Section V: IMPLICATIONS OF OZONE DEPLETION AND THE MONTREAL PROTOCOL

20 Questions: 2010 Update

Is depletion of the ozone layer the principal cause

of climate change?

No, ozone depletion itself is not the principal cause of climate change. Changes in ozone and climate are directly linked

because ozone absorbs solar radiation and is also a greenhouse gas. Stratospheric ozone depletion and increases in global

tropospheric ozone that have occurred in recent decades have opposing contributions to climate change. The ozone-

depletion contribution, while leading to surface cooling, is small compared with the contribution from all other greenhouse

gas increases, which leads to surface warming. The total forcing from these other greenhouse gases is the principal cause
of observed and projected climate change. Ozone depletion and climate change are indirectly linked because both ozone-
depleting substances and their substitutes are greenhouse gases.

hile stratospheric ozone depletion is not the principal
Wcause of climate change, aspects of ozone depletion
and climate change are closely linked. Both processes involve
gases released to the atmosphere by human activities. The
links are best understood by examining the contribution to
climate change of the gases involved: ozone; ozone-depleting
substances (ODSs) (or halogen source gases) and their substi-
tutes; and other leading greenhouse gases.

Radiative Forcing of Climate Change

From changes in greenhouse gases caused by

human activities between 1750 and 2005

Greenhouse gases and the radiative forcing of
climate. The warming of the Earth by the Sun is enhanced
by the presence of natural greenhouse gases, of which water
vapor is an important example. Without this natural green-
house effect, the Earth’s surface would be much colder.
Human activities since the preindustrial era have led to long-
term increases in the atmospheric abundances of a number

of long-lived and short-lived greenhouse gases. This group

Figure Q18-1. Radiative forcing of green-
house gases. Human activities since the
start of the Industrial Era (around 1750) have

caused increases in the abundances of several
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short-lived and long-lived gases, known as
greenhouse gases, that all contribute to the
radiative forcing of climate, also known as
climate forcing. Radiative forcing is expressed
in units of watts per square meter (W/m?). As
shown in the figure, the largest forcings are
those of carbon dioxide (CO,), followed by
methane (CHy), tropospheric ozone, halocar-
bon gases, and nitrous oxide (N;O). The black
whiskers on each bar show uncertainties in
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2 In contrast, stratospheric ozone depletion rep-
resents a small negative forcing, which leads
to cooling of Earth’s surface. Halocarbons

include all ODSs, their substitutes, and a few

other gases (see Figure Q18-2). In the coming decades, ODS abundances and stratospheric ozone depletion are expected to

be reduced, along with their associated radiative forcings.
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Radiative Forcing of Climate by Halocarbons in 2005
From increases in all controlled gases containing chlorine, bromine,

and fluorine from human activities between 1750 and 2005
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Figure Q18-2. Halocarbons and radiative forcing of climate change. Halocarbon gases in the atmosphere represent
an important contribution to the radiative forcing of climate between 2005 and the preindustrial era (see Figure Q18-1). Halo-
carbons are all gases containing chlorine, bromine, or fluorine atoms that are now controlled as ozone-depleting substances
(ODSs) by the Montreal Protocol or as climate change gases by the Kyoto Protocol (see color shading). Shown in the figure
are the separate contributions of each gas or group of gases, as estimated using atmospheric abundance histories and Global
Warming Potentials (GWPs) (see Figure Q18-3). The gases listed in the right hand labels begin with the largest contribution in
each group, except for CFC-13, CFC-114, CFC-115, and halons, which are shown as one total value. The individual forcing terms
add together to form the bottom bar representing the total halocarbon forcing. The forcings of CFC-11 and CFC-12, the largest
halocarbon contributions, are already decreasing and will continue to decrease as CFCs are gradually removed from the atmo-
sphere (see Figure Q16-1). In contrast, the contributions of the intermediate-term ODS substitute gases, HCFCs, are projected
to grow for another two decades before decreasing. The future contributions of the long-term ODS substitute gases, HFCs, are
also expected to increase. In this case, the total contribution will depend strongly on which HFCs are used because the GWPs
of individual HFCs vary widely (see Figure Q18-3).
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includes stratospheric and tropospheric ozone, halocarbons,
carbon dioxide (CO,), methane (CH4), and nitrous oxide
(N;0). ODSs and their substitutes make up a large fraction
of the halocarbons in today’s atmosphere. The natural abun-
dances of these gases in Earth’s atmosphere change the bal-
ance between incoming solar radiation and outgoing infrared
radiation, warming the atmosphere and surface. Increases
in the abundance of these gases from human activities cause
more outgoing radiation to be absorbed, which further warms
the atmosphere and surface. This change in Earth’s radiative
balance caused by human activities is called a radiative forcing
of climate or, more simply, a climate forcing. The magnitude
of this energy imbalance is usually evaluated at the top of the
troposphere (tropopause) and is expressed using units of watts
per square meter (W/m?). The potential for climate change
increases as this radiative forcing increases.

A summary of radiative forcings in 2005 resulting from the
increases in the principal long-lived and short-lived green-
house gases during the Industrial Era is shown in Figure
Q18-1. All forcings shown relate to human activities. Posi-
tive forcings generally lead to warming and negative forc-
ings lead to cooling of Earth’s surface. Climate forcings also
lead to other changes, such as in precipitation patterns and
extreme weather events. International climate assessments
conclude that much of the observed surface warming and
changes in other climate parameters over the last decades is
due to increases in the abundance of carbon dioxide and other
greenhouse gases caused by human activities.

Stratospheric and tropospheric ozone. Stratospheric
and tropospheric ozone both absorb infrared radiation emit-
ted by Earth’s surface, trapping heat in the atmosphere. Strato-
spheric ozone also significantly absorbs solar radiation. Asa
result, increases or decreases in stratospheric or tropospheric
ozone induce a climate forcing and, therefore, represent direct
links between ozone and climate. In recent decades, global
stratospheric ozone has decreased due to rising reactive chlo-
rine and bromine amounts in the atmosphere, while global
tropospheric ozone in the Industrial Era has increased due
to pollution from human activities (see Q3). Stratospheric
ozone depletion has caused a small negative radiative forc-
ing since preindustrial times, while increases in tropospheric
ozone have caused a positive radiative forcing (see Figure Q18-
1). Summing the positive forcing due to tropospheric ozone
increases with the smaller negative forcing from stratospheric
ozone depletion yields a net positive radiative forcing. The
large uncertainty in tropospheric ozone forcing reflects the
difficulty in quantifying tropospheric ozone trends and in

modeling the complex production and loss processes that con-
trol its abundance. The negative radiative forcing from strato-
spheric ozone depletion will diminish in the coming decades
as ODSs are gradually removed from the atmosphere.

Stratospheric ozone depletion cannot be a principal cause
of present-day global climate change for two reasons: first, the
climate forcing from ozone depletion is negative, which leads
to surface cooling. Second, the total forcing from other long-
lived and short-lived gases in Figure Q18-1 is positive and far
larger. The total forcing from these other gases is the princi-
pal cause of observed and projected climate change.

Carbon dioxide, methane, and nitrous oxide. The
accumulation of carbon dioxide during the Industrial Era
represents the largest climate forcing related to human activi-
ties. Carbon dioxide concentrations continue to increase in
the atmosphere primarily as the result of burning fossil fuels
(coal, oil, and natural gas) for energy and transportation, as
well as from cement manufacturing. The atmospheric abun-
dance of carbon dioxide in 2005 was about 36% above what
it was 260 years ago in preindustrial times. Carbon dioxide
is considered a long-lived gas, since a significant fraction
remains in the atmosphere 100-1000 years after emission.

Methane is a short-lived climate gas (atmospheric lifetime
of about 10 years) that has both human and natural sources.
Human sources include livestock, rice agriculture, and land-
fills. Natural sources include wetlands, oceans, and forests.

Nitrous oxide is a long-lived climate gas (atmospheric life-
time of about 110 years) that also has both human and natural
sources. The largest human source is agricultural activities,
especially related to fertilization. Microbial processes in soils
that are part of natural biogeochemical cycles represent the
largest natural source. In the stratosphere, nitrous oxide is
the principal source of reactive nitrogen species, which par-
ticipate in ozone destruction cycles (see Q2 and Q7).

Halocarbons. Halocarbons in the atmosphere contribute
to both ozone depletion and climate change. Asused here, halo-
carbons represent those gases containing chlorine, bromine, or
fluorine atoms that are now controlled substances under the
Montreal Protocol or the Kyoto Protocol. ODSs are the halocar-
bons controlled under the Montreal Protocol. HFC substitute
gases, perfluorocarbons (PFCs), and sulfur hexafluoride (SF)
are controlled under the Kyoto Protocol. In 2005, the halocar-
bon contribution to climate forcing was 0.34 W/m?, which is the
third or fourth largest following carbon dioxide and methane
(see Figure Q18-1). The contributions of individual halocarbon
gases are highlighted in Figure Q18-2. Within the halocarbons,
CFCs contribute the largest percentage (80%) to the 2005 climate
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Evaluation of Selected Ozone-Depleting Substances and Substitute Gases
Relative importance of equal mass emissions for ozone depletion and climate change
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Figure Q18-3. ODPs and GWPs. ODSs and their substitutes can be compared via their Ozone Depletion Potentials (ODPs)
and Global Warming Potentials (GWPs) (see Table Q7-1). Larger ODPs or GWPs indicate greater potential for ozone depletion

or climate warming, respectively, when a gas is emitted to the atmosphere. The ODP and GWP values are derived assuming

an equal mass of each gas is emitted. The GWPs shown here are evaluated for a 100-year time interval after emission. The
ODP of CFC-11 and the GWP of CO, are assigned reference values of 1.0. The CFCs, halons, and HCFCs are ozone-depleting
substances (see Q7) while HFCs, used as ODS substitutes, do not destroy ozone (ODPs equal 0). The ODPs of the halons far
exceed those of the CFCs. All ODSs and their substitutes shown here have a non-zero GWP, with values spanning the wide

range of 4 to 14,000.

forcing. HCFCs, the intermediate-term ODS substitutes, make
the next largest contribution (12%). The atmospheric abun-
dance of HFCs, the longer-term ODS substitutes, contributes
only 3% to the 2005 halocarbon climate forcing.

The large contribution of the CFCs is expected to gradually
decrease following the projected decline in their atmospheric
abundance (see Figure Q16-1). Based on their long lifetimes,
CECs will still make a significant contribution, and most
likely the largest ODS contribution, to halocarbon climate
forcing at the end of the 21*' century. Halocarbons controlled
under the Kyoto Protocol (HFCs, PFCs, and SF¢) represent
about 5% of halocarbon climate forcing in 2005. With the
projected growth of HFC production and consumption in
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developing nations, this percentage contribution is expected
to increase substantially in the coming decades.

Ozone Depletion Potentials and Global Warming
Potentials. An important way of comparing the influence
of individual halocarbons on ozone depletion and climate
change is to use Ozone Depletion Potentials (ODPs) and
Global Warming Potentials (GWPs). The ODP and GWP of
a gas quantify its effectiveness in causing ozone depletion and
climate forcing, respectively (see Table Q7-1). The principal
halocarbon gases are contrasted with each other in Figure
Q18-3. The ODP of CFC-11 and the GWP of carbon diox-
ide are assigned reference values of 1. The CFCs and carbon
tetrachloride all have ODPs near 1, indicating comparable
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effectiveness in causing ozone depletion. The principal halons
have ODPs greater than 7, making them the most effective
ozone-depleting substances. HFCs have ODPs of zero since
they cause no ozone depletion (see Q7).

All halocarbons have non-zero GWPs and, therefore, con-
tribute to climate forcing. The GWP does not correspond
strongly with the ODP of a gas because these quantities
depend on different chemical and physical properties. For
example, while HFC-134a does not destroy ozone (ODP equal
0), each gram emitted is 1,370 times more effective than a
gram of carbon dioxide in causing climate forcing. The future
selection of specific HFCs as ODS substitutes or for use in new
global applications will have important consequences for cli-
mate forcing. When these HFCs are eventually released to the
atmosphere, the contribution to climate forcing will depend on
their GWPs, which could vary over a wide range (4 to 14,000).

Montreal Protocol regulations have led to reductions in
CFC emissions and increases in HCFC emissions (see Q16).
As a result of these actions, the total radiative forcing from
ODSs is slowly decreasing (see Q19). Overall halocarbon
radiative forcing, however, is slowly increasing because of
It is
important to note that, despite having a GWP that is small in

growing contributions from HFCs, PFCs, and SFs.

comparison to many other halocarbons and other greenhouse
gases, carbon dioxide is the most important greenhouse gas
related to human activities because its emissions are large and
its atmospheric abundance is far greater than the abundances
of other emitted gases.

Impact of climate change on ozone. Certain changes
in Earth’s climate could affect the future of the ozone layer.
Stratospheric ozone is influenced by changes in temperatures
and winds in the stratosphere. For example, lower tempera-
tures and stronger polar winds could both increase the extent
and severity of winter polar ozone depletion. While the Earth’s
surface is expected to continue warming in response to the
net positive radiative forcing from greenhouse gas increases,
the stratosphere is expected to continue cooling. A cooler
stratosphere would extend the time period over which polar
stratospheric clouds (PSCs) are present in winter and early
spring and, as a result, might increase polar ozone depletion.
In the upper stratosphere at altitudes above PSC formation
regions, a cooler stratosphere is expected to increase ozone
amounts because lower temperatures decrease the effective-
ness of ozone loss reactions. Furthermore, climate change
may alter the strength of the stratospheric circulation and with
it the distribution of ozone in the stratosphere (see Q20).
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