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Abstract Nitrous oxide (N2O), which decomposes in the stratosphere to form nitrogen oxides (NOx), is
currently the dominant anthropogenic ozone-depleting substance emitted. Ozone depletion potentials (ODPs)
of specific compounds, commonly evaluated for present-day conditions, were developed for long-lived
halocarbons and are used by policymakers to inform decision-making around protection of the ozone
layer. However, the effect of N2O on ozone will evolve in the future due to changes in stratospheric
dynamics and chemistry induced by rising levels of greenhouse gases. Despite the fact that NOx-induced
ozone loss slows with increasing concentrations of CO2 and CH4, we show that ODPN2O for year 2100
varies under different scenarios and is mostly larger than ODPN2O for year 2000. This occurs because the
traditional ODP approach is tied to ozone depletion induced by CFC-11, which is also sensitive to CO2 and
CH4. We therefore suggest that a single ODP for N2O is of limited use.

1. Introduction

Nitrous oxide (N2O) is a long-lived greenhouse gas (GHG) with both natural and anthropogenic sources. Since
preindustrial times its atmospheric concentration has increased from ~270 ppb to 322 ppb [Montzka et al.,
2011], and it is projected to continue increasing through the 21st century [Meinshausen et al., 2011]. N2O is
destroyed mainly in the stratosphere, where it can either be photolyzed or undergo reaction with excited
atomic oxygen (O(1D)). This latter process produces nitrogen oxides (NOx =NO+NO2), which catalyze ozone
destruction [Crutzen, 1970].

Increases in GHGs alter the chemical, dynamical and radiative environment of the stratosphere such that the
effectiveness of N2O in destroying ozone is weakened, as discussed below. Increased concentrations of GHGs
cool the stratosphere, and under cooler conditions the NOx-induced ozone destruction cycle slows, and sec-
ond more NOx is converted to N2, which is inert and does not react with ozone [Rosenfield and Douglass,
1998]. In addition, the meridional stratospheric circulation (the Brewer-Dobson circulation) is projected to
strengthen as GHG concentrations increase, whichmeans that N2O is converted less efficiently into odd nitro-
gen (NOy =NOx +N+NO3 + 2 ×N2O5 +HNO3 +HNO4 +ClONO2 +BrONO2), resulting in reduced abundances
of stratospheric NOy overall because there is less time for the photochemical decay of N2O when air ascends
more rapidly from the troposphere [Plummer et al., 2010].

In addition to these general GHG effects, some effects of specific GHGs on NOx chemistry are worthy of men-
tion. Increases in stratospheric N2O mean that more NOx-induced ozone loss occurs in the middle strato-
sphere, which allows more UV to penetrate the middle stratosphere and photolytically destroy N2O; thus
N2O can shorten its own lifetime by 10–15% [Myhre and Shindell, 2013; Prather, 1998]. Moreover, stratospheric
NOx-induced ozone depletion can also be slowed by increases in CH4, which produces reactive hydrogen
(HOx =H+OH+HO2). OH may also react with NO2 to produce HNO3, thereby converting reactive NOx to
NOy reservoir species that do not react with ozone:

OH þNO2 þ M→ HNO3 þ M (R1)

An analogous process occurs with stratospheric chlorine (Cly = Cl + 2 × Cl2 + ClO + 2 × Cl2O2 + ClONO2

+ HCl + HOCl + BrCl), whereby ClO converts NO2 to the reservoir species ClONO2 via reaction (R2):

ClO þ NO2 þ M→ ClONO2 þ M (R2)
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Because of (R2), the ozone depletion potential of N2O (ODPN2O) is smaller when stratospheric Cly concentra-
tions are large [Ravishankara et al., 2009; Fleming et al., 2011]. However, the concentration of stratospheric Cly
is projected to be smaller at the end of the 21st century than it was in 1980 due to the Montreal Protocol on
Substances that Deplete the Ozone Layer [World Meteorological Organization (WMO), 2011; Harris and
Wuebbles, 2014], so reaction (R2) will not be a significant process for the 2100 timeframe which we examine.

Based on the effects of GHGs on ozone-depleting NOx chemistry discussed above, the effectiveness of N2O in
destroying stratospheric ozone is not expected to increase at a commensurate rate with projected increases
in surface N2O concentrations through the 21st century. Indeed, Revell et al. [2012a, 2012b] showed that
depending on the GHG scenario, stratospheric NOx-induced ozone loss may decrease through the 21st
century despite increasing surface concentrations of N2O.

Prior studies have quantified the effectiveness of N2O in depleting stratospheric ozone by calculating an ozone
depletion potential for N2O [Ravishankara et al., 2009; Fleming et al., 2011; Portmann et al., 2012]. Insofar, as we are
aware, only one study to date has quantified by how much ODPN2O might change between 2000 and 2100:
Fleming et al. [2011] used a single scenario applying surface boundary conditions of ozone-depleting substances
(ODSs) from theWorldMeteorological Organization’s (WMO) A1 scenario (2007) [WMO, 2007] and GHG boundary
conditions from scenario A1B (medium) of the Intergovernmental Panel on Climate Change’s Special Report on
Emissions Scenarios [Nakicenovic and Swart, 2000]. Their two-dimensional model calculations suggest that
ODPN2O decreases by 5%, from 0.019 to 0.018 between 2000 and 2100. In contrast, we show here that
ODPN2O in 2100 may be twice as large than in 2000, depending on the CO2 and CH4 concentrations.

Our study differs from previous studies in that we use a range of scenarios based on the recent
Representative Concentration Pathways (RCPs) [Meinshausen et al., 2011]. Furthermore, to more accurately
capture the coupled chemical and dynamical changes of the stratosphere, we employ here for the first time
a three-dimensional chemistry-climate model (CCM) for such a study, rather than a two-dimensional model
[Ravishankara et al., 2009; Daniel et al., 2010; Fleming et al., 2011; Portmann et al., 2012; Stolarski et al.,
2015]. While ozone-depleting NOx chemistry (and therefore ODPN2O) is affected by many factors including
the concentrations of CO2, CH4, N2O, and Cly (as discussed above), we focus here on quantifying the sensitiv-
ity of ODPN2O to CO2 and CH4 concentrations. These are the two dominant anthropogenic GHGs and provide
a clear example of why a single-valued ODPN2O is of limited use.

2. Computational Methods
2.1. The SOCOL Chemistry-climate Model

Simulations were performed with version 3 of the SOCOL (Solar Climate Ozone Links) CCM [Stenke et al., 2013;
Revell et al., 2015], which is based on the general circulation model MA-ECHAM5 (middle-atmosphere European
Centre Hamburg Model Fifth Generation) [Roeckner et al., 2003]. SOCOL includes 41 chemical species, 140
gas-phase reactions, 46 photolysis reactions, and 16 heterogeneous reactions, plus a further 16 organic species
and 44 chemical reactions, which make up the condensed isoprene mechanism Mainz Isoprene Mechanism
version 1 [Poeschl et al., 2000]. Chemical species are advected by a flux-form semi-Lagrangian scheme [Lin and
Rood, 1996]. For the present study, SOCOL was run with 39 vertical levels between the Earth’s surface and
0.01hPa (approximately 80 km), and T42 horizontal resolution, which corresponds approximately to grid cell sizes
of 2.8° ×2.8°.

2.2. Simulations

To calculate ODPN2O, SOCOL was run in time-slice mode (that is, continuous repeating conditions for a given
year) for 5 years before the simulation branched; either with a continuous addition of CFC-11 (100 ppt) or with
a continuous addition of N2O (50 ppb), to obtain the global-mean total column ozone response once a new
steady state was reached (see section 2.3). All simulations were initialized with a 10 year spin-up period,
which was not included in our analyses.

We performed simulations for years 2000 and 2100 conditions. The former was conducted so that we could
compare our model-calculated ODPN2O to results of other studies, which generally focused on the present.
The latter set of runs for 2100, described below, allow us to quantify the sensitivity of the ODP of N2O to
future levels of CO2 and CH4. Boundary conditions for the year 2000 simulation were based on observations
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and used prescribed values for greenhouse gases and ODSs, tropospheric ozone precursor emissions
[Lamarque et al., 2010], stratospheric aerosol surface area densities [Arfeuille et al., 2013; Luo, 2013], sea
surface temperatures, and sea ice concentrations [Rayner et al., 2003].

To explore the range of possible ODPN2O under different future atmospheric conditions, we performed nine
sensitivity simulations for the year 2100. All simulations were based on RCP 6.0, a medium-high climate sce-
nario [Masui et al., 2011], but differed in the CH4 and CO2 surface concentrations. CO2 was set to either
370 ppm, 655 ppm, or 940 ppm and CH4 was set to either 1250 ppb, 2502 ppb, or 3755 ppb. The CO2 and
CH4 concentrations were selected to cover the full range of concentrations encompassed by RCPs 2.6, 4.5,
6.0, and 8.5 between 2000 and 2100. N2O concentrations adhered to RCP 6.0 in 2100 for all simulations
(406 ppb), as did tropospheric ozone precursor emissions. ODSs followed the WMO’s A1 scenario [WMO,
2011], which is nearly identical to the scenario for ODSs given by the RCPs. Year 2000 stratospheric aerosol
surface area densities [Luo, 2013] were used for all simulations, as this was a volcanically quiescent period.

The same (RCP 6.0) year 2100 sea surface temperatures were used for all of the year 2100 sensitivity simula-
tions [Meehl et al., 2013]. This is necessary to isolate the sensitivity of ODPN2O to dynamical and chemical
effects of CO2 and CH4. We are confident that this approach is justified for our determinations of ODPN2O
because global-mean total column ozone corresponding to 2100 surface mixing ratios found using this
approach is quite similar to values found using transient runs of our model, as described in section 3.1.

2.3. ODP Calculations

ODP is defined as the change in globally averaged column ozone induced by a compound of interest at
steady state per unit mass emission rate, relative to the same quantity for CFC-11 [Solomon et al., 1992].
Noting that CFC-11 and N2O are prescribed as surface concentrations rather than emission fluxes in
SOCOL, we perturbed the model with a continuous addition of 100 ppt of CFC-11 until a new steady state
was reached. This induced a decrease in global-mean total column ozone of approximately 0.5–2.5
Dobson units (DU), depending on the CO2 and CH4 concentrations. For a 100 ppt addition of CFC-11, the
mass-equivalent concentration of N2O that should be added to the model is 0.31 ppb; however, this is too
small an amount to yield an observable difference in ozone. Instead, we added 50 ppb of N2O, which induces
ozone decreases within the same range as CFC-11. These changes in boundary layer mixing ratios are the
same as those chosen by Ravishankara et al. [2009]. ODPs were then calculated using the steady state formu-
lation shown in equation (1):

ODPN2O ¼ mCFC11�ΔμCFC11�τN2O� ΔO3½ �N2O
mN2O�ΔμN2O�τCFC11� ΔO3½ �CFC11

(1)

which describes the change in total ozone caused by the N2O perturbation normalized by the N2O mass flux
relative to the same perturbation caused by CFC-11. In detail, m is the molecular mass of the ODS, τ its
atmospheric lifetime (as calculated by the model for each simulation), Δμ a prescribed change in its
boundary layer mixing ratio (100 ppt of CFC-11 and 50 ppb of N2O), and ΔO3 the resulting change in
global-mean total column ozone.

3. Results and Discussion
3.1. Total Column Ozone Projections in 2100

We first examine how global-mean total column ozone responds to the various CO2 and CH4 concentrations
in the nine sensitivity simulations (Figure 1a). Based on year 2100 annual-mean CO2 and CH4 surface mixing
ratios defined for the RCPs [Meinshausen et al., 2011], we estimate that global-mean total column ozone in the
year 2100 will be 307, 311, 315, and 330DU for RCP 2.6, 4.5, 6.0, and 8.5, respectively (black squares in Figure 1a).
The four future estimates of column ozone for 2100 found using the time slice approach are in close agreement
with the 2090s global-mean total ozone columns 307, 312, 311, and 329DU calculated from transient SOCOL
simulations that followed the time evolution of GHGs according to each RCP scenario [Swiss Federal Institute
of Technology Zurich and the Physical-Meteorology Observatory Davos, 2015]. The transient simulations ran from
2000–2100 and used prescribed boundary conditions for GHGs, tropospheric ozone precursor emissions, sea
surface temperatures, and sea ice concentrations following either RCP 2.6, RCP 4.5, RCP 6.0, or RCP 8.5, while
ODSs followed the WMO A1 scenario in all four simulations.
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While it is generally accepted that glo-
bal stratospheric ozone will increase
through the 21st century due to
GHG-induced stratospheric cooling and
decreasing chlorine loading following
the Montreal Protocol, the SOCOL CCM
projects that global-mean total column
ozone may be larger or smaller in 2100
than in 2000, depending on the green-
house gas scenario (Figure 1a). The
white contour of Figure 1a denotes the
value of total column ozone for the year
2000 (314DU). Although stratospheric
column ozone does indeed increase
between 2000 and 2100 in our nine sen-
sitivity simulations as well as in all four
transient RCP simulations (not shown),
tropospheric column ozone decreases
in all RCPs except RCP 8.5, following
decreases in ozone precursor emissions
in RCPs 2.6, 4.5, and 6.0 (also shown pre-
viously by Young et al. [2013]). Becausewe
prescribed ozone precursor emissions
(NOx, carbonmonoxide, and nonmethane
volatile organic compounds) correspond-
ing to RCP 6.0 in our nine sensitivity simu-
lations, global-mean tropospheric ozone
decreases between 2000 and 2100 in all
simulations except for the three with the
largest CH4 surface concentrations (CH4

itself being an important tropospheric
ozone precursor). The declines in global-
mean total column ozone in 2100 shown
in Figure 1a correspond to situations
where the calculated decreases in
tropospheric column ozone exceed the
computed rise in stratospheric ozone.

However, SOCOL systematically overestimates global-mean tropospheric ozone [Revell et al., 2015], and other
models do not simulate reductions in total column ozone between 2000 and 2100 following the RCPs [Eyring
et al., 2013; Pawson and Steinbrecht, 2014]. Eyring et al. [2013] have suggested that total column ozone should
not be used as a proxy for stratospheric column ozone, given that the large influence tropospheric ozonewill have
on future total column ozone. However, we shall examine changes in total column ozone, since our focus is on the
relative changes in ozone induced by N2O and CFC-11, neither of which degrade in the troposphere.

As shown in Figure 1a, total column ozone is sensitive to CO2 and CH4 and positively correlated with both.
CO2 and CH4 lead to increased ozone abundances by cooling the stratosphere, which subsequently slows
the gas-phase ozone loss cycles [Jonsson et al., 2004]. Although CH4 enhances the rate of the ozone-depleting
HOx chemistry in the upper stratosphere, its overall effect is to increase total column ozone via stratospheric
cooling, production of tropospheric ozone, and by converting active chlorine to reservoir chlorine via reac-
tion (R3) [Fleming et al., 2011; Revell et al., 2012c]:

CH4 þ Cl→HCl þ CH3 (R3)

The total column ozone changes shown in Figure 1a are in good agreement with previous sensitivity stu-
dies. For example, Stolarski et al. [2015] quantified ozone changes as a function of CO2 and N2O

Figure 1. (a) Global-mean total column ozone in 2100 and (b) ODPN2O in
2100 for the nine sensitivity simulations (at corner and center points of
each axis), with linear interpolation in between. In both panels, the black
squares show values corresponding to the appropriate CO2 and CH4
surface concentrations for the RCPs in 2100. The white contour lines show
the values of total column ozone (314 DU) and ODPN2O (0.015; bottom
right-hand corner) found for year 2000, to give an indication of how these
quantities could potentially evolve between 2000–2100 owing to
changes in atmospheric composition and circulation.
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concentrations. For the 2100 N2O con-
centration corresponding to RCP 6.0
(406ppb), and with constant CH4 concen-
trations (1800ppb), they showed that
total column ozone increases by ~13DU
when the CO2 concentration increases
from 370ppm to 940ppm (the range of
CO2 concentrations in the present study).
For the same N2O and CH4 concentra-
tions, we find that total column ozone
increases by ~12DU for the equivalent
CO2 increase. Revell et al. [2012c] exam-
ined the sensitivity of ozone to CH4 with
constant CO2 and N2O concentrations
and showed that for a 2505ppb increase
in CH4 (the difference between the 2100
CH4 concentration in RCP 2.6 and RCP
8.5), total column ozone increases by
~12DU. For the same CO2 concentration
(but a larger N2O concentration), we see
an increase in total column ozone
of ~15DU.

3.2. ODPs for N2O

We now assess the impact of N2O on
global-mean column ozone in year 2100
and how this is influenced by CO2 and
CH4. We calculate the ODP of N2O using
equation (1). ODPs were developed as a
straightforward policy instrument to eval-
uate the potential for long-lived halocar-
bons to deplete ozone relative to CFC-11
[Harris and Wuebbles, 2014]. We find

ODPN2O=0.015 for the year 2000, which compares favorably with the value obtained by Ravishankara et al.
[2009] of 0.017.

Traditionally, ODPs have been evaluated for the present-day atmosphere. However, given that N2O is likely to
remain the dominant ODS currently emitted by the end of the 21st century [Ravishankara et al., 2009], we
apply ODPs to a range of possible year 2100 atmospheres, as shown in Figure 1b. ODPN2O ranges between
0.015 and 0.030, i.e., the same or twice as large as the year 2000 ODP, respectively. ODPN2O in 2100 is larger
than in 2000 for most of our sensitivity simulations, a finding consistent with Ravishankara et al. [2009], who
showed that ODPN2O may increase when stratospheric chlorine loading is smaller due to the buffering effect
of chlorine on NOx via (R2). We note that Figure 1b should not be literally interpreted to obtain values of
ODPN2O, given the discrepancies when the model is run with 39 or 90 vertical levels (discussed in
section 3.3); rather it shows how ODPN2O changes qualitatively in different CO2 and CH4 environments.
Values of ODPN2O are also displayed in Table S1 in the supporting information.

Given that increases in CO2 and CH4 lead to decreases in ozone-depleting NOx chemistry (as discussed in
section 1), one might hypothesize that the largest values of ODPN2O would be obtained when ozone-
depleting NOx chemistry is fastest, i.e., in the simulation with the smallest CO2 and CH4 concentrations
(Figure 2a). However, as shown in Figure 1b, ODPN2O maximizes when CH4 concentrations are largest.
The explanation is that according to equation (1), a large value of ODPN2O can be obtained not only by a
mass unit of N2O depleting more ozone but also by a mass unit of CFC-11 depleting less ozone.

Figure 2. The sensitivity of ozone-depleting NOx and Cly chemistry to
CO2 and CH4 in the year 2100. (a) Global-annual-mean rate at which
NOx destroys ozone, integrated over the entire atmospheric column, for
the nine sensitivity simulations. (b) As for Figure 2a but for the rate at
which Cly destroys ozone.
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In the stratosphere, CFC-11 is photo-
lyzed or undergoes reaction with O(1D)
to produce Cly, which in turn partici-
pates in catalytic ozone loss cycles.
Figure 2b shows that the effect of Cly
on ozone is sensitive to CO2 and CH4,
with the slowest Cly-induced ozone loss
rates occurring when CH4 concentra-
tions are large and CO2 concentrations
are small. Large CH4 concentrations
slow the rate of Cly-induced ozone loss
because CH4 converts reactive chlorine
via (R3) into HCl, which does not react
directly with ozone, hence slowing Cly-
induced ozone loss throughout the stra-
tosphere (Figure 3a), except in the
Antarctic lower stratosphere where
CH4 oxidation leads to additional H2O,
which in turn results in an enhancement
of polar stratospheric clouds. Therefore,
under high CH4 and low CO2 conditions
ODPN2O rises strongly because the
ozone-depleting Cly cycles slow, rather
than as a result of the effect of N2O
on ozone.

Rising levels of CO2 can drive an
increase as well as a decrease in Cly-
induced ozone loss in various regions
of the stratosphere, due to different
processes. On one hand, a cooler strato-
sphere may lead to increased formation
of polar stratospheric clouds, and there-
fore more heterogeneous chlorine
chemistry and associated ozone loss in
spring [Austin et al., 1992]. Conversely,
the Arctic polar vortex may become

more unstable, for example, due to sudden stratospheric warmings, which may increase in frequency as
the climate changes thus leading to less polar heterogeneous chlorine chemistry [Langematz et al., 2014].
Furthermore, gas-phase chlorine chemistry is temperature-dependent and slows as CO2 concentrations
increase and the stratosphere cools [Stolarski et al., 2015]. SOCOL shows that Cly chemistry slows in the extra-
polar middle and lower stratosphere and becomes faster in the polar lower stratosphere, where the cooling
effect on heterogeneous chemistry dominates (Figure 3b).

Recently, ODPs have been supplemented by the EESC (Equivalent Effective Stratospheric Chlorine) metric,
which represents how much ozone will be destroyed as a function of the stratospheric evolution of chlorine
and bromine, following surface release of various ODSs. Daniel et al. [2010] presented a method for including
N2O in the formulation of EESC, which requires ODPN2O as an input term. As we have shown, the future sen-
sitivity of the ozone layer to N2O will be dependent on the time evolution of CO2 and CH4. Use of a single
value for ODPN2O found for the present-day atmosphere, in such an EESC-based formulation, might lead to
unrealistic representation of the sensitivity of ozone to N2O.

As well as CO2 and CH4, other atmospheric constituents may affect future ODPN2O. As discussed in section 1,
future increases in N2O may impact ODPN2O, because N2O shortens its own lifetime [Myhre and Shindell,
2013]. Since we use the same surface N2O concentrations for all of our sensitivity simulations, we do not

Figure 3. Difference in the annual-mean rate of the ozone-depleting Cly
cycles in 2100, between (a) the high CH4 and low CH4 simulations with
low CO2 (high CH4 minus low CH4) and (b) the high CO2 and low CO2
simulations with low CH4 (high CO2 minus low CO2). Hatching indicates
that the differences are statistically significant at the 95% confidence level
(calculated with the two-sample t test).
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anticipate differences in our calculated
values of ODPN2O via this effect; how-
ever, experiments with different N2O
concentrations would conceivably yield
different results. Furthermore, strato-
spheric aerosols are known to alter
ODPN2O [Ravishankara et al., 2009].
When stratospheric aerosol loading is
high, NOx is converted to HNO3 on aero-
sol surfaces, and therefore, ODPN2O is
lowered. Aerosols also affect ozone loss
by Cly chemistry, which in turn affects
ODPN2O beyond changes in NOx chem-
istry. Here we have considered only
background aerosol from a volcanically
quiescent period (year 2000) in our
year 2100 simulations, as it is impossible
to predict future volcanic eruptions.
Should proposed stratospheric sulfate
geoengineering schemes go ahead
[Crutzen, 2006], projected year 2100
ODPs for N2O would differ considerably
from those presented here.

3.3. The Effect of Circulation Changes
on ODPN2O

A particular weakness of the SOCOL
model is that the rate of tropical upwel-
ling is too fast [Stenke et al., 2013], which
leads to shorter CFC-11 and N2O life-
times than calculated by other CCMs,
and stratospheric air which is approxi-
mately 1 year younger than observa-
tions [Chipperfield et al., 2014]. This
age-of-air bias may systematically influ-
ence our ODPN2O calculations, as with
a slower rate of tropical upwelling there

is more time for N2O to undergo reaction with O(1D) to produce NOx [Plummer et al., 2010]. There is also more
time for Cly to form from photochemical destruction of CFC-11; however, NOx- and Cly-induced ozone loss
occurs in different regions of the stratosphere.

Sensitivity experiments demonstrate that the age-of-air bias in SOCOL can be reduced (if not eliminated
entirely) by running the model with 90-level vertical resolution, rather than the coarser 39-level version used
in the present study. Figure 4a indicates that stratospheric air is approximately 1 year older in the 90-level
version of the model. The disadvantage of the 90-level version of SOCOL is that it is computationally very
expensive. To test the effect of the age-of-air bias on ODPN2O, we ran one of the year 2100 sensitivity simula-
tions (the low-CO2 and low-CH4 simulation) with the 90-level version of SOCOL and calculated an ODPN2O of
0.040, compared with 0.025 in the 39-level version. Therefore, models without a circulation bias similar to that
in the 39-level version of SOCOL should calculate larger values of ODPN2O. The results presented in Figure 4b
may assist in interpreting results from other models, as Figure 4b shows that ODPN2O and the stratospheric
mean age of air are positively correlated (R2 = 0.73). However, due to nonlinear impacts of climate change, it is
not clear that this relationship should necessarily be linear. With larger surface CO2 mixing ratios, the Brewer-
Dobson circulation strengthens (leading to a younger mean age of air), and there is less time available for
N2O to undergo reaction to produce NOx. As a result, NOx-induced ozone loss slows and ODPN2O is smaller.

Figure 4. (a) Difference in the stratospheric age of air between identical
SOCOL simulations performed with 39 and 90 vertical levels (90-level
version minus 39-level version). (b) Mean stratospheric age of air versus
ODPN2O. Black markers: CO2 = 370 ppm; red markers: CO2 = 655 ppm;
blue markers: CO2 = 940 ppm. Circles: CH4 = 1250 ppb; squares:
CH4 = 2502 ppb; triangles: CH4 = 3755 ppb. Mean stratospheric age of air
for the 90-level simulation = 2.87 years.
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We anticipate that the values of ODPN2O presented here are systematically smaller than would be obtained
with other models, but that the demonstrated sensitivity of ODPN2O to CO2 and CH4 is qualitatively correct.

4. Conclusions

The ODP concept is an integral part of national and international policymakers’ considerations on ozone-
protection policy, including the Montreal Protocol and its subsequent Adjustments and Amendments.
ODPs arose as a means of determining the ability of a chemical to destroy ozone relative to CFC-11 and
are normally found for the current atmosphere that has a well-defined composition. The advantage of
using a ratio relative to another species is that for halocarbons, many uncertainties cancel. However, the
interpretation for a nonhalocarbon GHG such as N2O in future conditions is problematic, because the
future atmospheric composition is so uncertain. Here we have demonstrated that differences of a factor
of 2 occur for the future ODPN2O, driven by the uncertainty in future levels of CH4 and CO2 that alter the
future atmospheric chemical background, temperatures, and circulation.

As long as the Montreal Protocol continues to function effectively, N2O will remain the dominant ODS emitted
in the 21st century. Since N2O and CFC-11 affect ozone differently in various CO2 and CH4 environments, a sin-
gle ODP for N2O is of limited use. Furthermore, given that GHG-induced changes in CFC-11-induced chemistry
have such a large influence onODPN2O, the traditional approach of computing an ODP (i.e., computing the ratio
of a perturbation of total column ozone induced by a specific compound relative to the change in ozone
induced by a perturbation to CFC-11) further complicates quantitative assessment of the effect of N2O on
ozone. Model evaluation of the sensitivity of NOx-induced ozone loss rates, as a function of future levels of
CO2 and CH4 (i.e., Figure 2a) may provide a more meaningful method for assessing the effect of N2O on ozone
than the traditional approach.
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