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Abstract: Keeping net international aviation CO2 emissions at or below 2020 levels (i.e.
stabilization of emissions) is an aspirational goal of the International Civil Aviation Organization
(ICAO); its ‘2020 Carbon Neutral Growth Goal’. How this might be achieved is still being debated
by ICAO, against a backdrop of expected increasing emissions, but it is envisaged to be through a
basket of measures that include improvements in technology, operational efficiency, the use of
less carbon-intensive fuels than aviation fossil-fuel kerosene, and market based measures. Here,
we analyse what achieving the 2020 Carbon Neutral Growth Goal for international emissions
might mean in terms of ‘climate impacts’, measured here in the accepted science-based metric of
CO2 radiative forcing (RF), and compare the outcomes with the ‘climate impacts’ of different
mitigation scenarios. We also show that a stabilization of CO2 emissions at 2020 levels does not
correspond to stabilization of climate impact (radiative forcing). In addition to radiative forcing,
temperature responses are also calculated from an ensemble of 20 climate model
parameterizations. The analyses are undertaken for three growth scenarios of aviation CO2
emissions and four background CO2 scenarios, totaling 1,920 simulations.

For a central traffic growth scenario, achievement of the 2020 Carbon Neutral Goal would result
in ~21% (overall range 16 to 25.3%, depending upon growth scenario) improvement in aviation
CO2 radiative forcing by 2050 over a baseline ‘business-as-usual’ (BAU) scenario, in terms of
international emissions. Previous work has shown that the reduction in radiative forcing by 2050
even for maximum feasible reductions (MFR) from improvements in technological and
operational efficiencies plus biofuels, over a baseline BAU scenario, was 9% (range 8.3 to 9.6%),
whereas including the reductions from the EU-emissions trading scheme for aviation to the
MFR/biofuels scenario increased the reduction in radiative forcing to 19.5% (range 16.1 to
21.5%). The largest reductions of 30.4% (range 24.4 to 33.7%) came from a hypothetical global
departing flights emissions trading scheme for international aviation combined with MFR
technology/operations plus biofuels. This comparison shows that for the international aviation
2020 Carbon Neutral Growth Goal to be achieved, additional measures to technology/biofuels
will be needed, as the timescales for them to reduce emissions is rather long, thus a market based
mechanism such as emissions trading or offsetting would be needed to achieve the 2020 Carbon
Neutral Growth Goal’, since market-based measures have the capability to reduce emissions of
CO2 quickly.

For total aviation CO2 emissions (i.e. international plus domestic; 62%, 38%), we formulate 3
scenarios: Scenario 1 combines achievement of the 2020 Carbon Neutral Goal for international
emissions with BAU domestic aviation emissions; Scenario 2 combines achievement of the 2020
Carbon Neutral Grow Goal for international emissions with MFR plus biofuel for domestic
aviation emissions; Scenario 3 postulates Carbon Neutral Growth between 2020 and 2050 for
both international and domestic aviation. Scenario 1 would result in ~21.5% (range 16.3 to
25.4%) improvement over the baseline ‘business-as-usual’ (BAU) scenario by 2050, Scenario 2
would give an improvement of ~26% (range 20.5 to 30.5%), and Scenario 3 would give an
improvement of ~31.6% (range 23.7 to 38.1%). Although the annual emissions are constant in
Scenario 3, the radiative forcing increases, as is expected, since CO2 accumulates.
Illustrative very long-term simulations to 2500 demonstrate that at a constant emissions rate –
again, as expected – the radiative forcing and temperature response never stabilizes but
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continues to increase for a constant emission rate since CO2 is accumulating much faster in the
atmosphere than it is removed. For constant annual emissions at 2020 levels, the aviation CO2
radiative forcing increases by a factor 1.6 in 2050 over 2020 values, and a factor of 2.5 by 2100,
over 2020 values. The very slow loss rate of CO2 from the atmosphere is also illustrated by a
hypothetical long-term simulation to 2500, in which all aviation CO2 emissions cease at 2020,
which showed that by 2050, aviation CO2 radiative forcing reduced by approximately 30% over a
2020 value, and 2100 forcing was reduced by 46% over the 2020 value, even though no
emissions occurred from the sector over the calculation period. This demonstrates the very long
(multiple) time-responses of CO2 that 30% of an emission decays within the first 30 years, 50%
of the emission decays on a timescale of hundreds of years, and 20% of the effects remain for
millennia after the emission has stopped.
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Introduction

Total global aviation emissions were ~2.3% of total anthropogenic CO2 emissions in
2005 (Lee et al., 2009). However, it is expected that aviation CO2 emissions will increase
significantly over their 2006 value of 630 Mtonne CO2 (ICAO, 2010) by 2050. Lee et al.
(2013a) estimated that by 2050, total civil aviation CO2 emissions may increase by 1.3 to
5 fold over its 2006 value, using data on growth and expected emissions reductions
from technological and operational efficiencies (MODTF/FESG, 2009) and potential
rates of uptake of less carbon intensive biofuels, taken from the UK Committee on
Climate Change (UKCCC, 2009).

These expected increases in aviation CO2 emissions have resulted in efforts in the
international policy community to pursue potential CO2 emissions reductions by a
number of measures. The International Civil Aviation Organization (ICAO) is mandated
under Article 2.2 of the Kyoto Protocol to pursue limitation and reduction of CO2
emissions from aviation; however, ICAO only has a mandate for international emissions,
which are approximately 62% of total global civil aviation CO2 emissions. Industry also
has played a direct role: airframe and engine manufacturers have sought to improve fuel
efficiency, since fuel represents a large fraction (33%) of civil aviation’s direct operating
costs (IATA, 2013a), which has the added benefit of directly reducing CO2 emission
intensity. Nonetheless, aviation growth has resulted in global emissions growing faster
than reductions in emission intensity (IPCC, 1999; Lee et al., 2009).
In this work, we analyse what improvements may come about from ICAO aspirational
goal to effectively limit (i.e. stabilize) international aviation CO2 emissions at 2020 levels
or less on a net basis. This so-called ‘2020 Carbon Neutral Growth’ goal was one of a
package of goals agreed at ICAO’s 2010 37th General Assembly, including:
•

an agreement to work to achieve a goal of a global annual average 2% fuel
efficiency improvement per year until 2020, and a continued aspirational goal of
2% improvement per year until 2050 on the basis of volume of fuel used per
revenue tonne kilometre (ICAO, 2010). This is often referred to the ‘2% yr-1 fuel
efficiency goal’;

•

a resolution to work together with its Member States and relevant organizations
“to strive to achieve a collective medium term global aspirational goal of keeping
the global net carbon emissions from international aviation from 2020 at the
same level…” This is referred to here as the ‘2020 Carbon Neutral Growth goal’
(or CNG2020).

What has not been undertaken, however, within the extensive work of ICAO, is any
evaluation of the efficacy of the goals in terms of climate impacts. Here, ‘climate impacts’
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are described in terms of ‘radiative forcing’ (RF). Radiative forcing is the accepted
metric used in the scientific community and by the Intergovernmental Panel on Climate
Change (IPCC) to place the effects of different GHGs and climate-forcing agents on a
common scale that allows a ranking of an effect or impact to a date, and is measured in
watts per square metre. The larger the magnitude of RF for a given GHG etc., the greater
the warming effect. The total RF from all GHGs, forcing agents and effects 1 in 2005 was
+1.6 (+0.6 to +2.4) W m-2 and has resulted in a change in global mean surface
temperature of 0.74 (uncertainty range, 0.56 to 0.92) degrees Celsius (IPCC, 2007).

Radiative forcing is defined as the energy imbalance at the top of the atmosphere
relative to pre-industrialization (taken as 1750), and is used since many climate
modelling experiments have shown that there is a proportionality between RF and
global mean surface temperature change (∆T), multiplied by some constant (the ‘climate
sensitivity parameter’, λ) i.e.
𝑅𝐹 ≈ 𝜆∆𝑇

The RF metric is used since it puts diverse physical phenomena that affect climate on a
common scale (see footnote 1).

In this work, we analyse the potential outcomes of the ICAO CNG2020 Goal and the
reductions in CO2 RF that potential achievement of it may offer over a ‘business as usual’
base case. Since the CNG2020 Goal of ICAO only applies to international aviation, it is
necessary to formulate scenarios of what measures may concomitantly occur in global
domestic aviation. In addition, a more ambitious goal of global CNG2020 (G-CNG2020) is
analysed; i.e. the potential achievement of stabilized emissions from 2020 to 2050 of
both international and domestic aviation. This has similarities to the carbon neutral goal
of the International Air Transport Association (IATA): IATA makes no discrimination
between ‘international’ and ‘domestic’ aviation CO2 emissions and has set itself a goal
(amongst others) of 2020 carbon neutral growth (IATA, 2009; 2013b).
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Methodology

2.1

Calculation methodology

An identical calculation methodology is used to that of Lee et al. (2013b), which
considered the pathway between emissions of CO2 and its eventual temperature
response, as shown in the schema in Figure 1.

Emissions of CO2 are converted to concentrations of CO2 in the atmosphere (expressed
in parts per million, ppm) via a carbon cycle model. The resultant CO2 concentrations
may then be used to calculate the CO2 RF response via some simplified expression, as
used by the IPCC and others. Finally, the changes in global mean surface temperature
from the RF are calculated, using a climate response model. These steps are described in
more detail in Appendix 1 of Lee et al. (2013b) but are essentially accepted
methodologies widely used in the scientific literature and by the Intergovernmental
Panel on Climate Change (IPCC).
Not all effects on climate arise from GHGs. Positive (warming) and negative (cooling) RF effects may arise from diverse
physical phenomena including, for example, changes in cloud coverage, aerosol abundance, reflectivity (albedo) of the
earth’s surface, changes in solar radiation etc.
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CO2 emissions

CO2 concentrations (ppm)
Carbon-cycle model of uptake

CO2 radiative forcing
Simplified IPCC methodology

Temperature response
Parameterized model of atmosphere,
land, and ocean heat-exchange
Figure 1. Schema of how the earth-atmosphere system responds to emissions of CO2.

2.2

Background CO2 emissions data for projections

The background emission scenario, i.e. global non-aviation CO2 emission has an impact
on the aviation CO2 RF since the overall CO2 RF response is non-linear. This means that
for the same aviation emissions, a different RF will result, depending on the other
(background) CO2 emissions assumed. For this analysis, like many other contemporary
climate scenario analyses, including those for the IPCC Fifth Assessment Report, the socalled ‘Representative Concentration Pathways’ (RCPs) are used (see Moss et al., 2010
and Meinshausen et al., 2011). The RCPs represent “one of many possible scenarios that
would lead to a specific radiative forcing characteristics” (Moss et al., 2010). The
pathways describe the concentration levels and also the trajectory to reach the target RF
levels at specific point in time. The RCPs used in this analysis were: RCP3-PD (peak at
~3 W m-2 before 2100 and then declines), RCP4.5 (~4.5 Wm-2 at stabilization after
2100), RCP6 (~6 W m-2 at stabilization after 2100) and RCP8.5 (>8.5 W m-2 in 2100).
The data are described and shown in more detail by Lee et al. (2013b).

2.3

Aviation CO2 emissions data

In order to calculate the CO2 RF/∆T response, it is necessary to know historical
emissions, since that is how CO2 RF is effectively defined – the RF response at some
point in time, which because of the long lifetime(s) of CO2 requires historical emissions
data. For these calculations, similar to Lee et al. (2013b) we use historical aviation CO2
emission data between 1940 and 1970 from Sausen and Schumann (2000) and an
updated time series from Lee et al. (2009) between 1970 and 2005 from International
Energy Agency statistics of global kerosene usage. For 2006 we use the global civil CO2
emissions estimate of MODTF/FESG (2009), which is a comprehensive multi-model
calculation of global civil aviation emissions from a bottom-up inventory that includes
all city-pair routes and modelled aircraft-specific emissions.

For future years, we utilize a number of data sources and evaluations to calculate
baseline emissions, and emissions reductions to 2050 resulting from various mitigation
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strategies. The emissions calculations are documented in detail by Lee et al. (2013a) but
in essence, the following sources of data/assumptions are used.

Traffic growth scenarios: three basic traffic scenarios of low, central, and high growth
projections are taken from MODTF/FESG (2009). The emissions calculations are given
by Lee et al. (2013a). These data were used in the calculations made for this study, along
with the corresponding ‘total’ (i.e. domestic plus international) aviation CO2 emissions.

Technological and operational emissions reductions: a range of technological and
operational efficiency gain scenarios are taken from ICAO-CAEP work, as documented
by MODTF/FESG (2009) labelled ‘S1’ through to ‘S5’ (see Table 2.1), in which we
assume that ‘S2’ represents a business-as-usual (BAU) projection of development of
technological and operational efficiency emission reductions (Lee et al., 2013a). In this
work, only S2 and S5 plus biofuels (see below) were used to bracket the range of
potential global domestic emissions.

Biofuel availability and life-cycle reductions: biofuel availability and the effective
emissions reductions are essentially highly speculative because of the immaturity of the
technology and market. Moreover, there are few assessments of potential global
availability under various assumptions. We use the assessment of the UK Committee on
Climate Change (UKCCC, 2009), which has a comprehensive and transparent analysis
underlying it.

A baseline scenario and three mitigation scenarios were devised to evaluate the effect of
the 2020 carbon neutral goal for international (and global) aviation CO2 emissions.
The baseline scenario comprised the BAU S2 improvement in technological and
operational efficiencies for international and domestic emissions.
•

•

•

Scenario 1 represents the 2020 carbon neutral (i.e. stabilization of) emissions
for international aviation. The CNG2020 cap comprises a range bounded by
international emissions between the S2 trajectory and the ICAO 2% yr-1 fuel
efficiency improvement scenario. However an assumption must be made on
what happens in domestic aviation; in this scenario we take one extreme
assumption BAU S2 (tech and ops improvements).

Scenario 2, as with Scenario 1, this comprises the range of international
emissions capped at 2020 between S2 and the ICAO 2% yr-1 fuel efficiency
improvement scenario – the 2020 carbon neutral emissions for international
aviation. However, with respect to what happens in domestic aviation, in this
scenario we take another extreme assumption of S5 (tech and ops
improvements plus biofuels at “speculative levels” – see Table 2.1).

Scenario 3 is an interpretation of IATA’s declared 2020 carbon neutral goal, in
which both international and domestic global emissions are capped at 2020
levels. Once again, we use the range of emissions implied from S2 to the ICAO
2% yr-1 fuel efficiency improvement scenario to provide a ‘bandwidth’ of 2020
emissions.

The emissions scenarios for international aviation are shown in Figure 2, and for total
aviation in Figure 3. Figure 3 additionally shows how global domestic emissions under
the ‘Scenario 1’, ‘Scenario 2’ combine with CNG2020 international emissions.

5

Table 2.1. Overview of mitigation response and assumptions
Type of response
Technology &
operations
‘S2’
‘S3’
‘S4’
‘S5’
Biofuels
“likely”

“optimistic”

“speculative”
Carbon neutral goal
2020
International only

Global carbonneutral goal 2020
International and
domestic

Assumptions
Low aircraft technology and
moderate operational improvements
Moderate aircraft technology and
operational improvements
Advanced technology and
operational improvements
Optimistic technology and
operational improvements
10% by 2050, 50% life-cycle
efficiency
20% by 2050, 50% life-cycle
efficiency
30% by 2050, 50% life-cycle
efficiency

Reference/notes
MODTF/FESG (2009)
N.B. not used in this work
N.B. not used in this work

“…sensitivity study that goes beyond the
improvements based on industry-based
recommendations”
CCC (2009)
Applied to S2 (Lee et al., 2013a)

Applied to S3, S4 (Lee et al., 2013a)
Applied to S5 (Lee et al., 2013a)

Emissions capped at a range of
projected 2020 levels. Note that
there is no prescription as to how
these emissions are reduced to this
level

ICAO (2010)

Emissions capped at a range of
projected 2020 levels, both
international and domestic. Note that
there is no prescription as to how
these emissions are reduced to this
level

Based on IATA (2013) CNG2020
concept, labeled here ‘G-CNG2020’,
where ‘G-’ is ‘global’.

In 2013, ICAO-CAEP’s ‘Modelling and Database Group’ undertook an updated analysis of
fuel trends (‘CAEP10 Trends Analysis’). The fuel burn data for the CAEP10 trends were
given by Fleming and Ziegler (2013) and show that fuel burn/emissions data for 2050
have larger values, by approximately 30%, than those used in this work, in spite of the
revised (lower) passenger traffic forecast. This difference is thought to arise from
methodological changes in passenger and freight fleet modelling. Some of the difference
(around 10%) is from the extrapolation methods used from 2036 to 2050 in the CAEP8
data, and from 2040 to 2050 in the CAEP10 data. An exponential extrapolation of fuel
burn was made in the CAEP10 data, whereas for the CAEP8 data used in this report,
separate extrapolations of traffic growth and fuel efficiency trends were made and then
combined resulting in a more conservative estimate in fuel growth for the latter period
of the forecast. The relative positioning of the technical and operational improvement
scenarios (S2 to S5) are, however, the same. These newer data are not publically
available and it was not therefore possible to use these data in this study. The indicative
CAEP10 fuel burn data from international aviation is approximately 30% higher in 2050
than the CAEP8 data used in this report.
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High growth

Central growth

Low growth

Figure 2. International aviation emissions of CO2 to 2050 (high, central, low growth scenarios).
Baseline emissions of ‘business as usual’ (S2 tech & ops for international aviation), ‘maximum
feasible reduction’ (S5 tech & ops plus biofuel, relative to the international 2020 carbon neutral
goal of ICAO.
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High growth

Central growth

Low growth

Figure 3. Total aviation emissions of CO2 to 2050 (high, central, low growth scenarios). Baseline
emissions of ‘business as usual’ (S2 tech & ops for total aviation), ‘maximum feasible reduction’ (S5
tech & ops) plus biofuel, compared with emissions from: scenario 1 (CNG2020 international
emissions plus domestic ‘business as usual’ S2 tech & ops emissions); scenario 2 (CNG2020
international emissions plus domestic ‘maximum feasible reductions’ S5 tech & ops plus biofuel
emissions); and scenario 3 (global CNG2020 emissions, i.e. domestic and international emissions).
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2.4

Analytical methodology to quantify RF and ∆T benefits

The primary purpose of this study is to quantify the benefits of different mitigation
strategies in terms of RF and ∆T, i.e. 'climate impacts', in order to set out a clear and
unambiguous analysis of how Scenarios 1, 2 and 3 reduce aviation's CO2 climate impact.
As outlined in Section 1, quantification of emission rates by a particular year cannot
quantify 'best' environmental outcomes, since CO2 accumulates in the atmosphere 2, so
that it is the emissions trajectory or the integrated emissions over a period of time that
determine environmental impact (Allen et al., 2009). Moreover, this study is a policyanalysis, and relates principally to international emissions, although total emissions (i.e.
international plus domestic) are also of interest from a contextual point of view, and
critical for quantification of the contribution of the international fraction.

Thus, given that the motivation is to look at the benefits of emissions mitigation
strategies for international aviation, this presents an analytical problem in the
calculation of RF and ∆T. This is because both these metrics are defined by the total
history of aviation, where the beginning of 'significant' aviation is taken as 1940 (IPCC,
1999; Sausen and Schumann, 2000). Unfortunately, data do not exist for the split of
domestic vs. international aviation emissions prior to the 1990s, so a method was
developed by which the benefits of different mitigation strategies were calculated for
international aviation between 2006, the 'baseline year' and 2050. The emissions
calculations for 2006 to 2050 include a split of international and domestic emissions by
mitigation strategy by growth scenarios. Thus, in order to calculate RF and ∆T
reductions, they must be against a 'baseline'. The technology/operations scenario 'S2'
was selected, which approximates to a projection of business-as-usual improvements
(Lee et al, 2013a). However, as mentioned, a historical estimation of the international
split is not available, thus the savings in impact are calculated from an incremental
mitigation strategy over a baseline to the international fraction of emissions only, and
this is subtracted from the total (international plus domestic emissions).

Computations have been made for all aviation growth scenarios against the four
background RCP scenarios, to represent a range of possible outcomes. This gives 12
basic RF scenarios, for which there are 1 carbon neutral 2020 scenario with high and
low options and each calculated (over S2), resulting in 24 RF calculations for
international aviation. For total aviation, there are 3 carbon neutral scenarios with high
and low options, which results in 72 sets of simulations. Each set of RF results was used
against 20 sets of climate model parameters (as described in the Appendix A1.3) where
480 temperature responses were calculated for international aviation and another
1,440 for total aviation. Thus, every possible option has been calculated in order to
obtain robust conclusions.

3

Results and Discussion

3.1

Reductions in RF and ∆T from CNG2020 goal

The total RF for scenarios 1, 2 and 3 have been calculated and shown over time in
Figures 4 and 5. Figure 4 shows the BAU S2 tech and ops ‘baseline’ scenario, and the
MFR tech and ops, plus biofuels for total aviation, from the emissions shown in Figure 3,
for the central growth scenario against the RCP3-PD background.

It is worth recalling that IPCC (2007) summarized this simply as: “Carbon dioxide cycles between the atmosphere, oceans
and land biosphere. Its removal from the atmosphere involves a range of processes with different time scales. About 50% of a
CO2 increase will be removed from the atmosphere within 30 years, and a further 30% will be removed within a few
centuries. The remaining 20% may stay in the atmosphere for many thousands of years.”
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Figure 4. The absolute CO2 radiative forcings from total global aviation in mW m-2, for baseline
emissions of ‘business as usual’ (S2 tech & ops for total aviation), ‘maximum feasible reduction’ (S5
tech & ops plus biofuel, compared with forcings from: scenario 1 (CNG2020 international emissions
plus domestic ‘business as usual’ S2 tech & ops emissions), scenario 2 (CNG2020 international
emissions plus domestic ‘maximum feasible reductions’ S5 tech & ops emissions). The central
aviation growth scenario with the RCP3-PD background scenario has been used, for the purposes of
illustration.

Figure 5. Total global G-CNG2020 emissions (i.e. international and domestic at 2020 levels), and the
absolute CO2 radiative forcings from total global aviation in mW m-2 for scenario 3. The central
aviation growth scenario with the RCP3-PD background scenario has been used, for the purposes of
illustration.

10

Figure 5 separately shows the emissions and RF for scenario 3, in which both domestic
and international aviation CO2 emissions are held constant at 2020 levels, in order to
clearly illustrate the behaviour of RF with constant emissions.
3.1.1 International aviation

The potential reductions in RF from achieving the CNG2020 goal for international
aviation are given in Table 3.1, and shown in the upper panel of Figure 6. Similarly, the
potential reductions in RF from achieving the CNG2020 goal under ‘Scenario 1’ and
‘Scenario 2’ are given in Table 3.2 and shown in the lower panel of Figure 6. In addition,
the potential RF reductions from achievement of the global G-CNG2020 goal, ‘Scenario 3’
are also given in Table 3.2 and shown in the lower panel of Figure 6.

Table 3.1 gives the absolute baseline RF values (i.e. from domestic plus international
aviation) by background RCP scenario, and for the low, central and high aviation growth
scenarios, with RFs varying between 73.4 and 89.7 mW m-2 for central scenarios,
depending upon background emissions. Note that the aviation CO2 RFs vary, as
expected, for the same aviation emissions. The reductions in RF that the upper and
lower band of the CNG2020 international emission definition suggest for the central
growth scenario range between 14.8 and 20.0 mW m-2, again depending upon aviation
growth and background scenario. This amounts to a reduction in RF of around 20% (see
Figure 6, upper panel and Table 3.5). From Table 3.5, it is shown that the percentage
reductions depend on the aviation growth scenario but are independent of the
background scenario.
The temperature responses represent the median response from an ensemble of 20
climate model parameterizations (see Appendix A1.3, A1.4) in order to represent the
range of climate sensitivities that climate models show (i.e. the temperature response to
a hypothetical doubling of CO2 concentrations). The temperature responses to
achievement of the international CNG2020 are given in Table 3.3 and percentage
improvements in Table 3.5. Once again, the absolute median temperature response is
dependent up the aviation growth scenario and background scenario, but the
percentage improvements over the base case dependent upon aviation growth but
largely independent of background scenario.

That both RF and ∆T responses in terms of percentage reductions are independent of
background scenario simplifies the interpretation and presentation of what
consequences might be expected from aviation emissions under certain scenarios.
3.1.2 Total aviation

The RF reductions over the baseline scenario for all the aviation growth and background
scenarios are given in Table 3.2 and illustrated in Figure 6 for the central growth
scenario. The percentage reductions are given in Table 3.6.
Illustrating the central growth scenario, Figure 6, lower panel, shows that the MFR S5
tech and ops plus biofuel scenario results in a reduction in total RF of ~14% over the S2
BAU scenario. If CNG2020 for international aviation, combined with S2 BAU is achieved
(‘scenario 1’), the combined emissions result in ~22 % reduction, whereas combining
the CNG2020 international emissions with domestic emissions at the MFR S5 tech and
ops, plus biofuels (‘scenario 2’) results in reductions of ~26% over the base case in
2050. Lastly, the ‘scenario 3’ of combined international and domestic CNG2020
emissions results in a reduction in RF in 2050 of ~32% over the base case.
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Figure 6. Effect of CNG2020 international mitigation on CO2 RF to 2050 attributable to
international aviation (upper panel), and total aviation (lower panel). The central aviation growth
scenario with the RCP8.5 background scenario has been used, for the purposes of illustration.

3.2

A comparison of CNG2020 climate impacts with explicit mitigation
measures

In a previous report, Lee et al. (2013b) calculated with the same emissions and
methodologies as used here, the impacts of specific mitigation measures on future
aviation impacts on RF and ∆T responses by 2050. Technology and operational
improvement scenarios S1 to S5 (MODTF/FESG, 2009) were combined with biofuel
scenarios from the UK Climate Change Committee (UKCCC, 2009) and explicit
calculations of emissions savings from an extension of the EU emissions trading scheme
for aviation (EU-ETS) from 2020 to 2050 made, along with calculations of CO2 emissions
savings from a hypothetical global international departing ETS. The combinations of S2
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to S5 tech and ops scenarios with biofuel scenarios are given in Table 2.1, and other
assumptions and results on calculations for emissions savings from the EU-ETS and
hypothetical global ETS given and described by Lee et al. (2013a, b).

Considering international aviation, since all of the ICAO goals relate to international
aviation, Lee et al. (2013b) calculated the potential RF reductions from various
aforementioned measures. For the central aviation growth scenario illustrated here, the
MFR S5 tech and ops plus biofuels resulted in a 9% reduction in RF over the S2 baseline
case; whereas S2 tech and ops plus the EU-ETS gave a 14.8% reduction and S5 tech and
ops plus biofuels, plus the EU-ETS gave a 19.5% reduction in RF over the baseline in
2050.

How the ICAO CNG2020 goal might be achieved is not given, indeed there is no unique
solution, but a mix of measures that offer the possibility. However, given the calculations
made by Lee et al. (2013a, b), which give a breakdown of possibilities from various
measures for the first time in a transparent and quantitative way, it would be
reasonable to conclude that to gain the ~21% reductions in RF from international
aviation under CNG2020 assumptions, MFR from technology, operations and biofuels
are highly unlikely to achieve this since these mitigation measures resulted in
reductions of 9%. Additional measures of some form of market-based mechanism such
as emissions trading or offsetting, will allow this. The magnitude of the projected
savings under the EU-ETS (had it continued as planned to 2020, and thereafter a –
rather conservative –assumption of a 95% cap) indicates the magnitude of cumulative
emissions savings required by 2050 to achieve CNG2020 for international aviation
emissions.

In terms of achievement of an overall limitation in increase in global mean surface
temperatures to 2°C or less, in 2100 over preindustrial levels, a large body of work (e.g.
Allen et al., 2009, Meinshausen et al., 2009, UNEP, 2011 and many others) indicates that
cumulative CO2 emissions are what determine achievement or otherwise of the 2°C goal,
and that global CO2 emissions should peak no later than 2020. How the global CO2
emissions might be distributed amongst nations or emitters is a more difficult subject
(e.g. WBGU 2009, Chakravarty et al 2009), but it might be considered that even a global
constant emission rate from 2020 to 2050 is not in keeping with the overall philosophy
of dramatically reducing CO2 emissions to achieve the 2°C goal, unless aviation is made
out to be a ‘special case’, perhaps because of its dependence on liquid fossil fuels. In this
respect, IATA’s long-term goal of reducing aviation CO2 emissions by 2050 to half of
2005 emission rates is more in keeping with more general requirements of 2°C emission
trajectories. This would be a useful area for more quantitative work to explore.
It should be noted that the ICAO CNG2020 goal under the 2010 37th General Assembly
Resolution was to be reviewed at the 38th Assembly (Autumn 2013) and the text has
been subsequently carried forward. 3

3 “8. Requests the Council to explore the feasibility of a long term global aspirational goal for international aviation,
through conducting detailed studies assessing the attainability and impacts of any goals proposed, including the impact
on growth as well as costs in all countries, especially developing countries, for the progress of the work to be presented to
the 38th Session of the ICAO Assembly. Assessment of long term goals should include information from member States on
their experiences working towards the medium term goal.”
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Table 3.1 Aviation CO2 emissions (in 2050, and cumulative emissions savings to 2050 from 2006 [S2, S5 cases], or 2020 [CNG2020 scenarios]) and radiative forcing
savings (in milli Watts per square metre) by 2050 over a business-as-usual technology and operational scenario S2 for international aviation. Values for low, central,
high aviation traffic growth, and by background RCP scenario (note line 1 – ‘Tech & Ops S2’ – gives absolute RF values for total aviation in 2050). Cumulative emissions
and radiative forcing (RF) are ranked, so the effectiveness of each mitigation measure/combination can be seen

International savings over S2
Mitigation scenario (no.,
description)
Baseline Tech & Ops S2
1, 2 CNG2020 lo (int’l fraction)
1, 2 CNG2020 hi (int’l fraction)

Rank,
1=best
1
2

Low

685
657

Emiss.
2050 Tg
CO2
Cen

1,067
1,017

Hi

1,425
1,388

Low

10,481
9,478

Cum
emiss. Tg
CO2
Cen

15,750
14,102

Hi

19,652
18,380

Low
75.5
13.3
12.1

RCP3-PD
RF
mW m-2
Cen
89.7
20.0
18.1

Hi
99.7
25.2
23.7

Low
68.7
12.0
11.0

RCP4.5
RF
mW m-2
Cen
81.6
18.2
16.4

Hi
90.6
22.9
21.5

Low
69.9
12.3
11.2

RCP6
RF
mW m-2
Cen
83.1
18.5
16.8

Hi
92.3
23.3
22.0

Low
61.8
10.8
9.9

RCP8.5
RF
mW m-2
Cen
73.4
16.4
14.8

Hi
81.5
20.6
19.4

Table 3.2 Emissions (in 2050, and cumulative emissions savings to 2050 from 2006 [S2, S5 cases], or 2020 [CNG2020 scenarios]) and radiative forcing savings (in milli
Watts per square metre) by 2050 over a business-as-usual technology and operational scenario S2 for total aviation. Values for low, central, high aviation traffic
growth, and by background RCP scenario (note line 1 – ‘Tech & Ops S2’ – gives absolute RF values for total aviation in 2050). Cumulative emissions and radiative forcing
(RF) are ranked, so the effectiveness of each mitigation measure/combination can be seen

Total savings over S2
Mitigation scenario (no.,
description)
Baseline Tech & Ops S2
3 (G-CNG2020) lo
3 (G-CNG2020) hi
2 (CNG2020 int'l, S5Bio dom) lo
2 (CNG2020 int'l, S5Bio dom) hi
1 (CNG2020 int'l, S2 dom) lo
1 (CNG2020 int'l, S2 dom) hi

Rank,
1=best
1
2
3
4
5
6

Low

1,009
965
890
863
685
657

Emiss.
2050 Tg
CO2
Cen

1,574
1,509
1,346
1,296
1,067
1,017

Hi

2,130
2,076
1,771
1,735
1,425
1,388

Low

15,678
14,070
13,213
12,121
10,668
9,712

Cum
emiss. Tg
CO2
Cen

23,317
21,149
19,179
17,470
16,078
14,262

Hi

29,684
27,748
23,727
22,365
19,757
18,616
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Low
75.5
19.8
17.9
16.7
15.5
13.4
12.3

RCP3-PD
RF
mW m-2
Cen
89.7
29.6
27.1
24.4
22.4
20.3
18.3

Hi
99.7
38.0
35.7
30.4
28.9
25.3
23.9

Low
68.7
18.0
16.3
15.2
14.1
12.2
11.2

RCP4.5
RF
mW m-2
Cen
81.6
26.9
24.6
22.2
20.4
18.5
16.6

Hi
90.6
34.5
32.5
27.6
26.2
23.0
21.7

Low
69.9
18.3
16.6
15.5
14.3
12.4
11.4

RCP6
RF
mW m-2
Cen
83.1
27.4
25.1
22.6
20.8
18.8
16.9

Hi
92.3
35.1
33.1
28.2
26.7
23.4
22.2

Low
61.8
16.2
14.7
13.7
12.6
11.0
10.1

RCP8.5
RF
mW m-2
Cen
73.4
24.2
22.1
20.0
18.3
16.6
14.9

Hi
81.5
31.0
29.2
24.8
23.6
20.7
19.5

Table 3.3 Medians of 20 model results of temperature savings (in milli Kelvin) by 2050 over a business-as-usual technology and operational improvements scenario S2
for international aviation. Values for low, central, high aviation traffic growth, and by background RCP scenario (note line 1 – ‘Tech & Ops S2’ – gives absolute
temperature values for total aviation in 2050). Temperature savings (∆T) are ranked, so the effectiveness of each mitigation measure/combination can be seen

International savings over S2

Mitigation scenario (no., description)
Baseline Tech & Ops S2
CNG2020 lo
CNG2020 hi

Rank,
1=best
1
2

Low
31.9
4.0
3.5

RCP3-PD
∆T mK

Cen
36.6
6.0
5.3

Hi
39.5
7.4
6.9

Low
30.1
4.1
3.6

RCP4.5
∆T mK

Cen
34.4
5.7
5.0

Hi
37.1
6.8
6.3

Low
30.7
4.2
3.7

RCP6
∆T mK

Cen
35.1
5.8
5.1

Hi
37.8
6.9
6.4

Low
27.9
3.9
3.5

RCP8.5
∆T mK

Cen
31.9
5.5
4.8

Hi
34.4
6.5
6.0

Table 3.4 Medians of 20 model results of temperature savings (in milli Kelvin) by 2050 over a business-as-usual technology and operational improvements scenario S2
for total aviation. Values for low, central, high aviation traffic growth, and by background RCP scenario (note line 1 – ‘Tech & Ops S2’ – gives absolute temperature
values for total aviation in 2050). Temperature savings (∆T) are ranked, so the effectiveness of each mitigation measure/combination can be seen

Total savings over S2

Mitigation scenario (no., description)
Baseline Tech & Ops S2
3 (G-CNG2020) lo
3 (G-CNG2020) hi
2 (CNG2020 int'l, S5Bio dom) lo
2 (CNG2020 int'l, S5Bio dom) hi
1 (CNG2020 int'l, S2 dom) lo
1 (CNG2020 int'l, S2 dom) hi

Rank,
1=best
1
2
3
4
5
6

Low
31.9
6.3
5.6
5.2
4.7
4.1
3.6

RCP3-PD
∆T mK

Cen
36.6
9.1
8.1
7.3
6.5
6.1
5.3

Hi
39.5
11.3
10.4
8.8
8.1
7.5
7.0

Low
30.1
6.2
5.5
5.2
4.7
4.2
3.8

RCP4.5
∆T mK

Cen
34.4
8.8
7.9
7.1
6.3
5.9
5.1

Hi
37.1
10.9
10.0
8.4
7.8
6.8
6.4

Low
30.7
6.4
5.6
5.3
4.8
4.2
3.8
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RCP6
∆T mK

Cen
35.1
9.0
8.0
7.2
6.5
6.0
5.2

Hi
37.8
11.1
10.3
8.6
8.0
7.0
6.5

Low
27.9
5.6
5.1
4.8
4.4
4.0
3.6

RCP8.5
∆T mK

Cen
31.9
8.2
7.4
6.7
6.1
5.6
4.9

Hi
34.4
10.2
9.5
8.0
7.5
6.6
6.1

Table 3.5 Relative gains (in rank order) in radiative forcing (RF) and in global mean temperature
(∆T) for selected mitigation strategies for international aviation over business-as-usual S2
technology and operational improvements scenario, for RCP background scenarios (3-PD, 4.5, 6,
8.5) and low, central, and high aviation growth scenarios

Rank
International savings
over S2
Mitigation scenario (no.,
description)

1=best

Percentage (%)
improvements in RF
and ∆T over S2 BAU

Percentage (%)
improvements in RF
and ∆T over S2 BAU
RCP4.5 background

Percentage (%)
improvements in RF
and ∆T over S2 BAU

Lo

Hi

Lo

Hi

Lo

25.3

17.5

25.2

17.5

18.8

13.6

18.3

13.6

RCP3-PD background

CNG2020 lo

1

17.6

CNG2020 lo

1

12.5

CNG2020 hi
CNG2020 hi

2
2

16.0
11.0

Cent
ral
RF

22.3
20.2
∆T
16.3
14.4

23.8
17.4

16.0
12.1

Cent
ral
RF

22.3
20.2
∆T
16.6
14.5

23.8
16.9

RCP6 background

16.0
12.1

Cent
ral
RF

22.3
20.2
∆T
16.6
14.5

Percentage (%)
improvements in RF
and ∆T over S2 BAU
RCP8.5 background

Hi

Lo

25.2

17.5

18.3

14.1

23.8
16.9

16.0
12.7

Cent
ral
RF

22.3
20.2
∆T
17.2
15.2

Hi
25.2
23.8
19.0
17.5

Table 3.6 Relative gains (in rank order) in radiative forcing (RF) and in global mean temperature
(∆T) for selected mitigation strategies for total aviation over business-as-usual S2 technology and
operational improvements scenario, for RCP background scenarios (3-PD, 4.5, 6, 8.5) and low,
central, and high aviation growth scenarios

Rank
Total savings over S2
Mitigation scenario (no.,
description)
3 G-CNG2020 lo

3 G-CNG2020 hi

2 CNG2020/S5 bio lo

1=best
1
2

2 CNG2020/S5 bio hi

3

1 CNG2020/S2 hi

5

1 CNG2020/S2 lo

4

Percentage (%)
improvements in RF
and ∆T over S2 BAU

Percentage (%)
improvements in RF
and ∆T over S2 BAU
RCP4.5 background

Percentage (%)
improvements in RF
and ∆T over S2 BAU

Lo

Hi

Lo

Hi

Lo

38.1

26.2

38.1

26.2

30.5

22.1

30.5

22.1

RCP3-PD background

26.2
23.8
22.1
20.5
17.8
16.3

3 G-CNG2020 lo

19.8

2 CNG2020/S5 bio lo

16.2

3 G-CNG2020 hi

2 CNG2020/S5 bio hi
1 CNG2020/S2 lo

1 CNG2020/S2 hi

17.4
14.6
12.7
11.3

Cent
ral
RF

33.0
30.2
27.2
25.0
22.7
20.3
∆T
25.0
22.2
19.8
17.6
16.8
14.6

35.8
29.0
25.4
24.0

23.7
20.5
17.8
16.3

28.7

20.7

22.2

17.3

26.4
20.7
19.0
17.8
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18.4
15.7
13.9
12.5

Cent
ral
RF

33.0
30.2
27.2
25.0
22.7
20.3
∆T
25.6
22.9
20.6
18.4
17.0
14.7

35.8
28.9
25.4
24.0

RCP6 background

23.7
20.5
17.8
16.3

29.4

20.7

22.7

17.3

27.1
21.1
18.5
17.2

18.4
15.7
13.8
12.5

Cent
ral
RF

33.0
30.2
27.2
25.0
22.7
20.3
∆T
25.7
22.9
20.7
18.5
17.1
14.7

Percentage (%)
improvements in RF
and ∆T over S2 BAU
RCP8.5 background

Hi

Lo

38.1

26.2

30.5

22.1

35.8
28.9
25.4
24.0

23.7
20.5
17.8
16.3

29.4

20.3

22.8

17.3

27.1
21.2
18.5
17.2

18.1
15.8
14.4
13.0

Cent
ral
RF

33.0
30.2
27.2
25.0
22.6
20.3
∆T
25.7
23.2
21.2
19.0
17.6
15.4

Hi
38.0
35.8
30.5
28.9
25.3
24.0
29.6
27.5
23.4
21.8
19.1
17.8

3.2

Long term impacts of a constant emission rate and cessation of
emissions – a hypothetical didactic case study

The RF response to constant global aviation CO2 emissions between 2020 and 2050 is
shown in Figure 5. The ‘striking’ feature is that although the emissions have stabilized,
the RF continues to rise. This is, however, completely expected from knowledge of CO2
(multiple) lifetimes from its different sink (removal) terms and their time constants (see
Appendix 1 and references therein). Moreover, the temperature response has even
longer timescales, since this response additionally accounts for the thermal inertia of
the oceans (heat uptake), and depending upon the parameterization of the coupled
Ocean-Atmosphere General Circulation Model original experiment, may account for
surface and deep ocean timescales of heat transfer.
Simplified experiments, however, provide useful didactic exercises to demonstrate the
timescales of CO2 responses. Here, two hypothetical long-term situations are formulated
which are not intended to be ‘scenarios’ in the sense of the usage elsewhere in this
paper, but rather aids to understanding time-responses of CO2. The first simulation
shows the response of CO2 concentrations, and corresponding radiative forcing,
temperature response to a constant emission rate over the very long-term, from 2020 to
2500 against the RCP3-PD background. This is shown in the upper panel of Figure 7. It
can be observed that none of the responses stabilize to the constant emission rate, since
CO2 is accumulating in the atmosphere much faster than it can be removed. The second
simulation involves following the same responses of CO2 concentrations and
corresponding RF and temperature responses to emissions cessation at 2020. This is
shown in the lower panel of Figure 7. Once again, the very long time-responses are
shown in which the effects of the CO2 emissions are seen for very long periods of time,
even after the emissions have ceased.

‘Snapshot’ values of aviation CO2 RF and ∆T for 2020, 2050 and 2100 are given in Table
4.3. For constant 2020 emissions, the RF increases by a factor of 1.6 in 2050 over the
2020 value, and by a factor of 2.5 in 2100 (the corresponding factors are 1.8 and 3 for
∆T). Similarly, the RF has only declined by 30% by 2050, and 46% by 2100 over the
2020 value even when emissions stopped completely in 2020. There are uncertainties
over the long-term behaviour of CO2 sinks and uptakes, particularly with the role of
ocean warming and circulation changes, and the efficiency of the land biosphere sinks
due to climate change (Joos et al. 2013), but nonetheless, the responses calculated are
representative of the qualitative responses.
Table 4.3 Values of radiative forcing and temperature response for the long-term illustrative
simulations of constant emissions from 2020 to 2500, and cessation of emissions in 2020
Year
2020
2050
2100

Constant emissions 2020 – 2500
RF (mW m-2)
∆T (mK)
38.7
19.3
62.6
34.3
97.4
59.1

17

Emissions cessation at 2020
RF (mW m-2)
∆T (mK)
38.7
19.3
27.3
18.9
21.0
16.0

Figure 7. Illustrative depictions of the effects of constant global CNG2020 aviation emissions on CO2
concentrations, radiative forcing, temperature response from the ECHAM5 GCM over the long term
(upper panel); and decay responses of CO2 concentrations, radiative forcing, temperature response
from the ECHAM5 GCM on cessation of aviation emissions in 2020, over the long term (lower panel).

18

5

Conclusions
•

•

•

•

As the ICAO 2020 Carbon Neutral Growth goal applies to international aviation,
scenarios of global domestic emissions need to be considered in order to
calculate total climate impacts in terms of radiative forcing and temperature
response for total aviation. Such scenarios have been formulated as a range
between domestic ‘business as usual’ emissions, and ‘maximum feasible
reductions’ emissions from technology and operational improvements, coupled
with “speculative” levels of biofuels. These combined scenarios of CNG2020
international emissions and S2 or S5 plus biofuel domestic scenarios, result in
reductions in radiative forcing over the baseline ‘business as usual’ scenario of
~21.5% (range 16.3 to 25.4%) or ~26% (range 20.5 to 30.5%) by 2050.

A combined domestic and international aviation Carbon Neutral Growth
scenario, i.e. stabilized domestic plus international emissions from 2020 to 2050
does not result in stabilized CO2 radiative forcing; rather, as expected, the
radiative forcing never stabilizes but constantly increases, as CO2 accumulates
faster in the atmosphere than it is removed. This is also clearly illustrated in a
hypothetical simulation of constant 2020 emissions to 2500, in which the
radiative forcing increases by nearly a factor of 7 over this timescale from the
constant emission rate.

Considering the potential achievement of the ICAO 2020 Carbon Neutral Growth
Goal on international aviation alone, this would result in reductions of aviation
CO2 radiative forcing of ~21% (overall range 16 to 25.3%, depending upon
growth scenario) by 2050 over a baseline ‘business-as-usual’ scenario. The way
in which the CNG2020 goal might be achieved is not prescribed, but by
comparison with other previous work with scenarios of mitigation, it is apparent
that in order to achieve the CNG2020 goal, a substantial fraction of the emissions
reductions would need to come from MBMs such as emission trading or carbon
offsetting in addition to the necessary reductions from technology and
operational improvements and low-carbon alternative fuels to fossil-fuel
aviation kerosene.

It is noted that whilst a constant stabilized emission rate from 2020 would be a
remarkable achievement for the aviation sector, the overall requirements across
all sectors, together, to stabilize global mean surface temperatures to an increase
of 2 °C or less, over pre-industrial values by 2100 requires large reductions in
global CO2 emissions after peaking around 2020. In such a case, the IATA goal of
halving 2005 emissions by 2050 is more in line with keeping climate impacts
from aviation within the 2 °C goal, than aviation emissions stabilization from
2020.
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Appendix 1 – Detailed calculation methodology
A1.1 Calculation of CO2 concentrations from emissions
The response of CO2 concentrations, C(t), to a CO2 aviation emissions rate, E(t) is modelled using
the method described in Hasselmann et al., (1997) and is expressed as:
t

∆C (t ) = ∫ GC (t − t ' ) E (t ' )dt '
t0

5

where

GC (t ) = ∑ α j e
j =0

−t / τ j

, τj is the e-folding time of mode j and the equilibrium

response of mode j to a unit emissions of αjτj.

The mode parameters used in this study are presented in Sausen and Schumann (2000) and
approximate the carbon-cycle model in Meier-Reimer and Hasselmann (1987). The applicability
of these parameters in the context of aviation response was tested in a model inter-comparison
exercise (Khodayari et al., 2013). For the time horizon of 50-60 years into the future, these were
found to compare well with other more sophisticated carbon-cycle model such as MAGICC 6.0,
which is widely used in the IPCC Fourth Assessment Report. Beyond this, aviation CO2
concentrations will begin to have an impact on the ocean and biosphere uptake of CO2 and the
non-linearities of the system would have to be accounted for.

A1.2 Calculation of CO2 radiative forcing from concentrations

The radiative forcing, RF(t) of a CO2 concentration at time, t, was calculated using the simplified
expression first published in the IPCC Third Assessment Report (Boucher et al., 2001) and found
to be still valid by the IPCC Fourth Assessment Report (Forster et al., 2007).

 C (t ) 

RFCO 2 (t ) = 5.35 ln
 C (0 ) 

where C(0) is the pre-industrial CO2 concentration.

Since the RFCO2 increase is dependent upon the background concentration, historical background
CO2 concentrations were used from 1765 to 2010, and thereafter, until 2050, from the four RCP
scenarios as described in Section 2.2. The contribution of aviation CO2 concentrations was
calculated explicitly as outlined in section A1.2, with the concentration being assumed to be the
difference between background and aviation concentrations. Therefore, the RFCO2 due to aviation
was calculated as follows:

RFCO 2 (t ) = RF (C (t )Background ) − RF (C (t )Background − C (t ) Aviation )

A1.3 Calculation of global mean surface temperature response from
radiative forcing
The temperature response approach was devised by Hasselmann et al., (1993) and has been used
in various aviation impact assessments e.g. Sausen and Schumann (2000) and Khodayari et al.
(2013). The climate response function approach can be represented by a convolution integral,
the use which assumes that small aviation perturbations can be represented in a linearly additive
manner. Thus, the temperature response, ∆T from a climate agent, i, to a radiative forcing RF(t)
is:
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t
∆Ti (t ) = ri λ CO 2 ∫ Gˆ T (t − t ' ) RFi (t ' ) dt '
t0

1
Gˆ T (t ) = e −t / τ

τ

where, r is the efficacy and rCO2 = 1, λCO2 is the CO2 climate sensitivity parameter and τ is the
lifetime of the temperature perturbation. The λCO2 and τ parameters were derived from an
Atmosphere-Ocean General Circulation Models (AOGCMs) experiment. In this study, 20 sets of
parameters derived from various full-scale AOGCM experiments were used to capture the full
range of likely temperature responses. Figure A1.1 illustrates the range of temperature
responses for the central-S2 scenarios against the 4 RCP backgrounds, with the solid line
indicating the median for the range.

Figure A1.1 Temperature response for the central demand, S2 aviation scenario against the RCP
backgrounds; RCP3-PD (top left), RCP6 (top right), RCP4.5 (bottom left) and RCP8.5 (bottom right).
The temperature range was derived from 20 set of AOGCM climate parameters, with the solid line
denoting the median.
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A1.4 Sensitivity analysis

Figure A1.2. Changes in annual emissions, cumulative emissions, and concentrations of CO2 for the
central growth scenario to 2050, and resultant ranges of potential aviation CO2 RF response (for
same emissions) according to background emission scenario used and aviation temperature
response according to background emission scenario and range of parent AOGCMs.
Figure A1.2 shows a time-series of annual emissions, cumulative emissions, the resultant
marginal CO2 concentrations attributable to aviation, and the range of potential RF results and
temperature responses. The purpose of this graph is to illustrate that depending on the
background emissions used, a range of RF responses can result for the same aviation emissions,
and that our analytical approach of using multiple background scenarios and climate model
temperature responses is comprehensive.

The background emissions come from the four RCP scenarios, as described in Section 2. Thus, the
same aviation emissions may result in an aviation RF signal ranging between approximately 75
and 90 mW m-2. The resultant range of temperature responses is even larger (red-lines between
red curves). The uncertainty here is the result of our comprehensive analytical approach: the
absolute magnitude of projected temperature response is well known to be dependent upon the
climate model used. In our analysis, we parameterize the temperature response of our simplified
climate model upon the responses of 20 coupled Atmosphere-Ocean General Circulation Models
(AOGCMs), as described in Appendix 1.3. In our analysis, the median response is used to
illustrate temperature trends.

It is important to note that a period of 46 years, as shown in Figure A1.2, is rather short in terms
of climate response, and that the signal of ‘response’ to emissions (concentrations, RF, change in
global mean surface temperature) appears to vary approximately linearly with emissions is
entirely fortuitous because of the short period illustrated. For example, in Figure A1.2, it can be
observed that in scenario RCP3-PD, the emissions decrease markedly over a period of 50 years,
but nonetheless the concentrations of CO2 continue to increase. This is because of the long
lifetime(s) of CO2 in the atmosphere; and there is even more ‘lag’ in the temperature signal
because of the long response times of the oceans coming to an equilibrium temperature
response.
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