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Assessment report team:
41 Lead authors and co-authors
12 Review Editors
19 Different countries

Peer review process:
• 126 Science reviewers
• 32 Different countries
• > 5000 Review comments on first draft!



Key findings

ODS emissions and concentrations

4

• Total emissions of ODSs 
continue to decline

• Atmospheric chlorine 
and bromine levels 
continue to decline

Figure ES-1
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Figure ES.3 Total chlorine and bromine entering the stratosphere from well mixed ODSs and 560 
VSLSs. These partitioned columns show the contributions of various chlorine-containing (left) 561 
and bromine-containing (right) substances from natural and human-related sources as derived 562 
from surface observations. The displayed amounts are representative of air entering the 563 
stratosphere in 2016 and in 1993 or 1998 when chlorine and bromine global abundances were 564 
near their respective peak values. Note the large difference between the total abundances of 565 
chlorine and bromine. The percentage decline or increase of the abundance of each substance 566 
in 2016 relative to the peak year and the total change are shown. Horizontal lines divide natural 567 
and human-related contributions. Both total chlorine and bromine have declined substantially 568 
from respective peaks in the 1990s (10% and 11%, respectively, when considering the sum of 569 
well-mixed ODSs and VSLSs). Human activities are the largest source of chlorine entering the 570 
stratosphere and CFCs are the largest fraction of the total; the human contribution to total 571 
chlorine is 14% lower in 2016 compared to 1993.  Methyl chloride (CH3Cl) is the largest natural 572 
source of chlorine.  VSLS chlorine species from human activities (red boxes) are a small fraction 573 
of total chlorine (less than a few percent).  Methyl bromide (CH3Br) and halons are the primary 574 
sources of stratospheric bromine. Methyl bromide has both natural and human sources 575 
whereas halons are entirely due to human activity. The human contribution to total bromine is 576 
22% lower in 2016 compared to 1998. Bromine from VSLSs is entirely of natural origin and is 577 
assumed constant at 5 ppt since 1998. In 2016, the sum of bromine from natural methyl 578 
bromide and VSLSs supplied more than half of the total entering the stratosphere. Chlorine 579 
compounds labeled 'Other ODS' include minor CFCs and halon-1211. Other chemical terms are 580 
carbon tetrachloride (CCl4) and methyl chloroform (CH3CCl3). Bromine compounds labeled 581 
'Other Halons' include halon-1202 and halon-2402. In the vertical axes label, 'ppt' denotes 582 
atmospheric abundance in units of parts per trillion. (Derived from Figure 1-17 and Table 6-4) 583 
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• Since 2014, slower decline in CFCs, slower increase in 
HCFCs.

• Produced master table of ODPs, GWPs, lifetimes, and radiative 
efficiencies for over 500 compounds including all ODSs.

Figure ES-3

Key findings

ODS information



Key findings

Unexpected increase in global total emissions of CFC-11
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• CFC-11 global emissions 
derived from AGAGE (black) 

and NOAA (red) network 

measurements and a model 

using a CFC-11 lifetime of 52 

years. 

• Production history reported to 

UN Environment for all uses 

(green), the average of annual 

emissions over the 2002 –

2012 period (grey line), and 

scenario projections through 

2006 or 2012 (dotted and 
dashed grey lines). 

Figure ES.2



Key findings

Ongoing substantial emissions of carbon 
tetrachloride (CCl4)
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• Sources of significant carbon tetrachloride emissions have been 
quantified, including inadvertent by-product emissions from the 
production of chloromethanes and perchloroethylene, and fugitive 
emissions from the chlor-alkali process.

• The global budget of carbon tetrachloride is now much better 
understood than was the case in previous Assessments, and the 
previously identified gap between observation-based (~35 Gg yr-1) 
and industry-based emission (~25 Gg yr-1) estimates has been 
substantially reduced.



Key findings

Concentrations and trends in ODSs -
halogenated very short-lived substances (VSLSs)
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Chlorinated VSLSs are predominantly from 
anthropogenic sources; their contribution to total chlorine 
remains small.
• Dichloromethane (CH2Cl2) is the main component of 

VSLS chlorine and accounts for the majority of the rise 
in total chlorine from VSLSs between 2012 and 2016. 

• Current estimate of total chlorine from VSLSs 
increased by about 20 ppt between 2012 and 2016 to 
reach 110 ppt.



Key findings

Polar total ozone trends
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• Antarctic total ozone 
levels are showing 
signs of recovery

Figure 4-6 from the Assessment

Minimum values of total column ozone

1980 1990 2000 2010 2018

Year

• Minimum values 
show year-to-year 
variability and show 
signs of upward trend
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https://ozonewatch.gsfc.nasa.gov



Key findings
Stratospheric ozone trends
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• The largest relative 
depletion of ozone 
outside the polar regions 
occurred prior to 1997 in 
the northern  mid-
latitude, upper 
stratosphere (left panel). 

• The largest recovery has 
occurred in the same 
region, with an upward 
trend of about 3% per 
decade since 2000 
above 40-km altitude 
(right panel). 

Figure ES-7



Key findings
Ozone trends in the stratosphere

12

• Global total column 
ozone is expected 
to return to 1980 
abundances around 
mid-century. 

Figure ES-1

• The Antarctic ozone 
hole is expected to 
gradually close in 
the 2060s.



Key findings

• Atmospheric abundances of most currently measured 
HFCs are increasing in the global atmosphere.

• Estimates indicate that HFC emissions originate from both 
developed and developing countries

• Radiative forcing from measured HFCs continues to 
increase; it currently amounts to 1% (0.03 W m-2) of the 3 
W m-2 from greenhouse gases (GHGs) including CO2, CH4, 
N2O, and halocarbons.

• Some short-lived, low-GWP replacement substances for 
long-lived HCFCs and HFCs have been detected in the 
atmosphere at low concentrations.
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Observed HFC abundances and emissions



Impact of the Kigali Amendment
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• The Kigali Amendment is projected to reduce future global average warming in
2100 due to HFCs from a baseline of 0.3–0.5˚C to less than 0.1˚C

0.2 to 0.4˚C

• The HFC phasedown schedule substantially reduces future projected global HFC 
emissions 

• The Kigali Amendment, assuming global compliance, is projected to reduce future 
radiative forcing due to HFCs by about 50% in 2050 compared to a scenario 
without any HFC controls.



Ozone–climate interactions
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century changes in Southern Hemisphere climate in summer. These changes include the 839 
observed poleward shift in Southern Hemisphere tropospheric circulation, with associated 840 
impacts on surface temperature and precipitation (see Figure ES.8). No robust link between 841 
stratospheric ozone depletion and long-term surface climate changes in the Northern 842 
Hemisphere has been established. 843 

• Changes in tropospheric circulation driven by ozone depletion have contributed to recent 844 
trends in Southern Ocean temperature and circulation; the impact on Antarctic sea ice 845 
remains unclear.  846 

• New studies since the last Assessment have not found a causal link between ozone 847 
depletion and the net strength of the Southern Ocean carbon sink over the last few 848 
decades. This result updates the 2010 Assessment where such a link was suggested.  849 

 850 

 851 
Figure ES.8 Schematic illustration of Southern Hemisphere climate impacts in austral 852 
summer associated with Antarctic ozone depletion. Ozone depletion has cooled the 853 
Antarctic stratosphere, leading to a delayed breakup of the stratospheric polar vortex and 854 
an accelerated stratospheric overturning circulation. Impacts extend into the troposphere 855 
with the region of strong westerly winds and associated rainfall shifted southward, affecting 856 
the ocean circulation. The subtropical edge of the tropical circulation also expanded 857 
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Cooling due to
the ozone hole

• Strengthened conclusion that lower 
stratospheric cooling due to ozone 
depletion has very likely been the 
dominant cause of late 20th century 
changes in Southern Hemisphere 
climate in summer. 

• No robust link between stratospheric 
ozone depletion and long-term 
surface climate changes in the 
Northern Hemisphere has been 
established.

Figure ES-8



Policy options

16Figure ES-9

• Continued success of the Montreal 
Protocol in protecting stratospheric 
ozone depends on continued 
compliance with the Protocol. 

• Options available to hasten the 
recovery of the ozone layer are 
limited, mostly because actions that 
could help significantly have already 
been taken. 

• Remaining options would individually 
lead to small-to-modest ozone 
benefits. 

• Future emissions of carbon dioxide, 
methane, and nitrous oxide will be 
extremely important to the future of 
the ozone layer through their effects 
on climate and on atmospheric 
chemistry. 



Executive Summary Key Points
• Actions taken under the Montreal Protocol have led to 

decreases in the atmospheric abundance of controlled ozone-

depleting substances (ODSs) and the start of the recovery of 

stratospheric ozone.

• There has been an unexpected increase in global total 

emissions of CFC-11.

• Sources of significant carbon tetrachloride emissions, some 

previously unrecognised, have been quantified.

• The Kigali Amendment is projected to reduce future global 

average warming in 2100 due to hydrofluorocarbons (HFCs) 

from a baseline of 0.3–0.5˚C to less than 0.1˚C.

• Continued success of the Montreal Protocol in protecting 
stratospheric ozone depends on continued compliance with 
the Protocol.
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Thank you for 
your attention
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END
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• Intentional long-term geoengineering applications that 
substantially increase stratospheric aerosols to mitigate global 
warming by reflecting sunlight would alter the stratospheric 
ozone layer. 

• The estimated magnitude and even the sign of ozone changes 
in some regions are uncertain because of the high sensitivity to 
variables such as the amount, altitude, geographic location, type 
of injection and the halogen loading. 

• An increase of the stratospheric sulfate aerosol burden in 
amounts sufficient to substantially reduce global radiative 
forcing would delay the recovery of the Antarctic ozone hole. 

• Much less is known about the effects on ozone from 
geoengineering solutions using non-sulfate aerosols.

Geoengineering of the stratosphere

Executive Summary, p. ES-32


