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The METRIC study was an 8 month collaborative study between the
Universities of Leeds, MMU, Cambridge and the Potsdam Institute for Climate
Research. The study is focussed on understanding uncertainties in the
possible application of an aviation emission multiplier. Three uncertainties
examined: 1) the effects of the NOX pulse and the resulting radiative forcing;
2) the role of realistic background scenarios of both background and aviation
emissions; 3) how timeframes affect the choice of multipliers.

The study explicitly examines multipliers based on Global Waming Potentials
and Global Temperature Potentials. These multiplies combine the effects of
both CO, and non-CG, aviation emissions. It looks at both analytical forms of
these metrics and also examines the calculation of these metrics within the
MAGIC modd. The MAGICC model is designed to parametrically evaluate
many known uncertainties and allows for several feedback effects (such as
those associated with the carbon cycle) that the analytical forms do not. GWP
based multipliers have a strong dependence on time horizon chosen; 20 yr,
50 yr and 100 yr time horizons are evaluated. There is also more than a
factor of two uncertainty in any multiplier from parametric uncertainties
associated with understanding of the physical processes on non-CG;, aviation
effects.

The study gives values of metric multipliers for CO, aviation emission and it
presents a range of uncertainties for these multiplies. We do not necessarily
advocate their use and note that that at the time of writing this report, our

calculations have not been subject to peer review. The report does not cover
the applicability of the metric multiplier concept and this concerns policy -

related matters which this report doesnoét

The study has already produced a short briefing in the House of Commons
Blue Skies magaziné. It also aims to produce two publications in the peer
reviewed literature.

* Forster, PMdeF et al. 2007. A calculated Risk? Blue Skies magazine. The parliamentary Monitor. 1
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The impact from aviation is studied here using a range of metrics which are

constructed to account for particular processes. Gas ard aerosol emissions
from aviation have different effects on the physics and chemistry of the

atmosphere, which in turn impact on the radiative forcing properties of the

climate system. The use of metrics helps policy makers understand these
impacts in simplified terms, and enable direct comparison between different
fleet types over long time scales. Any future policies relating to emissions
reductions or change of flight procedures can therefore be based on firm
foundations.

This report details a study set up to reduce the uncertainties in aviation
metrics. The study will examine how scientists can capture variable and
complex information through different metrics that can give the aviation
sector, policy-makers and regulators confidence in taking long-term and
potentially costly decisions. The study will also review and define a range of
metrics for understanding aviationds <cl i me
metrics and their suitability for policy development.

The first section of the report illustrate s the scientific background to the
Omega metrics study. Two scientific studies are then completed in later
sections, and briefly described below:

A study of uncertainty ranges in aviation climate change metrics.

The Manchester Metropolitan University (MMU), in collaboration with the
Potsdam Institute for Climate Impacts Research (PIK), has used some of the
data from project partners to explore two
climate effects regarding uncertainties given by carbon-cycle and climate
modelling, as well as those arising from measurements of present-day
radiative forcing of non-CQ, aircraft emissions. These indicators are Global
Warming Potential (GWPY for a 100-year time horizon and Global
Temperature-change Potential (GTP} for a time horizon given by a global
temperature-change target of 2°C above preindustrial. For these two
indicators, multipliers have been calculated for aviation-sector emissions,
comparing the climate effects for all emissions to CO,-only emissions.

The use of climate metrics to interpret NOx emissions from
aviation.

The University of Leeds in collaboration with the University of Cambridge have
modelled aviation emissions to explore the effects of aviation on radiative

2 Fuglestvedt, J.S., et al., Metrics of climate change: assessing radiative forcing and emission indices. Climatic
Change 2003. 58: p. 267 -331.

% Shine, K.P., et al., Alternatives to the global-warming potential for comparing climate impacts of emissions of
greenhouse gases. Climatic Change 2005. 68: p. 281 -302.
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forcing. Two methods of emission have been studied i a one-off pulse
emission of aircraft NOx, and a continuous, sustained emission which takes
place throughout the year. The net global radiative forcing values have then

been compared with similar studies * ® to investigate how the use of different

models contributes to the overall uncertainty. The results obtained from the

Omega study are used to calculate values for the defined climate metrics
GWP and GTP

Radiative forcing eval uat esradiattoebalpneer t ur bat i
since pre-industrial times. The forcing is due to the remaining concentrations
of all radiatively-active species in the atmosphere as a result of all past
emissions. As each of the exhaust gases have different atmospheric lifetimes,
different amounts of emission contribute separately to each forcing. In the
case of aviation, emissions of CQ over many decades contribute to the CO,
radiative forcing. By contrast, for short -lived species such as ozone produced
from NOX, it is the emissions in the few weeks prior to the target date of
interest that contribute. Therefore the values of radiative forcing from two
different gases cannot be easily related to emissions. CQ, has a complex
atmospheric lifetime, varying from decades to millennium, whil st NOx, ozone
and methane are much shorter lived gases with lifetimes of a few hours,
weeks and 10 years respectively. The effects of NOx in the atmosphere
depend on the season and latitude in which it is emitted.

(@}

ThelPCC i ntroduced a ameitvecf ot BEmagondawy e x
of characterising the importance of non-CQ, forcings from aviation. It is
simply the ratio of the total forcing to the CO ,-only forcing. Regrettably, the
concept has been missapplied as a measure of the relative impact of non-
CQ, species of emissionsat a given time’ 8. Present day radiative forcing is
affected by emissions from many different time periods in the past this is
why measures such as the RFI should not be used to assess present
emissions. An illustration of this is for a hypothetical case which assumes
current emissions are sustained at a constant level. The radiative forcing from
CQ, will continue to increase, whereas the other forcings remain more-or-less
constant. Thus RFI decreases over time (see Figue 1) and the current RFI
substantially overestimates the role of non-CG, effects at, say, the 100 year
time horizon used in the Kyoto protocol.

4 Stevenson DS, et al., Radiative forcing from aircraft NOx emissions: mechanisms and seasonal dependence Journal
of Geophysical Researc/2004, 109:D17307

® wild O, et al., Indirect long -term global radiative cooling from NOx emissions. Geophysical Research Letter£2001,
28:1719-1722

S IPCC. Aviation and the Global Atmosphere, A Special Report of IPCC (Intergovernmental Panel on Climate Change),
Cambridge University Press, Cambridge, UK. 1999.

” Forster PMdeF, et al., It is premature to include non -CO2 effects of aviation in emission trading schemes.
Atmospheric Environment 2006

8 Forster PMdeF, et al., Corrigendum to "It is premature to include non -CO2 effects of aviation in emission trading
schemes". Atmospheric Environment 2007
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Figure 1: A scenario for sustained present -day emissions illustrating how CO » and
its RF (dashed line) w ill co ntinue to increase, whereas the non -CO, effects (dotted

line) have roughly stabilised with the emissions and are not expected to change.
As a consequence of this the RFI (solid line) does not remain constant, but
decreases over time . Reproduced from Forster etal. (2005)

Thus, using an RFI metric might suggest that it is beneficial to reduce contrail
formation by flying lower at the cost of using more fuel and emitting more
CQOy; in reality, the long -lived CO, emission is likely to have the greater long-
term climate impact, as it will continue to accumulate in the atmosphere.

An alternative framework is to consider emission metrics, which attempt to
guantify some measure of the climate impact on, for example, a per kg, or
per kilometre flown, basis. Such a metric i the 100 year Global Warming
Potential (GWP) is used in the Kyoto protocol and emission trading schemes
to evaluate and compare the different greenhouse gas emissions on a
common scale.

Each emission can affect atmospheric conentrations and the resulting
radiative forcing on different tim escales. Both the lifetime of the emission in
the atmosphere and the timescale of climate response are important. The
lifetime of a gas in this context is the time it takes for a pulse of gas i nto the
atmosphere to decay to 1l/e (37%) of its original concentration. These
timescales are crucial in determining the climate impact of a given emission.
CQO, and NOy emissions are associated with multiple lifetimes. The Carbon
dioxide lifetime ranges from years to millennia (a tiny fraction remaining
permanently in the atmosphere). As CO; is long-lived (having an average
lifetime longer than the atmospheric circulation), a tonne of CO , from aviation
emitted into the upper troposphere is no different than that emitted by any
other surface-based industry and its concentration, and hence radiative
forcing, can easily be estimated using simplified but established methods
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based on carbon-cycle modelling®. In contrast, timescales associated with
aviation NOx emissions are different than those associated with NOy
emissions at the surface. Stevenson et al"® presents a useful discussion of the
various timescales. Initially NOy produces ozone on short timescales (weeks
months), but it also decreases CH,;, which has an associated timescale of
roughly 12 years. As methane in turn also affects ozone, there is also a
component of ozone change that occurs on this longer timescale. Contrails, in
contrast, only last for a few hours.

The timescale of climate response isthetime it takes for the Ear
(particularly the ocean) to respond, so only 37% of the equilibrium response

remains. This response also has multiple timescales, but can be approximated

as roughly 10 years.

Before describing the range of impacts that aviation has on climate, we briefly
outline the basis of the metric that is commonly used to give a first -order
description of the climate impacts of changes in the abundance of gases and
aerosols. Thi s i aditahtd véer forcing of cl i mat
describes the perturbation to the energy balance of the climate system on, for
example, increasing the concentration of carbon dioxide or the coverage of
contrails; it is expressed in Wm™. The basic usefulness of RF as a concept is
its ability to compare forcings arising from very different phenomena (e.g.
changes in greenhouse gas concentrations, paricles, clouds, solar irradiance,
land-use etc.). This is because the following property has been established
from many climate modelling studies:

D
(@}
o
]

&% 1 RF. (1)

That is, there is an approximately linear relationship between the global mean

radi ati ve f or ci nglobd mRdan equilibrium sunfade tempeeature

chang@&) ;(a is the climate sen9ihtthevity par
Aconst ant dationalitfy bepveem goocing and temperature change. A

positive RF implies warming; negative, cooling.

Aviation affects RF in the following ways:
positively (warming) by emissions of COy;
positively by tropospheric ozone (O3) (via atmospheric chemistry
from emissions of nitrogen oxides - NO,);
negatively (cooling) by the reduction of ambient methane (CH ,) (via
atmospheric chemistry from emissions of NO));
negatively by sulphate particles arising from sulphur in the fuel,
positively by emissions of soot particles;

° Op. cit. Shine, K.P., et al., 2005
0 Op. cit. Stevenson DS, et al.
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positively by linear persistent contrails (condensation trails) formed
in the wake of the ai rcraft;

positively by enhanced cirrus cloud coverage formed from
spreading contrails. Additional cloud condensation nuclei (particles)
introduced into the upper tr oposphere by aircraft exhaust emissions
could also influence natural cirrus clouds, probably causing a
positive forcing, but little research has been done in this area.

It should be realised that RF is a quite different metric to the Global Warming
Potential (GWP), the latter being a policy metric that allows a comparison to
be made between the marginal impact of the addition of an emissionof a gas
relative to that of CO,'. However, the RF concept underlies GWPs, since
GWPs use the radiative dficiency (W m™ kg™) of an increase in abundance of
a gas, cloud or aerosol. Climate metrics and their science and policy
applications have been discussed in great detail by Fuglestvedtet al.*? and in
an aviation context by Wit et al. *°.

The standard climate metric proposed by the Intergover nmental Panel on
Climate Change™, and adopted by the Kyoto Protocol, is the Global Warming
Potential (GWP); this is time integrated radiative forcing due to a pulse
emission of a unit mass of gas. The use of the GWP is now deeply embedded
and in widespread acceptance by the user community for the Kyoto group of
greenhouse gases. For clarity, this will henceforth be referred to as the pulse
GWP (PGWRP). It can be quoted as an absolute PGWP (APGWP) (e.g. in units
of Wmkg™year) or as a dimensionless value by dividing the APGWP by the
APGWP of a referencegas, normally CQO.. A user choice is the
over which the integration is pe rformed. There is no obvious choice for this;
the Kyoto Protocol chooses a 100 year GWP. For a gas X, ifAs is the radiative
forcing per kg, axis the lifetime of the g as, and His the time horizon then:

APGWP(H) =) A expt Y/ )dt=Aa1- expt /) )] @

The APGWP for CQ@ is more complicated, because its atmospheric lifetime
cannot be represented by a simple exponential decay. The APGWP for CQis
not given here, but it can be found, for example, in Appendix A of Shine et
al.(2005); the APGWP used by IPC€ is adopted.

™ |PCC. Climate Change. The IPCC Scientific Assessment, Intergovernmental Panel on Climate Change, Cambridge
University Press, UK. 1990.

2 Op. cit. Fuglestvedt, J.S., et al. 2003

3 Wit RCN, et al., Giving wings to emission trading. Inclusion of aviation under the European emission trading
system (ETS): design and impacts. CEDelft, No. ENC.C.2/ETU/2004/0074r, the Netherlands. 2005.

pCcC, Climate Chang 2001, The Scientific Basis. Intergovernmental Panel on Climate Change, Cambridge
University Press, UK, 2001.

% Ipid.
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As stated, Ax is the radiative forcing per kg of emitted gas and ayis the
emitted gases lifetime. In the case of NOx, where the radiatively active
species are not directly emitted, the lifetime used is that of NOx (0.1 years)
for short-lived ozone effects and that of methane (11.53 years) for longer
lived effects. In t his case, Ax values for ozone and methane are then inferred
from time-integrated radiative forcings evaluated using chemical transport
models. For contrails and cloud effects, there is no appreciable lifetime or
emission source. In these cases the emissionof CO, in one year is assumed
to cause all the calculated radiative forcing, but only within the same year.

A more recently proposed group of metrics*®are the pulse and sustained
Global Temperature Change Potental (PGTP and SGTP) which have rather
di fferent charact epgoaisnti @ simd.tthétemeeraturee e nd
change at a particular time in the future, rather than a time integrated one).
Arguably the GTPs are more relevant, as they address an actud climate
impact (temperature change), rather than the more abstract integrated
radiative forcing. A disadvantage is that they are not accepted for widespread
use. To allow a transparent formulation of the GTPs, Shine et al. (2005)
adopted a simple climate model which allowed analytical forms of the GTPs to
be derived, although this is by no means a requirement. The inclusion of this
climate model means that additional parameters are required to be defined 1
the timescale of the climate response, (/ and the heat capacity of the climate
system, C (or equivalently, C and the climate sensitivity parameter, / i the
three parameters are related since U = §./

The APGTP for gasx is given by:

APGTP'(H) = oo~ H/, )- e /) ©

Again, a more complex relationship is required for CO, and (2.4) is only
applicabl e pr ovi deDetailfard gazenimshine et@lu(2005) t o

Shine et al. (2005) point out that although the pulse form of the GTP has
some appeal, it appears that the simple climate model does not well
represent the response of the climate system to a pulse emission; it will be
retained here for illustrative purposes only. Also, for any case where H >> a,
(which is often the case for aviation emissions), the PGTP will be very small,
as t he cli mate system will haveionif orgot:t
However, Shine et al.'’ have proposed an alternative use of the PGTP,
consistent with EU policy of restricting warming below some target amount at

6 Op. cit. Shine, K.P., et al., 2005
7 Shine KP, et al., Comparing the climate effect of emissions of short- and long-lived climate agents. Accepted for
publication in Phil. Trans. R.Soc 2007.
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some future time. This application shows clearly that as the target is

approached, it bec omes mor e fAval ua b-livedeemissions.tAe duce s h
times well before the target time, it is the long -lived species that exert more

influence on the temperature at the target time. Instead of a pulse emission

being applied to the GTP, the ASGTP wuses
constantly over the whole time horizon being investigated. Whilst a pulse

emission will affect temperature for a short while before returning to the

equilibrium state, a sustained emission will cause a permanent temperature

perturbation.

The ASGTP for gasx s given by
ASGTP(H) = 22711 exp(- VOl g e W) e W)]u (4)

Shine et al. (2005) provide details of the CO, a n d a Uases. As detailed by
Shine et al. (2005) and, for long time horizons, the PGWP and SGTP
asymptote to the same result. This allows an alternative interpretation of the
GWP, and makes the distinction between the choice of pulse and sustained
emissions arguably less important.

Even though aviation GWPs are readily calculable, there is considerable

controversy about the application of emission metrics to assess the effect of

aviation non-CQ, emissions. IPCC® statedthatt he GWP fhas fl aws th
i ts use guestionable for aviation emi ssi ¢
impossibility of defining a GWP for aircraft NO,O . Wi t'° eeho thesé .

senti ment s, concluding that AGWPs are not
complet e suite of aircraft effectso. An wunde
stance is that it has led some policymakers and other groups to apply the RFI

as if it is some kind of alternative to th e GWP®.

Others have taken a more pragmatic stance than IPCC, and attempted to
develop GWPs for avation emissions, whilst recognising the caveats. The first
attempt appears to be by H.Klug and colleagues in a series of unpublished
reports as part of the EC Framework 5 Cryoplane project. More recently
Svennson et al?! have provided GWP values for aviation, based partly on the
Klug approach. Wild et al.?®> and Stevenson et al?®> have generated GWP
values (although they did not label them as such) for aviation NO x, emissions.

18 Op. cit. IPCC ,1999

9 Op. cit. Wit et al.

20 Op. cit. Forster PMdeF, et al., 2006

2 svensson F, et al., Reduced environmental impact by lowered cruise altitude for liquid hydrogen-fuelled aircraft.
Aerospace Science and Technology2004, 8:307 -320

2 Op. cit. Wild et al.

2 Op. cit. Stevenson et al
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Forster et al.>* % have also generated GWP value for a range of aviation
emissions. They are also quoted in the latest IPCCreport?®.

Uncertainties also need to be assessed when evaluating metrics. In particular
more uncertain effects should not necessarily be given an equal weight to the
role of carbon dioxide emissions in which we have a good level of confidence.
These uncertainties are indicated by error-bars for NOy and contrails. Using
fleet emissions data from British Airways®’, figure 2 shows that at the 20 -year
time horizon, the short lived emissions are competitive with CO, for all three
metrics. The net NOy effect varies between the cases but all three metrics tell
a generally similar story. At longer time horizons, CO, becomes increasingly
dominant, especially using the PGTP. The values using FSWP and SGTP
become increasingly similar at long time horizons.

24 Op. cit. Forster PMdeF, et al., 2006

% Op. cit. Forster PMdeF, et al., Atmospheric Environment 2007

% Forster P, et al., Changes in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The
Physical Science Basis.

% Forster, P, and Rogers, H. Metrics for comparison of climate impacts from well mixed greenhouse gases and
inhomogeneous forcing such as those from UTRLS ozone, contrails ad contrail cirrus. 2008.
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Figure 2. Examples of the use of three metrics usingB ritish Ai r wa ffestd
emissions (rows: using PGWP, PGTP, SGTP to evaluate climate effect) evaluated

at three time horizo  ns (columns: 20, 50, 100 years). Units are 10 > Wm “?year (row
1); 10 " K (row 2); 10 ° K (row 3). NO , evaluations are based on averages of
Stevenson et al. 2004 and Wild et al. 2001 numbers. AIC is aviation induced

cirrus. Note that the scale onthey  -axes varies between frames. Note that no

unce rtainty is given for CO 5 as there are none which are specific to their

evaluation in the context of aviation. Typically quoted uncertainties for CO , are
+10%.

Figure 3 presents an emissions form of an RFI where the total impact is
divided by the CO, only effect. The top left plot neglects the highly uncertain
aviation induced cirrus (AIC). It illustrates that the emissions index tends to 1
(i.,e. CO, dominance) as the time scale increases, especially when sing the
PGTP. However, for the 20 year time horizon, the non-CG; effects are clearly
important when using the PGWP and SGTP, a characteristic that could
become even more marked if a shorter time horizon was chosen. The top
right plot shows the impact of including t he AIC, which has a particularly
marked impact at shorter time horizons. The bottom plot excludes the AIC
but, for illustration, assumes that the efficacy for contrails is 0.6, following

Ponater et al.?®i this acts to reduce the effect of the short lived em issions,
enhancing the dominance of CQO..

% ponater, M., et al., On contrail climate sensitivity. Geophysical Research Letters2005
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Figure 3. Summary of f igure 2, where total aviation impact has been normalized to
CO, impact creating an emission weighting factor appropriate to the current fleet.
Error bars present uncertainties arising from N Ox and co ntrail forcings. Top:
excluding the highly uncertain aviation induced cirrus (AIC). Middle: Including

AIC. Bottom: E xcluding AIC, and assuming an efficacy of 0.6 for contrail forcing.
Note that the scale onthey  -axes varies between frames.
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The effects of contrails on cirrus clouds certainly do preclude confident
evaluation of values of GWPs, but the problem is much deeper than the
evaluation of metrics i any attempt to quantify their impact, using even the

most sophisticated climate models, would face similar limitations (table 1).
Table 1 represents the fdper kg emi
impact of a fleet these values must be multiplied by the actual mass
emissions.

ttedo

Table 1. Absolute values of defined climate metrics for three diff erent time
horizons. Units: APGWP *10  ** W m 2 kg(NO ,)-1 yr. APGTP * 10 "*® K kg (NO ,)™.
ASGTP * 10 " K (kg(NO ,)™")™*. Values for c ontrails, assuming 10 mWm 2 for 550 Tg
CO,, factor of three uncertainty . Values for aviation induced cirrus assuming 3 0
mWm “2 for 550 Tg CO ,, range based on an RF between 10 mMWm 2 and 80 mWm 2.
These ranges are taken from Forster et al. # Table 2.9.

Contrails Aviation induced cirrus
20 yr 100 yr 500 yr 20 yr 100 yr 500 yr
APGWP 1.8 1.8 1.8 5.5 5.5 55
APGTP 2.1 0.0 0.0 6.3 0.0 0.0
ASGTP 1.2 1.5 1.5 3.7 4.4 4.4

2 Op. cit. Forster P, et al., 2007
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Other limitations are more structural, such as the pro blem in using global-
mean values for NO; emissions, when compenstion between negative
forcings at a global level may not apply at the hemispheric level.

A key uncertainty is that for short lived emissions the climate impact depends
very much on where and when the gas is emitted. A kg of NO , emitted over
Asia has about twice the ozone radiative forcing compared to a Kg on NOy
over Europe® . This is compounded when temperature change is evaluated i
a radiative forcing over Asia also gives a larger surface temperature change
than an equivalent radiative forcing over Europe. Therefore using a global
metric to evaluate emissions will underestimate the role of aviation emissions
from Asia, but will overestimate the impact of European emissions.

One other cited difficulty with emissions metrics in the context of aviation is

that some effects, particularly persistent contrail production, are not clearly

related to emissions by the engine i contrails are more a function of the
background atmosphere, than they are of the emissions, with the water

vapour (and particulate) emissions providing a trigger. As in Forster et al.>! 32,
we propose that the contrail forcing is r elated to CO, emissions, which we
argue is valid provided that a fleet-wide approach is taken, and that the
height and latitude distribution of emi ssions remains similar to the present
day fleet. Indeed this approach of using fuel use as a proxy is embedded in
calculations of global mean contrail cover® . It has been argued that flight km

is a better way of doing this, but either approach can only be applied at some

time or space aggregated basis, rather than for an individual flight.

To explore uncertainty ranges for a multiplier of aviation emissions, we have
used the simple GasCycle-Climate-Model MAGICC 6.6* in the Monte-Carlo
simulation framework SiMC&®. Particularly relevant aspects of the experiment
setup are explained below and relevant details of MAGICC 6.0 are provided in
appendix 1 and the references included therein.

% Berntsen TK, et al., Climate response to regional emissions of ozone precursors; sensitivities and waming
potentials. 7e/lus 2005, 57:283-304

10p. cit. Forster PMdeF, et al., 2006

*20p. cit. Forster PMdeF, et al., Atmospheric Environment 2007

% sausen R, et al., A diagnostic study of the global distribution of contrails Part 1: Present day climate. 7heor. Appl.
Climatol 1998. 61:127-141

3 Meinshausen, M., S. Raper, and T. Wigley, Emulating IPCC AR4 atmospher®cean and carbon cycle models for
projecting global-mean, hemispheric and land/ocean temperatures. Atmospheric Chemistry and Physics Discussions
2008. 8: p. 61531 6272.

% Meinshausen, M., et al., Multi-gas emission pathways to meet arbitrary climate targets. Climatic Change 2006.
75(1-2): p. 151-194.
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As the background scenario for our calculations, we chose historical global
emissions as detailed in the MAGICC 6.0 documentatiori®, and assumed two
future emission scenarios. The first is the SRES A1B marker scenarid’, while
the second scenario was designed to halve global emissions of gases
controlled under the Kyoto Protocol by 2050 below 1990 levels
(6HALVEDBY20506) . We included t he second
because it is envisioned as a minimum requirement to avoid dangerous
climate change. The specific multi-gas emission paths are created by
prescribing the 2050 emission target of -50% below 1990 with OECD fossil
CQ, 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 postSRES
scenarios®.

The global fossil CQ and GWRweighted Kyoto gas emissions (see Fgure 4)
lead to a peaking of concentrations and global mean temperatures.
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Figure 4 - Historical emissions and future mitigation scenario HALVEDBY 2050.

Fossil CO , and aggregated Kyoto -GHG emissions are shown for the multi -gas
emission paths that halve global Kyoto -GHG emissions by 2050 relative to 1990
levels

We calculate the climate metrics for aviation for two future emission scenarios
for the aviation sector: a relatively high scenario compatible with SRES A1G

% Op. cit. Meinshausen, M., S. Raper, and T. Wigley

57 Nakicenovic, N. and R. Swart, Eds. (2000). IPCC Special Report on Emissions Scenarios. Cambridge, United
Kingdom, Cambridge University Press

% Op. cit. Meinshausen, M., et al.
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as assessed by MESSAGE and a relatively low scenario in accordance with
SRES A2A1 as evaluated by MINICAM?.

By default we will evaluate the SRES A1B background combined with the A2
Al aviation scenario. We will examine the sensitivity of our results by
evaluating further A1B combined with A1G and HALVEDBY2050 combined
with A2-Al. Combining HALVEDBY2050 with A1G was not implemented,
because this implies that aviation emissions exceed global emissions by the
end of the 21%' century. All scenarios are extended to 2150 by fixing year-
2100 emissions, in order to calculate the metrics with appropriate time
horizon (next section).

For each of the 1500 parameter sets drawn at random, the full anthropogenic

global total emission pathway is run, where emissions from the aviation sector

ar e subtracted from the gl obal emi ssions
Subsequently, the simulation is repeated with the same sequence of randomly

drawn parameter values, but aviation emissions in year T are not subtracted

(@al-emi ssi ons pul se: OALLOG) . The paired di
simulations then provide the distribution of the likely residual contribution of

an aviation emission pulse in year T to radiative forcing and global-mean

temperature change. Finally, the simulation is repeated for an emission pulse

ofony COi n yeand)T. (®GCnpari son of the -l ast si
emission-pulse simulation allows calculaing a multiplier for the climate effects

of all aviation emissions relative to CO,-only, for each paired run 7 in the

simulations:

‘I:JT+'_|:-|:| BASE,

J e S e - 5 T

BASE - (5)

Multiplier, GWP 100yr = L 00502 (6 -00BA%E (1) ar

In which 7 is the year of the emission pulse, AQ; (t) is the radiative forcing in
year t in run n of experiment X (resp. the BASE, ALLpulse, or CO,-pulse
simulations).

The multiplier for pulse GTP® is defined by:

oAty y-arBASE g )

Multiplier, GTP 100yr = Mfﬂzwn}_ﬂﬁﬁﬂwn}

(6)

The GTP is evaluated at a time H,, defined as the year in which global-mean
temperature increase reaches 2°C above pre-industrial in a baseline scenario
without the aviation sector emissions subtracted. Like the other calculations,

%9 Op. cit. Nakicenovic, N. and R. Swart, Eds.
0 Ibid.
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the GTP time horizon depends on the parameter values drawn in the Monte-
Carlo simulations and is paired to the runs in the other simulatio ns (hence
subscript 7). Note that the later the emission pulse, the more likely it will be
that the 2 °C temperature target is exceeded in the baseline scenario before
the emission pulse year. In this case GTP is evaluated 1 year after the pulse,
thereby giving maximum weight to short-lived species. In case the
temperature target is nor exceeded by the end of the simulation in the year
2150, H,is set at 2150.

We will calculate statistics like medians and standard deviation over all runs to
arrive at single indicator values for each emission-pulse year from 2010 to
2050 with 5 year steps.

We classified the calculated Multiplier for GWP in 2010 in 30 bins, normalized
to a total of 1. This produces an estimate of the poster ior distribution for GWP
multiplier as pictured in figure 5 for the A1B baseline, combined with A2-Al
MiniCam aviations emissions scenario. The distribution has standard deviation
0.5 and is somewhat skewed with a mean of 2.2 and a median of 2.1. A value

close to 2 implies that the climate effects of non -CQ, emissions measured by
GWP are about equal to the direct CO, effects. Sensitivity experiments show
that 5 to 15% of the response to non -CQO, emissions is caused by changes in
CQ;, radiative forcing, caused by C-Cycle changes induced by the temperature
effects of non-CQ, emissions.

A Multiplier of 2.1 SD 0.5 is consistent with the value of 1.7 found by Forster
et al.*! *2. Unlike our study, Forster et al. ** ** have evaluated a GWP Multiplier
for other GWP time horizons and noted high sensitivity, because of the
different weighting of short -lived climate effects of non-CQO, emissions relative
to CO,. We will come back to that subject further on when discussing the
results for GTP Multiplier.

41 Op. cit .Forster PMdeF, et al., 2006
42 Op. cit. Forster PMdeF, et al, Atmospheric Environment 2007
43 Op. cit. Forster PMdeF, et al., 2006
4 Op. cit. Forster PMdeF, et al, Atmospheric Environment 2007
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Figure 5 - Posteri or distribution for 100  -yr GWP Multiplier for baseline A1B and
aviation scenario A2 -Al.

For the same baseline, figure 6 shows the estimated distribution for a 2010

emission pulse selected from the A2-A1l aviation scenario. With a mean of 2.1,

a median of 2.0 and equal standard deviation, this aviation emission scenario
produces a slightly lower relative impact of non-CQO, emissions. Thus, the
dependence of GWP Multiplier estimate on the size of the emission pulse is
small. The lower Multiplier value for high er aviation emission pulses is caused
by increased saturation of contrail radiative forcing in the A1G aviation

scenario, as is confirmed by a sensitivity test in which we have switched off

contrail saturation. In this experiment the difference in Multipli er for the two

aviation scenarios vanishes.
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A similarly small sensitivity is apparent to the baseline scenario. In figure 7 we
show the estimated distribution of the HALVEDBY?2050 baseline and A2A1
aviation scenario. With again equal standard deviation, a mean of 2.0 and
median of 1.9, we conclude that the 100-yr GWP Multiplier is marginally
sensitive to baseline scenario. The decrease of the Multiplier as the baseline
concentration decreases is possibly caused by the lower saturation of CQ
radiative forcing. A lower saturation at lower background conce ntration
means larger effects for equal emission-pulse size. For large CQ effects the
Multiplier will approach the value 1 i when AQZE () in equation (5) becomes
dominated by the CO;, part of it, the denominator and numerator of the GWP

Multiplier converge.
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Figure 7 - Posterior distribution for 100 -yr GWP Multiplier for baseline
HALVEDBY2050 and aviation scenario A2 -Al. For comp arison, the estimate in
figure 5 for the A1B baseline scenario is reproduced in open bars

The results above were all produced by emissions pulses in the year 2010.
Figure 8 shows that the 100-yr GWP Multiplier hardly depends on the year in
which the emission pulse is released, and rises to from median 2.1 in 2010 to
2.2 by the year 2050. The uncertainty and skewness increase somewhat
more, with mean rising from 2.2 to 2.4 and standard deviation from 0.5 to 0.7
over the 2010 to 2050 range.
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Figure 8 - Median and uncertainty ranges for 100 -yr GWP Multiplier for emission
pulses between 2010 and 2050 with 5 year intervals. Th e baseline is A1B and the

aviation scenario A2 -Al.

3.4.2 Global Temperature Change Potentials

For the A1B baseline combined with the A2-A1 MiniCam aviation scenario the
Multiplier for 2 °C-target GTP reaches a median of 1.2 for an emission pulse in
the year 2010, with a standard deviation of 0.1 (Figure 9). Thus, the gradual
decay of temperature response in the years following the emission pulse is
fast enough to let GTP Multiplier be much lower than GWP Multiplier.

For emission pulse year 2010, the GTP Multigier exhibits comparable
sensitivity to baseline and aviation emission scenario as the GWP Multiplier,
including the sensitivity to saturation of contrail and CO, radiative forcing.
Therefore, we will focus here on the more interesting time behaviour of the
GTP indicator.
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Figure 9 - Posterior distribution for 2 °C target GTP Multiplier for baseline A1B and
aviation scenario A2 -Al.

Until emission-pulse year 2030, the GTP Multiplier median is virtually constant
(figure 10). The uncertainty on the high sid e starts to increase by the end of
this period, once the first runs in the sample of 1500 begin to exceed the
temperature target of 2 °C. The median of the year in which the 2°C target is
exceeded is 2049 in this scenario, with a standard deviation of 14 years.
Thus, for an emission pulse in 2050, the global-mean temperature in roughly
50% of the runs has already surpassed the target before the emission pulse
year is reached. Since shortlived gases will have their maximum effect when
evaluated shortly after being emitted, the uncertainty on the high side starts
to grow rapidly by the time the target is exceeded in some runs, in this case
around 2035 (figure 11). This equals the target-y e ar 6 s esti mated med
2049 minus its standard deviation of 14 years. The median commences to rise
rapidly somewhat later and reaches a value of around 20 for emission-pulse
year 2050. By that time the rise in uncertainty on the high side starts to level
off, as uncertainty ranges and median eventually should converge to constant
values once the global temperature in all runs will have exceeded the 2°C
target.
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Figure 10 - Median and uncertainty ranges for 2 °C Target GTP Multiplier for
emission pulses between 2010 and 2030 with 5 year intervals. The baseline is A1B
and the aviation scenario A2 -Al.
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Figure 11 - Median and uncertainty ranges for 2 °C Target GTP Multiplier for
emission pulses between 2010 and 2050 with 5 year intervals. The baselines are
A1B (orange & red) and HALVEDBY?2050 (green), the aviation scenarios are A2-Al
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(orange and green) and A1G (red). Only the uncertainty ranges for A1B / A2 -Al
are pictured .

As for GWP Multiplier and GTP Multiplier for emissionpulse year 2010, the
sensitivity to aviation scenario at the end of our evaluation time range is small
and mainly caused by saturation of contrail radiative forcing. This is confirmed
by the same sensitivity experiments performed to test the sensitivity of the
GWP Multiplier to aviation scenario. By contrast, the impact of later emission
pulses depends vely sensitively on baseline scenario, confirming the results of
Shine et al.**. The reason behind this sensitivity is not a physical mechanism,
but the result of a shifting evaluation year, since the 2 °C temperature target
is exceeded in a different year for a different baseline. For the
HALVEDBY2050 baseline scenario the median of the temperaturetarget year
is 2125, with standard deviation of 45 years. With the target year dated much

|l ater than the emission pul ses, t hse GTP Ml
for later emission pulses. Even in this case, however, the uncertainty starts to
increase in our experiments: the 90% uncertainty boundary on the high side
reaches 33 in 2050 and the 70% high boundary reaches 17, indicating that
even under this baseline the target is exceeded in a significant number of
runs.

The results presented in this section confirm earlier studies in terms of the
6begsutes s 6 val u@ GNP maltiplierS i” of around 2 for the
aviation sector. In addition, our results confirm earlier findings that the pulse
GTP is smaller than GWP for shortlived species for emission years long
before the evaluation (temperature target) year, whereas the GTP multiplier
for short-lived species increases slarply as the time is approached at which
the temperature target is exceeded*®.

Adding to these findings is our estimate of the uncertainty range of the
multipliers, including uncertainty in carbon-cycle and (simple) climate
modeling parameters, as well as the effects of NOx emissions on methane
and Ozone chemistry and climate. With this additional data, we estimate the
multiplier for 100 -yr GWP at about 2.0 with standard deviation 0.5. The 2°C
target GTP multiplier is estimated at about 1.2 (SD 0.1) for em issions long
before the evaluation year, while both the median value and uncertainty
range increase sharply to 20 (SD 18) around the time of evaluation
(temperature target year), these sharp increases starting about 15 years
before the temperature target y ear. The dependency of the indicator values
on both background and aviation emission s

4 Op. cit. Shine KP, et al., 2007.

46 Op. cit. Forster PMdeF, et al., 2006

47 Op. cit. Forster PMdeF, et al, Atmospheric Environment 2007
8 Op. cit. Shine KP, et al., 2007.
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multiplier is highly sensitive on the year in which the temperature target is
reached and thus on background scenario.

This section details a global modelling study to determine the non-CG,
atmospheric response due to perturbations in NO.

The chemistry transport model pTOMCAT has been developed at the
University of Cambr i d%;Savigeétalo20Md) The t
model reproduces realistically the transport and the chemistry of atmospheric
tracers on global scale. The wind and temperature needed to calculate these
processes are extracted from the ECMWEF operational analyses (pTOMCAT is
an off-line model). The model includes 48 species and 35 tracers. The
advection of the 35 tracers is calculated using the highly conservative second
order moment as described in Prather (1986)°'. The convection
parameterisation follows the Tiedtke (1989) °?> scheme. The chemistry consists
in 112 gas phase reactions, 27 photolysis rates and 1 heterogeneous reaction
and represents the chemical processes relevant to the troposphere and the
lower stratosphere. The model uses the chemistry integration package ASAD
(Carver et al.,1997°) and the ozone and nitrogen oxides are constrain at the
top level of the model to values calculated by the Cambridge 2D model (Law
and Nisbet, 1996°%).

The pTOMCAT model has been usedin international projects and has been
subjected to validation and inter -comparison with other atmospheric models
(Brunner et al., 2003; 2005 >>°°). The version of the model used in OMEGA
METRIC is the same version used in the QUANTIFY project (Hoor et al.,
2008°). The resolution is T21-L31 (64 longitudes, 32 latitudes and 31 levels
from the surface to 10hPa vertically). The anthropogenic and biogenic

“06Connor, F., et al., Co mpresolits transpartmodeling with airtrafts at i on o f
measurements, Atm. Sci. Lett., 6, 164-170, 2005.

%0 savage, N., et al, Using GOME NO2 satellite data to examine regional differences in TOMCAT model performance,
Atmos. Chem. Phys., 4, 18951912, 2004.

51 Prather, M., Numerical advection by conservation of second-order moments, J. Geophys. Res., 91, 6671-6681,
1986.

*2 Tiedtke, M, A comprehensive mass flux scheme for cumulus parameterisation on large scale models, Mon. Weather
Rev., 117, 1779-1800, 1989.

%3 Carver, G., P. Brown and O. Wild, The ASAD Atmospheric Chemistry Integration Package and Chemical Reaction
Database, Comp.Physics Communications, 105, 197215, 1997.

® Law, K. and E. Nisbet, Sensitivity of the methane growth rate to changes in methane emissions from natural gas
and coal, J. Geophys. Res., 101, 1438714397, 1996.

%5 Brunner, D., et al, An evaluation of the per formance of chemitry transport models by comparison with research
aircraft observations, 1, concept and overall model performance, Atmos. Chem. Phys., 3, 1609-1631, 2003.

%6 Brunner, D., et al., An evaluation of the performance of chemitry transport models by comparison with research
aircraft observations, 2, detailed comparison with two selected campaigns, Atmos. Chem. Phys., 5, 107-129, 2005.

" Hoor, P.,et al, The impact of traffic emissions on atmospheric ozone and OH: results from QUANTIFY, Atmos.
Chem. Phys. Discuss., 8, 1821918266,2008.
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emissions have been produced within the QUANTIFY project and are
representative of the year 2000 (table 2 fo r anthropogenic emissions) with
focus on the anthropogenic emissions and in particular the transportation
sector (Borken et al., 2007°% Endresen et al., 2007°% Lee et al., 2007°%).
Figure 12 represents the geographical distribution of the respective
anthropogenic emission of NOx: non-transport, road, shipping and aviation.

Table2 : NOx anthropogenic emissions in Tg (1012g) for the year 2000 for
different sectors. Non transport = bio and fossil fuel combustion, fossil fuel
production, industrial processes an d waste. Shipping = maritime and inland
shipping. Rail = direct and indirect emissions

Year 2000 Road Shipping Aviation Non -transport

NGy Tglyear 29.2 15.5 2.8 56.4

Figure 12: geographical distribution of NO, flux for the year 2000 in kg/month: A
= aviation, B = international shipping, C = anthropogenic non -transport
emissions, D = road transport.

A set of 3 simulations has been done to study the impact of the NOy
emissions from aviation: one base case (with all emissions except NOy
emissions from aviation), one pulse case (the base case plus a pulse of NOy
emissions from aviation for the month of January only) and finally one
sustained case (with all emissions including NOy emissions from aviation).
Each simulation begins with one year of spin-up (using 2001 meteorology)
and 3 or 5 years of results (using 2002-2007 meteorology). The pulse of NOy
occurs during January 2002 so the spin-up year is identical between the base

% Borken, J., H. Steller, T. Meretei and F. Vanhove, Global and country inventory of road passenger and freight

transportation i Their fuel consumption and their emissions of air pollutants in the year 2000, Transporta tion

Research Records, Journal of the Transportation Research Board, 2011, 127136, 2007.

®Endresen, O., E. Sorgard, H. Behrens, P. Brett and |. Isaksen:
and emissions, J. Geophys. Res., 112, 2007.

0 Lee, D., B. Owen, C. Fishter, L. Lim, and D. Dimitriu, Allocation of international aviation emissions from scheduled

air traffic i present day and historical (report 2 of 3), Manchester Metropolitan University, CATE-2005-3[c] -2,

Manchester, UK.
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