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Executive Summary 

 

International commitments to limit greenhouse gas emissions, made under the first 

commitment period of the Kyoto Protocol (2008-2012) exclude emissions from 

international transport. However, worldwide international aviation is one of the most 

rapidly growing sources of CO2 emissions, showing an increase of 42% between 

1990 and 20051. In addition, the effect of non-CO2 aviation emissions on climate is 

complex, with high-altitude NOx emissions inducing tropospheric ozone formation 

and reducing the atmospheric lifetime of methane4-8, while particles and water 

vapour lead to the formation of linear contrails and cirrus clouds under certain 

conditions19. Based on current knowledge2, 3, 5, 20, our analysis suggests that from 

1940 to 2005 worldwide aviation produced a rise in global mean temperatures of 

0.028 oC (68% range 0.023-0.050). This represents 4.7% (4.0-5.2%) of the total 

anthropogenic change. The total influence of aviation on climate is, therefore, 

expected to be considerably greater than is suggested solely on the basis of its share 

of current anthropogenic fossil CO2 emissions. The present contribution of worldwide 

aviation to climate change is comparable to that of a major economy, such as the 

United Kingdom, but unlike the UK the share is increasing and might increase even 

more steeply in the future. When assessed in the context of a climate change 

mitigation scenario, most aviation projections in the literature give cause for 

concern. 
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1.0 Introduction 

 

At the UNFCCC climate conference in Copenhagen in December 2009, policy makers 
are scheduled to decide whether or not international aviation should be included in 
the post-2012 commitment period of the Kyoto Protocol. This analysis is intended to 
help decision makers by putting the effect of aviation on climate in perspective. 
From the onset of civil aviation in the 1940s, the associated CO2 emissions steadily 
rose to an estimated value of 663 MtCO2/yr by 20009.  Our analysis is a contribution 
towards answering whether there is a need for a substantial deviation from 
business-as-usual aviation scenarios in a future that seeks to mitigate the effects of 
global warming. 
 

  
2.0 Results 

Since 1940, the aviation share of global fossil CO2 emissions has risen to a current 
2005 value of about 2.8% (Fig 1a), based on our combination of Revenue Passenger 
kilometres, energy demand and jet fuel energy content (see Table A.1). In 
comparison, the relative share of UK emissions has declined to around 2.0%. 
Cumulative fossil CO2 emissions for aviation are about half (56%) those of the UK 
since 1940 (compare areas under curves in Fig. 1b). For our background data set, 
we take into account global anthropogenic emission histories of 19 greenhouse 
gases (GHGs), aerosols and precursor gases in addition to 16 substances controlled 
under the Montreal Protocol. The aviation emissions considered comprise CO2, CH4, 
N2O, NOX, SOX, black carbon, organic carbon, non-methane volatile organic 
compounds (NMVOC), as well as aviation fuel burn, from which aviation induced 
H2O, cirrus and contrail forcings are derived. For the UK, we distinguish two cases: 
in the first we consider only the emissions of long-lived greenhouse gases as 
controlled under the Kyoto Protocol (Kyoto-GHGs),  in the second we consider all 
emissions, i.e. including aerosols, tropospheric ozone precursors and gases 
controlled under the Montreal Protocol (see Appendix). 
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Figure 1 - Comparison of global aviation and UK anthropogenic historical contributions 

to climate change due to emissions since 1940. Historical shares of (a) global fossil CO2 

emissions, (b) total anthropogenically induced radiative forcing and (c) 

anthropogenically induced surface temperature change. The UK’s contribution and its 

uncertainty is calculated based on Kyoto-GHGs only (blue areas), and also taking into 

account aerosols, trop. ozone precursors and emissions controlled under the Montreal 

Protocol (grey areas). The lower panels compare absolute contributions by aviation 

and the UK to d) fossil CO2 emissions, e) radiative forcing and f) temperature change.  

Using a simple gas cycle-climate model, MAGICC 6.021, set up to emulate10 carbon-
cycle models that participated in the C4MIP22 inter-comparison project, and 
employing other gas-cycle parameterisations and radiative forcings in line with IPCC 
AR420, we derive radiative forcing time series for global total anthropogenic, global 
aviation, and total UK emissions. These forcings include climate feedbacks and are 
therefore dependant on the attendant temperature changes. We have adapted the 
MAGICC model to account for high-altitude NOx emissions and their higher efficiency 
compared to ground-based emissions in terms of increasing tropospheric ozone 
abundances and reducing methane lifetime (see Methods below). Current knowledge 
on contrail and aviation induced cirrus forcing is included2, 3, 5. 
 
The radiative forcing by cirrus and contrails is currently assessed to be a relatively 
large part of the total aviation induced forcing, although rather uncertain. The 
relationship between fuel burn and forcing by contrails are influenced by changes in 
flight patterns, fuel type and any saturations effects, although the latter can be 
assumed small in comparison to the saturation effects of aviation induced cirrus. 
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Keeping in mind this uncertainty, we assume a simple linear relationship between jet 
fuel use and contrails. Sooner than contrails, cirrus clouds might face saturation 
effects, but there is ambiguous observational evidence as to whether any saturation 
can be detected already 23, 24. Hence, we chose to employ a very wide uniform 
distribution for an asymptotic global limit on aviation-induced cirrus forcing 
(Appendix Table A4). 
 
Emulations of 19 climate models, calibrated using results from the CMIP3 AOGCM 
inter-comparison project25, are used to derive global-mean temperature change. The 
temperature changes in turn impact on the carbon-cycle and other gas-cycles in the 
coupled climate-carbon cycle model MAGICC21 set up. For the simulations, we drew 
1000 parameter sets for tropospheric ozone and methane forcing efficiencies from 
IPCC AR4 conforming prior distributions, and combined them with parameter 
distributions emulating literature estimates for NOx, contrail, cirrus and H2O induced 
effects  (see Appendix). These parameters sets were then combined with CMIP3 and 
C4MIP model emulations at random, while other parameters were set to best guess 
IPCC AR420 values (Appendix, Table A5). There are multiple non-linearities in the 
radiative forcing calculations, which is why we use the residual method to estimate 
sectoral contributions to forcing and temperatures26. Specifically, we present results 
for the paired differences between ‘global total anthropogenic’ and ‘global total 
minus aviation’ or ‘global total minus UK’ to provide an indication of the residual 
effect of aviation and UK emissions, respectively. Note however, that the residual 
method provides, for example, lower shares for the CO2 forcing contribution from 
aviation and UK sectors, compared to a normalized marginal or proportional 
attribution method, due to the logarithmic relationship between CO2 concentrations 
and forcing.  
 
The UK forcing due to greenhouse gases controlled under the Kyoto Protocol 
contributes more to radiative forcing than aviation up to the mid-to-late 1960s, 
thereafter aviation forcing tends to exceed that for the UK (Fig 1b). A strong 
increase of total anthropogenic forcing after 1970 affects the relative role of aviation 
and UK Kyoto-GHG emissions to the extent that the UK forcing share declines after 
1970 while the aviation share still increases   but less strongly than pre-1970 (Fig 
1b). Sulphur dioxide is an important, albeit not globally homogenous, forcing agent 
for the UK, which has a history of relying heavily on coal for energy. We estimate 
that up to around 1970, the UK forcing contribution from greenhouse gases emitted 
since 1940 is more than compensated on a global-average basis by the cooling 
effects of aerosols. The three most important individual contributions to aviation 
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forcing up to the year 2000 are CO2, tropospheric ozone and induced cirrus, with 
increasing degree of uncertainty (Fig.2). forcing up to the year 2000 are CO2, 
tropospheric ozone and induced cirrus, with increasing degree of uncertainty (Fig.2).  
The aviation contribution to global-mean temperature change exceeds that of the UK 
Kyoto-GHGs from around the 1980s, thereby lagging the cross-over in forcing 
timeseries. Taking into account sulphur dioxide and other aerosol emissions, our 
analysis suggests that the UK climate contribution since 1940 was likely to have 
been lower than the aviation contribution throughout the 20th century (see Fig. 1c). 
In the year 2005, we estimate that temperatures are 0.028°C (68% range: 0.023 to 
0.050°C, see Fig 1f) higher due to aviation, with further increases expected for the 
future. 

 

 

Figure 2 – Comparison of radiative forcing in year 2005 induced by historical 

emissions from aviation and from the UK (see Appendix for details).  

Using the IEA/SMP Transport Model10 with input GDP projections from 40 IPCC 
SRES27, we generate a range of aviation scenarios from year 2000 onwards in line 
with reference estimates in the literature (Fig3a; see Appendix for details). For the 
global all-sector mitigation scenario we assume a scenario that halves greenhouse 
gas emissions by 2050 relative to 1990 and further declines thereafter28, a long-term 
vision referred to by the G8 and within the Kyoto Protocol negotiations29 as a 
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minimum requirement in order to avoid dangerous levels of climate change. Even 
though we do not consider the higher end of aviation scenarios from the literature 
(e.g. scenario EdH4), our set of aviation reference scenarios suggests that as early 
as 2045, the aviation share of global fossil CO2 emissions could exceed 20% in a 
carbon constrained world (Fig 3b). This result indicates a fundamental inconsistency 
between standard aviation growth forecasts and lower global mitigation pathways.  
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Figure 3 - Future aviation emissions and their effects in the context of a carbon 

constrained world. Fossil CO2 emissions of derived aviation scenarios (lines) lie 

within the range of scenarios in the literature (grey symbols in panel a – see also 

Appendix). The relative share of global all-sector fossil CO2 emissions rises 

continuously from around 2% to beyond 20% as early as 2050 (b). From the 50 

scenarios, the nearly-flat lower (‘Aviation LOW’) and upper bound (‘Aviation 

HIGH’) are carried forward in a 1000 member simulation to indicate the range of 

temperature contributions under business-as-usual aviation conditions. Panel c 

indicates the absolute contribution to global-mean surface temperature change 

within a world following the “halved-emissions by 2050” mitigation scenario and 

panel d indicates the relative share.  

Under the “Aviation HIGH” scenario, the share of induced warming rises from the 
current value of about 4.7 % to 8.9% (68% range: 6.3 to 10.6%) by 2050. Even 
though growth rates decline to zero by the last quarter of the century under the 
‘HIGH scenario’, the aviation induced absolute and relative temperature change 
continues to grow to the end of the century.  
 
Under the near zero growth ‘LOW scenario’, the aviation share of fossil CO2 
emissions grows because of the declining emissions in the all-sector mitigation 
scenario. However, the absolute and relative temperature contribution from aviation 
does not increase markedly with this ‘LOW scenario’. We attribute this moderate 
response with the ‘LOW scenario’ to the fact that the majority of the aviation forcing 
in a given year is due to emissions within that year. This relative importance of 
short-lived effects offers opportunities for mitigation strategies that attempt to 
reduce forcing in the short-term. In 2005, about 25% of the forcing is due to the 
long-lived greenhouse gases, whose accumulation with time in the atmosphere 
tends to lead to a continuous increase in forcing even with constant emissions.  
 

 
3.0 Conclusion 

The results show that a fundamental change in long-range transportation behaviour 
and technology seems to be a necessity, if climate protection scenarios, such as 
halving global emissions by 2050, are to be realized. Given the size of this sector, 
already superseding that of large nations, the inclusion of international aviation in 
the second post-2012 commitment period under the Kyoto Protocol could allow this 
sector to play its role within the overall mitigation effort across all sectors.   
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4.0 Method 

The tropospheric ozone and methane gas cycle parameterizations within MAGICC 6.0 
are amended in order to account for the difference in effects of ground-based and 
high-altitude NOx emissions. A calibration to published pulse response experiments 
of chemical transport models16,18,17 (see Appendix), yields substantially lower 
enhancement factors compared to a calibration to year 2000 values as presented in 
the literature3, 5  (Table A3). In order to more closely emulate current knowledge on 
the overall effect of NOx emissions, and thereby minimizing the effect of potential 
non-lineararities, we use the latter method. 
 
Distributions for the enhancement factors βO3 and βCH4 are calibrated using 1000 
member runs drawn at random from multiple parameter distributions (Appendix 
Table A3). A key assumption is that the – relatively large - overall tropospheric 
ozone forcing uncertainty provided by IPCC20  with a likely range between +0.25 and 
+0.65 W/m2 contributes proportionally to the aviation share of induced tropospheric 
ozone forcing. The aviation-induced tropospheric ozone forcing is hence considered 
to be the compound of the overall tropospheric ozone uncertainty and an uncertainty 
in the effectiveness of aviation NOX emissions. For methane, the total forcing 
uncertainty related to all emissions, not only the aviation-induced part, is relatively 
small (mean: +0.48; 90%-uncertainty ± 0.05W/m2; Table 2.12 in Forster et al. 
2007) and we assume the uncertainty of aviation-induced CH4 forcing is fully 
represented by the effectiveness of aviation NOX on the CH4 lifetime. 
 
The distributions for β are chosen, so that log(β-c) has a Gaussian distribution with c 
being a constant to determine the skewness of the distribution. The two parameters 
of the Gaussian distribution, mean, μ, and variance, σ2 , and the skewness 
parameter, c, are then selected to match the provided median and lower and upper 
bound of the distribution range from the literature. 
 
We estimated historical UK emissions of greenhouse gases (including those 
controlled under the Kyoto and Montreal Protocol), aerosols and tropospheric ozone 
precursors from 1940 to 2006 from officially reported data 
(http://unfccc.int/ghg_data/items/3800.php) and various sources27, 30-34 for pre-1990 
times. For the UK sector calculations, we do not take into account emissions of 
international aviation due to fuel sold in the UK (see Appendix). 
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Appendices  

Appendix 1: Aviation emission scenarios 

 

We use the IEA/SMP10 model (available at  
http://www.wbcsd.org/web/publications/mobility/smp-model-spreadsheet.xls) to 
generate aviation fuel consumption projections. The GDP growth in the original 
IEA/SMP model is based on the WEO 2002 forecasts35 with an average growth of 
2.8% per annum and gives an approximately mid-range projection. We base our 
scenarios on the range of 50 IPCC SRES scenario GDP projections. Hence, the range 
of aviation scenarios analyzed here is related to a range of possible GDP evolutions. 
As the purpose of this study is to analyze a broad range of scenarios in line with 
literature estimates, we do not explore further parameter uncertainties within the 
IEA/SMP model. However, we do adjust some of the key parameters to obtain a 
range of scenarios that rests within the range of literature estimates. Otherwise, our 
aviation scenarios would result in significantly higher emissions than traditional 
literature estimates, because the median IPCC SRES scenario (B1 MESSAGE) has a 
higher average GDP growth of 3.3% per annum between 2000 and 2050. The range 
of our scenarios is spanned by using the GDP projections of the SRES ‘A2-
A1Minicam’ scenario (“Aviation LOW”) and the ‘A1G Message’ scenario (“Aviation 
HIGH”). It should be kept in mind, that these bounds do not reflect the extreme 
bounds of aviation projections in the literature.  
 
The most significant change we make in the IEA/SMP parameter settings is to the 
factor α, which specifies the ratio between Revenue Passenger Kilometer (RPK) 
growth and GDP growth. Here, for simplicity, we adjust the regionally different α 
factors (ranging between 1.16 and 1.75), to 1.2 globally, which approximately 
offsets the difference in the median GDP growth projections between 2.8% and 
3.3% per annum. Furthermore, we assume an annual reduction of the α-factor by 
0.8%, while energy efficiency (energy demand per RPK) is assumed to decrease by 
1.0% annually (see Table A.1). No gains in carbon efficiency (carbon emissions per 
unit energy demand) are assumed, which could in theory be yielded by switching to 
biofuels. For our default emission (see Table A.2). 
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Table A.1 - IEA/SMP Transport Model for aviation and key parameters as used in 

this study. 

 

Entity Unit Calculation Year 2000 Value 

GDP GDP (mex, 

Trillion US$) 

According to IPCC SRES scenarios. 20.9 Trillion US$ 

Revenue 

Passenger 

Kilometers 

(RPK) 

Billion Km 

(Kilometers) 

α times the GDP growth, with α set 

to 1.2, decreasing at 0.8% per 

annum. 

3375 Billion km 

Energy 

Demand 

Exajoule (EJ) Factor γ times RPK with γ being 

2.65 *1E-3 EJ/(bill.km) and 

reduced by 1% per annum. 

8.94 EJ 

Jet Fuel Teragramm 

(Tg) 

22.88 Tg/EJ times Energy demand, 

assuming average energy content 

of 43.7MJ/kg36  

210.43 Tg 
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 Table A.2 - Emission factors used in this study and total year 2000 emissions. 

 
Emission Emission factor 

per unit jet fuel 

Unit 

 

Total 

Emissions, 

year 2000 

 CO2 3150.0‡ g(CO2)/kg(jet fuel) 663.0 

Tg(CO2) 

NOx 11.0‡ g(NO2)/kg(jet fuel) 2.315 

Tg(NOx), as 

Tg(NO2) 

CO 0.00238 g(CO)/kg(jet fuel) 0.5 Gg(CO)* 

SOx 0.00033  g(SOx)/kg(jet fuel) 0.07 

Gg(SOx)* 

 

BC (black 

carbon) 

0.1§ g(BC)/kg(jet fuel) 21.04 Gg(BC) 

OC (organic 

carbon) 

0.025§ g(OC)/kg(jet fuel) 5.26 Gg(OC) 

CH4 0.030 g(CH4)/kg(jet fuel) 6.4 Gg(CH4)* 

N2O 0.345 g(N)/kg(jet fuel) 19.8 x 44/28 

=72.6Gg(N)* 

*Source: 3; § Source: 37; ‡ Source: 4 

 

Note that these total emission estimates are intended to be comprised of domestic and international and both 

civil and military aviation during flight operations. Well-to-tank emissions are not taken into account, which might 

add an extra 12.7%10 to the flight-operation CO2 emissions.  
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Figure A.1 – CO2 emissions of the aviation scenarios considered in this study 

(grey lines) and its ranges (Aviation HIGH and LOW) in the context of published 
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Appendix 2: Historical UK Emissions  

 
We estimate emissions for the UK based on officially reported data to the UNFCCC 
for the years 1990 to 2005 – using other data sources to extend emission estimates 
back in time. We thereby follow a similar approach as the MATCH project38 by 
combining recent officially reported data with growth rates of other data sources to 
generate time series from 1940 to 2005. In addition, we estimate emissions for 
gases controlled under the Montreal Protocol using officially reported production 
statistics. For details and sources, see Table A3.   
 

 
Table A1 – Estimation of historical UK emissions for greenhouse gas, aerosol and 

 

Emissions Description Year 2000 Emissions 

Fossil & Industry CO2 UNFCCC CRF39 Data used from 2000-2006; extended 

back to 1940 using emission growth as in CDIAC data 

(Marland et al.31). We do not include emissions 

related to international aviation. 

549.77 MtCO2 

Landuse CO2 UNFCCC CRF39 Data used from 2000-2006; extended 

back to 1940 using best-estimate emissions derived 

by the MATCH project38 with an offset to match year 

UNFCCC CRF 1990 emissions.  

0.05 MtCO2 

Fossil & Industrial N2O UNFCCC CRF39 Data used from 2000-2006; extended 

back to 1940 using best-estimate emissions derived 

by the MATCH project38 with scaling factor to match 

UNFCCC CRF 1990 emissions. 

0.02739 TgN 

Agricultural / landuse 

N2O 

As fossil & industrial N2O 0.06213 TgN 

Fossil & Industrial CH4 As fossil & industrial N2O 0.79046 TgCH4 

Agricultural / landuse 

CH4 

As fossil & industrial N2O 2.47329 TgCH4 
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Fossil & Industrial 

carbon monoxide 

emissions (CO) 

UNFCCC CRF39 Data used from 2000-2006; extended 

back to 1940 using the UK’s fossil CO2 emissions (see 

above) and the time-varying fossil CO/ fossil CO2 

emission ratio of OECD Europe. Regional OECD 

Europe CO emissions were taken from EDGAR-HYDE 

1.333. 

4.18722 TgCO 

Landuse CO UNFCCC CRF39 Data used from 2000-2006; extended 

back to 1940 using the UK’s landuse CO2 emissions 

(see above) and the time-varying landuse CO/ 

landuse CO2 emission ratio of OECD Europe. 

Regional OECD Europe CO emissions were taken 

from EDGAR-HYDE 1.333. 

0.0339 TgCO 

Fossil & Industrial SOX Equivalent to fossil & industrial CO. 1.19732 TgSOx 

Landuse SOX Equivalent to landuse CO. 0.0012 TgSOx 

Fossil & Industrial NOx Equivalent to fossil & industrial CO. 1.89702 TgN 

Landuse NOx Equivalent to landuse CO. 0.0021 TgN 

Fossil & Industrial 

NMVOC 

Equivalent to fossil & industrial CO. 0.88480 Tg 

Landuse NMVOC Equivalent to landuse CO. 0.0214 Tg 

Flourinated gases HFCs, 

PFCs, SF6 

Historical emissions of individual HFCs (HFC23, 

HFC32, HFC43-10, HFC125, HFC134a, HFC143a, 

HFC227ea, HFC245ca), PFCs (CF4, C2F6, C4F10) and 

SF6 are constructed as by starting from the UNFCCC 

CRF reported GWP-weighted sum of HFCs, sum of 

PFCs and SF6 from 1990 to 2005. Emissions are split 

up into individual gases according to the EDGAR-

HYDE 1.333 emission ratio for OECD90 countries after 

two adjustments: (a) EDGAR-HYDE 1.3 emissions 

HFC and PFC emissions start in 1970, and are linearly 

extrapolated backwards in time to zero in 1960. (b) 

Year 1990 emission ratios are adjusted to IPCC 

SRES27 emission ratios. 

CF4: 0.047kt; C2F6: 

0.010kt; C4F10: 

0.000kt; HFC-23: 

0.411kt; HFC-32: 

0.000kt; HFC-43-10: 

0.000kt; HFC-125: 

0.106kt; HFC-134a: 

2.150kt; HFC-143a: 

0.046kt; HFC-227ea: 

0.345kt; HFC-245ca: 

0.000kt; SF6: 0.075kt; 
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Gases controlled under 

the Montreal Protocol: 

CFCs, Halons, CCl4, 

CH3CCl, HCFCs 

Historical emissions of sixteen individual gases were 

estimated by starting with the ozone-depletion 

potential (ODP) – weighted sums of CFCs, Halons, 

CCl4, CH3CCl, HCFCs, as reported for the UK and 

global production levels from 1986-199934. Earlier 

production shares by UK are assumed to increase 

linearly to twice 1986 levels by 1950. Post-1999 

production shares are assumed constant. The 

respective UK shares for these gas groups are then 

applied to global emissions since 1950, as kindly 

provided by John Daniel and Guus Velders for WMO 

200632.  

 

 

 
Appendix 3:  Background global emission scenario  

 
As the background scenario for our calculations, we chose historical global emissions 
as detailed in the MAGICC 6.0 documentation21, and assumed a mitigation scenario 
for the future that halves global emissions of gases controlled under the Kyoto 
Protocol by 2050 below 1990 levels. We assume this illustrative mitigation path as it 
is envisioned as a minimum requirement to avoid dangerous climate change. For 
example, in the discussion on the post-2012 period of the Kyoto Protocol, the 
following long-term vision is discussed29: 
The Ad-Hoc Working Group on Further Commitments for Annex I Parties under the 
Kyoto Protocol “ … noted the usefulness of the ranges referred to in the contribution 
of Working Group III to the Fourth Assessment Report (AR4) of the IPCC and that 
this report indicates that global emissions of greenhouse gases (GHGs) need to peak 
in the next 10–15 years and be reduced to very low levels, well below half of levels 
in 2000 by the middle of the twenty-first century in order to stabilize their 
concentrations in the atmosphere at the lowest levels assessed by the IPCC to date 
in its scenarios. “  
The specific multi-gas emission paths are created by prescribing the 2050 emission 
target of -50% below 1990 with OECD fossil CO2 emissions following a constant 
emission reduction rate after 2010 until 2100.  Emissions of other gases and in other 
regions follow the same quantile within the distribution of emissions spanned by 54 
IPCC SRES and post-SRES scenarios, as detailed here40.  
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The global fossil CO2 and GWP-weighted Kyoto gas emissions (see Error! 
Reference source not found.) lead to a peaking of concentrations and global 
mean temperatures. 
 

 

 

 

 

Figure A.1 – Historical emissions and future mitigation scenario used as 

background for this study. Fossil CO2 and aggregated Kyoto-GHG emissions are 

shown for the multi-gas emission paths that halve global Kyoto-GHG emissions

 

 
Appendix 4 Radiative forcing computations 

Tropospheric ozone concentration is parameterized in MAGICC21 in terms of 
dependence on the precursor emissions following the results of OxComp (see Table 
4.11 in 41):  
 

VOCVOCCOCONONOCHCHtropO EEECC
xx

σσσσ +++Δ=Δ
43

ln4      (1) 
 

where is the change in the tropospheric ozone concentration (in DU), CCH4 is 
the methane concentration, σx are the sensitivity coefficients and Ex are the 
emissions of nitrogen oxides (NO, NO2), carbon monoxide (CO) and non-methane 
volatile organic compounds (VOC). The amended formulation now distinguishes 
between ground-based and high-altitude NOx emissions: 

3tropOCΔ

  

 

Page 21                                                                                                                       www.omega.mmu.ac.uk 



VOCVOCCOCOaNOagNOgNOCHCHtropO EEEECC
xxx

σσϑϑσσ ++++Δ=Δ )(ln ,,4 43  (2) 
 
The enhancement) factor β (Table S4) is defined as the ratio between the two 

respective weights and  for high-altitude emissions and ground based 
emissions, respectively:  

aϑ gϑ

g

aO

ϑ
ϑ

β =3

                                              (3) 
Given that the total sensitivity σNOx times the total NOX emissions ENOx,tot.y should – in 
a user-defined reference year y - fulfill: 
 

)( ,,,,,, yaNOxaygNOxgNOxytotNOxNOx EEE ϑϑσσ +=   (4) 
 

The coefficient  can be rewritten as: aϑ

 

yaNOxytotNOx

ytotNOx
a EE

E

,,,,

,,

)1( −+
=

β
β

ϑ
                     (5) 

 

And  follows from equation (3).  gϑ

 
The effect of precursor emissions on the lifetime of methane , through the oxidizing 
potential of the troposphere, is parameterized in a similar way by changing equation 
A31 in the MAGICC 6.0 documentation21 to:  
 

VOC
OH
VOCCO

OH
COaNO

OH
agNO

OH
g

OH
NOCH

OH
CHOH EEEECA

xxx
σσϑϑσσ ++++Δ=Δ )(ln)ln( ,,4 4  (6) 

 

Where AOH is the tropospheric OH abundance, and  are the sensitivity 
coefficients for the influence on OH of CH4, NOx, CO and VOC, respectively. The 

coefficients  and  are the weights on high-altitude and ground-based 
emissions, respectively, with their ratio indicated by βCH4. Methane’s lifetime is then 
adjusted according to:  

OH
xσ

OH
aϑ

OH
gϑ

 
))ln(exp(0

OHAΔ×= ττ                           (7) 
 
where τ0 and τ are the methane lifetimes before and after accounting for changes in 
the oxidizing potential of the troposphere (see section A2.1 in 21).  
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Cirrus forcing Fcirrus at time t is then approximated by:  
 

))
'
)(exp(1()(

Fuel
tFuelFtF pot

cirruscirrus −−=
          (8) 

 
Where Fuel(t) indicates aviation fuel consumption, Fuel’ is the consumption level at 

which the forcing limit is approached up to (1-1/e) , and the asymptotic 

radiative forcing limit  is defined as a multiple α of the year 2000 forcing:  

pot
cirrusF

pot
cirrusF

 
)2000(cirrus

pot
cirrus FF α=                             (9) 

 
Given that equation 8 must hold for year 2000 conditions, Fuel’ can be derived as:  
 

)1ln()ln(
)2000('
−−

=
αα

FuelFuel
                         (10) 

 

 
Appendix 5: Calibration to NOx pulse emission studies 

 
We closely replicate the experimental set-up of pulse emission studies 6-8 in order to 
calibrate efficiency factors for high-altitude NOx emissions. For the background 
scenario, MAGICC was run from 1765 to 1990 with historical anthropogenic 
emissions and  thereafter emissions were kept constant at 1990 levels. In 1991, a 
1TgNOx pulse emission was added.  The high-altitude enhancement factor βO3 was 
then calibrated so that the 100-year integrated tropospheric ozone radiative forcing 
perturbation matched the short and long-term effect indicated by the CTM studies. 
Similarly, the 100-year integrated change in methane concentrations was matched 
by adjusting the enhancement factor βCH4. In order to match these idealized pulse 
experiment studies optimally, the calibration routine suggests that high-altitude NOx 
emissions should be considered 4.0 to 7.1 times more effective in terms of inducing 
tropospheric ozone increases and 4.3 to 4.7 times more effective in terms of 
reducing methane’s lifetime and consequently methane concentrations. See Table 
A.2 for results.  
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Figure A.2 – Calibration of tropospheric ozone and methane lifetime effects to a 

In an alternative method to calibrate the high-altitude NOx enhancement factor, we 
run our model with historical aviation emission time series using Monte Carlo 
simulations as described below (see Table A.3) and adjust the NOx enhancement 
factor so that we approximately match the results of recent literature estimates for 
aviation-NOx induced tropospheric ozone forcing and methane forcing anomalies in 
year 20003, 5.  
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Table A.2 – Calibration of enhancement factors for high-altitude NOx emissions 

versus ground-based NOx emissions with respect to their effect on tropospheric 

 

 Trop. O3 (Short + Long Term) CH4 

Calibrated 
Study 

Original 
(mW/m2*yrs) 

Calibrated 
Value 
(mW/m2*yrs)

Calibration 
Factor  βO3 
(Enhancement 
NOxair/ 
NOxground) 

Original 
(ppb*yrs) 

Calibrated 
Value 
(ppb*yrs) 

Calibration 
Factor βCH4 
(Enhancement 
NOxair/ 
NOxground) 

 

Pulse Experiment 1TgNOx in 1990 background conditions, integrated over 100 yrs 

Derwent et al.6  
(as presented in 
Stevenson et al.7) 

7.90 (=8.6-0.7) 7.90 7.137 -12.5 -12.5 4.700 

Wild et al.8 (as 
presented in 
Stevenson et al.7) 

6.40(=7.9-1.5) 6.40 5.937 -12.2 -12.2 4.602 

Stevenson et al.7  4.11(=5.06-
0.95) 4.11 4.073 -11.3 -11.3 4.283 

 

Time-Slice 2000 Experiment with full all-gas aviation history. Compare as well ref. 42  

Gauss et al.5 as 
applied in 
Fuglestvedt et 
al.3  

22 (-11, +22)  21(-11, +30) 

10.27  
(6.27 to 
17.57) 
68.26% range 

-10(-21, 
+7) 
mW/m2 

-9 (-23, 
+6) 
mW/m2 

8.13 (2.13 to 
42.5) 68.26% 

 

 

 
 

Appendix 6: Monte Carlo climate simulations using IPCC 
AR4 conforming priors 
 

Assuming independence between carbon cycle, climate response, and some 
individual radiative forcing parameter uncertainties, we employ a 1000-member 
Monte Carlo simulation. For carbon cycle uncertainties, emulations of 10 C4MIP 
carbon cycle models are employed at random. Climate response uncertainties are 
taken into account by randomly selecting parameter sets that emulate 19 CMIP3 
AOGCMs. For details about the emulations of the C4MIP carbon cycles and CMIP3 
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AOGCMs see ref. 5. The a priori distributions for non-CO2 forcing parameters, 
namely the radiative efficiency of tropospheric ozone, methane, nitrous oxide, direct 
sulphate, black carbon, and organic carbon, are chosen so that the global emission 
history21 results in year 2005 forcing distributions that match those detailed in IPCC 
AR4, Table 2.1220. Despite large uncertainties in the indirect aerosol effects, they are 
not varied, but kept at their IPCC AR4 best estimate values, as an assumption of 
independence between this strong negative forcing and climate response is not 
justified. This is because, for example, a high aerosol cooling implies a small overall 
anthropogenic radiative forcing over the last century. This would necessitate 
assuming a high climate sensitivity in order to match the observed historical 
temperature evolution. For all chosen priors see Table A.3. 
 
For each of the 1000 parameter sets drawn at random, the full anthropogenic global 
total emission pathway is run, as well as a separate one with the aviation sector or 
UK emissions since 1940 being subtracted. The paired differences then provide the 
distribution of the likely residual contribution of aviation and UK emissions on 
radiative forcing and global mean temperature.  
 

 
Table A.3 - Chosen prior distributions for 1000-member Monte Carlo simulations. 

 

Parameter (sets) Description Chosen prior 
 

Source 

18 Carbon Cycle parameters Eighteen MAGICC 6.0 
carbon cycle parameters 
were tuned to optimally 
match detailed carbon 
cycle characteristics of 
the C4MIP models43. 

Ten parameter 
sets 
representing 
the C4MIP 
carbon cycle 
models, as 
described here 
21. 

MAGICC 6.0 
documentation 
(Meinshausen 
et al. 21) 

11 Climate Response parameters Eleven MAGICC 6.0 
climate module 
parameter settings were 
tuned to optimally match 
detailed multiple-scenario 
AOGCM response 
characteristics. 

Nineteen 
parameter sets 
representing 
CMIP3 AOGCM 
models, as 
described here 
21. 

MAGICC 6.0 
documentation 
(Meinshausen 
et al. 21) 

βO3 - 
AIR_TROPOZ_NOXAIR_SCALE 

High-altitude NOX 
enhancement on trop. 
Ozone (Ratio) 

10.27 (68% 
range: 6.27 
17.57); skewed 
normal‡ 

This study’s 
calibration 
towards 
literature 
studies (Gauss 
et al.5 and 
Fuglestvedt et 
al.3) 
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βCH4 - AIR_CH4_NOXAIR_SCALE High-altitude NOX 
enhancement on 
methane lifetime (Ratio) 

8.13 (68% 
range: 2.13 to 
42.5); skewed 
normal‡  

See above. 

TROPOZ_RADEFF_WM2PERDU Radiative efficiency of 
tropospheric ozone 
(W/m2/DU) in order to 
match IPCC AR4 
estimate, IPCC AR4 WG1 
Table 2.12 

0.0335 (90% 
range: 0.02435 
to 0.0635); 
skewed 
normal‡ 

This study’s 
calibration to 
IPCC AR4 
(Forster et 
al.20) 

CH4_RADEFF_WM2PERPPB Radiative efficiency of 
methane forcing 
(W/m2/ppb) in order to 
match IPCC AR4 
estimate, IPCC AR4 WG1 
Table 2.12 

0.036 (90% 
range: 0.033 to 
0.0397); 
skewed 
normal‡ 

See above.  

RF_SOXI_DIR_WM2 Direct radiative forcing of 
sulphate aerosols in year 
2005 (W/m2) in order to 
match IPCC AR4 
estimate, IPCC AR4 WG1 
Table 2.12 

-0.4 (90% 
range -0.2 to -
0.6); skewed 
normal‡ 

See above. 

RF_BCI_DIR_WM2 Direct forcing of industrial 
black carbon emissions in 
year 2005 (W/m2) in 
order to match IPCC AR4 
estimate, IPCC AR4 WG1 
Table 2.12 

0.2 (90% 
range: 0.05 to 
0.35); skewed 
normal‡ 

See above. 

RF_AIR_H2O_WM2 Radiative forcing of 
aviation induced 
stratospheric water-
vapour in year 2005 
(W/m2) 

0.002 (68% 
range: 0.001 to 
0.007); skewed 
normal‡ 

Table 5 in 
Fuglestvedt et 
al. (2008) 

RF_AIR_CONTRAIL_WM2 Radiative forcing of 
aviation induced linear 
contrails in year 2005 
(W/m2) 

0.01 (68% 
range: 0.005 to 
0.019); skewed 
normal‡ 

Table 5 in 
Fuglestvedt et 
al. (2008) 

RF_AIR_CIRRUS_WM2 Radiative forcing of 
aviation induced cirrus in 
year 2005 (W/m2) 

0.03 (68% 
range: 0.017 to 
0.054); skewed 
normal‡ 

Table 5 in 
Fuglestvedt et 
al. (2008) 

RF_AIR_CIRRUS_SCALEYR2MAX Asymptotic limit on cirrus 
forcing as multiple of year 
2000 forcing (Factor) 

5 to 30; 
uniform 
distribution 

This study’s 
assumption to 
reflect 
potential 
saturation 
effects. 

All other parameters MAGICC 6.0 default 
settings based on IPCC 
AR4 

No distribution 
– default 
settings.  

MAGICC 6.0 
documentation 
(Meinshausen 
et al. 21) 

All other parameters MAGICC 6.0 default 
settings based on IPCC 
AR4 

No distribution 
– default 
settings.  

MAGICC 6.0 
documentation 
(Meinshausen 
et al. 21) 

 

Note: ‡ For a brief explanation of the “skewednormal” distribution, see Methods section in main paper. 
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For the efficacies of radiative forcings, i.e. their efficiency per unit radiative forcing 
to change surface temperatures compared to a unit forcing by CO2

44,  we used 
default settings as specified in the supplementary material of the MAGICC 6.0 
documentation21. For the aviation specific forcings of contrail and induced cirrus, we 
choose an efficacy of 0.6, following Ponater et al. 45 
 

 
Appendix 7: Radiative forcing comparison 

Here, we compare our year 2000 radiative forcing results due to historical aviation 
emissions with different literature studies2-4. There is very good agreement between 
the studies for the induced CO2 forcing, which is independently derived in this study 
using 10 C4MIP emulations. The agreement between the study of Fuglestvedt et al. 
3 and ours in terms of the tropospheric ozone and methane forcing is due to the 
calibration described above.  
 

 

 

Figure S3 – Comparison of year 2000 forcing induced by aviation 

emissions since 1940 with literature studies2-4.  

 

 
Appendix 8: Overview of results 

The following Table A.6 provides an overview of our results for the year 2005, 
comparing the impact of aviation on climate with that due to UK’s historical Kyoto 
greenhouse gas emissions as well as all UK’s greenhouse gas, aerosol, and 
tropospheric ozone precursor emissions.  
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  Percentile 5% 16% 50% 84% 95% 

Fossil CO2 

Emissions 

Aviation (%) 2.8% 2.8% 2.8% 2.8% 2.8% 

(GtC/yr) 0.209 0.209 0.209 0.209 0.209 

UKKyoto (%) 2.0% 2.0% 2.0% 2.0% 2.0% 

(GtC/yr) 0.152 0.152 0.152 0.152 0.152 

UKAll (%) 2.0% 2.0% 2.0% 2.0% 2.0% 

(GtC/yr) 0.152 0.152 0.152 0.152 0.152 

Anthropogenic 

Forcing 

Aviation (%) 3.8% 4.0% 4.9% 6.3% 8.2% 

(W/m2) 0.045 0.055 0.087 0.139 0.203 

UKKyoto (%) 1.9% 2.1% 2.5% 3.1% 3.7% 

(W/m2) 0.039 0.040 0.045 0.049 0.053 

UKAll (%) 2.1% 2.2% 2.6% 2.9% 3.0% 

(W/m2) 0.032 0.039 0.043 0.054 0.059 

Surface 

Temperature 

Increase 

Aviation (%) 3.7% 4.0% 4.7% 5.2% 6.6% 

(°C) 0.016 0.023 0.028 0.050 0.080 

UKKyoto (%) 2.2% 2.6% 3.3% 4.3% 5.4% 

(°C) 0.017 0.019 0.026 0.028 0.034 

UKAll (%) 1.2% 1.5% 2.0% 2.5% 2.8% 

(°C) 0.007 0.008 0.014 0.021 0.031 

Table A.4 – Results for emissions, induced forcing and temperature changes in 

2005 due to emissions since 1940 for Aviation, UK Kyoto-GHG emissions 

(‘UKKyoto’) and UK emissions of GHGs, aerosol and tropospheric ozone 

precursors (‘UKAll’). As no emission uncertainty was considered, percentile 

numbers for fossil CO2 emissions are set in italics. 
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