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Abstract. In the context of climate change, emissions of dif- 1  Introduction
ferent species (e.g., carbon dioxide and methane) are not

directly comparable since they have different radiative e1’“|‘i-|vI " t climat lici . thod t
ciencies and lifetimes. Since comparisons via detailed cli- uiti-component climate policies require a method to com-

mate models are computationally expensive and CompleXpare the climate impact ofemissions of different species (Fu-
emission metrics were developed to allow a simple an glestvedt et al., 2003; O’Neill, 2000; Forster et al., 2007).

straightforward comparison of the estimated climate impacts hile it is most common to compare dlffere_nt long-lived
of emissions of different species. Emission metrics are nolgreenhouse gases (LLGHGS)f 9-9-'@@0' Ch, itmay also
uniqgue and variety of different emission metrics has been e useful to compare short lived cI.|mate forcers (SLCFs),
proposed, with key choices being the climate impacts andf-9- black carbon (BC) and organic carbon (O.C)’ and to
time horizon to use for comparisons. In this paper, we presen‘?ompare LLGHGS and SITCFS’ €.g., @ﬁ?nd BC. D|ffer.er?t
analytical expressions and describe how to calculate commonRPecies have different radiative efficiencies and remain in the

emission metrics for different species. We include the climatefmosphere over different time scales (Forster et al., 2007).

metrics radiative forcing, integrated radiative forcing, tem- Thus, a direct comparison of species by weight does not cor-

perature change and integrated temperature change in bo{ﬁlatfa with the climate impact. As a consequence, emission
absolute form and normalised to a reference gas. We considépetr.'cs were dgveloped asa S'm.ple. means to compare the
pulse emissions, sustained emissions and emission scenaricfg.lat've climate impacts of the emission of different Species
The species are separated into three types: @fich has a (Wuebbles, 1989; Derwent et al., 1990; Lashof and Ahuja,

complex decay over time, species with a simple exponentiang?g; IPCC, 199_0)H ‘ d he i f
decay, and ozone precursors (N@O, VOC) which indi- e most straightiorward way to compare the impacts o

rectly effect climate via various chemical interactions. We emissions of different components is with Radiative Forcing

also discuss deriving Impulse Response Functions, radiativ RF), and most emission metrics use RF as a starting point.
efficiency, regional dependencies, consistency within and be: well-!(novyn gpphcatlon of the RF is to compare the RF at

tween metrics and uncertainties. We perform various applicaEWO points |n_t|me, ?”C*_‘ as the change in RF betV\_/een cur-
tions to highlight key applications of emission metrics, which rent and pre-industrial times (Forster et al., 2007, Fig. 2.20).

show that emissions of Care important regardless of what SOTe t{ﬁnséim fea:_uresl ofdt.he tRFthcan bet included by tlrr:t?j-
metric and time horizon is used, but that the importance ofdrating thé Ri-overtime feading to the most common metno

short lived climate forcers varies greatly depending on the_?_LCO(rsn\F/)Vagmg GHGs, ﬂ;]e Global W‘erlg'gg fotenltlal (GV.VP.)'
metric choices made. Further, the ranking of countries by' "¢ compares the integrate ol a pulse emission

i . C - .~ of a given species relative to the integrated RF of a pulse
emissions changes very little with different metrics despite® 2 9 . : . .
g y b £mission of CQ. The GWP with a 100yr time horizon is

horizons (GWP20). used for reporting of emissions under the UNFCCC and its
Kyoto Protocol, and consequently is applied almost univer-
sally in life cycle assessment and other forms of GHG re-
porting at the national, regional, city, industry, and individ-
ual levels (Peters, 2010). The GWP was originally proposed

Published by Copernicus Publications on behalf of the European Geosciences Union.



146 B. Aamaas et al.: Simple emission metrics for climate impacts

as a “simple approach...to illustrative the difficulties inher- tions are not new (Fuglestvedt et al., 2010; Peters et al.,
entin the concept, to illustrate the importance of some of the2011a), here we combine them together in a consistent
current gaps in understanding and to demonstrate the cuiframework and provide ancillary information on their inter-
rent range of uncertainties” in the IPCC First Assessmentpretation and application. The parameters used in this paper
Report (IPCC, 1990). It is not entirely clear how the GWP are based on the IPCC Fourth Assessment Report (Forster et
received widespread acceptance given the very cautious nal., 2007) for consistency, but as new input becomes avail-
ture of its introduction (Shine, 2009) and, perhaps not sur-able, it is straight forward to update the metric values using
prisingly, it has since been critiqued from many angles (Fu-the material presented in this paper.
glestvedt et al., 2000, 2003; Manne and Richels, 2001; Man- This paper is structured as follows. In Sect. 2, we first
ning and Reisinger, 2011; Shine, 2009; Victor, 1990; Smithgive a background overview of emission metrics, followed
and Wigley, 2000a, b). Most critiques focus on the physi- by a presentation of the key components used to construct
cal interpretation of the GWP in terms of the climate impact emission metrics. Section 3 shows the analytical expressions
and if this is broadly consistent with the objectives of climate for common emission metrics. In Sect. 4, some cross-cutting
policy. issues relevant for all metrics are presented. Section 5 dis-
In response to the critiques of the GWP, several alternacusses methods for using metrics in emission scenarios. Sec-
tives have been proposed. The Global Temperature chang@n 6 demonstrates the use of emissions metrics in some
Potential (GTP) (Shine et al., 2007, 2005b) is increasinglycommon applications. We conclude in Sect. 7.
applied in the literature, but has yet to be broadly applied for
emission accounting or policy applications. The GTP com- _ . .
pares the temperature change at a point in time due to a puls.?e Metric overview, key components, and assumptions
emission of a speciggelative to the temperature change due
to a pulse emission of GOThe GTP combines the tempo-
ral change in the RF of different species with the tempora

Emission metrics have numerous different applications (Fu-
glestvedt et al., 2003; Tanaka et al., 2010), but the main ones
: . Iare to (1) provide an “exchange rate” on how to weigh the
behaviour of the temperature response of the climate SySten?émissions of different species for mitigation policies, as in

thus, going beyond a k'eyll|m|tat|o.n of the GWP. the Kyoto Protocol, and to be able to report emission un-
Numerous other emission metrics have been proposed (Sec?er the UNFCCC (Skodvin and Fuglestvedt, 1997), (2) per-

Tanaka et ali,h201t(r)] fog;aNrswev(\i/), Gb%ith'\jse are; 't?] Iesi COMsorm comparisons of different activities and technologies that
mon usage than the an - viany of the alternag, species at different rates such as in Life Cycle Assess-

tive emission metrics are not easily represented in a reduce ent (LCA) (Peters et al., 2011b; Pennington et al., 2004;

mathematical form as they depend on inverse modelling .
: . ) Boucher and Reddy, 2008; Tanaka et al., 2012), and (3) com-
(e.g., Wigley, 1998) or economic modelling (e.g., Manne and y Y ) )

i . o ._pare the climate impacts of the emissions of different species
Rlchel_s, 2001). Wh.'le. these more complgx emission _metrlc{)o gain greater scientific understanding (e.g., Collins et al.,
may give more realistic responses foragiven climate |mp§ct2010; Shindell et al., 2009). Due to the variety of applica-
they lack the transparency of simple reduced -form metncstions’ there is no obvious scientific need to have one single
Reduced form metrics are generally parameterised with MOetric for all applications, and a range of different metrics
cpmplex models, and Wlthln' the range of the p.ara.meterlsa—m‘,j‘y even be used in one application.
tion, are expected to be sufficient for most applications. The
definition of “sufficient” depends on criteria for evaluation 2.1 General structure of a metric
(O’Neill, 2000), and in this article we limit our discussion to
emission metrics that can be easily represented in a reduced is worthwhile to start with a general formulation of an
mathematical form, while fully acknowledging that alterna- emission metric (Kandlikar, 1996; Forster et al., 2007)
tives exist. Our aim is to discuss key assumptions and issues TH
ﬁ(:tr;i;alculatlon and use of these reduced form em|SS|or)AMi _ / [(I(ACrH ) — 1 (AC, (t)))g(t)]dt 1)

All of the IPCC Assessment Reports have had a section on 0
emission metrics (IPCC, 1990, 1995, 2001, 2007), and sevwhere I (A;(¢)) is a function describing the “impact” of a
eral other IPCC related reports have contributed additionathange in climate (e.g., concentration, temperature, precip-
background information (Isaksen et al., 1992; IPCC, 1994 jtation), AC, at timez, with a discount functiong(¢), and
2009; Enting et al., 1994). In addition to updating the sci- compared to a reference systetnon which the perturbation
entific progress on emission metrics, each new IPCC reporbccurs;. To compare two emission perturbatiarend;j, the
typically updates radiative efficiencies and atmospheric life-climate impact can be compared as a function of time using
times, which are core components of most emission metAM; (t) and AM;(t). Itis also possible to consider normalised
rics. The motivation for this paper is to present the rele-metrics,M; = AM;/AM ; where;j is a reference gas, amd;
vant background, key assumptions, and equations used tcompares the climate impact of one specieslative to the
estimate common emission metrics. While the metric equafteference gag as in the case of Cfequivalent emissions.
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The key factors defining a particular emission metric areTable 1. Parameters used in the metric equations.
the impact functionl — with key examples including RF,
temperature, and damages — and the discount function. The Time horizon (years) L ' H
discount functiong(r), is generally considered to be an ex-  Radiative efficiency (W(fkg)~4); RF due to a marginal 4.

. . —rt . . . . Increase In atmospherlc concentration
ponential functiong () = =", but in emission metrics sev-

eral alternatives are used. such as no discoungi(vg -1 Parameters for the exponential Impulse Response Function
. . ! . VR IRF) for atmospheric decay of each species
step functions for a given time horizog\t < TH) =1, g(¢ > (IRF) P Y P
TH) =0, and instantaneous evaluation at a given time hori- ‘é\’e'ghtt?“ eac? eXprf’”e”“a' (“t_”'f'?ss) ) aj, Za; =1
. . . _ ecay umes of each exponential (years T;
zon using a Dirac delta functidng(r) = A(¢). The Ozone Number of exponentials (unitless) /

Depletion Potential, which serves a similar purpose to the
GWP for ozone depletion (IPCC, 1990), did not use any
discounting,g(z) =1, in effecting choosing an infinite time . — —
horizon (Cox and Wuebbles, 1989). A particular challenge gompopems of the climate sensitivity (KW ) ¢jsh =26
. . L S . ecay times due to each componentofyears) d;
with climate-based emissions metrics is that some sort of dis- number of decay terms (unitless) j
counting is necessary due to the long-term behaviour of CO
(Lashof and Ahuja, 1990). Since a pulse emission 05 CO — =) : 5
does not decay to zero, then without discounting, the metric s:‘ﬂ:ﬁ;’;ifgg'fn”ect)r’];‘:]Ve(i‘é?uﬁ?me)n‘;‘jﬁfnﬁ’gr(t;;g?;')o” S ‘:OP
value for CQ diverges. The GWP uses a step function for - gyorived ozone lfetime (years, typically 0.267 yr) rg’;"
discounting requiring the use of a chosen time horizon (TH)
which can take any value between 0 and infinity. Fuglestvedt
et al. (2003) replicated GWPs using damage-based metrics
with discount rates and found that if a single time horizon sponse considered in the metrics is governed by the tem-
is used in the GWP, then this implies different discount ratesporal evolution of the RF, which is dependent on the radia-
(for a given damage function) for the various gases. The GTRive efficiency and removal rate from the atmosphere leading
uses a Dirac delta function as a discount function which evalto AC(¢). The impact/ can be directly related to the RF
uates the AM at one point in time only (also labeled TH). through simple climate or economic models, with the dis-
Several studies have also used a time-varying TH, where theount function putting different weights on different time pe-
TH changes as it moves towards a target year (TE)=THE- riods. Each of these steps is described in more detail below.
t (Shine et al., 2007). The time-varying metric shows the While we here focus on simple analytical metrics us-
characteristic features of many emission metrics from theing simple parameterisations of the climate system, there
economic literature (Manne and Richels, 2001; Johanssoris a variety of alternative approaches to develop emission
2012; Reisinger et al., 2013). metrics (Tanaka et al., 2010). One can conceptualise “cli-
We develop the different emission metrics based aroundnate models” as spanning from simple analytical models to
the use of Eqg. (1). While seemingly abstract, the applica-complex general circulation models or earth-system models
tion of Equation 1 can be applied by following some sim- (IPCC, 2001; Held, 2005). Reisinger et al. (2010), Tanaka et
ple steps, and here we give an illustrative example of con-al. (2009), and Azar and Johansson (2012) are examples of
centration and RF. An emission into the atmosphere leadstudies that use reduced complexity carbon cycle and energy
to an increase in the atmospheric concentration of that combalance models. In general, the more complex the models
ponent. The atmospheric concentration has a “direct” decayre, the better they represent the processes in the climate sys-
dependent on the efficiency that the species is removed frortem, but at the cost of increasing computational time making
the atmosphere, which is described by an impulse responsitem unsuitable for many common metric applications. Sim-
function (IRF). Due to chemical reactions in the atmosphere ple climate models with shorter computational times are used
some emissions of one type of component can lead to ain some emission metrics (Tanaka et al., 2009; Wigley, 1998;
“indirect” increase or decrease in the concentration of an-Manne and Richels, 2001), but these are often difficult to rep-
other type of component (e.g., ozone precursors). While theesent in reduced analytical form. We focus in this article on
species is resident in the atmosphere, the direct increase ianalytical expressions to be able to provide a single consis-
the atmospheric concentration of the species causes an atent and transparent analytical framework that can handle a
ditional RF, which for emission metrics is usually expressedbroad range of metric calculations. Despite the simplicity of
in a linearized form about a reference concentration (the rathese metrics, the key parameters are based on more complex
diative efficiency). The radiative forcing caused by indirect climate models ensuring the metric values are realistic.
changes in other species is estimated analogously. The re- We now describe the key components of reduced form an-
alytical emission metrics, and then develop the equations for
1A Dirac delta function centred at TH(TH), is zero every- ~COmmon emission metrics. All the parameters used in the
where except for = TH and, thus, the impacl,(A; (1)), is evalu- ~ metrics are defined in Table 1. We develop the equations for
ated at a single point,=TH. emission pulses as this is most common for emission metrics,

Parameters of the exponential Impulse Response Function
(IRF) of the climate model response to pulse RF

Ozone precursor specific parameters
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since these can be used as building blocks for other applicaal., 2013), a control and perturbation run. First, for the con-
tions. However, we later discuss the equations and results fatrol, the carbon cycle model is run with historical emissions

sustained emissions and emission scenarios. until time ¢, and fromr the emissions are calculated to keep a
) constant C@ concentration. Second, in the perturbation run,
2.2 Impulse Response Function (IRF) the emissions from the control are used, but a pulse emission

) , is placed inr+5 and the model is allowed to run until near
Once pollutants are emitted into the atmosphere, the po"“équilibrium. The pulse size is meant to be marginal (e.g., 1 kg
tants will initially increase the atmospheric concentration be'COZ) according to most metric definitions, but larger pulses
fore gradually being removed from the atmosphere leading tcte.g., 100 GtC) are often used to get a good signal-to-noise
a decrease in concentration. In simple representations, the reatio (Joos et al., 2013). The IRF is based on the normalised

moval from the gtmosphere for a pulse emission can be "®Plersion of the difference between the perturbation and con-
resented by a single or a sum of exponentials. Exponentlalﬁol run, after which a sum of exponentials s fitted.

are particularly useful as they can be easily used in convo- Uncertainties in the carbon cycle and choices in the ex-
lutions to represent the behaviour of arbitrary emissions Sceberimental setup, can have a large effect on the IRF (Wueb-
narios (Enting, 2007), be converted into a set of dif'ferentialb|eS et al., 1995; Enting et al., 1994; IPCC, 1994; Archer et
equations for efficient solutions (Wigley, 1991), and in some 51 2009: Eby et al., 2009; Joos et al., 2013). Different car-
cases the time scales in the IRF have physical interpretationlgon cycle models lead to large differences in the IRFs, with
(Liand Jarvis, 2009; Li et al., 2009). Most species can be réPyifferences of around 0.2 ing after 500yr (IPCC, 1994,
resented by a single exponential (time-scale), though 60 Fig. 5.4; Enting et al., 1994, Fig. 9.1; Archer et al., 2009;

usually represented using multiple exponentials. Joos et al., 2013). Carbon cycle feedbacks can also lead to a
large spread in the response of the carbon cycle (Friedling-
stein et al., 2006) and consequently metric values (Gillett and

For CO,, the IRF is usually represented with multiple time Matthews, 2010; Reisinger et al., 2010). _
scales (Archer et al., 2009), and it is assumed a fraction re- 1he Bern Carbon Cycle model was used for the IRF in the

2.2.1 Multiple time-scales (CQ)

mains in the atmosphere indefinitely, Second, Third, and Fourth IPCC Assessment Reports, and

the use of one model may give biased results compared to

! t a model ensemble (Joos et al., 2013). Figure 1 shows the

IRFco, (1) = 255 exp (‘;) (2)  |RFs from the first four IPCC assessment reports and from
i=

a recent model intercomparison. In SAR, TAR, and AR4, the
whereXa; =1 andrg = co. Using this parameterisation, the Bern Carbon Cycle was used, though each time it was im-
decay of CQ does not reach zero at infinity, but converges to proved making it difficult to determine if variations are due to
a non-zero value afg. The time scales in the decay param- model differences or changes in the background concentra-
eterisation are not directly linked to any physical processedion. Using an experimental set up with a constant or scenario
(Li et al., 2009); however, the time scales can be looselybackground to calculate the IRF, can lead to a difference in
interpreted as the uptake in land biosphere and the surfactne IRF of 20 % after 500yr (IPCC, 1994, Fig. 5.5; Enting
layer of the ocean for the short and decadal time scales, thet al., 1994, Figs. 9.1 and 9.2; Joos et al., 2013). In addition,
surface layer mixing with the deep ocean for the centurythe IRF will change depending on time the pulse is released
time scale, and the slow geological processes representinig the experimental set up (IPCC, 1994, Fig. 5.5). Different
the millennia time scale (Archer and Brovkin, 2008; Archer pulse sizes also lead to different IRFs (Archer et al., 2009),
et al., 2009). The literature suggests that “about 50 % of arbut for use in metrics these are normalised to 1kg to rep-
increase in atmospheric GQvill be removed within 30yr,  resent a marginal perturbation (Joos et al., 2013). Thus, the
a further 30 % will be removed within a few centuries and background, and its evolution, is an important determinant in
the remaining 20 % may remain in the atmosphere for manythe calculation of the IRF. The IPCC assessment reports are
thousands of years” (Archer et al., 2009; IPCC, 2007). As thebased on a constant background on which to allow transpar-
climate changes, the IRF will also change, as land and oceaant comparisons (Enting et al., 1994; IPCC, 1994). A recent
may take up less COin a warmer climate (Friedlingstein model intercomparison shows that the response of the Bern
et al., 2006). model is similar to the model mean (Joos et al., 2013), as was
The IRF for CQ that is used in emission metrics in the the case for an earlier version of the Bern model (Enting et
literature is usually based on the Bern carbon cycle modehl., 1994).
(Joos et al., 2001, 1996) with the IRF experimental setup de-
scribed by Enting et al. (1994), also see Fig. 1 in Joos et
al. (2013). Other studies have used other models or a range
of carbon cycle models (e.g., Reisinger et al., 2010; Gillett
and Matthews, 2010; Joos et al., 2013). The IRF is usually
estimated in a two-step process (Enting et al., 1994; Joos et
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‘ = ‘ stable OfD), both in the stratosphere leading to a time de-
= === IRF FAR (1990)

09 IRF SAR (1995) i lay for transport to the stratosphere (Prather, 2007). Parti-
08 ::gi;ﬁj 5533% | cles, such as black carbon, are removed by wet and dry de-

—— Joos et al (2013) mean position, hence, adjustment times are regionally dependent
07 Joos etal (2013) 25§ (Shindell and Faluvegi, 2009; Berntsen et al., 2006)4&H

removed from the atmosphere from three processes (Denman
et al., 2007): (1) oxidation by hydroxyl radicals (OH) in the
troposphere, (2) biological CHoxidation in drier soil, and
(3) loss to and destruction in the stratosphere. The first pro-
cess enhances the methane’s own lifetime through chemical
coupling, thus, a feedback (by a factor of around 1.4 (Den-
man et al., 2007)), and these processes are nonlinear and de-
pendent on the background concentrations of other species
50 100 150 200 250 300 850 400 450 500 that interact with OH (Prather, 1994, 1996) causing its life-
Time (yrs) . . . . . .
time to be time-dependent in many applications (Wigley et

Fig. 1. The Impulse Response Function from the first four IPCC As- @l., 2002). The metric values we present for Late based
sessment Reports. The values for the IRFs are from (IPCC, 1994pn the adjustment lifetime of 12yr, as given by Forster et
for FAR, IPCC (1995) for SAR, WMO (1999) for TAR which is the al. (2007).

SAR IRF with a different parameterisation, IPCC (2007) for AR4,  We have considered GHas an independent species, but
and Joos et al. (2013).The FAR IRF (dotted) is based on an unit is also possible to link Ciwith the ozone precursors via
balanced carbon-cycle model (ocean only) and, thus, is not directlyy system of differential equations (c.f. Prather, 2007). Un-
comparable to the others. The SAR IRF is based the Sponse  ;artainties in the lifetimes are due to uncertainties in the

of the Bern model (Bern-SAR), an early generation reduced-formg, o estimates and atmospheric chemistry (Prather et al.,
carbon cycle model (Joos et al., 1996), and uses a 10GtC puls§012)

emission into a constant background without temperature feedbacks
(Enting et al., 1994). The IRF was not updated for TAR, but a differ-
ent parameterisation was used (WM0O1999). The AR4 IRF is base

on the Bern2.5CC Earth System Model of Intermediate Complexity . - .
(EMIC) (Plattner et al., 2008) and with a pulse size of 40 GtC and The temperature response to a given radiative forcing can be

includes temperature feedbacks. The Joos et al. (2013) data is basg(?t'mated using a range of complex or simple climate mod-

on the model mean of a carbon cycle-climate model intercompari-els' For emission metrics, a simplified IRF based on more

son project, which spans the full model hierarchy, and has specifi€Omplex models is usually used for the temperature response
pulse experiments. In each new IRF, the model has improved, soiti$0 an instantaneous unit pulse of RF, IREShine et al.,
difficult to determine if the variations are due to improved scientific 2005b; Boucher and Reddy, 2008). Such an IRF does not take
knowledge or changes in the background concentrations. into account what species lead to the RF (see Se@}.or
does not include any information on regional variations (see
Sect.4.1). A simple exponential parameterisation is usually

o
o

N
~

o
w

o
N

o
T
i

Fraction remaining in atmosphere after pulse emission
o
(4]

o

o

d2.2.3. Temperature

2.2.2 Single time-scales (non-C&components) used,

Most species are assumed to follow a simple exponential de- J cj t

cay with one time-scale: IRFr (1) = X;Z exp <_d_j> )
=

IRF, (f) = exp (_£> (3) where the:; add to give the climate sensitivity add are the
T corresponding time scales. IRFEan be mapped to a simple

Though, in practice, the decay may happen on different timebox-dlf'fusmn energy balance model, which aids in its inter-

scales for different processes and, thus, the atmospheric aé)_retation (Peters et al,, 2011a; Li and Jarvis, 2009; Berntsen
justment time may differ from the lifetime (Prather, 2007). and Fuglestvedt, 2008). The exponential term with the short-

. . : : est time scale maps to the mixed atmosphere-ocean layer, the
Effects which change the adjustment time of a species are .

) o Y next largest time scale maps to the next deepest ocean layer
usually included among the “indirect effects” (e.g., Forster et

al., 2007; Fuglestvedt et al., 1996). The time scale for chemi-and S0 on. The climate sensitivity can be determined by es-

. . o . . timating the equilibrium response to a step (sustained) RF,
cally active species will, in general, vary as a function of time
(e.g., Wigley et al., 2002; Voulgarakis et al., 2013), although

these are modelled with constant adjustment time here. We 7 J
mention several illustrative examples of species modelledh = [ IRF7 (t)dt = ZC/ (5)
with simple decay times here.,® removal in the atmo- 0 j=1

sphere is mainly due to photolysis and reaction with meta-

www.earth-syst-dynam.net/4/145/2013/ Earth Syst. Dynam., 4, 14670, 2013
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Fig. 2. The temperature response to a unit RF (log scale in temperfig. 3. The IRF from the Hadley model (Boucher and Reddy, 2008)
ature) from the Hadley model (Boucher and Reddy, 2008), and thecompared to the Hadley IRR & 1.06) scaled to. = 0.8 and with
CMIP3 ensemble mean with one exponential term and two expo-the A changed in a two-layer energy balance model (EBM) leading
nential terms with different a priori values (Olavet al., 2012). The  to different time constants.
IRF A uses an a priori estimate of 10 and 400 yr, while the IRF B
uses an a priori estimate of 10 and 100yr.

Until the work of Olivié et al. (2012); Olié and Pe-

. ) ... . . ters (2012), there has been relatively few jRFavailable
The time scale to converge to the climate sensitivity is given;, . jittarant models. It is possible to modify the IRR®f one

by the largest/;, and this can be more than several hundredmode| to match some aspects of another model, for exam-

years (Olive et al., 2012). Since the time horizon is often gle, the climate sensitivity. If the time constants of the {RF

less than _:her:ongest time scale, the cllmat? sensitivity Is NoL o ssumed to be fixed, then the climate sensitivity can be
necessarily the most important parameter for emission Mmetgq, 04 15 match another model using a uniform scaling (e.g.,

rics. Rather, the combination of andd;, particularly for RF7new= Anew x IRFr/ Y ¢, see Eq. 4). However, a dif-
the shorter time scales, are most relevant for the temperatur%ren’:ecvfimatr:;wmodel is Iikel’y to have different tim,e scales

response. (Olivié et al., 2012) making the IRF parameters dependent on
The parameters for IRFare usually calculated as a re- oo other (Li and Jarvis, 2009; Peters et al., 2011a; Berntsen

sponse in the global temperature to a pulse of RF, or experiz 4 Fuglestvedt, 2008) and, hence, modifying the climate

ments that allow a pulse to be estimated such as the C3MIkgsitivity could also modify the time scales. Figure 3 shows
and C5MIP 1 % increasing C@mission scenarios (Oligiet

the result of a simply scaling of the Hadley IRF to have a cli-

al., 2012). Most temperature based emission Metrics use ag 4o sensitivity of 0.8, a process which simply shifts the IRF
IRF based on the Hadley model (Boucher and Reddy, 200_8Q/ertically. If a two-layer box-diffusion model (Peters et al.,

response derived_from more than.1000 yr of an experiment 'r2011a) is based on the parameters of the Hadley model (spe-
which atmosphenc Ce_Qconce.ntratlons were qupkly ramped iific heat capacities and vertical diffusivity), but the climate
up to 4 times the pre-industrial levels before being held Con'sensitivity of 0.8, then the IRF is different (Fig. 3) and the

stant. The parameters are derived from a curve fit to the "ime scales change from 8.4 to 7.0yr and 409.5 to 369.0yr.

Sponse. _ This process assumes the specific heat capacities and verti-
Olivie et al. (2012) estmated I_F}Ffor a range (_)f mod- cal diffusivity are the same for the givenwhich is unlikely

els from the CMIP3 collection, Fig. 2, which indicates the to be true. Thus, a better approach is to estimate an IRF for

model spread and dependence on experimental set up. Using specific climate model (Oligiet al., 2012). The applica-

a single exponential term does not give a realistic responsg g presented in this paper use the IRF from Boucher and
compared to using 2 or 3 exponential terms, a similar Con'Reddy (2008).

clusion was found by Li and Jarvis (2009). For the CMIP3
experiments, with relatively short integrations of 100-300 yr,
two exponential terms are sufficient (Obviet al., 2012),
but for longer simulations three terms may be more repre-,

: ) ) ) Once a species is in the atmosphere and contributes to an
sentative (Li and Jarvis, 2009). The differences between the ... <o in the atmospheric concentration of that compo-

Hadley model f'mfj the CM”_DS ense_)mble, I_:ig. 2, represgntient, it causes a radiative imbalance of energy in the earth
both model variations and different integration lengths, with system. The RF is usually calculated by complex radia-

the Hadley model integrated to 1000 yr. tive transfer models (Forster et al., 2007), but for emission

2.3 Radiative efficiencies

Earth Syst. Dynam., 4, 145470, 2013 www.earth-syst-dynam.net/4/145/2013/



B. Aamaas et al.: Simple emission metrics for climate impacts 151

B Table 2. The two methods of calculating radiation efficiency for
< " COy, is compared for different steps. The standard step fos GO
z vors 1 ppm. The unperturbed concentration here is 378 ppm, which was
& ‘ measured in 2005 (Forster et al., 2007). A€ increases, the error
O | e in the step method increases almost linearly.
m '] =———RCP45
-dg : RCP6.0
B ooos ROPSS), ‘ ‘ ‘ % A from d(RF)/cC

© 1850 1900 1950 2000 2050 2100
o Year AC step toAc step method

% 100 ppm -12

T 20r 1 10 ppm -1.3

g o 1 ppm -0.13

2 a0f j 1 ppb —1.3e—4

S ol , 1 ppt -3.1e-6

o

60 . . .
1850 1900 1950 2000 2050 2100
Year

Fig. 4. The radiative efficiency (RE) for Cfas a function of con- stant. .FO.rSter oet al. (2007) assessed this equatlon. to be accu-
centration for the historic period and the Representative Concen-rate v_wthm 10%. '_I'he RE can be tran_sparently defined as _the
tration Pathways (RCPs) to be used in the IPCC Fifth Assessmerfffarginal change in the RF as a function of the concentration
Report. Constant current (2005) concentrations are represented H{)Cr€ase,

the 0% line.
o

LIGG)

d(AC) ®

ACOZ, marginal =
metrics simplifications are usually made, often based on the
current state of the atmosphere. The RF is defined as thand this approach has been used in several studies (Caldeira
change in net irradiance at the tropopause after allowing foand Kasting, 1993; Lelieveld and Crutzen, 1992). The IPCC
stratospheric temperatures to readjust to radiative equilibAssessment Reports, however, have estimated the RE using
rium, while surface and tropospheric temperatures and statg small perturbationXC)
are held fixed at the unperturbed values (Ramaswamy et al., Cot AC
2001; Hansen et al., 2005). The Radiative_ Effic_iency (RE)ACOZ,average: aln< o+t >/AC (9)
is a linearisation of the modelled RF and is defined as the Co

RF due to a unit increase in the concentration of a trace ga :
(IPCC, 1990). Th the Fourth Assessment RepotC is taken as 1ppm

(Forster et al., 2007), while in the Third Assessment Re-
port it is taken as the magnitude of the £@ulse (IPCC,
2001; WMO, 1999). For small perturbations, the difference
between approaches is negligible in comparison to the un-
M 10° certainty in RF (see Table 2). In the metric calculations pre-
Cx (kg) = (M_> x (T_> x Cx(ppb (6)  sented here, we use the small perturbation approach with
X M AC = 1ppm.
where Ma is the mean molecular weight of air Since the background concentration is constantly chang-
(28.96kgmot?), My molecular weight of molecule ing, the RE is technically a function of time (Fig. 4). &%
X, and T); total mass of the atmosphere (5:430'8kg) increases, the RE decreases and, hence, additionab€0O
(Shine et al., 2005b). Recently, Prather et al. (2012) arguedomes relatively less important. Compared to pre-industrial
— after adjusting for water vapour in the atmosphere andimes, the RE in 2005 is 40 % lower and may be 50-100 %
transport into the stratosphere — tiiaf is overestimated by ~lower in 2100 depending on the future scenario (Fig. 4). Even

ac=o0 Co

In many papers, the RE is given with the unit
Wm~2ppb~1, while the calculations in this paper is based
on Wm2kg~L. The conversion factor from ppb to kg is

1-2 %, if emission metrics are based on a constant background con-
centration, the background is usually different when metric
2.3.1 Carbon Dioxide (CQ) values are updated (Reisinger et al., 2011) leading to a dif-

ferent RE. For a scenario background, the RE will change as
The RF for CQ can be approximated using the expressiona function of time within the metric calculation. In both con-
based on radiative transfer models (Myhre etal., 1998),  stant and scenario backgrounds, the changes in concentra-
Co+ AC tion and hence RE are partially offset by changes in the IRF
RF= «al (—) (7)  as a function of concentration (Caldeira and Kasting, 1993;
Reisinger et al., 2011). For impact assessment, it can be ar-
where Cp is the unperturbed atmospheric concentration ofgued to base the RE on a pre-determined fixed concentration
CO,, AC is a perturbation ove€p, andae = 5.35 is a con-  such as pre-industrial concentrations (e.g., Huijbregts et al.,

Co
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2011). This would ensure that the metric values only change Comparison of RF
due to updated scientific information, but would mean that
the relative weights of GHGs are based on pre-industrial con- ! — Pylse

ditions. = Steady state

‘_T\
2.3.2 Methane (CH,), Nitrous Oxide (N2O), and other 'o
LLGHGs K

|
e
=

As for COp, the RF estimates of C+and NO are based on
radiative transfer models (IPCC, 2001; Myhre et al., 1998):

RFcn,=ack, (VM —/Mo) = [f (M, No) — f (Mo, No)] (10)

and

RFn,0- N —No) —[f (Mo, N) — f (Mo, N)] (11 0 : !
szo_amzo(f fO) [f (Mo, N) = f (Mo, )] (11) Time (yrs)

whereach, = 0.036 andan,0 =0.12, M is the CH; con- _ _ _ _

the subscript O denotes the unperturbed concentration. ThBF is usually calculated based on a sustained emissiogg Rid
function f is then remapped back to the radiative efficienty,

M,N)=0.47In|1+2.01x 10> (MN)>"®
A ) [ + x ( ) Estimating RE for SLCF with adjustment times

+5.31x 10715 (MN)1'52] (12)  significantly less than one year

Further, the specific forcing of CHs increased by a factor When the lifetime of the SLCF is significantly less than one
1.4, due to effects on tropospheric ozone and stratospherigear (e.g., a week or less), then some authors calculate the
water vapour (IPCC, 2001; Forster et al., 2007). The RE isradiative efficiency (e.g4,) in two steps: first, calculate the
estimated using these equations, and as fof, @@ possible  RF after one year of constant steady-state emissionsXRF
to estimate the RE using a marginal approach or the changand second, by converting this to the radiative efficiency
due to a small perturbation. (e.g.,A,) for a pulse emission (Fuglestvedt et al., 2008). The
The RE for other LLGHGs with low atmospheric con- main reason for using this method is that it provides an an-
centrations, such as hydrochlorofluorocarbons (HCFCs) andiual averaged value, avoiding variations in when the emis-
hydrofluorocarbons (HFCs), can be estimated directly fromsions occur. Figure 5 shows how RRnd A, (defined in
their infrared absorption spectra of those species (Pinnock efable 1) compare for an arbitrary SLCF. Since the RF at time
al., 1995; Hodnebrog et al., 2013) and have constant RE with for a sustained emissions is equivalent to the integrated RF
changing atmospheric concentrations. The uncertainty in theip to timer of a pulse emissions (see Segtl), we can esti-
RE estimates for the LLGHGs is about 10 % (Forster et al.,mate the correct RE4 , as

2007). .

t

2.3.3 Short-Lived Climate Forcers (SLCFs) RFso(H = 1) = / Ave = —TA, (e—% - 1) ~tA, (13)

. . . 0
The RE for short-lived components is based on chemical

transport models and RF calculations using Radiative TranswWhere we assumed expl/r) is negligible sincer <1,
fer Models (RTM) (Myhre et al., 2009; Skeie et al., 2011). hence,
The common approach to calculate the RE is to run a model RFss
perturbation which reduces the emissions by a certain fracAx ~
tion for one species at a time and then calculates the differ-
ence in radiative balance between this perturbed case and thze 4
reference simulation (Fuglestvedt et al., 2008; Forster et al.,”
2007). The RE is, then, calculated as the ratio between thg , Chemical reactions

calculated RF and change in burden. When we assume global

average RF values for the SLCFs, even though there may bgmissions of chemically active species can have both direct
large regional variations, this simplification will lead to dif- and indirect effects on radiative forcing. Indirect effects are
ferent REs and lifetimes (see Sedtl). For some SLCFs, 3 consequence of chemical reactions which lead to changes
there are some non-standard issues in calculating the RE anfl concentrations of other species which have radiative ef-
the main ones are now explored. fects. The most relevant indirect effects are emissions linked

(14)

Inclusion of indirect effects
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30  — 120 by 10-15 % depending on the location of emissions (Rypdal
L [Cagwrarso 7 etal., 2009; Bond et al., 2011).
25/, |=-GWP CH, 100
)
" \ " 2.4.3 0Ozone depleting substances (ODS)
%;5 )( o ¢  Chlorine- and bromine-containing halocarbons cause ozone
= / \ / © depletion in the stratosphere. While the direct effect of the
§w : N4 40 ODS is warming, they also have a cooling effect via reduc-
§ / < tion of stratospheric ozone, which may be included in metrics
5 e 20 (Daniel et al., 1995).
% 50 100 150 200 250 300 350 400 450 500 2.4.4 Contrails and cirrus

Time horizon (yrs)

Fig. 6. The GWRyy, as a function of time, showing how it is af- Aviation also leads to indirect impacts on climate through

fected by AGWP for both Ciiand CGQ with changing time hori-  formation of contrails and aviation induced cirrus (AIC) due

zons. to the high-altitude emission of water vapour and particles.
These indirect effects are large, but also have large uncer-

tainties, and their impact will vary greatly due to different

to tropospheric ozone formation or destruction, enhancemen,qight paths (both horizontally and vertically). The uncer-
of stratospheric water vapour, changes in concentrations ofainty on the RF of contrails is in the order of 1.5 to 2 and
the OH radical (which controls the lifetime of several ra- for A|C about an order of 3 (Fuglestvedt et al., 2010). An-
diatively active species; e.g., GHHCFCs), and secondary hropogenic aerosols will also influence upper tropospheric
aerosol formation. Cl as discussed earlier, has both direct ¢ s through ice nucleation (Penner et al., 2009; Liu et al.,
effects due to Chiitself and indirect effects due to chemi- >009: Hendricks et al., 2011).

cal reactions which increase the lifetime of £&hd lead to

Oz production (Forster et al., 2007; Fuglestvedt et al., 2010).2.4.5 Aerosol Indirect Effect (AIE)

Recently, it has been suggested that the oxidation of fossil

fuel based Clito CO; should be included as an indirect ef- Aerosols have both direct and indirect effects on RF. The
fect (Boucher et al., 2009) and even the carbon cycle feeddirect effects are due to scattering and absorption of ra-
backs on CQ(Collins et al., 2013). Emissions of VOC, NO  diation, while the indirect effects modify the microphysi-
and CO have no direct radiative effects, but through chemi-cal and, hence, the radiative properties, amount and lifetime
cal reactions lead to £production and changes in OH, and of clouds. The semi-direct effect includes heating from the
hence radiative effects. Shindell et al. (2009) further find thataerosols, which result in a cloud burn-off. Aerosols will also
including interactions with aerosols increases the best estiimpact mix-phase and ice clouds, but the RF from that ef-
mate of the GWP100 value for GHand CO and decreases fect is uncertain (Lohmann and Feichter, 2005). The AIE
the value for NQ. Some species have only indirect effects have usually been split into “cloud albedo effect” (first in-
(for example, VOC, NQ, and CO), while others are dom- direct effect) and the “cloud lifetime effect” (second indirect
inated by direct effects. Given the complexity of interac- effect) (Forster et al., 2007). It is difficult to separate which
tions, choices are required to decide which interactions areaerosols contribute to the AIE. The central estimate in Forster
included as indirect effects. The metric values we present fokt al. (2007) indicates that the indirect effect is roughly 40 %
CHj includes the direct effect of C4and the indirect effect  larger than the direct effect, with a factor of 1.5-2 to account
via OH by using the adjustment time instead of the lifetime. for AIE relative to just the direct effect of sulfate aerosols
Further, by adjusting the RE to account for the indirect ef- (though uncertainty is large).

fects on tropospheric ozone and stratospheric water vapour,

these two indirect effects are also included. ForyNOO,

and VOC, we include the indirect short-livec; ©ffect, CH, 3 Metric equations

effect, and CH-induced Q effect. We do not include the ox-

idation of CH, to CO. 3.1 Absolute metrics

2.4.2 Black Carbon on snow and ice In the following sections, we present analytical expressions
for the different metrics. Emission metrics are obtained by
For BC, there is an indirect effect of BC deposited on combining the information on the radiative efficiency with
snow and ice as BC reduces the albedo of such surfaceRFs, and, thus, emission metrics only approximate the re-
(Warren and Wiscombe, 1980; Jacobson, 2001; Hansen armsponse of more complex models. However, on the assump-
Nazarenko, 2004; Rypdal et al., 2009; Doherty et al., 2010)tion that the emission metrics are applied to marginal emis-
The indirect effect of BC on snow and ice raises the impactsion changes and the metrics are applied to background
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conditions consistent with the derivation of the metric pa- and CH-induced @ perturbationzpy is the primary mode
rameters, these responses should agree to within first-ordenethane adjustment time. This formulation differs slightly
of the actual response. The largest differences are expectddom Fuglestvedt et al. (2010), as they assumed that the very
for short-lived species where the location and timing of emis-small contribution from the Cldinduced Q perturbation in

sions are important (Lund et al., 2011). year 1 to be included in the short-liveg @sponse, whereas
we do not make this assumption. The final RF from the three
3.1.1 Radiative forcing (RF) as function oft effects is
For emission metrics, the radiative forcing (RF) for all com- S s
ponents is calculated as RFop (1) = Zl RFop (19)
§=
RF=REx IRF. (15)  Where OP is either NQ CO, or VOC.

In the context of Eq. (1), the impact is RF, and the discount3 1 o aApsolute Global Warming Potential (AGWP)
is a Dirac delta function at time leading to an end-point

metric. Based on the equations above, the RF fog 8O The absolute Global Warming Potential (AGWP) for species
| i is the integrated RF,
t
RFco,(t) =Aco, :ao+ ai (1—exp<—;>>} (16)
i=1 !

Further, the equivalent expression for pollutants with a sim-
ple exponential decay is

H
AGWP; (H) = f RF; (1) dr (20)
0

In the context of Eq. (1), the impact is RF, with the discount-
t ing as a step function (no discounting fox H and full dis-
R (1) = Ax exp [_;} (17) " counting fors > H). Fuglestvedt et al. (2003) estimated an
equivalent exponential discount function that gave the same
The RF for the ozone precursors (OP: §@O, VOC con-  AGWP and found that different species implicitly had differ-
sidered here) is, however, more complex. Due to their shorent discount rates. The IPCC did not give a direct physical
lifetime, it is assumed that the pulse emission lasts one yeainterpretation of the AGWP, but gave some tentative inter-
with constant emissions through the year followed by decaypretations for three time horizons (20, 100, 500yr) (IPCC,
in concentration after end of year 1 (see S&c8.3 (Fu-  1990). They describe that for some environmental impacts
glestvedt et al., 2010). Hence, the parameterisation of RF is is important to evaluate the cumulative warming over an
split into two parts, the RF that is due the first year of emis-extended period after the emissions. For instance, the evalua-
sions ¢ < 1) and the RF due to the decaying concentrationtion of sea level rise needs a time horizon of 100 yr or longer.
afterwards. The OPs have an insignificant direct effect onFor short term effects, a time horizon of a few decades could
RF; however, there are three indirect effects due to chembe used, such as the response to RF over continental areas.
ical reactions. The short-lived Ceffect occurs for all the The AGWP for CQ is
species as a positive RF due to the formation of tropospheric
03. CO and VOC (NQ) cause a positive (negative) RF by AGWPco,(H) = Aco,

decreasing (increasing) the OH levels and, thus, increasin | H

(decreasing) the CHlevels, which is the Chieffect. Since 16,0114_ aT (1_ exp(——)) (21)
i=1 Ti

and for pollutants with a simple exponential decay

the CH, concentration is perturbed, a secondary effect im-
pacts the @, called the CH-induced Q effect. Hence, CO
and VOC (NQ) will have a positive (negative) RF due to in-

creased (decreased} Gaused by the Cidperturbation. The H
perturbations for each of the three effects are AGWP; (H) = Ayt | 1—exp 7 (22)

RF (1) = The formulas are more complex for the ozone precursors
p . (NOy, CO, VOCQC), since they have a short-liveg @©ffect,
Adp(l—exp(—1)) O<r<1 18) CHjy effect, and CH-induced Q@ effect. Those effects are

Adp (1— exp(—%)) exp (—%) r>1 parameterised as

where OP is the ozone precursors &his one of the three AGWP%P(’) = (23)

perturbation effects: (1) short-livedz@ffect, (2) CH, effect,
and (3) CH-induced Q effect. The lifetimer is to, for the
short-lived Q perturbation andpy for the CH, perturbation

A(S)P{H—r[l—exp(—g)]} O<tr<1
A%Pil— T [exp(—(”f—‘l)) —exp(—%)]] r>1
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with different REA(SDP and lifetimer for the different pertur- in the first year) and from the RF for> 1 (this determines
bations, see Eq. (18). The total effect of the ozone precursothe temperature response of atmospheric perturbation lasting
is past one year). Thus, AGBBfor H > 1is comprised of two
components (AGTR{)= AGTPS5 (H) + AGTPSS 1 (H)):

S

AGWPop (1) = X;AGWF%P (24) a. For perturbation from RF occurring< 1
J
3.1.3 Absolute Global Temperature change Potential <1 _4S ‘ 1-H
(AGTP) AGTP(S)P (H)= AOP; {CJ [exp( 4

The absolute Global Temperature change Potential (AGTP) —exp(—zﬂ LGt [exp(—ﬂ)
for species is the global temperature change®() at timer dj T—d; dj
(Shine et al., 2005b), ool 2 exof 28)

t P(=2 )l
AGTP: (H) = / RF: () IRFr (H — 1), (25) b. For perturbation from RF occurring> 1

0

J
In terms of Eq. (1), the impact is temperature (the whole in-  AGTPSS (H) = Agp[l— exp(_}ﬂ 3 Tej
tegral) with a Dirac delta function used for discounting (an T

end-point indicator) with an evaluation time of The ex- 1-H 1-H

pression for AGTP also helps to interpret the AGWP. If it [exp(—) —ex ( )] (29)
is assumed (unrealistically) that IR 1, then the AGTP

equation simplifies to the AGWP. Thus, the AGWP integrates P o . .
(‘remembers”) the RF for all times up . If it is assumed ~ 1he REAgp and lifetimer differ between the different per-

(realistically) that IRF #1 and is a monotonically decreas- turbations, see Eq. (18). These formulas are only valid when
ing function, then IRF can be interpreted as a physical dis- 7 > 1, gnd for continuity it is possible to make a linear in-
counting (as energy radiated back to space is modulated b{grpolation ¢ H +b) between year 0 (where the perturbation
the thermal inertia and mixing in the ocean). Using these!S AGTP,(0) =0) and year 1. This step is not necessary
analogies for IRF helps explain why SLCFs generally have pased on physical processes, but is done tlo ensure continuity
higher GWP values compared to GTP values; the GWP inte!n graphical pres_entanon and for calcula_mng the integrated
grates all the RF in a given time period, while the GTP allows AGTP (next section). For all the three different ozone pre-
a physical discounting (via ocean inertia), so that RF value<cursor perturbations, the perturbation for@ < 1is given

at earlier time periods receive less weight (see Peters et alpy

2011a).
AGTPS (H)=AGTP (1) H, f H<1
The AGTP for CQ is GTPop(H) =AGTPyp(1) H, for O<H< (30)

J

J " It is possible to extend the AGTP into a regional form (c.f.
AGTPco, (H) = Aco, {Zaocj [1_ exp<_d_>j| Shindell, 2012),
j=1 J '
ARTP. (H) = /0 ZS(K{SRFf) IRF_(H — t)de, (31)

I J
iTiCj H H
+30) G [exp(——) - exp(——)” (26)
— T T —d; Ti d; wpn ; ; wQn
i=1j=1 J J where “r’ represents the region with the response, “s” the

region of the RF, an& "™ a matrix of scalars relating the RF
in “s” to the response in “r", see Fig. 7. A similar expression
is possible to link regional emissions with RF and, hence,

For pollutants with a simple exponential decay

J
AGTP, (H) = Z from regional emissions to regional responses.
=1
Acte; ’ H H 3.1.4 Integrated Absolute Global Temperature change
pl —— | —exp| —— (27) Potential (IAGTP)
(r—d)) j

The integrated absolute Global Temperature change Potential
S(iAGTP) for species is the integral of the AGTP(Peters et
al., 2011a; Azar and Johansson, 2012),

The formulas are more complex for the ozone precursor
(NOy, CO, VOC), since they have a short-lived @ffect,
CH, effect, and CH-induced Q effect. For all these ef-
fects, there is a perturbation from the RF fot 1 (this deter-

t
mines the temperature response of the emissions that occlfCTP: (H) :/0 AGTP; (1) dr (32)
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Figh The IAGTP for CQ is (Peters et al., 2011a)
Arctic| Arctic| J H
iIAGTPco, = Aco, { aopc; [H —d; (1— exp(—;))]
NHmI J:l !
1 J
X Medium i T[Cj . 1 —e _E
| 2y (ool
Tropics Tropic i=1 ]—l
H
—d; (1—exp(——>>]} (33)
SHext| d]
Low While the iIAGTP for species with a single decay time is

Arctic NHml  Tropics ~ SHext Arctic NHmlI ~ Tropics SHext
Forcing Temperature

. J Axtci H
Fig. 7. A schematic regional relationship between emission, RF, IAGTP, (H) = Z (r- dj) |:T (1_ exp(—?))
and temperature perturbation for SLCFs for the regions: The South- j=1 J

ern Hemisphere extratropics (90228, SHext), the tropics (28— H

28 N), the Northern Hemisphere mid-latitudes (28%80) NHmI), —d, (1 - eXp<__.))] (34)

and the Arctic (60—90N). Values for the emission-RF relationship !

is inspired by Naik et al. (2005) and the RF-temperature relationshig 0! the ozone precursor perturbations, the linear interpo-
is based on Shindell (2012). lation between year 0 and year 1 for AGTP turns into a

guadratic form §H+bH2) for the iIAGTP. In the range
0 < H < 1, the perturbation is
Similar metrics have been proposed before. Gillett and 1
Matthews (2010) introduced the Mean Global TemperaturdAGTP,(H) = ~AGTP3(1) H? (35)
Potential, MGTP(HxIAGTP(H)/H. Jacobson (2010) in- 2
troduced the “surface temperature response per unit continuFhis formula is used wherr7 <1. For all other times,
ous emissions” (STRE), which is mathematically equivalentiAGTPg(1) has to be added into the formula. Far> 1,
to the IAGTP, though Jacobson (2010) uses a single decayfdAGTPgP has to be summed for the RF from< 1 and
COy, which is different from what is done in the other studies for the RF froms > 1. Thus, iAGT%P for H > 1 is com-

and by IPCC (Forster et al., 2007; Archer et al., 2009; ‘]OOSprised of two components (IAGTR) =iAGTP‘g)’§1(H) I

Emission
Forcing

etal., 2013). . §.>1 )
In terms of Eq. (1), the impact is temperature, and the'AGTPOP (H)):
discount function is no discounting for< H and full dis- a. For perturbation from RF occurring < 1
counting forr > H. The iIAGTP has been discussed indi- _ 61
rectly by some authors (O’Neill, 2000; Gillett and Matthews, IAGTPqp ™ (H) =

2010), but in more detail in Peters et al. (2011a); Azar and J
Johansson (2012). Preliminary work on the GWP was also  IAGTPE (1) + AgpY ~{c;d; [1—exp
based on integrated temperature change (Wuebbles, 1989; j=1

Derwent et al., 1990), but the link to temperature did not 1-H H 1  cjdjt
make it into the First Assessment Report (IPCC, 1990). Pe- ] +exp “4)” Exp “d; T2 d;

ters et al. (2011a); Azar and Johansson (2012) investigated 1 H 1-H
whether the GWP was similar to the iGTP and found close [exp(——) — exp(——) — <1— exp( >>
agreement for a wide range of time horizons, but not for very dj dj dj

SLCFs like BC. The similarity is since AGWP represents the exp(—}ﬂ } (36)
total energy added to the system and iAGT#% energy lost

from the system. Since the energy currently in the system is

small relative to AGWP, it follows that AGWP is approx-  b. For perturbation from RF occurring > 1

imately IAGTPA. Given these quantitative relationships, it )
i - IAGTPSS ! (H) =
can be argued to interpret the AGWP as iIAGTP. OoP

IAGTPSp(1) + Adp [1 —~ exp(—%)}
L [ (en())
oeen( )]
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As previously, the REA%P and lifetimer differ between  will affect the “price ratio” of different LLGHGs and com-

the different perturbations, see Eq. (18). pared with the GWP. Recently, the Global Cost Potential
) ) (GCP) and Cost-Effective Temperature Potential (CETP)
3.2 Normalised metrics were developed (Johansson, 2012), which show similar char-

, ) ) acteristics to the Manne and Richels (2001) study. The time-
The absolute metrics for a species are often normalised to thaependent version of the GTP (Shine et al., 2007) puts more

corresponding absolute metric for a reference gas, normallyoveight on SLCFs and shorter-lived LLGHGs as the target

COz, is approached, a characteristic seen in many economic ap-
M, (1) = AM, (1) (38) proaches (Manne and Richels, 2001; Johansson, 2012). Since
T AM co, () this property occurs in the purely physical based metric, it

where AM stands for AGWP, AGTP, or iAGTP and M is M& suggest that this property is a result of moving towards

GWP, GTP, or iGTP, respectively. EmissioAs are usually a t?jrglgt ;}nd nott.a gonsequtfrl;ce offt|fnclud|ng Ellhecg?opllc
converted into “CQ equivalent emissions” by multiplying modelin the metric. For a cost-benetit framework, the &5loba

: ; . : Damage Potential (GDP) is suitable, which looks at the
with this normalised metric, : c :
marginal damages of emissions (Kandlikar, 1995; Boucher,
COzeq(r) = My (1) x Ex (39)  2012; Toletal., 2012).

that would ideally result in the same climate response for

the given metric. Thus, the normalised metric value can be o

considered as a conversion factor from the unit of the emis# Cross-cutting issues

sion (e.g., kg Ch) to the “equivalent” emission of C£that . o )

would ideally lead to the equivalent climate impact for the There are a variety of cross-cutting issues which affect most
given TH and underlying assumptions (Fuglestvedt et al, metrics in asw_mlar way. For exa_mple, the RF can be aIIovv_ed
2003; O'Neill, 2000). But this equivalence is not present for {0 vary by region leading to regional metric values. We dis-

other climate variables beyond what the metric measures angUSS & variety of the most relevant cross-cutting issues here.
how it measures it. The choice of reference gas is a value

based choice, but an obvious choice is to use the trace gaAs
of primary concern, namely carbon dioxide (IPCC, 1990). . . . .
There is no natural need to have only one reference gas o hile the location of emissions does not have an impact on
let CO, always be the reference gas. A two-basket or multi- € RF fo_r LLGHGs, it does for SLCFs (Fuglestvgdt etal.,

basket approach to climate policy could be used to treallggg; N,a'k etal, 20,05; Berntsgn et a!., 2,006_3; Shindell and
species with different lifetimes differently, and each basketFaIuveg" 2009) leading to a regional distribution of RF for a

may have a different reference gas (e.g., Smith et al., 2012g’)iven emission (Berntsen et al., 2006; Bond et al., 2011). For
Daniel et al., 2012) all forcings, even the relatively homogeneous ones caused

The normalised metric is dependent on the absolute met?Y LLGHGS, there is a distinct pattern in the temperature

ric of COy, since the absolute metric of G@s the denomi- response controlled largely by the response pattern of the clj—
nator. In a multiple baskets approach, several different refer_moa(;g.fgﬁdbda(‘hl(sz(()l?i(;ergnd I;('u, 2g03; Shlndgll ant;l Faluyegl,
ence gases could be used. We show the importance of the dg- )5, Shindetl, ). Combing t ese t\.NO effects fora given
nominator, here Cg) in the case of Chifor GWP in Fig. 6. em|s_S|on of a SL_CF,_ the het_erogene|ty in RF may cause fur-
For time horizons i) less or around a species’ lifetime)( ther inhomogeneity in the climate response.

GWP is affected by AGWP for both the species anchCa A schematic presentation of the regional effects is given
both AGWPs are sensitive of time horizon. However, as time!" Fig. 7. Those SLCFs that have an atmospheric residence

horizon increases, the changes in the GWP depend only ofime of a couple of weeks or less will not have time to be

the changes in AGWP for COsince the AGWP for Chf evenly distributed in the global atmosphere and, hence, re-
converges to its steady-state value soon after the IifetimeSUIt in_ thg Iargest congentration perturbations near the- point
(dependent on the e-folding time). The same is true for a”of emission and its latitude band. In general, strong climate

SLCFs, where species reach this threshold increasingly fast Fedbacks athigher latitudes increase the temperature pertur-
with decreasing lifetimes. Hence, for< H, the changes in ations from RFs, with about 45 % enhancement for extra-

the GWP value of a species depends only on the behaviouﬁmpical relative to tropical C®RF (Shindell and Faluvegi,
of CO, (e.g., BC the order of months, or Gkhe order of 2009). The enhanced regional sensitivities at higher latitudes
decades). B ' are a result of higher sensitivity in the energy budget in those

regions, which is governed by local cloud, water vapour and
3.3 Metrics based on economic models surface albedo feedbacks. Vertical profiles of radiative forc-

ing efficiencies are also a source of regional differences. For
Some emission metrics have been based on economic mo@xample, black carbon, which is found low in the atmosphere
els. Manne and Richels (2001) investigated how constraintsiear emission sources and higher up in transport regions, has

1 Regional metric values
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a steeply increasing forcing efficiency with altitude (Samsetand pulse sizes (Joos et al., 2013). It is not clear how large
and Myhre, 2011). The relative position of BC to clouds is these consistency issues may be, nor how model dependent
also important, as are seasonal changes in cloud fraction, irthey may be.
solation, wind and precipitation. Similar considerations exist Many of these consistency issues can be overcome by a
for other SLCFs. In addition to variability in physical and clear set of definitions for each metric, particularly on how
chemical key parameters, there are strong nonlinear relation® treat indirect effects and feedbacks. One way of achiev-
in the atmospheric chemistry (Shindell and Faluvegi, 2009).ing more consistency is through model intercomparisons
While most parameterisations of impacts parameters arée.g., Olivié and Peters, 2012; Joos et al., 2013). Through
for global means, metric research has also focused on met model intercomparison, or the use of individual models
rics accounting for regional variations (Shine et al., 2005a;(e.g., Reisinger et al., 2010; Gillett and Matthews, 2010),
Lund et al., 2011) or regional metrics (Berntsen et al., 2005;the same model can be used to estimate all metric values.
Fuglestvedtetal., 2010; Fry et al., 2012; Collins et al., 2013).Joos et al. (2013), for example, estimate the AG4Pand
Shindell and Faluvegi (2009) separate the world into four lat-AGTPco, directly from pulse emissions of GCand, thus,
itude bands and estimated regional responses from region&nsuring consistency.
RFs for some selected LLGHGs and SLCFs, though it is
feasible to do this at smaller scales (Henze et al., 2012)4.4 Relative uncertainty from parameters and choices
This work has been extended by introducing the Absolute ) ) ) o
Regional Temperature Potential (ARTP) (Shindell, 2012;Several recent studies have investigated uncertainty in met-

Collins et al., 2013). ric values (Reisinger et al., 2010; Boucher, 2012_; @liand
Peters, 2012). These approaches have been either based on
4.2 Efficacy model comparisons or Monte-Carlo approaches. The studies

suggest that uncertainties are significantly larger than pre-

The temperature perturbation from the RF can also dependiously reported (e.g., Forster et al., 2007), the relative un-
on the type of forcing agent, leading to the concept of effi- cgr_tamtles for the GTP are larger than for the GWP, and re-
cacy, which is defined “as the ratio of the climate sensitivity Visions of the GWP and GTP values should be expected as
parameter for a given RF agen ( to the climate sensitivity suentlflg k.novxllledge advances (e.g., Reisinger et al., 2011).
parameter for C@changes, that iss; = A;/Aco,” (Forster Uncertainties in GWy, are ge.nerally'found to be of the

et al., 2007). The efficacy moves one step closer to the actud]rder of 40 % (for 5-95 % confidence interval) for a 100yr
temperature response by accounting for differences in hovfime horizon. _ _
various components trigger feedbacks. Efficacies are usually 't 1S Possible to assess uncertainty more generally using
between 0.75 and 1.25 for most components; however, foptandard methods of uncertainty propagation. For a general
absorbing aerosols the range is larger and even the idea d¢nction, f, with two independent variables,andy, the un-

an efficacy becomes complicated (Forster et al., 2007). FuSertainty inf can be approximated as

glestvedt et al. (2003) proposed and Berntsen et al. (2005);

. , 2 2
Berntsen and Fuglestvedt (2008) applied the efficacy concepo _ \/(g_f) Ax24 (E)f) Ay2 (40)
X

to simple emission metrics. ay
4.3 Consistency across assumptions This allows the combination of different pieces of informa-

tion on uncertainty (e.g., from independent studies) to assess
Despite the wide-spread use of emission metrics, there hae main causes of the uncertainty in emissions metrics (e.g.,
not been a systematic and fully consistent estimation of theRE versus IRF). We demonstrate the use of this approach us-
numeric values of particular metrics. It is routine to combine ing CHs as an example. The uncertainty in each of the metric
different, and potentially inconsistent, models in a given met-components propagates to the total uncertainty in the metric
ric; for example, it is common that the AGEB, uses the parameterisations. For instance, the uncertainty for AGWP is
Bern model for the carbon cycle and the Hadley model forgiven by
the temperature response. There is no consistency on which
feedbacks and indirect effects to include implying that the \/ JAGWP)\? 5 IAGWP) 2 2

< >AA +< 3 >Ar (41)

IRF for one species may include temperature feedbacks (e.g%AGWP =

CO») and another species may not (e.g.,4&thd NO). Re-

cent research has included additional indirect effects, such asssuming Gaussian distributions and no correlation between
those on aerosols (e.g., Shindell et al., 2009), effectszof O A andt. For CH, the relative uncertainty im is estimated

on vegetation (Collins et al., 2010), and temperature feedio be 38 % (Prather et al., 2012, our conversion to 5-95 %
backs (Gillett and Matthews, 2010; Collins et al., 2013). Dif- confidence interval) and 20 % far (Forster et al., 2007, our
ferent assumptions can also be used to estimate the paramesnversion to 5-95% confidence interval). Using Eq. (41)
ters for metrics, such as different background concentrationsvith these uncertainties, the total uncertainty for AGYMP
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is 31 % for a 20 yr time horizon (for 5-95 % confidence in- general situations; first, for the specific case of sustained
terval), 43% for 100yr, and 43 % for 500 yr, with twice as emissions, and second in the more general case.

large contribution from the second term relative to the first . o

term. The uncertainty in the AGWJB, can be obtained us- 5-1 Sustained emissions

ing the 20 % estimated uncertainty in RE (Forster et al., 2007,

our conversion to 5-95% confidence interval) and uncer-A simple “emission scenario” is to have continuous (or sus-

tainty in the integrated IR§o, of 29, 49, and 56 % (for 5— tained) emissions. The absolute metric of a sustained emis-
95 % confidence interval) for a 20 1’00 ’and 500 yr time hori- Sion can be calculated as the integral of the absolute metric
zon (Joos et al., 2013). The unc’ertairylty for a product (i.e.,Of a pulse emission. Sustained emissions are a specific type

R P f scenario that neglects changes due to economic growth,
R IRF , in this case AGWRBo,, is given b 0 . o . ;
Beo, x [IRFco,) Boz. is g y technology improvements, mitigation policies, or the lifecy-

> > cle of infrastructure. It is often assumed for simplicity that
AAGWPco, _ \/(ARECOZ> N (Af|RFCOz> (42)  sustained emissions do not change the background concen-
AGWPco, REco, [RFco, trations (as for pulse emissions, they are marginal); hence,
) . all factors influencing the metric calculations stay constant.
leading to an uncertainty of AGWo, of 35, 53, and 59%  From a policy perspective, sustained emission may seem
(for 5-959% confidence interval), respectively, with the un- mqre relevant, since in reality, emissions are unlikely to stop
certainty dominated by the uncertainty in the integratedinstantaneously as in a pulse emission. However, from a sci-
IRFco,. Combining the relative uncertainty inthe AG\ME,  entific perspective, processes easily observable in a pulse
and AGWR:o, (using the sum of the squares uncertainty emjssion can be masked by a sustained emission. The choice
propagation), the uncertainty in GWR, is 47, 68, and 73%  petween a pulse and sustained emission scenario for a mix
(for 5-95% confidence interval) for a 20, 100, and 5001 of species is an important value judgment as they place very
time horizon. The uncertainty is given by both, but with an jifferent weights on SLCFs and LLGHGs.
overweight on AGWRo, for the longer time horizons. The | the following, we show the equations for the different
uncertainties we find are similar to those reported in othermetrics with sustained emissions. The RF for species with a
studies (Reisinger et al., 2010; Boucher, 2012). The simplesimple exponential decay and sustained emission is
analysis described here gives a general idea of the uncertainty
in GWPch, and highlights which terms contribute most to RF, s(H) = AT (1—exp(—£)) (43)
the uncertainty. T
Irrespective of the uncertainties, the effect of choice of This equation is identical to the AGWP for a pulse emission.
metric and time horizon is generally larger than the uncer-The AGWP for a sustained emission is
tainties. For example, Reisinger et al. (2010) find that the H
GWHPcy, is between 55-93 (90% range) for a 20yr time AGWPy s(H) = Ayt [H -1 (1— eXP(—;))} (44)
horizon, 17-35 for a 100 yr time horizon, and the GPis
between 4-15 for 100 yr. In addition, the decision on whic
indirect effects to include can also change metric values, e.g. J H
Shindell et al. (2009) find that the GWR, increases from 1 s = ;Am (l— exp(—d—j>) +AGTP, (H) (45)
25 to 34 by including indirect effects of aerosols. Thus, while . =
the scientific uncertainties are large and need to be reduced\nd finally,
larger variations are due to value judgments. This further em- J H
phasises the importance of a clear definition of each metridAGTPys(H) =Y A,TA (H —dj (1— exp(—z)))
and ensuring that impact assessment studies are robust to the J=1 !
choice of metric by exploring results for a range of metrics. ~ +HAGTP, (H) (46)

Similar equations can be derived for g@nd ozone precur-
sors, but are not shown here in the interest of space.

There is a close connection between pulse and sustained
emission metrics as eluded to earlier. A property of convolu-
It_ions with a linear response and the Heaviside step function

equivalent to a sustained emission), can be used to show that
e RF of a sustained emission (RFeft hand side) is equal

hThe AGTP for a sustained emission is

the IAGTP for a sustained emission is

5 Methods for sustained emissions and emission
scenarios

Pulse emissions are used due to their simplicity and genera
ity. The response of a pulse emission can be seen as the buil
't?]g Slsczacgffot:veolrli?gﬁ;?;:g;gejnzggy;s\sl:/?;;;igzns_tzrggrg_qq the integrated RF of a pulse emission (AGWP, right hand
ticular type of scenario often used in emission metrics is a5|de),
sustained emission which assumes emissions continue indehFx () = ft H(s)R, (t —s)ds = /t R, (s)ds = /[

initely at a pre-defined level. In this section, we discuss how ™' 0 0 0

emission metrics for pulse emissions can be applied in more RF, (s) ds = AGWP, (¢) 47
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Further, the same is true for a linear temperature response, al. (2005b) noted that the GWP was similar to the instanta-
neous temperature response to a sustained emission. This is
equivalent to the integrated temperature response of a pulse

t t
ATy s(t) = / RF; s(s)Rr (t —s)ds = / AGWP, (s)
0 0

Ry (t —5)ds =IAGTP, (1)

Earth Syst. Dynam., 4, 145470, 2013

(48)

emissions, and this has been shown to be similar to the GWP
(Peters et al., 2011a; Azar and Johansson, 2012), thus, con-

so that the instantaneous temperature perturbation to a sufifming the findings of Shine et al. (2005b).
tained emission is equal to the integrated temperature pertur-
bation to a pulse emission. Thus, there is a close connection
between pulse and sustained emission metrics; the instanta-
neous impact of a sustained emission is the same as the in-
tegrated impact of a pulse emission. In early work, Shine et

www.earth-syst-dynam.net/4/145/2013/
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Table 3.Alist of all gases, particles, and indirect effects that are included in the sample applications presented. For each species, the literature
that is used for input is given.

Species Calculations based on

COy,, CHy, N2O, HCFC-141b, HCF-142b, HFC-23, Forster et al. (2007)
HFC-32, HFC-125, HFC-134a, HFC-143a, HFC-152a,
HFC-227ea, HFC-236fa, HFC-245fa, HFC-365mfc,
HFC-43-10mee, SF6, NF3, PFC-14, PFC-116, PFC-
218, PFC-318, PFC-3-1-10, PFC-4-1-12, PFC-5-1-14,

PFC-6-1-16
BC, OC, SQ, contrail, aircraft induced cirrus Fuglestvedt et al. (2010)
Aircraft NOy Stevenson et al. (2004), as given by Fuglestvedt et al. (2010)
Surface NQ The global run in Wild et al. (2001), as given by Fuglestvedt et al. (2010)
Shipping NG Fuglestvedt et al. (2008)
CO Derwent et al. (2001), as given by Fuglestvedt et al. (2010)
VOC Collins et al. (2002), as given by Fuglestvedt et al. (2010)
NH3 Shindell et al. (2009)
AIE(SOp) 1.75*SQ, Forster et al. (2007)
Shipping AIE (SQ) 8.3*S(0,. Average of Lauer et al. (2007), as given by Fuglestvedt et
al. (2010)
5.2 General emission scenarios The ODE can be solved numerically and we find this to be a

o _ _ more robust and efficient method than the direct estimation
For emission scenarios, the RF, AGWP, AGTP, and iIAGTPf the convolution numerically. This method requires a re-

values can be calculated with a convolution, sponse based on exponential functions and, thus, cannot be
00 applied directly to emission metrics as in Eq. (50). However,

(fxg) @)= / f(s)g(t—s)ds (49) a step-wise series of convolutions and integrations can per-

—o0 form the necessary calculations; for example, the RF can be

where f andg are functions ang represents the emission determined using this method with integration leading to the

metric for a pulse emission. For instance, the temperaturéntégrated RF.
response for a scenario is the convolution of the emission

scenario and AGTP for a pulse emission: 6 Sample applications
13
q In this section, we present some specific and policy relevant
AT (1) = / Ei(m)AGTR (1 —7)dr (50)  applications using the emission metrics described above. The

0 emission metrics presented in this article are based on simple
In this case, the AGTP is an IRF representing the link from parameterisations of more complex models (e.g., the global
mean temperature response from Hadley CM3 is reduced to

emissions to temperature (IRFs the link from forcing to . X
P ( R . glo flour parameters) and so the metric values only approximate
temperature). The convolution can be estimated by numerlca}he actual responses

integration, though, most numerical integrations have prob-

lems with species with a short lifetime (e.g., BC), typically 5 1 pata and assumptions

when the time step is larger than the residence titwex{ 7).

This problem can be solved by reducing the time step. As input data, we use the 2008 emissions from the Emissions
If the IRF is based on a sum of exponentials, then the conDgatabase for Global Atmospheric Research (EDGAR) (EC,

volution can be written as an equivalent ordinary differential 2011), with the exception of BC and OC from 2005 (Shindell

equation (ODE) (Wigley, 1991). et al., 2012). BC and OC emissions from biomass burning

d4F K d4p. (H X K g are not includgd, in cqntrast to e.g. Lamarque et al. (2010).
(H) _ 3 KH) ()Y e — Fi (51)  Although new input exists for some species, we prefer to use

dr = dr o = values that are consistent with those given by IPCC (2007)
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Table 4. The top ten emitting countries according to different emission metrics. The percentage given is the share of the global sum.

Ranking
of emitters
by metrics GWP20 GWP100 GTP20 GTP50 GTP100
1 US 30.1% China1l7.1% China 17.5% China 20.3% China 20.6 %
2 Brazil 10.1% US 16.7% US 14.8% US 14.5% US 14.9%
3 Russia 9.7 % Russia 5.9 % Russia 6.1 % Russia 5.3% Russia 5.3 %
4 Indonesia9.5% Indonesia5.1% India5.6% India 4.8 % India 4.5 %
5 India 5.8 % India 4.9% Indonesia 4.7% Indonesia4.4% Indonesia 4.5%
6 Germany 4.5%  Brazil 3.9% Brazil 4.4% Japan 3.1% Japan 3.3%
7 Japan 4.5% Japan 3.3% Japan 2.7 % Brazil 3.0 % Brazil 2.7 %
8 France 3.1% Germany 2.6% Germany 2.2% Germany 2.3%  Germany 2.4%
9 UK 3.0% UK 1.6% Canada 1.5% Canada 1.5% Canada 1.5%
10 Nigeria 2.8 % Canada 1.6 % Mexico 1.4 % UK 1.4% UK 1.4%
AT for pulse emissions from China AT for pulse emissions from USA AT for pulse emissions from the World
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Fig. 10.The estimated temperature perturbation based on AGTP by different species due to EDGAR 2008 emissions. “Synthetic” represents
the mainly halogenated hydrocarbons in the Kyoto and Montreal Protocols.

and the ATTICA assessment (Fuglestvedt et al., 2010). Thdor CO from Derwent et al. (2001), and for VOC from Collins
parameters used in the metrics presented here can be fourad al. (2002), as given by Fuglestvedt et al. (2010). Since
in Forster et al. (2007); Fuglestvedt et al. (2010). Collins et al. (2002) give the metric parameterizations for
The IRF for CQ is based on the Bern Carbon Cycle Model VOC per unit C and not VOC, the emissions from EDGAR
(Joos et al., 2001) as reported in Forster et al. (2007), and have been multiplied with a factor of 0.6 (IPCC, 2006). The
recent model intercomparison shows that the Bern model isnetric values for NH are based on Shindell et al. (2009).
likely to be close to the model mean (Joos et al., 2013, Fig. 1) The BC parameterisation here does not consider the impact
The IRF for temperature is based on the Hadley CM3 climateof BC in snow (see Seck.3.3. An overview of species in-
model (Boucher and Reddy, 2008), and a recent model comeluded and references used is given in Table 3.
parison shows that the Hadley IRF lies within the 5-95% The aerosol indirect effect (AIE) is normally applied in the
range in a model intercomparison (O8vand Peters, 2012). metrics by scaling it relative to the direct (sulfate) aerosol
The remaining RE and lifetimes for the long-lived green- effect. The scaling is obtained using globally averaged cen-
house gases are from Forster et al. (2007), for BC, OC, directral estimate values and is crudely set to 1.5-2, as the AIE is
SOy, contrail, and aircraft induced cirrus from Fuglestvedt et larger than the direct aerosol effect. The direct aerosol effect
al. (2010). The parameters for aircraft N@re from Steven- and indirect aerosol effect have radiative forcings of about
son et al. (2004), for surface NG@he global run fromWildet —0.5 and—0.7 W 2, respectively (Forster et al., 2007).
al. (2001), for shipping N@from Fuglestvedt et al. (2008), However, many different aerosols can lead to the AIE, and
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it is currently not possible to attribute the total AIE to the Table 5. The share of methane relative to the total emissions for

various types of aerosols. Our default case is to assume thi@p ten emittgrs V\(hen using different gmission metrigs. Due to the

AIE is entirely due to S@. We have scaled AIE in shipping strong negative climate response (cooling) of SLCFs in some coun-

as the indirect effect of Sggiven by the average of Lauer et tries, the shares of C4tan be greater than 100 % for some metrics

al. (2007), which scales AIE to be 830 % of the direct effect. with short time horizons. This is not due to gldominating the to-

For all otﬁer sectors. the AIE can be estimated to be abou&al climate impact, but due to cancelation effects between warming

175% of the direct éffect of SE(Forster et al., 2007). We and cooling effects (see Fig. 10). For China, there is a net cooling
. y ' for GWP20; thus, a methane share is not available.

have also tested a variety of other cases to see how the AIE

may vary if it is due to a mix of aerosols. In one case, We ~gpare of

based the AIE on a mix of BC (10 %), OC (30%) and;SO  methane
(60 %) to test the robustness of the ranking given the ranges for countries GWP20 GWP100 GTP20 GTP50 GTP100
for AIE. The ranking of sectors for global emissions differs  china N/A 207% 51.2% 10.2% 349%
little between the parameterisations, and these variations are us 31.7% 108% 21.7% 51% 1.7%
only observed for the shortest time horizons. Russia 91.6%  285% 488% 129% 4.4%
India 182.2%  41.2% 62.8% 17.2% 6.1%
. . . . Indonesia 39.7% 139% 26.7% 6.6 % 22%
6.2 Metric values as a function of time horizon Japan 16.3% 41% 87%  1.8% 0.6%
Brazil 727%  359% 56.2% 19.1% 7.1%
The GWP, GTP and iGTP values for a range of pollutants are Germany 22.5% 73% 154%  3.4% 1.1%
shown in Fig. 8 based on equations in Sedt$.2 3.1.3and Canada 111.5%  229% 41.1%  9.5%  32%
UK 35.0%  124% 251% 59% 1.9%

3.1.4. The metric values for a few selected time horizons are
available in Forster et al. (2007) and Fuglestvedt et al. (2010).
Since both GWP and iGTP integrate the effects over time,
both these metrics integrate all of the climate effects that oc-SLCFs decreases with increasing time horizon and their rel-
curred at previous times, while the GTP puts less weight omative contributions are small when using a GTP with a 100 yr
the RF at earlier times as the ocean modulates the transpotime horizon. CQ dominates the metric weighted emissions
of energy radiated back to space. GTP is an end-point metin all cases, even when GTP20 is used. For the shortest time
ric that only looks at the climate system at a specific time.horizons, the effect of the sum of $@nd AIE can be larger
As shown in earlier work, there is a similarity between the than the effect of C@
GWP and iGTP, but neither is similar to the GTP (Peters et In Table 4, we rank countries according to climate impact
al., 2011a). The GTP values are generally lower for the samdy using different emission metrics. There are few changes in
time horizon. Organic carbon (OC) and £®ave negative  ranking with the use of different emission metrics since;xCO
RF and, hence, negative metric values for all timesx W@  emissions dominate the total climate response, with the ex-
a net value that is initially positive and, then, change signception of GWP20. The relative share of global emissions
as different responses take effect. Aimost all species becomattributed to individual countries can differ; China’s share
less important with time relative to GOwith the exception  of global emissions varies between 17 and 21 % using the
of N2O and other LLGHGs with similar or longer lifetimes. GWP100 and GTP100, while China’s share is negligible for
For NpO, it takes about 50 yr before its GTP value begins to GWP20. A key reason for the differences using a GWP20
decrease. is that the metric values of SLCFs change rapidly for small
Itis also possible to have metrics with a variable time hori- times; for instance, the cooling from S@nd AlIE is signif-
zon, where the evaluation year (TE) is fixed and the timeicant with GWP20 and Sf£emissions vary significantly be-
horizon is reduced as the evaluation year is approachingtween countries. The top ten emitters are almost independent
TH(r) = TE~ (Shine et al., 2007). Metrics with such a vari- of the metric, with the exception of GWP20.
able time horizon can be visualised as the mirror image of Within each country, the relative weights of SLCFs and
Fig. 8 (along the time horizon axis), also see Fig. 1 in ShineLLGHGs can change significantly with different metrics. Ta-
et al. (2007). As the evaluation year is approached, the metble 5 shows the relative share of ¢kh the total emis-
ric values of species with lifetimes similar to Gldnd shorter  sions using different emission metrics for the top ten emit-
increase. For the other LLGHGS, the metric values are ratheters (as for GWP100). The share attributed to methane de-
constant throughout the period. creases with time horizon, as GHhas a much shorter re-
sponse time than GOMany developing countries have rel-
ative large CH emissions and are particularly affected by
changing metrics. Using a GWP100, gkepresents about
36 and 41 % of the total emissions in Brazil and India, respec-
Figure 9 shows the Cfequivalent emissions for global tively, but this increases to about 56 and 63 % with GTP20.
emissions in 2008, including both SLCFs and LLGHGs, China and the Russian Federation have 30 and 29 % allocated
and using different emission metrics. The importance of theto CH4 for a GWP100, but increasing to 51 and 49 % with

6.3 Ranking of countries by total emissions using
different metrics
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Fig. 11.The estimated temperature perturbation based on AGTP for different sectors due to EDGAR 2008 emissions. The net result (sum of
all sectors) is found FidLO.
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Fig. 12. The estimated temperature perturbation based on AGTP 50 yr after EDGAR 2008 emission for different sectors. For a shorter time
horizon, the non-C@ effects will be relative larger compared to @0Synthetic” represents the mainly halogenated hydrocarbons in the
Kyoto and Montreal Protocols. BC and OC emissions from biomass burning are not included.

GTP20. The contribution of CHis largest for GWP20 due tribution of emissions allocated to each country, and conse-
to the shorter perturbation lifetime of GHand for GWP20  quently, this may have significant effects on calculated miti-
the contribution of CH can be greater than 100% due to gation costs and ranking of measures.

the presence of SLCFs with cooling effects. Thus, changing

emission metric may have a significant impact on the dis-
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6.4 Application of metrics to sectorial and regional 7 Conclusions

emissions
We have presented the parameterisations and analytical

Figure 10 shows the estimated temperature perturbatiomxpressions of radiative forcing, integrated radiative forc-
based on time dependent AGTP as calculated by Eqg. (49) fong, temperature and integrated temperature change in
pulse and sustained emissions of EDGAR year 2008 accordsoth absolute and normalised forms for three types of
ing to species for China, the USA and globally. The sustainedspecies: (1) species with a simple exponential decay (e.g.,
emission scenario assumes constant 2008 emissions into tl&H,), (2) CO, which has a complex decay over time, and 3)
future, and we further assume — consistent with the applicaozone precursors (e.g., NGCO, VOC). Since the purpose of
tion of metrics (to compare GHGs) — that this does not affectusing metrics differs depending on context and the questions
the background concentration. While the SLCFs are impor-being addressed, different metrics and time horizons may be
tant for the temperature perturbation in the first years after greferable for different applications. We have discussed key
pulse emission, C&dominates in the long run, which is due issues and assumptions in the various parameterisations, par-
to long response time for COIn general, the climate impact ticularly in relation to deriving Impulse Response Functions,
is governed by species with strong, but short-lived impactradiative efficiencies, lifetimes, and a range of indirect ef-
and weak, but long-lived impacts. In the sustained emissiorfects. Finally, we applied the metrics in a variety of different
case, the emissions continue into the atmosphere indefinitelygpplications to show the importance of metrics and the re-
hence, the temperature perturbation from SLCFs is not related choices in policy-relevant applications, such as ranking
duced as time increases, but instead reaches approximatedf emissions from countries, sectors and different species.
a steady-state. However, the concentration op @@reases We have focused on simple reduced form emission metrics
with time as it does not decay to zero and, thus, accumubased on simple analytical expressions with parameters de-
lates in the atmosphere, leading to a near linear increase irived from more complex models. There are a range of alter-
the temperature perturbation from g@missions. The dif- native approaches to develop emission metrics that include
ferences between countries are rather small. more detailed representations of the climate or economic sys-
The same estimated temperature perturbation is dividedem. The sample applications show thatG®important re-
according to sectors in Fig. 11. Instantaneous pulse emisgardless of what metric and time horizon is used, but that the
sions for 2008 emissions from all sectors give rise to warm-importance of SLCFs varies greatly depending on the metric
ing, with the exception of cooling from the energy and indus- used. The ranking of the top ten countries by emissions varies
try sectors in the first 5-20 yr and a small cooling from ship- little with different metrics (except for GWP20). We hope
ping in the first 40 yr. The cooling is due to emissions 06SO that this document acts as a valuable documentation for fu-
and is more persistent in China due to the higher emissions afure metrics calculations, comparisons, further development
SO, relative to CQ. If we exclude the AIE, the cooling oc- and will be useful for various applications.
curs only in the first 5 yr for the energy and industry sectors
and between year 10 and 30 for shipping. In the long run, the
energy and industry sectors have the largest perturbation fofcknowledgementsThe authors would like to acknowledge the
both pulse and sustained emissions, as @@minates over sungrt from thetNo’\r/\INeglan Resg%‘g_@“?ﬁ_‘éﬂg‘g)ﬁs: grglr_lspc;rt
. . : an nvironment — ivieasures an ICles an Imate
{ntious NGyt contbuon I the scetained case: hovievefld, heafh impacis of St Lived Amospheric Components
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