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•	  Coordina*ng	  lead	  author	  of	  Chapter	  5	  (WMO,	  2007,	  2011)	  
•	  Par*cipa*on	  in	  “policy”	  chapter	  of	  six	  ozone	  assessments	  (1995,	  1999,	  
2003,	  2007,	  2011,	  2015);	  contribu*ng	  author	  (IPCC,	  1995,	  2001,	  2013)	  

•	  Calculated	  future	  CFC	  (and	  other	  ozone-‐deple*ng	  substance)	  
projec*ons	  (Chapter	  5,	  WMO,	  2015),	  with	  an	  analysis	  of	  mi*ga*on	  
impacts	  on	  ozone	  deple*on	  (Daniel	  et	  al.,	  2010)	  

•	  Contributed	  to	  RCP	  scenarios	  used	  in	  IPCC	  AR5	  and	  elsewhere	  
(Meinshausen	  et	  al.,	  2011)	  

•	  Developed	  approach	  for	  determining	  ODPs	  of	  short-‐lived	  species	  
(Brioude	  et	  al.,	  2010)	  	  



•	  The	  Montreal	  Protocol	  yielded	  substan*al	  ozone	  
and	  climate	  co-‐benefits	  
	  
•	  Reduc*on	  of	  long-‐lived	  ozone-‐deple*ng	  substance	  
(ODS)	  emissions	  implies	  other	  emissions	  are	  rela*vely	  
more	  important	  if	  there	  remains	  a	  desire	  to	  
accelerate	  ozone	  recovery	  (e.g.,	  N2O)	  
	  
•	  Inability	  to	  use	  ODSs	  in	  the	  future	  implies	  
alterna*ves	  must	  be	  found	  for	  products	  such	  as	  air	  
condi*oning,	  refrigera*on,	  foams,	  and	  others	  (e.g.,	  
HFC	  implica*ons)	  
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•	  worked	  with	  partners	  in	  industry,	  EPA,	  and	  academia	  to	  es*mate	  future	  
demand	  for	  refrigera*on,	  A/C,	  foams,	  etc.	  
•	  built	  on	  knowledge	  of	  current	  regula*ons	  and	  controls	  to	  project	  future	  
HFC	  emissions	  
•	  evaluate	  poten*al	  future	  climate	  impacts	  

Nitrous	  oxide	  (N2O):	  The	  dominant	  ozone-‐depleEng	  substance	  emiFed	  in	  the	  
21st	  century	  

Ravishankara,	  A.R.,	  J.S.	  Daniel,	  and	  R.W.	  Portmann	  
Science,	  2009	  

	  
The	  large	  contribuEon	  of	  projected	  HFC	  emissions	  to	  future	  climate	  forcing	  

G.J.M.	  Velders,	  D.W.	  Fahey,	  J.S.	  Daniel,	  M.	  McFarland,	  S.O.	  Andersen	  
PNAS	  (Proceedings	  of	  the	  Na*onal	  Academy	  of	  Sciences),	  2009	  

Two	  Examples	  of	  High	  Impact	  Research	  

•	  first	  *me	  an	  Ozone	  Deple*on	  Poten*al	  (ODP)	  was	  calculated	  for	  N2O	  
•	  allowed	  for	  a	  direct	  comparison	  of	  ozone-‐relevant	  N2O	  emission	  with	  
that	  of	  other	  ozone-‐deple*ng	  substances	  
•	  ODPs	  are	  widely	  understood	  

CSD	  Author	  



What	  Did	  We	  Find?	  
(e.g., foams in buildings) or in applications with
continued demand and unavailability of suitable
replacements (e.g., halons for fire fighting and
CFCs for medical uses). Based on our value of
the ODP and the IPCC fourth assessment report
emission estimates for N2O, the total 2005 banks
(3) of ODSs are equivalent to roughly 20 years
of continued anthropogenic emissions of N2O
at today’s rate. Thus, although policy decisions
regarding banks of halons and CFCs do rep-
resent the largest option for ozone protection
today, the effect of N2O can be expected to
dominate in the future as the banks of these
ODSs are either released to the atmosphere or are
captured and destroyed. Furthermore, the destruc-
tion of the existing ODS bank represents a one-
time benefit, whereas reductions in N2O emissions
have the ability to continue providing benefits
into the future.

We also point out that increases in anthropo-
genic N2O emissions or decreases due to abate-
ment strategies would affect a number of issues
of importance to stratospheric ozone: (i) it would

affect the date for the recovery of the ozone layer;
(ii) it would imply that the use of a single pa-
rameter such as equivalent effective stratospheric
chlorine (EESC) to estimate the recovery of the
ozone layer should be reevaluated; (iii) it would
have implications for the recovery of the polar
ozone hole that might differ from that of global
ozone; (iv) N2O could be an unintended by-
product of enhanced crop growth for biofuel
production (21) or iron fertilization to mitigate
CO2 emissions (22). Such an enhancement would
lead to the unintended “indirect” consequence of
ozone layer depletion and increased climate
forcing by an alternative fuel used to curb global
warming, as pointed out by Crutzen et al. (21).

For historical reasons, it is interesting to com-
pare ozone depletion caused by anthropogenic
N2O emissions with that from the original pro-
jections for 500 U.S. supersonic transports (7),
SSTs. The total increase in stratospheric NOx by
that fleet of SSTs is comparable to that from
today’s total anthropogenic N2O emission, indic-
ative of the significance of anthropogenic N2O.
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Fig. 2. Historical and projected ODP- and GWP-weighted emissions of the most important ODSs and
non-CO2 greenhouse gases. Non-N2O ODS emissions are taken from WMO (3). Hydrofluorocarbon (HFC)
projections are taken from Velders et al. (24), do not include HFC-23, and are estimated assuming
unmitigated growth. The HFC band thus represents a likely upper limit for the contribution of HFCs to
GWP-weighted emissions. CH4 emissions represent the range of the Special Report on Emissions
Scenarios (SRES) A1B, A1T, A1FI, A2, and B1 scenarios (23). The range of anthropogenic N2O emissions
is inferred from the mixing ratios of these same SRES scenarios [see (13) for details of calculation].
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•	  N2O	  is	  currently	  the	  largest	  ODP-‐
weighted	  emission,	  and	  is	  expected	  to	  
remain	  so	  in	  the	  future	  

Informing	  Policy	  More	  Directly	  
•	  Provide	  assessment	  of	  mi*ga*on	  op*ons	  
•	  Instrumental	  in	  mo*va*ng	  and	  informing	  
policy	  discussions	  involving	  controlling	  
HFCs	  under	  the	  Montreal	  Protocol	  

values are derived from atmospheric concentrations of contrib-
uting gases and their radiative efficiencies and do not depend on
their GWPs. The projected RF from global HFCs monotonically
increases throughout the baseline scenarios (Fig. 1C and Fig.
S1b). The RF contribution from developing countries surpasses
that of developed countries around 2030 (Fig. 1C), !10 years
later than found in the comparison of GWP-weighted emissions
(Fig. 1B). In 2050, the RF of global HFCs is in the range of
0.25–0.40 W!m"2, which is more than a factor of 3 larger than
SRES HFC values (Fig. S1b). In a comparison with the SRES
CO2 scenarios in 2050, the HFC RF fraction is 7–12% of the CO2
values. The HFC RF in 2050 is equal to 6–13 years of RF growth
from CO2 in the 2050 time frame (Table 2). In the comparison
with the 450- and 550-ppm CO2 stabilization scenarios the HFC
fraction increases to 10–16% and 9–14%, respectively (Fig. 2C).

HFC Mitigation Scenarios
The potentially large contribution of HFC emissions to future
climate forcing in the coming decades has attracted the attention
of policymakers seeking climate protection. A recent regulatory
development that influenced the new HFC scenarios is the EU
F-gas directive on mobile AC (26) as discussed above. Other
regulatory actions that might affect future emissions include:
USA cap-and-reduction proposals on HFCs, the intention of the
European Commission to reduce HFC emissions through a
climate treaty (28), and proposals of individual states in the
USA. In addition, the Montreal Protocol Parties have expressed
concern over the potential future climate contribution of
HFCs (29).

Five modifications to the new baseline scenarios illustrate the
impact of potential future regulatory actions. The first is the cap
and reduction of HFC consumption in the USA proposed in the
Lieberman–Warner (LW) Climate Security Act (30). In LW,
HFC CO2-eq consumption in the USA is reduced in steps
between 2012 and 2040 to achieve a 70% reduction relative to a
predefined 2012 level. The second is a global phaseout between
2011 and 2017 of mobile-AC refrigerants with a 100-year GWP
#150, as is in place in the EU. The third is a freeze in HFC
consumption in developed countries in 2014 and in developing
countries in 2024, each at the previous year’s level. Adopting a
later freeze date for developing countries follows the practice
of the Montreal Protocol. The fourth and fifth scenarios start
with the 2014/2024 freeze followed by annual decreases in
consumption of 2% per year and 4% per year, respectively,

with a maximum reduction of 80%. The GWP-weighted emis-
sions and RF results for these scenarios are shown in Fig. 3 and
Table 2.

The LW scenario reduces cumulative GWP-weighted HFC
consumption by 13–14 GtCO2-eq over the 2013–2050 period and
yields a small reduction in RF of !0.025 W!m"2 in 2050. The
global ban on high-GWP HFCs in mobile AC reduces consump-
tion by 7–10 GtCO2-eq over the 2013–2050 period and RF by
0.017–0.025 W!m"2 in 2050. The ranges result from the variation
in GDP and population growth in the baseline scenarios. Both
of these mitigation scenarios yield an RF reduction that is equal
to !0.4–1 year of CO2 RF growth in the 2050 time frame. The
global-freeze scenario yields reductions in cumulative consump-
tion of 69–118 GtCO2-eq over the 2013–2050 period and in RF
of 0.12–0.20 W!m"2 in 2050. The freeze followed by 4% per year
annual decreases in consumption yields reductions of 106–171
GtCO2-eq over the 2013–2050 period and 0.18–0.30 W!m"2 by
2050. The latter reduction corresponds to 4–10 years of CO2 RF
growth in the 2050 time frame using the SRES scenarios or 8–13
years of CO2 RF growth, using the 550-ppm CO2 stabilization
scenario. With the 4% per year annual decreases, HFC RF
reaches a peak ca. 2040 and is decreasing before 2050 (Fig. 3C).
Thus, in the scenarios considered here, a global freeze followed
by modest annual reductions in both developed and developing
countries is more effective in limiting the RF contribution from
HFCs than is a single regional cap and reduction of HFCs.

The example mitigation scenarios presented here limit con-
sumption of HFCs, not emissions. Mitigation options limiting
consumption, as used in the Montreal Protocol, and those
limiting emissions (containment), as in the Kyoto Protocol, have
different implications. These different policy strategies for HFCs
in refrigeration and AC have been explored for Germany (31).
The comparison showed that containment strategies are gener-
ally more effective in reducing emissions in the short term,
whereas strategies based on consumption limits (as in a phaseout
or phasedown) have the potential for greater reductions in the
long term. With limits on emissions, the banks of HFCs generally
increase implying increased importance of bank management,
recovery, and destruction. Limits on consumption are expected
to stimulate containment in the short term and development and
deployment of new technologies in the longer term. Further-
more, limits on consumption are easier to enforce with only a few
producers worldwide compared with limits on emissions with
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and CO2 concentrations have been explored with a
model of the middle atmosphere. The future evolution
of ozone will depend on all of these gases. The large
negative effect of the halocarbons evident in ozone
between 1950 and the present will decrease in the
coming decades of the twenty-first century and non-
halocarbon chemicals and climate change will largely
control future ozone changes. N2O is now the largest
ozone-destroying gas emitted by human activities
based on ODP-weighted emissions [26]. Whether
ozone evolves to lower or higher values compared
with pre-industrial values depends primarily on the
levels of CO2 relative to the level of N2O. High emis-
sion of CO2 could cause a so-called ‘super recovery’
of ozone but would have a large influence on the
global climate and oceans.

There is a limit to the extent to which the effect of the
source gas emissions can be unambiguously separated
owing to nonlinear interactions between the chemical
families. The largest of these effects is between CH4

and the halocarbons. The increase of CH4 during the
twentieth century likely reduced the effect of halo-
carbons on global mean ozone by approximately 20
per cent. There are also non-negligible interactions
between CO2 and N2O on ozone. These effects are of
the order of 20 per cent and do not alter the above con-
clusion of N2O’s dominant effect on ozone destruction
in the future.

By 1980, the decrease in global mean ozone levels
was already relatively large when compared with
1900 levels. The changes in ozone were not only due
to the halocarbons but also significant changes had
already taken place due to N2O, CO2 and CH4. How-
ever, there are opposing effects from these gases that
make the combined effect smaller than the depletion
owing to halocarbons alone. This should be kept in
mind by those who use 1980 levels of ozone as a
benchmark of recovery.

The elimination of anthropogenic N2O emissions
would have a much larger effect than any of the unregu-
lated halocarbon emissions, singularly or combined
[28]. This underscores the opportunity that controlling

N2O emissions provides for reducing future ozone
destruction, especially in the twenty-second century
and beyond.
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for this application grows in the scenarios with the same rate as
for other applications.

The baseline scenarios do not include HFC-23 because its use
as a substitute for ODSs is negligible. Estimated future demand
for HFC-23, which is an unintentional byproduct in the produc-
tion of HCFC-22, is small compared with other leading HFCs,
especially past 2015 (2, 27). Nevertheless, continued emissions of
HFC-23 have significant potential to contribute to climate
forcing because of its large GWP [14,800 (100-year)].

GWP-Weighted Consumption and Emissions
The new HFC baseline scenarios are shown in Figs. 1 and 2 as
consumption, emissions, and RF values between 2000 and 2050.

Consumption and emissions are scaled to CO2-equivalent values,
using 100-year GWPs (3) (Table S2). The high and low limits of
the HFC ranges shown in the figures follow from the differences
in GDP and population growth in the underlying SRES scenar-
ios. The high end of the range for developing countries follows
A1 and the low end follows A2, both determined primarily by
GDP. For developed countries the range, driven primarily by
population, follows A2 on the high end and B2 on the low end.
Per-capita HFC demand (i.e., market penetration) is expected to
saturate in developed country markets in the next decade and in
developing countries ca. 2040 at the high end of the scenario
range. Total HFC GWP-weighted consumption grows strongly
from 2012, primarily in developing countries, reaching 6.4–9.9
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Fig. 1. CFC and HCFC consumption (A), HFC consumption (B), and HFC RF (C) for 2000–2050 in developing (A5) and developed (non-A5) countries. The CFC and
HCFC mass consumption values in A are derived from reported data (1). The shaded regions for GWP-weighted consumption in B and RF in C are bounded by
high and low limits as defined by the upper and lower ranges of the baseline scenarios in both developed and developing countries. The consumption values
expressed in equivalent GtCO2 per year in B are sums over the consumption of individual HFC compounds each multiplied by their respective GWP (100-year time
horizon) (3).
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Fig. 2. Global ozone-depleting substances (ODSs) and HFC emissions (A), global CO2 and HFC emissions (B), and ODS, HFC, and CO2 global RF (C) for the period
2000–2050. Global emissions are the total from developing and developed countries. The CFC data include all principal ODSs in the Montreal Protocol except
HCFCs. The emissions of individual gases are multiplied by their respective GWPs (direct, 100-year time horizon) to obtain aggregate emissions expressed in A
and B as equivalent GtCO2 per year (3). The color-shaded regions show emissions and RFs as indicated in the panel legends. The high and low labels identify the
upper and lower limits, respectively, in the global baseline scenarios. The dashed lines in A show the HCFC and HFC scenario values calculated without the emission
changes caused by the 2007 accelerated HCFC phaseout. Shown for reference in B and C are emissions and RF for the range of SRES CO2 scenarios and the 450-
and 550-ppm CO2 stabilization scenarios (16, 17). The CO2 data from 2000 to 2007 are based on reported emissions and observed concentrations. The triangle
in C shows the range of HFC RF in 2050 from the baseline scenarios compared with the range in years needed to obtain the same RF change from CO2 emissions
in the SRES scenarios near 2050.
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•	  Without	  policy	  interven*on,	  HFCs	  could	  
negate	  a	  significant	  amount	  of	  the	  future	  
climate	  benefits	  projected	  to	  arise	  from	  the	  
Montreal	  Protocol	  controls	  
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Future	  Plans	  

•	  Con*nue	  providing	  leadership	  and	  scien*fic	  input	  to	  ozone	  
and	  climate	  assessments	  

	  
•	  Ensure	  that	  future	  scenarios	  remain	  current	  and	  relevant	  for	  
ozone	  deple*on	  and	  climate	  change	  policy	  discussions	  

	  
•	  Con*nue	  to	  evaluate	  the	  policy	  implica*ons	  of	  interac*ons	  
between	  ozone	  deple*on	  and	  climate	  change	  to	  help	  iden*fy	  
win-‐win	  policy	  op*ons	  


