudes (where the levels of 
tropospheric ozone precursors are already low), but ozone does 
not return to 1980 values in the tropics for the two SSPs with the 
strongest (SSP1-2.6) and comparatively strong (SSP2-4.5) mit-
igation (Figure 3-24b). In addition, tropical TCO recovery for 
the SSP with weakest GHG mitigation (SSP5-8.5) does not last 
the whole century (Figure 3-24b), as the strengthened Brewer–
Dobson circulation (BDC; see Chapter 5) reduces the column 
beyond 1980 levels after about 2070 (Figure 3-18). Finally, some 
of the return dates are associated with very large uncertainty es-
timates, particularly the near-global return date under the SSP2-
4.5 scenario and the tropical return dates under the SSP3-7.8 and 
SSP5-8.5 scenarios (Figure 3-24b). This is because TCO remains 
close to the 1980 value for several decades on either side of the 
return date for those scenarios, and interannual variability means 
that it may rise above and fall below the return threshold.

While the 1980 return date has been widely used as a 
metric of ozone recovery in this and previous Assessments and 
remains an important milestone on the road to ozone recovery, 
it has some shortcomings. In addition to the fact that significant 
ozone depletion occurred before 1980 (Shepherd et al., 2014; 
Langematz et al., 2016), future ozone changes in some regions 
may be dominated by changes in other processes, such as strato-
spheric temperature and circulation changes following increases 
to GHGs or changes happening in the troposphere (Box 3-3). 
Overall, this can mean that despite reductions in stratospheric 
halogens, the total column never returns to historical values. 
Return dates also do not measure the overall integrated decrease 
in ozone prior to that date, which may be more relevant for some 
impacts (e.g., changes in surface UV). This is particularly true for 
short-lived halogenated ODSs (Section 3.3.4.2), which, owing to 
their short atmospheric lifetimes, may substantially deplete strato-
spheric ozone without affecting TCO return dates. 

Recognizing these shortcomings, a new ozone recovery 
metric has recently been proposed to use alongside return 
dates: integrated ozone depletion (IOD; Pyle et al., 2022). IOD 
measures the time integrated TCO difference between separate 
future ozone projections, each following different halogen emis-
sions scenarios. For example, a hypothetical, large, short-dura-
tion emission of a halogenated species with a short lifetime (e.g., 
methyl chloride [CH3Cl] or methyl bromide [CH3Br]) would result 
in substantial ozone depletion, and therefore a large IOD, but 
potentially no change in the return date if the additional emit-
ted halogen is removed from the atmosphere before the total 
column has returned to historical values. Conversely, additional 
emissions of a long-lived species like CFC-11 could result in TCO 
reductions of a few Dobson units for several decades, which may 
lead to large delays in ozone return dates, but only a small IOD. 
Using CCM simulations, it has been shown that there is a linear 
relationship between IOD and the product of the time-integrat-
ed additional emissions (in Tg chlorine) of a halogenated species 
and the ratio of the species’ whole-atmospheric lifetime to its 
stratospheric lifetime (Figure 3-25). There is scope to exploit this 
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Figure 3-25. Integrated ozone 
depletion (IOD; units of DU years) 
from different CCM simulations 
performed with the UM-UKCA 
chemistry-climate model, plotted 
against the cumulative emissions 
of a halogenated source gas (quan-
tified in units of Tg Cl) multiplied 
by the dimensionless ratio of the 
whole-atmospheric lifetime to the 
stratospheric lifetime of that halo-
genated source gas. The different 
colored points correspond to CCM 
experiments with different emitted 
species (different shapes), the mag-
nitude of the annual emissions or 
production (with an “X”; includes 
a major portion that goes in banks) 
of that species, and the duration of 
the emissions. [Adapted from Pyle 
et al., 2022.]
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empirical relationship to estimate IOD values without the need 
for CCM simulations, allowing simple predictions of the impact of 
halogenated emissions on ozone recovery.

3.4.3 Vertically Resolved Ozone Projections
Vertically resolved changes over the 21st century also depend 

strongly on the future scenario. Zonal-mean ozone differences 
between the end of the 21st century (2086–2100 average) and 
the present day (2000 –2014 average) are shown in Figure 3-26 
for a range of SSPs (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) 
and a subset of the CMIP6 models (after Keeble et al., 2021a). 
The zonal-mean picture is complemented by the future evolution 
of TCO and the stratosphere and troposphere partial columns 
(Figure 3-27). Ozone mixing ratios in the upper stratosphere and 
SH polar lower stratosphere are projected to increase for all the 
SSPs shown, consistent with the decline in halogenated ODSs. 
The upper-stratospheric increases in ozone grow in magnitude as 
the GHG emissions increase across the scenarios (moving from 
SSP1-2.6 to SSP5-8.5) due to the resulting CO2-induced cooling 

of the stratosphere (e.g., Isaksen et al., 1980). 

Significant differences between the scenarios are seen in 
the troposphere and tropical lower stratosphere. Tropospheric 
ozone mixing ratios decrease in the scenarios with large reduc-
tions in the emissions of ozone precursors (SSP1-2.6 and SSP2-
4.5). In particular, under SSP1-2.6 the decreases in tropospheric 
ozone are particularly strong in the Northern Hemisphere, while 
the increases in stratospheric ozone outside of the Antarctic polar 
lower stratosphere are smaller than in other scenarios (consistent 
with less CO2-induced cooling). The strong emissions mitigation 
in these scenarios slow or prevent the return of TCO to its histori-
cal levels (Section 3.4.2).

In contrast, ozone mixing ratios are projected to increase 
throughout much of the troposphere and upper stratosphere in 
the SSPs with weak or little mitigation (SSP3-7.0 and SSP5-8.5), 
leading to the projected super-recovery of the mid- and high-lat-
itude TCO by the end of the century (Figure 3-18). However, 
ozone mixing ratios are projected to be lower in the tropical 

Figure 3-26. Simulated CMIP6 multi-model mean (12 models) and zonal-mean ozone changes (%) between the beginning 
(2000 –2014 average) and end (2086–2100 average) of the 21st century. The present-day (2000 –2014) zonal mean ozone clima-
tology (as mixing ratio, in ppmv) is also shown as black contour lines. Changes are shown for the (a) SSP1-2.6, (b) SSP2-4.5, (c) 
SSP3-7.0, and (d) SSP5-8.5 scenarios (see Box 3-4). [Adapted from Keeble et al., 2021a.]
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Figure 3-27. Time series of annual and CMIP6 multi-model mean anomalies (four models; relative to 2015) for TCO (black) and 
stratospheric (red) and tropospheric (blue) partial column ozone for the (left to right) SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 
scenarios (see Box 3-4), shown for (top to bottom) the near-global mean (60°S–60°N), NH mid-latitudes (35–60°N), tropics 
(20°S–20°N), and SH mid-latitudes (60 –35°S). Shaded areas, for the stratospheric and tropospheric ozone columns, are the 
mean absolute deviations from the multi-model mean. [Updated from results published by Keeble et al., 2021a.]
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lower stratosphere by the end of the century (Figure 3-26) for 
these scenarios. As noted in the last Assessment, this is due to the 
acceleration of the BDC, resulting in decreases in tropical low-
er-stratospheric ozone and the reduced production of ozone, due 
to a thicker overhead column ozone (Eyring et al., 2013; Iglesias-
Suarez et al., 2016; Meul et al., 2016; Keeble et al., 2017). This 
decrease in lower-stratospheric ozone offsets increases at higher 
altitudes, leading to renewed TCO decreases in the latter half 
of the 21st century for the SSP with the strongest GHG increases 
(SSP5-8.5), despite projected reductions in stratospheric halo-
gens under the Montreal Protocol (Figure 3-18; Section 3.4.2).

3.4.4 Impacts of Unregulated CFC-11 Emis-
sions on Ozone Recovery 

Since the last Assessment, a new source of CFC-11 emissions 
was identified in East Asia (Montzka et al., 2018; Rigby et al., 2019; 
see also Chapter 1). Given the well-established effectiveness of 
chlorofluorocarbon-derived chlorine at depleting stratospheric 
ozone, several recent model studies have estimated the impacts 
of increased CFC-11 emissions on the trajectory of stratospher-
ic ozone recovery (Dameris et al., 2019; Dhomse et al., 2019; 
Fleming et al., 2020, 2021; Keeble et al., 2020; WMO, 2021). In 
contrast to the CMIP6 simulations, which explored future ozone 
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Figure 3-28. Dependence of global (90°S–90°N) annu-
al mean TCO 1980 return dates on cumulative additional 
equivalent CFC-11 emissions (Gg), emitted up to the return 
date for each simulation, for various models. Colors rep-
resent different models and symbols represent different 
simulations. Each model performed a baseline simula-
tion (circles) with the WMO A1 scenario for ODS halogen 
loadings (WMO, 2018). On top of this baseline scenario, 
the models performed perturbation simulations (stars and 
triangles) with different assumptions of additional CFC-11 
emissions (and in some cases CFC-12, which are converted 
to equivalent CFC-11 emissions) shown by the x-axis. The 
dashed lines show the best linear fits to the simulations for 
each model, with the slope giving the delay in global TCO 
recovery in units of years per 1000 Gg. For consistent plot-
ting, the simulated return dates for EMAC (which ignores 
some replacement chlorine compounds and produces 
early recovery) and GEOSCCM have been moved later by 
20 years and 5 years, respectively. [Adapted from WMO, 
2021.]

changes for specific emissions scenarios, there are no com-
mon scenarios that consider noncompliance with the Montreal 
Protocol, and, instead, individual studies followed different as-
sumptions for CFC-11 emissions. Nevertheless, a key result that 
emerges from combining these studies is a linear relationship 
between the cumulative amount of CFC-11 emitted and metrics 
of stratospheric ozone recovery: global total column depletion 
and the delay in return dates (Keeble et al., 2020; Fleming et al., 
2021; WMO, 2021). This allows an estimate of the impact of the 
actual emissions of CFC-11 identified through observations, even 
if that specific scenario has not been performed with a chemistry 
model.

Using the linear relationship, given the estimated addition-
al 120 –440 Gg CFC-11 emissions over the period 2012–2019 
(WMO, 2021), and applying a decrease of 0.4– 0.7 DU per 1000 
Gg cumulative CFC-11 emissions (Keeble et al., 2020; Fleming et 
al., 2021), the estimated global mean total column depletion is 
0.05– 0.31 DU. This is supported by further simulations run from 
2000 to 2017 with and without an additional 230 Gg (cumula-
tive) CFC-11 emissions. These runs simulate the impact of the ad-
ditional CFC-11 emissions specifically on polar ozone, where the 
response is expected to be largest, and even here the impact is 
small (Dhomse et al., 2019; WMO, 2021). Together, these studies 
indicate that the impact of increased emissions of CFC-11 to date 
have had a small impact on TCO, and, for instance, do not explain 
the recent lower-stratosphere ozone trends (see Section 3.3.3).

Finally, as with TCO, a linear relationship between the addi-
tional CFC-11 emissions and the delay of total ozone recovery to 
1980 values can be estimated from the simulations, with the delay 
varying between 0.9 and 4.2 years per 1000 Gg cumulative CFC-
11 emissions (Figure 3-28). Based on the estimated 120 –440 
Gg cumulative additional CFC-11 emissions for 2012–2019, the 
estimated delay to global ozone recovery is 0.4–1.3 years. While 
this further supports the fact that the additional CFC-11 emissions 
to date will have only a modest impact on stratospheric ozone 

recovery, it is clear from the linear relationships that if additional 
unregulated CFC-11 emissions were to continue in the future, no-
ticeable delays to ozone return dates could result. 

3.4.5 Impacts of Stratospheric Ozone 
Recovery on Tropospheric Ozone

Changes in the stratosphere will impact tropospheric 
ozone (Zeng et al., 2010) both dynamically, mainly via enhanced 
stratosphere-to-troposphere (STT) transport through a strength-
ened BDC (Butchart, 2014; Chapter 5), and chemically, such as 
through changes in photolysis rates via UV radiation changes due 
to changes in overhead ozone columns (Voulgarakis et al., 2013). 
The resulting impact on tropospheric ozone depends strongly on 
the scenario.

The influence of a future stratosphere on tropospheric ozone 
has been explored in four CMIP6 models running a weak mitiga-
tion scenario (SSP3-7.0; Griffiths et al., 2021; Figure 3-29). For 
these models, STT increases over the 21st century, consistent with 
the stratospheric ozone recovery (due to the reduction in ODSs) 
and a strengthened BDC (due to increased GHGs; Figure 3-29). 
There is, however, a large model spread in the magnitude of the 
STT increase. By the end of this century, STT exceeds pre-deple-
tion levels in all models except the one that shows the strongest 
ozone depletion over 1980 –2000 (UKESM1-LL-0). Moreover, the 
strongest STT increase is seen in the model that shows the weak-
est ozone depletion (MRI-ESM2.0). Confidence in the magni-
tudes of these changes in STT is low, however. STT was not direct-
ly diagnosed by the models and is instead inferred as a residual of 
other fields by assuming that tropospheric chemical production 
and the net influx from STT balances tropospheric chemical loss 
and dry deposition to the surface, and this is somewhat sensitive 
to how the tropopause is defined (Young et al., 2018; Griffiths et 
al., 2021).

STT has also been explored in other CCMs, giving broadly 
consistent results to the CMIP6 models. Since the last Assessment, 

Cumulative additional CFC-11 emissions [Gg]

Ye
ar

 o
f g

lo
b

al
 T

C
O

 re
co

ve
ry

2070

2065

2060

2055

2050

2045

2040

2035
–1000 0 1000 2000 3000 4000 5000

Model [slope]

UKCA [2.9 year (1000 Gg)-1]
EMAC [4.2 year (1000 Gg)-1]
GEOSCCM [0.9 year (1000 Gg)-1]

GSFDC2D [3.2 year (1000 Gg)-1]

Baseline run (WMO A1 scenario)
Additional CFC-11
No CFC-11



Chapter 3

200

Figure 3-29. Time series of the simulated tropospheric ozone budget terms over 1850 –2100 in four CMIP6 models from the 
historical (1850 –2014) and SSP3-7.0 (2015–2100) simulations, showing dry deposition (green), net chemical production (NCP, 
blue), and the residual (dry deposition minus NCP, assumed to be net stratospheric influx; red). The troposphere is delimit-
ed using the WMO tropopause definition. The budget terms are shown for the four CMIP6 models with the required output: 
UKESM1-0-LL, CESM2-WACCM, GFDL-ESM4, and MRI-ESM2-0. [Adapted from Griffiths et al., 2021.]

there has been further analysis of a subset of seven CCMI-1 CCMs, 
providing a more detailed exploration of the potential impact of 
future stratospheric ozone changes on the tropospheric ozone 
burden using a stratospheric ozone tracer (Abalos et al., 2020). 
This stratospheric transport tracer (O3S) is a diagnostic that is di-
rectly related to the ozone concentration in the stratosphere, but 
in the troposphere its value is affected by photochemical destruc-
tion and deposition, meaning that it can be used as a marker of 
the fraction of tropospheric ozone that originated in the strato-
sphere. For the RCP6.0 scenario (which has lower emissions than 
the SSP3-7.0 scenario), the O3S tropospheric column increases 
from the year 2000 to around 2060, consistent with stratospheric 
ozone recovery and an enhanced BDC, which both contribute to 
enhanced STT (Abalos et al., 2020; Figure 3-30a). The propor-
tion of the tropospheric ozone column attributable to O3S (i.e., 
ozone sourced from the stratosphere) increases monotonically in 
all models. However, there is a large spread in the absolute value 
of this proportion between the models, ranging from 22 to 45% at 
the start of the 21st century and 25 to 55% at the end of the century 
(Abalos et al., 2020; Figure 3-30b). In terms of attributing driv-
ers to the STT trends, the CCMI analysis found that ODS-induced 
stratospheric ozone changes overwhelm the greenhouse gas ef-
fect on the BDC between 2000 and 2100 (Abalos et al., 2020). 

Although the decline of ODSs has been projected to weaken 
the BDC (Polvani et al., 2019; see also Chapter 5), the increased 
ozone reservoir in the stratosphere dominates the future ozone 
STT trends (Abalos et al., 2020). 

The relative contributions to future STT from ODSs and GHG 
changes will depend on the emissions scenario, with a poten-
tially bigger contribution from an enhanced BDC in higher GHG 
emissions scenarios. A single model study has projected a 53% 
increase in STT between 2000 and 2100 under a high emissions 
scenario (RCP8.5), attributing 46% of this to the effects of increas-
ing GHGs and 7% to the effects of decreasing ODSs. This results 
in the ratio of O3S to the total tropospheric ozone increasing from 
43 to 46% in the Northern Hemisphere and from 48 to 52% in the 
Southern (Meul et al., 2018). The same single model study also 
explored a scenario with weak mitigation (RCP6.0) and found 
that the ratio of O3S to tropospheric column ozone had a similar 
increase despite a smaller STT increase. This underlines that the 
relative impact of stratospheric ozone on tropospheric ozone de-
pends on the evolution of tropospheric ozone under different fu-
ture GHG and ozone precursor scenarios. Nevertheless, a robust 
result from the simulations is that a projected future increase in 
STT associated with higher GHG emissions will have a detectable 
impact on tropospheric ozone.

UKESM1-LL-0 CESM2-WACCM

GFDL-ESM4 MRI-ESM2-0

1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100

1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100

1000

800

400

200

0

600

1000

800

400

200

0

600

1000

800

400

200

0

600

1000

800

400

200

0

600

Tr
op

os
p

he
ric

 o
zo

ne
 te

nd
en

cy
 [T

g
 (O

3
)  

yr
–1

]

Inferred net stratospheric influx Net chemical production Dry deposition



Chapter 3

201

Finally, the last Assessment noted that future changes in tro-
pospheric ozone are likely to be dominated by changes in pre-
cursor emissions, with the stratosphere playing a relatively minor 
role in the increasing tropospheric ozone abundance. However, 
given that most tropospheric ozone precursors decrease under 
the new SSPs (apart from methane, which follows a range of tra-
jectories; Box 3-4), STT plays an increasingly important role in 
tropospheric ozone changes. Indeed, recent improvements in 
diagnostic and modeling tools provide new evidence that the 

stratosphere has had a much larger influence than previously 
thought over the most recent climatological period (1980 –2010; 
Williams et al., 2019). Moreover, a new accounting method pro-
posed for the tropospheric budget also suggests an increased 
importance for ozone of stratospheric origin (Bates and Jacob, 
2020). If these tools and methods are assessed in additional mod-
els and applied more generally, it could lead to a reappraisal of 
the role of the stratosphere in current and projected tropospheric 
ozone budgets.

Figure 3-30. Time series for 2000 –2100 of (a) the tropospheric column contribution of the stratospheric ozone tracer (O3S) and 
(b) the ratio of O3S to the global tropospheric ozone column, from the REF-C2 simulations of seven CCMs from the CCMI-1 exper-
iment (Morgenstern et al., 2017). [Adapted from Abalos et al., 2020.]
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APPENDIX 3A : DATA SOURCES

3A.1 PROXIES USED IN DIFFERENT 
PUBLISHED OZONE TREND MODELS

The proxies, parameters used for the proxies, and their data 
sources are listed in Table 3A-1.

3A.2 GROUND-BASED DATASETS 

The total column ozone (TCO) and profile trends assessed in 
this report are based on datasets listed in Table 3A-2 for ozone 
observations by ground-based techniques. Most ground-based 
data records have been simply extended in time since the 2018 
Assessment and are archived in the WOUDC or NDACC databas-
es. This is the case for Dobson and Brewer spectrophotometers, 
SAOZ spectrometers, FTIR spectrometers, microwave radiome-
ters, lidars, balloon-borne ozonesondes, and aircraft-mounted 
sensors (see WMO, 2018, and references therein).

Since the last Assessment, several records have been re-
vised to detect and correct for inhomogeneities. The four NOAA 

Dobson Umkehr datasets of Boulder, Lauder, Observatoire de 
Haute-Provence (OHP), and Mauna Loa have been optimized 
through a day-to-day comparison with Umkehr profiles simulated 
by a chemical transport model (Petropavlovskikh et al., 2022), 
resulting in a noticeable bias reduction compared to MLS and the 
combined SBUV and OMPS records.

There is a seasonal dependence to the difference between 
TCO measurements by Dobson and Brewer spectrophotometers 
that is attributed to the temperature sensitivity of the ozone ab-
sorption coefficient of the Dobson instrument (Redondas et al., 
2014). The Arosa datasets have been reprocessed using a newer 
ozone absorption cross section (Serdyuchenko et al., 2014) in 
conjunction with an effective ozone temperature dataset. This 
has reduced the seasonal dependence of the difference to 1% 
(Gröbner et al., 2021). The quality of the world’s longest ozone 
column measurements time series has been assessed, with the 
conclusion that any bias induced by the automatization and the 
relocation of the Dobson instrument is not statistically significant 
(Stübi et al., 2021).

Proxy Parameter Data Sources

Solar Cycle

10.7 cm solar radio flux National Research Council Canada Dominion Radio Astrophysical Observatory: 
www.spaceweather.gc.ca/forecast-prevision/solar-solaire/solarflux/sx-en.php

30 cm solar radio flux CNES Collecte Localisation Satellites Space Weather Services:  spaceweather.cls.fr/services/radioflux/

Core-to-wing ratio of Mg II doublet 
(280 nm)

University of Bremen:  www.iup.uni-bremen.de/UVSAT/Datasets/mgii

QBO
EOF1 and EOF2 of tropical zonal winds Free University of Berlin:  www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/

Tropical zonal winds at 2 pressure levels 
(e.g., 30 and 50 hPa; 10 and 30 hPa)

NOAA National Weather Service Climate Prediction Center:  www.cpc.ncep.noaa.gov/data/indices/

ENSO

Multivariate ENSO index  (v1 super-
seded 

by v2 from December 2018) 

NOAA Earth System Research Laboratory:  www.esrl.noaa.gov/psd/enso/mei/

Niño 3.4 index NOAA National Weather Service Climate Prediction Center:  
www.cpc.ncep.noaa.gov/data/indices www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml

Southern Oscillation index

Aerosol

Aerosol extinction, optical depth, 
and properties

NASA EarthData ASDC: asdc.larc.nasa.gov/project/GloSSAC/GloSSAC_2.0

Aerosol extinction Chouza et al. (2020)

Aerosol optical depth NASA Goddard Institute for Space Studies:  data.giss.nasa.gov/modelforce/strataer (terminates in 2012)

Other 
Dynamical 

Proxies

Brewer–Dobson circulation (BDC): 
eddy heat flux (EHF) at 100 hPa

NOAA National Weather Service Climate Prediction Center:  
www.cpc.ncep.noaa.gov/products/stratosphere/polar/polar_body.html

North Atlantic Oscillation (NAO) index NOAA National Weather Service Climate Prediction Center: 
www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml

Arctic Oscillation (AO) index NOAA National Weather Service Climate Prediction Center: 
www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml

Antarctic Oscillation (AAO) index NOAA National Weather Service Climate Prediction Center: 
www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml

Tropopause pressure (TP) NOAA Earth System Research Laboratory: 
www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.tropopause.html 

NASA Global Modeling and Assimilation Office: disc.gsfc.nasa.gov/datasets?project=MERRA-2

Upper BDC index (UBDC) Ball et al. (2016)

Indian Ocean Dipole Mode Index (IOD MI) psl.noaa.gov/gcos_wgsp/Timeseries/DMI/

Table 3A-1. Proxies used in different published ozone trend models, including representative data sources. Those used in the 
different trend analyses presented in Section 3.3 are highlighted in bold text. 
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Ongoing efforts are being conducted by the ozonesonde 
community to quantify the uncertainties and biases of those 
measurements (Tarasick et al., 2021) in the framework of the 
ASOPOS 2.0 project (Smit and Thompson, 2021). There is also 
an effort to homogenize the individual ozonesonde datasets, 
performed either by the station scientists themselves or in the 
broader framework of the Tropospheric Ozone Assessment 
Report Phase 2 (TOAR II) project (42 of the stations have been 
processed [R. van Malderen, personal communication] and are 
used in the zonal-mean anomalies time series and trends in this 
Assessment; see Table 3A-2). However, comparisons between 
TCO from ECC ozonesondes and OMI and OMPS TCO show a 
decrease in TCO and stratospheric ozone up to 6% for one-third 
of the 37 stations after 2013. This decline is attributed to ozone 
measured by the ECC instruments, although no single property of 
the ozonesondes explains the findings (Stauffer et al., 2020). The 
post-2013 datasets of the affected sites should not be used for 
trend estimation and are not used in this Assessment.

The Izaña FTIR record has been reprocessed using an 

improved retrieval algorithm that optimizes the selection of 
ozone spectral micro windows and simultaneously retrieves the 
temperature (García et al., 2022). This enhances the precision 
and accuracy of the FTIR ozone total column by 0.1– 0.2% and 
results in better agreement with coincident Brewer observations.

Since the 2018 Assessment, European ozone lidars have 
been evaluated in two campaigns (Wing et al., 2020, 2021), with 
the conclusion that there is good agreement between all ozone 
lidar measurements in the range of 15–41 km, with relative differ-
ences between collocated ozone profiles of less than ±10%.

3A.3 MERGED AND INDIVIDUAL SATELLITE 
DATASETS 

3A.3.1 Total Column Ozone
Since the last ozone Assessment, TCO time series have been 

updated and reported as zonal-mean and global mean datasets 

Instruments
Altitude Range 

Vertical Resolution
Units

Station (Start of Data Record)

60 –35°S 20°S –20°N 35– 60°N

Ozonesonde 0–30 km 
~150 m 

mPa

Lauder (1986), 
Macquarie Island (1994), 

Broadmeadows (1999)

*Hilo (1982),
[*Samoa (1986)], 

*Izaña (1995), 
[Ascension (1998)], 

[*Fiji (1997)], 
Irene (1998), 

[Nairobi (1998)], 
[Natal (1998)], 

Reunion (1998), 
Kuala Lumpur (1998), 
*Paramaribo (1999), 

Hong Kong Observatory (2000), 
Hanoi (2004), 

[Costa Rica (2005)]

*Goose Bay (1963),
*Payerne (1966),

*Hohenpeißenberg (1966),
*Boulder (1967),

Tateno (1968),
*Uccle (1969),

*Edmonton (1970),
[*Churchill (1973)],
Lindenberg (1975),
Legionowo (1979),

Praha (1979),
*Boulder (1991),

*OHP (1991),
*De Bilt (1992),
Lerwick (1992),
Madrid (1994),
Valentia (1994),

Wallops Island (1995),
*Trinidad Head (1997),

*Yarmouth (2003),
*Kelowna/Port Hardy (2003)

Lidar 15–50 km
1–10 km

number density

Lauder (1994) Mauna Loa (1993) OHP (1986),
Hohenpeißenberg (1987),

Table Mountain (1988)

Microwave Radiometer 
(MWR)

20–70 km
8–15 km

ppm

Lauder (1992) Mauna Loa (1995) Bern (1994),
Payerne (2000)

FTIR Spectrometer 0–50 km 
8–20 km 

molec cm–2 
Total column by integrating 

ozone profiles

Wollongong (1996), 
Lauder (2001)

Izaña (1999) Jungfraujoch (2000)

Dobson and Brewer 
Umkehr

0–50 km 
5–10 km 

DU

Perth (1984),
*Lauder (1987)

*Mauna Loa (1984) *Arosa/Davos (1956),
*Boulder (1984),

*OHP (1984),
Fairbanks (1994)

Dobson 
Brewer 

SAOZ UV-VIS 
Filter Ozone Meters 

Ozonesondes 

Total column ozone 
DU 

Integrated ozone profiles

worldwide (1926)

Table 3A-2. TCO and ozone profiles measured by ground-based techniques used in the monthly zonal-mean data considered 
in this Assessment. Datasets marked with an asterisk (*) have been homogenized since the last Assessment. Datasets in square 
brackets are sonde stations that have not been corrected for 2013 drop-off.
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(Weber et al., 2020, 2022). As described below, four merged 
and homogenized datasets are used in this report. See further 
details in Table 3A-3.

There are integrated vertical ozone profiles from two dif-
ferent versions of merged datasets from the series of SBUV and 
SBUV-2 satellite instruments and OMPS (NASA SBUV MOD v8.7 
and NOAA SBUV Merge v8.7). The NASA SBUV MOD v8.7 is 
now a monthly mean zonal (5°) and gridded average product, in-
cluding both profiles and TCO data. OMPS v2.6 data have been 
included since 2012 and have been intercalibrated to the SBUV 
series based on overlap comparisons with NOAA 19 SBUV/2 
(McPeters et al., 2019).

There are two merged datasets based on the series of 
European satellite spectrometers (GOME, SCIAMACHY, and 
GOME-2A), which use different retrieval algorithms and slightly 
different merging approaches (University of Bremen GSG and 
ESA/DLR GTO datasets). The ozone retrieval algorithm (GODFIT 
v4) and the merging approach of the GTO dataset were improved 
since the last Assessment, and three more sensors were added 
(OMI/Aura, GOME-2/MetOp-B, and TropOMI/Sentinel-5P; 
Garane et al., 2018). Comparisons with adjusted MERRA-2 re-
analysis data indicate a mean bias of −0.9 ± 1.5% on the monthly 
mean TCO (Coldewey-Egbers et al., 2020), with a change of ~2% 

in 2004 when OMI data are included in both GTO and MERRA-2 
(Zhao et al., 2021).

3A.3.2 Profiles
Information about the zonally averaged merged datasets 

of ozone profiles, which are used in this Assessment, is listed in 
Table 3A-4. Since the last Assessment, these datasets have been 
extended until December 2020 (Froidevaux et al., 2015; Davis et 
al., 2016; Bourassa et al., 2018; Sofieva et al., 2017; Arosio et al., 
2019; Ball et al., 2019a). Additional efforts were made to improve 
the consistency and stability of the SBUV datasets (Frith et al., 
2017; Wild et al., 2016). Several merged datasets with a gridded 
structure (latitudinally and longitudinally resolved) have been the 
focus of recent developments (Sofieva et al., 2021; Arosio et al., 
2019; Davis et al., 2016; Frith et al., 2017; Table 3A-5). They are 
the basis of the regionally and seasonally dependent trend analy-
ses discussed in this chapter.

Several studies have compared the consistency, biases, 
and stability between different individual satellite ozone data-
sets, which are incorporated in the merged datasets used in this 
Assessment (Rahpoe et al., 2015; Hubert et al., 2016; Hegglin et 
al., 2021).

Merged Dataset Instruments and Data Version Ozone Representataion Latitude Coverage and Sampling Temporal Coverage

SBUV NASA (MOD) Nimbus 4 BUV v8.7
Nimbus 7 SBUV v8.7

NOAA 11 SBUV/2 v 8.7
NOAA 14 SBUV/2 v8.7
NOAA 16 SBUV/2 v8.7
NOAA 17 SBUV/2 v8.7
NOAA 18 SBUV/2 v8.7
NOAA 19 SBUV/2 v8.7

S-NPP OMPS NP NASA v2.8

Integrated vertical ozone 
profile in DU

80°S–80°N, 
5° latitude bands

1970–2020

SBUV NOAA (COH) Nimbus 7 SBUV v8.6
NOAA 11 SBUV/2 v 8.6
NOAA 14 SBUV/2 v8.6
NOAA 16 SBUV/2 v8.6
NOAA 17 SBUV/2 v8.6
NOAA 18 SBUV/2 v8.6
NOAA 19 SBUV/2 v8.6

S-NPP OMPS NP NOAA v3r2

Integrated vertical ozone 
profile in DU

80°S–80°N, 
5° latitude bands

1978–2020

GTO GOME/ERS-2
SCIAMACHY/Envisat
GOME-2/MetOp-A

OMI/Aura
GOME-2/MetOp-B

TropOMI/Sentinel-5P

mol m–2 or DU 90°S–90°N, 
1° × 1° 

1995–2020

GSG GOME/ERS-2
SCIAMACHY/Envisat
GOME-2/MetOp-A

mol m–2 or DU 90°S–90°N, 
1° × 1.25°,

(5° latitude bands)

1995–2020

Table 3A-3. Satellite-based merged TCO datasets used in this Assessment.
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Table 3A-4. Merged satellite vertical ozone profile datasets used in this Assessment (monthly zonal-mean data).

Merged Dataset Instruments and 
Data Version

Ozone 
Representation

Latitude Coverage 
and Sampling

Vertical Range 
and Sampling

Temporal Coverage

SBUV NASA (MOD) Nimbus 4 BUV v8.7
Nimbus 7 SBUV v8.7

NOAA 11 SBUV/2 v 8.7
NOAA 14 SBUV/2 v8.7
NOAA 16 SBUV/2 v8.7
NOAA 17 SBUV/2 v8.7
NOAA 18 SBUV/2 v8.7
NOAA 19 SBUV/2 v8.7

S-NPP OMPS NP NOAA v2.8

Mixing ratio on 
pressure levels

80°S–80°N, 
5° latitude bands

15 pressure levels 
between 50 and 0.5 hPa

1970–2020

SBUV NOAA (COH) Nimbus 7 SBUV v8.6
NOAA 11 SBUV/2 v 8.6
NOAA 14 SBUV/2 v8.6
NOAA 16 SBUV/2 v8.6
NOAA 17 SBUV/2 v8.6
NOAA 18 SBUV/2 v8.6
NOAA 19 SBUV/2 v8.6

S-NPP OMPS NP NASA v2.6

Mixing ratio on 
pressure levels

80°S–80°N, 
5° latitude bands

15 pressure levels 
between 50 and 0.5 hPa

1978–2020

SWOOSH SAGE II v7.0
HALOE v19

UARS MLS v5
SAGE III v4

Aura MLS v4.2

Mixing ratio on 
pressure levels

90°S–90°N,
10°, 5°, 2.5° latitude bands

316–1 hPa, ~3 km 1984–2020

SAGE II-CCI- OMPS SAGE II v7
OSIRIS v5.10

MIPAS v7
SCIAMACHY UBr v3.5

GOMOS ALGOM 2s
ACE-FTS v3.5/3.6

OMPS USask v1.1.0

Number density
(anomalies) on 
altitude levels

90°S–90°N,
10° latitude bands

10–50 km,
1 km

1984–2020

SAGE II-OSIRIS-OMPS SAGE II v7
OSIRIS v5.10

OMPS USask v1.1.0

Number density
(anomalies) on 
altitude levels

60°S–60°N,
10° latitude bands

0–50 km,
1 km

1984–2020

SAGE II-
SCIAMACHY-OMPS

SAGE II v7
SCIAMACHY UBr v3.5

OMPS UBr 

Number density
(anomalies) on 
altitude levels

90°S–90°N,
10° latitude bands

9–64 km,
3–4 km 

1984–2020

BASICSG SWOOSH v2.6
GOZCARDS v2.20

Mixing ratio on
pressure levels

60°S–60°N,
10° latitude bands

147–1 hPa
~3 km

1985–2020
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Bergmann, P. Cameron-Smith, W.J. Collins, G. Faluvegi, K.D. Gottschaldt, L.W. 
Horowitz, D.E. Kinnison, J.F. Lamarque, D.R. Marsh, D. Saint-Martin, D.T. Shindell, K. 
Sudo, S. Szopa, and S. Watanabe, Long-term ozone changes and associated climate 
impacts in CMIP5 simulations, J. Geophys. Res., 108, 5029–5060, doi:10.1002/
jgrd.50316, 2013.



Chapter 3

208

Eyring, V., S. Bony, G.A. Meehl, C.A. Senior, B. Stevens, R.J. Stouffer, and K.E. 
Taylor, Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) 
experimental design and organization, Geosci. Model Dev., 9 (5), 1937–1958, 
doi:10.5194/gmd-9-1937-2016, 2016.

Fleming, E.L., P.A. Newman, Q. Liang, and J.S. Daniel, The impact of continuing 
CFC-11 emissions on stratospheric ozone, J. Geophys. Res., 125 (3), doi:10.1029/
2019jd031849, 2020.

Fleming, E.L., Q. Liang, L.D. Oman, P.A. Newman, F. Li, and M.M. Hurwitz, 
Stratospheric impacts of continuing CFC‐11 emissions simulated in a chemistry‐cli-
mate model, J. Geophys. Res., 126 (9), doi:10.1029/2020jd033656, 2021.

Flemming, J., A. Benedetti, A. Inness, R.J. Engelen, L. Jones, V. Huijnen, S. Remy, 
M. Parrington, M. Suttie, A. Bozzo, V.-H. Peuch, D. Akritidis, and E. Katragkou, The 
CAMS interim reanalysis of carbon monoxide, ozone and aerosol for 2003–2015, 
Atmos. Chem. Phys., 17, 1945–1983, doi:10.5194/acp-17-1945-2017, 2017.

Frith, S.M., R.S. Stolarski, N.A. Kramarova, and R.D. McPeters, Estimating uncertain-
ties in the SBUV Version 8.6 merged profile ozone data set, Atmos. Chem. Phys., 17, 
14,695–14,707, doi:10.5194/acp-17-14695-2017, 2017.

Froidevaux, L., J. Anderson, H.-J. Wang, R.A. Fuller, M.J. Schwartz, M.L. Santee, 
N.J. Livesey, H.C. Pumphrey, P.F. Bernath, J.M. Russell III, and M.P. McCormick, 
Global OZone chemistry and related trace gas data records for the stratosphere 
(GOZCARDS): Methodology and sample results with a focus on HCl, H2O, and 
O3, Atmos. Chem. Phys., 15 (18), 10,471–10,507, doi:10.5194/acp-15-10471-2015, 
2015.

Galytska, E., A. Rozanov, M.P. Chipperfield, S.S. Dhomse, M. Weber, C. Arosio, 
W. Feng, and J.P. Burrows, Dynamically controlled ozone decline in the tropical 
mid-stratosphere observed by SCIAMACHY, Atmos. Chem. Phys., 19, 767–783, 
doi:10.5194/acp-19-767-2019, 2019.

Garane, K., C. Lerot, M. Coldewey-Egbers, T. Verhoelst, M.E. Koukouli, I. Zyrichidou, 
D.S. Balis, T. Danckaert, F. Goutail, J. Granville, D. Hubert, A. Keppens, J.-C. Lambert, 
D. Loyola, J.-P. Pommereau, M. Van Roozendael, and C. Zehner, Quality assessment 
of the Ozone_cci Climate Research Data Package (release 2017) – Part 1: Ground-
based validation of total ozone column data products, Atmos. Meas. Tech., 11, 
1385–1402, doi:10.5194/amt-11-1385-2018, 2018.
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