
1.  Introduction
The stratospheric ozone layer, which protects the biosphere against harmful UV-B radiation, was severely 
damaged by halogen-containing source gases emitted in the late 20th century. Owing to the success of the 
Montreal Protocol (1987) and its subsequent Adjustments and Amendments, signs of ozone recovery are appear-
ing (Coldewey-Egbers et al., 2022; Solomon et al., 2016; Weber et al., 2022). Ozone recovery is typically defined 
as the date at which total column ozone (TCO) returns to 1980 levels (Hassler & Young, 2022). The most recent 
WMO Scientific Assessment of Ozone Depletion states that near-global (60°N–60°S) TCO is projected to return 
to 1980 levels around 2040 (Hassler & Young, 2022).

It has long been recognised that 1980 is not an accurate reflection of when stratospheric ozone depletion began: 
previous studies have shown that stratospheric ozone depletion was underway prior to 1980, during a period in 
which tropospheric ozone abundances were increasing (Farman et al., 1985; Langematz et al., 2016; Shepherd 
et  al.,  2014; Tarasick et  al.,  2019). 1980 is used to assess return dates as it marks the beginning of the first 
decade with continuous satellite TCO observations. In addition, diagnosing “recovery” of the ozone layer is 
complicated because of the contribution from natural interannual variability, and from the forced response of 
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complementary  metric for determining when TCO returns to a pre-disturbance state.

Plain Language Summary  The stratospheric ozone layer is expected to recover from the damaging 
effects of chlorofluorocarbons (CFCs) and other halogen-containing source gases this century. Ozone recovery 
is traditionally but somewhat arbitrarily defined as the year when total column ozone (TCO) abundances return 
to 1980 levels. Here, we use a metric commonly used in the climate change emergence literature—signal-to-
noise (S/N)—to quantify statistically significant changes in TCO in models and observations relative to a period 
before CFC-induced ozone depletion began. The S/N framing ties recovery to unperturbed environmental 
conditions, rather than to the environment in a specific year. We argue that tying recovery to unperturbed local 
environmental conditions is at least as reasonable as tying it to the same global date. Our calculations, which 
account for natural variability, show that 1980 does not reflect the onset of statistically significant ozone loss. 
Using a return of TCO to 1980 levels underestimates the time of recovery in Antarctica, where losses have been 
most significant, and overestimates the time to recovery in other regions. We conclude that signal-to-noise is 
a useful metric to assess the return of TCO to its baseline state and evaluate the effectiveness of the Montreal 
Protocol.
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stratospheric ozone, and the stratosphere itself, to increases in atmospheric greenhouse gas (GHG) concentrations 
(Chipperfield et al., 2017; Morgenstern et al., 2018). Using an ensemble of chemistry-climate models, Eyring 
et al. (2010) assessed the milestones of ozone returning to historical values, versus ozone no longer being influ-
enced by ozone-depleting substances (ODSs). They showed that upper stratospheric ozone returns to 1980 levels 
by approximately 2025 as a result of CO2-cooling of the stratosphere, however, ozone is still influenced by ODSs 
through the 21st century. In the tropical lower stratosphere, the models simulate continuous decreases in ozone 
through the 21st century, even once ozone is no longer influenced by ODSs, because of GHG-driven increases 
in tropical upwelling.

Here, we explore a metric for quantifying ozone recovery which is commonly used in the climate change emer-
gence literature: that of the signal-to-noise ratio (Douglas et al., 2023; Frame et al., 2017; Harrington et al., 2018; 
Hawkins et al., 2020). Signal-to-noise (S/N) ratios reveal when the trend in a variable of interest emerges above 
natural variability. We calculate S/N for the historical period and show projections for stratospheric ozone in the 
21st century and demonstrate the utility of this metric for defining the emergence and “de-emergence” of strato-
spheric ozone depletion by long-lived ODSs controlled by the Montreal Protocol.

2.  Methods
2.1.  Models, Scenarios and Observations

We analyzed simulations performed for the Stratosphere-troposphere Processes and their Role in Climate/
International Global Atmospheric Chemistry (SPARC/IGAC) Chemistry-Climate Initiative Phase 1 (CCMI-1; 
Eyring, Lamarque, et al. (2013); Morgenstern et al. (2017)). We focus on the “future reference” simulation, refC2, 
which spans 1960–2100 and has previously been used to determine ozone recovery dates (Braesicke et al., 2018; 
Dhomse et al., 2018). Long-lived chlorine- and bromine-containing ODSs controlled by the Montreal Protocol 
are prescribed via the WMO A1 scenario (World Meteorological Organization, 2011). Historical GHG concen-
trations are prescribed until 2005, and follow Representative Concentration Pathway (RCP) 6.0 thereafter (Masui 
et al., 2011). The refC2 simulations have free-running meteorology, and no volcanic forcing is prescribed (Eyring, 
Lamarque, et al., 2013). Some models included an interactive ocean, while others used prescribed sea surface 
temperature and sea ice concentrations (Morgenstern et al., 2017). Previous analyses have shown that historical 
TCO in the refC2 simulations shows good agreement with observations (Dhomse et al., 2018; Son et al., 2018).

Although ozone projections for a range of GHG scenarios are available via the sixth Climate Model Inter-
comparison Project (CMIP6; Eyring et  al.  (2016); Keeble et  al.  (2021)), most of the CMIP6 models did not 
calculate ozone via an interactive chemistry scheme and instead prescribed ozone from a pre-computed data set 
(Checa-Garcia, 2018; Checa-Garcia et al., 2018). However, the pre-computed data set is inconsistent with ozone 
projections calculated by models with interactive chemistry, particularly under a high GHG emissions scenario 
(Revell et al., 2022). Only five CMIP6 models used interactive chemistry, and an analysis of 1980-return dates 
in these five models shows that the small number of models leads to an overly large inter-model spread (Hassler 
& Young, 2022).

We focus on the CCMI models as they all have interactive chemistry, and therefore future ozone projections 
are consistent with future emissions and internal model dynamical fields (Hassler & Young, 2022). The CCMI 
models are also explicitly designed in support of the WMO ozone assessments. We focus on Phase 1 of CCMI 
rather than Phase 2 (Plummer et  al.,  2021), due to the size of the CCMI-1 model ensemble. At the time of 
analysis, 19 models had performed the refC2 simulation for CCMI-1 while only five models had performed the 
corresponding future reference simulation (refD2) for CCMI-2. In addition, a multi-model set of “fixed GHG” 
simulations (senC2fGHG) was available from CCMI-1, but not from CCMI-2. The senC2fGHG simulation is 
identical to refC2 but has GHG concentrations fixed at constant 1960 levels for the duration of the simulation 
(1960–2100), allowing us to quantify the de-emergence of halocarbon-induced ozone depletion in the absence 
of GHG influences.

For each model and simulation, we use the TCO variable (“toz”) output by the models. To remove the contribu-
tion from tropospheric ozone, we also calculate stratospheric column ozone (SCO) by integrating ozone mixing 
ratios (“vmro3”) between the WMO-defined tropopause (the lowest level at which the lapse rate decreases to 
2 K km −1 or less; World Meteorological Organization (1957)) and the top of the atmosphere. Models, simula-
tions, and the number of realizations performed for each simulation by a given model are shown in Table S1 in 
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Supporting Information S1. Where multiple realizations for the same model-scenario pair are available, they are 
averaged to produce an ensemble mean. S/N is then calculated as described in Section 2.2.

To compare modeled S/N with observations, long-running historical TCO data measured by Dobson spectrometers 
were acquired for three stations: Oxford (UK), Arosa (Switzerland) and Halley (Antarctica) (Brönnimann, 2022; 
Brönnimann et al., 2003; Farman et al., 1985). Oxford and Arosa data (spanning 1924–2021 and 1926–2012 respec-
tively) are provided by the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) archive. Data for the Halley 
Station were provided from 1956 to 1985 by the British Antarctic Survey. Signal-to-noise ratios were computed for 
observations, as described below, using a noise period spanning the year of earliest observation until 1970.

2.2.  Signal-To-Noise Calculations

Signal-to-noise (S/N) is defined as the change in a variable relative to a chosen reference baseline period (signal), as 
a ratio of its baseline variability (noise; Frame et al. (2017)). Here, TCO was smoothed using an 11-year rolling mean 
for the following regions: global (90°S-90°N), northern midlatitudes (30–60°N), the tropics (30°N-30°S), southern 
midlatitudes (30–60°S), the Arctic (60–90°N) and Antarctic (60–90°S). A 10-year rolling mean was chosen over 
polynomial approximation (as used in studies of S/N in temperatures) due it performing better at capturing the 
depletion and recovery pattern in TCO trends. TCO was annually-averaged, except for the Arctic and Antarctic, 
where only the months of March and October were analyzed, respectively. The signal in each grid cell is calculated 
by regressing column ozone against the smoothed regional column ozone. We regress against the regional mean 
rather than the global mean (as has previously been done for temperature; Frame et al. (2017); Douglas et al. (2023)) 
due to the different dynamic and chemical processes influencing ozone in various regions (e.g., the springtime polar 
stratosphere vs. midlatitudes). The mean over the noise period (defined below) is then removed from the smoothed 
signal in each grid cell to produce the change in column ozone (S, in Dobson units (DU)).

Noise (N, in DU) in each grid cell is defined here as the average deviation of TCO from the signal over the 
period 1960–1970. Noise is typically calculated over hundreds of years of pre-industrial control simulations 
(Douglas et al., 2023; Frame et al., 2017), however, such simulations are not available via CCMI. We instead use 
1960–1970 as the noise period; see Text S1 in Supporting Information S1 for further details and validation of this 
approach. Text S2 in Supporting Information S1 describes in further detail how S/N was calculated.

S/N ratios are calculated for each model independently. First, we calculated the one-sigma multi-model mean 
(MMM1S), where at each grid point, models lying more than one standard deviation from the multi-model mean 
are excluded (Dhomse et al., 2018; Revell et al., 2018). The number of models excluded at each grid point ranged 
between 3 and 7, depending on how much variation was present. To obtain the 16th, 50th and 84th percentiles from 
the MMM1S data set at each grid point, models are ordered from low to high and the model closest to each percen-
tile is selected. In an analysis of surface temperature projections, Frame et al. (2017) describe S/N ratio thresholds 
of 1, 2 and 3 (i.e., the number of standard deviations from the mean) as “unusual,” “unfamiliar” and “unknown” 
climates. Hawkins et al. (2020) added “inconceivable” for S/N values above 5. Here, we define the “emergence” 
of ozone depletion to occur when S/N is less than −1 (more than one standard deviation from the mean). We use 
the term “de-emergence” to describe when TCO S/N ratios pass back above the −1 threshold. This signifies ozone 
abundances increasing from a state of depletion to within one standard deviation of their typical values prior to 
widespread emission of halogen source gases, that is, a recovery. Because tropospheric ozone trends may obscure 
changes in stratospheric ozone (e.g., Eyring, Arblaster, et al. (2013)), we examine SCO S/N ratios in simulations 
with fixed GHG concentrations to quantify the de-emergence of CFC-induced ozone depletion.

Variations on the choices above could also be defended, and future work may explore the sensitivity of results to 
different choices around averaging periods, data sets, and precise definitions of signal and noise. In this paper, 
we simply aim to take a relatively simple approach to the quantification of signal and noise to illustrate how the 
concept works, and how it yields different thresholds of recovery from a date-based approach.

3.  Results and Discussion
3.1.  Signal-To-Noise Ratios in Total Column Ozone

In CCMI refC2 simulations, TCO depletion emerges after 1980 in all regions except the Antarctic and south-
ern midlatitudes (Table 1; Figure 1). A small amount of TCO depletion is visible prior to 1980 (Figures 1b, 1d 
and 1e), however the emergence threshold (S/N < −1) is not reached. Although equivalent effective stratospheric 
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chlorine (EESC) mixing ratios had increased significantly by 1980, TCO trends in the Northern Hemisphere and 
tropics were initially partially masked by increases in tropospheric column ozone (Shepherd et al., 2014).

To show how simulated S/N ratios in the refC2 simulations compare with observations, we compute S/N ratios 
for the long-running TCO observational records at Oxford and Arosa (51°N and 46°N, respectively). Note that 
in calculating S/N for model data, it is unnecessary to baseline-correct data to fit observations as is done when 
assessing return dates (Dhomse et al., 2018) as change is inherently expressed relative to each model's baseline.

Figure 2 shows that the observed TCO depletion emerges in 1984 at both northern midlatitude stations. This is 
approximately 5 years before the refC2 multi-model median emerges at Oxford and 8 years earlier at Arosa, but within 
the 16th and 84th percentiles (which represent approximately one standard deviation on either side of the mean). The 
delayed emergence of TCO depletion in the CCMI models is at least partially related to tropospheric ozone, which is 
high-biased at northern midlatitudes in the models (Archibald et al., 2020; Parrish et al., 2014; Revell et al., 2018).

In contrast to the Northern Hemisphere, Antarctic springtime TCO depletion emerges in 1975 (1974–1977; 
16th-84th percentiles) in refC2 simulations. Observations show that the depletion of the ozone layer above 

Figure 1.  Signal-to-noise ratios in TCO in the refC2 simulations. Black dotted lines show S/N = ±-1 thresholds. S/N ratios are shown for: (a) the global annual mean; 
(b) the Arctic (60–90°N) in March; (c) the Antarctic (60–90°S) in October; (d) the northern midlatitude (30–60°N) annual mean; (e) the tropical (30°N-30°S) annual 
mean; (f) the southern midlatitude (30–60°S) annual mean.

Region Emergence date (S/N < −1) De-emergence date (S/N > −1) 1980-return date a

Global-mean 1989 (1983–N/A) 2015 (N/A–2039) 2049 (2043–2055)

Arctic, March 1993 (1986–N/A) 2004 (N/A–2035) 2034 (2025–2043)

Antarctic, October 1975 (1974–1977) 2085 (2068–2095) 2060 (2055–2066)

Northern midlatitudes 1990 (1986–N/A) 2005 (N/A–2028) 2032 (2020–2044)

Tropics N/A (1988–N/A) N/A (N/A–2028) 2058 (2038—N/A)

Southern midlatitudes 1981 (1978–1986) 2039 (2028–2048) 2045 (2039–2050)

Note. N/A indicates that the threshold was not crossed by that percentile.
 a1980-return dates are the MMM1S for refC2 TCO data reported by Dhomse et al. (2018); their Table 3.

Table 1 
Emergence and De-Emergence of MMM1S TCO in refC2 Simulations, Represented by the Median Year and the 16th and 
84th Percentiles in Brackets
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Figure 2.  S/N ratios in observed annual-mean TCO in (a) Oxford, United Kingdom (51.75°N, 1.26°W); (b) Arosa, 
Switzerland (46.78°N, 9.68°E); Halley Bay, Antarctica (75.57°S, 25.52°W). Note that the data span varying date ranges. 
Corresponding S/N ratios at the 16th, 50th and 84th percentiles from the CCMI refC2 simulations are also shown. Horizontal 
dotted lines show S/N thresholds of ±-1, which are indicative of a 1σ shift in TCO from the baseline state.
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Antarctica was underway between 1960 and 1980 (Farman et al., 1985; Langematz et al., 2016). Indeed, the 
emergence of TCO depletion in the Halley Bay (Antarctica) observational record is visible in 1968 (Figure 2c). 
Assessing the effectiveness of the Montreal Protocol by determining whether Antarctic TCO returns to 1980 
therefore sets a low threshold for success and, as noted by Langematz et al.  (2016), “is not indicative of full 
recovery of the Antarctic ozone layer from the effects of ODSs.”

TCO is projected to increase through the 21st century under the RCP 6.0/WMO (2011) A1 scenario (Figure 1), 
and indeed, in all moderate-to-high GHG emissions scenarios (Hassler & Young, 2022; Keeble et al., 2021). 
Some regions show an increase of TCO above 1960–1980 levels (sometimes called a “super-recovery”) due to 
the combined effects of EESC decreasing and GHGs increasing. S/N ratios indicate the de-emergence of TCO 
depletion (S/N > −1) in all regions during the 21st century. This finding is broadly consistent with Dhomse 
et al.  (2018), who reported 1980-return dates for the CCMI refC2 simulations in the 2030s–2060s (Table 1). 
However, some significant differences exist between the de-emergence years reported here and the 1980-return 
years by Dhomse et al. (2018). Most notably, Antarctic springtime TCO de-emerges 25 years after its 1980-return 
date reported by Dhomse et al. (2018); Table 1 and Figure 3. This is because the S/N metric as applied here takes 
into account the significant Antarctic TCO losses that occurred prior to 1980.

3.2.  Using S/N to Assess the Effectiveness of the Montreal Protocol

Interpreting changes in stratospheric ozone by examining TCO is confounded by changes in tropospheric ozone 
that have occurred in the recent past (Gaudel et al., 2018; Tarasick et al., 2019). To eliminate the tropospheric 
ozone signal, S/N ratios in SCO are shown in Figure S3 in Supporting Information  S1 and emergence and 
de-emergence dates are given in Table 2. Emergence of SCO depletion is largely consistent with TCO, with the 
exception of the tropics. Here, SCO depletion emerges between 1977 and 1983 (16th and 84th percentiles). Trop-
ical SCO depletion never de-emerges in the 21st century due to GHG-induced acceleration of the Brewer-Dobson 
circulation (Butchart & Scaife, 2001).

Because the refC2 simulation includes transient GHG concentrations following the RCP6.0 simulation, analy-
sis of SCO alone does not allow quantification as to when stratospheric ozone will recover from the effects of 
halogen-containing source gases controlled by the Montreal Protocol. GHGs influence stratospheric ozone via chem-
ical and dynamical processes and/or radiative feedbacks, for example, by producing reactive species in the strato-
sphere that destroy ozone; accelerating the rate of the Brewer-Dobson circulation, or cooling the stratosphere, which 
influences temperature-dependent ozone production and destruction reactions (Butchart, 2014; Fleming et al., 2011; 
Hassler & Young, 2022; Ravishankara et al., 2009; Revell et al., 2012; Rosenfield et al., 2002). Keeble et al. (2021) 
show that ozone recovery is delayed in low GHG emissions scenarios and note that because GHGs influence strato-
spheric ozone, the relevance of 1980-return dates to assess the effectiveness of the Montreal Protocol is questionable.

To identify when stratospheric ozone recovers from depletion by halogen-containing source gases controlled by 
the Montreal Protocol, we calculate S/N ratios for SCO in senC2fGHG simulations. These simulations feature 
GHGs held at constant 1960 concentrations for the entire length of the simulation. However, tropospheric ozone 
precursors are identical to the refC2 simulation therefore we analyze SCO to remove the contribution from trop-
ospheric ozone. In most regions, de-emergence of halocarbon-induced stratospheric ozone depletion occurs later 
in senC2fGHG simulations than in refC2 simulations (Table 2, Figure S4 in Supporting Information S1), and 
doesn't always occur during the 21st century. In contrast, S/N ratios in tropical SCO show de-emergence occur-
ring between 2046 and 2086 (16th and 84th percentiles) in senC2fGHG simulations: that is, tropical SCO would 
recover from the effects of halocarbons during the 21st century in the absence of GHG emissions.

It has long been known that 1980-return dates are an oversimplified and arbitrary approach to assessing the 
effectiveness of the Montreal Protocol. The de-emergence dates calculated here are in some regions statistically 
significantly different from 1980-return dates (Figure 3), because 1980 does not accurately reflect the onset of 
significant stratospheric ozone depletion, especially over Antarctica (Farman et al., 1985; Langematz et al., 2016; 
Shepherd t al., 2014). Because S/N provides an indication of when TCO is no longer statistically significantly 
different from local (and global, perhaps) unperturbed values, we argue that approaches like the one sketched here 
are perhaps more suitable metrics for assessing the impact and effectiveness of the Montreal Protocol.

The main advantage of the S/N metric is that it identifies when the variable of interest shifts to a statistically 
significantly different state from its baseline or “natural” state. A further advantage is that because it is a ratio 
between signal and noise, baseline correction to observations is unnecessary, making it easy to apply. Unlike new 
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metrics such as the Integrated Ozone Depletion (Pyle et al., 2022), it doesn't quantify the total amount of ozone 
loss but more importantly when statistically significant ozone decreases or increases have occurred.

Many factors could, and are, delaying ozone recovery. These include large wildfires, which will become more 
frequent and intense in a changing climate (Solomon et al., 2022, 2023; Strahan et al., 2022), major volcanic 

Figure 3.  Emergence and de-emergence of TCO and SCO, compared with 1980-return dates reported by Dhomse et al. (2018); their Tables 3 and 4. The 1980-return 
dates reported are the multi-model mean ±1σ, while the emergence and de-emergence dates are the multi-model median ± the 16th and 84th percentiles.
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eruptions (Lu et al., 2023; Tie & Brasseur, 1995), emissions of currently unregulated ozone-depleting substances 
(Fang et al., 2019; Ravishankara et al., 2009), and illegal emissions of controlled ozone-depleting substances 
(Dameris et al., 2019; Montzka et al., 2018). While the Montreal Protocol has been enormously successful in 
phasing out halogen-containing source gases, the ozone layer is far from a solved problem. It is perhaps concern-
ing that only small ensembles of models with interactive stratospheric chemistry are available from the most 
up-to-date chemistry-climate models, as the large spread given by these models makes constraining projections 
for a range of potential future scenarios difficult. While interactive chemistry is computationally expensive, we 
recommend prioritizing such simulations in future model intercomparison projects.

4.  Conclusions
Atmospheric composition and climate are evolving rapidly in the 21st century and numerous processes are affect-
ing stratospheric ozone and how it is affected by stratospheric chlorine. Increasingly used in the climate change 
literature, we show that S/N is a useful and appropriate metric by which to assess the return of stratospheric ozone 
abundances to its baseline state.

S/N ratios computed for TCO in CCMI-1 refC2 simulations using 1960–1970 as a baseline noise period show 
that TCO depletion “emerges” (i.e., S/N < −1, an approximately 1σ shift from the mean) prior to 1980 over 
Antarctica, and after 1980 almost everywhere else which is partly due to increases in tropospheric ozone partially 
masking stratospheric ozone losses. As a consequence, global-mean TCO “de-emerges” (S/N > −1) before it 
would otherwise return to 1980 levels. However, the presence of other drivers of TCO changes, such as GHGs 
and tropospheric ozone precursors, does not imply that ODSs no longer affect TCO even once a return of TCO 
to 1980s levels is reached. Large ensembles of models including interactive stratospheric chemistry, should they 
become available in future model intercomparison efforts, will enable further analysis of S/N ratios in strato-
spheric ozone and the effectiveness of the Montreal Protocol.

Data Availability Statement
Chemistry-Climate Model Initiative Phase 1 model data used in this study are available from the Centre for Envi-
ronmental Data Analysis (CEDA; http://data.ceda.ac.uk/badc/wcrp-ccmi/data/CCMI-1/). Ozone data for Arosa 
are available from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC, https://woudc.org/archive/
Archive-NewFormat/TotalOzone_1.0_1/stn035/dobson/). Ozone data for Oxford were taken from the Supporting 
Data of Brönnimann  (2022) and are available from WOUDC (https://woudc.org/archive/Archive-NewFormat/
TotalOzone_1.0_1/stn048/dobson/). Ozone data for Halley Bay are provided by the British Antarctic Survey 
(BAS, https://legacy.bas.ac.uk/met/jds/ozone/index.html#data).
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