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SCIENTIFIC SUMMARY

A new baseline scenario for ozone-depleting substances (ODSs) is presented in Chapter 5 that
reflects our current understanding of atmospheric mixing ratios, production levels, and bank sizes.
Elimination of future emissions, from either production or existing banks of various ODSs, is applied to
this scenario to evaluate the maximum impacts of various hypothetical policy options including phase-
outs and destruction (see Table S5-1). Some specific findings corresponding to this table include:

* Emissions from the current banks (taking 2015 as being current) over the next 35 years are
projected to lead to greater future ozone depletion and climate forcing than those caused by
future ODS production. Capture and destruction of these banks could avoid 1.8 million Ozone
Depletion Potential-tonnes (ODP-tonnes) of future emission through 2050; this compares with an
estimated 1.6 million ODP-tonnes of emissions that have occurred over the last decade (from
2005-2014).

* Of all of the ODS banks, the banks of halons in 2015 are projected to contribute most to
ozone depletion over the next 35 years (as Equivalent Effective Stratospheric Chlorine,
EESC), while chlorofluorocarbon (CFC) and hydrochlorofluorocarbons (HCFC) banks are
expected to contribute most in terms of Global Warming Potential-weighted (GWP-
weighted) emissions.

* If future production and all ODS 2015 banks are considered, HCFCs represent the
halocarbon group that contributes most to future GWP-weighted emissions. HCFCs can be
reduced in the future by both bank recapture and destruction and by production
elimination.

Table S$5-1. Summary of mitigation options for accelerating the recovery of the ozone layer and
reducing CO,-equivalent emissions. The table gives the reductions in integrated EESC (Equivalent
Effective Stratospheric Chlorine) and integrated CO,-equivalent emissions relative to the baseline
scenario that can be achieved for mitigation options beginning in 2015 or 2020. The integrated EESC is
defined as the total EESC amount integrated from 2015 until the time EESC returns to the 1980 level
(before 2050 for all scenarios). Bank recapture and destruction is assumed to be 100% effective and
either applies to the bank existing in 2015 or the bank existing in 2020. Any potential contribution from
very short-lived substances is neglected. These calculations use the lifetimes derived from SPARC,
2013 (Stratosphere-troposphere Processes And their Role in Climate).

Substance or Group of Reductions (%) in Integrated Reduction in Cumulative GWP-
Substances Midlatitude EESC Integrated from Weighted Emissions from 2015
2015 until EESC Returns to 1980 to 2050 (Gigatonnes of CO,-
Levels equivalent)
Bank recapture and 2015 bank 2020 bank 2015 bank 2020 bank
destruction in 2015 or 2020:
CFCs 8.9 5.3 4.7 33
halons 12 6.8 0.2 0.2
HCFCs 6.4 5.5 4.6 4.6
Production elimination from 2015 onward:
HCFCs 6.4 7.8
CH;Br 53 0.0
(only quarantine and pre-shipment)
Total emissions elimination from 2015 onward:
CCl, 9.8 1.2
CH;CCl, 0.0 0.0
HFCs 0.0 Up to 165*

* Reduction relative to hypothetical future upper range scenario and would depend on actual growth rate of HFC use.
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The impact on ozone-layer recovery of further policy actions on already controlled ozone-
depleting substances is becoming smaller. Nonetheless, if all ODS emissions — including those
emanating from many widely dispersed banks — were to be stopped in 2015, then the return to 1980
midlatitude EESC values would be brought forward to 2036 compared with 2047 in the baseline
scenario.

Updated Ozone Depletion Potentials (ODPs) are almost all numerically smaller, ranging from
no change (for carbon tetrachloride, CCls) to more than a factor of two smaller (for CFC-115),
with most of these smaller by 10-30% than the values reported in WMO (2011). These changes
largely reflect the revised estimate for the atmospheric lifetime of CFC-11 (from 45 to 52 years)
reported in SPARC (2013); CFC-11 is the reference gas in determining ODPs so this change affects
all ODPs. Uncertainties in the atmospheric lifetimes, the fractional release values, and atmospheric
chemistry generally result in overall uncertainties in ODPs on the order of 30% for the CFCs and
CCly, but are higher for HCFCs and halons (about 60% for the HCFCs and halon-1301, to over 80%
for halon-1202 and halon-1211).

New atmospheric model studies continue to emphasize that ODPs for very short-lived
substances (VSLS) that contain bromine or chlorine are strongly dependent on the geographic
location and season of emission. Impacts from VSLS are much larger (with ODPs approaching
values of 1) if emissions occur in regions close to convective regions in the tropics. There is still
insufficient research available to confidently compare the mitigation options of anthropogenic VSLS
emissions with those of the longer-lived halogenated hydrocarbons; overall the VSLS have smaller
ODPs than longer-lived ODS. However, if long-lived controlled halocarbons (and their banks) follow
their projected decline, then chlorine- and bromine-containing anthropogenic VSLS emissions will
play a relatively larger role in future ozone depletion, but the absolute effects are smaller than that of
ODSs today while remaining uncertain.

The projection of CCl; remains more uncertain than projections for other ODSs due to our
incomplete understanding of the current CCl, budget (likely a missing source; see Chapter 1).
In the scenarios examined (see table above), CCly human-related emissions from 2015 through 2050
are comparable to those of the HCFCs in terms of ODP-weighted emissions and are about 10% in
terms of GWP-weighted emissions. It is expected that future emissions of CCly will remain an
important factor in the evolution of EESC.

The total anthropogenic emissions of methyl bromide (CH;Br) have declined in response to
controls of the Montreal Protocol. Overall, reported consumption has gone down from ~70,000
tonnes/yr in the late 1990s to ~13,000 tonnes/yr in 2012.

Quarantine and pre-shipment (QPS) uses of CH;Br are exempted uses (not controlled) by the
Montreal Protocol and in 2012 constitute an annual consumption of CH;Br (~9,000 tonnes) that
is larger than the annual consumption for 2012 from uses controlled by the Protocol (~4,000
tonnes). The elimination of future emissions from QPS uses could bring forward the date of EESC
return to 1980 levels by 1.1 years, smaller than the 1.6 years estimated in the previous Assessment.
Critical-use exemptions continue to be granted, but at levels significantly reduced compared with four
years ago. A continuation of critical-use exemptions at the current level would delay the return of
EESC to 1980 levels by 0.2 years.

Carbon dioxide (CQ,), nitrous oxide (N,O), and methane (CH,4) are each important to climate
forcing and to the levels of stratospheric ozone (see Chapter 2). In terms of the globally averaged
ozone column, additional N>O leads to lower ozone levels, whereas additional CO, and CH, lead to
higher ozone levels. Ozone depletion to date would have been greater if not for the historical
increases in CO, and CHy. The net impact on ozone recovery and future levels of stratospheric ozone
thus depends on the future abundances of these gases. For many of the scenarios used in the most
recent Intergovernmental Panel on Climate Change (IPCC) Assessment (IPCC, 2013), global ozone
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will increase to above pre-1980 levels due to future trends in the gases. Latitudinal and altitudinal
responses are expected to vary. Note that scenarios used in IPCC consider a future with all three
major greenhouse gases increasing and thus it is important to assess the net balance of these
perturbations on stratospheric ozone.

Global Warming Potentials (GWPs) for a range of halocarbons have been updated based on
IPCC (2013) and SPARC (2013). The CO, Absolute Global Warming Potential (AGWP; the
denominator for the GWP of other greenhouse gases) has increased by 6% compared to the previous
Assessment (WMO, 2011). As a result, GWP values for many non-CO, greenhouse gases decreased
slightly. GWPs also changed because of revised values for the lifetime and the radiative efficiency of
the individual greenhouse gases. The revised SPARC-based lifetimes for a range of ODSs have been
updated due to new analyses of observations and models and are included here; the largest differences
in GWPs are found for CFC-11, CFC-115, halon-1301, halon-2402, and halon-1202. For
hydrofluorocarbons (HFCs), some examples of the [IPCC 100-year GWPs and the SPARC lifetime
adjusted values are given below. The numbers in parentheses represent the effects of uncertainties in
the SPARC lifetimes, radiative efficiency, and the AGWP for CO, based on 90% confidence. In
addition, the IPCC (2013) stated uncertainties in the 100-year GWP for HFC-134a is £35% (90%
confidence) as representative for similar gases. The IPCC and updated GWPs that use the SPARC
lifetimes are consistent within their uncertainties.

Substance IPCC AR5 100-yr | Updated 100-yr GWP (90%
GWP uncertainty range)

HFC-23 12,400 12,500 (8880—-16,300)

HFC-32 677 704 (453-1070)

HFC-125 3170 3450 (2230-5140)

HFC-134a 1300 1360 (857-2050)

HFC-143a 4800 5080 (3460—-7310)

HFC-152a 138 148 (96-211)

Global Temperature Potentials (GTPs) are discussed and values reported for the first time in a
WMO-UNEP Ozone Assessment. The GTP metric gives the relative temperature increase at a
specified time horizon due to emissions of a greenhouse gas, relative to that caused by the same
weight of CO, emissions. This metric may be useful as an alternative to GWPs. These metrics are
different in construction and have both advantages and disadvantages. The revised SPARC-based
lifetimes affect GTPs (relative to IPCC, 2013) in the same way as GWPs. The table below shows
updated GTPs for the same HFCs listed above.

Substance Updated 20-yr Updated 50-year Updated 100-year
GTP GTP GTP

HFC-23 11,500 13,000 12,800

HFC-32 1440 154 98

HFC-125 6040 3350 1180

HFC-134a 3170 771 214

HFC-143a 7110 5390 2830

HFC-152a 191 26 21

The current direct radiative forcing (RF) from ODS halocarbons (CFCs, halons, and HCFCs) is
about 0.33 W m™ and is near its expected peak. The RF is projected to decrease to about 0.20 W
m™ by about 2050, depending on the particular emission scenario adopted. By 2100, the radiative
forcing from these halocarbons is projected to be near 0.10 W m™ independent of the specific
emission scenarios considered here.

5.3
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While HFCs currently constitute less than 1% of the radiative forcing on climate (0.02 W m'z),
if the current mix of HFCs is unchanged, increasing demand could imply a radiative forcing for
HFCs as high as 0.4 W m™ by 2050. For all scenarios (Special Report on Emissions Scenarios
(SRES) and Representative Concentration Pathway (RCP)) used in the recent [IPCC Assessments, the
HFC radiative forcing increases by 0.1 W m™ or less by 2050; however, these scenarios did not
consider recent market trends. Scenarios based on projections of HFC markets yield radiative forcings
that range from 0.16 W m™ to 0.4 W m™ by 2050.

Replacements of the current mix of high-GWP HFCs with low- or zero-ODP, low-GWP
compounds, could lead to a decrease in the radiative forcing on climate over the coming
decades, possibly by as much as 0.07 W m’ by 2030 relative to baseline scenarios assuming
continued growth in high-GWP HFC production. Such reductions are comparable to possible
reductions in radiative forcing for some other non-CO, emissions (e.g., for black carbon emissions).
Even by 2050, the RF from the low-GWP replacement compounds would be negligibly small. For the
uses projected, such replacements are likely to have a negligible effect on stratospheric ozone, despite
some replacements containing chlorine or bromine and having non-zero ODPs.

The impact of HFC mitigation on future climate change that only considers radiative forcing of
HFCs through a particular year is underestimated if the future commitment to climate forcing
in the HFC banks is neglected. This bank size represents a substantially larger fraction of the
cumulative HFC production and emission than was the case for CFCs in the 1980s; this is because
current and projected applications for HFCs emit those HFCs much more slowly than applications
historically did for CFCs.

Unsaturated HFCs (also known as hydrofluoro-olefins, HFOs) are replacement compounds for
long-lived HCFCs and HFCs. Unsaturated HFCs have short atmospheric lifetimes (days) and small
GWPs (<10). Atmospheric degradation of one of these substances (HFC-1234yf) produces the
persistent degradation product trifluoroacetic acid (TFA). While the environmental effects of TFA are
considered negligible over the next decades, potential longer-term impacts could require future
evaluations due to the environmental persistence of TFA and uncertainty in future uses of HFC-
1234yf.

CFC-316¢c ((E)- and (Z2)- isomers of cyclic 1,2-C4F¢Cl,) are possible ODS replacement
compounds, and have long lifetimes (75 and 114 years), with correspondingly high ODPs (0.46
and 0.54) and GWPs (4160 and 5400).

Emissions of biogenically produced bromocarbons will likely increase as a result of changes in
the management of their human-related production (e.g., marine aquaculture). However,
uncertainties in all natural emissions and in transport to the stratosphere are large, making it difficult
to quantify their effects on ozone.

Current emissions from aviation and rockets have only a small effect on total ozone (<1%).
However, new technologies and potential market growth in aviation and rockets will require
further assessment as they could potentially lead to effects on ozone.

Geoengineering the climate system via anthropogenic increases of stratospheric sulfate aerosols
within the next few decades would be expected to deplete stratospheric ozone, with the largest
effects in the polar regions. The current level of understanding of how other possible geoengineering
approaches would affect the stratosphere is limited.

The proposed cosmic-ray-driven breakdown of CFCs in ice particles is of negligible importance
in polar ozone loss.
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5.1 INTRODUCTION

The series of WMO Ozone Assessments have reported the success of the control measures
introduced under the Montreal Protocol. These have included striking reductions first in the rate of increase
in atmospheric ozone-depleting substances (ODSs) and subsequently in the total amount of ODSs in the
atmosphere (see Chapter 1). Signs of an increase in stratospheric ozone amounts are emerging (Chapter 2),
pointing to the success of these measures in reducing ozone depletion and hence limiting the resulting
increases in surface UV radiation. As successive Amendments and adjustments to the Montreal Protocol
have been introduced, opportunities for further significant measures affecting stratospheric ozone have
become scarcer. Accordingly, policy-relevant issues are now largely concentrated on (i) issues connected
with new compounds with the potential to deplete ozone and (ii) the other atmospheric effects of ODSs and
their replacements. In addition, the Montreal Protocol and its Amendments have at this point contributed
more to climate change mitigation than any other existing international agreement.

In this section, the main points from the WMO Ozone Assessment (2011) are first summarized.
Then, the objectives and the contents of this chapter are described.

5.1.1 Main Issues from WMO-UNEP 2010 and Other Reports

In several respects, this chapter is an update of Chapter 5 in WMO (2011). In that chapter, Ozone
Depletion Potentials (ODPs) and Global Warming Potentials (GWPs) for ODSs and their replacements
were updated. New scenarios were generated to explore the potential impacts of hypothetical ODS and
nitrous oxide (N,O) emissions reductions on future ozone depletion and climate forcing. The WMO
(2011) chapter additionally included assessments of some processes and activities (e.g., from rockets or
from the possible uses of geoengineering as a response to climate change) that may affect future ozone
levels through mechanisms that do not necessarily involve the emission of chlorine- and bromine-
containing source gases. It was found that some of these processes could affect future ozone levels more
than future emissions of controlled ODSs. The impact of the Montreal Protocol on climate forcing was
discussed. Finally, the chapter showed how the Montreal Protocol and its Amendments and adjustments
had averted many profound changes to Earth and its atmosphere. In particular, because many ODSs are
potent greenhouse gases, the Montreal Protocol has successfully avoided larger potential changes to the
Earth’s climate. Two specific issues raised there are worth mentioning as they are looked into again here.

First, the effects of the accelerated phase-out of HCFCs (hydrochlorofluorocarbons) agreed to by
the Parties to the Montreal Protocol in 2007 were projected as a reduction in cumulative HCFC emissions
between 2011 and 2050 of 0.6—0.8 million ODP-tonnes, equivalent to bringing forward the year in which
Equivalent Effective Stratospheric Chlorine (EESC) returns to 1980 levels by 4-5 years. In addition, the
accelerated HCFC phase-out was projected to reduce emissions by 0.4—0.6 gigatonnes of carbon dioxide-
equivalents (GtCO,-eq) per year averaged over 2011-2050. The net climate benefit is determined, in part,
by the climate impact of the compounds used to replace the HCFCs. If high GWP HFCs (hydro-
fluorocarbons) were to be used without mitigation, it was estimated that the HFC growth could result in
GWP-weighted emissions up to 8.8 GtCO,-eq per year by 2050. This amount is comparable to the GWP-
weighted emissions of chlorofluorocarbons (CFCs) at their peak in 1988. The projected radiative forcing
in 2050 from these compounds (up to 0.4 watts per square meter (W m™)) could be reduced by using
replacement compounds with lower GWP values that also have low ODPs.

Second, the options available for further reductions in future halocarbon emissions were
recognized as becoming more limited. However, for reducing the risk of future increases in atmospheric
concentrations, the Assessment showed it would be important to minimize any leakage of CFCs and
halons from banked storage (or “banks,” the largest source of current ODP-weighted emissions of ODSs).
A delay of four years, from 2011 to 2015, in the capture and destruction of the estimated CFC and halon
banks was estimated to reduce the potential ozone and climate benefits from these actions by about 30%.

55
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Since the last WMO Assessment, several reports have addressed topics of direct interest for this
chapter:

1) The UNEP synthesis report, “HFCs: A Critical Link in Protecting Climate and the Ozone Layer”
(UNEP, 2011). It concluded that limiting the future growth of HFCs could result in unrealized emissions
(emissions that would have otherwise occurred) corresponding to as much as 7-19% of the CO,
emissions that year. Alternative technological options exist that minimize the climate impact of HFCs.
Issues related to future scenarios in HFC and other ODS alternatives are addressed in this chapter.

2) The SPARC report, “Lifetimes of Stratospheric Ozone-Depleting Substances, Their Replacements,
and Related Species” (SPARC, 2013). This report provides a thorough and consistent re-assessment
of the lifetimes for a number of halocarbons as well as in-depth analysis of the associated
uncertainties (Chapter 1, Box 1-1). These values are discussed in Chapter 1 and are used in the
metric and scenario evaluations presented in this chapter.

3) Reports produced by the UNEP Technology and Economic Assessment Panel (TEAP). These reports
continue to assess the technological and economic possibilities for phasing in commercially
available replacements for ODSs (e.g., UNEP, 2013).

4) The Fifth Assessment Report of the Intergovernmental Panel on Climate Change, “Climate Change
2013 — The Physical Science Basis” (IPCC, 2013). This report includes updated values of metrics such
as Global Warming Potentials. These are updated in this chapter using the SPARC (2013) lifetimes.

5.1.2 Objectives of This Assessment

The overall aim of this chapter is to present policy-relevant information. It includes an assessment
of the possible options available to policymakers related to protection of stratospheric ozone (and effects
on climate from halocarbons). In Section 5.2, recent developments in the understanding of the main
ozone-depleting compounds, anthropogenic and natural, are summarized with emphasis on their
importance for future stratospheric ozone depletion, other impacts such as the role of their breakdown
products, and their influence on climate. The impacts of real and potential replacement products are
similarly discussed. Special attention is given to the additional complexities associated with evaluating
the effects from short-lived substances with spatially and temporally varying sources and sinks. Finally in
Section 5.2, other potential influences on stratospheric ozone (e.g., other atmospheric changes, rockets,
geoengineering) are considered.

Simple quantitative measures have been used to provide information about the effect of emissions
from human activity on the atmosphere. These include Ozone Depletion Potentials (ODPs), Global
Warming Potentials (GWPs), and radiative forcing (RF), which can be used to compare the relative effect
of individual gases, as well as Equivalent Effective Stratospheric Chlorine (EESC) which is a measure of
the combined impact of all chlorine- and bromine-containing gases. Estimates of these are discussed in
Section 5.3, and updated values are presented based on the recently updated estimates of atmospheric
lifetimes (SPARC, 2013). In addition, newer measures, such as Global Temperature change Potentials
(GTPs), are discussed here for the first time in a WMO Assessment.

Section 5.4 concludes the chapter with an examination of a range of scenarios. These are compared
to a new baseline that is consistent with the existing observational record for atmospheric concentrations of
halocarbons and the current limits on emissions contained in the Montreal Protocol. The scenarios
investigate effects of hypothetical changes in emissions and are illustrative of potential mitigation actions
such as controls on banks (see Box 5-1). The halocarbon lifetimes used are those reported in SPARC
(2013). The baseline emission scenario for CO,, methane (CH,4), and N,O is taken as the RCP6.0 scenario
(van Vuuren et al., 2011; IPCC, 2013). The sensitivity of the calculated impact on the stratosphere is inves-
tigated by additionally using the RCP4.5 and RCP8.5 scenarios. (Representative Concentration Pathways
are well established in the climate community and used as a basis for climate modeling experiments (van
Vuuren et al., 2011; Chapter 4).) EESC is used where possible and additional calculations are performed
using a two-dimensional (2-D) coupled chemistry-radiation-dynamics model (Fleming et al., 2011).

5.6



Scenarios and Information for Policymakers

Box 5-1. Halocarbon Banks

The bank of a manufactured compound is defined as the quantity of that compound stored in
equipment and products and held as chemical inventory. The size of the bank will increase as long as the
production of a compound is larger than the release into the atmosphere. Any compound produced and
kept in equipment will either increase the size of the bank or be used to compensate for leakage. Leakage
is the amount released to the environment by physical leakage or by accidental leakage occurring in
regular use, accidents, and maintenance.

For ODS and their replacements, bottom-up estimates of the banks are calculated on the basis of
the total amount of equipment and products manufactured per year per country (or per region), and their
assumed charges (or contents in the case of products). These bottom-up estimates are generally less
accurate than either the amount of a given compound produced or the amount in the atmosphere, which is
accurately known from atmospheric measurements. An alternative way to estimate the bank is by taking
the difference between the amount produced and the amount released to the atmosphere.

Banks tend to decrease when products and equipment are taken from the market or their use
stops. In the absence of specific measures, there will be leakage of the contents of the products to the
environment. This release can be avoided by recovery and capture. The captured material can either be
used or destroyed. Reporting the amounts of ODSs recovered, recycled, or destroyed is not required under
the Montreal Protocol, leading to uncertainty in the size of the bank. However, the success of this option
can be limited as a result of either cost or logistical problems. TEAP report XX/8 2009 describes the
options for destroying ODS chemicals for different regions and a range of scenarios (UNEP, 2009).

Scenarios of future banks and their composition are based on assumptions of economic
development, patterns in society (e.g., number of coolers in supermarkets, air conditioners, etc.), and the
expected market penetration of alternative compounds and technologies. Containment, recovery and
recycling, and destruction at the end of product life can reduce emissions to the atmosphere. This can be
achieved by reducing leakage during operation and use and/or by ensuring high rates of recovery and
capture at the end of the useful lifetime of equipment. The potential impact of such controls on
atmospheric concentrations of CFCs, halons, HCFCs, and HFCs are investigated in Section 5.4.

5.2 ISSUES OF POTENTIAL IMPORTANCE TO STRATOSPHERIC OZONE AND CLIMATE

5.2.1 Halocarbons Controlled Under the Montreal Protocol

The success of the Montreal Protocol in limiting the atmospheric abundance of ODSs is now well
documented. Implementation of its measures has resulted in significantly lower EESC than would
otherwise have occurred (WMO, 2011 and preceding reports) as well as reductions in radiative forcing of
climate change. Chapter 1 in this report finds that this success in limiting CFC and halon abundances has
continued, though it notes large discrepancies between top-down and bottom-up emission estimates for
halon-2402 and carbon tetrachloride (CCly). In WMO (2011), leakage of CFCs and halons from their
banks (see Box 5-1) was found to be the largest source to the atmosphere, and so the main policy option
presented was to reduce the leakage. This issue is investigated further in Section 5.4. Revised ODPs and
GWPs for the CFCs and halons are presented in Section 5.3 based on the recommendations for the
lifetimes made in SPARC (2013).

Part of the decrease in CFC usage in the 1990s was achieved by finding chemical substitutes for
CFCs, including HCFCs and HFCs. Due to their lower, but non-zero ODPs, the HCFCs were defined by
the Parties as transitional compounds and a first phase-out schedule for them was established in 1992. In
order to accelerate the reduction in EESC, accelerated phase-out schedules for HCFCs were agreed under
the Montreal Protocol in 2007. The implementation of these measures has been occurring gradually since
that time, and it is expected that the overall effects will be observed as a decrease in first the growth rate

5.7
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and then the atmospheric abundance of HCFCs. Chapter 1 reports that the increases over 2009-2012 for
the main three HCFCs are smaller than those for 2006—2009. Presumably this has occurred in anticipation
of the introduction of new measures following the accelerated phase-out agreement in 2007. Updated
atmospheric measurements and lifetimes for HCFCs are used in the revised ODPs and GWPs presented
and discussed in Section 5.3 and the scenarios presented in Section 5.4.

An inconsistency in the carbon tetrachloride (CCly) budget was reported in WMO (2011), as the
decline in atmospheric CCls concentrations was less than expected. Chapter 1 in this Assessment
concludes that this discrepancy remains as there is a continued imbalance between the emissions of CCly
inferred from the observed changes in global concentration and the bottom-up estimates of the
anthropogenic emissions. This difference cannot solely be explained by adjusting the atmospheric
lifetime. Chapter 1 suggests that there may be ongoing anthropogenic emissions in the Northern
Hemisphere. The implications of this uncertainty on future EESC are discussed further in Section 5.4.

Atmospheric methyl bromide (CH;3Br) results from anthropogenic and natural emissions. The
partitioning between them has been the subject of much debate in the past (WMO, 2003, 2007. 2011).
The continued decline in tropospheric CH;Br amounts is caused by reductions in the controlled industrial
production, consumption, and emission (see Chapter 1 for further analysis of the CH;Br emissions and
budget). The anthropogenic uses fall into three categories: (1) the controlled applications (soil and
postharvest fumigation and commodity disinfestation); (2) quarantine and pre-shipment (QPS) exempted
applications, which are reported under the Montreal Protocol; and (3) feedstock uses exempted but
reported under the Montreal Protocol. The annual global total consumption for non-QPS uses of CH;Br
has decreased steadily as a result of the implementation of the Montreal Protocol, from over 50,000
tonnes/yr in the late 1990s to about 4,000 tonnes/yr in 2012 (Figure 1-6-6 of UNEP, 2013). This
compares to a change in total consumption from about 70,000 tonnes/yr to about 20,000 tonnes/yr over
the same period. Critical-use exemptions for the controlled uses are applied for by developed country
(non-Article 5) Parties and have been granted annually since 2005. Fewer critical-use exemptions are
being granted, as alternative approaches are more often available. The phase-out of controlled uses in
Article 5 Parties by 1/1/2015 may result in additional applications for critical-use exemptions in the
coming years (four Article 5 Parties have already applied for critical-use exemptions for 2015). The
annual use for QPS is currently about 9,000 tonnes and is approximately steady (UNEP, 2013; Figure 1-
6-6). In general, use for QPS has decreased in non-Article 5 and increased in Article 5 Parties. Feedstock
production is estimated at about 3,900 tonnes in 2012; however, this should not result in any significant
emissions. Total global production in 2012 was 16,700 tonnes, down from 35,000 tonnes in 2006.
Scenarios for possible future emissions of CH;Br are discussed in Section 5.4.

5.2.2 Replacement Compounds

The majority of the reduction in ODS emissions has occurred as a result of not-in-kind technology,
such as containment, recovery and recycling, and non-fluorocarbon solutions. However, some of the
decrease in the use of CFCs, and now HCFCs, has resulted in increased HFC use, particularly in the
refrigeration and air conditioning sectors and, to a lesser degree, in the foam and fire protection sectors.
While most HFCs have GWPs similar to those of the HCFCs they are replacing, some have higher GWPs
(UNEP, 2011). The potential growth in the use of these high-GWP HFCs has given rise to concerns about
the possible climate impact of the growth in HFC use (and emission) by the year 2050 (Velders et al.,
2009, 2012; WMO, 2011; UNEP, 2011; Wuebbles at al., 2013). To minimize the impact on the ozone layer
and climate, HCFC replacements would ideally have low ODPs and GWPs, even if the replacements
contain chlorine or bromine. Meeting such conditions implies that the replacement compounds have short
lifetimes and/or weak IR absorptions. A number of possible compounds, many of which have low GWPs,
are now being considered. Technical aspects of new compounds are assessed by TEAP once their
commercial potential has been shown (UNEP, 2013). Scenarios of future replacement compounds are
considered in Section 5.4 and the possible impacts on ozone depletion and climate are assessed.
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1,2-dichlorohexafluorocyclobutane (C4Cl,Fs, CFC-316¢) is a proposed replacement substance,
especially as a refrigerant. Papadimitriou (2013) evaluated the most likely atmospheric removal processes
for the (£)- and (2)- isomers of CFC-316¢ in a series of laboratory studies. 2-D model calculations
included in their work show that stratospheric photolysis is the predominant loss process for both isomers,
with lifetimes of 75 and 114 years for the (E)- and (Z)- isomers, respectively (see Table 1-3). Ozone
Depletion Potentials and Global Warming Potentials were also reported, demonstrating that both isomers
are potent ozone-depleting substances and greenhouse gases (ODPs are 0.46 for (£)-R-316c and 0.54 for
(2)-R-316¢c; GWP g are 4160 for (E£)-R-316¢ and 5400 for (Z)-R-316c¢).

A number of short-lived compounds have been proposed as replacements for long-lived ODSs
and hydrofluorocarbons (HFCs) (see Table 1-11). Some of these substances are halogenated VSLS (i.e.,
lifetimes <0.5 years) and were chosen due to their low ODPs and GWPs. An updated summary of the
partial and total lifetimes of the proposed replacement substances is given in Table 1-11. Further
discussion of the ODPs and GWPs for a number of these compounds is given in Section 5.3.

5.2.3 HFC-23

HFC-23 is an unwanted by-product in the manufacture of HCFC-22. A major and increasing use
of HCFC-22 is as a feedstock in the production of other chemicals, the most important of which is
polytetrafluoroethylene (PTFE). The amount of HFC-23 produced in HCFC-22 manufacturing is far
larger than the small amounts currently required for its direct use in some low temperature refrigeration
and fire protection equipment. HFC-23 emissions are sometimes not considered in the emissions total
from the mix of HFCs used or predicted to be used. Global emissions of HFC-23 have risen since 2009
after a period of decrease (Chapter 1). HFC-23 is a strong infrared absorber, and has a long lifetime of
220 years and a high GWP (12,400 for a 100-year time horizon GWP) (IPCC, 2013). Its radiative forcing
in 2012 was 0.005 W m™, about 25% of the RF from all HFCs (Chapter 1). The annual emission of 12.8
ktonne per year (Chapter 1) corresponds to 150 Gt CO,-eq per year.

The fraction produced in HCFC-22 manufacture depends on the details of the manufacturing
process. It is assumed to be at most 3% of the amount of HCFC-22 produced, and in optimal
manufacturing conditions (which are difficult to maintain) it can be brought down to 1.5%. Atmospheric
emissions can be avoided if the HFC-23 is incinerated, which makes it possible to recover hydrofluoric
acid (HF), the raw feedstock. Globally, a significant fraction of the HFC-23 produced in HCFC-22
facilities has been incinerated since 2006, due to the fact that incineration projects in developing countries
could be supported through the Kyoto Protocol Clean Development Mechanism (CDM). Future HFC-23
emissions will depend on the amount of HCFC-22 produced, the efficiency of avoiding unwanted HFC-
23 byproducts, and whether the amount of residual HFC-23 incinerated increases or decreases. This is
directly related to future policy choices including those related to the granting of new HFC-23
incineration credits in the CDM (Miller and Kuijpers, 2011) and on other initiatives to avoid and destroy
HFC-23. The impact of different emission scenarios is discussed in Section 5.4. More information can be
found in Chapter 1 and references therein.

5.2.4 Biogenically Produced Short-Lived Halocarbons

Biogenically produced very short-lived substances (VSLS) are thought to contribute significantly to
the stratospheric halogen budget, particularly for bromine (Chapter 1). The main processes affecting the
effectiveness of these compounds (emissions, convective transport, and chemical processing) could all
change in the coming decades as a result of changes in climate or in human activities. Bromoform (CHB13)
and methylene bromide (CH,Br,) are expected to remain the two most important species. Their emissions
could increase as a result of changes in managed production (e.g., algae farming for food, pharmaceuticals,
or carbon capture). Currently 99% of cultivation comes from 7 countries in Asia and the volume produced
has grown by ~8%/yr since 1990 (FAO, 2012). A study in Malaysia found that while current bromocarbon
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emissions from aquaculture are negligible, they could become significant in the next decade (>10% of
regional seaweed emissions) (Leedham et al., 2013). With multiple ecosystem, dynamical, and chemical
components contributing to oceanic VSLS emissions, predicting future emissions will be a major challenge.

Transport of these species into and across the tropical tropopause is the major way for them to
enter the stratosphere. Tropical convection is thus a critical process in determining their flux into the
stratosphere, and any changes in its strength or frequency as a result of a changing climate will affect their
future stratospheric concentrations. These changes will happen in concert with any changes in the strength
of the stratospheric circulation. The Coupled Model Intercomparison Project Phase 5 (CMIPS5) climate
models suggest that the flux of air into the stratosphere will increase at the same time as ozone depletion
reduces and as greenhouse gas concentrations increase (see Figure 4-8 and related discussion). For shorter-
lived species, some features of the convection are particularly important in determining how much of any
emitted substance (or their reaction products) reaches the stratosphere: these include the overall mass
transport in convection, the altitudes where the air flows into and out of the convection, the frequency of
strong events (particularly the high altitude outflow), and the location of the convection relative to the
emissions. These all have significant uncertainties associated with them (e.g., Schofield et al., 2011). In
addition, the boundary layer mixing and stratospheric advection processes have been shown to cause
significant differences in simulated VSLS reaching the stratosphere (Hoyle et al., 2011). Differences are
amplified for shorter-lived compounds. The implications for the contribution of short-lived species to
stratospheric chlorine and bromine amounts and to the calculation of ODPs are discussed in Section 5.3.

Modeling studies have shown that climate-driven changes to tropospheric transport may affect
stratospheric VSLS loading (Dessens et al., 2009; Pyle et al., 2011). Hossaini et al. (2012a) calculate
increased injection of CHBr; into the stratosphere for a 2100 simulation based on the Representative
Concentration Pathways (RCPs) 4.5 and 8.5 scenarios (IPCC, 2013; also see Chapters 2 and 4). This
increase was largest under RCP8.5, a scenario with stronger warming, and mostly attributed to an
enhanced convective mass flux in the tropical troposphere, which agrees qualitatively with earlier model
studies (Stevenson et al., 2005; Dessens et al., 2009). Overall, Hossaini et al. (2012a) project an increase
in the direct injection of bromine into the stratosphere contained in the five major VSLS of 0.3 ppt and
1.0 ppt Br under RCP4.5 and RCP8.5, respectively. These increases are attributed to both the dynamical
and chemical perturbations, both of which carry large uncertainty, while climate-driven changes to
emissions and changes in anthropogenic use were not considered. As discussed in Chapter 1, there
remains significant uncertainty in the role of convection in determining the amount of bromine and
chlorine reaching the lower stratosphere.

Changes in the tropospheric oxidizing capacity will impact the lifetimes of VSLS (SPARC,
2013), particularly those whose primary sink is through hydroxyl radical (OH) oxidation (e.g., CH,Br,
CH,Cl,). Hossaini et al. (2012a) find significant variation in projected tropical tropospheric [OH] between
the RCP scenarios. The local lifetime of CH,Br, (against oxidation) varies significantly (£40%) (e.g., see
Figure 1-14). Despite OH production being favored under warm and humid conditions, tropical [OH] in
2100 is projected to decrease by 25% near the surface, due to a projected doubling of methane (CHy)
under RCP8.5. Voulgarakis et al. (2013) find similar [OH] decreases of —22 + 4.6% from a multi-model
intercomparison. Under more moderate climate scenarios, such as RCP2.6 and RCP4.5, models project an
increase in tropospheric [OH] of up to ~10% below 500 hectoPascals (hPa) (Hossaini et al., 2012a; John
et al., 2012; Voulgarakis et al., 2013). These studies underline the sensitivity of future OH concentrations
and distribution to future CH4 emissions. Results also depend on responses to relative decreases in
nitrogen oxides (NOx = NO + NO,) and carbon monoxide (CO) in the different scenarios over polluted
regions. In addition sub-annual and regional variations, such as the low ozone concentrations found (and
low OH concentration inferred) in the West Pacific (Rex et al., 2014), could affect VSLS.

The future impact of VSLS on ozone has yet to be fully assessed. While some studies suggest a
potential increase in bromine from VSLS toward the end of the century, stratospheric chlorine will have
decreased substantially by 2100 due to the phase-out of the long-lived chlorinated source gases under the
Montreal Protocol. Therefore, bromine-mediated O3 destruction via the BrO + CIO catalytic cycle would
be reduced.
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5.2.5 Breakdown Products

Certain HCFCs, HFCs, HFEs (hydrofluoroethers), and HFOs (hydrofluoroolefins) can contribute to
tropospheric ozone formation and degrade to produce toxic compounds. The atmospheric degradation of
HCFCs, HFCs, HFEs, and HFOs is initiated by reaction with OH radicals leading to the formation of
halogenated carbonyl compounds, which undergo further oxidation to yield HF, HCI, CO,, and, in some cases,
trifluoroacetic acid (TFA, CF;C(O)OH) (e.g., see prior Assessments such as IPCC/TEAP 2005; WMO, 2011).
There is a special concern regarding the production of TFA because of its possible effects on life in aquatic
environments (see the discussion in WMO, 2011). The chlorine production is considered in the discussion of
EESC in Section 5.4; the effects on HF and CO, are likely to be extremely small. Examples of halocarbons
that lead to the formation of TFA (and related compounds) include: HCFC-123, HCFC-124, HFC-125, HFC-
134a, HFC-227ea, and HFO-1234yf (Young and Mabury, 2010). While it is well established that TFA is a
ubiquitous natural component in rivers, lakes, and other surface water bodies, uncertainties remain, as
discussed in WMO (2011), regarding its natural and anthropogenic sources, long-term fate, and abundances.
TFA formation depends on whether CF;CFO or CF;CCIO are formed as intermediates in the parent compound
degradation. The sole atmospheric fate of CF;CFO is hydrolysis to give TFA (Wallington, et al., 1994). The
atmospheric fate of CF;CCIO is hydrolysis, to give TFA, or photolysis. For halogenated propenes, HFOs, if
there is a fluorine atom on the central carbon, the TFA yield is expected to be high; such as found with
CF;CF=CH, (HFO-1234yf) (Papadimitriou et al. 2011; Wallington et al., 2010). On the other hand, if there is
a hydrogen on the central carbon atom there is no TFA formation, such as in CF;CH=CHF (HFO-1234ze) or
CF;CH=CHCI (trans-1-chloro-3,3,3-trifluoropropylene or tCFP; also referred to as HFO-1233zd) or HFC-
152a. While some studies suggest that the extensive use of some TFA source compounds could dramatically
increase the amount of TFA in wetlands (e.g., Luecken et al., 2010; Henne et al., 2012), the potential effects on
associated ecosystems remains unclear and may not be as large a problem as initially envisioned (Boutonnet et
al., 1999; Benesch et al., 2002; WMO, 2007, 2011). UNEP (2010) concluded that even when added to existing
amounts from natural sources, risks from TFA (and the more toxic monofluoroacetic acid (MFA)) from
halocarbons to humans and organisms in the aquatic environment are judged to be negligible. Nonetheless,
there remains significant uncertainty about the potential effects of TFA in the future environment.

5.2.6 Nitrous Oxide, Methane, and Carbon Dioxide

Any future changes in halogen concentrations will be taking place against the backdrop of other
atmospheric changes. From a stratospheric chemistry and circulation standpoint, the most important direct
changes are likely to be those of CHy4, N,O, and CO, (also see Chapters 2 and 4). The concentrations of
these gases have changed and are continuing to change as a result of human activities (IPCC, 2013).
Continued changes in the stratospheric concentrations of these gases will lead to changing odd hydrogen
(HOy) and NOy concentrations during the period that halogen levels are falling. At the same time,
continued increases in the CO, concentrations will lead to stratospheric cooling, which will slow the
ozone chemical loss rates. Increases in CO; also are projected to cause a strengthening of the stratospheric
Brewer-Dobson circulation, which will redistribute ozone.

In general the chemical effects of these three gases occur in different locations in the stratosphere,
but overall the increases in CH4 and CO, will have the opposite effect on stratospheric ozone as that of
N,O. Future ozone levels will be strongly dependent on the actual future emissions and concentrations of
these gases. How ozone will change as the future concentrations of these gases change is explored in
Section 5.4 (see also Section 2.4).

5.2.7 Stratospheric Water Vapor

Stratospheric water vapor is critically important for the gas-phase chemistry, the particle
distribution, and the radiative balance of the stratosphere. The large majority of stratospheric water vapor
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enters the stratosphere in the tropics in the form of either CH, or H,O. However, it can also enter the
lowermost stratosphere through mixing processes around the extratropical tropopause. One such process is
direct injection through midlatitude convection. Increased midlatitude convection could thus result in
increased injection of water vapor and a greater occurrence of ice crystals. While EESC remains high, there
is thus a chance of enhanced chemical destruction of ozone by catalytic halogen chemistry on these
additional surfaces (Anderson et al., 2012). The comprehensive measurements by the Aura Microwave
Limb Sounder (MLS) satellite instrument (Schwartz et al., 2013) confirmed that the lower stratosphere over
North America is episodically moist (as seen in the aircraft campaigns reported in Anderson et al., 2012).
However, Schwartz et al. (2013) caution that chemical ozone depletion as a result of convectively enhanced
H,O0 of the scale suggested by Anderson et al. (2012) does not seem readily apparent or likely in the current
stratosphere; moreover, dilution effects from low O; values lofted by tropospheric air would complicate the
detection and attribution issues. Comparison of the Aura MLS observations with the CLaMS model
(Chemical Lagrangian Model of the Stratosphere) further suggest that the annual cycle in water above 360
K at northern midlatitudes is dominated by horizontal transport of water vapor from low latitudes (Ploeger
et al., 2013). The importance of northern midlatitude convection in the lower stratosphere is therefore
unclear. Two points can be made with confidence: any chemical ozone depletion (i) is already included in
the changes seen in the existing observational record; and (ii) will continue to reduce as EESC decreases.

Future stratospheric water vapor levels will be affected by any changes in the amount of water
entering the stratosphere in the tropics. This could occur through changes in the large-scale structure of
the tropical tropopause layer (Davis and Rosenlof, 2012; Randel and Jensen, 2013); and in the strength of
the vertical transport of tropospheric air associated with features such as the Asian monsoon anticyclone
(Ploeger et al., 2013). Such changes are included implicitly in the discussions in Sections 2.4 and 3.5.
Given the uncertainties in possible future changes of stratospheric water vapor, the effect on ozone
depletion is not investigated further with the simple models in this chapter.

Finally, it has been proposed that the observed correlation between stratospheric water levels and
higher tropospheric temperatures implies a positive feedback of stratospheric water vapor on climate, with
one-third of the feedback resulting from increases in water vapor entering the stratosphere in the tropics
and the rest occurring from increases entering through the extratropical tropopause (Dessler et al., 2013).

5.2.8 Stratospheric Aerosols

Stratospheric aerosols can have a significant influence on stratospheric ozone (e.g., Solomon et
al.,, 1996; Chapter 2). The stratospheric aerosol layer has been increasing during the volcanically
quiescent period of 2000-2009 by ~3.8% (Nagai et al., 2010). This has been shown to have a direct
climate impact (Solomon et al., 2011). The increase is probably caused by the cumulative effect of minor
volcanic eruptions with subsequent transport of sulfur dioxide (SO,) into the stratosphere (Vernier et al.,
2009; Neely et al., 2013). The impact of tropospheric pollution is now thought to be small (Siddaway and
Petelina, 2011; Vernier et al., 2011; Section 8.4.2.2 in IPCC, 2013; Chapter 4). Changes in anthropogenic
carbonyl sulfide (COS) emissions could also affect future background aerosol levels (Briihl et al., 2012).
Other than in the discussion on geoengineering below, the effect on stratospheric ozone of possible
changes in the stratospheric aerosol layer is not considered further in this chapter and so represents a
source of uncertainty in the results presented.

5.2.9 Other Proposed Influences on Stratospheric Ozone

AVIATION

Since WMO (2011), studies have continued toward understanding the effects of emissions from
commercial aviation on ozone in the upper troposphere and lower stratosphere (UTLS) and on climate
(e.g., see Brasseur et al., 2013, Holmes et al., 2011; Lee et al., 2009). Aircraft emit gases and particles
into the atmosphere, especially in the region of the UTLS. These emissions include carbon dioxide,
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nitrogen oxides, water vapor, sulfates, and soot. The gases and soot tend to have a positive radiative
forcing (RF), a surface warming effect, while other particles like sulfates produce a negative RF, a surface
cooling effect. NOy produces ozone in the UTLS that then leads to additional OH production in the
troposphere and a resulting decrease in methane. Current commercial aviation emissions are estimated to
increase UTLS ozone at northern midlatitudes by 5-7% (2.3-9.1% in the range of models from recent
studies: Olsen et al., 2013; Brasseur et al., 2013; Skowron et al., 2013). The net effect on the total ozone
column, however, is small, an increase of less than 0.3% globally- and annually-averaged. By 2050,
current studies using a scenario that includes technology advances in aviation efficiency suggest the effect
of aviation on UTLS ozone could increase to as much as 11% (Olsen et al., 2013; Brasseur et al., 2013).
The effect on the total ozone column remains small (<1%).

Supersonic aircraft fly at higher altitudes, where they emit NO, and H,O into the stratosphere at
altitudes where they can be mixed upwards and globally (instead of being flushed out of the lowermost
stratosphere within a season as for subsonic aircraft). Thus high-flying supersonic aircraft can have
potentially much greater impacts on ozone and climate forcing. There are no current plans for
development of commercial supersonic aircraft, although the technology for supersonic business jets is
continuing to be developed, and future growth should be monitored.

ROCKETS AND SUB-ORBITAL VEHICLES

WMO (2011) raised the potential importance of emissions from rockets. Cryogenic rocket
engines using liquid oxygen and liquid hydrogen produce water and nitric oxide. Solid rocket motors
(SRMs) have emissions of hydrochloric acid (HCI) and alumina (Al,O3) and so have more impact on
ozone than the cryogenic engines. These SRM emissions can lead to destruction of the ozone in the
rocket exhaust plumes (Ross et al., 2009; Voigt et al., 2013). The present-day loss in the globally
averaged total ozone column due to these rockets is estimated at ~0.03%, insignificant compared to other
processes (Ross et al., 2009). It would take a large increase in the frequency of launches for the impact
on ozone to become significant compared to the impacts of other influences. A recent forecast for the
commercial sector (currently about 25% of the total) is an increase from about 20 to 30 launches per
year (FAA, 2013).

A number of suborbital, reusable vehicles (SRV) are being developed for use for satellite
launches and/or for passengers. It is still early in the development of these technologies and so it is hard
to predict future usage and growth in the number of launches. One study developed three scenarios
(baseline, constrained, and growth) based on different assumptions about cost, level of consumer
interest, and governmental/industrial demand (FAA, 2013). In these scenarios, the number of flights ten
years after the first year of regular SRV operation ranged from about 250 to 1600. Newer propellants are
being considered in the private space market, many of which are liquid oxygen (O,) with alcohol (FAA,
2011). The effect on stratospheric ozone will depend on the number of launches, the propellant used, and
the flight profiles. Few studies have addressed the effects of these vehicles and their potential
environmental impacts.

GEOENGINEERING OF CLIMATE

A variety of ideas have been proposed to mitigate the climate effects of rising greenhouse gases
concentrations (geoengineering). One of these, the creation of additional particles in the stratosphere,
would directly impact stratospheric ozone (Tilmes et al., 2008, 2009). Other methods have indirect effects
on stratospheric ozone and are not considered further here.

Stratospheric particles reflect a small amount of the incoming solar radiation back to space, and
so lead to a reduction in the incident solar energy reaching the Earth and a resultant surface cooling. An
enhancement of the stratospheric particle layer, e.g., following volcanic eruptions, increases this cooling
effect. The effect is well established, because the surface of the Earth is observed to cool as a result of the
high sulfate aerosol loading in the years following major volcanic eruptions (WMO, 2011; Graf et al.,
1998; Free and Lanzante, 2009; IPCC, 2013), although it has recently been suggested that the volcanic
response may have been overestimated by as much as a factor of two (Canty et al., 2013).
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Increases in stratospheric particles affect the radiative balance in the stratosphere, with
consequent changes in the dynamics and in the chemistry (through changes in photolysis rates). In
addition, stratospheric chemistry is perturbed by heterogeneous reactions that occur on particle surfaces,
with impacts on the HOy, NO,, ClO,, and BrO, chemical cycles. Three-dimensional models have
individually simulated the stratospheric response following the Mt. Pinatubo eruption (the best observed)
with some success (e.g., Heckendorn et al., 2009; see also Chapter 2, Section 2.3.4). However, the large
inter-model variation in the dynamical response to forcings (SPARC CCMVal, 2010) limits our
confidence in the predictive capability of the current models.

The main type of artificial perturbation that has been considered is an augmentation of the
background sulfate aerosol layer through the injection of sulfur (Crutzen et al., 2006; Wigley, 2006;
WMO, 2011). The observed changes with volcanic eruptions give confidence in our qualitative
understanding of the impacts of elevated sulfate aerosol. However, quantitative studies are limited to date.
Recent modeling studies of an artificially perturbed stratospheric aerosol layer have concentrated on
scenarios defined in the Geoengineering Model Intercomparison Project (GeoMIP) (Kravitz et al., 2011),
with nearly all GEOMIP studies to date focusing on impacts on climate rather than stratospheric ozone.
Results from four models using the two GEOMIP scenarios that include stratospheric aerosol (Pitari et al.,
2014) indicate reductions in total column ozone of a few percent, with the larger losses at high latitudes,
consistent with earlier studies based on different scenarios (Heckendorn et al., 2009; Tilmes et al., 2009).
The chemical ozone loss is calculated to decrease as the availability of ClOy and BrO, decreases. This
effect may be offset by any increase in the input of chlorine- and bromine-containing VSLS into the
stratosphere (Tilmes et al., 2012; see Section 5.2.4).

Consideration is also being given to particles with different optical properties that could
substantially increase the amount of light scattered back to space thereby reducing the mass required for
injection (Katz, 2011) or that reduce the absorption of solar radiation by the particles hence leading to a
reduced impact on the stratospheric circulation (Ferraro et al., 2011). Such particles could be more
effective in producing a surface cooling than sulfate aerosol. The heterogeneous chemistry occurring on
the surface of new particles is poorly known (Pope et al., 2012). The surface coating of a particle and how
it evolves under stratospheric conditions will be important for the heterogeneous reaction rates. For
example, a coating of sulfuric acid (H,SO,) on a particle’s surface would tend to make the heterogeneous
chemistry that occurs more like that of sulfate aerosol. However, the effect on the optical properties
would likely be small. If the particles became significantly larger, the sedimentation rate would in general
increase and the stratospheric lifetime would shorten.

In our discussion, we have not considered other potential effects of the stratospheric particle
geoengineering approach on climate and other aspects of the environment. Overall the gaps in our current
understanding of the full impacts of possible geoengineering approaches on stratospheric ozone preclude
us from making a full assessment with confidence. Thus, there is still the potential for significant risks to
the ozone layer, both known and unknown, from solar radiation management through the use of
stratospheric particles.

POLAR OzONE DEPLETION BY COsMIC RAYS

A series of papers (most recently Lu (2013, 2014)) have repeated the hypothesis that cosmic rays
can promote the breakdown of organic and inorganic halogenated compounds, including CFCs, on ice and
other stratospheric particles in polar regions, with the resulting chlorine compounds playing the dominant
role in polar ozone loss. The recent papers have been published despite a number of previous papers
showing that this hypothesis is inconsistent with established knowledge of the stratosphere (Harris et al.,
2002; Patra and Santhanam, 2002; Groof3 and Miiller, 2011; Miiller and GrooB3, 2014 and references
therein). Lu (2013) and his earlier papers rely principally on correlations of observed variables (e.g.,
ozone, temperature, cosmic ray flux) with no quantitative evidence that the proposed mechanism makes a
significant difference to the well established understanding of polar ozone loss based on mechanisms
demonstrated in laboratory and field measurements as well as model studies (e.g., see Chapter 3). Among
other things there is no evidence that the hydrophobic CFC-11 or CFC-12 molecules are absorbed into the
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particles in large enough amounts for cosmic-ray-produced electrons to dissociate them (Harris et al.,
2002). Nor can the mechanism explain the observed distributions and correlations of long-lived trace
gases such as the CFCs, N,O, and CH4 which show that CFC depletion occurs in the middle and upper
stratosphere at low and midlatitudes and not in the polar lower stratosphere (GrooB and Miiller, 2011).
The fundamental problem with the hypothesis is that it ignores most of the work that has been done over
the last 30—40 years as reported in the series of WMO Assessments prepared in support of the Montreal
Protocol. This hypothesis should be rejected.

5.3 METRICS FOR CHANGES IN OZONE AND CLIMATE

For the purpose of this Assessment, metrics are defined as tools used for quantifying and
comparing impacts of emissions from human activity. Typically they aggregate and simplify complex
information about different gases, placing them on a common scale to simplify comparison of impacts.
Metrics such as Equivalent Effective Stratospheric Chlorine (EESC) and Ozone Depletion Potentials
(ODPs) have proven to be important tools in policy considerations for stratospheric ozone (see Box 5-2),
while other metrics, including radiative forcing (RF) and Global Warming Potentials (GWPs), have
proven to be useful tools in climate-policy-related studies (see Box 5-3). These metrics have all been used
in past assessment of ozone and climate including the WMO Assessments. In addition, newer metrics,
such as Global Temperature change Potentials (GTPs), are introduced in the discussion below.

One advantage of metrics is that they are straightforward to communicate. Some of these metrics
express the integrated impact of a given gas relative to that for the release of the same mass of a reference
compound (generally CFC-11 for ODPs and CO, for GWPs and GTPs). For these metrics using such
relative indices, some uncertainties in translating emissions into absolute environmental impacts tend to
cancel, and the relative benefits of controlling emissions of different gases are highlighted. However, it
should be recognized that the metrics discussed here do not represent the full complexity of the chemistry
and physics of the atmosphere (e.g., where and when the ozone depletion occurs). Their simplicity means
some caution is required when interpreting the values derived (e.g., how much are these values dependent
on the background atmosphere assumed in their derivation). Nonetheless, ODPs and GWPs have found
widespread use in national regulatory actions and in international agreements such as the Montreal
Protocol and the Kyoto Protocol.

5.3.1 Metrics for Changes in Ozone

Box 5-2 (next page) summarizes the basics of metrics used for describing changes in ozone,
namely, Equivalent Effective Stratospheric Chlorine (EESC) and Ozone Depletion Potentials (ODPs).

UPDATING THE EVALUATION OF ODPs

There have been only a few published updates on ODP values since the last Assessment, with most
of those concerning VSLS as discussed below. Papanastasiou et al. (2013) provide analyses of updated semi-
empirical ODPs for several bromine-containing compounds (halon-1202, -1211, and -2402) using updated
lifetimes computed with the NASA GSFC 2-D atmospheric model (Fleming et al., 2011). Their analyses
produced somewhat different ODP values compared to WMO (2011): 1.95 for halon-1202 vs. 1.7 in WMO
(2011), 8.1 for halon-1211 vs. 7.9 in WMO (2011), and 18.4 for halon-2402 vs. 13.0 in WMO (2011).

New scientific results affect the earlier ODPs, especially from the reanalysis of atmospheric
lifetimes in SPARC (2013). The revised SPARC (2013) recommended lifetimes are based on calculations
with atmospheric chemical transport models, analysis of observations at the surface and in the stratosphere,
laboratory analysis of chemical reactions and photolysis rates, and on inverse modeling. In addition, the
SPARC report provides uncertainties in the lifetimes of major halogenated ODSs. The uncertainties in the
lifetimes are considerable, ranging from 3% to 33% (one standard deviation, lo; also see Velders and
Daniel (2014) for further discussion on these uncertainties). The SPARC (2013) atmospheric lifetimes are
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Box 5-2. Metrics for Ozone: The Basics

Equivalent Effective Stratospheric Chlorine (EESC)

EESC is a sum of the time-dependent chlorine and bromine derived from ODS tropospheric
abundances, weighted to reflect their potential influence on ozone. EESC has become a standard
benchmark for estimating ozone depletion relative to a base period, usually taken as 1980 (a time before
major ozone depletion). EESC relates surface mixing ratios of chlorine- and bromine-containing ODSs
to the stratospheric inorganic chlorine and bromine released from these gases in key regions of the
stratosphere and thus to the amount of ozone they will destroy (Daniel et al., 1995; WMO, 1995, 1999,
2003, 2007, 2011; also see Chapter 1). EESC also accounts for the larger efficiency of bromine to
destroy stratospheric ozone compared to chlorine (on a per-atom basis) and that different source gases
release their chlorine and bromine at different rates and geographic locations. EESC has been
reformulated (Newman et al., 2007) to account for the age-of-air spectrum and the age-of-air dependent
fractional release values. Not only does this increase its accuracy, but EESC can also then be derived for
various latitudes, including effects at midlatitudes or in the Antarctic vortex (Newman et al., 2009;
WMO, 2011). The changes in integrated EESC and the date when EESC returns to 1980 levels have
both been used in the previous WMO Assessments to quantify the relative impacts of future emissions of
ODSs. In Section 5.4, EESC is used in the evaluation of scenarios for various assumptions about future
emissions of halocarbons.

The EESC concept has been further revised (Daniel et al., 2010) to account for the effects of
nitrous oxide (N,O), the primary source for nitrogen oxides (NOx = NO + NO,) in the stratosphere. If
this can be done accurately, it is useful because N,O is increasing and is projected to continue to do so in
the future. The NOx produced from N,O chemistry not only destroys ozone itself, it also reduces the
efficiency of chlorine and bromine in destroying ozone by tying up these halogens in chlorine nitrate
(CIONO,) and bromine nitrate (BrONQO;) reservoir gases. Projected decreasing levels of reactive
chlorine (Cly) similarly ties up less reactive nitrogen (NOy; note that reactive nitrogen does not include
N;O, only the more reactive forms of atmospheric nitrogen) in CIONO,, especially in the lower
stratosphere, increasing the efficiency of N,O to destroy ozone at those altitudes (Ravishankara et al.,
2009). However, there is also a decreasing efficiency of N,O in ozone depletion in the future climate due
to the projected CO,-induced cooling of the stratosphere and enhancement of the stratospheric
circulation (Rosenfield and Douglass, 1998; Plummer et al., 2010). The expected decrease, by 2100, in
the effectiveness of a unit N,O emission to destroy ozone ranges from 10-20% (Daniel et al., 2010) to
50% (Plummer et al., 2010). Although these interactions will potentially lead to a complicated
relationship between EESC and ozone depletion, we investigate the usefulness of this effect in Section
5.4. Future changes in emissions of methane, as well as potential emissions of other gases and particles,
can further complicate the interpretation of EESC but are not considered in the EESC index at this time.

EESC is calculated as in previous Assessments. The only difference between the calculations in
WMO (2011) and those here is that we now use an age spectrum for both midlatitude (3-year mean age)
and Antarctic conditions (5.5-year mean age), while a full age spectrum was not used before. In both
cases, we assume the width of the spectrum is equal to half of the average age (Newman et al., 2007). A
complete discussion of the other aspects of the EESC calculation can be found in Chapter 5 of WMO
(2011). As in that Assessment, we assume the relative impact of bromine compared to chlorine for ozone
destruction, typically referred to as alpha (o), is 60 at midlatitudes and 65 in polar regions.

Ozone Depletion Potentials (ODPs)

The concept of Ozone Depletion Potentials (ODPs) (Wuebbles 1981, 1983; Solomon et al. 1992;
the various WMO Assessments) arose as a means of determining the relative ability of a chemical to
destroy ozone. Steady-state ODPs are defined as the change in global ozone for a sustained unit mass
emission of a specific compound relative to the change in global ozone for the sustained unit mass
emission of CFC-11 (CFCl;). This is equivalent to assuming an infinitesimal emission pulse and
integrating over the entire decay of the compound. ODPs are an integral part of national and international
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Box 5-2, continued.

considerations on ozone-protection policy, including the Montreal Protocol and its Amendments. ODPs
provide an important and relatively straightforward way of analyzing the potential for a new chemical to
affect ozone relative to the chlorofluorocarbons (CFCs) and other chlorine-, bromine- and iodine-
containing halocarbons. It is also now being applied to non-halogenated compounds like nitrous oxide
(N,O) (Ravishankara et al., 2009; Fleming et al., 2011; WMO, 2011) and methane (CH,4) (Fleming et al.,
2011). ODPs are currently determined by two different means: calculations from chemical transport
models (CTMs) of the global atmosphere, and the semi-empirical approach that depends primarily on
observations rather than models (Solomon et al., 1992; WMO, 2003, 2007, 2011). Both approaches have
been shown to give very similar ODP values in previous Assessments.

Advantages and disadvantages of using ODPs have been discussed in the prior WMO
Assessments. Because ODPs are defined relative to the ozone loss caused by CFC-11, it is generally
thought that the ODP values demonstrate less sensitivity to photochemical modeling errors than do
absolute ozone loss calculations, but this is only strictly true for other chlorine-containing compounds
with similar atmospheric lifetimes. Interpretation of non-halocarbon ODPs could be particularly
problematic. For example, ODPs are normally derived relative to the current atmosphere, but there could
potentially be some differences in values if they were calculated relative to a future atmosphere with
different background composition, temperatures, or circulation.

Originally, the evaluation of ODPs was conducted largely for chemicals with atmospheric
lifetimes sufficiently long (> ~1 year) that they are well mixed throughout the troposphere after surface
release, and a significant portion of the surface emissions can still reach the stratosphere. However, many
of the compounds being considered either for new applications or as replacements for substances
controlled under the Montreal Protocol are now designed to be very short lived, on the order of days to a
few months, so as to reduce the impacts on ozone and climate. Many of these very short-lived substances
(VSLS) still contain chlorine, bromine, or iodine, and can be vertically transported into the lower
stratosphere particularly through the tropical troposphere. A major complication with VSLS is that the
compounds can decompose into inorganic halogen compounds in the uppermost tropical troposphere, and
hence an important uncertainty is the degree to which the inorganic halogens (e.g., HBr, HOBr) are
scavenged during the removal of water vapor in ascent. Another issue is that basic assumptions of
referencing to CFC-11 to cancel transport and other errors in the model clearly break down since the
chemical removal processes are so different; nonetheless there is high value for policymakers in being
able to use the modified form of the ODP concept for VSLS.

Due to the difficulties in calculating the dynamical and chemical processes affecting such short-
lived compounds, three-dimensional (3-D) models fully representing the troposphere and stratosphere
need to be used to predict the halogen loading and resulting effects on global ozone. As a result, the
definition of ODPs has been revised for VSLS (Wuebbles et al., 2001; WMO, 2003, 2011; Pisso et al.,
2010). The ODPs derived for VSLS now account for variations that can occur in the ODP as a function of
where and when (geographic location and time of year) the compound is emitted. The most important
factor in evaluating the ODP of VSLS is shown to be geographical distribution, or latitude, of the surface
emissions because gases emitted at higher latitudes are less likely to reach the stratosphere before
destruction than gases emitted in the tropics (Bridgeman et al., 2000; Olsen et al., 2000; Wuebbles et al.,
2001). The discussion of updates to ODPs thus reflects this change in definition for VSLS.

compared to those from WMO (2011) in Table 5-1 (also see discussion of atmospheric lifetimes in Chapter
1). There are a number of differences, but the most important one to the derivation of ODPs is the change in
lifetime of CFC-11 from 45 years to 52 years (+15%); CFC-11 is in the denominator in ODP derivation, so
this change in lifetime decreases the values of all ODPs in WMO (2011) by 15%. Revisions in the lifetimes
for other gases produce the other differences found in ODP values for “This Assessment” found in Table 5-2.

The age-of-air spectrum from Newman et al. (2007) and the age-of-air dependent fractional
release factors (FRFs, defined as age of-air-dependent ODS decomposition rates; also see Chapter 1) from
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Table 5-1. Atmospheric lifetimes and fractional halogen release factors relative to WMO (2011) for
long-lived halocarbons. In this Assessment, lifetimes are based on SPARC (2013). Fractional release
factors (midlatitude conditions) used in this Assessment are based on the previous Assessment (WMO,
2011), but we also show in the table those for the 10 compounds updated in Laube et al. (2013) using a
mean age of air of 3 years. Lifetime uncertainties are based on SPARC (2013) lifetimes as evaluated by

Velders and Daniel (2014). Also see Chapter 1 for further discussion on atmospheric lifetimes.

Halocarbon Atmospheric Lifetime Fractional Release Factors
(years)
WMO This Lifetime This Laube et al.
(2011) Assessment  ypcertainty (1G)° Assessment (2013)
Annex A-I1
CFC-11 45 52 +22% 0.47 0.35
CFC-12 100 102 +15% 0.23 0.19
CFC-113 85 93 +17% 0.29 0.22
CFC-114 190 189 +12% 0.12
CFC-115 1020 540 +17% 0.04
Annex A-II
halon-1301 65 72 +13% 0.28 0.26
halon-1211 16 16 +29% 0.62 0.52
halon-2402 20 28 +19% 0.65
Annex B-I1
CClL, 262 26% +17% 0.56 0.42
Annex B-111
CH;CCl; 5.0 502 +3% 0.67 0.61
Annex C-I
HCFC-22 11.9 12 +16% 0.13 0.07
HCFC-123 1.3
HCFC-124 5.9
HCFC-141b 9.2 9.4 +15% 0.34 0.17
HCFC-142b 17.2 18 +14% 0.17 0.05
HCFC-225ca 1.9
HCFC-225¢cb 5.9
Annex E
CH;Br 0.752P 082 £17% 0.60
Others
halon-1202 2.9 2.5 +33% 0.62
CH;Cl 1.0% 0.9° +£18% 0.44

a

Losses due to oceanic and soil processes are taken into account using values from WMO (2011). The partial lifetime for CCl,
is 44 years for atmospheric loss (from SPARC, 2013) and is assumed to be 95 years for oceanic loss and 195 years for soil
loss for a total lifetime of 26 years. The partial lifetime for CH;CCl; is 5.0 years for atmospheric loss (from SPARC, 2013).
The total lifetime for CH;Br is 1.5 years for atmospheric loss (from SPARC, 2013), 3.1 years for oceanic loss, and 3.3-3.4
years for soil loss. The partial lifetime for CH;Cl is 1.3 years for atmospheric loss (from SPARC, 2013) and 3 years for
oceanic and soil loss.

In Table 5-1 a lifetime of 0.7 years is reported. In the scenarios calculations, however, a value of 0.75 years is used to be
consistent with natural emission estimates from WMO (2011).

These are 1-c lifetimes, taken from Velders and Daniel (2014), which are calculated when only the uncertainties in the
atmospheric loss rates (inverse of the atmospheric lifetime) from SPARC (2013) are taken into account. A 1-c uncertainty
implies that there is an approximately 68% chance that the actual lifetime will fall within that range. The exclusion of other
loss rate uncertainties is relevant for CCly, for which the uncertainty could change if the uncertainty in the partial lifetime due
to oceanic loss (82-191 years (WMO, 2011)) would be taken into account.
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Newman et al. (2006) were used in WMO (2011) for discrete ages-of-air for midlatitude (3 year) and
Antarctic (5.5 year) conditions. A new analysis of the FRF for ten ODS by Laube et al. (2013) gives
values that are on average about 20% smaller than those derived by Newman et al. (2006) (see
comparison in Table 5-1). These have not been adopted for this Assessment although their effect on ODP
values is considered in the following discussion and in Chapter 1.

In Table 5-2, the steady-state semi-empirical ODPs for longer-lived halocarbons (those with an
atmospheric lifetime greater than 0.5 year) are shown using the atmospheric lifetimes from WMO (2011)
and those derived using the lifetimes from SPARC (2013). In general the derived ODP values in Table 5-
2 are almost all smaller numerically (ranging from no change (for carbon tetrachloride, CCl) to more
than a factor of two smaller (for CFC-115), with most smaller by 10-30% than the values reported in
WMO (2011), as expected given the longer lifetime for CFC-11. The one major exception is halon-2402,
for which the lifetime in SPARC (2013) is appreciably longer than in WMO (2011).

The use of the Laube et al. (2013) FRFs also affects the semi-empirical ODPs, as shown by the
values in parentheses in Table 5-2 (based on Velders and Daniel, 2014). Using both the lifetimes from
SPARC (2013) and the fractional release values from Laube et al. (2013) results in small changes in ODPs
of most species compared with the values reported in WMO (2011). The ODPs of the HCFCs show larger
changes: the ODP of HCFC-22 decreases by 37%; that of HCFC-141b, by 40%; and that of HCFC-142b,
by 64%. ODPs calculated from the fractional release values of Laube et al. (2013) and using the SPARC
(2013) lifetimes are consistent with the assessed values in the Montreal Protocol and WMO (2011) except
for HCFC-22, HCFC-141b, and HCFC-142b, all of which have much smaller values using the Laube et al.
fractional release values. Uncertainties in the atmospheric lifetimes, the fractional release values, and
atmospheric chemistry generally result in overall uncertainties on the order of 30% for the CFCs and CCl,,
but are much higher for HCFCs and halons (roughly 55-58% for the HCFCs and halon-1301 to over 80%
for halon-1202 and halon-1211), based on analyses by Velders and Daniel (2014). The 95" percentile
confidence intervals are also shown in the table, as taken from Velders and Daniel (2014). They are shown
when using the “most likely” and “possible” lifetime uncertainty ranges as presented in SPARC (2013).

Table 5-3 shows analyses of the spatial dependence in ODPs for VSLS primarily based on results
using different versions of the National Center for Atmospheric Research (NCAR) global 3-D model
(Wuebbles et al., 2009, 2011; Patten and Wuebbles, 2010; Youn et al., 2010; Patten et al., 2011). Note that
this model calculates an atmospheric lifetime of 53.7 years for CFC-11, so the published ODPs would not
be significantly affected by the revised SPARC (2013) lifetime for CFC-11. In these studies, the VSLS
examined all have quite small ODPs based on emissions occurring primarily at midlatitudes. New
approaches for estimating VSLS ODPs have been developed since WMO (2011) based on Lagrangian
models (Tegtmeier et al., 2012; Pisso et al., 2010; Brioude et al., 2010), with findings similar to previous
studies, except for emissions in the tropics, where a different treatment of convection may allow for more
VSLS (and their products) to reach the stratosphere.

In addition to these lifetime estimates, Patten and Wuebbles (2010) evaluated the lifetimes and
ODPs of (£E)-1-chloro-3,3,3-trifluoropropylene ((£)-CHCI=CHCF;, HCFC-1233zd(£)) and (£E)-1,2-
dichloroethylene ((£)-CHCI=CHCI), assuming industrial emissions were to occur over all land surfaces in
the latitude range 30°N to 60°N. These compounds are proposed foam blowing agents and electronic
cleaning substances. Based on 3-D chemical transport model (CTM) calculations, the atmospheric
lifetime of HCFC-1233zd(E) was 40 days with an ODP of 0.00034. The model-calculated lifetime is
shorter than the boundary layer local lifetime given in Table 1-11 (250 days) and longer than the 26-day
lifetime reported in Sulbaek Andersen et al. (2008) that was calculated using a specific OH concentration.
For (E)-CHCI=CHCI the calculated lifetime and ODP were 12.7 days (6.7-day local lifetime in Table 1-
11) and 0.00024, respectively. Patten et al. (2011) evaluated the lifetime and ODP of 2-bromo-3,3,3-
trifluoropropene (CH,=CBrCF;), a suggested halon replacement for use in fire extinguishers. They
reported a global annually averaged lifetime of 7 days and an ODP of 0.0028, when emissions were
distributed between 30°N to 60°N, compared to the 3.9-day local lifetime given in Table 1-11. The
differences in the model-calculated and estimated local lifetimes given in Table 1-11 highlight the
dependence on the OH climatology used for the lifetime estimate.
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Table 5-2. Ozone Depletion Potentials (ODPs) for long-lived halocarbons. Shown are the ODP values
assumed in the Montreal Protocol, the ODPs updated in the previous Assessment (WMO, 2011), and the
values determined in this Assessment based on the atmospheric lifetimes from SPARC (2013). Values
shown as “This Assessment” are based on the fractional release factors from WMO (2011). The ODPs in
parentheses are those using the fractional release factors from Laube et al. (2013). In general the derived
ODP values in the Assessment are almost all smaller numerically (ranging from no change (for carbon
tetrachloride, CCl4) to more than a factor of two smaller (for CFC-115), with most smaller by 10-30% than
the values reported in WMO (2011), as expected given the longer lifetime for CFC-11. The one major
exception is halon-2402, for which the lifetime in SPARC (2013) is appreciably longer than in WMO (2011).

Halocarbon ODP in Semi-Empirical ODP Uncertainties
Montreal (95% confidence interval)
Protocol (from Velders and Daniel, 2014)
WMO This Possible (%) Most Likely (%)
(2011) Assessment
Annex A-I
CFC-11 1.0 1.0 1.0
CFC-12 1.0 0.82 0.73 (0.81) 34% 30%
CFC-113 0.8 0.85 0.81 (0.82) 34% 30%
CFC-114 1.0 0.58 0.50 37% 30%
CFC-115 0.6 0.57 0.26 34% 32%
Annex A-II
halon-1301 10.0 15.9 15.2 (19.0) 61% 57%
halon-1211 3.0 7.9 6.9 (7.7) 90% 82%
halon-2402 6.0 13.0 15.7 80% 71%
Annex B-11
CCly 1.1 0.82 0.72 (0.72) 34% 30%
Annex B-III
CH;CCl; 0.1 0.16 0.14 (0.17) 52% 36%
Annex C-1
HCFC-22 0.055 0.04 0.034 (0.024) 69% 58%
HCFC-123 0.02 0.01
HCFC-124 0.022
HCFC-141b 0.11 0.12 0.102 (0.069) 68% 57%
HCFC-142b 0.065 0.06 0.057 (0.023) 67% 56%
HCFC-225ca 0.025
HCFC-225¢b 0.033
Annex E
CH;Br 0.6 0.66" 0.57 78% 69%
Others
halon-1202 < 1.7 96% 88%
CH;C1 0.02 0.015

* This value was based on the lifetime of CH;Br of 0.8 year shown in the ODP table in WMO (2011).
* The value of 2.2 in Velders and Daniel (2014) is attributed to WMO (2011); the value was not in Table 5-1 of WMO
(2011) but can be inferred from the fractional release and lifetimes shown in that table.
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Table 5-3. Ozone Depletion Potentials (ODPs) for emissions from given latitude bands over land
for short-lived halocarbons (very short-lived substances, VSLS) based on analyses from 3-D
models. ODPs are from the papers, but modeled lifetimes for CFC-11 were similar to the SPARC (2013)
values, so no correction was necessary. See Chapter 1, Table 1-5, for local lifetimes of such VSLS.

VSLS Reference Latitudes of Reported Annual ODPs
Emissions Lifetimes (days)
nPB ' Wauebbles et al. (2009, 2011)  30°N — 60°N 24.7 0.0049
60°S — 70°N 19.6 0.011
TCE? Wuebbles et al. (2011) 30°N — 60°N 13.0 0.00037
PCE’ Wuebbles et al. (2011) 30°N — 60°N 111 0.0050
BTP * Patten et al. (2011) 30°N — 60°N 7.0 0.0028
60°S — 60°N 43 0.0052
HFO-1233zd >  Patten and Wuebbles (2010)  30°N — 60°N 40.4 0.00034
tDCE ° Patten and Wuebbles (2010)  30°N — 60°N 12.7 0.00024
CF;1’ Youn et al. (2010) 30°N — 60°N 5.0 0.008
20°S - 20°N 1.1 0.016
CH5I ® Youn et al. (2010) 30°N — 60°N 13.6 0.017
CH,Br,’ Tegtmeier et al. (2012) 20°S — 13°N 120 3-4
CHBr; " Tegtmeier et al. (2012) 20°S — 20°N 26 1-5

' n-propyl bromide (C;H;Br)

2 trichloroethylene (C,HCl5)

3 perchloroethylene (C,Cly)

4 2-bromo-3,3,3-trifluoropropene (CH, = CBrCF;)

* (E)-1-chloro-3,3,3-trifluoropropylene ((E)-CHCI=CHCF;) (also called tCFP)
6 (E)--1,2-dichloroethylene ((E)-CHCI=CHCI)

” jodotrifluoromethane

8 methyl iodide

? dibromomethane

1% tribromomethane

Earlier studies (Wuebbles et al., 1999, 2001; Olsen et al., 2000; Bridgeman et al., 2000) have
shown that the ODPs for short-lived compounds depend greatly on when or where the emissions occur,
with the largest ODPs being found for emissions in the tropics. Although it is generally expected that
most emissions from anthropogenic emissions of VSLS will occur at northern midlatitudes, there is no
guarantee of this and the locations of future emissions could change. ODPs for tropical emissions of two
VSLS compounds from Tegtmeier et al. (2012) are also presented in Table 5-3. The compounds
examined, CH,Br, and CHBr;, are important contributors to lower stratospheric reactive bromine
(especially through natural oceanic sources, see Chapterl), and have large ODPs for emissions occurring
in the tropics.

The recent modeling studies also re-emphasize the point that VSLS ODPs are very dependent on
the location of emissions, and not just the latitude; for example, by co-location with efficient vertical
transport by deep convection into the stratosphere (semi-empirical ODPs as a function of specific
locations of emissions based on Brioude et al. (2010) are shown in Table 5-4). Brioude et al. (2010)
showed that these factors are more important than regional variations in VSLS losses by OH or
photolysis. Using CO-like emissions to represent anthropogenic VSLS, they estimated ODPs for various
compounds and found maximum ODPs over the Indian sub-continent varying from 0.079 in winter to
0.29 in summer for n-propyl bromide (C;H;Br or nPB) and from 0.13 in winter to 0.83 in summer for
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CH3;l. Pisso et al. (2010) applied their new methodology to an nPB-like tracer with a lifetime of 20 days.
They also found higher ODPs over southeast Asia in the summer (and over western Pacific in winter). In
July in the tropics (30°N-30°S), ODPs varied from 0.33 in runs with convection to 0.17 in runs with no
convection. Locally, values over southeast Asia are as high as 1.00. In general the results from these
Lagrangian studies predict higher ODPs regionally compared to the global model results. These
differences highlight uncertainties in simulating the transport of VSLS, with boundary layer mixing,
convection depth, and advection strength all possibly leading to local differences in VSLS delivery to the
stratosphere (e.g., see Hossaini et al., 2012b; Feng et al., 2011; Hoyle et al. 2011). The global model
studies (e.g., Wuebbles et al., 2011) used a full chemical treatment for VSLS and CFC-11 degradation in
the stratosphere and more realistic degradation and wet deposition schemes for VSLS in the troposphere
than the Lagrangian-based studies (e.g., Tegtmeier et al., 2012; Pisso et al., 2010), leading to less VSLS
reaching the stratosphere. Overall, these results point to potentially more important impacts from VSLS if
emissions occur in regions close to convective regions in the tropics.

Ravishankara et al. (1994) estimated that HFCs and other halocarbons with CF; groups, such as
HFC-23, -125, and -134a, could lead to ODPs of at most 0.0005 because of degradation product reactions.
While the fluorine in HFCs is largely thought to be inert to ozone, it can destroy a small amount of ozone
(Ravishankara et al., 1994). This can occur by (barely) catalytic cycles involving FO, = F + FO and
CF;0, = CF;0 + CF;0; + CF;0,NO, families (e.g., Lary, 1997). Recent updates to relevant reaction rates
suggest that the upper limits of the ODPs for such compounds are likely to be smaller (Sander et al.,
2011), indicating that these compounds (not containing chlorine, bromine, or iodine) are unlikely to have
a significant effect on stratospheric ozone.

Table 5-4. Estimated annual-mean Ozone Depletion Potentials (ODPs) for short-lived halocarbons
(very short-lived substances, VSLS) as a function of specific emissions location. The numbers in
brackets show the seasonal variability. These semi-empirical ODP estimates are based on the Lagrangian
model study of Brioude et al. (2010) (the numbers shown are from the Supplementary materials of the
published paper). The ODP estimates for CHBr; have been reduced by a factor of 3.1 compared with the
Brioude et al. (2010) Supplement values owing to an error discovered after publication.

Species North America Europe East Asia Indian Subcontinent
C.H<Br 0.1300 0.1100 0.2100 0.4600
Zaas [0.0780 — 0.2000] [0.0610 - 0.1700] [0.1000 - 0.3100] [0.3400 - 0.6300]
0.0035 0.0013 0.0052 0.0440
L OB, [0.0008 — 0.0077 [0.0006 - 0.0024] [0.0011-0.0130] [0.0130 - 0.0830]
n-C-H-Br 0.0235 0.0150 0.0420 0.1700
S50 [0.0150 — 0.0320] [0.0070 - 0.0260] [0.0190 - 0.0600] [0.0790 - 0.1300]
C.HCI 0.0004 0.0001 0.0006 0.0041
Lo [0.0001 — 0.0007] [0.0001 - 0.0002] [0.0002 - 0.0013] [0.0013 - 0.0079]
0.0008 0.0004 0.0014 0.0062
e [0.0005 — 0.0010] [0.0002 - 0.0008] [0.0007 —0.0022] [0.0026 —0.0110]
CHAI 0.0360 0.0140 0.0660 0.4200
E [0.0130 - 0.0650] [0.0072 - 0.0210] [0.0220 - 0.1500] [0.1300 - 0.8300]
CFA 0.0068 0.0034 0.0120 0.0940
2 [0.0022 - 0.0120] [0.0013 - 0.0061] [0.0020 - 0.0310] [0.0290 - 0.1900]
CAF-lI 0.0028 0.0015 0.0033 0.0390
el [0.0007 — 0.0064] [0.0005 - 0.0031] [0.0006 —0.0100] [0.0140 - 0.0670]
CH-CII 0.0047 0.0024 0.0051 0.0660
2 [0.0011 - 0.0110] [0.0007 —0.0050] [0.0009 — 0.0150] [0.0240 - 0.1100]
0.130 0.106 0.216 0.581
e [0.094 — 0.201] [0.074 - 0.158] [0.123 - 0.310] [0.387 - 0.806]
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5.3.2 Metrics for Changes in Climate

Box 5-3 summarizes the basics of metrics used for describing changes in climate, namely, Global
Warming Potentials (GWPs) and Global Temperature change Potentials (GTPs).

Box 5-3. Metrics for Climate: The Basics

Global Warming Potentials (GWPs)

Many metrics are based on the concept of radiative forcing (RF), which is itself a metric. RF has
been commonly used to compare different forcing agents (e.g., emissions of gases and particles) affecting
climate in assessments of climate change (e.g., IPCC, 1990, 1995, 1996, 1999, 2000, 2001, 2007, 2009,
2013). Traditionally, the use of radiative forcing as a metric has been based on there being a clear
relationship between the globally averaged forcing and the globally averaged annual mean surface
temperature response at equilibrium. [IPCC reports now also use Effective Radiative Forcing (ERF) to
compare different climate change mechanisms (Forster et al. in [IPCC 2007; Myhre et al., 2013). Forcings
can only be accurately compared in a global mean sense, and not all forcings necessarily have the same
efficiency or “efficacy” in causing climate to change. The [PCC 5™ Assessment Report accounts better for
the effects of efficacy by using the concept of ERF. For RF, all surface and tropospheric conditions are
assumed to be constant, while for ERF, all physical variables can respond to perturbations except for
those concerning the sea surface temperatures and sea ice. The basis for ERF is to account for the rapid
adjustments in the troposphere that occur in the climate system such as the effects on clouds. The
inclusion of these adjustments makes ERF a better indicator of the eventual temperature response,
especially from particles and other forcings on climate that have strong atmospheric responses on short
timescales or have large spatial variations. By including many of the rapid adjustments that differ across
forcing agents, the ERF concept includes much of their relative efficacy and therefore leads to more
uniform climate sensitivity across agents than the traditional RF concept (Myhre et al., 2013). Because the
rapid adjustments included in ERF differ in strength across climate models, the uncertainty range for ERF
estimates tends to be larger than the range for RF estimates (Myhre et al., 2013). Nonetheless, for well-
mixed gases, there is no significant difference between RF and ERF.

The Global Warming Potential (GWP) metric arose out of analyses done for the first [IPCC
Assessment and is still the most widely used emission metric and the general standard for metric
discussion in Climate Assessments (IPCC 1990, 1996, 1999, 2007). It represents the radiative forcing for
either pulse or sustained emissions above the current background levels by integrating the radiative
forcing over a specific time interval and comparing that integral to the forcing from an equal mass
emission of carbon dioxide. GWPs for different gases can be compared for evaluating their relative
potential for affecting climate over a given timescale. The Kyoto Protocol and other climate-related
policymaking also compares the effects of different emissions using GWPs with a 100-year time horizon,
effectively mapping all greenhouse gas emissions into “CO,-equivalent emissions.” It has become
common practice to use the 100-year time horizon for analyses of GWPs, but the choice of time horizon
has no direct scientific basis (IPCC, 1990; Wuebbles, 1995; Myhre et al., 2013). Its choice is a value
judgment since it depends on the relative weight assigned to effects at different times. Other important
choices include the background atmosphere underlying the GWP calculations, and the way indirect
effects and feedbacks are considered (Myhre et al., 2013).

Essentially, GWPs are a relative measure of the total energy added to the climate system by a
component in question relative to that added by CO,. The GWP is approximately equal to the ratio
(normalizing by the similar expression for CO,) of the equilibrium temperature response due to a
sustained emission of the species or to the integrated temperature response for a pulse emission
(assuming efficacies are equal for the gases that are compared) (Myhre et al., 2013; also see O’Neill,
2000; Prather, 2002; Peters et al., 2011; Azar and Johansson, 2012).
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Box 5-3, continued.

However, GWPs do not lead to equivalence with the temporal evolution of the temperature
response or that of other climate variables. As a result, despite its existing use in policy considerations,
there have been many critiques of the GWP concept. Metrics beyond radiative forcing and GWPs have
been proposed but have not yet been used for policy decisions. The most prevalently discussed alternative
metric is Global Temperature change Potential, also referred to as Global Temperature Potential (GTP).

Global Temperature change Potentials (GTPs)

The GTP metric (Shine et al., 2005; Shine et al., 2007) gives the relative temperature increase on
a per unit mass of emissions basis due to emissions of a greenhouse gas relative to that due to CO,
emissions for the chosen time horizon. GTP takes into account the thermal inertia and response of the
climate system, and provides a measure of the temperature responses of the different components for a
specific time horizon. GTP is an end-point measure based on temperature change for a selected year. As
with GWPs, the choice of time horizon has a strong effect on the metric. Like GWPs, GTPs can be used
for weighting the emissions to obtain “CO, equivalents.”

GWPs and GTPs are fundamentally different by construction (see Figure 5-1) and different
numerical values can be expected. By accounting for the climate sensitivity and the exchange of heat
between the atmosphere and the ocean, GTPs include physical processes that GWPs do not. GTPs
account for the slow response of the (deep) ocean, thereby prolonging the response to emissions beyond
what is controlled by the decay time of the atmospheric concentration. GTPs include both the atmospheric
adjustment timescale of the component considered and the response timescale of the climate system.
However, GTPs also incorporate extra uncertainties relative to GWPs from including the climate response
in the analysis, e.g., GTP values can be significantly affected by assumptions about the climate sensitivity
and heat-uptake by the ocean (also see discussion in Myhre et al., 2013). As such, GTPs are sensitive to
the specific climate model used in their derivation (e.g., see Olivié and Peters, 2013) and to the
background scenario used in the analyses. As a result, the relative uncertainty ranges are potentially much
wider for GTPs compared to GWPs.

Peters et al. (2011) provide additional useful insights to the GWP and GTP emissions metrics.
They found that GWPs are a useful measure of the energy entering the climate system. GWPs and GTPs
should be different as GTPs are an instantaneous measure while GWPs are an integrated measure of the
system; that is, for the GTP the pathway of the forcing following a pulse emission is important, whereas
the GWP depends only on the integral of the forcing. The ultimate choice of emission metric(s) and time
horizon(s) depends on policy objectives. To the extent that limiting integrated temperature change over a
specific time horizon is consistent with the broader objectives of climate policy, the analysis by Peters et
al. suggests that the GWP concept represents a relatively robust, transparent, and policy-relevant emission
metric, except for the short-lived gases, but GWPs are quite small for such gases.

ANALYSES OF GWPs AND GTPs

Updated GWPs and GTPs for many compounds based on the analyses in IPCC (Myhre et al.,
2013) are shown in the Appendix in Table 5A-1. Also shown are the atmospheric lifetimes and radiative
efficiencies used in these analyses. Hodnebrog et al. (2013) provide further descriptions of the analyses of
radiative efficiencies for many halocarbons and related compounds (the IPCC values for the GWPs and
GTPs are largely based on those in Hodnebrog et al.). Absolute GWP and GTP (AGWP and AGTP) are
the absolute integral of RF (W m™ yr; using ERF if possible) and the absolute temperature change (°C)
for a kilogram emission of the greenhouse gas. Climate-carbon feedbacks (i.e., feedbacks between climate
change and the carbon cycle) are included in the AGWP and AGTP of CO,, but not for the AGWP of the
non-CO, gases; see discussion below. In the new IPCC analyses, there is an increase of approximately 1%
and 6% relative to IPCC (2007) and WMO (2011) in the AGWP for CO, for integrations of 20 and 100
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years, respectively. As a result, many of the GWP values decrease slightly, but they also change because
of changes in the lifetime and the radiative efficiency of the named greenhouse gas. This is the first time
that values are provided for GTPs in the Ozone Assessment. The derivation of GTP in IPCC (2013)
assumes a climate sensitivity of 1.06°C (W m™)", equivalent to a +3.9°C equilibrium response to 2 x CO,,
toward the higher end of the traditional range in climate sensitivity of 1.5 to 4.5°C for doubling of CO,.

The IPCC (2013) GWP and GTP values do not include the changes in atmospheric lifetimes
recommended by SPARC (2013). Table 5-5 adjusts the IPCC GWPs and GTPs for the 24 halocarbons
with recommended lifetimes from SPARC (2013). Halon-1211 and CCl, were the only ODSs for which
the lifetime was unchanged. The changes in GWPs and GTPs are roughly proportional to the changes in
atmospheric lifetimes. Although there are some differences for all of the gases (except halon-1211 and
CCly), the largest differences in GWPs and GTPs relative to Table SA-1 are found for CFC-11, CFC-115,
halon-1301, halon-2402, halon-1202, HFC-125, and HFC-143a.

Uncertainties in GWP values based on the uncertainties given for radiative efficiencies,
perturbation lifetimes, and in the AGWP for the reference gas CO, are estimated in [IPCC AR5 Chapter 8
(Myhre et al., 2013). The uncertainty in GWPs for gases with lifetimes of a few decades is estimated to be
approximately +25% and +35% for 20 and 100 years, respectively. Velders and Daniel (2014) report
uncertainties on a number of ODSs; their results suggest that the uncertainties differ substantially for
different ODSs. Table 5-6 shows the estimated uncertainty ranges in 20-year and 100-year GWPs for
several HFCs, first due to uncertainties in the SPARC (2013) lifetimes by themselves, and then in
combination with other uncertainties in evaluation of the full range of uncertainties.

For shorter-lived gases, the uncertainties in GWPs will be larger but the GWP values are also
smaller. For GTPs, few uncertainty estimates are currently available in the literature. In IPCC, the results
from Joos et al. (2013), Reisinger et al. (2010,
2011), and Boucher (2012) were used to assess an
]| uncertainty for methane for a 100-year GTP of
11| £75% (as compared to a range of 14 to +22% for
100-year GWPs, based on Olivié and Peters
" RF, (1)t 41 (2013)). The uncertainty in GTPs for longer-lived
CWP, (H) = = _ ACWP,(H) 1| gases is much smaller (e.g., =17 to +24% for N,O).
f” RF. (1)t ACWPe,(H) 1| We do not attempt to show the range of

¢ ’ uncertainties for GTPs in this Assessment.

Radiative Forcing

Years after emission Figure 5-1. (a) The Absolute Global Warming
Potential (AGWP) is calculated by integrating the
1| RF due to emission pulses over a chosen time
1| horizon; e.g., 20 and 100 years (vertical lines). The
GWP is the ratio of AGWP for component i over
AGWP for the reference gas CO,. The blue-hatched
field represents the integrated RF from a pulse of
CO,, while the green and red fields represent
example gases with 1.5-year and 13-year lifetimes,
respectively. (b) The Global Temperature change
Potential (GTP) is based on the surface
temperature response at a selected year after pulse
emission of the same gases; e.g., 20 or 100 years
(vertical lines). See IPCC (2013) Supplementary

— Material Section S8.11 for equations for calculations
Years after emission of GWP and GTP as used here.

ACTP, (1) AT, (1)
AGTPyo (t) ATeo (t)

CTP, (t) =

Temperature Change
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Table 5-5. GWPs and GTPs of various halocarbons based on the SPARC (2013) atmospheric
lifetimes. Except for the HFCs, the lifetimes are also found in Table 5-1.

Halocarbon SPARC
(2013)
Lifetime GWP GWP GTP GTP GTP
(years) 20-yr 100-yr 20-yr 50-yr 100-yr

Annex A-1
CFC-11 52 7090 5160 7160 5480 2920
CFC-12 102 10800 10300 11300 11000 8590
CFC-113 93 6560 6080 6830 6510 4860
CFC-114 189 7710 8580 8180 9010 8530
CFC-115 540 5780 7310 6210 7500 8290
Annex A-II
halon-1301 72 7930 6670 8160 7160 4700
halon-1211 16 4590 1750 3950 1130 297
halon-2402 28 3920 2030 3730 1900 615
Annex B-11
CCl, 26 3480 1730 3280 1570 479
Annex B-II1
CH;CCl; 4.8 555 153 298 32 21
Annex C-I
HCFC-22 12 5310 1780 4230 847 265
HCFC-141b 9.4 2590 800 1900 285 114
HCFC-142b 18 5140 2070 4530 1490 387
Annex E
CH;Br 0.8 9 2 3 <1 <1
Others
halon-1202 2.5 719 196 285 35 27
CH;Cl 0.9 40 11 13 2 2
HFC-23 228 10800 12500 11500 13000 12800
HFC-32 5.4 2530 704 1440 154 98
HFC-125 31 6280 3450 6040 3350 1180
HFC-134a 14 3810 1360 3170 771 214
HFC-143a 51 7050 5080 7110 5390 2830
HFC-152a 1.6 545 148 191 26 21
HFC-227ea 36 5250 3140 5140 3180 1260
HFC-245fa 7.9 2980 882 2040 259 124

Values of the GWP and GTP metrics are dependent on what processes are included. Ideally all
indirect effects should be taken into account. The indirect effects of CH4 on its own lifetime, tropospheric
ozone, and stratospheric water have been traditionally included in its GWP (Prather, 1994; IPCC, 1995).
The indirect effect of N,O on its own lifetime has been considered since the IPCC 3™ Assessment Report
(Prather, 1998; IPCC, 2001; Prather and Hsu, 2010). The WMO Assessments (e.g., WMO, 2007, 2011)
have considered the indirect effects on stratospheric ozone from various halocarbons. In Table 5-7,
indirect GWPs based on IPCC (2013) for various halocarbons are updated using the approach for the
ozone response first developed by Daniel et al. (1995). The resulting values are similar to those found in
the previous Assessments.
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Table 5-6. For selected HFCs, lifetime and full uncertainty estimates of the 20- and 100-year GWPs
using the SPARC (2013) lifetimes. The number ranges represent the effects of only considering
uncertainties in the SPARC lifetimes, while the “full uncertainty” ranges include also uncertainties in the
radiative efficiency (10%, from Myhre et al., 2013) and the AGWP for CO, (from Joos et al., 2013). The
GWP uncertainties are calculated as in Myhre et al. (2013) (see Supplementary Material Section 8.SM.12
in IPCC (2013) for details), except that new information about lifetime uncertainties from SPARC (2013) is
included here. The uncertainty estimates are representative of a 5 to 95% (90%) confidence interval. In
addition, note that the IPCC (2013) stated uncertainties in the 100-year GWP for HFC-134a is £35% (90%
confidence) as representative for similar gases. The IPCC and updated GWPs that use the SPARC

lifetimes are consistent within their uncertainties.

Halocarbon SPARC GWP 20-yr GWP 100-yr

(2013)

Lifetime Best Lifetime Full Best Lifetime Full

(years) Estimate Uncertainty Uncertainty Estimate Uncertainty Uncertainty
HFC-23 228 10800 10700-11100 8640-13100 12500 11800-14000 8880-16300
HFC-32 54 2530 2030-3530  1810-3650 704 551-1010 453-1070
HFC-125 31 6280 5840-7110  4930-7800 3450 2720-4830  2230-5140
HFC-134a 14 3810 33004690  2890-4980 1360 1040-1930 860-2050
HFC-143a 51 7050 6780-7690  5600-8620 5080 4340-6790 3460-7310
HFC-152a 1.6 545 431-718 386-750 148 117-195 96-211

Table 5-7. Indirect GWPs from ozone depletion (direct forcing from ODS, themselves, is not
included) taken from IPCC (2013). Approach is taken from Daniel et al., 1995, assuming a radiative
forcing due to ozone depletion in 2011 of -0.15 W m™ (IPCC, 2013). Uncertainty in this radiative forcing

leads to an uncertainty in these GWPs of £100%.

SUBSTANCE GWP 100-yr
CFC-11 -2640
CFC-12 -2100

CFC-113 -2150
CFC-114 -914
CFC-115 -223
HCFC-22 -98
HCFC-123 =37
HCFC-124 —46
HCFC-141b -261
HCFC-142b -152
CH;CCl; =319
CCly 2110
CH;Br -1250
halon-1211 —19000
halon-1301 —-44500
halon-2402 —32000
HCFC-225ca —40
HCFC-225¢b -60
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It is also important to consider feedbacks between climate and the carbon cycle, effectively the
additional amount of CO, released from the warming caused by any greenhouse gas. Gillett and Matthews
(2010) included climate-carbon feedbacks in calculations of the GWPs for CH4 and N,O and found that
this increased the values by ~20% for the 100-year GWP. For GTPs they found an increase of ~80%. The
AGWP for the CO, reference gas has included the climate—carbon feedback in the analyses of GWP in
recent Assessments (WMO, 2011; IPCC, 2007, 2013). For the first time, Myhre et al. (2013) include
analyses of these indirect climate-carbon feedback effects on GWPs and GTPs for many halocarbons. For
many gases, the correction is sizeable, increasing the values of the GWPs and GTPs. However,
uncertainties remain large, so more analysis is likely needed before this additional effect is included in
policy considerations. Also, the GWPs for the combination of indirect effects on ozone depletion and
climate-carbon feedbacks have not been evaluated.

5.4 SCENARIOS AND SENSITIVITY ANALYSES

This section presents an analysis of a set of scenarios and hypothetical test cases that may be of
use to decision-makers. The existing Montreal Protocol and its Amendments and adjustments provide the
backdrop and a framework for these analyses. Options evaluated include the elimination of future
production and future emissions in advance of current controls, and the recapture and destruction of banks
(see Box 5-1) in 2015 and 2020. Results are roughly linear, in that a decrease in 50% of future production
will have about half the effect on ozone depletion and climate forcing as the scenario evaluated here in
which all future production is eliminated. This Ozone Assessment does not evaluate the technical or
economical feasibility of these options, but because of the linearity, these results can help guide
policymakers in their environmental evaluation of feasible options.

5.4.1 Tools Used in Analyses of Ozone and Climate Effects

As in WMO (2011), both EESC and climate-chemistry modeling studies are used in the scenario
analyses relating to ozone impacts. As discussed earlier, EESC is a metric that relates the tropospheric
concentration of source gases to their chemically active stratospheric products that are available to destroy
ozone. It has been shown (Daniel et al., 2010) that the halogenated ODS mitigation options have about the
same percentage impact on integrated EESC as on integrated global stratospheric total column ozone.
Because of the computational ease of calculating EESC, an EESC analysis allows for a fast and accurate
method for comparing potential ODS mitigation options involving halogenated species without running a
full atmospheric model.

Typically, EESC has only been used for halocarbon source gases. However, surface N,O
concentrations due to anthropogenic activity can also be included in EESC (Daniel et al., 2010). The
calculation of N,O’s contribution to ozone depletion, and thus to EESC, is complicated by other chemical
interactions, such as the concentration of atmospheric chlorine and stratospheric aerosols (Ravishankara
et al., 2009), but these obstacles are similar to those encountered by the chlorine- and bromine-containing
gases. In this chapter, we do not include N,O in our standard EESC calculations, but we do include a set
of sensitivity runs to show the degree to which the two-dimensional (2-D) modeled ozone response
compares with the N,O EESC response for an N,O mitigation option.

The NASA/Goddard Space Flight Center (GSFC) 2-D coupled chemistry-radiation-dynamics
model (Fleming et al., 2011) is used to evaluate the impact of various ODS and GHG scenarios on past
and future ozone, including evaluation of the effects of changes of CO, and CH, that cannot readily be
addressed by EESC as used here. While three-dimensional (3-D) climate-chemistry modeling studies
would be ideal for these scenario/test analyses, the computational and time requirements make most of
these studies prohibitive for this Assessment. The GSFC 2-D model provides realistic simulations of
meridional transport in the stratosphere on timescales >30 days, as seen by good model agreement with a
variety of observations in reproducing transport-sensitive features in the meridional plane (Fleming et al.,
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2011). Since the computational efficiency of a zonally averaged 2-D model makes it possible to perform
multiple long-term simulations in a reasonable amount of time, this 2-D climate-chemistry model is optimal
for addressing the ozone-change scenarios discussed here. To be consistent with the model results reported
in other Chapters, the model simulations presented here use the recommended chemical rate constants from
Sander et al. (2011). Sensitivity simulations revealed that using the updated rate constants from SPARC
(2013) resulted in a very minor impact on global total ozone, with changes <+0.2 Dobson units (DU).

Radiative forcing is used to quantify the potential effects of the various scenarios on climate. The
radiative forcing is calculated with a radiative transfer model using the spatial distribution of mixing
ratios determined from observations or calculated in the given atmospheric chemistry-climate model. For
the halocarbons, radiative forcing is determined by multiplying the surface mixing ratio by the
appropriate radiative efficiency (see Appendix 5A, Table 5A-1). The radiative forcing of N,O is based on
the analyses in Annex II of IPCC (2013).

In addition to the previously discussed ozone depletion and climate metrics, integrated ODP- and
GWP-weighted quantities are also shown in Table 5-8 as another comparative tool.

5.4.2 Background Scenario(s) for Ozone and Climate

To evaluate the impact of potential policy decisions on ozone depletion and climate change, a
background or baseline scenario of mixing ratios from 1950 through 2100 has been developed for ODS
halocarbons and N,O (and CH4 and CO; in the 2-D model), against which other scenarios are compared.
These alternative scenarios are consistent with various mitigation options and are discussed in more detail
in Section 5.4.3. The RCP6.0 scenario is used for the time evolution of CO,, CH,4, and N,O abundances in
the background scenario.

The baseline scenario for the halocarbon ODSs is consistent with the current upper limits
prescribed by the Montreal Protocol on Substances that Deplete the Ozone Layer, and it has been
developed to be consistent with mixing ratio observations through the beginning of 2013 (see Chapter 1).
In the years before atmospheric observations were made, mixing ratios have been estimated from reported
production values and are very similar to values in WMO (2011). Future projections are determined from
global lifetime estimates that have been recently updated (SPARC, 2013), future production amounts set
to be the maximum allowed under the Montreal Protocol, and bottom-up bank estimates for 2008 are the
same as were used in WMO (2011). It is assumed that future releases of halocarbons from equipment and
applications will continue at the same fractional rate as estimated over the period 2005 through 2011.

Figure 5-2 compares the current baseline scenario and alternative scenarios (see Section 5.4.3 for
a description of these scenarios) with the baseline scenario from WMO (2011). The most significant
difference in terms of effects on EESC between the two baseline scenarios results from the longer
estimated lifetimes for CFC-11 and CCly. These lead to slower atmospheric decay and thus an increased
contribution to EESC in the future. Lifetime estimate changes have no effect on historical mixing ratios
since those are constrained by observations. Some of the largest relative mixing ratio changes occur for
the HCFCs. These are primarily caused by the lower base level against which future HCFC production
and consumption in Article 5 Parties are referenced to in the current baseline compared with the one from
WMO (2011); they are also partly due to a higher assumed level of production between 2009 and 2012 in
the previous Assessment, before the freeze went into effect in 2013. The Article 5 base production level is
defined in the Montreal Protocol as the average of the 2009-2010 production. In WMO (2011), it was
estimated that the Article 5 base level for the HCFCs would be slightly more than 36 ODP-ktonnes; it is
now known to be about 33 ODP-ktonnes. This affects the current HCFC production as well as the
production and emissions for decades to come since the future limits on production and consumption are
prescribed by the Montreal Protocol to be a decreasing fraction of this base level over time.

Changing concentrations of CO,, CHy4, and N,O also affect stratospheric ozone and should be
considered in analyses of ozone. CO, and CH4 have never been included in the EESC formalism, and
N,QO’s contribution to EESC has met with limited use. Therefore, in this chapter, we will consider the impact
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Table 5-8. Comparison of scenarios and cases®: the year when EESC drops below the 1980 value for both
midlatitude and Antarctic vortex cases, and integrated EESC differences (midlatitude case) relative to the
baseline (A1) scenario®. Also shown are changes in integrated ODP- and GWP-weighted emissions and, for selected
cases, integrated global ozone depletion from 2015-2050. Future changes in CH, and CO; may also significantly alter
ozone levels, perhaps by amounts larger than any of the cases considered in this table. However, their effects are not
included here because policy choices that would lead to reduced global O3 depletion would require increased CH,4 and

CO,, which would increase climate forcing.

Scenario and Percent Difference in Year When EESC is Expected Change in Change in Difl:':::glellclz in
Cases Integrated EESC Relative to Drop Below 1980 Value Cumulative Cumulative Int ted
to Baseline Scenario for the ODP- GWP- niegrate
Midlatitude Case Weighted”  Weighted* 03, G
Emission: Emission: LGB D
20152050  2015-2050 201572050
Midlatitude ™ Antarctic (Million (Billion
vortex © tonnes tonnes
z x CFC-11- CO,-
f EESC dt f EESC dt equivalent) i equivalent)
1980 2015
Scenarios
Al: Baseline scenario - - 2047.6 2073.3 0.0 0.0
Cases” of zero production from 2015 onward of:
PO: All ODS -59 —20 2042.8 2069.5 -0.91 -9.0 —-0.30
CFCs 0.0 0.0 2047.6 2073.3 —0.00 —0.00 -
halons 0.0 0.0 2047.6 2073.3 —0.00 —0.00 -
HCFCs -1.8 —6.4 2046.3 2072.6 -0.22 —7.8 —-0.12
CH;Br for QPS -1.6 -53 2046.5 2071.9 —-0.13 —0.00 —-0.07
CCly -2.8 -9.8 2045.3 2071.6 —0.56 -1.2 —0.11
Cases” of zero emissions from 2015 onward of:
EO: All ODS (does -12 —40 2036.5 2061.4 —2.72 —-18.5 —-0.75
not include N,0O)
CFCs —2.6 -8.9 2045.0 2069.6 —0.86 —4.7 —-0.20
halons -3.4 -12 2044.8 2070.1 —0.76 —-0.24 —-0.16
HCFCs -3.7 —-13 2045.3 2072.2 -0.41 -12.4 —-0.19
ccl ¢ -2.8 -9.8 2045.3 2071.6 —0.56 -1.2 —0.11
CH;CCl, 0 0 2047.6 2073.3 —0.00 —0.00 -
CH;Br for QPS -1.6 -53 2046.5 2071.9 —-0.13 —0.00 —-0.07
Total anthro- - - - - —6.69 -104 —0.88
pogenic N,O h
N,O mitigation -1.25 —-19.5 —-0.16
Cases” of full recovery of the 2015 banks of:
BO: All ODS -7.3 —25 2041.3 2065.7 —1.80 -9.6 —0.44
CFCs —2.6 -8.9 2045.0 2069.6 —0.86 —4.7 —-0.20
halons -3.4 -12 2044.8 2070.1 —0.76 —-0.24 —-0.16
HCFCs -1.9 —6.4 2046.8 2072.9 —-0.19 —4.6 —-0.07
Cases” of full recovery of the 2020 banks of:
BO: All ODS —4.7 -16 2042.4 2066.8 -1.39 -8.1 —0.38
CFCs -1.5 -53 2045.6 2070.3 —0.64 —33 -
halons -2.0 —6.8 2045.4 2070.6 —0.56 —-0.18 -
HCFCs -1.6 —5.5 2046.5 2072.7 —-0.19 —4.6 -
CH;Br sensitivity: '
Same as A1, but +0.2 +0.7 2047.8 2073.5 +0.02 +0.00 -
CUEs continue at
2012 levels
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Table 5-8, continued.

2 Significance of ozone-depleting substances for future EESC was calculated in the hypothetical “cases” by setting production or
emission to zero in 2015 and subsequent years or the bank of the ODS to zero in the year 2015 or 2020.

@y 9

b EESC is integrated until it returns to 1980 levels, denoted as year “x.

¢ For midlatitude conditions, an average age-of-air of 3 years, corresponding fractional release values, and a bromine efficiency
factor (alpha) of 60 are assumed. For Antarctic vortex conditions, an average age-of-air of 5.5 years, corresponding fractional
release values, and an alpha value of 65 are assumed. In all cases, age spectra are applied as in Newman et al. (2007).

d Semi-empirical ODPs from Table 5-2.
¢ GWPs with 100-year time horizon (see Appendix 5A, Table SA-1).
f Integrated globally averaged total column ozone changes are taken from 2-D model runs described in chapter.

€ Banks are assumed to be zero. Emissions include uncertain sources such as possible fugitive emissions and unintended other
emissions.

The integrated ODP- and GWP-weighted emissions correspond to the reduction of anthropogenic N,O emissions from a
business-as-usual case to a strong mitigation case (see text).

' Same as A1 but critical-use exemptions continue at 2012 levels.

of these three gases in the 2-D model calculations, but not with the box model EESC analysis, except for
a brief discussion of the estimated impact of N,O on EESC. The baseline scenario chosen for these
compounds is taken to be the RCP6.0 scenario. While RCP6.0 is a mitigation scenario, it represents one
choice of a central scenario around which we can explore the sensitivity of our results to a stronger
mitigation scenario (RCP4.5) and a business-as-usual scenario (RCPS8.5). This sensitivity analysis has
been performed to explore the impact of this choice on the results, but in general, it has little effect on the
impacts of the halocarbon mitigation scenarios in terms of either depletion of globally averaged total
ozone or on climate forcing changes. However, the scenario choice could have local effects on the
structure of ozone changes with altitude and latitude.

5.4.3 Alternative Future Scenarios

Future scenarios have been developed that reflect the impacts of various mitigation options to
further reduce future ozone depletion. Because halocarbons and N,O are greenhouse gases, these scenarios
will reduce climate forcing as well. For the ODS halocarbons, the mitigation options include capture and
destruction of the banks (see Box 5-1), elimination of future production beginning in 2015, and elimination
of future emissions beginning in 2015. Two sets of bank recapture scenarios have been performed, one for
elimination of banks in 2015 and one for 2020. A comparison of these bank scenarios illustrates the
reduced impact of the bank capture option on ozone and climate as the halocarbons are released into the
atmosphere over this 5-year period and bank sizes are projected to decline for most ODSs. Because all
post-2015 emission either originates from production after 2015 or from banks existing in 2015, the
production elimination and bank capture and destruction scenarios can be approximately added together to
reproduce the “no emission” scenario results. The reason that the results are not always perfectly additive
is that some of the metrics quantified here are tied to the return of EESC to 1980 levels and this return time
changes differently in each mitigation scenario. The production, bank, and emission scenarios are run for
individual ODS groups to evaluate the impact of mitigation options for each group to the future ozone and
climate metrics. These individual calculations allow for a straightforward evaluation of the relative
importance of future production and bank sizes for each of the ODS groups considered.

Figure 5-2 shows future ODS concentration projections for the various mitigation options. The
CFCs should have almost no additional production in the future scenarios and so all future emissions are
assumed to originate from current equipment and applications. Thus, bank recapture and destruction is the
only approach to reduce future mixing ratios of the CFCs. On the other hand, banks of CH;Br and CCly
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Figure 5-2. Comparison of current baseline halocarbon mixing ratios compared with those from the
baseline scenario of WMO (2011); also shown are future mixing ratio projections for “no emission from
2015 onward,” “bank capture and destruction in 2015,” “bank capture and destruction in 2020,” and “no
production from 2015 onward” scenarios. Curves are color coded in the same manner as in Figure 5-3
(e.g., solid black is the baseline scenario). Shaded regions represent mixing ratios that are constrained to
observational estimates (see Chapter 1; Chapter 5 Appendix 5A, Table 5A-2). The approximate natural
concentration of CH3Br is noted by the dashed dark blue line in the lower right-hand panel (see Chapter 1).
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may be small compared with their annual production; for these compounds, eliminating production is the
way to reduce their future mixing ratios. Of course, as discussed in Chapter 1, there is a discrepancy
between top-down emissions estimates derived from CCl, mixing ratio observations and reported
production, with reported production too small to be able to account for the observed trend in abundances
even if all production were emitted immediately. Thus, to the extent that there is additional unidentified
emission that does not come from reported production, elimination of that emission could reduce future
EESC and ozone depletion. In this Assessment we adopt current emissions of CCly from the top-down
estimates and assume that future emissions will decline at 6% per year in the absence of additional
controls. HCFCs can be noticeably reduced in the future by both bank recapture and destruction and by
production elimination. It is important to recognize that only emissions resulting from QPS and critical-
use exemptions (CUE) applications are considered in our scenario calculations. While controlled uses are
thought to lead to small emissions in comparison to QPS emissions (see Chapter 1), we also neglect
emissions associated with other activities, such as biomass burning and gasoline and biofuel usage. The
baseline scenario for WMO (2011) is shown for comparison in Figure 5-2.

Figure 5-3 shows the impacts of the different mitigation options on total midlatitude EESC. The
“No Future Emissions” curve represents the EESC levels to which we are committed even if no ODSs are
emitted from 2015 on. This limiting case assumes no further production and no release from existing
banks. Both future production and current banks contribute to the elevation of EESC above this level in
our baseline scenario approximately equally as shown by the various curves. The difference between the
“Zero 2015 Bank” and “Zero 2020 Bank™ curves illustrates the impact on EESC of waiting 5 years to
capture and destroy the banks; this difference is largest just after 2020 and shrinks over time. Velders and
Daniel (2014) have quantified the EESC uncertainty in a scenario that is similar to the baseline scenario
shown in Figure 5-3. That calculated uncertainty is determined from uncertainty estimates in all the terms
that are used in the EESC calculation. It is found that the 2-o fractional EESC uncertainty when
considering the “most likely” lifetime ranges is comparable to the maximum difference between the
baseline scenario and the zero emissions scenario. Overall, the most important single factor to future
EESC uncertainty is the uncertainty in the lifetimes of the ODSs.

Table 5-8 shows, as in WMO (2011), how different specific mitigation options affect integrated
EESC, ODP- and GWP-weighted emissions, and the return to 1980 EESC levels. In terms of future
emissions, HCFCs, halons, CFCs, CCly, and CH;Br all contribute noticeably to increasing future integrated

2000[ T

Figure 5-3. EESC for the current
baseline scenario (midlatitude con-
ditions) compared with EESC from
the WMO (2011) baseline scenario;
also shown are four alternative
scenarios that reflect current mitiga-
tion alternatives considered in this

1500 —

(@]
[} L .
i 10007 Assessment. Velders and Daniel
| (2014) have quantified the uncertainty
| in a similar EESC scenario con-
. Current Baseline i sidering uncertainties in all contri-
s00f” D e Emissions - | buting terms; they found that the 2-c¢
- Zero 2020 Bank g uncertainty values in the future vary
No Future Production .
L — — ~WMO (2011) g somewhat over time, but are less

- 1 than 15% when the most likely
1 lifetime ranges are considered and
oL . P P P P P P I :
1960 1980 2000 2020 2040 2060 2080 2100 the curves are normallzed at 1980
Year EESC levels.

5.33



Chapter 5

Global average total ozone change from 1950 Figure 5-4. Model calculations of the
10F " gse T globally averaged total column ozone
5 | —— No future ODS emissions -2 difference relative to 1950. Upper panel:
P H°of‘r‘rt1?‘tlfgo’t“ig?1 emissions ] the baseline scenario, a scenario of no
© O: ? 0 o future ODS emissions (blue), no future
@ r ] o | human-related N,O emissions (green), and
2 _5; | S the N,O mitigation scenario from UNEP
o , 1-2-5 | (2013) (red dashed-dotted). Bottom panel:
8 _10; ] B the impact due to only the decreasing
r 1-2 ODSs, with CO,, CH,, and N,O fixed at
_15; ] 2000 levels (blue), and the separate
i ] impacts due to future increasing CO; (red),
—201‘H_H‘_‘H_‘H_‘H_Hf_6 CH,; (yellow), and N,O (green) in the
1950 1975 2000 2025 2050 2075 2100 presence of decreasing ODSs. The
10 F—Boze A RCP6.0 scenario was used for the
F—TD N,0+0DS (yr 2000 CH,,CO, ] 2 greenhouse gases. As stated in the text,
515 CH.robs gy: 2000 ng’ggzg i these scenarios are different than those
o " 1D 003 (yr 2000 N,O.CHLCOL) ] presented in Chapter 2.
o Or 0 o
c C . o
_8 5 L g
3] 1-25
2 —-10F X
r 1—4
-15¢ ]
_ont 1-6
1950 1975 2000 2025 2050 2075 2100

EESC, where the integration is stopped once total EESC drops below 1980 levels. If all ODS emissions
were to be eliminated beginning in 2015, EESC for midlatitudes would return to 1980 levels 11 years
sooner than in the baseline scenario. The most significant projected emissions for determining the return
time arise from current halon, CFC, and HCFC banks and future production of HCFCs, and CH;Br.
Future emissions of CCl, are also projected to be important, but as discussed in Chapter 1 and in this
chapter, the sources of these emissions are uncertain. Production of CH;Br has been eliminated for many
historical uses. However, production for quarantine and pre-shipment (QPS) applications is not controlled
and is currently the largest remaining emissive anthropogenic component of CH;Br production. The
elimination of future emissions from QPS uses could bring forward the date of EESC return to 1980
levels by 1.1 years, smaller than the 1.6 years estimated in the previous Assessment. Critical-use
exemptions for CH3;Br also continue to be granted, but emissions arising from this production are
substantially smaller than those from QPS activities. A continuation of critical-use exemptions at the
current level would delay the return of EESC to 1980 levels by 0.2 years. For climate considerations,
HCFCs play the largest role in future integrated GWP-weighted emissions, contributing almost two-thirds
of the total by the ODS halocarbons. These emissions result primarily from future HCFC production, but
current banks are also important. Future CFC emissions represent most of the remaining cumulative
GWP-weighted emissions through 2050 and are due almost exclusively to current banks.

Table 5-8 also shows the changes in integrated global ozone levels for selected scenarios run with
the 2-D model. Figure 5-4 (top panel) shows the two most significant scenarios: 1) no future ODS
emissions, and 2) no future human-related N,O emissions. Also shown is the effect of more modest N,O
mitigation on future ozone. Unlike the ODS halocarbon scenarios, this N,O alternative mitigation
scenario does not assume complete elimination of future production or emission. N,O has a number of
sources but a major one results from the use of fertilizers, i.e., it is to a large degree a by-product of global
food production, and because there are no replacements for this use, we have adopted the “concentrated
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mitigation” scenario from UNEP (2013) for the alternative mitigation scenario here to compare with the
baseline. Even though the reduction in N,O is only a fraction of the total anthropogenic emissions, the
results here are qualitatively consistent with WMO (2011): the impact of all anthropogenic N,O emissions
is very significant compared with the sum of all halocarbon emissions in terms of both ozone depletion
and climate. When integrated through 2050, elimination of all anthropogenic N,O emissions leads to a
slightly larger reduction in future CO,-equivalent emissions than would the elimination of all ODS
halocarbon emissions. In terms of integrated ODP-weighted emissions, elimination of anthropogenic N,O
has about half the effect of an elimination of all ODS halocarbon emissions. The alternative N,O
mitigation scenario has an obviously smaller impact on global ozone by 2050. N,O’s impact becomes
relatively more important over time because the halocarbon production and consumption is phased out by
the Montreal Protocol, while N,O is projected to continue growing under many future scenarios,
including those considered here. It must be recognized, however, that the quantitative impact of N,O
emissions mitigation depends on the baseline scenario chosen (RCP6.0 here). A higher baseline scenario
will increase the impact of N,O mitigation on future climate forcing and ozone depletion.

Figure 5-5 shows the relative importance of historical and future projected N,O abundances on
EESC relative to that of the ODS halocarbons for the baseline scenario used in the chapter. This
exemplifies the increasingly important role that N,O is expected play in the future if its emissions are not
reduced. A similar response is seen in the 2-D model calculations of ozone with increasing N,O but CO,
and CH, fixed at 2000 levels, with increasing ozone flattening and even starting to decrease in the later
part of the 21* century (Figure 5-4, bottom, green line). The upper panel of Figure 5-4 shows the relative
impact of reducing or eliminating future N,O emissions compared with that of eliminating future
halocarbon ODS emissions on global average total ozone. While total future N,O emissions cause
substantially more depletion in the future than do future halocarbon ODS emissions, many of the N,O
emissions are expected to be very difficult to eliminate (UNEP, 2013). If the UNEP (2013) N,O
mitigation scenario is adopted, which was only analyzed to 2050 (Figure 5-4, top, red dash-dotted line),
there is little difference relative to the baseline scenario and much less change than if the no future ODS
emissions scenario were adopted (blue line). Again, however, the impact of N,O mitigation is expect to
grow past 2050, while that of ODS halocarbon mitigation will decrease.

It is important to recognize that any future increases in CO, and CH4 not only will have a
substantial impact on climate forcing, but also are expected to lead to higher levels of globally averaged
total ozone than if these greenhouse gases remained constant. So while CO, and CH,4 are likely not
considered candidates for altering future ozone depletion themselves, it is important to be aware that
policy options for halocarbon ODSs and for N,O will be made against a backdrop of potentially large
ozone changes due to CO, and CH4. The effects on ozone due to increasing CO, and CH4 are discussed in
detail in Chapter 2; a summary of the important mechanisms and ozone responses is provided here.

Figure 5-5. Comparison of EESC calculated from
halocarbons alone using the midlatitude baseline
scenario (Halocarbon), and with the addition of the
| N,O contribution (Halocarbon+N,O) using the formula
= from Daniel et al. (2010) for including N,O in EESC.
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For most of the scenarios examined, increases in ozone arising from CO, and CH, increases may
be comparable to or larger than the additional depletion caused by N,O increases. This behavior can be
seen from the 2-D model calculations of global total ozone using the RCP6.0 scenario shown in Figure 5-
4 (bottom). This illustrates the individual effects of future increases in CO, (red line), CHy4 (yellow line),
and N,O (green line) in the presence of decreasing ODSs, and can be compared with the impact due to
only the decreasing ODSs (in which the GHGs are all fixed at 2000 levels, blue line). As shown by
comparing the red, yellow, and green lines with the blue line in Figure 5-4, increasing CO, leads to a
substantial global ozone increase by 2100 (+2% relative to 1950) primarily due to stratospheric cooling,
which reduces the ozone chemical loss rates (Haigh and Pyle, 1979). Note that these results are for global
ozone and that more localized changes may differ (see below and Chapter 2). Another factor is that future
COy-induced stratospheric changes will indirectly affect ozone by somewhat mitigating the ozone
depletion caused by N,O (see Box 5-2 and Section 2.4.3.1).

Compared to CO,, methane loading leads to a smaller global total ozone increase (yellow line in
Figure 5-4, bottom). CH,4 causes ozone to increase by: 1) mitigation of the chlorine-ozone loss cycles in
the stratosphere, and 2) enhanced NOy-induced ozone production in the troposphere and lowermost
stratosphere following CH4 oxidation (Brasseur and Solomon, 2005, and see Section 2.4.3.1). For total
column ozone, these processes dominate the ozone reductions caused by the CHs-enhanced HOy-ozone
loss cycles that are important primarily in the upper stratosphere (Revell et al., 2012). The slight decline
of the CH,-induced total ozone change during the late 21* century in Figure 5-4 is caused by the decrease
in methane in the RCP6.0 scenario. As atmospheric chlorine levels decline through the 21* century, future
methane-induced changes in total ozone will be increasingly determined by the NO-o0zone production
cycle in the troposphere and lowermost stratosphere. The large range in CH4 among the RCP scenarios,
mainly due to the very high methane of RCP8.5 (Section 2.4.3.2), is projected to produce a large range of
future tropospheric ozone responses. For example, in 2100, CHy increases of 1.9-2.0 ppm (approximately
the increase from present day to 2100 in RCP8.5) are projected to increase tropospheric column ozone by
3.5-5 DU (10-13%) (Brasseur et al., 2006; Kawase et al., 2011).

The baseline scenario, with all ODS and GHG effects included, gives an ozone level in 2100 that
is slightly less (by 1 DU) than in 1960 (Figure 5-4, black line). This is generally similar to the CMIPS
CHEM multi-model mean for the RCP6.0 scenario, in which stratospheric column ozone is 4 DU less in
2100 than 1960 (Eyring et al., 2013, see also Section 2.4.1). Scenarios with higher levels of CO, and CH4
may cause ozone to obtain higher globally averaged levels than historically observed despite the fact that
N,O levels contribute several DU of ozone depletion by 2100. This is seen in the CMIP5 multi-model
mean for the RCP8.5 scenario, in which global stratospheric column ozone in 2100 is greater (by 2 DU)
than in 1960 (Eyring et al., 2013). Also, the Special Report on Emissions Scenarios (SRES) A1B
(medium) scenario used in the CCMVal-2 simulations (also used in WMO (2011) and Section 2.4.1 of
this Assessment) had higher levels of CO, and CH,4, and lower N,O compared with RCP6.0; these factors
all contribute to higher global ozone (by ~5 DU) in the A1B scenario during the mid to late 21* century
(compare baseline simulations in Figure 2-24 (A1B) and Figure 5-4 (RCP6.0) which are from the same
model). However, the ozone response to GHG forcing will likely differ in altitude and region. For
example, the CO,-driven enhancement of the stratospheric circulation will increase lower stratospheric
ozone at middle to high latitudes (Li et al., 2009). While global and midlatitude ozone may rise above
historical levels, the CO,-driven circulation enhancement may lead to ozone decreases in the tropical
lower stratosphere after 2050, as seen in the CCMVal-2 and CMIP5 simulations for different GHG
scenarios (SPARC CCMVal, 2010; Eyring et al., 2013; see also Sections 2.3.5 and 2.4.1).

It is sometimes argued that the future projected “super-recovery” of stratospheric ozone, which
can occur under certain scenarios of CO, and CHy future increased abundances, is a reason to not be
concerned about increasing N,O. Scientifically however, it is clear that N,O increases in the future will
lead to lower ozone levels (greater depletion) than if anthropogenic N,O emissions were mitigated.
Depending on the particular CO,/CH4/N,O scenario, this may mean that levels of global total ozone
before intervention from human emissions will never be attained again, or that there will be a delay in
reaching those levels.
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5.4.4 Radiative Forcing on Climate

Figure 5-6 shows the impacts of the various mitigation scenarios on the radiative forcing on
climate from the ODS halocarbons. These curves represent the same scenarios as were shown in Figure 5-
3 for their impacts on EESC. The relative shapes and positions of the various scenarios are similar to their
EESC contributions. It is currently projected that ODS halocarbon climate forcing will decline from its
current peak of 0.33 W m™ to close to 0.1 W m™ by 2100, with little dependence on the particular
scenario because of controls already adopted under the Montreal Protocol. In the next few decades, the
particular scenario can make a somewhat larger impact on radiative forcing reductions compared with the
baseline scenario. One of the consequences of the controls on ODSs is that HFCs, climate forcing agents
themselves, have become prevalent replacement compounds. These are discussed in the next section.
Velders and Daniel (2014) have quantified the RF uncertainties for a scenario very similar to the baseline
scenario considered here. They considered uncertainties in a wide variety of factors that go into
estimating past and future concentrations, as well
QAT T T T T T T T T as a 5% uncertainty in the radiative efficiency of
each compound. That analysis suggests a 2-0
i 1| uncertainty of about £0.02 W m™ from the present
0al 4| through 2100, when considering the “most likely”

C 1| range of lifetimes. This uncertainty is controlled
primarily by the radiative efficiency uncertainty in
the past and current time, while lifetime uncer-
tainties dominate further in the future.
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Figure 5-7 shows the derived direct radiative forcing on climate from 2010 to 2050 due to ODSs
and other compounds (note that there would be additional indirect forcing due to effects on ozone). The
top panel shows the RF due to CFCs and HCFCs to 2050 based on assuming the emissions follow the
Montreal Protocol (RF values from Annex II of IPCC, 2013).

The second panel shows the RF for HFCs under various assumptions and demonstrates that
increasing RF from HFCs could essentially compensate (or more than compensate) for the decrease in RF
from ODSs. The RF curves for HFCs for the RCP scenarios are based on IPCC (2013); these scenarios
give lower RFs than those from Velders et al. (2009). Another scenario projecting HFCs growth is taken
from Gschrey et al. (2011), which used various sources of information, including the Gross Domestic
Product (GDP) and population data underlying the SRES scenarios (IPCC, 2000). Much larger RFs are
given in the High and Low scenarios from Velders et al. (2009), which were also based on GDP and
population data underlying the SRES scenarios, plus other information, including: the rapid observed
growth in demand, substantiated by atmospheric observations; information about products and equipment
using HCFCs and HFCs in developing countries; reported increases in consumption of HCFCs in
developing countries; replacement patterns of HCFCs by HFCs as reported in developed countries;
accelerated phase-out schedules of HCFCs in developed and developing countries; and increases in
reported use of HFC-134a in mobile air conditioning in developed and developing countries. The Velders
et al. (2009) High scenario describes what happens if the developing world follows the same path in
transitioning from CFCs and HCFCs to HFCs (and not-in-kind alternatives) as we have seen in the
developed world in the past decade (up to 2009). This in combination with large population and economic

5.37



Chapter 5

RF from CFCs and HCFCs (Wm‘z) Figure 5-7. Radiative forcing (given
‘ ‘ ‘ . . , as Effective RF) projections for CFCs
and HCFCs (following the Montreal
Protocol) and the degree to which
these decreases might be offset by
HFC and N,O increases. Except for
some of the HFC scenarios, the

°
~

o
w
T

Radiative Forcing (Wm '2)
o
o

0.4k FESSSOTROR SO ............ S e . values are based on the scenarios
: ' ? : used in Annex Il of IPCC (2013). The
10 2015 2020 2025 2030 2035 2040 2045 2050 HFC scenarios represent a range of

assumptions and calculations (e.g.,
see Velders et al. 2009; Gschrey et

RF from HFCs (Wm™)

04 :
of ——RCP6.0 al., 2011). The Velders et al. A1 and
£ ——RCP85 _ A2 scenarios correspond to the high
; 0.3H ——Gschrey et al. s - . .

< || Velders etal. (A1) and low scenarios, respectively, used
£ ||—Veldersetal. (A2) in Figure 5-8.

S o02f : :

hd . :

201l . - i i : growth result in a larger RF for HFCs.
% — ' If more alternative (low GWP) tech-
b2 nologies get a larger market, share the

L i i I i L i
2%10 2015 2020 2025 2030 2035 2040 2045 2050

RF from NZO (Wm'z) contributions of HFCs to RF will be

smaller than in this scenario.

‘\"; 04 ‘ ’ The bottom panel shows the
2 03} _ projected growth in RF from N,O
3 based on the RCP6.0 scenario from
Sozp IPCC (2013). The increase in N,O
s concentration for this scenario results
§0.1- """""""""" i in a direct increase in RF of about
3 J : . i ; \ i 0.09 W m™ by 2050 relative to 2010
® D10 2015 2020 2025 2030 2035 2040 2045 2050 (from 0.17 to 0.26 W m?). This is

smaller than, but comparable to, the decrease in RF from ODSs over this time period. By comparison the RF
changes for CO, and CHy for the same scenario over this time period are 1.1 (from 1.8 to 2.9) and 0.05
(from 0.48 to 0.53) W m™, respectively.

5.4.5 Replacements for High-GWP HFCs

The special report on HFCs by UNEP (2011) found that the climate benefits of the Montreal
Protocol could be offset by future increases in the use of the HFCs with longer lifetimes and higher GWPs
(those with GWP 100-year values greater than 1000, e.g., including HFC-134a, -143a, and -125). While
HFCs are not currently a significant contributor to radiative forcing on climate, they could become
important within the next few decades if no action is taken. Switching away from the use of such higher-
GWP HFCs to alternatives with much lower GWPs could effectively reduce the effects of halocarbons on
climate by 2050. In WMO (2011), a set of different scenarios was considered based on Velders et al. (2009,
2012) that show the phase-out of the higher-GWP HFCs could be an important contributor to reducing
future radiative forcing. The analyses can be taken a step further (Wuebbles et al., 2013) by examining a
realistic mix of compounds for replacing the uses of the higher-GWP HFCs. As stated in the previous section,
the Velders et al. studies assumed growth in HFC use is much larger than in the [IPCC (2013) analyses.

Various unsaturated halogenated hydrocarbons with very short atmospheric lifetimes have been
recently proposed as substitutes for HCFCs (which are now being phased out under the Montreal
Protocol) and longer-lived HFCs. These short-lived substances are expected to have extremely small
effects on tropospheric and stratospheric ozone and on climate. Among the possible replacement chemical
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compounds are (E)-CHCI=CHCF; (tCFP or HFO-1233zd; included in the ODP analyses in Table 5-3) and
at least six possible HFOs: 2,3,33-tetrafluoropropene (CF;CF=CH,, HFO-1234yf); (E)-1,3,3,3-
tetrafluoropropene ((£)-CHF=CHCF;, HFO-1234ze(E)); (£)-1,3,3,3-tetrafluoropropene ((£)-CHF=CHCF3,
HFO-1234ze(72)); (£)-1,2,3,3,3-pentafluoropropene ((£)-CF;CF=CHF, HFO-1225ye(Z)); (£)-1,2,3,3,3-
pentafluoropropene ((E)-CF;CF=CHF, HFO-1225ye(E)); and (Z)-1,1,1,4,4,4-hexafluoro-2-butene ((Z)-
CF;CH=CHCF;, HFO-1336mzz-Z). In the possible uses, HFO-1234yf can serve as a mobile air
conditioning refrigerant; HFO-1234ze(E) can be used as a blowing agent and propellant; HFO-1233zd
and HFO-1336mzz-Z can serve as blowing agents; HFO-1234ze(Z) has been suggested as a refrigerant
(Brown et al., 2009); HFO-1225ye(Z) and -1225ye(E) have been also proposed as refrigerants (Hurley et
al., 2007). The prospect of using HFO-1234yf and HFO-1234ze(E) has been discussed in the literature
(UNEP, 2011; Velders et al., 2012). Three-dimensional modeling analyses by Wuebbles et al. (2013)
show HFO-1233zd to have an atmospheric lifetime (for realistic locations of emissions) of 30.5 days,
while the HFOs have lifetimes ranging from 9.2 days for HFO-1225ye to 17.3 days for HFO-1234ze. The
100-year GWPs range from 0.9 to 4.7 for these six compounds, assuming emissions occur spatially
corresponding to current uses of HFCs (Wuebbles et al., 2013).

Scenarios for replacing HFCs with the low-GWP alternatives are developed in Wuebbles et al.
(2013) based on the demand for such compounds (e.g., see Velders et al., 2009) with the assumptions that
(i) production and consumption of HFCs decrease linearly starting in 2015; (ii) production and
consumption of HFC-32, -125, -143a, -245fa, and -365mfc decrease to zero in 2035; (iii) production and
consumption of HFC-134a decrease to zero in 2025; (iv) the demand for refrigerants from use of HFC-32,
-125, -134a, and -143a is replaced by HFO-1234yf, -1234ze(Z), -1225ye(Z), or -1225ye(E) on a per mass
basis; (v) the demand for blowing agents from the use of HFC-152a, -245fa, and -365mfc is replaced by
HFO-1234ze(E), or HFO-1233zd on a per mass basis. With these assumptions, the red lines in Figure 5-8
show the radiative forcing of the low-GWP alternatives in 2050 is between 0.00026 and 0.00080 W m™.
As a result, radiative forcing resulting from future requirements for refrigerants and blowing agents is
significantly reduced. In contrast, the monotonically increasing radiative forcing of long-lived HFCs (the
black lines in Figure 5-8 for low and high HFC growth scenarios from Velders et al., 2009) reaches 0.25 to
0.40 W m™ in 2050. The blue lines in Figure 5-8 show the radiative forcing of the long-lived HFCs for
scenarios transitioning to low-GWP alternatives; the HFC radiative forcing for this assumption peaks at
0.046 to 0.053 W m™ near 2030 and decreases to 0.026 to 0.031 W m™ in 2050. The resulting reduction in
radiative forcing on climate in 2030 is significant, between 0.04 and 0.07 W m> (Wuebbles et al., 2013),
comparable to the savings of the regulatory black carbon reduction measures, or a sizable fraction of the
savings of the technological black carbon reduction measures and CH4 reduction measures recently
suggested (Shindell et al., 2012). By 2050, Figure 5-8 shows that the savings could be as large as 0.37 W
m™. Comparably, a recent study by Rigby et al. (2014) suggests that reducing HFC use under the Montreal
Protocol could reduce radiative forcing in

10°F T - - 3 2050 by 0.05 to 0.24 W m™. Some fraction
] of the replacements could possibly be not-in-
< 107"k kind gases, leading to the possibility for even
E . more reduction in radiative forcing (if those

= 107 3 E replacements are not greenhouse gases).

o :
§ 10—5;_ o Figure 5-8. Radiative forcing (in W m'2) from
& g -7 20102050 for various scenarios of future HFC
2 ol LT - T Veraere Low ] usage: high-GWP HFC scenario (Velders et
g : HFC Velders High — — - ] al., 2009; black lines); scenarios for transi-
€ 105k EES S:g. h?;h — ] tioning Iong—ll_ved high-GWP HFCs to low-
ALT Rep Low - GWP alternatives (based on Wuebbles et al.,
10_53 . (ALT Rep. High - — . 2013; blue lines) and low-GWP replacement
2010 2020 2030 2040 2050 scenarios based on the use of low-GWP
year alternative compounds (based on Wuebbles
et al., 2013; red lines).
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Radiative forcing of HFCs would soon be less than that of today if the current mix of HFCs
(mean lifetime ~15 yrs) were hypothetically to be entirely replaced within the next few years by a mix of
replacements with lifetimes less than 1 month (Velders et al., 2012) but such a rapid transition may be
difficult, if not unrealistic. Assuming the slower transition process, the blue lines in Figure 5-8, the
radiative forcing due to long-lived HFCs emitted would essentially be the only remaining meaningful
direct climate forcing contribution due to the chemicals used in refrigeration and blowing agents.
Nonetheless, the quicker the long-lived HFCs are phased out, the less radiative forcing there would be.

Because the applications using HFCs are, in general, less emissive than were those of the CFCs at
the same stage, the amount of HFCs stored in existing applications (banks) is projected to be a much larger
fraction of annual production (or cumulative production) than was the case for CFCs. As a result, there is an
additional future commitment to climate change from HFC banks that would not be apparent if only
radiative forcing for a given period is analyzed (Velders et al., 2014). By 2050, HFC banks are estimated to
grow to 40 and 65 GtCO,-eq in the high and low scenarios from Velders et al. (2009). In both cases, these
bank sizes are approximately 25% of the cumulative production through 2050. Figure 5-9 shows the
cumulative production and emissions and their comparisons with the bank sizes for the two scenarios from
Velders et al. (2009). While the emissions and forcing from these scenarios are higher than for other
published projections, the larger relative importance of the banks compared with the historical CFC situation
should hold for all reasonable HFC scenarios. The implication is that earlier phase-outs of HFC production
may play a somewhat larger role in mitigating climate forcing than previous estimates have suggested.

Figure 5-9. Projected growth of HFC 250 . . . .
production, emissions, and banks for two [ HFCs:higher scenario2>° ]
future scenarios (Velders et al., 2014). | _ [ ]
Figures show the magnitude of the | F 200} —— Cumulative production ¢ -
future banks relative to cumulate 6“ I Cumulative emissions ]
emissions and production. For example, | Q [ — Bank
a phase-out of production in 2020 rather | O 150
than 2030 would lead to a production 2 B
decrease of 27-42 GtCO,-eq, of which | £ [
8-15 GtCO, would have remained in -% 100
banks at the end of that decade and 19— | = :
27 GtCO,-eq would have been emitted % [
to the atmosphere during that decade. o 50r 42
- 15
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5A-1. ANALYSES OF GWPs AND GTPs

APPENDIX 5A

Table 5A-1. Atmospheric lifetimes/adjustment times, radiative efficiencies (RE), and GWP values for 20 and 100 years, and GTP values
for 20, 50 and 100 years (from IPCC, 2013). Climate-carbon feedbacks are included for CO, while no climate feedbacks are included for the

other components (see IPCC (2013) for further details). The derivation of GTP assumes a climate sensitivity of 1.06 K (W m'2)

' equivalent to a

3.9 K equilibrium response to 2 x CO,, toward the higher end of the uncertainty in climate sensitivity. For a complete list of chemical names and
Chemical Abstracts Service (CAS) numbers, and for accurate replications of metric values, plus further details on the specific values used, see
Supplementary Material Section S8.13 and references therein in IPCC (2013). Also see Hodnebrog et al. (2013) for analyses of radiative

efficiencies for the halocarbons and related compounds.

Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name e (years) Effic1e2ncy 1 20-yr 100-yr 20-yr 50-yr 100-yr
(W m™ ppb™)
Carbon dioxide CO, See * 1.37e-5 1 1 1 1 1
Methane CHy 124° 3.63e-4 84 28 67 14 4
Fossil methane # CH,4 124" 3.63e-4 85 30 68 15 6
Nitrous oxide N,O 121° 3.00e-3 264 265 277 282 234
Chlorofluorocarbons
CFC-11 CCIF 45.0 0.26 6,900 4,660 6,890 4,890 2,340
CFC-12 CCLF, 100.0 0.32 10,800 10,200 11,300 11,000 8,450
CFC-13 CCIF; 640.0 0.25 10,900 13,900 11,700 14,200 15,900
CFC-113 CCLFCCIF, 85.0 0.30 6,490 5,820 6,730 6,250 4,470
CFC-114 CCIF,CCIF, 190.0 0.31 7,710 8,590 8,190 9,020 8,550
CFC-115 CCIF,CF; 1,020.0 0.20 5,860 7,670 6,310 7,810 8,980
Hydrochlorofluorocarbons
HCFC-21 CHCL,F 1.7 0.15 543 148 192 26 20
HCFC-22 CHCIF, 11.9 0.21 5,280 1,760 4,200 832 262
HCFC-122 CHCI,CF,Cl 1.0 0.17 218 59 70 10 8
HCFC-122a CHFCICFCl, 34 0.21 945 258 426 48 36
HCFC-123 CHCI,CF; 1.3 0.15 292 79 98 14 11
HCFC-123a CHCIFCF,C1 4.0 0.23 1,350 370 659 72 51
HCFC-124 CHCIFCF, 5.9 0.20 1,870 527 1,120 121 74
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name Chemical Formula (years) EfﬁCIezncy 1 20-yr 100-yr 20-yr 50-yr 100-yr
(Wm™ ppb’)
HCFC-132c¢ CH,FCFCl, 4.3 0.17 1,230 338 624 67 47
HCFC-141b CH;CCLF 9.2 0.16 2,550 782 1,850 271 111
HCFC-142b CH;CCIF, 17.2 0.19 5,020 1,980 4,390 1,370 356
HCFC-225ca CHCI,CF,CF; 1.9 0.22 469 127 170 22 18
HCFC-225¢cb CHCIFCF,CCIF, 59 0.29 1,860 525 1,110 120 73
(eli)e 1-Chloro-3,3,3-trifluoroprop-1- - .\ cF.CH=CHCI 26.0 days 0.04 5 1 2 <1 <1
Hydrofluorocarbons
HFC-23 CHF; 222.0 0.18 10,800 12,400 11,500 13,000 12,700
HFC-32 CH,F, 52 0.11 2,430 677 1,360 145 94
HFC-41 CH;F 2.8 0.02 427 116 177 21 16
HFC-125 CHF,CF; 28.2 0.23 6,090 3,170 5,800 2,980 967
HFC-134 CHF,CHF, 9.7 0.19 3,580 1,120 2,660 412 160
HFC-134a CH,FCF; 13.4 0.16 3,710 1,300 3,050 703 201
HFC-143 CH,FCHF, 3.5 0.13 1,200 328 549 62 46
HFC-143a CH;CF3 47.1 0.16 6,940 4,800 6,960 5,060 2,500
HFC-152 CH,FCH,F 0.4 0.04 60 16 18 3 2
HFC-152a CH;CHF, 1.5 0.10 506 138 174 24 19
HFC-161 CH;CH,F 66.0 days 0.02 13 4 4 <1 <1
HFC-227ca CF;CF,CHF, 28.2 0.27 5,080 2,640 4,830 2,480 806
HFC-227ea CF;CHFCF; 38.9 0.26 5,360 3,350 5,280 3,440 1,460
HFC-236¢b CH,FCF,CF; 13.1 0.23 3,480 1,210 2,840 636 185
HFC-236ea CHF,CHFCF; 11.0 0.30 4,110 1,330 3,190 573 195
HFC-236fa CF;CH,CF; 242.0 0.24 6,940 8,060 7,400 8,400 8,380
HFC-245ca CH,FCF,CHF, 6.5 0.24 2,510 716 1,570 176 100
HFC-245c¢cb CF;CF,CH; 47.1 0.24 6,680 4,620 6,690 4,870 2,410
HFC-245ea CHF,CHFCHF, 3.2 0.16 863 235 378 44 33
HFC-245¢eb CH,FCHFCF; 3.1 0.20 1,070 290 460 54 40
HFC-245fa CHF,CH,CF; 7.7 0.24 2,920 858 1,970 245 121
HFC-263fb CH;CH,CF; 1.2 0.10 278 76 92 13 10
HFC-272ca CH;CF,CH; 2.6 0.07 530 144 213 26 20
HFC-329p CHF,CF,CF,CF; 28.4 0.31 4,510 2,360 4,290 2,220 725
HFC-365mfc CH;CF,CH,CF; 8.7 0.22 2,660 804 1,890 262 114
HFC-43-10mee CF;CHFCHFCF,CF; 16.1 0.42 4,310 1,650 3,720 1,070 281
HFC-1132a CH,=CF, 4.0 days 0.004 <1 <1 <1 <1 <1
HFC-1141 CH,=CHF 2.1 days 0.002 <1 <1 <1 <1 <1
(Z2)-HFC-1225ye CF;CF=CHF(Z) 8.5 days 0.02 <1 <1 <1 <1 <1
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name Chemical Formula (years) EfﬁCIezncy 1 20-yr 100-yr 20-yr 50-yr 100-yr
(Wm™ ppb’)
(E)-HFC-1225ye CF;CF=CHEF(E) 4.9 days 0.01 <1 <1 <1 <1 <1
(Z)-HFC-1234z¢ CF;CH=CHF(Z) 10.0 days 0.02 1 <1 <1 <1 <1
HFC-1234yf CF;CF=CH, 10.5 days 0.02 1 <1 <1 <1 <1
(E)-HFC-1234z¢ trans-CF;CH=CHF 16.4 days 0.04 4 <1 <1 <1 <1
(Z)-HFC-1336 CF;CH=CHCF;(Z) 22.0 days 0.07 6 2 2 <1 <1
HFC-1243zf CF;CH=CH, 7.0 days 0.01 <1 <1 <1 <1 <1
HFC-1345zfc C,FsCH=CH, 7.6 days 0.01 <1 <1 <1 <1 <1
21’136 4:4.5.5.6.6.6-Nonafluorohex-1- ¢ | cpy—cpy, 7.6 days 0.03 <1 <1 <1 <1 <1
22A4,55.00.7,7.8,88 C4F13-CH=CH, 7.6 days 0.03 <1 <1 <1 <1 <1
iiﬁﬁﬁiféi %161,1?)}70,;;&(3:,_81,_96,2;10,10,10 CsF sCH=CH, 7.6 days 0.03 <1 <1 <1 <1 <
Chlorocarbons and
Hydrochlorocarbons
Methyl chloroform CH;CCl; 5.0 0.07 578 160 317 34 22
Carbon tetrachloride CCl, 26.0 0.17 3,480 1,730 3,280 1,570 479
Methyl chloride CH;Cl 1.0 0.01 45 12 15 2 2
Methylene chloride CH,Cl, 04 0.03 33 9 10 2 1
Chloroform CHCL, 0.4 0.08 60 16 18 3 2
1,2-Dichloroethane CH,CICH,Cl 65.0 days 0.01 3 <1 <1 <1 <1
Bromocarbons,
Hydrobromocarbons and Halons
Methyl bromide CH;Br 0.8 0.004 9 2 3 <1 <1
Methylene bromide CH,Br, 0.3 0.01 4 1 1 <1 <1
Halon-1201 CHBrF, 5.2 0.15 1,350 376 756 80 52
Halon-1202 CBn,F, 2.9 0.27 848 231 356 42 32
Halon-1211 CBrCIF, 16.0 0.29 4,590 1,750 3,950 1,130 297
Halon-1301 CBrF; 65.0 0.30 7,800 6,290 7,990 6,750 4,170
Halon-2301 CH,BrCF; 34 0.14 635 173 286 33 24
Halon-2311 / Halothane CHBrCICF; 1.0 0.13 151 41 49 7 6
Halon-2401 CHFBrCF; 2.9 0.19 674 184 283 34 25
Halon-2402 CBrF,CBrF, 20.0 0.31 3,440 1,470 3,100 1,150 304
Fully Fluorinated Species
Nitrogen trifluoride NF; 500.0 0.20 12,800 16,100 13,700 16,500 18,100
Sulphur hexafluoride SFs 3,200.0 0.57 17,500 23,500 18,900 23,800 28,200
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name Chemical Formula (years) EfﬁCIezncy 1 20-yr 100-yr 20-yr 50-yr 100-yr
(Wm™ ppb’)
(Trifluoromethyl)sulfur SF<CF, 800.0 0.59 13,500 17,400 14,500 17,800 20,200
pentafluoride
Sulfuryl fluoride SO,F, 36.0 0.20 6,840 4,090 6,690 4,140 1,650
PFC-14 CF, 50,000.0 0.09 4,880 6,630 5,270 6,690 8,040
PFC-116 C,Fs 10,000.0 0.25 8,210 11,100 8,880 11,200 13,500
PFC-c216 c-C3Fg 3,000.0 0.23 6,850 9,200 7,400 9,310 11,000
PFC-218 CsFg 2,600.0 0.28 6,640 8,900 7,180 9,010 10,700
PFC-318 c-C4Fg 3,200.0 0.32 7,110 9,540 7,680 9,660 11,500
PFC-31-10 C4Fyo 2,600.0 0.36 6,870 9,200 7,420 9,320 11,000
Perfluorocyclopentene c-CsFg 31.0 days 0.08 7 2 2 <1 <1
PFC-41-12 n-CsFy, 4,100.0 0.41 6,350 8,550 6,860 8,650 10,300
PFC-51-14 n-CgF 4 3,100.0 0.44 5,890 7,910 6,370 8,010 9,490
PFC-61-16 n-C;F 3,000.0 0.50 5,830 7,820 6,290 7,920 9,380
PFC-71-18 CgF g 3,000.0 0.55 5,680 7,620 6,130 7,710 9,140
PFC-91-18 CioF g 2,000.0 0.55 5,390 7,190 5,820 7,290 8,570
Perfluorodecalin (Z) (Z)-CoF 13 2,000.0 0.56 5,430 7,240 5,860 7,340 8,630
Perfluorodecalin (E) (E)-CioF 15 2,000.0 0.48 4,720 6,290 5,090 6,380 7,500
PFC-1114 CF,=CF, 1.1 days 0.002 <1 <1 <1 <1 <1
PFC-1216 CF;CF=CF, 4.9 days 0.01 <1 <1 <1 <1 <1
Perfluorobuta-1,3-diene CF,=CFCF=CF, 1.1 days 0.003 <1 <1 <1 <1 <1
Perfluorobut-1-ene CF;CF,CF=CF, 6.0 days 0.02 <1 <1 <1 <1 <1
Perfluorobut-2-ene CF;CF=CFCF; 31.0 days 0.07 6 2 2 <1 <1
Halogenated Alcohols and Ethers
HFE-125 CHF,0CF; 119.0 0.41 12,400 12,400 13,000 13,200 10,900
HFE-134 (HG-00) CHF,0CHF, 24.4 0.44 11,600 5,560 10,800 4,900 1,430
HFE-143a CH;0CF; 4.8 0.18 1,890 523 1,020 108 73
HFE-227ea CF;CHFOCF; 51.6 0.44 8,900 6,450 8,980 6,850 3,630
HCFE-235ca2 (enflurane) CHF,0CF,CHFCI1 4.3 0.41 2,120 583 1,080 116 81
HCFE-235da2 (isoflurane) CHF,0OCHCICF; 3.5 0.42 1,800 491 822 93 68
HFE-236¢ca CHF,0CF,CHF, 20.8 0.56 9,710 4,240 8,820 3,400 912
HFE-236¢ea2 (desflurane) CHF,OCHFCEF; 10.8 0.45 5,550 1,790 4,280 753 260
HFE-236fa CF;CH,O0CF; 7.5 0.36 3,350 979 2,240 273 138
HFE-245¢cb2 CF;CF,0CH; 4.9 0.33 2,360 654 1,280 136 91
HFE-245fal CHF,CH,O0CF; 6.6 0.31 2,900 828 1,820 206 116
HFE-245fa2 CHF,0CH,CF; 5.5 0.36 2,910 812 1,670 179 114
2,2,3,3,3-Pentafluoropropan-1-ol CF;CF,CH,OH 0.3 0.14 69 19 21 3 3
HFE-254cbl CH;0CF,CHF, 2.5 0.26 1,110 301 438 54 42
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name Chemical Formula (years) EfﬁCIezncy 1 20-yr 100-yr 20-yr 50-yr 100-yr
(Wm™ ppb’)
HFE-263{b2 CF;CH,OCH; 23.0 days 0.04 5 1 1 0 0
HFE-263ml CF;0CH,CH; 0.4 0.13 108 29 33 5 4
3,3,3-Trifluoropropan-1-ol CF;CH,CH,OH 12.0 days 0.02 1 0 0 0 0
HFE-329mcc2 CHF,CF,0CF,CF; 22.5 0.53 6,720 3,070 6,180 2,580 718
HFE-338mmz1 (CF;),CHOCHF, 21.2 0.44 5,940 2,620 5,410 2,130 575
HFE-338mcf2 CF;CH,OCF,CF; 7.5 0.44 3,180 929 2,120 259 131
Sevoflurane (HFE-347mmz1) (CF3),CHOCH,F 2.2 0.32 795 216 302 38 30
HFE-347mcc3 (HFE-7000) CH;0CF,CF,CF; 5.0 0.35 1,910 530 1,050 111 74
HFE-347mcf2 CHF,CH,0OCF,CF; 6.6 0.42 2,990 854 1,880 212 120
HFE-347pcf2 CHF,CF,0CH,CF; 6.0 0.48 3,150 889 1,900 206 124
HFE-347mmy1 (CF;),CFOCH; 3.7 0.32 1,330 363 624 69 51
HFE-356mec3 CH;0CF,CHFCF; 3.8 0.30 1,410 387 673 74 54
HFE-356mff2 CF;CH,OCH,CF; 105.0 days 0.17 62 17 18 3 2
HFE-356pcf2 CHF,CH,0CF,CHF, 5.7 0.37 2,560 719 1,500 162 101
HFE-356pcf3 CHF,0CH,CF,CHF, 3.5 0.38 1,640 446 747 84 62
HFE-356pcc3 CH;0CF,CF,CHF, 3.8 0.32 1,510 413 718 79 57
HFE-356mmz1 (CF;),CHOCH; 97.1 days 0.15 50 14 15 2 2
HFE-365mcf3 CF;CF,CH,0CH; 19.3 days 0.05 3 <1 <1 <1 <1
HFE-365mcf2 CF;CF,0CH,CH; 0.6 0.26 215 58 66 10 8
HFE-374pc2 CHF,CF,0CH,CHj; 5.0 0.30 2,260 627 1,240 132 88
4,4 4-Trifluorobutan-1-ol CF;3(CH,),CH,OH 4.0 days 0.01 <1 <1 <1 <1 <1
égézf,flii;‘(‘)f}:zlopen tanol -(CF,)4CH(OH)- 0.3 0.16 47 13 14 2 2
?&%fﬁg’ﬂcf)cm (H-Galden e 0CF,0C,F,0CHF, 135 1.02 8,010 2820 6600 1,530 436
HFE-449s1 (HFE-7100) C4FyOCH; 4.7 0.36 1,530 421 809 86 59
n-HFE-7100 n-C4F;OCHj; 4.7 0.42 1,760 486 934 99 68
i-HFE-7100 i-C4FsOCH; 4.7 0.35 1,480 407 783 83 57
HFE-569sf2 (HFE-7200) C4FyOC,Hs 0.8 0.30 209 57 66 10 8
n-HFE-7200 n-C4FyOC,Hs 0.8 0.35 237 65 75 11 9
i-HFE-7200 i-C4F9OC,Hs 0.8 0.24 163 44 52 8 6
HFE-236c¢al2 (HG-10) CHF,0CF,0CHF, 25.0 0.65 11,000 5,350 10,300 4,770 1,420
HFE-338pcc13 (HG-01) CHF,0OCF,CF,0CHF, 12.9 0.86 8,430 2,910 6,860 1,500 442
1,1,1,3,3,3-Hexafluoropropan-2-ol ~ (CF;),CHOH 1.9 0.26 668 182 243 32 25
HG-02 HF.CAOCF,CF)>- 12.9 1.24 7900 2730 6430 1410 415
OCF,H
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name e (years) LB UGS 20-yr 100-yr 20-yr 50-yr 100-yr
Y (W m” ppb™)
HG-03 e {OCRER), 12.9 1.76 8270 2850 6730 1480 434
2
HG-20 HF,C—(OCF,),-OCF,H 25.0 0.92 10,900 5,300 10,200 4,730 1,400
HF,C-
HG-21 OCF,CF,0CF,0CF,0- 13.5 1.71 11,100 3,890 9,110 2,120 602
CF,H
HG-30 HF,C—(OCF,);—OCF,H 25.0 1.65 15,100 7,330 14,100 6,530 1,940
I-Ethoxy-1,1,2,2,3,3,3- CF;CF,CF,0CH,CH; 0.8 0.28 223 61 70 10 8
heptafluoropropane
Fluoroxene CF5;CH,OCH=CH, 3.6 days 0.01 <1 <1 <1 <1 <1
1,1,2,2-Tetrafluoro-1-
(fluoromethoxy)ethane CH,FOCF,CF,H 6.2 0.34 3,080 871 1,880 207 122
2-Ethoxy-3,3,4,4,5-
pentafluorotetrahydro-2,5-
bis[1,2.2.2-tetrafluoro-1 - C,HsF 40, 1.0 0.49 204 56 66 10 8
(trifluoromethyl)ethyl]-furan
Fluoro(methoxy)methane CH;0CH,F 73.0 days 0.07 46 13 14 2 2
Difluoro(methoxy)methane CH;0OCHF, 1.1 0.17 528 144 173 25 20
Fluoro(fluoromethoxy)methane CH,FOCH,F 0.9 0.19 479 130 153 22 18
Difluoro(fluoromethoxy)methane ~ CH,FOCHF, 33 0.30 2,260 617 1,010 115 86
Trifluoro(fluoromethoxy)methane ~ CH,FOCF; 4.4 0.33 2,730 751 1,400 150 105
HG'-01 CH;0CF,CF,0CH; 2.0 0.29 815 222 301 39 31
HG'-02 CH;0(CF,CF,0),CH; 2.0 0.56 868 236 320 42 33
HG'-03 CH;0(CF,CF,0);CH; 2.0 0.76 812 221 299 39 31
HFE-329me3 CF;CFHCF,0CF; 40.0 0.48 7,170 4,550 7,090 4,690 2,040
3,3,4,4,5,5,6,6,7,7,7-
Undecafluoroheptan-1-ol CF;(CF,)4CH,CH,OH 20.0 days 0.06 2 <1 <1 <1 <1
3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-
Pentadecatluorononan-1-ol CF;(CF,)¢CH,CH,OH 20.0 days 0.07 1 <1 <1 <1 <1
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,
11,11-Nonadecafluoroundecan-1-ol CF3(CF2):CH.CH,0H 20.0 days 0.05 <1 <1 <1 <1 <1
2-Chloro-1,1,2-trifluoro-1- CH;0CF,CHFCI 1.4 0.21 449 122 153 21 17
methoxyethane
PFPMIE
(perfluoropolymethylisopropyl CF3;0CF(CF;)CF,0CF,0CF; 800.0 0.65 7,500 9,710 8,070 9,910 11,300
ether)
HFE-216 CF;0CF=CF, 8.4 days 0.02 <1 <1 <1 <1 <1
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP
Chemical Name Chemical Formula (years) Efficiency 20-yr 100-yr 20-yr 50-yr 100-yr
4 (W m~™ ppb™)

Trifluoromethyl formate HCOOCF; 35 0.31 2,150 588 984 111 82
Perfluoroethyl formate HCOOCF,CF; 35 0.44 2,130 580 971 110 81
Perfluoropropyl formate HCOOCF,CF,CF; 2.6 0.50 1,380 376 555 68 52
Perfluorobutyl formate HCOOCF,CF,CF,CF; 3.0 0.56 1,440 392 613 72 54
2,2,2-Trifluoroethyl formate HCOOCH,CF; 0.4 0.16 123 33 37 6 5
3,3,3-Trifluoropropyl formate HCOOCH,CH,CF; 0.3 0.13 604 17 19 3 2
1,2,2,2-Tetrafluoroethyl formate HCOOCHEFCEF; 32 0.35 1,720 470 755 87 65
;(’)i;;ﬁfﬁ -Hexafluoropropan-2-yl 400 (CFs), 32 0.33 1220 333 535 62 46
Perfluorobutyl acetate CH;COOCF,CF,CF,CF;  21.9 days 0.12 6 2 2 <1 <1
Perfluoropropyl! acetate CH;COOCF,CF,CF; 21.9 days 0.11 6 2 2 <1 <1
Perfluoroethyl acetate CH;COOCF,CF; 21.9 days 0.10 8 2 2 <1 <1
Trifluoromethyl acetate CH;COOCF; 21.9 days 0.07 8 2 2 <1 <1
Methyl carbonofluoridate FCOOCH; 1.8 0.07 350 95 126 17 13
1,1-Difluoroethyl carbonofluoridate FCOOCF,CHj; 0.3 0.17 99 27 30 5 4
1,1-Difluoroethyl 2,2,2-

. CF;COOCF,CH; 0.3 0.27 113 31 34 5 4
trifluoroacetate
Ethyl 2,2,2-trifluoroacetate CF;COOCH,CH; 21.9 days 0.05 5 1 1 <1 <1
2,2,2-Trifluoroethyl 2,2,2- CF;COOCH,CF; 54.8 days 0.15 25 7 7 1 <1
trifluoroacetate
Methyl 2,2,2-trifluoroacetate CF;COOCH; 0.6 0.18 192 52 60 9 7
Methyl 2,2-difluoroacetate HCF,COOCH; 40.1 days 0.05 12 3 4 <1 <1
Difluoromethy1 2,2,2- CF,COOCHF, 03 0.24 99 27 30 5 4
trifluoroacetate
2,2,3,3,4,4,4-Heptafluorobutan-1-ol C;F,CH,OH 0.6 0.20 124 34 38 6 5
1,1,2-Trifluoro-2-
(trifluoromethoxy)-ethane CHF,CHFOCF; 9.8 0.35 3,970 1,240 2,960 467 178
1-Ethoxy-1,1,2,3,3,3- CFsCHFCF,0CH,CH; 0.4 0.19 86 23 26 4 3
hexafluoropropane
1,1,1,2,2,3,3-Heptafluoro-3-
(1.2,2.2-tetrafluoroethoxy)-propane CF;CF,CF,0CHFCF; 67.0 0.58 7,940 6,490 8,140 6,960 4,380
2,2,3,3-Tetrafluoro-1-propanol CHF,CF,CH,OH 91.2 days 0.11 48 13 14 2 2
2,2,3,4,4,4-Hexafluoro-1-butanol CF;CHFCF,CH,OH 94.9 days 0.19 63 17 19 3 2
2,2,3,3,4,4,4-Heptafluoro-1-butanol CF;CF,CF,CH,OH 0.3 0.16 60 16 18 3 2
;;Lﬁifetraﬂuoroa-methoxy_ CHF,CF,CH,0CH; 142 days  0.03 2 <1 <1 <1 <1
Perfluoro-2-methyl-3-pentanone CF;CF,C(O)CF(CF3), 7.0 days 0.03 <1 <1 <1 <1 <1
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Industrial Designation or . Lifetime Radlfmve GWP GWP GTP GTP GTP

Chemical Name Chemical Formula (years) Efﬁc1e2ncy 1 20-yr 100-yr 20-yr 50-yr 100-yr
(W.m™ ppb™)

3,3,3-Trifluoro-propanal CF;CH,CHO 2.0 days 0.004 <1 <1 <1 <1 <1

2-Fluoroethanol CH,FCH,OH 20.4 days 0.02 3 <1 <1 <1 <1

2,2-Difluoroethanol CHF,CH,OH 40.0 days 0.04 11 3 3 <1 <1

2,2,2-Trifluoroethanol CF;CH,OH 0.3 0.10 73 20 22 3 3

L1-Oxybis[2-(difluoromethoxy)- - yyep R, CF,0),-CF,H 26,0 115 9,010 4920 9320 4460 1360

1,1,2,2-tetrafluoroethane 2 T ) ) > > i > i

1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12-

Hexadecafluoro-2,5,8,11- HCF,0O(CF,CF,0);-CF,H 26.0 1.43 9,050 4,490 8,520 4,080 1,250

tetraoxadodecane

1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12,1

3,13,15,15-Eicosafluoro- HCF,0(CF,CF,0),-CF,H 26.0 1.46 7,320 3,630 6,880 3,300 1,010

2,5,8,11,14-pentaoxapentadecane

For CH,4 we estimate an uncertainty of +30% and +40% for 20- and 100-year time horizons, respectively (for 90% uncertainty range). The uncertainty is dominated by AGWP for
CO; and indirect effects. The uncertainty in GWP for N,O is estimated to be £20% and £30% for 20- and 100-year time horizons, with the largest contributions from CO,. The
uncertainty in GWP for HFC-134a is estimated to be +25% and +35% for 20- and 100-year time horizons while for CFC-11, the GWP corresponding uncertainties are
approximately +20% and £35% (not accounting for the indirect effects). For CFC-12 the corresponding numbers are +20 and +30. The uncertainties estimated for HFC-134a and
CFC-11 are assessed as representative for most other gases with similar or longer lifetimes. For shorter-lived gases, the uncertainties will be larger. For GTP, few estimates are
available in the literature. The uncertainty is assessed to be of the order of £75% for the methane 100-year GTP.

* No single lifetime can be given. The impulse response function for CO, from Joos et al. (2013) has been used. See also Supplementary Material Section S8.11 in IPCC (2013).

+ Perturbation lifetime is used in calculation of metrics; not the lifetime of the atmospheric burden.

# Metric values for CH, of fossil origin include the oxidation to CO, (based on Boucher et al. (2009)). In applications of these values, inclusion of the CO, effect of fossil methane
must be done with caution to avoid any double counting, since CO, emissions numbers are often based on total carbon content. For non-fossil CH, we assume balance between

CO, taken up by the biosphere and CO, produced from CH,4 oxidation.
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5A-2. BASELINE SCENARIO MIXING RATIOS

Table 5A-2. Mixing ratios (ppt) of the ODSs considered in the baseline (A1) scenario. Values are for the beginning of the corresponding year
(see Chapter 1). Potentially important short-lived gases that may currently contribute 5 (2—8) ppt of stratospheric bromine and 95 (50-145) ppt of
stratospheric chlorine (see Chapter 1) are not shown in the table. Note: Areas are shaded for compounds in years when mixing ratio values are
forced to equal global average estimates inferred from observations (see Chapter 1, Figure 1-1).

CFC- CFC- CFC- HCFC- HCFC- halon- halon- halon- halon-
Year CFC-11 CFC-12 113 114 115 CCly CH;CCl;  HCFC-22 141b 142b 1211 1202 1301 2402 CH;Br CH;C1
1955 33 143 1.3 2.6 0.0 423 0.1 1.0 0.0 0.0 0.00 0.00 0.00 0.00 6.3 491.3
1960 9.5 29.5 1.9 3.8 0.0 52.1 1.5 2.1 0.0 0.0 0.00 0.00 0.00 0.00 6.5 510.3
1965 23.5 58.8 3.1 5.0 0.0 64.4 4.7 4.9 0.0 0.0 0.00 0.00 0.00 0.00 6.7 528.1
1970 52.8 114.3 5.5 6.5 0.2 75.9 16.3 12.1 0.0 0.0 0.02 0.00 0.00 0.02 7.0 539.9
1975 106.1 203.1 10.4 8.3 0.6 85.5 40.0 23.8 0.0 0.2 0.12 0.01 0.04 0.06 7.4 545.8
1980 161.9 297.1 19.0 10.7 1.5 92.9 82.0 42.5 0.0 0.4 0.69 0.01 0.36 0.15 7.8 548.4
1981 170.5 312.1 21.5 11.1 1.7 943 89.0 46.6 0.0 0.5 0.81 0.01 0.43 0.17 7.9 548.6
1982 179.2 330.5 24.5 11.6 2.0 95.7 94.1 50.7 0.0 0.6 0.95 0.01 0.51 0.19 8.0 548.9
1983 187.6 346.4 28.0 12.0 23 97.0 98.0 54.8 0.0 0.6 1.09 0.02 0.60 0.21 8.0 549.1
1984 196.4 363.7 32.2 12.4 2.7 98.5 102.0 58.8 0.0 0.7 1.23 0.02 0.71 0.23 8.1 549.3
1985 206.2 378.5 36.7 12.9 3.0 99.9 106.5 62.7 0.0 0.7 1.40 0.02 0.85 0.26 8.2 549.4
1986 216.2 397.9 41.8 13.4 34 101.3 110.3 66.9 0.0 0.8 1.59 0.02 1.03 0.27 8.3 549.5
1987 227.2 416.4 47.5 14.0 3.9 103.0 113.5 71.5 0.0 0.8 1.77 0.02 1.24 0.29 8.4 549.6
1988 238.7 439.0 54.0 14.5 43 104.0 118.7 76.7 0.0 0.9 1.96 0.02 1.45 0.31 8.5 549.7
1989 248.8 459.3 60.9 15.0 4.7 104.8 123.5 82.5 0.0 1.1 2.14 0.02 1.64 0.34 8.6 549.8
1990 256.4 476.4 67.6 15.4 5.2 105.6 127.3 88.2 0.0 1.2 2.32 0.03 1.80 0.37 8.7 549.8
1991 262.0 489.7 73.3 15.7 5.6 105.9 130.8 93.7 0.0 1.8 2.52 0.03 1.95 0.39 8.8 549.9
1992 265.4 500.7 78.2 15.8 6.0 105.8 133.6 99.8 0.1 2.8 2.72 0.03 2.09 0.42 8.9 549.9
1993 267.8 510.0 81.2 16.0 6.4 105.3 130.3 103.9 0.4 3.9 2.92 0.03 2.23 0.44 9.0 549.9
1994 268.1 516.5 83.0 16.1 6.8 104.4 121.9 109.1 1.5 5.1 3.11 0.03 235 0.46 9.2 550.0
1995 267.8 523.0 83.8 16.1 7.1 103.7 110.5 113.6 2.8 6.2 3.35 0.04 245 0.47 9.2 555.2
1996 267.0 528.7 84.0 16.2 7.4 102.6 98.2 119.4 4.5 7.2 3.53 0.04 2.53 0.48 9.2 539.3
1997 266.0 532.9 83.8 16.3 7.7 101.6 84.1 124.2 6.4 8.3 3.69 0.05 2.61 0.49 9.1 529.6
1998 264.6 536.4 83.4 16.4 7.9 100.7 71.0 128.9 8.2 9.4 3.82 0.05 2.69 0.49 9.3 554.3
1999 263.3 539.3 82.9 16.4 8.0 99.6 59.4 134.3 10.1 10.4 3.96 0.04 2.76 0.49 9.3 555.5
2000 261.6 541.4 82.3 16.5 8.1 98.5 49.7 139.2 11.8 11.4 4.08 0.04 2.84 0.49 9.0 542.8
2001 260.0 542.8 81.7 16.5 8.2 97.5 41.5 144.7 13.5 12.5 4.18 0.03 2.88 0.49 8.5 534.8
2002 258.2 543.6 81.1 16.6 8.3 96.5 345 150.5 14.8 13.3 4.24 0.02 291 0.49 8.3 533.6
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CFC- CFC- CFC- HCFC- HCFC- halon- halon- halon- halon-
Year CFC-11 CFC-12 113 114 115 CCly CH;CCl; HCFC-22 141b 142b 1211 1202 1301 2402 CH;Br CH;C1
2003 256.0 543.6 80.4 16.6 8.3 95.5 28.8 155.4 16.1 13.9 4.28 0.02 2.97 0.49 8.2 539.6
2004 253.8 543.4 79.7 16.6 8.3 94.5 24.0 160.5 17.0 14.6 431 0.02 3.02 0.49 8.1 536.2
2005 251.5 542.5 79.0 16.6 8.4 93.5 20.0 165.7 17.5 15.2 434 0.01 3.05 0.49 7.9 539.9
2006 249.4 541.6 78.4 16.5 8.4 92.5 16.7 171.9 17.8 15.9 434 0.01 3.08 0.48 7.8 536.9
2007 2472 539.6 77.7 16.5 8.4 91.4 14.0 179.1 18.5 16.9 432 0.01 3.11 0.48 7.6 543.7
2008 245.0 537.5 76.9 16.5 8.4 90.2 11.7 187.3 19.1 18.1 4.28 0.00 3.15 0.47 7.5 5453
2009 243.0 5353 76.2 16.5 8.4 88.9 9.8 195.2 19.6 19.3 4.22 0.00 3.17 0.47 7.3 541.0
2010 241.1 532.7 75.5 16.4 8.4 87.6 8.2 202.5 20.1 20.0 4.16 0.00 3.19 0.46 7.1 538.4
2011 239.0 530.1 74.8 16.4 8.4 86.5 6.9 210.0 20.9 20.8 4.08 0.00 3.22 0.45 7.1 533.5
2012 237.0 527.4 74.1 16.4 8.4 85.2 5.7 216.1 21.9 21.5 4.01 0.00 3.24 0.45 7.0 538.1
2013 2347 525.0 73.4 16.3 8.4 84.1 4.8 221.5 229 21.9 3.91 0.00 3.26 0.44 7.0 539.5
2014 232.4 520.9 72.7 16.2 8.4 82.9 4.0 233.8 23.8 22.7 3.81 0.00 3.27 0.43 7.0 539.5
2015 229.9 516.7 71.9 16.1 8.4 81.6 33 244.8 24.6 23.5 3.71 0.00 3.28 0.43 7.0 539.5
2016 227.5 512.4 71.2 16.1 8.4 80.3 2.7 254.7 25.5 24.2 3.60 0.00 3.29 0.42 7.0 539.5
2017 224.9 508.0 70.5 16.0 8.4 78.9 2.2 262.9 26.4 24.8 3.49 0.00 3.30 0.41 7.0 539.5
2018 222.4 503.6 69.7 16.0 8.4 77.4 1.8 269.8 27.2 253 3.38 0.00 331 0.41 7.0 539.5
2019 219.9 499.1 69.0 15.9 8.4 75.9 1.5 275.5 28.0 25.8 3.27 0.00 3.31 0.40 7.0 539.5
2020 217.3 494.6 68.3 15.8 8.4 74.4 1.2 280.3 28.7 26.2 3.15 0.00 3.31 0.39 7.0 539.5
2025 204.2 472.0 64.7 15.5 8.4 66.6 0.4 282.2 31.5 27.0 2.60 0.00 3.29 0.35 7.0 539.5
2030 190.9 449.8 61.4 15.1 8.4 58.8 0.2 251.9 32.0 26.0 2.09 0.00 3.24 0.32 7.0 539.5
2035 177.8 428.5 58.2 14.7 8.3 51.3 0.1 198.8 29.8 233 1.66 0.00 3.16 0.28 7.0 539.5
2040 165.1 408.1 55.1 14.3 8.3 44.4 0.0 142.9 26.0 19.6 1.30 0.00 3.06 0.25 7.0 539.5
2045 152.8 388.6 52.3 14.0 8.3 38.1 0.0 98.7 21.7 16.0 1.01 0.00 2.95 0.22 7.0 539.5
2050 141.1 370.0 49.5 13.6 8.2 32.6 0.0 66.4 17.7 12.7 0.77 0.00 2.83 0.19 7.0 539.5
2055 130.0 3523 46.9 13.3 8.2 27.7 0.0 442 14.1 9.9 0.59 0.00 2.71 0.17 7.0 539.5
2060 119.6 335.5 44.5 12.9 8.1 23.4 0.0 29.3 11.1 7.7 0.45 0.00 2.58 0.15 7.0 539.5
2065 109.8 3194 42.1 12.6 8.0 19.8 0.0 19.3 8.6 5.9 0.34 0.00 2.45 0.13 7.0 539.5
2070 100.7 304.1 39.9 12.2 8.0 16.6 0.0 12.8 6.7 4.5 0.26 0.00 2.32 0.11 7.0 539.5
2075 92.3 289.6 37.9 11.9 7.9 14.0 0.0 8.4 5.1 34 0.19 0.00 2.20 0.10 7.0 539.5
2080 84.5 275.7 359 11.6 7.9 11.7 0.0 5.6 3.9 2.6 0.14 0.00 2.07 0.08 7.0 539.5
2085 77.2 262.5 34.0 11.3 7.8 9.8 0.0 3.7 3.0 2.0 0.11 0.00 1.96 0.07 7.0 539.5
2090 70.6 250.0 322 11.0 7.7 8.2 0.0 24 2.3 1.5 0.08 0.00 1.84 0.06 7.0 539.5
2095 64.4 238.0 30.5 10.7 7.7 6.8 0.0 1.6 1.7 1.2 0.06 0.00 1.73 0.05 7.0 539.5
2100 58.8 226.6 28.9 10.5 7.6 5.7 0.0 1.1 1.3 0.9 0.04 0.00 1.63 0.04 7.0 539.5
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