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As a result of the 1987 Montreal Protocol and its amendments, the atmospheric 
loading of anthropogenic ozone-depleting substances is decreasing. Accordingly, 
recovery of the stratospheric ozone layer is expected. However, short data records 
and atmospheric variability confound the search for early signs of recovery. 
Moreover, climate change is masking ozone recovery from ozone-depleting 20 

substances in some regions and will increasingly affect the extent of recovery. Here 
we discuss the nature and timescales of ozone recovery, and explore the extent to 
which it can be currently detected in different atmospheric regions. 

Depletion of the stratospheric ozone layer has been one of the most prominent 
environmental issues of the past 40 years. The layer prevents biologically damaging solar 25 

ultraviolet (UV) radiation (wavelengths below about 300 nm) from reaching the surface and 
was thus a key factor in creating the conditions for the evolution of life on earth1. Ozone is 
also an efficient absorber of terrestrial infra-red radiation and therefore a ‘greenhouse’ gas, 
albeit one that is produced in the atmosphere rather than emitted at the surface. In recent 
years it has become clear that there is a strong coupling between stratospheric ozone and 30 

climate change. 

Serious concern over ozone depletion started in the 1970s when it was realised that the 
break-down of man-made compounds such as chlorofluorocarbons (CFCs) in the middle 
stratosphere would release chlorine atoms which could catalytically destroy ozone2,3. 
Research activity increased greatly following the discovery in 1985 of large and unexpected 35 

depletion in the Antarctic lower stratosphere during spring4, the so-called Antarctic ozone 
hole. This depletion was caused by increasing levels of chlorine and bromine in the 
atmosphere but, crucially, also involved the conversion of stable chlorine reservoir species 
into active ozone-destroying forms on the surface of polar stratospheric clouds which form in 
winter and spring5. Atmospheric scientists failed to predict the ozone hole in advance as the 40 

models used to forecast the evolution of the ozone layer did not include such processes6. 

By the time of the discovery of the Antarctic ozone hole the process for international 
protection of ozone layer had already been initiated and the framework for its implementation 
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set up by the signing of the Vienna Convention in 1985. The Montreal Protocol on 
Substances which Deplete the Ozone Layer was signed in September 1987 and ratified by 45 

January 1989. The protocol, with its 30th anniversary this year, was a major achievement in 
terms of global environmental protection although it initially placed only modest limits on the 
production and consumption of major ozone-depleting substances (ODSs) such as CFCs 
and bromine-containing halons. Importantly, the protocol allowed for further strengthening 
through later amendments and adjustments, and over time these revisions have led to an 50 

almost complete ban on major classes of ODSs including CFCs, replacement 
hydrochlorofluorocarbons (HCFCs) and related compounds such as methyl chloroform and 
carbon tetrachloride. These compounds have atmospheric lifetimes of the order of 10-100 
years7, and so the response of the atmospheric chlorine and bromine loading to changes in 
emissions is slow. Nevertheless, observations show5 that the abundance of these gases in 55 

the lower atmosphere is largely responding to the Montreal Protocol limits as expected and 
most major ODSs are decreasing (Figure 1). The sum of tropospheric chlorine peaked in 
1993 and the sum of tropospheric bromine peaked a few years later in 1997. The 
stratospheric abundance of chlorine (which largely resides as HCl in the upper 
stratosphere8) and bromine, derived from these ODSs, followed these tropospheric 60 

variations but with a delay of ~3 to 7 years (depending on the region) due to the slow 
timescale for transport and degradation of ODSs through the stratosphere9. Accordingly, we 
expect stratospheric ozone depletion due to chlorine and bromine to follow this behaviour of 
increasing depletion through the late 1990s, followed by a turn-around and slow ‘recovery’. 
Unfortunately, variability in other factors affecting ozone, such as stratospheric dynamics 65 

(i.e. wind, temperature), aerosol loading, and solar irradiance, all complicate this simple 
picture and mask the small signal of ozone recovery from ODSs – expected to be around a 
few percent per decade globally. An important question is therefore to what degree and 
where can we detect ozone recovery. A further important question is the ultimate extent to 
which the ozone layer will recover, given the increasing impact of climate change on 70 

atmospheric structure and composition. In this perspective, we analyse what observations 
and models can already tell us about the current status of recovery is and where ozone is 
heading. We show that ozone recovery is proceeding consistent with our understanding and 
argue that it should not be seen as a single detectable event, but rather a slow direction of 
travel for which the evidence will become gradually clearer as our data records increase. 75 

 

Recovery of the Ozone Layer 

Although the concept of an ‘ozone layer on the mend’ may appear simple, discussions on 
this topic within the atmospheric science community are often heated and become very 
nuanced. So, why is detecting the recovery of the stratospheric ozone layer a tricky subject? 80 

Can’t we just define recovery as when ozone levels return to their former values before 
significant ozone depletion occurred? At first that appears conceptually trivial, but 
complications immediately arise when we consider that the rest of the atmosphere is also 
changing. The continuing rise in CO2 is altering the physical structure of the atmosphere: the 
tropopause is rising so the stratosphere is getting thinner; its temperature structure is 85 

changing, and the Brewer-Dobson Circulation in which air is transported into and through the 
stratosphere (Figure 1) may accelerate in the future10. As a result, there may be stronger 
upwelling in the tropics and faster descent over the middle latitudes and polar regions. 
Because ozone abundance increases with altitude in the lower stratosphere (where most of 
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the ozone resides), this would lead to less ozone in the tropics and more ozone at higher 90 

latitudes. Cooling in the upper stratosphere is already increasing ozone in that region by 
slowing gas-phase ozone destruction cycles11,12. All these changes are driven fundamentally 
by increasing greenhouse gases (GHGs), especially CO2. At the same time, N2O and CH4 
are also currently increasing, with CH4 in particular very sensitive to variations in emissions 
from its natural and anthropogenic sources13. The balance between the various catalytic 95 

cycles which result from ODS, CH4 and N2O degradation and drive ozone loss will therefore 
change as well. What is clear is that the chemistry and dynamics of the stratosphere will 
have changed sufficiently that recovery to ozone levels prior to ozone depletion is not a 
sensible concept. The picture is complicated further when we consider how recovery occurs 
in different parts of the atmosphere or in different seasons. 100 

If the atmosphere is not returning to its former state, then should we not look to changes in 
surface UVB radiation (or even the consequences) as the best measure for recovery? After 
all, the motivation for the Montreal Protocol was to avoid the risk of health and other impacts 
of increased UVB. However, possible changes in non-stratospheric factors such as 
tropospheric ozone, clouds, aerosols and the earth’s albedo, coupled with their large 105 

variability, all make it hard to draw meaningful conclusions about recovery of surface UVB14. 
It is a more complex picture even than for ozone. 

From a regulatory point of view, as control of production and consumption is the tool that 
policy-makers can employ, the success of the Montreal Protocol is judged primarily by the 
changes in atmospheric ODS concentrations. From this perspective, the Montreal Protocol is 110 

already undoubtedly a success; ODS levels are decreasing15 with expected benefits for 
ozone and UVB radiation and also for climate. However, the impact of these ODS declines 
on ozone levels has proved much harder to detect. 

Definitions of ozone recovery have tended to be based on the concept of a state or stage 
being reached. Since recovery is often defined with respect to the effect of ODSs (the key 115 

factor in the Montreal Protocol), each stage requires a clear attribution of ozone changes to 
the decline and ultimately return of ODSs to their pre-industrial levels16. The following stages 
(or fingerprints) of recovery have been defined16: 1) a significant slowing down of 
stratospheric ozone decline; then 2) the onset of a significant increase; and finally 3) the full 
recovery of ozone from ODSs, when ozone is no longer significantly affected by them. 120 

However, it is more beneficial to think of recovery as the direction of travel rather than the 
destination. Indeed, full recovery does not necessarily imply a return of stratospheric ozone 
to pre-1980 levels because the influence of other factors, notably increasing GHG levels, is 
growing. The ODS levels in the atmosphere are clearly decreasing (Figure 1) and the first 
stage (or ‘fingerprint’) of the ozone response, the end of the ozone decline, has been 125 

observed5,17. However, it has been difficult to establish the occurrence of the next stage, i.e. 
a general upward trend in ozone due to declining ODSs. This may be surprising, since ODS 
levels have now been in decline for 15 to 20 years. However, due to the long atmospheric 
lifetimes of ODSs (typically many decades7), this decline is about three times slower than 
their rapid increase before the Montreal Protocol came into effect. Back then, it took 10 to 15 130 

years to clearly detect the significant decrease in global ozone. Everything else being equal, 
we might expect 30 to 40 years before detecting a significant upward trend in global ozone 
due to declining ODS levels becomes possible18. 

 

Diagnosing Ozone Recovery from Current Observations 135 
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Regular stratospheric ozone observations started with ground-based Dobson 
spectrophotometers in the mid-1920s19,20. Continuous measurements from space started in 
1978 with the Solar Backscatter UltraViolet (SBUV) instrument21 and so global ozone 
observations now span a time period of nearly forty years (see Figure 2). This includes 
about 20 years of observations after the global stratospheric ODS peak around 1997 (or 16 140 

years after the later ODS peak in polar regions9). The length of the observable recovery 
period thus covers about two decades which is short to identify uniquely ODS-related 
recovery among other sources of variability that operate on multi annual or decadal 
timescales. However, given the importance of this topic there have been many studies which 
have investigated observationally based ozone trends over this period22–28. 145 

Satellite and ground-based data revealed a dramatic decline in the total ozone column (i.e. 
the total number of ozone molecules in the whole depth of the atmosphere, per unit area) of 
about 3%/decade until the mid-1990s, caused by ODS increases (Figure 2). In the NH, the 
lowest annual mean total ozone columns occurred in 1992, resulting from enhanced ozone 
destruction linked to heterogeneous chemistry on volcanic aerosols and transport 150 

changes29–31, after the major volcanic eruption of Mt Pinatubo in 1991, a few years before 
the peak in stratospheric ODS. In the late 1990s, annual mean total ozone increased rapidly, 
faster than expected from the slow decrease in ODS. This is related to variability in 
atmospheric dynamics, notably for ozone transport, exemplified by the Brewer-Dobson 
circulation32,33. All long observational time series show such decadal variability (e.g. the 155 

record at Arosa Switzerland since 192534). 

Since 2000, stratospheric ODS levels have been decreasing slowly (at only 1/3 of the rate of 
the previous ODS increase), and extratropical total ozone has levelled off. Figure 2 also 
shows results of a multiple linear regression (MLR, see Supplementary Information) with 
independent linear trends before and after the ODS peak in 1996 (2000 for the polar 160 

regions9) applied to annual or September mean total ozone. The MLR approach is used here 
to linearly decompose the ozone variability into components of a long-term trend and shorter 
term variability. The regression accounts for well-established sources of shorter term ozone 
variability (solar variations, stratospheric aerosols, variations in the Brewer-Dobson 
circulation, modes of climate variability such as the quasi-biennial oscillation (QBO) and El 165 

Nino Southern Oscillation). In the tropics and at mid-latitudes, linear trends after 1997 are 
generally small and not statistically significant. In the tropics, observed total ozone has not 
changed much at all over the entire time period since 1979. The only region with a possibly 
significant positive trend in total ozone in the last decade is the Antarctic in September (the 
month when the ozone hole reaches its maximum areal extent), see Figure 2 or results 170 

from35–38; however, results are sufficiently sensitive to uncertainties in the MLR and to the 
inclusion or not of a specific year in the time series, that formal identification of Antarctic 
ozone recovery remains uncertain (see37 and Figure S1 in Supplementary Information). 
Antarctic October time series shows no significant trend, nor does the Arctic in February and 
March (not shown). 175 

The interannual variability of ozone is largest in the lower stratosphere (which dominates the 
behaviour of the total column). It is much smaller in the upper stratosphere where the end of 
the ozone decline (the first sign of ozone recovery) was first detected17. Vertically resolved 
ozone measurements (from multiple satellite and ground-based instruments) have now 
reported a possible signal of the next stage of recovery in the upper stratosphere, with ozone 180 

increases of 2-4% /decade5,39, although the statistical significance of this recovery remains 
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unclear39. Figure 3 shows the corresponding updated ozone time series at 40 km (2 hPa). 
Nearly all the different observational datasets closely follow the inverted curve of 
stratospheric chlorine loading. However, model results show that both ODS and greenhouse 
gases have contributed equally to the recent upper stratospheric increase5. 185 

Key issues in the detection of ozone increases from observations are the availability of 
several independent long-term records (to quantify uncertainty in the data) and the 
uncertainties of the trend estimates. Optimally, the total uncertainty should include any 
uncertainties based on: 1) the measurement technique40, 2) data sampling41,42, 3) the 
uncertainties introduced by the regression, 4) uncertainties from data preparation, especially 190 

merging data from different satellites to create a full time series, and 5) differences of trends 
from different observation systems. While the first two sources of uncertainty are relatively 
well understood41, the last three have only started to be addressed in recent years. 
Consistent multi-decadal, vertically resolved ozone measurements from a single instrument 
are available only from a few sparse ground-based stations43–45. Satellite measurements do 195 

provide global coverage, but no single satellite instrument spans the several decades 
necessary for a robust analysis of both the ozone decline and the expected subsequent 
increase. Therefore, measurements from different satellite instruments are being 
combined46�51 but individual satellite instrument characteristics (offsets and drifts) are difficult 
to determine52–55. At this point robust records with comprehensive uncertainties have not 200 

been achieved and a full uncertainty calculation for vertically resolved ozone trends is still 
missing (see39,5). 

 

Diagnosing Ozone Recovery from Atmospheric Models 

Attribution of ozone trends to specific factors (e.g. evolution of ODS levels) requires the use 205 

of atmospheric chemical-dynamical models. These models, although they are by no means 
perfect and often show significant differences compared to observations and other models, 
encapsulate our best understanding of the fundamental physics and chemistry that control 
ozone and its variations. Those most suited for diagnosing ozone recovery are chemical 
transport models (CTMs) and chemistry-climate models (CCMs). Both include relevant 210 

internal and external drivers, especially changing concentrations of ODSs, variations in solar 
forcing, effects of volcanic eruptions, and changing surface conditions. CTMs are well suited 
to comparisons with specific observations because dynamics (wind and temperature fields) 
are prescribed from meteorological re-analyses such as ERA-Interim56 or MERRA57, thus 
ignoring feedbacks of chemistry on temperature and dynamics via radiatively driven heating. 215 

CCMs normally calculate their own “random” realizations of meteorology, including the 
feedbacks of changing trace gases on temperature and transport, although they can be 
nudged to follow prescribed meteorology and therefore perform like a CTM36. 

In contrast to observations, models allow us to compare various scenarios with different 
assumptions of factors affecting ozone. Using different model runs, in combination with 220 

observed time series, allows the attribution of ozone changes and thus the diagnosis of 
ozone recovery without relying on an MLR (as in Figure 2). 

We can use CTM simulations to quantify the expected ozone change in different regions due 
to separate forcings in the past, notably ODS changes. Figure 4 presents such results from 
the TOMCAT CTM58 which quantify ozone depletion since 1960, when anthropogenic ODS 225 

levels were very low, and since 1980, near the start of the global ozone record (see 
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Supplementary Information). The past accumulating emissions of ODSs between 1960 
and 1980 contribute more to ozone depletion than the emissions after 1980 (for which the 
signal only appears in the stratosphere a few years later), illustrating the difference in taking 
these two baselines as a reference. In any case, the model-predicted signal of recovery from 230 

ODS (light green shaded region following peak ODSs in 1995) has clearly only reached a 
small fraction of this past depletion by 2015. Also shown in Figure 4 is the estimated impact 
of dynamical variability, mainly through transport, on ozone (orange line). This impact is 
larger in the lower stratosphere and thus it is important for the total column, since ozone 
density is generally largest at the higher pressures of the lower stratosphere. The resulting 235 

year-to-year variations are clearly larger than the predicted signal in recovery. 

Shepherd et al.59 compared column ozone observations with simulations from a CCM 
nudged with ERA-Interim reanalyses. The difference between a run with 1980 ODS levels 
and a run with realistically changing ODS indicates that global ozone columns should 
already have benefited from declining ODS levels. The model results in Figure 4 confirm the 240 

findings of Shepherd et al. that by 2010 ODS-related midlatitude column ozone loss had 
already declined by 10% since the peak ODS loading in the late 1990s. Shepherd et al. also 
noted that tropospheric ozone increases may have compensated for ozone depletion in the 
tropical lower stratosphere, explaining the lack of long-term column trend there (Figure 2). 

As the largest impact of ODSs occurs in the springtime Antarctic lower stratosphere4, it is 245 

reasonable to suppose that this may be the region with the earliest and/or clearest signs of 
ozone recovery17,60,61. Solomon et al.36 analysed Antarctic September column ozone 
observations through 2014 and found signs of recovery since 2000, at 90% confidence. 
They did not include the year 2002, with unusual polar vortex behaviour and small ozone 
loss62–64, in their analysis (see also Figure 2d). Their nudged CCM simulations indicate that 250 

about one half of the ozone increase observed in September over the period 2000 to 2014 
could be attributed to declining ODS. They attributed the other 50% of the increase to 
transport changes and the very large ozone holes of 2011 and 2015 to additional chemical 
losses triggered by aerosol enhancements from relatively small volcanic eruptions in Chile65. 
However, considerable uncertainties pertain to the simulated effects of transport and aerosol 255 

changes. It cannot be ruled out that both have contributed a larger fraction to the observed 
ozone increase from 2000 to 2014, implying a small impact of decreasing ODS over the 
period. 

Separating small ozone changes due to slowly decreasing ODS (less than a few percent per 
decade) from large dynamical (transport and temperature) related variations is difficult. This 260 

is shown in Figure S2 in the Supplementary Information, which compares the different 
TOMCAT simulations shown in Figure 4. All time series show large similar inter-annual 
variations, up to ±10 DU. These are mostly due to meteorological variability, and are not 
seen with repeating 1980 meteorological conditions every year. The recovery signal due to 
declining ODS does not exceed +6 DU at mid-latitudes, which is much smaller than the large 265 

year-to-year variations. The largest modelled recovery signal is in the Antarctic in September 
at over 20 DU. Figure S2 also shows that the model captures the large Arctic ozone 
depletion observed in March 201166,67. This large depletion was caused by exceptionally 
persistent cold stratospheric conditions and is consistent with our understanding of 
stratospheric ozone and is within the range of variability expected in the Arctic. Importantly, it 270 

does not, therefore, undermine our expectation of long-term ozone recovery as ODS decline. 
A similar argument applies to the large Antarctic depletion of 201565. 
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In the upper stratosphere ozone concentrations are increased by GHG-induced cooling. The 
increases of observed ozone in the upper stratosphere at northern mid-latitudes after 2000 
discussed above5,39 are of the same magnitude as those calculated by CCM simulations68, 275 

giving some confidence in both observations and simulations. Comparison of these different 
simulations shows that declining ODS and stratospheric cooling have contributed about 
equally to the observed increase of ozone in the upper stratosphere since 2000; neither 
factor alone is sufficient to explain the observations. WMO/UNEP5 therefore concluded that 
declining ODS play a role, and that the signal of ozone recovery from ODS is seen in the 280 

upper stratosphere. 

The TOMCAT CTM simulations in Figure 4 (and Figure S2) clearly reiterate that the main 
obstacle to detecting and estimating the small ozone recovery from ODS for the 2000-2015 
period is the large year-to-year variations, mostly of dynamical origin. The most common 
approach to account for this high frequency variability in trend analysis is the MLR, although 285 

some of its assumptions may be questioned. In order to test the linear decomposition of 
ozone variability into independent contributions from different factors and increase the level 
of confidence in the MLR results, we carry out a trend analysis of observational and model 
time series. The external factors considered in the MLR (solar, aerosol, detrended heat 
fluxes (used a proxy for the variations in the Brewer Dobson Circulation), quasi-biennial 290 

oscillation (QBO), see also Figure 2) mostly generate high frequency (e.g. year-to-year) 
variability in ozone. The long-term trend in ozone should be overwhelmingly caused by the 
decline in ODS and the rise in GHGs. Since the MLR cannot discriminate between these 
effects, it contains only one trend term. 

The values of the 2000-2015 ozone trends derived from a simple linear regression (i.e. 295 

regression where only a linear trend is fit) and MLR are generally in good agreement for both 
observations and the model simulations for the tropics, mid-latitudes (NH, SH), and Antarctic 
(Figure 5). In addition, the MLR trend values for the observations and the control simulation 
are also consistent within error bars. As expected, the MLR trend representing the effect of 
declining ODS (‘fixed dynamics’ simulation) is clearly positive in all regions, and most 300 

pronounced in the Antarctic. In contrast, the MLR trend attributed to dynamical variability 
(‘fixed ODS’ simulation) varies strongly from one region to another. For total ozone, the trend 
is negative at mid-latitudes but null in Antarctica; in the upper stratosphere, it is positive in 
the tropics and at northern mid-latitudes but negative at southern mid-latitudes. As 
mentioned before, low frequency natural dynamical variability, e.g. in the Brewer-Dobson 305 

circulation, can randomly generate significant trends over 10-15 year periods69. They can 
mask ozone recovery from ODS. Interestingly, the value of the MLR trend for the control 
simulation is approximately equal to the sum of those of the ‘fixed dynamics’ and ‘fixed ODS’ 
simulations, suggesting that the effects of changes in ODS and dynamics are approximately 
additive and that an attribution analysis based on the simulations is justified70. The 310 

uncertainty in the overall trend is dominated by the dynamical variability and large errors 
bars indicate that the dynamical proxies (QBO, detrended heat flux) in the MLR are not able 
to account for all the interannual variability. Note that as no ozone-dynamics feedbacks are 
included in the ‘fixed dynamics’ simulation, our estimation of the declining ODS contribution 
(inferred from this simulation) is possibly an upper limit, particularly in the upper 315 

stratosphere17. 

Taken together, Figures 4, 5, and S2 demonstrate how small the expected ozone recovery 
currently is compared to the confounding interannual dynamical variations. As expected, the 



8 

 

most certain signs for a beginning recovery can now be seen in regions where the ozone 
layer is most sensitive to ODS and the dynamical variability is not too large. These regions 320 

are the upper stratosphere5, and, to a lesser extent, the Antarctic in September36, where our 
model results indicate that statistically significant recovery could be detectable with a 
suitable observing system. For other regions, variability is too large (e.g. Arctic, extra-tropical 
lower stratosphere), ODS effects are too small (e.g. tropical stratosphere), negative 
dynamical trends mask an ODS-driven positive trend (extratropical column ozone) or the 325 

observational record is too short or not accurate enough (e.g. tropical lower stratosphere). 
The discrepancies between observed and simulated total ozone (black and dark blue lines in 
Figure S2), notably in the NH midlatitudes in the 1980s and in the Antarctic, indicate that 
simulations are subject to additional uncertainties, such as missing processes, uncertain rate 
constants and incomplete parametrizations, which pose additional challenges for attributing 330 

ozone recovery from models. 

 

Expectations for Recovery in the 21st Century 

As ODS levels continue to decline throughout this century, the associated ozone recovery 
signal will become stronger and hence easier to extract, especially with gradually longer data 335 

records71. Although ODS changes have been the main driver of ozone evolution throughout 
most of the stratosphere since the 1970s and will still be important in the future, the influence 
of increasing GHG concentrations (CO2, N2O, CH4) on global ozone has been growing and 
will become dominant in the second-half of the century5. Future low frequency variability 
(trends) in stratospheric ozone will likely be driven by competing effects (e.g. effects of 340 

decreasing ODS versus those of increasing GHG) and the complex chemical-dynamical-
radiative couplings will not be unravelled easily, again making attribution uncertain. 

Our best tools for future ozone projections are 3-D chemistry-climate models, which 
encompass all relevant knowledge of key processes, but they need to be evaluated against 
observations and require significant computer resources to run a wide range of scenarios 345 

over century timescales. That work is ongoing68,72 but here we show shows some illustrative 
results from a simpler zonal mean latitude-height model (Figure 6). Driven by ODS 
concentrations declining throughout this century, global ozone is projected to recover its 
1980 level by ~2030 and its 1960 level by mid-century for a standard scenario for ODS and 
GHG emissions (Representative Concentration Pathway (RCP) 6.0, a scenario wherein the 350 

combined increase of greenhouse gases produces an increase in radiative forcing of 6 W/m2 
by 2100). Note that the projected dates of return to specific historical levels, especially 1960, 
can vary greatly from model to model. For instance, some models predict a return of global 
ozone to 1960 level as early as 2030 whereas, according to other models, global ozone 
barely recovers the 1960 level by the end of century68. Interestingly, the model-projected 355 

return of global ozone to historical levels is faster than the return of ODS to their natural 
levels which is likely to occur towards the end of the century if current control measures of 
the Montreal Protocol are adhered to in the future. This future accelerated ozone recovery, 
the so-called ‘super-recovery’, is mainly due to the positive influence of increasing CO2, 
which cools the upper stratosphere, and therefore reduces the rate of ozone loss, and CH4 360 

which influences chlorine partitioning in the upper stratosphere and is a source of odd-
hydrogen species which catalytically destroy ozone. In contrast the increase in N2O tends to 
decrease ozone73 through increased NOx-catalysed loss. Note that the predicted recovery 
rate for global ozone is strongly sensitive to the assumed future GHG emissions which, 
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unlike ODS emissions, are uncertain, especially in the second half of the century. This, along 365 

with model uncertainties, makes model-projected ozone recovery extent and associated 
return dates to historical levels uncertain. 

The combined influence of these drivers (ODS and GHG changes) is predicted to result in a 
long-term evolution of stratospheric ozone more diverse regionally than would be expected 
from ODS decline alone. Ozone recovery is projected to be faster in the NH than in the SH5. 370 

Although the Antarctic is a region where recovery may be starting to be definitively 
detectable, it is also where the return of column ozone to 1960 levels is projected to occur 
relatively late, towards the end of the century, which is about the same time as the return of 
ODS concentrations to their near-natural 1960 levels68. Although the signal is more difficult 
to detect74, the return of Arctic ozone to 1960 levels is projected to occur earlier, around 375 

2030, which is indicative of the strong influence of rising GHG concentrations75. In contrast 
to the rest of the globe, the future evolution of tropical ozone column is expected to be 
essentially driven by changes in GHG levels in the stratosphere and possibly ozone changes 
in the troposphere. Stratospheric ozone projections in the tropics vary widely with the 
assumed GHG future emission scenarios of CO2, N2O and CH4. Models predict that the 380 

tropical stratospheric partial column ozone may experience either a continued decline (no 
recovery) with column values lower at the end of the century than the present-day due to 
enhanced upwelling, or a super recovery with column values higher than the 1960 levels. A 
future decrease in tropical total (stratosphere + troposphere) column ozone, which models 
suggest could be a few percent, could have serious consequences as it would increase 385 

surface UVB radiation in a region where about 40% of the world population lives and 
population growth is large. Finally, we note that in some regions future ozone recovery might 
be affected in the short-term by sporadic volcanic eruptions or by the occurrence of 
persistently cold Arctic winters such as in 2010/11. They are part of the natural variability 
and would not impact the long-term ozone recovery76, although there are suggestions that 390 

this variability may increase due to climate change, for example, cold winters in the Arctic 
stratosphere may be getting colder77, though the evidence for this is not conclusive5. 

 

Outlook for the Ozone Layer 

Our best understanding indicates that the measures taken to date through the Montreal 395 

Protocol have started to remediate ozone depletion and will carry on doing so globally. The 
measurements and the models are imperfect, but studies have used evidence from both to 
show there is a consistent picture, in accord with our current understanding, that ozone 
recovery in the observations is still largely masked by natural variability in most regions but 
with clear evidence of it in the upper stratosphere and early signs of it in the Antarctic. We 400 

can therefore say that we are on track for ozone ‘recovery’. However, we emphasise that 
‘recovery’ is not a single event but a continuing journey; as time passes we will have more 
confidence that it is occurring and a better estimate of its extent. Uncertainty will gradually 
decrease as measurement records become longer and the growing signal emerges from the 
underlying natural variability. It is a matter of waiting and ensuring that high quality and 405 

consistent observations continue. The quadrennial WMO/UNEP ozone assessment, with the 
next one due in 2018, is the forum and the milestone for community-wide scientific updates 
on how far we are on the road to ozone recovery. 
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We need to be vigilant against other factors which may perturb the ozone layer (e.g. extreme 
dynamical events78,79, volcanic eruptions31,65,80, irregular solar flux variations81, uncontrolled 410 

very short-lived halogenated substances82–85, deliberate climate intervention through 
geoengineering86,87) to ensure that any observed changes are consistent with our 
understanding and do not change our expectation of long-term recovery. Provided ODS 
decline continues in the future as mandated by the Montreal Protocol, we will be moving 
from a stratospheric ozone layer mainly perturbed by anthropogenic chlorine and bromine, to 415 

one where the impact of increasing greenhouse gases (CO2, CH4, N2O)88 and associated on-
going climate change become more important and dominate after 2050. Safe-guarding the 
ozone layer in the 2nd half of this century, therefore, will require continued measurements of 
ozone and ODS as well as of CO2 and the atmospheric temperature structure, but 
increasingly also measurements of trace gases arising from increased emissions of CH4 and 420 

N2O. The fundamental underlying processes are understood and are represented 
reasonably well in current atmospheric models. Nevertheless, since more factors with 
competing effects are coming into play, further improvements in these computationally 
expensive models (and in the machines on which they run) will be necessary, to understand 
better the measurements, to untangle the more complex interplay of processes controlling 425 

stratospheric ozone in the future, and to ascertain that ozone has indeed recovered from 
anthropogenic ODS by the end of the century. Future knowledge about ozone recovery will 
require the commissioning and launch of new satellite instruments and the continuation of 
the ground-based network. In particular, these instruments must measure at a high enough 
vertical resolution in the lower and mid-stratosphere. 430 
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Figure 1. Latitude-height cross section of stratospheric ozone and time series of chlorine in 
the troposphere and stratosphere. (a) October mean (2004-2016) ozone concentration (1012 

molecules/cm3) from the Microwave Limb Sounder (MLS) instrument aboard the Aura 750 

satellite89. The thick black lines denotes the location of the climatological tropopause90. 
Annotated text shows the main regions where ozone is most severely destroyed by 
halogens. The black arrows indicate the Brewer-Dobson circulation which transports air 
upwards in the tropics, polewards and downwards at high latitudes, with stronger transport 
towards the winter pole. (b) Observed monthly mean surface mole fraction (ppt) of selected 755 

ozone-depleting substances (left axis, see legend for colour coding) from the National 
Oceanic and Atmospheric Administration (NOAA) long-term monitoring program91. The thick 
grey line shows the evolution of total tropospheric chlorine (includes contributions from other 
halocarbons, e.g. HCFCs) from the World Meteorological Organization A1 scenario (right 
axis). (c) Time series of monthly mean HCl (ppt) in the tropical upper stratosphere (4.6 hPa, 760 

~40km, pink) and lower mesosphere (0.46 hPa, ~55km, black) from the GOZCARDS 
satellite measurement compilation46. HCl is a degradation product of chlorine-containing 
ODSs and increases with altitude. 
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Figure 2. Time series of observed total (column) ozone (DU) for (a) SH mid-latitudes, (b) 
tropics, (c) NH mid-latitudes and (d) Antarctica in September. Shown are timeseries of the 
merged SBUV v8.6 data from NOAA92 (light blue) and NASA21,51 (dark blue), merged 770 

GOME/SCIAMACHY/GOME-2 (GSG, light green)33 and the GOME/SCIAMACHY/GOME-
2/OMI (GTO, dark green) datasets93 as well as zonal mean data derived from ground-based 
data collected at the World Ozone and UV Data Center (WOUDC, pink) (updated from94). 
Total ozone trends are derived from a multiple linear regression (MLR) applied to the NASA 
SBUV data and the regression model timeseries is shown as the orange line. The 775 

Supplementary Information gives more details of the MLR approach used here. Linear 
trends (black long-dashed line) and 2j uncertainties (black short-dashed lines) as derived 
from the MLR  are indicated for the periods before and after the ODS peak, estimated to be 
in 1996 (middle latitudes and tropics) and 2000 (Antarctic)9. 
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Figure 3. Time series of observed upper stratospheric annual mean ozone anomalies at 2 
hPa (~40 km) in three zonal latitude bands. Data are from the merged SAGE II/OSIRIS49 785 

(light blue) and GOZCARDS46 (green) records and from the BUV/SBUV/SBUV2 v8.6 merged 
products from NASA21,51 (red) and NOAA92 (pink, base period: 1998–2008). The orange 
curves represent effective equivalent stratospheric chlorine (EESC9), scaled to reflect the 
expected ozone variation due to stratospheric halogens. Updated from95. 
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Figure 4 TOMCAT 3-D model calculations of the percent change in ozone at 40, 30 and 20 
km altitude and in the column (DU) since 1960 for different assumptions in the ODS 795 

scenarios. Panel (a) shows the annual mean ozone variation at southern mid-latitudes. 
Panel (b) shows September mean ozone in the Antarctic. The control model simulation is 
shown by the black line. The dark blue and combined light and dark blue shading quantify 
the ozone depletion due to ODS emissions since 1980 and 1960, respectively. The light 
green shading shows the difference between the control simulation and one which used 800 

fixed 1996 ODS levels after 1996 and therefore quantifies the expected recovery signal. The 
red shading illustrates how severe ozone depletion may have become under a ‘world 
avoided’ (continuous ODS increase) scenario, which is a measure of success of the 
Montreal Protocol96–98. The orange line shows the difference in ozone between the control 
simulation and one with repeating 1980 meteorology, and therefore illustrates the impact of 805 

interannual dynamical variability.  
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Figure 5. Observed and modelled 2000-2015 ozone trends (%/decade) from simple (Reg, 810 

see text) and multiple linear regressions (MLR) for different regions. Trend results are for 
(top row) ozone in the upper stratosphere (2 hPa, 40 km) at (left-right) SH mid-latitudes, the 
tropics and NH mid-latitudes, (middle row) column ozone at (left) SH and (right) NH mid-
latitudes and (bottom row) Antarctic ozone in September for (left) column and (right) 50 hPa. 
Each panel shows on the left side (red shaded) the observed trends derived from both 815 

simple linear regression (Reg) and MLR. The right hand side (blue shaded) shows trends 
derived from the simple linear regression for the model control (varying ODS and dynamics) 
simulation, and MLR for the control simulation, the fixed dynamics (varying ODS) simulation 
and the fixed ODS (varying dynamics) simulation. The error bars indicate the 2j 
uncertainties of the trend estimate. The observational dataset (SBUV v8.6) is the same as in 820 

Figure 2. Note there are no observed September trends for 50hPa at 90oS-60oS because 
there are no SBUV measurements available for this month over the period considered. 
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Figure 6. Simulated global annual averaged total ozone response to the changes in CO2 
(red line), CH4 (brown line), N2O (green line), and ODSs (blue line) from the GSFC two-
dimensional chemistry-climate model. The total response to ODSs and GHGs combined is 
shown as the black line. The responses are taken relative to 1960 values. Future GHG 830 

concentrations are based on the IPCC SRES A1B (medium) scenario. Ground-based total 
ozone observations (base-lined to the mid-1960s) are shown as magenta cross symbols. 
Also shown are results from the GEOSCCM (grey line). Adapted from88. 
 


